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Preface

The word ‘accretion’ has a Latin origin (accretio) and means an augmentation
or increment of an initial amount by the addition of new portions. Astronomers use
this term to describe the falling of diffused matter onto a centre of gravity. Accretion
onto compact stellar objects, for example neutron stars and black holes, is accom-
panied by an enormous output of energy. In the 1970s, the study of such processes
became of special importance. It was the time when the American UHURU satellite
discovered X-ray emission from accreting black holes and neutron stars in binary
stellar systems. Some time earlier, in the end of the 1960s, when I was a graduate
student at the physics faculty of the Moscow State University (MSU), my scientific
advisor academician Ya. B. Zeldovich suggested to me to calculate the structure
and radiation spectra of the shock wave arising when gas accretes onto a neutron
star. The choice of this particular scientific problem was triggered by the following
circumstances.

In 1962, a group of American scientists led by Prof. Riccardo Giacconi discov-
ered the first X-ray sources. Before that, astronomers had known only one X-ray
source of extraterrestrial origin, namely, the solar corona. The coronal gas, heated
to a million degrees by some then unknown mechanism, was known to produce X-
ray emission. The luminosity of the solar corona in X-rays is approximately one
millionth of the optical luminosity of the Sun (4 x 103 erg/s). It was thus natural
to assume that other stars are also surrounded by hot coronae. However, simple cal-
culations showed that detectors available at that time could not detect coronae even
around the nearest stars located at distances of a few parsecs.

Nevertheless, astronomers tried to detect X-ray radiation from the Moon! The
Moon has no atmosphere, but perhaps some radiation could be produced by fluores-
cence as the Moon’s surface is illuminated by X-rays from the Sun? To investigate
this, precisely at midnight of June 18, 1962, when a full moon was shining, the Aer-
obee rocket was launched. It reached a height of 225 km. Its flight continued for
350 s and was quite successful: two of the three Geiger counters, with large surface
and good sensitivity in the range 1.5—6 keV, were operating during the flight. In
this energy range, the Earth’s atmosphere is totally opaque. Suddenly, instead of X-
ray radiation from the Moon, a bright and before unknown source was discovered,
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which was far beyond the solar system in the direction of the constellation Scorpius.
It was named Sco X-1.

In the following years, new rocket
flights brought more and more discov-
eries of new X-ray sources. Gradually,
a sky map covered with X-ray sources
of different nature was created. The
first sources got their names accord-
ing to their location in the night sky
(Cyg X-1, Cyg X-2, Her X-1, Cen X-
3, and so on). Later it was revealed
that their X-ray luminosities were thou-
sands or even tens of thousand times
stronger than the Sun’s luminosity in
visual light. The epoch of X-ray astron-
omy, an epoch of stunning discoveries
in the universe, began.

According to simple estimates made
by Ya. B. Zeldovich himself, the shock
wave arising when the gas surround-

Ya. B. Zeldovich ing a neutron star falls onto its surface
should produce radiation primarily in
the X-ray range. My goal was to carry

out a full calculation and investigate the process in detail. The main difficulty was
connected to the following property: the mean free path of a falling particle near
the surface of the neutron star is much greater (tens of times) than the characteristic
scale of interaction between matter and radiation. In many such problems, it is not
necessary to calculate the structure of the shock wave: it is sufficient to specify the
change in density, pressure, temperature, and other physical parameters depending
on the velocity and the adiabatic index of the falling gas. In my problem, the den-
sity, temperature and other parameters depended on the energy release in the braking
zone. Moreover, plasma oscillations may arise in this zone. To describe these, the
use of kinetic plasma equations is required rather than ordinary hydrodynamics. In
the end, however, I managed to show that shock wave emission spectra from ac-
creting neutron stars could explain the observational data obtained with the recently
launched instruments.

The first identifications of cosmic X-ray sources with their optical counterparts
appeared in the 1960s, allowing a determination of their luminosities and distances
to their locations. It became clear that the large luminosities of accreting neutron
stars could be provided only in close binary systems with mass flowing from the
stellar component to the neutron star.

When I was a student of astronomy, I attended a course in astrophysics given
by the director of the Sternberg Astronomical Institute, Prof. D. Ya. Martynov. In
his lectures, he payed special attention to the processes of mass exchange in bi-
nary stellar systems through the inner Lagrangian point, and how due to the rel-
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ative orbital motion of the components, a stream of gas forms a disc-like enve-
lope around one of the stars. So, I decided to place a neutron star or even a black
hole as an accreting component in a binary system, and found that in this case,
a new type of accretion (namely — disc accretion!) is possible since the matter,
which falls onto such a powerful centre of gravity as a neutron star or a black hole,
possesses a large angular momentum that prevents it from falling radially inwards.
To a first approximation, matter in the
disc moves along nearly Keplerian or-
bits. Slow radial movement of the disc
matter towards the centre of gravity ac-
companied by a large energy output
(disc accretion) can only be triggered
by exchange of angular momentum be-
tween adjacent layers of the differen-
tially rotating disc. The reason for such
exchange could be turbulence and/or
magnetic fields.

In 1969, the article with the cal-
culation and description of the shock
wave structure was published in “Astro-
nomicheskii Zhurnal”, and became my
diploma. This year, I became a post-
graduate student at the physics faculty
of the MSU. Academician Ya. B. Zel-
dovich became my scientific advisor.

As a postgraduate student, I contin-
ued to study the structure and spectra
of accretion discs that form around ac-
creting neutron stars and black holes in
close binaries due to mass flow from
the surface of an optical star.

The foundations of the theory of disc accretion were published, also in “Astro-
nomicheskii Zhurnal”, in 1973. The main part of the work was done in collabora-
tion with R. A. Sunyaev. Together we developed the so-called standard model of
disc accretion. The work was presented at the 55th symposium of the International
Astronomical Union in Madrid in 1972 (Shakura and Sunyaev 1973b). It was there
that the first observational results from the UHURU satellite were presented and the
first theoretical models of compact X-ray sources in stellar binaries discovered by
UHURU were reported. Our report in Madrid was an introduction to a highly in-
fluential article published in “Astronomy and Astrophysics” in 1973 (Shakura and
Sunyaev 1973a). On the basis of this article, I. D. Novikov and K. S. Thorne calcu-
lated the relativistic corrections required by General Relativity (Novikov and Thorne
1973).

The pioneering work made together with R. A. Sunyaev is still topical today.
According to the NASA ADS data system, the number of references to this article

D. Ya. Martynov
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N. L. Shakura and R. A. Sunyaev in 1973 and 2017.

exceeds 8400 (as of April of 2018). It is our great pleasure to present to you this
book covering some of the most principal and important areas of modern theory of
disc and quasi-spherical accretion onto black holes and magnetized neutron stars.

In Chapter 1, the authors (G. V. Lipunova, K. L. Malanchev, and N. I. Shakura)
present the equations of disc accretion in the framework of the standard model, the
basics of the phenomenological theory of turbulent viscosity, and the properties of
thin accretion discs and their structure along the radial and vertical directions. The
authors describe analytical solutions to the basic equation of evolution of a non-
stationary viscous accretion disc, in the case of infinitely large discs and for discs in
binary systems enclosed within their Roche lobes. It is shown how the characteristic
time scale of variability in non-stationary disc accretion allows us to determine the
level of developed turbulence in accretion discs. A method for a joint numerical
solution of the evolution equation and the equations of vertical disc structure is
presented.

Chapter 2 (by N. I. Shakura) is devoted to motion of particles along spherical
geodesics around rotating black holes. Such motion is possible if the plane of the
outer parts of the accretion disc is tilted towards the equatorial plane of the rotating
black hole. A study of this motion is necessary for understanding the inner structure
of the disc. This chapter uses a special approach to determine how the quantities,
which are measured in the local frame of a fiducial observer in the axially symmetric
gravitational field, are related to each other. This approach allows us to better un-
derstand the basic principles for measuring physical quantities in GR. These basic
principles, which are systematically presented in the next chapter, are required for a
more comprehensive understanding of the structure of relativistic accretion discs.

Chapter 3 (by V. V. Zhuravlev) presents a self-consistent model of a standard
relativistic accreion disc. The disc is aligned with the equatorial plane of a rotating
black hole and calculation is performed taking full account of relativistic effects. In
the first half of the chapter, the author describes in detail how relativistic corrections
to the disc structure are deduced using a tetrad basis that is carried by an observer
comoving with the rotating matter. Further, using the basic simplifying assumptions
of the standard accretion disc model, the relativistic hydrodynamic equations are
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projected onto the tetrad basis. After that, the author presents an explicit relativistic
generalization of radial profiles of the viscous stress and the energy flux from the
disc surface.

In Chapter 4, V. V. Zhuravlev outlines the theory of twisted relativistic accretion
discs. A warped disc forms around a rotating black hole if the outer parts of the disc
are not aligned with the black hole’s equatorial plane. The author derives the equa-
tions describing the evolution of the shape of a twisted disc and the perturbations
of density and velocity necessarily arising in such a disc. This is done under some
simplifying assumptions (namely, a small aspect ratio of the disc, slow rotation of
the black hole, and a small tilt angle of the disc rings with respect to the black hole
equatorial plane), nevertheless including all general relativity effects. The author
further presents an analysis of particular regimes of non-stationary twist dynamics
(the wave and diffusion regimes), both in the framework of Newtonian dynamics
and taking into account Einstein’s relativistic precession. At the end of the chap-
ter, a calculation of the shape of a stationary relativistic twisted accretion disc for
different values of free parameters of the model is presented.

In Chapter 5, the authors (P. K. Abolmasov, N. I. Shakura, and A. A. Chashk-
ina) examine the structure of accretion discs in distant quasars from the point of
view of the spatial information obtained with the help of quasar microlensing. This
exotic effect appears when strong lensing by a foreground galaxy is accompanied
by microlensing on individual stars in it. The authors of this chapter aim to give
a general introduction to QSO microlensing and to show the opportunities of the
method, providing a review of the recent results in this area. It is also shown that
the typical variability of the radiation (observed in different spectral ranges) caused
by microlensing allows us to study the structure of both subcritical and supercritical
(super-Eddington) accretion discs. The latter are characterized by outflow of matter
from the inner parts of the disc due to strong radiation pressure. As a consequence,
a quasi-spherical envelope forms, with a radius determined by processes of scatter-
ing by free electrons. This radius has different, presumably weaker, dependence on
wavelength, whereas the effective radius of the standard subcritical disc is propor-
tional to the wavelength as r ~ 1%/3.

Chapter 6 (by V. V. Zhuravlev and D. N. Razdoburdin) is focused on the study
of transient growth of small perturbations in spectrally stable rotating shear flows,
in particular, those with a Keplerian profile of angular velocity. The mechanism of
perturbation growth is discussed in the simplest model of local two-dimensional adi-
abatic perturbations in a spatially homogeneous flow. Furthermore, special emphasis
is placed on mathematical methods that make it possible to perform a rigorous anal-
ysis of transient dynamics in disc models of various sophistication. The transient
growth of perturbations seems to be capable of transferring energy from a back-
ground flow to perturbations in a homogeneous Keplerian flow (in the absence of a
magnetic field). Without this energy transport, the emergence of turbulence and/or
enhanced angular-momentum flux towards the disc outskirts would not be possible.

In Chapter 7, the authors (N. I. Shakura, K. A. Postnov, A. Yu. Kochetkova, and
L. Hjalmarsdotter) examine the theoretical model of quasi-spherical subsonic accre-
tion onto slowly rotating magnetized neutron stars. In this case, the accreting matter
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slowly, with subsonic velocity, settles onto the rotating magnetosphere of the neu-
tron star, forming an elongated quasi-spherical envelope. The angular momentum
transfer in the envelope is effected through large-scale convective motions, imply-
ing that the differential rotation law in envelopes above magnetospheres of actual
X-ray pulsars corresponds to an approximately isomomentum distribution. The ac-
cretion rate in the envelope depends on the ability of the plasma to penetrate into the
magnetosphere due to the Rayleigh—Taylor instability,if cooling processes are taken
into account. Subsonic infall of matter may occur at moderate X-ray luminosities
corresponding to accretion rates of M < 4 x 10! g/s. In the case of higher accre-
tion rates, a region of free falling matter arises in the flow above the magnetosphere
due to fast Compton cooling, making accretion highly non-stationary. One can de-
termine the basic parameters of the model and estimate the magnetic field of the
neutron star when observing acceleration and slowdown in the rotation periods of
equilibrium X-ray pulsars with known orbital periods, such as GX 301-2 and Vela
X-1, in which quasi-spherical accretion from the stellar wind occurs. It is possible
to estimate the velocity of the stellar wind emitted by the optical counterpart of an
equilibrium pulsar in a binary, without conducting complex spectroscopic measure-
ments, if an independently measured magnetic field is known for the neutron star.
There is a maximal possible value for the slowdown rate of the neutron star for ac-
cretion onto a non-equilibrium pulsar. Examples of such pulsars are GX 1+4, SXP
1062 and 4U 2206+54. Knowing the slowdown rate of the rotation of such a pul-
sar and its X-ray luminosity, we may estimate a lower limit on the magnetic field
of the neutron star, which always turns out to be close to the standard value and
corresponds to the observed cyclotron peculiarities in measured spectra. The model
explains why rotation in non-equilibrium pulsars accelerates and slows down on
long timescales and why the pulsar frequency varies on short timescales. In differ-
ent binaries, these variations may display either a correlation or an anticorrelation
with the observed fluctuations in X-ray flux.

The authors of Chapter 8 (N. I. Shakura and K. A. Postnov) examine the
conditions under which the Velikhov-Chandrasekhar magneto-rotational instability
(MRY) in ideal and nonideal plasma may arise. In the presence of magnetic fields,
this instability arises in an axially-symmetric hydrodynamic flow if the angular ve-
locity of the flow decreases outwards, whereas the angular momentum, increases.
The growth rate of MRI decreases if the magnetic field becomes stronger; there is a
critical value of the magnetic field, above which the exponential growth gives way
to oscillations. The influence of viscosity and electrical conductivity of the plasma
on the development of MRI is studied. The limiting values (lower limits) of ion
mean free paths, for which MRI is still possible in thin discs obeying Kepler’s law
of rotation, are obtained.

On the other hand, the authors show that the MHD-mode becomes stabilized n
a hydrodynamic flow, which is unstable according to the Rayleigh criterion (the
angular momentum decreases outwards), for small perturbation wavelengths.

Many excellent books have been published about accretion in astrophysics. We
would like to mention, in particular, “Black-Hole Accretion Disks” by S. Kato,
J. Fukue, and S. Mineshige, “Oscillations of Disks” by S. Kato, and “Accretion
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Power in Astrophysics” by J. Frank, A. King, and D. Raine. We hope that the reader
will find the present volume useful as well.

Moscow, Nikolai Shakura
April 2018

Acknowledgements The work of the authors was partially supported by the grant No. 14-12-
00146 of the Russian Science Foundation. We thank Linnea, our translator, for her hard work. We
also thank Natalia Lipunova and Natalia Shakura for help in preparing the current edition. We also
grateful to Sergei Popov for his friendly concern and valuable suggestions.

References

Novikov ID, Thorne KS (1973) Astrophysics of black holes. In: DeWitt C, DeWitt
BS (eds) Black Holes (Les Astres Occlus), pp 343-450

Shakura NI (1973) Disk Model of Gas Accretion on a Relativistic Star in a Close
Binary System. Soviet Astronomy 16:756

Shakura NI, Sunyaev RA (1973a) Black holes in binary systems. Observational ap-
pearance. A&A24:337-355

Shakura NI, Sunyaev RA (1973b) Black Holes in Binary Systems: Observational
Appearances. In: Bradt H, Giacconi R (eds) X- and Gamma-Ray Astronomy, [AU
Symposium, vol 55, p 155

Zel’dovich YB, Shakura NI (1969) X-Ray Emission Accompanying the Accretion
of Gas by a Neutron Star. Soviet Astronomy 13:175






Contents

Accretion Flows in Astrophysics ............ ... ... ... ... ... ....

Ed. N. I. Shakura

1

The standard model of disc aceretion . ... .......................
Galina Lipunova, Konstantin Malanchev, and Nikolay Shakura

Introduction . .......... it
Disc EQUations . ...........ouuuuiiiniii i
Viscosity in Accretion Discs . ... i

1.1
1.2
1.3

1.4

1.5

1.6

1.3.1  The Reynolds Equations and the Reynolds Tensor ......
1.3.2  The Closure Problem ..............................
1.3.3  Coefficient of Turbulent Viscosity....................
1.34  MixingLength....... ... ... i
1.3.5  Turbulent Viscosity Parameter ¢ .....................
Thin Discs . . ...t
1.4.1  Equations of Radial Structure .......................
1.4.2  Solution for a Constant Accretion Rate................
1.4.3  Radial Velocity of Matterinthe Disc .................
1.4.4  AccretionontoaBlackHole ........................
1.4.5  Energy Release in Geometrically Thin Discs...........
14.6 DiscRadiation .......... ...
Stationary 0-DisCs . ...t
1.5.1 Equations of Vertical Structure ......................
1.5.2  Solution for the Vertical Structure .. ..................
1.5.3  Radial Dependence of Physical Parameters in

Stationary o-Discs .. ... ..

Non-stationary Disc Accretion ........... ...,

1.6.1
1.6.2

1.6.3
1.6.4

Basic Equation of Non-stationary Accretion ...........
Solutions to the Linear Equation of Viscous Evolution

inthe Disc ...
Evolution of an Infinite Viscous Disc .................
Solution for a Disc with a Fixed Outer Radius..........

Xiii



Xiv

Contents
1.6.5  Solution to the Non-linear Equation for the Evolution
of aViscous a-Disc ......... ...l 62
1.6.6  Evolution of a¢-Disc from a Ring of Matter ............ 66
1.6.7  Solution for ¢-Disc in a Binary System ............... 75
1.7 Numerical Modelling of Non-stationary Disc Accretion . ........ 85
1.7.1 Solution to the Equations of Viscous Evolution. ........ 86
1.7.2  Solving the Equations of Vertical Structure ............ 91
1.7.3  Example Numerical Modelling of a FRED Lightcurve
ofan X-rayNova .......... ... .. i, 93
References . . ...t 96
The Properties of Spherical Geodesics in the Kerr Metric . .. ....... 103
Nikolay Shakura
References . ... ... 109
Relativistic Standard AccretionDisc ........................ ... 111
Viacheslav Zhuravlev
3.1  Space-time near Rotating Black Holes . . ...................... 112
31.1 TheKerrMetric........couuunniiiiiiinnenn... 112
3.1.2  Circular Equatorial Geodesics .................cou... 114
3.1.3  Radius of the Innermost (marginally) Stable Orbit ...... 116
3.2 Choice of Reference Frame ............... ... ... ... .... 117
3.2.1  Basesin General Relativity ......................... 117
3.2.2 A Tetrad Transported by Rotating Observers . .......... 122
3.2.3  Relativistic Hydrodynamic Equations . ................ 126
3.3 Construction of the Standard Accretion Disc Model ............ 128
3.3.1  Basic Assumptions and the Vertical Balance Equation . .. 128
3.3.2  Azimuthal Direction ............ ... ... ... oot 131
3.3.3  Rest Energy Conservation Law and Radial Momentum
Transfer ...... ..o i 132
334 EnergyBalance ............ ... .. ... i, 133
3.3.5  Energy Transfer Equation and the Vertical Disc Structure 135
3.3.6  Parametrization of Turbulent Viscosity and Explicit
Disc Structure ......... ... 136
References . ... ..ot 139
Relativistic Twisted Accretion Disc ... ........... ... .. .. .. .. ... 141
Viacheslav Zhuravlev
4.1 Introductory Remarks........... ... ... .. i 141
4.1.1  Weakly Perturbed Circular Equatorial Motion:
Epicyclic Frequency and Frequency of Vertical
Oscillations . .........oiiiiiii i, 149
4.2 Choice of Reference Frame .................. ... ........ ... 152
421 TheMetric ......cooiii i 152
422  Twisted Coordinates ................. ... 154

423 A Tetrad Transported by Observers Following the Twist . 155



Contents XV
4.3  The Setof Twist Equations .......... ... ....ooiiiiiiinn .. 158
4.3.1  Projection of the Dynamical Equations onto the
Twisted Basis fora ThinDisc ....................... 158
4.3.2  Completing the Derivation of the Twist Equations ... ... 165
4.3.3  Twist Equations in the Particular Case of a Stationary
Vertically Isothermal o¢-Disc ................ooin... 170
4.4 Non-stationary Twist Dynamics .............. ... ... ...... 174
4.4.1  The Local Dispersion Relation ...................... 174
442  Reduction of the Set of Equations for Velocity
Perturbations .......... ... ... i 179
4.5  Stationary Twisted Disc . ....... ..o 180
4.5.1  Main Equation and Boundary Conditions. ............. 180
4.5.2 A Disc with Marginally Small Viscosity .............. 182
453  Disc Behavior in the Plane of the Parameters ot and & . .. 186
4.6 CONCIUSIONS . . ..ot vttt 188
References .. ... .ot 190
5  Structure of Accretion Discs in Lensed QSOs . ................... 193
Pavel Abolmasov, Nikolay Shakura, and Anna Chashkina
5.1  Introduction: Gravitational Lensing and Microlensing . . ......... 194
5.1.1  Light Bending by a Thin Gravitational Lens ........... 194
5.1.2  Transformation of the Plane of the Sky................ 196
5.1.3 SymmetricLenses ............ooiiiiiiiiiiiiiaa... 198
5.1.4  AsymmetricLenses..............oiiiiiiiiiia... 201
5.1.5  Microlensing ...t 206
5.2 Microlensing of Accretion discs . ...ttt 208
5.2.1  Microlensing of Strongly Lensed Quasars ............. 208
5.2.2  The Standard Accretion Disc Model .................. 212
5.2.3  Intensity Distribution .............. ... ... 215
5.2.4  Account for General Relativity Effects and Location of
the Inner Edge of the Disc ............ ... ... ... ... 217
5.2.5  Applications to Actual Lightcurves: QSO J2237+0305
and SBS J15204530 .. ... 220
5.3  The Problem of Large Radii and Observational Evidence for
Supercritical ACCIetion. .. ....ovuunt ittt 223
5.3.1 Observed Estimates of Disc Sizes .................... 223
5.3.2  Nonlocal Scattering.............. ... ... 229
5.3.3  The Supercritical Accretion Regime .................. 233
5.34  Scattering by Inflowing Matter ...................... 240
54 ConcClusionS . . ...ttt 242

References . ... 242



Xvi

Contents

Transient dynamics of perturbations in astrophysical disks . ....... 251
Dmitry Razdoburdin and Viacheslav Zhuravlev

6.1  Introduction: modal and non-modal analysis of perturbations. . . . . 252

6.2  Analytical treatment of two-dimensional vortices............... 258

6.2.1  Adiabatic perturbations in a rotational shear flow ....... 258

6.2.2  Local approximation: transition to shear harmonics . . ... 263

6.2.3  Vortex amplification factor.......................... 271

6.3  Calculation of optimal perturbations ......................... 278

6.3.1  Definition and properties of singular vectors ........... 278

6.3.2  The matrix method for optimal solutions .............. 284

6.3.3  Alternative: a variational approach ................... 295

6.3.4  Adjointequations .............c..ciiiiiiiiiiiiaan, 302

6.4  Optimal perturbations in Kepleriandiscs ...................... 306

6.4.1  Local approxXimation . .............c..oouueeeeunnn.... 306

6.4.2 Globalproblem .............. . i 307

6.5 ConClusions............... il 311

References . ... 314

Quasi-spherical Subsonic Accretion onto Magnetized Neutron Stars . 323

Nikolay Shakura, Konstantin Postnov, Alexandra Kochetkova, and
Linnea Hjalmarsdotter

7.1 Introduction............... i i i 324
7.2 Two Regimes of Quasi-spherical Wind Accretion .............. 327
7.2.1  Supersonic (Bondi-Hoyle-Littleton) Accretion ......... 328
7.2.2 Subsonic (Settling) Accretion ....................... 328
7.2.3  The Structure of a Subsonic Shell Around a Neutron
Star Magnetosphere. ............... ... ... oo L 329
724 TheAlfvénSurface............. ... ... ... ... 331
7.2.5  The Mean Rate of the Flow of Matter Through the
Magnetosphere .......... ... 333
7.3 The Structure of a Quasi-spherical Rotating Shell with Subsonic
ACCIELION . . o oottt e e 336
7.3.1 BasicEquations ................ccoiiiiiiiiii... 337
7.3.2  Symmetries of the Problem ......................... 338
7.4 Structure of the Shell for Prandtl’s Turbulent Viscosity .......... 340
7.4.1  The Empirical Prandtl Law for Turbulent Viscosity in
Axially Symmetric Flows . .......................... 340
7.4.2  The Angular Momentum Transfer Equation............ 342
7.4.3  The Rotation Law inthe Shell ....................... 344
7.4.4  The Case Without Accretion ........................ 346
7.5  The Structure of the Shell and the Rotation Law for
Wasiutynski’s Turbulent Viscosity Law ....................... 347
7.6  Corrections to the Radial Temperature Gradient . ............... 349
7.7  Dynamics of Static Spherically-symmetric Gas Flow............ 350

7.8 Physical Conditionsinthe Shell ............................. 355



Contents Xvii

7.9  X-ray Emission and Quasi-periodic Pulsations from the Hot Shell. 357

7.10 Bright Flares in Supergiant Fast X-ray Transients .............. 358
7.10.1 Magnetospheric Shell Instability ..................... 359
7.10.2 Magnetized Stellar Wind as the Flare Trigger .......... 360
7.10.3 Conditions for Magnetic Reconnection near the
Magnetosphere ............c.coi i 361
7.11 Angular Momentum Transfer to the Neutron Star Magnetosphere
and Spin-up/Spin-down of X-ray Pulsars...................... 362
7.11.1 The Case of Strong Coupling. ....................... 363
7.11.2  The Case of Moderate Coupling ..................... 366
7.12  Equilibrium Pulsars ........... ... .. 368
7.13  Non-equilibrium Pulsars ............... .. ... .. ..., 371
7.14  On the Possibility of the Propeller Regime .................... 373
7.15 Do Slow X-ray Pulsars Have Prograde or Retrograde Accretion
DiSCS? . oo 374
716 ConClusions. ... 375
References . ... 376
8  On the Properties of Velikhov-Chandrasekhar MRI in Ideal and
Non-ideal Plasmas . . .......... ... .. ... ... .. .. ... ... 383
Nikolay Shakura and Konstantin Postnov
81 Introduction.............. ... . i il 383
8.2  Derivation of the Dispersion Equation for a Non-ideal Plasma . . . . 385
8.3  Linear Analysis for an Ideal Fluid ........................... 390
8.3.1 TheldealMHD Case ..................coviiiinna.. 391

8.3.2  On the Behaviour of MRI for a Vanishing Magnetic Field 394
8.4  Linear Analysis for a Fluid with Viscosity and Magnetic Diffusivity396

8.4.1  The Case of the Magnetic Prandtl Number Pp=1 ....... 397
8.4.2  The Case of an Arbitrary Magnetic Prandtl Number-. . . .. 401
85 Conclusions ..........coiiiiiii 403

References . ..o 404






Chapter 1
The standard model of disc accretion

Galina Lipunova, Konstantin Malanchev, and Nikolay Shakura

Abstract Accretion discs are powerful energy factories in our Universe. They effec-
tively transform the potential energy of gravitational interaction to emission, thereby
unraveling the physics of distant objects. This is possible due to the presence of vis-
cosity, driven by turbulent motions in accretion discs. In this chapter, we describe
the equations for disc accretion in the framework of the standard model. We out-
line basic elements of the theory of turbulent viscosity and the emergence of the
a-parameter. We further describe the radial and vertical structure of thin stationary
accretion discs, and present analytical solutions to the basic equation of the evolu-
tion of a viscous accretion disc for both an infinite disc and for a disc in a binary
system. Finally, we present a numerical method to solve the equations of disc evo-
lution and vertical structure simultaneously.

1.1 Introduction

The theory of disc accretion has tremendously broad applications in astrophysics
— it is used to study for example bright objects at a wide spectral range in our own
Galaxy, the luminous centres of other active galaxies, relativistic jets from compact
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objects, protostars and the formation of planetary systems, and to explain the most
luminous sources of the universe, the gamma-ray bursts.

The basis for the theory of standard disc accretion are found in the papers by
Shakura (1973) and Shakura and Sunyaev (1973). Other important early works in-
clude the papers by Gorbatskii (1965), Lynden-Bell (1969), and Pringle and Rees
(1972). The development of the theories for the various processes connected to disc
accretion can be found in the textbooks by Kato, Fukue, and Mineshige (1998),
Frank, King, and Raine (2002) and in the overview by Abramowicz and Fragile
(2013). Galactic discs, discs in close binaries and in protoplanetary systems are dis-
cussed in the textbook by Morozov and Khoperskov (2005). Bisikalo et al. (2013)
studied the gas dynamics of mass-transfer in close binary systems. A short and com-
prehensive overview of standard disc accretion, including aspects of discs in dwarf
and X-ray novae, can be found in Lasota (2015).

In this chapter we consider the basic properties of stationary and non-stationary
discs in the framework of the standard model of disc accretion, touching only lightly
upon relativistic effects. We derive the basic equations describing non-radial infall
of matter in astrophysical situations, where the effects of viscous stresses lead to
heating of the matter and subsequent emission of thermal energy that can be ob-
served by astronomical instruments from enormous distances.

Discs are formed around stars as a result of matter with non-zero angular mo-
mentum being captured by the star’s gravitational field. The matter may originate
from the interstellar medium or be transferred from a close companion star. If the
matter is rotating in approximately a single plane, the structure is called an accretion
disc. As a result of transfer of angular momentum the matter moves towards the cen-
tral object and thereby releases its gravitational energy. This energy is transferred to
kinetic energy, increasing towards the centre, and to thermal energy of the plasma.
If the thermal energy can be emitted effectively, the disc is relatively thin.

We here consider geometrically thin ‘flat” accretion discs. In a geometrically
thin disc, the half-thickness in the direction perpendicular to the disc plane is much
smaller than the distance to the centre at a given point in the disc. If a geometrically
thin disc has an optical depth much exceeding unity (7 > 1) in the direction perpen-
dicular to the disc plane, the equations of energy balance can be written in a rather
simple form. In this case the photons are absorbed and dissipated many times before
they leave the disc and we can assume local thermodynamic equilibrium. In a geo-
metrically thin disc we may also neglect radial advection (the transfer of heat with
matter moving radially). The condition of local thermodynamic equilibrium sug-
gests equal temperature of electrons and ions in the plasma. Moreover, the standard
models do not take into account mass loss from the disc surface: the matter leaves
the disc only through its inner boundary. In reality, or rather in the current largely
consistent picture of accretion discs, these conditions are satisfied at distances far
from the disc centre.

It is important to note that the accretion process is driven by viscosity caused by
turbulent motions of the matter in the disc. The characteristic time scale for changes
in the radial structure of the disc is called the viscous time scale. The viscous time
scale is related to the radial motion of matter in the disc. In the framework of the
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standard equations for accretion discs, discussed in this section, the characteristic
viscous time scale Ty;s is much longer than the dynamic time scale 7gyy, set by the
orbital velocity of matter in the disc. The viscous time scale is also much longer
than the ‘hydrostatic’ time scale Tpyq, on which the thickness of the disc changes
with pressure, and much longer than the ’thermal’ time scale Ty, that is, the time
for a given patch of the disc to radiate the stored thermal energy and to change the
temperature:
Tvis > Tdyns  Tvis > Thyds  Tvis > Tih -

As in stars, the disc equilibrium structure depends on its luminosity. For a wide
range of accretion rates, the disc luminosity is proportional to the rate with which
matter flows into the disc. There is, however, a critical luminosity close to which ra-
diation pressure starts to play a decisive role for the formation of the disc structure.
This is the Eddington luminosity limit. Like in stars, the Eddington luminosity is de-
termined from the balance between the forces of radiation pressure and gravitational
forces acting on the proton. In the case of spherical symmetry:

dncGM M
Ligd = TR 125 % 1078 —erg/s. (L.1)
Or Mg

We use the following notations: the universal gravitational constant G, the mass of
the central body M, the mass of the Sun My ~ 2 x 103 g, the proton mass m,,
the Thomson cross section for electron scattering 7. Using the expression for the
effective luminosity in the accretion process L = Nacer M 2, we obtain the critical
accretion rate in the disc ~ 1078M /year:

. N 18 M
MEdd ¢ Nacer KT ~1.4x10 M@ g/S,

where we have set the energy conversion efficiency of accretion Nacer = 0.1 (Nacer =
1/12 in the Newtonian metric for a disc with the inner boundary at radius 6 GM /c?),
and the Thomson cross section per gram kr ~ 0.4 cm?/g. In disc models the ac-
cretion rate is often normalised to this value. However, it is only an approximate
evaluation of the accretion rate, above which the disc configuration is determined
by radiation pressure. The thin disc approximation is no longer valid in a region, the
radius of which is proportional to the accretion rate, and this region may experience
outflow of material from the disc surface.

Various disc instabilities may arise at accretion rates lower than the critical one.
For example, at temperatures and densities corresponding to the conditions for re-
combination of ions in the plasma, thermal instability arises which results in a
change in the vertical structure of the disc on thermal time scales (Meyer and Meyer-
Hofmeister 1981). In particular, this instability leads to outbursts in dwarf novae.
Close to the disc centre, if the radiation pressure exceeds the gas pressure, viscous
and thermal instabilities arise (Lightman and Eardley 1974; Shibazaki and Hoshi
1975; Shakura and Sunyaev 1976). Nevertheless, there exists a wide range of ac-
cretion rates at which the structure of the accretion disc can be treated as quasi
stationary.
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1.2 Disc Equations

When examining geometrically thin discs, it is convenient to work in cylindrical
coordinates (r, @, z). We assume that accretion discs are axially symmetric. This
leads to the disappearance of all derivatives with respect to ¢. For thick discs or for
a study of the structure of outflowing matter, spherical coordinates should be used.

Important Note

In the standard theory of disc accretion, as we outline it here following Shakura
and Sunyaev (1973), the viscous stress tensor is frequently written as a physically
positive value. In Chap. 1 this value appears under notation w‘,q, = —Wrg.

Continuity Equation

The continuity equation in cylindrical coordinates in the axial symmetric case
takes the form:
dp 1 4

d
at + r &r(pvrr)+jz(pvz):0' (12)

Equations of Motion

The equations of motion in cylindrical coordinates in the axial symmetric case
are written as:

dv, v, v, Vg 9P 10P

e vrerVz - *WfﬁerNm (1.3)

I I e Ve

o1 V,-W +VZTZ :N(P’ (14)
Do o v 0o 1op
o Vo T T T ar par (15

where @ is the gravitational potential, P is the pressure, and N,, Ny, and N; are the
components of the viscous force N per unit mass. We write the components N in the
case of axial symmetry as:

- 1 a Woe aWrZ
PNy = S gp ) = =2+ 5 (10
. 1 a > an)z
pN(p—rsz(r W(pr)+TZ, (17)
10 ow,,
PN, = ;E(rwn) + az", (1.8)



1 The standard model of disc accretion 5

where wj;, are the components of the viscous stress tensor. We write these compo-
nents:

w”:2n%?+(g—§n>dWm (1.9)
0
Wrp = Wor =1 [rar (V;")} (1.10)
dv, adv,
Wrz_wzr_n(a}’—’—az)’ (111)
v, 2 .
Wop = 20+ <C - 311) divv, (1.12)
Ive
W<pz=wz(p=n72, (1.13)
Wy = 27‘]%4— <C— in) divy, (1.14)

where

v,
dz’
Here 1 is the dynamic coefficient of the shear viscosity due to the relative motion
of different layers of the flow, and { is the second viscosity (Landau and Lifshitz
1959). In the following, we will omit the effects of second viscosity.

For thin accretion discs, the only significant component of the viscous stress
tensor is wy¢. As a result we have that

14
divv = ;E(rvr)+

19
PNo = — 5 (rwrp), (1.15)
Jv 0]
w,(p:an?(p:nr—ar, (1.16)

where @ = vy /r is the angular velocity of matter in the disc.

We will consider thin stationary discs for which the partial derivatives with re-
spect to time in the equation of motion (1.3—1.5) become zero. For such discs
the most important terms in equation (1.3) are v%p /r and the gravitational poten-
tial gradient. For a Newtonian gravitational potential ® = —GM /r, neglecting the
self-gravitation of the disc, we obtain Kepler’s law:

GM

In this case the radial component of the friction force and the pressure gradient are
negligible comparing to the gravitational force from the central body.

In the direction perpendicular to the disc plane, hydrostatic equilibrium is estab-
lished, in which the vertical gravity component is balanced by the vertical pressure
gradient. From (1.5) we have:
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1dP GM
_ETZZT’TZ. (1.18)

Energy Conservation Equation

The energy conservation equation for the general case is written in the following
way (Landau and Lifshitz 1959; Kato et al 2008):

‘Z—f +div[(E+P)v— (wwie) +Fth} — PEmasss (1.19)
where E = p (e +v?/2+ @) is the sum of the thermal, kinetic and potential energy
per unit volume. Its change over time is a result of the energy flux arising due to
motion of the medium, the work of pressure and viscosity forces, and other possible
energy flows. In a thin plane disc, the energy flux connected to viscous forces is
radial and equals (—v¢y w,¢). The vector Fy, contains other types of thermal energy
flows: radiative, conductive and convective. In a thin disc the main contribution is
given by F,, which includes the radiative flux transferring energy to the radiating
disc surface. In general, there could be other heating or cooling mechanisms op-
erating within a unit volume (for example, nuclear reactions, Joule dissipation or
radiative cooling of the optically thin medium). The rate of such heating or cooling
per unit mass is Emags-

Energy Dissipation

Let us consider the change of kinetic energy in the flow expressing the total
velocity derivative with the help of the Navier-Stokes equation (equations (1.3)-

(1.5)):

d /v? 1

(L) =v(-vo——vpP N>. 1.20
dt ( 2 ) ( p + (1.20)
Subtracting this equation from the equation for the total energy conversion (1.19)
and using the first law of thermodynamics

1
Tds =de+ Pd (> ,
P

where s is the specific entropy, we arrive at the following equation for the thermal
balance:

ds .
pTazs'i‘pgmass_leFth; (1.21)
for a gravitational potential @ constant in time, where

€= w,-kg—)‘;i (1.22)
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is the dissipated energy per unit volume per unit time due to viscosity (summation
over indices).
In cylindrical coordinates for an axisymmetric flow:

v \? v, \ > Ve Ve 2 I 2
e=n|4 21 =— —— — = -
n{(&r)Jr (az) +<c9r r>+<5'z)Jr
v, v\’ 2 [(Over Ov.\?
— —= — | . (1.23
+<8r+8z> 31 r8r+8z (123)
In thin accretion discs, vy dominates significantly over other velocity terms. We

note that vy does not change with z in a thin disc. Thus, the dominant component in
the energy dissipation has the form:

N qu) V(P o aV(P V(p 2_ 2 aw 2
£—Wr¢<m—r>—n<w—r —T'r g . (124)

Energy Source in the Disc

The main source of energy which dissipates in the disc due to friction, and which
in principle can be radiated, is the released potential energy as the matter moves
progressively closer to the gravitating body. Let us illustrate this for a thin Keplerian
disc.

With the help of expressions (1.7), (1.10) and (1.24), it can be shown that the
identity

14

holds in a thin disc.

To write down p vy Ny, we use (1.20). Let the mass of the central object and its
gravitational potential be constant in time. We have:
2

pvr%(%+ )=12ere) (1.26)

r ar
Here, we omit the term v, dP/dr, which is small compared to the other terms, i.e.
we neglect the work performed by pressure forces in a Keplerian disc.

And thus, the energy from the gravitational interaction extracted as the matter
moves in the disc progressively towards the centre is transformed to kinetic energy
of orbital motion, then redistributed in the disc due to viscous forces transferring an-
gular momentum, and finally spent on heating of the disc (Lynden-Bell and Pringle
1974; Shakura and Sunyaev 1976).
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1.3 Viscosity in Accretion Discs

The key hypothesis in models for accretion discs is the turbulent nature of
their viscosity (Shakura 1973; Shakura and Sunyaev 1973; Zeldovich 1981; Frid-
man 1989; Dubrulle 1993; Balbus and Hawley 1998; Richard and Zahn 1999;
Bisnovatyi-Kogan and Lovelace 2001; Marov and Kolesnichenko 2011). The val-
ues of the coefficients of molecular viscosity obtained from studies of the properties
of liquids and gases cannot explain the observed properties of astrophysical discs.
The required rate of transfer of mass towards the disc centre and the accompany-
ing outward transfer of momentum can be explained only for very high values of
viscosity in the disc matter, exceeding the molecular viscosity by several orders of
magnitude. Turbulent motions of the matter may lead to significant stresses w;q in
the disc. In addition, the Reynolds number for accretion discs is very large and this
in itself may serve as a basis for development of turbulence regardless of the specific
mechanisms for it occurrence.

Differential rotation in Keplerian gaseous discs is considered the basic source
of their turbulence. The angular momentum transfer by small-scale magnetic fields
in accretion discs was suggested in Shakura and Sunyaev (1973). In the late 1950s
and early 1960s, E. P. Velikhov (1959) and S. Chandrasekhar (1960) discovered
the MHD-instability in shear flows with angular velocity falling outwards in the
existence of a seed poloidial magnetic field. The importance of this instability for
accretion discs was shown in the calculations by Balbus and Hawley (see the reviews
by Balbus and Hawley (1991, 1998)). Disc accretion with the presence of magnetic
fields was studied by many authors (see, for example, Eardley and Lightman (1975);
Galeev et al (1979); Coroniti (1981); Tout and Pringle (1992); Brandenburg et al
(1996)).

At the present stage of development of theories of accretion discs, there is no
full consensus regarding how to express viscous stresses in a viscous flow. Most
authors describe the action of a small scale viscosity by a phenomenological o-
prescription (Shakura 1973; Shakura and Sunyaev 1973).

In Sect. 1.2 it was assumed that the derived equations describe the average large-
scale motions in the gas. Turbulence arises as a result of transfer of part of the
energy of the large-scale motions to random perturbations on smaller scales. In gen-
eral, such chaotic perturbations in the flow have a very complicated structure and
an individual description does not seem possible. Numerical solutions to the asso-
ciated non-linear equations cannot be achieved at present due to the unreasonably
large computational power needed for such a task, and an analytical solution to the
general spatially-unbounded problem with smooth initial conditions have not been
found either. A solution to the Navier-Stokes equations is one of the seven Mil-
lennium Goals announced in 2000 by the Clay Mathematical Institute. In applied
problems, methods based on various approximations are mainly used, for example
the Reynolds method of averaging or large-eddy simulations (Deardorff 1970).
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1.3.1 The Reynolds Equations and the Reynolds Tensor

Reynolds suggested a decomposition of the hydrodynamic fields in the real
medium into two components: an average field and a fluctuating (chaotic) field,
followed by an averaging of the equations. For example, for the velocity compo-
nents we assume v; = v; + v}, for the pressure p = p+ p/, etc. The average fields are
always smooth and slowly changing. The fluctuating fields are chaotic in both space
and time. Note that elsewhere in this chapter, we will use p without a bar for the
local averaged density of the turbulized matter.

Averaging the Navier-Stokes equations according to the rules suggested by
Reynolds leads to equations of motion for the average quantities — the Reynolds
equations. The method of averaging is not very important. It may be over time, in
space, or it may be a theoretical average over a statistical ensemble of various hy-
drodynamic flows with common boundary conditions (Monin and Yaglom 1971).
Average quantities over space and time converge to theoretic-probabilistic mean
values if the random process is stationary and spatially homogeneous. The second
condition is always a mathematical idealization. In practice, we can only talk about
homogeneity in some limited space and time domain. The general condition for con-
vergence of the values that are averaged over space and time to probabilistic mean
values is the condition of ergodicity.

Let us write down the Navier-Stokes equation in tensor notation:

<(9V,‘ av,’> _ ﬁ _ d (P5,'k) + 8w,-k

ot TV Toxe o

(1.27)

where f; are the components of an external force acting on a unit volume of matter.
For an incompressible fluid (p = const) we use the equalities

dvi d (vivy) v

— =0 d =V, ——
8xk an 8xk Vk axk ’

in particular, replacing the second term on the left in (1.27) with 9 (v;vy)/dx,.
We perform averaging according to the Reynolds rules (Monin and Yaglom
(1971), their chapter 2), part of which looks like the following:

_ af of -
=0, e Vi Vg = ViV Vv
The average mass transfer due to turbulent motions is zero: p v, = 0.

In the Reynolds-averaged Navier—Stokes equation, we find the appearance of an
additional term dependent on the pulsating velocity (with a prime) arising due to the

non-linearity of the original equation:

<8w 9 vivg a(v;v@) 7 O(P&) i

8xk 8xk ’

— Ji

ot oxe | ox |
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To find out the meaning of the last term, we consider the average flow of momentum:
Il = P Sy + pvivic — (wix — pviv,,) - (1.28)

The two first terms on the right-hand side are responsible for the reversible (me-
chanical) transfer of momentum by the average motion.

We see that for turbulent motion, the viscous tensor, dependent on the properties
of the medium, is accompanied by the term connected with chaotic flows. Thus,
turbulent motions lead to exchange of momentum between different regions of the
fluid. In other words, turbulent mixing acts like viscosity. The following way of
writing the Reynolds equations emphasizes this interpretation:

dvi —avi fi 19(P&) 0 (navi )

Ji_ 2 v 1.2
It ViVi (1.29)

o Vo T o o om | om
Here, we use the expression for the viscous stress tensor in an incompressible fluid
wix = N (dvi/dx; + Ivi/dx;) (see, for example, Chapter 2 in Landau and Lifshitz
(1959)) and apply the incompressibility condition of the fluid.

The quantity L
Ry = —pViv; (1.30)

is called the Reynolds tensor for turbulent viscosity. The form of this term is un-
known and we should make more or less empirically based assumptions to solve the
Reynolds equations. The main problem of the phenomenological theory of turbu-
lence is finding the unknown turbulent flows (flow of momentum for the equations
above) expressed in the averaged parameters of the properties of the medium. This
problem is referred to as a closure problem.

Compressible Fluids

In the case of a compressible fluid, instead of the Reynolds average, the weighted
average as suggested by Favre (1969) is used. The weighted average velocity is
equal to v; = pv;/ p, where bars over the values indicate the Reynolds average (time
average). The velocity of the flow is then represented by the sum of the weighted

average and the fluctuating velocities: v; = v; +v;. Now v/ % 0 (average over the
ensemble) for v?’ = 0 (weighted average, average over the ensemble), but, as before,
the turbulent motions do not lead to transfer of mass, piv:’ = 0 (see, for example,
Marov and Kolesnichenko (2011), their chapter 3).

After such a representation of the hydrodynamic functions and averaging over
time of the Navier-Stokes equation for p # const, we arrive at an equation of mo-
tion, which also can be written in compact form, analogous to (1.29), but with an
additional term, which corresponds to the turbulent viscosity, of a more complicated
form:
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— o ovi 2. ov]
?‘k=—PV§’V§Z+n< k2 V">. (1.31)

Bxk 8x,- g ik Txk

We ignore here fluctuations in the coefficient of molecular viscosity 7. Thus, if
density fluctuations are present in the medium, the viscosity tensor cannot be divided
into two constituents, one dependent on the properties of the environment only (the
viscosity 1 and the average velocity v; of the laminar flow) and the other dependent
only on the turbulent dynamics of the flow (terms with fluctuating velocity). It is
expected, however, that the second term in the last expression, the term that includes
the molecular viscosity, is significantly smaller than the first term (Pletcher et al
1997).

1.3.2 The Closure Problem

The form of the Reynolds tensor cannot be found from the hydrodynamic equa-

tions. The second-order moment tensors for the velocity field v;v; can be expressed

from the third- or higher-order moments (v} v’j v}, etc.), but the number of unknowns

is always greater than the number of equations. The impossibility of finding a closed
system of equations for a finite number of moments is a consequence of the non-
linearity of the equations of hydrodynamics. In the case of weighted averaging, the
problem becomes even more complicated (Marov and Kolesnichenko (2011), their
chapter 3).

The need to solve practical problems have led to the performance of a large num-
ber of experiments regarding turbulent flows. Based on these studies, semi-empirical
theories of turbulence have been worked out, which systematize the obtained results.

Important steps in this direction were taken by Boussinesq (in the end of the
19th century) and by Taylor, Prandtl and Karman in the 1920s and 1930s. The semi-
empirical models of turbulence are based on the analogy between turbulence and
molecular viscosity. An application of the simplest models allows us to close the
very first equations for hydrodynamic fields - the ones for lower moments (the
Reynolds equations). As a result, the Reynolds equations can be solved if Ry is
expressed from certain large-scale characteristics of the flow. These characteristics
describe the transfer of heat and momentum through the turbulent medium. Large-
scale characteristics of turbulence are to a great deal dependent on the geometry of
the boundaries of the flow and the nature of external influences, which are always
different in different situations. Therefore, on the one hand, we talk about the am-
biguity of semi-empirical closing relations. On the other hand, using more complex
closing relations leads to neither more general nor more exact solutions. Thus, in
most cases, preference is given to the simpler models, and the limits to their appli-
cability are studied (see Marov and Kolesnichenko (2011), their Sect. 1.1.6).
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1.3.3 Coefficient of Turbulent Viscosity

The Reynolds equations can be solved only with the addition of closing rela-
tions, which use the averaged characteristics of the turbulent flow (pressure, den-
sity, temperature, and average velocity). This is the way semi-empirical models for
turbulence are constructed. Most of these models are based on Boussinesq’s gradi-
ent hypothesis (1897) which suggests that there is a linear connection between the
turbulent viscous tensor and the shear tensor which in turn is a linear combination
of the terms dv;/dx; together with certain local proportionality coefficients (coeffi-
cients of turbulent transfer). It is, however, necessary to make concrete assumptions
regarding these coefficients.

—>Vx
/>
f ol —— / X

Fig. 1.1 Coordinates in a plane flow.

Let us consider a small area inside a turbulent flow (Fig. 1.1). We consider this
area to be flat and assume that the average motion is directed along the plane of
the area (along the x-axis). Let the area be located in the plane z = 0. The frictional
force acting on a unit area, directed along the x-axis is equal to:
oy —
S —pViaL.

0z

!y —
Wxz =P VyV; =PV

According to what is called Bussinesq’s gradient hypothesis, there is an analogy
between the viscous and the turbulent flow of momentum and we may set:

v
—pVL=p va—vz (1.32)

introducing the proportionality constant v;. This approach allows us to solve the
Reynolds equations using standard methods if we know the kinematic coefficient of
turbulent viscosity v; that replaces the usual coefficient of molecular viscosity. The
turbulent viscosity coefficient cannot be derived from microscopic considerations.
The gradient model works well for quasi-stationary flows. It is assumed that a
local equilibrium is formed in the structure of developed turbulence, in which the
characteristics of turbulence at every point of the flow are completely determined by
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the local characteristics of the field of the averaged flow in the vicinity of this point
and by the local averaged parameters of the state of the medium itself.

In general, v; is significantly larger than v. The turbulent viscosity coefficient, as
opposed to the molecular viscosity coefficient, does not describe the physical prop-
erties of the fluid but the statistical properties of the fluctuations. Its value depends
on the method of averaging over the ensemble of analogous flows. A semi-empirical
model of turbulence can be constructed if v; is estimated in the course of experi-
ments. For example, it is known that in the case of motion of a turbulent flow in a
plane channel, v; cannot be constant since it has been established empirically that
Vi — 0 close to the walls. In an infinite turbulent flow, however, it is often quite
reasonable to assume that v; = const (see Sect. 5.8 in Monin and Yaglom (1971)).

And thus, we moved from the unknown Reynolds tensor to the turbulent viscos-
ity coefficient, which is also unknown. Choosing this parameter is another separate
task and, to solve it, other semi-empirical theories have been proposed in turn. These
theories, in particular, use the concept of mixing length. This concept plays an im-
portant role in the theory of turbulent viscosity in accretion discs.

1.3.4 Mixing Length

The concept of mixing length introduced by Prandtl to the theory of turbulence
(1925) allows us not only to express simply the coefficients of turbulent mixing (in
particular, the turbulent viscosity coefficient), using the length of the mixing path,
but also to obtain defining relations for turbulent flows in some particular cases. The
mixing length is the distance which a unit volume of gas travels in a turbulent flow
before this volume is mixed completely with the surrounding medium. This distance
is in a sense analogue to the mean free path in kinetic gas theory.

Turbulent stresses are the result of transfer of momentum due to fluctuations of
turbulent velocity. Prandtl’s hypothesis is that vortices, shifting as ‘trickles’ along
the z-axis for the path of the ‘mixing length’ &/, retain their momentum. This is
similar to the picture of turbulent diffusion of impurities. At the height z+ &/, a
fluctuation v, may be represented as the difference between the proper velocity
of a trickle v,(z) (the average velocity at the initial level) and the velocity of the
surrounding flow v,(z+ &!). Linearization of the profile of the average velocity v,
yields: vy(z+ &) = vy(z) + & dvy/dz. We thus write the Prandtl relation for transfer
of momentum as:

Ve ==& dvy/0z. (1.33)

In the case of a plane shear flow, we get for the component of the Reynolds tensor
(1.30):
v
Ry =—pVvl =p&l] avzx' (1.34)

If we define the kinematic coefficient of turbulent viscosity as
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Ve=¢/V], (1.35)
formula (1.34) is terminologically consistent with the gradient hypothesis (See ex-
pression (1.32)). Formula (1.35) is similar to the formula for the molecular viscosity
coefficient: v = I, vy, where [,,, is the mean free path of the molecules and vy, is the
velocity of their thermal motion. The ‘amount of exchange’ in a turbulent flow v; is
also a product of the distance and velocity at which turbulent exchange takes place
— the mixing speed. The value of &/ is essentially a random (fluctuating) quantity.

In order for formula (1.34) to be applied in practice, the mixing speed v/, should
also be estimated, which Prandtl does (1925). As a result of mixing, the mixing
speed itself should decrease as the conditions (velocities) in the medium are leveled
out. From this follows the assumption that the mixing speed should be proportional
to the velocity gradient of the average motion dv;/dz. This simultaneously means
that the fluctuations of velocity in different directions have similar absolute values,
i.e. v ~ v, (Monin and Yaglom 1971).

We thus use (1.33), substituting in (1.34), and obtain:
vy | dvy
Re=p (‘521)2 7; (972),(7
where the modulus is inserted in order that the sign of the turbulent viscosity tensor
be the same as for dv;;/dz. This corresponds to the fact that momentum is transferred
from layers moving faster to those moving more slowly. Then for the kinematic
coefficient of the turbulent viscosity we obtain the Prandtl formula (1925) :

vi=o*L? %

7 (1.36)

where o* is a dimensionless quantity of the order of 1. The local mixing path &/ is a
too uncertain quantity and cannot be measured. Here, the distance L, or the mixing

length, is already not a random quantity. Its magnitude is of the order of 4/ (&/)? and
characterizes the scale of turbulence. Now, what is left is to establish the dependence
of L on the coordinates, for example, empirically.

The expression (1.36) may also be retrieved from dimensional considerations.
For this we use the principle of local similarity of turbulent transfer (Sect.3.3 in
Marov and Kolesnichenko (2011)), — the coefficients of turbulent transfer in each
point depend only on the properties of the medium in this point, the local size of
the scale of turbulence L and on certain characteristics of the averaged flow. In other
words, V; is a function of the quantities v, L, and dv;/dz. The scale L characterizes
the geometry of the turbulent flow or the characteristic size. Far away from the
hard surface, v can be excluded from the list of parameters, and the dimensional
considerations yield the Prandtl formula (1.36).

The constant factor o* is determined for each specific type of motion on the basis
of experimental data.
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1.3.5 Turbulent Viscosity Parameter o

Let us consider an accretion disc, with orbital motion in circular orbits and orbital
velocities in the plane parallel to the disc symmetry plane. Placing an imaginary wall
perpendicular to the radius in a given point at a distance r, from the centre, we find
the frictional force applied per unit area of the wall.

The averaged velocity of matter in the disc is tangential to the radius with great
accuracy since the orbital velocity dominates over other components. Let the imag-
inary wall rotate around the centre with the averaged velocity of the flow. The fric-
tional force is directed tangentially and is equal to the density of the flow of the
¢-component of momentum in the radial direction. If we assume, as mentioned in
Sect. 1.3.1 after formula (1.31), that the first term in the turbulent viscosity tensor,
defined only by the dynamics of the flow, dominates over the others, which contain
the molecular viscosity coefficient 17, then the r@-component for the frictional stress
on the wall is equal to

(Wr(p —pv/ Vﬁ,@) r=r, = (P VFT? Y V/r/VZJ) r=rys
where we used the expression for the component of the stress tensor in cylindrical
coordinates (see Chapter 2 in the book by Landau and Lifshitz (1959)).
According to common practice, we will define wtr(p as the quantity with oppo-
site sign to the component of the viscous stress tensor in the disc wr(p.1 Using the
gradient hypothesis (see Sect. 1.3.3 and (1.32)) we can write:

—_— _  dw

wtr(pzpv’,’v’q’,:—p vtra, (1.37)
where v, is the kinematic coefficient of the turbulent viscosity [cm?/s]. For a Keple-
rian disc, we get from (1.37):

3 _
w‘,(p =5 OVip. (1.38)

As a consequence of the Prandtl hypothesis (1.35), v = v, I,, where v, and I,
are the velocity and length of turbulent mixing, respectively, which both take ran-
dom values in a turbulent flow.> Applying the Prandtl relation to describe the radial
transport of turbulent velocity

Vl:ltr

dr

dw‘

(cf. (1.33)), we get, substituting in (1.37), that

! With this definition, w‘,q, will be positive in accretion discs. In other literature on the subject, the
definition #,p = —w,,, is often used instead.

2 They are analogous to the quantities v/, and &! discussed in Sect. 1.3.4.
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t

Wrp =

~ 2 _ 2=

p vt2 =m;pvg,

where the averaged turbulent velocity squared (fluctuating component of the veloc-
ity of matter in the disc) v? is expressed using the sound speed vy and the Mach

number m? = v7 /v2.
The last formula can be rewritten as

I
Wiy = aP, (1.39)

where the dimensionless quantity ¢ is called the turbulent parameter and P is the
total pressure (the sum of gas and radiation pressures).

Disc models, in which turbulence is taken to be the source of viscosity and where
the connection (1.39) is used, are called a—discs. In the simplest models, this coef-
ficient is considered fixed within the whole accretion disc. Its value may be found
from a comparison with observations of transient phenomena, which are manifesta-
tions of viscous evolution of discs in the case of non-stationary accretion onto space
objects.

Equating (1.38) to the quantity aﬁv?, we obtain a relation between the dimen-
sionless turbulence parameter and the kinematic viscosity coefficient in a Keplerian
disc: ) | )
Vi= = Qv — = = 0vsZnyd s (1.40)
3 3
where we introduce the ‘hydrostatic half-thickness’ of the disc, which can be found
from approximate integration of (1.18):

Y p oy o

Using (1.35), which is a consequence of the Prandtl hypothesis, we may write:

From general considerations it is clear that the a-parameter is a quantity whose
value does not exceed unity. Indeed, if the turbulent motions have velocities ex-
ceeding the sound speed, these motions are quickly quenched by shock-waves. The
inequality /; > zpyq would suggest that the turbulence has an anisotropic character
since the transverse thickness of the disc is limited by the quantity ~ zyyq.

The use of the ¢-parameter is justified in situations where it may be consid-
ered approximately constant. As proved during the last decades, such an approxi-
mation describes well a variety of observed phenomena in sources with disc accre-
tion. Numerical modelling of outbursts in dwarf novae and X-ray transients demon-
strates that the o-parameter can be considered constant for certain ranges of phys-
ical conditions in these astrophysical discs. Typical values from observations are



1 The standard model of disc accretion 17

1072 -1 (Meyer and Meyer-Hofmeister 1984; Cannizzo 1998; Kotko and Lasota
2012).

1.4 Thin Discs

1.4.1 Equations of Radial Structure

Let us write down the equations for disc accretion for geometrically thin a—
discs. We will neglect any dependence of the physical parameters in the disc on
Z, averaging (integrating) along the vertical. We will consider discs without radial
advection (transfer of heat with matter moving radially) and without mass loss from
the disc surface. In such discs, the angular velocity of the rotating matter at each
radius r is approximately equal to the angular rotational velocity of a free particle.
In other words, v, < vg.

The parameters determining the structure of a geometrically thin disc are the
mass of the gravitating centre M, the inner radius of the accretion disc ry, and the
accretion rate M.

Mass Conservation Equation

We introduce the surface density

+20
Zo(t,r) = p(t,rz)dz, (1.41)
—2
where z is the disc half-thickness at radius r. As agreed earlier, the velocities in
thin discs are independent of z. Integrating (1.2) along the disc height, we obtain:

Xy 10 (
ot ror
The product within parentheses on the right-hand side of this equation, multiplied

by 2 x, is equal to the radial flow of the matter in the disc [g/s] through a cylindrical
surface with radius r.

Xov,r). (1.42)

The r—~Component of the Equation of Motion

For a thin stationary disc, the dominant terms in this equation are

= (1.43)

v O®
r odr’
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For a Newtonian potential, this equation corresponds to Kepler’s law:

VGM

)
Other potentials that take into account the curvature of space around a Schwarzschild
black hole are discussed in Sect. 1.4.4.

The ¢—Component of the Equation of Motion

After multiplying by pr?, we integrate vertically (1.4) and obtain the law of
conservation of the angular momentum

d(wr?) 0
ZOVrrT:_E(Wr(prz) , (1.44)

where
+20

Woolt.r) = [ why(t.r2)dz (1.45)

—20

is the height-integrated component of the viscous stress tensor.

1.4.2 Solution for a Constant Accretion Rate

From the continuity equation (1.42) it follows that in the stationary regime
Xov,r=const.

We determine the accretion rate as the mass of matter intersecting the surface of a
cylinder with radius r per unit time:

= -27rv, Xy. (1.46)

The minus sign is inserted in order to make a quantity M positive and to compensate
for the fact that as matter moves towards the centre, v, < 0.
For a constant accretion rate, the equation of motion (1.44) can be easily inte-
grated:
Mor* —21W,or* = const . (1.47)

This is the law of conservation of angular momentum for a stationary disc. The
constant can be determined from the boundary conditions at the inner edge of the
disc:

M(h*hin) =F —Fy,
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where F is the momentum of viscous forces between adjacent rings of the disc (the
viscous torque, a positive quantity in our notation)

F=2aWr*, (1.48)

and i = o r? is the specific angular momentum, where the subscript indicates quan-
tities at the inner disc radius.

The equation of conservation of angular momentum can be written in the form:
Mo .
— f(r) or F=Mhf(r), (1.49)

Wro =57

where the function f(r) = 1 — hiy/h+ Fy /(M h) contains information about inner
boundary conditions for the viscous stress tensor (the form of f(r) at M(r) # const,
see Section 1.5.3). For example, in the case of black holes, the viscous stress tensor
is set to zero since the inner radius of the disc is determined by the radius of the
last stable orbit, from which matter falls freely onto the black hole. Then, far away
from the inner radius, f(r) = 1. For accretion onto a magnetized star, the stress
tensor at the inner edge of the disc depends on the strength of the magnetic field and
its radial distribution changes accordingly. For central objects with a sufficiently
strong magnetic field, accretion may seize at the inner radius of the disc. Such discs
are called disc reservoirs (Syunyaev and Shakura 1977). In a disc reservoir F is
radially constant close to the inner boundary, and at large radii F is affected by the
conditions at the outer boundary.

1.4.3 Radial Velocity of Matter in the Disc

Let us estimate the radial component of the velocity of matter in a disc in the
stationary regime from the ¢—component of the equation of motion. For this, we
use (1.49) in the approximation f(r) ~ 1, which is valid in the quasi-stationary
case, far away from the centre, and definition of accretion rate (1.46):

M Wy
T 2nrXy  orXy

v

Obviously, this velocity, with which matter approaches the gravitating object, de-
pends on the value of the viscosity. We use the formula (1.38) and obtain:
3 v
=-— 1.50
|Vr| 3 ( )
where W,y ~ 229 wtr(p and Xg =~ 2z0p (cf. (1.41), and (1.45)).
The characteristic time scale for movement of the matter radially towards the
centre is
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r 272
Tyjg ~ — = — — .
v 3w

Making an assumption regarding the a-viscosity in the disc and using the relation
(1.40) between v, and a, we re-write the obtained formulas in the form:

2
vl =ave L = av, (Zi’) , (1.51)
r r
1 -2
Tvis = (Z*O) . (152)
ow \r

In a geometrically thin disc, the viscous time scale is much larger than the cha-
racteristic dynamic time scale

r 1
Tion ~ — ~ — | 1.53
dyn Vo ( )

1.4.4 Accretion onto a Black Hole

In Chap. 3, devoted to relativistic standard discs, a theory will be presented, the
basics of which were worked out by Novikov and Thorne (1973). For further ac-
quaintance with the astrophysical aspects of this theory we also recommend the
books by Shapiro and Teukolsky (1983); Thorne et al (1986). Here, we outline only
the basics of the behavior of an accretion disc around a black hole.

Close to the black hole the curvature of space-time plays a crucial role for the
formation of an accretion disc. The thin-disc approximation, according to which
matter rotates in approximately circular orbits, breaks down. The flow of matter
onto the black hole speeds up, becomes highly supersonic in the radial direction
and, starting from some certain radius, goes in the free-fall regime.

At free fall, the momentum of the in-falling matter is conserved. In this case,
there is no outward flux flow of the viscous tensor, implying that it is equal to zero
at the disc inner boundary: Fj, = qu,rizn = 0. This condition is confirmed by nu-
merical one-dimensional calculations of the equations of hydrodynamics in a post-
Newtonian potential (Shafee et al 2008). It turns out that the conditions for the
viscous stress tensor to be equal to zero are satisfied close to the innermost stable
circular orbit.

For non-rotating black holes, the radius of the innermost stable circular orbit
isco = 3Ry, where the Schwarzschild radius R, is the event-horizon radius of a
non-rotating black hole:

Ry =2GM/c*.

The radius ri5co for a rotating black hole is determined in the Kerr space-time metric
and given by formula (3.22) in Sect. 3.1.3.



1 The standard model of disc accretion 21

Atradii less than 3 Ry, there is no energy release due to viscosity. We note that in
this area radiation may be generated as a result of processes which involve plasma
and magnetic fields.

Thus, for accretion onto a Schwarzschild black hole, the boundary condition at
the inner radius is written as

qu)(r = 3Rg) = 0.
We use equation (1.47) for M = const in the form
M(0n— @) =27 W,

or, for the viscous torque,
F:M(h—hin), (1.54)

where hj, is the specific angular momentum of the matter at the innermost orbit
around the black hole.

If the viscous stress tensor is equal to zero at the inner boundary of a stationary
infinite disc, the function in (1.49) is:

f(r) =1—hin/h(r) + En/(Mh) = 1 — hin /h(r). (1.55)

In the Newtonian approximation, f(r) = 1 — \/ri,/r and

Mo
W = ﬁ(l —V/Fin/7).

To approximately take into account the effects of general relativity in the vicinity
of non-rotating black holes, the Paczynski—Wiita potential can be used (Paczynsky

and Wiita 1980):
GM

=— . 1.56
Pow = —— R, (1.56)
For free particles in circular orbits, the velocities can be found from (1.3):
2
v do
o _ (1.57)
r dr
As a result, we obtain
vgw 1 rRy
c V2 (r—Ry) ’
and the specific angular momentum of a test particle in the Paczynski-Wiita potential
is:
GMr
PW _ PW
C2 r

The modified potential (1.56) is often used (for example when substituting into
(1.43)) since it fits quite well the curvature effects of the space-time metric around
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a Schwarzschild black hole. Other approximate potentials, in particular such ap-
plicable to the case of rotating black holes, can be found in the book by Kato et
al. (1998).

Let us write down the Schwarzschild stationary metric as the square of the inter-
val between two events separated in time and space

ds? = —(1—Ry/r)de* + (1 — Re/r) "' dr? +1*(d6 +sin* 0do).

Here, t, r, 0, @ are the Schwarzschild coordinates. Due to the curvature of space-
time near a black hole, the distance element d/ along the radius, as measured by a
local observer, is longer than the corresponding coordinate element dr (see Fig. 1.2):

g9
/1R /r
r/Rg
1 3 4 5
dr | I I |
dl

Fig. 1.2 Illustration of the ‘shrinking’ of a coordinate element dr, corresponding to an element of
distance d/, measured by a stationary observer.

To describe the relativistic motion in the vicinity of a Schwarzschild black hole,
we may use the following ‘logarithmic’ potential (Landau and Lifshitz 1973; Thorne
et al 1986; Abramowicz 2016):

2 R R
<D:cln<l—g>:c21n1/l—g. (1.59)
2 r r

Here /1 — Ry /r is the lapse function in the Schwarzschild metric. It determines
the redshift of the signal emitted from the vicinity of the black hole and the differ-
ence between two time intervals, one of which, d¢, is measured at infinity and the
other, dt;, by an observer in the local stationary reference frame:

d7/dr = \/1—Ry/r. (1.60)

The time measured in the frame of moving particle is related to the time measured
by the local stationary observer as
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dty/dy = /1 —v2/c2. (1.61)

The momentum p and the energy Ejo, Of a relativistic particle with rest mass m,,
relative to the local stationary observer are

my,v 2

My C
p= and  Ejpcal =

V1=2/c27 V1=2/27

respectively, where v = v2 4 v?p for particles moving in the equatorial plane. We
may also introduce the notion of ‘energy at infinity’ E. This value remains un-
changed along the particle trajectory. Let us determine it.

Consider a particle travelling past a stationary observer who is located at a dis-
tance r from the centre of a black hole. The equation of particle motion in the refer-
ence system of this observer looks as follows:

b_ M gy, (1.62)

dn /1 —v2/c?

Note that the potential @ is spherically symmetric. On multiplying Eq. (1.62) by v,
we obtain

d ( myv ) myVv myve, d@

NI Vo —
dr \ \/1—12/c? 1

(1.63)

2/ T/ dl

where e, is a unit radial vector in the Cartesian reference system of the local ob-
server. Further, we differentiate the left-hand side of (1.63):

m, dv? myv?/c?  dv? myve, d@P

1 1
et T = ——— -
2 /T2 dg 2 (1—v?/2)3/2 dy V1—v2/e? dl

When multiplying this by (1 —v?/¢?)3/2, cancelling out the two equal terms with
opposite signs in the left-hand part of the equation and using the equality v, = dl/dT
for the radial velocity, we obtain

/I d

(1=v2/) = (1-v*/&) (;“7[ Sin(1 Ry,

1d
2 dr

which is equivalent to the following equation

d 2.2 d
In(1 = In(1-R .
7, n(1—v"/c%) it ( e/7)

Finally, we obtain the following relationship:

(1 —Rg/r)/(l —v?/c?) = const.
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Hence, the value

2 R R
Ezmoc\/l_ig:Elocal\/l—ig:const, (1.64)
iV Ty :

does not change for a freely moving particle, while the locally measured energy
Ejocal varies in the gravitational field of the black hole. This value E is termed
‘energy-at-infinity’ (Thorne et al 1986). For a photon, the rest mass of which is
m, = 0, Eq. (1.64) yields the relation between its frequency in the reference system
of the local observer v, and its frequency detected at infinity Ve, = V,+/1 —Ry/7,
describing the redshift effect.

In the non-relativistic approximation, the expression for the energy &\ of the
particle has the well-known form

E—myc? = &N :mov2/2—m0GM/r.

Let us now determine the components of the particle velocity in the equatorial
plane. A freely moving particle with mass m, keeps its angular momentum un-

changed
hy = —etel (1.65)

When taking into consideration that v> = v% + vé, Egs. (1.64) and (1.65) yield

2 2 4 h2 R
& 1 _ m;c¢ P g
L =1t (ﬂmgcz +1> <1 ; > . (1.66)

Multiplying this by a factor E?/(m2c*) and using (1.61) and (1.64) together with

the relation )
V2 1 [dr m2c*
2 2 drp E? "’

we may rewrite (1.66). As a result, we obtain the law of motion for a particle with
energy E, which is identical to the exact solution in GR, see Shapiro and Teukolsky

(1983):
2 2
L(ary o E () (R
2 \dt, m2c* r2m2c? r

Note that in the approximation of the Newtonian potential, this law of motion looks
as follows:

2 N
Vrfi <£i\]+m())227

where hy = m, vy r = const.

Let us consider particles moving in circular orbits around a Schwarzschild black
hole. For such motion, both v, and dr/ dt, become zero. For the sake of convenience,
we may introduce an effective potential (Shapiro and Teukolsky 1983):
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h? R
= =—2—+1](1-=28).
V() <r2mgcz+ > ( r

For circular orbits, the first derivative of this potential becomes zero (the potential
has an extremum). The system of equations

dr av(r)

dt, ’ or

yields the following angular momentum in a circular orbit:

2 mlz, rRg 2

After squaring (1.65), we derive the tangential velocity, as measured by the local
observer, from (1.67):

— = — . 1.68
c 2\ r—Rg (1.68)
For the local observer, the angular velocity of a particle is

V(P Cc Rg

T V2r\ r—Rg (1.69)

Using (1.60), we obtain for an observer at infinity:

cy/R vVGM

= £ = (1.70)

©= V22 PR

that is, the classical expression following from Kepler’s law.

According to the Rayleigh criterion (Rayleigh 1917), stable orbits cannot exist
where dhp/dr < 0. This criterion implies that the last stable circular orbit has a
radius risco = 3R,.

When substituting the velocity vy = ¢/2, which corresponds to risco, into (1.64),
we determine the energy of a particle rotating in the innermost possible stable or-
bit. The energy of this particle, E = m, c? 2\/5/ 3, is less than its rest energy at
infinity, mgc?. This means that when a particle moves from infinity towards the
Schwarzschild black hole, that is, in the process of accretion, the released energy is
(moc* — E) = 0.0572mq c*. Thus, the energy conversion efficiency in the accretion
process onto a non-rotating black hole is equal to ~ 6%. A calculation using the
Kerr metric shows that the binding energy of the particle is largest for an extremely-
fast rotating black hole and equals to 1 — y/1/3 = 0.423 times the rest energy (Kato
et al 2008).

Extracting the square root of (1.67), we find the specific angular momentum of a
particle in circular orbit in the Schwarzschild metric:
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Fig. 1.3 Specific angular momentum /% of a test particle in the gravitational field of a black hole
(uppermost panel) and the viscous torque F (k) in a stationary disc, normalised values (lower pan-
els). The inner radius of the disc is ri, = 3Ry = 6GM/c2. Solid lines show the dependence in the
exact logarithmic potential (1.59), dotted lines show the same in the Paczynski—Wiita potential,
dashed lines — in the Newtonian approximation. In the middle panel, a rectangular area is drawn,
shown enlarged in the lower panel.
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h JGM
p=to o VTIT (1.71)
mg, 1— 3GM
Czr

Figure 1.3 (upper panel) shows the dependence of the specific angular momentum
of a test particle on the radius of the orbit in the gravitational field of the black
hole. In addition, the respective dependencies are shown in the Newtonian potential
(dashed line) and in the Paczynski—Wiita potential (dotted line). In the gravitational
field of the Schwarzschild black hole, the angular momentum / becomes minimum
at the radius of the innermost stable circular orbit 6 GM /c?. In contrast to the case
of the Newtonian potential, the first derivative of the specific angular momentum,
dh/dr, vanishes at this radius. (see Fig. 1.3, upper panel). The innermost stable
orbit is located at 3R in both the approximate Paczynski—Wiita potential (1.56)
and the exact potential (1.59). The binding energy in the Paczynski—Wiita potential,
however, differs from the value in the Schwarzschild metric:

(m002 — E)/(mocz)

Newtonian potential: 1/12
Paczyniski—Wiita potential: 1/16
Logarithmic potential and Schwarzschild metric: 1-2Vv2 /3

Circular orbits exist only down to the radius where vy = c. In the logarithmic
potential, the innermost circular orbit lies at 3R, /2, which coincides with the exact
value predicted by general relativity. In the Paczynski—Wiita potential, the innermost
circular orbit is located at 2 Rg.

Figure 1.3 also shows the viscous torques in the disc as functions of radius given
by formula (1.54). Note that, for both the Paczynski—Wiita and the logarithmic po-
tentials, the torque itself, as well as its first derivative, vanishes at the innermost
stable orbit (see Fig. 1.3, lower panel).

1.4.5 Energy Release in Geometrically Thin Discs

Let us return to the study of discs in the Newtonian approximation. A detailed
analysis of the energy balance equation is given, for example, in the appendix of the
book by Kato et al. (1998). The energy dissipated in the disc per unit volume per

unit time is equal to
do\?
e=pwr () . (1.72)
dr

In the general case of optically thick discs, the energy release € can be given in
the form of a power-law function of temperature and density (Tayler 1980).

In the simplest approximation for a geometrically thin disc, all the energy re-
leased due to friction in a disc ring is radiated away from the top and bottom surfaces
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of this ring. The energy released per unit time per unit surface area of a geometri-
cally thin disc in a calculation per one side of the disc is

T2 1 do
Qvis(t7r)5/() e(t,r,z)dzz—i r(pr?. (1.73)
Note that the last formula works also in the case of disc reservoirs (Syunyaev and
Shakura 1977), in which the accretion rate is zero. In view of (1.49), we have for an
accreting disc:
M do
Qviszfawrg (V) (174)

For a Keplerian disc, the above expressions can be re-written in the form (using
(1.72)):

3 9 5 3 3 . GM
EZEO)KWtr(p:Zthw]u Qvis:Za)KWr(ngMrTf(r)' (1.75)
One can see that the viscous time scale (1.52) in a geometrically thin disc is much
larger than the characteristic thermal time scale, on which the thermal energy in a
unit volume changes:
pv? 1

T ~ —> ~ —— 1.76
" e Y o (1.76)
where we have replaced v; using (1.40).
For an accretion disc with a zero viscous torque at the inner boundary and with a
Keplerian distribution of angular momentum, we have (see Eq. (1.55)):

3 .GM Fin
Qvis:ngT (1—\/r)7

where rj, is the radius of the inner boundary of the disc.
The most general expression for the viscous heat in a Keplerian disc, including
one with zero accretion rate, is:

3 o F 3 _(Gm)*
Ovis = 8T 12 or Qs = gFihl ) (1.77)
where hy is the specific angular momentum and F is the viscous torque (1.48).
The energy balance equation for geometrically thin discs reflects the fact that the
thermal energy released due to viscosity at radius r is completely radiated away at
the same radius:

Qvis(r) = Qrad(r) , (1.78)

where Qy.q(r) is the radiated flux from one of the two surfaces of the accretion disc.
The last equation requires a modification if the accretion rate is high, > Mggq. It
turns out that the radial transport of heat should also be taken into account.

In the approximation of a disc radiating like a blackbody, it is possible to charac-
terize its flux with an effective temperature:



1 The standard model of disc accretion 29
4 ~3/4
Ora =0T,  Tegrocr /4. (1.79)

The effective temperature at the disc surface has its maximum Tp,x at radius

7\ 2
Fmax = 8 Fin ,
and is equal to

e 4 e \ VA 3\ /4 Ly 1/4
Tz =2 7 T O =27 T O 12 '
SB Fin SB "in

We introduced in the last formula the total bolometric luminosity from both sides
of the disc, equal to half the released gravitational energy of the matter falling from
infinity to the gravitating centre:

Fout 1 .GM
Ld:47l'/ Qrad}"dr:*M .
Tin 2 Fin

The specific potential energy of a particle moving from infinity to the inner edge of
the disc decreases from zero to —G M /ri,. Half of this energy heats the disc and is
radiated and the other half goes into kinetic energy of rotation.

This ‘virial theorem’ does not apply to individual rings in the disc. We integrate
the energy released from the disc at distances r >> rj, from both sides of the disc:

2/iMG—M2ﬂ:rdr: éMG—M,
8r 27 r
and find that it is three times as high as the amount of released gravitational energy.
This happens since along with angular momentum, transferred outwards from the
centre during the accretion process, a part of the energy is transferred as well.

Indeed, using the definitions of the integrated quantities (1.45), (1.46), and (1.73),
let us multiply the energy balance equation (1.26) by 27r and integrate it over disc
thickness, keeping in mind that we agreed to use the positive value w‘w = —wy for
accretion discs. We obtain

.9 (Ve d
M§(7+¢>>:2nrx2Qvis+E(a)KF), (1.80)
where F = 27tr2W,¢ is the total viscous torque between neighboring rings in the
disc, introduced in $ 1.4.2. And thus, the energy from gravitational interaction, re-
leased as matter moves towards the centre, is dissipated (radiated from both sides of
the disc) and is redistributed over the disc as a result of the work of viscous forces
transferring angular momentum.

Another important conclusion can be drawn from considering the last equation.
The disc releases heat and radiates even if the accretion rate is zero. If the matter
cannot pass through the inner boundary, the radial motion of matter towards the
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disc centre may be interrupted. This happens, for example, if the central object is a
neutron star with a strong magnetic field. While M = 0, the viscous forces do not
stop working, the matter is heated up and the heat turns into radiation. The energy in
such a disc, along with the angular momentum, comes from the neutron star through
the inner boundary of the disc.

1.4.6 Disc Radiation

The radiative flux in a unit solid angle from a flat accretion disc at distance d
from the disc is equal to

T Tout
Fv:—cosi/ Iyrdr, (1.81)
where i is the inclination of the disc to the line of sight and I, () is the intensity of
radiation from the disc surface.

In the disc photosphere, the following radiative processes are frequently consid-
ered (see, for example, Kato et al (2008)):

Free-free and bound-free transitions,

Scattering off free electrons,

Compton scattering (scattering off cold electrons),

Inverse Compton scattering (if the energy of the electrons and/or ions are very
high),

e Line broadening caused by the rotation of the disc.

The Planck spectrum describes the spectral density of electromagnetic radiation
emitted by an isothermal atmosphere if scattering is not taken into account. At every
radius, the disc radiates like a blackbody of temperature T.¢ with intensity:

2hv3 1
02 ehv/kTef( _ 1 '

By(Tet) = (1.82)
The spectral flux integrated along the disc radius in shown in Fig. 1.4.

For a disc spectrum as shown in Fig. 1.4, the power-law distribution describes
the middle interval. Let is determine the power-law index of this distribution. Al-
most the whole disc, with the exception of the central parts (which, however, give
an overwhelming contribution to the total amount of the radiated energy), may be
characterized by the effective temperature in the form of a simple power-law func-
tion of radius (1.79). Substituting r = rO(To/Ygtf)4/3 and (1.82) in the integral (1.81),

we get
167 (kTp\¥? vl prow x5/3
FV = 73d2 COS1 (h) 762 1"0/); o 1 dx,

in

where we have made the substitution x = hv /kTu = (hv /kTp) (r/r0)>/*.
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Fig. 1.4 Spectral distribution of radiative flux density from a standard optically thick, geomet-
rically thin disc in the Newtonian metric. The horizontal axis shows the normalised radiation
frequency. The vertical axis shows the spectral radiative flux density in units of [erg/Hz/cm?/s]
normalised to the maximum flux density at 7V /k Tyax = 0.8. The maximum of distribution VF, is
at hv /k Tnax =~ 2.5.

The radius ry can be chosen rather close to rj,, implying that 7Ty &= Tpax With
fairly good accuracy. Then x = (hV/kTmax ) (r/rin)>/*. At those frequencies where
the conditions xj, < 1 and xoy > 1 are satisfied, the value of the integral in the
last expression varies only little for different v, and is approximately equal to the
integral from zero to infinity when expressed with the help of the special gamma
function and Riemann zeta function as (10/9)I"(2/3) {(8/3) ~ 1.93. Thus, for a
wide frequency range (ri,/ rout)3/ 4 < v /kTyax < 1, the spectral flux density of disc
radiation depends on the frequency according to F, o< v1/3.

For a homogeneous atmosphere where scattering is present, the spectrum will
differ from that of a blackbody (Felten and Rees 1972):

2,
&~ By(Te),

Iy ~,/——
Y o+ Hsc
where sz, is the absorption coefficient and s is the coefficient for scattering off free
electrons. If electron scattering dominates over absorption and if the disc spectrum
is susceptible to Comptonization, the change in shape of the X-ray spectrum from a
disc around a stellar mass compact object is approximately described by the spectral
hardening factor f,:
1
Fy = F TCBV(fC Teff) ’

Cc
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where Fy is the flux from a unit surface into a half-space. The product f. Tes is
called the colour temperature. The power of four is explained by the fact that the
total radiated energy from the disc is independent of the spectral shape.

1.5 Stationary o-Discs

As we have seen in Sect. 1.4, the use of the continuity equation and the equation
of motion, integrated (or averaged) along the vertical coordinate, enable us to find
out the radial structure of thin stationary accretion discs. Is is possible to separately
study the vertical and the radial structure of the disc because the characteristic time
scales, namely, viscous and hydrostatic ones, are significantly different. The char-
acteristic hydrostatic time scale corresponds to the time scale for changes in the
thickness of the disc at a given radius as a result of a change of its central tempera-
ture. For dimensional reasons, this quantity is proportional to the disc half-thickness
divided by the sound speed, zg/vs ~ 1/@k ~ Tayn, and corresponds to the dynamical
time which is much smaller than the viscous time in a thin disc (see Sect. 1.4.3).

The vertical structure of accretion discs in the general case (stationary as well
as non-stationary) is described by a system of four ordinary differential equations,
the exact solution to which, for given boundary conditions, can be found using nu-
merical methods. In some sense, a calculation of the vertical structure of a disc is
similar to the calculation of the internal structure of stars (Tayler 1980). The sys-
tem of differential equations for the vertical structure of a disc was solved by a
number of authors (see, for example, Meyer and Meyer-Hofmeister (1982); Sha-
viv and Wehrse (1986); Suleimanov (1992); Cannizzo (1992); Ketsaris and Shakura
(1998a); Hameury et al (1998); Dubus et al (1999)).

The disc can be divided into different zones (A, B, and C) according to the
processes predominant in opacity formation and depending on comparative role
of gaseous and radiative pressure (Shakura and Sunyaev 1973). A high tempera-
ture zone with main contribution from radiation pressure may arise in the central
parts of the disc—the so-termed zone A. In this region, the opacity is determined
by electron scattering. There are a number of studies devoted to the instabilities in
this region (Lightman and Eardley 1974; Shibazaki and Hoshi 1975; Shakura and
Sunyaev 1976). It was shown that zone A is thermally and viscously unstable. Its
vertical structure can be described using the polytrope approximation. Convection
plays an important role in the energy transfer to the disc surface (Bisnovatyi-Kogan
and Blinnikov 1976; Shakura et al 1978). In addition, the standard model should
be modified since it is necessary to take into account non-Keplerian motion of gas
in the disc due to a significant contribution of the pressure gradient in the equation
of motion. It is also important to address the non-local character of the energy bal-
ance equation because the heat is effectively transported together with the radially
moving matter (Paczynski and Bisnovatyi-Kogan 1981).

For quick estimates, one can use the following expressions. The boundary be-
tween zones A and B, where the gas pressure equals the radiative pressure, is located
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at
Rag/(3Ry) ~ 80 (my 00)>/? (M /Mgaq)'®?".

The boundary between zones B and C, where the cross-sections of absorption and
scattering of photons are equal:

Ric/(3Rg) ~ 330 (M /Mgaa)*>.
The outer boundary of zone C, beyond which recombination of hydrogen starts:
Re/(3Rg) ~ 10° (M /Mgaa/my)' /3.

We have normalised here the accretion rate to its critical value Mggq = 1.4 X
108, g/s (see Sect. 1.1), the radius, to the characteristic value of the inner ra-
dius of a disc around a compact object, 3R, ~ m, X 8.9 X 105 cm (see Sect. 1.4.4),
and the mass of the central body, to the solar mass: m, = M /M.

In this section, we consider only the stable zones of the disc where the standard
model holds. In Sect. 1.5.1 we write down the standard disc equations (Shakura and
Sunyaev 1973). In Sect. 1.5.2 and Sect. 1.5.3 we consider zones B and C, for which
we present stationary solutions.

1.5.1 Equations of Vertical Structure

1. Equation of Hydrostatic Balance

The equation of hydrostatic equilibrium along the z-coordinate in the Newtonian
metric in the case of a thin disc has the form:

1 dP 5
- _ 1.
b dz ez, (1.83)

where P(z) is the total pressure in the disc, equal to the sum of the radiation pressure
Pra(z) = aT*/3, where a = 7.56 x 10~13 erg/cm3/K* is the radiation constant, and
the gas pressure Pyys(z), which is determined from the equation of an ideal gas:

kT
Pgas: Bia
Hmp

where p is the mean molecular weight of matter in the disc, 7'(z) is the temperature
and p(z) the density of the matter.

2. Energy Generation
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The heat dissipated in the disc at a given radius between the plane of symmetry
of the disc and a given level at height z is a function of the vertical coordinate z:

Qvis(z) = /Ozgdf-

The rate of energy generation € [erg/cm?’/s] in a Keplerian disc is determined by the
viscous stress tensor. From (1.75) we have:

dQvis 3

= =5 O Wy - (1.84)

The component of the turbulent viscosity tensor in the disc w‘,(p (2) is locally ex-

pressed in terms of the total pressure in this location with the help of the o-parameter
t
W =0P.

These equations represent the simplest hypothesis regarding energy release in the
disc. It is possible to model the disc vertical structure under more complicated as-
sumptions. For example, Nakao and Kato (1995) study the case of a disc with turbu-
lent diffusion determining the dependence of viscous heating, and the a-parameter
itself, on z.

3. Radiative Transfer in the Disc

If the opacity in the disc does not exceed certain values, energy is transferred
vertically towards the disc surfaces by electromagnetic radiation. Let us assume that
the condition of local thermodynamic equilibrium (LTE) holds inside the disc, i.e.
Kirchhoff’s law applies, according to which (Sobolev 1969)

Jv =41 (v)By(T),

where jy is the emission coefficient per gram [erg/Hz/s/g/sr], >, (V) is the absorption
coefficient per gram [cmz/g], By (T) is the Planck distribution [erg/Hz/cmz/s/sr] and
T(z) is the temperature.

We write down the moments of the stationary equation for radiative transfer (Mi-
halas and Mihalas 1984), assuming that the medium is motionless in the direction of
radiation propagation, along the z-axis. The zeroth moment of the transfer equation
is given as a result of integrating the basic radiative transfer equation over all solid
angles. After integrating over all frequencies we get

l dQraq (Z)

& =415 B(T) — 50, (2)) (1.85)
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where sz, is the frequency-averaged absorption coefficient per gram, which is
equal to the Planck mean opacity coefficient sp (Mihalas and Mihalas 1984) at
thermodynamic equilibrium, Qy,q(z) is the radiative energy flux along the z-axis,
B(T) = osgT*/x the Planck function integrated over frequency and J(z) the mean
intensity of radiation entering the layer dz, integrated over frequency. The physical
meaning of this equation is clear: the change in the flux of radiative energy is equal
to the input of energy as a result of radiation of the matter (this term is written with
the help of Kirchhoft’s law) minus the energy absorbed by the matter.

The first moment of the equation of radiative transfer is obtained when we mul-
tiply it by the cosine of the angle to the unit area, divide by ¢, and integrate over
all solid angles. This equation in principle expresses the conservation of the total
momentum of radiation.

l dPrad(vaZ>
P dz

= —(%a(V)Jr%s(V))M. (1.86)

where (v, z) is the scattering coefficient, which is generally frequency-dependent,
Ord(Vv,7) is the radiative energy flux along the z-axis, and P.,4(V,z) is the radiation
pressure at frequency v. Thus, the radiation pressure force balances the change in
momentum of the radiation caused by interaction with the matter.

If we consider the moments of the equation, we get rid of the angular coordinate.
The mean intensity of the radiation Jy is the zeroth moment of the intensity. The
spectral flux of radiative energy Qy is the first moment, and the radiation pressure
Pr4q 1s the second moment. As is well known, every moment of the transfer equation
contains a quantity a higher order. The solution to such systems of equations requires
imposition of certain additional closing relations. The main closing method for an
isotropic field is the Eddington approximation.

The mean intensity of radiation J(z) is related by definition to the radiation en-

ergy density via the relation:

4rJ
Erad = — (1.87)

For an isotropic radiation field, there exists a simple relation between the radiation
energy density and the radiation pressure:

Prog = % (1.88)
This approximation works well in the case of a geometrically thin disc (optically
thin as well as optically thick).

An optically thick disc (optical depth 7 > 1) may be studied in the ‘diffusion
approximation’. Let us consider the first moment of the radiative transfer equation
(1.85). We assume that the change in Q,,q is insignificant there, and the left-hand
side of (1.85) is zero. Thus, the radiation field spectrum is close to that of a black-
body: J(z) = B(T). It follows from relation (1.87) that &g = 47B(T)/c = aT*, and
taking into account the isotropy of the radiation field, integrating the second moment
of the radiative transfer equation (1.86) over frequency, we obtain:
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c d(aT#
3%Rp dz

= _Qrad7 (189)

where the Rosseland opacity »g(z) is introduced

oo 1 3BV(T)
1 Jo ey or 4
— = OB (T) (1.90)
#R Jo =or—dv
If we consider quantities averaged over z, we obtain:
1 ¢
d = ——— Erad - 1.91

Qrdd 3 SR P 20 rad ( )

With allowance for convection, the vertical structure of discs was studied by
Meyer and Meyer-Hofmeister (1982) for two variants of viscosity: proportional to
the gas pressure and to the total pressure.

4. Dependence of the Surface Density on z.

We introduce the quantity X(z) for the surface density of the disc ‘gathered” up
to a certain height z, and with the help of this quantity we rewrite (1.41):

=

L =r (1.92)

1.5.2 Solution for the Vertical Structure

This section describes an approach to the solution of the disc vertical structure
equations, proposed and implemented by Ketsaris and Shakura (1998a). The method
consists in finding similar solutions to the system of equations converted to a dimen-
sionless form. The opacity coefficient and the rate of energy release are expressed
as power-law functions of p and 7. The obtained solution is compared to the nu-
merical results of Suleimanov et al (2007), and the agreement of the two methods is
shown.

For sufficiently high temperatures (> 10% K), Thomson scattering off free elec-
trons plays the most important part. The corresponding region of the disc, in which
gas pressure dominates at the same time, is called zone B. Further out from the cen-
tre, where photo-ionization of ions from heavy elements and free-free transitions
dominate, we have zone C. The contribution of radiation pressure to the total pres-
sure in these two zones is neglected. In zone B, this assumption significantly limits
the accuracy of the solution if Pragq 2 (0.2 —0.3) Pgas.
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When calculating the disc vertical structure, we will assume that all heat from
the work of viscous forces at given r and z is transformed to radiative energy. In
particular, local energy balance (1.78) will apply. We replace everywhere Qyaq(z) =
Qvis(z) = Q(Z)

We list together the equations of the vertical structure of the disc (1.83), (1.84),
(1.89), and (1.92):

1 dP By
—_— = o,
p dz
g
dz
do
dz 2

¢ d(aT*)
3srp  dz =2 (1.93)

The rate of energy release € in ¢¢-discs is proportional to the pressure. The opacity
coefficient is written as follows:

pg
For hydrogen discs:
c=Y =0, %0:0.4cm2/g, if  ser > s, (1.95)

c=1,Y=7/2, 3=645x102cm’K"2/&, if s>,  (1.96)

and for discs with solar chemical abundances (Frank et al 2002; Kurucz 1970, 1993):
c=Y=0, x=0335cm?/g, if > s,

c=1,v=7/2, ~5x102*ecm®’K"?/, if s>, (1.97)

Calculations of absorption in the plasma, including collective and quantum effects,

electron degeneracy, etc., performed by the OPAL project at Livermore laboratory

(Iglesias and Rogers 1996) (see Fig. 1.5) better fit another law in the absorption-
dominated region:

cr Y R5/2, s 15x1020 em® K2/, i s> s (1.98)
For convenience, we introduce the dimensionless variable?

2X
o= 220
2o

3 In the original paper by Ketsaris and Shakura (1998a), the parameter Xy was defined as half the
total surface density of the disc. Due to this, there is a difference in the numerical coefficients in
some of the formulas given below compared to the formulas in Ketsaris and Shakura (1998a).
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Fig. 1.5 Dependence of the opacity coefficient on density and temperature according to the OPAL
project (Iglesias and Rogers 1996) and calculations for the low-temperature region in a medium
with solar composition (Ferguson et al 2005). The horizontal line corresponds to the value of
the scattering coefficient off free electrons s¢ ~ 0.34 cm?/g. Two fits are shown for a density of
p = 1073 g/ecm?, namely, (1.98) and the dependence sz = 1.2 x 102 pT-7/2 cm>K"/? /g? that
gives a better fit in the high-temperature region (solid lines).

and in addition the dimensionless functions of this variable:

p=PQR)/P., 0=T(2)/T., Z=2z/20, j=p)/p. andq=Q(z)/Qo.

The symbols P, T;, and p. represent physical quantities in the equatorial plane of
the disc and Qp = (ac/4) T is the blackbody flux from one surface of the disc. We
rewrite the system of equations (1.93) in the following form:

dp oF 35 1
— = I IL7 ; Im = —=2=,
io 111 7 1 R
dz 0 b
= I — ==
do p 220 Pc

(1.99)
dg 30wk RT. X, aART. X,
— =156 I =~ = ;
do 4 Qop Wy 1
o _ . af _ 3 (L)' Zoopd
do NGRS T\ .
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The heating per gram €/p = dQ/JdX determines the dependence of the temper-
ature on z. In principle, the intensive mixing in the disc can lead to a situation where
the energy output per unit mass is not dependent on the height z. The quantity €
depends in this case only on the density. The temperature dependence disappears
from the equation describing the energy release (the third line in (1.99)), and I3
becomes equal to 1. A solution for such a case was also obtained by Ketsaris and
Shakura (1998b).

To find a solution to (1.99), i.e. to find the four functions p(o), 7/(0), (o), 6(0)
and the four unknown parameters , it is necessary to set eight boundary conditions —
four at the surface of the disc and four in its symmetry plane. Ketsaris and Shakura
(1998a) performed a numerical integration of the equations and tabulated values
II; 4. These values are given in Tables 1.1 and 1.2. Figure 1.7 shows functions
7 (o), p(o), 6(0), and g(o) in the Kramer opacity regime. Plots for other cases
can be found in the work by Ketsaris and Shakura (1998a).

In the symmetry plane of the disc for ¢ = 0, we have the obvious conditions:

The first two boundary conditions at the disc surface can also be straightfor-
wardly determined as:

(1) =1; g(l)=1.

The surface of the disc is defined as the level at which thermalization of radiation
occurs. We may find boundary conditions for the pressure and temperature from
approximate solutions to the equations of radiative transfer and hydrostatic balance
close to the disc surface. Note that there is a difference in boundary conditions for
different opacity regimes (see Fig. 1.6). In zone B, where absorption dominates,
the disc surface is defined as the level in the photosphere where the optical depth,
calculated from the outside inwards, is equal to 2/3. In the zone with predominant
Thomson scattering, the disc surface is taken as the level where the effective optical
depth, calculated including scattering, is equal to 1.

Let us derive the remaining boundary conditions in two opacity regimes.

Kramers Opacity

We will measure the optical depth 7 from the surface of the disc in the direction
of its symmetry plane, i.e. in the direction of decreasing height z. Deep inside the
photosphere, where 7 ~ 1, we will use the solution to the equations of radiative
transfer and radiation balance for the case of LTE and for a frequency-independent
absorption coefficient in the Eddington approximation (Sobolev 1969):

T 1+37 14
Tﬁ:( 22 ) ) (1.100)
€
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Fig. 1.6 The surfaces at which the boundary conditions are set, the upper surface of the disc and
its equatorial plane (solid lines). Values of the dimensionless coordinate ¢ and functions at these
surfaces are shown. The arrows indicate directions of increasing height 7 = z/zy and optical depth
7, calculated from the exterior towards the equatorial plane. The two disc zones with different
opacity regimes are separated nominally by the grey bar. In zone B (on the left), the optical depth
at the disc surface or(7* = 1) > 1. In zone C (on the right), Ty = 2/3. The dashed line is the level
where the disc temperature equals the effective temperature of the outgoing radiation.

Let the dimensionless variable o = 1 at the level where T =2/3 and T = T.g. Us-
ing the definition of the parameter Iy, we obtain the boundary condition for the
dimensionless temperature 6:

16 113"
3 1 ’

9(0:1):[

where we have introduced the dimensionless parameter T, proportional to the total
optical depth of the accretion disc (see (1.96)):

) = Z0%0Pe
277 /2
This quantity is a free parameter of the problem and varies widely (from a few to
~ 109).
To determine the boundary condition for the dimensionless pressure, we use the
equation of hydrostatic balance (the first in system (1.93)). We divide both parts of
this equation by the opacity coefficient »r and replace variables using the formula

dt=—sxrpdz

and making use of (1.96), arrive at:

1dP? @z RT?
2 dt wu '
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Close to the photosphere, the z coordinate practically does not change and is equal
to zo. Integrating the last equation from 7 = 0 to T = 2/3, we get as a result the
boundary condition for the dimensionless pressure:

1/2

17/8
) fle=2/3)|

3 I, I, (16 IL
plo=1)= 2 (G

16 x21/8 Iy 3 17

where

f(r)= /Or(l + %%)9/8(:1%, f(t=2/3)~1.05.

Figure 1.7 shows the solution to the system of equations for the given case.

9

Fig. 1.7 Solution to the system of equations (1.99) in the form of dimensionless functions of the
dimensionless variable o, proportional to the column density: temperature 6(c), pressure p(o),
radiative flux ¢(o), and height from the equatorial plane z'(o). In the equatorial plane ¢ = 0, at
the disc surface o = 1.

Thomson Scattering

If scattering processes are of high importance in the photosphere, thermalization
occurs at the depth where the so-termed effective optical depth is of the order of 1:

T* = 7/(%&‘%’1‘)1/2de% 1.
20
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The effective optical depth is accumulated as /s s¢r + 25¢) p dz (see for example
Zel’dovich and Shakura (1969); Mihalas (1978)), which approximately gives the
above condition. At this level, the optical depth due to scattering is much larger than
1:

or(th=1)= 7/%Tpdz>> 1

20

and T ~ To (370/4)"/* from (1.100). Thus, the boundary condition for the dimen-
sionless temperature has the following form:

8H4TT(T* = 1) 1/4
ser Xo .

6(6:1):[

For the pressure, we have:

Tr(t*=1)
=1)=2IL I, ———=.
p(o ) 111 o 2

A convenient free parameter turns out to be the quantity

R (1.101)

This parameter is the ratio of half the total optical depth due to scattering to the
optical depth due to scattering at the thermalization depth.

1.5.3 Radial Dependence of Physical Parameters in Stationary
a-Discs

In order to explain observations of sources with accretion discs as extended ob-
jects, whose properties vary significantly from the centre to the periphery, we have
to calculate radial dependencies of the disc physical parameters. For this it is nec-
essary to solve the equation of angular momentum transfer, which was done for the
case of a stationary disc in Sect. 1.4, and also to solve the equations of vertical struc-
ture (see the previous section). Analytical approximations for radial dependencies
of the disc parameters were given in the work by Suleimanov et al (2007). We will
describe these analytical approximations below.

We consider the following physical parameters: surface density X(r), disc half-
thickness z,(r), density p.(r) and temperature 7(r) at the symmetry plane of the
disc for z = 0. It is necessary to define what we consider to be the surface of the disc.
When studying observed spectra it turns out to be convenient to assume that the disc
surface corresponds to the level where the Rosseland optical depth 7r = 2/3.

The vertical structure of the disc is determined by Eqgs. (1.99) for known values
of the dimensionless parameters IT; 4. We express the quantities zo, X, p., and T
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Table 1.1 Dimensionless parameters of the solution to the equations of vertical structure for Thom-

son opacity versus the decimal logarithm of the free parameter §.

logd

Im I, IL IL

6.00
5.80
5.60
5.40
5.20
5.00
4.80
4.60
4.40
4.20
4.00
3.80
3.60
3.40
3.20
3.00
2.80
2.60
2.40
2.20
2.00
1.80
1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

6.99 0.492 1.150 0.460
6.96 0.493 1.150 0.460
6.92 0.495 1.150 0.460
6.87 0.496 1.150 0.460
6.82 0.498 1.150 0.460
6.77 0.500 1.150 0.460
6.70 0.503 1.150 0.460
6.63 0.505 1.150 0.460
6.55 0.508 1.150 0.460
6.47 0.512 1.150 0.460
6.37 0.516 1.150 0.460
6.26 0.520 1.149 0.460
6.13 0.525 1.149 0.460
5.99 0.531 1.149 0.460
5.84 0.538 1.149 0.460
5.67 0.546 1.149 0.459
5.48 0.555 1.148 0.459
5.26 0.566 1.147 0.458
5.02 0.578 1.146 0.458
4.76 0.593 1.145 0.456
4.47 0.610 1.142 0.454
4.15 0.629 1.138 0.450
3.81 0.652 1.133 0.444
3.43 0.678 1.126 0.435
3.03 0.707 1.117 0.420
2.61 0.740 1.105 0.398
2.19 0.776 1.091 0.366
1.77 0.813 1.075 0.324
1.38 0.849 1.059 0.274
1.03 0.884 1.044 0.219
0.74 0.914 1.032 0.166

from (1.99). The resulting expressions contain the basic given parameters of the
disc (accretion rate, mass of the central object, the turbulent ¢-parameter) as well as
the radial structure defined by wk (r) and W, (r). We take the radial dependence of
the vertically integrated component of the viscous stress tensor W, (r) for the case
of a stationary disc (1.74), and the angular velocity of rotation we set equal to the
Keplerian angular velocity wx = 1/GM /R3. The radial distribution of the radiative
flux from the disc surface is determined by viscous stresses W, (). We recall that
the function f(R), which describes the influence of the boundary conditions on the

surface tension W, (r), is written

f(r)

as (cf.(1.49)):

2aWeo(r) F

Mo  Mh

in a disc with constant accretion rate. For a thin disc with a stress-free inner radius,

we have
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Table 1.2 Dimensionless parameters of the solution to the equations of vertical structure for
Kramers opacity versus the decimal logarithm of the free parameter 7p. The rightmost column
shows the decimal logarithm of the disc optical depth (1.114).

log To H1 Hz H3 H4 logr

6.00 7.75 0.465 1.131 0.399 6.046
5.80 7.71 0.466 1.131 0.399 5.847
5.60 7.67 0.468 1.131 0.399 5.646
5.40 7.62 0.469 1.131 0.399 5.445
5.20 7.56 0.471 1.131 0.399 5.245
5.00 7.50 0.473 1.131 0.399 5.045
4.80 7.44 0.475 1.131 0.399 4.845
4.60 7.36 0.477 1.131 0.399 4.644
4.40 7.27 0.480 1.131 0.399 4.444
420 7.18 0.483 1.131 0.399 4.244
4.00 7.07 0.487 1.131 0.399 4.043
3.80 6.95 0.491 1.131 0.399 3.843
3.60 6.82 0.496 1.131 0.399 3.643
3.40 6.67 0.501 1.131 0.399 3.443
3.20 6.50 0.508 1.131 0.398 3.243
3.00 6.31 0.515 1.131 0.398 3.043
2.80 6.10 0.524 1.130 0.398 2.842
2.60 5.87 0.534 1.130 0.398 2.642
2.40 5.60 0.546 1.129 0.397 2.442
2.20 5.31 0.560 1.128 0.397 2.241
2.00 4.98 0.576 1.126 0.395 2.040
1.80 4.62 0.596 1.124 0.393 1.839
1.60 4.23 0.619 1.120 0.389 1.638
1.40 3.79 0.647 1.114 0.383 1.434
1.20 3.33 0.679 1.106 0.371 1.232
1.00 2.83 0.716 1.095 0.354 1.025
0.80 2.34 0.756 1.081 0.326 0.819
0.60 1.86 0.798 1.065 0.286 0.613
0.40 1.42 0.838 1.050 0.237 0.406
0.20 1.05 0.876 1.036 0.185 0.202
0.00 0.75 0.908 1.025 0.136 -0.001

8 Ovis hin
= oo Xvs gy din

f(r) 3 Mw? h

For the case M = M(r,t) # const, it is necessary to use the function f(r) in its

general form

_ F(ht) F(h,t)/h

fr)= V1) i~ F /O] (1.102)

We normalise the accretion rate at the inner boundary of the disc and other param-
eters to their characteristic values in binary systems with stellar mass components:

M =mM,, M = M7 x 107 g/s,

r =Ry x 107cm (zone B) or r = Rjg x 10'%m (zone C). (1.103)
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As a characteristic value for the coefficient s¢ from expression (1.94) we use the
quantity s¢f = 0.335 cm? /g in zone B, taken from an approximation to the tabulated
values (Kurucz 1970, 1993), for a medium with mass fraction of hydrogen X = 0.69
and helium ¥ = 0.27 and 5 = 5 x 10**cm® K7/?/g? in zone C (see Frank et al
2002, their chapter 5). The corresponding molecular weight ¢=0.62. In a medium
with such chemical composition, absorption of the radiation is mainly due to pho-
toionization of ions of heavy elements. If we assume that all parameters II; 4 are
equal to 1, 550 = 0.4 cm2/g, »y = 6.4 % 1022 ¢cm? K7/2/g2, and u = 0.5, then the
expressions for the radial dependencies of the physical parameters become identical
to the expressions by Kato et al (1998; their chapter 3) derived for hydrogen discs.

Zone B

In this zone, the main contribution to the optical depth comes from scattering
off free electrons, and gas pressure dominates over radiation pressure. If we use
expression (1.74) for the heat dissipated in the disc due to viscosity, normalising the
parameters according to (1.103), we can solve the system of algebraic equations for
I} 4 (the right part of the system (1.99)) and obtain:

) | oy 1/10
2o/r = 0.0002m; "2 g5 o V10 RY 4115 (%) (;‘I) IT,
. T

1/5 ,+,3/5 -3/5 pANYS (TP
5o = 5.1 x 103 m> 0% a5 RSP £ ()35 (R) () Iy [g/em?),
. P

. B 6/5
pe = 2.8 x 107 2m 2O N15 o 7110 R3320 (1215 <0%> x

o\ 310
X (1) 11, [g/cm3]7
4

T
’ B 1/5 1/5
T, = 8.2 x 10°my M2 o V5 R0 ()25 (0”—6) (f) Iy [K].
. T
(1.104)

The combinations of the dimensionless parameters II, ITs, I, and It are related
in the following way to the parameters I} 4:

m=m"m"m "~ 2,
My = 1° 11, ~ 0.96,
=11, I/ /0 ~ 0.67,

h=1"1,""~12.

(1.105)

Their values versus the free parameter 0 are shown in Fig. 1.8, left panel. The free
parameter 0 is derived from the expression (1.101) and may be estimated from the
total optical depth of the disc 7 and other disc parameters in the following way:
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(a) 1g(6) (b) lg(7,)

Fig. 1.8 Left: The dependence of the dimensionless factors I, Iy, I, and Il for zone B (formu-
las 1.105). Right: The same factors for zone C (formulas 1.111). The logarithms of the dimension-
less parameters, characterizing the optical depth in each zone, are displayed along the horizontal
axes. The dependencies are borrowed from Suleimanov et al (2007) and constructed for values
from Table 1.1 (graph to the left) and Table 1.2 (graph to the right).

12
T,
5=/ Pl 1x(s), (1.106)
At
where T = s¢1 Xy /2. The numerical factor
1
x(a):a/ / (P/P)V2 (T /T.) % *do ~ 2, (1.107)
1-1/6

which is independent of the absolute values of the disc parameters, is determined
through integration of the equations of vertical structure. The value of § may be
found recursively with any desired precision, but this approach will be redundant
in the sense of astronomical application of the obtained radial dependencies. It is
sufficient to use the following estimate:

_ . _ 21/20 [ 26\ "3 [ 50\ /2
85 = 440m; w1 o 4/5R§/2°f(R)1/1°(i) (T) (“ .

0.6 275 ;)

(1.108)

At high accretion rates, there is a zone in the disc where radiation pressure dom-

inates (zone A). The radius at which the radiation pressure a TC4 /3 is comparable to

the gas pressure p.RT, /U in the symmetry plane of the disc (the boundary between

zones A and B, see Shakura and Sunyaev (1973)) may be approximately estimated
as

) 8/21 6/7
Rap ~ 107 my* a1/ o2/ (0“?) (Z) cm. (1.109)
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Here, we used characteristic values (1.105) for the dimensionless parameters I1j 4
and f(r)=1

When the accretion rate decreases, zone B shifts radially towards the centre of
the disc, giving way to zone C.

Zone C

The main contribution to the opacity in zone C comes from absorption processes
in the form of free-free and bound-free transitions, and the gas pressure is much
higher than the radiation pressure. As before, from the right-hand part of the system
of equations (1.99) and from the expressions(1.74) and (1.103), we may find the
radial dependencies of the parameters of the disc:

z0/r = 0.020m, 3/8 3/20 —1/10R1/8f( )3/20 3/8< >1/2o
y — 3/4 1/10
Lo = 33mi/4M174]00574/5R103/4f( )7/10 ( ) g/cm2]

. _ 9/8
pe = 8.0 x 10*8m§/8M}71/2°a*7/10R1015/8f(r)11/20 (%) “

0 ~3/20
X <*> I, [g/cm3]7
<

*

. B /4 1/10
To = 4.0 x 10 my/* 00" o 1S R f(r)3/10 (06) <%(°)) ITr [K],

(1.110)

We recall that M7 is the normalised accretion rate at the inner disc boundary. Note
that if M (r,t) # const, we need to substitute the value of the accretion rate at the
inner boundary when using (1.104) and (1.110). This is convenient since in most
cases this value determines the energetics of observed accreting systems.

The combinations of dimensionless parameters are related to the parameters I 4
in the following way:

IL = 11240 g V2 0 V0 g6,

I H1/20H1/10H4/5H1/10 ~1.03,

I, =11, 17/40 I, 17/20H7/10H3/20 ~0.76, (1.111)
Iy =11 V2 g 1/ ! 1/5 1/10 ~1.09.

and are shown in Fig. 1.8(b) as a function of the free parameter 7y,

" 4/5 3/5
o= 20T _go M FO iy (0PI
= ot/5 0.6/ \ s VS35 '

A 2
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approximately equal to

2/5
7o~ 300M1° o4/ (”0> . (1.113)
0

The full optical depth of the disc
h
r:/ s p> Tz (1.114)
0

is determined in the process of numerical solution of the vertical structure and is
uniquely dependent on Ty (see Table 1.2). We also give the following formula, ap-
proximating the tabulated values to an error of less than 1% for 79 > 6:

T~ 1.042 7590, (1.115)

The dependencies of the parameters in zones B and C are depicted in Figs. 1.9
and 1.10. The boundary between zones B and C is approximately determined from
equating sz; and 2pT /2 in the equatorial plane of the disc

. 13 —2/3 4/3
Rpc ~ 5% 107’")1:/31‘/11243 ( : ) (%0> <%T) o

0.6 2 s

for characteristic values of the dimensionless parameters IT; 4 and f(r) = 1.

As outer boundary of zone C we take the radius where recombination of hy-
drogen atoms sets in (at Tog ~ 10* K). When this happens, thermal instabilities in
the disc start developing, and due to a significant increase in the opacity coefficient
of the matter, convection starts playing a role in the transfer of energy to the sur-
face (Meyer and Meyer-Hofmeister 1981, 1982). In such regions, it is no longer
correct to approximate the opacity coefficient »r using Kramers law. Equating the
right-hand side of (1.74) and osg Tif, we get:

0 173,573 Tefr 473
Rc ~3.5%x 10! M ¢ . 1.11
c~3.5%100m m)) (50001{) cm (1.116)

Due to irradiation of the outer parts of the disc by the central source, the boundary
Rc can be further from the centre. This happens if the radiative X-ray flux, falling
on the surface of the disc, thermalizes in its outer layers and heats them up so that
the effective temperature of the disc surface does not drop below ~ 10*K (Dubus
et al 1999).

Thickness of the Disc

For the discs in binary systems with stellar-mass components during outbursts,
the quantities 1g(0) and 1g( ) lie in the range of 2 to 4. For these values, the consid-
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Fig. 1.9 From the top down: relative disc half-thickness zo/r, central T; and effective temperature
Tetr (dot-dashes) and surface density Xy. The disc parameters are m, = 10, u = 0.62, o« = 0.3, left:
M7 = 33.6 or Lyg = 0.2 Lggq, right: M7 = 0.336 or Ly = 0.002 Lggq. The solid line shows the
result from the numerical calculation inSuleimanov et al (2007). The dotted line shows the formulas
(1.104) in zone B and the dashed line the formulas (1.110) in zone C. Figures from Suleimanov
et al (2007).

ered combinations of the quantities ITj 3 4 practically do not change with radius,
and inside each zone we may use the following characteristic values:

(zoneB) IT,~2.6, Iy=096, I, =067, k=12, (1.117)

zone C) IL ~2.6, Iy=103, II,=0.76, I =1.09. (1.118)
p

Let us consider a disc with matter consisting solely of hydrogen plasma (u =
0.5), choosing for the opacity a value g = 6.4 x 10 p 772 cm? /g (Kato et al
(1998); in the work by Shakura and Sunyaev (1973) a similar value was used), which
is determined only by free-free electron transitions in the plasma. This value is two
orders of magnitude less than the value of the opacity due to bound-free transitions
»;. However, the physical parameters depend only weakly on the opacity coefficient
(1.110). For example, the half-thickness of the disc changes due to a direct decrease
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Fig. 1.10 From the top down: density in the disc symmetry plane p., ratio between radiation
and gas pressure, and optical depth 7. Disc parameters: m, = 10, u = 0.62, & = 0.3, left: M7 =
33.6 or Ly = 0.2 Lgqq, right: M17 = 0.336 or Ly = 0.002 Lggq. Notations as in Fig. 1.9. Figures
from Suleimanov et al (2007).

of 9, W, and also IT;, since 7y decreases almost by a factor of 10 (see (1.112)
and Fig. 1.8b). Thus, the disc half-thickness zy is ~ 25% less for t = 0.5 than for
u=0.62.

The numerical solution to the equations of vertical structure as described in this
section gives a larger disc thickness compared to that of a vertically homogeneous
disc, namely, the ‘characteristic hydrostatic scale’. The latter is estimated as v/ o,
where vy is the sound speed in the disc symmetry plane. The presence of the factor
two was indicated by Shakura and Sunyaev (1973). It is explained by the inhomo-
geneity of the distribution of density and temperature over the thickness of the disc.
More exactly, this factor I, ~ V/IT] ~ 2.5, as can be seen from the first line in the
system of equations (1.99):
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RT. 1
z0 = /11 —. 1.119
o= +vIL 0 o ( )

‘Dead’ Discs

The formulas (1.104) and (1.110), describing radial dependencies in a disc, may
be applied also for ‘dead’ discs or disc reservoirs (Syunyaev and Shakura 1977), i.e.
discs in which transfer of matter through the inner boundary is not possible and thus
M, = 0. Since the inner accretion rate and f(r) always show up as multiplicative
factors in (1.104) and (1.110), the formulas could be converted using M;, (¢) f(r) =
F(h,t)/h (cf. (1.102)).

1.6 Non-stationary Disc Accretion

Outbursts in accreting sources, for example in binary systems and active galactic
nuclei, are of special interest. Bright events can be observed by instruments operat-
ing in different ranges of the electromagnetic spectrum, supplying a wealth of data
about the physics of distant stars. Recently, due to the boom in studies of exoplan-
ets, the subject of disc evolution in protoplanetary systems has become topical in
astrophysics.

Transient phenomena in discs may be caused by different kinds of instabilities,
which in general develop on different time scales. In this section, we will address
the set up of and solution to the problem of non-stationary accretion in a viscous
disc. The problem corresponds to the disc evolution that takes place on viscous time
scales due to redistribution of angular momentum of matter in the disc.

1.6.1 Basic Equation of Non-stationary Accretion

In Sect. 1.4.1 we introduced the following quantities, integrated along the disc
thickness: the surface density Xy (1.41) and the integrated component of the turbu-
lent viscosity tensor W,y (1.45). We write down again the obtained equations for
conservation of mass and angular momentum (1.42) and (1.44):

%, 10

Wﬁfig(zov’r)’

d(wr*) 0 N
EOV’VT__E( ror) -

Substituting the combination Xy v, r from the second line into the first, we obtain the
basic equation for non-stationary accretion:
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X 14 1 d 2
St " rar la@r)yjar ar et )| (1.120)
This is an equation of diffusion type, a parabolic equation of the second order in
partial derivatives.

The tensor component, integrated over the full thickness of the disc, is written
in the framework of the gradient hypothesis of transfer of angular momentum by
turbulent motions (1.38) in the following way:

2 %
Wr(p(r,t) :2/Wt,(de :3a),</vtde. (1.121)
0 0

If the kinematic coefficient of the turbulent viscosity V; is independent of z, we get:
3
Wiep(r,t) = E(DKVIZO- (1.122)

We introduce as a new independent parameter the specific angular momentum
h(r) = vy (r)r = @r?. We further define the specific angular momentum of a free
particle, rotating in a Newtonian potential, as the quantity hxy = /G M r. Herewith,
dr =2hgxdhg/(GM).

In the case of Keplerian orbits, Eq. (1.120) taken together with (1.122) is written
in the following form:

0%y 3 (GM)? 3*(Zyvih)

=== h=hy. 1.12
ot 4 on? K (1.123)

We also consider an alternative version of this equation, convenient from the
point of view of establishing boundary conditions in an evolving disc. It is, in ad-
dition, more appropriate for a—discs in models where the viscosity is parametrized
using the turbulent or—parameter considered as a constant value, rather than using
the kinematic viscosity coefficient v;.

We introduce the quantity F = ZnW,(prz, which is equal to the total viscous
torque, acting between neighbouring rings in the disc. At constant accretion rate
in the disc, and using for W, a notation of the form (1.49), for a stress free inner
boundary W, (r = rin) = 0, we may write the quantity of the total viscous torque in
the following way:

F=MVGMr (1-,/”“), M = const . (1.124)
r

As we can see, F is linearly proportional to the specific angular momentum /s =
vV GMr at large distances.

In the new variables, the equation of transfer of angular momentum (1.44) takes
the form (note that v, has a negative value):
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: [on]~' OF
_27[20Vrr —M(V,t)— _ThK_ ThK, (1125)
and equation (1.120):
2 r 7-1
ox, _ 1 (aMP o ([an) " ar) w06
ot _4m hd Ohg \ |9hg) g

For a Keplerian disc, by definition, dh/dhy = 1.

Which method to use for solving the equation of non-stationary accretion (1.123),
depends on the form of the turbulent viscosity coefficient v = vi(r, Xy). In the frame-
work of the model for ¢-turbulence, when the turbulent viscosity tensor is propor-
tional to the pressure in the disc, the form of vi(r, Xp), or in other words, the rela-
tionship between F and X, necessary for solving (1.126), may be derived from the
equations of vertical structure.

1.6.2 Solutions to the Linear Equation of Viscous Evolution in the
Disc

If F is linearly dependent on the surface density Xy, in other words, if v; is a
function only of radius and does not depend on the surface density, then (1.123)
becomes a linear differential equation of diffusion type. In 1952, Liist found par-
ticular solutions to the equation of viscous accretion, proposed by his teacher von
Weizsicker (1948), and described the principles of constructing a general solution
to both infinite and finite problems.

For a disc of infinite extension, Lynden-Bell and Pringle (1974) used a method
of superposition of particular solutions to the equation of viscous evolution and, in
particular, found Green’s functions for two types of boundary conditions at the inner
boundary. With the help of Green’s functions it is possible to find F' or X at any mo-
ment in time and at any point for arbitrary initial conditions. The inner radius of the
disc in their solution is equal to zero. On long time scales, the dependencies in the
disc are self-similar and the accretion rate through the inner boundary declines as a
power law M o t~(+D) | where the parameter / < 1. Pringle (1991) examined, with
the help of Green’s functions, an infinite disc with central inflow of angular momen-
tum. This problem describes the evolution of a disc surrounding a binary system. A
similar problem was solved by Tanaka (2011), with the difference that the inner
boundary of the disc was considered to be located at a finite, non-zero inner radius.
King and Ritter (1998) studied the evolution of a disc with finite radius and constant
Vi, and found that the accretion rate declines exponentially with time. The problem
of a finite disc was also studied numerically in Zdziarski et al (2009). The special
case of Green’s function for a finite disc was constructed in Wood et al (2001) for
a zero inner boundary. The full Green’s function, which can be used together with
an arbitrary initial distribution for two types of boundary conditions, was found by
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Lipunova (2015). This work also described the procedure of constructing a solution
with non-zero and variable accretion rate at the outer boundary.

Note that in all these cases, the characteristic viscous time scale Tyis ~ 2 /W is
constant in time.

1.6.3 Evolution of an Infinite Viscous Disc

Let us recall the solution obtained by Lynden-Bell and Pringle (1974). We write
the kinematic viscosity coefficient in the form

vi=vor’.
Then the relation F = 3mwh v Xy (cf. (1.122)) may be written in the following way:
F=3mhvyXyr’. (1.127)

For a Keplerian disc (& = h,), the equation of viscous torque (1.123) takes the fol-
lowing form:
JF 3

0%F
2b—2 2—b
— == M -
Jot 4 Vol (GM) oz’

or in a way similar to the notation in Lynden-Bell and Pringle,

(1.128)

I’F 1 (k\2 4/, OF
Z - = /=227
=7 (7) h (1.129)

- l ot’

where the constant parameters are related in the following way:

1, 2 1612

= : = NG (1.130)

The general solution to the linear equation (1.129) may be found by expansion in
eigenfunctions and superposition of particular solutions. The method of superposi-
tion allows for a general solution, satisfying the given initial or boundary conditions.
In the case of a linear equation, the method of separation of variables may also be
used.

We will search for a particular solution of the form F (h,t) = f(hc &) x exp(—st),
where s is some constant of the same dimension as that of the inverse time, & = h/he,
and A is some characteristic value of the specific angular momentum of the matter
in the disc. Substituting such a function F (h,¢) into (1.129), we obtain a Lommel’s
transformation of the Bessel equation (see Sect.4.31 in Watson (1944)):

de S K 2 1/172
W‘LZ(T) W7 =0,

with the particular solution
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£ ) = (kx)' [A(k) Jy (ex) + B(k) Iy (k)]

where J; and J_; are Bessel functions of non-integer order, k= sx? hé/ "and I are
constants and x = E'/2 = (h/h.)"/*, where & is the normalised specific angular
momentum. The general solution is equal to the superposition of particular solutions
with all values of the parameters k, A(k), B(k) such that the specific boundary and
initial conditions are satisfied:

T Kt ;
Flh1) = / exp (- > (k) [A(K) Ty (kx) + B(K) Ty (kx)]dk . (1.131)

5 K2 hé/l

For example, the condition F (k) = 0 for A = 0 leads to the vanishing of all coeffi-
cients for Bessel functions with negative index: B(k) = 0.

The following method was used to determine the coefficients A(k) and B(k). Let
us choose a solution at = 0, with the condition that all viscous stresses at the centre
are equal to zero F(h = 0) = 0, and write it using (1.131) in the form

Flhyt =0) = /(kx)lA(k)J,(kx) dk |
0

We now use the Hankel inversion theorem (chapter II, theorem 19 in Sneddon
(1951), see also Watson (1944) and MacRobert (1932)) for continuous functions
f(k) in the form

o

FK) = / xJi(Kx) / k£ (k) gy (kx)dk | dx forl> —1 .
0 0

Substituting f(k) = k'~! A(k), we see that the integral within square brackets is equal
to F(h,t = 0)/x'. It follows that

@W4A@q:/me@uanm (1.132)
0
where Fy(h) = F(h,t = 0). From here we can determine the coefficients A(k').

If the initial distribution Fy(h) is given, then the solution to the linear differential
equation (1.129) has the form

oo

Fmﬁ:/GmmﬁRMQM“
0
where G is the Green’s function that is the solution to (1.129) at all points for /& # h;

and ¢t # 0, and for which it is true that G = 0 for r < 0 in physical systems. It is pos-
sible to consider Eq. (1.129) as a linear system with input signal F;(%;) and output
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signal F'(h,t), in which the Green’s function has the role of a ‘weighting function’.
As is well known, the Green’s function itself is a ‘response’ of the system to a delta
impulse input signal, that is, it is a solution to (1.129), if the initial condition is a
Dirac §-function:

Fo=06(x—x); F(h,t) = G(x,x1,1) .
Substituting this initial distribution into (1.132), we find an expression for A(k):
A(k) = (kx1)" Ty (kxy)

To obtain the Green’s function we substitute A (k) in expression (1.131):
L [ Kt
G(x,x1,t) =x"x, exp | ———7 kJy(kxy)J;(kx)dk .
5 K2 he

The integral is found using Hankel’s tables for integral transforms:

PNV NS 2., 2
Glrnr) = = ep (Il ) (S

where [; is a modified Bessel function of the first kind (an Infeld function) Fig-
ure 1.11 shows the Green’s function at four moments in time.
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Fig. 1.11 The Green’s function (1.133), found by Lynden-Bell and Pringle (1974), at four moments
in time: #; = 0.001, t, = 0.03, 13 = tmax = 0.1875 and #4 = 1. The parameters of the solution are
k=1,h=1,1=1/3,x =1.
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Let us choose the initial distribution Fp in the form of a Dirac delta function
with a physically motivated normalisation. We assume that the initial configuration
is a narrow ring at radius ry with total mass My. The specific angular momentum
at this radius is equal to hs; = x2! h.. We write down the surface density for ¢ = 0
as Xo(h,t =0) = My (r — rg)/27mrs. Using (1.127) and (1.130) we obtain for the
earlier introduced variable x = (h/h.)'/?:

Fy(x) =21My héfl/l K 2x2 S (x—xy) .
Here we used the equality 8 (x — x;) dx = 6(r — ry) ds. The evolution of this narrow

ring is determined with the help of the obtained Green’s function:

oo

Flx,1) = /Fg(xl)G(x7x17t) dx;
0

and has the explicit form:

Mohel (xx,)! 24 52
Flx,1) = 0%(”5) exp (—W x%&”) I (%S thi/l) L (1.134)

We now consider the accretion rate at the inner boundary M;, = (dF /dh)|,_o:

x'72 9F (x,1)

. . My Té eire/t
" 2lh.  dx B

M (1) w0 L(1) £+

It is possible to rewrite the accretion rate using its peak value
. X Tl I+
M; (t) = Min,max (Tp> e %/t ,

where we have introduced the characteristic time scale for exponential growth 7,
and power-law decline Tp;:

2 14
Te = 4 :Tfp].

The accretion rate reaches its peak value

Mise (1-‘1-[)1
tmax €' I(I)

(1.135)

Min,max =

at time i
k2 hg Tyl
fmax = - = = 1.136
max 4(1 +l) e ( )
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1.6.4 Solution for a Disc with a Fixed Outer Radius

The boundary conditions are of high importance for the type of solution to
Eq. (1.128). Above, we considered a solution in which the disc increases in size
without limitation. A part of the matter in the disc will with time acquire very high
values of the specific angular momentum. In a number of astrophysical situations,
it is clear that it is necessary to set conditions at a finite radius from the centre. This
concerns generally discs in binary systems. The torque of tidal forces, appearing
due to gravitational influence of the companion star and acting predominantly in
the narrow area inside the Roche lobe, leads to the disc being truncated at a certain
radius (Papaloizou and Pringle 1977; Paczynski 1977; Ichikawa and Osaki 1994;
Hameury and Lasota 2005). Near the truncation radius, angular momentum is trans-
ferred from the disc to orbital motion of the binary system.

Thus, the problem now needs to be solved for a finite interval. The method of
superposition of partial solutions is modified, and the general solution is found not
as an integral (1.131), but as a sum of all the partial solutions that fulfill the specific
boundary conditions (Liist 1952):

- /1
Zeftkz 2 hout (kix)' [A; J; (kix) + BiJ_(kix)], (1.137)

Here we have also changed the characteristic value of the specific angular momen-
tum to the value at the outer boundary /oy, where the dimensionless parameter
x=1.

Let us set the boundary conditions at the outer radius of the disc:

JdF

e = Mou(t) at h=hey . (1.138)

In the simplest case, if Moy (t) = 0, this will be a homogeneous Dirichlet boundary
condition. At the inner radius, we consider the same condition as earlier: F(h) =0
for 7 = 0. The use of these two conditions gives an equation that every particular
solution has to satisfy, that is, for any k

17;(k) + ki J (ki) = 0. (1.139)

Since there in the series, representing the general solution, remain only terms
with Bessel functions of positive order, the general solution at the starting point
t=0is:

F(x,0) =Y (kix)' AiJy(kix). (1.140)
i=1
Series of the form ): k A;Ji(k;x) with the condition (1.139) are called Dini

series (see Watson 1944 Sect 18.11). The function f(x) = F(x,0)x ! can be ex-
panded in Dini series if it satisfies the Dirichlet conditions at the given interval, and
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the coefficients of the expansion can be found as kf-Ai =2 f](ki)sz(ki) (Watson
1944; Sneddon 1951), where we have used the finite Hankel transform

1
itk = [ £ (ki) d
0

To find the Green’s function, we search for a solution to an initial condition of
the form of a §-function: F(x,0) = §(x—x;). Using its properties, substituting f(x)
into the last expression, we get:

—1 J| 1 (k,' X1 )

Ji (ki)

In this way we obtain the Green’s function for a finite disc (Lipunova 2015):

KiA; =2x]

(1.141)

_ _ —2,-1/1 Jl(k-xl)ll(k,-x)
Glx,x1,t) =2xx1"Ye LRt A A 1.142

o) l ; J7 (ki) (1142
where k; are the positive roots of the transcendental equation (1.139) and x =
(h/hom)l/ 2l The Green’s function is depicted in Fig. 1.12 for a few moments in
time. The curve at 13 = fhax (see (1.136)) corresponds to the maximum accretion

rate through the inner boundary of the disc.

G(x,0.5,t)

h/h

out

Fig. 1.12 Green’s function of a finite disc with a zero torque at the centre at times #; = 0.001, 1, =
0.01,13 =%, =3/64, 1, = 0.1, 15 = 0.3. The ring of matter was located at x; = (h/hou)'/* = 0.5
at time 7 = 0. The parameters are Kk = 1 and [ = 1/3.
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For a specific initial distribution F (x,0), the distribution at any point in time ¢ > 0
can be found as

1
F(x,t)= /F(xl,O) G(x,x,t)dx; . (1.143)
0

The accretion rate at any point in time ¢ > 0 is

1

M(x,1) = /F(xl,O) GM(x,xht)dxl/hom, (1.144)
0

where the Green function for the accretion rate is

dG(x,x1,1)
GM(X,Xl,I) = T =
(xxl)lfl 22U Jl(kixl)]lfl(kix) (1.145)
— 726 i out klz— )
! i Jir (ki)

The functions G and Gy; in the particular case of x; = 1 are found in the form of
analytical asymptotics by Wood et al (2001).

The initial distribution F can be expressed through the distribution of surface
density, using (1.127) and (1.130):

16ni* ,

F(x,0) = pEyAYl r

X(r)h, (1.1406)
where r = h? /GM and h = hoy x?.

For large times ¢, the first term in the sum (1.145) dominates and the time depen-
dence can be expressed as a simple exponential:

klxlil J[(kl)q) [k2
Gy(0,x1,1 = - -]
w(0.x1,0) r>14 21T(1) ]lz(kl) exp( 21 tyis

The characteristic time scale for exponential decrease of the accretion rate is equal

to: 5 5
]/liz 16l rout (] ]47)
MR 3K Vou | '

texp = h

where we have taken into account that Vo, = vy rgut. In Table 1.3, the first zero k; of
the equation is shown for typical values of /. The table also provides the coefficients
for calculating characteristic time scales for the growth (1.136) and the exponential
decay (1.147) of the solution.

The disc becomes quasi stationary (i.e. the accretion rate practically does not
change with radius) in regions where r/roy < (¢/ texp)zl. The establishment of quasi
stationarity in the central regions of the disc on viscous time scales is a common
property for discs with any type of viscosity.
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Bright X-ray flares, known as outbursts of X-ray novae, are observed in binary
systems consisting of a compact object and a low-mass normal star. It is well known
that in the ‘simplest’ cases, outbursts in X-ray novae show lightcurves with a fast rise
and an exponential decay, which are called FRED profiles (Chen et al 1997). Such
lightcurves are nicely produced within the framework of the model for viscous discs
with a viscosity coefficient constant on time scales of the order of #;s (Fig. 1.13).
This is explained by the fact that on time scales of the order of one to two tyis, a
non-stationary a-disc and a disc such as considered in this section show similar
evolution.

Table 1.3 Parameters of the Green function for a non-stationary disc. The columns are: Exponent
in the power law Vv o< b 1 from expression (1.130); the first zero of Eq. (1.139); the numerical
factor from (1.136) the numerical factor from (1.147); the parameter describing the radial profile,
ag = Mip hout /Fout- The solution to the linear equation may apply to a-discs on timescales of the
order of or shorter than the viscous timescale. For o-discs the type of opacity is shown.

b ki tmax (17 /Vs) ™ fexp(roy/Vow) ' a@g Comments
0 1/4 1.0585 1/15 0.298 1.267 v = const
1/2 1/3 1.2430 1/9 0.383 1.363 a—disc with h/r = const
3/55/14 12927 0.125 0.407 1.392 a—disc, 7r > T
3/4 2/5 1.3793 0.152 0.449 1.444 a—disc, T > or
1 1/2 15708  2/9 0540 1571 F(h) o< sin((7/2) h/how)
2 — — — —  1yis independent of r
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Fig. 1.13 Normalised lightcurves of the X-ray novae GRO J0422+32 (1992), A 0620-00 (1975),
GS 1124-68 (1991), GS 2000+25 (1998) from Chen et al (1997), 4U 1543-47 (2002) and XTE
J1753.5-0127 (2005)(results from ASM/RXTE). The X-ray energy range for each flare is indicated
in the plots. The solid curves show the peak-normalised accretion rates through the inner boundary
calculated according to (1.144) for / = 2/5 and fxp as indicated for each flare. The initial distribu-
tion of surface density in the disc is X o< r and the initial inner radius of the hot zone is 0.01 X rgy.
For A 0620-00, two model lightcurves are shown, for inner radii, at t = 0, 0.001 X roy (solid line)
and 0.3 X roy; (dotted line), respectively. Figure from Lipunova (2015).
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In order to fit the constant-viscosity solution to the evolution of a viscous ¢-disc,
it is necessary to estimate the most appropriate value of parameter b in (1.128).
This can be done using the relation (1.40) between the kinematic viscosity and the
turbulence parameter:

2 20\2 1

b 2

Vi=Vr ~-o —) = 1.148
=t~ Zaod? () o (1.148)
where the parameter I} shows up from a consideration of the vertical structure, see
(1.99). The solution for a stationary disc with dominant gas pressure and Kramers
opacity gives zo/r o< r'/3 (see (1.110)), thus b ~ 3/4 or, equally, [ ~ 2/5, if we
neglect the dependence of the disc thickness on the accretion rate.

One can estimate o for an X-ray nova using (1.147) and (1.148) (Lipunova and
Malanchev 2017):

3/2 -2 “1)2 1
Tout ZO/rout M Texp
~0.15 11, . 1.149
“ <2R@> (o.os) (IOM@> (30d) M. (1.149)

Here, one should substitute zg corresponding to the peak of an X-ray nova outburst.
The main uncertainty in the above formula is the radius of the disk. In addition,
the evolution of the thickness of the «-disk leads to a variation of the numerical
factor in (1.149). However, a numerical modelling of the disk evolution can provide
a self-consistent value of & (see Sect. 1.7.3).

1.6.5 Solution to the Non-linear Equation for the Evolution of a
Viscous o-Disc

Earlier we considered the case when the coefficient of kinematic viscosity de-
pends solely on the radial coordinate in the disc. In the more general case, we may
represent V; as a power-law function of X and r. Such a dependence arises in partic-
ular if we consider discs with a-viscosity. In this case, (1.123) becomes a non-linear
differential equation in partial derivatives. To search for a solution to such an equa-
tion, similarity methods can be used in many cases. A self-similar solution to a
non-linear differential equation accurately describes the evolution if enough time
has passed since the initial moment.

As we have seen in the previous section, self-similar solutions to a linear differ-
ential equation are characterized by the possibility to completely separate the time
and coordinate parts of the solution. A particular solution is thus a product of func-
tions of different variables. In the case of a nonlinear differential equation, such a
simple separation is in general not possible. To approach the problem, we may use
the method of introducing new dimensionless variables (parameters), which contain
combinations of the dimensional parameters (for example time and coordinates)
raised to various powers.
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Self-similar solutions to non-linear differential equations can be divided into two
kinds (Barenblatt 1996, 2003). The self-similar solution is of the first kind if the
self-similar function, as well as the new dimensionless parameter, can be derived
from dimensional analysis. This case is also called a complete self-similarity. The
second kind, or incomplete self-similarity, is the more general case. Here the self-
similar function is a particular solution to the problem itself (a non-linear eigenvalue
problem, see Zeldovich and Raizer (1967)). A dimensional analysis does not allow
us to determine the self-similar function, and in particular, find to which powers the
dimensional parameters should be raised to produce a self-similarity dimensionless
variable. For incomplete self-similarity, the type of solution depends on the value of
the self-similar variable.

If the constant coefficients in a self-similar function can be found from con-
servation laws, then the self-similar solution will be of the first kind (for example
energy conservation in J. I. Taylor’s blast wave (Barenblatt 2003)) and conserva-
tion of the total angular momentum in an accretion disc (see further Sect. 1.6.6.3)).
Self-similar solutions of the first kind were found for accretion discs with a non-
linear viscous diffusion equation in the stage of evolution when the accretion rate
is decaying (Pringle 1974, 1991). Solutions of the second kind have also been con-
structed (Lyubarskij and Shakura 1987). These solutions apply to an an earlier evo-
lutionary stage, that is, the spreading of an original ring of matter into a disc around
the gravitating centre.

The form of the turbulence parameter v; is determined by the physical structure of
the disc, which is dependent on the astrophysical conditions. For an a-disc with two
variants of opacity (Kramers’ law and Thomson scattering), within the framework
of self-similar solutions of the first kind, it was found that the accretion rate declines
as o< 1719/10 and o t75/4, respectively (Pringle 1974; Filipov 1984; Lyubarskij and
Shakura 1987; Cannizzo et al 1990; Pringle 1991). Lin and Pringle (1987) consid-
ered a molecular disc with a gravitational instability generating an effective viscos-
ity Vi o< £279/2, and found that M o< t~%/5. Lin and Bodenheimer (1982) studied the
evolution of a protoplanetary disc under the influence of convective turbulent vis-
cosity (v o< £2), for which M o ~15/14_ Ogilvie (1999) investigated an advective
accretion flow, the structure of which considerably differs from that of a thin viscous
disc, and, using similarity methods, found a solution in the case of conserved total
angular momentum.

The type of solution also depends on the boundary conditions. Pringle (1991) in
addition considered the general case of an infinite cold protostellar disc with v; o<
X3 and a central source of angular momentum. Such a formulation of the problem
corresponds to the evolution of a disc around a young binary system (see also Ivanov
et al (1999)). In Rafikov (2013), a detailed consideration of the evolution of discs
around binary black holes was presented, and self-similar solutions were found with
different conditions at the inner boundary, suggesting a certain mass transfer through
the inner boundary. Rafikov (2016) built self-similar solutions for a ‘decretion’ disc
(disc with mass ejection from the centre).

For a disc with a zero (or very small) viscous stress at the inner boundary and
with a limited outer radius, a solution was found by Lipunova and Shakura (2000).
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According to them, M o< t~19/3 for Kramers opacity and M o r—>/2 for Thomson
scattering (see Sect. 1.6.7 below).

If v = vo Z97%, the kinematic viscosity coefficient is not constant in time since
the surface density varies. The relation F =3 wh v, Xy (cf. (1.122)) can be presented
in the following way:

F=3mhvoZit s’ (1.150)

Then, for a Keplerian disc (h = h.), Eq. (1.123) takes the following form:

JoF F™ 9%F
WZDWW’ (1.151)

where D is a dimensional constant,

D

1(at1)
_atl 3 Y )h) , (1.152)

GM)? (=
2 ( ) (2 Q2rn)*(GM
and m and n are dimensionless constants,

a 3a+2—2b
n—=——— .
a+1

The values of the parameters D, m and n may be determined from the equations
of vertical structure. The parameter D in (1.151) can be seen as a sort of ‘diffusion
coefficient’. It may be found from the relation between Xy, F' and & (Filipov 1984;
Lyubarskij and Shakura 1987):

(GM)ZFl—m

So= .
" ax(1—m)Dh> "

(1.153)

Comparing the equation of disc evolution in the linear and non-linear cases, (1.129)
and (1.151), we find that D = 4 (I /x)? for m = 0.

The non-linear problem of non-stationary accretion has the following distinctive
features. Firstly, the self-similar solutions of the second kind exist only for m # 0.
Secondly, self-similar solutions of the first kind in the third stage, while they exist for
m = 0, have an exponential profile for » — oo, characteristic for linear problems (see
for example Lynden-Bell and Pringle 1974). For m # 0, the boundary of the disc is
fully determined*.

1.6.5.1 The a-Discs

Lyubarskij and Shakura (1987) give the equations of vertical structure in a form
similar to (1.99). The opacity is given as:

4 This property is similar to the one that arises in problems of thermal conductivity, when, due
to the non-linearity, the heatwave boundary sharply separates the heated zone from the rest of the
region (Zeldovich and Raizer 1967).
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pg
After a few algebraic manipulations of the equations in the right column of
(1.99), we may find the relation between Xy, Wi 2 and ®r?, which together

with (1.153) gives®:

1
6 2 8 2 84+2Y 2 T0+3¢+2Y
e 1 26+6+2Y (o 8+¢+2Y % 9319 (GM)12+8€ 3
A1—m)Q@m)™ | mf I ™" m2 \ 1 8ac
(1.154)
where 11 2n—2 137 4 10
m—2n— m—4n—
- _ = Y= 1.155
g Tm—n—1" 2 Tm—n—1 ( )
o 442 12+11 2Y
m:i7 n:i (1.156)
10+36+2Y 10+36+2Y

(see Table 1.4).

Table 1.4 Dimensionless parameters in the equations of non-stationary accretion for different
forms of v. The parameter o is the power-law index of the time-dependence during the stage
of declining accretion in an infinite disc: M o< t%!.

m n a b ¢ Y 1
21 > ¢ and (1.94) 2/5 6/52/3 1 0 0 —19/16
st >> zer and (1.94) 3/10 4/5 3/715/14 1 7/2 —5/4
OPAL Iglesias and Rogers (1996), 1/3 1 1/2 1 1 5/2 —11/9
full ionization of H and He

convective turbulence Lin and Boden- 2/3  8/3 2 0 — — —15/14
heimer (1982)
molecular disc with gravitational in- 2/3 —1/3 2 92 — — —6/5

stability Lin and Pringle (1987)

It is important to note that the ‘diffusion coefficient’ D is only weakly depen-
dent on the opacity coefficient: as a power function of > with an index of 1/5 or
1/10. This reduces the impact of the uncertainty due to the dependence of the real
opacity on the disc parameters. The combination of parameters I >3 4 in (1.154)
depends only weakly on the optical depth 7, i.e. on the radius in the disc (see Ta-
bles 1.1 and 1.2). Thus, D may be considered a constant in the basic equation of
non-stationary accretion (1.151).

5 Note that here F is a factor of 27 larger than in the paper by Lyubarskij and Shakura (1987), and
our quantity D is smaller by a factor of (27)™.
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1.6.6 Evolution of o-Disc from a Ring of Matter

It turns out that the global evolution of the disc can in general be divided into
three stages: (1) the stage of formation of the disc from an initial ring made up
of matter at some radius, (2) the establishment of a quasi-stationary distribution
of parameters in the disc, and as a special case, increasing accretion rate onto the
central body, and (3) ‘spreading’ of the disc away from the centre, accompanied by
a decrease of the accretion rate.

The ring of matter around a star may be formed as a result of a mass-transfer
from the neighbouring component in a binary system. In the presence of effective
mechanisms of viscosity, the differentially rotating ring starts to smear out into a
disc.

Fig. 1.14 Illustration by Lyubarskij and Shakura (1987) of the process of evolution of non-
stationary disc accretion in the form of the dependence of viscous torques acting between adja-
cent(change everywhere!) rings of the disc, as a function of the specific angular momentum: a —
stage of formation and inward motion of self-similar ‘tounge’, b — stage of formation of quasi-
stationary regime, c — stage of accretion decay. Dashes denote the regions into which the material
was ejected and in which the solution is non self-similar. Each figure shows the distribution for
three consecutive moments in time #1, #», 3. The calculated dependencies are shown in Figs. 1.16
and 1.17.
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At the first stage, material from the inner edge of the ring, losing angular momen-
tum to the outer layers, starts to move towards the centre. In the region r < Roy,
the flow evolves into some self-similar regime whose characteristics are indepen-
dent of the initial mass distribution profile. The inner edge of the disc, which has the
form of a stretched-out ‘tounge’, reaches the accreting centre in a finite time (Fig.
1.14, a). The self-similar solution breaks down close to the radius of the innermost
stable orbit around the black hole, or close to the magnetosphere of the neutron
star. Nevertheless, after some transition period, accretion again evolves into another
self-similar solution, the regime of quasi-stationary accretion (the second stage).

At the second stage, a practically radially constant distribution is rapidly estab-
lished in the inner regions of the disc, by virtue of the small viscous time scales at
small radii. The region of the quasi-stationary solution gradually expands outwards
(Fig. 1.14, b), while the accretion rate gradually increases in time. Meanwhile, in
the outer region, conditions remain close to the original.

Further, the disc gradually evolves into the third final stage (the decay stage, Fig.
1.14, c) at which the details of the initial distribution are ‘forgotten’, and only some
integral quantities conserved during the accretion are important in finding the self-
similar solution. This final stage is described by a self-similar solution of type I,
whereas the two preceding cases are described by self-similar solutions of type II,
i.e. solutions in which the self-similarity index is found not from dimensionality
arguments but in the process of integrating the ordinary differential equation for the
representative function (Lyubarskij and Shakura 1987).

Thus, each stage is characterized by the motions whose distinctive property is a
similarity that is conserved in the motion itself. This means that the distribution of
any quantity, for example, the viscous torque, may be represented in the form:

F(ht)=H" 1" f(&), (1.157)

where f is a function of a single self-similar variable & = Ch#3 t44. For completely
self-similar solutions, the parameters C and A; 4 may be determined from dimen-
sional arguments or from conservation laws. To determine the parameters for non
completely self-similar solutions, a non-linear problem should be solved; in addi-
tion, the obtained parameters will depend on % and ¢.

1.6.6.1 ‘Tounge’-formation Stage

Let us assume that the radius of the inner edge of the disc ry, or the equivalent
value hy, decreases as a power law A, o< (—)" (r = 0 when the centre is reached,
thus the minus sign). As seen from equation (1.151), the combination D F™¢/ w2
is dimensionless, which permits the solution to be represented as

h(n+2)/m h

Tnd(E): 1= <o, (1.158)

F(h,t) = W 7 =
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where y(&) is the representative function of the single self-similar variable &. It is
not possible for the dimensionless variable £ to be a combination of &,  and D, so we
have to introduce the additional constant A of dimensionality [cm s_(1+7’)], where
the previously unknown exponent ¥y must be determined in the course of solving the
problem. We thereby arrive at a self-similar problem of the second kind, similar to
the problem of a converging shock wave (Zeldovich and Raizer 1967; Barenblatt
1996).

Substituting (1.158) into (1.151), we obtain an ordinary differential second-order
equation for the representative

(n+2) (n+2)(n—|—2—m)y]

y
Y + — 78y —==0

ym [ g 2 y// + 2

m
which can be characterised as an equation for a non-linear oscillator with dissipation
(if y is positive).

The boundary conditions are determined in the following manner. It is evident
that the accretion rate through the inner edge of the ring can be considered to equal
zero. Thus, at the inner boundary A, (corresponding to & = 1), both the function
F (hin,t) and its derivative dF (hin,t)/dh must vanish (cf. (1.125)). Otherwise, a 0-
source (sink) appears with the substitution into Eq. (1.151). Consequently, we have
two conditions:

y(1)=y(1)=0.

Another condition follows from the requirement that all physical quantities remain
finite at time ¢ = 0 (when the ‘tounge’ reaches the accreting centre), at any finite
radius. It follows from (1.158) that F (h,t) does not diverge as t — 0 and & # 0 only

if
Y(§ =) =0.

Thus, the solution of the second-order equation must satisfy three conditions, which
is possible only for a specific value of 7.

Let us investigate qualitatively the equation for the representative function. For
this we turn to the variable x = In€+C (substituting C will not affect the resulting
system of equations (1.159), but is important for adjustment of the solutions). The
derivative with respect to x will be denoted by a dot. We write the resulting system
of two equations of the first order:

y=r,

1-m
y _ n+2)(n+2—m 2n+4—m
vy mp_( )( - )y_ p

m m

D (1.159)
m

We are interested in the solution which leaves the origin of the plane (p,y) at & =1

and returns there at & = oo. For y < 1 and p < 1, the system (1.159) has asymptotic

solutions of the form

. m 1/m
po L iem, y:(liimlng) : (1.160)
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Y

ST y=& . (1.161)

p =
The functions (1.160) give asymptotics when & — 1 and (1.161) when & — oo, re-
spectively. The phase trajectories of the solutions to the equations are shown in
Fig. 1.15 for four values of 7.

T
0.01 0.01 -
5x107° |- 5x107° - il
p p ]
0 0
0.01 0.01
5x107° 5%1073 L
p p
0 0
L R B
5x107*  107% 1.5x107°
y y

Fig. 1.15 Phase portrait of the system of equations (1.165) for different values y. The arrows
indicate the direction of change in & from 1 to co (x from C to ). (a) For y < ¥ the solution inside
the separatrix, shown by the bold curve, reaches the stationary point (focus) on the horizontal axis
(0,y0). (b) A closed solution is found for ¥ = ¥ and coincides with the separatrix. The separatrix
at the same time forms a limit cycle of solutions in the region bounded by it, for x — —eo. (c)
For yer < ¥ < ¥4, the separatrix (bold curve) is gradually compressed. (d) For y = ¥, it is moving
towards the point (0, yp).

Each point for which y = 0 and p = 0 is a singular point. There is a stable focus
in the phase plane with coordinates

m 1/m

Y= [(n+2)(n+2—m)

p=0,
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For a certain 7., there exists a closed solution (Fig. 1.15, b). Numerical investigation
shows that for m = 2/5, n = 6/5 (the case s >> ), the sought after value is Y =
0.595, and form =3/10,n =4/5 (365 > 1), it is Yer = 0.696. The phase trajectories
are rearranged for some ¥, and the stability of the focus changes (Fig. 1.15, d).

Thus, the inner boundary of the disc moves towards the centre according to the
law: hy, = A(—1)%r (see Fig. 1.16). As follows from (1.161), the asymptotic solution
of the initial equation (1.151) for & — o (i.e. for t — 0, when the ‘tongue’ reaches
the accreting centre), has the form

n+2 1 1 nt2 1
h m A(—=1t)Y m Averm p m yrm
F= | ( )}y = 3 (1.162)
(~Dt)ym b h Dim

We note that for large A, the profile F(h,t) does not change with time during the
‘tongue’ formation stage. By ’sewing’ the obtained self-similar solution and the
initial profile Fy(h) near the radius where the material was ejected at time (—tp),
we may also determine the constant A. Within a dimensionless factor, we have from
(1.162)

A— FoycrmDycr /hgcr(n+2)—l
where hy = /G M ry is determined by the initial radius of the ring ry.

1.6.6.2 Quasi-stationary Stage with Increasing Accretion

We seek a solution to (1.151) in the form:

n h
F:Wy(é% oggzmgw, (1.163)

The time ¢ is now positive. Substituting (1.163) into (1.151), we obtain the equation
for the representative function:

(n+2) (n+2)(n+2—m)

Ey + . V+BEY+2 =0 (L.164)
m m

2
ym [52))// +

or a system of two equations

y=r;
) 1—m _ n+2)(n+2—m 2n+4—m
p=—2— By ’”p—( )( 5 )y— p  (L.165)
m m m

As & — oo, the asymptotic solution of this system has the form

1
p=— X g (1.166)
Bm
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Fig. 1.16 Calculated profile F (k) in the Lyubarski—Shakura solution at three stages of self-similar
evolution: (a) formation of the ‘tongue’, t,/t; = 1/4 (¢ is negative and approaches zero); (b) quasi-
stationary accretion, 7,/t; = 3 (¢ is now positive); (c) accretion decay, t, /f; = 2. The quantities F
and & are normalised to arbitrary values. The dotted lines in the two upper panels give the symbolic
dependence of F (h) for regions where the (unknown) solution is non self-similar. The calculation
is performed for opacity parameters m =2/5,n=6/5.

we notice that the main contribution comes from the two last terms of (1.164). Hence
it follows that only if B = ¥, the distribution F(h,t) is the same as that at the
preceding stage (1.162). Thus, the self-similarity index remains as before. For & — 0
(at very large times ¢ or at the accreting centre), there are two asymptotic solutions.
(Now the main contribution comes from the terms in square brackets in (1.164)).

n+2 n+2

p= y; y=§& m | (1.167)
m

n + 2 —m n+2—m

p=——-——y; y=& m . (1.168)
m

The first corresponds to (dF /dh)p—0 = 0, i.e. the solution without a material sink
(Mj_0 — 0), while the second corresponds to an accretion rate, radially constant at
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Fig. 1.17 Calculated profiles F(h) in the Lyubarski-Shakura solution at the stages of ‘tongue’
formation (solid line) and quasi-stationary accretion (dashed line). At the first stage, we see the
movement of the inner edge of the ‘tongue’ towards the centre. In the second stage, we can see
how the zone of quasi-stationary accretion expands with time (F o< /). The accretion rate increases
with time from the lowest curve to the top. The quantities ' and / are normalised to characteristic
values.

small /. Near the gravitating centre, the accretion rate depends on time according to

| B ‘ ’ Atﬂ)nJr’Zn—m B An+’2n—mt}’cr(n+r2nfm)fl (1 169)
ah s~ (Doym Dl/m ' '

It is this solution with a material sink that describes the second accretion stage in
our case (see Fig. 1.16b). We have |[M| o< t'67 for s > ¢; while the accretion rate
increases as |M| o 1247 for sz > s1.

If we introduce the notation

Vo Fo B h8+2 B h8+27m
h=—, T= o T=-———,
ho F'D (Mo)™ D

the accretion rate M(t) onto the gravitating centre during the quasi-stationary stage
can be expressed in terms of the accretion rate My, determined by the initial value of
the viscous torque Fy acting on the ring of matter with specific angular momentum
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/’lo:
Yer (n+2—m)—1
m

M:MO(E) at 1>1.

1.6.6.3 Accretion Decay Stage. Spreading of the Disc.

We again seek a solution to (1.151) in the form (1.163), but now the variable &
varies within the limits 0 < & < 1 (€ = 1 corresponds to the outer radius of the disc
Fout OF the specific angular momentum /oy = /G Mroy(2)). Thus, the solution for
this stage is described, as before, by (1.164) or the equivalent system (1.165) with
the boundary conditions y(0) = y(1) =y'(1) = 0. The value of the self-similar index
B is now found from the law of conservation of the total angular momentum of the
material in the disc. Indeed, if the ring was initially located at a radius rp, much
greater than the radius of the innermost stable orbit, then the quantity

Tout

K:277:/2hrdr:c0nst. (1.170)
0

is conserved during the accretion process. Substituting (1.163) into (1.170), with the
use of the relationship (1.153) between Xy and F, we obtain

hout n+2 ; B(n+2)
K= — Fl mhn+1dh m m / 1— m n+%z m d
(1 — D / (1 _ Dl/mtf Y é

(1.171)
From the condition dK/dt = 0, we obtain B = (1 —m)/(n+2). Moreover, the ex-
pression (1.171) gives the exact relation for the constant A. For this 8, the required
solution to the equation for the representative function (1.164) can be found in ex-
plicit form. The method for solution of the non-linear ordinary second order differ-
ential equation (1.164), or the equivalent system of first order (1.165), is analogous
to the solution of similar equations arising in heat propagation problems with tem-
perature dependent thermal conductivity (Zeldovich and Kompaneets 1950). Since
the equations (1.165) contain the variable x only as a differential, the order is low-
ered by introducing p(y) = dy/dx as a new unknown function of the variable y

d 2n+4—m n+2)(n+2—m
ap Ly (122 m)

m y
—=0.
Y [ dy m m? y} +ﬁp+m

It is then convenient to introduce function Z(y) = p(y) +y(n+2—m)/m

m[<z_n+27—my)%+";2z}+ﬁ(z_

We seek a solution of the form Z(y) = By' ~™. Collecting the coefficients of powers
of y! =™ in the last equation, we obtain B = — 3 /(1 —m). After substitution of Z(y) =

n+2—m
m2my LY
m m
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B im

1 y' ", the equation becomes a linear algebraic equation with respect to y.
—m

The left part of the equation vanishes for § = (1 —m)/(n+2). On the other hand,
the equality of B to this value is a necessary condition for the existence of a self-
similar solution at the stage of accretion decay (which follows from the condition
dK/dt = 0). Thus,

y] —m n+2—m
n+2 m

pP=- y

d
is a particular solution satisfying the boundary condition p(y = 0) = &y 0" 0
x=
Integrating this expression is elementary, and with the boundary condition y(§ =

1) = 0, the solution can be written as

1/m | 1/m
(€)= (HZ)(;”H_m)] <§n+2_m—1> . (1.172)

This solution implies that the integral on the right-hand side of (1.171), which is

n+3-—m 1 )
. ) . . n+2—m'm
with some coefficient, and the solution of the key equation (1.151) at the decay stage
finally takes the form:

an Euler integral of the first kind, is reduced to the beta-function B (

n+2

Am m :|1/m§(1§n+2m)1/m

F= Dl/m {(n+2)(n+2—m) t

Km(l-m)  &(1-gn2m)m

(n+2) B350 ) !
The accretion rate decays according to:
n+2 m m l/m iim
t n+2
ah s Dl/m (n+2)(n+2—m)

The exponent in the time dependence of M(¢) can also be expressed through the
exponents a and b, appearing in the expression v; < X% 17; it equals then 1 +1/(5a —
2b+4). For > > s we have M o< t19/16 and M t_5/4 for ¢ > 1.

At both the quasi-stationary stage and the decay stage, the total energy release in
the disc is determined primarily by the release of gravitational energy in the inner
regions of the disc. The disc luminosity is equal to Naeer Min 2, where Nacer 1S the
efficiency of energy release. During the ‘tongue’ stage, the energy release depends
largely on the initial distribution F (%) since the heat flux from a unit area of the disc
surface o< F /17 (cf. (1.75)).

The presented solutions describe processes in real accretion discs to some ap-
proximation. The assumption of constant opacity (or constant coefficients m and n)
does not hold for the entire disc throughout its full evolution. To completely take into



1 The standard model of disc accretion 75

account changes in opacity, numerical calculations are required using tabulated val-
ues of the opacity coefficients as functions of temperature and density. On the other
hand, the opacity coefficient has little effect on the presented solution, as it appears
in D as a factor raised to a very small power. It should be noted that the opacity
changes particularly strongly in regions with a variable degree of ionization.

1.6.7 Solution for o-Disc in a Binary System

As we have seen, the viscous evolution of a ring of matter eventually enters a
stage of unconstrained spreading, when parts of the matter in the disc acquire a high
angular momentum and reaches further and further from the centre. In binary sys-
tems, such spreading of the disc cannot continue indefinitely due to the gravitational
effects of the companion star. Tidal forces from the companion star force the disc to
be limited to within a certain radius from the centre inside the Roche lobe.

Lipunova and Shakura (2000) found a solution describing the evolution of an
o-disc in a binary system. The obtained solution was used to model the optical and
X-ray lightcurves of the X-ray novae A 0620-00 and GU Mus 1124-68 during the
decline after the peak of their outbursts. As a result, new constrains on the turbulence
parameter ¢ were found (Lipunova and Shakura 2002; Suleimanov et al 2008).

The angular momentum in the region of the outer radius is transferred from the
matter in the disc into orbital motion of the binary system. Papaloizou and Pringle
(1977) showed that the tidal truncation radius is on average ~ 0.9 times that of the
Roche lobe. This radius is close to that of the last non-intersecting periodic orbit
calculated for a three-body problem (Paczynski 1977). Numerical calculations have
shown that the tidal stress tensor is important only in a rather narrow ring close
to the outer radius. Significant perturbations in this region lead to the formation of
strong spiral shock waves (Pringle 1991; Ichikawa and Osaki 1994; Hameury and
Lasota 2005).

Since the outflow of angular momentum takes place in a narrow region close
to the tidal truncation radius, we may choose not to examine this region in detail,
considering it simply a 8-type channel. The function F grows as r'/2 at radii much
smaller than the tidal truncation radius. There, the stationary disc behaves accord-
ing to the standard model, not ‘noticing’ the outer boundary conditions, and the
dependence of the viscous torque on the radius is described by expression (1.124).

We also assume in the framework of the mathematical problem that the outer
radius of the disc does not change, and that the rate of inflow of matter to the outer
disc is negligible. The assumption that the outer radius remains unchanged is valid
for transient activity phenomena during outbursts in some types of close binary
systems. Numerical calculations, in which long-term evolution of non-stationary
discs in binary systems (X-ray and dwarf novae) is modelled (DIM, Disc Instability
Models), take into account the variability of the outer radius of the disc (Lasota
2001). During powerful flares in X-ray novae, when the brightness of the source
may increase with up to a million times, the accretion rate inside the disc may be
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considered to be much higher than the rate of inflow of matter from the companion
star. This corresponds to the vanishing of the derivative F (h,#) with respect to & at
the outer radius.

A solution to the basic equation of non-stationary accretion (1.151) for a disc
with a constant outer radius can be found using the method of separation of vari-
ables:

F(h,t) =F(t) X fr(h/hp). (1.173)

The quantity hyp = (GM rout)l/ 2 equals the specific angular momentum at the outer
edge of the disc. The above mentioned properties of the viscous torque lead to the
following conditions at the outer radius:

frF)=1, fr(1)=0, (1.174)

the first of which is normalising, and the other expresses the fact that the viscous
torque has a maximum at the immediate vicinity of the disc outer radius (Fig. 1.18).
This is equivalent to the condition of zero accretion rate at roy. It can also be said
that the radial component of the velocity in the disc is zero at roy. A similar approach
was used, for example, by Pringle (1991) in a study of a disc surrounding a binary
system. At the inner edge of such a disc, the angular momentum is transferred from
the binary system into the disc, and the stars gradually move closer to each other.

Thus, tidal interactions determine the specific boundary conditions at the outer
edge of the disc, thereby not changing the form of the equation that we solve (1.123
or 1.151).

Naturally, in reality the inner edge of the disc i, # 0. In many situations, how-
ever, rin/rout < 1.

Using h = hg, we obtain from (1.125):

M(h,t) = fr.(h/ho)F(t)/ho - (1.175)

Substituting the product of the functions into the equation for non-stationary ac-
cretion (1.151), we obtain the time-dependent part of the solution, which gives the
following asymptotic for the disc evolution after the peak of the outburst:

hn+2 1/m
F(t)= (0)> . (1.176)

AmD(t+1

Here, D is a dimensional constant (1.154) that may be obtained by solving the equa-
tions of vertical structure, A is a separation constant, which may be found from the
boundary conditions imposed on fr(h/h,), and f; is the integration constant in units
of time.

The law of accretion rate change is written as:

M(t) = M(0) (141 /1)~"/™, (1.177)
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Fig. 1.18 Moment of viscous forces F' as a function of the specific angular momentum # in an
accretion disc in a binary system at two moments in time. Time #, is later than #;. The shading
illustrates the relative distribution of surface density in the disc. The accretion rate declines with
time.

where M (0) is the accretion rate at a certain moment in time ¢ = 0, which can be
chosen as any time at the stage of declining accretion. Then, parameter ¢y of the
solution is
hn+2
0

0= ZmDF0)’

where F(0) is the value of F (h,t = 0) at the outer radius roy. Substituting expression
(1.152) for D and taking into account that Foy = 3 T hg Vour o, We get:

4 rcz)ut
= 1.178
3ha Vou(t =0) (1.178)

fo
where a is the power of X in the relation v; o< X 7.
After a separation of variables in the basic equation, we obtain a non-linear equa-
tion for fr(&). It constitutes a particular case of the general Emden-Fowler equa-
tion (Zaitsev and Polyanin 2012)

d*f) n plem
d§2F — —Agr (1.179)

the solution to which we seek as a polynomial

fr(&) =aok +arE* +a€l+ ... . (1.180)
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Fig. 1.19 The solution fr(&) for two cases: s >> s (solid line) and »¢ > s (dashes). The
plot also shows the function f(r), calculated using (1.102), that is included in the expression for
calculating radial dependencies of physical parameters (Sect. 1.5.3). The accretion rate practically
does not change with radius in the region, where f ~ 1. The variable & = h/h,, where h, is the
specific angular momentum at the outer radius.

Substituting f (&) with the polynome into (1.179), we obtain for the second and the
third term:

—Aai™m
+n—m, a k(k—l) s

—Aay"ay

NN (1—m).

(1.181)
[=2%k—1, ar=

Table 1.5 gives the values for the constants ag and A, derived from the boundary
conditions (1.174) on fr(&) in the opacity regimes of pure scattering and pure ab-
sorption as well as for an approximation based on the OPAL numerical calculations
of opacity (Iglesias and Rogers 1996). The corresponding functions fr are shown
in Fig. 1.19. The OPAL case turns out to be effectively somewhere in the middle.

The value ay, included in the expression for the accretion rate

Min = % ao ,

hmax
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Table 1.5 Parameters of the analytical solution, presented by (1.176), (1.177), and (1.180), for the
truncated -disc decay.

m n A ay a a k1
wr > 2y 2/5 6/53.482 1.376 —0.396 0.019 3.8 6.6
st > ser 3/10 4/5 3.137 1.430 —0.460 0.030 3.5 6.0
OPAL 1/3 1 3.319 1.400 —0.425 0.025 11/3 19/3

can also be calculated for the self-similar solution by Lyubarski & Shakura during
the concluding stage of disc decay (Sect. 1.6.6.3). Omitting the details, we only
mention that in an unconstrained disc, /i,y likewise corresponds to the maximum
torque Fpax. It is remarkable that the values of ag differ only by 2% between a
constrained and an unconstrained disc. This means that the profile F (/),in the region
of the disc where F (k) increases, is practically independent of the conditions outside
this region.

1.6.7.1 Radial Dependencies for a Non-stationary Disc in a Binary System

Let us find the expressions for the evolution of physical parameters in the disc,
using equations (1.99), (1.153), (1.154), and (1.176).

Note that the relations (1.104) and (1.110) contain another function, f(r) without
an index. Function f(r) is determined by relation (1.102). In the case of a stationary
disc, we have fr = & f. In the case of a disc with a radially variable accretion rate,
for example a non-stationary disc, fr = ao & f(r) (see Fig. 1.19).

Below, we derive expressions for the diffusion parameter D, surface density X,
temperature in the central disc plane T, relative half-thickness zo/r, and optical
depth 7. We use for the mass of the compact object myx = M /Mg, The values IT; 4
should be chosen according to the appropriate opacity regime. The parameter 7y
depends on the accretion rate at t = 0:

m
4y

" AmDM(t=0)

n+2—m
h()

fo (1.182)

It is important to remember that 7o depends on the type of opacity.

Scattering-dominated Opacity Regime (5er > )

Substituting the numerical values of the constants into (1.154), we obtain:

—4/5
D [em®/5 /g2/3 s11/5] = 1.40 x 10% /5 m®/° (0“—5) ot (1.183)

with the help of which we re-write (1.182):
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5 Mt =0)\ 4/s
— 2412045 [ Ton in\? = ;/5 H ITs 21/
fo [days| “ <R@ 1078 g/s " (0.5) B
(1.184)

where (1.95) determines s¢. Substituting the combination Mj, t(;/ " from (1.184)
into the expression for the declining accretion rate M (r) = M(0) (1+1/t))~'/™, and
further the accretion rate and the function f(r) = fr/(ao+\/r/rout) into the radial
dependencies (1.104) in zone B, we obtain the radial dependencies of the physical
parameters in a non-stationary ¢-disc:

-3/2 3/2 -9/10
_ 2 g2l (11 Tout r 3/5
%o [g/em?] =2.2x 10 my (10d R — =X
(1.185)
U 71/2 5/2
X(o.s) I
~1 1/2 ~11/10
+1o Tout r 2/5 .u
T K] = 1.8x 10° o' ml/? (210 Tout o
[ ] SX 0 10d RG Fout fF 3a
(1.186)
—1/2 3/4 ~1/20
Z _ — t+1t Tou r
o (1) 7 () ()
C ou
(1.187)

The dimensionless constants Iy, IT| 4 were introduced in Sect. 1.5.2 where we con-
sidered the vertical structure of the ¢-disc. Their interrelations are determined by
expression (1.105), in particular Iz = ITy ITy and (IT; H3)1/2 IT, Hl/2 and their
values can be found in Table 1.1 and in Fig. 1.8. The effective optlcal depth of the
disc can be estimated with the help of 7*:

1/2 —1/4 1/2
« 20, T #0.ff Pc » 1 (t+1o Tout
T = ——777— Xo=15%x10" ¢ —_—
( TC7/2 > ’ - ( 10¢ R )

WA 10 (YT e (B0 v
Fout F 0.5 ' 1022 I, IT; ’

where the units of s ¢ are [cm2K7/ 2 / gz].

Absorption-dominated Opacity Regime (5¢; >> sor)

This regime is established at lower temperatures and densities. In a similar fash-
ion, we obtain:

_3/4 220 e\ 1/10
D [em®/&3/10/516/5] = 2.41 % 10% 6/ my (0“—5) ;! (l(g’—zgf) , (1.188)



1 The standard model of disc accretion 81

5/4 /0L (= -3/10
fo [days] = 36.41 o ~*/° (2’“‘) (M) my*x (1.189)
©

()" e ()

The value » g [cm? K’/2 / gz] can be taken from (1.97) or (1.96).

~7/3 13/6 —11/10
5o [g/em?] = 9.9 x 10> a3/ )/ <t1+0§o> (r"“t) <r> 10

Ro Fout
(1.190)
N2 o\ T3 03
><(0.5) (1022) R

-1 1/2 ~9/10
. 4 1 12 (t+1o Tout r 3/10 (B
T.[K] =3.1x10* o~ m! <1od 0 - 3 (O.S)H_%

(1.191)
-1/2 3/4 1/20
o _ —1/2,,-1/4 (£ Tout R 3/20 1/2
p 0.05 myx ( 109 R@ o fF (H1H3) .
(1.192)

The dimensionless coefficients Iy, I1; 4 were introduced in Sect. 1.5.2, when we
considered the vertical structure of the o-disc. Their values can be found in Table 1.2
and Fig. 1.8. We recall that the surface density X, is calculated between the bottom
and the top surface of the disc. The full optical depth (for which (1.112) applies in
the stationary case) is equal to:

-1/2 1/6 (t+1o 2B o)
T=sqspcTe 2y =24 x 10> a3 my (10d> <I§“> X (1.193)
®©

1/3
(T s (i)”z(%ﬂ)‘“ m
Fout F\o.s 1022 '’ m '

Luminosity Dependence in an a-Disc with a Constant Outer Radius

In order to calculate the bolometric luminosity of the disc, we assume a quasi-
stationary accretion rate M (t) = M(0,¢) (1.175), since the main part of the energy is
released at distances from the centre r < roy. The quasi-stationarity is provided by
the fact that the characteristic time scale for evolution (viscous time scale) at small
radii is much smaller than that at large radii. Figure 1.19 illustrates this behaviour
by the fact that the function f(r) becomes approximately constant close to the disc
centre.

Substituting 7 into (1.177), we obtain for the luminosity L = Nyeer M (¢) ¢2, where
Nacer 18 the efficiency of accretion:



82 Galina Lipunova, Konstantin Malanchev, and Nikolay Shakura

-5/2 72
_ +1 Tout n
Lr(1) [erg/s| = 8.1 x 103 a2 m)/? (t> < > LY (1.194)
1(t) lerg/s| 10d Ro (o.1>

<(55) s

if Thomson scattering dominates in the outer parts of the disc, and

~10/3 25/6
_ s/6 (t+1o Tou
Ler(7) [ergls] = 6.7 x 103 o=3/3 )/ (10d> (I;ot) (%) x (1.195)

B\S/2 g\ 13 103

x (0.5) (1022) EON
if Kramer’s opacity dominates. The quantities 7y differ between expressions (1.194)
and (1.195) and are determined using formulae (1.184) and (1.189), respectively.

Note that the quantities #(T) and #o(ff) in the two regimes are not independent
of each other. In a physically consistent model with a transition between the opacity
regimes, it is necessary to find an intersection between the two solutions. This may
be done by equating the torques F' and the surface densities Xy in the two regimes
at radius r = 0.5ryy. These two conditions specify the intersection time itself and
the difference between times #y in the two regimes. The value of 7y in one of the
regimes is a free parameter, and can be chosen so that = O corresponds to a certain
accretion rate.

Figure 1.20 shows the bolometric lightcurves for the parameters o = 0.3, my =
3 and s = 6.45 x 102 cm3K"/?/g? and »; = 0.4cm?/g in the two opacity
regimes. Typical values for I 5 3 4 are used. The normalised time in the absorption
regime (1.189) 7y(ff) ~ 107 days is obtained from the condition that the accretion
rate is M = 10'8 g/s at t = 0. Equality between F and X in the two different regimes
occurs at radius r/roye = 0.5 when

1 +to(ff) = tir =~ 48%(my /3)*/° (@ /0.3) ™43 (11/0.5)*/3 (rou/Re)* .

The normalised time in the scattering regime can be uniquely determined: 7y(T) =~
90 days. The intersection of the lightcurves at time 7 = #,, — to(ff) ~ —59¢ is marked
with a cross in Fig. 1.20. We can see that there is a smooth transition between
the solutions in the two regimes at this time. There is another intersection of the
lightcurves at t ~ —39, which represent a second point where the two functions
Fr(&,t+10(T)) = F(&,1 +1p(ff)) take on equal values. This intersection exists only
in a mathematical sense. The physical conditions in the disc at this moment are such
that absorption dominates the opacity, and the values of the physical parameters in
the disc, calculated according to (1.183)—(1.193), differ.

Let us not forget that we are working within the framework of the model
for a geometrically thin disc with sub-critical accretion. Therefore, the solution
considered is applicable only for luminosity below the Eddington value Lggqq ~
1.4 x 1038 m, erg/s. Figure 1.20 shows that the evolution of the disc with L < Lgqq
proceeds almost entirely in the absorption-dominated opacity regime.
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Fig. 1.20 Bolometric disc luminosity Lt and Lg for the parameters my =3, a = 0.3, u = 0.5,
rout = Re. The dashed line shows the scattering dominated opacity regime and the solid line shows
the absorption dominated regime. The transition from the solution in the scattering regime to the
solution in the absorption regime is marked with a cross. The second intersection of the curves is
marked with a bar.
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Fig. 1.21 Luminosity of the disc observed from a distance of 1 kpc, for parameters my =3, & =
0.3, 4 =0.5, and 7oyt = Re. The bolometric lightcurve (top) is shown together with the lightcurves
in two X-ray bands, 1-20 keV and 3-6 keV.

When the temperature in the equatorial disc plane T; drops at large radii down to
a value of ~ 3 x 10* K, the opacity increases strongly due to the onset of recombi-
nation in the plasma. The coefficient D significantly changes, and the given solution
is no longer applicable. As the mechanism of heat transfer to the surface changes,
the vertical structure of the disc readjusts on the characteristic thermal time scale,
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Fig. 1.22 Modelling of outbursts in X-ray novae A 06020-00 (1975) and GU Mus 1124-68 (1991)
from Suleimanov et al (2008). The parameters of the models are shown in the figure. In addition
to the notations introduced in the text, we have the following parameters: the dimensionless Kerr
parameter a of the black hole, the factor 1 of conversion of X-rays into optical emission, and the
height of the scattering atmosphere z(r).

and conditions arise for the onset of convection. This happens at ¢ ~ 80¢ for the disc
parameters my = 3 and o = 0.3 (Fig. 1.20).

Figure 1.21 shows the bolometric lightcurve together with the lightcurves in two
X-ray bands from a disc perpendicular to the line of sight at a distance of 1 kpc.
The vertical line shows the moment in time after which the bolometric luminosity
of the disc becomes lower than Lgqq. The shape of the lightcurves describes well the
exponential decay of the luminosity observed in outbursts of X-ray novae.

Suleimanov et al (2008) modelled two outbursts of X-ray novae and compared
them with observed lightcurves in the X-ray and optical bands. The model included
the illumination of the outer parts of the disc by the X-ray flux and its conversion
to optical emission. The model also included the effect of distortion of the photon
trajectories in the Kerr metric around the black hole (see Fig. 1.23) as well as the
presence of an extended disc atmosphere, capable of scattering the X-ray emission
at altitudes higher than the hydrodynamic thickness of the disc. As a result, limits
on the parameters of discs and binary systems were found. If we know dynamical
parameters of binaries from observations (their periods and companion masses), we
may find an interval of possible values for the turbulence parameter . Figure 1.22
shows an example of the modelled lighturves together with the corresponding pa-
rameters of the model.
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Fig. 1.23 Angular distribution ¥(0) of the intensity from a standard accretion disc around a Kerr
black hole, integrated over 1.5-6 keV (from Suleimanov et al (2008)). The angle 0 is the angle
between the normal to the disc plane and the line of sight. Ti,« is the maximum effective temper-
ature of the disc. The values of the dimensionless Kerr parameter a are indicated for the curves.
The dotted line shows the angular distribution for a thin disc in the Newtonian approximation:
¥(6) = 2 cos(6). The observed flux can be found as F = L¥(8)/(4rnd)?, where L is the bolo-
metric luminosity, d is the distance to the disc. The function ¥(0) is calculated using the code of
Speith et al (1995). The effects of limb-darkening are ignored here but are illustrated in Figure 9
in Suleimanov et al (2007).

1.7 Numerical Modelling of Non-stationary Disc Accretion

A numerical scheme, which is described in this section, is implemented in the
FREDDI® code. FREDDI is intended for modelling the lightcurves of X-ray novae

Shttp://xray.sai.msu.ru/-malanchev/freddi/
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with fast rise and exponential decay (Lipunova and Malanchev 2017). With the help
of FREDDT it is possible to describe the time-dependence of the accretion rate onto
the black hole M(¢) and to obtain lightcurves in various energy bands.

1.7.1 Solution to the Equations of Viscous Evolution

Let us examine the equation of viscous evolution of an accretion disc (1.123)
obtained earlier in this chapter:

ISolt) 1 (GMP ({ah]fmh)) (1.196)

ot Am kI \ [ dh dhy
where ¢ is the time, h(r) = w(r)r is the specific angular momentum in the disc,
hx = +/GMr is the Keplerian angular momentum, and Xy (%, ) is the surface density
of the disc and F (h,t) the viscous torque, acting on a layer of the disc.

We will consider the case of Keplerian rotation, when sy = h. Rotation in a rel-
ativistic potential will complicate the computations and place restrictions on the
choice of nodes for the radial coordinate h. For a Schwarzschild potential, in the
innermost regions of the disc, each following node must be located not further than
twice as far from the centre as the previous one.

For a full set-up of the problem of viscous disc evolution, we need to give initial
and boundary conditions. In the case of accretion onto a black hole, the boundary
condition at the inner disc radius A;,, corresponding to the innermost stable orbit
(3.22), is given as the viscous torque F being equal to zero. If the accretion disc is
limited by the magnetosphere of a neutron star or a young star, the inner boundary
condition on the value of F is set by the conditions at the magnetospheric boundary.
Thus, for a number of cases the inner boundary condition of the problem is a first
(Dirichlet) type condition.

The type of outer boundary condition also depends on the astrophysical situation.
In a binary system we may assume that angular momentum is removed only by tidal
forces from the outer edge of the disc, corresponding to /. Then, together with the
assumption that matter flows into the accretion disc only through its outer boundary,
we obtain a boundary condition of the second (Neumann) type: 0F /dh = Mqy(t). In
the more general case, if we take into account the radial distribution of tidal forces,
removal of angular momentum from the disc surface through disc winds, capture
of matter at a wide range of radii in the disc, etc., it becomes necessary to include
additional terms in the original equation (1.196). If we consider the evolution of
an infinite disc, for example a protoplanetary disc or a disc around a supermassive
black hole in an active galactic nucleus, then from a mathematical point of view,
a boundary condition at infinity is equivalent to the value and the derivative of the
torque being equal to zero. However, from the point of view of numerical modelling,
we cannot operate with infinite quantities of the specific angular momentum /. We
may solve this problem in two ways. Firstly, we may limit the region of study to
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some value /gy, to which, during the studied time-interval, no significant amount of
matter will be able to reach, and there establish a boundary condition of the torque F’
being equal to zero. Secondly, we may replace the radial coordinate & with another
coordinate, so that the infinite value % equals a finite value of the new coordinate,
for example: 1/h, 1 — e~ " or arcctgh. A change of the radial coordinate, however,
complicates the original equation, and, as a consequence, place restrictions on the
steps between the nodes for the new radial coordinate.

The equation (1.196) is written with respect to two unknown but related func-
tions: Xo(h,t) and F(h,t). One of these quantities can be obtained for any value of
the specific angular momentum 4, and for any moment in time ¢, if the other quan-
tity is known. Earlier in this chapter we studied the cases of linear and power-law
relationships between Xy(h) and F(h), for which analytical solutions to the equa-
tion (1.196) are possible. However, in the general case, the problem (1.196) has to
be solved numerically. The problem is more convenient to solve with respect to the
function F(h,t), since the boundary conditions are set relative to this function. As
we show below, using F (h,t) as the unknown function is more convenient if we find
the relationship between X and Fnumerically from the equations of vertical struc-
ture. Thus we will express the surface density as a function of the radial coordinate
and the torque: Xo(F (h,t), h).

Note that the problem at hand is a specific case of the non-linear diffusion equa-
tion. Most often in physics, diffusion equations in which the non-linear diffusion
coefficient is contained in the spatial derivative, are studied. As mentioned above,
however, in our case it is more convenient to consider the problem with regard to
the function F(h,t). Then, the non-linear function Xy(F (h,t), h) stands in the left
part of equation (1.196). Below we will present a method of solving the equation,
in which the non-linearity is included in the time-derivative. This method has a lot
in common with the method studied in detail in the classical books on numerical
methods, e.g., Press et al (2002), used in the solution to diffusion equations with the
non-linearity in the right part of the equation.

Let us consider the problem of evolution of an accretion disc in a binary system
in the Newtonian potential, assuming that the removal of angular momentum is due
to tidal forces from the outer edge of the disc only:

0Xo(F(h,t),h) 1 (GM)?* 3*F(h,t)
ot “4r 3 oz
F(hinvt) = En(t)7
oF .
A out (1), (1.197)
F(h,0) = Fo(h),
he [hinvhout},
t € [0, tfin],

where Fy(h) is the initial condition satisfying the boundary conditions and 7, is the
time interval for which the calculation is performed.
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To construct a finite difference scheme we introduce an arbitrary collection of
nodes h,,:

hh<h<---<h,<---<hy_q </’1N,
Ahy = hy — hy_1, (1.198)
n=1...N,

where i1 and hy correspond to the values of the specific Keplerian angular momen-
tum at the inner and outer radius, respectively. We will consider a solution to the
equation at the time-interval between 7y, with already known values of the desired
function, and ¢y + At, for which we need to determine these values.

We substitute the two functions with their corresponding grid functions and in-
troduce the following designations:

F (hy,to) = F,, F(hy,to+At) = F,

Zo(F (huyt0) s hn) = Zuy  Zo(F (hnsto+At)  hy) = £y, (1.199)
Fin(tO) = Fim En(t0+At) = Ifim '

Mo (1) = Fly, Mow(t+ At) = Fl.

Let us start constructing the finite difference scheme. To begin with, we write
down the difference equations for the boundary conditions. The inner boundary con-
dition of the first kind is written in exact form as:

F = Fy. (1.200)

To write down the outer boundary condition of the second kind, we expand Fy_{
in Taylor series around the point A:

- - oF
FN_1 = FN —AhN %

AR, 9°F
TNW +o(ARY). (1.201)

hn

hn

Note that in all the expressions considered here and below for the derivatives
with respect to i, we use the value of the torque at time #y + A¢. Thus constructed
numerical scheme is called implicit. It is numerically stable. As opposed to an ex-
plicit scheme, in which the derivatives with respect to £ would be written using the
known value F, at time 7o, an implicit scheme guarantees that the errors introduced
in this step will not grow in the next steps.

Without going into details, we note that, in addition to the explicit and implicit
methods, there is also a mixed (Crank—Nicolson) method in which the values for
the function at 7y and ¢y + At are both used to calculate the derivative with respect
to the spatial coordinate. In some cases, the Crank—Nicolson method gives a higher
accuracy of the solution. The node stencils used in the various methods are shown
in Fig. 1.24.

Discarding the last term in (1.201), we obtain a simple expression for the numer-
ical value of the first derivative of F with respect to s, with accuracy up to the first
order of the expansion interval Ahy:
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Fig. 1.24 Node stencils that are used for the n-th equation in the system (1.209) in different
schemes. We use the implicit method stencil.
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o _ Fy —Fy-
oh

. To(ah). (1.202)

h N

If we, however, in (1.201), substitute the value of the second derivative of F with
respect to h, expressed from the original equation (1.197), we may increase the
accuracy to the second order of Ahy:

oF
I

BBy 27hy 9 Xo(hy)

YONN) 2
o e TICRrT +o(ARY), (1.203)

hn

where the expression for the derivative Xy with respect to # by analogy with (1.202)

takes the form: B
820(/1]\/) _ EN — ZN

ot At
In this way we obtain a final expression for the outer boundary condition:

+o(A1). (1.204)

FN—FNfl Ahjzv 277.7/’1?\/ ~ 2 ~/
IN—ZX Ah At) = F. 1.205
T A G B B FolAR) oA = R (120)

Now that we have equations for the values of the function at both ends of the
interval h, we obtain the difference form of the differential equation itself from
(1.197). Let us write down the Taylor expansion for F,_1 and F,,, around the point
hy,:

~ ~ 8F Ah2 821

F,1=F —Ah, — + o + A/’l2

el " " oh . 2 oh? Iy o(Ahy), |

Fooi=Fy+Ahyyy — h'zl ! —2 +0(Ah2 ) 1
| = 1 1)

n+ n n Y, " ) 2 N n+

wheren=2...N—1.

For convenience we introduce the notation Ak = max (h,), where n = 2...N.
Then, we may change o(Ah,) to o(Ah) everywhere.

The second derivative of F' with respect to 2 may be expressed from (1.206):
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~ Ahy iy 7~ £ Ahy
92F :2Fn71m*Fn+Fn+lm+o(Ah2) (1.207)
h2 N AhyAhy, . .

Note that when using a homogeneous grid with respect to A, that is for Ah, =
Ahy,1 = Ah, the last expression takes a simpler form:

d%*F Fn—l — 2Fn +Fn+1
— = . 1.208
oh? . Ah? ( )

Substituting the values of the derivatives (1.204) and (1.207) into the differential
equation from (1.197) and replacing the boundary conditions in (1.197) by their
difference analogues (1.200) and (1.205), we obtain a finite difference scheme for
the problem:

~ ~ Ahn o L Ahy,

47rh;”v Yn—Ly F"—14Ah,,+A+hl,,+1 _F”+F"+1Ahn+Ahn+1

(GM)? At AhyAhy i ’

Fi = Fin, o (1.209)

FN—FN71 AhN 27'EhN ~ ~/
Sv—Xy)=F

Ah At (GM)Z( = EN) = Fou
n=2...N—1.

Note that the level of accuracy in the obtained system is o(Ah?) + o(At).

As aresult, we have reduced the solution of the differential equations with bound-
ary conditions (1.197) to a subsequent solution of the system of N algebraic equa-
tions (1.209) at each time-step between t = 0 and ¢ = tg5,. This system is not linear,
since X, and F, are related by the non-linear expression X, = Xo(F,,h,). One way
to solve this system is to use the iterative root-finding algorithm for the value £,.
For this, some approximation to the value E’SI) must first be chosen (the simplest
variant is the value at the present time step X,), and the system of linear algebraic
equations is solved to find the intermediate value of 2,52) = 20(17“,1(1> ,hy) and then the
system of linear algebraic equations is solved again. This simple iterative algorithm
can be improved at the expense of extra memory usage; see Anderson (1965) for
details.

One may think of a number of criteria to stop the integration. We will use one of
them — the condition of small changes in the value for 2,5“') between two sequential
iterations. We formalise this criterion:

~r(ls+l) + 2"’5?)

max

<e, (1.210)
n=2..N

2}5&+1)

where the top index in brackets refers to the number of performed iterations and €
is the dimensionless accuracy in the search for the value of X,.
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Note that in each iteration, the solution to the system of linear algebraic equations
may be found by the tridiagonal matrix algorithm. The details of this algorithm can
be found in textbooks on numerical methods, for example Press et al (2002).

The described scheme (1.209) is implemented in the FREDDI’ code. FREDDT is
intended for modelling the lightcurves of X-ray novae with fast rise and exponential
decay (Lipunova and Malanchev 2017). As initial conditions, we may choose either
a quasi-stationary distribution (see Sect. 1.6.7), describing the radial structure of the
disc after the peak in luminosity of the source, or the distribution corresponding to
a dense torus far away from the central black hole.

1.7.2 Solving the Equations of Vertical Structure

In Sect. 1.5.2 we derived the equations for the vertical structure (1.93):
1dP_ _ 2
dx
dz
do
diz = 5 W Wre,
c d(aT?
e dam)
mrp  dz

=p,

To solve these equations, we have to choose suitable boundary conditions. If we
consider the surface density at a given radius as known, we have only three boundary
conditions: £(z=0) =0, X(z=z20) = Xo/2, and Q(z = z9) = 0. On the other hand,
if we consider the torque at a given radius as known, we may find the necessary
number of boundary conditions to solve the system (1.211).

By analogy with the arguments in Sect. 1.5.2, we obtain the boundary condition
for the pressure at the photosphere:

_Zw,%zo
3 MR ’

P(z=2) (1.211)

If we assume that energy is released only in layers below the photosphere, the
flux at the photosphere is determined by equation (1.73):

3 Fax
=70)=-———. 1.212
Qz=20)=4-— (1.212)
Due to symmetry, the flux is equal to zero in the plane of the disc:
Q0(z=0)=0. (1.213)

Thttp://xray.sai.msu.ru/-malanchev/freddi/
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We consider the emitted spectrum to be that of a blackbody, so we may take the
temperature in the photosphere to be equal to the effective temperature:

Q(Z=Z0)>1/4.

(1.214)
Osp

T(z=2z) = <

The boundary condition X = 0 may be set at the surface of the disc as well as
in its symmetric plane. It turns out that in the symmetry plane there are only two
boundary conditions, on the flux Q (1.186) and on the surface density. However,
if we set X equal to zero at the disc surface and integrate the system towards the
central plane, we can find the boundary values of all four unknown functions: the
pressure P (1.211), the surface density X, the flux Q (1.213), and the temperature
T (1.214). Thus, in what follows, we shall consider integration along the direction
from the disc surface towards its symmetry plane.

While all four boundary conditions at the photosphere are known, we still do not
know the disc half-thickness zo. For convenience in integrating the system (1.211)
from the photosphere to the symmetry plane, we rewrite it with aspect to the alter-
native vertical parameter Z = 79 — z:

1 dP 5
140 0—2), 1.215
ERE o (20— 2) ( )
dx
Q 3
&= 3 e (1.217)
¢ d(aT*)
mp & 0, (1.218)
A gwﬁzo
P(z=0) = 3 om (1.219)
2(=0)=0, (1.220)
s_o) = S Fox
02=0)= ¢~ (1.221)
Q(2=12) =0, (1.222)
s 1/4
T(2=0) = (Q(Z_O)> , (1.223)
Osp

where £(2) = Xy/2 — X () is calculated in the direction from the disc surface.

This system consists of four equations, five boundary conditions and one un-
known — zp. We need to choose a value of zy such that when integrating the system
(1.223) from 2 = 0 to £ = zp, the boundary condition Q(% = zp) = 0 is fulfilled. As
an initial approximation, we can use values obtained analytically (see Sect. 1.5.3),
and then search for zp using any method of root-finding.
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Irradiation of the Accretion Disc

In X-ray binaries the outer parts of the disc with photospheric temperature of the
order of 10* K may be irradiated by photons from the inner parts of the disc, direct
or scattered in the corona, with temperatures of the order of 107 K. The surface
of a neutron star may serve as an additional source of hard photons. The surface
of protoplanetary discs, with temperatures of the order of 10 K, is irradiated by ultra
violet radiation from a newly formed star.

Let us consider the case with irradiation by hard radiation incident on the disc
surface at an angle arccos {. If the disc is illuminated by a point source located in
its centre, and if the disc itself can be considered as thin, we may use the relation

C—%—Z—O. (1.224)

T odr r

Then the illuminating flux incident on the disc surface at radius r equals Ly / (477?).
If the source of the hard radiation is the disc itself, then the radiation pattern is not
isotropic. Assuming that the central source is point-like, the flux may be written as
CLy/(47r?) x ¥P(O). The function ¥(8) is shown in Fig 1.23, and 8 is the angle
measured from the vertical axis.

A detailed calculation of the effect of irradiation on the vertical structure of the
disc is rather complicated, and was presented, e.g., in the work by Mescheryakov
et al (2011b). In a first approximation, we may limit ourselves to changing the
boundary condition on the flux originating from the surface of the disc:

re L
T8 2 Amr?

Q(2=0)

w(0).

In order to explain the observed optical lightcurves from X-ray novae, the effec-
tive thickness of the disc for radiation interception in formula (1.224) needs to be
twice as large as zp (Suleimanov et al 2008). It is assumed in their calculations that
the lower layers of the disc atmosphere above the photosphere are opaque to soft X-
rays from the central parts of the disc. Furthermore, it was shown by Mescheryakov
et al (2011a), from modelling lightcurves of the illuminated stellar companion in the
burster GS 1826-238, a low-mass X-ray binary with a neutron star, that the effective
thickness of the disc for interception of X-rays is approximately twice as large as zo.

1.7.3 Example Numerical Modelling of a FRED Lightcurve of an
X-ray Nova

Let us now turn to the numerical modelling of an outburst of X-ray nova A 0620—
00. The following parameters of the binary system are used: mass of the compact
object (a black hole) 6.6 M., mass of the optical companion 0.5 M, orbital period
0.323 days, inclination of the orbital plane to the line of sight 53.5°, and distance to
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the system 1.1 kpc. These parameters are observational results from analyses of the
lightcurves of the system in quiescence (Cantrell et al 2010; Gou et al 2010).

In Figs. 1.25 and 1.26, lightcurves of the source after the peak of the outburst in
1975 in soft X-rays and in the B-band are shown. The lightcurve of this outburst is an
example of a FRED-type lightcurve®, in which a fast rise in luminosity is followed
by a quasi-exponential decay.

An interesting feature in most FRED-type lightcurves is the existence of a sec-
ondary peak. The nature of this secondary peak is currently not understood.

To reproduce the secondary peak, it has been suggested that a significant amount
of matter was supplied to the disc by the donor star on the 43rd day after the peak.
Within the framework of this model, this matter instantaneously increases the sur-
face density of the disc in its outer parts, which leads to a jump in optical luminosity
(Fig. 1.25).

Observations
Model

B magnitude

14 1 1 1 1 1
0 20 40 60 80 100 120

Time after peak, days

Fig. 1.25 Lightcurve of the X-ray nova A 0620-00 in the photometric B-band. Data from Duer-
beck and Walter (1976); Lloyd et al (1977) are shown with filled circles. The solid line shows our
modelling of the lightcurve.

Due to the increase in surface density in the outer regions of the disc, a gradual
increase of the accretion rate takes place in the central regions of the disc. This leads
to an increase in temperature and thereby X-ray luminosity of the disc. In this way,
a local maximum shows up in the lightcurve (Fig. 1.26).

The maximal accretion rate Max ~ 0.2 Mg4q4, and the a-parameter, =~ 0.3, are
determined from the part of the X-ray lightcurve before the secondary peak. From
the part of the optical lightcurve before the secondary peak, we estimate the ef-
fective thickness of the disc for X-ray radiation interception, which turns out to be
~ 2z9 (Malanchev and Shakura 2015).

8 Fast-rise exponential-decay
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Fig. 1.26 Lightcurve of the X-ray nova A 0620-00 at 3—6 keV. The vertical bars show data with
errors from Ariel 5 Kaluzienski et al (1977), and the solid line shows the model lightcurve.

To model the lightcurve of an X-ray nova, one has to keep in mind that in general
the disc is not physically uniform, but has a hot inner part with ionized matter (zones
A, B and C; see Sect. 1.5) and a colder outer part with lower accretion rate. When the
disc cools down to temperatures at which hydrogen recombines, the a—parameter
decreases by approximately an order of magnitude (Smak 1984). In a first approxi-
mation, we may assume that accretion in the cold outer parts ceases. The boundary
between the hot and cold parts gradually moves towards the centre following the
hydrogen recombination front.

The open code FREDDI is provided by the authors to model FRED-type light-
curves of X-ray novae. This code calculates the disc evolution for a fully ionized
disc, as well as for a disc with a cold front propagating inwards. Using this code, the
outburst of the X-ray nova 4U 1543-47 in 2002, hosting a black hole, was modelled
by Lipunova and Malanchev (2017).

Using FREDDT, estimates of & can be derived, which are more accurate than
(1.149):

25/16 _s/4 . ~3/8
Rhot Texp Max 5/16
~0.21 (—) Mmax , 1.225
* ( > 304 <10‘8g/8> " (122

for the Kramers opacity, and

R 12/7 Texp =9/ Mmax =3 2/7
~ 0.2 — —_— v 1.22
=~ 0.20 (R@ ) (30d) 1018g/s " (1:226)

for the OPAL approximation (Lipunova and Malanchev 2017). Here, Ry is the
radius of the hot zone of the disc at the peak of an outburst. Power indexes in the
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above expressions are obtained when substituting the thickness of the disk in (1.149)
by its analytic expression from (1.104) or (1.110). The numerical factors in the
expressions for & are found by fitting FREDDI results; their accuracy is around 5%.
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Chapter 2

The Properties of Spherical Geodesics in the
Kerr Metric

Nikolay Shakura

Abstract This small methodological chapter is devoted to considering the motion
of particles along spherical geodesical trajectories around rotating black holes. The
motion along these trajectories can occur in accretion discs near equatorial planes
of rotating black holes. The study of this motion is necessary for understanding the
inner structure of the disc. Moreover, this chapter uses a special approach to find out
how the values that are measured in a local Lorentz frame of observers falling freely
in an axially symmetric gravitational field are related to each other. This approach
allows us to better understand the basic principles of measuring physical values in
general relativity. These basic principles, which are systematically presented in the
next chapter, are required for a more comprehensive understanding the structure of
relativistic accretion discs.

In the Kerr metric, a squared interval may be expressed in the Boyer-Lindquist
coordinates as follows (see, for example, Misner et al (1977)):

ds? — — (1 _ %) dr? — s gy g 2241 1 p2do? +
(rz N 22/37229) sin2 0d¢?, @.1)
where
pr=r+d*cos’0, A=r"—2r+d*, —-1<a<l. 2.2)

In these coordinates, GM / c® =1 and ¢ = 1, that is, the distances are measured in
units of half a Schwarzschild radius of the black hole (BH), and the unit time is
the time it takes for light signals to travel along a given unit distance. The Kerr
metric describes the structure of spacetime around a rotating BH with mass M and

Nikolay Shakura

Sternberg Astronomical Institute, Lomonosov Moscow State University, Universitetsky pr. 13,
Moscow, 119234, Russia; Kazan Federal University, 18 Kremlevskaya, Kazan, 420008, Russia,
e-mail: nikolai.shakura@gmail.com

103



104 Nikolay Shakura

specific dimensionless angular momentum a = Jc/(GM?). There exist four integrals
of motion in this metric: a) the energy of a test particle E = —py; b) the projection
of angular momentum of the particle onto the BH rotation axis L;; c) the rest mass
of the particle m; and d) the so-called Carter integral of motion

2
Lz

2 2 2/ 2 2
=ps+cos 0 |a“(m“—E°)+ ,
0="rs ( ) sin” @

(2.3)
which is related to the square of the total angular momentum of the particle.

The motion of test particles in the Kerr metric reduces to solving the following
system of ordinary differential equations of the first order (Carter 1968):

2dr _
i = ++/R(r) 2.4)
240 _
PP =% 0(0) (2.5)
2@ _ _ Lz iP
P - (aE sinze) + A (2.6)

dt 2+ a?)P
pzﬁ =—a (aEsin2 0 —LZ) + % ,
where differentiation is performed with respect to the affine parameter A related to
the proper time of the particle T = mA, and

2.7)

R(r)=P*—A[m*r*+(L,—aE)*+ Q] , (2.8)
LZ
0(0) =Q—cos*0 |a*(m* —E*) + ——| , (2.9)
sin” 0
P=E(r*+ad*) —L.a. (2.10)

The general solution to the system of equations (2.4)- (2.7)) may be expressed
through elliptical integrals (Bardeen et al 1972). In spite of the apparent complexity
of the right-hand parts of these equations, the motion of particles in the Kerr metric
turns out fairly simple from a qualitative point of view. Indeed, let a particle of mass
m move with a constant velocity along a straight line in empty space with respect to
a spherical system of coordinates. Equating M = a = 0 in the system (2.4)— (2.10),

we obtain
dr \/ L2+Q
& B2 = 2.11
dA " rz @11
rzﬁ*:t O+12— 17 (2.12)
dr ° sinfe’ '

dA  sin?0’

(2.13)
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dt
— =E. 2.14
71 (2.14)
2
It can be seen that the “effective repulsive potential” LZEQ arises in this system of

coordinates, where Lg + Q has the meaning of the total angular momentum relative
to the origin of the coordinate system. The rate of change of the radial component
dr/dA becomes zero at the minimal travelling path r,, = /(L2 + Q) /(E? —m?).In
the general case, the equatorial plane of the coordinate system is oriented arbitrarily
with respect to the plane passing through the velocity vector and the origin. The
joint solution to Egs. (2.12)— (2.13) makes it possible to find the trajectory trace in
the angular coordinates 0, ¢. Note that if these planes are oriented orthogonally, the
angular velocity of the particle d0/dA changes the sign at the moment the particle
passes through the poles 8, = 0,7 of the coordinate system. Naturally, the actual
velocity of the particle does not change at all. Equation (2.14) illustrates the well-
known relativistic effect of time dilation in a moving coordinate system.

Further, let us place a mass with a spherically symmetric gravitational field (for
example, a Schwarzschild BH) in the origin of the coordinate system. A comparison
of (2.5) and (2.6) to (2.12) and (2.13) shows that if M # 0 and a = 0, the right-hand
parts of the equations for the angular variables 6 and ¢ remain the same as for the
free particle, implying that the general solution 6(¢) remains the same for a spher-
ically symmetric mass. This, in particular, means that the particle always remains
in the same plane when moving in a spherically symmetric gravitational field. The
presence of the gravitating mass in the origin effectively changes the motion along
the r coordinate (giving rise to gravitationally bound orbits with energy E < m). In
addition, the time dilation effect becomes more appreciable in a gravitational field.

When examining a Kerr black hole (a # 0), it is necessary to consider a qualita-
tively new effect related to the particle’s being dragged additionally along the ¢ co-
ordinate (the Lense-Thirring effect) due to the vortical component of the stationary
gravitational field of the rotating BH. The part of the field due to gravitational poten-
tial !, although remaining axially symmetric, loses its spherical symmetry, providing
the rotating BH with an effective quadrupole moment proportional to Ma?, which
complicates quantitatively the form of the right-hand parts of Egs. (2.4)— (2.7).

In many astrophysical applications (especially, accretion discs around rotating
BHs; see, for example, Bardeen and Petterson (1975) and the following chapters),
the so-called spherical orbits with » = const are of special interest.

In order for particles to move along spherical orbits, the following conditions
should be fulfilled (Wilkins 1972):

R(r) = E*(r* +2a°r + a*?) —4EL.ar — L}(©* = 2r) — A(m*r* + Q) =0, (2.15)

OR
5 = E* (2P + @ +a*r) —2EL.a— (r— 1) (L2 + Q+m*r*) — Am*r = 0. (2.16)

! the part that is responsible for the gravitational acceleration of a reference observer; see Thorne
et al (1986) for details
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From these equations, the functions E(Q,r) and L,(Q,r) may be expressed in an
explicit form. However, according to Bardeen et al (1972), who was the first to
note this circumstance, it is more natural and convenient to perform calculations in
the reference frame of a fiducial observer (FIDO), who does not possess any angu-
lar momentum with respect to the BH, although rotating with the Lense-Thirring
frequency relative to an infinitely remote observer. Any test particle with zero pro-
jection of angular momentum onto the BH rotation axis (L, = 0), will have a zero
velocity component along the ¢ axis, when travelling past such a local inertial ob-
server (see further below).

In the general case, the squared interval in the stationary axially symmetric metric
is

ds* = —e¥di* + ¥V (d9 — wdt)? + & dr* + e+ d6> . (2.17)

Since the non-diagonal metric coefficient g;p = —@gyy is not equal to zero, it

turns out that a FIDO moves with the Lense-Thirring angular velocity:

o= (2.18)
860

The contravariant components of the metric tensor in Eq. (2.17) are:
gtt _ 76—2v7 gtq) —_ 7@6—2v’ gd)q) —_ e—2ly _ w26—2v’

grr _ 67217 g99 — 21 (2.19)

It thus follows that the general expression for the squared four-momentum p of a
particle with mass m

pap® =8 papg = —m’ (2.20)
can be written in the form
—m? = —e Vp?— Za)efzvpzm; +(e72¥ — wze’z")pfb + e’mp% + e’z“p(z, =
e_zv(PHra)pq,)ere_z"’p?, +e‘“p%+e‘2“p§. (2.21)

In the reference frame of a FIDO, spacetime is locally flat (pseudo-Euclidean) and
can be described by the Minkowski metric g5 = 1(q)(p) = diag(—1,1,1, 1)2. The
general formula for the four-momentum squared (2.20) is expressed using physi-
cal values that can be measured by a FIDO, namely, the particle’s energy p(") =
m/+/1—B% = my and three spatial components of the momentum p() = myB(
with i =r, 0, ¢ in the standard Lorentz-invariant manner:

(P2 + (P + (pO)2 4 (pl9))? = —m?, (2.22)

where the spatial velocity components are related through the expression B2 =
(B + (B + (B))2

2 More details on reference frames and the tetrad representation may be found in Sect. 3.2.
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In the general case, the energy E = —p; of a particle moving along some path in a
stationary axially symmetric metric (2.17) is conserved with respect to an infinitely
remote observer, and so is the particle’s angular momentum projected onto the sym-
metry axis of the BH, L, = py (Bardeen et al 1972). Equations (2.21) and (2.22)
may be used to find the relationship between the energy and the spatial components
of the particle’s momentum (locally measured by a FIDO) through these constants
and metric coefficients:

p=my=eV(E-aL), p¥=myp®=eVL,
p(r) — m’}/l}(” — e_ﬂ'ph p(e) = m’}/ﬁ(e) = e_upe (223)

(note that these quantities may also be directly calculated through the FIDO tetrad
components in the given metric; see the next chapter for details).

Let us now examine the particular case of spherical orbits, for which p(") = 0.
In this case, expressions for locally measurable velocity components can be derived
from Egs. (2.22) and (2.23):

eV (2.24)

)

p E—-owL,

V(1 4 2Vf2 1/2
BO) — |1 (te Vi , (2.25)
(E—oL)?
where E = E/mand L, = L, /m.
For further consideration, it is convenient to introduce the angular velocity of the
particle with respect to a remote observer:

o 09 ot I
Qo= _do/dr _p"_gpet8p L avaw g5
dt  difdt  p' g"pi+g%ps E—oL,
When substituting (2.26) into (2.24), we obtain
B =(Q—w)eV . (2.27)

As a matter of fact, we have derived the well-known property that the particle, which
rotates with an angular velocity 2 = ® due to the Lense-Thirring frame-dragging
effect with respect to a remote observer, does not rotate in the reference frame of a
local FIDO: B(¢) = 0.

The motion of particles along spherical orbits crossing the BH equatorial plane
is confined in latitude (except for the degenerate case of L, = 0), implying that there
exist angle coordinate values 6, and 7 — 6, (the turning points) above and below the
equatorial plane, respectively, where ﬁ(e) (6) = 0. This allows us to find the energy
for the spherical orbits using Eqgs. (2.24), (2.25) and (2.27):

e[l + 0" (Q* — 0*)e2V—Y)]
[1 _ (Q* _ w*)262(u/—v)]1/2

E = (2.28)
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and the angular momentum projected onto the BH rotation axis:

% ok ,20—V)
L= yp@y - (=0

[1 _ (_Q* _ w*)zez(wfv)]l/Z ’

(2.29)

where the angular velocities 2* and @*, along with the corresponding metric coef-
ficients, are to be calculated at the turning points 6, or & — 0,. At these points, the
angular velocity of the particle can be derived from the geodesic equation

A%t
TP =o0. (230)

In case of spherical orbits, the first term vanishes for the radial component of
Eq. (2.30). Furthermore, p(®)(6,) = 0 at the turning points, which yields
Ly di® + 2137, dtd + T ,d9? 0
dA? -

2.31)

where in view of the axial symmetry of the problem, the Christoffel symbols depend
only on partial derivatives of the metric tensor over the r coordinate:

* 1 aglt 1 * * 1 * * 1 *
I = 3 (8r oo = 758 Ly = 589, Lo = 2809, (2.32)

Taking into account the definition of the angular velocity Q2 = d¢/dt, we see that
Eq. (2.31) becomes an algebraic equation relative to £2; its two roots

2 * *
—8or /815, — 8o r8itr
Q=2 br 200r (2.33)

869,

correspond to the angular velocities at the turning points in direct spherical orbits
(coincident with the direction of BH rotation) and retrograde spherical orbits, re-
spectively. Using the explicit form of the Kerr metric (2.1), we find

* qx

Qi , = 2.34
127 §in 6, (£p2\/r+aq.sin6,)’ (2.34)

where ¢2 = r? — a*cos® 6, and p2 = r> + a*cos” 6,. Substituting (2.34) and the
values of the corresponding metric coefficients from the metric (2.1) into (2.28)
and (2.29) and cancelling out the common multiple p2+/r/(p2+/r + aq.sin6,) in
the numerators and denominators of (2.28) and (2.29), we finally obtain:

. 1-2%+%, [Lsing, .
= /2 :
[1 — 3r 4 244 \/;sin 0, + ’f—;rcosz 9*}

pF T p
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:t%\/;(rz +a*)sin @, — % sin? 6,

1g; a2 2
\/:s1n9*+p3rcos 0.

The direct substitution shows that (2.35) and (2.36) take the familiar form for cir-
cular equatorial orbits with 6, = /2 (Bardeen 1973), whereas for spherical polar
orbits with L, = 0 and 6, = 0, the expression (2.35) coincides with the result pro-
vided in Lightman et al (1975).

In the end, using (2.9) (taking into account that 40 /dA = 0, we have ©(0,) =0
at the points 6,) along with (2.35) and (2.36), we find the Carter integral:

L= 7 (2.36)

2a
lfl:t qx
{ p? = p?

0 =cos? 0,r x

. 2 2022 202 .
1 ¥%\ﬁsmg* _ A o2 g, 4 COPH0) o2 g
p? r p? p? 2.37)

1/2
| a? 2
\/;sm 0, + % cos* 0,

In disc accretion onto BHs, the angle 0, determines, at large distances, the ori-
entation of the disc plane relative to the BH equatorial plane. The structure of tilted
relativistic discs around rotating BHs is discussed in the next two chapters in detail.

1 — 3 4 29
{ p? — p?
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Chapter 3
Relativistic Standard Accretion Disc

Viacheslav Zhuravlev

In this chapter we present a model of a standard accretion disc around a rotat-
ing black hole taking general relativity effects into full account. This model was
first described in the paper by Novikov and Thorne (1973) and has since then been
used in many studies to obtain convincing evidence of the existence of black holes,
in both stellar binary systems and active galactic nuclei. It remains topical since a
full account of the general relativistic properties of the motion of matter in the disc,
and the generation of disc emission, allows the position of the inner disc radius and
hence the black hole spin to be inferred from observations. The observational ap-
pearance of relativistic disc was modelled for the first time in Cunningham (1975),
(for a comprehensive review, see Gierlinski et al (2001) and L-x et al (2005), ref-
erences therein and their citations list). In addition, the standard accretion disc is
the basis for more complicated theories of warped (twisted) accretion discs, which
are formed when the accreting matter moves outside the equatorial plane of a rotat-
ing black hole. A theory of warped (twisted) discs was presented in Zhuravlev and
Ivanov (2011) and is discussed in more detail in Chap. 4.

Everywhere below, natural units, G = ¢ = 1, are used. If the mass is measured
in units of the black hole mass, M, the unit of length is half the Schwarzschild
gravitational radius, Ry /2, such that R, /2 = GM/ ¢? = 1 and the unit of time is the
light crossing time for a unit length.

In addition, Latin indices i, j, k..., taking values from O to 3, are used to denote
components of vectors, with the zero component standing for the time coordinate.
Also, wherever needed the Einstein summation convention is used.

Viacheslav Zhuravlev
Sternberg Astronomical Institute, Lomonosov Moscow State University, Universitetsky pr. 13,
Moscow, 119234, Russia e-mail: zhuravlev@sai.msu.ru
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3.1 Space-time near Rotating Black Holes

3.1.1 The Kerr Metric

The properties of spacetime near a rotating black hole are described by an axially
symmetric and stationary metric of the form

ds? = (1= 28 ) dr> — S4R920 4y 1g — BLdR? — pd6? —
(R2+ a2+ 22R90 ) sin g2, 3.1)
where the signature (1,—1,—1,—1) is chosen and the following notations are used:
p>=R>+d*cos’0, A=R’—2R+d*, —1<a<l. (3.2)

The coordinates {t,¢,R,0} are called the Boyer-Lindquist coordinates'. Far
away from the gravitating body, the spatial part of these coordinates, in the limit
of a zero black hole spin parameter, a, transforms into the usual spherical coordi-
nates, where ¢ is the azimuthal angle. For a non-zero a, it transforms to generalized
spherical coordinates in which the surfaces of constant radial distance, R = const,
represent spheroids with the aspect ratio R/(R? +a?)'/2.

The space-time described by (3.1) is axially symmetric with respect to the line
0 = 0, called the black hole rotation axis. The plane corresponding to 6 = /2, is
called the black hole equatorial plane.

In (3.1) an important quantity appears:

0= zg—f, (3.3)
which has the dimension of frequency. This is the angular velocity that any freely
moving observer acquires in the direction of the black hole rotation.

As described in the literature on the structure of rotating black holes (see, e.g.,
Chandrasekhar (1992), paragraph 58), the metric (3.1) has several special hypersur-
faces, including the event horizon and the ergosphere. However, as we show below,
for the astrophysical problem under consideration, of most importance is the dy-
namics of free circular motion of particles in the equatorial plane of the gravitating
body. This motion has additional features in comparison to the corresponding New-
tonian problem. Note that in the next chapter we also discuss weakly elliptical orbits,
slightly inclined to the equatorial plane.

We consider a standard, and hence geometrically thin, accretion disc. In this
chapter we discuss the basic case of a flat disc. By definition, this is a stationary
flow of matter with mirror symmetry with respect to its midplane and axial sym-

! Unlike in the previous chapter, in this chapter the spherical radial coordinate in the Kerr metric
is denoted by R. The lowercase letter, r, is reserved for the cylindrical coordinates.
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metry with respect to the line perpendicular to this plane. Clearly, such a model
flow can be described by dynamical equations in an axially symmetric metric only
if the disc symmetry plane coincides with the equatorial plane of the black hole. To
tackle the problem, it is sufficient to know the form of the metric close to the plane
0 = m/2. Changing to cylindrical coordinates using the standard transformation

r=RsinO, z=RcosH,

all metric coefficients g in (3.1) can be expanded in power series of the small
ratio z/r < 1. For geometrically thin discs, corrections to g;; due to non-equatorial
motion up to (z/r)? are sufficient. Indeed, one of the basic equations describing the
disc, namely, the projection of the relativistic analogue of the Euler equation onto
the direction normal to the disc plane, must be odd with respect to the coordinate
reflection z — —z due to the mirror symmetry of the disc. This means that in its
expansion in (z/r) only odd powers of (z/r) must be present. According to the main
assumption of the smallness of (z/r), only the first term in this expansion should be
kept. This, in turn, corresponds to an expansion in series of g up to quadratic terms,
since only first derivatives of g;;, characterizing the ’strength’ of the gravitational
field, enter the dynamical equations.

Note, however, that hydrodynamic equations also contain a second covariant
derivative of the velocity field (see below), and hence the final expressions can in-
volve second derivatives of g;; with respect to z, which may seem to require that we
keep terms of the order of (z/r)? in g;. But this is not required, since, as follows
from the explicit form of the stress-energy tensor, such terms can appear only when
multiplied by some of the viscous coefficients, which in turn cannot be greater than
of the order of (z/r) being proportional to the characteristic mixing length in the
fluid. The latter is initially assumed to be less than the disc thickness.

As regards the other equations, namely (see below): the two projections of the
relativistic analogue of the Euler equation onto the disc plane, the energy balance
equation and the rest energy conservation law — the same symmetry considerations
imply that they are even under the coordinate reflection z — —z. Therefore, the
leading term is of the zeroth order in (z/r) in the metric expansion.

Using these expansions and expressions for the coordinate differentials

172 z
dR=(1—== |dr+-d
< 2r2) res

2
dQ:Zd’_<1_Z)dZ,

rr I"2 r

we find the metric in the following form (see also Riffert and Herold (1995)):
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2 2 24> 24° a2Z2 5 24°
ds2:{1—+g(1+)]dt [r—i—a—i— —(1+=+5 ) |do*+
r r- r I r r-

2a 7 24>
{2-(3+—r2>}¢ﬁd¢—

2 2 2 2

zZ |3 4 a 6 2a dr 2z (2 a
{1rzD[rrzrz<3r+rz)HD rD< rz)d’dz

2 4
Z 2 2a° a 2
|:1+FZD<I‘_I‘3+I‘4>:|dZ 5 (34)

2 2
p=1--4+%
r r

where the notation

is introduced. Below, we also use (with a few exceptions) the notations introduced
in the original paper by Novikov and Thorne (1973) for the relativistic correction
coefficients.

Finally, the inverse of the matrix g’ corresponding to a double-contravariant ten-
sor has the form:

8¢9 —819
—8tp — 8t

(811899 —g;2¢)71 X
= 3.5)
8z 8z
—8rz —8&rr

0 (grrgzz_g%z)_l

3.1.2 Circular Equatorial Geodesics

The expression for circular equatorial geodesics can be conveniently found from
the extremum condition for the distance along them. Here we follow the exposition
from Hobson et al (2006), (their paragraphs 13.10 and 13.13). Indeed, for time-like
trajectories the functional

dxdx
5= /Lds /glkd ds

should be minimal, which is equivalent to the Euler-Lagrange equations for L:

d (JL JdL

where Ug,' =dx'/ds = ¥ is the four-velocity in Boyer-Lindquist coordinates. As L
does not explicitly depend on ¢ and ¢, the following quantities are conserved:

gliUé = k7
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goilUy = —h,

where k and & have the meaning of the time and azimuthal covariant velocity com-
ponents, respectively.
In explicit form, using the components g from (3.4) at z = 0, we find:

r r

2
2a;_ (r2 +a*+ 2“) ¢ =—h. (3.8)
r r
We temporarily assume that the motion is not necessarily circular and Uy # 0.
Instead of the r-component of the Euler-Lagrange equations, it is more convenient
to use the condition of normalization of the four-velocity of particles with non-zero

mass:
'K —2¢"kh+ g1’ + ¢ (U,)* = 1. (3.9)

This yields the following equation for k and :

2 2
7 k“—1
EJrveff(r) - (3.10)
where we introduce the effective potential
1 W—a*(k®—1) (h—ak)?
Vers = - + 22 - (3.11)

The conditions for circular motion include, first, 7 = 0 and, second, ¥ = O (for the
particle to stay in a circular orbit). The latter condition is equivalent to the vanishing
of the derivative of V, s with respect to r:

a*(k*> —1)—h? N 3(h—ak)?

1+ —=0. (3.12)

r r

Equation (3.10) with 7/ = 0 and equation (3.12) allow us to determine k and / as
functions of r and then, using (3.7) and (3.8), to find Ugf and Ué? .

To solve the first problem, let us introduce the new variable 4 = h — ak and, to
facilitate manipulations, make the change u = 1/r. Then equation (3.10), with 7 =0
together with equation (3.12), yield the following equation for u:

W [(3u—1) —da*u® u* — 2u[(3u—1)(a*u—1) — 2ua®(u—1)]u* + (au—1)> = 0.
(3.13)
The solution of (3.13) for a stable circular prograde orbit has the form:

_ a/u—1
= T But 2a )12

(3.14)
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Using (3.14) and (3.10) taken at 7 = 0, we find the constants 4 and k, as well as
the components Uy:

U/ =c7'?B, U0 =)V U =UF=0, (3.15)
where 3 9
a a
B=l+—5, C=1-—477. (3.16)

It is easy to verify that the modulus of this vector is equal to unity:
8ik Uging =1

The angular velocity as measured by the clock of an infinite observer (who mea-
sures the coordinate time t), corresponding to such motion, is

dp 35,
=% _,32p-1 3.17
" (3.17)

It follows that in the Schwarzschild case this value exactly coincides with the Kep-
lerian angular velocity.

3.1.3 Radius of the Innermost (marginally) Stable Orbit

Stable circular motion is no longer possible when the minimum of the function
Vers(ryh(re),k(re)) disappears at r = r., where r is the radius of a circular orbit.
This is equivalent to the condition

dzcl‘iesz . -0,
which leads to the quartic equation
=622 +8az—3d> =0, (3.18)
where z = r!/2.

Using the Ferrari method (see, e.g., Korn and Korn (2000)), we write the corre-
sponding auxiliary cubic equation:

V= 12y? +12(34a?)y — 64a*> = 0. (3.19)

The real root of equation (3.19) is related to the Cardano solution to the correspond-
ing incomplete cubic equation and is given by

yi==2(1-a®)"?(14+a)'P+(1-a)' 3 +4. (3.20)
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Next, having obtained yj, it is possible to use the Ferrari solution to write the
quadratic equation that gives two real roots of (3.18):

1 8a
2
+yvip+=| -6+ > =0. (3.21)
p yip > ( V1 il

The larger root of (3.21), p;, determines the boundary of the stable circular motion
of a test particle in the equatorial plane, which we denote as r = r,,5. Thus,

a
N

It is easy to verify that the result (3.22) coincides with the expression presented in
Page and Thorne (1974), (see formula (15k) therein), taking into account that the
auxiliary values Z; > there take the form Z; = 3 —y; /2 and Z, = 4a/,/y1 fora > 0
in our notation.

In the Schwarzschild metric, a = 0, we recover the well-known result that the
circular motion becomes unstable for r < 6, i.e. at distances smaller than three
gravitational radii from the black hole. For slow rotation, 1 > a > 0, we have
Fs &6 — 4v/6a /3, and hence the zone of stable motion moves closer to the event
horizon. In the limit case a = 1 we find r,,,; = 1, i.e. the marginally stable circular
orbit coincides with the gravitational radius of a black hole of extreme spin.

During accretion, gas elements in the disc slowly approach r,,; by losing their
angular momentum due to the action of viscous forces. Once the gas elements fall
into the region with r < r,,, due to instability of the circular motion, they no longer
need to lose angular momentum to approach the black hole. This means that the
matter falls freely inside r,,;, and the standard accretion disc model assumes that 7,
is the inner disc radius.

rms:p%::;“!‘ (_y%/4+4a\/y>1+3y1)1/2’ (3.22)

3.2 Choice of Reference Frame

3.2.1 Bases in General Relativity

Mechanical laws, formulated in the form of vector equations, can be written in
symbolic form irrespective of observer or reference frame. But to represent some
physical quantity describing a natural phenomenon in the form of a set of numerical
values, the measurement procedure should be specified. In Newtonian mechanics,
this means that the observer introduces a coordinate system, and then at each point
in space he/she arbitrarily constructs three basis vectors. The coordinate system and
the basis vectors can evolve over time, which is equal at all points. A tool measuring
time, together with the coordinate grid and a vector basis, form a reference frame,
in which any physical value (scalar, vector or tensor) can be measured, i.e. it can be
represented by a number or a set of numbers.
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The situation in relativistic mechanics is different: since it is not possible to con-
sider time independently, it becomes the fourth component of the space-time con-
tinuum. Therefore, the choice of reference frame reduces to the construction of a
coordinate system and four basis vectors determined at each point in space-time.
In general, this set of basis vectors is usually referred to as a tetrad. Here, there is
no universal observer any more; instead, a set of observers moving along a certain
family of world lines is considered. If one of the tetrad orts, conventionally cor-
responding to the time direction, is tangent at each point to these world lines, the
tetrad is said to be ’transported’ by the observers. The last statement can easily be
understood, since in such a basis, the four-velocity of each observer at any time has
a non-zero projection only on the "time’ ort. In other words, the observers are at rest
in this basis, i.e. transport it with them.

3.2.1.1 Coordinate Representation

Thus, the choice of coordinate system and the choice of the tetrad are inde-
pendent procedures. Nevertheless, if there is a coordinate system, x', the tetrad is
frequently chosen in such a way that each basis vector, e;, is tangent to the corre-
sponding coordinate line. Here the moduli of orts of this so-called coordinate basis
are chosen such that their pairwise scalar products are equal to the corresponding
metric coefficients:

(e;-er) = gix- (3.23)

We recall that in differential geometry (see paragraphs 3.1-3.4 in Hobson et al
(2006)), such coordinate orts are introduced as objects isomorphic to the partial
derivatives of an arbitrary scalar function on the manifold with respect to the coor-
dinates,

d
e =—.
' oxi
Any (tangent) vector is a linear combination of the coordinate orts, and the com-

ponents of this linear combination are called contravariant components of the vector.
In addition to ¢; the so-called dual basis, €', is introduced with the orts defined as

(3.24)

(ei-¢) =5/ (3.25)

where 5,~j is the Kronecker symbol. The condition (3.25) implies that each ort of the
dual basis has a unit projection on the corresponding ort of the coordinate basis and
is orthogonal to all other orts of the coordinate basis.
The dual coordinate orts, in turn, are introduced as objects isomorphic to the
coordinate differentials,
e/ =dx'. (3.26)

Next, if we use the fact that any tangent vector A can be alternatively presented
as a linear combination of dual coordinate orts, whose coefficients are referred to
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as covariant vector components, we obtain the well-known rule of lowering vector
indices:

Ar=Ai(€' ) = (A’ ) = (Alej-e) = A(e;- &) = A'gyy. (3.27)

In a similar way it is easy to show that if we introduce the notation g’ = (e’ - et),
then due to the duality of bases, the matrix g’* is inverse to the matrix g, and the
rule of raising of vector indices holds. A similar representation in coordinate bases
can be extended to the more general case of tensors.

3.2.1.2 Tetrad Representation

In this and the subsequent sections we mostly follow the exposition given in
paragraph 7 of Chandrasekhar (1992). Assume that now we project the same vectors
and tensors on an arbitrary tetrad defined by the relations

;9
€a) = €(a) ﬁ, (3.28)

where e(a)i are some functions of coordinates, and the indices labelling the tetrad
orts are in parentheses.
From the duality condition (3.25) we can introduce the dual tetrad:

e@) — (@, g1 (3.29)

where (@), is the matrix inverse to e(a)i .

In these matrices, there are two kinds of indices: coordinate and tetrad ones. The
coordinate indices can be lowered or raised using the metric (3.1). We can impose
an additional constraint on the tetrad:

i 0@ i ob)

a)(b
€(a) €(b); = Ma)(b)> =@

i =

, (3.30)

where
NN =8, (3.31)

are mutually inverse matrices and 1.);) = diag(1,—1,—1,—1) is the Minkowski
matrix. In other words, we require that the original and dual tetrads be orthonormal
in four-dimensional pseudo-Euclidean space.

Using the above relations, it is straightforward to show that

Wiew) ;= gij, (3.32)
and therefore the following alternative expression for the interval squared holds:
ds® = Ny (e@idx’) () drt) = 0y €V e®) (3.33)

which is useful below.
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Note that the values in parentheses on the right-hand side of (3.33) can be con-
sidered as infinitesimal shifts along the corresponding orts of the tetrad. Therefore,
in the introduced tetrad representation with an orthonormal tetrad, the square of an
interval takes exactly the same form as in the Minkowski space-time of special rel-
ativity. Similarly, the expressions (3.28) can be thought of as directional derivatives
along the tetrad’s orts, and these have exactly the form that the usual partial deriva-
tives, with respect to coordinates in the coordinate basis, take when changing from
the coordinate basis to the tetrad one.

Using the definitions and relations given above, it is easy to see how the tetrad
components of vectors are expressed through their coordinate components. Tetrad
components of a vector are written as

Ay = €lyhi, AW =elAT=nPA,). (3.34)

Conversely,
A=Ay, A= el A,

Similar expressions can be written for a tensor of any valence. For example, for
a two-covariant tensor, we have

and conversely,

T = el T = e T (3.35)

Note in conclusion that the relations (3.34) and isomorphism (3.26) can be used
to find contravariant components of the four-velocity in the tetrad representation:

e(a)
ds’
That is, it is again a unit tangent vector along the world line, but now its components
are given by small shifts along the corresponding orts of the dual basis. Using (3.34)
it is easy to find the relation between the conventional coordinate components of
four-velocity, U’ = dx' /ds, and its tetrad components. Covariant tetrad components
are derived from contravariant ones using the standard rule in special relativity:
lowering a spatial index is equivalent to changing the sign of the corresponding
component.

U@ (3.36)

3.2.1.3 Covariant Derivative in Tetrad Representation

Let us calculate the directional derivative along a tetrad ort from a contravariant
component of a vector:

i a i a j i j k
A(a),(b) = e(b) ﬁA(a) = e(b) ﬁeéa)A/ = @(b) [ggu)Aj;i +Ak€(a);i]7 (337)
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where the semicolon denotes the usual covariant derivative in the coordinate basis.
Expression (3.37) can be recast to the form:

Aa)(0) = e{a)A/’;ieéb) +e(aie(p)efoA', (3.38)
whence ' .
efa)Aj;iel(b) =Aa),(b) — %c)(a)(b)A<‘), (3.39)

where ¥ ) (») are the so-called Ricci rotation coefficients,

ik
Na)(b)(c) = €(b)kii€(c)€(a) - (3.40)

An important point is that for orthonormal bases satisfying (3.30), the coefficients
Y(a)(b)(c) are antisymmetric in the first two indices. Indeed,

0= (Nb)(a))i = (€l = ewmicta) T €o€lari = €wmicla) T €(p)elapii-
Comparing this relation with (3.40) proves the stated property of the Ricci coeffi-
cients.

Finally, let us discuss one more useful property of coefficients (3.40): to calcu-
late these coefficients only partial derivatives of the components of the tetrad basis
orts are needed, and therefore the Christoffel symbols are not required. Indeed, we
consider auxiliary combinations

Ma)b)(e) = €w)ijl€0)€le) — €lay€lo): (3.41)

AMayb)(e) = €(a)€ (o) lew)ij — €(b)i) (3.42)

In the last expression, the ordinary partial derivatives can be substituted by covariant
ones, since the additional terms with Christoffel symbols are symmetric in i, j. Then
expression (3.42) is equal to the difference ¥4)(5)(c) = Y()(b)(a)-

But in this case,

Ya) b)) = 1/ 2@ m)(0) T Mo @b) — Ao) ()@ (3.43)

and, using (3.41), it is possible to calculate the Ricci rotation coefficients by taking
the partial derivatives of the components of the tetrad basis orts.

We now consider formula (3.39). The left-hand side represents simply the projec-
tion on the tetrad basis of a rank-2 covariant tensor obtained by taking the derivative
of some vector field. Therefore, this combination has the meaning of the covariant
derivative of a vector in a non-coordinate basis.

Next, the right-hand side of (3.39) has exactly the same form as the covariant
derivative in a coordinate basis, with the only difference that it involves tetrad in-
dices (which can be raised or lowered, including for ¥,)()(c). using the Minkowski
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metric). It can be shown that the same holds for contravariant components of a vec-
tor field and for tensor fields in general.

Thus, as the components of a covariant derivative in a tetrad basis has the same
form as in a coordinate basis, it is convenient to use the same notations and terms
that are used in the coordinate basis. In particular, the Ricci rotation coefficients
are simply referred to as connection symbols in a given basis. We emphasize once
again that they should not be confused with the Christoffel symbols, which represent
another limit case of connection coefficients in a coordinate basis and have different
index symmetry.

3.2.2 A Tetrad Transported by Rotating Observers

We construct a tetrad basis related at each point in space-time to observers mov-
ing around a black hole in equatorial circular orbits with angular velocity 2.

Strictly at z =0, this is the free motion along geodesics found in Sect. 3.1.2. How-
ever, for a small deviation from the equatorial plane, such motion, corresponding to
constant z, is possible only if there is some external supporting force. In the case of
a gas disc, for example, this force is due to the pressure gradient.

To start the construction, we direct the time ort of the tetrad along the world
line under discussion. Using the four-vector of the geodesic found in Sect. 3.1.2, we

write it in the form
e(t)*(Ug+ 0)&1‘—'_ 4 aq)a

where we add the correction factor Zy(z/r) to the time coordinate component, since
the modulus of the vector e(;) should be equal to unity away from the equatorial
plane as well, whereas the vector Uy itself is unitary only at z = 0. Clearly, with
account for this correction, e would correspond to the four-velocity of the real
motion. A calculation of the modulus of the vector € in metric (3.4) shows that it
is equal to unity under the following condition:

2=~ (1) 5
7\ 6ot

where we introduce the relativistic correction coefficients

2 a
G=1——-+ 3 (3.44)
and 5
4da 3a
H:17r37+7. (3.45)

Thus, the ort e, is transported by the observer rotating around the black hole
with a frequency equal to the ¢-component of e(;), which is independent of z. This
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frequency corresponds to the free circular motion in the equatorial plane of the black
hole, and rotation occurs in planes of constant z.

We now calculate the time ort of the dual basis. According to the convention rule
for raising and lowering coordinate indices, we have

Next, we consider the part of metric (3.4) containing the differentials dr and dz.
It can be rewritten in the form (see the result (3.33) in the previous section):

where
8rz

12

el =g, |/ dr— dz,

gl

g 1/2
e(Z) = (ngZ| - ‘grz |) dZ

are the radial and vertical orts of the dual basis, respectively. The coordinate com-
ponents of the vectors el e(") and e® satisfy the orthonormality condition (3.30),
as can be easily verified by direct substitution.

The orthonormality condition for a tetrad can now be used to determine the fourth
ort corresponding to the azimuthal direction.

From three orthonormality conditions for three already known vectors, we obtain
that for these conditions to be consistent, the following relation should hold:

0, — o) g

r=

and the time and azimuthal components should be related as

Finally, the normalization condition for el?) yields a quadratic equation for el?),,
and the sign of the solution is dictated by the additional requirement of the choice
of a right-hand triple of space orts of the tetrad.

We thus obtain the dual tetrad basis with the leading corrections in (z/r) due to
out-of-equatorial-plane motion in the form

2
0 _ 1/ 2 1 2a (. a a _
e =C {G+(r) 2rG D+r3/2 F }’3/2_|—}’2 a

—12 g (3) 4
c {r F—|—<r> erl}d(p, (3.46)
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D\'"* 1/z\2 l—a/r
(CORN N 2 (2 -1/2
C {<FC> 2 (r) r3/2 (DC) di+

D\'? 1 ,/z\2 B H (D\'?
{YB(C> +3 () “—“/%cwz—c(c) 49, (.47
1 /z\2 z 2 a2
W paply_ 1tz i1 (2@
e D {1 2D(r) Zz}dr + p <r r2) dz, (3.48)
22
e = <1+3> dz. (3.49)
r

To obtain the original basis, which we use to write the equations of motion, it
suffices to calculate the inverse of the matrix e(“),-, which yields

_celg (BN H] 9 a2 9
e =¢ {B (r) 2rG} PPN v (3:30)
F 2 d G 7 d
e = {(rCD)m +0<r2>} 2 +{F(DC)1/2 n 0(r2>} 550 G50
1/2 1 Z 2 22 3
w0 =1""+3() piaj ar 02
2 ’ 0 2\ 9
e(Z) = 7rf2(2*a /l’) E + (1}’3> aiz (353)

The following notations for the relativistic correction coefficients are introduced
in the expressions for the original and dual bases:

2a  da*
F=1-— 7 4 = (3.54)
5 a 3¢ 3a®> &* 24°
Z1=3- ror2 32 3 + 2 * ¥z’ (3:33)
34 & 6 24’
fedid f(02) 530
ror:or roor

Here, we omit the terms ~ O(z?/r?) in the expression for the azimuthal ort of the
original basis due to their complexity. In addition, as we will see below, these terms
are not required in the standard accretion disc model.
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For the reader’s convenience, we here preserve the notations introduced in
Novikov and Thorne (1973) for the coefficients B,C,D, F, G, but use the standard
style of Latin letters, which is more familiar to the reader. In addition, the coeffi-
cient H is equivalent to the coefficient C introduced in Riffert and Herold (1995).
We would also like to point out that two other coefficients, A and B, introduced in
the same paper, are equivalent to our coefficients D and C, respectively. It can be
verified that the original and dual bases presented in Novikov and Thorne (1973)
coincide with the bases derived here at z = 0.

Using formulas (3.46-3.49) and (3.36), it is easy to deduce that solution (3.15)
indeed yields U@ = (1,0,0,0) in the equatorial plane.

3.2.2.1 The Connection Coefficients

Using (3.41) and then (3.43) and knowing the matrices of the original and dual
bases given above, we can calculate the connection coefficients ¥(4)(s)(c)-

Of the 64 coefficients, 16 are equal to zero due to anti-symmetry of ¥,)()(c) In
the first two indices. For the same reason, only half of the other coefficients (i.e. 24)
have to be found. Since we are interested in the region near the equatorial plane of
the black hole, it makes sense to separate these coefficients into two groups: those
that are ~ (z/r) in the leading order, and those that are proportional to the first
power of (z/r). As mentioned in Sect.3.1.1, the latter coefficients must appear in
the vertical projection of the relativistic Euler equation, while the former emerge in
other equations.

It can be shown that
1) if there is no index (z) among the indices of ¥(4)(p)(c)» then ¥a)p)(ce) ~ (2/7)°,

2) if only one such index is present, then ¥)(s)() ~ (z/r), and, finally,
3) if two indices (z) appear in Y(a)(»)(c)» then this coefficient is of the second order
in (z/r).

Indeed, we examine formula (3.41). Here the brackets contain the original basis

components, which are summed with the coordinate derivatives of the dual basis
components (the raising of a tetrad index can only change the sign of the compo-
nent).
In case (1) (a),(b),(c) # (z). As the (1)—, (¢)— and (r)—orts of the original basis
have no z-component, only terms which do not contain derivatives with respect to z
of the dual basis components, and have no z-component of the dual (r)—ort, make
a non-zero contribution to ¥(4)(s)(c)- Only in these two cases can the contribution
~ (z/r) appear, and hence we prove statement (1).

Now, in (3.41) let (b) = (z) and (a), (¢) # (z). Then the non-zero contribution can
only be due to terms containing the z-component of the (#)—, (¢)— and (r)—orts of
the original basis, which are absent. Therefore, to check case (2) we should consider
only the variant when in (3.41) (a) = (z) or (c) = (z). Here, the terms containing
separately either r— or z—components of the (z)—ort of the original basis contribute.
In the first variant, the proportionality to ~ (z/r) is due to exactly the component
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e@), while in the second, it is due to the derivative with respect to z of one of the
dual basis components that is always an even function of z, as can be easily verified.

We leave it to the reader to prove statement (3).

Counting shows that there must be 9 connection coefficients without the index
(z), and hence an even function of z, and 12 coefficients with the index (z) and hence
odd functions of z. The calculation indicates that only 4 coefficients of the first type
are non-zero, namely:

1 H _a/
Yo)9)(r) = 2732 Yo = —r / (3.57)
1d
_ —3/2 - 1/2
Yo)inew = —r / Yo)(r) () = S dr (rD / ) . (3.58)

To compute coefficients (3.57) and (3.58) it is sufficient to use bases taken with-
out corrections in z. When constructing the standard disc model, the following facts
are also important. First, a direct calculation shows that another 5 connection coeffi-
cients of this type are zero through corrections of the order of ~ (z/r)? inclusively.
This is a rigorous result, since the coefficients ¥,)()() under discussion have no
derivatives of the basis components with respect to z, and therefore any possible

(r)

unaccounted for corrections due to the terms ~ (z/r)3 in e;” and ezz) cannot con-

tribute. Second, a direct calculation similarly shows that ¥(););) = 0 through the
order ~ (z/r)?.

A calculation of all non-zero coefficients of the second type is a much more
cumbersome task. But as we will see below, the only coefficient of this type that is

needed has the form

Nann =3¢

We note that all connection coefficients of the type ¥(4))(;) vanish in the equa-
torial plane z = 0. This is consistent with the requirement that the four-velocity
U@ = (1,0,0,0) must satisfy the geodesic equation at z = 0:

Du*
Ds

U ey (V) + 1504y UUD = Y0 =0, (3.59)

3.2.3 Relativistic Hydrodynamic Equations

Everywhere below, we only use the tetrad components of vectors, tensors and
covariant derivatives. Therefore, starting from this section, we will substitute the
tetrad notation by the standard one, which is familiar when using the coordinate
basis. This means that from now on we do not put tetrad indices in parentheses
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but denote them by the Latin letters i, j,k 2. In addition, we denote the connection
coefficients by I'.

The stress-energy tensor of a viscous fluid with energy flux has the form (see,
e.g., paragraph 4.3 in Mihalas and Weibel Mihalas (1984) or paragraph 22.6 in Mis-
ner et al (1973))

T* = (p + e+ p)U'U* — pn* +-2nc* + LOP* —U'¢" — U, (3.60)

where p, €, p, ) and { are the rest-energy density, internal energy density, pressure
and two viscosity coefficients, respectively, as measured in the local comoving fluid
volume, and q is the energy flux inside the fluid as measured by a local comoving
observer.

The shear tensor is

1 N 1 . .
o"(zi( ’;ijk—&—Uk;jPJ’)—gUf;jPlk, (3.61)

with the projection operator
Pk =n* _yiuk. (3.62)
The divergence of four-velocity is
o=U.. (3.63)
The relativistic Euler equation is written as
Py T = 0. (3.64)
The energy conservation law has the form
U, T = 0. (3.65)
The rest-energy conservation law reads
(pUY), =0. (3.66)
The covariant derivative in a non-coordinate basis is
A’ =e;(A) + T AL,
while the divergence of a rank-2 contravariant tensor is

Aij;j :ej(Aij)—l—Fiijkj—‘erijik.

2 If one of the symbols 7, ¢, r,z, appears among the indices, it means that the corresponding index
takes this value.
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The energy flux vector and the shear tensor (the deformation tensor free from
pure scaling) are purely space-like objects:

Uq' =0, Uoc*=0, o';=0. (3.67)

3.3 Construction of the Standard Accretion Disc Model

3.3.1 Basic Assumptions and the Vertical Balance Equation

Thus, we consider a disc from the standpoint of local observers rotating around
a black hole near its equatorial plane with a relativistic Keplerian velocity. Before
writing down the dynamic equations in the projection onto tetrad (3.50-3.53), we
discuss the basic assumptions of the model and their consequences . In addition to
obvious assumptions about axial symmetry and stationarity of the flow (meaning
that the derivatives d; and dj are zero) the main assumption, which we have already
used, is that of a small disc thickness, § = h(r)/r < 1, where h(r) is the character-
istic height of the disc along the z-axis (more precisely, the disc half-thickness).

The disc symmetry with respect to the plane z = 0 implies that U?, U?, U’, ¢,
q°. 4", p. p. M. £, and € are even functions of z, and U? and ¢* are odd functions of
Z.

We also assume that the characteristic scale of variations of these quantities in
the radial direction is much larger than that in the vertical direction, that is, their
ratio is greater than ~ § 13,

Next, kinematic arguments suggest that

U ~ SU". (3.68)

If the energy flux determined by the vector q is proportional to the internal energy
gradient €, then, for the local comoving observer, ¢j,. = 0 and qﬁ) o lpe ™~ OG5,
Taking (3.68) into account implies that the projection of q onto the four-velocity
of circular equatorial motion is also small, i.e. of the order of ~ 5q§06. From the
standard Lorentz transformations, we obtain that ¢',¢?,q" ~ 8¢7, i.e. the energy
flux with respect to the tetrad should be directed almost normally to the disc plane.

Now, taking all of the above into account, we consider the projection of the rela-
tivistic analog of the Euler equation (3.64) onto the ort e, in more detail:

TZk’k_i_UZUS T\k’k = 0 (3,69)

3 We note that we also need to make the assumption that the velocity components in the disc plane,
U’, U?, may only change substantially in the vertical direction on scales ~ r. Otherwise, the
terms in the shear tensor could arise that strongly contribute dynamically to the vertical balance
condition, which would lead to a disc totally different from the basic case of interest here.
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Using the symmetry of the physical quantities discussed above, and symmetry
properties of tetrad orts and connection coefficients (which become odd functions
of z if they have at least one index z), as discussed in Sect. 3.2.2, it is easy to check
that equation (3.69) is indeed an odd function of z. Further, we see that the first term
in (3.69) separately yields the term d,p, and other terms containing p are smaller
due to the smallness of U*. All other terms together can always be written as ~
zpf(r)(1 + g(r,z)) with the function g(r,z) ~ O(8°).

Thus, we arrive at the important conclusion that necessarily

—Lls«l. (3.70)
Z

This means that in a thin disc the variables p, d,p ~ &2, are small relative to
the dominant action of the gravitational force in this direction. Therefore, particles
of the disc must move in trajectories close to geodesic ones. Clearly, in a steady-
state and axially symmetric flow, this can be realized only in two cases: when the
matter moves almost radially towards the gravitating centre (and the specific angular
momentum in the disc is close to zero everywhere) or when the matter moves in
almost circular orbits (and the specific angular momentum, oppositely, is maximal).
We note that both cases are consistent with the general assumptions discussed above
and the result (3.70). However, in the last case, strict vertical hydrostatic equilibrium
holds in the disc in the first order in 8. In other words, (3.69) can be rewritten in the
form L2

Ea—lz’wz (r)(1+62...). 3.71)

When the flow is almost radial, the corrections in parentheses in (3.71) are not
small, and their value is determined by the contribution from the prevailing radial
motion, when, due to the change in the disc thickness at each radius, the particles
are accelerated in the z direction.

Thus, the standard disc model includes one more independent assumption re-
garding the closeness of the fluid particle trajectories to equatorial circular orbits
around the central black hole. Therefore, we will additionally assume that in our
reference frame U?,U” ~ sU' with s < 1 and later we will see how this second
small parameter is related to §.

Consequently, we write equations first not only in the leading order in & but
also by assuming s = 0, i.e. that the flow moves along geodesic orbits and U’ =
(1,0,0,0). Wherever needed, we then additionally evaluate the contribution from
the terms in the leading order in s.

3.3.1.1 Deformation of the Velocity Field

We first find the non-zero components of the shear tensor in the leading order.
First, the velocity divergence vanishes:
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0=U'; =T,;U"=IY;=0. (3.72)

(Recall that I'? jk are the tetrad connection coefficients, rather than Christoffel sym-
bols, which are connection coefficients in the coordinate basis.)
Next, we have
—_— - )
ULP" =Inn™ — I,

and, in view of the symmetry in i and k, we see that the only non-zero components

of the shear tensor ¥ are
1 1/1 H 3 D
rg - ] r L 32 2
() 2 (F tr"‘F t¢) 2 <2r3/2C—|—r ) 4 r3/2C’ (373)
o Lpe 374

3.3.1.2 Equation of Hydrostatic Equilibrium

Substituting U’ = (1,0,0,0) in (3.69) and taking the smallness (due to the small
sound velocity in the flow), of several non-zero terms containing 1 and components
of q ,into account, we obtain

dp Z zH
Lo p[f=—p . 3.75
aZ p 23 p r3 C ( )
3.3.1.3 Radial Direction
The radial projection of the relativistic Euler equation for s = 0 reads
%, =0, (3.76)

and excluding terms ~ 8* containing the connection coefficients and components
of q, we have only one non-zero term of the order of §> which has the form*

29p
ar
Clearly, this term should be balanced by the leading terms ~ s. Evidently, the
contribution from

*[Pnrk];k =pY

[P UrUk] sk

* The order of components ¢’ can be estimated as follows. In the stationary case, the divergence of
the energy flux must be of the order of the power generated due to viscous dissipation, which is, in
turn, proportional to some scalar characterizing the degree of the velocity shear and the viscosity
coefficient . In our case, the viscosity coefficient < phc, ~ 8%. The divergence is mainly due
to the term d,¢°. This immediately implies that g° ~ 8 and ¢"?" ~ §*.
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should be considered first, and here it can only be due to terms containing one of the
connection coefficients of zeroth order in z and the time velocity component. There
is only one such term: ZE;U’U‘P =2r73/2y9.
Hence, we reach the important conclusion that s ~ 82, i.e. the velocity compo-
nents in the disc plane are
Ur,u? ~ 8§, (3.77)

which is used when determining the force balance in the azimuthal direction.

3.3.2 Azimuthal Direction

We consider the last projection of the relativistic Euler equation, or more specif-
ically, its component along the azimuthal ort. Let us proceed in the same way as
above and first write down the terms that are present in the case s = 0. Again, we
take U’ = (1,0,0,0) and see that

[(p+e+p)UU 4 =0,

since Fl,‘p = 0 through the order ~ 82 (see the discussion at the end of Sect. 3.2.2).
Next, the term including the pressure is absent by virtue of the axial symmetry, and
terms with ¢’ cannot contribute to any order higher than ~ §4.

It thus remains to consider the contribution

2n6%)y = D'?(2n6™) .+ (2n6%) . +4nL}56™ +1 0(8%) =

B

3
_ _§D1/2 (77

1/2 D 2
r3/2C) r+(n%)=z+3n (D), g Fno@). G18)

Here, we are also dealing with terms of the second order in 82. Therefore, it is
necessary to find the leading contribution from terms ~ s. Again, we consider only
the prevailing part due to the perfect fluid term:

(Moi — UsUy) [pU'U*) 1.

The second part, which is proportional to Uy, can be neglected since the term in
square brackets cannot contribute to the zeroth order in 9, as there are no connection
coefficients of the form I}/ ~ §°, as was discussed at the end of Sect. 3.2.2.

As a result, we obtain

U UMy = pT{U'U* + pUOU' = (L) + I U™ =

Uur (1H U E

where
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6 8a 3d®
E:l—;+r37—r—2. (3.80)

We now introduce the notation
+h +h
T, = / I — 20”1’/ ndz, (3.81)
—h —h

where Ty is the vertically integrated density of the flux of the ¢-component of mo-
mentum in the radial direction. Then, by integrating (3.78) and (3.79) over the disc
thickness and combining them in one equation, we have

8Tv+2Tv(_1) SU" E 3.82)

or rD r 2r,3/2¢CD1/2 0
where the contribution from 697 vanishes due to its being an odd function of z, and
we neglect the dependence of U" on z, which gives rise to a higher-order correction
(see footnote 2). In formula (3.82) we have introduced the surface density of the
disc

+h
r= pdz. (3.83)

The important equation (3.82) together with known boundary conditions at the
inner disc radius allows us to calculate the profile Ty (r) for the disc, provided that
the radial velocity distribution is known.

We note that the equation for 7, can also be derived from the angular momentum
conservation law, which was used in the original paper by Novikov and Thorne
(1973) (see equations (5.6.3)-(5.6.6) therein).

3.3.3 Rest Energy Conservation Law and Radial Momentum
Transfer

To solve equation (3.82), the radial velocity profile should be specified. It can be
obtained from the rest energy conservation law (3.66):

e.(pU") +e,(pU%) +I;ipUk = 0. (3.84)

Clearly, the substitution U’ = (1,0,0,0) does not yield non-zero terms up to the
order ~ 82 (see the discussion at the end of Sect. 3.2.2). In our reference frame, this
fact can be easily understood: the circular axially symmetric motion corresponds to
zero velocity divergence. It is straightforward to check that the following terms ~ s
will appear in the continuity equation:

(rDl/Z),r
;

D'2(pU") , + (pU?) . — pU" =0, (3.85)
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where the last term arises due to the contribution from Fr:; pU’, and similar terms

with other velocity components, even if they appear, have an order higher than ~ §*.
After integrating over z, the contribution from the second term in (3.85) vanishes
since p — 0 far from the equatorial disc plane, and we obtain

(zU'rD'?), =0. (3.86)

The combination whose derivative is found in (3.86) is a constant, which must be
identified as the radial flux of matter. After additional integration over ¢ we obtain
that

2nXU'rD'V? = —M, (3.87)

where M > 0 is the rate of the matter inflow into the disc at infinity, i.e. the mass
accretion rate.
After substituting (3.87) into (3.82), we finally obtain

dT,
N BTy +P =0, (3.88)
dr
where
2 1
ne2(m0).
rD r
b M E
*7 TanScp

The solution to (3.88) with the boundary condition T'|,,, = 0 is written in the
form

1 r
=50 /  BF@ds. (3.89)
F(r)=exp ( ' P (x)dx) . (3.90)

The integral (3.90) is elementary, and as a result we obtain

M [ E

- [ —a 3.91
anr2D J, 72" (391

Ty

3.3.4 Energy Balance

Here, we consider equation (3.65). As above, let us set U’ = (1,0,0,0) and find
terms of the leading order in 8. As in the case of the azimuthal projection of the
relativistic Euler equation, ‘perfect’ terms [(p + & + p)U'U*];x and pn®; do not
contribute here. From the shear term, we have



134 Viacheslav Zhuravlev
2n6™]x = Lio™ = 2n[(Ly, + L) 0" + 0(8%)] = 2n[40"? + 0(8%)].

Terms with ¢’ contribute due to rapid change in the energy flux component nor-

mal to the disc with z:
U'qd s = o +0(8%
k 0z .

Summing all terms, we obtain from the energy balance equation

adq-

29 3,r9 D
dz

an (67)’ =21}

S S he (3.92)

whence, after integrating over the disc thickness, we derive the important relation

3 D
0= ZmTv, (3.93)
where Q = ¢°(z = h) is the vertical energy flux escaping from the disc. At this point
it is appropriate to give the dimensional energy flux O [erg cm™2 ¢~ ']:
~ 3 MyGM

8T B ’

(3.94)

where the dimensionless function ¢ was obtained in the remarkable paper by Page
and Thorne (1974):

X—Xo—3alnk —of %€

b = , 3.95
X(x* —3x +2a) G99
where
X =+F/Ro, Ro==% 3= /Fus/Ro
__ 3u-a? 12
o = xn—x)n-x)  Xo—x’
_ _ 3(p-a? =1
% = 200=x1)2—x3) In X0—22°
_ _ 3(p—a? 1=23
¢ = x3(6a—x1)(G—22) In X0—X3"
A= 2.¢cos (arcco;a—n’) . = 2cos (arcco3sa+7r) ,
X3 = —2cos (2o (3.96)

The quantities Y1, x> and x3 are the roots of the cubic equation
2> =3x+2a=0.

@ — 1 as 7 — oo, and @ — (7 — Fiyy)? at the inner edge of the disc # — 7,,5. Note
that in the Newtonian model
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Dy (F) = 1— /2 (397)

F

?y

After specifying Q, we can calculate the radial profile of the effective temperature
of the disc surface, since by definition Q = GT;; - This is the universal result of the
standard accretion disc theory: T, ¢ does not depend on the specific nature of the
dissipation of the kinetic energy of matter or on the mechanism of thermal energy
transfer towards the disc surface, and is proportional to the value of M, times some
universal known function of r.

Thus, we have obtained the explicit form of the viscous stress integrated over
the disc thickness, 7y, and the explicit form of the radiation energy flux from its
surface, Q. At the same time, we know only the combination XU", and not each of
these variables separately. In addition, we should determine the disc half-thickness
profile, i(r), and the temperature, pressure and density distributions, 7' (r,z), p(r,z)
and p(r,z), inside it. To do this, the vertical disc structure should be calculated.

3.3.5 Energy Transfer Equation and the Vertical Disc Structure

The vertical disc structure is defined by three equations. Two of them have al-
ready been obtained above: the vertical hydrostatic balance equation (3.75) and the
thermal energy generation equation (3.92).

The remaining equation is the transfer equation for energy dissipating in the disc.
In the simplest case, the energy transfer is due to photon diffusion in the heated mat-
ter. Strictly speaking, we should write a relativistic analogue of the radiation heat
conductivity equation, which is a variant of the kinetic Boltzmann equation for pho-
tons when their mean free path is much smaller than the characteristic spatial length
of the problem. The Boltzmann equation is relativistically generalized in Section
2.6 in Novikov and Thorne (1973), in which the full transfer equation is given as
Eq. 2.6.22 (where one must multiply the second term on the left hand side by the
intensity 7, due to a misprint). The standard transition to the diffusion approxima-
tion yields the following equation (see expression 2.6.43 in Novikov and Thorne

(1973)):
1 4

q = 65bT31D”<(ek(T) +aT), (3.98)
where K is the Rosseland mean opacity of matter, T is the temperature, b is the
radiation constant and a; = Uy ;U is the four-acceleration. A discussion of equation
(3.98) can be also found on p. 165 of Mihalas and Weibel Mihalas (1984).

As regards (3.98), we first note that the four-acceleration never exceeds the order
~ &2, since the four-velocity itself differs from the geodesic value (free circular
equatorial motion) only in the second order in §. In contrast, the derivative in the
first term in parentheses on the right-hand side of (3.98) for k = z raises the order
in 8, since T, as well as &, vary significantly across the disc thickness. As a result,
as already discussed in Sect. 3.3.1, we see that ¢° is the leading component of the
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vector q and is determined by the equation

1 deT)
3kp 0z

i

7 (3.99)

which is identical to the Newtonian form for a thin disc (see Chap. 1).
Equations (3.75), (3.92) and (3.99) must be supplemented with the equation of
state of matter

p(p,T),

the opacity law
R(p,T),
and the explicit form of
n(p.T).or L°(p.T)

depending on the type of parametrization of the turbulent viscosity in the disc.
In addition, it is necessary to set boundary conditions at the integration interval
z € [0, A]. In the simplest case, we assume that the disc has no atmosphere and

p‘z=h = T‘z=h =0.

Furthermore, the energy flux vanishes in the disc equatorial plane:
qZ | 7=0 = 0.

Finally,
h
2 / TVdz =T,.
0

Note that the above equations and boundary conditions for the vertical disc structure
automatically guarantee the validity of equations (3.87), (3.91) and (3.93) for the
radial disc structure.

After calculating the vertical structure, we can specify the surface density distri-
bution using (3.83) and then U” using (3.87).

3.3.6 Parametrization of Turbulent Viscosity and Explicit Disc
Structure

Estimates carried out in Shakura and Sunyaev (1973) and Novikov and Thorne
(1973), according to the algorithm described in Sect. 3.3.5, show that at sufficiently
high accretion rate M, which is the free parameter of the problem, radiation energy
becomes dominant in the inner parts of the disc. An estimate of the threshold value
of M can be found, for example, in Shakura and Sunyaev (1973) (see formula 2.18
therein). It turns out that the disc thickness far away from its inner radius is inde-
pendent of r and for M of the order of and above the critical value, M, (when the
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disc luminosity reaches the Eddington value in the inner parts of the disc), § > 1,
corresponding to a spherization of the flow (see expression 7.1 and the discussion in
Shakura and Sunyaev (1973)). In addition, later studies showed that the radiation-
dominated region is both thermally (Shakura and Sunyaev 1976) and convectively
(Bisnovatyi-Kogan and Blinnikov 1977) unstable.

This implies that for a correct description of the inner parts of accretion discs at
high accretion rates, when & increases, terms of higher order in 6 should be taken
into account. These include the radial pressure gradient ~ §2 in the radial force
balance and the advection term, U'T9S/dr ~ &4, which arises in the energy balance
and accounts for the radial heat transfer. The latter, in fact, implies that the heat
diffusion time in the vertical direction is comparable to its radial advection due to
radial transfer of matter. In other words, the main property of the standard accretion
disc model considered here — the local energy balance in the disc — is violated, i.e.
the heat generated due to turbulent energy dissipation is no longer released locally
from the disc surface. It was found that taking the new terms into account also allows
for a correct description in the region near r,,s, where in the standard model U" — oo,
and the construction of a stationary solution, with § < 1 for M of the order of and
above M,,, which is stable against thermal perturbations (the so-called ‘slim-disc’,
see Paczynski and Bisnovatyi-Kogan (1981) and Abramowicz et al (1988) and their
citations list, and, e.g., Klepnev and Bisnovatyi-Kogan (2010)). Later, these results
were confirmed by numerical simulations (see, e.g. Fujita and Okuda (1998) and
Agol et al (2001)). We would like to add that a transition from a standard disc to a
slim disc with increasing M, in the relativistic model around a rotating black hole,
should occur even earlier due to the higher accretion efficiency (which is, in turn,
due to both decreasing r,,; and additional angular momentum loss from the disc
surface by radiation).

Now, assuming that M < M., let us estimate the disc semi-thickness profile,
which will be useful in the next chapter, in the simplest case when the pressure is
mainly determined by fully ionized hydrogen plasma, i.e.

p=2pkT /m,, (3.100)

where m,, is the mass of a proton, kp is the Boltzmann constant, and the opacity is
determined by Thomson scattering, & = k7 = 0.4cm?/g.
Let us also assume that the kinematic viscosity v is independent of z and can be
parametrized in the form
V = ocsh, (3.101)

where 0 < o < 1 is the Shakura parameter determining the turbulent viscosity in the
disc (see Shakura (1972) and Shakura and Sunyaev (1973)), and c; is the speed of
sound in the equatorial disc plane. Herein, due to (3.100),

2 =2kT./m,, (3.102)

where T, =T (z=0).
Equation (3.99) yields
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h

1
= —bT}.

h 1
dzgp = ——bT*
~/O “e 3KT 0 3KT

On the other hand,
h h 1
dzq* :CF/ dz = -C,XF,
/0 q p q 0 p 2 q

where C; is some correction factor of the order of unity corresponding to the dif-
ference between the escaping radiation flux, Q, and its mean value along the disc
thickness. As a result, we obtain

) (3.103)

Next, for simplicity we assume that the entropy is constant along z and, dividing
the left-hand side of (3.75) by p, we introduce the enthalpy, dw = dp/p, integrate
(3.75) over z and obtain the equatorial value of w, w, = w(z =0):

/d /ZH W H
= PBC 283C’

Hence, using that w. = nc?, where 7 is the polytropic index, we obtain

h2
2 _
¢=5 ‘g . (3.104)

Finally, as a result of definition (3.81), parametrization (3.101) and equation
(3.91) we find

D
V=380 aXcsh = 272 32D (3.105)
where in the second equality we introduce the new variable
r E
— -1/2
Y =(2r) /rm RYeTa dr, (3.106)

which in the Newtonian limit, far away from the inner edge of the disc, tends to
unity.

Equations (3.93), (3.102), (3.103) and (3.104) are sufficient to exclude all un-
knowns except X and the free parameters M and o from (3.105). We thus obtain the
following surface density profile X:

T =Xoa M3 p 8 EASY3S, (3.107)

where the dimensional constant Xy combines all relevant physical constants and
numerical coefficients. Its explicit form and numerical value (which depends on the
black hole mass to which we normalize all quantities) can be found by the reader.

Now, using formulas (3.104), (3.102), (3.103) and (3.107), it is possible to derive
the profile A(r). The resulting disc aspect ratio reads 6(r) = h(r)/r:
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8(r) = 8.r1/20CYPOp 1S g0y 13, (3.108)

where 0, is a constant that determines the characteristic disc thickness 6 (which is
of the order of 0.001-0.01).
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Chapter 4
Relativistic Twisted Accretion Disc

Viacheslav Zhuravlev

Abstract The twisted disc forms around a rotating black hole each time when
the disc outskirts are not aligned with the black hole’s equatorial plane. We derive
equations describing the evolution of the shape of twisted disc and perturbations
of density and velocity necessarily arising in such a disc. This is done under the
following simplifying assumptions: a small aspect ratio of the disc, a slow rotation
of the black hole, and a small tilt angle of the disc rings with respect to the black
hole equatorial plane. Nevertheless, the GR effects are considered accurately . Ad-
ditionally, an analysis of particular regimes of non-stationary twist dynamics (the
wave and diffusion regimes) is presented both in the framework of the Newtonian
dynamics and taking into account Einstein’s relativistic precession. At the end of
the chapter, a calculation of the shape of a stationary relativistic twisted accretion
disc for different values of free parameters of the model is done.

4.1 Introductory Remarks

In the previous chapter we described a flat disc in the equatorial plane of a rotat-
ing black hole. The axially symmetric structure of a flat disc is evident and consistent
with the symmetry of space near the black hole. If we now relax the main assump-
tion that the flow of matter at all distances coincides with the equatorial plane, the
question arises: what would be the dynamics of this more complicated, stationary
or non-stationary, flow? Is this flow similar to a disc in any way? For thin discs
as considered here, the answer to this question proves to be positive under certain
conditions.

Viacheslav Zhuravlev
Sternberg Astronomical Institute, Lomonosov Moscow State University, Universitetsky pr. 13,
Moscow, 119234, Russia e-mail: zhuravlev@sai.msu.ru
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The Gravitomagnetic Force

The main reason for the deformation of (for example, an initially flat) disc is
that the black hole spin gives rise to an additional off-centre gravitational interac-
tion with the gas elements of the flow. It can be shown that far away from the event
horizon, but close to the equatorial plane of the black hole, this interaction is repre-
sented by an axially symmetric force field directed towards the black hole spin axis
in planes parallel to the equatorial (see Thorne et al (1986) Chapter 3, paragraph
A). The physical meaning of gravitomagnetic force becomes particularly obvious
far away from the gravitating body at 7 > R,. In this case the equation of motion
for a particle of mass m near a body of mass M, and proper angular momentum J,
reads

d*r dr
mpﬁ:mp (g—&-deH) 4.1)
where "
g=—5e 4.2)

is the standard radial component of the gravitational force, and

2]— 3e.(Je,)

73

H = (4.3)
is an additional dipole field generated by the spinning body. By similarity of equa-
tion (4.1) to the equation of motion for a charged particle moving in an electro-
magnetic field, this additional field is referred to as gravitomagnetic, since it acts
similar to the Lorentz force. The gravitomagnetic force is directed perpendicular to
the spin of the central body. Clearly, this external force can change the proper an-
gular momentum of disc elements moving outside the equatorial plane of the black
hole (and hence deform the disc). Here, only the projection of the gravitomagnetic
force onto the angular momentum direction matters, which is proportional to the
sine of the angle between the angular momentum vector and the black hole spin
axis. As we will see shortly, the restriction that allows us to treat the new configura-
tion as a disc (both stationary and non-stationary) requires that the gravitomagnetic
force is smaller than the central gravitational attraction force, i.e. requires the pa-
rameter a < 1 to be small. In addition, one more restriction can be formulated: the
non-complanarity of the disc with the equatorial plane of the black hole, as well
as the degree of its deviation from the planar form (i.e. twist, warp) should not ex-
ceed certain small values for the disc to be hydrodynamically stable (see Ivanov and
Illarionov (1997) paragraph 7 and Zhuravlev and Ivanov (2011) paragraph 4.2.4).

Hydrostatic Equilibrium in a Disc under the Action of a Gravitomagnetic Force

Let us split a thin planar disc into rings of narrow width. In each ring, the motion
of gas elements is mainly due to the gravitational attraction force from the central
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body. The characteristic time of this motion is #; ~ Q71 In addition, z; determines
the time it takes for the disc to restore hydrodynamic equilibrium across the ring,
since the disc aspect ratio (the ratio of the disc thickness to the radial distance) is of
the order of the ratio of the sound velocity to the orbital velocity. This conclusion
can be also arrived at by noticing that the vertical pressure gradient is ! times
smaller than the unit mass gas element acceleration, i.e. exactly as small as the ratio
of the radial size of the ring to its vertical scale. Thus, we can conclude that if other
forces, acting on a given ring from the adjacent rings or from the black hole, lead
to dynamics with characteristic time #,, much greater than the dynamical one, i.e.
tey > t4, and hydrostatic equilibrium is maintained in the ring. In other words, the
ring remains flat, and the entire flow preserves a disc-like form. This is undoubtedly
so in a flat disc, since in this case equally oriented rings interact via the viscous force
acting in the azimuthal direction and the angular momentum changes due to inflow
and outflow of matter accreting through the ring, with both processes occurring on
the diffusion time scale, t, ~ Q71872 > 1,.

Now, let the disc be tilted with respect to the equatorial plane of the black hole
by a small angle B < 1. In a flat disc the gravitomagnetic force contributes only
to the modulus of acceleration of gas elements moving in circular orbits, but now,
due to the non-zero projection of this force (e< ) onto the angular momentum of
the gas elements, this force makes the orbits precess around the black hole spin
axis. For free particles, this effect is described in detail in the second part of the
next paragraph in terms of the difference between the frequencies of circular and
vertical motion. We also show that the precession frequency is much smaller than
the circular frequency for a < 1 (see formula (4.14)), which is equivalent to the
condition #,, > t4 for a ring composed of gas elements.

Differential Precession and the Twist of a Tilted Disc

Equation (4.14) suggests that the precession of the rings is differential, i.e. de-
pends on the distance to the centre. As a result, the relative orientation of initially
coaxial rings changes and the disc is no longer flat. However, we keep in mind that
under the condition ¢,, > t;, each of the rings behaves ‘rigidly’ in its own vertical
direction, which is now also a function of r. The new configuration is similar to a
twisted (or warped) disc, i.e. a flow symmetric relative to some (now not planar)
surface, which can be called the equatorial surface of the twisted disc. Here, the
intersection of the equatorial surface with a plane passing through the centre makes
up a circle — the instantaneous shape of orbits of gas elements rotating with a given
radial distance r. The disc turns into a set of rings, tilted with respect to the black
hole equatorial plane by a constant angle 3, but with node lines (the line formed by
the intersection of the ring planes with the black hole equatorial plane) depending
onr, see Fig. 4.1. The node line is now determined by the position angle y(r), mea-
sured in the equatorial plane in the positive direction from some fixed direction to
the ascending node of a given ring.
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Fig. 4.1 The geometrical image of a twisted disc consisting of rings, each tilted with the same
angle B = const with respect to the plane A, but having a position angle y depending on its radius.
The axis x is directed towards the ascending node of the particular ring (bold line). The disc is
intersected by the semi-transparent plane B, which contains this ring. The azimuthal angle y is
measured counterclockwise from the ascending node of the ring. It can be seen that the plane B is
partially below the disc surface (plotted in light colour in this case) and partially above it (plotted
in dark colour in this case). Additionally, two groups of points are plotted on the ring displayed by
the bold line: the first of them are located at y + 7/2 (filled circles), while the others are located at
v =0,  (empty circles). The first group corresponds to the position on the ring, where the normals
to the plane B and to the disc surface coincide with each other, while the second group corresponds
to the position on the ring, where those normals are the most divergent.

Radial Projection of the Pressure Gradient

The key point here is that the pressure gradient in a twisted disc, directed (as in
any thin disc in general) almost normal to its warped surface, is not normal to the
planes of the rings composing the disc. Therefore, we conclude that the pressure
gradient acquires two projections, see Fig. 4.2. The main projection is coaxial with
the rotational axis of each ring. Let us here denote it by (Vp)e, where & is the
distance from the equatorial surface of the twisted disc measured along the direction
of rotation of the ring (& reduces to z in the case of a flat disc). We note from
the beginning that (Vp) £ o< & due to hydrostatic equilibrium across the ring. The
second projection of the pressure gradient, conventionally denoted as (Vp),, lies in
the ring’s plane along the radial direction connecting the disc centre and a given gas
element of the ring. The ratio of these two projections is a small value proportional
to the rate of change of orientations of the rings in the disc, which, in turn, depends
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on the radial direction chosen in the plane of the given ring. From purely geometrical
considerations, we show in detail in what follows that for a disc with 8 = const, the
ratio (Vp),/(Vp)g o< Bdy/drcos y, where y is the angle measured in the azimuthal
direction for the given ring from its ascending node to the given gas element. Note
that the normal to the twisted disc surface is orthogonal to the ring’s plane only
in two diametrically opposite points — where the plane of the given ring intersects
with the planes of the adjacent rings. At B = const, these points are characterized
by ¥ = +7/2. At the same time, in other pair of points with y = 0, 7, the value of
(Vp), reaches both positive and negative maxima.

Fig. 4.2 A sketch of a zone of a twisted disc in the vicinity of an empty circle, located at the
particular disc ring at ¥ = 7, see Fig. 4.1. The straight line ¢ is tangent to the ring, while the
straight line ¢ is the intersection of the planes A and B in Fig. 4.1. The dashed part of the line
indicate that it is obscured to the observer by the disc surface. There are two normals originating
from the point displayed by an empty circle: one to the plane of the ring, n,;, and one to the disc
surface, ng,,.
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Flow Lines, Keplerian Resonance, and Perturbation of Velocity

Thus, in a flat disc, in the leading order in < 1, the dynamics in the radial direc-
tion is controlled by the gravitational force, and the corrections ~ §2 are neglected,
whereas in a twisted disc the radial projection of the pressure gradient starts addi-
tionally contributing to the radial balance. This addition, on the one hand, depends
on the degree of the twist, and on the other hand, increases proportionally to the dis-
tance from the equatorial disc surface, &. Further, since it also depends harmonically
on the azimuthal direction, the gas elements (for & # 0) are subjected to a periodic,
with the orbital period, disturbance by this force, and their orbits become ellipses
with low eccentricity. As is well known, the eigenfrequency of the small oscilla-
tions of free particles in eccentric orbits is equal to the epicyclic frequency, kK. As
the pressure gradient projection considered here excites exactly such oscillations,
the radial profile of the epicyclic frequency, k(r), is an important characteristic that
determines the shape of both stationary and non-stationary twisted configurations.
In the next section, we derive the required relativistic profile x(r) for equatorial cir-
cular orbits in the Kerr metric (see equation (4.10)). Note from the beginning that in
the special case of Newtonian gravity k¥ = £, and hence the action of the external
exciting force on gas elements with the same frequency results in a resonance. This
means that the amplitude of the perturbed motion, characterized by perturbation of
the orbital velocity, v, increases without limit. This growth, however, is always lim-
ited by the turbulent viscosity in the disc. Indeed, since the exciting force amplitude
o £, 50 is the amplitude of v. But this would suggest the presence of a vertical
shear, dgVv, in each ring. Together with the vertical density gradient (and hence the
vertical gradient of the dynamic viscosity) in the disc, this gives rise to a volume
viscous force that damps the driving of individual layers of each disc ring through
a resonance force. Note that close to the black hole, where the frequency k deviates
from €2, the amplitude v remains limited even in the absence of viscous forces. This
allows for the existence of stationary twisted discs with low viscosity around black
holes, in which (r) takes an oscillatory form (see Ivanov and Illarionov (1997)).

The Asymmetrical Density Distribution in a Twisted Disc and the Torque due to a
Central Gravitational Force

Thus, we see that the twist of the disc caused by the gravitomagnetic force nec-
essarily results in a perturbation of the circular motion of gas elements in the disc
rings. The velocity field of this perturbation, v, depends on r (in addition to being
proportional to o< £, as explained above) and is determined by the current shape of
the disc. By virtue of the continuity of the flow, this gives rise to density inhomo-
geneities outside the disc equatorial surface, p; o &. Since (Vp), o< cos y, these in-
homogeneities take opposite signs in the diametrically opposite points of any given
ring. But this implies that the ring is subject to the total torque of the central gravi-
tational force acting on the domains with enhanced density outside of the equatorial
plane of the ring (i.e. outside & = 0). We denote this torque by T,. Since the disc
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is thin and the gravitational acceleration along the axis of a ring is itself o &, the
corresponding component of the gravitational force, and T as well, are quadratic in
&. In addition, recall that the torque T, is proportional to the small warp magnitude,
T, o< Bdy/dr. Thus, we arrive at the conclusion that the dynamics of the twisted
disc rings is controlled by T, together with the torque due to the gravitomagnetic
force discussed earlier in this introductory section. Note that in the case § = const
considered here, (Vp), and, correspondingly, p; take their maximum absolute val-
ues (with opposite signs) at y = 0,7, i.e. at the node line of each ring !, see also
Fig. 4.4. But this implies that T, lies in the plane formed by the angular momentum
of each ring and the black hole spin axis. By virtue of the symmetry of the problem,
the total contribution to T, from other azimuths does not alter its direction. There-
fore, immediately after the gravitomagnetic force turns an imaginary tilted planar
disc into a twisted configuration with B = const, the gravitational force acting on
the asymmetrically located matter of the disc, relative to the surface & = 0, tends to
change the tilt angles of the disc rings: either to align the rings with the equatorial
plane of the black hole or, conversely, to remove them from it. On the other hand,
once f3 becomes dependent on r, the maxima of absolute values of (Vp), are shifted
from the node line of each ring to some new y, which gives rise to a component
in T, that also contributes to the precession motion of the disc rings, just like the
gravitomagnetic torque.

Additional Influence of the Viscous Torque

The dynamics of twisted discs as sketched above is complicated due to the pres-
ence of non-zero viscosity in the disc. First of all, each ring of the disc is subjected
to the action of the viscous force arising due to the difference between the direction
of the tangential velocity of the ring and that of the adjacent rings. This difference is
maximal in the directions where the ring planes intersect, i.e. exactly where (Vp),
vanishes, see Fig. 4.3. In the above example of a configuration with B = const, this
corresponds to Y = £7/2, i.e. perpendicular to the node line of the rings. The vis-
cous force, being proportional to the difference in tangential velocities, is directed
at these points perpendicular to the ring plane and has different signs on different
sides of the node line. Therefore, the corresponding torque, Ty, is perpendicular to
the plane made up by the angular momentum of the ring and the black hole spin
axis. In other words, the viscous interaction between the disc rings leads only to
their precession around the black hole spin axis, see Fig. 4.4. Note also that the
viscous torque Ty, < Bdy/dr, which appears due to the difference between the tan-
gential velocities of adjacent rings, and T, o< £2 due to the viscosity coefficient. It is
important to note that as soon as the profile §(r) is formed due to the gravitational
torque T,, the viscous torque Ty also starts causing alignment/misalignment of the
ring with the equatorial plane of the black hole. This happens for the same reasons

! For the sake of making the description as rigorous as possible, it is important also to add that
the coincidence of azimuthal location of maxima of (Vp), and p; occurs only when the effect of
viscosity on the gas elements of the ring is neglected.
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Fig. 4.3 A sketch of the zone of a twisted disc in the vicinity of the filled circle located at the
particular ring at y = m/2, see Fig. 4.1. The visible part of the disc is transparent in the figure,
while the part of it obscured by the semi-transparent plane B shaded, see Fig. 4.1. Dashed and
dot-dashed lines represent the rings adjacent to the particular ring, with larger and smaller radii,
respectively. There are two normals originating from the point indicated by the filled circle: to the
plane of the ring, nj;, and to the disc surface, ny,,. In addition, we have the velocities of the flow
rotation corresponding to the displayed rings, evaluated at the same y = /2 and transported to
this point. Their difference is the relative velocity Av,,, which causes the emergence of a viscous
force acting on the particular ring from the adjacent rings.

as T, also starts contributing to the precession motion, and as discussed above, the
location of the intersection between planes of adjacent rings becomes shifted in the
azimuthal direction.

Additional Advection Effects

In addition to causing the appearance of T\, the viscosity in a twisted disc, like
in a flat accretion disc, leads to radial diffusion transfer of the angular momentum
component parallel to the equatorial plane of the black hole (which is non zero
exactly for a tilted/twisted disc) towards the disc centre, due to simple transport of
the accreting matter, and towards its periphery due to the corresponding outflow
of angular momentum. In the case of a relativistic disc, an additional loss of this
angular momentum component occurs due to thermal energy outflow in the form of
radiation from the disc surface (see Eq. (C6) in Zhuravlev and Ivanov (2011)).

All forces participating in the dynamics of a twisted disc appear in the so-called
‘twist’ equation — the master equation of the twisted disc theory. This equation is
derived and analyzed in the subsequent sections.
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Fig. 4.4 A sketch of the forces acting on a particlular ring in a twisted disc, see Fig. 4.1. Although
both the central gravitational force, Fg, and the viscous force, Fy, are non-zero everywhere along
the ring, their vectors are displayed here in the points of their maximum magnitude only, see Fig.
4.1 and also Fig. 4.2 and Fig. 4.3. The full averages of these forces vanish, whereas the corre-
sponding full torques, Ty and Ty, are non-zero. In this case (look at the direction of the angular
momentum of the particular ring, L) the viscous torque causes precession of the ring, whereas the
central gravitational torque causes evolution of its inclination.

4.1.1 Weakly Perturbed Circular Equatorial Motion: Epicyclic
Frequency and Frequency of Vertical Oscillations

In a twisted disc, we assume motion of matter outside the equatorial plane of the
Kerr metric. This motion is not necessarily circular in the projection onto that plane.
Therefore, we first analyze the properties of free particles moving in orbits slightly
different from circular ones.

We first assume that the particles move exactly in the equatorial plane but in
slightly non-circular orbits. This problem can be solved using relativistic hydrody-
namic equations with zero pressure, and by assuming that there is a small deviation
from the purely circular velocity. Also, instead of equations (3.64) and (3.65), it is
better to use the original equations in the form

T, =0, (4.4)
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where in the considered case of free motion, T = pU'U* and p = const. Under the
last assumption, the velocity field, as follows from the rest-energy conservation law
(3.66), is divergence-free, and (4.4) is equivalent to the following equation:

UL Uk =o. (4.5)

We now consider a small deviation from the four-velocity of the circular equatorial
motion and denote it by v'. Unperturbed motion corresponds to rest in the projection
onto tetrad (3.50-3.53), used to construct the flat accretion disc model, i.e. is given
by the four-velocity U, = {1,0,0,0}. Substituting the sum U} +v; in (4.5), we obtain
linear equations for small perturbations of the four-velocity v;, which is assumed to
be a function of 7 only:

vigUg +Uj 0" =0. (4.6)

Taking into account that U}, =1I}i, for i = 1,2 we obtain the set of equations

VTt = C’I/ZB% 277320 —, @.7)
ped® 1H
v+ LV =C 1/23?“ 3/2 (1 _2c> Vv =0. (4.8)

It follows that small perturbations of the four-velocity components in the equato-
rial plane of the rotating black hole oscillate in time. For example, v" satisfies the

equation
d>v 2C H
—|l-= ]V =0 4.9

a? B < 2c)v ’ (49)

which implies that the square of the frequency of these oscillations, epicyclic by
definition, has the form

_2 2
K2 =r 3B 22C—H)=r" (1 n %) <1 — g n r% - 3;) . (4.10)
A somewhat different derivation of k can be found in the Appendix in Okazaki
et al (1987). It is important to note that (4.10) contains a derivative with respect to
the coordinate time, and therefore the epicyclic frequency is determined by the clock
of an infinitely remote observer, similarly to the circular frequency (3.17) introduced
above. By comparing equation (3.18), which defines the location of the innermost
stable circular equatorial orbit in the Kerr metric, r,,,, with (4.10), we infer that
% (rms) = 0. For r < 1, the epicyclic frequency becomes imaginary, and equation
(4.9) has exponentially growing solutions. This must be true since, in this region,
free circular motion around a rotating black hole becomes unstable. In Sect.3.1.3
this result was obtained from an analysis of the form of the effective centrifugal
potential, in which a test particle moves in an equatorial circular orbit. We see that
Fms can be determined alternatively from the calculation of the profile k() in the
Kerr metric.
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It is well known that for Newtonian motion, so-called Keplerian degeneration
occurs when x = Q for non-circular motion, which causes the non-relativistic orbits
to be closed. However, this symmetry is broken for relativistic free motion, and the
epicyclic frequency k differs from 2 already close to a non-rotating (@ = 0) black
hole, where its square is

=3 (1—6> :Qz<1—6) <02 (4.11)
r r

The difference between the epicyclic and circular frequencies results in the well
known effect of precession of the elliptical orbit. Far away from the horizon of a
Schwarzschild black hole, i.e. for r > 1, the frequency of the orbits rotation, called
the Einstein precession frequency, is £, ~ 3/ /2,

Suppose now that we rotate together with the test particle at some radius. When
considering the problem in the projection onto tetrad (3.50-3.53), this particle re-
mains at rest. We now impart to the particle a small velocity in the direction per-
pendicular to the equatorial plane. Equation (3.75) of hydrostatic equilibrium for
a flat disc implies that in our reference frame the particle, being in free motion, is
subjected to acceleration that is proportional to z and tends to return the particle
to z = 0. As a result, the test particle oscillates harmonically with a frequency the
square of which is

Q= —— (4.12)
r

where the superscript ‘1’ serves as a remainder that the frequency is measured in the
reference frame comoving with the particle in its main circular equatorial motion.
To re-define this frequency as measured by the clock of an infinite observer, as was
done for both circular and epicyclic frequencies, the frequency ! must be divided
by the time dilation factor (the difference between the proper time of the particle
and the time at infinity), i.e. by the z—component of the four-velocity (3.15). Thus,
the square of the frequency of vertical oscillations is

_ 2
2 B304 3 L)z _4a | 3a”
Q2=r3B2H=r (1+r3/2 (1 Shtor ). (4.13)

which coincides, for example, with the expression presented in Kato (1990) (see
also Ipser (1996)). Eq. (4.13) implies that around a non-rotating black hole Q, = Q.
This means that the vertical and circular motions have the same period, and the
total motion of the particle is again a circular motion in a closed orbit whose plane,
however, is now slightly tilted towards the initial equatorial plane. The situation
changes for a # 0, since for Q, # Q the orbit is not closed any more, and the orbital
plane starts precessing around the spin axis of the black hole. The frequency of
the orbital precession is equal to the difference between the circular and vertical
frequencies. For a slowly rotating black hole with a < 1 the precession frequency
of a slightly tilted orbit is
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- 32 a 3/2 3a\ 2a
Qr=0—0,~r (13%)4/ (1r3/2>r3<<9. (4.14)

This is simply the angular velocity of the frame dragging by the rotating black hole
(see equation (3.3)) in the limit ¢ < 1. The frequency Q7 is also referred to as the
Lense-Thirring frequency.

In the most general case, where the test particle deviates from circular motion si-
multaneously in the vertical and horizontal directions, the particle’s motion in space
can be described by a slightly elliptical orbit, with both plane and apse line turn-
ing with an angular velocity proportional to the difference between the circular and
vertical frequency and the difference between the circular and epicyclic frequency,
respectively. For a < 1, the precession of the orbital plane occurs on a timescale
much longer than the dynamical time, 77 > t;, where t17 ~ QL_Tl (see the discus-
sion in the previous section).

4.2 Choice of Reference Frame

4.2.1 The Metric

Taking the general conclusions of Sect. 4.1 into account, we here consider slowly
rotating black holes, a < 1. In this case, a linear expansion of the Kerr metric in the
parameter a is sufficient. Then the formula (3.1) takes the form

ds®> = (1-2/R)dt* — (1—2/R)"'dR* — R*(d6* + sin*0d¢?) +4%sin29d¢ dt.
4.15)
Metric (4.15) is identical to that of a non-rotating black hole written in Schwarzschild
coordinates, except for one non-diagonal term responsible for the Lense-Thirring
precession.

Our main purpose in this section is to introduce the relativistic reference frame
that follows the disc twist. The symmetry of the problem implies that the equations
of motion should have the simplest form in such a frame. As for a flat disc, it is
convenient to use some orthonormal non-coordinate basis. For this basis to follow
the disc shape, its two spatial orts should be tangential to the disc symmetry plane.
At each spatial point we take the orts of the ‘flat’ basis, which are determined,
say, by the equatorial plane of the black hole, and rotate them by the angles 8 and
7, defining the disc shape. This is done in the simplest way by using a Cartesian
coordinate system with the z-axis parallel to the black hole spin. However, we should
first understand which four-dimensional basis (whose dual tetrad must transform the
metric (4.15) into the Minkowski metric) in the flat-space limit would produce the
spatial part described by the Cartesian reference frame.

This can be done by changing the radial variable in (4.15), namely, by passing
from R to the so-called ‘isotropic’ radial coordinate, R;:
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L \2
R=R/(14+— | . 4.16
1( +2R1> (4.16)

Substituting (4.16) into (4.15) yields

2
1—-L 1 \* 20
. , (1)
“4.17)

where the second term represents an elementary spherical volume. Now, it is
easy to transform to Cartesian coordinates via the change {x = R;cos¢sin0,y =
Rysin¢sin 6,z = Rycos 6}. Using R% sin? 0d¢ = xdy — ydx we have

ds* = K}dt® + 2aK, K3 (xdy — ydx)dt — K3 (dx® +dy* + dz?), (4.18)
where
-0 12 21
2R,
K, = , K= (l—‘r) , K= —————, 4.19)
1+ 5 2R, R} )2
2K, 11— (TR,)

are functions of R; = (x2 +y?+2z2)'/2 only.
Metric (4.18) generates the following dual basis

¢ = Kidt +aKz(xdy — ydx), €' =Kydx, & =Kydy, & =Kydz. (4.20)

Note that basis (4.20) corresponds to observers at rest in Schwarzschild coor-
dinates, since their world lines, defined by the condition U’ = e’ /ds = {1,0,0,0},
correspond to the equalities dx = dy = dz = 0. Their identical clocks are synchro-
nized in such a way that in equal time intervals, determined by the ort €/, light
travels an equal distance in any direction defined by the combination of e*>*. If the
observers were to use the coordinate time ¢, they would discover, for example, that
the light signal in the azimuthal direction, prograde with the black hole spin, travels
a larger distance than in the opposite (retrograde) direction. This follows from the
frame-dragging effect of a rotating black hole and is equivalent to the well-known
tilt of light cones in the azimuthal direction. Finally, we note that another choice of
orthonormal basis is possible in principle, which also compensates for the space-
dragging effect. This basis is called the frame of locally non-rotating observers, and
is moving with an azimuthal angular velocity equal to (3.3). Mathematically, this
corresponds to a correction of the azimuthal ort instead of the time ort (see Bardeen
et al (1972)).

Below, we need to rotate the spatial part of (4.20), so as to obtain the dual twisted
basis and then the original basis, which, as we recall, is needed to write down the
projection of the hydrodynamic equations. For this, let us first introduce the twisted
cylindrical coordinates.

Sdtdg,
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4.2.2 Twisted Coordinates

X

Fig. 4.5 Twisted cylindrical coodinates {r, y, &}.

We define the twisted cylindrical coordinates {7,r, ¥, £} such that the condition
& = 0 determines a coordinate surface coincident with the equatorial surface of a
twisted disc. Here, 7, r, W and & are the new time variable and twisted analogues of
the radial, azimuthal and vertical cylindrical coordinates, respectively> These coor-
dinates were first introduced in Petterson (1977) and Petterson (1978). At each fixed
r = const, the angle y is measured in the positive direction from the ascending node
of the circle & = 0 crossing the equatorial plane of the black hole. The relation be-

2 Here and hereafter, r denotes the twisted radial coordinate.
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tween {7,r, &} and {z, x, y z} can be obtained by a sequence of rotations at each
radial distance by the angles B(r, 7) and y(r, 7).
Let us take the radius vector with coordinates

T
rcos y
rsiny |’
S
where the three spatial Cartesian coordinates are defined in a frame with the z-axis
tilted by the angle 3(r, ) towards the black hole spin, and the x-axis lying in the
black hole equatorial plane and turned by the angle y(r) relative to some direction
common for all r.

Next, we consecutively rotate this frame by the angle (r, ) about its x-axis in
the negative direction and then by the angle y(r,7) about its z-axis in the negative
direction. After these two rotations, this frame transforms into a ‘flat’ Cartesian
frame common for all », with the xy-plane coinciding with the equatorial plane of
the black hole. Herewith, the new coordinates of the radius-vector are obtained by
multiplying (4.21) first by the matrix

421

10 0 0
01 0 0
A1(B) = 00cosf —sinf} |’ (4.22)

00 sinf cosP
and then by the matrix

1 0 0 O

| 0cosy —siny 0
A7) = 0 siny cosy 0
0 0 0 1

(4.23)

As a result, we obtain the following relation between the twisted cylindrical and
the ‘flat’ Cartesian coordinates in the linear approximation in small 3:

t =7

x = rcosycos Y —siny(rsiny — &) 424
y = rsinycosy+cosy(rsiny —&f) (4.24)
z=rPBsiny+&.

4.2.3 A Tetrad Transported by Observers Following the Twist

We now move from the ‘flat’ basis (4.20) to the twisted one by rotating its spa-
tial orts by the twisting angles at each spatial point. First, we need to perform the
rotation strictly opposite to what we did in the previous paragraph. This means that
we should take basis (4.20) as a column and first multiply it by the matrix A(—7)
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and then by the matrix A;(—f). After that, since we wish to obtain the basis corre-
sponding to the (twisted) cylindrical frame, it is necessary to additionally ‘advance’
the three spatial orts by the azimuthal angle y, which is achieved by additional
multiplication of the basis by the matrix Ay (—y).

As a result, we obtain a twisted dual basis, which contains some linear combina-
tions of the ’flat” coordinate orts, {d?, dx, dy, dz}. It remains to express it as linear
combinations of coordinate orts of the twisted coordinate frame, {dt, dr, dy, d&}.
For this, it is sufficient to take differentials of the coordinate transformation (given
by (4.24) in the linear approximation in ) and to substitute them in the twisted dual
basis obtained after the rotations. It can be verified that in linear order in 8 and a,
we have

e’ = (Ky —aréK30pU )dt+aéK30p(Z — rW)dr+arK3(r — EZ)d @ — arK3dp Zd&,

(4.25)
¢ = —EKUAT+ Ko (1 — EW)dr, (4.26)
¢? = —EKrpUdT — EKIpWdr + rKrd g, (4.27)
¢* = rkoUdt + rKoWdr + Ko dE, (4.28)

where we introduce the new azimuthal variable ¢ = w + ¥(r) and change to partial
derivatives with respect to the corresponding new coordinates.
We also introduce new variables characterizing the disc geometry:

Y = Bcosy, ¥ = Bsiny (4.29)
and from now on use them instead of the angles 8 and y. Additionally,
Z=Bsiny =¥ sing —Y¥cosp, U=Z W=2Z, (4.30)

where partial derivatives with respect to 7 and r are denoted by the dot and the
prime.

It follows that for f = ¥ = 0 and with an additional transition to Cartesian coor-
dinates, basis (4.25-4.28) is transformed into the ‘flat’ basis (4.20).

As discussed above, observers transporting basis (4.20) are at rest in the Schwarzschild
coordinates. On the contrary, observers associated with basis (4.25-4.28) move in
space by following the changing shape of the twisted disc (in non-stationary dy-
namics).

As we have seen in Chap. 3, the original basis, onto which the hydrodynamic
equations are projected is obtained by inverting the dual basis matrix. Using (4.25-
4.28) in an approximation linear in $ and a, we have

eT:I;(af+€U8r+§a(pUa(p_rUa§>7 (431)
1

1 K3 <
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e(p—I;z(ag?(r'g'Z) faé—rUa +(a§ >8¢+ar§erB§>,
(4.33)
e

Using the original and dual bases, together with the algorithm presented in
Sect.3.2.1, we can now calculate the connection coefficients. This very cumber-
some but straightforward procedure yields the following non-zero connection coef-
ficients in a linear approximation in  and a:

K 1
= Kk Lrp =ajs (1-5(r=82)K4),

I :_“%%z(l_ 5 (P +8%) Ka), Tigr = —Tirg,

Frq)é:a% (Z+%(V*§Z)K4>, Eg;%%}@,

L, = —Doe, Lz = —Izge,

Lo = % 3-0pU — Tirg, Lrgr = %%&,,W,

Lop = er —ak & s Leo =g — e, -
Ly K% %F Lo argg U

Y % per = x;%U — gz,

Loe, K%aq’w’ 05p = 2 ‘”’K % %U.

where K4 = K3/K; (K /K3)'. The other non-zero Ij, as usual, can be obtained by
taking the asymmetry in the first two indices into account.

Thus, the basis (4.31-4.34) together with the connection coefficients (4.35) are
the sum of two parts: the main part that persists at § = 0 and a small additional part
o< 3. In what follows, we denote these parts ‘Bg’ and “B;’, respectively.
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4.3 The Set of Twist Equations

4.3.1 Projection of the Dynamical Equations onto the Twisted
Basis for a Thin Disc

4.3.1.1 Separation of the Equations into Two Sets Describing a Flat and a
Twisted Disc

Let us use the relativistic hydrodynamic equations in the original form:

T =0, (4.36)

where the stress-energy tensor and its components are presented in Sect. 3.2.3. Equa-
tions (4.36) should now be projected onto the twisted basis (4.31-4.34). To do this,
we assume that B < 1. In other words, mathematically we consider the twist of the
disc as a small perturbation to its ‘ground’ state, i.e. to the model of a flat disc, also
referred to as the background. It is important to note that the appearance of a twist
gives rise to new terms in the equations, not only due to the bending of the basis,
but also due to the appearance of additional perturbations of the physical quantities
themselves that enter the stress-energy tensor, including the density, pressure and
four-velocity.
Thus for a twisted disc, instead of (4.36), we may write

(To* +11%) )0 + (To™* +T1™) )1 =0, (4.37)

where Ty** corresponds to the background state and 7;* is a small Eulerian per-
turbation of the stress-energy tensor. The indices 0 and 1 that follow the notation
of the covariant divergence mean that the divergence is taken in bases By and By,
respectively.

The action of the covariant divergence with index 0 on Toik, evidently, yields 0,
since these are equations for the background:

(To" )0 =0. (4.38)
Then, in the approximation linear in 3, we find the twist equations:
(™ )0 + (To™ 1)1 = 0. (4.39)

We assume that in a twisted disc the four-velocity, pressure, rest-mass energy
density, internal energy, viscosity coefficient and energy flux density, as defined in
their standard sense (see Sect. 3.2.3), are given by

Ui:U(HVi,P:PoJrPuP:P0+P1»8:80+817

n="no+m,q =qy+q\,
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respectively. Here, the indices 0 and 1 denote values related to the background and
perturbations, respectively, and v/ are perturbations of the four-velocity?

Thus, T()ik is a stress-energy tensor which contains only unperturbed quantities in
accordance with definition (3.60) and its perturbation has the form

T = wiU§UE 4+ wo (VUE + UIVY) — pim™ +2n, 6 + 2nooi* -
Ulds — Usd, —viqs —V'q), (4.40)

where wg = po + & + po is the background enthalpy and w; = p; + p; + & its
perturbation.

In addition, 0'6" is a shear tensor which contains only unperturbed quantities in
accordance with definition (3.61), and G{k is its perturbed part of the form

1 ° I
of = E[(Vij)op(; +(v)oPy] g(V;jj)OP(ﬂk"'

1 ' " 1 S
5[(Uo§j)oP1] + (Uo)oP{' - g(Uo;]j)OPfk

S+ (W BT — 5 (0ol (441)
where Pék is the projection tensor that contains only unperturbed quantities in accor-
dance with definition (3.62), and its perturbation is written as Pk = —Uivk — Uk

Everywhere below we omit the index O for the unperturbed quantities. In ad-
dition, the viscous part of the stress-energy tensor in the disc is marked with “v”
wherever necessary: T/ = 2n o'k,

4.3.1.2 Additional Relations Used to Write the Equations

The relations given below are valid up to terms of the order of o 8%, which is
sufficient for the theory of twisted discs in the leading order in the small parameter
8. In deriving these relations, this simplification enables us to consider that in the
background solution, only U® and U? are non-zero, while U” o 8 and U” can be
temporarily set equal to zero.

We first note that the following relation between the components U® and U? is
used below:

(UT? = (U?)?+1, (4.42)

which follows from the expression for the norm of the four-velocity in an orthonor-
mal basis. Constraint (4.42) is also useful in differential form:

UtdU" =U%dU?°. (4.43)

3 To shorten the equations, we omit the term with the second viscosity {: as it can be shown using
the analysis given below, this term does not contribute to the final equations in the leading order in
the small parameters of the problem.
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Next, since the normalization of the four-velocity is also valid in the twisted disc,
and the four-velocity perturbations are small, in the linear approximation we have

(U452 — (U 4+v9)2 = (UT)? +2U" — (U®)? 209" =1,
and hence, with account for (4.42), V' is ‘orthogonal’ to U i
U =U%". (4.44)
Finally, from the condition that o'k is space-like, we have
o"'U"=0o6"?U?,

and thus, in the basis B used in this section, in the flat disc model, not only T"p,
but also 7}* is non-zero in the order of § that is of interest to us here:
r U(P r
T = WTv“’. (4.45)
Note that in basis (3.50-3.53) co-moving with the azimuthal motion, only the com-
ponent Tv"P is non-zero (see (3.73)).

4.3.1.3 Equation of Free Azimuthal Motion

The quantities corresponding to the background model and entering the twist
equations (4.39) should be obtained separately from equations (4.38). For this, it
is sufficient to use the results from Chap. 3, taking only the transition from basis
(3.50-3.53) to the basis By into account.

Nevertheless, when deriving the twist equations, it is also necessary to use some
of equations (4.38) written exactly in the basis Bg. This regards the r- and &-
projections of these equations in the leading order in the small parameter of disc
thickness which, as we know, describe its azimuthal rotation in the equatorial plane
of the black hole and its vertical hydrostatic equilibrium. We emphasize that these
relations are valid for both a stationary and a non-stationary accretion flow, for any
viscosity parametrization, as well as for any specific vertical and radial structure of
the flow. Only the condition 6 < 1 is important.

At the first stage of deriving the twist equations we will need only the r-projection
of (4.38). Setting T = pU'U* we find that 7% ; = 0 yields

K
K

!
(U2 +a&(2 —rK))UTU? — @(U‘P)Z =0. (4.46)
K2 VK2
Exactly this combination (4.46) is used in the derivation; however, it can be
checked that together with (4.42) in the approximation linear in a it gives the so-
lution
U‘P:(r5—3)*1/2(1—ar;‘/z(rs—s)*l), (4.47)
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where we have switched to the Schwarzschild radial coordinate rg which is equiva-
lent to r, which we used in Chap. 3 in the expression for U; (see formula (3.15)). It
is easy to check that Uéfp = U?/rg, as must be the case with the transition from the
coordinate basis to By taken into account.

4.3.1.4 ’Gauge’ Condition of the Twisted Frame

The principal kinematic constraint for the twisted reference frame requires a con-
stant vertical position of fluid particles:

o

4.48
P ) (4.48)

which is provided by fast establishment of hydrostatic equilibrium across the disc
compared to the dynamical time of the twist change, as discussed in Sect. 4.1. How-
ever, as has been already noted in Hatchett et al (1981), an important point is that
this does not mean that the projection of the four-velocity of the fluid onto e is
also zero, because our basis is non-coordinate and its orts are not tangent to the
coordinate lines.

By definition,
13
=
ds
Using (4.28) we have:
v = U oW O
s s

where we should substitute dt/ds and dr/ds in this relation in the zeroth order in
B, in other words, as values corresponding to the flat disc dynamics. Expressions
for €%, e? and ¢ at § = 0 give

dt 1 do dr U do U?
2 (U= a2t . S 4.49
ds K ( ar s ds) Tods Ky ds  rky’ (449)

where by definition U =X /ds. As a result, we obtain

K
Ve = rUTKfo +rU'W, (4.50)
1
where 0
K
K=1|(1 —ariU— .
K, U"

In (4.50) the velocity components U* and U" should be taken from the correspond-
ing background solution for a flat disc.
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4.3.1.5 Explicit Form of the Set of Equations of a Twisted Disc

Now, using (4.42-4.50), we write equations (4.39) in explicit form by keeping
only the terms in the leading order in the two small parameters & and u = t;/t,,*.
Here, we take into account that quantities of ‘thermal’ origin in the background
solution are small, i.e. p, e, 1] o< 82p and ¢5 o< 83p, ¢"*? o< §* (see Chap. 3).

We postpone discussing the effects of the fluid non-ideality for a while. Note that
this assumption not only concerns the vanishing of terms including the viscosity co-
efficient and energy flux density, or their perturbations, but also implies the absence
of contributions o< U". To select the leading-order terms in the ideal fluid approxima-
tion, we start by considering second terms in the 7-, r- and @-projections of (4.39).
It turns out that such terms are proportional to 68 here, and in the r-projection of
(4.39) this contribution is due to the projection of the vertical pressure gradient onto
the orbital plane of motion of matter in the twisted disc (see the analysis in Sect. 4.1,
where this quantity was denoted by (Vp),). In addition, the 7- and @-projections of
(4.39) involve terms o §~'uf, which should be kept. On the other hand, the first
terms in the 7-, r- and @-projections of (4.39) give rise to terms containing Eule-
rian velocity perturbations, v©">?, as well as the Eulerian rest-mass energy density
perturbation, p;. Hence, we conclude that

v""? o« max{5,6 'u} B, and pjo<max{5,5 'u}pp. (4.51)

In addition, for reasons that become clear below, we temporarily keep partial deriva-
tives of v/ and p; with respect to time, despite their being x~! times smaller than the
quantities themselves. Finally, the first terms of the 7- and ¢-projections of (4.39)
also contain terms with the combination 85 pvé , whose amplitudes are restricted to
the order o< max{3, 5~ 'u} B by equation (4.50).

Now, using the result (4.51), it is easy to select the leading terms entering in the
T-, r- and @-projections of (4.39) due to fluid non-ideality. The most troublesome
here is the contribution due to the shear tensor perturbation, 2n Gfk, which appears
in Tlik (see (4.40) and (4.41)). However, most of the terms from this contribution
contain jointly 1 o< 8% and v/ o< §f3. Therefore, it is necessary to include only the
terms in which the derivative with respect to & (lowering the order in &) occurs
twice. This fact strongly reduces the number of ‘viscous’ terms to be kept. By sim-
ilar considerations, the final expressions will not contain terms with ¢, q; and ;.
Finally, we stress once again that in addition to the purely ’viscous’ terms mentioned
above, the contribution due to the radial advection that appears in the background
solution with non-zero viscosity should not be forgotten. We are concerned with the
terms that may appear in the ‘non-viscous’ part of the stress-energy tensor (see the
first term in (3.60)) due to the non-zero value of U" «< §2.

Taking all of the above into account and using the relations derived in the previ-
ous three sections, we obtain the 7-, r- and @-projections of (4.39) in the form

4 As we discussed above, the smallness of #; /tev is necessary to ensure that the accretion flow
outside the equatorial plane of the black hole can be considered a ‘disc’. In turn, this is jointly
ensured by the smallness of both 6 and 7, /1,7 < 1 (see Sect.4.1.1).
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KFZr(%; pUU®U + ;p(U"’)ZB(pW, (4.54)
1

K3 U?
k= (1-af2 %)
Kz Ur
and F, "% is the total contribution due to non-zero viscous forces and the radial

advection of matter in the background solution o< U".
Explicitly,

where

¢
Ff = D@ — WOTL®) —rdepUTU'W, K =0 TLE,

— (9T — WO T, %) — ra pUPU'W, (4.55)

where

& _ n r o5 _ 2
T, ——E(&gv +U%,W), TY° = % (aqu) 22 Ut(U°) Z)

K

; U\’
Tv"’z—nr(er). (4.56)

We note that T}, ¢ and Tqué have the meaning of perturbations of the viscous stress
tensor. In these expressions, the terms o 3 contributing to the shear tensor pertur-
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bations appear due to the twisted basis. Conversely, 7, relates to the background.
Nevertheless, for the sake of brevity, we use the same notation with the index v for
these three quantities.

Finally, we assume in (4.52-4.56) that in the relativistic coefficients K, K> and
Kj, the argument R; is replaced by r, since R? = r? + &2 and accounting for the
dependence on & here always gives rise to a small correction o< 82 only.

It remains to write the explicit form of the &-projection of (4.39). Similarly, we
start with the contribution of terms in the ideal fluid approximation, and first rear-
range the first term in (4.39). The leading-order terms in § here are, in particular,
pv? and p1, but additionally multiplied by &. This means that their amplitudes are
restricted to the order max {82, u} 8. Furthermore, v¢ now enters the term U® pdyv*
which also implies the raising of the order of smallness by & compared to (4.52-
4.54) (it can be seen that in formulas (4.52) and (4.54) V¢ enter in combination with
8§p). Besides, of all terms of a ‘thermal’ origin we must now keep the term with
d¢ p1, since it also is of the order of 62 due to the fact that p; ~ 82p; o< p&3 .

Turning now to the second term in the &-projection of (4.39), we write all terms
up to the order < max{82,u} B. From similar considerations, the terms due to fluid
non-ideality (including ‘advective’ terms proportional to o< U") are also kept here,
with their smallness increased by the coefficient § compared to (4.52-4.54).

We thus obtain the following equation:

(9 (U‘P) K P
¢ ¢ _ 3 1
U?dyv> +r +§ (1 2ar— a (p) —+

K/ K’ K2 Ut ue¢
sevowe | KK _ar K5 (KGN (U UTA N Tpg
K K 2 KK K3 ue UT p

K> K3Z &2 K3Z (K 2 K3 o2
— | ==0pU —2a—— - — ru*u® U?)0,U, (4.57
|:K] ¢ ta r K|K2 K3 —|—ar ( ) (p ( )
where
S _ &é <P5
Fy, = rKlK & (}"K1K2 )+8§T + - 8¢T
2
r(p r°Ks 05 r(p Ur re

and Tﬂ; = pU®U". We do not provide the explicit form of TV5 ¢ here, as it is not
required in the final form of the twist equations.

Everywhere in (4.57-4.58), except in the second term in square brackets on the
right-hand side of (4.57), the argument R; in the relativistic coefficients K;, K> and
K3 is replaced by r. This term is an exception since it alone is of the zeroth order
in small parameters 8 and u in equation (4.57). But because we have kept the terms
o max{8%,u} in (4.57), in the term under discussion it should be necessary to take
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corrections o< 82 into account due to the dependence of the relativistic coefficients
K> and K3 on £. We did not do thit for the reason discussed in the next paragraph.

4.3.2 Completing the Derivation of the Twist Equations

We have thus written the twist equations in the leading orders in the small pa-
rameters O and u. All corrections linear in the Kerr parameter a have been taken into
account. If we temporarily set @ = 0 and consider equation (4.57), we see that, on
the one hand, it contains terms proportional to the rate of change of the disc twist, U,
and on the other hand, it has terms containing perturbations of physical quantities of
the order o< §2. Thus, we can say that a thin twisted disc evolves on long timescales
such that u ~ 82, due to internal forces only. Then it becomes clear that equations
(4.52-4.54) are restricted to the order « &, and equation (4.57) is restricted to the
order o< §2.

At the same time, when the parameter a is non-zero, a ‘large’ term of the ze-
roth order in § and o aZ arises on the right-hand side of equation (4.57). This
term describes the gravitomagnetic interaction of the rotating black hole with the
tilted/twisted disc. In order that all terms in (4.57) be balanced with each other, we
must assume that a ~ 2. But then it becomes clear that all additional corrections
~ a in equations (4.52-4.54) are of the next order in & and can be omitted. The
same applies to all terms o a8 in equation (4.57), including the correction o< §2
due to the dependence of the relativistic coefficients on R; in the gravitomagnetic
term itself.

In fact, this means that when considering the dynamics of a twisted thin accretion
disc near a rotating black hole, it is sufficient to use the background model, i.e. the
corresponding flat disc, in the Schwarzschild metric with a = 0. The assumption of
slow black hole rotation was required as otherwise the accretion flow (including the
non-stationary one) could not be regarded as a disc, since the vertical hydrostatic
equilibrium there would be violated (see Sect.4.1). Of course, these conclusions
only apply to slightly tilted/twisted and geometrically thin discs with f < 1, § < 1.

In what follows, we therefore set @ = 0 in all terms except the gravitomagnetic.
This significantly simplifies further calculations required for obtaining the twist
equations in the final form. Let us first analyze equations (4.52) and (4.54). It is
convenient to consider their combinations, which will contain neither p nor v®.

Eliminating v? for a = 0 we obtain the equation

1 Ut 9 , PV
Ue
Ur)?

EUPpI,W + QTS — WO T?), (459
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where we have omitted the term p;, which is of the next order in §, compared to
the other terms. In the Newtonian limit, as r — oo, equation (4.59) reduces to the
continuity equation for perturbations.

Next, eliminating p; for a = 0°, we obtain the equation

(B:TY° —WI:Ty?) = 0.
(4.60)
In the Newtonian limit, (4.60) reduces to the azimuthal component of the Navier-

Stokes equation for perturbations.
Finally, (4.53) with a = O takes the form

N PR ,U® K| UT ry |l
— V' + ———0dpV — = |V +—=
K ruc? Ut K U? pU*®

Kapew U%o o0 Ki o 1o e 22
EU 1% +78¢v _2K1U‘PV —|—E<9§Tv —WrT. (4.61)

In the Newtonian limit, (4.61) reduces to the radial component of the Navier-Stokes
equation for perturbations.

It is important to explain why we have retained terms with v and v in equations
(4.60) and (4.61) although they are of the next order in 8. As mentioned in Sect. 4.1,
in the Newtonian limit the epicyclic frequency becomes equal to the Keplerian cir-
cular frequency, which results in a resonance growth of the amplitude of velocity
perturbations of gas elements in the disc, under the action of the radial projection of
the vertical pressure gradient, (Vp),, which is limited only by the viscosity. Mathe-
matically expressed, in the limit of an inviscid Keplerian disc, equation (4.60) yields,
in the leading order in the parameter u (with the term with « v? omitted), a relation
between V' and v® such that the sum of the second and the third terms in (4.61)
vanishes. But, as there is a term o & 3 in the right-hand side of (4.61), it follows that
v" (and hence v? as well) acquires the first order in & in the considered case. Ei-
ther viscosity or relativistic corrections eliminate the Keplerian resonance, and the
amplitudes of v and v? decrease again to the third order in §.

Now, from equation (4.57) we need to derive the so-called twist equation that
plays the principal role in the theory of twisted discs. For this, we need to explic-
itly determine the value 85 p/p, which is done in the next section. Although the
Schwarzschild approximation is sufficient, we also take linear corrections in a into
account. This is required below to obtain an additional expression for the Lense-
Thirring frequency in terms of the relativistic coefficients used in the twisted basis.

4.3.2.1 Equation of Vertical Hydrostatic Equilibrium

Let us write down the &-projection of (4.38) in the basis By to the leading order
in 8, as we did in Chap. 3, employing basis (3.50-3.53) (see equation (3.75)). Taking
into account that the four-velocity of the flow is {U%, 0, U?, 0} in the leading order
in 8, we obtain the following equation

3 a =0 also in the expression for Tv(Pg.
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%r ¢

0\2
o =2(7)

2
K _ (UT> ook U (4.62)

K, \U® K, U®

where U™ and U? satisfy the normalization condition (4.42) and the geodesic equa-
tion (4.46). With this in mind, we arrive at the final form of the hydrostatic equilib-

rium equation

0 ®\2 T

%p __EWR (), KUY W)
p ror K, U?

where the Schwarzschild profiles of U? and U? are used in the term including pa-
rameter a.

It can be verified that with the substitution & — z/K5, equation (4.63) is equiva-
lent to (3.75) in a linear approximation in a. Here, we should only take into account
that rg = K> r, where rg is the Schwarzschild coordinate equivalent to the coordinate
rin (3.75).

4.3.2.2 Twist Equation

Our goal is to rewrite (4.57) in divergent form. Without accounting for the grav-
itomagnetic term, equation (4.57), in which we also set a = 0, must respect the
conservation law of the angular momentum projection of the twisted disc onto the
equatorial plane of the black hole (the conservation of the disc angular momentum
projection onto the black hole spin in our problem, linear in 3, follows from equa-
tions for the background, since the corrections due to the small tilt angle are propor-
tional to o< 1 —cos B ~ B2), which reflects spherical symmetry of the Schwarzschild
metric.

It turns out that to do this it is necessary to eliminate v¥ and p;, on the left-hand
side of equation (4.57). Therefore, we will use equations (4.59-4.61) with v =v? =
0 for our purposes, since we will not deal with resonance combinations of v" and v?
that vanishes in the main order in u in the Keplerian inviscid limit (see the comment
to equations (4.60) and (4.61) above).

First, on the right-hand side of (4.59) we rewrite the term with d,W through v"
and v? using (4.61) and (4.63) with a = 0. In the resulting expression for p;, we re-
place v? using (4.60). Here, the derivative with respect to ¢ can be eliminated using
the harmonic dependence on ¢ (see (4.30) ). In other words, dyy = —1. Substituting
the obtained expressions for p; and v® in (4.57), integrating over &, and perform-
ing integration by parts wherever necessary, using the fact that the corresponding
surface terms vanish as p — 0, we arrive at the compact equation
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where, as usual, X = [ p d¢€ is the surface density of the disc, and the bar over 7% in-
dicates that it is integrated over £. In the Appendix of Zhuravlev and Ivanov (2011),
it is shown that (4.64) can be used to obtain the angular momentum conservation
law for a twisted disc.

Equation (4.64) is a master equation governing the dynamics of twisted discs.
It is usually referred to as the “twist equation”. In Sect.4.1 we gave a qualitative
description of the dynamics of a twisted disc splitted into rings. At the quantitative
level, this information is contained in (4.64). Let us explain the physical meaning
of each term in the twist equation. The first term on the LHS of (4.64) o< d,U char-
acterizes the rate of change of the horizontal component of angular momentum for
a particular ring of the twisted disc. The second term on the LHS of (4.64) rep-
resents the gravitomagnetic torque, while the combination in front of Z gives the
Lense-Thirring frequency, see (4.68) in the next paragraph. Finally, the combina-
tion o< dpW shows the radiative transfer of the horisontal component of the angular
momentum for a particular ring, which arises due to accretion with speed U’, as
well as due to the action of viscous forces in the plane (r, ). Further, the first term
on the RHS of (4.64) provides torque due to the central gravitational force, which
emerges due to the asymmetric density distribution perpendicular to the disc equa-
torial surface. This term (along with the gravitomagnetic torque) remains non-zero
in the inviscid case. The last term on the LHS of (4.64) represents the viscous torque
acting from the adjacent rings divergent from the chosen ring. The force associated
with the latter torque is directed along the axis of rotation of the chosen ring, see
the corresponding paragraph in Sect.4.1. With regards to the last two terms, note
that the central gravitational force is always larger than the viscous force. These
forces become comparable to each other in the most viscous discs with a viscosity
parameter o ~ 1.

Equations (4.60), (4.61) and (4.64) represent a closed set of equations describing
the dynamics of twisted configurations provided that the corresponding model of the
background is specified. Unknown variables in this set include the velocity perturba-
tions v" and v and the quantity Z characterizing the disc geometry. We emphasize
that in deriving these equations we essentially used only three main assumptions:
a< 1,8 < 1and B < 1. This means that the equations describe the dynamics of any
geometrically thin accretion flow (disc) with any parametrization of viscosity and
any radial or vertical structure, in both the stationary and the non-stationary case,
(with non-stationary here, referring to a non-stationary background). Consequently,
the equations determine not only the dynamics of twist perturbations propagating in
a stationary flat disc, but also the dynamics of the twisted rings/tori, when evolution
of the geometry is accompanied with their expansion in the radial direction due to
turbulent viscosity, which means that the background itself is evolving.
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4.3.2.3 Once Again about the Characteristic Frequencies of the Problem

In Sect. 4.1.1, we already obtained relativistic expressions for the characteristic
frequencies of the problem. These include the circular and epicyclic frequencies
of free equatorial motion, as well as the frequency of vertical oscillations and the
precession frequency of tilted orbits. Here, we wish to obtain expressions for these
frequencies, but now in terms of the values used above to construct the theory of
twisted discs, i.e. in the basis By. These expressions are required to write the twist
equations in a more compact form.

The circular frequency of free equatorial motion as measured by the clock of an
infinitely remote observer, which we already presented in equation (3.17), can be
obtained simply by dividing d¢ /ds by dt/ds given in (4.49). We obtain

K, U?
KK, rtUT
Using (4.47) and (4.42), and remembering that rs = rK>, we can check that (4.65)
coincides with (3.17) in the linear approximation in a.

We now consider small vertical deviations from the circular equatorial motion. In
Sect.4.1.1, we discussed that the frequency of vertical oscillations as measured by
an infinitely remote observer, £2,, is the locally measured frequency, £2;, divided by
the 7-component of the four-velocity of circular motion, U;,. The frequency £; ex-
plicitly enters the equation of hydrostatic equilibrium (see equation (3.75) or equiv-
alent, equation (4.63) with the substitution & — z/K>). Using relations (4.49), we
express U, = dt/ds in terms of U™:

(4.65)

—1
Uy =KK U,
whence KUt U® O
Q=0—=—2=2 4.66
[ v K] er Q b ( )
where the final expression was obtained using (4.65).
But then, from a comparison of (4.66) with (4.63), we see that
o-o(1-a¥ (4.67)
= —ar—-— —= .
\ K2 Ue )’

where the Schwarzschild profiles for U® and U? are used in the term with the pa-
rameter a.
Then, using (4.14), we obtain the Lense-Thirring frequency

K K3
K3

Qir=a (4.68)

It is sufficient for our purposes to know the epicyclic frequency in the Schwarzschild
case with @ = 0. This expression can be most easily derived directly from the twist
equations, more precisely, from the part of these equations that describes the dynam-
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ics in the plane of the disc rings, i.e. from (4.60) and (4.61). Setting the ‘viscous’
terms and radial projection of the pressure gradient on the right-hand side of (4.61)
equal to zero, as well as omitting the dependence of v and v® on ¢, we obtain
equations for the Eulerian perturbations which describe free motion of gas elements
slightly deviating from circular motion. Clearly, these equations are equivalent to
(4.7-4.8) which were written in the basis (3.50-3.53). From these equations, we ob-
tain the following equation for v':

KK (0U° KUY,
o\ e Tkwee) T

42 (4.69)

where the expression before v" is equal to k2. It can be rewritten in a more compact
form K KUY
L l(] féyw))z (4.70)
2
to ensure that it coincides with (4.11), considering that the radial Schwarzschild
coordinate rg = rK; enters the last equation.
Finally, for convenience, we introduce the following quantity with the dimension
of frequency that appears in our problem. In the Schwarzschild case, a = 0,

K{ 1 I"S_3

Q:— =
Ky UTU?  ri(rg—2)1/%’

4.71)

which tends to the Keplerian value in the Newtonian limit.

Using (4.65), (4.70) and (4.71) allows us to write equations (4.60) and (4.61) in
a more compact form. Lense-Thirring frequency (4.68), evidently, enters the grav-
itomagnetic term in (4.64). However, we address this rewriting in the next section
when considering a specific background model.

4.3.3 Twist Equations in the Particular Case of a Stationary
Vertically Isothermal o-Disc

We now consider the form which the twist equations take in the specific back-
ground of a stationary o-disc, which was discussed in Chap. 3. This does not mean,
however, that only stationary twisted solutions are to be considered. In other words,
the equations we obtain are also applicable to arbitrary non-stationary dynamics of
the corresponding twisted disc. For example, they enable us to calculate the evolu-
tion of the shape of an (infinite) initially flat disc instantly tilted to the equatorial
plane of a rotating black hole. The initial stage of the evolution of such a disc was
qualitatively described in Sect. 4.1. In addition, these equations describe the wave-
like (in the case of a disc with sufficiently small o@ < J; see also Papaloizou and
Lin (1995)) or diffusion-like (in the case of a disc with sufficiently large o > §; see
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also Papaloizou and Pringle (1983)) dynamics of some twist perturbation imposed
on the disc lying initially in the equatorial plane of the black hole.

4.3.3.1 Explicit Form of the Necessary Background Profiles

The twist equations contain the quantity 7, (as well as 7}), related to the corre-
sponding flat disc model. We could obtain the explicit form of these quantities by
integrating the T— and ¢—projections of equations (4.38). However, it is simpler to
use the results from Chap. 3, where we have already obtained this quantity, there de-
noted by Ty (see equation (3.91) ). We should only take into account that now we are
working in another basis than that used for the flat disc, and therefore the transition
from Ty to Ty ® should be specified. First, using the orthogonality condition for the
shear tensor and, hence, for the viscous stress tensor, (3.67), we see that only one
component of the viscous stress tensor, Tvr(p/, is non-zero in basis (3.50-3.53), as the
four-velocity there has only non-zero time components up to terms o< 8. The prime
here marks basis (3.50-3.53). Further, the (orthonormal) bases are different only in
that an observer associated with basis (3.50-3.53) moves in the azimuthal direction
with the velocity of the free equatorial circular motion, whereas the basis Bg corre-
sponds to an observer at rest. Therefore, the transformations of vectors and tensors
must be equivalent to the usual Lorentz transformations. Using Landau and Lifshitz
(2000) (see Exercise 1, Paragraph 6 therein) we see that 7,° =U°T, ?" where U®
is the Lorentz factor of azimuthal motion. Finally, it should be taken into account
that integration over £ differs from that over z by the coefficient K,. As a result, we
obtain

)% = —T,. 4.72)

We note that it is possible to change from T}, *"to T,?, using the relation (3.35), by
writing it for two bases, equating the right-hand sides and then multiplying one of
the sides of the obtained equalities by matrices inverse to the basis matrices there.
Here, we should only take into account that in the basis By the radial coordinate was
changed, (4.16), i.e. that g = rK> in the notation of this part of the chapter.

Next, for the case a = 0, which is sufficient here, it is easy to express 7, in
terms of elementary functions. Indeed, the integral in (3.91) can be used with the
substitution y = /rs:

/EdrS:/yz_‘de:y—&-\/glny—Hﬁ
r/*c » =3 2 y-Vv3

For T with account for (4.72) we finally obtain

Tre — EU 32 L(r)

, (4.73)
21 KK?
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where

V6 V3 (yf\@)(3+2ﬁ)'

L=1-———In
y o2y (y+v3)
By necessity, L = 0 at rg = 6. We note that L = Y (a = 0) where Y was defined in
(3.100).
On the other hand, the expression for 6" in (3.73), in our case a = 0 in the basis
By, can be rewritten in the form

(4.74)

3D 3 3K

0= — yT=_KOUU = UPU®)?
° Anc T A A CAR
where, as usual, we use relations (4.49).
Then 3 K
T = 27 —L (U")*U°. 475
21, V) 4.75)
As in Sect. 3.3.6, equating expressions (4.73) and (4.75) we obtain
M (Y2 L
n=— <T m 3/2> . (4.76)
3 \U'U K?Kz

In the Newtonian limit, far away from the inner edge of the disc, equation (4.76)
gives the well-known result j = M/(37).

We assume that the kinematic viscosity is proportional to the characteristic disc
half-thickness times the sound velocity in the disc:

vV~ acshy, 4.77)

where A, is the proper characteristic disc half-thickness, which in our coordinate
system is hp.0per = K2h and « is the Shakura parameter, which is assumed to be
constant. Since (4.63) implies that ¢; ~ /P/p ~ U®h/r, we finally define o by the
equality

v =ak,Uh*/r. (4.78)
Using (4.76) and (4.78), we obtain the relation
M 12 L
b r . (4.79)
3ro UT(U(P)2 K?Kg/z

To find U" in the advective term in (4.64), we use the rest-energy conservation
law in the basis By for the stationary disc. Again, we use result (3.87). Recalling the
transition to the isotropic radial coordinate, the relation between the coordinate and
physical velocities (3.48) and (4.49), and the difference in the definitions of X, we
obtain

M
i IKIK3rU". (4.80)
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Then U" can be derived from (4.80) and (4.79) as

r 3a 62 2r1T (1792
U=~ KU VK (4.81)
Finally, we need to know the profile 6(r). Note that this value is invariant under
the transition between the bases (3.50-3.53) and By, since the change from &), to h
and from rg to r is scaled with the same coefficient K5.
In a gas-pressure-dominated disc with Thomson scattering opacity, it follows
from (3.108) with a = 0 that

8(r) = 8.k, K, (UT)OOLIS 0, (4.82)

In order to derive a simpler form of the twist equations, we need to specify the
vertical profile of the rest-energy density. Here we use it in its simplest form in an
isothermal disc:

2
p = peexp (‘fm) , (4.83)

where p.(r) is the equatorial density.

4.3.3.2 Switching to Complex Amplitudes

In the case of an isothermal disc, the velocity perturbations v and v in the form
vP =E(Arsin@+Aycos@) VvV =E(Bysing+ Bycos @) (4.84)

satisfy equations (4.60) and (4.61), provided that v does not change with the height,
and that the amplitudes Ay, A,, B; and B, are functions of r and 7. Indeed, in this
case, all ‘thermal’ terms are o &, and the dependence on & with the ansatz (4.84) is
identically satisfied in the considered equations.

Let us introduce the complex amplitudes

A=A,+iA;, B=B,+iB; and W= +i¥ = Be'’ (4.85)

By constructing two combinations, (4.60) +1idy(4.60) and (4.61) +1i0dy(4.61),
we see that all terms in these combinations are « e ~'?. In particular, the terms con-
taining W and dpW transforms into terms containing —iW’ e and We ™, re-
spectively).

As a result, we obtain the following complex equations

2

. 3
A-(i—a)QA+ ;—QB — —SiaKi (U U QW (4.86)

B—(i—a)QB-20A=—(i+a)U’QW, (4.87)
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where we have used equation (4.78), as well as the expressions for the frequencies
(4.65), (4.70) and (4.71) obtained in Sect.4.3.2.

In a similar way, by using (4.84) and (4.85) and constructing the combination
(4.64) +10dy(4.64), we derive an equation for complex amplitudes. On the right-
hand side of this equation, an integration over & should be performed for the deriva-
tive with respect to r. For an isothermal disc with density distribution (4.83), the
equality [ p&E2dE = Xh? holds. Thus, the derivative with respect to 7 acts on terms
proportional to Xh* or 7). Instead of these combinations, we substitute equations
(4.79) and (4.76) into our equation, and group common constant factors before the
derivative with respect to . Additionally, instead of U” and T"® we substitute ex-
pressions (4.81) and (4.73) into the left-hand side of our equation and then divide the
whole equation by X. The obtained equation contains M and X only in the combi-
nation M /X, which we express through 82 and other known quantities using (4.79).
Also using the expression for Lense-Thirring frequency (4.68), we finally arrive at
the following equation

. 3 LK} u®
W —iQr W+ ~ad?Lu? (UT —Kl(er)‘/Z) W =
277 Ky L

253
KU® 9 { 2= ((i+a)B+ aU‘PW’)} . (4.88)
2r1/2K§/2L ar Kiurtue

Equations (4.86-4.88) form a closed set of equations for the quantities A, B and
W as functions of r and 7. In the weak gravity limit they reduce to equations (30),
(31) and (33) in Demianski and Ivanov (1997).

Importantly, under the condition u =t,/t,, < 1, the derived set of equations can
be reduced to two equations for the variables B and W, since (4.86-4.87) prove to
be equivalent to a single equation (4.105): see the next section, where this issue is
considered using the language of frequencies. A derivation of (4.105) can be found
later on in Sect. 4.4.2.

4.4 Non-stationary Twist Dynamics

4.4.1 The Local Dispersion Relation

As noted in the introductory remarks to Sect.4.3.3, equations (4.86-4.88) de-
scribe also non-stationary twist dynamics exhibited by an infinite stationary accre-
tion a-disc. Let us consider this dynamics in the example of harmonic twist pertur-
bation, which depends on T and r as o exp(—i®@7 + ikr). For simplicity, we assume
that the perturbation is local, i.e. that k > 1. If so, we can neglect the radial varia-
tion of the coefficients in equations (4.86-4.88), as far as the typical spatial scale of
changes in these coefficients is much larger than the wavelength of the perturbation
~kL.
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Additionally, we assume that effects of viscous damping and General Relativity
are weak, i.e. & < 1 and r~! < 1. The latter allows to shorten calculations, while
not overlooking any of the regimes of twist dynamics. In the leading order in small
parameters we have

: Q 4
A—(i-a)QA+ (1 - ) B= —%iaU‘”QW’, (4.89)
r

r

B—(i—a)QB-2Q (1 - 2> A=— [i (1 + ‘f) +(x} UPQW',  (4.90)

. 8%r

V.
W—-iQ W = - [i(lJrz) B’+a(B'+U“’W’)} , 4.91)
r

where V| and V, are constants that appear in the expansion of the relativistic coef-
ficients over small !, which we do not need to find explicitly for our purposes.
It is implied here that all known quantities entering equations (4.89-4.91) take their
Newtonian values, thus, 2 = r3/ 2 ye = 1/ 2 whereas T and r are the variables
measured in absence of relativistic effects. In particular, this means that in this case
r=rs.

Changing the derivatives according to d/dT — —i® and d/dr — ik and exclud-
ing the Fourier amplitude corresponding to A, we obtain the set of algerbaic equa-
tions

[0 +20(1 +i0)Q + (1 +ia)?Q* - Q* +20Q,Q|B =

[(i (1 + ‘f) + a) (0+(1+ia)Q) — 305.(2} UPQKW, (4.92)

2 2
% {i (1 +‘f) +a] ikB = {—i(a)—I—QLT)ﬁ—OC(SZrU*”kZ} W, (4.93)
where B and W are the Fourier amplitudes of the variables B and W.

In (4.92-4.93) we used the Einstein frequency, £, = 3Q /r < Q, introduced
in Sect.4.1.1, see the expression for epicyclic frequency squared (4.11), and the
discussion in that section. Finally, we need to keep in mind that the solution we are
looking for must obey the condition @ < Q by virtue of the smallness of u =14/,
see the discussion in the introduction to this chapter and the introductory remarks to
the derivation of the twist equations given on page 162.

First, let us pay attention to the terms in square brackets on the LHS of (4.92).
We find that the leading terms, both equal to 02, cancel each other out, leaving a
set of only small terms. This is how the Keplerian resonance, or alternatively, the
Keplerian degeneration (i.e. the coincidence of epicyclic and rotational frequencies),
briefly discussed in the introduction to this chapter, manifests itself and require that
we retain the terms v, and v, in equations (4.60-4.61), see the explanation on the
page 166. Indeed, equation (4.92) would yield an infinite B for any non-zero w
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in absence of A and B, provided that o = £, = 0. On the other hand, if viscous
damping and/or relativistic precession is high enough, so that ® < min{aQ,Q,},
we can neglect the influence of A and B, and accordingly, set @ = O inside the
parenthesis in question. Below we formulate a condition for when it is possible to
do, in the form of a restriction on the wavelength of the twist perturbation.

Similarly, the square brackets on the RHS of (4.93) contain terms that are small
compared to €. For this reason, we keep the terms inside the square brackets as
they are, and only consider the relation §?7U%® = Qh?. The two remaining square
brackets, however, both include leading terms much larger than the corrections due
to viscosity and/or deviation from Keplerian dynamics. This implies that here we
may neglect these corrections.

Finally, we return to the terms in square brackets before B on the LHS of 4.92).
Regardless of the relation between @ and a.£2, or between @ and £2,,, we can always
drop the terms 02, 20000 and o2 Q? as lower order terms compared to @, o2 and
Q,.0

Taking all of the above into account, we arrive at the following dispersion relation

(0+iaQ +Q,)[—i(0+ Q) + aQ (kh)* /2] = —1Q? (kh)? /4,

which immediately allows us to conclude that in order for the condition @ < Q
to be satisfied, it is necessary to make the additional assumption that ki < 1, i.e.
that in our model, the twist perturbations must have a wavelength much larger than
the disc thickness. This, in turn, allows us to omit the term ~ o on the LHS in the
square brackets. The dispersion relation takes the final form

(0+iaQ +Q,)(0+ Q) = Q*(kh)* /4, (4.94)

and can be found in the Appendix to Zhuravlev et al (2014), where a general solution
is presented. Here we restrict ourselves to consider certain limiting cases.

4.4.1.1 A Newtonian Viscous Disc

In order to study the strictly Newtonian dynamics of twist perturbation, we set
Qrr = 0and £, = 0 in equation (4.94). We obtain the following solution

260;2,2 = i+ (K2 — a?)V2. (4.95)

In the short wavelength limit, or equivalently, in the limit of sufficiently small
viscosity, when o < kh, we arrive at the following dispersion equation

6 Retaining the term ®? in (4.92) and considering the inviscid Newtonian limit for the set of
equations (4.92-4.93), we may obtain a cubic equation with respect to ®, and check that it always
has three real roots, one always being of the order of ~ £, even for kh < 1, which violates the
restriction of slow evolution of the twist imposed in our model.
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2% — _iq+kh, (4.96)

which is typical for waves propagating with phase speed equal to half the sound
speed in a disc and dissipating on a characterictic timescale ~ o~ ! times larger than
the Keplerian dynamical time. Since the phase speed ~ i€ does not depend on
k, there is no dispersion and an arbitrary twist perturbation propagates in the disc
conserving its shape. This kind of twist perturbation is also called a ‘bending wave’.

In the opposite case, when o > kh, i.e. when long wavelength perturbations
are considered or, equivalently, the disc is highly viscous, we obtain the couple of

imaginary solutions
% — i, —i(kh)®/(4ar). 4.97)

The meaning of the first root can be understood noting that it remains non-zero
in the limit k4 — 0, which describes the motion of fluid elements in absence of
radial projection of the vertical pressure gradient, but with account for viscosity.
In the inviscid limit fluid elements move freely, which corresponds to nothing but
epicyclic oscillations. As discussed on p. 169, see equation (4.69), epicyclic motion
is described by the equations for velocity perturbations (4.60) and (4.61), together
with the assumption that W = o = 0. The non-zero viscosity causes damping of
the epicyclic oscillations. It can be verified that in the Newtonian limit, equations
(4.89-4.90), with their RHSs set equal to zero yield the same decrement. Thus, @, !
is a damping timescale for epicyclic oscillations. Only the second root is relevant to
twist dynamics despite the fact that its absolute value is much smaller than that of
the first root.

As long as the viscosity is sufficiently high, < a£2, we may set @ = 0 in the
square brackets on the LHS of equation (4.92), or, equivalently, in the first paren-
theses on the LHS of (4.94), see the comments to equations (4.92-4.93). It can be
verified that in the latter case we immediately arrive at the solution @, in equation
(4.97). Thus, in the limit & > kh, the terms A and B can be omitted, and twist
dynamics is controlled by W in the left part of the (twist) equation (4.91). The dis-
persion relation for @, has a form, commonly produced by an equation of diffusion
type. Hence, as far as & >> kh any twist perturbation arising in a disc at some instant
diffuses in the disc. The corresponding diffusion coefficient is

9 =Qn?/(4a) <!, (4.98)

For o0 < 1 the twist perturbation propagates in the disc substantially faster, than the
disc matter spirals inwards. Importantly, the diffusion coefficient depends on viscos-
ity in an unusual way, & o a~! , due to Keplerian resonance, which is the reason
why the first parentheses in (4.94) contain only the term iat£€2 in the limit consid-
ered here. Physically, such a dependence is caused by the fact that the magnitudes
of the velocity perturbations induced by disc twist increase inversely proportional
to the value of the viscosity. In turn, the increase of the amplitudes of v, and vy en-
hances the asymmetry of the mass density distribution along the vertical direction in
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the disc and, consequently, the torque associated with the central gravitational force
acting on the disc, see the introduction to this chapter.

An analysis of the limiting cases of twist dynamics in a Newtonian viscous disc
as described here, as well as a confirmation of the conclusions with the help of
hydrodynamic simulations, was provided by Nelson and Papaloizou (1999). The
dispersion relation (4.95) can be found also in Lodato and Pringle (2007).

4.4.1.2 A formally Inviscid Weakly Relativistic Disc

Let us now consider the opposite case when viscosity is small enough for rela-
tivistic effects to become important, i.e. when 2, > Q.

Setting & = 0 in equation (4.94) (assuming for simplicity that Q;7 = 0), we
arrive at the following solution

201, = — Q)+ ((Qkh)? + Q2)'/2. (4.99)

Again, in the short wavelength limit or, equivalently, in the limit of slow Einstein
precession when Q, < Qkh, we obtain

201, = —Q, + Qkh, (4.100)

which recovers (4.96) with the correction that viscous damping is replaced by uni-
form precession.

In the case of small k or, equivalently, fast Einstein precession when £, > Qkh,
we have two real solutions (cf. equation (4.97))

W2 =—Q,, (Qkh)*/(4Q,)). (4.101)

Note that in order to change from (4.96) and (4.97) to (4.100) and (4.101), it is
sufficient to make the replacement ict2 — £2,,.

Similar to what was found in the previous section, the first root of (4.101) is not
relevant to the dynamics of twist perturbations. Instead, it describes relativistic pre-
cession of elliptical orbits of free fluid elements, and can be obtained from equations
(4.89-4.90) for a¢ = 0 and with the RHS set equal to zero. However, in this case the
root @, does not correspond to the diffusion dispersion relation, but to a wave with
dispersion, since its phase speed o< k . This means that a wave packet spreads as
it propagates in the disc. Additionally, in this case the speed of a wave packet is
much less than the typical sound speed in a disc. It was noted in the previous section
that the terms A and B in equations (4.89-4.90) are negligible in the diffusion limit
a > kh, and only the term W on the LHS of the twist equation (4.91) remains to be
responsible for the dynamics of the twist perturbation. Note that the same situation
occurs in the regime €2, > Qkh considered here.

Finally, we note that the phase speed of the twist perturbation, as well as its
dispersion rate, increases inversely proportional to £2,,. Similarly to this, the rate of
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diffusion of the twist perturbation increases inversely proportional to ¢ in the case
of a Newtonian viscous disc.

4.4.2 Reduction of the Set of Equations for Velocity Perturbations

The review of the non-stationary dynamics of twist perturbation carried out in the
previous section makes it clear that the condition of slow evolution of the twisted
disc shape, i.e. the condition u < 1, inherent in the theory of twisted discs, is equiv-
alent to discarding the term ®? in square brackets on the LHS of equation (4.92), see
the footnote on p. 176. Note that this remains valid without the additional simplify-
ing assumptions & < 1 and r~! < 1, used only to avoid cumbersome calculations.
At the same time, the discarding of ®? reduces the set of twist equations with re-
spect to T down to the second order. The question arises whether this could have
been done from the beginning when writing down the set of equations (4.86-4.88).
The discussion below suggests such a possibility.

Let us use the following combination of equations (4.86) and (4.87), which does
not include terms containing the variable A,

B- 22 A-

3ic

K((UUPQ | W'
(4.102)

[1 + (l—a)mJ (i—)QB— {(H—a)U‘PQ —

As expected (see the discussion after equations (4.60-4.61) on p. 166) ), the co-
efficient in front of B on the RHS of equation (4.102),

€ = {1—%(1,_;(;292} (i—o)2,

vanishes in the limit @ — 0, ! — 0. At the same time, the LHS of equation (4.102)
is always small with respect to ~ QB, since u < 1. For this reason, it effects the
dynamics of twist perturbation only as far as |¢’| < Q. This means that the LHS of
equation (4.102) can be used only when |%| < 2, and (4.86) has the form

Q
—iQA+ 2B = Q O(max{uA, 1B, aUW'}). (4.103)

Equation (4.103) gives that in the leading order with respect to all small param-
eters appearing in it, the following equality holds

B = 2iA. (4.104)
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By the same reasoning, it is sufficient to take the coefficient in front of A on
the LHS of equation (4.102) in the inviscid Newtonian limit. Hence, we find that
equation (4.102) can be written in the form

B =1 K ) QB |(i+a)UQ — 2E K (UTUPR | W
= +m (i—a)2B— |(i+a) T a 1(UF) :
(4.105)

The analysis performed above allows us to conclude that equation (4.105) is
equivalent to the more general set of the two equations (4.86-4.87), provided that
u<<1 (w< ). It can be verified that equation (4.105) together with the twist
equation (4.88) reproduces the local dispersion relation (4.94). Additionally, in the
low frequency case, when @ < min{aQ2,Q,}, the dynamics of twist perturbation
is provided by the balance of the first and the second terms on the RHS of equation
(4.105), which implies that B = 0.

So, in fact, the reduced equation for perturbations of the velocity (4.105) and
the twist equation (4.88) together fully describe all regimes of non-stationary twist
dynamics in a geometrically thin disc with a-prescription of viscosity. Note that a
reduction of the more general equations (4.60) and (4.61) can be performed along
the same lines.

4.5 Stationary Twisted Disc

4.5.1 Main Equation and Boundary Conditions

We now consider stationary solutions to the set of equations (4.86-4.88). The
main goal of this section is to calculate the shape of a stationary twisted disc.

Expressing B using W’ from expression (4.105) for B = 0, and substituting the
result into (4.88), assuming that W = 0, we obtain the following equation

dW dia

3/2
Kl d rS L % dW T -1
— a,rs)— | “3aU"(1-L"")—+ —=5—"-W=0,
r;/zLdrS <K1Urf ( ’VS) drs ( )drs +52K?V§U¢’
(4.106)
where the asterisk denotes complex conjugation and
2 a2y Is(i—a)

flo,rs) = (14+a” —3iaky) + . (4.107)

ars(oe+2i)—6

We note that equation (4.106) was written after switching to the Schwarzschild
radial coordinate rg. In what follows, we wish to consider only the case a > 0, i.e.
a prograde disc. Apparently, the problem has two free parameters. The first of these
is the combination & = &, / \/m . Obviously, 5 ranges from O to o and characterizes
the relative roles of the hydrodynamic and gravitomagnetic forces acting on the disc
rings. Secondly, (4.106) contains the disc viscosity parameter 0 < o < 1. Equation
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(4.106) in the strict Newtonian limit with non-zero viscosity reproduces the corre-
sponding equation (2.10) from Kumar and Pringle (1985) and, additionally, with
post-Newtonian corrections, reproduces equation (33) from Ivanov and Illarionov
(1997), which was confirmed in Zhuravlev and Ivanov (2011) (see paragraph 4.1
therein).

The coefficients of equation (4.106) have a singular point at the inner edge of the
disc at rg = g = 6, where L vanishes. The regularity of the solution at 7 must yield a
condition for the function W. Using this condition as the initial one, we can integrate
(4.106) from 7s to infinity and to obtain the form of the stationary twisted disc. We
expand equation (4.106) in a power-series of small xo = rg — s < 1. In practice, to
do this, all quantities that take non-zero values at 7s should be set exactly equal to
these values and L should be expanded to the main order in xy. From (4.74), we find

%
L~— 4.108
7y ( )
whence we see that another quantity in (4.106) that vanishes at the inner disc edge,
8, can be written as

2
6 = 5msx0€ s

where € is the power-law exponent L in equation (4.82). Accordingly, 8, is also
given by equation (4.82), which is evaluated at #s and into which we now substitute
the coefficient 72! from (4.108) instead of L.

After that, it is easy to obtain the equation valid for xyp < 1,

d ,dW o4 dW

— —_— C W+C—=0 4.109

dxg (xo dxg ) th% 0 dxy ’ ( )
where

C— 2i Uif Qrr
= f(Ol,rs> Ue K?l"s(g,%ls
and
_ 216 (UT)?
? flo,rs) rs

are taken at 7's. We see that for any finite viscosity the last term in (4.109) becomes
dominant sufficiently close to the disc edge. Therefore, the boundary condition can
be straightforwardly written as

dW
— =0. (4.110)
dxpy |
rs
On the other hand, from (4.109) with o = 0, we obtain a simpler equation, the
solution to which is a Bessel function:

w :ngl/zJﬁ (2), 4.111)
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where
1-2¢

/C %0 2
Z 1 -2 ( )

As xg — 0 (4.111) tends to a non-zero constant but with a zero derivative with
respect to xp. Therefore, in this case we return to condition (4.110).

Due to the linearity of the problem, it is sufficient to take an arbitrary non-zero
value of W in g, to set the first derivative of W at 75 equal to zero, and, with these
boundary conditions, integrate (4.106) to infinity. The modulus and phase of W
give the profiles (rs) and y(rs) for a stationary twisted disc. In what follows, we
normalize the profile B to unity at infinity.

4.5.2 A Disc with Marginally Small Viscosity

We consider a disc with very low viscosity separately. Clearly, it is possible to
treat the accretion disc analytically, formally setting ¢ — 0, if simultaneously M —
0. In such a disc, U" — 0. It will, however, still have definite profiles of X and &.

In addition, to obtain an analytical solution, we consider the case §< 1; in other
words, we assume a sufficiently thin disc around a rapidly rotating black hole.

Setting o¢ = 0 in (4.106) yields

d ([ d
L (bW +AW =0, “.113)
drs drS
where 52
L 24al.
b=15 = g= “ . (4.114)
KuUs s2Kuery?

The coefficients in (4.113) take real values, and therefore, there exist real solu-
tions to this equation. This means that in the absence of viscosity in a stationary
twisted disc Y = const, and may be set equal to zero by the corresponding choice of
reference frame. Therefore, the variable W is identical to the angle § in this section.

4.5.2.1 The Shape of the Disc near its Inner Edge

Earlier in this chapter, we have already presented the solution near the inner edge
of an inviscid disc (see equation (4.111) ). The constant C; has in this case the
explicit form:

24aU"

T RKUes

ms

C (4.115)
for rg = rs.

Using the well-known approximation to the Bessel function for a small argument,
we obtain a relation between the constant C in (4.111) and the value of W at 7,
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W(rg) =Wy

- 3 g N —1/2(1-2¢)
C_F(2(1—28)> (2(1—28)) Wo, (4.116)

where I'(x) is the gamma-function.
In addition, we need the asymptotic to (4.111) for z > 1. Clearly, z can be large,
even for x < 1, since v/C; ~ 61 > 1. Hence, for z >> 1 we obtain

2 T l—¢
W=xCy/— - — . 4.117
Xz cos <Z 2 128) ( )

4.5.2.2 The Shape of the Disc at Large Distances

We now consider equation (4.106) for rg > 1 and &« — 0. Importantly, we cannot
set all variables in (4.1006) to their Newtonian values and make the viscosity simulta-
neously vanish. This already follows from the fact that then f(ot,R) — 1/(20t) — oo.
Physically, this reflects the fact that, as we mentioned above, in the absence of vis-
cosity in a strictly Newtonian potential, a Keplerian resonance occurs when the cir-
cular and epicyclic frequencies coincide, and perturbations in the twisted disc grow
infinitely due to the action of the radial projection of the vertical pressure gradient.
Therefore, a stationary twist is impossible in this case. Taking the next-order term
in the expansion of f(c,rs) in small rgl into account, we obtain

1

f(a,rs)%m(lm.

(4.118)

arg

As a — 0, f(e,rs) now remains finite at any finite rg. Nevertheless, it makes the
leading contribution due to relativistic effects, and all other variables in (4.106) can
now be set equal to their Newtonian values U* = 1, U? = rgl/z, L=1andK; =1.
Moreover, we neglect the weak dependence of & on rg far from the black hole and

set 0 = 0,.

After that, by introducing the new independent variable x| = rgl/ 2« 1, we ob-
tain the equation
&’ d 32 4
X1 W—=2-——W+966 "x;W =0. (4.119)
dxl dxl

The solution to (4.119) can again be expressed in terms of a Bessel function:

W =12 (A1 35(a1) +Ands s (21)), (4.120)

where

2 = 2\/68*')5/2, (4.121)
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A and A, are constants.

When rg is large enough so that z; < 1, the first and second terms respectively
in (4.120), multiplied by x?/ 2, tend to a non-zero constant and to zero. This allows
us to express the constant A| in terms of the value of W at infinity, We.:

5 \3/5 §3/5

In the opposite case, at z; > 1, i.e. closer to the black hole, we obtain another
asymptotic form:

56 _ 1/8

27v/24 Fs {A] cos (21 + 20) -+ A sin (Zl - i)] ] (4.123)

20

4.5.2.3 A WKBJ-solution for the Disc Shape

Throughout the disc the asymptotic solutions (4.117) and (4.123) can be matched
by a WKBJ-solution to equation (4.113). Indeed, since we are considering the case
§ < 1, the ratio of A and b in (4.113), A = A /b, is large at all rg such that z and z;
are large.

The WKBIJ-solution has the form

C3 (/”S \/? )
W~ ———cos Adrs+ , (4.124)
(b)1/A 5 s+ Owkay

where the constants Cz and @wkp; should be chosen so that (4.124) is smoothly
matched with formula (4.117) in the corresponding region. It can be verified that
this yields

T l-¢

Owkpr = 5128 (4.125)
and
-2
— 6!/ % Uic (4.126)

where we assume that K| and U are evaluated at rg = g = 6 and L ~ x2 /72 near
rs.

Further, in the limit rg — oo we can set A and b before the cosine in (4.124) equal
to their Newtonian values. In addition, the integral in (4.124) can be represented as

I(rs) = \Fdrs_l f \fdrg, wherel_f \Fdrg Taking into account that
the Newtonlan value A =245 2R~%/4, we have that I fdrs ~ 8%[5 ! 55/4,

therefore
31/2 .
WG g s (8\5@65’55/4

WCO —I—(PW[(B_]) . (4127)
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Solution (4.127) must be smoothly matched with expression (4.123) in the corre-
sponding region, which yields the values of constants A; and A;. It can be verified

that these are
2r T T
Ar =1/ Caeos (1 “30)/ <1
1 5 Cscos + dwkas 20)/ 1o

2r V3 T
Ar =1/ 2y (1 7)/ = 412
2 5 Gssin (I + wgps + 20)/ <10 (4.128)

Thus, equations (4.111), (4.124) and (4.120) together with coefficients (4.126),
(4.128) and phase (4.125), determine the shape of an inviscid stationary relativistic
twisted disc at all distances in the range from rg = 7g to rg = oo.

4.5.2.4 Resonance Solutions in a Low-viscosity Disc

We note that equations (4.116), (4.126), (4.128) and (4.122) provide a relation
between Wq and W..: _
Weo = Gt (6)Wo, (4.129)

where the explicit form of C;,(8) follows from these formulas. In particular, as

follows from (4.122) and (4.128), i (8) o< cos(I + dwkps — 35 )-

We hence conclude that for some discrete set of & for which cos(I + dwkps —
25) = 050 W, = 0 despite that W # 0.

From equations (4.114), it is possible to represent the integral / in the form I =
87T, where I does not depend on 5. This allows us to write the singular values of
5 explicitly:

z I
— (4.130)

& = :
‘ %(% + 1-2¢ +2k)

where k is an integer number.

The values of & correspond to a balance between the external gravitomagnetic
force and the internal pressure gradient in the disc that leads to disc twist even if
the matter flowing into the disc at infinity moves in the equatorial plane of the black
hole. Note that, naturally, for these 6 there also exists a solution in the form of a
flat disc lying entirely in the black hole equatorial plane. This non-uniqueness of
the solution disappears with any appearance of low viscosity in the disc, for which
W.. = 0 always implies Wy = 0. For small ¢ < 1, the disc ‘feels’ these ‘resonance’
solutions, and its inner parts deviate significantly from the equatorial plane of the
black hole, even when the outer parts of the disc lie almost in the equatorial plane.
Figure (4.6) shows the curve corresponding to the analytical solution (4.129), as
well as several curves for a viscous twisted disc obtained by integrating the original
equation (4.106). We see that already for & = 107> the discussed resonances are
almost entirely suppressed.
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Fig. 4.6 Ratio of the tilt angle of the inner disc edge to the tilt at infinity, By/f.., as a function
of the parameter 0. The solid curve shows the numerical solution to equation (4.106) with & = 0.
The dotted curve represents the analytical dependence Cj,,! (S ), where Gy, is given by equation
(4.129). The dashed, dash-dotted and dash-dot-dashed curves are obtained by numerical integration
of equation (4.106) with o = 10~#, 1073 and 1072, respectively.

4.5.3 Disc Behavior in the Plane of the Parameters o and &

In conclusion, we present a full study of regimes of behavior of a stationary
twisted relativistic disc near a rotating black hole. It is convenient to show the results
of a numerical integration of equation (4.106) in the plane of the free parameters of
the problem, § and . The first parameter varies in the range 1073 < 5 <10 and
the second parameter in the range 0 < o < 1. As follows from Fig. (4.7), at small
5 , i.e. when the gravitomagnetic force exceeds the internal forces in a twisted disc,
it either lies in the equatorial plane of the black hole, i.e. By/B. — 0, or, conversely,
the tilt of its rings strongly increases in the inner parts of the disc, with oscillations
of B(rs) along the radial coordinate. Note that for low viscosity, these oscillations
become so strong that the corresponding gradient of the tilt angle, ', leads to su-
personic perturbations of the velocity components, v, and v?, at heights of the order
of the disc thickness, & ~ h. This, in turn, must lead to the generation of various
hydrodynamic instabilities and sound waves, which cause additional disc heating
(and hence also an increase in &), as well as growth of . These processes should
partially suppress the oscillations of 8 discussed above.
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Fig. 4.7 Contours of constant ratio /B in the parameter plane (S, o). The numbers show the
value of fBy/ P for each curve. The dashed curve in the right part of the figure separates the region
where the change in 8 with rg is more than 10% of B (to the left) from the region where the disc
twist is insignificant, and § deviates by less than 10% from B (to the right).

Disc alignment into the equatorial plane of the black hole occurs at sufficiently
high viscosity, when the condition o > & is satisfied with a large margin, and is
referred to as the Bardeen-Petterson effect (Bardeen and Petterson 1975). It is seen
from Fig. (4.7) that this effect occurs only in sufficiently viscous and thin discs.
But already for § ~ o the ratio o/ - becomes of the order of unity, which means
absence of disc alignment. At the same time, oscillations of 3 disappear. Figure
(4.8) shows the profiles of B(rs) when By/B. = 1 for several 5. We see that for
not very small &, the twisted disc has a sufficiently smooth shape, which suggests
the possibility of the existence of such configurations in nature. We note that 3
behaves non-monotonically: it first decreases and then increases with the decrease
of rs. The latter can have important implications both for the disc structure itself
and for its observational manifestations. For example, the hot inner regions of such
a disc should illuminate its outer parts much stronger compared to the flat disc case.
Clearly, this is due to the disc inner parts being tilted with respect to the outer parts.

In the region where 5 is of the order of or greater than unity, the action of the
gravitomagnetic force becomes insignificant, and the disc is weakly twisted. In Fig.
(4.7), the area to the right of the dashed line is where 3(rs) deviates from f. by
less than 10%. It is also worth noting that for & > 0.1 the Bardeen-Petterson effect
is completely absent for any «.



188 Viacheslav Zhuravlev

08l .
06 -
Blpn i

04f- -

o2l i

ol Ll Ll L
10 100 1000 10000
r

Fig. 4.8 The dependence of B on rg along the curve in Fig. (4.7) for which By/B~ = 1. The
parameter O takes the values 1073, 1072, 107! and 1 for the solid, dashed, dash-dotted and dash-
dot-dashed curves, respectively.

4.6 Conclusions

We have presented a detailed technical derivation of the governing equations for
the evolution of the shape of a relativistic twisted disc, as well as for perturbations
of the velocity and density inside it. Only three simplifying assumptions have been
used: the smallness of the disc aspect ratio, 0 < 1, the slowness of the black hole
rotation, a < 1, and the smallness of the tilt of the disc rings with respect to the
equatorial plane of the black hole, f < 1. This allowed us to formulate equations
(4.60), (4.61) and (4.64) for three variables describing Eulerian perturbations of the
azimuthal velocity, v" and v? and the geometrical form of the disc, Z. In general, the
dependence of v and v® on the twisted coordinates r, & and 7, and the dependence
of Z on r and 7 should be found. In accordance with equation (4.30), all these vari-
ables depend harmonically on the azimuthal coordinate. The governing equations
contain the profiles of the background solution, representing an accretion disc with
similar radial and vertical structure but lying in the equatorial plane of the black
hole. We note once again that not only the twisted disc but also the background
itself can be non-stationary, since when deriving the set of equations (4.60, 4.61,
4.64), only one assumption about the background, the smallness of § < 1, was
used. Therefore, in addition, the twist equations enable us to study the evolution
of tilted/twisted gaseous tori/rings near a rotating black hole as they are spreading
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in the radial direction, in other words, as non-stationary accretion proceeds due to
turbulent viscosity.

In the particular case of a stationary, vertically isothermal background with o-
parametrization of the viscosity, the twist equations have been reduced to the simpler
equations (4.86), (4.87) and (4.88) for the complex amplitudes A and B describing
the velocity perturbations, and W describing the disc geometry, which depend only
on r and 7. Here, the solution for a flat relativistic disc, which was presented in detail
in Chap. 3, was utilized. The corresponding stationary problem can be described by
a second-order linear differential equation for W (see equation (4.106) ). An analytic
integration of this equation for a formally inviscid disc with 8 < 1 enabled us to find
the singular resonance solutions for a discrete set Sk, which in fact corresponds to
an instability in a flat non-tilted disc, where the latter can acquire a twisted shape
near the black hole, even with its outer part lying in the black hole equatorial plane.
This instability, however, rapidly disappears already for & ~ 103 and for o > 5,
provided that 5 < 0.1, numerical calculations show the Bardeen-Petterson effect. At
the same time, already for o ~ 5, alignment of the inner parts of the disc into the
equatorial plane of the black hole does no longer occur, and for & > 0.1 smooth but
non-monotonic profiles B(r) appear (see Fig. (4.8) ), which suggests their stability
under perturbations and the possibility of their realization in nature. The last effect
is confirmed by the first numerical simulations of tilted thin relativistic accretion
discs with 6 ~ o ~ a ~ 0.1 carried out in the recent papers by Teixeira et al (2014)
and Zhuravlev et al (2014). In these papers, a comparison with the semi-analytic
model based on the solution of the set of equations (4.60, 4.61, 4.64) was also done
for a slightly tilted vertically barotropic torus.

Observational confirmation of the existence of twisted accretion discs around
rotating black holes has just started to emerge. Apparently, one of the most direct
pieces of evidence of their existence is the observation of maser sources at subpar-
sec scales in the disc around a supermassive black hole in the nucleus of NGC 4258
(Neufeld and Maloney 1995; Herrnstein et al 1996). The subsequent modeling in
Martin (2008) and Caproni et al (2007) showed that the disc twist in this case can be
due to the Bardeen-Petterson effect. In the recent paper by Wu et al (2013), obser-
vations of jets in the nucleus of NGC 4248 were used to independently estimate the
black hole Kerr parameter a ~ 0.7 and, in a similar model, to calculate the radius of
the disc alignment into the equatorial plane of the black hole in agreement with ob-
servations. Additional but more indirect arguments favoring the presence of twisted
discs in galactic nuclei were obtained, for example, in Cadez et al (2003) and Cadez
and Calvani (2005), where the observed profiles of the X-ray iron line K, were cal-
culated for different accretion disc models. It was concluded that in many cases, the
observed line profile can be more easily explained in the model of a twisted disc
than in the model of a flat disc, with some specific radial intensity distribution. In S-
M. et al (2010), a similar modeling of hydrogen Balmer lines was performed. These
should arise due to the heating of the outer parts of a twisted disc by hard emission
from its inner parts, which have much larger tilt angles than in the case of a flat disc.
The presence of twisted discs is also suspected in binary stellar systems with black
holes. For example, this could be the case in the two microquasars, GROJ1655-40
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and V4641 Sgr, in which a tilt of the jets relative to the orbital plane was discovered
(see Martin et al (2008b) and Martin et al (2008a)).

As mentioned above, equations (4.60), (4.61) and (4.64) also describe the non-
stationary dynamics of a torus tilted with respect to the equatorial plane of a black
hole. If § > a, the action of the gravitomagnetic force must lead to solid-body
precession of the torus, since in this case the twist (also called bending) waves,
propagating at almost the speed of sound, smear out the dependence of y on r due
to the Lense-Thirring effect. Similar non-stationary models are invoked to explain
the variability of Balmer line profiles, as well as the precession of jets in active
galactic nuclei (see, e.g., Caproni et al (2004)). In many papers, precessing tori are
used to explain low-frequency quasi-periodic oscillations in X-ray binary systems
(see, e.g., Veledina et al (2013)). Of special interest is the modeling of observational
manifestations of a tilted accretion disc around the black hole in the centre of our
Galaxy (Dexter and C. 2013).

The theory of relativistic twisted discs presented here can also be successfully
applied both to constructing self-consistent models of individual objects, and to
making further theoretical predictions regarding the dynamics of accretion flows
around rotating black holes.
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Chapter 5
Structure of Accretion Discs in Lensed QSOs

Pavel Abolmasov, Nikolay Shakura, and Anna Chashkina

Abstract As early as in 1937, Zwicky wrote about gravitational lenses acting as
‘space telescopes’, allowing the observation of faint and distant objects, the fluxes
from which may be considerably enhanced due to the lensing. It is clear today that
gravitational lensing may be helpful in performing another important task, one of
the main purposes of telescopic observations, namely, increasing spatial resolution.
The images of strongly lensed QSOs are affected by microlensing effects in the
halo of the lensing galaxy. In contrast to the classical strong lensing, these effects
are sensitive to the size and form of an object. The purpose of this chapter is to give
a general introduction to quasar microlensing and to illustrate the capabilities of
the method, with a review of the latest results in this field, concentrating especially
on the results obtained in our three recent papers.
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5.1 Introduction: Gravitational Lensing and Microlensing

5.1.1 Light Bending by a Thin Gravitational Lens

Gravitational lensing is deviation of light from a straight path when travelling
in a gravitational field. A light ray can trace very complex curves in strong gravi-
tational fields, turning by many hundreds of degrees (this takes place, for example,
in the vicinities of black holes, see 5.2.4). As a rule, however, gravitational lenses
distort the direction of light propagation and, consequently, the apparent source po-
sition, by no more than a few arcseconds or tens of arcseconds. In doing so, one
source may yield several images displaced with respect to each other. The largest
separations between images are observed when clusters and groups of galaxies act
as lenses, as in SDSS J1004+4112 and, particularly, SDSS J1029+2623 (Inada et al
2006), where the separation between the images is currently the largest observed
at approximately 22.5. These angular distances are quite reachable for large tele-
scopes, and the largest separations may be visible even using amateur instruments,
(20" is the size of the apparent disc of Mars at its closest approaches. Lensed QSOs
are, however, too faint to observe through amateur instruments), but sometimes (for
example, in the case of QSO J2237+0305) we have to work nearly at the limit of the
angular resolution for ground-based instruments (~ 1”).

We may talk about the following kinds of gravitational lensing:

e weak lensing, which produces a single, slightly amplified and deformed, image
of the source

e strong lensing, which forms a few resolvable images of a single object, and

e microlensing, in which images of the object cannot be resolved, providing noth-
ing else but total fluxes as the only observable characteristics.

This is an observational classification affected by the sensitivity and resolution of
the devices in use. A fairly detailed and up-to-date introduction to these three kinds
of lensing may be found in the proceedings of the 33rd Saas-Fee summer school:
Schneider (2006), Schneider (2005), Kochanek (2006), and Wambsganss (2006).
Clusters of galaxies often act as weak lenses, where the weak lensing can be used
to reconstruct the mass distribution in the cluster. There are also many examples of
strong lensing; at least a few dozens of QSOs are luckily situated behind foreground
galaxies and are strongly lensed by them. As we will see below, characteristic sep-
arations between the images may amount to several arcseconds. The stars of our
Galaxy separate images approximately by milliarcseconds, thus potentially acting
as microlenses.

The smallness of the deflection angles simplifies the general task of describing
strong lensing, and offers a possibility to write down the lens equation in an alge-
braic form. Thin lens approximation is an important simplification: the extent of
the lens along the line of sight is considered to be much smaller than the distances
between the lens, the source, and the observer. This approximation is analogous to
that used in geometric optics. The thin lens approximation is also known as the thin
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screen or ‘single-screen approximation’, referring to a flat ‘screen’ perpendicular to
the line of sight, on which all the masses affecting the propagation of light are meant
to be concentrated. Each elementary mass AM on the ‘screen’ changes the direction
of a light ray by some small angle towards the lens,

_ 4GAM

where p is the minimal distance between a passing photon and an elementary mass,

2GM
p > —5—. The combined effect of multiple masses is a vector sum, or an integral
c

over all the elementary masses (see the formula 5.4 below).

source plane

lens plane

Fig. 5.1 The formation of images in the thin lens approximation. The bold lines (solid and dotted)
depict schematically the paths of photons and the thin lines connect the observer with the false
images. The dotted and solid lines correspond to two different images at the opposite sides of the
lens in the picture frame. The source position (that would be seen in the absence of the lens) is
shown in blue and the observed images are represented in teal. The lower image is upside down.
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The smallness of the lens size allows us to consider the path of light as a polyline
composed of two segments (see the diagram in Fig. 5.1). Let us designate the dis-
tance between the source and the observer as Dy, the distance between the lens and
the observer as D, and the distance between the lens and the source as D;g. Note
that on cosmological length scales, we have to use ‘angular-size distances’ (see, for
example, Zeldovich and Novikov (1975)), which differ from the comoving distance
by a factor of 1+ z (unchangeable for two static objects in the expanding universe),
where z is the redshift (the redshifts of the lens and the source will be designated
as z; and zg, respectively). Generally speaking, the distance Dy to the source is not
equal to the sum of the distances Dy and Dy . However, the relationship among the
three distances in a flat universe has a fairly simple form:

142z

Ds = Dps+
S B 4

Dy, (5.2)

More general aspects concerning distances in cosmology are considered, for ex-
ample, in Hogg (1999). Note that the angular-size distance is a non-monotonous
function of redshift, having a maximum at zp,x ~ 1.6 (corresponding to a distance
of Dpax =~ 1.75Gpc, see Fig. 5.2) in the standard ACDM cosmological model with
Q4 ~ 0.7 and a modern Hubble constant of Hy = 70kms~! /Mpc. As a result, more
distant objects may have larger apparent sizes in a certain range of redshifts, being
easier to resolve than closer objects. Image scales of distant QSOs and galaxies with
redshifts of z ~ 0.5 — 8 vary from ~ Skpc/” at the ends of the interval to ~ 8kpc/”
near zmax- The two other characteristic distances, namely, the comoving (physical)
distance and the photometric distance, monotonously grow with redshift.

For most problems of gravitational lensing, the thin screen approximation is valid
with good accuracy. If we take into account that the lens is extended along the line of
sight, this yields a next-order correction in respect to deviations; hence, systematic
uncertainties connected with the limitations of thin lens approximation are of the
next order in / /D, where [ is the size of the source along the line of sight and D is the
distance to it. There is only one case of astrophysical importance when deviations
from the thin lens approximation may have a noticeable value, namely, the lensing
by clusters of galaxies. All characteristic angles of the problem are small, allowing
us to sum up linearly the effects of all the gravitational forces bending the light
ray. However, the lens equation is non-linear in the general case, which leads to
multiple images and specific peculiarities in microlensing curves, giving ultimately
a possibility to examine the spatial structure of sources with the use of microlensing
(for more details, see Section 5.2.1 below).

5.1.2 Transformation of the Plane of the Sky

The mathematical apparatus for gravitational lensing is considered in a more
strict and detailed manner in the monograph by Zakharov (see Zakharov, A. F.
(1997) and references therein, and also the overview Zakharov and Sazhin (1998)).
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D, Gpc

0.1 | | | |

Fig. 5.2 Three different distances used in the standard cosmological A-CDM model (24 = 0.7,
Q; = 0) as functions of redshift: the photometric distance (dotted line), the comoving distance
(dashed line) and the angular-size distance (solid line). The horizontal line corresponds to a Hubble
length of Dy = ¢/Hp ~ 4.1Gpc.

There are two aspects of the problem, which we touch upon here only briefly, not
going into details: (i) it is convenient to use the method of potentials when using
the thin lens approximation, namely, to examine the shift in position of a point-like
source as a gradient of a scalar function (potential) that is given in the plane of the
sky; (ii) the lens equation can be obtained using the minimization of a functional —
as a rule, optical length of a travel time along a null geodesic, in accordance with
Fermat’s principle (see Blandford and Narayan (1986)).

Lensing can be treated as single-valued mapping from the plane of the sky, in
which the lens is situated (or, simply, the lens plane; the other name is “the image
plane”) and where the coordinates are given by the two-dimensional vector 8, onto
the source plane (vector 3). Generally speaking, the deflection angle & is also a
vector, which is calculated, as we mentioned before, as a sum (integration) of the
deviations created by the mass elements:

. 4Gm;
o6) - Lan - LI fy

The right-hand side contains a sum of terms similar to (5.1), which are directed
away from the mass m; in the lens plane. Let us introduce the surface density of the

(5.3)
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lens X(&) at the point & in the form dm = X(&)d&, where dm is the mass per unit
area in the lens plane. When changing from summation to integration, we obtain:

4G
a ENdéE'. (5.4)
=5
In case of circular symmetry,
a) = 05 2 65)
where ’
M(E) =2m [ £(6)Eag (5.6)

All the angles in the problem are small, which allows us to significantly simplify
the calculations. As can be seen from Fig. 5.1, Dyg6& = Dso implying that the rela-
tionship between the position of the source (given by vector 3) and the position of
its image 6 = £ /Dy has the form

0—B+o—p+25aD.0). (5.7)
Dy

It can be seen that the position of the source 8 is a single-valued function of the
image position 6. The inverse mapping 3 — 0 is not single-valued in the general
case as several images may correspond to one source. This property is valid even for
the simplest models, such as a point-like lens, and is due to the fact that the equation
is not linear with respect to 6. The dotted line in Fig. 5.1 illustrates the path of a
photon that takes part in the formation of the second image. The relationship (5.7)
is known as the lens equation if considered as an equation (or, more precisely, a
system of two equations) relative to 6.

5.1.3 Symmetric Lenses

5.1.3.1 Point-like Lenses

A lens that has a circular symmetry (X = X(|60|) = X£(0)) shifts the apparent
position of a source along the straight line passing through the centre of lens sym-
metry. From this point onwards, we will refer to it simply as a symmetric lens. From
Eq. (5.5), the relationship between the apparent shift of the image relative to the
source and the deflection angle may be derived:

D 4GM D 0
Lae)= LS

A(0) = D5 4O =2~ b, op

(5.8)

which makes it possible to move from (5.7) to the equation for a point-like lens:
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0

_ 2
ﬁ =60- GEinWa

(5.9)

where Ogj, is the characteristic angular radius known as the Einstein-Chwolson ra-
dius (Einstein (1936), Chwolson (1924)):

[4GM Dyg
in = . 5.10
9E1n 02 DSDL ( )

For a point-like lens, the physical meaning of Og;j, corresponds to the angular ra-
dius of the Einstein ring, a ring image of the point-like source that arises when the
observer, the lens and the source are lying on the same straight line.

Equation (5.9) has two solutions,

B 1
612="75 % 5/B2+46,. (5.11)

The different signs of the solutions mean that the images arise on different sides
of the lens. As the source moves away from the lens, one image is approaching
the source, while the other is moving towards the lens. The violation of coaxial
alignment leads to the splitting of the ring into two distorted images, one of them
strictly within and the other strictly outside of Ogj,. For a point-like lens, Eq. (5.9)

has two solutions,
B, 1 /R2 2
012 = > + 3 B +467, . (5.12)

These two solutions with the different signs correspond to two images arising on
different sides of the lens. As the source moves away from the lens, the position of
one image is approaching the source, meanwhile the other is approaching the lens.

Einstein rings are observed as a particular case of strong lensing by galaxies
(Kochanek et al (2001)). In a more general case, the Einstein-Chwolson radius still
remains a characteristic angular scale for splitting images in lensing.

It is useful to estimate characteristic angular scales of the effect for different
cases. In particular, for stars in the halo of our galaxy (D; ~ Ds ~ Drs ~ 10kpc,
M ~Mgp), 6 ~ 1073”, for massive galaxies at cosmological distances (Dy, ~ Dg ~
Drs ~ 1Gpe, M ~ 101?M.,), 6 ~ 1”. Individual stars in remote galaxies produce
deviations on the order of microarcseconds.

5.1.3.2 Time Scales

In some cases, it is important to verify the time scale defined by the relative
tangential velocities. As a rule, the motion of the source relative to the lens is im-
portant in case of microlensing by stellar mass objects. The characteristic time scale,
namely, the time of passing Oz, amounts to several years for stellar mass lenses at
cosmological distances. This time scale for stars of our galaxy is considerably less,
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about a few days. In order to estimate it correctly, we need to know the proper mo-
. S.L
tions of the source and the lens, vj;™:
S,L
SL Vi

vt — 5.13
B (142zs1)Ds1 (.13)

where V,S"L are the tangential velocities of the source and the lens measured in a
comoving reference frame. Remember that the proper motion is an angular dis-
placement per unit time. When studying the structure of the source, it is convenient
to use the effective velocity vegr, which is defined as a transverse physical distance
by which the source moves with respect to the direction towards the lens (see also
Section 5.2.1). The factor 1 4 z accounts for the effects of cosmological time di-
lation. Knowing the relative proper motion v, = vesr/Dy, it is easy to estimate the
time scale as ¢t ~ Ogin/Vy:
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iy 5.14
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Fig. 5.3 Lensing by a point-like mass. Left: the amplification curve for an object passing at a
distance of 0.16gj, from the lens. Right: the positions and shapes of two images of the object are
schematically shown for four selected values: u = f3/0g;,. The diameter of the source is 0.26;,,
which is greater than the minimal angular distance to the lens; that is why the images coalesce into
the “Einstein ring” near the amplification maximum.
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5.1.3.3 The Isothermal Sphere

Another important particular case is the lensing by an isothermal sphere (see
the review by Kochanek (2006), as well as Kormann et al (1994), where the more
general case of an isothermal ellipsoid is considered). In this case, the surface den-
sity depends on R inversely, as X(R) o< R~!, while the mass grows linearly with the
radius (and thus is unlimited indicating that this solution, generally speaking, has
little physical meaning). The simplicity of the isothermal sphere model lies in the
fact that the dispersion of velocities o2 is constant for virial motions. Herewith, the
expression for the mass within a sphere of radius £ may be written as

M) - e 5.15)

The above formula follows from the virial theorem as the potential energy for a test
particle with the mass m is —GMm/&, and the mean kinetic energy is mo? /2.

Substituting (5.15) into the lens equation (5.9) yields one or two solutions obey-
ing the equation:

Vi¥o) 2 DLS 0
0= — = X —. 5.16
ﬁ + C2 DS | 9| ( )
The primary image is shifted relative to the source by a fixed angle in the outward di-

. . . . 2
rection from the lens centre, while the secondary image appears only if § < 46% %LSS.

The isothermal sphere is the simplest model used to describe the gravitational fields
of elliptical galaxies. By order of magnitude, A6 ~ 1”, becoming greater with the
growing dispersion of velocities in the lensing galaxy. Formula (5.16) also illus-
trates the principal role of massive galaxies among gravitational lenses (Kochanek
and Keeton (1997)). The image is significantly amplified in the area (solid angle)
proportional to ¢, but only if the isothermal law is valid at distances larger than the
Einstein-Chwolson radius.

5.1.4 Asymmetric Lenses

The use of centrally symmetric models for extended lenses is almost never justi-
fied (Kochanek 2006) since small deviations from symmetry in the mass distribution
result in a qualitative change of the pattern, giving rise to various singularities and
multiplication of images, the number of which increases from two or three to five
or even more. At the same time, non-symmetric models are more complex from a
mathematical point of view, having a greater number of parameters, which hinders
their application to observational data.

In some cases, there are analytic solutions to the lens equation. A fairly complete
catalogue of models used is given by Keeton (2001). For most models, the number
of solutions amounts to three or five (depending on the source position), but it also
may be higher. As a rule, one of the images is attenuated and cannot be actually
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observed, implying that the majority of strong lenses produce two or four images
of the point-like background object. The existence and brightness of the central
attenuated image are sensitive to the form of potential near the galactic centre. This
can be demonstrated, for example, by Eq. (5.9), which has a singularity at zero for
a point-like lens that leads to the finite limit éig%) o(0) and, consequently, to the

chance of ‘losing’ one solution to the equation.

Each of the observed images is distorted and amplified, which may be described
in terms of a linear transformation of the plane § — 6,

IB; 20,
Aii==—=06;———. 5.17

Here, i, j = 1..2, and §;; is the Kronecker delta symbol (1 for i = j, 0 for i # j). The
matrix A;; contains all the information regarding the deformation of a source with
an infinitely small angular size. Traditionally, the contributions due to convergence
s and ‘shear’ y are separated:

10 cos2y sin2
Az(l—%)(o1)—)/(51112:5_002/21/]). (5.18)
This decomposition exists and is unique for any symmetric matrix A; it may be
percieved as a definition of the values s, ¥, and y. For convergence, the following
relationship is also valid:

_ 4nG DrsDy,

o C2 DS
The values s, 7, and W have a clear physical meaning that is well illustrated by
expression (5.18): a source having circular form is mapped to an ellipse with the
semi-major and semi-minor axes of 1 — s+ Yy and 1 — > — 7, respectively, turned by
the angle y on the celestial sphere. The physical meaning of the matrix determinant
is the ratio of the solid angles of the source and image. As the effects we are consid-
ering are expected to preserve the radiation intensity, 1/ detA indicates also to what
extent the observed flux from a point-like source changes (the amplification factor).
A negative Jacobian would mean that the image is ‘turned inside out’, that is, no

combination of motions and stretches can identify such an image with the source.

) (5.19)

detA = (1—)> -9 (5.20)

At the points where detA = 0, generally speaking, the area of an infinitely small
object increases by an infinite factor. Since lensing does not change the intensity,
the ratio of the solid angles is equal to the ratio of the observed fluxes, which is
particularly important in case of microlensing. Hence, the amplification factor is

1
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In particular, if we know the relationship a(0) for a symmetric lens, then 3 =

/ /
%, Y= g (@) , and ¥ = ¢@. The amplification factor for an image in this

case can be easily calculated as u = %. This is the stretching factor in the source

plane for a narrow ring with radius 3.

Figure 5.3 shows the amplification curve for a point-like lens and the positions
of the source and the two images. The maximum amplification corresponds to the
coalescence of the two images into an Einstein ring; as the source moves away from
the lens, one image is approaching the source, while the other (weakened) one is
approaching the lens.

5.1.4.1 Caustics

For a point-like source, amplification diverges when the determinant A becomes
zero. It is obvious that an extended object will be amplified by some finite value
determined by its size and the behaviour of detA close to zero.!.

If the lens parameters are smooth functions of the coordinates, the properties of
the zeros of the determinant detA are described by the bifurcation theory (Arnold
et al 2003) for the time delay A¢ (the time for the photon to pass along the trajectory;
see also Section 5.1.4.2), which is a smooth function of the source position on the
celestial sphere. In this case, the coordinates of the source can be treated as two
external control parameters.

A fold caustic is the simplest kind of singularity (A,) considered in catastrophe
theory, which corresponds to the occurrence or disappearance of a pair of solutions
to the lens equation for small variations in the source position. In the plane S, it is
generally a smooth curve limited by other singularities (two caustics almost always
meet in an Asz-singularity called a cusp). In what follows, we will imply a fold-
type singularity when speaking about caustics. A vanishing Jacobian means that an
image of the source is infinitely stretched in some direction. This direction is per-
pendicular to the caustic. Deformation of the image in the direction of caustic can
be neglected. Therefore, in the lens equation, instead of the vectors § and 6, we
may use the scalars A3 and A6 which become zero at the caustic. In these terms,
detA =dAB/dA6. An asymptotic expression for amplification near the caustic may
be obtained using the expansion of the lens equation in powers of A8, the distance
from the image to singularity. When detA approaches zero, the lens equation in the
direction perpendicular to the caustic may be written as Af3 = C x (A8)?+0(A0)*
, where C is some constant and Af is the angular distance from the object to the
caustic. This gives, in a quadratic approximation, two solutions with the amplifi-

! For a fold caustic considered below, the amplification decreases inversely proportional to the
distance to the caustic in the image plane, y o« A@~!, or p o AB*I/ 2 (see later this section). The
integral of this expression over a restricted solid angle converges. For a more complex singularity
(for example, a cusp), the finiteness of amplification follows from the asymptotic behaviour of
amplification which decreases inversely proportional to the distance to this singularity (a point), or
slower (Gaudi and Petters (2002)).
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cation coefficients y ~ 1/detA ~ dA6/dAP o AB~'/2. The specific form of the
coefficients in this dependence is not very important; what is essential is the asymp-
totic form of the amplification for an object that crosses the straight caustic:

Hi

VB

Here, ug is the amplification on the side of the singularity where the number of
images is fewer by two and U is the coefficient characterizing its amplitude.

w(AB) = o+ (5.22)

5.1.4.2 Delays

Catastrophe theory allows us to treat any bifurcation as the occurrence of a pair
of extrema for some function defined in the space of all task parameters (internal
ones, such as the coordinates of the image, and control ones, namely, the source
position). In case of lensing, the time needed to pass the trajectory characterized by
a given set of control parameters may be chosen as such a function. Herewith, the
images may correspond not only to minima and maxima of this function but also
to saddle points. This behavior may be described in terms of Fermat’s principle, as
was done, for example, in the paper by Blandford and Narayan (1986).

In connection to this, it is interesting to mention QSOs, which are variable ob-
jects with ‘red’ noise power spectra that resemble Bernoulli random walk (Webb
and Malkan (2000); Collier and Peterson (2001)). Variability has been detected on
almost all scales, from a few days to time intervals comparable to the time spans
of the observations (decades). As a rule, variability becomes uncorrelated on time
scales of tens or hundreds of days (depending on the BH mass). On shorter time
scales, the variability has an ‘infrared’ power spectrum with a slope greater than 2.

D
Delays are characterized by time scales of the order of —Leg,.,, ~
c

M__ D . . . . -
~ 100 ; eI D—LSS days. For this reason, if an observing run is long enough, it is
convenient to use the variability of individual images to measure these delays with
the help of cross-correlation of individual light curves. The resulting values can be
used to verify the model of the lens and to determine the Hubble constant indepen-

dent of distance scale (Kochanek and Schechter 2004).

5.1.4.3 Optical Depth

Microlensing optical depth is an important factor that characterizes the probabil-
ity of lensing by foreground objects and specifies the general pattern of microlens-
ing. The optical depth may be defined as the convergence obtained as a result of
integration over all the screens (all the distances at which the lensing masses are
localized):

4G 1

DysDrdX. 5.23
) Ds/ LsDr, (5.23)
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The distances Dy s generally change along the line of sight. It is easy to verify
that 7, when defined in this manner, is calculated as ordinary optical depth with
the area within the ‘Einstein ring’ as a cross-section: & = 7(Dy 6g;,)>. We may say
that for 7 < 1, the optical depth determines the probability for a background source
to appear within the Einstein ring of some microlens. Since the cross-section is
linear in mass, the superposition of cross-sections and optical depths will in general
be approximately linear, too. A linear approximation is sufficient to estimate the
number of microlensing events in our galaxy, where T ~ 107 (see, for example,
Hamadache et al 2006). If a galaxy with fixed parameters is moving away, its optical
depth will grow with Dy, reaching a noticeable value at cosmological distances:

AdnGX DLSDL X DLS DL

T =g e = O00G0M, pe? Dy 1Gpe:

(5.24)

This determines, among other things, the importance of taking microlensing effects
into account in case of strong lensing (see Section 5.2.1 below) and the nonlinear
character of this microlensing. If T 2 1 for some reason, chances are high that there
are several lenses that affect the position, form and amplification of the object image.
In this case, the definition of optical depth given above has no physical meaning.

There is another case when we have to be cautious in using the value of (5.23),
namely, when applying it to the optical depth of the universe as a whole when con-
sidering the lensing of sources with high zg. A direct estimate using the flat ACDM-
model yields:

4nG [(* DysDp dX
ot Nt il P

w(2) = 2 Jo Ds dz
4nG (% DrgD dD¢
== LS Lp() Lz = (5.25)
c 0 dz
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where p(z) = Quper x (1+2)? is the local density of inhomogeneous matter, p., =

3 2
%D,}z is the critical density, and Dy = ¢/Hp ~ 4.1Gpc is the Hubble length. The

distances designated by C superscripts are physical distances. It can be shown that

for the flat ACDM model, dDg/dz =Dy (QA +(1 +z)3QM)71/2, where Q4 yr are
the densities of dark energy and inhomogeneous matter in terms of p,,.

3 D I+z. D
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dz (5.26)

Qp+(142)3Qy

An estimate for a source at zg ~ 10 proves to be approximately 0.1, which
is two or three orders of magnitude higher compared with calculations includ-
ing the inhomogeneous distribution of matter in galaxies and clusters of galaxies,
7~ 1073 —10~* (Hilbert et al (2007)).
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5.1.5 Microlensing

Remember that we talk about microlensing in those cases when individual im-
ages cannot be resolved and photometry is the only source of information. Total am-
plification u becomes the most essential value. The amplification for an extended
source is calculated as
J1udQ

J1dQ

where the integration is performed over the solid angle in the source plane, yu =
1/detA and [ is the intensity. The integral of intensity over the source plane yields
the total flux.

ot = (5.27)

5.1.5.1 Amplification by a Point-like Lens — Classical Microlensing

As noted above, a point-like lens produces two images. The amplification factors
for these two images can be found as the ratios of the area elements of the image

and the source
_ 612d6;,

.ul,sz'

Substitution of (5.11) into this expression yields

(5.28)
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where u = BEL" It can easily be seen that the algebraic sum of two amplifications
is equal to 1, whereas the sum of moduli gives the total amplification factor for a
point-like source placed at an angular distance 8 from the lens (Einstein (1936)):
2
u-+2
= (5.31)
H uvu?+4

This amplification may be expressed as a function of time for the case when the
source and the lens have a constant relative velocity. In the general case, the object
passes at a finite angular distance fy from the lens, which corresponds to the max-
imal amplification possible in microlensing. A time scale is specified by the time
needed to pass the Einstein-Chwolson radius: tgi, = OginDs/Veff-
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5.1.5.2 Multiple Microlensing and Caustic Network

The point-like lens case is degenerate since the determinant detA is equal to zero
only if B = 0 (this is by the way valid for any axially symmetric lens). The character
of the transition to multiple lensing may be clearly illustrated using the following
example. Let us take a point-like lens and add a constant shear 7 into the expression
for @(0) in a manner such that

2

B = 6y x <1g’§7>, (5.32)
62

By = 6, x (1—9§+y>. (5.33)

The celestial sphere image proves to be additionally stretched in the direction of the
y-axis. The combination of the lensing by the point-like mass and the artificially
introduced deformation leads to the occurrence of areas in the plane 3, where there
are three or five images. The boundary between them represents on the plane a
curve that encloses an area with the size ~ y0g. On this curve, the Jacobian of the
transformation of the plane also becomes zero: detA = 0. For a small perturbation
Y < 1, this curve is an astroid composed of four caustics and four cusps (see also
Zakharov and Sazhin (1998); Chang and Refsdal (1984)). A source located within
the astroid gives rise to two extra images, the intensities of which decrease when
moving away from the caustics, reaching a minimum at the centre of the pattern.

If a fairly wide binary acts as a lens, each of the two stars in the binary perturbs
the lensing pattern of the other. Then, y =~ 62 ,/63, where the subscript 2 indicates
that this value is defined with respect to the second lens. If the distance is estimated
as 6 < /0Ogin Ok 2, the perturbations are too large for the point-like lens model or
the perturbed ‘astroid’ model described above to be used. If there are numerous
lenses at distances of the order of 8¢ from each other, the astroids merge to form a
single caustic network and the number of images of the source increases manyfold.

An example amplification map for multiple microlensing is shown in Fig 5.4.
The lensing was calculated for an area measuring approximately 15 microarcsec-
onds, and the Einstein-Chwolson radius for one solar mass was taken to be 2.85
microseconds, which corresponds to a characteristic distance to the lenses of the
order of 1 Gpc. Masses of 13 lenses are randomly distributed in accordance with a
power-law slope of —1.3 (which is somewhat lower than the Salpeter function slope;
see, for example, Bastian et al 2010). The intensity distribution of the object has a
characteristic angular size of approximately 0.13 microseconds, which corresponds
to the accretion disc around a black hole with the mass of 108M,, at a redshift of
approximately 2 (more details, as well as the accretion disc intensity distribution,
can be found below in Section 5.2.3).
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Fig. 5.4 Left: an example of an amplification map calculated using a reverse ray tracing technique.
Right: the model light curves for an object passing along the straight lines shown on the map (left).
The amplification curves are shown as solid lines for a very small source (comparable in size
with the map resolution), dashed lines for a source with a Gaussian two-dimensional brightness
distribution, dotted lines for a source with an intensity distribution corresponding to the standard
accretion disc model. The half-light radii for both non-trivial intensity distributions are the same.

5.2 Microlensing of Accretion discs

5.2.1 Microlensing of Strongly Lensed Quasars

Microlensing of strongly lensed QSOs by stars of the lensing galaxy is an impor-
tant and nearly unique case of microlensing at high optical depth. The optical depth
of a chosen galaxy with surface density X does not depend on the characteristic
masses of its stars or other microlenses and can be expressed as

2, Dis Di
100Mg, pc=2 Dg 1Gpc’

Toqt =~ 0.06 (5.34)

Here, X, is the surface density of inhomogeneous matter, such as stars and compact
objects. Dark matter is treated here as a substance that, although contributing to the
mass of the galaxy, is distributed smoothly, thus having no effect on microlensing.
Nevertheless, some models (involving, for example, mirror matter that is able to
form compact configurations; see Berezhiani et al 2005) predict that particles of dark
matter can accumulate to form ‘dark stars’ or substellar mass objects. Microlensing
by hypothetical objects of the dark halo was considered in Paczynski (1986).

The characteristic size of the caustic network and, hence, the time scales of mi-
crolensing variability depend on the masses of the microlenses. The fact that the
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lensed QSOs do not demonstrate flux variations on time scales shorter than months
indicates that the lenses are stellar-mass objects, not hypothetical ‘dark stars’ with
masses three orders of magnitude lower.

The radioquasar QSO 0957+561 (Walsh et al 1979) was the first discovered
strongly lensed QSO. Today a hundred or so such objects are known and reasonably
well studied (Mufioz et al 1998), among them 10-15 radioloud, which is in agree-
ment with the proportion between radio-bright and radio-quiet quasars (~ 7 — 8%,
see Ivezic et al 2002).

Knowing the positions of the images, we may try to restore the mass distribution
in the lensing galaxy. If this proves to be too ambitious a task, we may at least im-
pose limits on it. The fluxes observed from individual images can differ noticeably
from those predicted in the strong lens model. There are two main factors leading to
occurrence of flux anomalies detected from lensed QSO images: absorption in the
lensing galaxy and lensing on smaller scales (by satellites or the spiral arms of the
lensing galaxy, or even by individual stars within this galaxy). Therefore, the main
method for studying microlensing effects is the analysis of anomalous fluxes from
individual images, especially their variability, since interstellar extinction changes
appreciably only on the larger, parsec-scale, distances. Examination of the variabil-
ity at different wavelengths may help eliminate fluctuations in interstellar extinction.
An analysis of variability of the images of SDSS 0924+0219 provides evidence for
an insignificant role of variable extinction in the formation of flux anomalies, at least
for this particular object (Floyd et al 2009).

However, QSOs are variable objects; the only chance for us to confidently distin-
guish the variability due to microlensing from the intrinsic brightness variations of
the object would be to significantly resolve uncorrelated components in the variabil-
ity of individual images. Therefore, microlensing is a disturbance when studying
intrinsic QSO variability and time delays between individual images. Vice versa,
intrinsic variability becomes a disturbance if the aim is to find and analyze the vari-
ations of flux anomalies.

QSO J2237+0305 (aka the Einstein cross, or Huchra’s lens) is an extremely
favourable object for studying microlensing effects. The object is unique, firstly,
in the sense that the lens is a nearby galaxy at z = 0.039. This redshift corresponds
to a distance of approximately 160 Mpc, whereas most strong lenses known so far
are distant objects at z ~ 0.5 and D, ~ 1Gpc. Secondly, the lens is a low-mass spi-
ral galaxy (M ~ 2 x 10'°M,, according to Ferreras et al 2005). Thirdly, the QSO
with a good accuracy (of the order of a tenth of an arcsecond) is directly behind
the galactic nucleus. Finally, the intrinsic variability of the QSO is fairly weak (of
the order of 0.'1) and the delays between images are negligible, a few hours up to
maybe days rather than dozens or hundreds of days as characteristic for most of the
lensed QSOs (Eigenbrod et al 2008).

The proximity of the lens implies, among other things, a high proper motion
(approximately inversely proportional to the distance Dy ), while the small mass of
the lens indicates that the Einstein radius is comparatively small and the images are
rather close to the nucleus. As a consequence, the optical depth for microlensing
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is fairly high, T ~ 1. The combination of these factors provides a basis for the ex-
pectation that we might detect several microlensing events per year (crossings of
caustics or other singularities). This was predicted as early as in Chang and Refsdal
(1979). Since then, the magnitude of the effect has been repeatedly estimated under
different assumptions.

Uncorrelated variability of the images of the Einstein cross was found already in
Irwin et al (1989) on the basis of a high spatial resolution photometric observational
run about a month long. Since then, the object has been observed with different
telescopes on a regular basis (this will be discussed in more detail in Section 5.3.1).

Evidently, to the familiar forms of observational information including energy
distribution in the spectrum, intrinsic variability, and polarization, we may now add
one more method, microlensing, which is sensitive to the intensity distribution on
the celestial sphere on a length scale of the Einstein-Chwolson radius (of the order
of microarcseconds and smaller). The sensitivity of the method can be clearly illus-
trated using a straight caustic model, which has been applied on repeated occasions
to describe peaks on amplification curves of lensed QSOs. The structure of the fold
caustic naturally appears when examining the vicinity of a line in the source plane,
where the Jacobian of the mapping vanishes (see Section 5.1.2 above). The amplifi-
cation factor for a point-like source is the following function of the distance between

the source and the caustic:
_ )
1(x,y) = Ho+ th 3 (5.35)

Here, p is the amplification factor without the caustic; tt; ~ 1 is the so-called caus-
tic strength, or amplitude; y is the distance between the source and the caustic; §j is
some characteristic angular scale, which is close to the typical angles 6 for lensing
stars. A source having a finite size R will be amplified approximately by a factor
of Ay x u ~ v/R. Already this estimate alone leads us to conclude that the pattern
of a microlensing event, especially the amplitude with which the amplification u
changes, is sensitive to the size and form of the source, hence being capable of pro-
viding additional information on the object. Information about accretion disc sizes
in QSOs is not only highly desired as a test for the standard accretion disc model
(see Section 5.2.2) and as a probe for the parameters of the central black hole (see
Section 5.2.4), but also is unlikely to be obtained in a more direct way. A distant
QSO (Ds ~ 1Gpc) observed in the optical range has an accretion disc with an an-
gular size of the order of one microarcsecond. As has been proved earlier in Sec-
tion 5.1.3.1, this value has the same order of magnitude as the Einstein-Chwolson
radius for a stellar mass lens at a distance of Dy, ~ 1Gpc. Thus, microlensing effects
allow us to reach angular resolutions unprecedented in the history of observantional
astrophysics.

Since our main goal is to study the structure of emitting objects, we will use dis-
tances in the source plane (obtained when multiplying the angular distances by Ds).
The distance normalization {y = +/1 — 3¢ X Ds g, is the stellar Einstein-Chwolson
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radius projected onto the source plane with allowance for strong lensing, which may
be treated as a transformation of the plane independent of microlensing. This nor-
malization was used, for example, in Witt et al (1993).

When considering an accretion disc, it is convenient to use the system of coordi-
nates o, f3 oriented along the semi-major and semi-minor axes of the disc projection
onto the plane of the sky (see Abolmasov and Shakura 2012b). Along with that, we
use the coordinate system x, y aligned with the caustic and rotated relative to the
coordinate system o, 3 by some angle v (see diagram in Fig. 5.5).

\ ) Vo (=)

V><

Fig. 5.5 A qualitative diagram of an accretion disc lensed by a straight caustic. The grey sector
shows the amplified area behind the caustic. The side of the disc closest to the observer is outlined
in bold. The two coordinate systems used in the calculation are shown. Illustration taken from
Abolmasov and Shakura (2012b).

If there is a relative motion of an extended object and the caustic, the full ampli-
fication at time ¢ can be calculated as (see formula (18) in Abolmasov and Shakura
2012b)

_ L N0) x Ay 2 x O (Ay)dy

where O (x) is the Heaviside function, ® (x > 0) = 1 and © (x < 0) =0, and

+ o, (5.36)

+o0
)= [y (5.37)

—o0

Here, Ay = y — veg(t —t0). The effective velocity of transverse motion (see also
Section 5.1.3.2) can be understood as the distance in the source plane per unit time
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of the observer, and is composed of the peculiar velocities of the source vg, the lens
v, and the observer v, projected on the normal to the caustic specified by the unit

vector n:
Vg n vi-n Ds  v,-n Dpg

l+zg l+z. D, 14z DL

The motion of the lens is generally dominant since the apparent peculiar velocities
decrease as o (1 +2z)~! due to time dilation. The amplitudes of the peculiar veloci-
ties (in the co-moving restframes) change only slightly with the redshift, remaining
of the order of ~ 500kms~! (Raychaudhury and Saslaw 1996). The overwhelming
majority of galaxies have peculiar velocities less than vy ~ 2000kms~', which
allows us to estimate the maximal physically justified velocity ves as

Veff = (5.38)

vett < Vinax /(1 +28) 2+ (1+21) =2 x (Ds/DL)>. (5.39)

This estimate corresponds to the situation when vg is perpendicular to v, or to an av-
erage over all the possible orientations of vg and v . If the proper motions of the lens
and the source are directed in precisely opposite directions, the maximal effective
velocity value may grow up to Veff,max ~ Vmax ((l +zs) P (1+20) 7! x (Ds /DL)).
As a rule, vegr ~ vmax, the time of passage of one Einstein-Chwolson radius being
tEin ~ DsOgin /et ~ 30 yr. Due to the factor Dg/Dy, this characteristic time appears
significantly shorter (and the passages through caustics more frequent) for lenses
fairly close to observer. The Einstein cross is unique since the lens is so close to us,
its redshift (~ 0.04) corresponding to a distance of Dy ~ 160Mpc. When the dis-
tance to the source is of the order of 1Gpc, we might expect only one event during
a period of several years.

5.2.2 The Standard Accretion Disc Model

The standard thin disc model was introduced in the works by Shakura (1972);
Shakura and Sunyaev (1973) and generalised to the relativistic case in Novikov
and Thorne (1973); Page and Thorne (1974); Riffert and Herold (1995). It is the
discussion about the nature of quasars that gave rise to the relativistic model. In
contrast to binaries, where generally a wide spectral range from optics to ultravio-
let is available where the nonrelativistic model is applicable within the accuracy of
~ GMpy /Rc2 ~ 1073, the optical discs of active galactic nuclei (AGNs) are rela-
tively small in comparison with the inner edges of their accretion discs (no larger
than some hundreds of GMpy /c*). Therefore, QSOs and other galactic nuclei may
demonstrate relativistic effects even at optical wavelengths. However, this depends
on the mass and the accretion rate, both values for AGNs being able to change by
some orders of magnitude, within a range of millions to billions of solar masses and
from ~ 1072 to > 10M,, yr—!, respectively.

The main assumptions of the standard accretion disc theory are:
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axially symmetric and stationary disc
small geometric thickness of the disc (which allows us to separate variables in the
dynamic equations, calculating independently the vertical and the radial structure
of the disc)

e all the other velocity components are small in comparison with v; radial velocity
is used only in the equation for angular momentum transfer
the optical depth of the disc is large
there is no substantial heat transfer in the radial direction
the component 7}, of the viscous stress tensor, when integrated over the vertical
coordinate z, is proportional to the pressure of the disc P integrated over z: T"? =
all, where  is a dimensionless constant normally smaller than unity

e the boundary condition is: 7,y = O at the radius of the innermost stable orbit of
the black hole.

Viscous stresses may be due to magnetic fields or turbulence. In both cases, the
constancy of « is ensured by equipartition understood as proportionality between
the energy density of the magnetic field B /8, or turbulent motions p (v?), and the
thermal energy density. Thus, the turbulent component of the viscous parameter can
be estimated as the mean turbulent Mach number squared, o ~ <M,2>

The standard thin disc implies a zero boundary condition at its inner edge which
corresponds to the innermost stable orbit in case of a BH: T, (Rin) = 0. A nontrivial
boundary condition at the inner edge of the disc may arise in case of accretion onto
a rapidly rotating compact object with a strong magnetic field (see Siuniaev and
Shakura 1977, it is important here that the inner radius of the disc should be greater
than the corotation radius). The applicability of this solution for accretion onto su-
permassive BHs was discussed in Agol and Krolik (2000). Large-scale magnetic
fields confined by the pressure in the disc in the so-called ‘magnetically-arrested
disc’ accretion regime, may create a torque acting on the inner edge of the disc. The
angular momentum flux produced by magnetic stresses at the inner edge of the disc
cannot significantly exceed the angular momentum flux produced by viscous forces
since the pressure of the magnetic field is restricted by the pressure in the disc.

Large optical thickness of the disc makes it possible to calculate its spectrum and
brightness distribution using the local black-body approximation. The bolometric
radiation flux is determined by the local dissipation of energy in the deep layers of

the disc )
3 GMM
=—— . A
0= T/ (ra) (5.40)

Here, —1 < a < 1 is the rotation parameter of the BH, which is considered to be
negative when the angular momentum of the disc and of the BH are oppositely
directed. The small letter r, here and elsewhere, designates distances normalized

to the BH mass, r = Rc? /GM. For convenience, the accretion rate M may also be

. . . . L dnGM
expressed in the dimensionless form, M = E—ddm, where Lgyy =

2
c
Eddington luminosity limit and s¢7 is the opacity due to electron scattering.
The correction factor f(r,a) includes the effect of the presence of an inner edge

as well as the relativistic effects in the thin disc. In the simplest case of the standard

is the
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f=1—/m (5.41)
r

In reality, the situation is more complex even for thin disc due to the transonic nature
of the flow and to relativistic effects. More details can be found in Chapter 1 of this
book and in Section 5.2.4 below.

Here, ri, = risco(a) is the radius of the ‘innermost stable circular orbit’, within
which stable circular orbits are not possible and the assumption of a Keplerian ve-
locity profile in the disc cannot apply; accretion of matter without angular momen-
tum transfer begins and viscous stresses vanish. The dependence rysco(a) and the
correction factor for the relativistic case will be considered in Section 5.2.4.

Since the standard disc is optically thick, the radiation from its surface may
be considered thermal with the temperature determined by local energy release.
Equating the temperature of the local black-body radiation to the effective temper-
ature (6T* = Q, where o is the Stefan-Boltzmann constant), the locally observed
monochromatic intensity at frequency v may be written as follows:

Shakura-Sunyaev thin disc,

2hv3 1
exp (—k#(vr)) —1

Here, h, ¢ and k are the Planck constant, the speed of light and the Boltzmann con-
stant, respectively. The integrated flux from the accretion disc, which is observed
at the angle i to the normal and situated at redshift z (which corresponds to some
distance D(z)), may be determined by integration over solid angle. Let us denote the
frequency in the reference frame of the QSO as V., and the frequency received by
the observer as Vobs = Vem/ (1 + 2) (for the moment, we take into account only the
cosmological redshift; the motion of the radiating matter in the disc and strong grav-
ity effects will be considered in Section 5.2.4 below). The total observed monochro-
matic flux is

I, = (5.42)

Fv:flde ==

=2mcos im Jr, Iy"RdR. (543)

Here, we pass from integration over solid angle 2 to integration over disc radius
R. Provided that the relativistic effects in the vicinity of the BH may be neglected,
an element of the solid angle is dQ = RdRd¢@/D?, where D is the angular-size
distance (see Section 5.2.4). The observed intensity differs from the intensity in the
comoving system by a factor of (1 +z)~3 related to the cosmological expansion of
the universe. When passing from one reference frame to another, the value 7, /v is
preserved (see, for example, Rybicki and Lightman (1986)).

1

4/3.2/3 -
(GM)* rin COSlXDZX(1+Z)8/3.

F, o Ve

obs

(5.44)

The proportionality factor is provided, for example, in our paper (Abolmasov and
Shakura (2012a)). This estimate is correct far away from the limits of integration
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(kTyin < hv < kThax). From the point of view of spectral energy distribution, this
is an intermediate asymptotic scaling Fy, o< viB Tt is important to mention that
formula (5.44) may also be used to estimate BH masses. The mass is involved in

. . . . } \2/3
combination with the dimensionless accretion rate, Fy, o< (M?1i1) /3,

5.2.3 Intensity Distribution

The data of QSO microlensing make it possible to examine the spatial structure
of the disc, regardless of the integrated spectrum, even on angular scales that are
currently too small for us to resolve directly. The statistics of anomalous fluxes
and the analysis of amplification curves (see Section 5.3.1) provide information
concerning mainly the half-light radii Ry, defined as

e PIR)RAR 1 (5.45)
JiZI(R)RAR 2 '

The physical meaning of this value is fairly obvious: half of the observed flux comes
from within a circle with radius Ry . This definition is applicable to any source if
there is a clear identification of the centre. The monochromatic intensity (5.42) may
be written, with a precision up to an inessential common multiplier, as

1
exp ((é)”‘lfm) - 17

where R is the radial scale of the disc (see, for example, Morgan et al 2010):

dow N M NS oM
Ry ~10.2 pl/3 s 2 5.47
a (O.ZSmcm) oM, ) " @ (47

and A, is the radiation wavelength in the QSO reference frame. If the effect of the
outer and inner edges of the disc is considered negligible, then Ry /, >~ 2.44R,;. This
relation is fulfilled with good accuracy in the spectral range in which the intermedi-
ate asymptotics is valid. For a disc with finite outer size and nonzero inner radius,
the relationship Ry /,(R,) is weaker and saturates at long and short wavelengths.
Therefore, the half-light radius on long and short wavelengths is usually shorter and
longer, respectively, than the radius calculated using the power-law asymptotics (see
Fig. 5.6).

Not calling into question the conclusions of Mortonson et al (2005), let us note
that the accretion disc has several spatial scales, the smaller of them having an
advantage in microlensing. When crossing the straight caustic, an item the size
of AR will be amplified as u o< (AR)’I/z. The intensity distribution in the inner
parts of the disc, where hv < kT, is approximately described by a power law,

(5.46)

Iv°<
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Fig. 5.6 Solid curve: the half-light radius as a function of the characteristic radius R; of a stan-
dard disc that radiates locally as a black body (the outer radius is R,,, = 100). Dotted line: the
approximation Ry, = 2.44R,. The radii are given in arbitrary units.

Iy ~ 2v*kT /c* o R~3/*. The integration over solid angle near the caustic demon-
strates that the amplification factor variations related to the inner edge of the disc
are larger by approximately a factor of (Ry/R;,)’ /4 than the amplification variations
related to the rest of the disc. However, these become apparent only in close vicinity
to the caustic crossing events. Numerical calculations by Jaroszynski et al (1992)
show that the caustic crossings may be sensitive to the structure of the inner edge of
the disc.
The radius of the inner edge of the disc is

GM

Rin = rin(a)c—z, (548)

where the normalized value ry, is determined using formula (5.56) from the next sec-
tion. The shape of the lightcurve maximum is determined mainly by the parameter

X:
Yok 1 (k2N o VB
T Rin  rin(a) \ h 14z 2" GMo =

z92(l/lﬂ)4/3(%)1/3( M )71/3rf1(a).

1+z 109Mg, in

(5.49)

We provide below convenient to use formulas that do not take into account relativis-
tic effects. However, the effects of general relativity are of the same order of magni-
tude as the effects caused by the presence of the inner edge of the disc, the former
becoming more important for a disc tilted to the line of sight. Thus, the formulas
given below (see Abolmasov and Shakura 2012b) should be used with caution.

To calculate the amplification curve, it is convenient first to integrate the bright-
ness distribution with respect to the x coordinate:
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Ii(y) = [1(x,y)dx o
Ve 2 L (5.50)

> 3/ ’
exp <%J><(l+t2)) U4 =1
"d

where ¢ is a dimensionless variable of integration.

02
) sin
K:K(l,l’/):COSzw—f—TS;IiI, (551)

which can be viewed as a factor of disc area decrease due to inclination,

cos?y  sin® ycos? llft 4

— 7l w) — <in2 .
J=J(i,y)=sin"y+ ol i K@) n'i, (5.52)
12 1\
:1— —_n .
r=1-(7¥ren) 559

is the temperature correction factor we already know, and

0 ify > rin/VJ

e 7 5.54
1—}(’)’—”) ify <ri/VJ. ( )

Generally speaking, the inclination and the radial scale of the disc are degenerate:
the y coordinate is included in combinations with the radial scales only as y\/J/r4
and y\/J /ri,. Examples of calculated amplification curves for discs with different
positions of the inner edge are shown in Fig. 5.7.

5.2.4 Account for General Relativity Effects and Location of the
Inner Edge of the Disc

To find the value risco as a function of the rotation parameter a for a rotating
black hole, we should solve the equation (see Bardeen et al 1972):

2 —6r+8ar'’? —34* = 0. (5.55)

The solution to this equation may be written as follows:

risco = 3 +2Z, —sign (a)\/(3 —Z1) (3 +Z, +22»), (5.56)

where
Zi=1+(1-d*)'? ((1+a)1/3+(1—a)1/3), (5.57)

Z, =\/3a*+Z3. (5.58)

and
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Fig. 5.7 Amplification curves for the simplified disc model (without relativistic effects). The radial
scale of the disc is R, = 13.46GM/ 2, the Kerr spin parameter ranges from —0.99 to 0.99, where
a negative sign means counterrotation. Illustration from Abolmasov and Shakura (2012b).

The correction factor f was analytically obtained for the relativistic thin accretion
disc in Page and Thorne (1974):

-3 1
f= 2 x2(x3—3x-+2a) X

5.59
X (x—x —%aln%—Al—Az—AO. ( )
Here: )

Al = 3(X1 70) In (xxl) ’ (5.60)

x1(x1 —x2)(x] — x3) X—Xx

—_ )2 _

A= S02—a) In (x xz), (5.61)

X2 (o —x3) (X2 — x1) X—X2

2
PR €l SN (x_x3) , (5.62)
x3(x3 —x1)(x3 —x2) X—X3
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xX=+/r (5.63)
X0 = +/T1sco (5.64)
1
x1 = 2cos (Sarccosa — Z) (5.65)
1 T
Xy = 2c0s <3arccosa+ 3> (5.66)
1
x3 = —2co0s (3arccosa> (5.67)

These x13 values are the three solutions to the cubic equation X =3x+2a=0
(Page and Thorne 1974) expressed in trigonometric form. An analogous notation
will be used in Section 5.3.3.2 for the position of the spherization radius.

It should be noted here that the domain of applicability of the thin disc model is
limited by several potentially important effects:

e disc inclination with respect to the BH rotation axis; it was shown that the
Bardeen-Petterson effect (Bardeen and Petterson 1975), which tends to align the
accretion disc with the equatorial plane of the BH, operates only for high viscos-
ity and small thickness of the disc (see Ivanov and Illarionov 1997; Zhuravlev and
Ivanov 2011). In the general case, however, the disc may remain inclined while
approaching the innermost stable circular orbit; or it may pass to an essentially
nonlinear mode of alignment, with formation of shockwaves having velocities of
the order of the Keplerian velocity ~ vk sini

e deviations from the approximation of the geometrically thin, optically thick disc;
different models predict formation of a corona or advection-dominated flows for
low accretion rates (Narayan and Yi 1995; Meyer et al 2000) and thick advective
discs for high accretion rates (Sadowski 2011); formation of essentially super-
critical flows with winds is also possible (Shakura and Sunyaev 1973; Poutanen
et al 2007)

e deviations from the model of local blackbody radiation; the use of stellar atmo-
spheres (Kolykhalov and Sunyaev 1984) cannot explain many of the observa-
tional properties of QSOs such as the almost total absence of the Lyman jump;
electron scattering and some other effects that may influence the spatial proper-
ties of QSO discs will be considered in Section 5.3.1.1.

However, even a thin disc in perfect alignment with the BH does not prevent
certain effects to dramatically alter its apparent brightness distribution. These are
bending of photon trajectories and relativistic aberration. The photon trajectories
were analytically calculated using elliptic integrals in Dexter and Agol (2009) as
a part of the geokerr software, which is available at http://www.astro.
washington.edu/users/agol/geokerr. We calculated the forms of geodesics
using geokerr, after which the Doppler factor (the ratio of the frequency in the
observer reference frame to the frequency in the reference frame comoving with the
disc) was determined from the law of conservation of energy and angular momen-
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tum of the photon along the trajectory as follows (Abolmasov and Shakura 2012b):

ky 1
=t -___ - 5.68
kl u (14 Q1) (5.68)
Here, (2 is the orbital frequency in the disc, I = asini is the specific angular momen-
tum that is determined through the impact parameter of a given point on the celestial
sphere (see Fig. 5.5). The time component of the four-velocity is determined from
the normalization condition (giku’uk = —1) as follows:

u' = (_(gtt +281p <2 +g<p<p92))7

Yy (5.69)
= (pzé—%(Q—OJLT)2> .

The Keplerian frequency as measured by a distant observer is

1

The invariance of the value I, /v? results in the fact that the relativistic Doppler
effect appears only in the form of radiation frequency shift:

Iy =~ AV, 8310 (V) o<

e (exp (4 (rfra)* Flra)4) =1) .

At large distances (r > rip and r > rg), the Doppler effect remains essential, pro-
ducing a noticeable intensity asymmetry, due to the strong (exponential) behaviour
of the Planck curve for hv > kT . If we expand the expression for monochromatic
intensity in powers of § ! for small ¥~!, we obtain § ! ~ 1+ L\}r’ which implies
that the intensity contrast between the approaching and the receding sides of the
disc increases with distance as follows

(5.71)

IT—I sin(i
i = (r/ra)** \/(;) o /4, (5.72)

5.2.5 Applications to Actual Lightcurves: QSO J2237+0305 and
SBS J1520+530

We have chosen the lightcurves of two objects, QSO J2237+0305, also known
as ‘the Einstein cross’, and SBS J1520+530 (Abolmasov and Shakura 2012b).
The main properties of these two objects are given in Table 5.1. Detailed stud-
ies of QSO J2237+0305 were carried out under the OGLE project (WoZniak et al
2000) targeted to search for classical microlensing events in our galaxy. Lightcurves
were obtained for all the four images observed by OGLE-II and OGLE-III; all the
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data are available at http://ogle.astrouw.edu.pl. Figure 5.8 shows the
lightcurves of the QSO J2237+0305 images based on OGLE photometric data. So
far, the search for correlated variability of individual images has not been successful,
although there are upper limits for the delays between individual images (Vakulik
et al 2006). Certain parts of the lightcurves visually resemble caustic crossings in
shape; for this reason, the straight caustic model is sometimes used to describe the
amplification curves (Bogdanov and Cherepashchuk 2004; Shalyapin et al 2002;
Gil-Merino et al 2006).

Table 5.1 The observational data for QSO J2237+0305 (A and C
SBS J1520+530 used in Abolmasov and Shakura (2012b).

images) and

SBS J1520+530 QSO J2237+0305(A) QSO J2237+0305(C)
zs 1.855 1.695
49 0.72 0.039
range of dates (V), JD-2450000 1400—1650 1200—1650
number of observations (V) - 53/52 83
range of dates (R), JD-2450000| 1200—3000 1450—1510 -
number of observations (R) 253 51/49 -
1 EINSTEIN CROSS (QSO 2237+0305)
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Fig. 5.8 Magnitudes of the QSO J2237+0305 images according to OGLE-IL Il data. The arrows
indicate two events that seem to correspond to caustic crossings. Illustrations were taken from
Wozniak et al (2000) and Udalski et al (2006).

For the other examined object, SBS J1520+530 with only two detected images,
the optical depth due to lensing is assumed to be less than that for the “Einstein
cross”, the lens being situated much further away. This object is known to be vari-
able; the time delay between the two images is measured with a good accuracy as
At ~ 130 days. Knowing the lag between the variability of the two components,
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we may separate the variability due to microlensing by shifting one time series by
At relative to the other. After that, we may interpolate the shifted time series for A
onto a time grid of the series for B and vice versa, thus obtaining a series of B/A
flux ratios (keeping both interpolated curves to prevent information loss, although
slightly violating statistics as the data set becomes redundant; see Fig.5.9).
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Fig. 5.9 Top panel: The observed flux ratios of the QSO SBS J1520+530 B and A images and
the model fitting: the simplified model without relativistic effects (dashed curve) and the Kerr
disc model (solid curve). The optimal parameters of the Kerr model: a = —0.5, i = 80°, y =
330°. Lower panel: the residuals with respect to the Kerr model. Illustration from Abolmasov and
Shakura (2012b).

The fitting was performed using the dynamical method in the space of the fol-
lowing parameters: the caustic crossing moment fy, the caustic parameters (i 1, the
radial scale of the disc rq, the shape parameter X (see Section 5.2.3), and the ef-
fective transverse velocity vegr. Since the use of the relativistic model implied the
calculation of intensity maps for a set of values of a, rq, and inclination 7, a grid of
intensity maps was produced first and then a search for an optimal solution for every
map was performed. For a more detailed description of the results see Abolmasov
and Shakura (2012b), where Tables 2 and 3 provide the optimal parameter values.
The example of a fitted lightcurve near one of the ‘events’ is given in Fig. 5.10.

As a whole, the obtained solutions demonstrate that some interesting things may
be happening near the inner edge of the disc: either the inner parts are strongly in-
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Fig. 5.10 One of the amplification events detected for QSO J2237+0305 (image A). Left panel:
R-band data; right panel: V-band data. The dashed curve represents the simplified model, the
solid curve takes into account relativistic effects. The optimal model parameters are: a = 0.2,
i=70° y =96°. Asterisks and grey circles correspond to different photometric methods. llus-
tration from Abolmasov and Shakura (2012b).

clined with respect to the observer or they are simply brighter and more distinct
against the background of the disc, in a greater extent than we would expect. Either
alternative may be connected with the misalignment between the BH and accre-
tion disc planes. Almost certainly, there is an appreciable angle between these two
planes. Alignment processes are still poorly understood and may involve formation
of shockwaves within inner parts of accretion discs or weakly interacting precessing
rings, which may produce effects similar to the observed. At the same time, a sat-
isfactory result is obtained for SBS J1520+530 when using a model involving two
caustics or two accretion discs (see below the final paragraph of Section 5.3.1).

5.3 The Problem of Large Radii and Observational Evidence for
Supercritical Accretion

5.3.1 Observed Estimates of Disc Sizes

As early as 1979, it was proposed to use the microlensing effects produced by
the stars of the lensing galaxy to study the spatial structure of QSO discs (Chang
and Refsdal 1979). The effect itself was discovered ten years later (Irwin et al 1989)
but proved to be difficult to use: consecutive fitting of the microlensing lightcurves
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beyond the approximation of a single straight caustic (see above) requires huge
computer power and nontrivial techniques for comparison between observational
data and simulated results. Today, the standard technique for modelling microlens-
ing processes is the construction of two-dimensional amplification maps by means
of inverse ray-tracing using random distribution of lensing stars over the celestial
sphere (Wambsganss 2006). The masses and positions of the stars are chosen ran-
domly. A light ray trajectory is constructed for every point of some field of view in
the image space (as if the ray was emitted from the eye of the observer. Hence the
name ‘inverse ray-tracing’). The Jacobian of the transformation of the plane of the
sky, detA, is then determined (see Section 5.1.4), allowing us to obtain the amplifi-
cation factor y. The amplification map for an extended source is obtained from the
amplification map for a point-like source using two-dimensional convolution with
source intensity distribution. Subsequently, individual model lightcurves can be ob-
tained by varying the initial coordinates of the source and the components of relative
proper motion.

The distribution of amplification u is sensitive to the size of the source (which
determines mainly the maximal possible value of 1) and to the microlensing optical
depth (Kofman et al 1997). Some other parameters of stellar population, such as
the mass distribution of stars, are also of importance. The mean stellar mass itself
does not in general affect the distribution in u for a point-like source, but affects the
characteristic angular scale of the caustic network.

The opportunity to confidently measure QSO sizes did not appear until the be-
ginning of the new millennium. Anomalous fluxes, or more precisely, anomalies of
fluxes (the ratios of observed amplifications to those obtained in the strong lens
model) were considered in the optical and X-ray range for a sample of 10 objects in
Pooley et al (2007). The statistics of amplifications due to microlensing is directly
linked to the object size (in terms of the mean Einstein-Chwolson radius). The goal
of Pooley et al (2007) was to solve the inverse problem of reconstructing the possi-
ble mean disc sizes to reproduce the observed distribution over flux anomalies.

The results obtained by Pooley et al (2007) made it possible to derive several
nontrivial conclusions about the structure of QSO discs: (i) the size of an average
QSO in the near UV range is considerably larger than predicted by the standard mul-
ticolour thin disc theory (see Section 5.2.2 above); (ii) the sizes of X-ray-emitting
regions are much smaller and comparable to the radius of the innermost stable cir-
cular orbit.

The former conclusion received further qualitative support in Morgan et al
(2010), although the magnitude of the effect turned out to be somewhat lower: the
QSO disc sizes appeared on average approximately a factor of three larger than
predicted by theory. It is worthwhile to indicate more precisely which values were
compared with each other. Along with disc sizes estimated through microlensing
effects, I-band photometric fluxes measured by the Hubble Space Telescope were
used. The monochromatic flux at the given frequency Vs Was calculated using for-
mula (5.44) for the standard disc.

For the broadband spectrum of an accretion disc, we may recalculate the flux
F, to I-band magnitude with good accuracy. From the above expression (5.44) for
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monochromatic flux, we may derive the value M?ri, on which the characteristic
radius depends according to formula (5.47). In this manner, a working formula for
determining the disc size was obtained (Morgan et al 2010)

3/2
1 D
R; ~2.83 x 10" ( ) x 10702019 ¢y, (5.73)

— X
vcosi Dy

We will use these photometric data and disc sizes in Section 5.3.3.2 below. Morgan
et al (2010) interpret the observed inconsistency as a result of strong deviations from
the standard model, potentially related to a very low actual efficiency of accretion:
the observed intensity of the disc is much smaller than expected for its estimated
angular size.

As quasar microlensing effects depend on wavelength (since the monochromatic
disc sizes depend on wavelength), it is often referred to as chromatic lensing in con-
trast to strong lensing and microlensing produced by an isolated lens, where chro-
matic effects are not important. Flux anomalies from lensed QSOs depend appre-
ciably on wavelength, although not always in the manner predicted by the standard
model (Floyd et al 2009).

Formula (5.47) implies that the approximate relationship R o< A*/3 should be
valid for the standard model in a wide range of wavelengths (mainly, from optics
to UV). As a matter of fact, the maximal slope, which is 4/3, should be observed
on a limited interval between the inner and outer edges of the disc, decreasing at
both longer and shorter wavelengths (see Fig. 5.6). Many alternative models of
disc accretion also predict power-law dependencies R(A ), although with different
exponents; for this reason, it is convenient to introduce the structural parameter
{ =dInR/dInA. For a power-law function R(A ), the structural parameter does not
depend on wavelength and R o< AS.

Blackburne et al (2011) present an analysis of multi-wavelength data for 12
objects. The dependencies R(A) were compared with theoretical predictions (flux-
based radii were calculated using formula 5.73 for the standard disc). This work con-
firms in general the abnormally large ‘disc’ sizes for most of the sources. However,
a stunning diversity of R(A) curves becomes apparent. As a rule, the size of the disc
usually increases with wavelength, although this does not seem to be a general prop-
erty (for example, the disc size of WFI J2033-4723 decreases slightly with wave-
length). For more than a half of all objects, { ~ 0; some, however, are well fitted by
the standard disc model (this concerns both the dependence slope and the normaliza-
tion). Among the latter, the most prominent is MGJ 0414+0534, the only radioloud
object in the sample, with the greatest BH mass of approximately 2 x 10°M,, (Bate
et al 2008). Figure 5.11 shows how the size changes with observed wavelength for
two QSOs with very different {. One of them is MGJ 0414+0534 mentioned above,
for which power-law fitting yields { = 1.55£0.4. The dependence R >(4) for the
second object, HE J1113-1641, is almost flat with { = 0.05 £ 0.20.

The chromatic lensing data for many objects may be described in terms of the
approximate values of { estimated by fitting the observed R(A) dependence. There
is a clear correlation between § and BH mass (see Fig. 5.12): the dependencies R(1)

Imcm



226 Pavel Abolmasov, Nikolay Shakura, and Anna Chashkina

1011

Ry/o

10% 1

107! 10°
)\(‘,777,7 Mm

Fig. 5.11 The half-light radius as a function of wavelength for MGJ 0414+0534 (open circles) and
HE J1113-1641 (solid circles). The data were taken from Blackburne et al (2011). The grey solid
lines show power-law fits to the data; for comparison, the dashed red line shows a power law with
slope 4/3.

are almost flat for low masses, M < 3 x 108M, (on average, however, { > 0); for
massive objects with M > 10°M,, at least in some cases { > 1. The latter class of
objects includes MG J0414+0534 and the Einstein cross.

Along with the accretion disc model with scattering in an extended envelope
which will be described below in more detail, different models were proposed to
explain the abnormally large and ‘grey’ QSO sizes. Most of these models suggest
that the disc emits locally as a blackbody. It is easiest to assume that the slope
€ < 4/3 arises simply as a consequence of another (steeper) dependence of the tem-
perature on the radius in the disc. This may be, for example, an accretion disc with
a nontrivial boundary condition at the inner edge (Agol and Krolik 2000), for which
¢ ~8/7. Such a model was suggested in Floyd et al (2009) to explain the multi-
wavelength properties of SDSS 0924+0219. It seems that { < 1 for many objects,
implying that there should be some other solution. It is worthwhile to note also the
work by Yan et al (2014), in which the objects with small { are supposedly consid-
ered to be related to binary black holes. If it is a fairly close binary, two accretion
discs having similar sizes and luminosities might be observed. With that, the size
of the emitting area measured through microlensing will be close to the size of the
binary and will no longer depend on wavelength. If the separation between the BHs



5 Structure of Accretion Discs in Lensed QSOs 227

4: T T T HH‘:
3E -
2E
o F ]
N nes B RO
s s ,,3?7?
1 =
SO ‘ ,,,,,,,,,,,,,,,,,,,,,,, 2/37
O I s E ST
—-1E ! | ! e ]
0.001 0.010 0.100 1.000 10.000

M: 10° Mso\or

Fig. 5.12 The structural parameter { as a function of BH mass. This parameter is calculated using
the QSO sizes published in Blackburne et al (2011). The illustration was taken from Abolmasov
and Shakura (2012a).

in this binary is of the order of a few tenths of a parsec (which is comparable with
the sizes of accretion discs themselves), many properties in brightness distribution
of lensed QSOs may be qualitatively explained quite well. Particularly, the unusual
shape of the SBS J1520+530 amplification curve, which is difficult to explain in
the model with one caustic and one accretion disc, is easily explained in terms of a
binary.

5.3.1.1 Scattering in a Disc Atmosphere

Atmospheres of accretion discs are fairly hot and rarefied. For this reason, their
spectra should clearly show the effects of electron scattering. These effects are es-
pecially interesting in those cases when an appreciable part of energy dissipating in
the disc is eventually transferred into heat above the effective photosphere. If the
local viscous stresses scale with gas pressure (see Blaes et al (2011); this may be
considered as a generalization of the o law in the Shakura-Sunyaev disc model; see
Section 5.2.2 above), a translucent atmosphere becomes approximately isothermal.
To prove this, let us consider the transfer equation for the radiation energy density u



228 Pavel Abolmasov, Nikolay Shakura, and Anna Chashkina

d d
— [ D—u ) =alp. 5.74
dz< dzu> asep 679

Here, D = % is the radiation diffusion coefficient, €2 is the angular frequency of
x,

rotation (dependent on radius but constant along the vertical coordinate), p is the gas
pressure, s is the Rosseland mean opacity, and the optical depth is d7 = —spdz.
Assume that »r = const (which is the case, in particular, if the electron scattering is
dominant). Dividing both parts of the equation by »p, we obtain:

d? ap
—u=—= 5.75
dt? xp (5.75)
For gas pressure, p/p o T. At the same time, u = aT*, where a is a constant related
to the Stefan-Boltzmann constant. Therefore, we can write

d’u

== Ku'/*, (5.76)

where K is a constant. It is easy to see that the solution of this equation is u o< 72/3,
or T o< 7'/¢ which is a very weak dependence. Numerical computations of accretion
disc atmospheres (see, for example, Hubeny and Hubeny 1998) also predict that the
temperature reaches a plateau in the outer layers of the atmosphere, for 7 < 5.

Scattering, even coherent, leads to deviations in the radiation field from the ther-
mal law. An example demonstrating the emergence of these deviations is given
in Mihalas (1978) (Chapter 6.1). Coherent scattering may be treated as an addi-
tional source of absorption plus an additional contribution to the source function
proportional to the mean intensity. Such a description corresponds to the case of
isotropic coherent scattering, reproducing some essential features of actual hot at-
mospheres. For example, the radiation that escapes from a semi-infinite isothermal
atmosphere would have lower intensity for the same colour temperature. With that,
the monochromatic intensity would change by some factor depending on the contri-
butions of different opacity sources (see Mihalas (1978), Section 6.1):

I(t=0)~A)>

X By, S.77)
where Ay = Otps/ (Oaps + Oisc ) 18 the relative contribution of true absorption to opac-
ity, Osc = P is the linear coefficient of absorption due to scattering, and Qg is
the absorption coefficient due to true absorption. The observed intensity 7, is lower
than the blackbody intensity By of the same temperature by the the dilution factor
dy defined as I, = dyBy. Further on, we will consider dilution factor averaged over
frequencies (/ = d - B). Since the integrated flux that escapes from the disc should re-
main unchanged, the dilution factor d < 1 implies that the actual temperature, which
determines the shape of the spectrum and may be identified with the colour temper-
ature for the dilution factor independent of frequency, is higher than the effective
temperature by a factor of d —1/4,
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We may follow qualitatively the effects arising due to electron scattering, in-
cluding coherent scattering, using the following simplified model. Assume that the
disc radiates locally as a blackbody but its radiation is diluted; this means that the
effective temperature is not coincident with the colour temperature, and

0Tty = d(r) S Tjours (5.78)
where d(r) is the dilution factor. The effective temperature depends only on the
energy released in the disc, changing with radius approximately as Ty o< r3AIf
we assume that the dilution factor changes with radius also according to a power
law, d = dy (r/r0)", then both the slope of the accretion disc spectrum (defined as
F, =< vﬁ) and the disc brightness distribution law will change. We obtain T¢ojoyr <
rm(3+0)/ 4. and for the structural parameter introduced in Section 5.3.1

4

“=3hy

(5.79)

Integration of the diluted spectrum over frequency allows us to estimate the slope of
the integrated spectrum far away from the maximal and minimal frequencies:

i

=—. 5.80
3+y (.50)

For any accretion disc that radiates locally as a black body with a power-law temper-
ature dependence on radius, the relationship f =3 —2¢ is valid. Meanwhile, for any
disc with Tog o< r—3/4 and a power-law dependence of the dilution factor on radius,
the above formulas yield § = § — 1. For another interesting case of a ‘passive disc’,
in which most of the angular momentum is carried from the inner edge, whereas
the angular momentum transfer by accreting matter may be considered negligible,
Tegroc 7~ "/8 and B = %C —1.

5.3.2 Nonlocal Scattering

We will consider the envelope as extended and the scattering as nonlocal in those
cases when a photon is emitted and undergoes the latest scattering at essentially dif-
ferent distances from the centre of the disc (the BH). This is possible, for example,
if the disc gives rise to an optically thick wind.

An extended scattering atmosphere around an accretion disc does not affect sig-
nificantly its spectrum as long as the atmosphere remains optically thin with regard
to true absorption and comptonization effects are not too strong. Due to geometrical
reasons, only a small part of all the photons emitted by the disc and scattered in an
extended atmosphere returns back. For this reason, the above effects leading to an
increase in the colour temperature are not important. On the other hand, multiple
scattering in an extended envelope totally changes the spatial properties of the ob-
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Fig. 5.13 Structural parameter § and spectral slope 8 for the local blackbody models (solid line)
and for the models with diluted blackbody radiation (dotted lines) with a fixed effective temperature
distribution in the disc Ty o< F3/4,

ject, whose apparent size is now determined by the size of the photosphere rather
than the disc. The object will have similar intensity distributions at all the wave-
lengths if the opacity does not depend on wavelength. The radiation will always be
appreciably diluted, with the apparent size of the object larger than the ‘blackbody’
radius of the disc.

Thus, the use of a scattering envelope allows us to solve two problems, namely,
to explain large apparent QSO radii and weak dependencies of these radii on wave-
length. Three essentially different models of such an envelope can be proposed: (i)
a static corona consisting of gas with virial temperature, (ii) gravitationally unbound
outflow from the accretion disc, and (iii) a gravitationally bound inflow feeding the
accretion disc, which we will consider later in Section 5.3.4. Since we deal with
bright objects characterized by high radiation density near the disc, there is a prob-
lem of Compton cooling in the first model (Pietrini and Krolik 1995). Moreover,
there are serious reasons to suggest that intense accretion is accompanied by winds
and ejections, the optical depth of which due to scattering may be greater than unity.
For simplicity, let us consider a model of a spherically symmetric stationary wind
(see also Abolmasov and Shakura 2012a).

For constant wind velocity vy, and a total mass loss rate through the wind My,
the wind density changes as follows:

My

=—. 5.81
47R?vy, ( )

p
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The radial optical depth is obtained as an integral of opacity times density s»p over
the line of sight from the observer to a given distance R:

Foo »M,,
R) = R)dR = . 5.82
w(R)= [ p(RAR= (582)
The size of the photosphere can be found as the radius where 7 = 1
fuwreM
1=R(r=1)=7 r— (5.83)

where fy, <1 is the fraction of accreting matter ejected from the disc. More de-
tailed calculations indicate that the brightness distribution in the atmosphere with
this density profile has an optically thick core and power-law optically thin wings,

the resulting half-light radius being approximately Ry, ~ 1.06R;.

5.3.2.1 Radiation Transfer in an Extended Atmosphere

An optically thick wind forms an envelope with density decreasing according to
the power law p o< R~2. In the general case, the radiation transfer in the atmosphere
of this disc is described by the following equation (see Mihalas (1978), Chapter 7.6,
the case of a ‘grey extended atmosphere’):

) 1—x* 0
%87?(1)+ R 9y

(I) = —3p(R)(S—1), (5.84)

Here, I =I(R, x) is the monochromatic intensity, } = cos 6 is the cosine of the angle
0 between the radiation propagation direction and the radius vector, and S = S(R)
is the source function. Since we consider isotropic scattering, the source function
can be equated to the intensity J averaged over angles. As a simple approximation
to describe the intensity distribution over angles, the method of moments is often
used, in which the dependence of intensity on the angle 0 is parametrized by three

(or more) moments:
1 r+1
J= 5 Idy (5.85)
-1

is the zeroth moment having the physical meaning of intensity averaged over all
directions. Note that dy = dcos 0 = sin0d0.

1 +1
H=3 / Iydy (5.86)
-1

is the first moment having a physical meaning related to the radiative flux of energy

(up to a factor of 47).
1 r+!
K= 3 Ixzdx (5.87)
-1



232 Pavel Abolmasov, Nikolay Shakura, and Anna Chashkina

is the second moment, related to radiation pressure. The moments of orders higher
than two are considered equal to zero. Moreover, it is convenient to make use of
the so called Eddington approximation, in which K = fJ. This proportionality is
present, for example, in an isotropic radiation field where f = 1/3, and also in ra-
diation field formed by a point-like source, where f = 1. By fixing f we can, first,
integrate Eq. (5.84) over . The second of the two independent equations of radia-
tive transfer is obtained by multiplying (5.84) by x and then integrating over y. This
yields a closed system of equations in the Eddington approximation:

1d (p2fy) —
{sde (R H3},l 0_ (5.88)

It can easily be seen that the system of equations can be essentially simplified both
for f = 1/3 and for f = 1. The first approximation works well at large optical depths
(deep in the envelope), the second applies at small optical depths (where radiation
propagates essentially radially). In the first case, the mean intensity J changes as
J o< C{R73. In the second case, J < CoR~2 x (14 7), where C; » are some constants.
The assumption C; = C; = H(T = 1) might satisfy both asymptotics. However, the
total flux cannot be kept constant in this case (the first equation (5.88) is not fulfilled
any more); for this reason, we suggest the following modified law for the source

function:
S(r) = Hor 2 x (1+d><r*1/2+r*‘), (5.89)

where r =R/R; = 1/7 and d is a free parameter. If we know how the source function
depends on the (radial) optical depth 7, we can calculate the intensity as a function
of the impact parameter P:

I= s /:os (\/PZ n 12) e uPh (\/PZ n 12) di, (5.90)

where s is the opacity due to scattering and 7; is the optical depth along the line of
sight,
o= [Lop (VP H ) di =
=8 (arctg L +7/2).
Substituting the expression for the source function, we can express the observed
intensity distribution as

(5.91)

I(p) = Ho x (u2(p) +uz(p) +d x us 5 (p)) , (5.92)

where x =1/R; and p = P/R; and
T
w(p) :p—<k+1>/ ¢ 8/7sin* 046, (5.93)
0

The parameter d is chosen so that the solution should reproduce the total luminosity
27 [, " I(p)pdp = 4wHy. Numerical estimates yield d ~ —0.097.
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Fig. 5.14 Left: diagram illustrating the calculation of the intensity distribution in Section 5.3.2.1.
Here, P is the impact parameter, / is the variable of integration. Right: the intensity distribution for
the model in use. The levels of equal optical depth 7; (0.1,1,2 and 5) along the line of sight are
shown by solid lines, and the half-light radius Ry , by a dotted line.

Finally, the half-light radius Ry, can be calculated for the obtained intensity
distribution using formula (5.45). Numerical calculations result in Ry, ~ 1.063R;,
where R; is the radius of the photosphere at which the radial optical depth is 7 = 1.

5.3.3 The Supercritical Accretion Regime

As repeatedly mentioned above, the standard accretion disc model has its appli-
cability limits, the first of which, the Eddington limit, was pointed out as early as
1973 by Shakura and Sunyaev (1973).

The Eddington limit (Eddington 1925) arises due to radiation pressure. An
isotropic source coincident with the gravitating centre produces a dynamical effect
on the surrounding matter through the pressure of its radiation. For an opacity s,
this radiation pressure force acting upon a unit mass is

L

F = iR (5.94)

If this force is balanced by the gravitational force (which is also inversely propor-
tional to the distance squared, thus eliminating R in the classical approximation),
matter becomes gravitationally unbound, which leads to wind launching and may
halt the accretion process itself. In the spherically symmetric case, this luminosity
limit is

Aol (5.95)

Lgaa =
The luminosity released during accretion is L = nMc?, where 1) is the accretion
efficiency, which is independent of M and M for the standard disc but is sensitive to
the position of the inner edge of the disc (and, respectively, to the rotation parameter
a). The accretion is considered supercritical if the luminosity L > Lgqq, although this
is a fairly uncertain boundary, depending on both the geometry of the accretion flow
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(the Eddington limit is obtained in the assumption of spherical symmetry) and its
dynamics. In the case of an accretion disc, it is more correct to locally compare the
vertical component of gravity with the radiation pressure. A version of such a local
approach to the Eddington limit was used in our paper: Abolmasov and Shakura
(2012a). In such a local approach, it is convenient to normalize the accretion rate to
an ‘Eddington’ value that does not contain the global accretion efficiency n:

M* . LEdd B 4nGM

2 o (5.96)
Radiation pressure in the inner parts of the accretion disc dominates over gas pres-
sure. This is the so called ‘zone A’ of the standard disc, in which the transition to
supercritical accretion occurs for all reasonable values of BH masses. Here, the disc
thickness H is determined from the balance between the radiation pressure force
and the vertical component of the BH gravity

” » 3 GMM GM
L=y " .
CQ c 8t R3 f R3 (5.97)

which yields in the nonrelativistic approximation

3 M R,\ 3GM Rin
H= 22 (o B 228 (= 2 598
8T ¢ ( R) 2c2m< R) (5.98)

It can easily be seen that an increase in accretion rate gives rise to the occurrence
of a thick disc. When the total luminosity exceeds the Eddington limit, part of the
released radiation energy is converted to kinetic energy of the flow, leading to forma-
tion of massive noncollimated outflows. If we assume that the transition to supercrit-
ical accretion occurs under the condition H(R) > R, we may identify the maximal
radius at which the disc still remains locally supercritical. Traditionally, this radius
Rgpn is named the spherization radius (Shakura and Sunyaev 1973) as the thicker the
disc the closer it approaches spherical symmetry. The simplest nonrelativistic case,
which takes into account the presence of the inner edge of the disc, allows us to
estimate rypp, as the largest solution to the equation

_r_3m
1—1/\/r 21y

This equation has a positive solution starting from 71 = 4.5rj,, which may be con-
sidered as the critical value of the accretion rate. Solving the above equation allows
us to express the spherization radius as

(5.99)

3GM . .
Rgn = 551t w2 (i /xin). (5.100)
Here, the correction factor y, calculated in the assumption of zero stress, accounts
for the presence of the inner edge of the disc. When Eq. (5.99) has three real roots,
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the relevant is the largest of them

w(x) = jgcos(;arccos <\/327>) (5.101)

For iz >> 1, the function y/(riz/x;;,) quickly approaches unity, and

3. GM
Rsph ~ me 77 (5102)
which is consistent with the classical definition of the spherization radius (Shakura
and Sunyaev 1973).

5.3.3.1 Size of the Photosphere

Assume that a QSO accretion disc is surrounded by a wind which is spherically
symmetric and carries away an appreciable part of the accreting matter (the outflow
rate is fwM, where f;; <1 is the mass fraction ejected in the wind). Since most of

the mass is lost by the disc at radii close to the spherization radius, the velocity of
the outflow is close to virial at Rgpp

vy = Bw1/2GM /Rypn = %[f;“m‘/zc, (5.103)

where By ~ 1 is a scaling dimensionless constant of the order of unity, and v is the
correction factor determined using expression (5.101). It can be shown that the use
of the nonrelativistic formula is quite reasonable since post-Newtonian corrections
to the expression (5.103) are generally within a couple per cent. The radial optical
depth due to scattering is

o0
T:/ »rpdR. (5.104)
R
The continuity equation allows us to estimate the density in the wind as p =
Substituting the expression for density and setting T = 1, we obtain the

4y R2
following estimate for the photospheric radius:

R = = 1
=55 x = (5.105)

This estimate is valid if the local Eddington limit is violated somewhere in the disc.

As we have already mentioned, a transition to the supercritical accretion regime
may be treated as a local process (energy flux becomes sufficient to throw a test
particle away to infinity), even if a large geometrical thickness of the disc restricts
the applicability of this approach. Considered locally, the Eddington limit depends
on GR corrections which make the effective vertical gravity near the equatorial plane
two or three times larger. Moreover, the effects related to disc thickness should be
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accounted for: the deviations from the Kepler rotation law, dependence of angular
velocity on height, and radial heat advection. Taken together, these effects seem to
raise the value of the limit by a factor of a few, slightly decreasing the size of the
spherization radius (Abolmasov and Chashkina 2015).

5.3.3.2 Evidence for Supercritical Accretion

Let us assume that a QSO is the source of a wind producing a scattering en-
velope, the optical depth and the size of which, in general, depend on the wind
strength, and increases with the rate of matter ejection and thus with the accretion
rate. Some QSOs (those hidden below scattering envelopes) will have significantly
larger effective disc sizes depending more weakly on wavelength, since the size of
the scattering photosphere does not depend on wavelength. Most probably, the en-
velopes are actually nonspherical and translucent. However, for simplicity we will
use the approximation of a spherical envelope with a clearly outlined photosphere.
Despite the fact that in reality such a photosphere should be fairly fuzzy, with strong
limb darkening, all the intensity distribution and limb darkening effects are almost
independent of wavelength. The size of the photosphere does not depend on wave-
length as long as scattering by free electrons remains the main source of opacity. We

X\—rays / / outflow

photosphere

accretion disc

Fig. 5.15 The accretion disc, the wind and the scattering envelope produced by the wind. The
area in red is the disc with size depending on the wavelength. The envelope (hatched) is unable to
hide the disc at long wavelengths. It seems that there is a channel in the envelope through which
(directly or after reflection/scattering) the X-rays from the inner parts of the disc may be observed.

estimated the accretion rates and the masses of the objects from the sample of Mor-
gan et al (2010), for which disc sizes through microlensing are known and fluxes
in the photometric I band are available. The accretion rates and BH masses were
determined using simultaneous solution of Eqgs.(5.44) and (5.105) for M and . Un-
fortunately, the original tables and plots contained a calculation error; the correct
results are given in Abolmasov and Shakura (2013) and in this book in Table 5.2
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and Fig. 5.16. Figure 5.17 shows the corresponding accretion rates in solar masses
per year. The masses obtained are essentially lower than the ‘virial”’ masses My, cal-
culated using the reverberation method or through emission line widths (Vestergaard
and Peterson 2006), while the accretion rates are suspiciously high. If we abandon
the use of self-consistent mass estimates in favour of virial masses, the accretion
rates become m ~ 10 — 100, consistent with some independent estimates of maxi-
mal accretion rates in distant QSOs (Collin et al 2002). Using (5.44) to estimate BH
masses seems to be incorrect since this formula is valid for the standard disc, not
taking into account neither the decrease of accretion rate within spherization radius
nor any of the true absorption processes affecting the observed QSO spectrum. Two
circumstances should be noted: first, the optical I magnitudes are determined us-
ing a strong lens model with an amplification factor of tens or hundreds, potentially
vulnerable to systematic errors. Second, the QSO radiation which is detected in the
optical to near infrared range, has been emitted in UV, thus being very sensitive to
absorption by interstellar dust (one magnitude of absorption in the V band corre-
sponds to absorption of two to four magnitudes at 0.1-0.2 um). The presence of
dust in galactic centres is rather expected, and taking this into consideration enables
a substantial decrease of the accretion rates and increase of the BH masses, making
them consistent with virial estimates. For this, dust extinction of the order of 1—-2™
is sufficient, which corresponds to absorption lower than ~ 0.5 at optical wave-
lengths. Taking into account absorption Ay yields a correction for the observed flux
FObs = 107044v Fem . Estimates for the accretion rate and the BH mass will depend
on the absorption as

rir o< 1070347 (5.106)

M o< 100447 (5.107)
and

M o< 1001547, (5.108)

On the other hand, interstellar extinction does not affect the shape of the amplifi-
cation curves and therefore cannot affect the observed values of the { parameter.
Possible contribution of systematic uncertainties due to interstellar extinction was
considered for SDSS 0924+0219 in (Floyd et al 2009).

Systematic uncertainties in our calculations may be introduced by other reasons
as well. First, the formulas in use contain the dimensionless coefficients fiy ( the
fraction of accreting matter ejected in the form of a wind) and By (the ratio of
the terminal wind velocity to the escape velocity at the spherization radius). The
first coefficient is less than unity by definition. The second coefficient may be more
or less than unity, depending on how the momentum and energy are redistributed
in the outflowing matter. If the wind from the spherization radius is accelerated
approximately radially, its velocity is:

v(R) =~ /2 (L—1) x (GM —GM>. (5.109)
Lgaq Rypn R
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Table 5.2 The accretion rates of microlensed QSOs as estimated from their sizes in the framework
of the scattering envelope model. The virial masses and the half-light radii were taken from (Mor-
gan et al (2010)) and (Blackburne et al (2011)) and given in separate columns. Table 2 also contains
the relative accretion rates, the masses Mg and the corresponding accretion rates in absolute units
(Mg, yr~!) calculated using photometric and microlensing data for a = 0.9. All { values are taken
from Abolmasov and Shakura (2012a) (and references therein). If several estimates of a struc-
tural parameter are available for an object, these are averaged according to the weights inversely
proportional to the uncertainties.

Object 2 My 1Mo Ry, 10%cm i Ms, 10°Mo M, Mg yr! ¢ Loorr
I 11
QJ0158-4325 1.29 0.16 -4 - <65 > 0.065 <10 - 19.09+0.12
QJ0158-4325* 1.29 0.16 5-30 — 5-9 80—300 0.1-0.15 — 19.0940.12
HE J0435-1223 1.689 0.5 2—40 4-21 90—1300 0.007—0.024 5-20 0.7£0.6 20.76+0.25
SDSS 0924+0219 [1.52297 0.11 1-6 22-10 170—-800 0.005-0.011 2—4 0.46+0.3 21.24+0.25
FB J0951+2635 1.24603 0.89 12—-80 - 60—300 0.11-0.25 40—100 - 17.1610.11
SDSS J1004+4112(1.73995 0.39 1-4 - 40—-150 0.017-0.031 3-6 - 20.974+0.22
HE J1104-1805 2.3192 2.37 10-30 - 40—-130 0.18—0.30 30-50  1.65%0.5 18.17£0.31
PG 1115+080 1.73549 1.23 40—190 25—110 500—-2600 0.011-0.025 30-70 0.4£0.5 19.524+0.27
RXJ 1131-1231 0.654 0.06 3-8 1.0-6 360—900 0.0022—0.0035 3-5 0.44+0.5 20.73+£0.4
SDSS J1138+0314(2.44375 0.04 0.5-8 3-26 30—-400 0.008—0.028 2-8 0.4+0.5 21.9740.19
SBS J1520+530 1.855 0.88 8-20 — 70—170 0.07—-0.11 20-30 — 18.924+0.13
QSO0 J2237+0305 | 1.695 0.9 5-20 — < 100 > 0.17 <40 1.15+0.2 17.90+0.44
MGJ 0414+0534 2.639 1.82 - - - - - 1.5+£0.4 -
RXJ 0911+0551 2.799 0.8 - - - - - 0.17+0.4 -
* — Morgan et al (2012), I — Morgan et al (2010), II — Blackburne et al (2011)
1000 N - 1000 *:
o \ - spss 19 | g rrosrecs 1 \ = 5 10p4+4112 e 110a105 3
\—M a5 1
- ]
L 1 10 i r |
0.001 0.010 0.100 0.001 0.010 0.100
Ms, 10° Msoior Ms, 10° Msolor

Fig. 5.16 The masses and the dimensionless accretion rates obtained in a self-consistent way in
the framework of the scattering envelope model for a = 0.9 (left) and a = 0 (right). The dotted
horizontal lines indicate the critical accretion rates, the solid lines show the 7z values for which the
apparent sizes of accretion discs and envelopes become comparable. The uncertainties correspond
to a significance level of 10, considering the uncertainties in determining the source sizes and the
magnitudes. The asterisk indicates that the data were taken from Morgan et al (2012); all the other
data were taken from Morgan et al (2010). This illustration together with the next one were taken
from Abolmasov and Shakura (2013).
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100

dM/dt, Msa/yr
dM/dt, Msa/yr

I I
0.01 0.10 0.01 0.10
Ms, 10" Msolar Ms, 10° Msolor

Fig. 5.17 The masses and the dimensional accretion rates obtained in a self-consistent way in the
framework of the scattering envelope model for a = 0.9 (left) and a = 0 (right). The notation is the
same as in the previous figure.

Close to the Eddington limit, L/Lgqq ~ 7ty ~ 4.5. Therefore, By ~ \/L/Lgqa — 1 ~
2. Lower values of By, may arise in cases when the main contribution to the expan-
sion of the envelope comes from matter launched at relatively large radii in the disc
(this result is supported by numerical calculations of Sadowski et al (2014)). In this
case, a decrease in velocity approximately by a factor of 10 (B, ~ 0.1) makes it pos-
sible to reconcile, on average, the mass estimates with the virial ones as the resulting
quantities scale with the parameter as

it o< B, (5.110)
M By, (5.111)

and
M BY2. (5.112)

Another very important effect, which is able to appreciably change the expected
envelope size, is the presence of additional opacity mechanisms. The accretion rates
and masses depend on the opacity s as follows?:

1 o< 32 (5.113)
M o< 3 (5.114)
M o<t (5.115)

The presence of additional absorption mechanisms allows us to explain why the
mean value ¢ is not zero for QSOs with envelopes. For instance, free-free scattering
in a comparatively hot wind (hv < kT') results in the following dependence of the

2 The photospheric size is proportional to Ry o M, while the product MM o F,'* does not depend
on opacity; the Thomson opacity sz, which is included in the Eddington luminosity normalization,
is considered fixed.
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size of the photosphere on wavelength (see Cassinelli and Hartmann 1977):

2
Ry o< A 20=3m/2T (5.116)

if poecr™and T o< r~™. In particular, { =8/9 forn=2and m=1/2.

A lot remains unclear in the schematic scenario outlined above. In particular, the
X-rays we observe come from a source that is much more compact than the en-
velope. We may assume that the shape of the envelope differs from spherical and
has a channel to release X-rays (as shown in Fig. 5.15). It is also unclear how the
low masses obtained in Abolmasov and Shakura (2012a) can be reconciled with the
virial mass estimates. Maybe, further numerical calculations will help finding the
answer. Note for example that an optically thick wind subjected to different insta-
bilities may become highly inhomogeneous near a photosphere arising at a distance
of the order of hundred gravitational radii (Takeuchi et al 2013). This differs con-
siderably from radii calculated according to formula (5.105).

5.3.4 Scattering by Inflowing Matter

As we could see above, the observed properties of lensed QSOs may be explained
using a scattering envelope model if the wind velocity is assumed to be very small,
less than one tenth of the virial velocity at the spherization radius. Such a small
dimensionless factor, far less than unity, is unlikely to arise during wind accelera-
tion: this requires the total mechanical energy of the wind to be equal to zero with
a precision of the order of B, < 1, too much of a fine tuning to represent reality.
Only the smallness of the total mechanical energy can ensure a low wind velocity
(compared to the virial velocity in the acceleration area) at large distances. On the
other hand, during accretion of matter with high angular momentum, it is quite nat-
ural to expect very small radial velocities determined by loss or viscous transfer of
the angular momentum. If both inflows and outflows exist, it is more reasonable to
expect the disc radiation to be scattered by the inflowing gas rather than by the wind.
The angular momentum of the accreting matter definitely needs to be high to form
an accretion disc.

Many active galactic nuclei (AGNs), including QSOs, are surrounded by gas-dust
tori (Elitzur 2008) and areas radiating in broad emission lines, BLR (Peterson 2006).
The gas-dust torus seems to be a reservoir from which the active galactic nucleus
receives matter to accrete. The data available for well-studied galactic nuclei, such
as NGC5548 (Kollatschny and Zetzl 2013), indicate that the geometries of the BLR
resemble tori or geometrically thick discs with axis ratios different for different
emission lines. On the other hand, there is evidence (Doroshenko et al 2012; Grier
et al 2013) that the gas in BLR has, on average, radial velocities directed inwards.
This contradicts the widespread conception that broad lines form in the disc wind
(see, for example, Korista 1999).
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A possible contribution of this inflowing scattering substance to the observed
spatial properties of the QSO ‘disc’ is estimated in Abolmasov (2017). A reasonable
fit to the observational data can be achieved by assuming a radial inflow velocity of
the order of one per cent of the virial, the size of the scattering area being of the
order of 10* gravitational radii. Assuming that the accretion rates of the objects
of the sample are close in absolute values and constitute a few solar masses per
year (consistent with the observed values within an order of magnitude), we can
reproduce the separation of objects into two groups with different values of { (see
Fig. 5.12) and absolute values of the observed radii. However, for this to work, the
contribution of the scattered radiation should be significant, which requires large
geometrical thickness and high scattering efficiency.

This approach is able to qualitatively explain the fact that the { parameter is
noticeably larger than zero for most of the objects, although appreciably less than
that for the standard disc. This rather expected effect may be illustrated using the
following simplified model. Let us assume there is a disc for which the half-light
radius is Rqg = R4(A). If, instead of the disc, we see a halo with intensity distribution
I =< R~2 between R4 and some fixed outer radius Roy;, the half-light radius of the halo

will be Ry /5 =~ /RaRout Rcll/ 2 In terms of the slope of the dependence R; »(4),
this means § becomes equal to half of the structure parameter for Ry.

The simplified assumption of coherent scattering by a geometrically thick accre-
tion flow is not able to conclusively resolve the problem. The solution to the problem
seems to be directly related to other problems of accretion onto supermassive black
holes. First, there are inconsistencies in the spectra of QSOs: the predictions of the
standard theory of multi-temperature accretion disc do not fit well with the shapes
of QSO spectra in the range 0.1 — 1 um, the area of the ‘big blue bump’, where it
is supposed to work. It seems quite reasonable (this possibility was considered by
Lawrence 2012) that the observed radiation of the ‘big blue bump’ is not emitted by
the surface of the accretion disc itself. Instead, it is emitted further away from the
BH, in the gas ionized and heated by harder disc radiation. In this case, the shape of
the observed spectrum is determined by local microscopic processes, namely, ion-
ization, radiation transfer, and cooling, rather than by energy release per unit area of
the emitting surface. This model allows us to explain why the QSO spectra in UV
and optics are approximately of constant shape and why there is no strong Lyman
jump at all. If emitting regions are ionized by comparatively hard radiation with
energies of a few tens of eV, recombination will not result in the emergence of any
appreciable Lyman emission jump since Lyman continuum quanta will be emitted
mainly at high optical depths, being effectively reprocessed into Ly quanta (this
effect of a ‘Lyman greenhouse’ was considered in Abolmasov and Poutanen 2017).
It seems that to accurately explain the spatial properties of the emitting areas in
lensed QSOs it is necessary to develop a detailed physical model for scattering and
reprocessing of the radiation of the disc, capable of reproducing both the contin-
uum and the emission-line components of QSO emission together with their spatial
properties. Such a unified spectral model might be applied not only to the photo-
metric estimates of accretion discs and their spectral properties but also to the data
on microlensing-induced spectral variability of QSOs, that are currently being grad-
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ually accumulated (O’Dowd et al 2015; Braibant et al 2016; Guerras et al 2013a).
In principle, a much larger amount of information on the emitting area could be de-
rived from the evolution of emission line profiles since amplification of areas with
different radial velocities, velocity dispersions and physical conditions do not occur
simultaneously.

5.4 Conclusions

It appears as if the opportunities provided by QSO microlensing are far from
being exhausted and further advance in this area will require further improvement
in the methods involved in the analysis of the observational data and elimination of
the numerous sources of systematical errors (see, for example, Vernardos and Fluke
2014 where such biases are discussed for strong lensing models). It is likely that not
only the size but also the disc brightness distribution may soon be reproduced on the
basis of the amplification curves, allowing us to directly verify models of accretion
flows and scattering envelopes.

The effects of broad emission-line microlensing could become an important
source of information. It has now become clear that microlensing often distorts
line profiles, affecting one wing more than the other. The regions producing such
lines should be spherically asymmetric, resemble thick discs and, likely, rotate fast
enough (Braibant et al 2014). The Fell and Felll emission line blends seem to
form approximately in the same area as the UV continuum radiation (Guerras et al
2013b). Unfortunately, there have been no effects detected so far which might be
related to chromatic lensing of IR radiation from QSOs since the available data on
far IR variability are very scarce.

The question of what may be the nature of the X-ray emission in QSOs requires
special attention. The sizes of the X-ray sources estimated using microlensing data
often turn out comparable to the assumed size of the innermost stable orbit (Morgan
et al 2012). Possibly, the X-rays could be caused by shocks arising between the
innermost stable orbit and the event horizon, in the area that emits the energy stored
in an accretion disc of finite thickness (see Introduction in Abolmasov (2014) and
the discussion therein). The source of the X-rays may also be some sort of hot
corona, although very compact, with a size of the order of the radius of the innermost
stable circular orbit (Cao 2009).
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Chapter 6

Transient dynamics of perturbations in
astrophysical disks

Dmitry Razdoburdin and Viacheslav Zhuravlev

This chapter reviews some aspects of one of the major unsolved problems in un-
derstanding astrophysical (in particular, accretion) discs: whether the disc interiors
may be effectively viscous in spite of the absence of magnetorotational instabil-
ity. In this case, a rotational homogeneous inviscid flow with a Keplerian angular
velocity profile is spectrally stable, making the transient growth of perturbations
a candidate mechanism for energy transfer from regular motion to perturbations.
Transient perturbations differ qualitatively from perturbation modes and can grow
substantially in shear flows due to the non-normality of their dynamical evolution
operator. Since the eigenvectors of this operator, alias perturbation modes, are mu-
tually nonorthogonal, they can mutually interfere, resulting in transient growth of
their linear combinations. Physically, a growing transient perturbation is a leading
spiral whose branches are shrunk as a result of the differential rotation of the flow.
This chapter discusses in detail the transient growth of vortex shear harmonics in the
spatially local limit as well as methods for identifying the optimal (fastest growth)
perturbations. Special attention is given to obtaining such solutions variationally, by
integrating the direct and adjoint equations forwards and backwards in time, respec-
tively. The material is presented in a newcomer-friendly style.
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6.1 Introduction: modal and non-modal analysis of
perturbations

A salient feature of disc accretion is that it is impossible without a dissipation
mechanism for the differential rotation energy of matter. It is the internal friction in
the disc, i.e. irreversible interaction of its adjacent rings, that leads to the transfor-
mation of gravitational energy of the accreting matter into heat and electromagnetic
radiation, which simultaneously allows the matter to flow towards the centre and the
angular momentum to flow outwards to the disc periphery.

Direct dissipation is already possible due to the microscopic viscosity of the gas
(plasma). However, in astrophysical conditions it turns out to be absolutely insuffi-
cient to explain the observed properties of discs. Essentially, discs are too large for
the characteristic accretion time, fy, to be explained by microscopic viscosity. For
example, in protoplanetary discs with typical size L ~ 10 a.u., where the kinematic
viscosity is estimated to be v, ~ 107 cm?/s, the accretion time is t, = L?/v ~ 10'3
years, (see Section 3.3.2 in Armitage (2009)). Apparently, #, is several orders of
magnitude larger than the age of the Universe. At the same time, observations of
gas-dust discs around young stars suggest that their lifetime is as short as only a
few million years (see, for example, the review by Youdin and Kenyon (2013)). A
similar conclusion is obtained for hot accretion discs around, in particular, black
holes in close binary systems. In this case, for much smaller scales, L ~ 10'° cm,
and somewhat smaller viscosity of the hydrogen plasma v,, ~ 10° cm?/s, we get
ty ~ 3 x 107 years, which exceeds by many orders of magnitude, for example, the
duration of X-ray Nova outbursts caused by non-stationary disc accretion (see the
review by Remillard and McClintock (2006)).

At the same time, it is known from statistical hydromechanics (see the discussion
of the Reynolds equations in Monin and Yaglom (1971), v. 1, Ch. 3) that the pres-
ence of significant correlating fluctuations of the velocity components in a flow is
equivalent to the presence of a high effective viscosity, that exceeds the microscopic
viscosity because the mixing scale of matter in the flow is much larger than the free
path length of individual particles. In turn, the high effective viscosity enhances the
angular momentum transfer towards the disc periphery, thus decreasing ¢, to the
observed values. The perturbations under discussion can generally be regular: for
example, accretion can be due to tidal waves generated in the disc by the secondary
companion of a binary system (see Menou (2000)). However, it is more natural to
assume that these perturbations are generated by furbulence in the fluid. The tur-
bulence takes its energy on the one hand from the rotational motion of matter on
large scales, and on the other hand, via interaction of perturbation components with
different wave numbers and cascades this energy to small scales where its direct
dissipation into heat occurs due to microscopic viscosity.

It is important to recognize that energy transfer from a regular flow to perturba-
tions should be mediated by some linear mechanism that follows from the dynamics
of small perturbations described by linearized hydrodynamic equations. This can be
rigorously proved for vortex fluid motion using the Navier-Stokes equations (see
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Schmid and Henningson (2001), Section 1.4, as well as Henningson and Reddy
(1994)). Therefore, a first natural step in a theoretical study of turbulence genera-
tion in a given (stationary) flow is to search for exponentially growing linear pertur-
bations against a steady-state background. Such perturbations are usually referred
to as modes, and the corresponding analysis is dubbed modal or spectral analysis of
perturbations, since it is used to determine eigenvalues of the corresponding dynam-
ical operator of the problem: (complex) mode frequencies. Turbulence arising from
growing modes is called supercritical . In astrophysical flows with Keplerian angular
frequency, spectral (magneto-rotational) instability with corresponding supercritical
(MHD) turbulence has been found in analytical and numerical calculations Balbus
and Hawley (1991), Hawley et al (1995) and Stone et al (1996) (see also reviews
Balbus and Hawley (1998) and Balbus (2003)) for discs with a frozen seed magnetic
field. Nevertheless, the magneto-rotational instability does not operate in cold low-
ionized discs. Protoplanetary discs, accretion discs in quiescent states of cataclysmic
variables and the outer parts of accretion discs in active galactic nuclei provide ex-
amples. Thus, it would be very important to show that differential rotation alone is
capable of exciting turbulence in Keplerian discs. This property of Keplerian flows
is universal, unlike the presence of a seed magnetic field together with sufficiently
high degree of ionization of matter, or the existence of flow inhomogeneities due to
the vorticity jump (see, for example, the review by Fridman and Bisikalo (2008)),
or the appearance of radial velocity gradients (see the review by Kurbatov et al
(2014)), of vertical and/or horizontal gradients of some thermodynamic values (see,
for example, Lovelace et al (1999) and Klahr and Hubbard (2014)). However, gener-
ation of turbulence in a homogeneous Keplerian flow without magnetic field remains
questionable so far.

The main difficulty here is that such a flow is spectrally stable: the specific an-
gular momentum for the Keplerian rotation increases with radial distance from the
centre, therefore according to the Rayleigh criterion (Rayleigh (1916) and Landau
and Lifshitz (1987), v. 6, paragraph 27) the growth of axially symmetric modes
is impossible; in turn, non-axisymmetric modes cannot grow since the necessary
Rayleigh condition on the existence of extremum of vorticity in the background
flow (Rayleigh (1880), Charney et al (1950)) is not fulfilled. In spite of that (and as
follows from laboratory experiments and numerical simulations), turbulence arises
in spectrally stable flows as well. In this case it is called subcritical . The plane-
parallel Couette flow provides the simplest and the most prominent example (see
the classical monographs by Drazin and Reid (1981) & Joseph (1976)).

In the theory of hydrodynamic stability, the transition of some flow (with non-
Zero microscopic viscosity) to a turbulent state is usually characterized by a set of
critical Reynolds numbers Re (see Section 1.3.2 in the book Schmid and Henning-
son (2001)). The smallest of them is the number Reg such that at Re < Reg there
are no initial perturbations, irrespective of their amplitudes, whose energy would
grow at the initial time # = 0. Reg can be derived from the Reynolds-Orr energy
equation (see Section 1.4 in Schmid and Henningson (2001)). For a Couette flow
Reg ~ 20. For Re > Reg initially growing perturbations at t = O arise, but as long
as Re < Reg, again there are no initial perturbations with an amplitude that would
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not decay at ¢ — oo. This is the definition of the second critical number Reg > Reg.
Finally, at higher values Re > Reg perturbations appear that can sustain their am-
plitude at all times, and starting from some Ret > Reg the transition to a turbulent
state is experimentally observed. For a Couette flow Ret ~ 360. The largest of the
critical Reynolds numbers is Rep, > Rer, starting from which growing modes arise,
i.e. the flow becomes spectrally unstable. For a Couette flow, as well as for a Keple-
rian flow of interest here, Re, = oo. However, the case of Keplerian flow is different
in that up to the present time, the value of Reg remains unknown, and Rer has not
been measured neither theoretically nor experimentally.

On the one hand, a general opinion has emerged that for Keplerian flows Reg =
Ret — . This is based on the indirect argument that (locally) the action of the
tidal and Coriolis forces on the perturbation, which are absent in a Couette flow,
strongly stabilizes the shear flow (see Fig. 9 in the review by Balbus and Hawley
(1998), in which the results from Balbus et al (1996) are shown). This conclusion
is supported by local numerical simulations Hawley et al (1999), Shen et al (2006)
and series of laboratory experiments Ji et al (2006), Schartman et al (2009) and
Schartman et al (2012), in which stability of a quasi-Keplerian flow was observed
up to Re = 2 x 10°. Here we assume the quasi-Keplerian flow to be a so-called
anti-cyclonic flow (see, for example, the definition in Lesur and Longaretti (2005)),
where the specific angular momentum increases while the angular velocity itself, in
contrast, decreases towards the periphery. !

On the other hand, in a cyclonic flow subcritical turbulence is observed at finite,
although large values Rer, see Taylor (1936), Wendt (1933) on experiments with
spectrally stable Taylor-Couette flows, as well as their analysis in astrophysical con-
text in Zeldovich (1981) and later in Richard and Zahn (1999). In addition, negative
results obtained in numerical experiments mentioned above can be explained by in-
sufficient numerical resolution, as discussed in Longaretti (2002). In a subsequent
paper by Lesur and Longaretti (2005), the dynamics of perturbations in cyclonic and
anti-cyclonic flows was compared numerically. It was concluded that the required
numerical resolution in the second case is much higher than in the first case, and
the current computational power is insufficient to discover turbulence in a Keplerian
flow; also it is impossible to argue that the stabilizing action of the Coriolis force in
this case excludes the existence of a finite value of Rer < . At last, another labo-
ratory experiment presented in Paoletti and Lathrop (2011) and Paoletti et al (2012)
shows the appearance of subcritical turbulence and angular momentum transfer out-
wards in a quasi-Keplerian flow. The contradictory results claimed by different ex-
perimental groups show the complexity of the experiment due to inevitable arising
of secondary flows induced by experimental tools. Presently, the influence of axial
boundaries on the laboratory flow is discussed (see Avila (2012) and Edlund and Ji
(2014)).

Anyway, it can be stated that of all types of homogeneous rotating flows, quasi-
Keplerian (anti-cyclonic) flows turns out to be the most stable relative to finite-
amplitude perturbations. Nevertheless, the smallness of microscopic viscosity in as-

! In a cyclonic flow both these quantities increase with distance from the centre.
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trophysical conditions mentioned above simultaneously means that huge Reynolds
numbers should exist in the discs. For example, if in the protoplanetary disc dis-
cussed above we take its thickness H ~ 0.05L = 0.5 a.u. as the natural limiting scale
of the problem, which corresponds to the sound velocity in the disc at this radius
cs ~ 0.5 km/s, we get Re ~ 10'°. In other astrophysical discs Re can be even higher.
Apparently, considering all negative results, the possibility of turbulence in astro-
physical Keplerian flows still spans several orders of magnitude: 10° < Ret < 10'°,

Thus, a search for the critical value Ret for Keplerian flows continues, and in the
present chapter we will discuss in detail the necessary condition for turbulence
and/or enhanced angular momentum transfer to the disc periphery — the transi-
tion of energy from a regular flow to perturbations in such a flow. As mentioned
above, this transition should be mediated by a linear mechanism. Here, since a Kep-
lerian flow is spectrally stable, only (small) perturbations different from modes can
provide such a mechanism. The existence of such transiently growing non-modal
perturbations in a shear flow was suggested already in papers by Kelvin (1887)
and Orr (1907a), Orr (1907b). In astrophysics, this problem was studied in stel-
lar dynamics (see Goldreich and Lynden-Bell (1965), Julian and Toomre (1966)).
However, in the context of hydrodynamic stability, rigorous treatment of such per-
turbations and methods to determine them were elaborated only in the 1990s and
were dubbed non-modal perturbation analysis. To stress the inapplicability here of
traditional modal analysis, the corresponding concept of the transition to subcritical
turbulence due to transient growth of perturbations was called the bypass transition
. The non-modal analysis of perturbations was formulated in Farrell (1988), Butler
and Farrell (1992), Reddy et al (1993), Reddy and Henningson (1993), (see also the
reviews by Trefethen et al (1993), Schmid (2007) and the book by Schmid and Hen-
ningson (2001)). These papers showed that mathematically the non-modal growth is
due to non-orthogonality of the perturbation modes. If modes with a physically mo-
tivated norm are non-orthogonal to each other, their linear combinations can grow
in this norm, in spite of each separate mode being decaying, as in a spectrally stable
flow (see Fig. 6.5 in Section 6.3.1). In turn, the modes are non-orthogonal due to
non-normality of the linear dynamical operator governing the perturbation evolu-
tion (see the introductory information about the operators in the same section). A
non-normal operator does not commute with its adjoint operator, which is due to a
non-zero velocity shear in the regular flow (see the concluding part of 6.3.4 below
for more detail). Here, the higher Re, the higher the degree of non-orthogonality of
the modes to each other and, correspondingly, the higher transient growth is possi-
ble. The papers mentioned above argue that the maximum possible transient growth
of perturbations during a fixed time, called the optimal growth, is determined by the
norm of a dynamical operator that can be obtained by calculating singular vectors
of the operator (see 6.3.1 for more detail). Finally, the operator norm is tightly re-
lated to the notion of the operator’s pseudospectrum (see Trefethen et al (1993) and
Schmid and Henningson (2001)).

Later this method was applied to astrophysical flows in Ioannou and Kakouris
(2001), Yecko (2004), Mukhopadhyay et al (2005), where different models were
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used to search for optimal perturbations demonstrating the optimal growth. In par-
ticular, it was shown that for a Keplerian velocity profile, the growth can be sub-
stantial only starting from Re ~ 10°, while in a similar setup for an iso-momentum
profile and a Couette flow the growth starts already at Re ~ 10° (see the discussion
in Mukhopadhyay et al (2005)). Here, the papers by Meseguer (2002) and Maretzke
et al (2014) should also be mentioned, where the transient dynamics in a spectrally
stable Taylor-Couette flow including both cyclonic and anti-cyclonic regimes is dis-
cussed. A correlation was found in Meseguer (2002) between the experimentally
obtained stability boundary in a laminar flow (see Coles (1965)) and the optimal
growth value; Maretzke et al (2014) found that for one and the same Re number,
in a quasi-Keplerian regime the transient growth is minimal. Using the correlation
from Meseguer (2002), the authors Maretzke et al (2014) estimated Rer ~ 10° for
the quasi-Keplerian regime. As in the numerical experiments Balbus et al (1996),
Hawley et al (1999) and Shen et al (2006) mentioned above, the effective Re, caused
by the numerical viscosity, were hardly above ~ 10* — 107, it is not surprising that
in these studies the Keplerian profile was stable against perturbations.

Presently, there are in addition a lot of astrophysical studies of the transient
growth of local perturbations using the Lagrangian method, where a transformation
to the reference frame co-moving with the shear is performed and separate shear
harmonics are considered (see Section 6.2.2). It was found that in the local space
limit, transiently growing vortex shear harmonics emit wave shear harmonics of var-
ious type (depending on the compressibility or certain inhomogeneities in the flow)
at the moment of swing (see Section 6.2.2), which themselves demonstrate non-
modal growth Lominadze et al (1988), Fridman (1989), Chagelishvili et al (1997),
Chagelishvili et al (2003), Tevzadze et al (2003), Afshordi et al (2005), Bodo et al
(2005), Tevzadze et al (2008), Heinemann and Papaloizou (2009a), Heinemann and
Papaloizou (2009b), Tevzadze et al (2010), Volponi (2010), Salhi and Pieri (2014).

Finally, Umurhan et al (2006) and Rebusco et al (2009) investigated the non-
linear transient dynamics of three-dimensional perturbations taking into account
the global structure of the flow in the model of a geometrically thin disc with -
viscosity. As in Ioannou and Kakouris (2001), these papers discussed the possibil-
ity of exciting non-modal perturbations by weak turbulence, already present in the
disc, and giving rise to low effective viscosity parametrized by the q-parameter.
In Section 6.2.3 we will also consider the influence of the effective viscosity on
the transient growth of vortices on different scales in comparison to the disc thick-
ness. Thus, the transient growth of perturbations can be discussed not only in the
context of the bypass transition of a laminar flow to turbulence, but as a mecha-
nism to enhance the angular momentum transfer in a disc with pre-existing weak
turbulence producing low viscosity. In the final case this turbulence can be mathe-
matically treated as an external stochastic perturbation in a shear flow, which transits
into a quasi-stationary state with significant amplitude increase of perturbations due
to non-normality of the linear operator governing their dynamics (see Ioannou and
Kakouris (2001)).

The purpose of this chapter is to consider in detail the transient growth phe-
nomenon using the simplest example of two-dimensional adiabatic perturbations in
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Fig. 6.1 Contours of the most unstable perturbation mode with azimuthal wave number m = 2
in the model of a quasi-Keplerian thin torus described in 6.3.2. Parameters of the calculation are:
Characteristic disc aspect ratio: 6 = 0.3, inner and outer boundaries are at r; = 1 and rp, = 4,
respectively, polytropic index of matter: n = 3/2. The mode increment and phase velocity are
S[w] = 0.001 and R[w] ~ 0.26, respectively. Shown is the time (in units of inverse Keplerian
frequency at the inner disc edge) since the conventional moment when the mode had the unit
amplitude. The arrow shows the rotational direction of matter in the disc. The method of calculation
is described in 6.4.2.

=0

Fig. 6.2 Contours of the perturbation m = 2, demonstrating a maximum possible transient growth
of acoustic energy at time #,,; = 10 counted from the beginning of the perturbation evolution
in units of the inverse Keplerian frequency at the inner disc edge. The initial perturbation has
conventionally unity amplitude and the model of the flow is the same as that in Fig. 6.1. The
method of calculation is described in 6.4.2.

a homogeneous rotating shear flow with a quasi-Keplerian angular velocity profile.
In Section 2 we present an analysis of the shear vortex harmonics that are respon-
sible for the transient growth in the spatially local treatment of the problem, and
discuss the mechanism of perturbation growth using them as an example. Sections 3
and 4 are mainly devoted to methods of studying the non-modal perturbation growth
as well as to finding the optimal perturbations with maximum growth. Two methods
of obtaining the optimal growth curve are presented: a matrix and a variational one.
The variational method is less applied, especially in astrophysical studies (see Zhu-
ravlev and Razdoburdin (2014)). However, it is essentially more universal than the
matrix method. For example, using this method, we calculated in this chapter one
of the optimal transient perturbations in a geometrically thin quasi-Keplerian flow
with free boundaries (Fig. 6.2) as well as the most unstable perturbation mode (Fig.
6.1), which we discuss in detail in the concluding part of Section 6.4.2. A compar-
ison of Fig. 6.2 and Fig. 6.1 shows that these two types of perturbations are indeed



258 Dmitry Razdoburdin and Viacheslav Zhuravlev

qualitatively different: the transient spiral is wound up by the flow and its amplitude
increases, while the modal spiral rotates as a solid body and demonstrates a mono-
tonic but very weak growth due to the low instability increment. Here, the phase
velocity of the modal spiral is such that its corotation radius, at which the energy is
transferred from the regular flow, lies inside the flow.

6.2 Analytical treatment of two-dimensional vortices

6.2.1 Adiabatic perturbations in a rotational shear flow

Consider first the dynamics of small adiabatic perturbations in a perfect fluid
with an isentropic equation of state. Perturbations will be described using the Euler
approach, i.e. as variations of physical quantities such as density p, velocity v and
pressure p at a given point of space at a given time in the perturbed flow relative
to the unperturbed background 2 For simplicity we assume no entropy gradients
in the fluid. Then, on the right-hand side of the Euler equations it is convenient to
switch from the pressure gradient to the enthalpy gradient. Indeed, under constant
entropy the enthalpy differential per unit mass is dh = dp/p (see Landau and Lif-
shitz (1980)), and this is valid in both the background and perturbed flows. There-
fore, for the Euler perturbations we get §(Vp/p) = V8h. Making use of this rela-
tion, we write down the equations for 8p, 6k and OV (see also Landau and Lifshitz
(1987), paragraph 26) in the form:

%+(V~V)5V+(5V-V)V: —Véh, 6.1
96
a—f+V-(p6v)+V~(6pv) —0, 6.2)

where we have assumed that v and p are the velocity and density of the unper-
turbed (background) flow, which itself can evolve in time. Equations (6.1) and (6.2)
are linear since perturbations are small, and all quadratic terms are omitted.

6.2.1.1 The model and basic equations

To write down the projections of the corresponding equations, let us specify the
model we wish to consider to illustrate the transient dynamics. First of all, we as-
sume that the background flow is stationary and purely rotational, which is well
satisfied in astrophysical discs. This means that the flow is axially symmetric, and

2 See the monograph by Pringle and King (2007) concerning applications of hydrodynamics to
astrophysical problems, in particular, on the application of the theory of hydrodynamic perturba-
tions.
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it is convenient to use the cylindric coordinate system (r, @,z) in which the velocity
has only an azimuthal non-zero component v = (0,v¢,0). Below we will also use
the angular velocity of the flow, 2 = v, /r. It is important to note that isentropicity
of the fluid (which is a particular case of barotropicity) immediately implies that v,
and Q depend only on the radial coordinate (see Tassoul (1978), paragraph 4.3). At
the same time, the density in equations (6.1) and (6.2) is a function of both r and
z: p = p(r,z). Most interesting, from a phenomenological point of view, is the case
of a geometrically thin disc, where H(r)/r < 1 and H is the disc semi-thickness.
The thin-disc approximation will be useful here to find how the density p changes
with height above the equatorial disc plane. Let us use the hydrostatic equilibrium
condition in the background flow:

oh _ —Q%(r)z, (6.3)
dz

where the vertical gravity acceleration due to the central gravitating body around
which the disc rotates stands on the right-hand side. This acceleration is written here
ignoring quadratic corrections in the small parameter z/r. Integrating (6.3) with the
condition h(z = H) = 0 yields the vertical enthalpy distribution:

neLom(1-2 6.4
*5( )<I-12> (6.4)

Next, due to the constant entropy assumption p o< p”, where y = 1+ 1/n is the
adiabatic index of matter written via the polytropic index n. This means that the
square of the sound velocity in the background flow is a*> = yp/p, and the density
will be mainly dependent on z as follows:

) 2\
4 V4

Finally, for simplicity we will consider only perturbations in which 8v is inde-
pendent of z. Generally, this very strong assumption needs justification. In particular,
it is relevant to ask: if we choose initial perturbations with such a property, will this
be conserved in the further evolution, and if not, how rapidly will this assumption be
violated? The answer depends on the vertical disc structure. For example, in Okazaki
et al (1987) it was shown that in the particular case of isothermal vertical density
distribution ((n — o)), small perturbations with a homogeneous velocity field in z
are exact solutions to equations (6.1) and (6.2). In the more general case with finite
n this is no longer the case. However, for example three-dimensional simulations of
barotropic toroidal flows indicate that the most unstable perturbations there depend
only weakly on z (see Frank and Robertson (1988)). This can be related to the fact
that when the angular velocity is independent of z, the Reynolds stresses, responsi-
ble for the energy transfer from the main flow to the perturbations, do not depend
on the vertical component of the velocity perturbation (Kojima (1989), Kojima et al
(1989)). At last, the three-dynamical study of transient dynamics of vortices in a
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Keplerian flow by Yecko (2004) also shows that the most rapidly growing pertur-
bations in a vertically non-stratified medium are almost independent of z (see also
Maretzke et al (2014)). Now, looking at the vertical radial and azimuthal projections
of (6.1), we see that our assumption implies independence of d/ on z, and therefore
the right-hand side of the vertical projection of (6.1) vanishes. Then, if we addition-
ally assume that vertical velocity perturbations are absent initially, v, = 0, these
will remain absent. Therefore, the perturbed flow, as well as the background flow,
will remain in vertical hydrostatic equilibrium. It can be shown that the assump-
tion of vertical hydrostatic equilibrium in the perturbed flow is equivalent to the
assumption of a homogeneous velocity perturbation field in the z direction, i.e. one
assumption always follows from the other. At the same time, if the fluid is not isen-
tropic and there is a radial entropy gradient in the disc, the simplifying assumptions
made above are insufficient to set dv; to zero.

We have thus come to the conclusion that we will deal with a flat velocity per-
turbation field, i.e. 6v = {0v,,0vy,0}, with dv, and vy, like A, being dependent
on the radial and azimuthal coordinates only. However, it is important to empha-
size that this is not the case for §p that enters the continuity equation (6.2). Here
it is convenient to use the relation between the pressure and density variations in
an isentropic fluid, dp = a’dp, which is a consequence of the barotropic equation
of state. Due to the universal character of this relation, small Eulerian perturbations
will be related in the same way, i.e. p = a25p, where a? is the speed of sound in
the background flow. Consequently,

= (p/a*)8h, (6.6)

and this expression will be plugged into (6.2), after which only background quanti-
ties in equation (6.2) will depend on the radial coordinate. When integrating equa-
tion (6.2) in its new form over z, we should keep in mind that

H
“H 7=

where we have used relation (6.5) and introduced the surface density X.

Using the fundamental property of the gamma-function, I'(z+ 1) = zI'(z), in
(6.2), we can explicitly write down the set of equations (6.1), (6.2) for azimuthal
complex Fourier harmonics 6v,, 6vgp, 64 o< exp(im@)

dév, déh

3% = —imQ ov, +2Q6vy — 5, (6.8)

Fra —E&/r —imQ ovy — 75h, (6.9)
déh a’ 9 ima? .
WZ—EE(Y'ZSV;’)—T6V¢—U’”Q 6]’[, (610)
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where a; = nagq /(n+1/2), and a,, is the background speed of sound in the equa-
torial disc plane. In addition, k* = (2Q/r)d /dr(2r?) is the square of the epicyclic
frequency, i.e. the frequency of free oscillation of the fluid in the (7, ¢) plane, which
can be easily checked by writing (6.8), (6.9) for 64 = 0 and substituting there the
solution 8v,, vy o exp(—iwr). We would like to point out that reducing the three-
dimensional problem to an effectively two-dimensional one in a thin disc clearly
can be performed by simply changing from volume density to surface density, and
replacing the polytropic index with n+ 1/2 as in the original, not integrated over z
equations, as was first shown in Churilov and Shuhman (1981).

6.2.1.2 Types of perturbations

The set of equations (6.8)-(6.10) describes the dynamics of two types of pertur-
bations inside the disc which are possible in the two-dimensional formulation of the
problem: vortices and density waves. 3 The separation between them for transient
perturbations will be described below in the local framework that allows the sim-
plest physical interpretation of the behavior of perturbations in a differentially rotat-
ing flow. In addition, when there are free radial boundaries in the background flow
(for example, in a disc with finite radial extension when at some inner and outer
radii X vanishes and the shear acquires a super-Keplerian angular velocity gradi-
ent), surface gravity waves arise near the boundaries (see papers Blaes and Glatzel
(1986), Glatzel (1987), Glatzel (1987)). This occurs because of the presence of a
somewhat significant radial pressure gradient in the flow, equivalent to a non-zero
gravitational acceleration, which gives rise to waves similar to ocean waves running
over the free surfaces (or radial density jumps).

6.2.1.3 On perturbation modes

These types of perturbations were studied in detail in the 1980s using the spec-
tral method, when the set of equations (6.8)-(6.10) was solved for particular tempo-
ral Fourier harmonics o exp(—it) called modes (see the reviews by Narayan and
Goodman (1989) and Narayan (1991)). In this analysis, the local dispersion rela-
tion gives only real values of @ in all astrophysically important cases where Q(r) is
such that the specific angular momentum Q72 increases with radius outwards. This
means local stability of the discs and prohibits exponential growth of small-scale
perturbations, which is also in accordance with the well-known Rayleigh criterion
for the particular case of axially symmetric perturbations (see paragraph 27 in Lan-
dau and Lifshitz (1987)). Unlike this case, the global setup of the problem for ax-
ially non-symmetric modes, when the set of differential equations with respect to
the radial coordinate with the corresponding boundary conditions at the inner disc
radius and at infinity (or at the outer disc boundary) is solved, yields a discrete set

3 Density waves are also frequently referred to as inertial-acoustic waves.
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of m, where there can be complex frequencies as well (see, for example, Papaloizou
and Pringle (1984), Papaloizou and Pringle (1985), Papaloizou and Pringle (1987),
Glatzel (1987), Glatzel (1987), Goldreich et al (1986), Kojima (1986), Kato (1987),
Sekiya and Miyama (1988), etc.) The non-zero real part of the frequency corre-
sponds to the angular velocity of solid-body rotation of a given mode in the flow.
Generally, solid-body azimuthal motion of perturbations of constant phase with the
same azimuthal velocity R[w] /m at all r is the main distinctive feature of modes dis-
tinguishing them from other types of perturbations. Here R means the real part of
the frequency ®. A non-zero imaginary part of the frequency, 3[w], means that the
(canonical, see Friedman and Schutz (1978)) energy and angular momentum are ex-
changed between this mode and either the background flow Goldreich and Narayan
(1985), Drury (1985), Narayan et al (1987), Papaloizou and Pringle (1987) or the
mode with (canonical) energy of the opposite sign Glatzel (1987), Glatzel (1988),
Savonije and Heemskerk (1990). In the literature, the first mechanism is also re-
ferred to as the Landau mechanism, and the second one — as mode coupling. The
energy exchange in both cases is resonant, i.e. always occurs in the so-called critical
layer at the radius where @ = mR[Q], which is called the corotation radius. For a
detailed discussion of the physics of these resonant mechanisms of mode growth
(decay), see the monograph by Stepanyants and Fabrikant (1989). Nevertheless, in
flows with almost Keplerian rotation both the mode coupling and their interaction
with the background are extremely slow, and the corresponding increments even
for a substantial disc aspect ratio H/r ~ 0.1 is only one hundred thousandth of the
characteristic Keplerian frequency (see Zhuravlev and Shakura (2007a), Zhuravlev
and Shakura (2007b)). This result led to the general conclusion that at least in the
simplest barotropic discs the modes cannot underly any hydrodynamic activity and,
in particular, cannot induce turbulence or any other variant of enhanced angular
momentum transfer to the flow periphery.

6.2.1.4 On perturbation measurements

To conclude this section, let us discuss the problem of perturbation measure-
ments. Indeed, in the present chapter we are interested in how strongly can some
perturbations grow in a given time interval. To describe this quantitatively, it is nec-
essary to introduce a norm of perturbations which would characterize the amplitudes
of 8v,,0ve,6h at a given time. This should be a real and positive definite quantity.

The most natural choice is the total acoustic energy of the perturbation in the
disc. A derivation of the expression for the acoustic energy density can be found for
example in Sect. 65 of Landau and Lifshitz (1987). Here we rewrite this expression
in a more convienient way:

£~ [ rardpd: polovl+ Cisp2) = L [ rardoaz (polsvP + 2 817)
2 Po 2 ' a?
(6.11)
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In the second term we use perturbation of enthalpy &% instead of perturbation of
density §p. These two quantities are connected via the expression: 8p = 8p/a® =
poSh/a’. The integrated expression does not depend on the azimuthal coordinate,
and the integral over the vertical coordinate can easily be calculated with the help
of the expressions (6.7). Thus we get the final form of the expression for the total
acoustic energy of the perturbation:

2 2, |8hp?
E:n/E 180, + |8vo[2+ 250 ) rar 6.12)
a*
After taking the derivative of (6.12) with respect to time and making use of equa-

tions (6.8)-(6.10), we obtain (see also expression (8) from Savonije and Heemskerk
(1990)):

dE a2 * "
= / O PER(8v, 8 rdr — 27 ER8%, 8], (6.13)

where the symbol * means complex conjugation and r; and r, are the inner and
outer boundaries of the flow, respectively. Here r, can be at infinity. As ¥ — 0 at
the flow boundaries, the second term on the right-hand side of (6.13) disappears,
and we see that E can be variable precisely in a differentially rotating flow. Without
rotation or for solid-state rotation E remains constant in time. It is important to note
that the increase/decrease of E will imply that the average flow amplitudes §v,, vy
and Oh, also increase/decrease, since (6.12) contains squares of modules of these
values taken with the same signs. Note that for modes, equation (6.13) implies

dE
e exp(23[w]r), (6.14)

i.e. the small increments obtained for quasi-Keplerian flows allow us to conclude
that the total acoustic energy of modes there E ~ const on dynamic ~ Q! and
acoustic ~ (QH /r)~! time scales.

Our task now is to understand how E can change over such time intervals for
arbitrary perturbations. By introducing the perturbation vector q(¢) as a set of func-
tions {6v,(r), Ovy(r),8h(r)} taken at some time 7, the norm of the perturbation can
be chosen as

la(®)|]* =E(r). (6.15)

6.2.2 Local approximation: transition to shear harmonics

The easiest solution to the problem formulated above can be obtained in the spa-
tially local approximation. In this approximation it is assumed that the characteris-
tic scale of perturbations, A, is a small fraction of some fiducial radial coordinate
ro around which the dynamics of the perturbation is studied, A < ry. We intro-
duce the new radial variable x = r — rg < ro and also the new azimuthal variable
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y = ro(@ — Qot) < ry, where Qy = Q(ry) is the angular velocity of rotation of the
new coordinate system. Here in equations (6.8)-(6.10) only the leading terms in
small x are retained. In practice, this means that only the linear dependence on x has
to be taken into account in the angular velocity profile:

dQ
o=L0 = 400t <, (6.16)
dx 1o
o
where ¢ = —(r/2)(d2/dr)|,—,, and Q(x = 0) = 0, since we are working in the
frame rotating with angular velocity €. The corresponding linear background ve-
locity is vi,‘"' =rg2 = —qQx.

Next, on the right-hand side of equations (6.8)-(6.10) we only keep terms of the
order up to ~ x/A and drop the terms ~ x/ry and lower. For clarity, we also write
down the coefficient before 8v, in the term from (6.9) that includes x?:

K2 aQ X
——==2Q —r— =2¢Q)—+(ro+=x
dr 0

_ 4%
20 o

— 3¢Q0~ +q%

ro
and we find that it is sufficient to take into account only the term g€y. Next, bear-
ing in mind that the new reference frame is not inertial, it is necessary to add the
perturbed Coriolis force components 2Q26v, to the right-hand side of (6.8) and
—206v, to the right-hand side of (6.9).

After substituting im — d/d¢ in the set (6.8)-(6.10), i.e. after returning back
to the arbitrary dependence of the Eulerian perturbations on ¢ and by denoting
the local analogues of perturbations of the velocity components as uy, u, and W,
respectively, we arrive at the following equations:

5 2 ow
(at —q.Qoxay) e~ 200, = 0 6.17)
2 2 ow

(at —q.Qoxay> e+ (2= )R =~ 5 (6.18)
0 J o (Quy  duy\

(at—qﬂoxay>W—|—a* ( Ox +ay> =0. (6.19)

The set of equations (6.17)-(6.19) was first derived in Goldreich and Lynden-Bell
(1965) 4 (see also Regev and Umurhan (2008), where it is described for different
background flow models).

4 Even earlier, in the context of lunar dynamics, the local approach to study the motion of matter
was utilized by Hill Hill (1878).
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6.2.2.1 Transition to shear harmonics

A convenient property of the set of equations (6.17)-(6.19) is that by changing
to variables corresponding to the co-moving shear reference frame, it is possible
to make it homogeneous in both x and y, which, in turn, enables us to split any
arbitrary perturbation into individual spatial Fourier harmonics (SFHs) with certain
wave numbers k, and k,. Indeed, let us introduce the new dimensionless variables
¥ = Qox/a.,y = Qo(y+qQoxt)/a.,t' = Qot . Such a substitution corresponds to
a change of partial derivatives according to the rule

a, d d d a, d d 10 0

0
!/ /
40 gz pl = 2
Qydx X 7 ax (6.20)

o Qay oy o o Ty
Making use of (6.20), we arrive at a set of equations in which all coefficients
depend only on #'. We now substitute into this system SFH written in the form

[ = fke,ky,t') exp(ikex’ +ikyy'), (6.21)

where f is any unknown variable, f is its Fourier amplitude, k, and k, are the di-
mensionless wave numbers along axes x' and y’, respectively, expressed in units
Qp/a,. Changing back to variables x, y in particular solutions (6.21) reveals that
they represent perturbations periodic in space whose phase forms a plane front with
orientation depending on time for k, # 0. The dimensionless wave number along x
has the form
k(t) = ko + gyt (6.22)
and changes with time: the wave vector turns around during advection by the shear
flow, which was first noted by Kelvin (1887) and Orr (1907a), Orr (1907b) so the
SFH are often called shear harmonics. We directly note that for k, < 0 the wave
vector is directed inwards, and on the global scale for Fourier harmonics with wave
number m this corresponds to so-called leading spirals with arms pointing turned in
the disc rotation direction. Inversely, the case k, > 0 corresponds to trailing spirals
with arms pointing oppositely to the disc rotation. If at the initial time k, < O, the
arms of the initially leading spiral are deformed and shortened by the flow, and
the so-called swing moment occurs, #;, when the wave vector of SFH is strictly
azimuthal and IEX(ZS) = 0, after which the spiral becomes trailing, and its arms are
stretched by the flow (see Fig. 6.2). This process is well-known in the dynamics of
stellar galactic discs (see paragraph 6.3.2 in Binney and Tremaine (2008)).
Thus, for SFH we arrive at the following set of ordinary differential equations:
% =26, — ik ()W, (6.23)

3 Due to the vertical hydrostatic equilibrium in the disc, this means that we express the length in
units of its semi-thickness, H = a, / Q.
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di, _

7 —(2—¢q)i, —ik,W, (6.24)
aw A .
W = 71(kx(t)ux+kyuy), (625)

where 7, and 7, are expressed in units a, and W in units a2. Here and below we will
omit the prime for the time variable notation.

6.2.2.2 Potential vorticity

The equations (6.23)-(6.25) have an important property: the quantity
1= ky(t)ity — kit +i(2 — @)W (6.26)

is the invariant of motion, which can be easily verified by direct calculation of dI /dr.

It turns out that / (to the multiplication factor i) is SFH of the Eulerian perturba-
tion of the potential vorticity. The potential vorticity {, which is by definition the
vorticity itself divided by density, { = @/p (see Johnson and Gammie (2005)), is
conserved in all fluid elements in plane-parallel barotropic flows. Therefore, for its
Eulerian perturbation we have

d¢ dég
1) < i ) = +(6vV)¢, =0, (6.27)
where () is the potential vorticity of the background flow. As in both background
and perturbed flows the velocity fields are plane-parallel, the vorticity has only one
non-zero z-component, which we will consider scalar below.

Next, by definition (in a non-rotating cylindrical coordinate system), the potential
vorticity in the background flow is

Co=(rZ) d/dr(Qr?) = k*/2QX) = 2—¢q)RQ /X, (6.28)

and should be constant in the local space approximation in use, since the velocity
shear is then constant, cf. (6.16). Therefore, the second term in the last equality in
(6.27) vanishes, and we see that 6 is indeed conserved. Apparently, the first two
terms in (6.26) arise due to perturbation of the vorticity itself, which is equal to the
curl of the velocity perturbation, and the third term emerges due to the non-zero den-
sity perturbation represented by the dimensionless quantity W (the coefficient 2 — ¢
here arises due to multiplication by the constant background vorticity, cf. (6.28)).

6.2.2.3 Inhomogeneous wave equations. Density waves and vortices

We now differentiate equation (6.24) with respect to ¢ and take into account the
relations following from equations (6.23), (6.25), as well as the definition (6.26), to
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obtain a new equation:
d*i,
dr?
where K (t) = k2(t) + k}z, +2(2 — q). Apparently, (6.29) represents a detached wave
equation for azimuthal velocity component perturbation, 7, with an inhomogeneous
part ~ I (see Bodo et al (2005)).
In a similar way, from (6.23) and (6.25) we derive two equations of the same

type:

+K (1), = ke(1)], (6.29)

d*i A

dt;‘ + K ()i + 2ighk,W = —kyI, (6.30)
d*W b Lo .

= + K ()W + 2igkydi, = —2il, (6.31)

which can be separated by changing variables i+ = (i, == W) /2 (see Heinemann
and Papaloizou (2009a)).

Let us now consider in more detail, for example, equation (6.29). Its general
solution is the sum of the general solution of the corresponding homogeneous equa-
tion and a partial solution of the inhomogeneous equation. First, we consider both
these solutions in the solid-body rotation limit, i.e. without shear, g = 0. Then all
coefficients in (6.29) turn constant and

e the homogeneous equation has partial fundamental solutions ﬁﬁdw) oc exp(ior)

with frequency @ = /K, corresponding to the density waves propagating in op-
posite directions,
e the partial solution with non-zero right-hand part can be taken as the constant
iy = (ky/K)I. In other words, u@ corresponds to the zero frequency @ = 0 and
represents a static perturbation. This perturbation, apparently, has a non-zero vor-
ticity and corresponds to a vortex (it is possible to show that divergence of the
velocity perturbation for this solution vanishes, by taking the similar solution for
i, from equation (6.30), &}, and checking that the combination k) + kyﬁ; =0).

6.2.2.4 Amplification of density waves

Accounting for the non-zero shear, the density wave frequency becomes a func-
tion of time. For example, for leading/trailing spirals this frequency gradually de-
creases/increases with a simultaneous wavelength increase/decrease, which, in turn,
in the absence of viscosity, leads to a monotonic decrease/increase in the energy and
amplitude of the density waves. Such growth of density-wave amplitudes was stud-
ied in Chagelishvili et al (1994) and Chagelishvili et al (1997). The reason for this
growth can be understood from the fact that due to the axial symmetry of the back-
ground flow, the canonical angular momentum of the wave, J,., should be conserved
(see Friedman and Schutz (1978)). From here we obtain that, following equation
(52) from Friedman and Schutz (1978), the canonical energy, E. ~ @J,, linearly
increases starting from some sufficiently long time, since @ = v/K (see above). The
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conservation of J,. for the local perturbation considered here is discussed in Section
3.2 of Heinemann and Papaloizou (2009a). Unlike J., the canonical energy itself in
this case is not conserved any more, since the time-variable frequency makes the
problem inhomogeneous in time. This growth (or decrease) of the energy, despite
that the wave frequency @ is present here, is already essentially non-modal, since
o is a function of time, which, in turn, is connected precisely to the deformation of
SFH by the shear flow.

In the present chapter, however, we will be more interested in the ‘classical’
variant of non-modal growth, which is called ‘transient’ in the literature. In the
simplest model considered here it is represented by the vortex solution which for
q # 0 becomes dynamical and, oppositely to the waves, is aperiodic.

6.2.2.5 The vortex existence criterion

Before discussing in detail the behavior of the vortex solution, let us analyze the
justification for the decoupling of perturbations in waves and vortices made above
in the presence of a shear. Indeed, immediately after k, becoming variable, the so-
lution &y does not exactly satisfy equation (6.29) anymore, since a non-zero second

derivative of @y appears. Moreover, in the limit k. — 0 equation (6.29) becomes
homogeneous, and its solution describes density waves only. The region, in which
k. — 0, corresponds to the swing of SFH, and thus we see that the vortex solution
becomes poorly defined there: the vortex must share wave properties. This means
that we cannot neglect the second time derivative in equation (6.29) anymore for
slowly evolving solutions. In other words, iy cannot be considered, even approxi-
mately, as a solution of equation (6.29). Let us discuss in more detail the criterion
of decoupling of density waves and vortices in a shear flow.

In order to do this, we use the fact that vortex dynamics is possible only in sub-
sonic flows (see Landau and Lifshitz (1987), end of Sect. 10). In the considered
case of an infinite flow this means that the difference in the fluid velocity on the
characteristic scale of the problem must be smaller than the sound velocity. The
characteristic spatial scale is determined by the instant spatial period of SFH in the
radial direction, A, ~ H|k,|~". For the infinitesimal perturbations considered here,
its is sufficient to apply the condition of vortex dynamics for the background flow,
and then the velocity difference is given simply by the change in the flow azimuthal
velocity, i.e. for a flow with constant shear we get

Mg/ a = ]}i <1, (6.32)

K|

Thus, the spatial radial period of the vortex harmonics must be smaller than the disc
thickness. It is important to note that the condition (6.32) does not directly contain
the azimuthal wave number k,, and hence perturbations can be vortex even if their
azimuthal spatial scale exceeds the disc thickness. In connection with this, it is most
important to consider the case of initially leading spirals, i.e. SFH with k, < 0. For
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such spirals, the swing occurs at
ty = —ky/(qky) >0, (6.33)

i.e. when l}x = 0. Clearly, if the initial spiral was vortex-like, and therefore |k,| > 1,
and its evolution was initially described by the approximate solution &y, then in
some time interval around 7, the vortex approximation is not valid, and the complete
equation (6.29) should be integrated. Let us call this time interval the swing interval
and obtain the condition under which its duration will be much shorter than the
characteristic time for evolution of SFH, determined by the time of spiral unwinding,
ts (see Zhuravlev and Razdoburdin (2014)).

The moments in time at which the vortex approximation breaks down can be
estimated from the limiting case of equality in the condition (6.32):

— (1 + q) , (6.34)

from where we see that the swing interval is much shorter than the evolution time
of the entire vortex spiral, #;, —t;, < t;, once

lke| > 24, (6.35)

which does not contain k,. The condition (6.35) implies that to study vortex dy-
namics, we can use the solution ﬁ;’ each time when at the initial moment the spiral
is sufficiently strongly wound irrespective of the value of k,, i.e. in both the true
short-wave limit ky, > 1 and the long-wave limit k, < 1. In the last case, the vor-
tices will be referred to as ’large-scale’. Here we exclude the case k, ~ 1, since as
was shown numerically in Chagelishvili et al (1997), Bodo et al (2005) and analyti-
cally studied in the WKB approximation in Heinemann and Papaloizou (2009a), in
this case during the swing the vortex additionally generate a pair of density waves
corresponding to trailing spirals and propagating inside and outside the disc. This
process is asymmetric, since only density wave generation is possible by vortices,
and not vice versa. In Heinemann and Papaloizou (2009a) analytical expressions
for the amplitude and phase of the generated wave were obtained. It was shown
that its amplitude is proportional, at first, to the vortex vorticity /, and at second, to
the combination £~ /2 exp(—4m/¢€) (see formula (53) in Heinemann and Papaloizou
(2009a)). Here € is the small WKB parameter

gky

PR L S (6.36)
k2 +x2/Q¢

were, again, k2/Q2 = 2(2 — q). Expression (6.36) implies that the excitation of
density waves is exponentially suppressed in both the short-wave and long-wave
limits and is significant only for k, ~ 1 (here we specify that we will not consider
the extreme cases where g < 1, and therefore € < 1 even for k, ~ 1, as well as when
g — 2, and hence € 2 1 even for k, < 1).
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Thus, the vortex solution of equation (6.29) exists when the condition (6.35)
holds together with the requirement ky, < 1 or ky, > 1, which excludes density wave
generation with non-zero vorticity during the swing of a vortex SFH. At the same
time, these restrictions provide a criterion to separate waves and vortices in the per-
turbed flow. Indeed, under such constraints density waves with zero vorticity prop-
agate in the flow independently of vortices and represent the high-frequency branch
of solutions to equation (6.29) with zero right-hand side. Similarly, for example,
sound and wind exist independently in the Earth atmosphere.

6.2.2.6 Vortex solution

Below we will only consider the evolution of vortex SFH in a shear flow. To
conclude Section 6.2.2, we also obtain vortex solutions for i, and W. This can be
done most easily by neglecting the second time derivatives of i, and W in equations
(6.30) and (6.31), as has been done with equation (6.29) to obtain u}v Thus, we will
have for all three quantities:

K+4q
W= ——a—a—k,l 6.37
I/tx K2+4q2k$ vyt ( )
A X
u; = ?17 (6.38)
W K 6.39
o 1K2+4q2k}2, ’ (6:39)

It is important to note that the existence of an aperiodic vortex solution in the
form (6.37)-(6.39) is possible because of the main simplifying assumption on the
local constant velocity shear which provides the existence of time invariant /. This
enables us to reduce the set of three homogeneous first-order equations (6.23)-(6.25)
to one inhomogeneous second-order equation (6.29). (Other dynamical variables
can be obtained from the known solution #,(r), which gives two independent wave
solutions (the general solution to the corresponding homogeneous equation) and one
aperiodic vortex solution (the partial solution (6.29)). However, taking into account
the gradient of velocity shear in the flow, the invariant / disappears, and a reduction
of the set of equations (6.23)-(6.25) becomes impossible. From this set we will thus
need to obtain directly three independent solutions, two of which, as before, will
correspond to the density waves, and the third solution will describe the vortex wave
called the Rossby wave (see the discussion in paragraph 4 in Bodo et al (2005)) ©.

6 See Brekhovskikh and Goncharov (1985), paragraph 43, for a discussion of Rossby waves arising
due to the gradient of the velocity shear (the gradient of vorticity) in an incompressible rotating
flow.
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6.2.3 Vortex amplification factor

To measure the growth of local perturbations, the average density of their acous-
tic energy can be taken as the local analogue of norm (6.12):

2
= zlss/ ((%[”x])z + (SR ])* + @) dxdy. (6.40)

*

where § is the area of the integration region S.
After substituting the dimensionless SFH (6.21) into (6.40) and integrating over
their spatial period we obtain the local variant of norm (6.15):

1, . . .
llall? = 5 (jacl® + [ay* + W) (6.41)

Making use of the vortex solution for SFH (6.37)-(6.39), we get the norm in the
following form:
k2 44k

L g 42
K2R +4q%k2 (642)

lal* =

Below we shall utilize the growth factor as the main quantity characterizing per-
turbation dynamics:

la(®)I?
IOl

which is, in other words, the norm of a perturbation with respect to its initial value.

g(t)= (6.43)

e Short-wave perturbations. For k, > 1 we can in any case omit the factor 4 in
(6.42) in the numerator of the second term, the term 4q2k§ in the denominator of

the second term, as well as the term 2(2 — g) = k% /03 in the quantity K. Then

I +k;

i (049

8

which is the result obtained in Lominadze et al (1988) (see also formula 4 in
Afshordi et al (2005)). Expression (6.44) shows that SFH initially taken as a
leading spiral with k, < O increases in amplitude until time (6.33), and at the
swing moment, when k. = 0, reaches maximum in the norm and then decays. The
energy transfer from the background flow to perturbations is described in detail
in terms of fluid particles in Chagelishvili et al (1996) (see Fig. 2 therein). Similar
to the well-known lift-up effect (see the book by Schmid and Henningson (2001),
paragraph 2.3.3 for more detail), it is based on ‘pickup’ of fluid particles by the
main flow as they move into a region with different shear velocity. However, it
also has an important additional ingredient being interaction of particles with
each other at the planes of pressure extrema, resulting in growth of their velocity
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respective to the background flow, even in situations where the lift-up effect does
not work.

6.2.3.1 On the transient growth mechanism

Here we present an additional discussion clarifying the transient growth mecha-
nism. As mentioned in the Introduction and discussed in Section 6.2.2, a differen-
tially rotating flow shortens the length of the leading spiral arms of a transiently
growing vortex until the swing moment (see Fig. 6.2). Due to the barotropicity of
the perturbed flow, the velocity circulation along a fluid contour coinciding with
the spiral arm boundary must be constant. Consequently, the contour shortening
must lead to a compensating increase in gas velocity along the spiral’s boundary.
Consider this suggestion more rigorously in the local space limit (see the scheme
in Fig. 6.3). Let us calculate the velocity circulation for the most simple fluid
contour. Without perturbations, this is naturally a parallelogram with one pair
of sides (call them the base of the parallelogram) along the background stream
lines, i.e. parallel to the y axis and symmetrical on both sides from the level x = 0.
The condition that these sides move synchronously with the fluid automatically
implies that the entire contour is co-moving with the background flow, since the
velocity in the flow is linear in x. Now let us switch to the reference frame co-
moving with the shear, in which the equations (6.23)-(6.25) were written. In this
frame, the background velocity together with the velocity circulation along the
given contour are zero. Next, taking into account small perturbations, the veloc-
ity circulation must change, strictly speaking, for two reasons. Firstly, a velocity
perturbation arises, u (as determined in the shear reference frame), and secondly,
even the contour taken at the time ¢ = 0 as a parallelogram starts being deformed
due to additional shifts caused by perturbations. In the second case, however,
for the small perturbations considered here, only the contribution due to the cor-
responding change in the background velocity circulation will be important. But
this addition is absent, since in the shear reference frame the background velocity
is zero at all points. Thus, all we need to do is to calculate the circulation u along
a contour co-moving with the background flow. At time = 0 we take it such that
the parallelogram sides coincide with the SFH front lines separated by the phase
7 (see Fig. 6.3, where the initial front direction is denoted by the wave vector k).
As in the shear frame SFH, by definition, has constant space phase front lines, it
is clear that at times ¢ > 0 they remain coinciding with the contour’s sides. Now,
note that we consider the case k, > 1. Therefore WY = 0, and from (6.25) we
derive the orthogonality condition u _L k. Consequently, the velocity perturba-
tion is directed along the parallelogram’s sides and always points to their going
around. As for the parallelogram’s bases, their contribution to the circulation will
be mutually cancelled, since along them the projection of the velocity u does not
change, while the going around direction becomes opposite. With account for
the above considerations, the perturbed flow circulation in the co-moving shear
frame for the left contour in Fig. 6.3 reads:
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o\ 1/2
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X

For the right contour in Fig. 6.3 taken at the spiral swing moment, we similarly
find:
(g|t:ts =2Ax |u|t:[s.

By equating these two expressions, we see that the circulation conservation law
yields for the vortex SFH with k, > 1:

g(t ) _ ‘ll(l‘s)lz _ k)25+k§
s) — - )
u(0)2 k3

This coincides with the result following from (6.44) for the spiral swing time.

(6.45)

W = —gQoX y
* O
4 > .
t>0
X V : :
ke(O)x + kyy + 10 Ke(OX + kyy + 10

Ke (O + Ky Kt + K,y

Fig. 6.3 Illustration of the physical reasons for transient growth of two-dimensional vortices in
the local space limit (see Section 6.2.2). We consider here the case of a short-wave (k, > 1) vortex
SFH with k, < 0. A liquid contour co-moving with the background flow at two instants is shown:
at the initial time # = 0 and at the time of the SFH swing when ky = 0. See text (Section 6.2.3.1) for
an explanation of why it is possible to ignore deformation of the contour by perturbations. Att =0
the contour has the form of a parallelogram with one pair of sides along the y-axis symmetrically
relative to x = 0 and another pair along two SFH fronts, with the phase difference between them
equal to . Here, u is the velocity perturbation vector, kg and k show the SFH wave vector at
different time moments. Ax and Ay are the parallelogram’s height and base, respectively.

Thus, we have been convinced that the transient growth of a vortex is in fact due
to its perimeter (its ’size’) shortening by the background shear flow with constant
velocity circulation, ¥ = const, along this perimeter. It is important to note that
%, as well as the corresponding vorticity flux, is the measure of the vortex ro-
tation. Therefore, it is appropriate to compare it with a body compressing with
angular momentum conservation, since in that case the body’s angular velocity
increases inversely with the moment of inertia, @y, o< 1[0,1, and the rotation en-
ergy Eor = 1/21 a),zm o< I,_Ot1 increases with time. In our case, the background
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flow does work on shortening the vortex size and thus transfers it the kinetic
energy.

Finally, note also that as the differential rotation is purely shear, i.e. occurs with
zero divergence of the background flow, the area subtended by the contour con-
sidered above must keep constant. Indeed, the area of the parallelogram is the
product of its base (which is constant since the flow in homogeneous in y) times
its height (which is constant since there is no radial background velocity). There-
fore, due to the constant 4" and hence the vorticity perturbation flux through the
contour, the vorticity perturbation itself is constant. The same conclusion was
obtained in Section 6.2.2 from the discussion of the invariant (6.26).

6.2.3.2 Estimation of optimal growth

Knowing the physical mechanism of the transient vortex growth, let us return
to expression (6.44) for their growth factor in the case of short azimuthal wave-
length. Clearly, the growth factor of an individual SFH is a function of three
arguments, g = g(ky,ky,1). However, it is possible to consider a more general
characteristic of the transient dynamics which is called the optimal growth of
perturbations G. By definition,

G= n\}ax{g}. (6.46)

Formula (6.46) gives the maximum possible amplification among all vortices
with given k, which can occur during a time interval ¢. Note that below we will
also employ an analogue to (6.46) used for the global space problem described
by the set of equations (6.8)-(6.10) (see formula (6.94)), where the value G will
be determined for all perturbations with fixed azimuthal wave number m.

There are rigorous mathematical algorithms to search for the optimal growth,
which we will discuss in the next Section. Here, for analytical estimates in the
local space limit, it will be sufficient to recognize that since the growth factor
g(ky,ky,t) of a certain SFH has maximum at k. = 0, it is reasonable to suppose
that G can be estimated as

G =~ g(ky = —kyqt), (6.47)

in other words, to adopt that of all SFH with given k,, the harmonics that swings
at time ¢ reaches maximum possible growth by this time.
Making use of definition (6.47), from (6.44) we obtain the simple expression:

G ~ (q1)%, (6.48)

which can be also found in Afshordi et al (2005) (see formula (5) therein). Note
that in that paper corrections to G due to non-zero vertical projection of the wave
vector and a finite value of k, were also obtained. As we see, in a sufficiently
long time it is possible to reach arbitrarily large amplitude growth of small-scale
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vortices ky > 1. This growth, however, is power-law and not exponential, as
would be expected from a modal instability of the flow.

¢ Long-wave perturbations. We now turn to another limiting case where k, <1
and the azimuthal space period of SFH is much larger than the disc thickness (see
Zhuravlev and Razdoburdin (2014)). In this case, in the second term in (6.42) we
omit k)z, in the numerator and 4q2k)2, in the denominator, and also assume that
K = k2 + k2 /Q}. Here, by the condition (6.35), we see that ||q(0)||* ~ k; 2.
Then, for the SFH growth factor we obtain

2 K44
h e 04
This quantity increases for l~<x decreasing with time, i.e., similar to the short-wave
vortices, transient growth occurs for k, < 0. Note that now the maximum g, at-
tained during the spiral swing, is proportional to the square of the value k, itself,
but not to the square of the ratio k, /k,, as in the case of the short wavelength vor-
tices (cf. (6.44)). In addition, another important difference is that now g depends
on the epicyclic frequency as k~*. Such a strong dependence can be important in
discs with super-Keplerian angular velocity gradient. In thin discs this can occur
in the inner regions of relativistic discs, where k¥ — 0 when approaching their
inner boundary.

Following the definition (6.47), we obtain from (6.49) the corresponding optimal
growth factor:

408
Gy~ 70k§(qt)2. (6.50)
Note that both (6.48) and (6.50) are valid only for sufficiently large timespans
since in order to obtain this expression we used the condition k, = —gk,t, but at

the same time the condition k, > 1 must hold, as required by (6.35). Formula
(6.50) shows that for rotation profiles weakly different from Keplerians, when
K ~ €, for equal time intervals G, < Gy, since the azimuthal wave number
now explicitly entering the optimal growth factor is small, k, < 1. 7 Therefore,
in the local space limit considered here, small-scale vortices extract energy from
the flow more efficiently than large-scale ones. However, it is interesting to learn
which of them can display the highest growth over the entire time interval. In an
inviscid flow G2 — o0 mostly due to small-scale SFH, as we just noted. Never-
theless, a shear flow can have noticeable effective viscosity due to, for example,
some weak turbulence. Then the dependence G(¢) turns out to have a global
maximum G, corresponding to the maximum possible non-modal growth of
perturbations irrespective of the time intervals we have considered so far. Phys-
ically, the decrease of G(¢) after some long time is related to the fact that more
tightly wound spirals have larger swing times #;. This in turn means smaller ra-

7 In Section 6.4.2 below we calculate G in the global problem (see Fig. 6.14), which implies that
as m — 1, the difference in the transient growth rate between vortices with azimuthal wavelength
shorter and longer than the disc thickness is significantly smaller.
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dial scale of the perturbations and hence smaller dissipation time of perturbations
due to viscosity. Ultimately, the leading transient spirals faster start decaying than
growing due to unwinding by the flow. It is the value G, for cases k, > 1 and
ky <1 that we would like to compare below.

6.2.3.3 Role of viscosity

The effect of viscosity on the maximum possible transient growth of vortices can
be estimated as follows (an accurate viscosity calculation is a much more compli-
cated problem, which was solved in Razdoburdin and Zhuravlev (2017)). For suffi-
ciently long time intervals gt > 1 we have k, > k,, for any of the two limits of k, we
consider. Therefore, in a shearless flow the spiral would decay in the characteristic
viscous time At, ~ A2/v, where V is the kinematic viscosity coefficient. Perform-
ing a standard viscosity parametrization using the Shakura-Sunyaev -parameter,
v = aa.H, we get that At, ~ (2, ' ok?)~! rapidly decreases with increasing |k .
At the same time, the larger |k|, the longer the transient growth time of the spiral,
Aty ~ |ky/(gky)|. Simultaneously with arising of a shear in the flow, the spiral starts
unwinding, and therefore the viscous dissipation is delayed. Thus, the equality of
these characteristic times, At;; = Aty, gives the lower limit on the duration of the
transient growth of vortices in a viscous flow. Using it we obtain:

max(Afg) 2 o3 (gh,) 723 (6.51)

It can be verified that expression (6.51) reproduces the estimate made in Afshordi
et al (2005) (see formula (81) therein).

The upper limit on the optimal growth time (6.51) , Gpax = G(max(Aty,)), is
given by its inviscid value taken for G or G,. We then obtain that for k, > 1

(Gmax)l ~ Ot—2/3q2/3ky_4/3, (6.52)

(see also formula (83) in Afshordi et al (2005)). At the same time, for k, < 1 we
have

404
(Gmax)2 ~ 70(172/3q2/3k)21/3. (6.53)

This result is shown in Fig. 6.4 for some small & and several different shears
q: Keplerian and super-Keplerian. We see that even for the Keplerian shear, when
K = Q, for ky, different from 1, (Gax)2 2 (Gmax)1- This occurs because the large-
scale vortices are significantly less dissipative, which more than compensate of their
low growth rate compared to the small-scale vortices. Note also that despite (Gax)y
decreasing with decreasing k, this occurs at lower rate compared to the case of
(Gpax); decreasing with increasing ky. As a result, the integral transient growth
of large-scale vortices at all k, increases in comparison with small-scale ones. An
even more significant advantage of large-scale vortices appears for super-Keplerian

shears, when g > 3/2, due to (Gax), k* (see the comment after formula (6.49)).
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Fig. 6.4 Estimate of the maximum possible transient growth of acoustic energy in a disc with
efficient viscosity @ = 0.001. The solid, dashed and dotted lines correspond to ¢ = 1.5,1.6 and
1.7, respectively. The three uppermost right and left curves are obtained using formula (6.52) and
(6.53), respectively.

Clearly, the deviation from g = 3 /2 by several per cents would increase the transient
growth rate of perturbations by a factor of a few.

As discussed in Zhuravlev and Razdoburdin (2014), the estimate (6.53) is in rea-
sonable agreement with exact calculations of the optimal growth rate in thin discs
in the global space limit for low azimuthal wave numbers m. Thus, large-scale vor-
tices are also able to provide additional transportation of angular momentum to the
periphery of a disc with pre-existing weak turbulence.

In Section 3 we provide a rigorous mathematical justification of algorithms to
search for the most rapidly growing perturbations in shear flows. Such perturba-
tions will be called optimal, and the corresponding amplification, as we already
mentioned, will be referred to as the optimal growth G. The solutions presented in
the Introduction and shown in Fig. 6.1 and 6.2 were obtained using one of these
algorithms. We will also provide another example of calculation of G by solving
the general set of equations (6.8)-(6.10) in a geometrically thin disc (see Fig. 6.14
below). When discussing mathematical aspects of the non-modal dynamics of per-
turbations in shear flows, already in the introductory part to the next section we
will see that the transient growth phenomenon can be treated as a consequence of
non-orthogonality of perturbation modes, which will be evident, in particular, from
consideration of simple analouges presented in Fig. 6.5 and 6.6.
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6.3 Calculation of optimal perturbations

6.3.1 Definition and properties of singular vectors

General solutions to the initial value problem of evolution of small perturba-
tions, as described by the general equations (6.1)-(6.2), supplemented by appro-
priate boundary conditions, can be conveniently studied using abstract concepts
of the functional space of the so-called state vectors of the system, as well as the
notion of linear operators acting on these vectors. In Section 6.2.1, in addition to
the set of equations (6.8)-(6.10), we have already introduced the particular case of
the state vector as a set of azimuthal Fourier harmonics of Eulerian perturbations
q(t) = {6v.(r), 8ve(r), 8h(r)}, taken at some fixed instant 7. In this section we will
take on the original general case when q(¢) = {dv(r), 6h(r), 6p(r)}.

Let us consider some properties of a dynamical operator Z acting in the Hylbert
space of vectors q and corresponding to the set of equations (6.1)-(6.2). This opera-
tor transforms the initial perturbation vector ¢(0) to the consecutive vector (), i.e.
in the operator form the set of equations can be written as

q(t) =Zq(0). (6.54)

Since the operator Z controls dynamics of linear perturbations in a flow it is often
called dynamical operator. First, let us recall some terms of linear operator theory.

6.3.1.1 Linear operators: from the particular to the general

There are a lot of linear operator types. Let us list those of them that we will need
below, from the more particular to the more general case. We start with positive
definite operators, for which the inner product (Zq,q) > 0 for any vector q. By
definition, the eigenvalues of a positive definite operator are positive. Indeed, by
multiplying the equation Zq = Aq with q, we see that its left-hand side is positive,
and the right-hand side is the product of the eigenvalue and a positive value, hence
the positive eigenvalue.

Self-adjoint (Hermitian) operators, which are identical to their adjoint operators,
Z =7 (Korn and Korn (1968), paragraph 14.4), are most frequently used in differ-
ent physical problems. Eigenvalues of a self-adjoined operator are real values (Korn
and Korn (1968), paragraph 14.8).

In turn, self-adjoined operators are a particular case of normal operators . An op-
erator Z is called normal if it commutes with its adjoint operator: ZZ" = Z'Z (Korn
and Korn (1968), paragraph 14.4). All eigenvalues of a normal operator are complex
conjugates of its adjoint operator’s eigenvalues. Eigenfunctions of the operators Z
and Z" coincide. Additionally, eigenvectors of a normal operator corresponding to
different eigenvalues are orthogonal (Korn and Korn (1968), paragraph 14.8). There-
fore, to calculate the operator norm of these operators, it is sufficient to find their
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eigenvalues. We recall that the norm of an operator Z mapping a Hylbert space H
into itself is the number (Vilenkin et al (1972), Ch. 1)

7x
||Z|| = sup lzx]} (6.55)
xcH HXH

The norm of the dynamical operator is very useful, because it allows us to calculate
the limit of the vector’s norm growth under the action of this operator.

For a normal operator this problem is solved quite easily. To illustrate this, we
(following Schmid (2007)) consider an important particular case in which the oper-
ator Z can be represented as an operator exponent: Z = e’ (see Section 6.3.3.1 for
more detail). The operator A is time-independent, and its eigenvalues are tradition-
ally denoted as {—i®;,—i®;,... — i@y}, where ® can take both real and complex
values. In this case, eigenvalues of the operator Z are {e @17 e=1®!  e~ion’},

Let us denote the set of eigenvectors of the operator Z as y;. All vectors in the
set y; are orthogonal to each other due to the normality of the operator Z. Moreover,
all these vectors can be considered to be orthonormal. This means that the scalar
product of two different vectors from the set is equal to zero, while the square of
each vector is equal to unity: (y;,yx) = 8jk. We now consider some vector X with
the following decomposition over the eigenvectors of Z: x = Y. &;y;. Thus, we get
that ‘

7x = Z‘g'jyjeﬂwfl (6.56)

This is the so called spectral representation of a linear operator (see Korn and Korn
(1968)). With the help of this representation, the norm of a normal operator can eas-
ily be found. Since eigenvectors of normal operators are orthonormal, the expression

(6.55) can be rewritten as:
/X E2e23 (o)l
1Z]> = sup F———— (6.57)

3 r&;

It is easy to see that the maximum value of the operator norm is reached when the
weights of all eigenvectors, except the one corresponding to the maximal imaginary
part of the eigenvalue, vanish.

||Z]| = ?Pmet, (6.58)

where @ox = max (3 [@;]). Thus we have shown that to calculate the operator norm
J

for a normal operator, it is enough to find the eigenvalue with the maximal imaginary
part. However, as will be shown below, the operator for linear perturbations in shear
flows is not normal, so calculating the eigenvalue with the maximal imaginary part
is not sufficient to find the maximal possible growth of perturbations.

Finally, the most general are the non-normal operators , i.e. those that do not
commute with their adjoint operator: ZZ' # Z'Z. Eigenvalues of these operators
can be both purely real and complex, and their eigenvectors are non-orthogonal to
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each other. The non-orthogonality of the eigenvectors complicates calculation of
the operator’s norm. For this reason, the energy of a combination of modes is not
equal to the sum of the energy of each mode, i.e. the Parceval rule is not valid and
non-zero cross terms appear. In other words, due to interference in time between
non-orthogonal modes, perturbations described by such an operator can increase
even if there are no growing modes. This energy growth of perturbations, which is
mathematically related to the non-normality of the dynamical operator, was dubbed
the transient growth of perturbations. In the context of stability of hydrodynamical
flows, non-normal operators and examples were discussed in Farrell and Ioannou
(19964a), as well as in Section 3 and 4 of Schmid and Henningson (2001).

The dynamical operator can relate to the different variants described in this sec-
tion for different parameters of the problem. For example in Section 6.3.4.2, we will
show that for solid-state rotation the operator is normal, and for all other rotation
laws — non normal.

6.3.1.2 Simple geometrical example of the non-orthogonality of eigenvectors

Fig. 6.5 The increase in the sum of two non-orthogonal vectors, q = f; + f, with decreasing
lengths but conserved angle between each other. It is assumed that g = ¢> = 1.

A simple geometrical example can illustrate the transient growth mechanism. Let
us introduce two vectors on the plane (x,y) symbolizing two perturbation modes. We
write them in the form of two complex numbers, f; = foe @1, f, = fye 1@V,
where the numbers @; > can be complex as well. In this form the analogy between
f1 > and perturbation modes will be the most clear. The real and imaginary part of
each of the vectors f > yields the x- and y- vector components, respectively. Clearly,
R[wi 1] corresponds to the angular velocity with which both vectors rotate on the
plane, and 3[w]; 2 corresponds to the rate of change of their respective lengths.
Below we will assume that imaginary parts of @ are negative, which corresponds
to the shortening of f; . We recall that in the case of modes, real parts give angular
velocities of the solid-body rotation of the spiral pattern in the flow (see Fig. 6.1),
and imaginary parts give their decay rate, in analogy with a spectrally stable flow.
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In addition, we will assume that at time # = O the vectors have the same length fj
and the angle between them is y.

00 S

2

Fig. 6.6 The increase in the sum of two non-orthogonal vectors, q = fj + f,, with conserved
lengths but changing angle between each other. It is assumed that g1 = ¢ = 1.

Now take the vector q = f; +f, and calculate the quantity similar to (6.43), which
gives the rate of change of the square of the length q with time:

e23lmn]r  o23[ma)r 4 peSlo+aylr cos(R[w; — ]t + )
2(1+cosy)

8= . (6.59)
This shows that for angles close to 7 the denominator in (6.59) is small, and any
insignificant increase in the numerator will lead to a large increase in g. Consider
two particular examples. In the first case assume that R[@; 2] = 0, and in the second
case that 3w 2] = 0. For simplicity, assume cos ¥ ~ —1 + €, where € < 1.

Then for the case R[w) »] = 0 we see that if we additionally admit a large differ-

ence in decrements, |3[@;]| > |3 [a@]|, after some long time g will be
etk 6.60
8§~ 2 ) ( . )

which corresponds to g > 1 on time intervals such that |3[®;]¢| > 1 but simultane-
ously |3[m,]t| < 1. This means that despite the decrease in length of each particular
vector, in the case of strong non-orthogonality (which is characterized by strong
difference of £ from 1), their sum exhibits a transient growth up to values ~ £~!
(Fig. 6.5). Only at later times will g decrease again at a rate determined by the most
slowly decreasing vector. A similar effect takes place for transient perturbations,
which can be represented as a sum of decaying modes with zero phase velocity.
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In the opposite case 3[w; 2] = 0, from (6.59) the following approximate formula

can be derived: |
— Rlw; — t
~ COS( L 1 C()z] )’ (6. 1)

which is valid when the value of cosine in the numerator is not too close to unity.
Apparently, unlike the example with the sum of non-orthogonal vectors with de-
creasing length (when the length q first increases to a maximum and then monoton-
ically decreases down to zero at t — o), the length of the sum of the rotating vectors
exhibits an oscillating growth, by returning many times to ever increasing values
~ €71 in equal time intervals ~ |Rw; — Ran| !, as is evident from the illustration
in Fig. 6.6. Unlike the first case, it would be inappropriate to refer to this second
possible variant of the mode superposition growth as ‘transient growth’, as we did,
for example when analyzing local SFH in Section 6.2.3. Therefore, it is more ap-
propriate to call it ‘non-modal growth’. One example of such a non-modal growth
of a superposition of neutral modes with non-zero phase velocities is considered in
Section 6.3.2 and was studied in Razdoburdin and Zhuravlev (2012).

6.3.1.3 Singular vectors

We have thus just demonstrated how non-orthogonality of the modes leads to
transient growth of perturbations. In many physical and astrophysical problems, the
evolution of linear perturbations is determined precisely by non-normal operators
with non-orthogonal eigenvectors. Here the non-normality of Z is provided by a
shear in the background flow. We can verify this by deriving the set of adjoint dy-
namical equations corresponding to the action of the adjoint operator Z (see Sec-
tion 6.3.4.1).

It follows that knowledge of a non-normal operators eigenvalues only is insuf-
ficient to fully describe possible (transient) growth of perturbations in the system.
In addition, the pair inner products (‘angles’) between the eigenvectors on the cho-
sen norm of perturbations must be known. One more potential complication to the
problem with a non-normal dynamical operator is that it becomes impossible to
guarantee the completeness of the set of its eigenvectors, and hence, to guarantee
the adequacy of the solution of the problem when using the eigenvectors as a basis
for decomposition of an arbitrary perturbation.

For all these reasons, in order to compute the maximal transient growth rate of
perturbations, below we will use the technique of singular values and vectors. As
will be shown, the singular vectors form a complete orthonormal set, which allows
us to employ them as a basis to describe the evolution of perturbations. Moreover,
the singular values , unlike eigenvalues, enable us to calculate the perturbation en-
ergy growth at any given time even for non-normal operators.

The non-negative real number ¢ is called the singular number of a linear operator
Z if there are such vectors u and v of unit length that
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Zv = ocu 6.62)
Z'u=ov '

The vectors u and v are called the left and right singular vectors, respectively, cor-
responding to the singular value o.

Note that the singular values and vectors are related to the eigenvalues and eigen-
vectors of the composed self-adjoint operators ZZ" and Z'Z. To see this, let the
operator Z act on vector Zv and the operator Z act on vector Z u and then use the
definition (6.62):

27 (Zv) =Z (ou) = 6Z'u = c°v (6.63)

Z(Z'u) =Z(ov) = 6Zv =c’u (6.64)

Thus, vectors v and u are eigenvectors of the operators Z'Z and ZZ', respec-
tively. And since they are eigenvectors of self-adjoint operators, they form a com-
plete orthonormal set of functions. The squares of the singular values are eigenval-
ues of the composite operators.

The operators ZZ" and Z'Z are positive definite, since for any vector f the in-
equalities (f,ZZ'f) = (Z'f,Z'f) > 0 and (f,Z'Zf) = (Zf, Zf) > 0 hold. And since
all eigenvalues of a positive definite operator are positive, the singular values are
real.

Now, if we rewrite the expression for the operator norm (6.55) with the help of
definition (6.62) for some unit norm vector x decomposed over an orthogonal set of
singular vectors: X = Y &;v;

J

1Z|[> = sup|| Y &jou;||* = SEPZ(éjcj)z = max o} (6.65)
Y i J ’

Thus, the norm of the operator Z is limited by the maximum singular value of this
operator. Going back to the dynamics of perturbations, we conclude that the maxi-
mal growth of a perturbation is limited by the maximal singular value of the dynam-
ical operator. In most physical problems, it is natural to assume that the maximal
singular value is finite (i.e. the perturbation can not demonstrate infinite growth dur-
ing a finite time interval), and the set of singular values is discrete.

The singular values and corresponding singular vectors are usually numbered in
order of decrease (see Golub and Reinsch (1970)). So, the growth of a perturbation
is limited by the first singular value of the corresponding dynamic operator, and the
first singular vector is the perturbation that exhibit such a growth.

The above considerations imply that to calculate the maximum possible perturba-
tion growth rate it is sufficient to calculate the first singular value, called the optimal
growth in the literature, and the right singular vector corresponding to this value
will be the sought for (optimal) perturbation demonstrating the maximum possible
growth rate. Below we present two methods of calculation of singular values and
corresponding singular vectors.
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6.3.2 The matrix method for optimal solutions

The first method to calculate singular vectors will be referred to here as the matrix
method. It is based on singular value decomposition of the matrix of a dynamical
operator. As a rule, the set of eigenvectors is used as the basis for the matrix calcu-
lation.

Note that there is another possible variant, which was used, for example, in Ioan-
nou and Kakouris (2001), when the space is covered by a grid of points, and each
perturbation is given by a column of numbers corresponding to the values of the per-
turbation at these points. A dynamical operator corresponds to a matrix obtained by
a difference approximation to the derivatives in the dynamical equations. A singular-
value decomposition of this matrix enables us to calculate the singular vectors at the
grid points. The large size of the operator matrix is a shortcoming of this approach,
which requires a lot of time to calculate the singular value decomposition. An ad-
vantage is that it is not necessary to calculate the operator’s eigenvectors. In this
section, we describe the matrix method in the eigenvector basis.

The problem is to find the linear combination of the dynamical operator modes
whose norm exhibits the largest growth by the given time. Assume that the sequence
of eigenvectors {f|,f,,f3...fy} and the corresponding eigenvalues {e 1?17, e 102! e~103¢ _e—iont)}
of the operator Z are known. In the space of linear combinations of eigenvectors, the
representation of an arbitrary perturbation vector has the form (see paragraph 4.3.2
and Section 4.4. in Schmid and Henningson (2001) for more detail)

N
a=Y «/f;, (6.66)
j=1

where the numbers {k!, k%, k3...k"} are coordinates of the vector q in the eigen-
vector basis. Note that the time dependence of q is essentially in its coordinates.

The inner product of two vectors q and g in this representation can be calculated
from the known coordinates using the metric matrix M:

(a.8)=) (q") Mg/, (6.67)
irj

where the elements of the metric matrix are equal to the inner product of the eigen-
vectors:
M;; = (fi.f;) (6.68)

Note that the matrix M is positive definite.

Now the problem of calculation of the maximum possible perturbation growth
is reduced to finding the values k/ for which the growth of the perturbation norm,
determined using these values according to formula (6.66), is maximal at the given
moment in time.

The representation of an operator Z in the eigenvector basis can be easily calcu-
lated by letting this operator act on the basis element:
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Zf; = (1) = e 1°F, (6.69)

Therefore, in the set of basis eigenvectors, an operator can be represented by a diago-
nal matrix P with complex exponents on the main diagonal: P = diag{e 1?17 e 71®27 e~i®s7  e-ionT}
Next, let us use the first equality from definition (6.62), Zv = ou, and rewrite it
in the matrix form:
P=UnV! (6.70)

The matrix mis diagonal with the singular values on the diagonal, m= diag{ o}, 0>, 03...0x }.
Columns of matrices U and V represent right and left singular vectors, respectively.
Now let us write the inner product for two arbitrary singular vectors q and g as

(@)=Y (a) Mg’ = Y ((Fa)")' (Fg)', 6.71)

ij i
where the matrix F is the Cholesky decomposition of the metric matrix M = FTF
(for a more detailed description of this decomposition see for example Sect. 4.2 in
Golub and Van Loan (1996)). As the matrix M is positive definite, its Cholesky
decomposition always exists and is unique.
Sets of singular vectors are orthonormal. Therefore the following relations for
matrices V and U hold:
VIFTFV =1, (6.72)

U'FTFU =1, (6.73)

where I is the identity matrix.
Thus, matrices inverse to V and U are expressed through Hermitian-conjugate as
follows:
V! = VTFTF, (6.74)

U ' =U'F'F. (6.75)

Making use of these relations in (6.70) yields

P=UnV'F'F=F 'FUnV'F’F. (6.76)
Rewrite this in the form:

FPF ' = (FU)m(FV)' = UaV'. (6.77)

Now it is clear that the right-hand side of this equality becomes the same as
the so-called singular value decomposition (SVD) of the matrix FPF~!. Recall that
the singular value decomposition is a factorization of a matrix in the form UmV’
where U and V are orthogonal matrices and m is a diagonal matrix with positive
numbers on the main diagonal (see Golub and Van Loan (1996) for more details).
This factorization exists for any real matrix and is unique. It is easy to be convinced
that the matrices U, V and m satisfy the singular value decomposition conditions,
and therefore to calculate singular values and vectors it is sufficient to perform this
decomposition for the matrix FPF~!. The singular value decomposition procedure
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is a standard tool in many linear algebra software packages (for example in the GNU
Scientific Library).

The original matrices U and V are calculated using F~': U=F U, V=F"'V.
The maximum number on the diagonal of the matrix m is the first singular value at
time ¢, and the corresponding column of the matrix V is the first singular vector in
the eigenvector basis.

6.3.2.1 Illustration of the matrix method

The matrix method has been used in many studies on stability of laboratory flows
(see, for example, Butler and Farrell (1992), Reddy and Henningson (1993), Han-
ifi et al (1996), Meseguer (2002), Malik et al (2006), Maretzke et al (2014)) and
in astrophysical papers Yecko (2004), Mukhopadhyay et al (2005), Zhuravlev and
Shakura (2009). Here, we elucidate it by a simple semi-analytical study Razdobur-
din and Zhuravlev (2012), where the eigenvector basis 8 is calculated in the WKB
approximation in a geometrically thin and barotropic quasi-Keplerian torus with
free boundaries. For simplicity, only the modes whose corotation radius is outside
the outer boundary of the torus are considered. (See Section 6.2.1 for a discussion of
the mechanism of energy exchange between the modes and the background flow at
the corotation radius in the context of the spectral problem corresponding to equa-
tions (6.8)-(6.10)). When the corotation radius is outside the flow, the energy of
the modes is conserved. This means that they do not show exponential growth or
decay, i.e. their frequencies @ are real values (see expression (6.14)). These per-
turbations are referred to as neutral modes. Nevertheless, due to their mutual non-
orthogonality, in other words, due to the non-orthogonality of the eigenvectors of the
the dynamical operator acting on the perturbations, we expect a non-modal growth
of their linear combinations (see the analogy in Fig. 6.6 and comments to it in the
text).

The modes we wish to obtain below physically correspond to inertial-acoustic
waves, which form a solid-body rotating pattern in the disc, i.e. whose azimuthal
projection of the wave vector that is constant in time and space. Here, as will be
seen from the WKB analysis, their characteristic radial wavelength is close to the
disc thickness H. As for their characteristic azimuthal scale, l(p, it can be both larger
and smaller than H, determined by the azimuthal wave number m entering the set of
equations (6.8)-(6.10). Results concerning the optimal perturbation growth will be
presented for the case Ay >> H (see Fig. 6.8).

We will see that in that case the optimal perturbation does not have the form
of a spiral unwound by the flow, which we discussed in the context of the tran-
sient growth of vortices (see Fig. 6.2), but is a wave packet initially located at the
outer boundary of the torus and further propagating towards its inner boundary. At
the moment of reflection from the inner boundary, its total acoustic energy reaches
maximum and then decreases while the packet goes back to the flow periphery. After

8 Henceforth, the eigenvectors of an operator Z multiplied by the eigenvalues, i.e. by the time
dependence e ', will be referred to as perturbation modes.
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reflection from the outer boundary the process repeats. Thus, the non-modal growth
in this case is oscillating rather than transient, as must be the case according to the
analogy shown in Fig. 6.6.

6.3.2.2 Background flow

Consider a toroidal flow of finite radial size as a model background flow. The
azimuthal velocity component will correspond to the power-law angular velocity

radial profile:
—q
Q=9 (’) , (6.78)
o

where r is the distance to the gravitating centre in the equatorial plane of the torus
at which rotation has the Keplerian frequency Qo, 2 > ¢ > 3/2. Assume that matter
moves in the external Newtonian gravitational potential produced by a central point-
like mass:

Qgrg
e
As will be clear below, in this case the parameter g characterizes the torus thickness
which approaches zero as the angular velocity profile becomes close to Keplerian.
As in Section 6.2.1, we use here the polytropic equation of state and write the force
balance using the enthalpy A:

S ow (6.79)
oz dz’

where the first and the second equations correspond to the projection of the Euler
equation on the radial and vertical direction, respectively. The joint integration of
(6.79) yields

Qi Qjr (z)q 2(1
(P22 21-q)"

where the integration constant C is determined from the condition that 4(r;,0) =0
at the inner boundary of the torus r; < rp.
Then, in dimensionless coordinates £ = r/ry, § = z/ry we obtain

h(r,z) = —9 4,

1 e
h= (Qoro)? (£2+ﬁ2)’1/2—£f1+m()€12(’1 1>_)e2<41>)]. (6.80)

Here £ = ry /ro. The enthalpy distribution (6.80) also gives the outer radial bound-
ary of the torus £, > 1, where h(£,,0) = 0. The quantity £; = £, — £; will be called
the radial extension of the flow.
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Now it is not difficult to move to the case of the quasi-Keplerian, geometrically
. . 2 . . .
thin torus of interest here: g = % + £, € < 1. Using this assumption, the enthalpy

profile can be simplified to
o R? 5\’
= |[1-(Z , 6.81
o5 2[ (%) @3

where H (x) is the dimensionless thickness of the torus in units of ry:

R [21(1+ln£)—£(1+ln£1)} 1/2 652

H=35%
o £ —1—1Ing

Here, we have introduced a descriptive small parameter
. 1+1ng;\ /2
55H(£:1):21/28<1—+Anxl> <1,

X1

that defines the characteristic aspect ratio of the disc-like torus with § < £4. It is not
difficult to make sure that expression (6.81) is equivalent to (6.4).

Equations (6.81), (6.82) fully determine the quasi-Keplerian background flow
which will be used to illustrate the matrix method of determination of the non-
modal growth of the superposition of modes. In the next section, we will solve the
spectral problem for such a flow, i.e. we will find the perturbation mode profiles.

6.3.2.3 Modes

Modes are non-stationary perturbations with exponential time dependence o<
exp(—iwz). They are also solutions to the operator equation (6.54) determining evo-
lution of a linear perturbation in the flow. This means that modes are state vectors
which we obtain by the operator Z acting on its eigenvectors f;:

fi(t) = Zf; = e 71V'f;.

Again, the numbers exp(—iwz) are eigenvalues of Z that we will need to find along
with its eigenvectors.

In practice, we will not use the equation exactly in the form (6.54), but instead
derive an equivalent ordinary differential equation of the second order in the radial
coordinate for an Eulerian enthalpy perturbation. As everywhere in this chapter, we
will assume that hydrostatic equilibrium always holds, i.e. that §v, = 0. As we deal
with a thin torus, § < 1, our perturbations taken originally in the form of azimuthal
Fourier harmonics o< exp(im@) satisfy the set of equations (6.8)-(6.10), which con-
tains the background variables integrated over z (see Section 6.2.1). The modal anal-
ysis implies the substitution d/dt — i@, after which from (6.8) and (6.9) we find
that complex Fourier harmonics of the Eulerian velocity perturbations, which are
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denoted here as v, and vy, are expressed through the Fourier harmonics of the en-
thalpy perturbation, which is denoted here as W, as follows:

i [_dW 2mQW
=— |l@o— — 6.83
vr D{wdﬁ z ] (6.83)
1 [k dW moOW
¢ D{Z.Qd)? £ } (6.84)

where D = x*> — @%, k> = %% (.(2)?2) is, as usually, the epicyclic frequency

squared, and @ = ®w — m{2 is the shifted frequency. Below in this section we as-
sume that all frequencies are in units of the frequency 29 and time is in units of
Q_l

0

Plugging (6.83) and (7.42) into the continuity equation (6.10), we obtain the
following equation for W:

D d (%X dW 2m D d [ QX D
Sl m el 122+ 2 |w= .
;ezd)e(D d)?) [(D)?Zdﬁ(D>+<n+/)h*+fz W=0, (6385
where Y
. (H2\" 02
2(?)—/deo<H<£3> and h*:@' (6.86)

—H

Here A, is the dimensionless background enthalpy in the equatorial disc plane (cf.
(6.81)). To reproduce the surface density dependence on r given above, X(r), it is
enough to recall that ¥ ~ Hp|,—o, and p ~ k" for a polytropic equation of state.
Equation (6.85), as well as its more general analogue for three-dimensional per-
turbation modes, is often used in the literature. Their derivation and analysis can
be found, for example, in papers Goldreich et al (1986), Kato (1987), Sekiya and
Miyama (1988), Kojima (1989), Kato (2001).

As we have already mentioned, the integration of equation (6.85) is complicated
by resonances: corotational, where @ = 0, and Lindblad resonances, where D =
0. These points are singular for (6.85). However, in order to illustrate the matrix
method of optimization, we will restrict ourselves to calculation of only part of
the modes with resonances lying outside the outer boundary of the flow, %,. The
condition that the inner Lindblad resonance lies at £ > X, implies

o < (m—1)Q(%), (6.87)

where in the condition D = 0 we have set k ~ €2 due to the nearly Keplerian angular
velocity profile in a thin torus. Recall also that @ is a real value. Note that for m = 1
the inner Lindblad resonance is at £ = 0, and hence there are no modes with m = 1
satisfying the condition (6.87). For this reason, we will consider only modes with
m > 1. Thus, under the restrictions made, the term o< D/h, ~ § ~2 will be large
everywhere in the flow, and therefore the solution to the equation can be found in
the WKB approximation.
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A WKB solution to equation (6.85) can be written as
W = CS; cos(So + @), (6.88)

in which Sp ~ 871, and S| ~ &8°.

Plugging (6.88) into (6.85) yields its decomposition in 8. By collecting terms
with similar powers of §, namely, 2 and !, we find the explicit form of func-
tions Sy and Si:

¥ -D 2\ 1/2
So_/<(n+1/2)h—';’2> dz,

D 1/2 _D m2 —1/4

The phase ¢y is fixed by the boundary conditions.

The WKB solution (6.88) is irregular at the boundary points £; and X, at which
h. — 0. It is possible to find a WKB-solution that is regular at the boundaries (see
Heading (2013)), but here, let us use another common way of matching (6.88) with
an approximate regular solution to the original equation (6.85) near £; and £;. This
matching should yield a discrete set of eigenfrequencies ®, as well as the value of

%o

In order to find the regular solution near X; and X,, we change to the new radial
coordinate ¥ = |£ — £/ »| and expand equation (6.85) in the main order of the variable
X < 1. Technically, this means that all variables from (6.85) that are non-zero at
X1 are set to their exact values at £;>. The disc semi-thickness, vanishing at the
boundaries, is approximated as H=H, ,zil/ 2. Here for the constant H 12 we get

ln)e172 1/2

ﬁl 2= S.XA] 2 |\ T 1~ A
’ 11 +1nx1,2 —X1,2

We obtain the following near-boundary equation:
2

d-wW dW
¥ ——- 1/2) —+E = .
X I +(n+1/2) pr +E W =0, (6.89)

(2n+1)(~D12) 5,
Hf,

where Ej) = D1 > - are the values of D at points £ .

)

The regular solution to (6.89) at ¥ = 0 has the form:
W=Cox @ VAg L 0(3), (6.90)

where 7 = 2B 2 51/2,
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Note that equation (6.89) at ¥ — 0 is equivalent to the boundary condition for
the enthalpy perturbation at the free boundary of the flow, which states that the
Lagrangian enthalpy perturbation vanishes at the boundary points £; 5, Ah|y,, =0
(see, for example Glatzel (1987)).

As the denominator Z contains the small &, at some distance from the bound-
ary points Z > 1 yet under the condition ¥ < 1. In this region, W is given by the
asymptotic of (6.90) for large arguments:

W~ Co i 2 (4m2Ey 5) 4 cos (2E}fff‘/2 - n77:/2) 6.91)
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Fig. 6.7 In this figure solutions within different parts of the torus are shown. The solid line denotes
a solution (6.90), and the dotted line a WKB-solution. The right panel shows the right borderland
of the torus. The WKB solution has an infinite derivative in this region, so the solution (6.90) is
regular here. On the left panel a larger region is shown. When the distance from the boundary
X, is increasing, the differences between the two solutions become more significant. However,
in a certain region both of the solutions are very similar. The following parameters were used:
6=0.003,n=1.5,m=10,x; =2.0.

The matching of (6.91) and the WKB solution yields the zero phase ¢y = —nm/2
in equation (6.88) and the following dispersion equation:

£

_ )?3 mZ 1/2 A

X1
where p is an integer number. Solving (6.92) for different p yields a discrete set of
o that enters D. This is the sequence of eigenfrequencies of neutral modes that we
are interested in.
The modes profiles are given by equations (6.88) and (6.90) with account for the
relations between the corresponding constants:



292 Dmitry Razdoburdin and Viacheslav Zhuravlev

N 1/2 L ong111/2
Co A / G, S\ D, rA N\ /
~ =\ s e i G VA — | =
Ci 218" (=Dy) Ci X D) \ H,
(6.93)

After obtaining the profile W(X) for a given w;, the corresponding complex
Fourier harmonics of the Eulerian velocity perturbations v,(£) and v, (£) can be cal-
culated from (6.83) and (7.42). Thus, we find the whole eigenvector f; = {v,, Vo, W}
of operator Z corresponding to its eigenvalue exp(—iw;t).

6.3.2.4 Optimal growth
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Fig. 6.8 The left panel shows the optimal growth curve G(¢) (the solid curve) of a linear com-
bination of slow modes in a thin disc for § = 0.002. The dashed lines show the growth factor of
the total acoustic energy g(¢) of the particular optimal perturbations as a function of time. These
perturbations are optimal for time intervals ¢ = 250,290,390 expressed in units of the character-
istic Keplerian period 278, ', The right panel shows curves of G(t) only . The solid, dashed and
dotted lines correspond to 6 = 0.001,0.002,0.003, respectively. The linear combination shown
has the dimensionality N = 20, parameters are x; = 1.0, m = 25, n = 3/2 (Figure is quoted from
Razdoburdin and Zhuravlev (2012)).

The explicit form of eigenvectors of a dynamical operator allows us to calculate
the optimal growth, i.e. to find the linear combination of these vectors that demon-
strates the maximum increase of the norm at a given time. The optimal growth at
the time ¢ is

la()]?

G(t) = — 6.94
D= a0 029

This is a generalization of (6.46) for the spatially global case.
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The inner product of two vectors from the linear span of N eigenvectors of Z
is introduced such that the square of the corresponding norm recovers the acoustic
energy of the perturbation (6.15):

(f,g) = 717_/.2 ((Vr)f(vr)z+ (vo)(ve)g+ (n+ 1/2)(W)2£W)g

r

) rdr,  (6.95)

where the indices 'f’ or g’ indicate the relation of some physical variable to the
vector f or g, respectively. We recall that by v, vy and W here we mean azimuthal
Fourier harmonics of the Eulerian perturbations of the velocity and enthalpy com-
ponents, respectively.

Now, let us apply the procedure of calculation of the optimal combination of
eigenvectors described above. As we have the eigenvectors in analytical form, the
matrix M can be obtained by simple numerical integration of a combination of ele-
mentary functions using the inner product formula (6.95):

M;; = (fi.f;) (6.96)

Next, we perform the Cholesky decomposition M = F” F and then the singular value
decomposition of the matrix FPF~!. Both these procedures are standard in numeri-
cal methods of matrix algebra.

In Fig. 6.8 we show an example of the dependence of the maximum possible
energy growth, G(¢), among all superpositions of 20 neutral modes at time 7, on a
time scale of the order of the sonic time #; ~ (8 .Qo)’1 and ~ 10z, respectively. The
left panel of Fig. 6.8 also shows the energy growth of the optimal mode combina-
tions g(z). Clearly, the curves g(¢) touch the general optimal growth curve G(), as
must be the case, each at its own optimization time. The optimal growth itself in this
model has a quasi-periodic form by reaching maxima at times ~ f;, and the thinner
the torus, the higher values g the mode superposition can reach.

6.3.2.5 The angular momentum flux

In Section 6.3.2.4 we have shown that some combinations of modes can demon-
strate a significant growth in acoustic energy. Consider in more detail what this
optimal perturbation is. The perturbation amplitude growth suggests that the main
flow transfers energy to perturbations. The first term on the right-hand side of (6.13)
is responsible for this, and its integrand sometimes is referred to as the Reynolds
stress (which we denote as Fg, see Kojima (1989)). It turns out that Fy is simply re-
lated to the density of the specific angular momentum flux excited by perturbations,
F:Fr=— ‘fg F (see Sections 2.3 and 4 of Savonije and Heemskerk (1990)). Clearly,
for Keplerian rotation, Fg and F have the same sign: if the perturbation energy in-
creases, F' > 0, angular momentum flux to the torus periphery takes place, and vice
versa.
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Fig. 6.9 Radial profiles of the azimuthally averaged angular momentum flux density F of the
optimal perturbation, which corresponds to g(¢) shown in Fig. 6.8a for the optimization time ¢ =
290. (a) Profiles of F at the instants ¢ = 50,100, 150,200,240 before the g(¢) maximum. Each
profile has one large maximum shifting from the outer disc boundary x, to the inner disc boundary
x1 as t increases. (b) Profiles of F at the instants 1 = 290,350,400,450 after the g(¢) maximum.
Correspondingly, each profile has one large minimum shifting from the inner disc boundary x; to
the outer disc boundary x; as ¢ increases further. The linear combination has the dimensionality
N = 20, and the parameters are 6 = 0.002, x; = 1.0, m = 25, n = 3 /2. (Figure from Razdoburdin
and Zhuravlev (2012).)

In order to calculate the evolution of the profile F for the optimal superposition of
modes represented by the curve g(r) for = 290 in Fig. 6.8, let us use the following
expression for F

F =3%Z < 6v,0vp > . (6.97)

Figure 6.9 shows how the radial distribution of F changes in the interval (£1,%2).
At first, we see that F is radially localized, and its localization region changes with
time: during the perturbation growth phase it shifts towards the inner torus boundary,
whereas during the perturbation decay phase it moves back to the outer boundary.
Therefore, in this case the non-modal growing perturbation is represented by a wave
packet containing a set of neutral modes (each of the modes, as we recall, rotates
like a solid body with an angular velocity somewhat smaller than the angular ve-
locity of the flow). Initially, this wave packet is localized near the outer boundary
of the torus and moves towards the inner boundary. This causes outflow of angular
momentum to the disc periphery, since F > 0, and its acoustic energy increases. At
the moment of reflection from the inner boundary, the sign of F and the direction
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of motion of the wave packet reverse, which later leads to a decrease in its acoustic
energy, and the angular momentum flows back to the inner parts of the torus. As
there is no viscous dissipation and the background flow is stationary, obviously, the
evolution of the optimal perturbation will continue to repeat itself: the wave packet,
after reflecting from the outer boundary, will go back towards the inner boundary.
Note also that the obtained shape of G(z) suggests that during the evolution of this
particular type of perturbations there are epochs (time intervals counted from the
conventional start of the perturbation evolution) when there is no combination of
modes to be amplified. These epochs correspond to minima on the curve G(t) (see
Fig. 6.8). The reason is that only the wave packets localized near the outer disc
boundary can exhibit significant growth. At the same time, the velocity of their ra-
dial motion is determined by the sound velocity in the flow, and hence the time
intervals ‘favourable’ for non-modal growth always take the value ~ £;/0.

If we plot the lines of constant phase of perturbations corresponding to the op-
timal wave packet on the plane (r, ), it turns out that at the growth stage it cor-
responds to a trailing spiral. It is opened at the initial time, but while propagating
towards the inner boundary it winds up stronger and stronger. Oppositely, after the
reflection from the inner boundary, it transforms into a tightly wound leading spiral,
and while moving back towards the outer boundary the degree of winding gradually
decreases. This behavior of the optimal perturbation is similar to the process of en-
hancement/weakening of the shear density waves by a shear flow we discussed in
Section 6.2.2 in the context of the spatially local problem.

The rate of spiral twist is controlled by the dynamical time-scale, while the rate
of radial drift — by the time-scale of sound. Thus for smaller &, the spiral manages
to be twisted more strongly during the drift from the outer to the inner boundary.
For that reason a decrease of § (see figure 6.8) leads to an increase of the maximal
factor of transient amplification.

6.3.3 Alternative: a variational approach

Singular vectors can be found alternatively by a variational method . This method
represents a generalization of the power iterations procedure of looking for matrix
eigenvalues and eigenvectors in a finite dimensional framework (see, for example,
the monograph by Golub and Van Loan (1996)). The variational method requires
less computational power than the matrix method Luchini (2000), and, importantly,
it can be applied to non-stationary background flows, as well as used to solve the
non-linear problem of transient dynamics of finite-amplitude perturbations. Unlike
the matrix method, it does not require discrete representation of the dynamical op-
erator, i.e., for example the decomposition of perturbations by eigenvectors, whose
computation in a shear flow faces the known difficulty while bypassing the corota-
tion and Lindblad resonances (see Lin (1955)).

As for linear dynamics, the variational method turns out to be equivalent to solv-
ing the more simple problem of seeking the maximum eigenvalue of the operator
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Z'7Z (see Section 6.3.1 and, for example, Andersson et al (1999) as well). That is
why we start with solving exactly that problem, whereas a derivation of the vari-
ational method itself, directly from the variational principle, will be given below
together with a generalization to the non-linear case.

6.3.3.1 Linear autonomous operators

In Section 6.3.1, after the singular values were introduced, we discussed that
the first singular value is simultaneously the maximum eigenvalue of the composite
operator Z'Z, and the first right singular vector is the corresponding eigenvector of
this operator. First, let us try to understand what the action of Z'Z on the initial state
vector q(0) is equivalent to. Here, the action of the first (right) part of the composite
operator is known from its definition (6.54): this is the integration of the equations
of perturbation dynamics, for example, the set (6.8)-(6.10), until time 7 starting from
the initial condition q(0). We symbolically rewrite this as

@:Aq.

> (6.98)

Note that due to the linearity of the problem, the operator A in (6.98) does not
depend on q itself.

The subsequent action of the operator Z' on q(¢) is not difficult to understand
if the operator A is autonomous, i.e. time-independent (see Farrell and Ioannou
(1996a)).

Then, the integration of (6.98) can be written in the operator form: q(z) =
eAq(0), i.e. A and Z are related as

7 =M. (6.99)

The right-hand side of (6.99) is called the operator exponent and should be under-
stood as an infinite series I+ At + (A£)%/2+ ...

The operator adjoint to Z can also be written through the operator exponent Z =
eATt, where A is the operator adjoint to A. AT is defined by the Lagrange relation
(Aq,q) = (q,A7q), where q and § are arbitrary vectors. This expression for Z*
follows from the application of the conjugation operation to the infinite operator
series given above. Now consider the inner product:

d
(a?il) = (Aq,q) = (a,A"q). (6.100)

On the other hand,
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Combining (6.100) and (6.101) yields the identity:

(mm;(&wn_(%§>:@Awy (6.102)

It is easy to see that if q and % are related as

94 i
5, = AT (6.103)

then q(7) = e‘Ath](O) and the identity (6.102) is fulfilled for an arbitrary q.

Thus, the action of operator Z = eA'l is equivalent to integration of equation
(6.103) backwards in time from the instant ¢ with initial condition q(¢) down to the
instant r = 0. Equation (6.103) is called the adjoint equation .

Additionally, note that although the operator Z can be represented as Z = e*’ and
Z'as ZT = eA't, the composite operator cannot be represented as Z'Z = e(A+At,
In order to see this, it is sufficient to employ the series expansion of those operators.

Thus, the action of the composite operator Z'Z on the initial vector q(0) is equiv-
alent to integration of the original equation (6.98) with the initial condition ¢(0)
forwards in time up to the instant ¢, and to subsequent integration of the adjoint
equation (6.103) with the initial condition in the form of the vector () we have
just obtained by integrating (6.98) — backwards in time down to ¢ = 0.

If the action of the composite operator ZZ on some vector is equivalent to its
multiplication by a constant, this vector is a right singular vector of Z, and the con-
stant is the square of the corresponding singular value: Z'Zv = o2v. However, we
need only the first, i.e. the largest, right singular vector. In order to obtain it, consider
an iteration procedure with one step consisting of action by the composite operator
77 with subsequent normalization of the result to unity. To show convergence of
iterations to the first singular vector, consider the decomposition of an arbitrary state

vector over the singular vectors q(0) = Y, gxv(0) and let it be acted on by the iter-
k=1

ation operator: Z'Zq(0) = ¥ 07qxvi(0).
k=1

Obviously, the iteration operator increases the weight of each singular vector in
proportion to the square of its singular value. Thus, the limit (Z*Z) b q(0), where
p is a natural number, for an arbitrary initial state vector q(0) is equal to the first
right singular vector, since it corresponds to the maximum singular value. The rate
of divergence depends on the difference between the singular vectors.

Note that in order to converge exactly to the first singular vector, the initial ap-
proximation should not be orthogonal to it, so that in the decomposition of the vector
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q(0) the weight of the first singular vector is non-zero, g # 0. Otherwise, the action
of the iteration operator will not increase this weight: 612q1 = 0. In the latter case,
the iteration scheme will converge to the singular vector with the largest singular
value among all vectors that have non-zero weight in the initial decomposition.

After all remarks, we would like to stress once again that in order to find the first
right singular vector it is necessary to apply an iteration procedure, which includes
the integration of the original equation (6.98) forwards in time and of the adjoint
equation (6.103) — backwards in time with the subsequent normalization to unity
in each iteration step.

6.3.3.2 Linear non-autonomous operators

In the case of a time-dependent operator A (so-called non-autonomous opera-
tor, see Farrell and Ioannou (1996b)), the action of operator Z" also corresponds to
integration of equation (6.103) backwards in time, which can be verified as follows.

For the non-autonomous operator A, the action of operator Z can be factorized
as a product of actions of infinitesimal operators:

n
Z(t) = lim [, (6.104)
j=1

where 0t = ©/n; (j—1)6t <tj < jot, see Farrell and Ioannou (1996b).
The conjugation of the product of operators yields

1 .
Z'(t) = lim [T @)%, (6.105)
n—oo -

Jj=n

Clearly, at each time interval &7 the integration is performed backwards in time, and
the intervals themselves are ordered with decreasing j. Therefore the action of ZT is
again equivalent to integration of (6.103) backwards in time.
Thus, like in the case of autonomous operators, the action of VAVAT equivalent to
consecutive integration of (6.98) forwards in time and of (6.103) backwards in time.
Correspondingly, the iteration procedure to search for the first singular vector
presented above is applicable to non-autonomous operators as well.

6.3.3.3 Calculation of consecutive singular vectors

Singular vectors produce an orthogonal set of vectors that can be used as a basis
for decomposition of any linear perturbation. Thus, it could be useful to calculate
not only the first but also the consecutive singular vectors. Therefore, below we will
briefly describe their calculation using the variational method.

In order that the iterations described above converge not to the first singular vec-
tor but to a vector with number N, it is sufficient that the domain of the iteration
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operator completes the subset of linear combinations of previous N — 1 vectors, or,
what is equivalent, the initial approximation is orthogonal to the already obtained
singular vectors, i.e. the condition (q(0),v;(0)) = 0 should be satisfied for j < N.
In this case, the action of the iteration operator will be orthogonal to the obtained
singular vectors:

(2'24q(0),v;(0)) = <ZTZ i quk(O)avj(0)> = <i qukvk(o),vj(0)> =0
k=N

k=N
(6.106)
Thus, if we expand some vector over the singular vectors in the form
q(0) = Y 4"v(0), (6.107)

k=1

N-1
then the change of the initial condition in the iteration procedure by q(0) — ¥, ¢*v,(0)
k=1

provides the convergence of power iterations to the singular vector number N. Thus,
having the previous N — 1 singular vectors it is always possible to calculate the next
one.

6.3.3.4 Generalization to the non-linear case

In the case of non-linear dynamics, the justification for iterative computation of
optimal growth presented in the two previous sections becomes invalid. However,
in a somewhat generalized form it can be obtained directly from the variational
principle, as we will show below.

The problem is formulated as a search for the initial condition demonstrating the
maximum growth of the norm at a given time, i.e. it is required to find a vector such
that q(0), for which the functional

@ (1) = lla@)[* (6.108)

lla(0)[]2

reaches maximum provided that the vector q satisfies the dynamical equations writ-
ten in operator form (6.98). To do this, a technique similar to the well-known La-
grange multipliers method of finding conditional extremum of a function is used.

The Lagrangian necessary to find the conditional extremum in this case in-
cludes two terms: the functional whose maximum is searched for, and the so-called
‘penalty’ term, which is non-zero only if q does not satisfy the dynamical equations
(6.98) (see also Corbett and Bottaro (2001), Guégan et al (2006) and the review
Schmid (2007)):

(4.8 =9 (@)~ [ @d4-A@adr. (6.109)
0
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Apparently, the penalty term in (6.109) is written as the inner product of the La-
grange multipliers (entering ¢) and equation (6.98), and additionally integrated over
time. Unlike the well-known problem of finding conditional extremum of a func-
tion, the Lagrangian in this case is a functional defined for all possible shapes of (,
and the Lagrange multipliers themselves are functions rather than numbers.

The extremum of (6.109) is reached when variations of the Lagrangian with re-
spect to q and { vanish simultaneously. These variations are defined as (see book
Gunzburger (2003))

aq e—0 €
8q e—0 3

where 6q and 6 are arbitrary functions taken at any time.
Variation with respect to indefinite multipliers clearly reads

t t

0.7 . 1 - . - .
8= -lim o [(e83.q-A@a)dr= - [ (64.4-A@adr. (6112
q 5%080 5

Equating (6.112) to zero we obtain, by arbitrariness of 8¢, equation (6.98). To
compute variations with respect to the state vectors we use the Lagrange identity:
(4,Aq) = (A'q,q) (see, for example, Marchuk (1998) for more detail about adjoint
operators in non-linear problems) and take the penalty term by parts, after which the
Lagrangian can be rewritten as

t t
+/ (G+A"(@)d.q)dr. 6.113)
0 0

Taking into account the smallness of &€ and the real-valued inner product °, we
then calculate the variation with respect to the state vectors:

0L ¢ ! [Iq(t)+85q(t)|l2 la(®)IP

= lim — - -
9q *17 % e [[1a(0) +£8q(0)] ~ Tla(0)]]?

(G(r), €8q(z)) +

—~

(6.114)

+(d(0),£8q(0)) + [ (a+A"(@)d,e8q) dt |,

o .

Here the first term can be recast in the form

9 A real-valued inner product is additionally required only in this section to obtain in simple form
the constraints (6.118) and (6.119), see below.
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1 lla() +e3a]P 1 [la()] -+ e(8a(),a0)) + £(a(r),3a()
e-0£|q(0) +£8q(0)[>  e~0€ [lq(0)]|>+€(8q(0),q(0)) +£(q(0), 5qg(6))1)15)
As the inner product is real-valued, we have (q(r),q(¢)) = (q(z),5q(z)), ar.ld SO
the transformation can be continued:

i | la(n) +e8a(0)|> ||q<r>||2} i la(n)? +2e(3a(n),a(0) _ [lat)|?] _
e [[la(0)+esaO)IF Nl ] e e |Tla(0)7+2¢(5a(0),a(0)) ~ [la(0)IP
- i [2000.00) 2e<6q<o>,q<o>>||q<t>||1 _

es0€ | [lq(0)|? [la(0)[*
_ 2(8q(1),q(1)) lla(®)]I*
" e A O g
(6.116)
which ultimately gives the variation:
0L o 2(84q(1),q(1)) la®I> -
re-dq = 2L ) —250(0).q(0) 14~ @0 6a(0) +
) (6.117)
+(@(0).89(0) + [ (+A"(@)d.59) a7
0
Qo(0)

4 on(T) = *Tq,(0)

" 2 MR ¢

an+1(0)
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80 (0) = "7 go(T) | <=——| In(T) =270,

Fig. 6.10 Schematics of the iteration loop to search for the optimal perturbation at time 7" satisfy-
ing the general set (6.98) (see the review Schmid (2007)).

Since the variations of 8q taken at different instants are independent from each
other, equating (6.117) to zero yields the equation for indefinite multipliers (6.103),
which provides the vanishing of the Lagrangian variation in the interval 0 < 7 < ¢,
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as well as the relations between q and q, which are necessary for the Lagrangian
variations to vanish at moments 7 =0 and 7 =¢:

2

a(r) = WQ(Z) (6.118)
4
q(0) = m-ﬂo» (6.119)

The vectors q and q satisfying equations (6.98) and (6.103) and the constraints
(6.118) and (6.119) turn the Lagrangian variations to zero, and hence precisely for
them the functional (6.108) reaches extremum.

As for linear systems, the joint solution of equations can be found using the
power iteration method schematically shown in Fig. 6.10. This issue is further dis-
cussed in papers Cherubini et al (2010), Cherubini et al (2011), Cherubini and De
Palma (2013). Note once again that for linear perturbations the optimization of the
functional (6.108) is reduced to looking for the maximal eigenvalue of the compos-
ite operator Z'Z.

6.3.4 Adjoint equations

6.3.4.1 Derivation of adjoint equations

In order to obtain an explicit form of adjoint equations to the set (6.8)-(6.10), we
will use the norm identical to the total acoustic energy of the perturbations (6.15).
The inner product corresponding to this norm is given by equation (6.95), which we
have already used. We represent ({,Aq) as

Fout

~ (. N . O0Oh* - K2, .  ImOh*
(q,Aq)=m / z [SW (zm.QSv, +2Q6v, — 8r> + 07y (—m5v, +imQ vy, + " ) +
Sh a’ 9 o ima ., .
p) <Er8r (rZévy) + . Ovy +imQ6h ﬂ rdr.

(6.120)

Now, using the Lagrange identity (§,Aq) = (ATq,q) and equation (6.103) in the

left part of this expression, we represent the inner product according to (6.95). The

right-hand side can be rearranged in a way to get the components of §q in the form

of multipliers. Here, the spatial derivatives are rearranged using integration by parts.
We obtain
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0P L 0Py ., Oh
E/Zrdr {_51)’8;_5%’8;_5]1 a:| =
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6.121)

The substitutions on the right-hand side of (6.121) vanish since ¥ — 0 at the bound-
aries.

The components of variation §q are arbitrary and independent, so (6.121) is
transformed into three independent equalities each corresponding to a certain com-
ponent of dq. These equalities result in a set of adjoint equations:

d&v, , k2. d6h
o1 = —imQ 5Vr+ E(qu) - W, (6122)
980 im -
0 2087, —imQ 857y — — 5, (6.123)
ot r
0h _ 4 0 rsy s im ST 6.124
i T T rpaprEO) = =0T, —imQ Sh. (6.124)

Changing to the local space limit in (6.122)-(6.124) (as we did in Section 6.2.2
to obtain the set (6.17)-(6.19) from equations (6.8)-(6.10)) we get an explicit form
of equations adjoint to the set (6.17)-(6.19):

d d\ . )4
<8t ‘Iﬂoxay> iy — (2= )08y = —— -, (6.125)
9 I\ _ oW
(at —qgoxay) My+ZQQMx == _Ty7 (6]26)
9 I\ o (0d, @\
<9t _qgoxay> Wt a ( i +8y> ~o, (6.127)

where tildes above u,, u, and W means that these quantities compose an adjoint
state vector.

Finally, changing to the co-moving reference frame in (6.125)-(6.127) yields ad-
joint equations for a particular SFH:

dii e
d“;‘ = (2— q)ity —ike(1)W, (6.128)
diiy . s
Y 2, — ik W, (6.129)

dt
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‘%V = —i (ky(t)itx + kyliy ). (6.130)
Applying the power iteration method jointly to (6.8)-(6.10) and (6.122)-(6.124)
for global azimuthal Fourier harmonics of two-dimensional perturbations, or to the
sets (6.23)-(6.25) and (6.128)-(6.130) for the local SFH, we automatically arrive at
the optimal initial profiles of the enthalpy and velocity component perturbations that
maximize the total acoustic energy growth at a given time interval. This problem in
application to Keplerian flows was solved by Zhuravlev and Razdoburdin (2014).
To illustrate this iteration algorithm, let us consider convergence of two different
initial conditions to an optimal perturbation in a global approach (i.e. with usage
of the sets (6.8-6.10) and (6.122-6.124)). In Fig 6.11 a change of the perturbation
profile at = 0 during the iteration procedure is shown. It is easy to see that neither
the profile nor the amplification factor of the resulting perturbations depends on the
initial profile. However, the initial profile have influence on the convergence rate.

6.3.4.2 Non-normality condition for Z

Here we show that non-normality of the dynamical operator determined by the
set of equations (6.8)-(6.10) is a direct consequence of the angular velocity gradient
in the flow. We already discussed this in Section 6.3.1, where we introduced the
notion of singular vectors. Now we can prove this rigorously in a rather general
case, since the explicit form of the operator A", defined by the set (6.122)-(6.124),
is known. First, let us calculate the commutator of A and AT:

16024 —k* i 2 2
[ o f 427

1 — 169 492

US < aeH
imay (.2 2\ a5 9 (rE (42 2 Y (2 2\ 9

o (K2 —4Q%) 55 (55 (K° —4Q%)) + 75 (k* —4Q%) & 0

(6.131)

It is not difficult to see that [A,A"] vanishes for k = 28, which corresponds

to solid-body rotation. In this case the commutator [Z, ZT] = [eA’ , eAﬂ

can easily

be found, since for commuting operators the product of their operator exponents
is equal to the exponent of their sum, which can be easily verified by writing the
operator exponents as the corresponding infinite series

{eAz’eA"’t} — AIAT _ AT A _ G(ATAT) _ (ATHA) _ (6.132)

Thus, the operator Z becomes normal for solid-body rotation.

The inverse statement is also valid: if Z is normal at any time #, the rotation
is solid-body. To see this, use the Campbell-Baker-Hausdorff formula (Richtmyer
(1981), Ch. 25) to represent the composite operators ZZ' and Z'Z:
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13h!

18h!

Fig. 6.11 Illustration of iteration convergence for two different initial conditions. In the top left
panel initial radial profiles of |8A| are shown. In the top right, middle left, middle right and bottom
left panels radial profiles of |5h| are shown after 25, 80, 120 and 350 iterations respectively. In the
bottom right panel the amplification factor G, as a function of iteration number p is shown. Solid
lines denote the radial disturbance of |84| for an initial profile in the form of a‘double gaussian
function’ (thesum of two gaussian distributions with different mean). Dotted lines denote the initial
profile in the form of a single gaussian function. For both initial conditions, initial velocities are
equal to zero before iterations start. A Shakura-Sunyaev disc was used as background flow. The
azimuthal number was set to m = 5, the polytropic index n = 3/2, the optimization time 7 = 3 and
6 = 0.05 (see paper Zhuravlev and Razdoburdin (2014) for a detailed description of the background
flow).

. 2 3 3
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(6.133)
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eAit} = 0 is fulfilled for any ¢, therefore the terms with the

The equality [eAt,
same powers of ¢ must be independently equal to zero, which is possible only if the
commutator [A,A"] = 0. The last equality is valid for solid-body rotation only.

This implies that solid-body rotation is necessary and sufficient for the dynamical
operator Z of the set (6.8)-(6.10) to be normal. Thus, any deviation from solid-body
rotation, for example the appearance of an angular velocity gradient in astrophys-
ical discs, makes the dynamical operator non-normal and perturbation modes non-
orthogonal to each other.

6.4 Optimal perturbations in Keplerian discs

In the concluding section of this chapter we would like to briefly discuss the
use of the variational method to search for optimal perturbations in astrophysical
discs. We consider geometrically thin discs with an almost Keplerian azimuthal ve-
locity profile in the background flow. In the numerical calculations we are going
to consider a radially infinite disc with only an inner (free) boundary and a thin
quasi-Keplerian torus with inner and outer radial boundaries. The latter configura-
tion was used in Section 6.3.2 for the analysis of superposition of neutral modes to
illustrate the matrix method of optimization. However, for the sake of methodology,
we start with the simplest analytically tractable problem of transient growth of local
short-wave perturbations with k, > 1 which we discussed in detail in Section 6.2.3

6.4.1 Local approximation

Indeed, let us apply the power iteration method to the sets (6.23-6.25), (6.128-
6.130) in the limit k, > 1 corresponding to an incompressible fluid. In this limit, the
set (6.23)-(6.25) can be reduced to one equation for i,:

dil, ke
—= +2gky——— i1, =0, (6.135)
dt Mk

giving the analytical solution

ks +ky

ﬁx(t) = ﬁx(o) ];2 +k27
X y

(6.136)
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which, of course, repeat (6.37) for k, > 1.
At the same time, the adjoint equatlons (6.128)-(6.130) in the limit of an incom-
pressible fluid suggest that the quantity 7, conjugate to 7, is conserved '°:

diiy

=0. 6.137
7 ( )

Obviously, after p iterations of the arbitrary initial profile 4" (ky,ky,t = 0) we
obtain that it is multiplied by the factor:

2+i2 "

With account for renormalization of the solution at each iteration, while p — oo,
the factor (6.138) suppresses all SFH composing 4™ (ky, ky,t = 0) except the optimal
SFH corresponding to a maximum of (6.138) as a function of k,. For a fixed time
interval ¢ this k, takes the value

ke = 1/2ky (—qt — ((qt)> +4)'/?). (6.139)

Plugging (6.139) into the SFH growth factor (6.44) yields the sought for optimal
growth G, which for the local problem is defined as (6.46):

(q1)* +qt[(gt)* +4]'/> + 4

(qt)2 — qt[(qt)2 +4]1/2 +4° (6.140)

G@) =

Expression (6.140) represents the first singular value which the iteration loop for
short-wave local vortices converges to. Apparently, for large time intervals, gt > 1,
it gives G =~ (gt)?, which reproduces the approximate estimate of G according to
formula (6.48).

Also note that an exact result (6.140) could be obtained in this simple example di-
rectly from the expression for the growth factor (6.44) by calculating the maximum
of g as a function of &, at a fixed .

For arbitrary k, the optimal growth can be obtained by numerical forwards-
backwards integration of the full set of direct and adjoint equations, which are ordi-
nary differential equations for SFH.

6.4.2 Global problem

In the case where the azimuthal scale of perturbations is comparable to the hor-
izontal disc scale it is necessary to numerically solve the set of partial differential

10 Tt can be verified that the value of I, which is conserved in the direct equations (6.23)-(6.25),
becomes time-dependent in the adjoint equations (6.128)-(6.130) (see the Appendix in paper Zhu-
ravlev and Razdoburdin (2014)).
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Fig. 6.12 Comparison of growth rate of individual perturbations, acquired with the help of
equation (6.44) (dotted lines) for ky, = 100, g = 1.5, with optimal growth rate from equation
(6.140) (solid line). Initial &, for individual perturbations are chosen to provide swing at moments
t =3,4,5. It is easy to see that for all moments G(¢) > g(z).

equations (6.8)-(6.10) and (6.122)-(6.124), which was done in paper Zhuravlev and
Razdoburdin (2014), using a second-order explicit difference scheme (leap-frog)
(see, for example, Frank and Robertson (1988)).
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-+ Re@vrlmﬁv?lmﬁ\'/r REG\.Iq,
t=at @® Redh Imﬁl_‘\
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t=0 } 2

r=0 r=ar r=2ar

Fig. 6.13 Illustration to the numerical scheme of integration of equations (6.8)-(6.10) and (6.122)-
(6.124).

In this difference scheme, each equation is separated into real and imaginary parts
and on the plane (r,¢) 4 grids are introduced. Unknown variables are calculated in
the nodes of these grids using the corresponding differences (Fig. 6.13). The nodes
are shifted with respect to each other by half a time step Ar and/or by half a radial
step Ar. This allows the use of a central approximation to the calculated derivatives
with respect to  and ¢, which provides an accuracy of the order of (Ar)? and (At)2.
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The time step is determined using the radial step and the Courant condition that
follows from the local dispersion relation, which can be obtained from the equations
being integrated.

6.4.2.1 Comparison of the transient growth of vortices in global and local
space limits

As a background flow, consider an infinite Keplerian disc that has only an inner
boundary at r = ry. To see how the cylindrical geometry of the disc and, mainly, the
accurate profile of the Keplerian angular velocity, 2 = Q(r;)(r/r1)~>/2, affect the
transient growth, we assume for simplicity that all other values in the equations for
the perturbations are constant:

L =const, ae;=(8/V2n)(Qr)|,. (6.141)

As shown in paper Zhuravlev and Razdoburdin (2014), an account for a more
realistic distribution of X and a,, (for example, as in standard accretion discs) does
not change the qualitative conclusions presented below. The results of local and
global calculations of optimal perturbations using the variational method are shown
in Fig. 6.14.

G100

80

60

40

20

Fig. 6.14 Comparison of the optimal growth for small-scale and large-scale vortices (see Section
6.2.3) in the global and local space limits. The solid and dotted curves are calculated for local SFH
using formula (6.46) using an iteration loop for equations (6.23)-(6.25) and (6.128)-(6.130) for
ky = 12.5 and ky, = 0.125, respectively. Harmonics with m = 5 are taken as global perturbations.
The optimal perturbations are calculated using formula (6.94) using an iteration loop for equations
(6.8)-(6.10) and (6.122)-(6.124) with the polytropic index n = 3/2. Using the relation (m/r)H ~ ky,
for similar large-scale and small-scales vortices, a disc with & = 0.05 (the dashed-dotted line) and
a formally thick disc with 6 = 5 (the dashed line) were considered, respectively. In both cases time
is expressed in units of Q(ry)~'.
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Here we compare the transient growth of vortices with azimuthal scale both
smaller and larger than the disc thickness. The main qualitative conclusion is that
the growth rate of small-scale vortices (A, < H) decreases much faster, as one pro-
ceeds from the shearing sheet approximation to the scales of order of the disc radial
size (i.e. from m = oo to m ~ 1), than that of large-scale vortices (4, > H). It can
be verified that in the limiting case of global perturbations with m = 1, the value
of G for small-scale and large-scale vortices differ to within a factor of 1.5-2 only,
for the given parameters and for time intervals up to r ~ 20. At the same time, for
local vortices, the value of G for l(p < H and l(p > H differs by several orders of
magnitude. This suggests that global large-scale vortices in thin Keplerian discs can
also exhibit a growth of dozens of times on quite short time scales of the order of a
few Keplerian periods at the inner disc boundary. In turn, this may imply importance
of transient growth of perturbations for angular momentum transfer on scales much
larger than the disc thickness.

6.4.2.2 Transient spirals and modes in a quasi-Keplerian torus

Finally, let us return to the disc model considered above for illustration of the ma-
trix method (see Section 6.3.2). As is well known (see, for example, Glatzel (1987),
Glatzel (1987), Glatzel (1988), as well as Zhuravlev and Shakura (2007b)), this
flow demonstrates a weak spectral instability, since there are exponentially grow-
ing inertial-acoustic modes present. As we have already mentioned in Section 6.2.1,
their increments rapidly decrease with decreasing relative geometrical thickness of
the torus, i.e. with 2 approaching a Keplerian profile. Then, perturbations can grow
only due to the transient mechanism of shortening of leading spirals by the shear
flow (see the discussion in Section 6.2.3), which occurs on short time scales of the
order of a few Keplerian periods in the flow. However, in the intermediate case,
where the pressure gradient in the torus is sufficiently high, both non-modal and
modal perturbation growth can occur simultaneously but on different time scales.
The exponential growth of modes will always dominate over the transient growth
starting from some large time intervals. Interestingly, essentially this means that as
calculating the first singular value of the dynamical operator employing the varia-
tional method, starting from some # the curve G(¢) should become exponential cor-
responding to the most unstable mode. At the same time, the iteration loop, which
always converges to the optimal initial perturbation vector (¢ = 0), must then give
not a leading spiral, but a mode. Whereas the spiral starts being shrunk by the shear
flow and enhanced due to the perimeter shortening (see the discussion in Section
6.2.1) at the time ¢ > 0, the mode rotates like a solid body with angular velocity
equal to Q at the corotation radius inside the flow, since its amplitude increases due
to the resonance energy exchange with the flow at this radius. Thus, the method of
optimization of perturbations can be applied both to study the transient growth of
perturbations and to find the profiles and increments of the most unstable modes in
arbitrary complex shear flows, i.e. to solve the spectral problem as well.
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An example of the calculation of a transient spiral and of an unstable mode in
the same toroidal flow by joint solution of the set (6.8)-(6.10) and (6.122)-(6.124),
employing the variational method, was presented in Fig. 6.1 and 6.2 in the Introduc-
tion. As we see, even for § = 0.3 the maximal increment is very low, and it takes
~ 103 Keplerian periods for the most unstable mode to at least double its amplitude.
At the same time, the transient growing spiral increases by a factor of 6 already after
a few rotational periods at the inner disc boundary.

6.5 Conclusions

This chapter is devoted to the transient dynamics of perturbations, which is of
special interest in the theory of astrophysical discs, in particular accretion discs. Ex-
ponentially growing perturbations do not exist in a homogeneous inviscid Keplerian
flow, provided that there are no conditions for the magneto-rotational instability.
Nevertheless, observations suggest that also in this case angular momentum should
be somehow transported outwards. At least, this implies that there should be some
mechanism of energy transfer from the regular rotational motion to hydrodynami-
cal perturbations. In spectrally stable flows the transient growth mechanism is re-
sponsible for this. Here it was introduced by a simple example of two-dimensional
vortices and it was discussed that the reason for their growth is the shortening of
the length of leading spirals by the differential rotation of the flow (see Fig. 6.2 and
6.3). Notwithstanding their seeming simplicity, these (quasi-)columnar structures
exhibit the strongest ability to extract energy from spectrally stable differentially
rotating flows (see Maretzke et al (2014)). Physically, the energy growth of vortices
takes place due to their own angular momentum conservation, which in the local
limit is expressed by the conservation of their potential vorticity and the existence
of the invariant I (see Section 6.2.2). Here we considered both small-scale (k, > 1)
and large-scale (k, < 1) vortices and compared their optimal growth with account
for non-zero effective viscosity in the disc (see Fig. 6.4). Importantly, the transient
growth of large-scale vortices strongly increases for super-Keplerian rotation, which
can be significant in relativistic discs where ¢ > 3/2. In this chapter, special atten-
tion was given to the mathematical aspects of non-modal analysis and to methods
of optimal perturbations computation. We have discussed in detail that the transient
growth is a consequence of non-normality of the governing dynamical operator of
the problem and non-orthogonality of its eigenvectors, i.e. modes of perturbations
(see Fig. 6.5 and 6.6). Therefore, the growth of arbitrary perturbations can be ade-
quately studied by calculating not eigenvectors but singular vectors of this operator.
We have considered two methods: a matrix and variational one and applied them
to the particular problems (see the corresponding results in Fig. 6.8 and 6.14). The
matrix method requires a discrete representation of the dynamical operator, for ex-
ample, in the basis of its eigenvectors. The variational method is reduced to iterative
integration of the set of direct and adjoint equations forwards and backwards in
time, respectively. We have emphasized that the variational method is more uni-
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versal and can be applied to the study of non-modal dynamics of perturbations in
non-stationary flows, as well as to non-linear problems.

As was discussed, the transient growth of perturbations is used in the concept of
bypass transition to turbulence in laminar flows. It can be also important as a mech-
anism of enhanced angular momentum transfer and stimulation of the accretion rate
in weakly turbulized discs. Note that turbulence emerging due to the bypass mech-
anism is fundamentally different from ‘classical’ turbulence, in which the energy
transfer from the background flow is mediated by modes exponentially growing on
large spatial scales, whereas the non-linear interactions nothing but redistribute this
energy between modes with other wave vectors k (the so-called direct or inverse cas-
cade). This means that in phase space an energy flux & (k) arises which brings (in
the case of direct cascade) the kinetic energy of perturbations to small scales where
viscous dissipation occurs. In this picture, the mode distribution over the directions
of k in phase space is of minor importance, and €r can be non-zero only along the
direction of change of the module k. A completely different situation should arise if
the transient growth of perturbations is responsible for the energy transfer from the
background flow. This linear mechanism appears as leading spirals in the disc, i.e.
spatial Fourier harmonics corresponding to only such values k that k,/k, < 0. In a
spectrally stable flow, where there is no energy supply to the leading spirals, initial
perturbations inevitably decay as the leading spirals turn into trailing ones. Thus,
the turbulent state here is possible only due to positive non-linear feedback, which
can exist only in the appearance of non-zero €7 also in the direction of positional
change of the vector k, i.e. in the phase space angles, when the trailing spirals return
a part of their energy to the leading spirals, sufficient to sustain transient growth.
Simultaneously, the rest of the energy stored in the trailing spirals dissipates into
heat due to their ultimate transition to higher k. Here, heat dissipation can be not
due to a direct cascade, but to a purely linear winding up of the trailing spiral by the
flow, i.e. to the increase in time of the ratio k,/ ky > 0 at ky, = const. As we see, the
transverse cascade is an essential part of the alternative picture of turbulence in a
shear flow, which is the angular redistribution of spatial Fourier harmonics of per-
turbations (see, for example, the appendix in Chagelishvili et al (2003)). The main-
tainance of transient growth of small perturbations by the transverse cascade was
studied in detail in Horton et al (2010) for a two-dimensional Couette flow. These
profound changes in the concept of the possible structure of turbulent flows should
affect both analytical estimates of the turbulent viscosity coefficient (see, for exam-
ple, Canuto et al (1984)), and numerical simulations of turbulence in astrophysical
discs (see, for example, Simon et al (2009), Davis et al (2010), where spectral prop-
erties of turbulence averaged over the directions of k were mostly studied). Note
that we deliberately cited here numerical simulations in discs containing magnetic
fields, in which modal growth of perturbations due to the magneto-rotational insta-
bility takes place. The point is that recent studies Squire and Bhattacharjee (2014)
and Squire and Bhattacharjee (2014) show that even in Keplerian flows, where the
magneto-rotational instability operates, the optimal transiently growing perturba-
tions dominate over exponentially growing modes on short time-scales. Like in an
unmagnetized flow, these transient perturbations are locally represented by shear
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harmonics. Thus, non-modal dynamics of perturbations can be an essential tool in
extracting energy from the background flow in MHD-turbulent accretion discs as
well. Another hint of this is the recent paper Mamatsashvili et al (2014), which
studied numerically (similar to Horton et al (2010)) the transverse cascade of shear
harmonics in a spectrally stable plane-parallel magnetized flow and demonstrated
that two-dimensional turbulence arises due to a positive feedback with linear tran-
sient growth of shear harmonics. The plane Poiseuille flow provides another exam-
ple of a shear flow in which the bypass transition to turbulence turns out to be more
preferable than the ‘classical’ mechanism, despite the presence of growing modes.
Here we mention Schmid et al (1996) and Reddy et al (1998), who numerically
studied not the developed turbulence (as is usually done in most of papers on MHD-
turbulence in Keplerian flows), but some scenarios of the transition to turbulence
from regular initial small perturbations of different types (see also Ch. 9 of book
Schmid and Henningson (2001)). It turned out that the previously accepted scenario
of a transition due to secondary instability of saturated modes requires much more
time and/or significantly higher initial perturbation amplitudes than a transition due
to secondary instability of the so-called streaks grown due to the transient mech-
anism. For the sake of clarity, we stress that streaks in the 3D model of a plane
Poiselle flow grow from the so called vortex rolls due to the lift-up mechanism,
which is also a variant of transient growth, but differs from the (swing) amplifica-
tion of 2D vortices considered throughout this work. Anyhow, as follows from Fig. 1
of Schmid et al (1996), the time of turbulence development from regular initial per-
turbations strongly depends on their amplitudes. This is not surprising, since vortex
rolls (just like the 2D spatial Fourier harmonics studied above) of smaller amplitude
require more time to saturate, after which secondary instability comes into play lead-
ing directly to a breakdown to turbulence. Clearly, the time for such a transition can
be as long as hundreds of characteristic shear times, and nevertheless this does not
affect later the properties and power of turbulent motions. Although we at present
have results only from studies of plane-parallel flows, in the future results may be
obtained in a similar way for quasi-Keplerian flows with high Reynolds numbers,
since locally such flows differ from plane-parallel flows only by the presence of
the Coriolis force stabilizing the flow. At last, additional useful evidence presented
here are the simplified finite-dimensional dynamical models of non-normal systems
with positive feedback that recover basic properties of transition to turbulence in
spectrally stable shear flows (see Trefethen et al (1993) and Waleffe (1995)). For
example, in Fig. 10 of Trefethen et al (1993) it can be seen that the time for such
a simplified model to reach one and the same ‘turbulent’ state increases with a de-
crease of the initial perturbation amplitude and ultimately becomes infinite.

To conclude, we stress once again that here we have not discussed the aspects
of three-dimensional perturbation dynamics. Meanwhile, there are indications that
taking into account the natural inhomogeneity of the disc due to vertical density and
pressure gradients gives a qualitatively new picture of both the transient growth of
perturbations and the subsequent transition to turbulence (see Lominadze (2011)).
Here, the perturbation dynamics is essentially three-dimensional, and it can be
shown that for three-dimensional transient vortices there is a time-conserved ana-
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logue of the invariant of motion I (see Tevzadze et al (2003) and Tevzadze et al
(2008)). The new numerical calculations carried out in Marcus et al (2014) also
point out that taking into account the disc vertical inhomogeneity can result in its
destabilization in the subcritical regime at high Reynolds numbers, unlike the case
observed in a homogeneous flow (see Shen et al (2006)).
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Chapter 7

Quasi-spherical Subsonic Accretion onto
Magnetized Neutron Stars

Nikolay Shakura, Konstantin Postnov, Alexandra Kochetkova, and Linnea
Hjalmarsdotter

Abstract A theory of quasi-spherical subsonic accretion onto slowly rotating mag-
netized neutron stars is presented. In this regime, the accreted matter settles with
subsonic velocities onto the rotating magnetosphere forming an extended quasi-
spherical shell. The accretion rate in the shell is determined by the ability of the
plasma to enter the magnetosphere due to the Rayleigh-Taylor instability with ac-
count for cooling. This accretion regime may be established for moderate X-ray
luminosities, corresponding to accretion rates M < MT ~ 4 x 10'% g s~!. For higher
accretion rates a free-fall gap appears, due to strong Compton cooling of the flow
above the magnetosphere, and accretion becomes highly non-stationary. Observa-
tions of spin-up and spin-down in equilibrium wind-fed X-ray pulsars with known
orbital periods (like GX 301-2 and Vela X-1) enable the determination of the basic
dimensionless model parameters and estimation of the neutron star magnetic field.
In equilibrium pulsars with independently measured magnetic fields, the model en-
ables the stellar wind velocity to be independently estimated. For non-equilibrium
pulsars, there exists a maximum spin-down rate of the accreting neutron star. The
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model can also explain bright flares in Supergiant Fast X-ray Transients if stellar
winds of the O-supergiant companions are magnetized.

7.1 Introduction

The X-ray pulsar phenomenon appears during accretion of matter onto rotating
strongly magnetized neutron stars (NSs) in binary systems. If the secondary com-
panion of the binary (the optical star) fills its Roche lobe, an accretion disc is formed
around the NS. If the secondary companion is an early type massive star, the NS may
accrete from its powerful stellar wind. In this case, depending on the stellar wind
parameters, either an accretion disc forms around the NS magnetosphere or accre-
tion proceeds quasi-spherically. The strong magnetic field of the NS (of the order of
10'2 — 10'3 G) alters the accretion flow near the NS magnetosphere that forms at a
certain distance from the NS. The plasma flow gets frozen into the magnetic field
and is canalized towards the polar cap region onto the NS surface, where hot spots
or accretion columns are produced. If the magnetic dipole axis is misaligned with
the NS rotation, pulsating X-ray emission may be observed. Most X-ray pulsars ex-
hibit stochastic variations of the NS spin frequency and X-ray flux. Many sources
also show long-term variability in the NS spin frequency, when the latter increases
(spins-up) or decreases (spins-down) on average, as well as switches between spin-
up and spin-down (so-called spin reversals) (see Bildsten et al (1997) for a detailed
review and references.)

The most studied case is accretion through a geometrically thin disc onto rela-
tivistic compact stars Shakura and Sunyaev (1973). Here, the spin-up torque acting
on the NS can be written as Pringle and Rees (1972) K,, ~ M+/GMR, . The inner
radius of the disc around an X-ray pulsar is determined by the Alfvén surface Ry
located at distance R4 ~ M2/ 7 therefore Ky, ~ M®/ 7 i.e. for disc accretion, the
spin-up torque is almost linearly dependent on the mass accretion rate (X-ray lu-
minosity). The spin-down torque for disc accretion is, in the first approximation,
independent of M: K,q ~ —u?/R>, where R, = (GM /(®*)?)'/3 is the corotation ra-
dius, @* is the NS rotational frequency and u is the NS dipole magnetic moment. In
fact, the torques in disc accretion are determined by complex disc-magnetospheric
interaction (see, for example, Ghosh and Lamb (1979); Lovelace et al (1995) and
the discussion in KluZniak and Rappaport (2007)) and may thus have a more com-
plicated dependence on the mass accretion rate and other parameters.

Measurements of NS spin-up/spin-down in X-ray pulsars can be used to estimate
a very important NS characteristic — its magnetic field. The NS spin period in X-ray
pulsars is usually close to the equilibrium value P, at which the total torque applied
to the NS vanishes, K = K, + Ky = 0. Therefore, by assuming that the observed NS
spin frequency is ®* = 21 /P,,, the equation for the equilibrium period with known
M enables the NS magnetic field to be estimated.

In the case of quasi-spherical accretion, which may take place in binary systems
in which the optical star does not fill its Roche lobe and no disc is formed, the sit-
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uation turns out to be more complicated. Clearly, to spin-up or spin down a NS in
this regime, the amount and sign of the angular momentum of matter gravitationally
captured from the stellar wind are important.To within a factor of the order of one
(which can be positive or negative, see, for example, numerical simulations Fryx-
ell and Taam (1988); Ruffert (1997, 1999)), the torque applied to the NS in this
case is proportional to M a)BR,zg, where @p = 27/ Py is the orbital angular frequency,
Rg =2GM/(V2 +v2,,) is the Bondi gravitational capture radius, V,, is the stellar
wind velocity near the NS, and v,,;, is its orbital velocity. In reality, the orbital ec-
centricity in high-mass X-ray binaries (HMXBs) is usually non-zero, and the stellar
wind can be variable and inhomogeneous. Therefore, the spin-up torque K, can be a
complicated function of time. The spin-down torque in this case is even more uncer-
tain since it is no longer possible to write down a simple relation like —u?/R> (the
corotation radius R, does not have a physical meaning in quasi-spherical accretion;
in slowly rotating X-ray pulsars it is much larger than the Alfvén radius at which
in fact the angular momentum transfer from the accreting matter to the NS magne-
tosphere occurs). For example, the use of the braking torque in the form —u?/R>
formally leads to very high magnetic fields for long-period X-ray pulsars (of the
order of 10'* G and even higher). This is apparently a result of an underestimation
of the spin-down torque applied to the NS magnetosphere in the quasi-spherical
accretion regime.

The matter captured from the stellar wind may accrete onto the NS in different
ways. Indeed, if the X-ray flux from the accreting NS is high enough, the stellar wind
matter, heated downstream the bow shock, rapidly cools down by the radiation via
Compton cooling and falls freely onto the magnetosphere. The velocity of the freely
falling matter rapidly exceeds the sound speed, and a shock appears above the mag-
netosphere. This regime of accretion was studied in Burnard et al (1983). Depending
on the specific angular momentum vector direction (along or opposite to the orbital
angular momentum), the NS can spin-up or spin-down. However, if the X-ray flux
(more precisely, the energy density of photons) is below a certain value, the plasma
heated behind the Bondi radius has no time to cool down, and the fall of matter to-
wards the magnetosphere may proceed subsonically (the settling accretion regime).
In the last case, a hot quasi-spherical shell arises around the magnetosphere (Davies
and Pringle 1981) (see Fig. 7.1). Due to additional energy release (especially close
to the base of the shell), the temperature gradient across the shell becomes supera-
diabatic, giving rise to large-scale convective motions in the shell. The convection
generates turbulence, and thus the motion of a fluid parcel in such a shell is very
intricate. If the plasma is able to enter the magnetosphere and then fall onto the
NS, the accretion rate in the entire shell will be determined by the magnetosphere.
For example, under certain conditions, a shell may be present, but the accretion rate
through it may be very small. Thus, in the shell, there may be slow subsonic settling
of matter on top of large-scale convective motions. This accretion regime is possi-
ble at relatively low X-ray luminosities, L, < 4 x 103 erg s~! (see below), and is
radically different from the numerical calculations of quasi-spherical accretion onto
NSs mentioned above. When a quasi-spherical shell is present, its interaction with
the rotating NS magnetosphere will spin-up or spin-down the NS depending on the
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sign of the difference between the angular velocity of the accreting matter and the
magnetospheric boundary. Therefore, in the settling accretion regime, both spin-up
and spin-down of the NS is possible, even if the the specific angular momentum
of the captured stellar wind matter is aligned with the orbital angular momentum.
Here the angular momentum may flow towards the rotating neutron star or outwards
through the shell.

Fig. 7.1 Schematics of quasi-spherical accretion from the stellar wind of the optical component of
a binary system (to the left) onto a magnetized NS (to the right). In the subsonic settling regime,
a quasi-spherical shell (dark region) is formed between the bow-shock (the parabolic curve) and
the NS magnetosphere with radius R4, in which large-scale convective motions appear that may
remove angular momentum from the magnetosphere. The outer radius of the shell is determined
by the gravitational capture Bondi radius Rp.

In the literature, there are several models (see especially Illarionov and Kom-
paneets (1990) and Bisnovatyi-Kogan (1991)), in which the spin-down torque ap-
plied to the NS magnetosphere in the case of quasi-spherical accretion is written
as Kyg ~ fMRf‘ o*. With account for the standard definition of the Alfvén radius,
Ra ~ M~2/7Tu*/7  this torque is proportional to K,q ~ —u® 7037, In our model,
the matter of the shell settles down with a subsonic velocity as it cools down
near the magnetospheric boundary, and the Alfvén radius is determined differently:
Ra ~ M~2/110/11 (see below).

There can be two different mechanisms of angular momentum removal from
the rotating magnetosphere outwards the shell. In the first case (we call it moder-
ate coupling), the angular momentum transfer is mediated by convective motions
in the shell, and the spin-down torque in the settling accretion regime depends
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on the accretion rate as K ~ —M>3/"! In this case the characteristic velocity of
convective motions is subsonic. In addition, a settling regime is possible in which
the angular momentum transfer is due to the shear turbulence near the magneto-
sphere (the case of weak coupling). In this case, the characteristic velocity of the
shear flow near the magnetosphere is of the order of its linear rotational velocity.
Then Kyg ~ u? /R ~ u?>®*?/(GM), i.e. in the weak coupling regime the spin-down
torque does not depend on the accretion rate at all.

To stress the difference between the two possible subsonic accretion regimes (the
moderate and weak coupling), we may rewrite the spin-down torque due to convec-
tion (the moderate coupling) using the corotation radius and the Alfvén radius in

the form Kyg ~ —p?/1/R3R3 ~ —(u?/R3)(R./Ra)*/? (see below in Section 7.11).

As the factor (R./R4)/? ~ (wg(R4)/®") in reality may be of the order of a factor
10 or larger, the use of the spin-down torque in the ‘traditional’ form u?/R> may
strongly overestimate the NS magnetic field.

The dependence of the spin-down torque on the accretion rate in the quasi-
spherical accretion regime suggests that variations in the mass accretion rate (and
hence in the X-ray luminosity) should result in a change from spin-up (at high lumi-
nosities) to spin-down (at low luminosities) at some critical value of the mass accre-
tion rate M (or R4), which will be different for different sources. This phenomenon
(also known as ‘torque reversal’) is indeed observed in some X-ray pulsars with
quasi-spherical accretion, for example, in Vela X-1, GX 301-2 and GX 1+4, and
below we consider these objects in more detail.

7.2 Two Regimes of Quasi-spherical Wind Accretion

We start with the basic physical picture of quasi-spherical wind accretion onto
NSs in binary systems. Quasi-spherical accretion is most likely to occur in wind-fed
high-mass X-ray binaries when the optical star of early spectral class (OB) does not
fill its Roche lobe, but experiences significant mass loss via stellar wind. We shall
discuss the wind accretion regime, in which a bow shock forms in the stellar wind
around the compact star. The characteristic distance at which the bow shock forms
is approximately equal to the gravitational capture (Bondi) radius

R =2GM /(v 4+V2,), (7.1)

where v,, is the wind velocity (typically 100-1000 km/s), v, is the orbital velocity
of the NS, which is usually much smaller than v,,, so below we will neglect it. The
rate of gravitational capture of mass from a wind with density p,, near the orbital
position of the NS is the Bondi-Hoyle-Littleton mass accretion rate:

MB = prIZBVW o< PwV;3 . (7.2)
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7.2.1 Supersonic (Bondi-Hoyle-Littleton) Accretion

As noted in the Introduction, there can be two different cases of quasi-spherical
accretion. The classical Bondi-Hoyle-Littleton accretion takes place when the shocked
matter cools down rapidly, and falls freely towards the NS magnetosphere (see
Fig. 7.2) by forming a shock at some distance above the magnetosphere. Here the
shocked matter cools down (mainly by Compton processes) and enters the magne-
tosphere via the Rayleigh-Taylor instability (Arons and Lea 1976). The magneto-
spheric boundary is characterized by the Alfvén radius R4, which may be calculated
from the balance of the ram pressure of the infalling matter and the magnetic field
pressure at the magnetospheric boundary: pv%f(RA) = B?/8m. Making use of the
mass continuity equation in the shell, M = 47R?p (R)v¢(R), and assuming a dipole
NS magnetic field, the standard result (Davidson and Ostriker 1973) is obtained:

12 2/7
Ry = (m) . (7.3)

The captured matter from the wind carries a specific angular momentum j,, ~ (x);_z;Rlz9
(Illarionov and Sunyaev 1975). Depending on the sign of j,, (prograde or retor-
grade), the NS can spin-up or spin-down. This regime of quasi-spherical accretion
occurs in bright X-ray pulsars with L, > 4 x 103 erg s~! (Burnard et al 1983;
Shakura et al 2012).

7.2.2 Subsonic (Settling) Accretion

If the captured wind matter behind the bow shock at Rp remains hot (when the
plasma cooling time is much longer than the free-fall time, #.,,; > /), a hot quasi-
static shell forms around the magnetosphere, and subsonic (settling) accretion sets
in (see Fig. 7.3). In this case, both spin-up and spin-down of the NS is possible, even
if the sign of j, is positive (prograde). The shell mediates the angular momentum
transfer from the NS magnetosphere via viscous stresses due to convection and tur-
bulence. In this regime, the mean radial velocity of matter in the shell u, is smaller
than the free-fall velocity uyss: u, = f(u)uss, f(u) < 1, and is determined by the
plasma cooling rate near the magnetosphere (due to Compton or radiative cooling):

Fu) ~ [trr(Ra) /100t (R1)]'/>. (7.4)

In the settling accretion regime, the actual mass accretion rate onto the NS may be
significantly lower than the Bondi mass accretion rate,

M = f(u)Ms. (7.5)

Settling accretion occurs for L, < 4 x 10%6 erg s~! (Shakura et al 2012).
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Accretion Bondi-Hoyle-Littleton
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Fig. 7.2 Supersonic (Bondi-Hoyle-Littleton) accretion onto a magnetized NS
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Fig. 7.3 Subsonic settling accretion onto a magnetized NS

7.2.3 The Structure of a Subsonic Shell Around a Neutron Star
Magnetosphere

Let us consider the torques acting on a magnetized NS quasi-spherically accret-
ing from the stellar wind of an optical star. The wind matter is gravitationally cap-
tured by the moving NS, and a bow-shock is formed near the Bondi radius R ~ Rp.
Suppose a quasi-spherical shell is formed around the NS magnetosphere as de-
scribed above. In such a shell, the temperature remains high (of the order of the
virial temperature, see Davies and Pringle (1981)), and the key question arises as to
whether the hot plasma may enter the magnetosphere. Two-dimensional calculations
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(Elsner and Lamb 1977) showed that hot monoatomic ideal gas is stable against the
Rayleigh-Taylor instability at the magnetospheric boundary, suggesting that plasma
cooling is needed for the plasma to enter the magnetosphere. However, a careful
consideration of 3D-calculations (Arons and Lea 1976) shows that the hot plasma is
marginally stable at the magnetospheric boundary (to within a 5% accuracy of these
calculations). Compton cooling and possible dissipative processes (magnetic recon-
nection, etc.) facilitate the plasma entering the magnetosphere. Below we show that
subsonic settling accretion from a hot shell enables NS spin-down.

In the zero approximation, we may neglect both rotation and radial motion of
matter in the shell and consider its structure in hydrostatic equilibrium. The velocity
of radial motion of matter in the shell u, is below the sound speed c;. Under these
assumptions, the characteristic heating/cooling time of the plasma should be shorter
than the characteristic free-fall time.

In the general case, there is gas pressure and anisotropic turbulent motion in the
shell, so Pascal’s law is violated. Then the hydrostatic equilibrium equation may
be derived from the equations of motion (7.54) with the stress tensor components
(7.57) - (7.59) and zero viscosity (see Section 7.3 for more detail):

Ldh d(P‘t‘RZ)Jrﬂ—G—Mw (7.6)
p dR pR* dR pR R '

Here P, = pc?/yis the gas pressure and P' stands for the contribution due to turbu-
lent motions:

Pl = p <uj >= pmic; = yPmi (1.7)
Pl =p < >=pmicl= )/Pgmi (7.8)

(<u? >=< uﬁ >4+2 < ui > is the turbulent velocity dispersion while mﬁ and mi
are the radial and tangential turbulent Mach numbers squared. For example, for
isotropic turbulence we have mﬁ =m? = (1/3)m?, where m, is the turbulent Mach
number). The total pressure is given by the sum of the gas and turbulent terms:
P, + P, = Py(1+ ym?). Generally, the turbulent Mach numbers in the shell may
depend on radius, however in our model we will treat them as constants. Moreover,
the turbulent heating (important from the dynamical point of view, see Section 7.7)
changes the physical parameters in real X-ray pulsars by less than a factor two.

In the first approximation, we assume that the entropy S in the shell constant. For
an ideal gas with the adiabatic exponent 7y and the equation of state P = KéS/ev pY,
the density may be expressed as a function of temperature p ~ TV (=1, Integrating
these hydrostatic equilibrium equations (7.6) yields:

AT Yy—1\ GM 1 Yy—1GM ( )
(L) == = —_— my).
Mo vy ) R\ 1+ymj—2(y—1)(mj—mi) y R

(7.9)
(In this solution we have neglected the integration constant which is not important
deep inside the shell. It could be important in the outer parts of the shell, but as these
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parts are located close to the shock and near ~ Rp and are not spherically symmetric,
their structure should be calculated numerically).

Note that including turbulence somewhat decreases the temperature in the shell.
However, the most essential here is that the turbulent anisotropy, due to convection
in the stationary case changes the radial distribution of the angular velocity. Below
we will show that in the case of isotropic turbulence, the rotation of the shell can
be close to quasi-Keplerian, 0(R) ~ R~3/2. In the case of strongly anisotropic tur-
bulence with mﬁ > m2l a distribution of the angular velocity with constant specific

angular momentum (isomomentum law), ®(R) ~ R72, may be established. Below
we will see that shells around real X-ray pulsars most likely have an isomomentum
angular velocity distribution.

Let us now determine how the density changes in a quasi-static shell in the in-
ner layers with R < Rp. For a fully ionized gas with y = 5/3, we find the density
changes as:

R\ 32
P(R) = p(Ra) (RA> (7.10)
and the gas pressure changes as:
5/2
P(R) = P(R4) (i?) . (7.11)

These equations describe the structure of an ideal static adiabatic shell above the
magnetosphere. Of course, for R ~ Rp the problem becomes significantly non-
spherically symmetric, and to calculate the structure of the outer parts of the shell
numerical methods are required.

Corrections to the adiabatic temperature gradient due to convective transport of
energy in the shell are calculated in Section 7.6.

7.2.4 The Alfvén Surface

By definition, at the magnetospheric boundary (the Alfvén surface), the total
pressure (including isotropic gas pressure and the possibly anisotropic turbulent
pressure) is balanced by the magnetic field pressure B2/ (87):

B* (R
Pg+B=Pg(RA)(1+7m?)=7éﬂA)- (7.12)
The magnetic field at the Alfvén radius is determined by the dipole magnetic
field of the neutron star and the field produced by currents flowing over the magne-
tosphere (in the magnetopause):

Ky B} (Ry\° pZT
B R = () (RA) i 719
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where the dimensionless coefficient K, takes into account the contribution from
the magnetospheric currents, and the factor 1/(1 + }/m,z) appears due to turbulent
pressure. For example, in the model by Arons and Lea (1976) (see Eq.(31) in that
paper), K, = (2.75)? ~ 7.56. Near the magnetospheric cusp (where the curvature
of the magnetic field lines is maximal), the size of the Alfvén surface is about 0.51
times the equatorial size (Arons and Lea 1976). Everywhere below we will assume
that R, is the equatorial Alfvén surface unless stated otherwise.

The plasma enters the magnetosphere mainly via the Rayleigh-Taylor instability.
In the stationary case, we may introduce a constant accretion rate M onto the neutron
star. From the continuity equation in the shell we find

M

= 7.14
47u,(Ra)RS 719

p(Ra)

Clearly, the radial velocity of the matter entering the magnetosphere is below
the free-fall velocity, therefore we introduce the dimensionless coefficient f(u) =
uy/+/2GM /R < 1. Then the density at the magnetospheric boundary reads

"
PR = ) V2RI, (713

For example, in the model Arons and Lea (1976) f(u) = 0.1. In our case, at high
X-ray luminosities the dimensionless factor f(u) may be as high as ~ 0.5 (however,
still at luminosities below the critical value ~ 4 x 10%¢ erg s~!, for which settling
accretion may occur).

If we imagine that the magnetosphere is fully impenetrable and the accretion
rate in the shell M — 0, then u, — 0 and f(u) — 0. However, the density near the
magnetospheric boundary remains finite. In some sense, the matter leaks through
the magnetosphere onto the neutron star, and the leakage rate can be either very low
(M — 0) or have a finite non-zero value (M # 0).

Eliminating density from equation (7.13) with the help of the continuity equation
and making use of (7.9) together with the definition of the dipole magnetic moment,

n= 3 (A%

(where Ry is the neutron star radius and By is the magnetic field at the NS pole,
which in the 3D-case is two times as high as the equatorial field), we find the ex-
pression for the Alfvén radius at the quasi-spherical accretion stage:

2/7
4y Sk w7
(r—1) w(y,m)(1+ ym?) Mv/2GM
It should be emphasized that when a hot shell is present, the Alfvén radius is

determined by the static gas pressure (and a possible contribution from turbulent
motions) at the magnetospheric boundary and has a certain value even for a zero

(7.16)

Ry =
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mass accretion rate through the shell. The dependence of the factor f(u) on M in
the settling accretion regime with account for cooling will be obtained below (see
equation (7.29)). In the supersonic accretion (Bondi) regime, evidently, f(u) = 1.
Note that in the Bondi regime (Bondi 1952) a subsonic flow can be formed, but
with a smaller (compared to the maximum possible) accretion rate M. In the Bondi
regime (i.e. in the adiabatic regime without heating/cooling of the gas), the choice
of solution is determined by the boundary conditions.

7.2.5 The Mean Rate of the Flow of Matter Through the
Magnetosphere

In this Section, we will consider the case of isotropic turbulence, i.e., we will set
the factor K; = y(y,m;)(1+ ym?)w(y,m;)(1 +ym?) that enters the Alfvén radius
definition (7.16) equal to one.

As noted above, the plasma enters the magnetosphere of the slowly rotating neu-
tron star due to the Rayleigh-Taylor instability. The boundary between the plasma
and the magnetosphere is stable at high temperatures 7' > T, but becomes unstable
at T < T¢,, and remains in a neutral equilibrium at 7 = 7, (Elsner and Lamb 1977).
The critical temperature is:

_ lcosy unGM

RT,., =
<« 2 KR4 R

(7.17)

Here k is the local curvature of the magnetosphere, y is the angle that the outer
normal to the magnetospheric surface makes with the radius-vector at a given point.
The effective gravity acceleration can be written as

GM T
= — 1—— . 7.18
8eff R COSX( TC,> (7.18)

The temperature in the quasi-static shell is given by (7.9), and the condition for
magnetospheric instability can thus be rewritten as:
T 2(’)/— 1) KR4

T;_r = TCOS% < 1 (719)

Consider, for example, the development of the interchange instability when cool-

ing (predominantly Compton cooling) is present. The temperature changes as (Kom-
paneets 1957; Weymann 1965):

T T-T,

E_ fc ’

(7.20)

where the Compton cooling time is
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3 nRi mec?
2.u-m GTLx

fc ~ 10.6[s|R5M ' . (7.21)

Here m, is the electron mass, o7 is the Thomson cross section, L, = 0.1Mc? is the X-
ray luminosity, 7T is the electron temperature (which is equal to the ion temperature
since the timescale of electron-ion energy exchange here is the shortest possible), T
is the X-ray temperature and L, = 0.6 is the molecular weight. The photon temper-
ature is T, = (1/4)T,,, for a bremsstrahlung spectrum with an exponential cut-off at
T.., typically T, = 3 — 5 keV. The solution to equation (7.20) reads:

T =T+ (T, —T)e /. (7.22)

We note that 7., ~ 30keV > T, ~ 3 keV, and see that for ¢ ~ 2¢¢ the temperature
decreases down to 7. In the linear approximation the temperature changes as:

T~ T, (1—t/tc). (7.23)

Plugging this expression into (7.18), we find that the effective gravity acceleration
increases linearly with time as:

GM t
8eff &= — —COSX. (7.24)
efs Ri fc

Correspondingly, the velocity of matter due to the instability growth increases with

time as:
2

t
GM t
u; = /geffdt = RTECOSX. (725)
A
0

Let us introduce the mean rate of the instability growth

<ui >=

1GM2 1 GM Ry \2
Judt _1GM: 16 <CA>cos)(. (7.26)

t 6R:ic 6Ric \<u>

Here { <1 and Ry is the characteristic scale of the instability that grows at the rate
< u; >. Therefore, for the mean instability growth rate at the linear stage, we find

1/3 2/3 1/3
CZGM ¢ 2GM [ty
<up>= = = . 7.27
“ < 61c 1273V Ry \ic ) 4 (7.:27)
As the factor cos ¥ ~ 1, we will omit it below. Here we have introduced the charac-
teristic time as

3/2
Ry
tr = T (7.28)
which is close to the free-fall time at a given radius. Therefore, the factor f(u)
becomes:
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<u; >
u) = . (7.29)
urf(Ra)
Substituting (7.27) and (7.29) into (7.16), we find for the Alfvén radius in this
regime:

5 2/
R ~1.37 % 10°[cm] (g‘.‘”) . (7.30)
M

Plugging (7.30) into (7.29), we obtain the explicit expression for f(u) in the Comp-
ton coolingregime:

Fu)e ~0.2287 M pt M s M (7.31)
In the radiation cooling regime, the cooling time is

(rad) 3kT

= ——— =VT /Ky, 7.32
cool 2 UnTle A (T) f/ ad ( )
where A(T) ~ 2.5 x 10727y/T (in CGS units) is the radiation cooling factor (here
we take into account the Gaunt-factor and that the real cooling function at high tem-
peratures goes slightly higher than for a pure free-free emission). With this cooling
time, the temperature decreases as

ar

o= —KaV'T | (7.33)

yielding a non-exponential temperature decay with time

T 1 Kraat \
A (7.34)
Ty 2 VT
In the linear approximation, when r < tﬁgicli), we get for the radiation cooling law
T t
= 1-— de) , (7.35)

cool
similarly to (7.23) for Compton cooling, and find that

RV % 1,05 x 10°[cm] ¢¥/31 28/ b, 177 (7.36)

F(W)raq = 0.1/ 1202 3027 (1.37)

A necessary condition for angular momentum removal from the magnetosphere
by convection in the shell is the subsonic settling of matter (the Mach number for
the settling velocity .# = u,/u; < 1), a condition which for ¥ = 5/3 reduces to the
inequality f(u) < 1/+/3. Clearly, for accretion rates about 10'® g s~! and below this
condition is satisfied. It is also important to note that convection and removal of an-
gular momentum in the shell almost cease when the mean radial settling velocity of
matter u, becomes higher than the convective velocity u,, i.e., when the convective
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Mach number m. = u,/cg ~ m; is smaller than the usual Mach number .# = u, /c;.
Oppositely, when the Mach number of the radial flow is smaller than the turbulent
Mach number .# < m; ~ m,, angular momentum can be removed from the rotating
magnetosphere through the settling shell.

When the accretion rate in the shell exceeds some critical value, M > M, the
velocity of the accreting matter near the Alfvén surface may exceed the speed of
sound, and a supersonic flow with free-fall velocity of the matter appears in some
layer above the magnetosphere. This prevents the angular momentum transfer out-
wards from the rotating magnetosphere. In this case, the settling accretion regime
cannot be realized: a shock emerges above the magnetosphere, and interaction of the
plasma with the magnetosphere must be treated following the scheme considered,
for example, in Burnard et al (1983). Depending on the character of the inhomo-
geneities in the captured stellar wind, the specific angular momentum of the matter
may be both positive and negative. Therefore, in the supersonic regime, intermittent
episodes of both NS spin-up and spin-down are possible.

By assuming a limiting value of the dimensionless settling velocity f(u)=0.5
(below which it is still possible to remove angular momentum from the rotating NS
magnetosphere, see Section 7.7 for more detail), from equation (7.29) we obtain a
maximum possible mass accretion rate in the settling regime with angular momen-

tum removal: —
M~ 3.7 7K Bt (7.38)

Note that a similar value for the critical accretion rate in the settling regime will
be obtained from a comparison of the characteristic Compton cooling time with the
time of convective motions near the Alfvén radius.

To conclude this Section, we note that low-luminosity X-ray pulsars may enter
the regime of plasma entry into the magnetosphere, due to radiative cooling, via a
change in the X-ray radiation beam structure when most of the X-ray photons form
a pencil-beam emission diagram illuminating the magnetospheric cusp. This makes
it possible to explain the temporal appearance of ‘switched-off” states (with low X-
ray luminosity) in Vela X-1 and other X-ray pulsars, which display a phase jump in
their X-ray pulse profiles (Doroshenko et al 2011).

7.3 The Structure of a Quasi-spherical Rotating Shell with
Subsonic Accretion

In this Section, we will give a detailed derivation of the equations describing
the structure of a quasi-spherical shell in the settling accretion regime. We will use
the tensor components as measured by a physical observer (the velocity u, and the
viscous stress tensor components Wap)!

! Not to be confused with the covariant components in curvilinear coordinates.
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7.3.1 Basic Equations

We start with writing down the Navier-Stokes equation in spherical coordinates
R, 0,9.

Due to the huge values of the Reynolds number in the shell (~ 10'> —10'° for
typical accretion rates 10'7 g s~ and magnetospheric radii ~ 10% cm), strong tur-
bulence develops in the shell. In this case, the Navier-Stokes equations are referred
to as Reynolds equations. In the general case, the turbulent viscosity depends on the
coordinates. Therefore the hydrodynamical equations take the form:

1. The continuity equation:

dp 1 9 , , d 1 dpuy
—+ === (R°pu, 0 - =0. 7.39
o T REar BPw)t pang ag SNOPUe) T e e 05 (7.39)
2. The R-component of the equation of motion:
du, Jdu, ug du, uy Jdu, Mgzp + M% GM
—— -+ — - =——+N 7.40
ot TR TR 90 T Rein6 99 R R R (7.40)
3. The 6-component of the equation of motion:
dug dug ug dug Up dug  Urltg — ué cotd
oy =24 20 £ = =N 7.41
ot TR TR 90 T Rsin 90 R 6 (7.41)
4. The ¢-component of the equation of motion:
dugy 8u¢ up 8u¢ up Jug Uy +ugigcotd
ougy hiad’) PP T =N 7.42
ot TR TR 90 T Rsin6 90 R o (742

Here, the physically measurable components of forces (including the viscous
force and pressure gradient) are written in the form:

19, P 1 J Woo — Woo
PNe = gz g (R W) + g 5g (Wrosin®) + g ggWhe = 5~ ¢
(7.43)
B o , 5 1 d 1 4 ¢¢
pNe_ﬁﬁ(R WQR)+ 9R89 (Wegs 9) 9R8¢W9¢ COt97+COt9
(7.44)
19, N L9
PNy = R OR (R W¢R) —|— R0 (W¢gs 9) + m%WM) (7.45)

The physically measurable components of the stress tensors include both the gas
pressure P, (we assume it to be isotropic) and the pressure due to turbulent degrees
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of freedom P’ (generally, anisotropic). These components are determined following
the classical Landau and Lifshitz (1987) treatment, however, with account for the
anisotropic turbulent pressure:

d 2
Wrr = —Py — Prp +2PVtTIZ - gPVrdiV“ (7.46)
10 r 2 .
Wog = —P, — Phg +2pV, (Rauee + ';) — zPVidivu (7.47)

1 Jdu u, ugcotO
W¢¢PgP¢§¢+2th< R L

2 .
mﬁ R R > - ngtleu (7.48)

1du, o
Wro = pVi (R£+£;’—L;§) (7.49)
. 1 aug 1 8u¢ Uy cot@
Woo = pvi (Rsin@ 90 "Ro6 R (7:50)

1 (9I/lr 8M¢ M¢
Wro =pV; | ——— —_— - — . 7.51

Ry p‘<Rsinea¢+aR R) (7.51)
In the problem considered here, the turbulence is such that Py, = Pl’| Py = Pé) 0=

P . The turbulent pressure components can be expressed via turbulent Mach num-
bers and will be presented in Section 7.6.
In spherical coordinates, the velocity divergence divu reads:

1 (9 . 1 8u¢,
(sinBug) + Rsin® 90

1
divu = — (7.52)

9 2y, L 9
7ok )+ rine 96

7.3.2 Symmetries of the Problem

d d
Let us consider a spherically symmetric (% =0), stationary(a =0) and purely

radial gas accretion (#g = 0). For such a problem setup, the continuity equation
(7.39) is:
M = 4nR*pu, = const . (7.53)

The constant in this expression is determined by the conditions of plasma entering
the magnetosphere.

The Reynolds equations under these assumptions read as follows. The R-component
of the equation of motion (7.40) is:
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Bu, u%} GM 1 0 b} Weg W¢¢
— —— | =—pPp—F+ 5= (R'W, —_— = —_—
P (Mr 3R R p + (R*Wrr) + ) R
(7.54)
The 6-component of the equation of motion (7.40) is:

ué cot6 1 9

d
= 3R (Wpgsin0) —cot@E. (7.55)

1
sinOR 00 R

—p (RZW(-)R) +

The ¢-component of the equation of motion (7.40) is:

dup uug\ 1 9 , 5 1 9 ,

The components of the viscous stress tensor take the form:

4 . ou
Wir = —P, — P = 2p¥; <'; a’;) (1.57)
2 u  Juy
Woo = —Pg—Pi—F gPVl <R - 8R> (7.58)
2 u, Juy,
Woo = —Pe— P\ +3pV; <R aR> (7.59)
1 du,
Wreo —PVzE% (7.60)
1 du ugy coto
Woo = pVi <Rag’— e ) (7.61)
Weo = pv, 2o _ 1o 7.62

Equations (7.57)-(7.62) relate the components of the stress tensor Wy to the strain
tensor (the rate of the shear tensor) Sy = (1/2)(du;/dx; + dug/9x;):

Wik = —=2pV;Six (7.63)
Here 1
Vv, ~ gu,lt (7.64)

is the turbulent viscosity coefficient, /, is the size of the largest eddies, and u; is
the magnitude of velocity pulsations on the scale of these eddies (see, for example,
Thorne and Blandford (2017), chapter 15). The coefficient v; is determined by the
properties of the turbulent flow itself, which is different from the kinematic viscosity
coefficient, which is determined by the intrinsic property of the fluid. To describe the
Reynold stresses for an anisotropic eddy viscosity, instead of one turbulent viscosity
coefficient, 81 independent parameters (components of a 4th-rank tensor) appear
(see, for example, Monin and I’Aglom (1971) ). Unfortunately, there is no theory
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of turbulence. To describe turbulent stresses, empirical formulas that can be tested
experimentally are employed.

L. Prandtl in his studies of plane-parallel flows (along the x-axis, for example)
introduced relations between the turbulent mixing length /;, the velocity of turbulent
pulsations u, and the characteristic velocity shear in the direction perpendicular to
the mean flow (z):

du
=l |— 7.65
Uz t dz ( )
Then the turbulent viscosity coefficient reads:
du
Vi =Colf | — 7.66
t 0l dz ( )

where Cy ~ 1 is a universal dimensionless constant, the precise value of which
should be determined from the presently non-existent theory of turbulence. Thus,
the turbulent stresses depend quadratically on the shear amplitude,

du\?
W, = pCol? () , (7.67)

dz
and a non-linearity appears that in the general case strongly complicates the prob-
lem. Here we should stress that in fact expression (7.67) for W, is not a component
of some tensor any more, and can be applicable only in a particular coordinate sys-
tem.

Consider a possible generalization of Prandtl’s law for turbulent viscosity in the
case of an axially symmetric flow. If turbulence is strongly anisotropic, there ex-
ists one more empirical law for turbulent viscosity, Wasiutynski’s law (see below),
which does not reduce to Prandtl’s law for isotropic turbulence. This more general
case for anisotropic turbulence will be discussed separately in Section 7.5.

7.4 Structure of the Shell for Prandtl’s Turbulent Viscosity

7.4.1 The Empirical Prandtl Law for Turbulent Viscosity in Axially
Symmetric Flows

Consider an axially symmetric flow with a very high Reynolds number. By gen-
eralizing Prandtl’s law for turbulent velocity derived for plane-parallel flows, we
can write the turbulent velocity scaling in the form: u; ~ [;R(d®/JdR). Using gas-
dynamical similarity laws, we assume /; ~ R, so that

90 (7.68)

Uur = Cl R2 aR .
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Note that in our case the turbulent velocity is determined by convection, and u; <
0.5uys (see Section 7.7). This means that the constant C;

C1 ~ ut/<u¢>, (7.69)

can be very large since (uy) < u;. Therefore, the turbulent viscosity coefficient is
equal to

oW

Vi = <utlt> = C2C]R3 8R

(7.70)

Here C, =~ 1/3 is a numerical factor arising from statistical averaging. Below we
will use the new coefficient C = C|C, which can be much larger than one.
For this viscosity law the turbulent stresses Wy are:

B o L (002
Wro = pViR~ o = pCR (8R> . (7.71)

Note that in axially symmetric flows with angular momentum increasing out-
wards (in particular, in Keplerian flows), a stabilization of the flow appears (Zel-
dovich 1981) which is absent in plane-parallel flows. The stabilization criterion can
be characterized by the dimensionless ratio of two energies, the ‘Taylor number’,
according to Zeldovich, Ty = E/E;. Here E is a measure of the flux stabilization,
the kinetic energy needed to interchange two adjacent parcels of gas of mass m, a
and b, by a distance Ar < r, while keeping the specific angular momentum j = r?
constant,

| L o d(wr?
E;= Em(u; —u;)+ Em(u;) —up) ~ 2m7 e

(Ar)? (7.72)

(here uqp = jap/Tap and ), = jup/rpq are the velocities before and after the
change in positions). The energy E, is the energy dissipated in, for example, chaotic
turbulent motions (see Zeldovich (1981) for more detail):

1 1
E = im(ug — (ua1)* + Em(ui — (upn)? (7.73)

where u and u// are velocities after @ smoothing, which are defined by
j=m(r2 4o =mriw, +mrio,. (7.74)

Finally, we obtain?
_E _ jdler)/dr
CE rldw/dr)?’

The Taylor number is analogous to the gradient Richardson number, which is

Ty (7.75)

2 Not to be confused with the standard definition of the Taylor number in viscous Taylor-Couette
flows, Ta = 4#.
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N2
Ri=——— 7.76
' (dujdr? (7.76)
where N is the Brunt-Viisila frequency,
g (9T g
N =2 < ) , (1.77)
T\dr ¢

and du/dr is the mean vorticity. Following Bradshaw (1969), it is possible to define
another analogue to the Richardson number as

22
'Ri’ = @ujary’ (7.78)
where | dor)?
3 ar (7.79)

is the epicyclic frequency. Clearly, 'Ri’ = 1/4Ty.

7.4.2 The Angular Momentum Transfer Equation

A similar problem (rotation of a sphere in a viscous fluid) is solved in Landau
and Lifshitz (1987). It is shown there that in this problem the variables may be
separated, and one can write uy (R, 6) = uy(R)sin 6. Note that the angular velocity
®(R) = uy(R)/R is independent of the polar angle 6. Our problem setup is different
from the rotation of a sphere in a viscous fluid in several aspects: 1) there is a gravity
force, 2) the turbulent viscosity changes with the distance R and, in general, may
depend on the angle 6, and 3) there is radial motion of matter (accretion). These
differences lead, as we will show below, to a radial dependence of the rotational
velocity ug (R) o< R~'/2. (Recall that Ug o< R~2 in the case of a rotating sphere in a
viscous fluid).

We start by solving equation (7.56). At first, note that in order to have uy(6) ~
sin 6, according to (7.61), we must have Wy = 0. Next, using the continuity equa-
tion (7.53) and the definition of the angular velocity, we can write equation (7.56)
in the form of the equation of angular momentum transfer by viscous forces:

Mo , 4mod

M _ 4TI 53
2 3RO = o 3R Weo (7.80)

We may integrate equation (7.80) over R to obtain
MoR* = 4xR*Wgy + D, (7.81)

were D is an integration constant. We then rewrite equation (7.62) using the deriva-
tive of the angular velocity:
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oW
Wro = pViR— . (7.82)

Substituting this expression into (7.81) yields

MoR* = 4npv,R4a—w +D. (7.83)
JdR
This equation for the viscous angular momentum transfer is similar to the one for ac-
cretion discs (Shakura and Sunyaev 1973) but, however, differs due to the spherical
symmetry of the problem under consideration.

The left-hand side of equation (7.83) describes the advective transfer of the an-
gular momentum averaged over the sphere (1/2 [f ®R? sin® 6sin0d6 = (1/3)wR?)
during the mean motion towards the gravitating centre (accretion). The accretion
rate M here is negative, as well as the value of the derivative ‘3—‘1;’. The first term
on the right-hand side describes the angular momentum transfer outwards by the
turbulent viscosity force.

The constant D is determined from the equation

2 *
ue \ P’ o, —o
D=KK, () B On=9 (7.84)
2 \upr ) RS ax(Ra)

(see equation (7.185)). Here we consider accretion onto a magnetized neutron star.
For D < 0, the advective term on the left-hand side of (7.83) dominates over the vis-
cous angular momentum transport outwards. Oppositely, for D > 0, the viscous term
in (7.83) dominates. In the case M = 0 (when no plasma enters the magnetosphere),
there is only viscous angular momentum transfer.

Now we rewrite (7.84) in the form

2 *
Uc .u 3 Wy — @
D=KiKy| — | xRy ———~ 7.85
1 2<Mff) RSV oo (Ry) (7.85)
and use the pressure balance condition
B* (R K> p?
P(Ry) = Py(Ra) (14 ym}) = Ry) _Bop (7.86)

8t 2mRG’
Using the continuity equation in the form
M| = 4nR*p f(1)\/GM /R,

and the gas pressure equation (7.13), we can recast the integration constant D/|M |
to the form

EZ U M Ml 2 7.87
] K1K2<uff) ; v (y,m) N0 (14 ymy). (7.87)
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Consider the rotation of a neutron star near equilibrium with @* = 0. In this case,
from equation (7.188) we find

0, — 0" = -0, (7.88)

hence using the expression for Z (7.187) we obtain:

D 2

— = —zR;0". (7.89)
M|

We stress that for equilibrium neutron star rotation the value of the constant D is

fully determined by the dimensionless specific angular momentum of matter near

the Alfvén surface z.

7.4.3 The Rotation Law in the Shell

Equation (7.83) can be used to find the rotation law in the shell @(R). At large
distances, R > R4 (remember that R4 determines the location of the shell base), the
constant D is small compared to other terms, and we can set D = 0. Thus, when
deriving the rotation law, we will neglect this constant in the right-hand side of
equation (7.83). Next, we substitute (7.70) and the density distribution (which, as
we show below, does not differ from the hydrostatic distribution)

Ry\ 2
p(R)=p(&e) () (7.90)
into equation (7.83). We thus obtain:
. Ry 3/2 dw\?
M|wR*=4np(Ry) ( — | CR’ . 791
[M] ﬂp(A)<R> R (7.91)
After integration of this non-linear equation, we find
4 K'/2
12 _ . %
207 = j:3 90 + Dy, (7.92)
where .
M
K= % (7.93)
477.7[) (RA)CRA

and D is the integration constant. In equation (7.92) we choose only the positive
solution (the sign minus with constant D > 0 corresponds to a solution with angular
velocity increasing outwards, which is possible if the neutron star spin period is very
large). If Dy # 0, at large distances R > R4 (near the external bow shock) solid-body
rotation would lead to @ — const =~ @wg. (However, we remind the reader that our
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treatment is not applicable to the external shock region). At small distances from the
Alfvén surface, the influence of this constant is insignificant, and we will neglect it
below. Then we find

_4 M| Ra 02 _ 32
o(R) = 9 47Tp(RA)CRi ( R ) = @, (R4/R) (7.94)

i.e. a quasi-Kelperian rotation law, ®(R) ~ R~3/2. The constant @, in equation
(7.94) is obtained after plugging M from the continuity equation at R = R4 into
equation (7.94):

0y = O0(Ry) = g@WrC(IIj:H .
(Here the correction factor @ > 1 is introduced to account for the deviation of the
exact solution from the quasi-Keplerian law near Ry).

As the radial velocity of the matter in the settling accretion regime u,(Ry) is
smaller than the free-fall velocity, the above equation implies that @, < wg(R4),
i.e. smaller than the Keplerian angular rotation velocity. For a self-consistent solu-
tion, the coefficient C in Prandtl’s law should be determined, according to equation
(7.95), from the ratio of the radial velocity of the matter u, to the linear rotational
velocity ug:

(7.95)

4 lur(Rp)| 4 |ur(Ra)
= =_ . 7.
¢ 90) 0, RA 9(0 Ugp (RA) (7.96)

Note that this ratio is independent of the radius R and remains constant along the
shell radius. Indeed, the radial dependence of the velocity u, follows from the con-
tinuity equation with account for the density distribution (7.90)

R\ V2
u,(R) = u,(R4) <R> . (7.97)
For quasi-Keplerian rotation uy(R) ~ 1/R'/?, and thus the ratio u,/uy remains con-
stant.

Finally, the angular velocity of the shell near the magnetosphere @, is related to
the angular velocity near the external shock as

3/2
o, = Owg (RB) . (7.98)
Ry

In reality, when approaching R4, the integration constant D (that we have neglected
at large distances R > Ry) should be taken into account. Therefore, the rotation
law near the magnetosphere should be somewhat different from the quasi-Keplerian
one.

We stress the principal difference of the accretion regime we consider from disc
accretion. In disc accretion, the radial velocity of the matter is much smaller than the
velocity of turbulent motions, and the tangential velocity is almost Keplerian and is
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much larger than the the turbulent velocity. In quasi-spherical subsonic accretion,
the radial velocity of the matter is not determined by the rate of angular momentum
transfer. Instead, the radial velocity depends solely on the ‘permeability”’ of the neu-
tron star magnetospheric boundary to infalling plasma. In our case, it turns out to be
of the order of the velocity of convective motions in the shell. The tangential veloc-
ity in the quasi-Keplerian law obtained above is much smaller than the convective
velocities in the shell. Also note that in disc accretion the turbulence can be effec-
tively described by the single dimensionless parameter, & ~ u? /u? with 0 < a < 1
(Shakura and Sunyaev 1973). The gas in an accretion disc rotates differentially with
a supersonic (almost Keplerian) velocity, whereas in our case the shell rotates dif-
ferentially with a significantly subsonic velocity at any radius, and the turbulence in
the shell is subsonic. It is also evident that our case is significantly different from
free-fall accretion onto the magnetosphere with the formation of a shock, which was
considered, for example, in Arons and Lea (1976).

7.4.4 The Case Without Accretion

We now consider the situation where the plasma cannot penetrate the magneto-
sphere and there is no accretion onto the neutron star. This case is similar to the
subsonic propeller considered in Davies and Pringle (1981). Then equation (7.83)
takes the form:

0=4np v,R43—(I? +D. (7.99)

(Remember that the constant D is determined by the neutron star spin-down rate,
D = Io* < 0). Solving this equation as before, we obtain the rotational law in the
shell for the case without accretion:

R 7/4
®(R) = wy, (;) , (7.100)
where 6|
a)*
Oy = . (7.101)
" Imp(Ra)vi(Ra)R}
From (7.70) we find:
7
Vi(Rp) = ZCw,,,R/ﬁ, (7.102)
therefore for w,, we get:
) Ilo* 1/2
O = = ('“’|5> . (7.103)
7 \ nCp(R4)R;

On the other hand, the angular velocity of matter near the magnetosphere @, is
related to the parameters near the external shock as:
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7/4
O = O (g) . (7.104)

A further discussion of this case and applications to possible observational evidence
of hot shells around non-accreting magnetized neutron stars can be found in Postnov
et al (2017).

7.5 The Structure of the Shell and the Rotation Law for
Wasiutynski’s Turbulent Viscosity Law

Parndtl’s rule for turbulent viscosity used above relates the scale and velocity of
turbulent pulsations to the mean angular rotational velocity of matter, and is suc-
cessfully applied in cases where the turbulence is generated by the shear flow itself.
In our problem, the turbulence arises due to large-scale convective motions in the
gravitational field. During radial convection, strongly anisotropic turbulent motions
may appear (the radial dispersion of the chaotic motions may be much larger than
the dispersion in the tangential direction), and Prandtl’s law may be inapplicable.
The anisotropic turbulence is much more complicated and poorly understood.

In the first approximation, we may use the empirical expression for the compo-
nent Wy, derived by Wasiutynski (1946)3:

do 1 doR?
WR¢ =p <V[Rd1e + (Vr — V[)RdR> s (7105)
or
do
Wro =2p(V,— Vi) 0 + vrpRﬁ , (7.106)

where the radial and tangential kinematic viscosity coefficients are
!
Vr = Cy(lu )R

and
Vi =C(|u', )R,

respectively. The dimensionless constants Cjj and C, are of the order of one. In the
isotropic case, V, = V;, Wgg ~ d® /dR, and in the strongly anisotropic case, v, > V;,
Wro ~ d(®R?)/dR. Using these definitions and plugging (7.106) into (7.81), we

obtain: <| ’\}
20, (| u 2
©R? (1 l|<|L|’L|>) o, L Rd(0R") D (7.107)
Ur

IR T T
3 In Wasiutynski’s paper, all equations are written for covariant components of the stress tensor
TRy, While here we, following Landau and Lifshits, write all values for physically measurable
components, i.e. Wgg = Ty /(Rsin ), etc.
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1/2, and

Note that due to the self-similar structure of the shell u’H ~ ul ~u~R™
therefore the ratios (|u1| |)/u, and (|u, |) /u, are constants. The above equation has

an obvious solution:

oR?

ur] 1-2¢C <‘“ILD
1 D 1 (RB) CH<\MTH\> 1L Jup]
0|\ R

= | Ry

[uar |
(7.108)
(here the integration constant is defined such that ®(Rg) = wg).
Now consider the equilibrium situation with @* = 0. Then, as we remember,

D
T~ TR on = (1-z/Z)a".

At first, consider the case of strongly anisotropic almost radial turbulence for
which (|, |) = 0. Here the specific angular momentum at the Alfvén radius is

Jur|

|ur|
4 Rp \ ¢ Rp \ ¢
o R3 1+1_Z/Z (RA) I 1] | = wpR3 (RA) I (7.109)

We see that for very weak accretion (or in the limit when there is no accretion at all)
lu,| < C (|u1| ), i.e. virtually isomomentum rotation is established in the shell.

The next case is when the anisotropy is such that C (|u[)/|u,| = 1/2. Then
a strictly isomomentum angular momentum distribution is established in the shell:
®,R3 = wpR3,

mi\ 4 BIp. ~

If the turbulenfe is fully isotropic, then C (|« [) = Cj, <|u’H [y = C(|u']). By de-

noting € = |u,|/(C{|u|}), we find:

() ) (- (R) ) s ()

(7.110)
Note that for € — 0 (no accretion through the magnetosphere) ®,, — g, i.e., we
get solid-body rotation without accretion (cf. the first case above). For € = 3/2,
the rotation is almost quasi-Keplerian. Recall that quasi-Keplerian rotation was ob-
tained above using Prandtl’s turbulent viscosity prescription. Then it was the unique
solution. For anisotropic turbulence, in contrast, quasi-Keplerian rotation is a partic-
ular case of a more general solution that is obtained using Wasiutynski’s turbulent
viscosity law.

As shown in Shakura et al. (2012), the quasi-Keplerian rotation in the shell is
less favored by observations. Therefore, we conclude that in quasi-spherical shells
at the stage of subsonic settling accretion an almost isomomentum rotation, caused
by the anisotropic turbulence due to convection, is most likely.

onR;
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7.6 Corrections to the Radial Temperature Gradient

Let us estimate how strongly the temperature gradient in the shell differs from the
adiabatic law when convective motions are present. Multiplying equation (7.186) by
(1/2)(@, — ™) yields the convection heating rate caused by the shell-magnetosphere

interaction: |
L. = 521\211&((»,,,—co*)z. (7.111)

Multiplying the same equation (7.186) by @* yields the rate of change of the neutron
star’s mechanical energy:

L = ZMRi 0" (@, — ©*). (7.112)

Thus, the energy balance equation can be presented in the form:
1.
Li=L.+L;= Ezztueﬁ(a)ﬁl—w*z). (7.113)

Note that the formula obtained for L. looks like the equation describing the energy
release in the boundary layer of an accretion disc (Koh et al 1997; Shakura and
Sunyaev 1988).

The convective energy flux is

Lo ZMR(w, —0*)?
C 4mR? 87TR?

qc (7.114)
On the other hand, the convective energy flux can be related to the entropy gradient

(see Shakura et al (1978)):

d
e = fva.Td—Ii, (7.115)

where S is the specific entropy (per gram). Here v, is the radial thermal conductivity
coefficient,
Ve =< ucle >=Chu.R, (7.116)

where the characteristic scale of convection is /. ~ R, the velocity of the convective
motions u, ~ ¢s ~ R~/2, and Cj, is a numerical factor of the order of one. Thus

R

1/2
Ve = Ve(Ry) (RA> . (7.117)

Next, make use of the thermodynamic identity for the specific enthalpy H:

dH _ 1dP, . dS

— == —. 7.118
dR p dR dR ( )

Recall that the enthalpy can be written in the form

dH = c,dT ,
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< as ) Y %
Cyp = _— =
P oT ), V=1
is the specific thermal capacity at constant pressure. We now express T (dS/dR)
from equation (7.115) and use the hydrostatic equilibrium equation (7.9) in the form

where

dpP,/p Z GM
;Ié = —#mcp F‘I/(%Wh)

to cast the identity (7.118) into the form

dT 1 [GM Zur(Ry) (R .
TR —; {Rz‘lf(%mt)— 23&1{3 (;) Rﬁ(a)m—a) )2] : (7.119)

By definition, the adiabatic temperature gradient is determined by the first term on
the right-hand side, (dT /dR).q = g/cp. Equation (7.119) can be integrated to find
the real dependence of the temperature on radius in a convective shell:

GM _ Zuy(Ry)

T= g |:RW(y?mt) ZVC(RA)

A

R
R} (@, — ©*)*1n <R>} . (7.120)
Near the equilibrium (/@* = 0) we may use equation (7.88) to obtain

_lLiem ur(Ra)| 20 2 R
T—c,, [ R y(y,m) 2Chuc(RA)w RAZ n IR (7.121)

This solution shows that in the region between R4 and Rp in the shells around slowly
rotating X-ray pulsars (i.e. those in which ®,, < @k (R4)), the temperature distri-
bution is similar to the adiabatic law with a temperature gradient close to (but still
steeper, enabling convection) the adiabatic one (7.9):

_r-1oM

~ R Y m). (7.122)

Here we have taken into account only the energy release caused by the angular
velocity difference near the magnetosphere. In fact, there can be additional energy
sources in the shell, for example, heating of plasma due to magnetic reconnection
and turbulence (see Section 7.7), etc.

7.7 Dynamics of Static Spherically-symmetric Gas Flow

In this section, we will consider the gas-dynamic equations for a spherically sym-
metric flow of an ideal gas onto a Newtonian gravitating center. This problem was
first solved in the classical paper by H. Bondi (Bondi 1952) in the case of an adia-
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batic accretion. The adiabatic gas outflow from stars (stellar wind) was later studied
by E. Parker (Parker 1963). A detailed and thorough discussion of the problem can
be found in the monograph by V.S. Beskin (Beskin 2010). Here we will focus on
the role of gas cooling/heating near the Alfvén surface, including the effect of tur-
bulence/convection (generally, anisotropic) in the gas flow through a shell around
the magnetosphere around a rotating neutron star. As discussed above, at low X-ray
luminosities the quasi-static gas shell can remove angular momentum from the ro-
tating neutron star magnetosphere via convective turbulent motions of the gas. If the
mass accretion rate through the shell exceeds some critical value, strong Compton
cooling gives rise to the appearance of a free-fall zone above the magnetosphere,
and the angular momentum cannot be transferred upstream such a flow.
The equation of motion (7.54) in the absence of viscosity reads:

du _ 1dfy 17 TV 0 OM 7.12
AR T pdR  pdR PR R? (7.123)

Here P, = pc?/v is the gas pressure and P! is the pressure due to turbulent pulsa-
tions, which in general may be anisotropic:

Pl = p < uj >= pmjc; = yPmi (7.124)

P, =2p <uf >=2pm}c? =2yPm? (7.125)

(here < u? >=<u? > +2 < ui > is the turbulent velocity dispersion, mﬁ and mi
are radial and tangential Mach numbers squared).
From the first law of thermodynamics we find:

dE _ P dp . dS

4R~ pldR IR’ (7.126)
where the specific internal energy (per gram) is
c?
E=cyT= y(yil) , (7.127)
and the specific thermal capacity (per gram) is
CVZ%ﬁ' (7.128)

From the second law of thermodynamics the change in the specific entropy of the
gas can be written through the rate of change of the specific heat dQ/dt [ergs~! g~!]
as

dR ™~ dR

rdS _ 40 _ dojdr (7.129)

Using the continuity equation
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M = 4nR?pu, (7.130)

we find
ldp 2 1 duy

— =———— . 7.131
p dR R 2u? dR (7.131)
Making use of the relation cf = yZT, we finally obtain:
1 dc? 2 1 du2] dQJdt
— =(y=1)|—= - ——=L . 7.132
c2 dR (r=1) [ R 2u?dR|  ucyT ( )

Note that this equation can be also derived from the equation of state of an ideal gas
written in the form
P, =KeS/vpT, (7.133)

where K is some constant.
Using equation (7.132), the gas pressure gradient can be presented in the form:

1 dP, 2 2 1 du?
LdPy e dOjar, o] 2 1 du (7.134)
pdR cpu, T R 2u? dR
Plugging (7.134) into the equation of motion finally yields:
11 du? 2 do/dt (mf-m3) Gy
iu?dR — [cf(lJr}/mz) (ﬁ*c,)u/,r)*ch HR L - /
[uz —aa +ymm . (7.135)

Also, note that in a strongly anisotropic case where m? = m2 > m?2 , the role of the
gly P I t 1

turbulence increases compared to the isotropic case where mﬁ = mﬁ_ = (1/3)m?.

We may also introduce the Mach number in the flow .# = u,/cg. Then from
equations (7.132) and (7.135) we can derive the equation for the Mach number:

L1 g

M? dR
2| (y= 1)t *—(y4-1) (mF—m?) M y(14+ym?)
{ [ K L } _ [ T I } % _ (Y‘E;Z?M} , (7.136)

where we have used the substitution (dQ/dt) = u,(dQ/dR). Equations (7.132),
(7.135) and (7.136) can be applied to describe the dynamics of the accreting flow in
terms of pairs of independent variables (u,,cs), (uy,.#) or (cs,.# ). Here we will
consider the behavior of the flow near the singular point only. To this goal, we can
use equation (7.135).
Equation (7.135) has one singular saddle point in which the denominator in the
right-hand side vanishes:
uj = c;(1+ymj). (7.137)
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For a solution to exist in this point, the numerator in the right-hand side must also
vanish, which yields the quadratic equation for the flow velocity in the singular
point:

2 1—|—(7/—1)m2—0-m2 M
22 [ —u,(dQ/dt)—Gz —0. (7.138)
R l—i—}/mH cpT R

Recall that in the adiabatic case (dQ/dt = 0) without turbulence, in the singular
point we would simply have

2_ 2 M

A 2R *

We stress that in the presence of turbulence, the velocity in the singular point in-

creases. For example, for ¥ = 5/3 and a strong anisotropic turbulence we find

w2 =c2(14(5/ 3)mﬁ); for an isotropic turbulence the correction is smaller: u? =

(7.139)

r

c2(1+(5/9)m?). Due to turbulence, the transition through the sound velocity (the
sound point where u? = cf.) occurs above the saddle point, and there is no singularity
at the sound point.

The turbulent heating rate in the quasi-static shell ¢ (dQ/dt);" can be determined
as:

do\" 1< >
=) == 7.140
< dt )t 2 4 ( )
where the characteristic turbulent heating time is
R R
Uz m;Cs

Here oy is a dimensionless constant determining the turbulent energy dissipation
rate, and the turbulent Mach number is m; = mﬁ +2m? . Thus, the turbulent heating
rate can be written in the form

AN
=) = . 7.142
( dt ), 20,k ( )
In the case of Compton cooling we have
B T-T,
(dQ) _ o(T-TL) (7.143)
dt c Ic

were f¢ is the characteristic Compton cooling time (7.21).
Equation (7.138) can now be recast to the form

22 (LH@=Dmitmi - eop(y=Umd w(1-T/T)  GM _
L+ ym? "u,  204R yic R2
(7.144)
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As we are studying an accretion processes, the sign of the velocity u, = dR/dt is
negative, u, = —|u,|. Then, the absolute value of the flow velocity at the singular
point where the sound velocity is ¢/ |u,| = —1/(1+ Ymﬁ)l/ 2 can be found from the
quadratic equation:

22 (L= Dmidmi\ 1 (—Umi |ul(1-T/T) GM _
L+ ym? "1+ ymp)'V? 20iR Ve R

In this case, the solution to equation (7.138) reads:

R(1—T./T 2GM [ 1 R RY(1-T,/T)21"?
luy| = (L =T/ )—M/ —+ ( ;/) . (7.146)
AyicA R |44 2GM 1672242

where we have introduced the dimensionless factor

I (y=Dmi+mt o (v— 1)(mi +2m7 )*?
N 1+}/mﬁ 4at(1+7mﬁ)1/2

(7.147)

For isotropic turbulence with my=m; = 1/ V3 ,m; = 1, for y=5/3 this factor is
A ~ 1.23, and for strongly anisotropic turbulence when m = 1,m =0,m, = 1, this
factoris A ~ 0.8.

In units of the free-fall velocity, the solution to equation (7.146) has the form:

1/2

l_,_% (tff>2] . (7.148)

A 4722 fc

o=l OB (1) |

uss 4'}/A fc 2

With the onset of Compton cooling the temperature changes exponentially:
T =T+ (T — Ty)e ''c. (7.149)

When cooling is slow, t7¢ /tc < 1, the critical point lies under the Alfvén surface,
and through the flow down to the magnetosphere no transition through the sound
speed occurs. It is under such conditions that slow settling accretion can be realized.
If the critical point lies above the Alfvén surface, a supersonic transition in the flow
takes place before the flow encounters the magnetosphere, and thus the appearance
of a shock is expected. Both turbulence and rapid cooling shift the critical point
upstream the flow.

In the case of rapid cooling, t7y/tc > 1, T — Ty, so thatu, /usr ~1/2 (cf. (7.139)
for an adiabatic flow), but the critical point lies above the Alfvén surface, and in the
flow above the magnetosphere a free-fall zone appears. The ratio f(u) = |u,|/uss
reaches maximum at 77y /tc ~ 0.46 for the typical temperature ratio 7.,/T, = 10,
and depending on the value of the factor A = 0.8 — 1.23 (anisotropic or isotropic
turbulence) it turns out to be equal to f(u) = 0.5 —0.6.
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7.8 Physical Conditions in the Shell

To form a hot shell around a NS magnetosphere, the matter downstream the bow
shock at the gravitational capture radius should not cool down too rapidly and fall
freely towards the magnetosphere. In other words, the cooling time of the gas heated
up behind the shock 7.,,; should exceed the plasma free-fall time.

Behind the front of a strong shock, the gas heats up to the temperature

V2 Vip 2
Ty = ot ~ 136 X 10°K] (o) 7.1
r = 1ot gp = 130K (o0 (7.150)
The radiation cooling time of a plasma is
3kT
ool = ———— 151
Tcool 2/.Lmne/\ (7 5 )

where p is the plasma density, n, = Y,p/m,, is the electron number density (in a
fully ionized solar plasma, the molecular weight is 1, = 0.6 and the lepton number
is Y, = 0.8); A is the cooling function of collisional equilibrium plasma that can be
approximated as (Raymond et al 1976; Cowie et al 1981)

0,7 < 10*K

1.0x 10724795 10K < T < 10°K
6.2x 10719706 10°K < T <4 x 10’K
2.5%x 107279 T > 4 x 107K.

A(T) = (7.152)

Compton cooling becomes effective starting from the radius R, at which the gas
temperature 7', determined from the hydrostatic formula (7.9), exceeds the Compton
temperature of radiation 7;. The Compton cooling time (see (7.21)) is:

2
. R
~ ~1

Compton heating starts above some radius R, at which T, = T'. For the tempera-
ture distribution in the shell according to formula (7.9), we find R, ~ 2 x 10'° cm.
Note that both Compton and photoionisation heating is controlled by the photoion-
ization parameter & (Tarter et al 1969; Hatchett et al 1976)

Ly

§=——5. (7.154)

In most parts of the accreting flow the density follows the law n ~ R~3/2, therefore
& ~ R~1/2, and with account for the continuity equation, & does not depend on the
X-ray luminosity. The characteristic value of & is:

E~5x 10 f(u)R;) 2. (7.155)
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Should the Compton processes be effective everywhere, such a high value of
the photoionization parameter & would suggest that the plasma heats up to Comp-
ton temperatures of the order of several keV up to very large distances ~ 10'2 cm.
However, at large distances the Compton time exceeds the characteristic gas accre-

tion time:
te 1S o0 rm R, (7.156)
taccr R
which means that Compton heating is ineffective in the falling matter. Therefore, far
from the magnetosphere the gas temperature is determined by the photoionization
only and cannot exceed Ty,qx = S X 10° K (Tarter et al 1969), which is much smaller
than 7, ~ 3 keV.
The effective gravitational capture radius corresponding to the sound velocity of
the gas in the photoionization heating region is

2GM _ 2GM
C? Y% Tinax / Hin

Ry =

-1
T,
~3.5x 10" [cm] (%{) . (7.157)

Everywhere up to the shock, photoionization keeps the temperature at about ~ 7.
The sound velocity corresponding to 7,4, is about 80 km s~!. If the stellar wind
velocity exceeds 80 km s~ !, a bow shock arises near the Bondi radius with the post-
shock temperature given by formula (7.150). If the stellar wind velocity is below
this value, the shock disappears and accretion occurs from the region determined by
the effective radius Rj,.

The photoionization heating time at the effective Bondi radius 3 x 10'2 cm is

(3/2)kTnan / tm
hVerr — Cerf)nyOeyre

i~ 7 ~2x 10*[s]M . (7.158)

(here hv, s ~ 10 keV is the characteristic photon energy, ( is the effective ionization
potential, G,y ~ 1072 cm? is the typical photoinization cross-section and ny =
L,/(4mR*hv,ssc) is the photon number density). The ratio of the photoionization
time to the accretion time at the effective Bondi radius is

tpi .
P~ 0.07f(u)M; . (7.159)

taccr

At stellar wind velocities v,, > 80 km s~! the shock arises near the classical
Bondi radius Rp lying inside the effective Bondi radius R}, determined by formula
(7.157).

The radiation cooling time of plasma heated downstream the shock Rp is ex-
pressed through the velocity of the stellar wind being captured v,, as:

teool = 4.7 x 10%[s]M V). (7.160)

The photoionization heating time behind the shock front can also be expressed
through the wind velocity:
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Araag—1. —4
tpi = 3.5x 107 [s]M g v, " . (7.161)

A comparison of these two characteristic times shows that at low wind velocities,
radiative plasma cooling is important, and free-fall supersonic (Bondi) accretion
onto the neutron star with conservation of the specific angular momentum of the
accreting matter sets in.

Thus, at low wind velocities the plasma behind the bow shock front cools down
and falls freely. When approaching the gravitational centre, the photoionization
heating becomes important, and the plasma temperature attains the level T, =~
5 x 10° K. Should this occur at the radius Ry; corresponding to Tpax < GM /(%Rpi),
the plasma with constant temperature 7., continues falling freely towards the mag-
netosphere, above which a shock is formed. However, if Ty, > GM /(ZR,;), the
subsonic settling accretion regime is possible even at low wind velocities.

For wind velocities v,, > 100 km s~!, the gas temperature behind the shock ex-
ceeds T,,4x, photoionization heating is unimportant, and the settling accretion regime
may be established in the shell if the radiation cooling time is longer than the accre-
tion time. By comparing these two time-scales, we obtain the critical mass accretion
rate, depending on the stellar wind velocity, below which the settling regime is pos-
sible: .

M, $0.12032. (7.162)

Here we should stress the difference between the critical mass accretion rate M*
and the value M, obtained above. For M > M* the plasma rapidly cools down in the
wind gravitational capture zone and falls freely towards the magnetosphere (unless
photoionization heats it up above the virial temperature), whereas for M > M ~
4 % 10' g 57! determined by equation (7.38), a free-fall supersonic zone appears
immediately above the magnetosphere.

7.9 X-ray Emission and Quasi-periodic Pulsations from the Hot
Shell

The spectra of X-ray pulsars are dominated by the emission formed in accretion
columns near the surface of magnetized neutron stars. A hot optically thin shell
above the magnetosphere generates proper thermal emission. However, if all grav-
itational energy of the accreting matter were released in such a shell, its X-ray lu-
minosity would be reduced by a factor Rys/R4 compared to the emission from the
accretion column, i.e. it would be less than one per cent of the total X-ray luminosity.
In addition, the shell should scatter the X-ray emission from the accretion column,
but for the scattering to be effective, the Comptonization parameter y should be of
the order of one. The Thomson optical depth in the shell is obviously very small.
Indeed, from the continuity equation, formula (7.16) for the Alfvén radius and equa-
tion (7.29) for the dimensionless factor f(u) at the subsonic settling accretion, we
find:
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Rp . _
=] n(R)ordR~32x103m" 1
Ry

Therefore, at temperatures near the magnetospheric boundary (see (7.9)) the Comp-
tonization parameter y is small:

4kT
mec?

y= Tr 2.4 %1077,

This means that the X-ray spectrum generated in the zone of main accretion energy
release near the neutron star surface is not affected by scattering off electrons in the
hot shell.

Large-scale convective motions in the shell occur on a specific time scale of the
order of the free-fall time, which may give rise to features in the time variability
power density spectra (for example, quasi-periodic oscillations, QPOs). QPOs have
been detected in spectra of some X-ray pulsars (see e.g. Marykutty et al (2010) and
references therein). The expected QPO frequency should fall into the mHz range.
Such QPOs were indeed detected in some cases Sidoli et al (2016a).

A stronger effect may be related to the appearance of a dynamical instability in
the shell due to, for example, Compton cooling enhancement leading to a runaway
increase of the accretion rate through the shell. This instability would give rise to
a sharp increase in X-ray luminosity, as observed in SFXTs (see our discussion in
Section 7.10 for more detail).

7.10 Bright Flares in Supergiant Fast X-ray Transients

In this Section, we consider another possible application of the theory of subsonic
settling accretion to bright outbursts observed in supergiant fast X-ray transients
(Shakura et al 2014a).

Supergiant Fast X-ray Transients (SFXTs) are a subclass of HMXBs associated
with early-type supergiant companions (Pellizza et al 2006; Chaty et al 2008; Ra-
houi et al 2008), and characterized by sporadic, short and bright X-ray flares reach-
ing peak luminosities of 1030—1037 erg s~!. Most of them were discovered by IN-
TEGRAL (Molkov et al 2003; Sunyaev et al 2003; Grebenev et al 2003; Sguera et al
2005; Negueruela et al 2006). They show high dynamic ranges (between 100 and
10,000, depending on the specific source; e.g. Romano et al (2011, 2014)) and their
X-ray spectra in outburst are very similar to accreting pulsars in HMXBs. In fact,
half of them have measured neutron star spin periods similar to those observed from
persistent HMXBs (see Sidoli (2012) for a review).

The physical mechanism driving their transient behavior, related to the accretion
by the compact object of matter from the supergiant wind, has been discussed by
several authors and is still a matter of debate, as some of them require particular
properties of the compact objects hosted in these systems (Grebenev and Sunyaev
2007; Bozzo et al 2008), and others assume peculiar clumpy properties of the super-
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giant winds and/or special orbital characteristics (in’t Zand 2005; Walter and Zurita
Heras 2007; Sidoli et al 2007; Negueruela et al 2008; Ducci et al 2009; Oskinova
et al 2012).

The typical energy released in a SFXT bright flare is about 103® — 1040 ergs
(Shakura et al 2014a), varying by one order of magnitude between different sources.
That is, the mass falling onto the NS in a typical bright flare varies from 10'® g to
around 10%° g.

The typical X-ray luminosity outside outbursts in SFXTs is about L, ,, =~
103* erg s~! (Sidoli et al 2008), and below in this Section we shall normalize the
luminosity to this value, L34. At these low X-ray luminosities, the plasma entry rate
into the magnetosphere is controlled by radiative plasma cooling. Further, it is con-
venient to normalize the typical stellar wind velocity from hot OB-supergiants v,,
to 1000 km s~! (for orbital periods of about a few days or larger the NS orbital
velocities can be neglected compared to the stellar wind velocity from the OB-star),
so that the Bondi gravitational capture radius is R = 2GM /v2, = 4 x 10'%[cm]vg?
for a fiducial NS mass of M, = 1.5M,.

7.10.1 Magnetospheric Shell Instability

Let us assume that a quasi-static shell hangs over the magnetosphere around the
NS, with the magnetospheric accretion rate being controlled by radiative plasma
cooling. We denote the actual steady-state accretion rate as M, so that the ob-
served X-ray steady-state luminosity is L, = 0.1M,c*. Then from the theory of
subsonic quasi-spherical accretion (Shakura et al 2012) we know that the factor
f(u) (the ratio of the actual velocity of plasma entering the magnetosphere, due
to the Rayleigh-Taylor instability, to the free-fall velocity at the magnetosphere,
urr(Ra) = /2GM /Ry) reads (Shakura et al 2013a, 2014b)

F () raq ~0.036¢7/ M L2012 (7.163)
(see also (7.37) above).

The shell is quasi-static (and likely convective). It is straightforward to calcu-
late the mass of the shell using the density distribution p(R) o< R=3/2 (Shakura et al
2012). Using the mass continuity equation to eliminate the density above the mag-
netosphere, we readily find

My
Fuy?’
Note that this mass can be expressed through measurable quantities Ly o, 430 and

the (not directly observed) stellar wind velocity at the Bondi radius v,,(Rp). Using
(7.163) for the radiative plasma cooling, we obtain

AM%% (Rg). (7.164)
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AMigq ~ 8107 [g)¢ 7MLV 2 (7.165)
This simple estimate (7.165) shows that for a typical wind velocity near the NS
of about 500 km s~! the fypical mass of the hot magnetospheric shell is around
10'% g, corresponding to 10%° ergs released in a flare if all the matter from the
shell is accreted onto the NS. Variations in stellar wind velocity between different
sources by a factor of ~ 2 would produce the one-order-of-magnitude spread in AM
observed in bright SFXT flares.

As noted in Shakura et al (2013a), if there is an unstable flow of matter through
the magnetosphere, a large quantity of X-ray photons produced near the NS surface
should rapidly cool down the plasma near the magnetosphere, further increasing
the plasma fall velocity ug(R4) and subsequently the NS accretion luminosity L.
Therefore, in a bright flare the entire shell may fall onto the NS from the outer
radius of the shell on the free-fall time scale #¢¢(Rg) ~ 1000 s. Clearly, the shell
will be replenished by new wind capture, so the flares will repeat as long as a rapid
mass-entry rate into the magnetosphere is sustained.

7.10.2 Magnetized Stellar Wind as the Flare Trigger

We suggest that the shell instability described above can be triggered by a large-
scale magnetic field sporadically carried by the stellar wind of the optical OB com-
panion. Observations suggest that about ~ 10% of hot OB-stars have magnetic fields
up to a few kG (see Braithwaite (2013) for a review and discussion). It is also well
known from Solar wind studies (see e.g. reviews Zelenyi and Milovanov (2004);
Bruno and Carbone (2013) and references therein) that the Solar wind patches car-
rying tangent magnetic fields has a lower velocity (about 350 km s~!) than the wind
with radial magnetic fields (up to ~ 700 km s~!). Fluctuations of the density and
velocity of stellar winds from massive stars are known from spectroscopic observa-
tions (Puls et al 2008), and velocity fluctuations up to 0.1 ve, ~ 200 — 300 km s~ !
are typical.

The effect of the magnetic field carried by the stellar wind is twofold: first, it
may trigger rapid mass entry to the magnetosphere via magnetic reconnection (a
phenomenon well known in the Earth dayside magnetosphere, Dungey (1961)), and
secondly, the magnetized parts of the wind (magnetized clumps with a tangent mag-
netic field) have a lower velocity than the non magnetized ones (or the ones carrying
the radial field). As discussed in Shakura et al (2014a) and below, magnetic recon-
nection may increase the plasma fall velocity in the shell from inefficient, radiative-
cooling controlled settling accretion with f(u),.q ~ 0.03 — 0.1, up to the maximum
possible free-fall velocity with f(u) = 1. In other words, during a bright flare sub-
sonic settling accretion turns into supersonic Bondi accretion. The second factor
(slower wind velocity in magnetized clumps with tangent magnetic field) strongly
increases the Bondi radius Rp o< v;v2 and the corresponding Bondi mass accretion

rate Mp o< v;,3.
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Indeed, we may write down the mass accretion rate onto the NS in the unflaring
(low-luminosity) state as M, o, = f(u)Mp with f(u) given by expression (7.163)
and Mg ~ ﬂ:R%pwvw. Eliminating the wind density p,, using the mass continuity
equation, written for the spherically symmetric stellar wind from the optical stzar
with power M,, and assuming a circular binary orbit, we arrive at Mp ~ %Mo (%B)
Using the well-known relation for the radiative wind mass-loss rate from massive
hot stars M, ~ £i where L is the optical star luminosity, v. is the stellar wind
velocity at infinity, typically 2000-3000 km s~! for OB stars and € ~ 0.4 — 1 is the
efficiency factor (Lamers et al 1976); in the numerical estimates below we shall
assume € = 0.5. It is also possible to reduce the luminosity L of a massive star to
its mass M using the phenomenological relation (L/Lx) ~ 19(M /M)*7® (see e.g.
Vitrichenko et al (2007)). Combining the above equations and using Kepler’s third
law to express the orbital separation a through the binary period P,, we find for the
X-ray luminosity of SFEXTs in the non-flaring state

2.76-2/3
Lutow= 5% 10%(erg s (u) (0

-1 —4 —4/3
Voo Vw B
( 1000km s ! ) (500km s1 ) (ﬁ) ’ (7.166)

which for f(u) ~ 0.03 — 0.1 corresponds to the typical low-state luminosities of
SFXTs of ~ 103* erg s~ 1.

It is straightforward to see that a transition from the low state (subsonic accre-
tion with slow magnetospheric entry rate f(u) ~ 0.03 —0.1) to supersonic free-
fall Bondi accretion with f(u) = 1, due to a velocity decrease by a factor of two
in the magnetized stellar wind would, for example, lead to a flaring luminosity of
Ly fiare ~ (10—30) x 25Lx,;,,w. This shows that the dynamical range of SFXT bright
flares (~ 300 — 1000) can be naturally reproduced by the proposed mechanism.

7.10.3 Conditions for Magnetic Reconnection near the
Magnetosphere

For magnetic field reconnection to occur, the time the magnetized plasma spends
near the magnetopause should be at least comparable to the reconnection time,
tr ~ Ra/v,, where v, is the magnetic reconnection rate, which is difficult to assess
from first principles (Zweibel and Yamada 2009). In real astrophysical plasmas the
large-scale magnetic reconnection rate can be as high as v, ~ 0.03 —0.07v4 (Zweibel
and Yamada 2009), and phenomenologically we can parametrize it as v, = €v4 with
& ~ 0.01 —0.1. The longest time-scale the plasma penetrating into the magneto-
sphere spends near the magnetopause is the instability time, i,y ~ t££(Ra) f(1t) rad
(Shakura et al 2012), so reconnection may occur if t, /fing ~ (usf/va)(f (t)raa /&) S
1. As close to R4 (from its definition) vq ~ uyy, we arrive at f(u),qaq S €- as a nec-
essary condition for reconnection. According to (7.163), this condition is satisfied
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only at sufficiently low X-ray luminosities, pertinent to ‘quiet’” SFXT states. This
explains why in HMXBs with convective shells at higher luminosity (but still lower
than 4 x 1030 erg s~!, at which settling accretion is possible), reconnection from
magnetized plasma accretion will not lead to shell instability, but only to a tem-
poral establishment of the ‘strong coupling regime’ of angular momentum transfer
through the shell, as discussed in Shakura et al (2012) and below in Section 7.11.
Episodic strong spin-ups, as observed in GX 301-2, may be manifestations of such
‘failed’ reconnection-induced shell instability.

Therefore, it seems likely that the key difference between steady HMXBs like
Vela X-1, GX 301-2 (showing only moderate flaring activity) and SFXTs is that
in the first case the effects of possibly magnetized stellar winds from optical OB-
companions are insignificant (basically due to the rather high mean accretion rate),
while in SFXTs with lower ‘steady’ X-ray luminosity, large-scale magnetic fields,
sporadically carried by clumps in the wind, can trigger SFXT flaring activity via
magnetic reconnection near the magnetospheric boundary. The observed power-law
SFXT flare distributions, discussed in Paizis and Sidoli (2014), with respect to the
log-normal distributions for classical HMXBs (Fiirst et al 2010), may be related to
the properties of magnetized stellar wind and physics of its interaction with the NS
magnetosphere (Shakura et al 2014a; Sidoli et al 2016b).

7.11 Angular Momentum Transfer to the Neutron Star
Magnetosphere and Spin-up/Spin-down of X-ray Pulsars

Consider a quasi-static shell around a neutron star magnetosphere in which the
subsonic settling regime is established. We stress that in this regime, the accretion
rate onto the neutron star is determined by the gas density at the shell base, which
is directly related to the gas density downstream the bow shock in the stellar wind
in the gravitational capture region, and by the ability of the plasma to enter the
magnetosphere through the Alfvén surface.

The rotation law in the shell depends on the treatment of the turbulent viscosity
(see Section 7.5 if Prandtl’s law for isotropic turbulence is used), and also on any
possible turbulence anisotropy due to convection (Section 7.6). In the latter case, the
anisotropy gives rise to more powerful turbulence in the radial direction compared
to the tangential motions. Thus, as we have shown in Sections 7.4 and 7.5, a series
of solutions appears that describe the radial dependence of the angular velocity of
matter in a convective shell. Below we will use pure power-law rotation:

o(R) ~R™". (7.167)

The quasi-Keplerian case corresponds to n = 3/2, and the isomomentum distribu-
tion to n = 2, which in some sense describe limiting cases of the possible solutions.

When approaching the bow shock, R — Rp, the angular velocity of gas ap-
proaches the orbital angular velocity of the binary system (for simplicity, we con-
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sider circular orbits): @ — @p. Near the bow shock the problem is no longer spher-
ically symmetric, the characteristics of the flow may be very complicated (parts of
the matter may, for example, bend the hot shell), and the solution should be sought
for numerically. As there are no such solutions at present, we will assume that the
assumption of power-law rotation in the shell is valid up to the bow shock located
at the Bondi radius Rp:

Rp ~2GM/(V2+12,),

orb

where V,, is the stellar wind velocity at the location of the neutron star orbit, and
Vorp 18 the neutron star orbital velocity.

This means that the angular velocity of the rotation of the shell at the magneto-
spheric boundary @, is related to the orbital angular velocity @wp as

oon (3]

w,=0wg| — | . (7.168)
Ry

(Here the numerical coefficient @ > 1 takes into account the deviation of the rotation

law in the shell near the magnetsphere from a pure power-law dependence, see above

in Sections 7.4 and 7.5).

Let the neutron star magnetosphere rotate with the angular velocity o* =27 /P*,
where P* is the neutron star spin period. The matter at the base of the shell rotates
with the angular velocity ®,,, which, in general, differs from w*. If ®* > @, the
plasma-magnetosphere interaction provides angular momentum transfer from the
magnetosphere to the shell, and in the opposite case ®* < @y, — from the shell to the
magnetosphere.

In the general case, the coupling of the matter with the magnetosphere can
be moderate or strong. In the strong coupling regime, the toroidal magnetic field
component B; is proportional to the poloidal component B, and we can write
B, ~ —Bp(w, — @*)t, so that |B;| can grow up to ~ |B,|. This regime may be re-
alized around a rapidly rotating magnetosphere, when the NS angular velocity o*
is comparable to or even exceeds the Keplerian angular frequency @wg(R4). In the
latter case, the so-called propeller regime sets in. In the moderate coupling regime,
plasma may enter the magnetosphere via instabilities at a rate faster than required
for the magnetic field toroidal component to grow to the value of the poloidal com-
ponent, therefore B; < B).

7.11.1 The Case of Strong Coupling

Let us first consider strong coupling. In this case, powerful large-scale motions
of gas in the shell may lead to turbulent diffusion of the magnetic field and its dis-
sipation. This process is characterized by the turbulent diffusion coefficient of the
magnetic field 77;. Then the toroidal magnetic field (see, for example, Lovelace et al
(1995) and references therein) is
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R2
Bi = —(w, — 0")B,. (7.169)
ug
The turbulent magnetic diffusion coefficient is related to the kinematic viscosity
coefficient: 1; ~ v;. The latter can be written in the form

Ve =<l > . (7.170)

According to the phenomenological Prandtl’s law connecting the mean characteris-
tics of a turbulent flow (the velocity u,, the characteristic spatial scale /; and shear
w,, — ®*) we have:

ur ~ | oy — 0. (7.171)

In our case, the turbulence scale should be determined by the maximum scale
of the energy pumping into turbulent motions from the rotating non-spherical mag-
netosphere surface. This scale is determined by the velocity difference between the
rigidly rotating magnetosphere and the accreting matter which still does not interact
with the magnetosphere, i.e. [; >~ R4. This scale determines the turn velocity of the
largest turbulent eddies, and on smaller scales a turbulence cascade develops. Plug-
ging this scale into equations (7.169)-(7.171) we find that in the strong coupling
regime B; ~ B,,.

The torque arising from the plasma-magnetosphere interaction acts on the neu-
tron star and changes its angular momentum according to the equation

w
Ry

B,B s
1@*:/ i P@ds = +K(0)K, (7.172)

T

where I is the moment of inertia of the neutron star, @ is the distance to the rota-
tional axis, and K(8) is a numerical coefficient depending on the angle between the
rotational axis and the magnetic dipole axis. The coefficient K> appears in (7.172)
for the same reason as in equation (7.13). The positive sign (spin-up) corresponds
to angular momentum transfer to the neutron star (@, > ®*). The negative sign
(spin-down) corresponds to angular momentum removal from the neutron star to
the surrounding shell (w,, < ®*).

At the Alfvén radius, the matter enters the magnetosphere and acquires the an-
gular velocity of the neutron star rotation. Then it falls freely onto the neutron star
and supplies it with the angular momentum it acquired at the Alfvén radius R4 from
the magnetospheric interaction. As a result, the neutron star spins up at a rate

10" = +zMR; 0" (7.173)

where z is a numerical coefficient taking into account the specific angular momen-
tum of the infalling matter. If the matter falls from the magnetospheric equator,
z = 1; if the matter falls strictly along the neutron star spin axis, z = 0. If all the
matter would enter evenly across a spherical magnetosphere, then we would have
z=2/3.
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Finally, we find that the total torque applied to the neutron star in the strong
coupling regime changes the neutron star spin at a rate

2
16" = ﬂ?(e)m%3 MR 0" (7.174)
A

Using (7.16), we may exclude M from this equation to obtain in the spin-up
regime (@, > ©*)

I?(G)szz
R,

- %

o™ =

V2(y=1)(1+ym?)w(y,m)K(0) \ Re

3/2
s 4y (u) (RA ) ] 7175)

where R} = GM/(»*)? is the corotation radius. In the spin-down regime (@, < ©*)
we find

I?(G)Kzuz

lo* = —
3
Ry

4y (u) (RA )3/2
V2(y=1)(1+ym?)w(y,m)K(6)

R,
(7.176)

Note that in both cases R4 should be smaller than R,; if not, the propeller regime
would set in, and accretion would stop. In the propeller regime R4 > R., the matter
does not fall onto the neutron star surface, and there is no powerful generation of
X-ray emission. In this case, the shell downstream the bow shock can cool down
rapidly (see below) likely giving rise to the standard Illarionov-Sunyaev propeller
regime (Illarionov and Sunyaev 1975), which is accompanied by the outflow of
matter from the magnetosphere.

In both regimes (spin-up and spin-down), the neutron star angular velocity
®* approaches the angular velocity of matter at the magnetospheric boundary,
®* — ©y(Ry). The difference between ®* and @, is small, and therefore the sec-
ond term in the square brackets in equations (7.175) and (7.176) is much smaller
than one. Also note that by approaching the propeller regime (R4 — R.) the accre-
tion rate decreases, f(u) — 0, the second term in the square brackets vanishes, and
the evolution of the neutron star spin is determined solely by the braking torque
—K(6)u?/R3. (In the propeller regime @, < Wk (R4), Oy < ©*, ©* > g (Ra)).
Therefore, the neutron star spins down until reaching the Keplerian frequency at
the Alfvén radius. In this regime, the specific angular momentum of matter moving
towards or outwards from the magnetosphere is, of course, conserved.

Near the equilibrium (@0* ~ ®@,,), relatively small fluctuations of the mass accre-
tion rate M in the shell give rise to a very strong fluctuations in the pulsar frequency
®* since the toroidal component of the magnetic field can change the sign from
+B, to —B,,. If the strong coupling regime can indeed happen in nature, this could
be its distinctive feature. It is known (see, for example, Bildsten et al (1997) and on-
line Fermi/GBM data # that real X-ray pulsars sometimes display rapid transitions
from spin-up to spin-down without a corresponding change in X-ray luminosity. It

4 http://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/
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is not excluded that strong coupling may switch-on due to the magnetic field frozen
in the plasma that has not yet entered the magnetosphere. Some thoughts regarding
accretion of a magnetized plasma onto a rotating neutron star magnetosphere can be
found in Ikhsanov and Beskrovnaya (2012).

7.11.2 The Case of Moderate Coupling

The strong coupling regime considered above can be realized in the limiting case
where the toroidal magnetic field B; reaches a maximum possible value ~ B, due to
magnetic turbulent diffusion. Usually, the plasma coupling with the magnetosphere
is mediated by various instabilities, whose characteristic growth time is insufficient
for the toroidal time to increase significantly. As discussed above in Section 7.2.3,
the shell at the magnetosphere is very hot, so without cooling the plasma turns out
to be marginally stable with respect to the Rayleigh-Taylor instability (see, e.g., the
model calculations in Arons and Lea (1976)).

The torque due to magnetic forces applied to the neutron star reads:

BB
16" = / =P wds (7.177)
4r

where B; is the toroidal magnetic field component which arises if there is a dif-
ference between the angular velocity of matter @,, and the magnetosphere angular
velocity @*. On the other hand, there is a mechanical torque acting on the magneto-
sphere from the base of the shell caused by the turbulent stresses Wgy:

[ wioaas. (7.178)
where the viscous turbulent stresses can be written as

ow
Wep =pViR— . (7.179)

To specify the turbulent viscosity coefficient
vy = (ucly), (7.180)
we assume that the characteristic scale of turbulence close to the magnetosphere is
I = C4Ra, (7.181)

where we have introduced the dimensionless factor {; < 1, characterizing the size
of the zone in which there is an effective exchange of angular momentum between
the magnetosphere and the shell base. The characteristic velocity of the turbulent
pulsations u. is determined by the mechanism of turbulence in the plasma above
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the magnetosphere. In the case of strong convective motions in the shell, caused by
heating of its base, u. ~ cg, where ¢, is the sound speed.

Equating the torques (7.177) and (7.178) and allowing for (7.179) and (7.181),
we get

Jdo BB

R22Y _ P
We now eliminate the density from this expression using the pressure balance at the
magnetospheric boundary and the expression for the temperature (7.9), and make
the substitution

(7.182)

0 @, — oF
—=— 7.183
IR~ L (7189
Then we find the relation between the toroidal and poloidal components of the

magnetic field in the magnetosphere:

B, Y (MC)((Dm—(D*>
—=K—(— || ——— | . (7.184)
By V2(y—1) \ugr ) \ @k(Ra)
(Note that there is no dependence on the width of the layer characterized by the
parameter {;). Substituting (7.184) into (7.177), the spin-down rate of the neutron
star may be written as:
2 ok
16" = Ki K> <”“) H On— O

—_— 7.185
ups Rz (DK(RA) ( )

where K| ~ 1 is a constant arising from integration of the torques over the surface
of the magnetosphere.

Using the definition of the Alfvén radius R4 (7.16) and the expression for the
Keplerian frequency wg, we can write (7.185) in the form

160" = ZMR3 (@, — ). (7.186)

Here the dimensionless coefficient Z is

Ue 1
Z=K, () —. (7.187)
urr) f(u)
Taking into account that the matter falling onto the neutron star brings the angular
momentum zMR3 @*, we ultimately get

16" = ZMR’ (@, — 0") + zMRi 0" . (7.188)

Here 0 < z < 1 is a numerical coefficient which is ~ 2/3 if the matter enters across
the magnetospheric surface with equal probability at different magnetospheric lati-
tudes. Substituting @,,(R4) = wg(Rp/R4)?* for an iso-angular-momentum shell, we
can rewrite the above equation in the form
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160" = ZMagR% — Z(1 — z/Z) MR 0" . (7.189)

Substituting for the coupling coefficient Z, in the case of Compton cooling we
can rewrite (7.188) in a form explicitly showing the spin-up (Kj,) and spin-down
(K,q) torques:

@ = AMT — BV = K, — K. (7.190)

Here the spin-up/spin-down coefficients A and B do not explicitly depend on M.
For a characteristic value of the accretion rate Mg = M /10'© g/s, the spin-up and
spin-down torques read (in CGS units):

Ko 5,20 % 1032 g, () o (22 R
Su . S 1 sy 30 \/g 10d 16 145

(7.191)
_ d? z Ue _ s PPN s

Ky ~536x107 1228 1= Sy (B ) g3my B 2 a3t
W~ 5.36x 10 [S I Z) 1 urs ¢ Ha 100s 16 145

(7.192)

Here Iys =1/ 10% g cm? is the NS moment of inertia, and the dimensionless factor
J < 1 takes into account the actual location of the gravitational capture radius.

Another approach to the problem of interaction of a quasi-spherically accreting
magnetized plasma with rotating NS magnetospheres is presented in Ikhsanov et al
(2014).

7.12 Equilibrium Pulsars

For equilibrium pulsars we set @* = 0 and from (7.188) we get
Zeg(0p —0") +z0" =0. (7.193)

Close to equilibrium we may vary (7.188) with respect to M. Variations in §M may
in general be caused by changes in the density dp as well as in the velocity of the
stellar wind 6v (and thus the Bondi radius). For density variations only we find (see
Eq. (67) in Shakura et al (2013b) for more detail)

. 9"
, _I%%|eq~252 Gy b=t (PO gm0
a0 = 2 = 252 g ) (oo ) €7 e a9

On the other hand, by equating this value to the definition of the coupling coefficient
Z (see (7.187) above), we can find the dimensionless combination of the theory
parameters:

U Ii*
17 _flay) (”ff) ~0.55 o bet) (P JY ATl (7.195)
0= T T 10-12 1005 ) e Hso - :
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Fig. 7.4 Torque-luminosity correlation in GX Fig. 7.5 The same as in Fig. 7.4 for Vela X-1
301-2, @* as a function of BATSE data (20- (V.Doroshenko, PhD Thesis, 2010, IAAT)

40 keV pulsed flux) near the equilibrium fre-

quency (Doroshenko et al 2010). The assumed

X-ray flux at equilibrium (in terms of the di-

mensionless parameter y) is shown by the ver-

tical dotted line.

The equilibrium period of an X-ray pulsar with known NS magnetic field can be
found from (7.189) (or, which is the same, by equating the spin-up and spin-down
torques from (7.191) and (7.192)):

P, . v 4
Peg ~ 1000[s] (1 — 2/Zeg) /M g 1! (1&1) ag"! (jg) . (1196)

In equilibrium, from this formula we may determine another dimensionless combi-
nation of the theory parameters:

(1- %) ¢ P\ ( P\
lewmm( ><b> AT SN VATY)!

62 100s 10d

Because of the strong dependence of the equilibrium period on the (usually,
poorly measurable) wind velocity, for pulsars with independently known magnetic
fields u, it is more convenient to estimate the wind velocity, assuming P* = P, :

—1/4

(1_4) g4/ 14
N Zeq 1/11. —3/11 ( P«/100s

which is only weakly dependent on M and the theory parameter IT;.
In the possible case of mass accretion rate variations due to wind velocity changes
only, the coupling coefficient Z,, , reads (see Eq. (68) in Shakura et al (2013b)):
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aaw* ly=1 P* / / 7
~ y V7 —4/114—7/11  —12/11
ZWNO%( 10-12 ) (100S)§ Mg sy gz (1199

Clearly, in this case the coupling is weaker. Below we will consider only the wind
density variations. In principle, if z > 0 and (®,, — ®*) > 0, (7.193) implies that
there can be no equilibrium at all — the pulsar can only spin-up. However, two well-
measured equilibrium pulsars (see below) show that an equilibrium does exist, sug-
gesting that in these objects (@, — ©*) < 0.

To illustrate the theory outlined above, we show the measured and obtained
model parameters of two well-known persistent X-ray pulsars, Vela X-1 and GX
301-2 (see Table 7.1).

Table 7.1 Parameters for the equilibrium X-ray pulsars.

Pulsar Equilibrium pulsars
GX301 —2 VelaX —1
Measured parameters

P (s) 680 283
Py(d) 41.5 8.96
vyp(km/s) 300? 700
JIEN) 2.7 1.2
M 3 3

99|, _i(rad/s?) 1.5-107'12 1.2-107"2
Derived parameters

fl)¢—7M 0.32 0.30
ZogGHM 432 3.49
I 1.28 111
eIl (km/s) 530 800

It is clear from Table 7.1 that for Vela X-1 the observed and derived parameters
are in good agreement, with the value of the dimensionless theory parameter Iy ~ 1,
as expected from very general hydrodynamic similarity principles Sedov (1959). It
is remarkable that the parameter I, ~ 1 in GX 301-2 as well, suggesting a common
physics of hydrodynamic interactions in these objects. However, the observed wind
velocity in GX 301-2 is inferred from observations to be around 300 km/s, which is
almost twice as low as that derived using our theory. To obtain such a low velocity
from (7.198), the dimensionless parameter IT; should be around 10, which is unre-
alistically high (in fact, this parameter should not be higher than 1). From this we
conclude that in GX 301-2 the observed wind velocity is likely estimated far from
the region interacting with the NS.
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7.13 Non-equilibrium Pulsars

It is convenient to introduce the dimensionless parameter

M

M,,

y
where Meq represents the accretion rate at which @* = 0:

. B\ /4
Meq: X .

Equation (7.190) can be rewritten in the form

o x LT _4
0" =AM yTh <l—y n).

371

(7.200)

(7.201)

(7.202)

A plot of the function @*(y) is shown schematically in Fig. 7.6. The function @* (M)

reaches minimum at M = M.,

3\
Mcr:Meq <7> ;

In other words, @* attains a minimum for the dimensionless parameter

11

3\ 4
a=(2) <1
= (3)

Table 7.2 Parameters of non-equilibrium X-ray pulsars

GX1+4 SXP1062 4U2206 + 54

Measured parameters

P*(s) 140 1062 5560
Pg(d) 1161 ~ 300" 19(7)

v, (km/s) 200 ~ 300% 350
H30 ? ? 1.7
Mis 1 0.6 0.2

o —2.34-107" —1.63-10~'1 —9.4.10°1
Derived parameters

K (uc/ugp) M (1-2/Z) 43

H50 min ~2.4 ~ 10 ~0.6

(7.203)

(7.204)

T Estimate of the source’s position in the Corbet diagram ¥ Estimate of typical wind velocity for

Be X-ray binaries.
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Fig. 7.6 Schematics of the dependence of @* on the dimensionless accretion rate y. The figure
shows the position in the diagram for equilibrium pulsars with y ~ 1 and for non-equilibrium
pulsars at steady spin-down with y < y,,

The minimum ®* for y = y., (i.e. the maximum possible spin-down rate of the
pulsar) is
7
i

4 .1
1@y, = —=AM:g yTT . (7.205)

min 3

Numerically, the maximum spin-down rate at y., is

0y i ~ —1.12 % 10~ 12[rad/s?|(1 — 2/2)7/*K, (7)
3, 0,0\ T/4 3/4
2 P i
aa) () (R oo
Then, from the condition |®};| < |@}; ,...| follows a lower limit on the neutron star
magnetic field:
o, |'?

10 Zrad/s? (1—z/2)77/8 [K1 (%)]—1/2

()" ()" () o

At very low accretion rates y < 1 the spin-up torque Ky, can be neglected, and
the spin-down rate of the pulsar is

Uzo > ﬂ§o,min ~ 0-94‘ 1
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0%y % 054 102 /)1 - 563 (1) ¢!

13/11 ,3/11 ( p+ \ 7!
o3 (11(;03) : (7.208)

From this we obtain a lower limit on the neutron star magnetic field that does not
depend on the stellar wind velocity or the binary orbital period:

11/13 (- %)7”/]3 [K1 (;7})]—11/13 g

Oy
10~ 2rad/s”

3o > uél(),min ~ 168‘

+—3/13 [ p*
M (1005

As an example, consider the steady spin-down behavior in several slowly rotat-
ing moderate-luminosity X-ray pulsars (GX 1+4, SXP 1062, 4U 2206+54) within
the framework of the quasi-spherical settling accretion theory. The results are sum-
marized in Table 7.2.

11/13
) . (7.209)

7.14 On the Possibility of the Propeller Regime

The very slow rotation of the neutron stars in X-ray pulsars GX 1+4, GX 301-2
and Vela X-1 which we consider here as examples, ®*(R4) < wg(R4), means that
in these objects the propeller regime, in which the gas is ejected from the rotating
magnetosphere with a parabolic velocity and the neutron star spins down, can hardly
occur.

We start with estimating an important ratio of the viscous stresses (~ B;B)) to
the gas pressure (~ B?,) at the magnetospheric boundary. This ratio is proportional
to the ratio of the magnetic field components, B; /B, (see equation (7.184)), and is
always less than one (in the moderate coupling regime). This implies that only large-
scale convective motions with turbulent radial scaling of eddies can be present in
the shell. When @* > g (R,), a centrifugal barrier appears and accretion ceases. In
this case, the maximum possible braking torque applied to the neutron star will be of
the order of ~ —Ku?/ Rf‘ because of the strong plasma-magnetosphere coupling. In
this regime, the toroidal magnetic field component, B;, is comparable to the poloidal,
B,,. It can not be excluded that the hot shell with isomomentum angular rotation will
be conserved also in this case, and that the angular momentum removal from the
rotating magnetosphere will be mediated by this shell. If the characteristic cooling
time of the shell plasma is shorter than the gas free-fall time, the shell disappears
and, probably, a thin storage disc as considered in Syunyaev and Shakura (1977)
will be formed. No accretion occurs through such a disc, it only mediates the angular
momentum removal from the rotating magnetosphere.
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7.15 Do Slow X-ray Pulsars Have Prograde or Retrograde
Accretion Discs?

The analysis of real slow X-ray pulsars presented above suggests that they have
convective magnetospheric shells with isomomentum angular rotation. Therefore,
we will consider only the case with @ ~ R~2. Equation (7.189) implies that for
®* = 0 the equilibrium spin frequency of the neutron star is

o, = top— Rg)’ (7.210)
@ "P1_2/Z\Ra) ° '

We stress that such an equilibrium in our model is possible only if a settling accre-
tion shell is present above the magnetosphere. At high accretion rates M > M, ~
4 % 10'6 g s~! accretion proceeds in the free-fall regime, and no hot shell is formed
above the magnetosphere.

The equilibrium period of an X-ray pulsar in the quasi-spherical settling accretion
regime is determined by formula (7.196):

Pog ~ 1000[s] s’ " (P, /10d) M M (7.211)

For comparison, in the case of standard disc accretion the equilibrium period is:

Py~ 10[s]ugy a1 (7212)

Therefore, the long spin periods observed in some X-ray pulsars may be explained
in the presence of an accretion disc only by assuming a very strong (magnetar-
like) magnetic field of the neutron star. Another explanation based on retrograde
accretion discs (i.e. those with angular momentum opposite to the orbital) around
magnetospheres of such X-ray pulsars is also discussed in the literature. (see, for
example, Nelson et al (1997) and references therein). A conversion of the torques
due to the temporal formation of a retrograde accretion disc from the stellar wind
can, in principle, lead to very long spin periods even in X-ray pulsars with standard
magnetic fields. Such discs may be formed due to inhomogeneities in the captured
stellar wind Ruffert (1997, 1999). The observed torque reversal in some X-ray pul-
sars could be explained, in principle, by this mechanism. In the case of GX 1+4 with
long-term stable spin-down it is highly unlikely to observe a stable retrograde disc
on timescales much longer than the binary orbital period (see Gonzalez-Galan et al
(2012) for more detail). For GX 301-2 and Vela X-1, the direct proportionality of
the torques to the X-ray luminosity (see Figs. 7.4 and 7.5) also does not support the
presence of a retrograde accretion disc.
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7.16 Conclusions

In Shakura et al (2012) we constructed a theoretical model of quasi-spherical
subsonic accretion onto slowly rotating magnetized neutron stars. In this model,
the accreting matter is gravitationally captured from the stellar wind of the optical
component and settles subsonically onto a rotating magnetosphere through a hot
extended quasi-static gas shell. In the shell, large-scale convective motions occur,
mediating the angular momentum transfer, and depending on the difference of the
velocity of the gas and the magnetosphere at the magnetospheric boundary, spin-up
or spin-down of the X-ray pulsar can be observed.

A detailed analysis and comparison with observations of the two slowly rotating
X-ray pulsars GX 301-2 and Vela X-1, which both demonstrate correlative changes
of the spin-up/spin-down torques with X-ray luminosity near the equilibrium period
of the neutron star, likely suggests strongly anisotropic convection in their mag-
netospheric shells leading to rotation with a constant specific angular momentum,
® ~ R™2. A statistical analysis of long-period X-ray pulsars in Be-binary systems
in the Small Magellanic Cloud (Chashkina and Popov 2012) also favors the rotation
law @ ~ R~2. The accretion rate through the magnetospheric shell is determined by
the ability of the plasma to enter the magnetosphere. The settling accretion regime,
which enables angular momentum removal from the neutron star magnetosphere
may be realized at low accretion rates M < MT ~ 4 x 10'® g/c (X-ray luminosi-
ties L < LT ~ 4 x 10° erg s1). At higher accretion rates (and, correspondingly, at
higher X-ray luminosities) rapid Compton cooling of the plasma above the magne-
tospheric boundary causes a free-fall gap to emerge above the magnetosphere, and
the accretion becomes highly non-stationary.

Spin-up/spin-down observations of long-period X-ray pulsars (i.e. measurements
of the torque ®*, or d®* /M near the torque reversal point) allow the basic dimen-
sionless parameters of the model to be inferred as well as the neutron star mag-
netic field to be independently estimated. Such an analysis was carried out for the
equilibrium X-ray pulsars GX 301-2 and Vela X-1 and suggest magnetic fields in
agreement with estimations from cyclotron line measurements in these sources.

Measurements of the equilibrium pulsar period P*, the orbital binary period P,
and the neutron star magnetic field estimate [t make it possible to estimate the stel-
lar wind velocity v from the optical companion without using complicated spec-
troscopic measurements. For non-equilibrium pulsars, there is a maximum possible
value of the spin-down at the accretion stage depending on P*, P,, i and v. For such
pulsars (e.g., GX 144, SXP 1062, 4U 2206+54) the observed spin-down rate and
X-ray luminosity can be used to obtain a lower limit on the neutron star magnetic
field, which in all cases is found to be close to the standard neutron star magnetic
field ~ 10'2 G and is in agreement with cyclotron line measurements.

In the model of subsonic quasi-spherical accretion, the observed long-term stable
periods of spin-up or spin-down of the neutron stars in some X-ray pulsars can be
quantitatively explained by a change of the mean accretion rate onto the neutron
star (with a corresponding change in X-ray luminosity). Apparently, such variations
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are related to the properties of the stellar wind from the optical companion in these
X-ray binaries.

The model predicts a specific behavior of the frequency variations 0 ®@* on top
of a steady spin-up or spin-down, as a function of the accretion rate variations SM.
There is a critical mass accretion rate, M,,, below which an anti-correlation of the
frequency fluctuations 8 ®* with §M should be observed. This is the case in GX 1+4
at the long-term steady spin-down stage presently observed. Above this accretion
rate, the frequency fluctuations § ®* relative to the mean value should correlate with
the mass accretion rate fluctuations M. This is the case in the equilibrium X-ray
pulsars Vela X-1 and GX 301-2 around the equilibrium period and in GX 1+4 at the
steady spin-up stage. The model also gives a quantitative explanation of the relative
amplitude and sign of the observed frequency fluctuations in GX 1+4.
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Chapter 8

On the Properties of Velikhov-Chandrasekhar
MRI in Ideal and Non-ideal Plasmas

Nikolay Shakura and Konstantin Postnov

Abstract In this chapter, conditions of the Velikhov-Chandrasekhar magneto-
rotational instability in ideal and non-ideal plasmas are examined. A linear WKB
analysis of hydromagnetic axially symmetric flows shows that in the Rayleigh-
unstable hydrodynamic case where the angular momentum decreases with radius,
the MRI branch becomes stable, and the magnetic field suppresses the Rayleigh
instability at small wavelengths. We investigate the limiting transition from hydro-
magnetic flows to hydrodynamic flows. The Rayleigh mode smoothly transits to the
hydrodynamic case, while the Velikhov-Chandrasekhar MRI mode completely dis-
appears without the magnetic field. The effects of viscosity and magnetic diffusivity
in the plasma on the MRI conditions in thin accretion discs are studied. We find the
limits on the mean free-path of ions allowing MRI to operate in such discs.

8.1 Introduction

In the end of the 1950s — beginning of the 1960s, E. Velikhov and S. Chan-
drasekhar studied the stability of sheared hydromagnetic flows (Velikhov 1959;
Chandrasekhar 1960). In these papers, the magneto-rotational instability (MRI) in
axisymmetric flows with magnetic fields was discovered. MRI arises when a rela-
tively small seed poloidal magnetic field is present in the fluid. This instability was
applied to astrophysical accretion discs in the influential paper by Balbus and Haw-
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ley 1991, and has since then been considered the major reason for the turbulence
arising in accretion discs (see Balbus and Hawley (1998) for a review). Non-linear
numerical simulations (e.g. Hawley et al 1995; Sorathia et al 2012; Hawley et al
2013) confirmed that MRI can sustain turbulence and dynamos in accretion discs.
However, semi-analytical and numerical simulations (see, for example, Masada and
Sano 2008; Stone 2011; Hawley et al 2013; Suzuki and Inutsuka 2014; Nauman and
Blackman 2015) suggest that the total (Reynolds 4+ Maxwell) stresses due to MRI
are insufficient to cause effective angular momentum transfer in accretion discs, in
terms of the phenomenological alpha-parameter cgs (Shakura and Sunyaev 1973),
giving rather low values og ~ 0.01 —0.03. Note that from the observational point
of view, the alpha-parameter can be reliably evaluated, e.g. from analysis of non-
stationary accretion discs in X-ray novae (Suleimanov et al 2008), dwarf-nova and
AM CVn stars (Kotko and Lasota 2012), and turns out to be an order of magnitude
higher than typically found in the numerical MRI simulations.

In this chapter we use the local linear analysis of MRI in the WKB-approximation
by Balbus and Hawley (1991) to examine properties of MRI for different laws of
differential rotation in weakly magnetized flows, Q2(r) o< ¥, i.e. when the solution
to the linearized MHD equations in the Boussinesq approximation is searched for
in the form ~ ei(@!—ker _kfz), where k,,k, are wave vectors in the radial and normal
direction to the disc plane, respectively, in cylindrical coordinates.

In this approximation, the dispersion relation represents a biquadratic algebraic
equation. A linear local analysis of unstable modes in this case was performed ear-
lier (see, e.g., Balbus (2012)). Here we emphasize the different behaviour of sta-
ble and unstable modes of this equation for different rotation laws of the fluid. We
show that in the Rayleigh-unstable hydrodynamic case, where the angular momen-
tum decreases with radius, the Velikhov-Chandrasekhar MRI does not arise, and the
magnetic field suppresses the Rayleigh instability at small wavelengths.

Then we turn to the analysis of a non-ideal plasma characterized by a non-zero
kinematic viscosity v and magnetic diffusivity 1. This problem has been addressed
previously by different authors (see, e.g. Balbus and Hawley (1998); Sano and
Miyama (1999); Ji et al (2001); Balbus (2004); Islam and Balbus (2005); Pessah and
Chan (2008), among others), aimed at studying various aspects of the MRI physics
and applications. To keep the paper self-contained, we re-derive the basic disper-
sion relation in the general case and investigate its behaviour for different values of
the magnetic Prandtl number P,,, = v/1 and the kinematic viscosity v. Specifically,
we consider the limitations implied by the viscosity in accretion discs with finite
thickness, and find phenomenologically interesting constraints on the disc param-
eters where MRI can operate. Below we delineate the derivation of the dispersion
equation for non-ideal plasma in the Boussinesq approximation for both adiabatic
and non-adiabatic perturbations for different magnetic Prandtl numbers, P, = v/n,
and and different values of the kinematic viscosity v. Then we consider limitations
on the viscosity in thin accretion discs in which MRI can operate.
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8.2 Derivation of the Dispersion Equation for a Non-ideal Plasma

Here we generalize the derivation of the MRI dispersion equation (8.36) given in
Kato et al (1998) to the case of a non-ideal plasma with arbitrary kinetic coefficients
v and 1] (see also Ji et al (2001)).

The system of non-ideal MHD equations reads:

1) Mass conservation equation

ap _
W+V-(pu)_0, (8.1)

2) Navier-Stokes equation including gravity force and Lorentz force

du 1 1
E—l—(uV)-u:—BVp—V(pg—i—m(VxB)xB+vAu (8.2)
(here ¢, is the Newtonian gravitational potential),

3) Induction equation

88—1::V><(u><B)—|—11AB7 (8.3)
4) Energy equation
p2T |9s sl=0u —v.Fr 1 2
i [(% + (uV) S} = Qvisc =V F+47r [V x B]*. (8.4)

where s is the specific entropy (per particle), & is the universal gas constant, U is
the molecular weight, T is the temperature, and terms on the right stand for viscous,
energy flux F and Joule dissipation, respectively.

5) These equations should be completed with the equation of state for a perfect
gas, which is convenient to write in the form:

p=Ke'/vp, (8.5)

where K is a constant, cy is the specific volume heat capacity and y = ¢, /cy is the
adiabatic index (5/3 for a monoatomic gas).

We will consider small axially symmetric perturbations in the WKB approxi-
mation with space-time dependence @ —kr—k2) where r,z, ¢ are cylindrical coor-
dinates. The unperturbed magnetic field is assumed to be purely poloidal: By =
(0,0,Bp). The velocity and magnetic field perturbations are u = (u,,uy,u;) and
b = (by,by,b;), respectively. The density, pressure and entropy perturbations are
p1, p1, and sy over the unperturbed values pg, po, and sg, respectively. To filter out
magnetoacoustic oscillations arising from the restoring pressure force, we will use
the Boussinesq approximation, i.e. consider incompressible gas motion V -u = 0.
In the energy equation we neglect Eulerian pressure variations, p;(f,r,¢,z) = 0, but
Lagrangian pressure variations 0 p(z,r(fo), ¢ (f9,z(fo)) are non-zero. (Recall that for
infinitesimally small shifts the perturbed gas parcel acquires the pressure equal to
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that of the ambient medium; see e.g. Spiegel and Veronis (1960); Kundu et al (2012)
for discussion of the Boussinesq approximation).

In the linear approximation, the system of differential non-ideal MHD equations
is reduced to the following system of algebraic equations.

a) The Boussinesq approximation for gas velocity # is V-u = 0:

kyuy +ku, =0. (8.6)

b) The radial, azimuthal and vertical components of the Euler momentum equa-
tion are, respectively:

. . b1 P1IPpo .6/24 2
—2Quy = ik, — — — — +i-2(k.b, — k,b,) — Vk 8.7
10Uy Up =1 "po pg or +lB()( rOz — Kz r) VKU, (8.7)
. K2 A
g+ 5ty = —zB—/:)kzbq) — VK uy (8.8)
. . Pl P1Ipo 2
iou, = ik,— — — —— — vk“u (8.9)
Z ZPO PS az 4

Here k> = k? + k2 so that in the linear order VAu — —vk*{u,,uy,u.}', and we have
introduced the unperturbed Alfvén velocity ¢ = B3/(47py).

To specify the density perturbations p;/po, we need to address the energy equa-
tion. First, we consider adiabatic perturbations, i.e. require that

ds
E+(u~V)s:0. (8.10)

For small density perturbations from Eq. (8.5) we obtain for entropy perturbations

S Py, 8.11)
cy Po
and after substituting this into Eq. (8.10) we get

1 - 1 -
l(DY&“ruza 1P +ura 1P =0 (8.12)
Po BZ

or

(cf. Eq. (122) in Balbus & Hawley (1998)). Hence in the absence of entropy gradi-
ents we obtain
1 dp

% % = (8.13)

Consider now the more general case of non-adiabatic linear perturbations. To do
this, we need to specify the right-hand side of the energy equation (8.4). Let us start
with the last term. Writing for the magnetic field B = By + b and taking into account
that for the unperturbed field V x By = 0, we see that the Joule dissipation term is

! Here we neglect terms ~ (k,/r) compared to terms ~ k2, see also discussion in Acheson (1978).
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quadratic in magnetic field perturbations b, so we exclude it from consideration.
The heat flux divergence is

V.F =V(—x;VT) = —krAT, (8.14)

where k7 is the temperature conductivity coefficient. From the equation of state for
an ideal gas written in the form p = p#ZT /i, we find for small perturbations with
zero Eulerian pressure variations p; /po =0

pi__T

T (8.15)

i.e. in the axially symmetric waves considered here the density variations are in
counter-phase with the temperature variations.

The viscous dissipative function Q,;s can be written as Q,;;c = pv P, where the
function @ in polar coordinates is

(8.16)

All terms but one in this function are quadratic in small velocity perturbations; this

term has the form:
8u¢ u¢ 2
vpl ——— ] . (8.17)
or r

Writing for the azimuthal velocity uy = ug o+ ug,1 (here for the purposes of this
paragraph and only here we specially mark the unperturbed velocity with index 0,
not to be confused with our notations uy for perturbed velocity in Eq. (8.7)-Eq. (8.8)
above and below). Thus we obtain for the viscous dissipation

dQ | dQ
Ovise = vprd— [rd —2ikyug, 1 — 214(1),1] + quadratic terms. (8.18)
r r r

Here Q = uyo/r is the angular (Keplerian) velocity of the unperturbed flow. The

first term in parentheses describes the viscous energy release in the unperturbed
Keplerian flow. For this unperturbed flow we have

dso [r(dQ/dr)]? 9 Q2

— =VU——— =Vl —. 8.19

o Mg 2" T (.19
Thus, the entropy of the unperturbed flow changes along the radius. However, on a
scale of the order of or smaller than the disc thickness, the entropy gradient can be
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neglected. The second term in Eq. (8.18) vanishes if k. = 0, i.e. we consider two-
dimensional perturbations with only k; # 0. As a result, the energy equation with
zero entropy gradients in the Boussinesq limit becomes

PoZTy
u

dQ T
S1 = —2ik,vporﬁu¢71 — K'Tsz()?(l) . (8.20)

Like in the linearized equation V -u = 0, here we have neglected the term uy 1 /7. By
substituting Eq. (8.11) and Eq. (8.15) into Eq. (8.20), we find the relation between
the density variations and u in the Boussinesq limit with zero entropy gradients:

o1 /. Krk? ) 2ik,vr(dQ /dr)
1 + = u (8.21)
( " poZ /1 ¢

AT/ u
Here ¢, = ycy = y/(y—1) is the specific heat capacity (per particle) at constant
pressure.
To describe the effects of thermal conductivity, it is convenient to introduce the
usual dimensionless Prandtl number:

pr= VPG (8.22)
Kr
(Here C, = c,Z /). Substituting Eq. (8.22) into Eq. (8.21) yields:
P _ v/(y—1) 2ik,vr(dQ/dr) (8.23)

po  (@+VkZ/Pr) ZTy/u ¢

It is straightforward to include the density perturbations in the non-adiabatic case
(8.21) in the analysis. This significantly complicates the final dispersion equation
(see Eq. (8.32) below). We stress again that the two-dimensional case with k. =0
produces the dispersion relation for small local perturbations which is exact even in
the case of non-adiabatic perturbations.

c) The three components of the induction equation with account for nAB —
—nk*{b,,by,b.} read:

iwb, = —iBok.u, — kb, (8.24)

o
i0bg = —iBokutg +r——b, — nk*by (8.25)
iwb, = iBokyu, — kb, . (8.26)

Following Kato et al (1998), we express all perturbed quantities through u;:

"y = — 2y (8.27)

Lk fg io + k2 + GRra2
"7 ke [(i0+vi?) (io+nk2) + AR (io + nk?

i (8.28)
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by . N
B—O(za)—knk )= iz, (8.29)
r
by . 2 - irg K
=2 K2) = —ik ——dr = 8.30
Bo(lw+n ) lzu¢+(lw+nk2) kr"t17 ( )
b
B—Z(iw+nk2) = —iku,, (8.31)

The system of linear equations (8.6) and (8.27) - (8.31) contains the equation
V-b = 0. Indeed, by multiplying Eq. (8.29) and Eq. (8.31) by k, and k;, respec-
tively, and summing up the obtained equations, we get kb, + k,b, = 0. Substituting
Eq. (8.27)-Eq. (8.31) into Eq. (8.7) and rearranging the terms, we arrive at the dis-
persion relation (8.48).

The dispersion relation in the general case of non-adiabatic perturbations with
k, # 0, i.e. with non-vanishing density perturbations p; (see Eq. (8.21)) is:

k 2
ot () [l ne) e Guoe -a07)]

k
{1 - y;yl (iw+iv1€1§2/1>r) (A B %B)} =9, (8.32)
where @, is determined as
W7, = —(io+ VE*) (io + nk*) — k2 . (8.33)

The coefficients A and B are:

dInQ 1d dInQ 1d
A=y (42 4oy gy (40 —4roy (8.34)
dlnr po dr dlnr po dz
Although the terms with A and B arising from the viscous dissipation function are
proportional to (k,/r)(v/®) and (k?/k,r)(v/®), they are retained in our analysis
since for large viscosities they may become comparable to or even higher than one.

The expression in the square brackets in Eq. (8.32) above can be rewritten in the
equivalent form:

y—1 iv k-\ dinQ/dlnr
Y (io+ Vvk?/Pr) \ k, ZTo/ U

I+

(kzgr.,eff - krgz) , (8.35)

where g,..rr = —1/po(dpo/dr) and g, = —1/po(dpo/dz) are the effective radial
and vertical gravity accelerations in the unperturbed flow, respectively. Clearly, for
k- = 0 we return to Eq. (8.48) with k = k;. Note that for k. # 0 Eq. (8.32) is a
fifth-order algebraic equation. For perturbations with k, = O this equation becomes
a fourth-order algebraic equation, which already has exponentially growing MRI
modes. For completeness, it would be desirable to investigate this five-order equa-
tion. However, in the absence of a magnetic field Eq. (8.32) turns into a third-order
algebraic equation. As we show in Shakura and Postnov (2015), one of the Rayleigh



390 Shakura and Postnov

modes in this case can become exponentially unstable at long wavelengths even in
the Rayleigh-stable case of Keplerian rotation.

8.3 Linear Analysis for an Ideal Fluid

The dispersion relation for local small axially symmetric disturbances in the sim-
plest case of an ideal fluid without entropy gradients reads (see also Balbus and
Hawley (1991), Kato et al (1998)):

k. \ k. \
o — (kz) K’ w? — 4Q? <kz> k2ck =0. (8.36)
Here
0 = 0* — 3k, (8.37)
I =k + k2,
aQ?  140**
2 2 _
=40 == )
K tr dr r3 dr (8.38)
is the epicyclic frequency, and
ci = Bj/(4mpo) (8.39)

is the unperturbed Alfvén velocity squared. The initial magnetic field By is assumed
to be purely poloidal (directed along the z-coordinate) and homogeneous.
The solution to the biquadratic equation (8.36) has the form:

k\2 2 [
wZ—(kZ> c§k2+%i Z+4[22c§k2. (8.40)

We will examine solutions to this equation by assuming k2/k* = k2 /(k? +k2) =
const, i.e. the direction of the wave vector in the » — z plane is conserved, which
is not restricting our analysis. Depending on the sign of the root ®?, one of three
modes can exist: the stable oscillating mode for > > 0, the indifferent equilibrium
(neutral) mode for ®? = 0, or the exponentially growing mode for w* < 0.
According to the classical Rayleigh criterion (Lord Rayleigh 1916), if the epicyclic

frequency k2 > 0 (in this case the angular momentum in the flow increases with ra-
dius), the equilibrium is stable. If k? < 0 (the angular momentum decreases with
radius), the equilibrium is unstable. If k> = 0 (the angular momentum does not
change with radius), the equilibrium is indifferent.
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8.3.1 The Ideal MHD Case

Let us start with discussing the behaviour of different modes of the dispersion
relation (8.36) in the ideal MHD case. It is instructive to investigate the asymptotics
of these modes with decreasing (but non-zero) seed magnetic field (see Section 8.3.2
for more detail on the limiting transition for a vanishing magnetic field).

If a magnetic field is present, there are five different types of solutions to
Eq. (8.40) depending on how the angular velocity (angular momentum) changes
with radius.

o /
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Fig. 8.1 Schematic behaviour of two branches of the dispersion equation Eq. (8.36) (the ‘Reynolds
mode’ a),%, thin curves, and the ‘MRI mode’ a)\%c, thick curves) for two values of the Alfvén ve-
locity ¢4 (two values of the seed magnetic field Bp). The dashed straight lines show the asymptotic
behaviour of the solutions at large k*: @? = (k;/k)*c3k*. The smaller the seed magnetic field, the
flatter the slope of the asymptotes. Case 1, where the angular velocity and angular momentum
increasing with radius (k2 >40Q%n< 0).

Case 1: k% > 4Q2, n < 0. In this case there are two stable modes (see Fig. 8.1),
which at large k? (in the short-wavelength limit) approach the asymptotic behaviour
®? = (k;/k)*>c3k*. With decreasing (but non-zero) seed magnetic field amplitude By
(and corresponding unperturbed Alfvén velocity c4), one mode tends to the classical
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K2

Fig. 8.2 The same as in Fig. 8.1 for the case of decreasing angular velocity with radius but increas-
ing angular momentum (0 < K2 <4020 < n<4) (case 2).

Y
=
o

Fig. 8.3 The same as in Fig. 8.1 for the case of constant angular momentum (k2 =0; n=4) (case
3). Both the Rayleigh and MRI branches have infinite derivatives dw? /dk? at k*> = 0.
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Rayleigh branch @} = (k;/k)*k? (the horizontal dashed line in Fig. 8.1), and the
second mode tends to the neutral branch a)‘%c — 0.

Case 2: 0 < k> < 4Q2,0 < n < 4. In this case the Rayleigh mode @3 behaves
almost in the same way as in case 1 (upper curves in Fig. 8.2). For the mode w\%c
(lower thick curves in Fig. 8.2) the instability arises in the interval: 0 < k*c3 < nQ?.
It is in this case that the MRI instability occurs in a Keplerian accretion disc with
n =3 and k = Q. With decreasing B the critical wave number separating the stable
and unstable behaviour

QZ
ke (0% =0) =n— (8.41)
€A
tends to infinity. The maximum instability growth rate characterized by the mini-
mum of the mode w‘%c occurs at

n(8—n) Q2
o= = . 8.42
max 6 & (8.42)
By substituting Eq. (8.42) into Eq. (8.40), we find for the MRI mode
n? (k> n k. \ 2
GHemn=—16 (%) = () Glu s

With decreasing (but non-zero) By and cf‘, a)‘%c(k,%mx) — —0as k2, — .

Case 3: k2 = 0, n = 4. In this case (see Fig. 8.3) both the Rayleigh mode wI% and
the MRI mode “’\%c leave zero with infinite derivatives (positive and negative for the
Rayleigh and MRI modes, respectively). In the presence of a finite seed magnetic
field, the a)\%c mode displays the MRI. As By becomes small (but non-zero), both
modes asymptotically approach the neutral mode ®? — 0.

Case 4: k% < 0,4 < n < 8. In this case (see Fig. 8.4) in the absence of a magnetic
field the instability according to the Rayleigh criterion emerges (the bottom dashed
horizontal line in Fig. 8.4) with w3 = x?(k,/k)?. If a magnetic field is present, the
Rayleigh instability is stabilized by the magnetic field at k> > k2, (bottom thin curves
in Fig. 8.4). Note that k2, and k2, here are the same as in Case 2. While similar to
the MRI mode, this is now the Rayleigh mode w,% that is unstable and reaches a
maximum growth rate w,%max determined by Eq. (8.43). In contrast, the Velikhov-
Chandrasekhar mode a)‘%c (upper thick curves in Fig. 8.4) remains stable at all
wavenumbers, and with decreasing (but non-zero) magnetic field a)‘%c — +0. We
stress again that the difference between the Rayleigh and MRI modes is due to their
different asymptotic behaviour as By — +0: the Rayleigh mode is unstable and
behaves as wg — —k>k2/k?, unlike the stable Velikhov-Chandrasekhar mode.

Case 5: k% < 0, n > 8. The only difference of this case from Case 4 is that the
Rayleigh mode a),% leaves zero with a positive derivative (bottom thin curves in Fig.
8.5).
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Fig. 8.4 The same as in Fig. 8.1 for the case of decreasing angular momentum (k2 < 0; 4 < n < 8)
(Case 4). Instability according to the Rayleigh criterion occurs. The Rayleigh branch has a negative
derivative at k%> = 0.

8.3.2 On the Behaviour of MRI for a Vanishing Magnetic Field

The transition to the purely hydrodynamic case without magnetic field should
be treated separately. Let us consider asymptotic solutions (8.40) for a vanishing
magnetic field. In the leading order in ¢4 the two branches of the dispersion relation

are: 5 5
k 40
2 z 2 272

which we have refered to as the Rayleigh mode since in the absence of a magnetic
field it tends to the classical Rayleigh mode @3 = (k;/k)?k?, and

402
00 ~ k2 (1 — 1<2) , (8.45)

which we have refered to as the Velikhov-Chandrasekhar mode and which is mani-
festly unstable for Keplerian motion (k> = Q2).
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Fig. 8.5 The same as in Fig. 8.4 for the case (x% < 0; n > 8) (case 5 in the text); the Rayleigh
branch has a positive derivative at k> = 0.

Note that unlike for the Rayleigh mode, setting the magnetic field to zero in
Eq. (8.45) leads to a paradoxical result: w\%c = 0. This ‘neutral mode’ is fictitious,
it does not exist in the purely hydrodynamic case. To see this, let us write down the
linearized system of perfect fluid equations in the Boussinesq approximation (see
(8.6) — (8.9) and Eq. (8.13) in Section 8.2):

kyu, +ku, =0
iou, —2Quy = ik, 0
iouy + %u, =0
iou, = ikZ% (8.46)

It is easy to find the dispersion relation in this case:

2
o = (kz) K2, (8.47)



396 Shakura and Postnov

which is the classical Rayleigh branch. No neutral mode w” = 0 arises. The neu-
tral mode @ = 0 does exist in the purely hydrodynamic case but only for a specific
choice of radial perturbations with u, = u, = k; = 0 and —2Quy = ik,(p1/po) (see
(8.46)). The odd mode ®? = 0 arising in the limiting transition to a vanishing mag-
netic field formally appears from Eq. (8.36) since the fourth order of this dispersion
relation is entirely due to the expression in square brackets ~ ®? in the denomina-
tor of Eq. (8.28), which for the case B = 0 is cancelled out by the expressions in
brackets ~ @ in the numerator.

Similarly, no smooth transition to the hydrodynamic case occurs if viscosity is
included (see below). The absence of a smooth transition to the ideal hydrodynamic
case when B — 0 was first noted by Velikhov (1959). At the same time, the transition
to the classical Rayleigh mode with vanishing magnetic field proceeds smoothly.

8.4 Linear Analysis for a Fluid with Viscosity and Magnetic
Diffusivity

Let us now consider the more general case of a non-ideal viscous fluid with finite
electric conductivity characterized by the kinematic viscosity coefficient v and resis-
tivity (magnetic diffusivity) 1. Naturally, in problems with viscosity and magnetic
diffusivity there is no initial steady state. The angular momentum is redistributed by
viscosity on the time scale 7, ~ R? /v, and the magnetic field changes on the mag-
netic diffusion time scale T, ~ R?/n, where R is the characteristic size of the system.
Everywhere below we will assume these timescales to be extremely long compared
to the Keplerian rotation time and the characteristic instability growth time, if con-
ditions are suitable for the latter to arise. The dispersion relation in this case can
be derived following the local linear analysis of MRI performed, e.g. in the mono-
graph by Kato et al (1998), taking into account viscosity and conductivity in the
WKB-approximation (see Section 8.2, with zero density perturbations Eq. (8.13)):

2
ol + (]Z) [(iw+nk2)2xz+c§k§(x2—492) =0, (8.48)
where 2, is determined by Eq. (8.33).

The dispersion relation (8.48) is identical to the one derived for a rotating liquid
metal annulus in the incompressible limit (Ji et al 2001)2. This equation was also de-
rived and mathematically analysed in Pessah and Chan (2008). However, that paper
focused on the application of the MRI mode to the calculations of the Reynolds and
Maxwell stresses in the differentially rotating flow. In what follows we shall discuss
the constraints on MRI modes in astrophysical accretion discs, where the free-path
length of particles (and hence the viscosity) is limited by the disc thickness.

2 Note that those authors searched for a stable differential rotation law between cylinders with given
viscosity and electric conductivity while we are investigating conditions for MRI in a viscous,
electrically conducting flow in a gravitational field with given differential rotation law.
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The magnetic Prandtl number is introduced as P, = v/n. Using the standard
expressions for v and 1 for fully ionized hydrogen plasma from Spitzer (1962), we
readily find
T4

Po~34x1078 —
" pInAcApy’

(8.49)
where T is the temperature, p is the density and A,y and A,y are electron and
proton Coulomb logarithms, respectively.

As was shown by Balbus and Henri (2008), the magnetic Prandtl number can be
of the order of one in the inner parts of accretion discs around neutron stars and
black holes.

8.4.1 The Case of the Magnetic Prandtl Number P,=1

Here we will discuss the exact analytic solution to Eq. (8.48) for the important
particular case Py, = 1 (which can be derived, for example, from the general analytic
solution found in Pessah and Chan (2008)) and obtain restrictions on the maximum
mean free-path length of ions in accretion discs at which MRI disappears due to
non-ideality effects.

The exact solution to Eq. (8.48) for P, =1 is

k\? 2 it
0= ivk>+ <k> c§k2+%i\/7+4mc§k2. (8.50)

Here the plus sign before the second square root corresponds to the Rayleigh branch,
and the minus sign corresponds to the Velikhov-Chandrasekhar (MRI) branch. We
shall examine below the MRI branch only.

We note that the first square root in this equation contains the solutions (8.40) to

Eq. (8.36):
w=i (vk2 —\/—w3:0> . (8.51)

(Recall that for regions with MRI w? < 0). Also note that like in the ideal MHD case
considered above in Section 8.3.2, here there is no smooth transition from the MRI
mode to the hydrodynamic case with viscosity with a vanishing magnetic field. As
can be straightforwardly derived from Eq. (8.6)- (8.9) in Section 8.2, the dispersion
relation for the hydrodynamic case with viscosity reads:

2
(io+Vvik*)* + (%) K2 =0. (8.52)

While the Rayleigh mode (with a positive sign before the second square root in
Eq. (8.50)) tends to the mode given by Eq. (8.52) when magnetic field is vanishing,
the MRI mode (with a negative sign before the second square root in Eq. (8.50))
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completely disappears (there is no mode i+ vk?> = 0 without magnetic field, unless
k; =0).

Below we will consider the case k, = k, i.e. with k. = 0. For further analysis it is
convenient to rewrite the dispersion relation (8.48) in the dimensionless form. We
introduce the dimensionless variables:

d=w/Q; k=° =x2/Q% V= (8.53)

For Keplerian discs the dimensionless epicyclic frequency is &> = 1. In dimension-
less variables, the solution to Eq. (8.48) takes the form:

5 11
@=i f/k2i\/—k2—2$ Z+4k2 ) (8.54)

Of the four solutions to Eq. (8.54) we choose the one for the MRI mode:

_ 1 1t
d=1i \7k2—\/—k2—2+ Z+4k2 ) (8.55)

Now we find the neutral point @ = 0. Squaring Eq. (8.55) twice, we obtain the
equatlon for the critical wavenumber ke, separating unstable (k < kcr) and stable
(k > ker) perturbations:

Ve 4277k 4+ (1+ V2> =3 =0. (8.56)

Without viscosity we recover the old result: IE%, = 3 (see Eq. (8.41)). It is easy
to check that for the dimensionless viscosity 7 = 4/5 the neutral point is k. =
\/15/16, i.e. here the neutral point coincides with the maximum wavenumber
at which maximum MRI growth occurs in the inviscid case (see Eq. (8.42) above).
For a large dimensionless viscosity V >> 1, the asymptotic solution to Eq. (8.55)

reads
~ 3
Ry \C (8.57)

Therefore, at arbitrarily high viscosity there exists an interval of wavenumbers 0 <
k< l~<c, where MRI is still at work, but the MRI increment here is very small.

Actually, in realistic models of accretion discs with finite thickness H we should
take into account that there is a lower limit for k corresponding to the obvious re-
striction on the maximum perturbation wavelength A < 2H:

2n T
k=—>—
A H

Komin - (8.58)

Therefore, in dimensionless variables we obtain the MRI condition in the form:
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Fig. 8.6 Schematics of the influence of viscosity on the MRI condition 0 < k < l~ccr.~ Shown are
curves of the imaginary part of @ as a function of the dimensionless wave number k. With in-
creasing viscosity, the MRI interval shifts to the left and shrinks (see also Fig. 1 in Pessah & Chen
(2008)).

It is also convenient to change from the disc thickness H to the characteristic thermal
velocity in the disc ¢y, since in accretion discs the hydrostatic equilibrium along the
vertical coordinate yields

cs =I1QH (8.60)

where I is a numerical coefficient. For example, in the standard geometrically
thin Shakura-Sunyaev o-disc IT = 1/+/4IT; ~ 1/+/20 (see Ketsaris and Shakura
(1998)). Thus, in an inviscid fluid ke, = /3, kin = 7I1(ca/c), and the MRI con-
dition Eq. (8.59) takes the form

nll (CA) <3, (8.61)

Cs

Essentially, this is the well-known condition that for MRI to operate the seed mag-
netic field should not exceed some critical value.
In a non-ideal plasma the MRI condition Eq. (8.61) becomes

xll <CA> <For. (8.62)

Cs
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Fig. 8.7 The dimensionless critical wavenumber k., as a function of the dimensionless viscosity
coefficient V for different magnetic Prandtl numbers Pp,. Lines from bottom to top correspond to
P,=0.01, 0.1, 0.3, 3, 10, 30, 100, 300.

Note that k., decreases with ¥. For example, if ¥ is high, Eq. (8.57) implies very
small values of k., and, correspondingly, very low c4 giving rise to MRI with unin-
terestingly small increments. The schematic behaviour of the MRI mode at non-zero
viscosity is shown in Fig. 8.6. For an arbitrary finite viscosity V the neutral point
@(k,,) separates exponentially growing small perturbations o exp(iwt) (the lower
part of Fig. 8.6 where Im® > 0) from exponentially decaying ones (the upper part of
Fig. 8.6). At zero viscosity, however, the function @ (k) (the curve labeled by ¥ = 0)
ends at the point INcC, = +/3, since in this case at k > ker, @ becomes purely real and
small perturbations start to oscillate.

In the case of high viscosity it is convenient to express the ratio c4 /¢, through
the dimensionless viscosity V. Using the conventional definition of the viscosity
coefficient v = ¢,l, where [ is the effective mean-free path of ions with account
for the Coulomb logarithm, and our convention for the thermal velocity in the disc

(8.60) introduced above, we find:
Q1 e\
V=v—=—|(— — . 8.63
c% II (CA ) (H ) ( )
Finally, we obtain the MRI condition in the convenient form:

1 .
< Vit 8.64
H— n.ZHv cr ( )
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In the particular case P,=1 we may explicitly find \7123, from Eq. (8.55):

- N
VR = \/ R g R (8.65)

so that condition (8.64) takes the form:

I 11
=S o\ R 5 g TR (8.66)

(This formula should be used when v 7 0, i.e. when k2. < 3). Consider first the case
of low viscosities where k2, ~ 3. By introducing the small parameter € = 3 — k2, < 1
and expanding the left-hand side of Eq. (8.66) in €, we obtain

l 1 41

LA Py 8.67
=7\ ot (8.67)

Now consider the special case where k. coincides with the wavenumber of max-
imum MRI increment in the ideal fluid: ko = Kpgy = 1/ {—g (see Eq. (8.42)). This is
realized at ¥ = 4/5. Here we find the limit

l 1
— | < ——=0.75~0.34. .
(H) < 71721_[075 0.3 (8.68)

Finally, in the high-viscosity limit for Pp,=1 V > 1, substituting the asymptotic
(8.57) into Eq. (8.64) making use of the expression for dimensionless viscosity

(8.63) we obtain
l 3
<) g\f(CA), Pn=1,71. (8.69)

H T Cy

Note that this constraint is insensitive to the disc vertical structure parameter I1. This
condition can be checked for particular microphysics plasma properties in different
thin Keplerian discs.

8.4.2 The Case of an Arbitrary Magnetic Prandtl Number

The generalization of the above analysis to an arbitrary Prandtl number is
straightforward. First, for given Py, and V we solve the dimensionless Eq. (8.48)
to find l?cr(f/, Pp). at the neutral point where (I)(INQ.,) =0.

To do this, it is convenient, for the sake of brevity, to introduce the new dimen-
sionless variables

y=k*, X=i@®+"Vy (8.70)

and rewrite dimensionless dispersion relation (8.48) in the equivalent form:
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2
x4+zlpn'jrnVyx3+[(‘P§m) sz2+2y+1]X2+
2
[ nt b (TR et -y=0. 6

(Here we assumed Keplerian discs with & = 1 and used the condition k;/k = 1).
Noticing that at the neutral point determined by the condition @(y.,) = 0 we have
X = Vy., we arrive at the equation for y,,:

Yer [V*Y2, + V2Yer (2verPm + 1) + P (yer — 3)] =0. (8.72)

At Py, = 1 this equation, of course, coincides with Eq. (8.56). The non-trivial real
solution to the cubic equation in the square brackets of Eq. (8.72) reads:

- 2P 1 1 sz
— 12 /

r — - p =5 =~ 3 8.73
Ye r 32 o ( 312 9v4> (8.73)

where

]
I

1/2
1 2Pw? | Pn® | 9Pp?t P’ Py’
{(2796 +ow It v oo t gy +

274 27v0

1/3
LN I } . (8.74)

At high dimensionless viscosities there is an asymptotic to the solution (8.73) for
P, /v < 1:

5 P2~2 P2 P22
R PV —3“‘+ﬁ’<”‘>. (8.75)

Y =R S P V2 2

Note that this asymptotic may also be found in Pessah and Chan (2008) (their Eq.
(97)) and for small Py, can be derived for Keplerian rotation and k = k, from Eq. (3)
in Ji et al (2001).

Thus, the general MRI condition for arbitrary non-ideal plasma (8.62) takes the
form:

CA 1 ~
(Cs) < n:Hk"(v’Pm)' (8.76)
The result of a calculation of k., for a range of magnetic Prandtl numbers P, and
dimensionless viscosities V can be found in Pessah and Chan (2008) (see e.g. their
Fig. 6 and 7) and is illustrated in Fig. 8.7.

In the limiting case of high dimensionless viscosities Py, /%2 < 1, which may be
realized in the outer parts of thin Keplerian accretion discs (see Eq. (8.49) above),
using asymptotic (8.75) and definition (8.63), we find the restriction on the mean-
free path of ions in the disc

<l> < V3P (“) . Pn/VP< 1. (8.77)

H b/ Cy
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which is the generalization of Eq. (8.69) to an arbitrary magnetic Prandtl number.
Using the expression for the dimensionless viscosity (8.63), the condition for the
power-law asymptotic Py, /72 < 1 can be recast to the inequality

l 2 4
P/ <1 & <H> > I1P,, (CA) . (8.78)

Cs

Therefore, the MRI condition can be written in terms of the interval for //H in a

Keplerian disc as
2
[ 3P
TP (CA) < () < ¥3Pn <CA> . (8.79)
Cys H T Cs

8.5 Conclusions

In this chapter we have extended the original analysis of MRI in ideal MHD
plasmas carried out by Balbus (2012). First, we emphasize that hydromagnetic flows
in which the angular momentum increases or decreases with radius are different
from the point of view of MRI development. In the classical Rayleigh-unstable case
where the angular momentum decreases with radius, the Velikhov-Chandrasekhar
MRI mode is stable, while the Rayleigh mode is unstable (see Fig 4, 5); the magnetic
field stabilizes the Rayleigh mode in the short-wavelength limit. When the angular
momentum in the flow increases with radius, MRI arises at long wavelengths (small
wave numbers &, see Fig. 8.2). However, the local WKB approximation should be
applied with caution at long wavelengths. At long wavelengths, the ansatz for the
solution should rather be used in the global form f(r)e!(®~%"—k2) Note that in the
original papers by Velikhov and Chandrasekhar, they analyzed the linear stability
of magnetized flows between cylinders exactly in that approximation (see also Sano
and Miyama (1999) for a global analysis of perturbations in an inviscid magnetized
proto-planetary disc with non-zero magnetic diffusivity).

Further, in the phenomenologically interesting case of thin Keplerian accretion
discs, viscosity may restrict MRI growth. This situation may arise in the inner parts
of an accretion disc. Indeed, at high temperatures the mean free path of ions / ~
T? can become comparable to the characteristic disc thickness H at H < r (thin
discs). This means that the flow should be treated kinetically (see, for example,
recent 2.5D hybrid calculations Shirakawa and Hoshino (2014) or the discussion of
MRI in rarefied astrophysical plasmas with Braginskii viscosity in Islam and Balbus
(2005)). The weak seed magnetic field does not grow under these conditions, i.e. the
high ion viscosity can suppress MRI. Clearly, this interesting regime requires further
study.

At large magnetic Prandtl numbers P,, > 1, which may be present in the inner-
most parts of accretion discs around neutron stars and black holes, the kinematic vis-
cosity v is much larger than the magnetic diffusivity 7. In this case the plasma may
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become collisionless, and the hydrodynamic description fails. Our analysis shows
that, in principle, a collisionless regime (where the ion mean-free path is compara-
ble to or larger than the disc thickness, / ~ H) may be established in Keplerian discs
even for magnetic Prandtl numbers P, ~ 1 (see Eq. (8.79)).

We have also obtained the dispersion relation for local small perturbations in the
Boussinesq limit for non-adiabatic perturbations (see Eq. (8.32)). This is a fifth-
order algebraic equation, in contrast to the fourth-order dispersion relation for adia-
batic perturbations or non-adiabatic perturbations with &k, = 0 in a non-ideal plasma
(8.48). Also note that when the density perturbations are expressed through the en-
tropy gradients (see Eq. (2.2h) in Balbus and Hawley (1991)), the frequency ap-
pears in the denominator but the final dispersion relation (2.5) in Balbus and Hawley
(1991) remains a the fourth-order equation in @, even when taking the entropy gra-
dients into account. Apparently, the difference is due to the fact that in the case of
non-adiabatic perturbations the density variations are proportional to the azimuthal
velocity perturbations uy (see our Eq. (8.21)) and not to u; and u, as in the case con-
sidered by Balbus and Hawley (1991). The analysis of the effect of non-adiabatic
perturbations deserves a separate study and will be addressed in a future work.

Perturbations with k, = O represent waves propagating along the z-coordinates,
and when their wavelength is comparable to the disc thickness, the WKB approx-
imation becomes problematic. Perturbations with k, = 0 propagate along the r-
coordinate, which is much larger than the disc thickness for thin accretion discs.
However, for such perturbations with k = k, and k, = 0, the second term in Eq. (8.48)
and Eq. (8.32) vanishes, and therefore from Eq. (8.33) we find two perturbation
modes

o =ivk*, @ =ink*, (8.80)

i.e. decaying standing waves for any seed magnetic field. This may suggest that in
poloidal magnetic fields purely radial perturbations with £ = k, do not grow. The sit-
uation is different when an azimuthal magnetic field is present. This case should be
considered separately and has been investigated for a range of astrophysical applica-
tions in other works (see, e.g., Acheson (1978); Sano and Miyama (1999); Ruediger
et al (2014); Kirillov et al (2014)).

We conclude that in thin Keplerian accretion discs the addition of viscosity may
strongly restrict the MRI conditions once the mean free path of ions becomes com-
parable to the disc thickness. This limitation should be taken into account in the
direct numerical simulations of MRI in astrophysical accretion discs.
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