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План:

1) Введение. Аккрецирующие рентгеновские пульсары (AXPs) высокой светимости
и пульсирующие ультра-яркие источники (pULXs).

2) Основная проблема: предельная светимость аккреционных колонок.
(Вероятно) Ключевая роль непрозрачности плазмы.

3) Источники непрозрачности высокотемпературной плазмы в сильном 
магнитном поле.  (Возможно) Важная роль рассеяния на 
электронно-позитронных парах.

4) Планковская и росселандова средние непрозрачности высокотемпературной 
плазмы в сильном магнитном поле.

5) Предельная светимость аккреционных колонок с учетом полученной 
непрозрачности.
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Аккрецирующие рентгеновские пульсары
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where M is a mass of a NS, mp is a mass of a proton, and sT = 6.65⇥10�25 cm2 is
the Thomson scattering cross section, by a factor of hundreds.
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Fig. 5 Apparent luminosity and luminosity range observed in some X-ray transients powered by
accretion onto magnetised NSs. Grey segments correspond to “normal” X-ray transients, while the
red ones correspond to ULX pulsars. Dashed line represents the Eddington luminosity for a NS.

Vast majority of known XRPs are transient sources and demonstrate dramatic
variations of X-ray luminosity on time scales from weeks and months during the
outbursts (see Fig. 6, 16 and 20) down to seconds (see Fig. 7 right, [116]). The tran-
sient nature can be caused by variations of mass accretion rate from the companion
in a binary system, processes in accretion flow in between NS and its companion,
and processes happening in close proximity to the NS.

One of the most numerous class of the transient XRPs is systems with Be optical
companions (BeXRBs). Such systems are characterised by variability of two types.
Type I outbursts, related to the enhanced mass accretion rate near the periastron
passage, have short duration (about 10-20% of the orbital period) and relatively low
peak luminosity (L. 1037 erg s�1). On the contrary, type II (giant) outbursts, caused
by the formation of the circumstellar disc around the companion, are rare events.
They last for several orbital periods, during which NSs luminosity may exceed the
Eddington limit. Example of a giant outburst from BeXRB Swift J0243.6+6124
discovered in 2017 is presented in Fig. 6.

Обзор: Муштуков и Цыганков, 2022
arXiv:2204.14185

Молодые тесные двойные рентгеновские системы (HMXBs)

Аккретор: нейтронная звезда  с сильным магнитным полем, 10!!"!# Гс
Донор: звезда ранних спектральных классов, O-B

Некоторые обьекты имеют сверх-Эддингтоновскую светимость



Пульсирующие ультра-яркие рентгеновские источники (pULXs)

Pulsing ULX M82 X-2  
(Bachetti et al., Nature, 2014)
L ≈1040 erg s-1 ,   P ≈1.37 s

X-2

Pulsing ULX in NGC 5907  
(Israel et al., Science  2017)

Pulsing ULX in NGC 7793 P13 
(Israel et al., MNRAS  2017)

L >1041 erg s-1 ,   P ≈1.43-1.13 s

L > 2 1039 erg s-1 ,   P ≈ 0.42 s

ULXs – см. обзор Фабрика и др. 2021



Сверх-Эддингтоновский поток излучения.
Важность магнитного поля.
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Разнообразие моделей аккреционных колонок

Basko & Sunyaev 1976

Wang & Frank 1981

Lyubarskij & Sunyaev 1988

Becker & Wolff   2007 +

Postnov et al. 2015
Gornostaev 2021

2D(3D) models, diffusion approximation
for radiation transfer

Basic ideas,
first numerical models

Physics of accretion 
column structure

Kawashima et al 2016 + 2D radiation-hydrodynamic
simulations

Spectra

First 2D simulations



Неустойчивость „фотонных пузырей“ „Photon bubble“ instability, Arons 1992
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Zhang, Blaes, Jiang 2023

2D axisymmetric radiative relativistic MHD simulations
QPOs  2-10 kHz

�̇� = 1.25×10!" ⁄𝑔 𝑠, Δ𝑡 = 7×10#$𝑠
𝐵 = 10!! Гс

Неустойчивость оптически толстой радиационно-доминированной плазмы в 
присутствии сильного магнитного поля, параллельного силе тяжести
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𝐿 = 3×10%" эрг/с
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QPO ~ 2 kHz

𝜐'(~0.1𝑐



Аккреционная колонка, поддерживаемая давлением излучения
Основные предположения

На основе модели, предложенной Lubarsky & Sunyaev 1988 

h

x

Гидростатическое равновесие по вертикали

Диффузия излучения 
по горизонтали

H

Оптически толстая структура

магнитные
непрозрачности

выходящий
боковой поток

𝐹∥ ℎ = 𝐹$%% ℎ , 𝑃)*) ≈ 𝑃+,% ≈
𝜀+,%
3 =

𝑎𝑇-

3

𝑑𝑃$%&(ℎ)
𝑑ℎ

= −𝜌
𝜅∥𝐹(&&(ℎ)

𝑐

𝑑𝜀$%&(𝑥, ℎ)
𝑑ℎ

= −3𝜌
𝜅)𝐹)(𝑥, ℎ)

𝑐

𝐹) 𝑥, ℎ =
2𝑥
𝑑
𝐹)(ℎ)

Простейшее предположение
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X - mode
O - mode

k

X - mode

O - mode

k

B

n,z

x
y

Непрозрачность плазмы в сильном магнитном поле.
Описание переноса излучения в приближении двух мод (вместо параметров Стокса)

𝐸 = ℎ𝜈Photon energy

Cyclotron energy

Плазма в сильном магнитном поле 
является двулучепреломляющей средой,
подобно кристаллу кварца, если

𝐸*+* =
ℏ𝑒𝐵
𝑚,𝑐

≈ 11.6
𝐵

10-.𝐺
𝑘𝑒𝑉

𝐸 < 𝐸*+*

𝜅/~𝜅#
𝐸.

𝐸 − 𝐸*+*
. , 𝜅0 ≈ 𝜅#



Росселандовы средние непрозрачности
Результат зависит от соотношения между температурой и напряженностью поля

𝑘1𝑇 ≪ 𝐸*+* → 𝜅) ≪ 𝜅# 𝑘1𝑇 ≥ 𝐸*+* → 𝜅) ≈ 𝜅#

𝜅) = 8
*

+𝑑𝐵,
𝑑𝑇

𝑑𝐸 8
*

+ 1
𝜅,
𝑑𝐵,
𝑑𝑇

𝑑𝐸
#!

Правильное выражение для росселандова среднего
поперек поля можно найти в статье Mushtukov et al. 2015



Важность геометрии аккреционного потока
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𝐿 ≈ 40
⁄𝑙 𝑑
50

𝜅#
𝜅)

𝑓 ⁄𝐻 𝑅 𝐿(&&

Рисунок А. Муштукова (2015)

Оценка светимости колонки по Basko & Sunyaev 1976

𝑙

𝑙 - длина аккреционной арки

𝑑 - толщина аккреционной арки

Δ𝑅2 ≈ 𝐻3

Δ𝑅2

Δ𝑅2 ≈ 𝐻3 ≈ 𝑅2

Использованное предположение

Однако, при высоких светимостях (зона А)

Becker et al. 2012



Численная (псевдо) двумерная модель.

Квази-дипольная геометрия

Закон сохранения массы

Площадь сечения 
аккреционного канала

Профиль скорости по вертикали

Wang & Frank 1981 Basko & Sunyaev 1976

Двойная итерационная схема, 
поскольку 𝜅) зависит от температуры и плотности

Цель – найти светимость 𝐿 аккреционной колонки
заданной высоты 𝐻 при данном магнитном поле 𝐵45$6 ≡ 𝐵

𝐵 ℎ = 𝐵45$6
𝑅 + ℎ
𝑅

7!

�̇� = 2𝑙𝑑
𝑅 + ℎ
𝑅

!

𝜌𝜐

𝜐 ℎ = 𝜐8 Xℎ 𝐻
9
, 𝜐8 = 𝜐66(𝐻)/7

𝜉 = 0 Mushtukov et al. 2015



Применение к M 82 X-2  

supercritical
accretion disc

our theoretical curve
for  maximum luminosity

propeller
effectcolumn

hot spot

Toy
model

Рост максимальной светимости с увеличением B

⁄𝑙 𝑑 = 50
𝜅) = 𝜅Т

From Mushtukov et al. 2015



Проблемы
Светимость pULX в NGC 5507 столь велика
𝐿 > 10;- эрг/с, что наша модель требует
экстремального поля 𝐵 > 10-< Гс
+ много другой критики, King et al. 2023

Предложенные решения

Israel et al. 2017

Beaming (неизотропность излучения)
Мультипольные компоненты поля с
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Однако
Пульсации могут быть видны лишь
при не слишком большой предполагаемой
неизотропности излучения,
Mushtukov et al.  2021, 2023



Геометрия аккреции: проблема снята?

A&A 626, A18 (2019)

Fig. 9. Advection e↵ects for the model shown in Fig. 8. The advection
flux fraction Qadv/Q+ and the radiated fraction Qrad/Q+ are shown by
the red solid and green dashed curves, respectively.

Fig. 10. Cumulative luminosities as functions of radius. The total power
generated in the disc is shown by the dashed blue curve. The solid red
and dotted black curves show the radiative and advected luminosities,
respectively. The parameters of the model are µ30 = 1 and ṁ0 = 3000.

Rin where there is no wind. This is caused by the non-monotonic
dependence of the disc height on radius. We note that the amount
of the blown-away material depends on the condition used to
switch on the wind. The wind launching relies on complex phys-
ical processes and can be described only very approximately in
1D models.

3.6. Magnetospheric radius for different accretion regimes

One of the most important outputs of our model is the radius
of the magnetosphere. In many standard models (Ghosh et al.
1977; Koenigl 1991; Wang 1996; Kluzniak & Rappaport 2007),
the magnetospheric radius is supposed to scale with the Alfvén
radius, corresponding to the constant ⇠ in our notation. It
is worth noticing that MHD calculations of magnetospheric
flows with relatively weak accretion rates (Bessolaz et al. 2008;

Fig. 11. Fraction of the mass accretion rate reaching radius R for a NS
with magnetic moment µ30 = 1. The lines from top to bottom corre-
spond to di↵erent ṁ0 in the interval 2000–3500 with steps of 500.

100 101 102 103

ṁin

100

200
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400

r in gas-pressure-

dominated
radiation-

pressure-

dominated

advection

adv>rad

wind

x = 0.5 x = 1

Fig. 12. Magnetospheric radius in units of Rg as a function of the accre-
tion rate for a NS with magnetic moment µ30 = 1. Parts of the black
solid curve with di↵erent slopes correspond to the di↵erent regimes
of accretion near the magnetospheric boundary. Two standard solutions
(rin / ṁ

�2/7
0 ) are plotted with the grey dotted lines: ⇠ = 0.5 and ⇠ = 1

(spherically symmetric case).

Kulkarni & Romanova 2013) demonstrate similar values of ⇠ ⇠
0.4 to those in Fig. 2. Chashkina et al. (2017) have demon-
strated that the radius of the magnetosphere interacting with a
thin radiation-pressure-dominated disc depends weakly on the
mass accretion rate. Accounting for the e↵ects of advection and
wind losses makes the picture more complicated.

The dependence of the magnetospheric radius (in units of
gravitational radius Rg = GM/c2) on the mass accretion rate
is shown in Fig. 12 for a wide range of accretion rates. The
inner disc regions of most X-ray pulsars are in the gas-pressure-
dominated regime. As the accretion rate increases, radiation pres-
sure becomes important. For pulsar-scale magnetic fields, µ ⇠
1030 G cm3, this happens at luminosities of a few times LEdd,
which are quite reachable, for instance, in Be/X-ray binaries

A18, page 8 of 14

Chashkina et al. 2017, 2019 показали, что
радиус магнитосферы при преобладании 
в диске давления излучения (зона А) слабо
зависит от темпа аккреции, не как радиус
Альвена. Это значит, что большой темп
аккреции не обязательно ведет к эффекту
пропеллера при относительно слабых полях.

Толщина аккреционного потока

Δ𝑅2 ≪ 𝐻3 ≈ 𝑅2

Δ𝑅2/𝐻3 ≈ 0.1 Basko & Sunyaev 1976
Biece et al. 2021Рисунок из статьи Chashkina et al. 2019

Уменьшение толщины аккреционной арки 𝑑
ведет к увеличению светимости



Учет рассеяния на электронно-позитронных парах ограничивает 
светимость колонки при сверхсильных магнитных полях

Главное ограничение на величину 
магнитного поля следует из нового
условия на режим пропеллера,
результат полученный в работе
Чашкиной и др. 2019

Рисунок из Suleimanov et al. 2022 (arXiv:2208.14237)

Новые максимальные светимости колонок
(красные кривые) получены с новыми 
ограничениями на геометрию потока, 
новыми непрозрачностями
и дополнительной параметризацией
исходной модели.



Непрозрачность. Предположения

2.  Плазма предполагается разреженной, 𝐸 > 𝐸@ ≈ 0.12 ⁄𝑛, 10.< keV.

3.  Используется приближение холодной плазмы при 𝐸 ≪ 𝐸*+* ≈ 11.6 ⁄𝐵 10-. keV.

1. Предполагается полная ионизация и солнечное содержание Н и Не, 
тяжелых элементов нет.

4. Используются приближенные выражения для непрозрачности 
в циклотронной линии и гармониках согласно Pavlov et al. 1980.

5. Учтено влияние поляризации вакуума согласно Potekhin et al. 2004, 
van Adelsberg & Lai 2006 при 𝐸 < 𝐸*+* и Pavlov et al. 1980; Melroze & Zheleznyakov 1981

в циклотронной линии и гармониках.
6. Концентрация электронно-позитронных пар рассчитывалась в предположении

термодинамического равновесия в нерелятивистском пределе согласно
Kaminker & Yakovlev 1993.

7.  Учтена непрозрачность за счет двух-и однофотонного (в сильном поле) рождения пар

Подробное описание см. в статье Suleimanov et al. 2022



Непрозрачность в континууме на энергиях ниже циклотронной

Красные кривые –
тормозное поглощение

Синие кривые –
рассеяние на электронах.

Сплошные кривые – Х-мода,
Штриховые               – О-мода
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FIG. 4: The cross section dependence on photon energy. (a) The cross section for the X- and O-mode photons which propagate
across the magnetic field (θi = π/2) are given by solid red and dashed blue lines correspondingly. The cross section below the
first resonance shows completely different behaviour. The resonance positions are almost the same, but the cross section of the
resonant scattering is also different. (b) The dependence of scattering cross section on the direction. For the case of O-mode
photons of energies below the cyclotron energy σ ∝ (sin2 θi + (k/b)2 cos2 θi) if b <∼ 1 and k ≪ b. Here b = 0.1 (B ≃ 4.4 × 1012

G).

Since the electrons in sufficiently strong magnetic field take part in one-dimensional motion, the cross section near
the resonant energies has special features. The shape of cyclotron features depends on the direction of initial photon
momentum (see Fig.5(a) and 6(a)). For the case of longitudinal propagation, the ordinary Dopple broadening takes
place. For other photons, the Doppler broadening is defined by the distribution of the projection of the electron
momentum. The transversal Doppler effect becomes more important as the angle between the field direction and
photon momentum increases. It provides asymmetrical broadening of the cross section resonant features which is more
evident for higher electron temperatures (see Fig.5(b) and 6(b)). The results of our calculations are in agreement with
the previously performed calculations [32] of scattering by thermal electrons (see Fig. 7). However, a small difference
in the cross section at the resonance exists because the Sokolov-Ternov wave-function are used in our calculations
instead of the Johnson-Lippmann wave functions [34] (see [23] for detailed discussion).
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FIG. 5: The cross section for the X-mode photons as a function of photon energy. (a) Dependence on incident angle θi for fixed
electron temperature T = 20 keV. (b) Dependence on electron temperature (for fixed θi = 600). The scattering features around
the resonant energies are broadened with the width depending on the electron temperature and direction of photon momentum
since the electrons mostly take part in one-dimensional motion. As a result the usual Doppler broadening takes place only for
direction along the B-field, while in the perpendicular direction only the relativistic transversal Doppler broadening acts, and
the scattering features are asymmetrical. All results are given for b = 0.05 (B ≃ 2.2× 1012G).

In extremely strong magnetic field (b > 10 or B >∼ 1015 G) some interesting features take place. The resonance
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FIG. 6: Same as Fig. 5 but for the O-mode.
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FIG. 7: Polarization-averaged cross section for the case of magnetic field strength B = 1.7 × 1012 G, electron temperature
T = 10 keV and various angles θi between the magnetic field direction and momentum of the initial photon is given by red
solid lines. Black dashed line shows the results of the same calculations performed by Harding & Daugherty [32], where the
Johnson-Lippmann wave functions [34] were used.

position and resonance energy ratios depend strongly on the direction (see Section VI) and therefore the cross section
depends strongly on the direction as well (Fig. 8). It makes the problem of radiation transfer in magnetized plasma
much more complicated. The dependence of resonance position on the field strength exist also for a relatively weak
magnetic field, but it is not so dramatic. The resonant energies for the case of super-strong field are comparable
or larger than the electron rest mass energy. As a result the decrease of relativistic cross section (“Klein-Nishina
reduction”) takes place.

B. The redistribution function

In order to use the results in astrophysical applications it is useful to construct the photon redistribution function
describing the Compton scattering in strong B-field. The set of radiation transfer equations consists of two equations,
one for each polarization mode (l = 1, 2):

dIl(k )

ds
= − (αl(k ) + κl(k )) Il(k ) + εl(k ) +

∑

l′=1,2

∞
∫

0

dk′
π
∫

0

dθ′ sin θ′
2π
∫

0

dϕ′R(k ′, l′ −→ k , l)Il′(k
′), (48)

where Il(k ) is an intensity in given polarization l for the photons of momentum k = k(sin θ cosϕ, sin θ sinϕ, cos θ),
αl(k) and κl(k ) are absorption coefficient due to the scattering process (or scattering coefficient) and true absorption
correspondingly, εl(k) is a true emission coefficient. The last item in the right hand side of the equation describes
an emission due to the scattering processes in a given point and R(k , l −→ k

′, l′) is the redistribution function which
defines the photon probability to change the 3-momentum and the polarization state in a scattering event. The

Непрозрачность в циклотронной линии и гармониках
Непрозрачности из Pavlov et al. 1980  модифицированы введением дополнительных 
релятивистских поправок, точной зависимости положения гармоник от угла к магнитному полю и
релятивистского обрезания ширины доплеровского ядра со стороны высоких энергий по Schwarm et al. (2017).

Mushtukov et al.. 2016



Общая непрозрачность при высоких температурах
Вклад электронно-позитронных пар значительно повышает общую непрозрачность.
Вклад в непрозрачность процессов, рождающих пары, сравнительно невелик.



Электронно-позитронные пары в термодинамическом равновесии.
Нерелятивистское приближение. Влияние закритического магнитного поля.

Pairs in accretion columns of X-ray pulsars L133

Figure 1. The chemical potential of electrons calculated as a function of
temperature for different number densities of protons at fixed magnetic field
strength 1013 G (top panel), and for different magnetic field strength at fixed
number density of protons np = 1025 cm−3 (bottom panel).

while at high temperatures (T ≫ mec2) the approximation is given
by

n+ ≃n− ≃ 1.82
π2

(mec

!

)3
t3 ≃3.2 × 1030 t3 cm−3. (7)

The calculations with the accurate equations (4) and (5) give a result
which depends both on number density of protons and magnetic
field strength (see Figs 1 and 2). Influence of a strong magnetic
field on the chemical potential and number density of electron–
positron pairs becomes valuable at B ! 1013 G. At lower B-field
strength and temperature T ! 10 keV, the chemical potential and
number density of the pairs can be calculated in approximation of
zero field strength. In the case of low number density of protons
np, the contribution of created electron–positron pairs to the total
number density of leptons is dominant at temperatures of a few
tens of keV already (see Fig. 2a), which is typical temperature
for accretion column interior (Mushtukov et al. 2015a). Note that
the stronger the magnetic field, the larger the number density of
electron–positron pairs (see Fig. 2b).

The fast increase of a number density of electron–positron pairs
with temperature requires that a fraction of energy of accreting
material is going into a process of pair creation. Because the energy
budget of the accretion process is limited by the mass accretion
rate and compactness of a NS, the process of pair creation limits
the increase of internal temperature in the accretion column. The
upper limit of a number density of the pairs can be obtained from
the assumption that the energy of accretion flow is going entirely in
a pair creation. The total energy budget per one baryon due to the
accretion process is determined by local free-fall velocity: (γff −
γ)mpc2 where γff = (1 − β2

ff )
−1/2 is the Lorentz factor due to a local

free-fall velocity and γ is actual Lorentz factor of accreting material
at a given height above stellar surface. Then the number density of
the pairs, which is similar to the number density of positrons n+ in

Figure 2. Number density of electrons and positrons as a function of
temperature calculated for (a) different number densities of protons: 1025

(black solid line), 1027 (brown dashed lile) and 1029 cm−3 (red dash–dotted
line), and (b) different magnetic field strength: 1013 (black solid line), 1014

(dark-blue dashed line) and 1015 G (blue dash–dotted line). Black dotted
line represents approximation given by (6).

accretion flow, can be limited from above by

(γff − γ )mpnp > 2men+. (8)

Thus, a conservative upper limit for the number density of pairs is

n+,max ≤ np

2
mp

me
(γff − 1). (9)

The maximal number density of pairs determines the maximal
temperature Tmax achievable at a given local free-fall velocity β ff

and number density of protons (see Fig. 3). One can see that
the temperatures of a few hundred keV in accretion channel are
achievable only in the case of sufficiently high densities (see Fig. 3).

2.2 Gas and radiation pressure in accretion column

The gas pressure along z-direction due to the electron and positrons
can be derived from the distribution function of the particles:

Pz,ee+ = m4
ec

5

!3

b

4π

∞∑

n=1

gn

∫ ∞

−∞
dpz βzpz[f− + f+] (10)

where the dimensionless velocity along z axis βz = pzγ
−1 =

pz(1 + p2
z + 2bn)−1/2. Expression (10) can be rewritten as

Pz,ee+ ≃3.5 × 1023 b (11)

×
∞∑

n=0

gn

∫ ∞

0
dpz

p2
z [f−(pz) + f+(pz)]
(1 + p2

z + 2bn)1/2
dyn cm−2.

The results of calculations with equation (11) are given in Fig. 4. At
low temperatures, when the effects of pair creation are negligible
and P ∝ T, then the pressure increases rapidly with the increase of
the number density of electron–positron pairs. In the limiting case

MNRASL 485, L131–L135 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nrasl/article/485/1/L131/5426837 by Juristisches Sem
inar user on 13 February 2023

Mushtukov, Ognev, Nagirner 2019

8 V.F. Suleimanov et al.

Daugherty J. K., Harding A. K., 1983, ApJ, 273, 761
Fabrika S. N., Atapin K. E., Vinokurov A. S., Sholukhova O. N.,

2021, Astrophysical Bulletin, 76, 6
Farinelli R., Ferrigno C., Bozzo E., Becker P. A., 2016, A&A, 591,

A29
Ginzburg V. L., 1970, The propagation of electromagnetic waves

in plasmas. International Series of Monographs in Electromag-
netic Waves, Oxford: Pergamon

Gornostaev M. I., 2021, MNRAS, 501, 564
Haensel P., Potekhin A. Y., Yakovlev D. G., 2007, Neutron Stars

1 : Equation of State and Structure. Astrophysics and space
science library Vol. 326, New York: Springer

Kaaret P., Feng H., Roberts T. P., 2017, ARA&A, 55, 303
Kaminker A. D., Yakovlev D. G., 1993, Soviet Journal of Experi-

mental and Theoretical Physics, 76, 229
Kaminker A. D., Pavlov G. G., Shibanov I. A., 1983, Ap&SS, 91,

167
Kurucz R. L., 1970, SAO Special Report, 309
Lai D., Ho W. C. G., 2003, ApJ, 588, 962
Lyubarskii Y. E., Syunyaev R. A., 1988, Soviet Astronomy Letters,

14, 390
Melrose D. B., Zhelezniakov V. V., 1981, A&A, 95, 86
Mushtukov A., Tsygankov S., 2022, arXiv e-prints, p.

arXiv:2204.14185
Mushtukov A. A., Suleimanov V. F., Tsygankov S. S., Poutanen

J., 2015a, MNRAS, 447, 1847
Mushtukov A. A., Suleimanov V. F., Tsygankov S. S., Poutanen

J., 2015b, MNRAS, 454, 2539
Mushtukov A. A., Nagirner D. I., Poutanen J., 2016, Phys. Rev. D,

93, 105003
Mushtukov A. A., Ognev I. S., Nagirner D. I., 2019, MNRAS, 485,

L131
Mushtukov A. A., Suleimanov V. F., Tsygankov S. S., Portegies

Zwart S., 2021, MNRAS, 503, 5193
Paczynski B., 1983, ApJ, 267, 315
Pandya A., Zhang Z., Chandra M., Gammie C. F., 2016, ApJ, 822,

34
Pavlov G. G., Panov A. N., 1976, Soviet Journal of Experimental

and Theoretical Physics, 44, 300
Pavlov G. G., Shibanov I. A., Iakovlev D. G., 1980a, Ap&SS, 73,

33
Pavlov G. G., Mitrofanov I. G., Shibanov I. A., 1980b, Ap&SS, 73,

63
Postnov K. A., Gornostaev M. I., Klochkov D., Laplace E., Lukin

V. V., Shakura N. I., 2015, MNRAS, 452, 1601
Potekhin A. Y., 2010, A&A, 518, A24
Potekhin A. Y., 2014, Physics Uspekhi, 57, 735
Potekhin A. Y., Lai D., Chabrier G., Ho W. C. G., 2004, ApJ, 612,

1034
Poutanen J., 2017, ApJ, 835, 119
Schwarm F. W., et al., 2017, A&A, 597, A3
Shibanov I. A., Zavlin V. E., Pavlov G. G., Ventura J., 1992, A&A,

266, 313
Sokolova-Lapa E., et al., 2021, A&A, 651, A12
Suleimanov V., Potekhin A. Y., Werner K., 2009, A&A, 500, 891
Suleimanov V. F., Pavlov G. G., Werner K., 2010, ApJ, 714, 630
Suleimanov V., Poutanen J., Werner K., 2012a, A&A, 545, A120
Suleimanov V. F., Pavlov G. G., Werner K., 2012b, ApJ, 751, 15
Suleimanov V., Mushtukov A., Ognev I., Doroshenko V., Werner

K., 2022, arXiv e-prints, p. arXiv:2208.14237
Takahashi H. R., Ohsuga K., 2017, ApJ, 845, L9
Thalhammer P., et al., 2021, A&A, 656, A105
Tsygankov S. S., Rouco Escorial A., Suleimanov V. F., Mushtukov

A. A., Doroshenko V., Lutovinov A. A., Wijnand s R., Pouta-
nen J., 2019a, MNRAS, 483, L144

Tsygankov S. S., Doroshenko V., Mushtukov A. A., Suleimanov
V. F., Lutovinov A. A., Poutanen J., 2019b, MNRAS, 487,
L30

Wang Y. M., Frank J., 1981, A&A, 93, 255
White N. E., Swank J. H., Holt S. S., 1983, ApJ, 270, 711
Wol↵ M. T., et al., 2016, ApJ, 831, 194
Zeldovich Y. B., Novikov I. D., 1971, Relativistic astrophysics.

Vol.1: Stars and relativity. University of Chicago Press,
Chicago

van Adelsberg M., Lai D., 2006, MNRAS, 373, 1495

APPENDIX A: ELECTRON AND ION NUMBER
DENSITIES

The electron and ion number densities are determined by
two equations, the electric neutrality of the plasma

ne� = n
B
e+ + Z̄ nion (A1)

and the relation between the ion number density and the
plasma density

nion =
⇢
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The electron and ion number densities are determined by
two equations, the electric neutrality of the plasma

ne� = n
B
e+ + Z̄ nion (A1)

and the relation between the ion number density and the
plasma density

nion =
⇢

ĀmH
. (A2)

Here n
B
e+ is the positron number density at the given mag-

netic field strength, and this value was taken equal to zero at
the Planck opacity computations, Z̄ = AH + 2AHe is the av-
erage ion charge, and Ā = AH+4AHe is the average ion mass.
We take the relative hydrogen number density AH = 0.922
and the relative helium number density AHe = 0.078 accord-
ing to Asplund et al. (2009). Therefore, the number densities
of hydrogen and helium are computed as follows:

nH = AHnion, nHe = AHenion. (A3)

Note that although there are accurate fully relativistic ex-
pressions for the electron and positron number densities in a
strong magnetic field (see details in Mushtukov et al. 2019),
we use here the approximation presented by Kaminker &
Yakovlev (1993), where the basic assumption is that the elec-
tron positron pairs are in thermodynamic equilibrium at the
high temperatures. It means also that we consider a non-
degenerate plasma and use non-relativistic approximations.
This is the situation we look at, so use of the simplified ex-
pressions is justified. The product of positron and electron
number densities in thermodynamic equilibrium at zero mag-
netic field strength can be found as

n
0
e+n

0
e� =

1
2⇡3�6

C

e
�2/tr

t
3
r , �C =

~
mec

, (A4)

(Zeldovich & Novikov 1971). It is well known that the pair
number density increases at high magnetic fields when Ecyc �
mec

2, or B � Bcr = m
2
ec

3
/~e ⇡ 4.414 ⇥ 1013 G (see, e.g.

Mushtukov et al. 2019). Here we take into account this kind
of amplification using non-relativistic approximation

n
B
e+ne� ⇡ n

0
e+n

0
e��b

2(1 + 0.306 tr) coth
2

✓
�b

1 + 2.6 tr

◆
(A5)

where

�b =
Ecyc

2 kBT
=

~ eB
mec

· 1
2 kBT

, (A6)

and the relative temperature tr is

tr =
kBT

mec
2
. (A7)

Finally, using Eqs.(A1) and (A5) we obtain

n
B
e+ =

1
2

✓q
(Z̄ nion)2 + 4nB

e+
ne� � Z̄ nion

◆
. (A8)
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Использовался подход, описанный в работе Каминкера и Яковлева, 1993 

𝐸*+* = 𝑚,𝑐. → 𝐵*$ = 𝑚,
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Росселандова непрозрачность поперек поля. Примеры.

Сплошные кривые – 𝜌 = 10 g/cc,
Штриховые – 𝜌 = 0.1 g/cc,

Штриховые кривые – нет пар в ТР,
но учтена непрозрачность за счет рождения пар
Пунктирные кривые – пары не учитываются
вообще.       𝜌 = 0.1 g/cc



Росселандова непрозрачность. Таблицы.

Сравнение непрозрачностей вдоль (штрихи )и поперек поля Точность интерполяции

Значения магнитного поля log𝐵 = 10.5, 11, 11.5, 11.75, 12, 12.25, 12.5, 12.75, 13, 13.25, 13.5, 14, 14.5, 15
Температура log𝑇-./ от 0 до 2.52 с шагом 0.03 (85 значений);   Плотность log 𝜌 от -6 до 3 с шагом 0.5 (19 значений)
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𝜅A𝐵 = ^ 𝜅676 + 𝒫𝜅*+* 𝐵(𝑑𝐸

Скорость потери энергии на единицу массы

Главная проблема
Какова вероятность 𝒫, что фотон не рассеется, а поглотится 
при циклотронном взаимодействии

𝒫 =
𝜈.0

𝜈.1 + 𝜈.0
по Pavlov, Mitrofanov, Shibanov 1980

Mean opacities of a strongly magnetized high temperature plasma 3

E depends on µ = cos ✓, where ✓ is the angle between the
photon momentum and the magnetic field direction, and is
computed as


j(µ,E) = k

j(µ,E) +max(j
es, (1�P)j

cyc) + �� + 1� . (1)

The first term is the true opacity

k
j(µ,E) = max(j

↵ ,P 
j
cyc), (2)

which includes free-free absorption and thermal cyclotron
emission. Here we took into account the fact, that the contin-
uum opacities and the cyclotron opacity are closely tied and
have to be considered and computed simultaneously. How-
ever, we describe both here as di↵erent processes in the frame-
work of the adopted approximations. Therefore, we compare

j
es with (1 � P)j

cyc and 
j
↵ with P 

j
cyc at every photon

energy, and only take into account the largest opacity.
The main processes of excitation and de-excitation of up-

per Landau levels are interactions with photons. On the
other hand, de-excitation and excitation by thermal ions also
contribute to the total rate of excitation and de-excitation.
Thus, the process where excitation is due to photon and de-
excitation is due to collision with an ion must be considered
as a true opacity. The opposite process provides additional
plasma cooling. The relative contribution of the thermal pro-
cesses to the total cyclotron opacity P can be expressed as it
was described by Pavlov et al. (1980b), see also discussion in
Potekhin (2014)

P =
⌫ei

⌫ei + ⌫er
⇡ ⌫ei

⌫er
, (3)

where ⌫er is the frequency of the electron-photon collisions
and ⌫ei is the frequency of the electron-ion collisions. We used,
however, the full P definition (the left side of Eq. 3) in the
computations.
The collision frequencies are determined as (see e.g. van

Adelsberg & Lai 2006)
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3 ~2 me c
3
E
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Therefore,

P ⇡ 1.3⇥ 10�23 nion

T
1/2
keVE

3


1� exp

✓
� E

kBT

◆�
. (6)

This value agrees to an order of magnitude with the estima-
tion made by Arons et al. (1987), i.e. given by their Eqs. (64)
and (66). It is also similar to the value presented by Mush-
tukov et al. (2021), i.e. given by their Eq. (19), if we assume
that E = kBT = Ecyc. The estimates in both papers cited
above were made, however, for the cyclotron line only, so our
result is acceptable in a wider energy range.
It is also important to realize that mean opacities of a

magnetized plasma depend on the angle between the mag-
netic field lines and the direction of the photon propagation.
We computed the Rosseland mean for two such angles, across
and along magnetic field for both polarization normal modes.

The Rosseland mean across the field is computed as it was
described by Mushtukov et al. (2015b)


j
? =

1R

0

dBE/dT dE

1R

0

dBE/dT dE

⇡R

0

d'

1R

0

3µ2
n[⇡j(µ,E)]�1 dµn

, (7)

where E is the photon energy, and BE is the Planck function.
The angular integration occurs around the main axis normal
to the magnetic field direction, and ' is the azimuthal angle,
and µn is the cosine of the angle between the photon mo-
mentum and the main axis. We note that the specific total
opacity j(E, µ) at photon energy E depends on the cosine
µ = cos ✓, where ✓ is the angle between photon momentum
and magnetic field direction. Both cosines are connected as
µ =

p
1� µ2

n cos'. We note that j(µ,E) depends also on
plasma temperature and density.
The Rosseland mean opacity along the magnetic field is

computed more easily due to axial symmetry (Mushtukov
et al. 2015a)


j
k =

1R

0

dBE/dT dE

1R

0

dBE/dT dE

1R

0

3µ2[j(µ,E)]�1 dµ

. (8)

The Planck mean opacities in the both directions are com-
puted in a similar manner, but here we only considered the
opacity along the field, because there is an obvious astrophys-
ical application only for this case (see e.g. Sokolova-Lapa et al.
2021):

k
j
k =

⇡

1R

0

BE dE

1R

0

kj(µ,E) dµ

�SBT
4

, (9)

with the same notation. We note, that the both mean opaci-
ties are computed in the plasma rest-frame.
The mean opacities computed separately in two polariza-

tion modes were summed using following rules

1
?,k

=
1

2X
?,k

+
1

2O
?,k

and kk =
k
X
k

2
+

k
O
k

2
. (10)

We mix the Rosseland opacities for both modes in equal pro-
portions because electron scattering e↵ectively mixes the po-
larization modes in the optically thick plasma, where the
Rosseland mean opacity has to be used. This is a conse-
quence of the assumption of local thermodynamical equilib-
rium in the plasma, which is optically thick in both modes.
In particular, this assumption I

j
E = BE/2 is used as the in-

ner boundary condition for the radiation transfer equations
in the normal modes (Shibanov et al. 1992). Cooling of a
plasma optically thin in both modes occurs independently in
both modes, Qj = k

j
kB(T )/2, and the total cooling rate is

reduced to Q = (kX
k /2 + k

O
k /2)B(T ).

Integration over photon energies cannot be performed from
zero to infinity in numerical computations. Therefore, we
used finite limits during the computations. It is important
to cover a wide band around the Planck function maximum
at a given temperature. Therefore, we take the energy band
for computing the mean opacities at given temperature be-
tween 0.01 kBT and 30 kBT . Values of the Planck function at
the boundaries are at least by four orders of magnitude lower
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Figure 4. Top panel: Results of the approximation of the depen-
dencies of the Planck mean opacities on the plasma temperature
for various magnetic field strengths (solid curves)

with the approximation formula (11, dashed curves). The plasma
density is ⇢ = 10�4 g cm�3. Bottom panel: Relative errors of the

fitting.

the Planck mean opacities:

k̃k = 0.36 k0

 
1 +Acyc
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1� exp


� kBT

0.1E0
cyc

�◆13.4
!
, (11)

where k0 is the Planck mean, computed for the non-
magnetized plasma at given density and temperature

k0 = 0.5058 ⇢T�3.5
keV , (12)

and the cyclotron energy E
0 computed across the field using

the relativistic formula

E
0
cyc = mec

2

 r
1 + 2

B

Bcr
� 1

!
. (13)

The amplification factor Acyc is also dependent on the mag-
netic field strength and is

Acyc ⇡ 4240B�1.06
12 . (14)

Here Bcr = 4.414⇥ 1013 G, see also Appendix A.
Some examples illustrating the parametrization of numeri-

cal calculations with this function are shown in Fig. 4. The rel-
ative accuracy of the fitting (kk�k̃k)/kk is not high, about 10-
30%. The error is larger for low magnetic fields and can reach
200% for the lowest magnetic field at high temperatures. This
means that we recommend using the approximation formula
(11) with caution for astrophysical problems requiring high
accuracy. We note, however, also that the uncertainties due to
the simplifications used for numerical calculations, especially
for the contribution of thermal cyclotron emission P could be
comparable with the approximation formula uncertainties.

The dependence of the Rosseland mean opacity on plasma
density is more complex. Therefore, we computed an ex-
tended grid of Rosseland opacities for both, across and along

Figure 5. Dependencies of the Rosseland mean opacities across
the magnetic field on the plasma temperature for various magnetic
field strengths and two plasma density parameters, ⇢ =0.1 (dashed
curves) and 10 g cm�3 (solid curves). The magnetic field strengths
are marked near the curves.

the field lines for 85 plasma temperatures, from lg TkeV =0
to 2.52 with the step 0.03, and 14 magnetic field strengths
lgB =10.5, 11, 11.5, 11.75, 12, 12.25, 12.5, 12.75, 13, 13.25,
13.5, 14, 14.5, and 15. The third grid parameter is density.
This parameter has 19 values on the grid, from lg ⇢ =�6
to 3 with the step 0.5. We note that the electrons at the
lowest plasma temperatures and magnetic field strength are
degenerate. Our approach is not strictly correct for degen-
erate plasma, and the opacities under such conditions are,
therefore, not computed. Instead, the opacity values com-
puted for the lower plasma density are taken. It is important,
that the magnetic field is strongly quantizing for the consid-
ered plasma parameters at kBT < Ecyc. It means that all the
electrons are in the first Landau level and the Fermi temper-
ature is significantly less than the Fermi temperature for the
non-quantizing magnetic field (see Appendix A). As a result,
electrons are not degenerate even at the lowest temperatures
and the highest densities if lgB � 11.75.
Examples of the computed Rosseland mean opacities ?

from the first set for a few magnetic field strengths and two
density values, ⇢ =0.1 and 10 g cm�3, are shown in Fig. 5. A
significant increase of the opacity at kBT >40�100 keV is
connected with the scattering on the electron-positron pairs.
The opacities at lower temperatures are generally consistent
with the case of pure magnetic electron scattering presented
by Mushtukov et al. (2015b). The opacities of a dense plasma
are higher than the opacities of a rarified plasma due to
increase of the free-free opacity contribution. The opacities
for B = 1011 G are close to the case of the non-magnetized
plasma, and the opacities have a local maximum at temper-
atures of about 10 keV for a moderate magnetized plasma
(lgB =12.25) due to the contribution of the cyclotron line
and its harmonics.
A comparison of the Rosseland opacities ? computed for

all three considered cases is shown in Fig. 6. The opacities
from the second case increase at temperatures above 100 keV
mainly due to photon-photon interactions. We note, that in-
crease of opacity occurs at the higher temperatures (about
60-70 keV instead of 30 keV in the example above), and the
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density values, ⇢ =0.1 and 10 g cm�3, are shown in Fig. 5. A
significant increase of the opacity at kBT >40�100 keV is
connected with the scattering on the electron-positron pairs.
The opacities at lower temperatures are generally consistent
with the case of pure magnetic electron scattering presented
by Mushtukov et al. (2015b). The opacities of a dense plasma
are higher than the opacities of a rarified plasma due to
increase of the free-free opacity contribution. The opacities
for B = 1011 G are close to the case of the non-magnetized
plasma, and the opacities have a local maximum at temper-
atures of about 10 keV for a moderate magnetized plasma
(lgB =12.25) due to the contribution of the cyclotron line
and its harmonics.
A comparison of the Rosseland opacities ? computed for

all three considered cases is shown in Fig. 6. The opacities
from the second case increase at temperatures above 100 keV
mainly due to photon-photon interactions. We note, that in-
crease of opacity occurs at the higher temperatures (about
60-70 keV instead of 30 keV in the example above), and the
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Аппроксимационная формула

Планковская непрозрачность при нулевом поле

Аппроксимационные параметры

Точность аппроксимации



Планковская непрозрачность плазмы в сильном магнитном поле.

Причина:плазма практически всегда оптически толстая вблизи циклотронной энергии



Модификация модели колонки

4.  Уравнение состояния плазмы. Учтен вклад газового давления и вырождение
электронов при рассмотрении гидростатического  равновесия по вертикали

1. Геометрия. Используется (довольно приблизительная) аппроксимация результатов
Chashkina et al. 2019 для величины радиуса магнитосферы.

2.   Геометрия. Параметризована относительная толщина аккреционной занавески
вблизи радиуса магнитосферы Δ𝑅2 = 𝑧&𝑅2, 𝑧& ≥ 0.1.

5.   Перенос излучения поперек колонки. Параметризован закон изменения потока
по горизонтали  𝐹 𝑥, ℎ = 𝐹8(ℎ) 1 − ⁄𝜏(𝑥, ℎ) 𝜏8(ℎ) B2 3

6.    Рассмотрено влияние торможения плазмы в поле излучения вблизи боковых стенок
колонки  согласно Lyubarskii & Sunyaev 1988     𝑓$& = −𝜅)𝜀$%& ⁄C *

3. Гидростатическое  равновесие по вертикали
&A
&D
= − EF

GHD 4 + 𝜐
&C
&D
, 𝜐 ℎ = 𝜐8 ⁄D I

9 , 𝜉 ≤ 1



𝜏8(ℎ)

Зона
торможения

Торможение излучением 𝜐
𝑑𝜐
𝑑ℎ. = −𝑓+% +

𝐺𝑀
𝑅 + ℎ / , ℎ. = 𝐻 − ℎ

ℎJ, 𝜐 𝜐01 =
𝐺𝑀

𝑅 + ℎ / 𝑡+% , 𝑡+% =
𝑐

𝜅2𝜀+,%
Скорость оседания Характерное время торможения 

𝜀!"# = 𝜀$ 1− 9ℎ 𝐻
%& '

𝜀$ =
4𝐿
𝑐𝐴

𝑀 = 1.4 𝑀⊙ 𝑅 = 12 𝑘𝑚

𝐹8(ℎ)

𝐻/



Форма колонки с учетом торможения излучением

𝐹 𝑥, ℎ = 𝐹8(ℎ) 1 − ⁄𝜏(𝑥, ℎ) 𝜏8(ℎ)
B- L 𝜐 ℎ = 𝜐8 Xℎ 𝐻

9

𝐵!& = 1, Λ = 0.5, 𝑧@ = 0.1, 𝜉 = 0.5 𝐵!& = 1, Λ = 0.5, 𝑧@ = 0.1, 𝛽 = 0.1

𝛽 = 1

𝛽 = 0.1

𝛽 = 0.01 𝜉 = 0.5
𝜉 = 1

𝜉 = 2

Штриховые линии – без учета торможения излучением

При разных предположениях 
о потоке поперек колонки

При разных предположениях 
о законе изменения скорости по высоте



Структура колонки вдоль оси симметрии

При разных значениях 𝛽 = 1, 0.1, 0.01При разных значениях магнитного поля
𝐵 = 10!!, 10!/, 10!#, 10!- Гс

𝐻 = 0.3 𝑅 𝐻 = 0.3 𝑅

Λ = 0.5
𝑧! = 0.1
𝜉 = 0.5
𝛽 = 0.1

Λ = 0.5
𝑧! = 0.1
𝜉 = 0.5

𝐵 = 10"# Гс



Предварительные результаты по максимальной светимости 

𝛽 = 0.1

𝛽 = 0.1

𝛽 = 0.01

𝛽 = 0.01

Λ = 0.5, 𝑧! = 0.1, 𝜉 = 0.5

Λ = 0.5, 𝑧! = 0.1, 𝜉 = 0.5

Сравнение с наблюдаемыми светимостями pULXs

𝐻 = 𝑅



Выводы
Учет рассеяния фотонов на электронно-позитронных парах 

сильно увеличивает непрозрачность при 𝑘𝑇 > 30 кэВ.

Важен учет торможения
плазмы излучением
вдоль боковых стенок 
колонки.

Вклад пар в непрозрачность делает невозможным 
безграничное увеличение светимости колонок при
увеличении магнитного поля. Вероятно, светимости
pULXs можно объяснить без предположения о 

существенной неизотропности излучения.


