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Jet emission and dissipation 

• Kink instability may be responsible for 
the emission seen as HST-1 knot in M87 
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Figure 8. A snapshot of the central region in our fiducial 3D model M3 at
t = 4400RL/c ⇠ 1.5 s, when the jet head is at z = 1000RL ⇠ 1010 cm, or
about 10% of the stellar radius. The colour scheme in the left panel shows
the log10(r⇥B), which is a tracer of conduction currents, and the right panel
shows the log10(�), which is a tracer of magnetisation. The solid lines how
the field lines of b, the magnetic field as measured in the fluid frame and
traced out in the lab frame. The degree of their twist reflects the degree to
which the toroidal magnetic field component dominates in the fluid frame.
The jet is initially freely expanding sideways out to |z| ' 30RL where it
recollimates due to the confining pressure of the cocoon. The free expansion
region is characterised by a low current density (green colour) and a high
� (red colour; see the colour bar). Above this region, � approaches unity
(green colour) and the field lines become less toroidally twisted. Both of
these reflect the dissipation of the toroidal magnetic field into heat above
the collimation point. There the magnetic field lines converge to the axis
and become unstable to the internal kink mode, which seen as a helical
pattern in the jet (see Sec. 6.1).

refer to this high-resolution simulation as model M3HR (see Ta-
ble 1). Figures 9 and 10, show the longitudinal cross-sections of the
jet along the y�z plane (left panel) and the x�z plane (right panel)
in this high-resolution model. The jet propagates along the z�axis.
The colour schemes are the same as in the corresponding 3D jets in
Fig. 8. Regions where magnetic energy is dissipated are identified
by a decrease in the � parameter accompanied by the high conduc-
tion current. Below the nozzle there is a cone of an opening angle
0.1 . ✓ . 0.17, which is kink unstable all the way down to the
source. The jet becomes collimated at zcoll ' 17 (see Fig. 10), the
opening angle of the unstable cone is in agreement with eq. (16) for
our choice of the initial jet magnetisation of �0 = 25 (see Sec. 2).

Most of the magnetic energy dissipation occurs at the colli-
mation nozzle and above it. In this region magnetic field lines with
di↵erent pitch angles converge and become kink unstable. The dis-
sipation process that follows leads to the straightening of the field
lines, by reconnecting out the local toroidal component and results
in a gradual alignment of the field lines with the helical path of
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Figure 9. Meridional slices of log10(�) through the x � z (left) and y � z
(right) planes, in a 3D jet at time t = 2984RL/c ⇡ 1 s in our high-resolution
3D simulation, model M3HR. Note that the horizontal axis scale has been
stretched by approximately an order of magnitude to clearly show the jet
structure. The jets start out highly magnetised, with �0 ' 25. They recolli-
mate at zcoll ' 17RL ⇡ 1.7 ⇥ 108 cm, converge onto the axis, and develop
an internal kink instability, which is seen as small-scale yellow-red wig-
gles in the jets. The decrease of the magnetisation (seen as the transition
in colour from red to yellow) at the wiggles reflects magnetic energy dissi-
pation via the internal kink instability. Some field lines, which have small
enough opening angles to maintain strong causal contact across the jets, be-
come unstable earlier and dissipate their energy at lower altitudes. These
lines form a ‘wedge’ of lower � that extends down to |z| ' 10RL ⇡ 108 cm.

the jet axis. An example for such small angle reconnection can be
seen in Figure 11. It shows a closeup of the field lines at the col-
limation point, where most of the reconnection occurs. We trace
out several magnetic field lines starting out with polar angles of
✓ = 0�, 20�, 30�, 50�, 70� on the rotating sphere. The left panel of
Fig. 11 shows the field lines in an unconventional sense: it shows
the field lines of proper frame magnetic field, b, that are traced out
in the lab frame. These field lines are useful for determining the
regions that are prone to becoming kink-unstable: this is because
the growth of the kink instability depends on the ratio b�/bp, which
is seen in the figure as the degree of azimuthal winding of the field
lines. These field lines also give an idea of the proper angle be-
tween two reconnecting field lines at the reconnection point. The
right panel of Fig. 11 shows the conventional lab-frame field lines
B. From the comparison of the two panels, we see that the proper
field lines appear to be more disordered than the lab frame ones,
and this can be a factor in encouraging their rapid reconnection.
The volume rendering colour scheme shows the logarithm of the
magnetisation, log10 �. The the high-� jet appears as a dark sil-
houette against the blue low-� background. The colour of the field
lines represents log10 h, where h = w/⇢ is the specific enthalpy. Re-
gions where the field lines are turning red are the regions where the
dissipation is taking place. The green line in each of the two panels
indicates the polar field line, which starts at the north pole of the
magnetar and follows the centre of the jet. As expected from the
causality condition (16) and seen in Fig. 11, the green line begins
to kink even before the jet converges onto the jet axis. The field
lines with larger opening angles begin to kink only after the flow
converges onto the axis. These outer field lines are initially strongly
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• Jet emit from many different regions


• Observed radiation has different spectral and temporal properties


• More than one dissipation mechanism is required

(Bromberg, Tchekhovskoy, 16)
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Striped jets 

Switching of polarity in the disc 
leads to switching of polarity in the 

jet -> Striped jet launches 

(Parfrey+ 15, Mahlmann+ 20)


Blobs of different polarity 
reconnect in the jet -> energy 

dissipation



BH activation by small scale field
• GR-FFE simulations (Parfrey+ 15, 

Mahlmann+ 20)


• Currents set as boundary conditions


• No disc physics. Can the loop survive? 
What is the efficiency?
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Striped jets from small scale magnetic field 7

Figure 2. Zoom of the innermost region of the computational
domain showing poloidal streamlines. The colors show the val-
ues of the toroidal field BT (blue negative, red positive) for an
(exemplary) initialization of the co-rotating AD (left) and the
counter-rotating AD (right) for vr = 0.

Table 1. Overview of the parameters of our models clustered
by series (first column). From the second to the last column, we
list the orientation of the disc rotation (Counter - or Co-rotation;
annotated with a prefix C or R, respectively), the loop length,
l and the height h of the disk, the height hi of the supporting
current, and the accretion speed v0 outside of the ISCO.

Series Model Orientation h hi l v0

A C-H2-L1 Counter 2.0 0.75 1.0 0.01

C-H2-L2 Counter 2.0 0.75 2.0 0.01

C-H2-L25 Counter 2.0 0.75 2.5 0.01

C-H2-L3 Counter 2.0 0.75 3.0 0.01

C-H2-L4 Counter 2.0 0.75 4.0 0.01

C-H4-L1 Counter 4.0 2.0 1.0 0.01

C-H4-L2 Counter 4.0 2.0 2.0 0.01

C-H4-L25 Counter 4.0 2.0 2.5 0.01

C-H4-L3 Counter 4.0 2.0 3.0 0.01

C-H4-L4 Counter 4.0 2.0 4.0 0.01

B C-H4-L2-005 Counter 4.0 2.0 2.0 0.005

C-H4-L2-02 Counter 4.0 2.0 2.0 0.02

C-H4-L2-04 Counter 4.0 2.0 2.0 0.04

C R-H1-L2 Co 1.0 0.5 2.0 0.01

R-H1-L3 Co 1.0 0.5 3.0 0.01

R-H1-L4 Co 1.0 0.5 4.0 0.01

additional levels of mesh refinement, each increasing the res-
olution by a factor of two and encompassing the central ob-
ject. In order to increase resolution in the funnel and disc
regions, several levels are stretched in the equatorial direc-
tion. Each model (see Table 1) is evolved for a period of
t = 1024rg, or approximately ⇠ 50 revolutions of the central
object (corresponding to a⇤ = 0.9). On the finest refinement
level, we employ a CFL of 0.25, while on coarser levels the
timestep needs to be limited to �t  1.0 due to instabilities
introduced by the BSSN gamma driver (Schnetter 2010).

Since all characteristics at the BH horizon point inwards

(Faber et al. 2007), information does not propagate from the
interior of the horizon outwards. Thus, for numerical conve-
nience, we may reset all variables inside the outer horizon for
numerical convenience. Otherwise, close to the BH singular-
ity, the FF equations develop large numerical errors, which
may result in the failure of the method. A similar strategy
has been employed, e.g. in Mewes et al. (2016).

In order to ensure the conservation properties of the
algorithm, it is critical to employ refluxing techniques, cor-
recting numerical fluxes across di↵erent levels of mesh refine-
ment (see, e.g. Collins et al. 2010). Specifically, we make use
of the thorn Refluxing

4 in combination with a cell-centered
refinement structure (cf. Shibata 2015). We highlight the
fact that employing the refluxing algorithm makes the nu-
merical code 2�4 times slower for the benefit of enforcing the
conservation properties of the numerical method (specially
of the charge). Refluxing also reduces the numerical instabil-
ities, which tend to develop at mesh refinement boundaries.

3.2 Energy outflow

E�cient energy extraction of the reducible energy from
rapidly spinning BHs via the BZ process happens if the field
line angular velocity, ⌦F, equals half the BH angular fre-
quency, i.e. ⌦F = ⌦BH/2 (Blandford & Znajek 1977). Under
this optimal condition, a second order accurate estimation5

of the luminosity of the BZ process reads (Tchekhovskoy &
Giannios 2015)

LBZ ⇡ 1
24⇡2⌦

2
BH�

2 =
1

96⇡2

✓
�a⇤

r+

◆2
. (36)

The factor 1/96⇡2 ⇡ 10�3 corresponds to the split-monopole
BH magnetosphere6, and depends weakly on the field geom-
etry (cf. Tchekhovskoy et al. 2010). � denotes half of the
absolute magnetic flux through the BH horizon. Our models
do not set any initial magnetic field close to the BH hori-
zon, only attached to the AD. Hence, in order to compute
an estimate for the BZ luminosity that can be used as a
normalization of our results, we make the following assump-
tion: The entire poloidal magnetic flux of a tube detaching
from the AD would ideally thread the BH horizon. Thus,
we integrate the vertical flux through the equatorial plane
(r, � 2 [rISCO + l/2 , rISCO + l] ⇥ [0, 2⇡]) for the last loop out-
side of the ISCO, in order to derive an upper limit to �:

� =

∫
r�

���B✓
��� dA✓ . (37)

Here, dAi denotes a suitable area element. In actuality, part
of this flux may be lost due to magnetic reconnection and

4 Refluxing at mesh refinement interfaces by Erik Schnet-
ter: https://svn.cct.lsu.edu/repos/numrel/LSUThorns/

Refluxing/trunk
5 We note that in the preceding work Mahlmann et al. (2018),
the BZ power has a misplaced factor of M2 in eq. 42 of Mahlmann
et al. (2018).
6 In Heaviside-Lorentz geometrised units (cf. Mahlmann et al.
2019), which di↵er by a factor 1/

p
4⇡ when compared to Gaus-

sian cgs units (as displayed, e.g., by Event Horizon Telescope
Collaboration et al. 2019b).

MNRAS 000, 1–25 (2019)
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tion. Each model (see Table 1) is evolved for a period of
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level, we employ a CFL of 0.25, while on coarser levels the
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nience, we may reset all variables inside the outer horizon for
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ity, the FF equations develop large numerical errors, which
may result in the failure of the method. A similar strategy
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In order to ensure the conservation properties of the
algorithm, it is critical to employ refluxing techniques, cor-
recting numerical fluxes across di↵erent levels of mesh refine-
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conservation properties of the numerical method (specially
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rapidly spinning BHs via the BZ process happens if the field
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• GR MHD simulations (Chashkina+ 21, 
Nathanail+ 20, Beckwith+ 08,09)

(Chashkina+ 21)



BH Activation modes: 1 loop
• 2 modes: MAD and SANE. 


• MAD (Magnetically Arrested Disc): 
- large scale fields


-  and  are correlated 


- Switch between high and low modes


- Intermittent jet launching

·M Ψ

• SANE (Stable And Normal Evolution): 

- small scale fields


-  and  are uncorrelated,   is low


- No jet launching
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Figure 2. Simultaneous submm and 4.5µm datasets obtained during the Spitzer campaigns. Blue lines show the 4.5 µm
Spitzer light curves with one minute binning. Flux densities are as observed, not corrected for reddening. Purple shows
230 GHz ALMA light curves, and orange shows 230 GHz and 345 GHz SMA light curves as labeled. Times are arbitrary but
matched to heliocentric for all curves. The 345 GHz SMA light curve of 2014 Jun 17 is the same one published by Fazio et al.
(2018). Other submm data are presented here for the first time. For this figure as well as for the correlation analysis, the 2017
SMA data has been slightly smoothed with a 3-minute smoothing kernel.

tons were extracted from within a radius of 1.0025 from
the best-guessed centroid of Sgr A* and within the 2000–
8000 eV range to be consistent with most previous work.
This gave a total of 34 000 photons in the useful epochs.
We used unbinned data of the arrival times of individual
photons (counts) and corrected the times to the barycen-
ter of the solar system.
Figure 1 shows the light curves of all three modes. The

e↵ective area of each mode is a weighted mean over the
2–8 keV band, and it assumes an incident source spec-
trum. If we changed the assumed spectral model, the
absolute values of the e↵ective area would change, but
the relative values among observations using the same
detector should be insensitive to the model. The relative
values between di↵erent detectors (I versus S) could be
more sensitive but are assumed to be constant as well.

2.3. APEX Data

We used 32 epochs (6641 minutes) of 345 GHz data
from the LABOCA bolometer at the APEX telescope
(Subroweit et al. 2017). This dataset was generated us-
ing on-the-fly mapping, resulting in fully sampled maps
of 0.�5⇥0.�17 with 280 s integration time. The data were
taken over the course of seven years and have a typical
cadence of about 8 minutes. An average map was cre-
ated for each epoch and, after subtracting a Gaussian
point source at the position of Sgr A*, subtracted from
each individual image. The flux density of Sgr A* was
derived by modeling a Gaussian source at the position of
Sgr A* in each residual image and using two secondary
calibrators (G10.62�0.38, IRAS 16293�2422). The rel-
ative uncertainty of the flux density calibration is about
4% or 0.1 Jy, while the absolute uncertainty is expected
to be of order 15%. Eckart et al. (2008a), Garćıa-Maŕın
et al. (2011), and Subroweit et al. (2017) gave detailed
descriptions of the data reduction, calibration, and at-

(Witzel+ 21)
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Activation modes:Multiple loops in 2D

- The second loop compresses the first one -> effective current sheets production

- Striped jet launches


•



Multiple loops in 3D

• the variability of  and  is much smoother than in 2D


• Magnetic field can not prevent accretion at all azimuths

·M Ψ



Multiple loops in 3D



Jet efficiency
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Figure 8. The evolution of the dimensionless magnetic flux through the
horizon (upper panel), the energy outflow efficiency (middle panel) and the
jet efficiency (lower panel) in models 3D1 (blue), 3D2 (orange) and 3D3

(green). The values of Y and hBZ are normalized according to the initial
flux and total magnetic energy in the loop that is currently being accreted.

plane, push each other sequentially, so that at each time a single
loop threads the entire horizon. The loop reaches a MAD state and
launches a two-sided jet with a matching magnetic field polarity,
before it is replaced by the second loop with opposite polarity. In
the 3D case, the contact surface between the loops oscillates about
the equatorial plane, but generally remaining at a low latitude. Thus
unlike in the 2D simulations, accretion on each hemisphere pro-
ceeds on a separate loop. In such a case the accreted material fills
a larger fraction of the horizon leading to a SANE like accretion
behaviour with turbulent structure of small-scale magnetic fields
and multiple current sheets. This dynamics is captured in the scale
distribution of the magnetic field shown in Fig. 11a, as an over-
abundance of cells with small scale magnetic fields at r < RISCO . As
a result both the total magnetic flux on the horizon as well as the
two types of efficiencies are much lower than in the 2D case. In
addition, the magnetic field frozen into the matter is dragged along
with the turbulent inflow through the horizon thereby decreasing
the overall output of electromagnetic energy. We can see this pro-
cess as dips in efficiency in the third panel of Fig. 8.

In order to test the effect of multiple polarity switches on the

Figure 9. From top to bottom, entropy, b , and density distributions on the
equatorial plane before, during and after a major reconnection episode in
model 3D3. The peak of the reconnection occurs at time t = 1070 rg/c (mid-
dle column). During this time the entropy is maximized while the density
and b are at their minimum. Since the reconnection is not uniform on the
plane mass continuous to be accrete through the regions where reconnec-
tion rate is low. This phase of low accretion lasts a few hundreds dynamical
times.

BH horizon, we ran a simulation with a large number of loops hav-
ing identical initial magnetic fluxes (model 3DM). The evolution of
the system is show in Fig. 10). It can be seen that the efficiencies
and the magnetic flux during the accretion of the first two loops in
this case are smaller than in models 3D1 and 3D3. The reason for
that is likely because the loop size is too small and the system does
not time to reach a full MAD state before the next loop with an op-
posite polarity comes in. The late evolution of the system is similar
to the other dipole models since the system enters a turbulent SANE
state. The evolution of the system during the accretion of the first
two loops is shown in details in Fig. 12. We show the mass accre-
tion rate (left bottom). The horizon flux (right bottom) the accretion
of each loop is highlighted by a different color and line style. At
the top panels we show snapshots from three distinct times during
the accretion of the first and second loops. These times are marked
with solid vertical lines at the bottom panels. Mass starts to accrete
on the BH at t = 750 rg/c following a buildup of magnetic field
in the disc. The flux buildup on the horizon leads to a short MAD
state (800 . t . 1100 rg/c) accompanied by the launching of a
double-sided Poynting flux dominated jet via the BZ process (panel
a). Inside the last stable orbit magnetic stresses dominate over the
accretion flow ram pressure and the accretion rate decreases. The
MAD state is terminated by a jump in the mass accretion rate driven
by the pressure of the second loop as it approaches RISCO . It leads to
large-scale reconnection of magnetic flux on the horizon followed
by a switch in the field polarity at t = 1200 rg/c. The switching
of polarity is accompanied by the formation of current sheets both
in the accretion torus and on the jet boundary (panel b). In these
current sheets plasmoids are created due to magnetic reconnection.
The process is clearly visible in 2D simulations, but due to poor
resolution, we cannot see the plasmoids themselves in 3D simu-
lations. We are able to infer their presence from the distribution

MNRAS 000, 1–12 (2021)
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Figure 12. The accretion dynamics in model 3DM. The three upper panels show snapshots of logb . Magnetic field lines are shown in black lines. The lower
panels show the mass accretion rate at the horizon (left) and normalized magnetic flux through horizon (right). Vertical lines indicate the times of the snapshots.

at present whether emission during the quenched accretion states
can accommodate that. Alternatively, it could be that jet formation
is suppressed during these states.

• We find that advection of dipole loops with alternating polarity
can lead to formation of a quasi-striped jet with substantial mean
power (around 10�20% of the jet power created in the single loop
model), provided the characteristic loop size is not too small. This
is qualitatively consistent with results of GRFFE (force-free) sim-
ulations (Parfrey et al. 2015; Mahlmann et al. 2020). However, it
requires the loops to form or be maintained at a radius r . 100rg. In
our GRMHD simulations (like in most other similar works) matter
is not injected into the simulation box through the outer boundary,
as expected in reality. Therefore, we cannot have a persistent state
over times longer than the advection time of 2 or at most 3 loops. In
addition, limited resolution and the lack of self-consistent cooling,
that can affect the disc structure and magnetization in yet unknown
ways, are likely to have an effect on the launched jet. Nonetheless,
our results indicate that striped jets with significant power can po-
tentially form, enabling a natural dissipation channel for magnet-
ically dominated jets, particularly in AGNs, where conditions for
generation of instabilities that can destroy the magnetic field seem
less likely.

• Our simulations confirm that the advection of the field onto the
BH leads to enhanced dissipation in current sheets and to the for-
mation of plasmoids in various locations in the vicinity of the BH:
i) near the equatorial plane, during episodial reconnection events
characterizing MAD states, ii) along the jet boundary during the
time when the accreted loop reconnects upon itself making way
to the next loop advected onto the BH. The plasmoids in both
cases were directly observed in the 2D simulations, while in the

3D simulations their existence was inferred from measurements
of the curvature radii of fieldlines inside the ISCO radius. These
current sheets might be associated with the compact corona that
produces the hard X-ray emission seen in many Galactic and extra-
galactic accreting BH systems (as in "lamppost" models, Yuan et al.
2019; Mahlmann et al. 2020; Sironi & Beloborodov 2020). These
dynamical structures should not, necessarily, be associated with jet
launching. They can form also under conditions not suitable for jet
formation, as in our multiple loops model.

We stress that our 3D simulations were not converged. Al-
though they showed overall behaviour similar to the 2D simula-
tions and to other high resolution 3D simulations that were run
with a single loop configuration (Ripperda et. al. 2021), a proper
convergence study needs to be made to validate the results. Such a
study is beyond our current computational capabilities and will be
preformed elsewhere.
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Current sheets and plasmoids

• Current sheets: 

- equatorial plane: MAD + loop switches


- Jet-disc boundary: loop switch

• Plasmoids merge and grow in size


• Accelerate up to 


• Energy in the plasmoids is comparable to the jet 
energy


• May evolve to radio blobs at larger radii

0.3c



Current sheets and plasmoids
log S





How to find plasmoids in 3D?
2D 3D

κ =
|Bp |

[∇ × B]ϕ



Summary

• In order to have a global reconnection at 
large distances one possibility is to launch 
striped jets


• Striped jets can be launched from opposite 
polarity loops, they can be quite efficient 


• Reconnection in the vicinity of a BH during 
polarity switching produces a chain of very 
energetic plasmoids at the edge of the jet, 
that could be the source of X-ray and 
gamma ray emission in the vicinity of a BH, 
or may evolve into radio blobs at later time
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Kink instability
• Toroidal field is unstable to kink mode


• Generates helical twist in the jet, leads to reconnection


• The fastest CD instability

(Mizuno+ 2014) (Bromberg, Tchekhovskoy+ 2016)
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Figure 11. The initial (solid blue) and final (dashed or-
ange) EM energy in the IPb, DPb and COb distributions,
compared with the estimated energy of the relaxed configu-
ration (dot-dash green). The vertical lines track the radii of
the dissipated regions. In the case of CO configuration we
show only the energy of B'.

to zcoll . If Rcoll � RL the hoop stress of the toroidal
component overcomes the magnetic pressure gradient
and the flow converges to the axis (Lyubarsky 2009).
As it contracts, the flow accelerates like (Sobacchi and
Lyubarsky 2018)

� = Rcoll/r, (20)

Figure 12. A sketch of the collimation region of a highly
magnetized relativistic jet. The jet is conical up to z '
zcoll , where it’s pressure becomes equal to the pressure of the
surrounding medium. Above this point the collimated flow is
a↵ected by the contracting ”hoop stress” ofB' and converges
to the axis. Though the converging flow is in strong causal
contact it remains stable for kink due to its fast acceleration.
At the center of the jet there is a region where the plasma
remains sub-superfast and maintains strong lateral causal
contact (yellow region). The flow remains in contact with the
nozzle and is unable to accelerate e�ciently. It can therefore
become kink unstable. If the cross section of the unstable
region is comparable to Rnoz at the nozzle, the converging
plasma from the outer, stable parts will interact with it, get
shocked and become kinked unstable as well, resulting in an
overall dissipation of the jet EM energy.

where r is the local cylindrical radius, and the magnetic
field components in the comoving frame maintain:

bp'Bp,c

✓
Rcoll

R

◆2

b�'B�,c
Rcoll

R�
, (21)

where low cases are used to describe comoving quanti-
ties and upper cases for lab frame values. The conver-
gence to the axis stops when bp ' b�, which by substitut-
ing eqs. (19), (20) translates to a nozzle cross sectional
radius of

Rnoz '
p

RLRcoll '
p
RLzcoll✓j . (22)

The acceleration of the jet material below the collima-
tion point causes it to loose causal contact with the axis,

Kink instability
• The fastest growing instability


• Effective close to the jet axis (Bromberg, 
Tchekhovskoy, 2016): 


•   if  


•  if 


•

θdiss =
RL

zcoll
zcoll < RLσ2/3

0

θdiss =
RL

zcoll
σ1/3

0 zcoll > RLσ2/3
0

(Bromberg+ 19)



Kink instability

• Magnetic field structure:


• 


• 


• 


• Pitch: 


• Increasing pitch (IP):  , 


• Decreasing pitch (DP):  , 


Br(r) = 0

Bz(r) =
B0

[1 + (r/a)]α

Bϕ(r) =
aBz

r
[1 + (r/a)2]2α − 1 − 2α(r/a)2

2α − 1

P = rBz/Bϕ

P > 1 α > 1

P < 1 α < 1
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Figure 4. 3D color rendering of Jz at the same times and color range as in fig. 2. Magnetic field lines are shown as white tubes

Figure 5. Evolution of the kink mode shown as the electric
energy in the three simulated profiles: IPb, DPb, and COb.
Three phases are evident: i) linear growth; ii) mode inverse
cascade; iii) turbulence phase. The filled circles on the three
curves, mark the times at which the snapshots in figs. 2-
4 are taken. Comparisons to the theoretical linear growth
rates of kmax (eq. 3) are shown as dotted lines plotted over
the growth curves of E2 in the subplot at the bottom right
corner. In all three models the growth rates are in good
agreement with the theoretical predictions.

dissipation rate is faster and the kink evolution di↵ers
from the first two cases.
As the merging process progresses, the helical current

sheet becomes increasingly thinner until it eventually
breaks down to small structures, due to resistive e↵ects.
The sub-structures further break into smaller structures
resulting in a turbulent configuration of magnetic field.
It gradually fills the entire volume inwards to the cur-
rent sheet and contributes to the dissipation. The en-
ergy which is driven into the current sheet through the

mergers of the kink lobes, cascades down to the small
scale turbulence, keeping the dissipation rate high.
Once the merging stops, energy is no longer pumped

into the turbulence and the dissipation rate is reduced.
This transition is manifested in fig. 6 as a break in the
dissipation rate evident in all panels, occurring at times
consistent with the end of the merger episodes. In the
IP and CO cases the mergers reduce the wave number of
the kink mode progressively, until it reaches the minimal
value allowed in the box, n = 1/2. Therefore, the du-
ration of the kink mode inverse cascade depends on the
longitudinal size of the box, as more waves are exited in
larger boxes. Indeed we see in fig. 6 that the transitions
from the fast, merger-driven dissipation to the slower,
turbulence dissipation occur at later times in the large
boxes. In the DP case, the merger is instantaneous and
its duration is independent of the box size. The large
angles between the reconnecting field lines resulting in
pumping of more energy into the current sheets than
in the IP and CO cases. This is evident in the higher
spike in the electric field seen in fig. 5. As a result, the
dissipation rate in the DP case is higher and the total
fraction of dissipated EM energy is larger as well (see
below).

6.3. Relaxation

The high dissipation rate continues as long as fresh
energy is pumped into the turbulence by the inverse cas-
cade of the kink mode. Once the KS condition (eq. 9)
is met, the kink instability relaxes and energy transfer
to the turbulence stops. The turbulence continues to
dissipate the energy contained in them at a slower rate

6 Bromberg, Singh, Davelaar, Philippov

Figure 1. The initial configuration of the three profiles tested in this work Coronal (CO,blue), increasing pitch (IP, dashed
orange) and decreasing pitch (DP, dash dot green). Panels show from left to right, top to bottom: Pitch (in log scale), Bz, B',
� and plasma � (in log scale).

alescence events (mergers), where in each merger the
longitudinal wave number, n, is reduced by unity. This
phase is seen in fig. 5 as a series of bumps in the value
of E2. As the inverse cascade continues the longitudi-
nal wave vector, k decreases until it reaches kmin = ⇡

L ,
corresponding to an n = 1/2 wave number, and the
merger stops (the right most image in figs. 2-4). The
merger process breaks the ordered structure of the mag-
netic field, forming a stochastic turbulent configuration,
which slowly relax to a minimal energy state once the
mergers ends (after ⇠ t = 400 [a/c]).
In the DP case, there is no resonant surface. The kink

mode grows in amplitude as well as in width, until the
kink lobes touch each other and begin to merge. Here
we identify a major merging episode, which brings the
wave number down to a low n value in a single event (as
oppose to the gradual merging process in the IP case). It
is followed by secondary, weaker events, which destroy
the structure of kink mode completely. As in the IP
case, the merger process breaks the global structure of
magnetic field forming a stochastic turbulent structure
which eventually relaxes to a stable configuration.
In the CO case the resonant surface is located very

close to the edge of the helical core. As a result, the
kink mode grows close to the core edge and quickly be-
comes an external mode to the core. The high magnetic
tension of the external longitudinal field prevents the

kink mode on the core boundary from growing to a large
amplitude with respect to the core’s cross sectional ra-
dius. Instead, the growth takes place mostly along the
boundary, more extremely than in the IP case, creat-
ing a current sheet at edge of the core which quickly
breaks down. As the instability continues to grow, the
kink mode inverse cascades to longer wavelength via a
series of mergers that ends at 600 . t . 800 [a/c] when
it reaches the smallest k allowed in the box. It results
in a mildly perturbed core with a stochastic structure
of magnetic fields, which slowly relax to the minimal
energy state. During the evolution of the kink instabil-
ity, the radius of the dissipated core grows. As the core
pushes against the magnetic field in the medium, exter-
nal matter mixes into the core through instabilities at
the boundary.

6.2. Energy dissipation

The dissipation of the EM energy occurs mostly in cur-
rent sheets and is tightly related to the evolution of the
kink instability. The current sheets are evident in fig. 2
as local extrema in the current density with filamentary
shape. Fig. 3 shows the corresponding thermal pressure
measured at the same time. The pressure peaks match
the location of the filaments of Jz, indicating that most
of the dissipation occurs in the current sheets.
During the linear stage a global current sheet is formed

at the edge of the kink mode, in regions where the mag-

(Bromberg+ 19)



Kink instability

• Growth rate


• Energy dissipation


• Relaxation condition                                          
(Taylor state)
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Figure 4. 3D color rendering of Jz at the same times and color range as in fig. 2. Magnetic field lines are shown as white tubes

Figure 5. Evolution of the kink mode shown as the electric
energy in the three simulated profiles: IPb, DPb, and COb.
Three phases are evident: i) linear growth; ii) mode inverse
cascade; iii) turbulence phase. The filled circles on the three
curves, mark the times at which the snapshots in figs. 2-
4 are taken. Comparisons to the theoretical linear growth
rates of kmax (eq. 3) are shown as dotted lines plotted over
the growth curves of E2 in the subplot at the bottom right
corner. In all three models the growth rates are in good
agreement with the theoretical predictions.

dissipation rate is faster and the kink evolution di↵ers
from the first two cases.
As the merging process progresses, the helical current

sheet becomes increasingly thinner until it eventually
breaks down to small structures, due to resistive e↵ects.
The sub-structures further break into smaller structures
resulting in a turbulent configuration of magnetic field.
It gradually fills the entire volume inwards to the cur-
rent sheet and contributes to the dissipation. The en-
ergy which is driven into the current sheet through the

mergers of the kink lobes, cascades down to the small
scale turbulence, keeping the dissipation rate high.
Once the merging stops, energy is no longer pumped

into the turbulence and the dissipation rate is reduced.
This transition is manifested in fig. 6 as a break in the
dissipation rate evident in all panels, occurring at times
consistent with the end of the merger episodes. In the
IP and CO cases the mergers reduce the wave number of
the kink mode progressively, until it reaches the minimal
value allowed in the box, n = 1/2. Therefore, the du-
ration of the kink mode inverse cascade depends on the
longitudinal size of the box, as more waves are exited in
larger boxes. Indeed we see in fig. 6 that the transitions
from the fast, merger-driven dissipation to the slower,
turbulence dissipation occur at later times in the large
boxes. In the DP case, the merger is instantaneous and
its duration is independent of the box size. The large
angles between the reconnecting field lines resulting in
pumping of more energy into the current sheets than
in the IP and CO cases. This is evident in the higher
spike in the electric field seen in fig. 5. As a result, the
dissipation rate in the DP case is higher and the total
fraction of dissipated EM energy is larger as well (see
below).

6.3. Relaxation

The high dissipation rate continues as long as fresh
energy is pumped into the turbulence by the inverse cas-
cade of the kink mode. Once the KS condition (eq. 9)
is met, the kink instability relaxes and energy transfer
to the turbulence stops. The turbulence continues to
dissipate the energy contained in them at a slower rate

(Bromberg+ 19)
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Figure 4. 3D color rendering of Jz at the same times and color range as in fig. 2. Magnetic field lines are shown as white tubes

Figure 5. Evolution of the kink mode shown as the electric
energy in the three simulated profiles: IPb, DPb, and COb.
Three phases are evident: i) linear growth; ii) mode inverse
cascade; iii) turbulence phase. The filled circles on the three
curves, mark the times at which the snapshots in figs. 2-
4 are taken. Comparisons to the theoretical linear growth
rates of kmax (eq. 3) are shown as dotted lines plotted over
the growth curves of E2 in the subplot at the bottom right
corner. In all three models the growth rates are in good
agreement with the theoretical predictions.

dissipation rate is faster and the kink evolution di↵ers
from the first two cases.
As the merging process progresses, the helical current

sheet becomes increasingly thinner until it eventually
breaks down to small structures, due to resistive e↵ects.
The sub-structures further break into smaller structures
resulting in a turbulent configuration of magnetic field.
It gradually fills the entire volume inwards to the cur-
rent sheet and contributes to the dissipation. The en-
ergy which is driven into the current sheet through the

mergers of the kink lobes, cascades down to the small
scale turbulence, keeping the dissipation rate high.
Once the merging stops, energy is no longer pumped

into the turbulence and the dissipation rate is reduced.
This transition is manifested in fig. 6 as a break in the
dissipation rate evident in all panels, occurring at times
consistent with the end of the merger episodes. In the
IP and CO cases the mergers reduce the wave number of
the kink mode progressively, until it reaches the minimal
value allowed in the box, n = 1/2. Therefore, the du-
ration of the kink mode inverse cascade depends on the
longitudinal size of the box, as more waves are exited in
larger boxes. Indeed we see in fig. 6 that the transitions
from the fast, merger-driven dissipation to the slower,
turbulence dissipation occur at later times in the large
boxes. In the DP case, the merger is instantaneous and
its duration is independent of the box size. The large
angles between the reconnecting field lines resulting in
pumping of more energy into the current sheets than
in the IP and CO cases. This is evident in the higher
spike in the electric field seen in fig. 5. As a result, the
dissipation rate in the DP case is higher and the total
fraction of dissipated EM energy is larger as well (see
below).

6.3. Relaxation

The high dissipation rate continues as long as fresh
energy is pumped into the turbulence by the inverse cas-
cade of the kink mode. Once the KS condition (eq. 9)
is met, the kink instability relaxes and energy transfer
to the turbulence stops. The turbulence continues to
dissipate the energy contained in them at a slower rate

What do we know?

What do we want to know?

• How rotation affects the energy dissipation, 
relaxation condition                    

For non-
rotating jet

(Bromberg+ 19)



Kink instability
• In the rotation case the energy 

dissipation starts later




Kink instability

• By the time 
when non-
linear kink 
stage develops 
the angular 
momentum 
drops and 
energy 
transfers into 
small scales 




Kink instability

• By the time when non-linear kink stage develops the angular 
momentum drops and energy transfers into small scales 




Summary (very preliminary)
• Energy dissipation in rotating jets 

starts at later time that in non-rotating


• Rotation affects linear stage of kink-
instability. 


• Angular momentum transfers 
outwards during kink phase 


• Kink instability can dissipate around 
1/2 of magnetic energy


• What is the saturation criteria?  

• How does it look like in the global 
simulations?


