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• What sets disk-
jet connection?

• How do jets 
emit?

• What can we 
learn from jet 
morphology?

Ṁc2

Pj

Interpreting Black Hole      Observations

Adapted from Tchekhovskoy 2015

Jet images  (VLA, VLBA,  Hubble)
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Black Hole Accretion States
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Tidal disruptions (TDEs),  
ultra-luminous X-ray sources, 

gamma-ray bursts

Quasars, X-ray binaries, TDEs

Low-luminosity active galactic nuclei 
(LLAGN), X-ray binaries

Both high- and low-luminosity disks 
are radiatively inefficient.  

Neglect radiation and simulate.



Gravity limits 
   and     ! BH D

is
kFG FB

�

� ⇠ Br2g

rg = GM/c2

What Sets Jet Power?
magnetic flux:

grav. radius:

B sub- 
dominant

B dominant0 

� = 0 � = �MAX

Magnetically- 
Arrested Disk 

(MAD)
(Narayan+ 2003,  

AT+ 2011)

Pj

Pj = k�2 . Ṁc2

How strong are  
the jets?

pj = Pj/Ṁc2

Pj ⇠ a2B2r2gc / �2(a/rg)
2

k
(Blandford & 
Znajek ’77, 

AT+10)
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http://arxiv.org/abs/1108.0412
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Quantify feedback due 
to black hole jet, disk 

wind from first principles

Upper 
Envelope of 
Jet Power 
vs. Spin 
(h/r∼0.3) 

(Tchekhovskoy+ 11;
Tchekhovskoy, McKinney 12;

McKinney, Tchekhovskoy,  
Blandford 12; 

Tchekhovskoy 15)
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Jet = 85% of Blandford-Znajek power  
Wind = BP = 15% of BZ power + 5%

Disk wind is powered by a combination of BH 
spin and disk rotation

Upper 
Envelope of 
Jet Power 
vs. Spin 
(h/r∼0.3) 

(Tchekhovskoy+ 11;
Tchekhovskoy, McKinney 12;

McKinney, Tchekhovskoy,  
Blandford 12; 

Tchekhovskoy 15)

10x more powerful jets 
than in earlier studies

Quantify feedback due 
to black hole jet, disk 

wind from first principles
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Magnetic Instabilities 
and Jet Emission

Bondi radius

jet head

jet recollimations

disc 
wind

ISM/IGM
The Astrophysical Journal, 775:118 (11pp), 2013 October 1 Nakamura & Asada
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Figure 3. Distribution of the radius of the jet as a function of the de-projected distance from the core in units of rs. Readers can refer to Figure 1 in Asada & Nakamura
(2012) for detailed description. Three data points of VLBI cores (at 43, 86, and 230 GHz) are added as the most inner jet emissions at each frequency. The solid line
is the linear least-square for data points except three inner cores (VLBA at 43/86 GHz and EHT at 230 GHz), indicating the parabolic streamline with a power-law
index a of 1.73 ± 0.05. On the other hand, the dashed line indicates the conical streamline with a of 0.96 ± 0.1. HST-1 is located around 5 × 105 rs. The thin dashed
line denotes the Bondi accretion radius located at RB ≃ 3.8 × 105 rs. The black area shows the size of the minor axis of the event horizon of the spinning black hole
with maximum spin. The gray area indicates the size of the major axis of the event horizon of the spinning black hole with maximum spin, and corresponds to the
size of the event horizon of the Schwarzschild black hole. The thin dotted line indicates the size of the inner stable circular orbit (ISCO) of the accretion disk for the
Schwarzschild black hole.
(A color version of this figure is available in the online journal.)

and ∆z (230 GHz) = 4.34 ± 2.17 rs, respectively. As is shown in
Figure 3, three points of VLBI cores (core43, core86, and core230)
are plotted under our assumption that the axial offset position
at infinite frequency ∆∞(→ 0) is the location where the SMBH
and/or accretion disk plane exist. Note that VLBA core sizes at
5.0 and 8.4 GHz coincide with the jet width derived in VLBA
observations at 43 GHz (K. Hada 2013, private communication);
thus, it may be reasonable to interpret the frequency-dependent
VLBI core as an innermost synchrotron emission where the jet
emissions become optically thin.

The parabolic jet seems to follow a single power-law stream-
line with nearly five orders of magnitude in distance. Three
points of VLBI cores are not used for a fit to data points to de-
rive a power-law index a of 1.73 ± 0.05 in AN12. One, however,
has to bear in mind the following questions: where does jet ori-
gin exist and how is its non-thermal emission initiated at some
higher frequency? It is nevertheless useful for us to examine the

nature of the jet parabolic structure—how it is maintained under
the stratified ISM in the dominant gravitational potential by the
central SMBH.

In the following sections, based on the MHD jet theory, we
analyze the bulk acceleration of the trans-Alfvénic flow and
derive the approximate MHD nozzle equation of the trans-fast
magnetosonic jet in Section 6. We discuss the formation of
the parabolic streamline in M87 as well as a potential limit of
exploring the innermost jet emission by using VLBI core shift
measurements as questioned above in Section 7.

6. ANALYSIS OF THE PARABOLIC STREAMLINE

6.1. Bulk Acceleration of the Trans-Alfvénic Flow

In order to inspect the property of the NRMHD jet accel-
eration in the trans-Alfvénic regime, let us follow the wave
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Are we seeing  
jet-ISM interaction?
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(see also Meier 2012)
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How does Jet Heating Work?

Recollimation → internal kink → 
→ turbulence → reconnection → emission

12 Omer Bromberg and Alexander Tchekhovskoy

Figure 12. Same as Fig. 11, but showing the streamlines of the jet material.
The streamlines originate at the surface of the magnetar with polar angles
at their footpoints spanning the range 0�-80� with a 10� separation. The
colour scheme represents the log10 u on a streamline. The flow is super-fast-
magnetosonic below the collimation point, where the jet material expands
freely. Once the jet becomes collimated, the velocity decreases considerably
and the streamlines become distorted due to the internal kink instability.
Downstream, the small-scale structure imprinted on the streamlines (and
magnetic field lines; see Fig. 11) dissipates away, the streamlines become
laminar and the flow largely sub-fast-magnetosonic.

x y 

z 

Figure 13. Similar to Figures 9 and 10 but for meridional slices of
log10(bp/b�). Dark red colour shows the poloidally-dominated regions and
their transverse extent reflects the value of R0, the cylindrical radius of
the jet core with bp � b�. We see that above the collimation point,
|z| & 30RL ⇡ 3 ⇥ 108 cm, the value of R0 increases with increasing dis-
tance away from the central compact object. This increase reflects the con-
version of the toroidal magnetic field into heat by the internal kink mode.
Notice that the top jet in the right panel moves o↵ the image plane due to
the external kink.

at a time t = 4400RL/c ' 1.5 s (same as in Fig. 8) and an altitude
z = 400RL ' 4 ⇥ 109 cm, which is well above the region where
most of the dissipation takes place. We average the profiles in the
azimuthal direction to smooth out the small axial asymmetries due
to the external kink modes. We show the azimuthally averaged hb�i
(solid blue), hbpi (dashed green), hbi (solid grey) and h

p
8⇡pthi

(dash-dotted red). As expected from eq. (18), the magnetic field
configuration is split into two regions: i) an inner core, dominated
by poloidal field with a flat profile that extends to R0 ' 10, ii) an
outer region, dominated by toroidal field with a profile b� / R�1/2

that covers the outer jet, at R0 . R 6 Rj ' 36RL ' 3.6⇥108 cm, and
extending into the inner cocoon, Rj < R 6 Ric ' 60 ' 6 ⇥ 108 cm.
Within the jet, magnetic and thermal energies are indeed in equipar-
tition, which is the assumption under which we obtained the scal-
ing (18).

The combination of a large core dominated by poloidal field,
surrounded by a toroidal field in balance with thermal pressure sta-
bilizes the jet to internal kink instability, and the internal dissipation
subsides. Because of this, above the dissipation region the hot jet
material behaves somewhat similar to a hot, hydrodynamic fluid.
However, this does not mean that the magnetic e↵ects can be ne-
glected: we find that kink instability can still grow around the jet
perimeter. This is known as the external kink mode, which produces
helical motions that deform the entire body of the jet. This is seen
in Fig. 15 as the large-scale bends of the (blue) jets. External kink
grows on a time scale of the order of the time it takes an Alfvén
wave to travel around the jet perimeter. Typically it takes ⇠ 5 � 10
growth times for the global kink modes to grow substantially, and
this is why most of the deformation occurs at the top, “older” parts
of the jet, mainly near the jet head where the kink instability has
the longest time to evolve. The helical motions of the kink-unstable
head increase the e↵ective cross-section of the jet and reduce its
propagation velocity. If the external kink grows to a high enough
amplitude, it can even disrupt the jet and cause it to stall.

6.3 Dissipation rates and convergence tests

One of the important results of this work is the e�cient dissipation
of the magnetic field at and above the recollimation nozzle. This
reduces the strength of the toroidal magnetic field component and
leads to equipartition between thermal and magnetic energies. A
similar transition in the magnetic field configuration was seen in
the simulations of twisted magnetic flux tubes that underwhent dis-
sipation via the internal kink (e.g. Hood et al. 2009; Gordovskyy &
Browning 2011; Pinto et al. 2015). Once started, the dissipation in
our simulation occurs over a length scale of . 10Rj, which is con-
sistent with the expected growth time of the kink instability across
the entire jet (see e.g. Fig. 9). This rate is also consistent with the
dissipation rate found in other simulations (e.g. Mizuno et al. 2012;
Porth & Komissarov 2015).

To test the e↵ect of the grid resolution on the dissipation rate,
we reran our fiducial simulation, M3, with twice the resolution in
each direction. We refer to this high-resolution simulation as model
M3HR (see Table 1). Figure 16 shows the electromagnetic energy
flux (dashed lines) and the thermal energy flux (solid lines) in the
fiducial model M3 (blue) and its high-resolution version, model
M3HR (green). For a proper comparison, the jets are taken to have
the same zh. Because in the high resolution simulation the jets prop-
agate at a velocity that is somewhat slower (by ⇠ 25%) than in our
fiducial resolution simulation, the snapshots are taken at slightly
di↵erent times. Even though the propagation velocities are di↵er-

c� 2015 RAS, MNRAS 000, 1–22
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Figure 10. Same as Fig. 9 but for meridional slices of the conduction current
J / log10 (|r ⇥ B|). High (red) values of J indicate regions with particularly
strong magnetic field twist and particularly strong dissipation.

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
twisted around the central, green field line. However, as they dissi-
pate their magnetic energy into heat, they gradually straighten out
and become aligned with the green line (as seen in Fig. 11).

The internal kink instability a↵ects the streamlines of the jet
material, as seen in Fig. 12. Below the collimation point the jet
material is stable and is super-fast-magnetosonic. Once the jet be-
comes collimated the flow decelerates and begins to mix due to
the kink instability. Once the kink instability saturates, the flow be-
comes ordered again, however its velocity remains mostly sub-fast-
magnetosonic.

6.2 External kink above the dissipation region

The dissipation of magnetic field above the collimation point leads
to two important outcomes. First, it relieves some of the toroidal
pressure and decreases the ratio of b�/bp in the jet. As a result,
R0, the radius of the poloidal field dominated core, which con-
trols the minimal growth time of the kink instability (see eq. 2),
increases significantly. This process is depicted in Fig. 13 which
shows log10(|bp/b�|) in a cross section cut along the jet: the core
starts out as a narrow spine at the base of the jet and gradually
widens above the collimation point, at which most of the dissipa-
tion occurs. Second, the dissipation generates thermal energy at the
expense of toroidal magnetic field energy. The e↵ect of the thermal
pressure is similar to the e↵ect of the poloidal field in the case of a
headless jet. It supports the toroidal field against contracting under
its own hoop stress. As a result, the transverse magnetic field pro-

log(h) 

Figure 11. A zoom-in on the jet recollimation nozzle that is seen in Fig. 8 at
z ⇠ 50RL ' 5⇥ 108 cm (model M3 at t = 4400RL/c ⇠ 1.5 s). The left panel
shows field lines in the fluid-frame b as traced out in the lab frame. This un-
conventional representation of the magnetic field lines is useful for visually
determining the degree of toroidal dominance of the magnetic field in the
fluid-frame (see the text for details). The right panel shows the conventional
field lines of the lab-fame magnetic field, B. The fluid-frame magnetic field
lines are more disordered, which might reflect their readiness to reconnect
and dissipate their energy. We show the field lines that originate at the sur-
face of the magnetar with polar angles at their foot points equal to 0�, 20�,
30�, 50�, and 70�. The colour scheme represents log10 h on the field lines,
where h is the specific enthalpy. The volume colour rendering represents
log10 �. The jet has a higher � than the confining cocoon and appears as
a dark silhouette against the blue background. The field line, which origi-
nates at the north pole of the magnetar, indicates the jet axis and is shown in
green. The gradual straightening of the magnetic field lines along the green
line is clearly seen in both panels and reflects the dissipation of the toroidal
magnetic field due to the internal kink instability.

file flattens out. In addition, it becomes stable to further growth of
kink modes at the jet inlet. Mignone et al. (2010) found a similar
behaviour of the toroidal field when supported by thermal pressure.
In fact, we see that the internal kink saturates and the dissipation
stops when the equipartition is reached between the thermal pres-
sure and the magnetic pressure (see also Hood & Priest 1979).

To demonstrate the e↵ect of the thermal pressure on the con-
figuration of toroidal field, we return to the force balance equation
(eq. 9) and include a thermal pressure term. In a cylindrical jet, the
equation takes the form,

db2

8⇡dR
+

b2
�

4⇡R
+

dpth

dR
= 0, (17)

where we neglect here the poloidal hoop stress term. We assume an
approximate equipartition between the thermal and magnetic pres-
sures, i.e. pth = b2/8⇡. The solution to eq. (17) inside the core
where b� ⌧ bp, is bp = const. The resultant profile of b� is

b� /
(

R , R < R0,
R�1/2 , R > R0.

(18)

This profile is similar to that of the headless jet (eqs. 11 and 12); the
only di↵erence here is that outside the core, R > R0, the high ther-
mal pressure replaces bp and flattens out the transverse profile of
the toroidal field. Figure 14 shows the magnetic and thermal pres-
sure profiles across the simulated jet, above the dissipation region.
The profiles are measured in a snapshot of a jet in the model M3,
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Velocity lines Fluid B lines Lab B lines



Alexander (Sasha) Tchekhovskoy Blazar Meeting Malaga

What does Jet Morphology Tell Us?
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FRI/FRII dichotomy (Fanaroff & Riley, 1974)  

FRII
Pj =1046 erg/s

FRI
Pj =1044 erg/s

70 kpc

5 kpc (d
eproj.)

Why powerful 
jets make it out 

of their galaxies...

...but weak jets stall 
after only a few kpc?

Magnetic instability?
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Instability of Magnetized Jets
• Kink instability growth timescale controlled by the 

magnetic pitch (high-mag., mildly relativistic):

• Jets are unstable if 5tkink ≲ texpansion, or

• Cartoon galaxy density profile:

tkink ' 2⇡Rj

c

Bp

B�

(Bromberg &  
AT 2016)
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10 kpc
Pj=1046 erg s-1

Pj=1044 erg s-1
M87-like

Cyg A-like

t  =3 Myr

t  =6 Myr
AT and Bromberg 2015, arXiv:1512.04526
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Summary

• MADs give us the upper envelope of disk-jet 
connection. MADs in blazars! (and not only)

• Jet heating caused by 3D internal kink. Power behind
‣ HST-1
‣ blazar flares
‣ gamma-ray burst prompt emission?

• Jet morphology is controlled by 3D external kink:
‣ low-power jets are unstable and get stalled inside galaxy
‣ FRI/FRII dichotomy likely mediated by magnetic instabilities
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What’s next?  
Solve LARGE Problems Using GPUs

• Graphical Processing Units (GPUs) is a new 
disruptive technology

• cutting edge of modern supercomputing

• Multi-GPU 3D HARM: 

• based on open-source HARM2D

• 100x speedup compared to CPU version

• Applications:
• Long-term accretion-jet simulations
• Tidal disruption events simulations
• Long-term accretion in GRBs and kilonovae
• Accretion disks with full radiation transport

Matthew Liska 
(U of Amsterdam)


