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Interpreting Black Hole
• What sets diskjet connection?
• How do jets
emit?
• What can we
learn from jet
morphology?
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Both high- and low-luminosity disks
are radiatively inefficient.
Neglect radiation and simulate.
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What Sets Jet Power?
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Quantify feedback due
to black hole jet, disk
wind from first principles
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p > 100% means net energy
is extracted from the BH
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Jet = 85% of Blandford-Znajek power
Quantify feedback due
Wind = BP = 15% of BZ power + 5%
to black hole jet, disk
wind from first principles Disk wind is powered by a combination of BH
spin and disk rotation
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Black Hole Accretion States
= L/Ledd
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Are we seeing
jet-ISM interaction?

The Astrophysical Journal, 775:118 (11pp), 2013 October 1

(see also Meier 2012)
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EHT core at 230 GHz

Nakamura & Asada 2013

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 i

e reference frame was built using 56 (500 s)
posures of the field in the F606W filter,
which has
Bondi radius
resolution than F814W. The reference frame was
detecting the positions of the globular clusters in
ed, Charge Transfer Efficiency (CTE)-corrected

2.3. Measuring the Je

for WFPC2 images, and ∼15–25
ing systematic errors were ∼0.006
0.003c, 0.015c, 0.025c over 13.25

re: the entire jet, from a stack of ACS/WFC F606W images taken in 2006 with galaxy subtracted. All other ima
F814W filter. Lower left: within knot D, D-East appears to be nearly stationary, while D-Middle appears to
y knot to show a strong deceleration in the jet direction, apparent when comparing the 2001 and 2007 epochs.
move at ∼2.4c (vertical lines in all figures are to guide the eye). Lower middle: knot E appears complex, wit
t) appearing in 2008. Lower right: knot F shows evidence of complex, even clumpy structure. F-Middle is mo
e. Animations of the entire jet and the components highlighted in the subfigures (Figures 1 and 3) are availabl
th a maximum (white color) at 2000 total electron units, except in the knot A/B animation which is scaled to
s ACS exposure).
is figure are available in the online journal.)

Magnetic Instabilities
and Jet Emission
N

Bromberg and Tchekhovskoy, 2016,
MNRAS, 456, 1739; figures/movies
courtesy Bromberg
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(see also Nakamura+07,08; O’Neill+12; Porth & Komissarov 14)
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of collapsar jets: 3D
instabilities
How does Jet Heating
Work?

Simulations
Omer Bromberg and Alexander Tchekhovskoy

11

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
log(h)
azimuthal direction to smooth out the small axial asymmetries due
to the external kink modes. We show the azimuthally averaged hb i
p
(solid blue), hb p i (dashed green), hbi (solid grey) and h 8⇡pth i
(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 equipartition, which is the assumption under which we obtained the scaling (18).
The combination of a large core dominated by poloidal field,
surrounded by a toroidal field in balance with thermal pressure stabilizes 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 ney
glected: we find that kink instability can still grow around the jet
gure 12. Same as Fig. 11, but showing the streamlines of the jet material.
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What does Jet Morphology Tell Us?
FRI/FRII dichotomy (Fanaroff & Riley, 1974)

(radio, 6 and 20 cm)

FRII
Pj =1046 erg/s

Why powerful
jets make it out
of their galaxies...

Artist’s depiction (Chandra X-ray Obs.)
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~10 billion solar
mass black hole

Image courtesy of NRAO/AUI; R. Perley, C. Carilli & J. Dreher

Walker et al. 2008
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mass black hole

...but weak jets stall
after only a few kpc?
Magnetic instability?Blazar Meeting Malaga
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Instability of Magnetized Jets
• Kink instability growth timescale controlled by the
•

magnetic pitch (high-mag., mildly relativistic):
2⇡Rj Bp
tkink '
(Appl et al. 2001)
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Cyg A-like
Pj=1046 erg s-1
t =3 Myr
10 kpc

M87-like
Pj=1044 erg s-1
t =6 Myr
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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

•
•
•
•
•
•
•
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