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we assume spherical symmetry but make no specific assump-
tion about the form of the underlying gravitational potential. We
first calculate the surface brightness (in a given energy band) in
a set of annuli (or wedges) and choose a corresponding set of
spherical shells. The gas parameters are assumed to be uniform
inside each shell. Outside 80 the emissivity was assumed to de-
crease with radius as a power law. The projection can then be

written as a convolution of the emissivities in each shell with the
projection matrix. The solution for emissivities minimizing the
!2 deviation from the observed surface brightness in the set of
annuli can be easily found (see, e.g., Churazov et al. 2003). The
emissivities are then converted to electron densities using the
Chandra spectral response, evaluated for the spectrum with a
given temperature and abundance of heavy elements (see the

Fig. 6.—Left: The 0.5Y2.5 keV band full-resolution (1 pixel ¼ 0:49200) image of the entire data set after background subtraction and ‘‘flat fielding’’ of the center of
M87.Center: The 6 cmVLA radio image fromHines et al. (1989) showing the radio jet and the synchrotron emission from the cocoon. The cocoon of relativistic plasma is
the ‘‘piston’’ that mediates outbursts from the central SMBH and drives shocks into the surrounding X-ray-emitting, thermal gas. Right : IRAC 4.5 "m image divided by a
#-model to remove the strong gradient of emission from the galaxy light. Prominent X-ray features of the central region show the counterjet cavity surrounded by a very
fine rim of gas and cavities to the west and southwest of the jet after the jet passes the sonic point and the radio-emitting plasma bends clockwise. The innermost buoyant
bubble (X-ray cavity, labeled ‘‘Bud’’ in left panel) coincides with the radio synchrotron emission extending south from the cocoon (center). The IRAC image shows the
emission from the nucleus and the jet. The IR jet emission ends just before the feature ‘‘Jet Cavity’’ in the X-ray image. On the counterjet side of the nucleus, two bright IR
patches ( labeled with arrows in the IRAC image) lie within a ‘‘C’’ shaped region. The two bright IR patches coincide with brighter regions of 6 cm emission (also marked
with arrows in the center panel) and associated with structures $ and % in Hines et al. (1989). The IR emission (and the coincident radio emission) lie at nearly 90" from the
direction of the jet (in projection) and arise from unbeamed emission.

Fig. 5.—Left: The relative deviations of the surface brightness from a radially averaged surface brightness model, i.e., ½data $ model%/model over a broad energy band
(0.5Y2.5 keV). The shock, an outer cavity beyond the eastern arm, a sharp edge in the eastern arm, and an outer partial ring are seen. We have excised the prominent point
sources from this image by substituting a local background. Right: The 90 cm VLA image from Owen et al. (1990) at the same scale as the Chandra image shows the
relationship between the X-ray and radio structures. In particular, the eastern and southwestern arms are apparent in both X-ray and radio: the outer X-ray cavity cor-
responds to an enhancement in the radio, and the outer ring (enhancement in X-ray image) lies just beyond the edge of the large-scale radio emission. The radio torus, at the
end of the eastern arm, is connected by the arm to the center of M87. The torus and arm produce a ‘‘mushroom’’ shaped structure (cap and stem).
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Cosmic Feedback from AGN 125

Figure 6. Left: The Arms and weak shocks produced by the jets of M87 (Forman et al 2007).
Right: The gigantic interaction of the radio lobes and intracluster gas of MS0735.6 (McNamara
et al 2009). The figure shows the inner 700 kpc of the cluster, extending well beyond its cool
core.

Figure 7. Left: HST image of the filaments around NGC1275 in the Perseus cluster (Fabian et
al 2008). Right: Mass of H2 reservoir compared with Spitzer IR luminosity (O’Dea et al 2008).

Much of this IR luminosity is due to vigorous star formation in the BCG, presumably
fuelled by a residual cooling flow. Some however could be due to the coolest X-ray
emitting clumps, at 0.5–1 keV, mixing in with the cold gas and thereby cooling non-
radiatively (Fabian et al 2002; Soker et al 2004). The outer filaments in NGC 1275, may
be powered by the hot gas (Ferland et al 2009).

The conclusion is that gas may be cooling from the hot phase of the intracluster medium
at a higher rate than otherwise thought. Some of the cooling occurs non-radiatively by
mixing. The gas then hangs around for Gyrs as a reservoir of cold molecular dust clouds,
forming stars slowly and sporadically.

Generally the central AGN in BCGs is quite sub-Eddington (λ ∼ 10−3
− 10−2). The

luminous low redshift quasar H1821+643 at z = 0.3 is a counter-example (Russell et al
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YES: typical disks are tilted
No: we do not understand them (yet)
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Need to resolve thin disk over long run times:

• prohibitive cost ∝ (h/r)-5

• very long accretion time: t = 4×105 rg/c (α/0.1)-1 (30h/r)-2 (r/10rg)1.5

• How could one possibly pull this off??!

• approximately include frame-dragging effect, evolve for 1% of accretion time 
(Sorathia+13a,b, Hawley & Krolik 15, 18,19)

• is it even possible to attack the full problem?

• this would require hundreds of millions of CPU core-hours!
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H-AMR: What’s Your Nail?
• Multi-GPU 3D H-AMR (“hammer”, Liska, AT, et al. 2018): 

• Based on HARMPI

• 85% parallel scaling to 4096 GPUs (MPI, OpenMP, 
OpenCL, CUDA, NVLINK, GPUDIRECT)

• 100x speedup on 1 GPU vs 1 BW CPU core
Matthew Liska 

(U of Amsterdam)
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• Multi-GPU 3D H-AMR (“hammer”, Liska, AT, et al. 2018): 

• Based on HARMPI

• 85% parallel scaling to 4096 GPUs (MPI, OpenMP, 
OpenCL, CUDA, NVLINK, GPUDIRECT)

• 100x speedup on 1 GPU vs 1 BW CPU core

• Advanced features (extra few - 10x speedup): 

• Adaptive Mesh Refinement (AMR)

• Local adaptive time-stepping

• These advances are crucial for enabling  
next-generation research:
• 5M K20x GPU-hours/yr = effectively  

5B CPU core-hours/yr on Blue Waters 
• Science is no longer limited by  

computational resources!

Matthew Liska 
(U of Amsterdam)
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• No sign of alignment at this thickness, h/r = 0.05…
• Effective resolution 2880×860×1200, 3 AMR levels

Liska, Hesp, AT+ 2019, MNRAS, submitted, arXiv:1904.08428



Thin Misaligned Disks Align and Break
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• First demonstration of (Bardeen-Petterson?) alignment and disk breaking in GRMHD!
• Formation of powerful precessing jets → can this explain jets from quasars?
• Inflow equilibrium out to 15-20 rg 

• Effective resolution 2880×860×1200, 3 AMR levels

Liska, Hesp, AT+ 2019, MNRAS, submitted, arXiv:1904.08428
Liska, AT+ 2019, MNRAS, doi:10.1093/mnras/stz834



Even Thinner Disks Align to Larger Distance
2

-3

2

-3

80

40

-40

-80

0

-8
10-10 0 8040-40-80 0

-8

a = 0.93 
i = 45°

h/r = 0.015

• Start with h/r = 0.03, cool down to h/r = 0.015

• Alignment radius is larger for smaller h/r

• Inflow equilibrium out to 10 rg 

• Effective resolution 5760x1720x2400, 4 AMR levels

Liska, Hesp, AT+ 2019, MNRAS, submitted, arXiv:1904.08428



• Disks can tear up 
into individual 
segments

• Extra dissipation 
and luminosity

• Completely 
different 
luminosity profile

• Can affect BH spin 
measurements

• Can this explain 
larger observed 
disk size than 
expected? 
(Blackburne+2011) 3 AMR levels

Effective resolution: 2880x860x1200

a = 0.93 
i = 65°
h/r = 0.03

Thin Strongly Misaligned Disks Tear

Liska, Hesp, AT+ 2019, MNRAS, submitted, arXiv:1904.08428



• Disks can tear up 
into individual 
segments

• Extra dissipation 
and luminosity

• Completely 
different 
luminosity profile

• Can affect BH spin 
measurements

• Can this explain 
larger observed 
disk size than 
expected? 
(Blackburne+2011) 3 AMR levels

Effective resolution: 2880x860x1200

Thin Strongly Misaligned Disks Tear

Liska, Hesp, AT+ 2019, MNRAS, submitted, arXiv:1904.08428



• Disks can tear up 
into individual 
segments

• Extra dissipation 
and luminosity

• Completely 
different 
luminosity profile

• Can affect BH spin 
measurements

• Can this explain 
larger observed 
disk size than 
expected? 
(Blackburne+2011) 3 AMR levels

Effective resolution: 2880x860x1200

Thin Strongly Misaligned Disks Tear

Liska, Hesp, AT+ 2019, MNRAS, submitted, arXiv:1904.08428



• Disks can tear up 
into individual 
segments

• Extra dissipation 
and luminosity

• Completely 
different 
luminosity profile

• Can affect BH spin 
measurements

• Can this explain 
larger observed 
disk size than 
expected? 
(Blackburne+2011) 3 AMR levels

Effective resolution: 2880x860x1200

Thin Strongly Misaligned Disks Tear

Liska, Hesp, AT+ 2019, MNRAS, submitted, arXiv:1904.08428



Alexander (Sasha) Tchekhovskoy Blue Waters Symposium 2019

(Fabian et al. 2003)

BW enabled training of young scientists presenting posters:

Koushik Chatterjee 
(Amsterdam)

Zack Andalman 
(Evanston Township 

High School, 
Northwestern → Yale )

Matthew Liska 
(Amsterdam → 

Harvard)

K.Chatterjee1, M.T.P. Liska1, 
A. Tchekhovskoy2, S.B. Markoff1, 
Z. Younsi3, C. Hesp1

1: Anton Pannekoek Institute, UvA, 
2. CIERA, Northwestern University, 
3: University College London; 
Contact: K.Chatterjee@uva.nl 

Simulating a tilted black hole shadow

1.Liska et al., 2018, MNRAS Letters, 474, L81
2.Chatterjee et al., 2019, MNRAS, submitted

• Disk tilt introduces substantial changes to both 
the images and the spectrum: observational 
signatures from the event horizon.

• Polarised radiation is an indicator of magnetic 
field orientation: explore presence of tilt in jets.

                                                                                                Blue Waters Symposium 2019, Sunriver

Results: Observing tilt from 
black hole images

Black holes are perhaps the most diverse laboratories of physics due to 
the interplay between the strong gravity, matter and electromagnetic 
fields. Since the in-falling gas remains blissfully unaware of the black 
hole spin axis till very small distances, misalignment between the 
accretion disk and the black hole spin axis is thought to be common. 
However, is it possible to tell observationally if a black hole disk is tilted?

Black holes and their surroundings 

Tilt =0
o

Tilt =30
o

Tilt =60
o

43 GHz

43 GHz43 GHz

See a youtube playlist of our simulations 
and images by scanning this QR code!

• Tilted accretion disks launch precessing jets which follow the disk [1].
• Largest 2D simulation to date explains spine-sheath jet structure [2]. 

H-AMR: our GPU accelerated GRMHD code

References:

At a spectral frequency of 
43 GHz, the observer 

viewpoint is rotated such 
that the jets are aligned. 

The black hole shadow can 
be seen even at 43 GHz.

230 GHz

230 GHz230 GHz

Tilt =0
o

Tilt =30
o

Tilt =60
o

When viewing edge-on 
towards the disk at a 
spectral frequency of 

230 GHz, we clearly see 
a change in the image. 

Black hole 
spin axis

Jet 
precession 

Jet tilt

Misaligned 
disk-jets

Tilt angle (T) has a radial 
dependence: alignment 

near the black hole; Inner 
disk region warps (P) more 

strongly 

Imaging via ray-tracing code BHOSS

This research is part of the Blue Waters sustained-petascale computing project, which is 
supported by the National Science Foundation (awards OCI-0725070 and ACI-1238993) 
and the state of Illinois. Blue Waters is a joint effort of the University of Illinois at Urbana-

Champaign and its National Center for Supercomputing Applications.
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• Blue Waters enabled us to begin to 
understand the typical tilted black hole 
accretion

• Bardeen-Petterson-like alignment, 
breaking, and tearing of thin disks first 
seen for magnetized black hole accretion disks 
➛ essentially unexplored observational 
manifestations

• We thank the Blue Waters team who ensured 
smooth running and helped us to create 3D 
visualizations

Summary


