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How Do Black Holes Explode Galaxies/Clusters?

(Fabian et al. 2003)

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).

FORMAN ET AL.1062 Vol. 665Perseus Cluster

M87 (Forman et al. 2007)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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We are Missing Something Important!

YES: typical disks are tilted
No: we do not understand them (yet)
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• Thick disks precess due to general  
relativistic frame dragging by BH spin 
(Fragile et al. 2005, 2007; McKinney, AT+2013)

• Thin disks can align due to  
Bardeen-Petterson (1975) effect

• Seen only in pseudo-Newtonian 
simulations, not in GR 
(Nixon et al. 2012; Nealon et al. 2015)

• Do thin disks align in GR?

• Challenge: enormous dynamical 
range. Need to resolve thin disk 
over long run times. 

• Cost ∝ (h/r)-5 -- prohibitive!

• How could we possibly pull this off??!

Tilted Disks are Hot
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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)

• 100-1000x speedup on 1 GPU vs 1 BW CPU core

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

• Adaptive Mesh Refinement (AMR)

• Local adaptive time-stepping

• Blue Waters is crucial for enabling  
next-generation research:
• 5M GPU-hours/yr = 5B CPU core-hours/yr  

on NSF Blue Waters supercomputer
• Science is no longer limited by  

computational resources!

Matthew Liska 
(U of Amsterdam)

100M
$10k

$30k
3M



(Liska, Hesp, 
AT+2018a)
*thanks to 

Mark Van Moer

Resolution Matters
1x (low) resolution 2x resolution

4x resolution is similar to 2x:  
results are similar -> convergence

a = 0.93
h/r = 0.3
i = 30°



Credit: Z. Younsi, M. Liska, C. Hesp



a = 0.93
i = 45°

h/r = 0.1

Thick-ish Disks Precess and Align

Casper Hesp
(University of 
Amsterdam)

Precession and 
alignment 

increase the 
probability of 

GRB detection 
in BH-NS 
mergers

*thanks to 
Mark Van 

Moer



Thin Weakly Misaligned Disks Align
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a = 0.93
i = 10°

h/r = 0.03

• Thinnest disk simulations to date: h/r = 0.03
• First demonstration of (Bardeen-Petterson?) alignment in a 

general relativistic MHD simulation of a thin disk
• Effective resolution 2880×860×1200, 3 AMR levels



Thin Strongly Misaligned Disks Align and Break
2

-3

2

-3

80

40

-40

-80

0

Liska, Hesp, AT+2018b -8
84-4-8 0 8040-40-80 0

-8

a = 0.93
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h/r = 0.03

• First demonstration of (Bardeen-Petterson?) alignment and disk 
breaking in GRMHD!

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



Thin VERY Strongly Misaligned Disks Tear

• Disks can tear up 
into individual 
segments

• Extra dissipation 
and luminosity

• Completely 
different 
luminosity profile

• Can affect BH spin 
measurements

• Larger observed 
disk size than 
expected? 
(Blackburn+2011)

3 AMR levels
Effective resolution: 2880x860x1200



Thinnest disk to date: h/r = 0.03

3 AMR levels
Effective resolution: 2880x860x1200



Ridiculously thin disk: h/r = 0.015

4 AMR levels
Effective resolution: 5760x1720x2400
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-12

• Initial conditions computed by the phantom code by Eric Coughlin
• First simulation in GR of a star on a parabolic orbit tidally disrupted by 

supermassive BH, MBH = 106 M∗ (≫ 500M∗, Shiokawa+15, see also Sadowski+2016) 

• effective resolution 1792×860×1200, 3 AMR levels
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Liska, Hesp, AT+2018c

a = 0.93
i = 0°

parabolic orbit
Rp = 7Rg

MBH = 106 M∗

preliminary

Andalman et al 2018, in prep

Making the Disk from Scratch



Disk Appears to Form with a Tilt, Too
*thanks to 

Casper Hesp,
Mark Van Moer



Advances Enabled by Blue Waters 
• We are beginning to understand 

typical, tilted accretion at 
unprecedented resolutions

• Jets can precess together with tilted 
disks over multiple precession cycles

• Bardeen-Petterson-like alignment, 
breaking, and tearing of thin disks 
first seen in GRMHD ➛ essentially 
unexplored observational manifestations

• Advances in making disks from 
scratch by pulling stars apart

Matthew Liska
(University of 
Amsterdam)

Casper Hesp
(University of 
Amsterdam)

Zack Andalman 
(Evanston 

Township High 
School)


