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Outline

SMBHs at galactic centers


accretion


jets driven by SMBHs


influence of jets on global galaxy formation


TI model for cold gas condensation


putting it all together in a big picture



What’s a BH?
an object so dense that even light cannot escape

or, R<2GM/c2 (Schwarzschild radius)


or, ρ> c6/(32G3M2)


completely specified by mass, spin

If the semi-diameter of a sphere of the same density as the Sun were to 
exceed that of the Sun in the proportion of 500 to 1, a body falling from 
an infinite height towards it would have acquired at its surface greater 
velocity than that of light, and consequently supposing light to be attracted 
by the same force in proportion to its vis inertiae, with other bodies, all 
light emitted from such a body would be made to return towards it by its 
own proper gravity.

—John Michell, 1783




Different types

water density

(few-10s Msun)

(105-1010 Msun)



Astrophysical BHs
Stellar BHs:


Supermassive BHs (SMBH):


a result of death of some massive stars (10s of Msun)

observed as X-ray binaries - XRBs

at centers of most galaxies

observed as quasars, Active Galactic Nuclei 

(AGN)



Manifestations of SMBHs
seen via emission from matter in extreme gravity of BHs

outshines host galaxy 
1045 erg/s (1011Lsun)


concentrated in 100 AU 

optical
radio

relativistic beaming

~200 kpc

influences large scales! 
broadband emitters unlike stars


nonthermal radiation



SMBHs at galactic centers

NGC 4258 water maser

[Miyoshi et al. 1995]

0.7 pc

relativistically broadened 6.4 keV Fe line

can, in principle, measure BH spin


[Miniutti et al. 2007]

MCG-6-30-15



Sgr A* in MW center

Keplerian orbits projected on the sky

invisible mass at the common focus


achieved by adaptive optics

4x106 Msun SMBH


best evidence for SMBH

star S2 closest at 120 AU ~ 1500 RSh 

moving at 0.17c!



particle orbits for BHs

effective potential for a non-rotating BH

last stable orbit (ISCO) at 3 RSh


l should exceed lcrit to form a 
stable orbit

particles must lose energy & 

ang. mom. (< lcrit) to get accreted


BH can acquire spin due to accretion

Keplerian potential has a centrifugal 
barrier for all nonzero l



Accretion power
E ~ -GM/2r; GM/2r lost as radiation/outflows


ISCO: in GR stable orbits only exist outside 
ISCO!


~1/6 of rest mass energy can 

be extracted till ISCO (3RSh)


ISCO at GM/c2 for maximally rotating BH

~0.4 of rest mass energy can be extracted

compare with 0.007 extracted from nuclear 
burning!no radiation from within ISCO


no surface unlike WDs & NSs


substantial emission from surface
L~4π σR2 T4 ~ GMM/2R



Angular momentum 
transport

how does matter lose angular momentum and fall in?

essentially hydrodynamic/MHD nonlinear transport problem

Keplerian disks are Rayleigh 
stable


specific angular momentum 

increases w. radius (GMR)1/2

2 = 2�
R

dl2

dR

local axisymmetric MHD

instability:  MRI


works for ionized flows

[Balbus & Hawley 1991]



a solved problem, at 
least for BHs

[credit: John Hawley]



a solved problem, at 
least for BHs

Here matter spirals in toward the event horizon, stretching
field lines as it falls. Most of the matter in the inner torus
eventually accretes into the black hole, but some is ejected
into outflows in the coronal envelope and along the funnel
wall.
4. The funnel-wall jet is an outflow along the centrifugal

barrier that originates in the vicinity of the inner torus. The
density in the jet is small compared with the disk but 1–2
orders of magnitude greater than in the funnel itself. The
contours in Figure 3 that delineate the jet are selected posi-
tive values of the time and azimuthal average of radial
momentum. The intensity of the jet is model dependent: the
jet is weak in model KD0; there is progressively more
outflow with increasing a=M.
5. The axial funnel is a magnetically dominated region in

which there is very tenuous gas, several orders of magnitude
below the density in the disk body. The small amount of gas
in the funnel has negligible angular momentum. The funnel
contains a predominantly radial magnetic field; the mag-
netic pressure near the hole is comparable to the maximum
gas pressure in the initial torus. The funnel region is cleanly

separated from the coronal envelope by the centrifugal
barrier.

The entire flow is characterized by large fluctuations in
both space and time. In addition, animations of the simula-
tion data show large-scale trailing spiral waves in all regions
of the disk and coronal envelope. In the following sections
we use this structural classification of the accretion system
as a guide and expand on some of the properties, both
structural and dynamical, of these regions.

3.1. Main Disk Body

The disk evolves from its initial state to its late-time
quasi–steady state by redistributing angular momentum
and spreading out radially in both directions. The evolution
is clearly illustrated through a time series of shell-averaged
densities, h!iðrÞ, which are shown in Figure 4. These graphs
capture the overall redistribution of mass while showing
how the inner region of the accretion disk is established.
The increase in maximum density and the inward migration

Fig. 3.—Azimuthally averaged density (!) time-averaged over the 10th orbit plotted on a linear scale for model KDP. The main dynamical features of the
system are labeled. The jet is outlined by contours of positive radial momentum. The box on the left is a close-up showing the plunging region from just outside
the marginally stable orbit to the black hole horizon. The labeled features are seen in all the simulations.

Fig. 4.—Sequence of density profiles h!iðrÞ for the high-resolution models at t ¼ 0, 2, 4, 6, 8, and 10 orbits. Density is given in units of the initial density
maximum, !maxðt ¼ 0Þ. The thick lines correspond to the initial and final density profiles. The individual plots are labeled bymodel.
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[De Villiers et al. 2003]

GRMHD sims.


hear about latest 
developments (esp. 

jets) in next few days



Eddington limit & 
accretion state

σTLEdd/(4πr2c) = GMmp/r2 => LEdd=1038 (M/Msun) erg/s


LEdd=0.1 MEddc2;  MEdd=10-8 (M/Msun) Msun/yr

Eddington limit: luminosity for which radiation force equals gravity

           spherical accretion can’t exceed this limit

accretion is radiatively inefficient if matter accretes before it can cool

tcool~nkT/n2Λ, tvisc~r2/ν~r2/(αcsH)

tcool/tvisc  expressible in more versatile M/MEdd   

tcool/tvisc =1 is equivalent to M/MEdd ~ 0.1 α2  



Energy: radiation vs 
jets/outflows

energy comes out mostly as 

jets/outflows for low accretion rate: 

radio galaxies


& as radiation for higher rate: 
quasars
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[Churazov et al. 2005]

elliptical galaxies, 

radio-mode feedback


RIAF

quasar feedback

at high z

L = ⌘Ṁc2

this energy can couple to the ISM

& control star formation & BH growth



BHs & galaxy formation

required at 
quenching 


SF at massive end

SN not efficient 

enough

[Silk 2011]

structure in the universe grows via mergers


gravity acting on DM leads to LSS


DM only interacts gravitationally


BUT

baryons undergo complex processes


heating and cooling



BH-bulge correlations
bulge >> BH sphere of influence & yet is correlated 

w. BH => BH affects star-formation in bulge

MBH~10-3 Mbulge

is it just a consequence of σT/σd?



Quasar mode: energy & 
momentum arguments

gravitational potential 
energy ~ energy 

released due to BH 
accretion 

�2 ⇠ GM/R

GM/R3 ⇠ 100H2

fgGM2/R ⇠ ⌘MBHc2

MBH ⇠ 106M�(�/200 km/s)5

[Silk & Rees 1998]

e-s can cool efficiently due to Compton cooling & energy lost => 
momentum of photons pushes against gravity


BUT, e-s and protons may not be coupled => still energy conserving 

LEdd/c = 4⇡GMBHmp/�T = fgGM2/R2 = fg�
4/G

MBH ⇠ 5⇥ 107M�(�/200 km/s)4

[King 2003, Faucher-Giguere & Quataert 2012]



Observations: M-σ
[Gultekin 2009]



[Di Matteo et al. 2005]

a factor ~10-3 goes in BHs 
relative to stars for all halos;

most SF/BH growth occurs at 

peak

time from 0 to 2.5 Gyr

quasar feedback quenches SF & BH 

growth, producing massive ellipticals

here growth is triggered by merger

maintenance/radio mode FB:

 still reqd. to prevent hot gas 

from cooling & preventing SF

BHs affects galaxy formation 

at large scales!



Kinetic/Radio/Maintenance FB
[Johnstone et al. 2002]

1kpc 200kpc

prevents cooling of hot gas even if 

tcool << cluster age

jet/cavity power ~ core-luminosity 

=> cooling losses balanced by AGN heating


& thermal eqbn.

best observed in galaxy clusters, 
home to biggest BHs and galaxies



Cooling absent! 
[Peterson et al. 2003]

soft X-ray lines missing!



SF absent! 
[Croton et al. 2006]

massive galaxies not seen

increasing mass



AGN Heating?

cooling ICM can power AGN

negative feedback loop 

prevents catastrophic cooling


jet/cavity power ~ X-ray 
luminosity


& lack of cooling


=> rough thermal balance

[McNamara & Nulsen 2007]



Jet Power
as bubble/cavity expands it does PdV work on the 

ICM

a fraction of it converts to irreversible heating
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initial bubble energy

energy stored+pdV work
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energy dissipated=work 
done by buoyancy force

the synchrotron luminosity cannot be used to infer the me-
chanical power of a radio jet in a simple fashion.

An important and poorly understood aspect of radio source
physics is the degree of coupling between the mechanical
(kinetic) luminosity of radio sources and their synchrotron
luminosity. This coupling is theoretically tied to the magnetic
field strength and age of the source (see De Young 1993;
Bicknell et al. 1997), neither of which can be measured reliably
from radio data alone. Radio sources are inefficient radiators.
The ratio of mechanical power to radio power is typically as-
sumed to range between 10 and 100, almost entirely on the
basis of theoretical considerations (De Young 1993; Bicknell
et al. 1997). On the other hand, measurements of the X-ray
cavity sizes and surrounding gas pressures provide unique
estimates of their ages and mechanical luminosities, indepen-
dently of the radio properties themselves. We evaluate the
ratio of mechanical energy to radio power by plotting the
ratio of mechanical power in the bubbles to monochromatic,
1.4 GHz synchrotron luminosity, assuming 1pV of energy
per radio lobe, against the radio luminosity in the right-hand
panel of Figure 1. This ratio ranges from a few to a few
hundred for the powerful sources, which is broadly consistent
with theoretical estimates (see De Young 1993; Bicknell
et al. 1997). On the other hand, A478 has a ratio exceeding
a few thousand. To the extent that X-ray cavities provide a
good measure of the mechanical energy of radio sources, the
large variation in this ratio indicates that radio luminosity is
not necessarily a reliable probe of the available mechanical
energy.

There are several factors that can introduce scatter into our
estimate of the ratio of radio to kinetic power. The most
important is probably intrinsic differences between the radio
sources themselves, a consequence of dramatic changes in
radio luminosity with time. Certainly, if radio outbursts are
to compensate for radiative losses in cooling flows, then the
absence of radio emission from some systems requires large
variations of radio luminosity with time. On the other hand,
the pV energy of the bubbles alone would tend to underes-
timate the mechanical luminosity of radio sources by factors
of several if energy dissipating shocks are generated, or if
the bubbles expand nonadiabatically (they leak), or if the in-
ternal energy of the bubbles is boosted with a relativistic
plasma.

5.2. Heating by Radio-induced Cavities

Churazov et al. (2002) noted the conversion of enthalpy of
the rising bubble into other forms in the cluster atmosphere.
Here it is shown that, for an adiabatic bubble, this energy is
dissipated in its wake. If the mass in the bubble is negligible
compared to the mass of the gas it displaces, then a bubble rises,
because the gas falls in around it to fill the space it occupied.
This process is driven by the potential energy released as the
surrounding gas moves inward. The energy is first converted to
gas kinetic energy, then dissipated in the wake of the rising
bubble. In the notation of x 4.1, the potential energy released
when the bubble rises a small distance, !R, is

!W ¼ "Vg!R ¼ "V
dp

dR
!R; ð7Þ

where " is the gas density, and we have used the equation of
hydrostatic equilibrium to replace "g ¼ "dp=dR, where p is

the gas pressure. This gives a differential equation for the
energy dissipated in the bubble wake,

dW

dR
¼ "V

dp

dR
: ð8Þ

If the bubble is adiabatic, with ratio of specific heats #, then
pV # ¼ constant, and this equation can be integrated to give
the energy dissipated as the bubble rises over a large distance,
from R0 to R1,

!W ¼ #

# " 1
p0V0 " p1V1ð Þ ¼ H0 " H1: ð9Þ

Here subscripts 0 and 1 label quantities at the corresponding
radii, and the enthalpy of the bubble is H ¼ #pV= # " 1ð Þ.
Note that the bubble is assumed to be small compared to R
(otherwise, there can be a significant change in the density of
the gas as it falls in around the bubble). This would rarely be
significant in a cluster, but when it is, then some of the po-
tential energy goes into readjustment of the atmosphere as
the bubble moves.
For a relativistic gas, # ¼ 4=3, so that the enthalpy is 4pV .

The region where this is dissipated by an adiabatic bubble is
determined by the pressure distribution of the atmosphere. For
clusters such as Hydra A and Perseus, roughly half of this en-
ergy would be dissipated inside the cooling radius. It is likely
that the bubbles are not entirely adiabatic. On the basis of our
numbers, radio losses are generally negligible, but pieces may
be broken away from bubbles, and the relativistic particles may
leak. Such effects will generally lead to a greater proportion of
the bubble energy being deposited within the cooling radius.
It is important to note that our estimate of the mechanical

luminosity relies critically on the assumption that the bubbles
are close to local pressure equilibrium. This is at least ap-
proximately true for the Hydra A Cluster (Nulsen et al. 2002).
However, according to the standard view of radio sources,
bubbles may have been significantly overpressured while be-
ing formed (e.g., Heinz et al. 1998). In that case, the ex-
panding bubble drives a shock, and the energy deposited by
the expansion can be substantially larger than pV.
There may be additional heat input from the AGNs associ-

ated with radio outbursts. This could take the form of spherical
shocks (driven by poorly collimated outflows), direct injection
of relativistic particles, inverse Compton heating (Ciotti &
Ostriker 2001), or other processes. Very substantial additional
heat inputs would drive convection, leading to an isentropic
core and mixing out abundance gradients (Brüggen 2002), but
this is not a very strong constraint. If such energy injection
is significantly more than the bubble energy input, then it is
inappropriate to associate it directly with the bubbles, but
the mean heating power may be correlated with bubble me-
chanical power.
Finally, it should be noted that even for adiabatic bubbles,

the free energy of a bubble decreases with time, and bubbles
may even break up quickly, so that they disappear as X-ray
cavities. This means that the instantaneous estimate of bubble
mechanical power that we have used varies with time and may
vary dramatically. A much better controlled sample is needed
to investigate such issues.

5.3. Can Cavity Production Quench Cooling Flows?

We now turn to the question of whether radio sources deposit
enough energy into the ICM to quench cooling. We use LX, the

BÎRZAN ET AL.806 Vol. 607

P = �W/⌧
timescale given by rise time~dynamical time~sound-

crossing time

E0

[Churazov et al. 2002]



Thermal Stability

q-

n

q+

unstable thermal eq.

AGN heating can balance cooling globally

What about local thermal stability?



What abt Gravity?
-ansatz: heating = <cooling> at each ht.


-we know this is true globally 
[McCourt et al. 2012]

gravity

multiphase only when tTI/tff <1 (crucial parameter)



TI & multiphase gas

[Sharma et al. 2012]

cold filaments condense when tcool/tff < 10

10 kpc

CO map Hα map

[Salome et al 2006]

Perseus condensation of cold gas fundamentally changes

accretion onto SMBH; stochastic accretion 


instead of smooth accretion from hot phase



Self-Adjustment of ICM

CC/NCC division corresponds to 

our tcool/tff criterion!

[Cavagnolo et al. 2008]

tcool/tff=10



AGN jet feedback
core cooling

large accretion onto SMBH

negative FB, heating wins over cooling, energy pumped back in 
ICM

after few cooling times rough thermal balance in core

cold, multiphase gas condenses if tcool/tff≲10; Bondi/hot accretion invalid

cooling & AGN jet heating cycles in cool-core clusters



Simulated jetsCold gas and AGN feedback in cluster cores 5

Fig. 1.— The electron number density (cm−3) contour plots (R − z plane at φ = 0) in the core at different times for the 3-D fiducial
run. The density is cut-off at the maximum and the minimum contour level shown. The low-density bubbles/cavities are not symmetric
and there are signatures of mixing in the core. The first panel corresponds to a time just before the cooling time in the core. The second
panel shows cold gas dredged up by the outgoing jets. The rightmost panel shows shows in-falling cold clouds.

Fig. 2.— Pressure maps (φ = 0 plane) of the central 50 kpc for our 3-D fiducial run at the same time as the snapshots in Figure 1. The
maps show the weak outer shock but the bubbles/cavities so prominent in the density plot are indiscernible in the pressure map, implying
that the bubbles are buoyant. The in-falling/rotationally-supported cold gas has a much lower pressure than the hot phase (as also pointed
out by Li & Bryan 2014a).

As jets plough through the dense cold gas clouds, for-
ward shock moves ahead of these clouds after partially
disrupting them. The collision results in a reverse shock
and a huge back-flow of hot jet material which mixes
with the cooler ICM, driving the entropy to higher val-
ues. These back-flows are mainly responsible for heating
the cluster core. Also, the core gas is entrained by the
jet-driven cavity, and gets heated up. This heating phase
is short lived, as the inner ICM starts to cool again due
to the suppression of accretion and feedback heating. As
tcool/tff becomes ! 10 cold gas starts to condense out
of the inner ICM. These cold gas filaments fall on to
the central black hole giving rise to AGN jets all over
again. This cycle of cooling and feedback heating con-
tinues throughout the simulation.

3.1.2. The cold torus

While Figure 1 shows that cold gas can be dredged
up by AGN jets (second panel) and can also condense
out of the ICM at large scales (fourth panel), majority
of cold gas is at very small scales (< 5 kpc) in the form
of an angular-momentum supported cold torus. Figure 3
shows the zoomed-in density snapshots in the equatorial
(θ = π/2) plane at different times; the arrows show the
projection of velocity unit vectors. As the cluster evolves
the cold gas, condensing out of the hot ICM, gains an-
gular momentum from jet-driven turbulence. Both the
hot gas, out of which the cold gas is condensing, and
the already formed cold gas gain non-zero velocities in
the φ− direction. Because of a significant angular ve-
locity, an angular momentum barrier forms and cold gas
circularizes at small radii.
Unlike Li & Bryan (2014b), our cold torus is dynamic

in nature as AGN jets disrupt it time and again, but

Low density, high temperature (but in rough pressure balance) regions correspond 
to jets 


Calculated jet power ~ core X-ray luminosity

[Prasad et al. 2015], more in Deovrat’s talk on Saturday



Conclusions

importance of BHs in galaxy formation


setup/quasar vs maintenance/radio modes


galaxy clusters: laboratory for radio mode


jet-regulated thermal eqbn. & local thermal 
instability


erratic cold accretion & cooling/heating 
cycles

Thank You!


