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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



Whats a BH?

an object so dense that even light cannot escape

+ Black hole

or, R<2GM/c? (Schwarzschild radius)

or, p> c®/(32G3M?)

completely specified by mass, spin
Singularity
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
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Astrophysical BHs

Stellar BHs:a result of death of some massive stars (10s of Msun)
observed as X-ray binaries - XRBs

i Core of Galaxy NGC 426l
Supermassive BHs (SMBH): e s o

at centers of most galaxies i

observed as quasars, Active Galactic Nuclei

(AGN)




Manifestations of SMBHs

seen via emission from matter in extreme gravity of BHs

BL Lacertae

July 1997 outburst

" ~200 kpc
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‘ 3 radio

YLA Gem image (c) NRAO 1996

X JI Accretion"'f ‘
Quasar PKS 2349 HST - WFPC2 = fll Disk / i |
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outshines host galaxy
10%4° erg/s (IOHLsun)
concentrated in 100 AU

relativistic beaming v [Hz]
influences large scales!

broadband emitters unlike stars
nonthermal radiation



SMBHs at galachc centers
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[Miyoshi et al. 1995
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relativistically broadened 6.4 keV Fe line
; can, in principle, measu 2 BH spin ‘
[Miniutti et al. 2007]
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Sgr A"

In MW center

S0-16

. S0-17
Keck/UCLA Galactic .

Center Group
—

S0-2

1995.5

SO-1

Keplerian orbits projected on the sky
invisible mass at the common focus

achieved by adaptive optics
4x10° Msun SMBH

best evidence for SMBH

star S2 closest at 120 AU ~ 1500 Rsh
moving at 0.17c!



particle orbits for BHs

Keylerian potential has a centrifugal
barrier for all nonzero |

last stable orbit (ISCO) at 3 Rsh

particles must lose energy &

h d d cri 1' F
| should exceed |t to form a ang. mom. (< lr) to get accreted

stable orbit

BH can acquire spin due to accretion



Accretion power

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

ISCO: in GR stable orbits only exist outside

\ - _

\\ | ~1/6 of rest mass energy can
™ be extracted till ISCO (3Rsh)

ISCO at GM/c? for maximally rotating BH
~0.4 of rest mass energy can be extracted

compare with 0.007 extracted from nuclear

no radiation from within ISCO burning!
no surface unlike WDs & NSs

L~41T OR?2T* ~ GMM/2R
substantial emission from surface



Angular momentum
transport

how does matter lose angular momentum and fall in?
essentially hydrodynamic/MHD nonlinear transport problem

[Balbus & Hawley 1991] Keplerian disks are Rayleigh
stable

specific angular momentum
increases w. radius (GMR)!2

local axisymmetric MHD
instability: MRI

works for ionized flows
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a solved problem, at
least for BHs

[De Villiers et al. 2003]

Plunging Region

GRMHD sims.

hear about latest
developments (esp.
jets) in next few days

// Jet KDP

Coronal Envelope

@oin Disk Body

Inner Torus

Funnel



Eddington limit &
accretion state

L otLedd/(41réc) = GMmML/ré => Ledad=1038 (M/Msun) erg/s
Radiation
Gravity Pressure :
h Ledd=0.1 Meddc?; Meda=10"8 (M/Msun) Msun/yr

A proton

A Free Electron

Eddington limit: luminosity for which radiation force equals gravity
spherical accretion cant exceed this limit

accretion is radiatively inefficient if matter accretes before it can cool
tcool ~nkT/n2 A, tvisc™r2/v=r2/(«csH)

tcool/Tvisc expressible in more versatile M/Megd

teool/tvisc =1 is equivalent to M/MEdd 0.1 o°



Energy: radiation vs
jets/outflows

[Churazov et al. 2005] | energy comes out mostly as
/ jets/outflows for low accretion rate:
radio galaxies

elliptical galaxies,

radio-mode feedbe & as radiation for higher rate:

quasars

L =nMc?

quasar fe
at hig

this energy can couple to the ISM
& control star formation & BH growth




BHs & galaxy formation

[Silk 2011]

structure in the universe grows via mergers

gravity acting on DM leads to LSS

observations 4 i DM only Interacts gravi’ra’rionally
BUT
s fequired at baryons undgrgo comple>.< processes
quenching heating and cooling

at massive end
SN not efficient




Correlation Between Black Hole Mass
and Bulge Mass
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is it just a consequence of O7/04!

Increasing
Mass of central bulge




(Quasar mode: energy &
momentum arguments

[Silk & Rees 1998]
ngMQ/R ~ UMBHCQ
0 ~GM/R

gravitational potential
energy = energy

released due to BH GM/R3 N 100H2
accretion ; -
Br ~ 10°Mg (0 /200 km/s)

[King 2003, Faucher-Giguere & Quataert 2012]

gad/c = 4rGMpgm,/or = f,GM?/R* = f,0* /G

Mgy ~ 5 x 10" Mg (0/200 km/s)*

es 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



Observations: M-o

[Gultekin 2009]

# Stellar dynamics
O Gas dynamics

¥ Masers
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® Elliptical
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® Spiral
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BHs affects galaxy formation

- at large scales!
ko)

[Di Matteo et al. 2005]

}

100.00 £

quasar feedback quenches SF & BH
10.00 £ | _ar/ ! growth, producing massive ellipticals
1.00| ~ .. Without B‘H‘ 7 here growth is triggered by merger

a factor 1073 goes in BHs
relative fo stars for all halos;
0.01 most SF/BH growth occurs at

-

0.10
4 With BH

10° maintenance/radio mode FB:
still reqd. to prevent hot gas

107 from cooling & preventing SF

10+

105
time from O to 2.5 Gyr



Kinetic/Radio/Maintenance FB

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

CHANDRA X-RAY

VLA RADIO

[Johnstone et al. 2002]
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jet/cavity power ~ core-luminosity
=> cooling losses balanced by AGN heating
& thermal egbn.



Cooling absent!

[Peterson et al. 2003]
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SF absent!

[Croton et al. 2006]

® Cole et al. (2001)
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Increasing mass

massive galaxies not seen



AGN Heating?

[McNamara & Nulsen 2007]

cooling ICM can power AGN
negative feedback loop
prevents catastrophic cooling

jet/cavity power ~ X-ray
luminosity
& lack of cooling

=> rough thermal balance



Jet Power

(Churazov ot al. 2002] @S bubble/cavity expands it does PdV work on the

ICM
m a fraction of it converts fo irreversible heating
e timescale given by rise time~dynamical time™sound-

initial bubble energy
crossing time

energy stored+pdV work

energy dissipated=work
done by buoyancy force



Thermal Stability

AGN heating can balance cooling globally
T q-
q+

"

unstable thermal eq.

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 tr1/te <1 (crucial parameter)



TI & multiphase gas

cold filaments condense when teoo/tss < 10
[Salome et al 2006]

[Sharma et al. 2012]
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Perseus condensation of cold gas fundamentally changes
accretion onto SMBH; stochastic accretion
instead of smooth accretion from hot phase



Self-Adjustment of ICM

[Cavagnolo et al. 2008]

K, [keV cm?]

CC/NCC division corresponds to
our teool/tee criterion!



AGN jet feedback

core cooling

l

large accretion onto SMBH

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

l

after few cooling times rough thermal balance in core

l

cold, multiphase gas condenses if tcoo/t<10; Bondi/hot accretion invalid

l

cooling & AGN jef heating cycles in cool-core clusters



Simulated jets

[Prasad et al. 2015], more in Deovrats talk on S'c;’rurday =

10 20 30 40 50 10 20 40 50 10 20 30 40 50 10 20 30 40 50
R(kpc) R(kpc) R(kpc) R(kpc)

Low density, high temperature (but in rough pressure balance) regions correspond
to jets
Calculated jet power = core X-ray luminosity



Conclusions

@ importance of BHs in galaxy formation
@ setup/quasar vs maintenance/radio modes
@ galaxy clusters: laboratory for radio mode

@ jJet-regulated thermal eqgbn. & local thermal
instability

@ erratic cold accretion & cooling/heating
cycles



