Chapter One

Supermassive Black holes

Why did the collapsed matter in the Universe end up makingpges and not black
holes?One would have naively expected a spherical collapse to @hdive forma-
tion of a point mass at its center. But, as it turns out, tidedqties from neighboring
objects torque the infalling material and induce non-sjglitgrand some spin into
the final collapse. The induced angular momentum preveatgdl from reaching
the center on a direct plunging orbit. After the gas coolslasds its pressure sup-
port against gravity, it instead assembles into a disk inctvine centrifugal force
balances gravity. The finite size of the luminous region déxgias is then dictated
by the characteristic spin acquired by galaxy halos, whyghically corresponds
to a rotational velocity that is- 5% of the virial circular velocity, with a negligi-
ble dependence on halo mass. This does not imply that no gamatates at the
center. In fact, galactic spheroids are observed to gemifricarbor a central black
hole, whose formation is most likely linked to a small masgfion the galactic gas
(< 0.1%) which has an unusually low amount of angular momentum. Thalls
mass fraction of the central black holes implies that theavigational effect is re-
stricted to the innermost cusp of their host galaxy. Newéess, these central black
holes are known to have a strong influence on the evolutioheaif host galaxies.
This state of affairs can be easily understood from the faat the binding energy
per unit mass in a typical galaxy correspond to velocitie$ hundreds ofim s—!
or a fraction~ (v/c)? ~ 10~ of the binding energy per unit mass near a black
hole. Hence a small amount of gas that releases its bindiagygmear a black
hole can have a large effect on the rest of the gas in the galaxy

We start this chapter with a short introduction to the préipsrof black holes in
general relativity.

1.1 BLACK HOLES

Birkhoff’s theorem states that the only vacuum, sphencsffimmetric gravitational
field is the staticSchwarzschild metrijc

. . -1
ds? = — (1 — TS—h) 2dt? + (1 — TS—h) dr? + r2dQ, (1.1)

r r
where M is the mass of the central (non-spinning) black hole dfd= (df? +

sin? @d$?). TheSchwarzschild radius

2GM ; M
T'Sch = 62 = 2.95 x 10° cm (m) y (12)
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defines the black hole horizong, ), a spherical boundary from where no particle
can escape. (The coordinate singularity of the Schwarkzbatétric atr = rgcy,
can be removed through a transformation toneskalcoordinate systergr, t) —
(u,v), whereu = (r/rsch — 1)1/2 e"/2rsencosh(ct /2rsen); v = w tanh(ct/2rsen).)
The existence of a region in space into which particles méybta never come
out breakd time reversal symmetry that characterizes thatens of quantum me-
chanics. Any grander theory that would unify quantum medsand gravity must
remedy this conceptual inconsistency.

In addition to its masg/, a black hole can only be characterized by its spin
and electric charg@ (similarly to an elementary particle). In astrophysicataim-
stances, any initial charge of the black hole would be qyiddutralized through
the polarization of the background plasma and the preféaianfall of electrons
or protons. The residual electric charge would exert antétsforce on an electron
that is comparable to the gravitational force on a prot@p,~ GMm,, implying
(Q*/GM?) ~ Gm2/e* ~ 10~3¢ and a negligible contribution of the charge to the
metric. A spin, however, may modify the metric considerably

The general solution of Einstein’s equations for a spinrbfegk hole was de-
rived by Kerrin 1963, and can be written most convenientlhimBoyer-Lindquist
coordinates,

. 2
as? = —(1- %) dt? — chm + %er
+ Ddo? + (r2 4 j2 4 TSI 0 2; sin” 0
(1.3)

where the black hole is rotating in tlfedirection,j = [J/M¢] is the normalized
angular momentum per unitmags,= r2 —rrge,+42, and: = 12452 cos? 6. The
dimensionless ratia = j/(GM/c?) is bounded by unity, and = 1 corresponds
to a maximally rotating black hole. The horizon radits, is now located at the
larger root of the equatioh = 0, namelyry = Jrsen(1+ (1 — a?)1/2. The Kerr
metric converges to the Schwarzschild metric foe= 0. There is no Birkhoff's
theorem for a rotating black hole.

Test particles orbits around black holes can be simply d&sdrin terms of an
effective potential. For photons around a Schwarzschidlbhole, the potential
is simply Von = (1 — 7sen/7)/7?. This leads to circular photon orbits at a radius
Tph = %rsch. For a spinning black hole,

2
Tph = T'Sch {1 + cos (§ cos™! :ta)} , (1.4)

where the upper sign refers to orbits that rotate in the ojpgdgection to the black
hole (retrograde orbits) and the lower sign to corotatinggpade) orbits. For a
maximally-rotating black hole/¢| = 1), the photon orbit radius is,;, = %rsch for
a prograde orbit antlrs, for a retrograde orbit.

Circular orbits of massive particles exist when the firsi\dive of their effec-
tive potential (including angular momentum) with respectadius vanishes, and
these orbits are stable if the second derivative of the piatiea positive. The ra-
dius of thelnnermost Circular Stable Orbit (ISCQefines the inner edge of any

) sin? 0dep?.
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Figure 1.1 The left panel shows the radius of the black hotebo ri,. (dashed line) and
thelnnermost Circular Stable Orbit (ISCGyound itrisco (solid line), in units
of the Schwarzschild radius;., (see Eq. 1.2), as functions of the black hole spin
parameter. The limiting value ofa = 1 (e = —1) corresponds to a corotating
(counter-rotating) orbit around a maximally-spinningdiehole. The binding
energy of a test particle at the ISCO determines the raeiafficiencye of a
thin accretion disk around the black hole, shown on the rigimtel.
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disk of particles in circular motion (such as fluid elememtsah accretion disk).
At smaller radii, gravitationally bound particles plunged the black hole on a
dynamical time. This radius of the ISCO is given'by
1

"SCO = 57Sch {3 + 2o+ [(3-2Z1)3+ 21+ 222)]1/2} : (1.5)
whereZ; = 1+ (1 —a*)'/3[(1+a)'/3 + (1 — a)'/*] and Z, = (3a® + Z7)"/2.
Figure 1.1 shows the radius of the ISCO as a function of spire @inding energy
of particles at the ISCO define their maximum radiative edficly because they
spend a short time on their plunging orbit interior to the G his efficiency is

given by,
7% — rsent F Jy/ $7SchT
. (1.6)
r(r? — 3rsent F 254/ 27senr) /2

The efficiency changes between a value ot (1 — 1/8/9) = 5.72% for a =
0, to (1 — +/1/3) = 42.3% for a prograde (corotating) orbit with = 1 and
(1 —+/25/27) = 3.77% for a retrograde orbit.

e=1-—

1.2 ACCRETION OF GAS ONTO BLACK HOLES

1.2.1 Bondi Accretion

Consider a black hole embedded in a hydrogen plasma of umiflensityp, =
mpno and temperaturéy. The thermal protons in the gas are moving around at
roughly the sound speed ~ kT'/m,,. The black hole gravity could drive accretion
of gas particles that are gravitationally bound to it, nanielerior to the radius of
influence,r;, s ~ GM/c%. The steady mass flux of particles entering this radius
is pocs. Multiplying this flux by the surface area associated witk thdius of
influence gives the supply rate of fresh gas,

. M 2 n T —3/2
~ 2 _ 0 0 -1
M ~ 4712 1 pocs = 60 (108M@) (1 cm*3) (104 K) My yr=t. (1.7)

In a steady state this supply rate equals the mass accrat®mto the black hole.

The explicit steady state solution to the conservationsigus of the gas (mass,
momentum, and energy) was first derived by Bondi (1952). Ttetesolution
introduces a correction factor of order unity to equatiori7}1 The solution is
self-similar. Well inside the sonic radius the velocity iese to free-fallu ~
(2GM/r)*/? and the gas density is ~ rhoo(r/rin)~%/2. The radiative effi-
ciency is small, because either the gas is tenuous so thaiateg time is longer
than its accretion (free-fall) time or the gas is dense aeddiffusion time of the
radiation outwards is much longer than the free-fall tinfehé inflowing gas con-
tains near-equipartition magnetic fields, then coolingtigh synchrotron emission
typically dominates over free-free cooling.

A black hole that is moving with a velocity” relative to a uniform medium
accretes at a lower rate than a stationary black hole. At Wgbcities, the radius
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of influence of the black hole would be nowG M /V 2, suggesting that the sound
speed:, be crudely replaced with- (¢2 4+ V2)'/2 in equation (1.7).

1.2.2 Thin Disk Accretion

If the inflow is endowed with rotation, the gas would reach atdtugal barrier
from where it could only accrete farther inwards after itgalar momentum has
been transported away. This limitation follows from theegter radial scaling of
the centrifugal accelerationd »—3) compared to the gravitational acceleration
(< r72). Near the centrifugal barrier, where the gas is held agajravity by
rotation, an accretion disk would form around the black hoéstered on the plane
perpendicular to the rotation axis. The accretion time walbién be dictated by the
rate at which angular momentum is transported through visatress, and could
be significantly longer than the free-fall time for a nonatirtig flow (such as de-
scribed by the Bondi accretion model). As the gas settlesdisla the dissipation
of it kinetic energy in heat would make the disk thick and kath a proton temper-
ature close to the gravitational potential energy per preto10'2 K(r/rgen) L.
However, if the cooling time of the gas is shorter than thewiss time, then a thin
disk would form. This is realized for the high gas infall ratering the processes
(such as galaxy mergers) that feed quasars. We start byringltbe structure of
thin disks that characterize the high accretion rate of gisgas

Following Shakura & Sunyaev (1972), we imagine a planar thigk of cold
gas orbiting a central black hole and wish to describe itscstire in polar coordi-
nates(r, ¢). Each gas element orbits at the local Keplerian velogjty= rQ =
(GM /r)*/? and spirals slowly inwards with, < v, as viscous torques transport
its angular momentum to the outer part of the disk. The aasediviscous stress
generates heat, which is radiated away locally from the thk surface. We as-
sume that the disk is fed steadily and so it manifests a constass accretion rate
at all radii. Mass conservation implies,

M = 27rYv,. = const, (1.8)

whereX(r) is the surface mass density of the disk ands the radial (accretion)
velocity of the gas.

In the limit of geometrically thin disk with a scale height< r, the hydrody-
namic equations decouple in the radial and vertical dioesti We start with the
radial direction. The Keplerian velocity profile introdgcghear which dissipates
heat as neighboring fluid elements rub against each othes. cbhcept of shear
viscosity can be can be easily understood in the one dimealsaxample of a
uniform gas whose velocity along theaxis varies linearly with the: coordinate,
V =W + (dV,/dz)x. A gas particle moving at the typical thermal speetta-
verses a mean-free-pathalong thez-axis before it collides with other particles
and shares itg-momentum with them. Thg-velocity is different across a distance
A by an amounAV ~ AdV,,/dz. Since the flux of particles streaming along the
x-axis is~ nv, where n is the gas density, the net fluyyjafnomentum being trans-
ported per unit timex~ numAV/, is linear in the velocity gradienidV, /dx, with
a viscosity coefficienty ~ pv, wherep = mn is the mass density of the gas.
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Within the accretion disk, the flu¢-momentum which is transported in the pos-
itive r-direction is given by the viscous strefs = %nQ, wheren is the viscosity
coefficient (ing cm~! s~1). The viscous stress is expected to be effective down to
the ISCO, from where the gas plunges into the black hole oealfall time. We
therefore set the inner boundary of the disk-gg:0, depicted in Fig. 1.1. Angular
momentum conservation requires that the net rate of chaithinva radiusr be
equal to the viscous torque, namely

fo x (210 x 2h) x v = M [(GMr)l/Q - (GMnsco)l/ﬂ . @9

The production rate of heat by the viscous stress is give@ by fq%/n. Substi-
tuting f, and equation (1.9) gives,

3M GM [1 B (rlsco)m} .

2hQ = (1.10)

d7r? r

This power gives local flux that is radiated vertically fronettop and bottom sur-
faces of the disk,

o 1 . 3M GM r1sco 1/2
F=2x2hQ =20 {1 ( - ) . (1.11)
The total luminosity of the disk is given by,
L= / 2F X 27rdr = EGJWM, (1.12)
FISGO 2 rsco

where we have ignored genral-relativistic correctionshte dynamics of the gas
and the propagation of the radiation it emits.
In the absence of any vertical motion, the momentum balamdbe vertical
z-direction yields,
ldp _ GMz (1.13)
p dz r2 r
wherez <« r andP andp are the gas pressure and density. This equation gives a
disk scale height ~ ¢,/ wherec, ~ (P/p)'/? is the sound speed.
Because of the short mean-free-path for particles colisidhe particle-level
viscosity is negligible in accretion disks. Instead the netg-rotational instabil-
ity (CITE) is likely to develop turbulent eddies in the diskioh are much more
effective at transporting its angular momentum. In thisecasand v should be
replaced by the typical size and velocity of an eddy. Thedsargalue that these
variables can obtain are the scale heigtand sound speed, in the disk. This
implies f, < (pcsh)Q ~ pc? ~ P. \We may then parameterize the viscous stress
as some fraction of its maximum valuef, = oP.
The total pressur® in the disk is the sum of the gas pressig, = 2(p/m,)ksT,
and the radiation pressurg,,q = %aT“. We define the fractional contribution of
the gas as,

P, gas
P 3

g

(1.14)
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whereP = Praq + Peas. In principle, the viscous stress may be limited by the gas
pressure only; to reflect this possibility, we wrifg = aP3°, whereb is 0 or 1 if
the viscosity scales with the total or just the gas pressaspectively.

Since the energy of each photon is just its momentum timespked of light,
the radiative energy flux is simply given by the change in théiation pressure
(momentum flux) per photon mean-free-path,

dPrad
c———
dr ’

where the optical-depthis related to the frequency-averaged (so-called, Rosdelan
mean) opacity coefficient of the gas,

F=-— (1.15)

h 1
T= / kpdz = =KX, (1.16)
0 2

whereX. = 2hp. For the characteristic mass densitand temperaturg’ encoun-
tered at the midplane of accretion disks around supernabtick holes, there are
two primary sources of opacitglectron scatteringvith

ar

Fos = — = 0.4cm?g 1, (1.17)
P
andfree-freeabsorption with
7\ /2
Kg = 8 X 1022cm2 g_l (gcr/:l3> (E) , (118)

where we assume a pure hydrogen plasma for simplicity.

It is customary to normalize the accretion raté in the disk relative to the
so-called Eddington raté/y;, which would produce the maximum possible disk
luminosity, Lrqq (See derivation in equation 1.33 below). When the lumiyosit
approaches the Eddington limit, the disk bloates amghproaches, violating the
thin-disk assumption. We writé, = M /Mg, with Mgaq = Lgaa/(ec®), wheree
is the radiative efficiency for converting rest-mass to atidn near the ISCO.

Based on the above equations, we are now at a position toedi@vscaling
laws that govern the structure of the disk far away from th€@S For this pur-
pose we use the following dimensionless parameteys= (r/10Rsc), Ms =
(M/108M¢), m_1 = (m/0.1), a1 = (a/0.1) ande_; = (¢/0.1).

In local thermodynamic equilibrium, the emergent flux frome tsurface of the
disk (equation 1.11) can be written in terms of the tempeesatidisk midplang”
asF ~ caT*/kX. The surface temperature of the disk is the roughly,

AF 1/4 B B 1/2
T, ~ <_> = 10° K Mg 4w e 3 [1 - ( i ) . (119
a TISCo

The accretion disk can be divided radially into three didtiregions,

1. Inner region: where radiation pressure and electron-scattering opdoity-
inate.

2. Middle region:where gas pressure and electron-scattering opacity déeina
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3. Outer region:where gas pressure and free-free opacity dominate.

The boundary between regions 1 and 2 is located at the radius

r 5402 oy Je_1) /P MEPY it b =1, (1.20)
58 a2 (1_1/e_1) /P M it b =0, (1.21)

and the transition radius between regions 2 and 3 is
rR 4 x 102 (1 fe_1)?/3. (1.22)

The surface density and scale-height of the disk are given by
Inner region:

. 3/5 .
S(r) ~ (3 x 10°gem™2)a}/® (E) MYPr 3% i b =1, (1.23)
1

. —1
X gem™ 7)o M-t P2 i b = 0, (1.24)
8 x 102 Ha~l i
€-1
h(r) ~ Rsen (ﬂ) : (1.25)
€—1
Middle region:
i~ 3/5
Y(r) (3 x 10° gcm*Q)oz:;l/5 (6—11) M§/5r1_3/5, (1.26)
i\ 1/
h(r)~1.2 x 1072 Rga_1/"° (6—‘;) Mg VOp220 - (1.27)
Outer region:
i~ 7/10
Y(r)~ (6 x 10° gcm*2)a:411/5 (ﬁ) M§/5r1_3/4, (1.28)
" 3/20
h(r)~10"2Rga_}/*° (6—‘11> Mg 108, (1.29)

The mid-plane temperature is given by,

1/5
T(r)~ (16772)71/5 (&) / a_1/5/£1/5M2/5Q3/56_(1/5)(b_1), (1.30)
kgor
The above scaling-laws ignore the self-gravity of the dikis assumption is
violated at large radii. The instability of the disk to grational fragmentation due
to its self-gravity occurs when the so-called Toomre patemé = (c;Q/7GY),
drops below unity. For the above scaling laws of the outdr,dlsis occurs at the
outer radius,

ry A 2 x 10423 (i_y fe_y) T2/ M2 (1.31)

Outside this radius, the disk gas would fragment into stansl the stars may
migrate inwards as the gas accretes onto the black hole. férgyeoutput from
stellar winds and supernovae would supplement the visceatrty of the disk and
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might regulate the disk to hav@ ~ 1 outside the above boundary. We therefore
conclude that star formation will inevitably occur on largeales, before the gas
is driven into the accretion disk that feeds the centrallbteade. Indeed, the broad
emission lines of quasars display very high abundance ofyhelements in the
spectra out to arbitrarily high redshifts. Since the totabant of mass in the disk
interior to this radius makes only a small fraction of the ma$ the supermas-
sive black hole, quasars must be fed by gas that crossesatiglbry after being
volnurable to fragmentation.

1.2.3 Radiatively Inefficient Accretion Flows

When the accretion rate is considerably lower than its Egtdim limit (A /Mg <
10~2), the gas inflow switches to a different mode, calle@aaiatively Inefficient
Accretion Flow(RIAF) or an Advection Dominated Accretion FIOpADAF), in
which either the cooling time or the photon diffusion time anuch longer than
the accretion time of the gas and heat is mostly advected téhgas into the
black hole. At the low gas densities and high temperaturasatiterizing this ac-
cretion mode, the Coulomb coupling is weak and the electdmnsot heat up to
the proton temperature even with the aid of plasma instasli Viscosity heats
primarily the protons since they carry most of the momentuithe other ma-
jor heat source, compression of the gas, also heats thensrotore effectively
than the electrons. As the gas infalls and its dengitsises, the temperature
of each specie§ increases adiabatically &8 « p”~!, where~ is the corre-
sponding adiabatic index. At radii < 10%rg.,, the electrons are relativistic
with v = 4/3 and so their temperature rises inwards with increasingitleas
T.  p'/? while the protons are non-relativistic with= 5/3 and soT}, « p*/3,
yielding a two-temperature plasma with the protons beingmiotter than the
electrons. Typical models (CITE Narayan & McClintock anésrtherein) yield,
T, ~ 10" K(r/rsen) ™', T ~ min(T},,10°"!1 K. Because the typical sound
speed is comparable to the Keplerian speed at each radigsdineetry of the flow
is thick, making RIAFs the viscous analogs of Bondi accretio

Analytic models imply a radial velocity that is a factor f « smaller than the
free-fall speed and an accretion time that is a factorof longer than the free-
fall time. However, since the sum of the kinetic and thernmedrgy of a proton is
comparable to its gravitational binding energy, RIAFs aqgexted to be associated
with strong outflows.

The radiative efficiency of RIAFs is smaller than the thigidvalue ¢. While the
thin-disk value applies to high accretion rates above saitiea value,iin > 1.t
the anayltic RIAF models typically admit a radiative effivgy of,

L ;:ze(T.n), (1.32)

M62 mcrit
for m < g, With 1t in the range 00.01-0.1. Herern is the accretion rate
(in Eddington units) near the ISCO, after taking accounthef fact that some of

the infalling mass at larger radii is lost to outflows. For ewde, in the nucleus
of the Milky Way, massive stars shed 103 M, yr~! of mass into the radius of
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influence of central black hole (SgrA*), but only a tiny frat ~ 10~° of this
mass accretes onto the black hole.

Since at low redshifts mergers are rare and much of the gaalaxigs has al-
ready been consumed in making stars, most of the local swssive black holes
are characterized by a very low accretion rate. The reguloav luminosity of
these dormant black holes, such as4he 105 M, black hole lurking at the center
of the Milky Way galaxy, is often described using RIAF/ADAFonels.

1.3 THE FIRST BLACK HOLES AND QUASARS

A black hole is the end product from the complete gravitaiallapse of a ma-
terial object, such as a massive star. It is surrounded byriadrofrom which
even light cannot escape. Black holes have the dual virtigsiog extraordinarily
simple solutions to Einstein’s equations of gravity (as/thee characterized only
by their mass, charge, and spin), but also the most dispicatetheir Newtonian
analogs. In Einstein’s theory, black holes represent ttimate prisons: you can
check in, but you can never check out.

Ironically, black hole environments are the brightest otgen the universe. Of
course, it is not the black hole that is shining, but rather $hrrounding gas is
heated by viscously rubbing against itself and shining agiitals into the black
hole like water going down a drain, never to be seen again. drlggn of the
radiated energy is the release of gravitational bindinggnas the gas falls into
the deep gravitational potential well of the black hole. Asamas tens of percent of
the mass of the accreting material can be converted into(hreat than an order of
magnitude beyond the maximum efficiency of nuclear fusids}rophysical black
holes appear in two flavors: stellar-mass black holes that fehen massive stars
die, and the monstrous super-massive black holes thatthie atenter of galaxies,
reaching masses of up to 10 billion Suns. The latter type bserwed as quasars
and active galactic nuclei (AGN). It is by studying theserating black holes that
all of our observational knowledge of black holes has bedainéd.

If this material is organized into a thin accretion disk, whéhe gas can effi-
ciently radiate its released binding energy, then its tatoal modelling is straight-
forward. Less well understood are radiatively inefficieoti@tion flows, in which
the inflowing gas obtains a thick geometry. It is generallglaar how gas mi-
grates from large radii to near the horizon and how, pregiseialls into the black
hole. We presently have very poor constraints on how magfietds embedded
and created by the accretion flow are structured, and howsthatture affects the
observed properties of astrophysical black holes. Whikel#eginning to be possi-
ble to perform computer simulations of the entire accretagjon, we are decades
away from trueab initio calculations, and thus observational input plays a crucial
role in deciding between existing models and motivating roeas.

More embarrassing is our understanding of black hole jete {mages 1.2).
These extraordinary exhibitions of the power of black hales moving at nearly
the speed of light and involve narrowly collimated outflowlsose base has a size
comparable to the solar system, while their front reachakescomparable to the



SUPERMASSIVE BLACK HOLES 11

Chandra X-Ray|

Figure 1.2 Multi-wavelength images of the highly colliméjet emanating from the super-
massive black hole at the center of the giant elliptical xalsl87. The X-ray
image (top) was obtained with the Chandra X-ray satellite radio image (bot-
tom left) was obtained with the Very Large Array (VLA), ancetbptical image
(bottom right) was obtained with the Hubble Space Teles¢bisT).

distance between galaxiédUnresolved issues are as basic as what jets are made
of (whether electrons and protons or electrons and postronprimarily electro-
magnetic fields) and how they are accelerated in the firseplBoth of these rest
critically on the role of the black hole spin in the jet-lainiy process.

A quasar is a point-like (“quasi-stellar”) bright sourcetla¢ center of a galaxy.
There are many lines of evidence indicating that a quasaihieg a supermassive
black hole, weighting up to ten billion Suns, which is actrgtgas from the core
of its host galaxy. The supply of large quantities of fresls gaoften triggered
by a merger between two galaxies. The infalling gas heatsuipspirals towards
the black hole and dissipates its rotational energy throuigbosity. The gas is
expected to be drifting inwards in an accretion disk whoseirdrain” has the
radius of thelnnermost Stable Circular OrbiilSCO), according to Einstein’s the-
ory of gravity. Interior to the ISCO, the gas plunges into thack hole in such a
short time that it has no opportunity to radiate most of itsrthal energy. How-
ever, the fraction of the rest mass of the gas which gets tedi@wvay just outside
the ISCO is high, ranging between 5.7% for a non-spinningkbkele to 42% for
a maximally-spinning black hofe. This “radiative efficiency” is far greater than
the mass-energy conversion efficiency provided by nuclesiof in stars, which is
< 0.7%.

Quasar activity is observed in a small fraction of all gadesat any cosmic epoch.
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Mammoth black holes weighing more than a billion solar masgere discovered
at redshifts as high as ~ 6.5, less than a billion years after the Big Bant.
massive black holes grow at early cosmic times, should theinants be around
us today?Indeed, searches for black holes in local galaxies havedfthat every
galaxy with a stellar spheroid harbors a supermassive liatkat its center. This
implies that quasars are rare simply because their acts/giort-lived. Moreover,
there appears to be a tight correlation between the blaak tnalss and the grav-
itational potential-well depth of their host spheroids tdrs (as measured by the
velocity dispersion of these stars). This suggests thablkkek holes grow up to
the point where the heat they deposit into their environnogribhe piston effect
from their winds prevent additional gas from feeding themttar. The situation
is similar to a baby who gets more energetic as he eats mote atihner table,
until his hyper-activity is so intense that he pushes thelfofb the table and can-
not eat any more. Thigrinciple of self-regulatiorexplains why quasars are short
lived and why the final black hole mass is dictated by the depthe potential in
which the gas feeding it residésviost black holes today are dormant or “starved”
because the gas around them was mostly used up in makingatise @t because
their activity heated or pushed it away a long time ago.

What seeded the formation of supermassive black holes drilljom years after
the Big BangVe know how to make a black hole out of a massive star. When the
star ends its life, it stops producing sufficient energy ttdlitself against its own
gravity, and its core collapses to make a black hole. Longreefvidence for black
holes was observed, this process leading to their existeaseunderstood theo-
retically by Robert Oppenheimer and Hartland Snyder in 1$8Xvever, growing
a supermassive black hole is more difficult. There is a marinwminosity at
which the environment of a black hole of mak&y may shine and still accrete
gas. This Eddington luminosity z, is obtained from balancing the inward force
of gravity on each proton by the outward radiation force srcisampanion electron
at a distance:

GMBQHmP = ls,, (1.33)

r rec

wherem,, is the proton mass angr = 0.67 x 10724 cm? is the cross-section
for scattering a photon by an electron. Interestingly, tihgting luminosity is
independent of radius in the Newtonian regime. Since theiridoin luminosity
represents an exact balance between gravity and radiatioed, it actually equals
to the luminosity of massive stars which are held at restresggravity by radiation
pressure, as described by equation (1.34). This limit ismédly valid in a spherical

geometry, and exceptions to it were conjectured for otheredion geometries over

'Whereas the gravitational force acts mostly on the prottresradiation force acts primarily on
the electrons. These two species are tied together by algidwric field, so that the entire “plasma”
(ionized gas) behaves as a single quasi-neutral fluid wisickubject to both forces. Under similar
circumstances, electrons are confined to the Sun by aniel@atential of about a kilo-Volt (corre-
sponding to a total charge ef 75 Coulombs). The opposite electric forces per unit volumégabn
electrons and ions in the Sun cancel out so that the totaspresorce is exactly balanced by gravity,
as for a neutral fluid. An electric potential of 1-10 kilo-¥klso binds electrons to clusters of galaxies
(where the thermal velocities of these electrond).1c, are well in excess of the escape speed from the
gravitational potential). For a general discussion, sesbl.@.Phys. RevD37, 3484 (1988).
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the years. But, remarkably, observed quasars for whichkdiate masses can be
measured by independent methods appear to respect this [Bobstituting all
constants, the Eddington luminosity is given by,

Lp=13x10" <1‘(])\§7BMH®> ergs !, (1.34)
Interestingly, the scattering cross section per unit massl¥ radiation on dust
is larger by two orders of magnitude thas /m,, (A. Laor & B. Draine ApJ, 402,
441, 1993). Although dust is destroyed within 10*G Mgy /c? by the strong
illumination from an Eddington-limited quasar (H. Netzer/& Laor ApJ, 404,
L51, 1993), it should survive at larger distances. Hence rétdiation pressure on
dust would exceed the gravitational force towards the bitexd& and drive powerful
outflows. Spectral lines could be even more effective thast dutheir coupling
to radiation. The integral of the absorption cross-sectiba spectral line over

frequency,
2
/U(V)dv = fi <;ec) , (1.35)

is typically orders of magnitude larger than-vo; wherews; is the transition fre-
guency andfi» is the absorption oscillator strength. For example, the tyansi-
tion of hydrogen, for whichf;5 = 0.416, provides an average cross-section which
is seven orders of magnitude larger thanwhen averaged over a frequency band
as wide as the resonant frequency itself. Therefore, linafdde even more effec-
tive at driving outflows in the outer parts of quasar enviremts.

The total luminosity from gas accreting onto a black hdlecan be written as
some radiative efficiencytimes the mass accretion raté,

L=eMc?, (1.36)

with the black hole accreting the non-radiated componkefa; = (1 — €)M. The
equation that governs the growth of the black hole mass s the

. M
Mgy = —22, (1.37)
te
where (after substituting all fundamental constants),
1—c¢) L\
tg x 10"years ( 0% I (1.38)

We therefore find that as long as fuel is amply supplied, taelbhole mass grows
exponentially in timeMpy o« exp{t/tg}, with ane-folding timetg. Since the
growth time in equation (1.38) is significantly shorter ththa ~ 10° years corre-
sponding to the age of the Universe at a redshift 6 — where black holes with

a mass~ 10°M,, are found, one might naively conclude that there is plenty of
time to grow the observed black hole masses from small seedsexample, a
seed black hole from a Population Il starl@f0 A/, can grow in less than a billion
years up to~ 109M for e ~ 10% andL ~ L. However, the intervention of
various processes makes it unlikely that a stellar masswéoe able to accrete
continuously at its Eddington limit with no interruption.



14 CHAPTER 1

For example, mergers are very common in the early Universengime two
gas-rich galaxies come together, their black holes ardylilcecoalesce. The coa-
lescence is initially triggered by “dynamical friction” dhe surrounding gas and
stars, and is completed — when the binary gets tight — as # céshe emission of
gravitational radiatiorf. The existence of gravitational waves is a generic predic-
tion of Einstein’s theory of gravity. They represent rippla space-time generated
by the motion of the two black holes as they move around theinraon center
of mass in a tight binary. The energy carried by the waveskertaaway from
the kinetic energy of the binary, which therefore gets #ghtith time. Computer
simulations reveal that when two black holes with unequasea merge to make
a single black hole, the remnant gets a kick due to the ndmeigic emission of
gravitational radiation at the final plun§eThis kick was calculated recently using
advanced computer codes that solve Einstein’s equatiotaskahat was plagued
for decades with numerical instabiliti€$)T he typical kick velocity is hundreds of
kilometer per second (and up to ten times more for special@péntations), bigger
than the escape speed from the first dwarf galaki€his implies that continuous
accretion was likely punctuated by black hole ejection és@forcing the merged
dwarf galaxy to grow a new black hole seed from scrdtch.

If continuous feeding is halted, or if the black hole is temgvidy removed from
the center of its host galaxy, then one is driven to the caiafuthat the black
hole seeds must have started more massive thdf0M . More massive seeds
may originate from supermassive stats.it possible to make such stars in early
galaxies? Yes, it is. Numerical simulations indicate that stars weéighup to
a million Suns could have formed at the centers of early dwathxies which
were barely able to cool their gas through transitions ofratchydrogen, having
T.ir ~ 10*K and no H molecules. Such systems have a total mass that is several
orders of magnitude higher than the earliest Jeans-masteneations discussed
in §4.1. In both cases, the gas lacks the ability to cool well\wel;,, and so it
fragments into one or two major clumps. The simulation shiowigure 1.3 results
in clumps of several million solar masses, which inevitadtg up as massive black
holes. The existence of such seeds would have given a jumpcsthe black hole
growth process.

The nuclear black holes in galaxies are believed to be feld gaks in episodic
events of gas accretion triggered by mergers of galaxieg ertergy released by
the accreting gas during these episodes could easily unibéngas reservoir from
the host galaxy and suppress star formation within it. If maglear black holes
regulate their own growth by expelling the gas that feedsthk so doing, they
also shape the stellar content of their host galaxy. This exgyain the observed

iThe gravitational waves from black hole mergers at highhitiscould in principle be detected
by a proposed space-based mission called_tieer Interferometer Space Anten(ldSA). For more
details, see http://lisa.nasa.gov/, and, for example {wgyiJ. S. B., & Loeb, AAstrophys. J590, 691
(2003).

i These black hole recoils might have left observable sigeatin the local Universe. For example,
the halo of the Milky Way galaxy may include hundreds of fyebating ejected black holes with
compact star clusters around them, representing relickeofarly mergers that assembled the Milky
Way out of its original building blocks of dwarf galaxies (@ary, R. & Loeb, AMon. Not. R. Astron.
Soc.395, 781 (2009)).



SUPERMASSIVE BLACK HOLES 15

30—

T Pogition [pe]
=)
I

¥ Poeition [pe]

Figure 1.3 Numerical simulation of the collapse of an eadad galaxy with a virial tem-
perature just above the cooling threshold of atomic hydnogied no H. The
image shows a snapshot of the gas density distribution 50myears after
the Big Bang, indicating the formation of two compact obgentar the center of
the galaxy with masses @f2 x 10°Ms and3.1 x 10°M, respectively, and
radii < 1 pc. Sub-fragmentation into lower mass clumps is inhibitedause
hydrogen atoms cannot cool the gas significantly below its@alrtemperature.
These circumstances lead to the formation of supermaskive that inevitably
collapse to make massive seeds of supermassive black fitlesimulated box
size is 200 pc on a side. Figure credit: Bromm, V. & Loeb A&trophys. J596,
34 (2003).
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tight correlations between the mass of central black haolggésent-day galaxies
and the velocity dispersiéw, or luminosity!® L, of their host spheroids of stars
(namely,Mpy o o or Mgy o< Lgp). Since the mass of a galaxy at a given redshift
scales with its virial velocity ad3/ o V.2 in equation ??), the binding energy of
galactic gas is expected to scaleMd/? o V> while the momentum required to
kick the gas out of its host would scale’&V. « V2. Both scalings can be tuned to
explain the observed correlations between black hole rsaase the properties of
their host galaxie$® Star formation inevitably precedes black hole fuelinggsin
the outer region of the accretion flows that feed nuclearlkblaales is typically
unstable to fragmentatiéh This explains the high abundance of heavy elements
inferred from the broad emission lines of quasars at alllmétsS.

The inflow of cold gas towards galaxy centers during the gnopitase of their
black holes would naturally be accompanied by a burst of fetanation. The
fraction of gas not consumed by stars or ejected by superdovan winds will
continue to feed the black hole. It is therefore not surpgshat quasar and star-
burst activities co-exist in ultra-luminous galaxies, &nat all quasars show strong
spectral lines of heavy elements. Similarly to the abovetineed prescription for
modelling galaxies, it is possible to “dress up” the massrilistion of halos in
Figure ?? with quasar luminosities (related oz, which is a prescribed function
of M based on the observédgy—o, relation) and a duty cycle (related#g), and
find the evolution of the quasar population over redshiftis®mple approach can
be tuned to give good agreement with existing data on quaséuten 14

The early growth of massive black holes led to the supermagsiack holes
observed today. In our own Milky Way galaxy, stars are obseéto zoom around
the Galactic center at speeds of up to ten thousand kilomptarsecond, owing
to the strong gravitational acceleration near the centeadkhole!® But closer-in
observations are forthcoming. Existing technology shaddn be able to image
the silhouette of the supermassive black holes in the Millay\&hd M87 galaxies
directly (see Figure 1.4).
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Figure 1.4 Simulated image of an accretion flow around a blaadk spinning at half its
maximum rate, from a viewing angle @f° relative to the rotation axis. The
coordinate grid in the equatorial plane of the spiraling flslmows how strong
lensing around the black hole bends the back of the appargnug. The left
side of the image is brighter due its rotational motion ta¥gathe observer. The
bright arcs are generated by gravitational lensing. A daltiosette appears
around the location of the black hole because the light ethity gas behind it
disappears into the horizon and cannot be seen by an obser¢ee other side.
Recently, the technology for observing such an image froensilppermassive
black holes at the centers of the Milky Way and M87 galaxiestieen demon-
strated as feasible [Doeleman, S., etldhture455 78 (2008)]. To obtain the
required resolution of tens of micro-arcseconds, signa$aing correlated over
an array (interferometer) of observatories operating atlinmeter wavelength
across the Earth. Figure credit: Broderick, A., & Loeb, Jsurnal of Physics
Conf. Ser54, 448 (2006)Astrophys. J697 1164 (2009).



