Galaxy Formation

The early stages of galaxy evolution - but theneaslear-cut
boundary, and it also has two principal aspectsem@bly of the
mass, and conversion of gas into stars

Must be related to large-scale (hierarchical)dte formation,
plus the dissipative processes - it IS a very mpssgess, much
more complicated than LSS formation and growth

Probably closely related to the formation of thassive central
black holes as well

Generally, we think of massive galaxy formatiomigh redshifts
(z~ 3 - 10, say); dwarfs may be still forming now

Observations have found populations of what mastdang
galaxies (ages < 1 Gyr), ostensibly progenitorisuafe galaxies
today, az~5-7

The frontier 1Is now at~ 7 - 20, the so-called Reionization Era



A General Scenario

The smallest scale density fluctuations keep pslitag, with
baryons falling into the potential wells dominat®dthe dark
matter, achieving high densties through cooling

— This process starts right after the recombinadita~ 1100
Once the gas densities are high enough, star fmm@nites
— This probably happens around 20 - 30

— By z~ 6, UV radiation from young galaxies reionizes tinverse

These protogalactic fragments keep merging, forranger
objects in a hierarchical fashion ever since then

Star formation enriches the gas, and some ofakjeelled in the
Intergalactic medium, while more gas keeps fallmg

If a central massive black hole forms, the eneslgase from
accretion can also create a considerable feedbatikeoyoung
host galaxy
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QuickTime™ and a Sorenson Video decompressor are needed to see this picture.
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Physical Processes of Galaxy Formation

o Galaxy formation is actuallsg much messier problem than
structure formation. In addition to gravity and build-up of host
dark halos (fairly well understood) we need to add:

— Shock heating of gas
— Cooling of gas into dark halos

— Formation of stars (also not a well understooag@ss!) from the
cold gas

— The evolution of the resulting stellar population

— Feedback processes generated by the ejectionssf amal energy
from evolving stars

— Production and mixing of heavy elements (chenegalution)
— Effects of dust obscuration

— Formation of black holes at galaxy centers anecesfof AGN
emission, jets, etc.

... etc., etc., etc.



Recipe for Galaxy Formation

A collapsing density fluctuation forms a potentall...

Gas flows from
Intergalactic medium

Stars form from
the condensed
gas clouds

11

Potential well formed by gravity of (primarily) damatter



Classical Models of Galaxy Formation

e First models of galaxy formation based on obs&magtof
stellar populations in the Milky Way
« Two competing models:
1. Eggen, Lynden-Bell & Sandage (1962)
« Monolithic dissipative collapse, during which stéwem

2. Searle & Zinn (1977)

« Formation from aggregation of smaller protogalacti
fragments, like dwarf galaxies

e Reminiscent of hierarchical structure formation

 The true picture is probably a combination oftithhe: some

stars are made in smaller fragments which then epenp
some are then made within the more massive poleveiés




Hierarchical Picture

Perhaps the best way to study galaxy formatioargtecally is
to run N-body hydrodynamic models that includeeFHects of:

— Gas flows and dissipation

— Star formation and its feedback via stellar wiadd SN explosions
— Shock heating of the gas

— The effects of an active nucleus, if one is presen

Basic picture is that galaxies are built up hiehazally, from
protogalactic clumps

Some Questions:

— What determines the current morphology of a gaéda¥yhat produces
a spiral vs. an elliptical?

— Spirals must have had angular momentum, wherthdiccome from?
— Do galaxies maintain the same morphology over2ime



Simulated Formation of a Disk Galaxy

Dark
Matter



Simulated Formation of a Disk Galaxy

Gas




Simulated Formation of a Disk Galaxy

Stars:

Red: t > 10 Gyr
Blue: t <4 Gyr




Simulated Formation of an Elliptical Galaxy

Stars

T =1.34 Gyr T =1.63 Gyr

T =793 Gyr

T =10.51 Gyr T =12.97 Gyr T = 14.51 Gyr



Simulated Formation of an Elliptical Galaxy
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What is a Protogalaxy?

Not a very well defined answer; some possibilities:

Galaxy in the first X % or Y yrs of its life (X=%=7)
Galaxy which has formed X % of its stars (X=?)

Galaxy which has assembled X% of its final massq)X
Initial density fluctuation which has not formenyastars yet
Galaxy at a very high redshdt> Z (Z=?)

.. etc., etc.

Generally we think of the progenitors of massiatagies
today, roughly in the first Gigayear of their lifeg., atz > 5ish

We certainly expect vigorous star formation toolgeuring, and
therefore a luminous object



Energy Release From Forming Galaxies
Galaxies collapse and cool. The release of tha@ifmnenergy is:

|Ebind gat]l = Meoor (Vo) =

~ 1.2 x 10°%rg X (Mcoo1/101* M) (Vaq/250km s~ )2

where M,,.1 1s the total mass which can cool radiatively

Binding energy was also released by collapsing protostars, and is of a
comparable magnitude:

|Eyinas| =~ G Mg, (My)/(Ry) =~

~ 4 x 10°%rg x (Mz«/10'"Mp) ((My)/Mo) (Ro/(Ry))

where My, is the total mass converted to stars in the PG phase, (M,) is the
average star mass, and (R,) is the average star radius



Energy Release From Forming Galaxies

Epue = € Mg, ¢2 AX ~ 10%erg (¢/0.001) (Mx,/10"°My) (AX/0.05)

where My, is the total mass burned in stars in the PG phase, e ~ 1 Mev/myc? ~
0.001 is the average net efficiency of nuclear reactions in stars, and AX =~
AZ + AY ~ 0.05 is the fraction of the hydrogen converted to helium and metals.

Note: the mean metallicity of old stellar populagsaa ~ Solar, i.e., about
1.7% by mass; and you get ~ 3-5 g of B¥) for each 1 g of metalDi)
produced in stellar burning



Expected Observable Properties of PGs

* Thus, we expect a release/@ ~ 10°° ergs from a typical proto-
elliptical (or a large bulge); but over what tineake?

— The starburst time scale of ~"2A0° yrs
— The free-fall time scale of ~ 40rs
— The merging time scale of ~yrs
e Since luminosity 14 ~ JE/[1 , we estimate typical
Lo~ 101 - 102 L
or absolute magnitudéd ~ -22 to -25 mag

e Given the luminosity distances to z ~ 3 - 5, thpae®ted apparent
magnitudes are in the range ~ 23 to 26 mag

« But theBig Questionis: is this luminosity obscured by dust?
— No: optical surveys
— Yes: sumb-mm/FIR surveys



The Lyman-Break Method

Absorption by the
Interstellar and intergalactic
hydrogen of the UV flux
blueward of the Ly alpha
line, and especially the
Lyman limit, creates a
continuum break which is
easily detectable by
multicolor imaging



Emission Line Search Methodologies



Emission Line Search Methodologies



Narrow-Band Imaging

A greatly increased contrast for an
object with a strong line emission



The Most Distant Galaxy Now Known

IOK-1 at z = 6.96

(lye et al. 2006; Subaru)

Discovered using narrow
band imaging technique



Long-Slit Spectroscopy + Serendipity



Evolution

of the star
formation

rate:

Nearly flat
outtoz~ 6

(Glavaliscoet
al. 2003, the
GOODS team)



The Cosmic
Relonization
Era

(The Cosmic
Renaissance)




The Cosmic Relonization



“Gunn-Peterson like” troughs are now observed
along all available lines-of-sight atat 6

Lyb G-P

|

(Djorgovski et al., in prep.)



QSO Observations Suggest the End of the
(Second?) Reionization at z ~ 6

Photoionization Rate Neutral Hydrogen Fraction

Fan et al.



WMAP
Detection of
the (Initial?)
Relonization
atz~10-15



The First Stars

Gas infall into the potential wells of the dark neattluctuations
leads to increased density, formation gf mholecular line
cooling, further condensation and cloud fragmeamtieading to
the formation of thdirst stars - which are expected to lmeassive



Relonization by Population Il Stars

All models predict a top-heavy Initial stellar mdsaction, with
characteristic M ~ - 100 M . Such massive, hot, and
luminous stargan easily reionize the universe by z ~ 6 or 10




The
Explosive
Fate of
Supermassive
Pop. Il
Stars

(Woosley,
Heger, et al.)

GRB!

Ultraluminous?



GRB 050904 at z = 6.295

A preview of the more
distant, Pop. Il flashes
to come!

(Kawali et al. 2006, Haislip et al.
2006, Tagliaferri et al. 2006, etc.)



Pop Ill Black Holes and the Origin of AGN

e They can grow through rapid

Explosions of massive Pop Il stars
can produce relict BHs with M~
few - 100 M

Direct collapse of zero-spin mini-

halos may lead to BHs with M-
10*- 10°M

accretion and merging to become

central engines of AGN (SMBH)

* Mergers of these early BHs may

generate gravitational waves
detectable by LISA



Galaxy Formation Summary

The first stars and protogalactic fragments aresetaul to ignite
byz~ 10 - 20. They reionize the universezy 6 - 10, ending
the “cosmic dark age”

Subsequently galaxies grow by hierarchical merdiragcretion

Searches for young and forming galaxies oftenLysa line
emission as a tracer (due to photoionization by gatars)

This only works for unobscured star formation

QSO absorption data (Gunn-Peterson effect) inditte¢ end of
the reionization era &~ 6, but WMAP data suggest an earlier
start, az~ 10 - 15; the history of early galaxy formation may
have been complex or multimodal

The first stars were likely very massive, and rhaydetectable as
high-z GRBSs; their remnants may have served as seed htdek
for the growth of quasars



Quasars and Active Galactic Nuclel

They are highly energetic manifestations in theleiuwof
galaxies, believed to be powered by accretion ardesive black
holes

Empirical classification schemes and various tymese been
developed, on the basis of the spectra; but regerdfious
unification schemes have been developed to expl@iN as
different appearances of the same underlying phenom

Quasars/AGN are observed to evolve strongly i timth the
comoving densities of luminous ones increasing WY*from z
~0toz~2

At z ~ 0O, at least 30% of all galaxies show somga sf a nuclear
activity (mostly low level); ~ 1% can be classifiag Seyferts
(moderately luminous), and ~%@ontain luminous quasars

However, we think that most or all non-dwarf gagmxcontain
CMRHc<c and thiic nronhahlv/ iindennant at leact nne AGGNla




AGN, an artist’s view
Relativistic jet / illumination cone

Central black hole

Accretion disk

Obscuring dusty torus



Observable Properties of AGN

Energy emission over a broad range of frequentes radio
to gamma rays

— Nonthermal radio or X-ray emission is a good wafirtd AGN
— Generally bluer spectra than stars: “UV excess”

— Colors unlike those of stars, especially when firediby the
Intergalactic absorption

Presence of strong, usually broad emission linekeair spectra
Can reach large luminosities, up to -0

Strong variability at all time scales
— Implies small physical size of the emission region

Central engines unresolved
Zero proper motions due to a large distances

All of these have been used to devise methodsgoosier AGN,

and each method has its own limitations and selenteffects



Broad-Band Spectra of Quasars

Radio
Loud

Radio
Quiet

Note: the
spectra are
nearly flat
over many
orders of
magnitude in
frequency,
unlike the
thermal (BB)
spectra; thus,
a nonthermal
origin for at
least some of
the emission



UV-Optical Spectra of Quasars

Strong, broad emission lines:

Balmer lines
of hydrogen

|
Prominent lines of abundant ions



AGN Classification

According to radio emission:
— Radio loud: radio galaxies (RGs) and quasars;t¥pBs | and Il
— Radio quiet (but perhaps not entirely radio s)lent

According to optical spectrum:
— Narrow-line RGs, Seyfert 2’s; Liners
— Broad line RGs, Seyfert 1's, quasars

According to optical luminosity:

— Seyfert to quasar sequence, range of radio poe#ers,

Special types:

— Blazars (aka BL Lac’s) and optically violently vale (OVV) objects
These classifications are largely parallel

Some distinction may reflect real, internal phgsdifferences,
and some may be simply orientation effects

— This is the central thesis of the AGN unificatroondels



Discovery of Powerful Radio Galaxies

Cygnus A = 3C405, early radio map

Optical ID

Walter Baade  Rudolph Minkowski



Cygnus A: A Modern VLA Radio Map

Lobe Nucleus

\ N\

Jet Hotspot

For more good radio images, see the VLA image gadle
http://www.nrao.edu/imagegallery/php/levell.php




Radio Galaxies: Typical Examples

Radio overlayed on optical images

Energy stored in radio lobes can reach £ 1Q0°t erg. If jet lifetime
Is ~ 1@ yrs, the implied mechanical luminosities are 123A03 L



Radio Source Classification

Fanaroff-Riley Type | (FR I): Separation between the points of
peak intensity in the lobes < 1/2 the largest eizhe source

Edge darkened radio jets, slower jet speeds, loago power

Fanaroff-Riley Type Il (FR II): Separation between the points of
peak intensity in the lobes > 1/2 the largest eizthe source

Edge brightened radio jets, speeds eOhigher radio power



Radio Source Classification

This morphological classification also divides radio galaxies
Into low radio power and high radio power classes:
* FR [ relatively low power sources Break power is about
* FR II: more powerful sources 10%2erg stHz1srt

Different appearance probably reflects combinatibpower
and environment ...

Outflows from AGN could play an important role ialgxy
and / or cluster formation:
 Provide energy flow into ISM, intracluster medium
« Mechanical energy input may be more important timan
radiation, which can escape the galaxy or clusisiee

Note that we are talking here about the non-theramib sources,
powered by the “central engines” containing masbiaek holes.
But galaxies can also have radio emission fromfetanation.



The Discovery of Quasars

First radio surveys of the sky were completed elte 1950’s

Many prominent radio sources at high galacticudes were
found to coincide with star-like objects on photyomic plates,
and were thus nameplasi-stellar radio sourceqquasars);
when they are not radio-loud, they are called gateallar
objects (QSOs) - these are much more numerous

Spectra did not initially seem to match those adkn galaxies
or other sources, until Maarten Schmidt realized they are
simply highly redshifted, and within a couple ofaye from the
discovery,z> 2 QSOs were found

Proposal that black holes were involved was madédigovich
& Novikov and by Salpeter within a year of the idéoation



The Discovery of Quasars (1963)

3C273 z=0.158

Cyril Hazard
got the precise
radio position

Allan Sandage
got the optical ID

Maarten Schmidt
figured out the
spectrum and the
redshift



The Discovery of Quasars (1963)



Quasar Images

Even with HST imaging, difficult to detect the lighf the host
galaxy due to the high luminosity of the nucleus

Spiral host - somewhat unusual Elliptical host - mowenmon

In general, QSO hosts tend to show signs of trdakactions or
mergers - suggesting a triggering / fueling mecsani



What Makes Quasars “Quase” ?

HST Images of QSO hosts



Where Does the Energy Come From?

Accretion onto the central supermassive black hptesides the
only known viable answer

The fuel comes from ~ kpc scales (or larger) oGM
and ends near tfgchwarzschild radius R, =—

ForaM ~1M ,R.~3 108km ~ 10°pc ¢

The binding energy for a mass elemens: E,(R)=GmM /R

In order for it to be accreted over many ordermafgnitude in
radius, it has to release the amount of energy aoafte to
E.(R) namelyGmM /R=mc/2

Accretion to black holes can result in the energglease
comparable to the rest mass energyJsually a ~ 10% net
efficiency Is assumed, still much larger than tli2f energy
conversion efficiency of thermonuclear reactions.



Massive Black Holes in Galactic Nuclel

« They araubiquitous, even though only a small fraction are
active today; but these SMBHSs are jdetmant quasarswhich
were once active - this is where their mass conws!fr

 They are detected through central velocity digparer rotation
cusps near the center, or kinematics

of emission line gas M31



The Black Hole Paradigm for AGN

Black holesare completely specified by their madsangular
momentuml, and charg€) (likely ~0): theno-hair theorem

Schwarzschild black hole:Q=0,J=0

Spherically symmetric. Solution has two importeatii:
 An event horizonat 2GM
Schwarzschild radius: R, =

C2
. L 6GM
* The last stable circular orbit radiugR .= ——
OutsideR . test particles can orbit C

iIndefinitely in stable circular orbits, insid® .they spiral
rapidly past the event horizon into the BH. Thasiges the
Inner edge of the gas disk in AGN and sets a mimmu
orbital period, ~ hours for thd ~ 10 -1 M



Spinning Black Holes

Kerr black hole: Q= 0,JandM arbitrary

Axisymmetric solution - hole has a preferred rotatoumrs.
Define the amount of angular momentum ¢ j

via a dimensionlesspin parameter. a= GM?2

Maximum angular momentum of a Kerr BH correspoadsl

Gas can spiral deeper into the potential well l=feachind, .
around a Kerr black holemore energy can be extracted

A Kerr black hole has an

M 2
irreducible mass given by: M., =? é+ V1- az) +a°
Fora=1,M,,=0.70/M

Y2

(M-M; ) representsotational energy of the BM/hich can in
principle be extracted, possibly by threading thkehwith a
large scale magnetic field (the Blandford-Znajetqass)




Eddington Limit

For an AGN with an observed bolometric luminodifywe can
estimate theninimummass of the black hole involved:

Suppose the gas around the BH is spherically synomand

fully ionized hydrogen. L
At distancer, energy fluxis;  F = pyeE:
The corresponding momentum flux, A L

which would produce the radiation pressure, [Bad :_4,0r 2c
Force exerted on the gas depends upon the opbattthe
minimumforce is due to the absorption by free electrongrmgby

the Thomson cross-section: 8p > 2
S = - =6.65" 10 cnr
m.C

The resultingputward | s
radiation pressure force on a single electron Fsg,ld —

e

e

40r“c




Eddington Limit, cont.

This has to be balanced by the inward force dugdauity of a
central point mash: C;I\/l(m|O + me) GI\/IrrIO
— »

: 2 2
We include the proton o r r

mass since electrons and protons are coupled edéatically

SettingF g = Fgrav = 4pGem, M The Eddington

and solving folL: S Luminosity

e

. | NV _
This is themaximum =1 26" 10®®* —— erg '
luminositywhich an sun
Isotropically emitting source
with a massM could have
L

—Q- 5

Invert the formula: M =8" 10 M

10 ergs "



Fuelling Active Galactic Nuclel

So, in order to produce the observed AGN luminesiof
L ~ 10*- 10* erg st, we need BHs with massesaifleast
M ~1¢F-10°M . Buthow fast must gas be accreted?

Define the efficiency of the accretion procéss L = AMc?

A massdnofgas at = hask,,=0. Energy available if the
gas spirals in to radiusis:
OE:GMBHam s GM,, M
I I
This Is really an upper limit - not all the poteheaergy will be
radiated as the gas falls in...

Note that sincé& ~ M (Eddington) and alsb ~ dM/dt the
accretion process and the BH growtlexponential




Fuelling Active Galactic Nuclel

Assume that the gas falls in to the last stablé ats GM / &
before being swallowed by the BH.
Estimate of the efficiency is: 4 — GMg, M. 1 »0.17

- BGM,,/c?  Mc?

A Newtonian calculation, but gives right order chgmitude ..
Actual efficiency of disk accretion onto a BH idiesated to be:
e Schwarzschild BHA = 0.06
» Kerr BH (corotating disk)f = 0.42

Standard estimate fs~ 0.1. Using this, mass flow needed to
sustain a quasar Is:

g S' » 2 Solar masses yr

, 6 =
M > 1004 1??251 » 107



Explaining the Broad-Band Spectral
Energy Distribution in AGN

Thermal emission
from dusty —— /

Torus (FIR) Thermal emission /

from accretion Svnchrot
Disk (UV) ynchrotron

N jet (X-ray)

Synchrotron
jet (radio)



Energy Release From Central Engines

Some of it will emerge as a mix tifermal emissiorfrom various
parts of the accretion disk; typicB1® K U peak in UV/X-ray

Some energy emerges asan-thermal synchrotron emission
from particles accelerated by the magnetic fielubedded in the
accretion disk or the BH itself

Spin axis provides the collimation



Synchrotron Emission

Electron moving
perpendicular to a
magnetic field feels
a Lorentz force.

» Acceleration of the electro» Radiati@rarmor’s formula)

\/1- v2

For non-relativistic electronsg~ 1 U cyclotron radiation
For relativistic electronsg>> 1 U synchrotron radiation
Same physical origin but very different spectra ...

Define the Lorentz factor: g

Syncrotron radiation is responsible for all of theserved radio and
high energy emission from AGN (and GRBS)



Synchrotron Radiation

If the distribution of electron energies is a powaexr (a common
case), so will be the emergent spectren@ ~ 72, but with cutoffs

At the low /

energy end, At the high energy end,
there is a there is a break due to the
cutoff due more rapid aging (energy
to self- loss) of electrons

absorption



The Origin of AGN Jets

Magnetic fields are
threaded through the
accretion disk, and/or
the spinning black
hole itself

The spin turns the
magnetic lines of force
iInto well-defined and
tightly wound funnels,
along which charged
particles are
accelerated

This saps the rotational energy of the disk antiheBH itself; aside
from radiation, mechanical energy is carried byjétg to lobes



Jets: Collimated
Emission and
Ejection

Generally present in
most non-thermal
radio sources, but
optical and even X-
ray jets are seen

The origin is
synchrotron emission

Persists over many
orders of magnitude
In linear scale




The Structure of the AGN

Disk and Jet

Black hole: R~ 10°%-10°pc

Accretion disk:R~ 103- 102 pc

Broad line region:R~ 0.1 -1 pc
Narrow line region:R~ 10 - 1G pc
Obscuring torus or diskR~ 1¢ - 10° pc

Broad line region Narrow line region



AGN: A Physical Classification

BH Mass 4 QSOs and powerful RG
Seyferts
Radio-quiet? Accretion Rate
_ ~ Luminosity
Angu|ar Radio-Loud?
Momentum

... but in addition, there will be some
dependence on the viewing orientation



Unification Models for AGN

« The basic idea is that in a
given radio-loudness
category, all AGN are really
the same type of objects, but
viewed from different angles

e This is almost certainly true,
by and large - but there is
probably some real variation
In the physical properties
(other than luminosity) at
any given orientation

 There is probably also a
variation in the geometries
and intrinsic structures




AGN Unification Models

They seek to explain different classes of AGN amddue to
different orientations of intrinsically similar gsns to the
observer’s line of sight

Type 1 and Type 2 galaxies: An obscuringorus prevents us
seeing the broad line region in Type 2’s:

Type 1 _. Broad line

-

.-~ region

e ~-- 1orus

Type 2 =

NB: This cartoon
not even remotely
to scale!



AGN Unification

It Is now easonably secure to also fit quasars damhlbs, and the
radio loud equivalents, into this unified scheme:

Obscured Seyfert 2 Type 2 QSO or radio galaxy
Unobscured Seyfert 1 Type 1 QSO or radio quasar
Viewed directly Blazars

down the jet :
Accretion rate

Type 2 or highly obscured luminous AGN are alsodegeto make
up the hard X-ray background. Populations of salglcts have
been found recently both in the optical and X-ragveys

But there are some low-unobscured AGN, with no broad lines...



Radio Loud vs. Radio Quiet

More ambitious unification schemes aim to explahywome
AGN are radio loud, others radio quidtossiblephysical
difference Is the spin of the SMBH:

Radio loud
High spin holes witla ~ 1

Produce jets, which are the
origin of radio emission
(note: blazars are radio loud)

Jets powered by spin energy
extracted from black hole

Also have accretion disks

Radio quiet
Low spin holesa<< 1
No jets

Spectrum produced by the
accretion disk (blackbody +
nonthermal em.)

cJ
.a=
Recall: GM?2




Radio Loud vs. Radio Quiet

Where do the SMBHs get their angular momentum® very hard
to do via accretion, since the infalling materialsncome in on
nearly radial orbits in order to hit the small @trggH

A plausible source imergers where the orbital angular momentum

of two merging BHs is converted to an internal aagahomentum
of the product

Black hole mergers may produce gravitational wageads,
detectable by LISA (if not LIGO)

This scenario would also help explain why power&dlio sources
seem to favor giant ellipticals as hosts, and ciust@ironments
(that’s where most large E’s are) - and ellipticaiks more likely to
be products of large mergers

It all must depend on the details of the growthcpsses of SMBHSs
In the early universe, and that is still not welkedrstood



Quasar Surveys

In order to study QSOs (and other AGN), we firstdnso find
them, in large numbers, and hopefully in a systenashion

— This is especially important for studies of therplution
Recall thateach discovery method has its own biases

Nowadays the most popular technique Is to useasdtoseparate
QSOs from normal stars

— In optical, one can also use slitless spectrosocmmyability, and
Zero proper motions

Sof X-ray (up to few keV) and optical selectiondithe same
types of relatively unobscured objects; hard X-rakstion and
FIR/sub-mm detect more obscured populations; rids both

Next: multi-wavelength, survey cross-matchingha Virtual
Observatory framework - will help with the selectieffiects



Quasar Surveys and Catalogs

 To date (~ 2006), there are ~ 100,000 QSOs catatbgu
— Most come from large systematic surveys, e.g.,SB&l 20QZ

— Many smaller surveys in the past were done at®alpe.g., Palomar
Green (PG), Palomar CCD (PC), Palomar Sky Surv&gjPand now
Palomar-Quest (PQ)

— There were also many searches for emission lifeetsh(some are
AGN, some starformers), e.g., Mrk, UM, CSO, KISfs, e

— Older heterogeneous catalogs include Hewitt & Blg®, and Veron
& Veron-Cetty compilations

* There are now also > 1®&-ray sources catalogued (most are
probably powered by AGN)
* There is also probably close to ~°tldio sources in various

catalogs, and many (most?) of them are powered®M A

— Major radio surveys include: Parkes (PKS), GreankB(GB), NRAO
VLA Sky Survey (NVSS), Faint Images of Radio Skyl'atenty cm
(FIRST), etc. etc.



Quasar Counts

For the unobscured, Type 1 QSOs; they may be oudartad by the
obscured ones. Down to ~"®2ghag, there are ~ 100 déglown to ~
29" mag, probably a few hundred mdJe total of a few 107 over
the entire sky, or ~ 1 per 1000 faint galaxies

Redshift range
z~0.3-2.3

N\

Redshift range
z~2.3-3.3



SDSS Quasar Survey

A part of the SDSS imaging and redshift survey, see
http://www.sdss.org/drd/products/value added/gsar8thtml

Redshift distribution
(features are due to
selection effects)

Uses colors to
select QSO
candidates

Reachesz~6.4

In SDSS "Data
Release 4", there
are 46,420
spectroscopically
confirmed QSOs



20QZ Quasar Survey

Uses 2dF spectrograph
at the AAT

UV color selection
(limits redshifts taz < 2.3)

23,424 QSO0s

http://www.2dfquasar.org/



Quasar Evolution

e How is the luminosity function of QSOs, and theital comoving

density changing in redshift?

« This may help us understand better the origine®AGN activity

and their relation to galaxy evolution

QSO numbers increase rapidly with redshift, betlaminosities or
densities changing? For a pure power-law lumigdsiction, the

answer iIs ambiguous:

Pure luminosity

evolution: QSOs
were brighter in

the past

log#f

2,>Z,

> log L

log#f

Pure density
evolution:
QSOs were
more numerous
In the past

> log L



Quasar Evolution

Results from 2QZ

The answer i®oth:
Luminosity-dependent
density evolution

Luminous QSOs
evolve faster at
higher redshifts,
and the shape of
the QSO LF
changes: there is
a break, with a
flatter slope at
lower luminosities



The History of the Comoving Number
Density of Quasars

/\ The Peak of the Quasar

Eraatz~2-3: The

Maximum Merging
Epoch?
The Rise of Quasars:

Initial Assembly of the
Host Galaxies, Growth
of the SMBHs

The Declineat LowZs:
Diminishing Fueling
Events



QSO and AGN Summary So Far

Luminous events in galactic nuclel, powered byraitgn onto
supermassive black holes (SMBH)

— Could easily outshine the host galaxy, luminosfiyto ~ 1@3L

— Mergers and interactions provide a likely fuelmgchanism

Broad spectral energy distribution, mostly nontha&rorigin
(e.g., synchrotron), often collimated (jets)

Orientation/obscuration effects play a major noléhe observed
phenomenology: Type 1 objects are unobscured, Z\gre at
least partly obscured by dust

Another major dichotomy is radio-loud vs. radiaefuwhich
may be related to the SMBH spin

Many discovery methods and surveys, all with tlegmn biases

Comoving density increases dramatically out t02, has a broad
peak, and declines at 3



The Cosmic X-Ray Background

e Discovered in 1962 (nearly at the same time as
CMBR, in the first X-ray astronomy rocket flight,
by R. Giacconi et al. (Nobel Prize in 2002)

« A few percent of the energy density of the diffegpdical/IR
backgrounds:uyzg ~101" erg/cn?, ugyr g~ a few” 101°
erg/cn?, u-yg ~ a few” 103 erg/cnt

 Now believed to be generated almost entirely byNA@Gany of
them obscured by dust (hard X-rays go through)btiik of it is
resolved by deep X-ray observations

 The puzzle was to explain the energetics and teetspm shape
at the same time; this required the existencesofostantial
obscured (Type 2) AGN population, which has nowbieeind

 The cosmiayray background is mainly due to beamed AGN, but
some more exotic components are still possible




The Cosmic X-Ray Background(CXRB)



CXRB as Measured by Different Satellites

It does not look like an individual AGN spectrunuititt is really a
sum of the redshiftted AGN spectra, some of whi@hraflected from
the thick dust tori obscuring the nucleus from sahinections



Resolving the CXRB

Chandra XMM

Deep X-ray imaging of selected, fields where ther@so deep HST
Imaging and ground based spectroscopy, and ofsenratio, FIR
(with Spitzer), etc.



The Deep X-Ray Source Counts

Bolometric
equivalent of ~28 mag

~25 mag
|

Nearly 90% of the CXRE
has been accounted f¢
the rest is presumably
sources fainter than tf
current limits

3
DI,
n




ldentifying the Faint X-Ray Sources

Samples of sources:

A mixed bag: mainly QSOs, some galaxies ... probabtig w
hidden AGN, even if there is no readily detectaipécal signature

Luminosities reach, ~ 10* erg/s ~ 1&° L



The Cosmic Gamma-Ray Background

Some, but not alirray selected sources have been identified
A major problem: poor resolution gfray observations

Some extragalactic

/ sources

Galactic component
from SN remnants, accelerated particles in maghetats



The Effect of the Cosmic IR Background
on the High-Energy Observations

High energy and
IR photons can
create pairs, so
the cosmic IR
background
serves as an
opacity
generating
photon gas ...
We cannot see
high-energy
sources too far
away



The Diffuse Cosmic
Backgrounds

Radio: mostly AGN,
some star formation
CMBR: early universe
Sub-mm/IR/Opt/UV:
mostly stars, some AGN
X-ray: mostly AGN, some stars & remnants

gray. mostly AGN?



Diffuse Cosmic Backgrounds Summary

Most of the radiative electromagnetic energy inuheserse is
(and always has been) in the CMB

All starlight ever emitted adds up to about 10%hef CMB
All energy radiated by AGN is about 10 - 20% of gtarlight

We can account for most or all of the observedasg Any new
components (e.g., from the decay of dark mattarqgbas, etc.)
cannot be very important in terms of the total gger



Histories of Quasars and of Star Formation Rate In
Galaxies Roughly Track Each Other (both merger-

Star Formation
Rate Gteidel

et al. 1999

.

QSO luminosity function evolutio

N
0

(Boyle et al. 2000, Fan et al. 200

/

driven?)

Epoch of
formation
of DM
halos able
to host
high-z
QSOs
(Gottlober
et al. 200}




Newly (re)ignited AGN
can then regulate the
growth and star
formation in their hosts,
through radiative and
mechanical energy input
feedback, and determine
some of the fundamental
properties of the host

galaxies (and drive the
observed correlations)

(Di Mateo, Springel, Hopkins,
et al., and many others...)



The Synergy of Galaxies and SMBHs

(from P. Hopkins)






High-z QSOs
Are Very
Metal Rich!

Hamman, Dietrich, et al. 2003

... and their abundance
patterns (enhanced &g/
are similar to those of
ellipticals, suggesting
enrichment by type |
SNe, with an onset of
star formation ar> 10



Masses of SMBHSs in Distant Quasars

SMBHSs with masses of up
to~10°M seem to have
been built quickly, already
byz~5-6

Warner et al. 2003,
Vestergaard 2005, etc.



The most distant
guasar currently
known:

SDSS 1148+5251

Z=06.41
(Fan et al. 2003)

CO Detection! (Bertoldi et al. 2003)

Substantial chemical evolution
already at this epoch

Also: Mg, ~3510° M !
(Willott et al. 2003)



The Rapid SMBH Growth Challenge

In the standard|Redshift | Age/Myr

W, = 0.27, 30 103

W =0.73,

h ; 0.7 20 185 Available time

cosmology: 6.5 869 to grow a SMBH
6 963 ~ 700 - 800 Myr

For a final SMBH mass M~ 1@ M

For the seed BHs mass.,M;~ 10 M |, need ~ 1&-foldings
For the M .4~ 100 M | need ~ 1@-foldings
Barely OK for the Salpeter time ~ 4&8@).1) Myr
SMBH growth has to be ~ Eddington limited

Very luminous sources!
... But the

limiting factor may be getting rid of the angulaomentum ...



Energetics of the Early QSO Growth

Since the baryonic material used to build SMBHs c®ifnem
initial radii R, ~ 1 - 10* pc, and ends &, ~R ~ 107 - 10*
pc, substantial fraction of the rest mass mustig&mhted.

For a Schwarzschild BH, max. efficiencygs,, 0.06; for a
Kerr BH,e.,., 0.42; typically assumee~ 0.1.

Thus, a total dissipated energy is:

Ecvpy ~ 2 102 (M /10°PM ) (€/0.1) erg
Released ovdbt ~ 700 Myr ~ 2 10%°s, it implies

average luminosity L ~ ¥erg/s ~2 10°L
(summed over all progenitor pieces)

Depending on the relative rates of BH and star &iom, this may
provide a significant fraction of the early reication photons



The Nature of the BH “Seeds”

Some plausible choices include:

 Primordial,i.e., created by localized gravitational collapisethe early
universe, e.g., during phase transitions

— No evidence and no compelling reasons for thertnwould be very
Interesting if they did exist; could have “any” mass

— See many good reviews by B. Carr

 Remnants of Pop. Il massive stavg; ,~ 10 - 100 M
— Could be detectable as higilRBs

e Gravitational collapse of dense star clustersunaway mergers
of starsM .~ 1¢- 10 M

« Direct gravitational collapse of dense protogatactres:
continues directly as a SMBH growth

More than one of these processes may be operating ...



SMBH Growth Mechanisms

* In a hierarchical picture, as
galaxies merge so will their BH’s

— Some may get ejected in 3-body
Interactions; their subsequent
fate may be interesting

e This can naturally lead to the
establishment of the SMBH - host
galaxy correlations, which may be
also sharpened by the AGN
feedback

* Note that BH merging simplse-arrangesthe distribution of the
collapsed masgollapsed mass grows by accretidollowing the
BH seed collapse

« This fueling/build-up may be especially effectimemergers



LIGO VIRGO



Pre-Merger SMBH Binaries Are
Observed at Low Redshifts



QSO and Galaxy Formation Summary:

« Dissipative merging can fuel both star formatiowl £SO
activity; and radiative and mechanical feedback f@N to
their host galaxies can affect their growth

e This naturally leads to @o-formationandco-evolutionof
galaxies and their SMBHSs, and can account for bs=osed
correlations azg~ 0

e Luminous QSOs at z ~ 4 - 6.5 are already highly ezl
chemically and are powered by M ~°1 black holes; this
poses a bit of a timing problem, requiring a veficent, rapid
growth
— Some of the growth is by accretion, implying veemninous sources
— Some in by BH hierarchical merging, which may gateeGW signals

 The nature of the BH seeds from which SMBHs growtils
uncertain



What Next for Cosmology?

The concordance cosmology seems fairly well estiadd, but
two outstanding problems remain:

1. The nature of the dark matter

— Laboratory detection
— Structure and census of dark halos, gravitatiaradihg

2. The nature of the dark energy

— Precise tests, w(z), ... ?
The galaxy and structure formation picture seanisetwell in
place, although many details remain to be ironddinaluding:
— Early star/galaxy/BH formation in the reionizatiermra
— Interplay of galaxies, BHs, IGM, LSS (biasing,dback, etc.)
CMBR as a probe of inflationary physics, topoladyhe
universe, etc.

Surprises and starnge things: variation of physoalktants? ...

etc., etc.



The Next Generation
of 20- to 50-meter
Telescopes



.. and also LOFAR,
many other radio
observatories,

+ many CMBR
experiments

ALMA: probing the
obscured universe at
mm/submm wavelengths

Sqguare Kilometer
Array (SKA)



Space Missions and Observatories

The James Webb Space
Telescope (JWST)

... and many others proposed

Advances in Detectors,
Computing, Surveys ...

e.g., the Large Synoptic
Survey Telescope (LSST) CFHT MegaCam



Concluding Comments

e Cosmology is now perhaps one of the most excamsas
of physical science, solving some fundamental @Eis|
— Lot of messy phenomenology, sort of like condemaatier phys.
— But there is a steady and rapid progress!
— Not clear what the future of accelerator physics.|

* A good synergy of theory and observations
— Observations are technology driven

— Theory is increasingly dependent on numerical Rtans, as the
phenomena we study are highly complex

 |t's a good field for a young person to get into



Questions, Discussion ... ?



