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The History of Active Galaxies

Active Galaxies (AKA quasars, Seyfert
galaxies etc) are radiating massive black
holes with L~10%-10"L_

The change in the luminosity and
number of AGN with time are
fundamental to understanding the origin
and nature of massive black holes and
the creation and evolution of galaxies

~10-20% of all energy radiated over the
life of the universe comes from AGN- a
strong influence on the formation of all
structure.

X-ray data have revolutionized our

understanding of the number, = e

luminosity and evolution of active X-ray Color Image (1deg

galaxies from (0<z<4 of the Chandra Large Area X-ray Survey-
CLASXS
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Optical Properties of AGN

Strong broad lines of hydrogen,
carbon, silicon ....
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X-ray Selection of Active galaxies

e X-ray and optical image
of a nearby AGN
NGC4051-

* Note the very high
contrast in the x-ray
image

* Find x-ray AGN via

— luminous™ pointlike
X-ray source in

RASS Conteour for S5 1027+74

nucleus of galaxy
— hard x-ray spectrum Rosat x- N ; . I
— frequently variable ray all sky | . iomen
survey i -
* Have to distinguish from image 74:42- . : -
x-ray binaries located overlaid
near nucleus 7340 g
On Sky RASS errog 13"
Survey V=17 .2 A e e B : ®
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(c) Interaction/"Merger” (d) Coalescence/(U)LIRG (e) “Blowout™ () Quasar
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History

It was discovered in the1960-70s (Schmidt
1968-1978) that the number of AGN per unit
volume per unit luminosity (f(L), the

luminosity function) changed strongly with
redshift

— Schmidt used 'complete' samples (e.g. a
flux limited sample in which all the objects
were identified and had redshift)-original
sample had 33 sources (!)

AGN were more numerous and luminous in

the past with the numbers rising as (1+z)N,

N~5

— based on the log N-log S ( number of

sources per unit flux vs flux) which has a
slope of 2.5 for a Eucledian non-evolving
population- in GR the slope is slightly
shallower

— the distribution of V/Vmax (see Schmidt
1977 for definition) which has a value of

0.5 for a non-evolving population does not
denend on the cosmolosoical model

number counts - the surface density
in the sky of a given class of sources
as a function of the limiting flux of the
observations. - this is the simplest
observational tool that can be used to
study the evolution of a sample of
objects (and to test cosmological
models).

V/Vmax

Compute for each source

in the sample the maxim
redshift at which it could be
detected given the flux limit
of the sample

- the corresponding
volumeis V.
The actual volume at which
the object is detected is V

Distribution of V/V_, =1/2 for a uniform
sample of objects

Quasars (Schmidt 1978) have
V/V,..=0.65



Optical Quas% Fvolution

e Historically AGN were found in the
optical band by a variety of techniques

Presence of strong very broad

(1-10,000km/sec) optical and UV

emission lines (Broad line objects)

The presence of a bright, semi-
stellar nucleus (Quasar)

Variability of the nucleus
“Unusual” colors of the nucleus

Optical counterparts to radio source

e Large numbers were found out to z~6
e Since the late 1960’s (Schmidt)

“well known” that quasars were much

more numerous and luminous in the past.

Thus AGN activity was thought to peak in
the early universe.

Many theories were developed to explain

this.
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Origin of X-ray Background

» the background is made up of the superposition of a huge number of (mostly) AGN-
and represents the sum of their output over cosmic time

* Dby 1980 it was clear that the number of objects required to make up the XRB
exceeded (in surface density) that of known AGN by >10

 However the x-ray spectra of the objects detected (clusters of galaxies, active
galaxies, blazars etc) showed that none (individually) had the spectrum of the x-ray
background-

_ othis is the so-called "spectral
. paradox”

[ Dbser\rech (A= !
- 3+ Observed (Ad)
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—Med. 11,
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eParadox is resolved by the sum of
the (redshifted) spectra of 2 classes
of objects in the right mixture

*broad optical line AGN
(Seyfert Is and quasars)

eabsorbed (narrow line) AGN-
type II Seyferts
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Accretion History of the Universe

Obscuration is a dominant effect - models Most of energy in XRB is at <E>~40 keV for
of the x-ray background and direct which the E<10 keV models have no predictive
observation of ‘hard’ x-ray selected power _
objects (Antonucci and Miller 1994, Require hard x-ray observations to properly
Fabian 2003) characterize these objects
e Major problem with detecting/modeling *The “best” way to study these objects - a
these sources sensitive broad band x-ray mission” Astro-H
— not “detectable”/recognizable in the
optical, soft x-ray; -IR band- Synthesm Model of XRB
correlation with intrinsic properties 100 T TTTT] T T
poorly understood [ goft Hard very hard
— 2-8 keV x-ray spectra do not predict I

the E>10keV data
— breakdown of ‘“unified” models

— ->25% () of all energy radiated by
AGN is only detectable by E> 10
keV “surveys”

- AT 5038 0
. [ ) '/ \. R
1|fl-f|/-’| Lo | Lol i
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Status 1n 2000

* Large optical surveys
(Boyle et al 2000) found
that ¢(L.) can be described

by 'Tuminosity' evolution)
e e.g.L(z)=L(0)exp(kr)
— where T is lookback
time and k is a constant de(LX?Z) dN(Lx?Z)
¢(L) has the form dLong = . d[ﬂg[x
o(L,2)=¢(L)/{ (L/L*)*+(L/L*)°}

The luminosity function is the number of AGN per unit comoving
volume, per unit luminosity:

where a and b are constants and
L* 1s a fiducial luminosity

e.g. a broken power law such
that the slope 1s flat at low L
and steep at high L with a
'break’ at L*

However a large fraction of AGN are
missed 1n optical surveys



FRACTIONAL NUMBER

Whats Missing in Optical Surveys"

Chandra/XMM observations show that number
of x-ray selected AGN exceeds optically selected
ones by ~7:1

X-ray selected objects have very different
properties than “optically” selected AGN

most luminous AGN have broad optical lines,
most lower luminosity AGN do not have obvious
optical AGN signatures- violation of unified
model

Most AGN are “invisible” to optical
searches
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Comparison of Optical and X-ray AGN Selection

Best" way to find AGN: classical
optical line ratio indicators miss
(even at low z) many AGN

(>1/2)-same with IR 10.0F

The broad properties of x-ray
selected AGN are representative
of the total population (Hickox et
al 2009)- IR selected AGN tend

] / Hg

to have high Eddington ratios and & g}

small masses, radio selected high
black hole masses , low
Eddington ratios

0.1
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. —-—-- Eauffmann et al (2003) .

[NII] / Ha
x-ray detected AGN

Goulding et al 2010
Trouille and Barger 2010




How are AGN Selected

Hard X-rays provide the
most complete census
of AGN activity
(Merloni 2011)

the fraction of AGN that
are missed in a survey
in a given band as a
function of the energy
range observed

The fraction missed in the
10-30 keV band is even
lower

Missed Fractio
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Change in Our
Understanding due to X-ra
Surveys
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e Discovery that most of 1024 Old =
the AGN in the universe -
are ObSCUI'Gd Boyle et al 2002 _
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Discovery of “Backwirds” Evolution of X-ray AGN

>
e In x-ray samples the low E 6.0-107%
luminosity objects decrease in, 3 5.0-10—8
number at higher redshift g o
.. 4.0-10 -
* The medium luminosity objects ’ ool

increase from z~0 to z~1 and then-
decrease at higher redshift

The high luminosity objects
behave like optically selected

Energy density of

I 1x—41.5—43 |

IS 3445
TS x—44.5—48 |

Ueda et al 2003

AGN and increase out to z~2

_')

10

the universe
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Redshift

The x-ray sources represent
almost all of the AGN in

e all optically selected broad
line AGN in 2 deep well
studied fields are also are x-



The Evolution of the 2-8 keV Luminosity Function for z<1
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Comparison of Energy Densities and Evolution

e Optical surveys 'miss' ~75% of the [ L SRR
energy emitted by AGN at z< 2; '

e 1/3 of energy density in broad line
AGN and 1/2 in objects of luminosity
<8x10% ergs/sec which are mostly
narrow or no-line objects.
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Downsizing

e The luminosity
functions do not have

the same shape or
evolution as the 2000
optical data sets.

° High Luminosity g
objects evolve first, low %%
L later =.

-~
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X-rays (2-10 keV)
Miyaji et al. in prep.
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When Does the Energy Get Emitted

* Most of the x-ray energy emitted by
AGN is emitted between z~1-3

(Hasinger et al 2005)
10%
* The relative contributions of :;
different luminosity AGN changes S "
greatly with redshift with more - 10
. . o
luminous AGN being more : : |
important at higher redshift Y ki @ |
J 107 :
&
b : 't
g 10% Frig o 4 Log L Range
é 5 - 80
[ . ‘ ¥
10% } ® 430-44.0
,t 2 420~-43.0

0 ] 2 3 4
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Why Backward??

e Cold Dark Matter (CDM) theory of structure formation says that
— small things form first
— merge together over time to form big things

* Expect massive (luminous)BHs to appear later in the universe than smaller mass
BHs

Now 2

3:— ‘* I |

ol i
Il A ,..m, ul ﬁ i

lookback time (Gyr)
o
I

N
10 - “
f
100yrs ago 2
s w"h"l. O 10" KN,

Figure 1. BOCG merger tree. Symbols are colour-coded as a function of B - V colour and their area scales with the stellar mass. Only
progemitors more massive than 10'° Mg h~" are shown with symbols. Circles are used for galaxios that reside in the FOF group inhabited
by the main branch Triangles show galaxies that have not yet jomed this POF group.



Chandra/XMM AGN samples

 large samples of AGN have SO a i e [
. 1 g = Bl L
been obtained b.y Chandra and T o ¥ Limit of optical sl:pg:ctm
XMM over a wide range of g o T a e e with Keck i
flux, solid angle and redshift = L Ze > o]
(Hasinger and Brandt 2005) = 2 1 , P B ipoppanel i
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Where Does the X-ray Background Come From

e The contribution of point
sources to the XRB peaks at
f(x)~10-1% ergs/cm?/sec ~80%
of the 2-8 Kev XRB
originating at f(x)>3x10-1>

The apparently diffuse x-ray
background is due to the
superposition of weak
sources- primarily AGN
Culmination of a 40 year
research effort

Contribution to XRB

11

10

T

o

@

g4

T

m —

E L

L

i

o

: i

"Cowie et al 2003
18 4p1S 14 g3 g
X-ray flux

12



Chandra dSource

Counts
* Integrating the Faint X-ray

Sources counts
produce the x-ray
background over all energies

[S,, " deg™]
3
|

e Most of the sources are

.5
14

(4]
AGN- at very low fluxes % MM 0.5 eV
normal galaxies become %“ s New—det 0.5-2 keV
important
10 ] Ll A
IU—Iﬁ .ID—ll‘ -Iﬂ—i.! -Iu—‘li
Snsz e [rg €m 7 871

Synthesis models of the x-ray background try to
reproduce the observed x-ray background
spectrum from a sum of obscured and unobscured
AGN +small contributions from clusters and
normal galaxies



A possible answer Spectrum of individual objects sums

, , to XRB spectrum
The main assumption - most of the

flux 1s produced by supermassive 100 VUL RN '
Hard

black holes in the center of galaxies - Soft
containing large amounts of dust and I
gas and thus having x-ray spectra
dominated, at low energies, by
photoelectric absorption.

-
o
TTT

(keV cm2 s-1 sr-1)

Suitable algebraic superposition- just I
the right number of objects, evolving il e :
the right way with redshift, with the L 7 S e
right distribution of column densities T

can produce the volume emissivity, Energy (keV)

log N-log S and the x-ray spectrum.

Such models are remarkably
flexible. (Ueda)



AGN zoo (GOODS ACS data)
Mainieri 2003, PhD thesis

*
v

>

X-ray flux

BVviz Notice absence of bright nuclei- e.g. QSO's Seyfert Is



What are the optical properties of the AGN

HST allows first estimate of nuclear optical 30 - L
fluxes (from the ground the objects are too «a, " 1'
blurry) 78| T.-:l-.fl,:" L 126/286 Not
e For the broad line objects x-ray and UV flu» " i " . "m detected
are strongly correlated 9 L .

by HST in z’

e For the “narrow” line objects optical and x-
ray fluxes are uncorrelated and many of the
gptical nuclei are invisible with deep HST
Bbservations.

HLELEAR Ly MAGHITLHOE
[ 5 ]
-
|

< 22 -
Cc 1ﬂ L L L L L L AL LI DL LI LN DL L L
X)) g |
c; : : ABS SF HEX BLAGH 20F -
% % 5'_ i - | 1H I I I 1
= : | : : g~ 1F qp~1E 415 4g—14 4p=13 qpT2
a Loape---- i i I - Q.9-2 BEY FLUK
5 ]
D) a . .
> 2| ' Nucleus is often 5 mags fainter
.4_) | I T T T BT TR ST .
< .
= . than expected; at 3000A this
m Fiz. 16.— Rest-frame (nuclear — galscy) 3000 A magnitude com- Corresponds tO N(H)~1022 atm/cm2

puted by interpolating betwean the GOODS bandpasses vs, optical

Negative values mean nuclear for MW dust to gas ratio-e.g.
dominated obscured AGN (type IIs)



Why Hard X-rays Important

From past x-ray experiments
(Chandra,XMM, BeppoSax,
ASCA) we know that many
(most?) radiating massive black
holes in the center of galaxies
(active galaxies)
— emit a large fraction of their
energy in the x-ray band)
— are obscured from our view by
large amounts of dust and gas.
This material absorbs optical,
ultraviolet and low energy x-rays
and prevents the detection of the
central AGN

However this material is
relatively transparent to high
energy x-rays (E> 15 keV)

Obscuring
Torus

The Seyfert IT Gzlalaxy NGC 4945

1073

10

Photons/cm s? keV

ih " Ginga
it it

AXAF/XMM energy band,

SREEE

-

Narrow Line

Region
: Broad Line

Region

Accretion
Disk

Black hole findpergy hand =~




Active Galactic Nucleus
K. Murphy

~108-10° solar mass

Black Hole

Torus

ii Type 2
Tarrow (~1000 km/s) Fe K emissioft

Parsec Scale
Absorption & Reflection
Compton shoulders
Compton Hump at ~10-30 keV
Varnability ~ years

Jet Accretion Disk
Relativistically-smeared Reflection
Compton Hump
Warm Thomson-thin Relativistically-broadened (v/c~0.3) Fe K emission

Scattering Zone Variability ~ days



The Dark Side of AGN

e Many AGN are obscured- obscuring
material is of several types

Located in the ISM of the host
galaxy

A wind associated with the AGN
Perhaps a ‘obscuring torus’
Etc

Lack of uniform sample not
sensitive to absorption or emission

Core of Galaxy NGC4261 HST - WFPC2

PRC95-47 - ST Scl OPO - December 4, 1995
H. Ford and L. Ferrarese (JHU), NASA

physical conditions in obscuring
regions are not the same from
object to object - can be complex
with large and unpredictable effects
on the spectrum



What's the Big Deal About Absorption

Objects with high column
densities of 'cold' material
in the line of sight are

— dim at soft x-rays

— dim in the UV and

optical

These 3 bands are

traditional wavelengths in

which most AGN have been

found and thus absorption

strongly controls the results

of surveys

If the absorber has a high
covering fraction it is
'hidden' and only detectable
in hard x-rays or IR

Photons/cm? s keV

0l g

1L
ES0 103-G035

T ——

Joea= F(0.5-2) / F(2-10) (absorption corrected)
fscat: 0] %

[ P
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NGC 4939
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NGCRB2
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Y. Terashima

Covering fraction and column density

control the nature of 0.3-5 kev

spectrum- higher energy x-rays
relatively unaffected




Effect of Obscuration on Sensitivity of Survey

surveys in 2-10 keV band
have reduction in flux by
10 at log N(H)>23.8

surveys in 14-195 keV
band have reduction in
flux by 10 at log
N(H)>24.6 (tThompson>2.6)

Even hard x-ray surveys
cannot find Compton thick
objects (€.2. Teompton™>1)

log ratio 2-10

—e—log ratio 2-10

—M -log ratio 14-195

Reduction in Flux in Different Bands

LA LA B B B B B B B 0.5

22

22.5
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Questions for Class

What is the physical mechanism(s)
responsible for x-ray absorption

— does it depend on anything other
than the hydrogen column density?

What does backward evolution mean?

Why are hard x-rays especially good
for finding AGN?



PHOTOELECTRIC ABSORPTION

e Bound-free ionization of e~ by photon

e Threshold energy £,,=/v depending on
ionziation potential of atom (i.e. on 2)

e Abundant elements (C,N,O) are light:
absorption dominant at soft (<1 keV) X-rays

Continuum — : mn.lmn \: = Observer

iiiii



PHOTOELECTRIC ABSORPTION

N, = Equivalent hydrogen column density (cm™)
o(E)= cross section (cm’)
r=0(E)N, = optical depth -
5= AE= e E YA S

Profile dominated by bound-free edges of abundant elements



Photoabsorption by Thin Foils and Isolated Atoms
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Review Articles On AGN Evolution in Different Wave Bands

- for a discussion of observations at radio wavelengthsvde Zotti et al.
2010A&ARv..18....1 Radio and millimeter continuum surveys and their
astrophysical implications

e Croom et al. (2009) for optical QSOs 2009MNRAS.399.1755 Croom, et al
The 2dF-SDSS LRG and QSO survey: the QSO luminosity function at 0.4 < z <
2.6

- Brandt & Hasinger (2005) for X-ray studies.

- Broad Band Summary: 2007ApJ...654..731 Hopkins, P et al An
Observational Determination of the Bolometric Quasar Luminosity Function

- Theory of Everything:
2006ApJS..163....1 Hopkins, Philip et al

A Unified, Merger-driven Model of the Origin of Starbursts, Quasars, the Cosmic
X-Ray Background, Supermassive Black Holes, and Galaxy Spheroids



Comparison of AGN Mass and Galaxy Bulge Mass

e Strong Indication of co-evolution of

Wr—T T T 171 I

galaxies and AGN- is this related to ; & Sl g S
'feedback'? [ DExcluded " A

e Black holes at z=0 'know about' the 3
mass of the bulge of the galaxy they
are in

M (M,)
2
I

* most massive galaxies harbor massive

black holes
mass of the black hole scales with the i
velocity dispersion of the stars in the E
bulge of the galaxy

Mg~10-° Mbulge 1

e (Galaxies know about their BH
and vice versa

Gultekin et al 2010



Comparison of Growth of BH and Star Formation Rate

* half of the accreted supermassive O ETTTITTTT T I T
black hole mass density has formed by = =
z~ 1 -1E —

¢ ~1/2 of the total mass of z=0 BHs is Lk E
formed in low luminosity objects & -2 E

P ';-3§-SFR:4000XBHAR =
~ Star formation rate vs redshift | o F =
] 5 _4 E_ L _E
-0.5 - 3
" TE =
= = =
-f 1.0 + 2 -5F; =
= o) =
(3 0 — —
= L ~ F SFR (IR) - Chary & Elbaz 200] —— 3
~ -1.5 -6 = BH Accretion Rate (this paper =
Li.. = rescaled (x 4000.) — - -- 3
z = BH Acc. Rate (Barger eT al. 2001) o 3

= Lol ~7 B oo
| 0 1 2 3 4 5

2.5 Star formation rate (grey band)
0 2 4 6 : :
Redshift (z) AGN evolution rate ((red circles) scaled up by

5000 Aird et al 2010
BHAR = black hole accretion rate



Eddington implies limit on growih rate of mass: since

L AaGMm )

<

M =—=
nc NCco

we must have

M <M

where

=19 5x10" yr
AaGm

P




Tau [YT]

Lifetime of active BHs

* Mgy e-fold time (Salpeter’s):
e= efficiency

-1
A= Eddington ratio Lo = e _42x107 yr (1_8)] A
P -e)A O¢
T LT e To grow a BH SEVERAL tg,,
A g;{lﬂ gtt g{;gé new 1% needed: 7 tg,, 10° = 10° Mg
I— Mibeter i |
ok 14 tg,, 10° = 10° Mg
R = o §* tgy, Independent of Mpy
_ .. | & Estimated AGN lifetimes range
10°k o from 10° to 108 yr
L ettt et et et ee e et e e et et ee e s an e _: 1
107 T BT R ] B
10° 107 10° 10° 10"



'Soltan' Argument

* If supermassive black holes grow
primarily by accretion then the integral
of the accretion rate across cosmic

time should be equal to their present
mass. (1982 MNRAS.200..115

* Integrating the bolometric luminosity
function and assuming a conversion
factor, €, from mass to energy one can

compare this to the present day mass
of black holes integrated over all
objects.

e L, =¢(dm, /dt)c*=e(dmg/dt)c?/(1-¢)

dm, /dt=accretion rate
dmg/dt= BH growth rate

s L

pBH,acc(E) = [- - f;:-z’__
dz C

qs(:L'-é., £ ) dL,

00 (1 - €) Liny
h ——

The higher the conversion factor

for converting energy to mass

the smaller the predicted BH mass

at a given redshift is for a fixed
observed luminosity

¢ derived this way is independent of the

cosmological model

At z=0 the observed BH mass density

is ~4x10> My/Mpc?

Utilizing the best estimate of luminosity vs

redshift this gives €=0.06, marginally

consistent with a non-spinning BH

However this argument is sensitive to

1) evolution of the luminosity function

2) bolometric correction- how to transform
from the observation in some band to
the total luminosity



Anti-Hierarchical bH growth

Marconi 2006

—20% of final mass

log Mgu(z) [Mg]

m90% of final mass
050% of final mass
¥ 0% of final mass

0.0

0.5 1.0 1.5 2.0 2.0
Z

3.0

Big BHs form in
deeper potential
wells = they form
first.

Smaller BHs form in
shallower potential
wells -they form later
and take more time to
grow.(Merloni 2004.)
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How black holes grow = ='°¢

Integrated density vs mass
Merloni 2004
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How Black holes grow

Merloni 2009
e Most of the mass in

BHs today 1s in the
103-10° M range

e BH in mass range
10°-107 M are
growing rapidly
today

[
o
o

mass density of black holes M g/Mpc?
o

s

[
o
[~ ]

8<Log M<9
B<Log M<10




Summary

Majority of AGN 1n the universe are not like optically selected AGN

Most of these sources are “optically dull” and radio quiet , obtaining optical redshifts 1s
difficult

z~1 1s the peak epoch of AGN where the energy density peaks, consistent with the peak
in the integral star formation

AGN evolve very rapidly to z~1, consistent with pure luminosity evolution- at higher z
the evolution changes sign

total energy radiated 1s consistent with the present day mass of black holes if efficeincy
of accretion 1s ~0.05-0.1

— Observed x-ray sources can produce "all" of the mass of z~0 black holes via
accretion

Optically selected AGN (broad line objects) are a subset of x-ray selected objects

The data are consistent with many of the non-broad line objects (the dominant
population) having high column densities- but not a unique solution.

The data point to downsizing- massive luminous systems dominate at high z, low mass
lower luminosity at lower z.

Simple unified model is not correct- there are almost no low luminosity broad line
objects (Steffen effect)



