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Early in time, the gas in this cubic region of the

universe Is almost uniformly distributed.

Note: the box is growing
due to cosmic expansion
but this is “factored out.”

Gravity draws gas into the
denser regions of space
as time passes.

Protogalactic clouds form in the densest
regions and go on to become galaxies.
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| Heirarchical Structure

" Small objects merging to form larger






‘| Active Galactic Nuclei (AGN)

+ Nuclear aeti\/ity in.galaxies known since ‘1'940’31' =
l° Lumlnous AGN (QSO s) discovered in 1960's .

K Lummosﬂy requwes a gravity engine: ac:cretlon a
onto a super massive black hole (SMBH)

' QSO hlgh,lumlnosny, Seyfert low Iummosﬂy

f

Unresolved point
source, like a star:

6000 8000 *quasi-stellar object
Observed wavelength [ A ] .




j Black HO'QS’.BiQ- and Small

Accretion over cosmic time,
AGN and galaxy evolution

log M [Mg]

Stellar physics, SN explosions, GRB



_ Black Holes in Galaxies ",

. AII nearby galaxre.s have massrve black holes at B
~their_centers. The Mrlky Way rs a good example

| ,_é 'TﬂeSe black holes are mostly dormant

& AI galaxres may pass through a quasar Irke stage.:'.
i The BH is revealed by high central gas velocrtres

: - _ : ] WEPC2
' ‘ | - . short wavelength long
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| Supermassive Black Holes

'+ SMBH Ubiguitous -
Cycle's of activity
-~ = Active like AGN -

— Passlve like Sag A*
- Inour Milky Way ' .

e May be obscured
- by gas/dust -
= From host galaxy
.. —0Or Ioc-al to AGN
|« Key role in galaxy |
' evolutlon _' |
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Mass estimate
accurate to a
factor of three
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Galaxies with large bulges ======**++> iy
have large black holes . . . 2 '
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... while those with smaller bulges
have smaller black holes.
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+- Tight reIatLon between Mgy and Mbu[ge .or Lbulge
__'- Every galaxy has a SI\/IBH and they co- evolve

O Feoli & Mancini 2009
o4 Greene et al. 2008

O Feoli & Mancini 2009
O Ao Greene et al. 2008
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‘| Mergers and Acquisitions”

| + Galaxies and
- . SMBH grow
- together by
| mergers. .
| * How do their
- growth rates
- change over
~ | - cosmic time?
| * Which ecame -
first, galaxies,
or SMBH?

- Small objects merging to form larger |




Hierarchical Evolution of Galaxies

hierarchical

rowth
galaxy 5 normal galaxies

mergers _ (dead quasars)

gas galaxy formation AGN
inflows and evolution feedback

buried quasars quasars
growth of

supermassive black holes




| cosmos science Goals

e e R T z=1, 5z=0.02 .

» Tracing the coupled [EENSTIRTEETIRERR I
-evoldtion of large ~ A
scale structure, of - LN R St
star formation, and SRl

active gaIaX|es

s ‘Similar volume to
_Sloan Digital Sky
Survey, but at.hlgh e W st
redshift, with large S S ., f s

sample sizes. | —

814475
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HST Surveys

~ toscale/
b W

'COSMOS| ~ PI—Nick Scoville

575 orbits covering two sqg. deg. (10% of HST for 2 years)
COSMOS is 9x any previous HST image: ~100 gigapixels
Two million galaxies at z ~ 0.2 to 5 (like SDSS, but high z)
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C " ‘ Subaru g,r,z#*

’ v - - R 1 « e

E F+ "6.5x zoom |

| Optical .~ ® .

~-“Subaru oot
8m, Ph: T

Tanjguchi - i
- 45 nights - .

Verydeep - i
imagesin Gert

34opt&lR 4
bands give . .= -

| colorsand ¢
| redshiftof: i %

‘morphology -~ =% ..




XMM/Newton 0.5-10 keV

TXMM, Pl
Hasinger:
2:1*Msee

S CXO, Pl
Elvis
1.8 Msec”
‘Sensitive to

hot cluster
gas, & most
efficient way
to find AGN,
~2000 deg-2.
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.4 ;  . 8x zoom

' | Infrared - .

- Spitzer - e e 0T o ¢ LR
IRAC,PL: A : Whos Al '
~Samders, o o o .
CWLMIPS G S S e ‘ i, L o dat
~ Cool dust, . , .
"SFrate in" e S e IR R R T
A galaxies,: ., Taba® S gen Tl T8 G S LR
s | obscured - i R T
AGN pops. © i ke R e e o D S T




“VLA, PI:
‘Schinnerer

300 hrs,.to -

7-10 ply

-]

Proxy for,
“SFratein
galaxies,
radio-loud

AGN pops.

VLA 21-cm
COSMOS field with sources

. e
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'Big.excess

- and X-rays

‘| Selecting Active Galaxies *

| BRIWAYEIN do not

" have stellar
distributions
of energy.

of ultraviolet

~means.they -
“stand out by_-'
energy dlst 104 108
| Wavelength [A]



T he S Pe Ct:rQS-COpTy: ." .' .

I\/Iagellan/II\/IACS 29 nlghts over 4years |

. 014832.9 bl i,g=21.95 z=2.40 z_,=4

'Supplementary;- B l |
MMT spectra” [ s eyt e, {8
‘for additional |8 e o ]
~enactral © PREDN
- blue-spectral 5 o) :'ff”.’_“%f'fﬁﬁ WM””T%MMM«'-« i
. Coverage . 4 149.00+024821.8 bl i,4=22.99 2=1.61 2z,,=4 ,MAf\S |

Mgl
E

. 1600 SpeCtr a , F Y N I‘\\*‘“‘“““v.«m_ﬁ\Jx,..,.v,.ﬁ,_\ﬂﬂV- '
* | including <540 o it
| X-ray selected
AGN confirmed
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- Mag clan arg 'MACS; '

-t. E

Large 25 ><20 fleld
200 - 450 slits / fleld
-5600-9200 A, 10A res
29 nlghts 2005- 2008
Nod & shuffle t.echnlq_ue.




~ The Age of Quasars

Redshiftz=5 4 3 2 15 1.0 05
LI |

Quasars.switched on
- early as black holes -
- grew and there was .
* copjous_gas as fuel.
As gas is consumed
and there are fewer-
galaxy interactions,
g thls act|V|ty decllnes

Quasar space density (today=1)
b2
—]
|

0.4 0.6
Age of Universe (today=1) -

QUaé’arS. peaked in-number and I:')rig'ht,nesé'ébou_t' T
. 7-8 billion years ago and have faded or died since:




" Black Hole Masses-

-Broad Line AGN: Mg, ~ L% _x_vf;th?_' s
widih of the  [EE S B
emission line [ | |
gives the gas | ST ol
speed which - [FEESEEEREEEEEES
leads to the = [T ALY (SN
‘inferred mass.

crude, factor [ . WY it ]
Of thre'e errO r_. ) ” i‘bOSAiuo".t«;:)uat-yir:-u5r;r'305~=.:;o

Wavelenglh (A) Wavelength (A)




NGC 1068 Mri231

| NGC4945

Cygnus A |

Log(Eddington ratio)

107 100 10°
Black hole mass (solar masses)
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NGC4151

NGC4258



1° The maX|rnum effrc:lency of energy reIease
- from a black haqle, in theory and observatlon
1S about 10% of the mass accretron rate.-

|- The Sun — reIeases its energy at 0. 19 at
- efficiency’over 1010 years, converting 10 13
. of |ts mass into radrant energy per year

e A quasar — coverts a solar mass into pure
energy at 10% efficiency each year SO |t
has the brlghtness of a tr|II|on suns




Vass and Acreton Rae

supermassive
black holes

o™
Quasars Y 4-¥ S
FRII R.G_/~ :
- L

stellar mass
black holes

XREBs
(high/soft)
XRBs
(low/hard) Spirals Ellipticals
4
XRBs
(guiescence)
. # '




The Limit of Accretion-

'+ COSMOS is deep and

~ sensitive to low mass
and low accretlon rate:

- SMBH, analogous to the'-.__-

1 Milky Way, black hole

e A Iower bound on mass
~-|  accretion rate is seen, at -
. | .0.1% efficient conversion
| of mass-energy; like that -
of stellar fu3|on
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|  Black Hole Evolution:

SMBH Mass funetion

107
103}
104}
1075}

.SMBHs rapidly reach
_present abundance at .
. low mass, 1-10 million
“solar masses.
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\' - The rarest and most
massive SMBH‘grow

| . ‘slowdy. Growth is over .

| after 5-6 billion years._
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- Conclusions -

1 .COSI\/IOS is sérisit'iVé to:fainter' smaller AGN |
B Analogs of the Mllky Way black hole are found ;;’ |
| .+ There’s alower bound to accretion efficiency -

. Nuoiear act|V|ty is trlggefed W|th|n agalaxy
"« Most SI\/IBH grow qwckly then are starved
~To come.. | 5 -

~* New and |mproved blaok hoIe masses

.. Varlablllty to watch black holes eat stars

- Telescope array to see event horizon shadow e ,.
. Detoctl_ng gravity waves from SMBH mergers.

-
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|1 R i_p-plés' in_SpaCé'Time

~"In General Relativity when a mass distribution
changes, it creates ripples-in space-time that -
propagate in 3D-at the speed of light. The blue
lines eonnect red markers of (invisible) space.
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Gravitational Wave Amplitude
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