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Motivation
WHAT DO AGN MATTER TO THE REST OF COSMOLOGY?

Every massive galaxy hosts a supermassive black hole

M3/ Anglo-Austirallan Observalory
Photo by David Malin

These BHs accreted most of their mass in bright, short lived quasar accretion
episodes: the “fossil” quasars
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Black Holes are Tightly Coupled to Bulge Properties...
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And this 1s NOT the simplest expectation!
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BHs appear to “know more” about the galaxy than nuclear stars...
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Simplest Idea:
FEEDBACK ENERGY/MOMENTUM BALANCE (SILK & REES ‘98)

* Accretion disk radiates:
L =e¢, (dMgyp/dt)c® (e ~ 0.1)
* Total energy radiated (typical ~108 Mgun system)

~ 0.1 Mgy ¢ ~ 10" ergs

* Compare to gravitational binding energy of galaxy:

~ Mya 0 ~ (10" Mgyy) (200 km/s)? ~ 10°Y erg

* If only a few percent of the luminous energy coupled, it would unbind the baryons!

* Turn this around: if some fraction f ~ 1-5% of the luminosity can couple, then
accretion stops when

Mgy ~ (1/fe;) Mga1 (0/¢)? ~ 0.002 My,
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(c) Interaction/

Merger”

- now within one halo, galaxies interact &
lose angular momentum

- SF;{ SLACLS O INCrease

- stellar winds dominate feedback

- rarely excite QSOs (only special orbas)

(b) “Small Group”

\MO6 G

« halo accretes similarmass
companion|s)

= Can occur over a wide mass range

« Mayo still similar to before
dymamical fnction merges

the subhalos efficiently

(a) Isolated Disk

- halo & disk grow, most stars formed

- secular growth builds bars & pseudobulges

- “Seyfert” fueling (AGN with Me>-23)
cannot redden to the red sequence

SFR [Ms yr™']

- galaxies coalesce: wiolent refaxation in core

(d) Coalescence/(U)LIRG (e) “Blowout” (f) Quasar

v o - BH grows rapidly: briefly « dust removed: now a “traditional” QS0
RS INSOws 0 Cunter dominates luminosity¥feedback o4
starburst & buried (X-ray) AGN ominates u 1osityfeedbac - host morphology dfficuk to observe
v ; ) : « remaining dust/gas expelied tidal features fade rapidly
- starburst domimtes luminosity/feedback, ¢ redd e T 1) QSO - ek I'l i pean . 4
' « get recdenea (but not Type 1) J - characteristic: ! oung sph C
but, total stellar mass formed is small £ ype laracterisucally diue/young spherol
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recent/ongoing SF in host
high Eddington ratios

merger sigratures still mable (g) DCCQYI‘K*A

“or

- QQC UMINOSItY fades ¢ Wiy
« tidal features visble only with
very decp observatons
- remnant reddens rapidly (E+A/K+A)
hot halo™ from feedback
- Sels Up QUAS-SIALX u_)ofm;(

(h) “Dead"” Elliptical

-2 s 0 1
Time (Relative to Merger) [Gyr]

N

- star formation terminated

- large BH/spheroid - efficient feedback

- halo grows 10 “large group” scales
mergers become mefficient

- growth by “dry  mergers
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Three Outstanding (Inseparable?) Questions:

Restricts

—

Initiates/Limits

S Self-
Determines HPPIESSES Regulates Structures
Feedback
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Triggering: How Do Massive BHs
Get Their Gas?
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AGN Fueling: Some General Notes

* All galaxies are AGN

* AGN are a process, not an “object”
e Gas around BH = AGN

* Many ways to fuel: they will all happen
e Stellar winds/mass loss
* Diffuse/hot accretion (Bondi-Hoyle)
e Tidal disruption of stars
e Stochastic collisions with molecular clouds

e Gravitational instabilities

* Here: Focus on most luminous AGN (quasars)
* Most BH mass accreted, most energy/momentum released

e Fueling is hard: ~10 Msun/yr to R<<pc, ~10° Mgun total
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AGN Fueling: Some General Notes

* All galaxies are AGN

* AGN are a process, not an “object”
e Gas around BH = AGN

* Many ways to fuel: they will all happen
e Stellar winds/mass loss
* Diffuse/hot accretion (Bondi-Hoyle) None of these
* Tidal disruption of stars come close
e Stochastic collisions with molecular clouds

» Gravitational instabilities

* Here: Focus on most luminous AGN (quasars)
* Most BH mass accreted, most energy/momentum released

 Fueling is hard: ~10 Mgun/yr to R<<pc, ~10° Mun total
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Implications for Fueling: “Feeding the Monster”
WHAT CAN BREAK DEGENERACIES IN FUELING MODELS?

Galaxy merger: good way to
get lots of gas to small scales!

If BHs trace spheroids, then
*most™® mass added in violent

events that also build bulges

"AE R

-

Quasar Host Galaxies HST « WFPC2

PRC96-35a + ST Scl OPO * November 19, 1966
J. Bahcall (Institute for Advanced Study), M. Disney (University of Wales) and NASA
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Implications for Fueling: “Feeding the Monster”
WHAT CAN BREAK DEGENERACIES IN FUELING MODELS?

Problem:
Scale of merger: ~100 kpc
Viscous disk: ~0.1 pc

Solution 1: simple prescription

Solution 2: re-simulate
(““zoom 1n”’) and see what
happens!

"AE R

-

Quasar Host Galaxies HST « WFPC2

PRC96-35a + ST Scl OPO * November 19, 1966
J. Bahcall (Institute for Advanced Study), M. Disney (University of Wales) and NASA
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T= 0 Myr Gas

\
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T= 0 Myr Gas

\

Tidal torques = large, rapid gas inflows (e.g. Barnes & Hernquist 1991)
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T= 0 Myr Gas

\
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T= 0 Myr Gas

\

Triggers Starbursts (e.g. Mihos & Hernquist 1996)
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T= 0 Myr Gas

\
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T= 0 Myr Gas

\

Fuels Rapid BH Growth?
(e.g. Di Matteo et al., PFH et al. 2005)
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T= 0 Myr Gas

\
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T= 0 Myr Gas

\

Large-scale simulation:

follow gas to sub-kpc scales
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T= 0 Myr Gas

\
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T= 0 Myr Gas

\
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T= 0 Myr Gas

\
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T= 0 Myr Gas

\
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T= 0 Myr Gas

\
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How do massive BHs get their gas?
CAN WE FUEL THE MONSTER?

* Follow gas from
10s of kpc to ~0.1 pc

e Cascade of instabilities:
merger 1s not efficient
inside ~kpc

* Any mechanism that gets
to similar densities
at these scales will
do the same

e Instabilities change form
at BH radius of
influence
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Sub-kpc scales: “Stuff within Stuff”

e Diverse morphologies on
sub-kpc scales: not just bars!

e Inflow 1s not smooth/continuous

100 pc
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Sub-kpc scales: “Stuff within Stuff”
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~10 pc scales: Nuclear eccentric disks
More Gas (f...)

e Inside BH radius of
influence: develop
thick, precessing disks

* Need both star formation
and self-gravity

&

More BH / NUCIEAr ClUSIE!  c——

10 pc
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~10 pc scales: Nuclear eccentric disks
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Gas-rich merger
(lots of inflow)
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Yrr "E

- == - Fi Tygeal fango) Gas-rich merger

(lots of inflow)

Weakly bar-unstable disk

(less 1nﬂow)

107 ‘ 3
k - - = = Fit (Actlve Systems) i
S - - - = |nitial Gas Profile

* Key parameter:
Gas driven 1n, vs.
pre-existing bulge/BH mass

0.1 1.0 100 100.0 1000.0
R [pc]
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Feedback: How Does the Black Hole
Know When to Stop?
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AGN Fueling: Some General Notes

* Recall: simplest model 1s ~few % energy injection

* Since need to see feedback on large scales, can’t zoom-in:
estimate BHAR from gas on ~100 pc scales

* Good news: It’s near Eddington at peak,
and feedback-regulated later

: N 2 . ‘ o B
n My P x? 2
4\*[130“(“ X ((‘2 3 ?’2)3/2 l"[(lyn X Zgas R* () f{ —‘/—a i—‘— )
| s | ‘ Predict same
(Springel, D1 Matteo et al. 2005) (PFH et al. in prep) i .
o impact” of
2 gas Cg

A.[Edd ox M BH feedback

A;[Vih'(:()us X
()

(DeBuhr et al. 2009)

* Springel, D1 Matteo, & Hernquist:
5% of Lol back in central ~10s of pc, as
thermal energy
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T= 0Myr Gas
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T= 0Myr Gas

\

Feedback expels remaining gas, shutting down growth
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T= 0Myr Gas
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T= 0Myr Gas

\

Merging stellar disks grow spheroid
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T= 0Myr Gas
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M-sigma Relation Suggests Self-Regulated BH Growth

PREVENTS RUNAWAY BLACK HOLE GROWTH
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Observations & Simulations Suggest this Simple Picture Works
MAKES UNIQUE PREDICTIONS:

* What is the “fundamental” correlation? Mgu-Ebinding : BH “fundamental plane” (PFH et al.)
* Different correlation for “classical” and “pseudobulges”
* Both tentatively observed (Aller & Richstone; Greene et al.; Hu; Gadotti et al.)

] 09 (E T T L] T T T I T T T ]
r- = :
109 | |
'3() 100 150 200 250 300
g (km s7")
> ”
S 107 E
- i merger :
-
remnants
secular/stochastically- ﬁ
i fueled galaxies
10° :
10° L ‘ ‘ . Younger, PFH et al. 2008
. 100
e Basic argument o (km s')

- BH feedback self-regulates growth in ~fixed potential
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Observations & Simulations Suggest this Simple Picture Works
MAKES UNIQUE PREDICTIONS:

* Naturally predicts some evolution in BH-Host correlations:
* Hosts more gas rich/compact at high-z =» more “work” for the BH before self-regulation

1.0¢ I”FH, Mur'ray etal. 2000 -
S * DOES NOT mean that BHs
o grew “before” their bulges
Q)
s [ Size evolution of 0008LCorré.sponding increase | ]
0 spheroid hosts g in May /Mo
00 05 10 15 20

Z

e “Catch up” via mergers

with late—formmg spheroids PEH et al. 2006.2007
and gas-poor disks — ATE—
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
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Of Course, Not Every AGN Needs a Merger
MORE QUIESCENT GROWTH MODES?

z~2 QSO: 101! Mgyn in <10pc in ~tdyn
Seyfert: only 1078 Mg ~ GMC
Minor mergers?

Secular instabilities/bars?

10101
eof =0.4 _
;3:8.8} bars/minor
eI =0, ; -
10° - mergers 4 Dubinski
f-a A .'f.;.,.!‘r.{'\ .
= =g L’ .‘-ﬁ""" I
S o RN major
3 ‘ o “ mergers If you don’t build massive bulges,
i N .A.. A doesn’t matter if you
10 wie Sl can get the gas in!
-
106} Younger et al. 2008
1014 10‘5 1016 1017 1018

Mbulgeoz (MO km2 3-2)
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gue-iaction 20%

“Dead” Bulges
(stellar wind/hot
gas halo accretion)

T =193 Gyr

wyu-guor 0.250

“Seyferts”

(disk-dominated,
secular/minor
mergers)

Log(Number Density)

| g | ] L ] | [y et | ] | e =t ey |

Seyferts

1

Quasars

8

10

Log(L/L

i =

sun)

14

“Fading” Mergers
(post-starburst
spheroids)

“Blowout”
(Bright
Mergers)

* Observed luminosity function: populations at different evolutionary stages
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Lightcurves: How Does Feedback Affect

How AGN Move Along the
Luminosity Function?
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Columns Evolve

) j}ﬁ:lometric

A \
2 A I
v
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Quasar Lightcurves and Lifetimes

* Feedback determines the decay of the quasar light curve:

"W E + + 3 . .

0 _No feedback (“plateau”) 5 * Explosive blowou.t drives
& 5 power-law decay in L
9 With feedback — e No Feedback:

(power-law fall)
* Runaway growth (exponential

light curve)

* “Plateau” as run out of gas but
can’t expel it (extended step
function)

* (QGeneric, if feedback 1s:
* Point-like
* Rapid

* E ~ Ebinding

PFH et al. 2006a
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So What Is the “Quasar Lifetime™?

T=1.93 Gyr

que<iactiun 20%

wur-auior 0.250

| A('}N.cléariy épehdé
less time here...

N... than here

0.6 08 10 12 14
Time [Gyr]

* “Quasar Lifetime”: a conditional, luminosity-dependent distribution
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Can See This Behavior in Observed Eddington Ratio Distributions

® (A1 Mg,) [Mpc®log'a log'Mg, ]

M. =7.98.1
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Observed L/Lgqq Distribution:

dr __,( L
dlogL ! Lpeak

................................................................

PFH et al. 2009

\ Observed

(Kauffmann et al.,
Merloni et al.,
Li et al.)

Predicted
(Feedback model)

Implies Bright-L Decay:

)—JexP(L/chak) ﬁL X (t/tQ)—(15_20)
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PFH et al. 2009
Can See This Behavior in Observed Eddington Ratio Distributions
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AGN Light-Curves are Self-Regulating in each “Event”

On small timescales, '
" these are statistically 0

\
.' ‘.. identical lightcurves l

l
May be multiple “events,” but

/'
/ \ / - \ " AGN decay/regulation is
self-similar!

. BH, not galaxy,

lightcurve evolution

log(L) [Arbitrary Units]

ooy, NS
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J
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AGN Light-Curves are Self-Regulating in each “Event”

On small timescales,
| these are statistically I )
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Combine with Other Constraints to Determine Global Evolution

=

— v

:Ruled out by
transverse
 proximity effect

log(L) [Arbitrary Units]

tepisodic ~ Ttotal

00 05 1.0 16 20 25 00 05 10 15 20 25
t [Gyr]

* Complimentary constraints from clustering (Meyers, Croom, Porciani, da Angela)

BHs gained their mass in just a couple of “major” events
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Feedback Part 2: What Does
This Mean for the Host Galaxy?
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Where Does the Energy/Momentum Go?

T=0.4 Gyr/h T=0.5Gyr/h

-
P L T R e

AAW

30 kpc/h

Loy

#l Compare: stellar winds over long timescales
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Where Does the Energy/Momentum Go?
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Where Does the Energy/Momentum Go?
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Where Does the Energy/Momentum Go?

t/h 4 *j)i/':@‘
o

0\ 1

7 A g
v/ 0 h NI f
ERLAL KSR ) (&1 MRS .:.\“, LB A
7'y AT Y N PR \ Ly |
stk R AN N2 L AL .

Tuesday, December 25, 12



Quasar Outflows May Be Significant for the ICM & IGM
SHUT DOWN COOLING FOR ~ COUPLE GYR. PRE-HEATING?

Gas Density Gas Temperature
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Quasar Outflows May Be Significant for the ICM & IGM
SHUT DOWN COOLING FOR ~ COUPLE GYR. PRE-HEATING?
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Feedback-Driven Winds
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Expulsion of Gas Turns off Star Formation
ENSURES ELLIPTICALS ARE SUFFICIENTLY “RED & DEAD™?

I 1 I 1 I 1 I I 1 I I | 1 1 I | 1

Springel et al. 2005
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I - PFH, K t al. 2008
Expulsion of Gas Turns off Star Formation eres et a

ENSURES ELLIPTICALS ARE SUFFICIENTLY “RED & DEAD”?

.. but ...

LA S A A S S

No AGN Feedback 1th AGN Feedback

SFR / SFRpeak

Sk
t - tpeak [GYT]

... MOST of the work is still done by star formation/stellar feedback
- but over a longer period of time -
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CAUTION: Energy-Driven Outflows are NOT Energy-Conserving
MOMENTUM IS WHAT MATTERS ON LARGE SCALES!
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CAUTION: Energy-Driven Outflows are NOT Energy-Conserving
MOMENTUM IS WHAT MATTERS ON LARGE SCALES!
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Why Not Just Couple the Momentum Directly?
EXPERIMENTS WITH RADIATION PRESSURE

Problem: Cooling times at densities near BH ~ 0

BUT, photons have an irreducible momentum

Dust in host absorbs radiation

s
b rad — T —
C

Set equal to Fgravity, get a
galaxy-scale Eddington limit:

4 fgas o’ ¢

G

anx ~
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Why Not Just Couple the Momentum Directly?
EXPERIMENTS WITH RADIATION PRESSURE

* New simulations in DeBuhr et al. 2009: add feedback force from radiation:

Frad:T_

I 7 ~ 10

C

1 . I ’ I

. (BHs 1
~ Eddl.f_\g_tf)_r! ------- |"S‘Merge): |

.....
-
"

—4

B
R
R

-4
-

Is.
=
-
" - 0.1
s first
close
[ passage mf:;::zr
0.01 A
0 0.5 1 1.5 2

Radial momentum flux
Couple to nearest ~500-2000 particles

* Get self-regulated
BH growth!
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* BH growth
self-regulates on
~kpc scales,
but with no galaxy
scale “blowout”!

* Depending on FB
& accretion rate
couplings, can
simply “hold up”
the gas at
intermediate scales
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Even with Energy-Driven Feedback: THE AGN DOESN'T ALWAYS WIN!
GaS'RICh (fgas i 01)

Gas-Richer (fgas ~ 0.4)

stars gas
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A Caution:
THE SCALES AFFECTED BY THE AGN DEPEND ON THE FORM OF FEEDBACK

These are still toy models — almost certainly have “mixed” scenarios:

Hopkins & Elvis 2009

Incident

Quasar
Radiation
—_—
Low-density Gas Diffuse Outflow
Cloud is “too dense’: Stripping/mixing increases
resists radiation pressure cross section by factor

~50; now easily “blown out’

Hot outflow “pre-processes” cold clouds — makes them order-of-magnitude
more receptive to radiation flux

Enhance feedback efficiency by order-of-magnitude
(only need ~0.003 Lg to couple); but will “look like™ stellar winds
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Q. Despite this, can we say some global things
about AGN feedback and galaxies?
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Q. Despite this, can we say some global things
about AGN feedback and galaxies?

A. Yes.
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Q. Despite this, can we say some global things
about AGN feedback and galaxies?

A.Yes. 1Think.

Tuesday, December 25, 12



AGN or Starburst-Driven Winds?
WHICH ARE MORE IMPORTANT?

1. Even with the most optimistic assumptions,
stellar FB dominates over AGN FB 1n
star-forming, disk-dominated galaxies

Total Eagn ~ ESupernovae for a
bulge-dominated galaxy.

But the Eagn comes 1n a very short burst
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. . PFH, Cox et al. 2007
AGN or Starburst-Driven Winds?

WHICH ARE MORE IMPORTANT?

LR | L L L B NI ] | - - S-8 5853 - iy SoN- S, AS%0 o
- i [BHs
g . Dominate
S
3 E Feedback
73] -
<) X
\ —
T -
@ -
) :
- Stars
A Dominate
SR T MEsoan 2 o S L Feedback

1 O 12 1 O 13 1 O 14
Halo Mass [Mgun]
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. . PFH, Cox et al. 2007
AGN or Starburst-Driven Winds?

WHICH ARE MORE IMPORTANT?

2 Efficient star Inefficient star -.
10 formation formation -.:
- i [BHs
£ 1 Dominate
D 1
s 10 E Feedback
73] ;
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z 10 E
<0 "
- ;
) Stars
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S MR e R M er oo il Feedback
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Halo Mass [Mgun]
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. . PFH, Cox et al. 2007
AGN or Starburst-Driven Winds?

WHICH ARE MORE IMPORTANT?

2 Efficient star Inefficient star -.
10 formation formation -.:
- i [BHs
£ 1 Dominate
o 0! 2
S 1 Feedback
en :
s )
0
£ 10 4
<0 .
) Stars
10~ ' Dominate
] PR LAY | - L) e | PR aron L. FeedbaCk
1011 1012 1013 10!4

Halo Mass [Mgun]  How is this mefficient star
formation *maintained™*?
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Quasar or Radio-Mode Feedback?
WHAT DOES ONE OR THE OTHER DO?

2. Quasar-mode feedback will not solve the
cooling-flow problem

Clusters with cooling flows do not have quasars!

- Pre-heated, but
10°-  will develop
- cooling flows

1 5» T T T Y v a1 I
E .
I e
od ety
2] ¥, v
o we o f -
- y/ -y
. s

Even optimistic models

—
2
cannot halt ~10 Gyr of §'0 ™erv'®
future cooling = 10%;
10" Ll
1 f
1 10 100 1000 10000
r [kpc]
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“Transition” VS. “Maintenance”

Move mass from Blue to Red Keep it Red

Rapid Long-lived (~Hubble time)
Small scales Large (~halo) scales

“Quasar” mode (high mdot) “Radio” mode (low mdot)
Morphological Transformation Subtle morphological change
Gas-rich/Dissipational Mergers Hot Halos & Dry Mergers

dt ~ 1019 yr

Proga et al.

Sijacki et al.

Regulates Black Hole Mass Regulates Galaxy Mass
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Maintenance Mode
HOW DOES IT FIT IN THIS PICTURE?

* Dominated by low accretion rates: does
it “follow from” the bright-mode decay?

.IIIIITTTIII‘
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2 ij"Ho: P(radio) versus Eddington ratio
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* Is Bondi accretion actually going
to work for once?

——————————
- Allen: P(jet) versus P(accretion) p
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Maintenance Mode
HOW DO WE FIT THIS INTO OUR PICTURE?

* [s pre-heating relevant for cooling flows? Can we solve the problems in isolation?

* Do we only care about Perseus? Or do we care about moderate-mass Es with
radio jets, in ~ 1013 Mgy halos?

© -
2 . . 4 1
7‘ h . .
/) 4
.'-‘_ i'»
.
i

Fabian (Perseus Cluster) - | Allen (X—ray‘ Ellipticals)
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Summary

Fueling Most Luminous BHs: Require global gravitational instabilities
“Stuff within Stuff”: Cascade of instabilities with diverse morphology
e Accretion rates, even orientations are stochastic
e Can get ~10 Msuw/yr: May self-consistently yield the torus & nuclear disks
“Are AGN mergers?” 1s the wrong question (even in merger-driven models!)

Should ask: “Where (as a function of L, z, d) do mergers vs. non-mergers
dominate “getting gas down to” sub-kpc scales

Magm traces spheroid Ebinding
Suggests self-regulated BH growth
* You CAN’T build very big BHs without making bulges first
* Which mechanisms dominate BH feedback? When/where?

If self-regulated, this feedback may be radically important:
Self-regulated decay of QSO luminosity
Heating gas, ejecting metals, shutting down SF
e Depends on feedback mode! Radiation pressure = no blowout?

Where/what is the transition/maintenance mode role?
* Function of Eddington ratio? What does each “phase” do?
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