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Every massive galaxy hosts a
supermassive black hole

These BHs are “fossil” quasars
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Outstanding (Inseparable?) Questions:

Restricts

=

Initiates/Limits

Suppresses Self-
Determines bp Regulates Structures
Feedback
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How Do Massive BHs
Get Their Gas?
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Some things to remember...

* All SMBH are ‘AGN’ (on some level)

* “BHs are objects, AGN are a process”
* 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 Mgu/yr to R<<pc, ~10% Mgun total
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Some things to remember...

e A/l SMBH are ‘AGN’ (on some level)

* “BHs are objects, AGN are a process”
* 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

e Fueling is hard: ~10 Mgu/yr to R<<pc, ~10% Mgun total
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e Focus: Most luminous QSOs
(~1-10 Mgun/yr)

* ‘Bottleneck’ at
<10-50pc: BH begins
to dominate the potential

(e.g. Goodman et al.,
Jogee et al., Martini et al.)

~5 kpc

500 pc

<10 pc

- - - -

galaxy-galaxy mergers

disk instabilities

v

“bars within bars”

BH/nuclei merging

'

gravitational instability? (NO...?)
clumps? (NO)

viscosity? (NO)

MHD wind? (NO)

<0.1 pc

1

Viscous disk/MRI
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F Summers

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

Komossa (NGC 6240)
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F Summers

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

Solution 1: simple prescription

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

Komossa (NGC 6240) happens!
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FOLLOWING THE GAS IN...

e Here: Focus on robust conclusions
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FOLLOWING THE GAS IN...

e Need to include:

o Gas+Stars

* Self-gravity!

* Cooling

e Star formation

e Here: Focus on robust conclusions

Tuesday, December 25, 12




FOLLOWING THE GAS IN...
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FOLLOWING THE GAS IN...

e Need to include:

o Gas+Stars
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* Cooling

e Star formation

e ‘Feedback’ (Stars, not AGN)
- Admit we don’t understand it!

e Here: Focus on robust conclusions
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FOLLOWING THE GAS IN...

starbursts

(Downes+Solomoi
- Scoville, et al.) , &

c
masers
(Greenhi

FAL/
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* Self-gravity! g |
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* Cooling F
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102

e Star formation

e ‘Feedback’ (Stars, not AGN)

- Admit we don’t understand it!

e Here: Focus on robust conclusions
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T= 0Myr Gas
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T= 0Myr Gas

\

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

\

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

\

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

\

Large-scale simulation:

follow gas to sub-kpc scales
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T= 0Myr Gas
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T= 0Myr Gas
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T= 0Myr Gas
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T= 0Myr Gas
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T= 0Myr Gas
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e Cascade of instabilities:
merger not efficient
inside ~kpc

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

* Instabilities change form
at BH radius of
influence
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Di1verse morphologie 0 DA
0 0 00 0 0
0 Myr Gas

100 pc
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Sub-kpc scales: “Stuff within Stuff”
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e Gravity dominates torques from 0.1 - 10,000 pc:
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Starbursts at kpc-scales: . Borne et al., 2000

- Compare local starburst
ULIRGs: SFR>100 M /yr

- AGN & cold-warm
transition?

— Sub-millimeter galaxies
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Starbursts at kpc-scales:

Starburst Relic
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Starbursts at kpc-scales:

Starburst Relic

PFH, Kormendy, Lauer et Elll.
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- Dominant effect on bulge structure/formation!

- - sizes - phase-space - fundamental plane
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So, what about the “small” scales

near the BH?
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~10 pc scales:
Nuclear eccentric disks

* Inside BH radius of
influence: eccentric,
precessing disks

0.00 Myr

.
»
1 *
-

10 pc
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Eccentric/lopsided disks (m=1 modes) are special in a
near-Keplerian potential

Keplerian potentials
are special:

Kk = ()

Hence, closed
elliptical orbits!
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Eccentric/lopsided disks (m=1 modes) are special in a
near-Keplerian potential

Disturb the stars with some
perturbation in the disk:

0. X COS M@
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Eccentric/lopsided disks (m=1 modes) are special in a
near-Keplerian potential

Disturb the stars with some
perturbation in the disk:

02 X COS M ;

Generically, force some
deviations/torques/etc:

- () e

|
I epicycle 1@
\
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Eccentric/lopsided disks (m=1 modes) are special in a
near-Keplerian potential

Disturb the stars with some
perturbation in the disk:

02 X COS M ;

Generically, force some
deviations/torques/etc:

|
I epicycle 1@
ov (52) Masc(<r) "

Ve 2 Mg

But, if (and only if) m=1: N g ’
v (52) S~ -
V. Y

Tuesday, December 25, 12




* Torques
drive up to ~10 Mgun/yr
inflow rates!

e [Leave relic stellar disks?
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* These are observed!
M31, NGC4486B, many candidates
(NGC 404,507,1374,3706,4073 4291 4382.5055,5576,7619, VCC128, M32.,83)

Lauer et al. 1993
Kormendy & Bender 1999
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* These are observed!
M31, NGC4486B, many candidates
(NGC 404,507,1374,3706,4073 4291 4382.5055,5576,7619, VCC128, M32.,83)

Lauer et al. 1993
Kormendy & Bender 1999

e M31 disk has ~0.1-1 Mgg 1n old stellar mass
e Quter radius R~1-10 pc

* Moderate thickness, high eccentricity (& similar kinematics)
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* These are observed!
M31, NGC4486B, many candidates
(NGC 404,507,1374,3706,4073 4291 4382.5055,5576,7619, VCC128, M32.,83)

Lauer et al. 1993
Kormendy & Bender 1999

* “run backwards”: the M31 disk implies accretion at ~0.5-3 Mgun/yr (~LEdd)
for ~100 Myr (~ Mgh) !
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Mis-alignments with the parent disk are common

e Implications for:

* BH spin
* BH-BH mergers
* Recoils

* Variability

e Torus & Obscuration
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Feedback: How Does the Black Hole
Know When to Stop?
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1019 7
1 09 Observed scatter in | (larine & Rix
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FEEDBACK ENERGY/MOMENTUM BALANCE (SILK & REES ‘98)

* Accretion disk radiates:
L = €y (dMBH/dt) (32 (CT ~ 0.1)

* Total energy radiated (typical ~108 Mgun system)
~ 0.1 Mgy 62 ~ 1061 ergs

* Compare to gravitational binding energy of galaxy:
~ Mga 0% ~ (10" Mgun) (200 km/s)? ~ 10°? 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

MBH ~ (l/fér) gal (O'/C) ~ 0002 Mgal
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* Simplest model: ~few % energy injection

* 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

: M3y p : " o
MBondi X Sk Mayn X Xeas R“Q f{—
4 ; - ‘ XCYD Vldyn as “ e
(c2 + v2)3/2 : . { Vi
(Springel, D1 Matteo et al. 2005) (PFH & Quataert 2010)
"\ 2
Lgilﬁ (:S

Myiscous X Mg4aq X My

()
(DeBuhr et al. 2009)

* Springel, Di Matteo, & Hernquist:
5% of Lyoi back in central ~10s of pc, as
thermal energy

Predict similar
“impact” of
feedback
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T= 0Myr Gas
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Self-Regulated BH Growth:
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Predictions?

* “Fundamental” correlation? MgHu-Ebpinding : BH “fundamental plane” (PFH et al.)
* Different correlation for “classical” and “pseudobulges”
* Observed? (Aller & Richstone; Greene et al.; Hu; Gadotti et al.)

109 f L4 T T 4 T T I L4 T 14
E 100 |
[ =~ 300
I x 20C
108
- 100
L | STTRIREE oty
50 100 150 200 250 300
3 (km s ")
o
= ~
2 10
2 - merger
L remnants
secular/stochastically-
I fueled galaxies
10° |
10 5] : ‘ ; { Younger, PFH et al. 2008

100
o (km s™')

* Redshift evolution: as galaxy properties change (Peng et al., Shields et al., Walter et al.)
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Feedback Part 2: What Does
This Mean for the Host Galaxy?
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Can AGN Feedback Prevent Star Formation?

Gas Density Gas Temperature
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Helps Ensure Ellipticals are “Red and Dead”
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Do We See It?

(speeds up to ~2000 km/s)
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Do We See It?

(speeds up to ~2000 km/s)
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With Feedback No Feedback

Momentum-Driven
(vs Energy-Driven)
Winds:

* BH self-regulates,
but no galaxy
scale “blowout”

DeBubhr et al. 2010 4.28 kpc
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Where to from here?
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Future Directions:
1) Radiative Transfer:
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Future Directions:
1) Radiative Transfer:
- Quantitative tests of Feedback Models
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Future Directions:
1) Radiative Transfer:
- Quantitative. tests of Feedback Models
- Actual Feedback Physics!
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2)  “Transition” VS.

Move mass from Blue to Red
Rapid
Small scales

“Quasar” mode (high mdot)

Morphological Transformation

Proga et al.

Regulates Black Hole Mass

“Maintenance”

Keep it Red

Long-lived (~Hubble time)

Large (~halo) scales
“Radio” mode (low mdot)

Subtle morphological change
dt ~ 1010 yr

Sijacki et al.

Regulates Galaxy Mass
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3) How Do We Make Disks In the First Place?

Cosmologically, need to make disks first, but:
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3) How Do We Make Disks In the First Place?

P .

Cosmologically, need to make disks first, but:
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4) Modeling the small-scale ISM phase structure:

“GMC-scale” sub-grid
instead of galaxy-scale sub-grid

Resolve ~1pc
Cool to <100 K

Physically/empirically
motivated SF in only
dense clumps (ng>>100cm-3)

Model radiative+SNe feedback explicitly
from each young stellar cluster (vs age, Z)

Generate ISM turbulence & super-winds
self-consistently?
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Summary

Fueling Most Luminous BHs:
Global gravitational instabilities CAN power ~10 Mgun/yr! Really!

e New Mdot estimator: neither viscous nor Bondi

“Stuff within Stuff”’: Cascade of instabilities with diverse morphology
* Nuclear starbursts & powering of SMGs & ULIRGs
e Determines structure & kinematics of elliptical galaxies

Accretion rates & orientations are stochastic: spin too?

Stellar nuclear disk ‘relics’: M31 & 4486b:
Can we directly observe the ‘fossil’ of the accretion driver & torus ?

Magm traces spheroid Ebpinding: self-regulated BH growth

» BH ‘fundamental plane’: depth of potential, not just M* or sigma
- differences with redshift & bulge type

Future work:
o Better direct observational tests
e More physics of star formation & stellar feedback

» No more artificial separation of feedback from stars/quasar mode/radio mode
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e Compare column density distributions:
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* These are observed!

M31, NGC4486B, many candidates

T
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* “run backwards”: the M31 disk implies accretion at ~0.5-3 Mgun/yr (~LEdd)

for ~100 MyI‘ (~ MBH) !

Eccentricity I{e)l

Inflow Rate [Mgyr']

1.0

© © o ©
N A O @

o
o

R [pc]

Tuesday, December 25, 12




What about the obscuration from these disks?

cs~10 km/s cs~15 km/s
- i

cs~30 km/s cs~50 km/s

* The eccentric disk IS the torus

* Occurs even if allow cooling and no stellar feedback!

* Heating by bending/warping modes, themselves
excited by the eccentric pattern
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How does this work?

stars
e Build analytic models: (color)

* Structure gas

e Growth rates (contours)
* Stability

e Inflow rates
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How does this work?

stars
* Build analytic models: (color)
* Structure a3
* Growth rates (contours) \

* Stability

e Inflow rates

standard (dissipationless) formulation: spiral waves
carry the angular momentum: (Lynden-Bell & Kalnajs ‘72)

|CL|2 Mdisk Mgas
|k‘R|2 Mtot tdyn

Minow = L[k, |a|]/Q R? ~ (|[kR| > 1)
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How does this work?

stars
* Build analytic models: (color)
* Structure a3
* Growth rates (contours) \

* Stability

e Inflow rates

standard (dissipationless) formulation: spiral waves
carry the angular momentum: (Lynden-Bell & Kalnajs ‘72)

|CL|2 Mdisk Mgas
|k‘R|2 Mtot tdyn

Minow = L[k, |a|]/Q R? ~ (|[kR| > 1)

with shocks & dissipation:

®; | msign(2—2),)
1+0InV./OInR

M gas

tdyn

y 2
Minfiow = EgasR

F(¢) ~ |aj

>100x larger!!!
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BHs appear to “know more” about the galaxy than nuclear stars...

T s o g fu i Y Y T rrrr
. -
oooooooooo
=
-
1.0
-

0.8
0.6}
0.4

0.2+
0.0

Scatter in mass
that “gets down
to” Mgnu

o[ M(<R)/M,, |

Scatter in Mg

PFH, Murray, & Thompson 2009
LA ST 'I L4 L4 T | . v 0

0.01
R/R

0.001

effective
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Of Course, Not Every AGN Needs a Merger
MORE QUIESCENT GROWTH MODES?

Seyfert: only 1078 Mgyn ~ GMC

Minor mergers?

Secular instabilities/bars?

1 010 '

ef =0.4 ‘

=0.6 ¥ Bars/Minor Mergers

9| © 0.8 Sl & 4

10 A LR Dubinski

108 : " Major
' ' Mergers

9
9
9

If you don’t build massive bulges,
getting gas in is not enough!

Younger et al. 2008

1014 1015 1016 1017 1.-018
2 2 =2
Myuige® (Mg km* s79)
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Where Does the Energy/Momentum Go?

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

-
w-'" N s

I .’ 13 Wi ' .
30 kpc / h ' 22 Hﬁ‘ | 'h“ N
e ik

| A /RELAN

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

Pt RN 4 1R B t
S DN PN o ,0

'Jl Yy P X \ .
J -

fr/

i('/J ,.,-.
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Quasar Outflows May Be Significant for the ICM & IGM
SHUT DOWN COOLING FOR ~ COUPLE GYR. PRE-HEATING?

o B SR A
_ s 3 ” 10 Donahue+ 06
— . o Pratt & Arnaud
g 100} with AGN " A 10*
> E feedback - : .
- ) L J df’ > i : " 3
< o deictpe o tole i ‘ £ 10°
S it - ) o
] >
= 10F &) o x 3
o P : 2 10°
| ] wn
= . |
= j : 10 i e .
{ lo-* Without AGN feedback y Fs simulated vs. observed
; ‘ : : 10°| profiles
1 10 100
1 10 100 1000 10000

radius (kpc)

r [kpc]
:Do.ooo... e @0, &
1 0 _..::.!!!goz;éiii;...':..t..'.. .'Oo.
g iyed - 2% : .-00» N =
'V"“ - @ “_ .’. Ay ¢ .°'.q..
Yy ..o.: ...." ..0 n.. .-4'
o ? o.......... ': '0003.. ). ]
0.1} . ... ....’. |
¢ ® : : e
Donahue+ 06 ‘e L s
SVehenine0S o ee il 2.t ]
10 100 1000
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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?

' | ! ] | ]’ | R 5 ] ! | P ) I 1 | 2 |
6 L]
- ® \\\ s .. o
- MW e ¢ . ]
4 - o~O @ -
- © bt | g 2 -
.\\' 2
- ~ *
o :o s " .
) 2 * ‘\\ ® *+
C .
— \\I ~
\A. ”’
" ga
O - ** ‘\*‘ —
T e
& ~
- - x . 4
-
*
-2 ~ Ho: P(radio) versus Eddington ratio
A Al A l A l | . L 4! . . l - | B8 | i
-10 -8 -6 -4 =2 0 2
log A

log(PBondi/lO“aerg_l)

* Is Bondi accretion actually going
to work for once?

—
- Allen: P(jet) versus P(accretion)

L A A A 1 A A A A |

-1 0 1
log(Pjet/lo‘wergs"l)
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Large-Scale Tides are Not Important for AGN:

arge-Scale Field Without Large-Scale Fields

11.0

10.5

100 1000
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The Effective Stellar Feedback on Small Scales:
(REQUIRE SOME SUB-RESOLUTION MODEL)

250 ' ' ' g J ' ' ' | ' ]

Adiabatic '
(No Cooling)

N
o
o

150

100

Effective Sound Speed ¢, [km s”]

0
o

o, . , ' ' =%
10° 10° 10° 10° 10° 10° 10
Bulk Average Density n[cm”)
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A “No Feedback” ISM 1s Ruled Out on Small Scales:

-0.2 0.0 0.2

al
. - — - Peak dM/dt {7_
& 10 Observed

znewstam [M(-)kpc-
—r — —r
S o o

o — N

0 2 4 6 8 10
time [Myr]
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BH Growth Tracks the
Universe’s Star Formation
History:

“Downsizing” in BHs and Active
Galaxies:

BH accretion rate (x1000)

9.5 r [Py S B BN A s on Do s e oo weme amome oo g
9.0/ g e | & 0.10¢ -
‘ - ! —
S 1; T
2, 8.5~ )
: 7 2
< 8.0 Al .
Q BH mass of =
- : 9] —4— .
. an L* QSO - ! SFR (points)
7.5: e e 0.01F / =
;. }PFH,Richards, & Hernquist 2007 4 Merloni etal. 2007 -
LU ¥ : : e 0.0 015‘ A Axxo‘ - 1A5 : Azlo 2‘5 ‘ 310
0 1 2 3 4 5 6 ; : ' ' ' ' '

z
Z
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E —T v T ‘\E I: ;oo' L 1 i E Gas—riCh merger
“E " < (lots of inflow)
- @ :
- F in :
5 F N :
2 ol . {
% : s® ;
5 E 00 02 04 06 08 10 ,2' ;90 5
é ‘°°;' - Weakly bar-unstable disk
3
E : (less inflow)

U

t [Gyr) R

-
o

o

g oo by ey o by sy

Gas Inflow Rate GM/dt Mgyr")

o

5
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- - = - Initial Gas Profile Gas-rich merger
Gas-Rich Mergers |

(lots of inflow)

Weakly bar-unstable disk
(less inflow)

™™

Weakly Barred Disks

0.1 1 10 100
R [pc]

109j A'\ _’\- L ‘-""

108 ’ . \ \“.

1070 N NS
0.1 1 10 100 1000
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Starbursts at kpc-scales: . Borne et al., 2000

- Compare local starburst
ULIRGs: SFR>100 M /yr

- AGN & cold-warm
transition?

— Sub-millimeter galaxies

25T
20 2
~ B 1 ( v v — = —
2 i Msergir—lnduced : Narayanan, Hayward, '
£ 150 tarburst 000 Chakrabarti PFH et al. ;
S i 'E‘ "
> = '
R > -
L i > |
- |
g 10+ - 1.00 :
S | 12 ) .
A, 12 cold E
1% '
m 3 0.10 '
1< .
- |
R X Isolated Massively Unstable Disk ] r.:_ . : '
i R i A LT Ll el SINN LN ocmmon_nto sy arm '
o . . ., ., A . ;
0.011L - M PP B
0.5 1.0 1.5 : 0 100
Time (Gyr) Wovelength [um])
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* m=1 ‘slow’ modes are special in a near-Keplerian potential

Remember,
poke a circular orbit, and
you can approximate the
result with epicycles:

]
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* m=1 ‘slow’ modes are special in a near-Keplerian potential

Remember,
poke a circular orbit, and
you can approximate the
result with epicycles:
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Remember,
poke a circular orbit, and
you can approximate the
result with epicycles:

* m=1 ‘slow’ modes are special in a near-Keplerian potential

epicyclic (radial) ,{
frequency
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* m=1 ‘slow’ modes are special in a near-Keplerian potential

Keplerian potentials
are special:

k=1

Hence, closed \
elliptical orbits!

epicycl. 1@
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* m=1 ‘slow’ modes are special in a near-Keplerian potential

Disturb the stars with some
perturbation in the disk:

number of
‘arms’

0> X COS M@

7
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* m=1 ‘slow’ modes are special in a near-Keplerian potential

Disturb the stars with some
perturbation in the disk:

0> X cos;rm

number of
‘arms’

Response: |e‘ X l A p— /{/2 — mQQ

A
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* m=1 ‘slow’ modes are special in a near-Keplerian potential

Disturb the stars with some
perturbation in the disk:

0> X cos;rm

number of
‘arms’

Response: |e‘ X l A p— /{/2 — mQQ

A

1 1

Near a BH: >

AT 1—m2
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* m=1 ‘slow’ modes are special in a near-Keplerian potential

Disturb the stars with some
perturbation in the disk:

0> X Cos;n¢

number of
‘arms’

Response: |e‘ X l A p— /QQ — mQQ

A
m % 1:

1
0? 3.
Near a BH: 1 > 1 x T A — O

b3) Mpn

> e (52) My (< 1)
e~ () T
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* m=1 ‘slow’ modes are special in a near-Keplerian potential

Disturb the stars with some
perturbation in the disk:

0> X cos;rm

number of
‘arms’

Response: |e‘ X l A p— /{/2 — mQQ

A

1 1

Near a BH: >

AT 1—m2
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* m=1 ‘slow’ modes are special in a near-Keplerian potential

Disturb the stars with some
perturbation in the disk:

0> X cos;n¢

number of
‘arms’

Response: |e‘ X l A p— /{2 — mQQ

A

m=1:
1 1 A — 0 (resonance)
Near a BH: >
A (1 — m)ﬂ2 ‘e‘ ~ 5_2

)

* Strong torques can propagate to all r (even << 0.1pc)
INDEPENDENT of Muisk(<r)/Mgn
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* These are observed!

M31, NGC4486B, many candidates
(NGC 404,507,1374,3706,4073,4291,4382,5055,5576,7619, VCC128, M32,83)

Simulations
200 -
qous 100 ¢
i 0
E -
é '100 . .”...'.'."'.
= 200:
-300 ©
o S | |[PORY| | RTMNUIN ORI
Observed
200 - © Ground-Based
_ 100: QHST
'.'w 0 g
E O
= -100} a d
> X o0 I o
200 ugmﬁ&a
-300
-2 -1 0

R [arcsec]
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* These are observed!

M31, NGC4486B, many candidates
(NGC 404,507,1374,3706,4073,4291,4382,5055,5576,7619, VCC128, M32,83)

Simulations

.....

Observed

: 0 Ground-Based
: 0 HST

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

R [arcsec]

* “run backwards”: the M31 disk implies accretion at ~0.5-3 Mgun/yr (~LEda)
for ~100 Myr (~ Mgn) !

R [arcsec]
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What about the obscuration from these disks?

* Lots of gas in this disk during

the inflow stages...
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What about the obscuration from these disks?
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What about the obscuration from these disks?

* The eccentric disk IS the torus!
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How do we step back, to

see the effects of feedback?
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How do we step back, to

see the effects of feedback?

* Need to be able to approximate the accretion rate while
simulating >>kpc scales in a cosmological context

Tuesday, December 25, 12




Typically, viscous or Bondi-Hoyle prescription adopted:

T

T

[14

PN
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e Gravity dominates torques from 0.1 - 10,000 pc:

NN DL A R ML S B M w s By am aw v BEim i v BEm R BN

* Stars torquing on gas

+
»

!

1 §

[ (Ifm&

i

IR TP T B I gas

(contours)

Tuesday, December 25, 12




e Gravity dominates torques from 0.1 - 10,000 pc:

[ SILEE (ILANL AN S S S B S S B SN S S N SN B S St S S

* Stars torquing on gas

»

¢ i

r 009

o

g. ................. gas

(contours)

Derive ‘Instability’ Rate:

Disk )5/2

M~10M -1 (
© Yt Total

—~1/6 —3/2
MBH, 8 Mgas, 9 Ro,mo
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dMW/dt [Mgyr')
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dMW/dt [Mgyr')

0.01 0.1
R [kpc]

Actual inflow rate
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dMW/dt [Mgyr')

Actual inflow rate

Prediction
(gravitational
torques with shocks)

10 0.1 1 10
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dMW/dt [Mgyr')

Actual inflow rate

Prediction
(gravitational
torques with shocks)

No dissipation
(Lynden-Bell+ ‘71)

10 0.1 1 10
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10 10F
1 1
0.1 01 .
001l S lo.01 »
0.01 0.1 110 0.01 0.1

from 1 kpc
10}

Actual inflow rate onto BH [Mgun/yr]

0.1

0.01Z: L
0.01 0.1 1 10

Gravitational Prediction
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Orbit:

e Prograde
o Polar
AT VYN | P .,l P 1 A P JO Ret'%gade 1
01 1 10 100 1000

Intermediate/S'tarburst' Scale

*+x00KAQP0OO0O
COOO00O000
CONOONLLON-O

10 0.01
Predicted (New Gravitational Scaling)

-

0.1
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Predictions?

* Mgu-S evolution:
* Hosts more gas rich/compact at high-z = more “work” for the BH before self-regulation

1.0 PFH, I\;Iurray et al.'2009 -
S
O
c
)
= o Do mamas A AN e E e : ~
Size evolution of : 0 -orresponding increase ]
0.1 spheroid hosts B in Mer/Mhost _ -
' ] ' ] ' 0.005 ‘ = i
060 05 10 15 20 25

Z

PFH et al. 2006, 2007

e Doesn’t mean tha( BHs '
grew “before” their bulges 00 05 1.0 15§ 20 25 30 35
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May Be Significant for the ICM & IGM (Pre-Heating?)

 _ 105 e N : =
3] Donahue+ 06 o"
o . ’ Pratt & Arnaud g
£ 100}F with AGN J 10° /, :
© feedback o ! : o
- o ¥ o ot / A
o (3 m ..,.,..~'T': . 1 E 103 ke _/.
= 3 ‘Boe®E0 ‘ O AL y‘
'N \ o > -
= 10F - E [ 5 =
e, = s < X<, 10° s
{ le* without AGN feedback | FETETT simulated vs. observed
: : . . 10°| profiles
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.818.3!59;268§§§;.$g, _,...,.o""'
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i Vukhl‘nin‘riw ()757 S SRS " o]
10 100 1000
r [kpc]
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But What If We Change the Model?

Dust in host absorbs radiation

L_
Fl'a.(l = ?

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

4 foas 0" C

G

anx <
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Quasar Mode!
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3) How Do We Make Disks In the First Place?

Brooks et al., Governato et al., PFH et al.2008
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