FEEDBACK AND GALAXY
FORMATION FROM SIMASS
PEALES 1O LARSGE

Insights from Extremely Large Cosmological Simulations

Cralg Booth

University of Chicago
&
Leiden Observatory




WHAIT DO WE
UNDERSTANDY?

About simulating galaxy formation

RERRRERRR [T RERRRRERR RERRRRARE RARRRRERR RERRRRR
-1 - —
S af E
» Galaxy mass function is well 4
measured P f
il
» Structure formation: The mass S
function and clustering of haloes g b E
» Galaxy formation implies that : :
different physics is operating at TP~ E
different masses. : X
T Lot asaaas Lo anaay Lo asaaas Lo s iy Lo aaaa
7 8 9 10 11 12
0916(m/Mo)
+ Feedback effects. SN? AGN? -

Moster et a2k

Monday, March 12, 12



WHAIT DO WE
UNDERSTANDY?

About simulating galaxy formation

» Galaxy mass function is well
measured

» Structure formation: The mass
function and clustering of haloes

l0g,o(®/Mpc™ dex™)

» Galaxy formation implies that :
: : : : -5

different physics I1s operating at X Panter et al, 2007

different masses. : v

. i !
Feedback effects. SN? AGN: Moster et al. (2010)
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WHAIT DO WE NOT
UNDERSTAND?

About simulating galaxy formation
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OVERVIEW

» OWLS: OverWhelmingly Large Simulations

» Growing galaxies:
* PART [: The balance between fueling and feedback
B R R @ample. The case of AGIN.

« EAGLE: Gal.axies and their Environments
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OWLS PEOPLE

A highly incomplete list...

Dalla Vecchia Springel Theuns Tornatore Wiersma

Bertone Crain Duffy Haas McCarthy Sales
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SIMULATIONS

Evolution from z>100 to z~0 of a
representative part of the universe

Containing: Gas, DM, Stars (Hydro, SK
Metal enrichment, reionization, feedback,
AGN, etc.)

Eelle = ipe o ~ 100 Mpc

Sub-grid modules are of vital
importance..
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Simulate what we can -- Use simple subgrid
models where necessary

New Physics Modules:
Star formation (Schaye & DallaVecchia 2008)
SN Feedback (Dalla Vecchia & Schaye 2008)

Physics on small

—

scales unresolved Radiative Cooling (Wiersma, Schaye & Smith 2008)
Chemodynamics (Wiersma et al. 2009)
m, =1x10° "M, & <0.5/" kpc AGN Feedback (Booth & Schaye 2009a)

m, =9x10" 7' M,, € =2h"kpc

Cosmological (default: WMAP3)
Hydrodynamical (SPH)

Gadget Il | .
N Gravity and hydrodynamics
2xN?3 particles, N = 512 for most | . i
simulated explicitly

Two sets:
L =25 Mpc/h to z=2
L = 100 Mpc/h to z=0
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THE OWLS PHILOSOPHY /2

* Simulate what we can -- Use simple subgrid models
where necessary

New Physics Modules:

* Physic .
Star formation (Schaye & DallaVecchia 2008)
Slrel SN Feedback (DallaVecchia & Schaye 2008)
e Radiative Cooling (Wiersma, Schaye & Smith 2008)
» Empir Chemodynamics (Wiersma et al. 2009)

AGN Feedback Booth & Schaye 2009a)

st icrreaiphysIcs st compled(eigssINNEE Rt
star-formation)

» Systematically test uncertainties...
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THE OWLS PHILOSOPHY /2

* Simulate what we can -- Use simple subgrid models
where necessary

* Physically motivated recipe

* Preferred it physics i1s well understood (radiative
cooling, stellar evolution)

 Empirically motivated recipe

e rrediphy/sSIcs Is complex (ElgiSINFlecE @S
star-formation)

» Systematically test uncertainties...
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OVERWHELMINGLY
| ARGE SIMULATIONS
(OWLS)

¥ Systematicallx ValVy. Box size, mass resolution, feedback prescriptions (SNIa, SNII, AGB),
refonization history, Helium feionization, stellar IMF, double IMF, properties of the ISM, star

formation law, cosmology, radiative cooling, AGN

» lotal of 50+ simulations, 100's of terabytes of data products

Temperature Density Metallicrty

Temperature Density Metallicity
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ONE LAST THING..

* Some of these simulations look nothing like observation. How
could they possibly be usefull?

» Simulations contain many uncertain numerical parameters.
[t I1s iImportant to ascertain what results are robust to these
uncertainties

* By examining what pieces of physics impact certain
observables we can begin to ‘untangle’ the galaxy formation
DIrOCESS.
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EXAMPLE GALAXIES

lEs Traim Wirsess
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EXAMPLE GALAXIES




AND CLUSTERS..

Densit MetallicIt

|0 Mpc

0.1% of the computational volume
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WHERE ARE THE BARYONS

1.00‘”””'”l""""'l""""'l"'"ll"f;-' T T T

1 A L

ISM, all sf .
i ICM, log T > 7, log 6 > 2, nsf §
. highr~dgns WHIM, 5 < log T < 7, log 6 > 2 -

e 0 10 stars

0.01
0 1 2 3 4 S 6

Dalla</ecchia+ (in preparation)
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WHERE ARE THE BARYONS

1.00

0.01
0 1 2 3 4

ISM, all sf
i ICM, log T > 7, log 6 > 2, nsf
. highr~dgns WHIM, 5 < log T < 7, log 6 > 2

stars

S

1
4
' A A llllll L L A | .

6

Dalla</ecchia+ (in preparation)

Most gas remains Iin the
(G

Persic & Salucci 1992, Fukugita et al 1998,
Cen & OstrikerslEZel
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WHERE ARE THE BARYONS

1 |-llllllllllllllllllllllllllllllllllll llll

photp—ionized IGM, |

“ 0.10

0.01

ICM, log T > 7, log 6 > 2, nsf

ens WHIM, S < log T< 7,log 6 > 2
HM, 5 <logT< 7,log d < 2
T <5, logd < 2, sf & nsf

warm haloNog T < 5, log & > 2, nsf
7, log § < 2, sf & nsf
stars

hot IGM, log T

ISM, all sf

-/

3 4 S 6

Dalla</ecchia+ (in preparation)

=y [MOST gas remains in the

(G

Persic & Salucci 1992, Fukugita et al 1998,
Cen & OstrikerslEZel

Only A few percent In

the ISM
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WHERE ARE THE BARYONS

| (O [T T S——— e TN 0as remains N the
/ ISM, all sf . Persic & Saluccr 1992, Fukugrita et al 1998,
" ICM, log T > 7, log 6 > 2, nsf . Cen & Ostriker 1999

ens WHIM, S < log T< 7,log 6 > 2

Sk The remainder is mainly

“— 0.10 m :
N ; in the WHIM
: Cen & Ostriker 1999
Only A few percent In
[ the ISM
0.011

0 1 2 3 4 S 6

Dallai/ecchia+ (in preparation)
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\/\/I—I ERE ARE TI—I = BARYONS

Most gas remains Iin the

e.o0. Cen & Ostriker

105 K <T<107

Dalla@ecchiaJr (in preparation)

11999 |(GM

T>107 -
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WHERE ARE THE BARYONS

Z=8.0
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PART |

Growing galaxies: Feeding, self regulation, stars

flfifee numerical experiments from the OWLS simulatieis
What sets the masses of galaxies!
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EXPERIMENT I: CHANGE THE
FORM OF THE KS LAW

Kennicutt-Schmidt Law of T T

o 1} 3

o, 1 .

YISFR X g .

=S

Normalization (x3, x6) 2,

1 10 1'00 1000
2gas l}"{@ pc _dj
Schaye & Dalla Vecchia (2008)
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EXPERIMENT I: CHANGE THE
FORM OF THE KS LAW

Lookback time (Gyr)

0123456 7 8 9 10 11 12 13
1.000F T T T T T T T 1 I T T I I =
E REF B
9 0.100 F o1 =
= B N
7 i I
= B a
.\Ej : a
— 0.010 §
U 3
0.001 | | | | | | L1
0 1 2 3 4 5 6 7 8 9

Redshift
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EXPERIMENT I: CHANGE THE
FORM OF THE KS LAW

Lookback time

(Gyr)

0123456 7 8 9 10 11 12 13

1T000F T T 1T T T T T 1 I I I I I ]
N REF -
i SFSLOPE1p75 — — — —
| SFAMPLx3 —-—-—- -

SFAMPLX6 ---=---=--=-
lg_ 0.100F S =
= - i
T i _
= i _
 0.010 3

0.001 | | | | | I R

0 1 2 3 4 5 6 7 8 9

Redshift

Schaye et al. (incl. CMB) 2010

* No matter what
you do with the
star formation

aw (or the

bropertics Oifige

SM), star

formation rates

do not change
substantially!
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EXPERIMENT | CHANGE THE
FORM OF THE KS LAW

~0.5F REF .
{ Y EOS 1p0 '
4 — =— EOS1p67 e = = e = ==
| — . — . SFAMPLx3 :
3 —1.0H = e ;
z L —— ; The same is true in
, —1.5} '; individual haloes
E 3 .
o —2.0F ;
G . .
° :
—2.5F ;
(C) :

9 10 11 12 13

Log(Mw / M)
Haas et al. (in prep)
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EXPERIMENT | CHANGE THE
FORM OF THE KS LAW

Balance between fuelling and feedback

= ]
L == =Ea . p 1 1
X —8.4H — . — E0%Ip67. X3 -4 * Gas fraction adjusts to
[N | —--- SFSLOPE1p75 (g,»een)_,.: -
S gl ke | o keep SFR fixed
| R
N —88fF . 221 »On large scales the SFR
T —90F 1 T s independent of the SF
s . /% Default .
> —92F (black, solid) efficiency
— |
—9.4F
PP PR EPEPEPEP PR B 1 1

8.0 8.2 9.0 9.510.010.511.0

Log(Myer / M )
Haas & al. (in prep)
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EXPERIMENT | CHANGE THE

~-8.2 ==

Log(SFR/Mge: (yr™))

—9.4}

FORM OF THE KS LAW

Balance between fuelling and feedback

—-8.4}1

—8.61

REF
EOS1p0
EOS1p67
SFAMPLx3

- SFSLOPE1p75

SFTHRESZ
IMFSALP

—9.2¢f

X3

(green),.-~

7

T

» (Gas fraction adjusts to
1 keep SERNIXEE

The rate of star formation adjusts so that the rate of

energy output by supernovae remains constant

(black, solid) CIIcIienCy

§

Log(Myer / M )

3.0 8.5 9.0 9.010.010.2511.0

Haas & al. (in prep)
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-3)

SFR (M,,, yr~' Mpc

EXPERIMENT Il CHANGE THE
SN ENERGY

Lookback time Gy)
012345678 9 10 1

1 OOOE
0.100 | : . .
: 1Comparison against
1 a simulation with
- double the SN
energy
0.001
0] 1 2 3 4 5 6 7 8 9
Redshift

SeliaycsiaelnEidE) il




EXPERIMENT Il CHANGE THE
SN ENERGY

Lookback time (Gyr)1 ,

0123456 7 8 9 10 11 13
1.00051 T T T T T 1 T T T T T -
R {Comparison against
~ b 1 a simulation with
: double the SN
0 CNergy
0.001 | l | !
0 1 2 3 1 5 6 7 8 9

Redshift
SeliaycsinfelnEidE)wisie
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EXPERIMENT [l: CHANGE THE
SN ENERGY

Balance between fueling and feedback

Stellar masses decreased
by a factor of two

SFR adjusts to keep Eout
fixed (through changing gas
fractions)

SFR inversely proportional
to SN feedback efficiency

9 10 11 12 13

Log(Mu: / M@)
Haas+ (in prep)




EXPERIMENT [l: CHANGE THE
SN ENERGY

Balance between fueling and feedback

REF
MILL
WML4

-2.5F -
(E)
9 10 11 12 13

Log(My: / M@)

Haas+ (in prep)

Stellar masses decreased
by a factor of two

oas

SFR Inversely proportional
to SN feedback efficiency
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AN ASIDE: RADIATIVE
COOLH\IG

n the basic picture, gas
nocks at the virial radius

A/ ng? (erg em® 571

1 0—22

10 m3,z=3.O'|7,Z=ZG,

H&He — = = -

Temper t e (K)

Wiersma+ (2009)




AN ASIDE: RADIATIVE
COOLING

n the basic picture, gas
nocks at the virial radius

Wiersma+ (2009)




Density
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lemperature
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AN ASIDE: RADIATIVE
COOLING

n the basic picture, gas
nocks at the virial radius

Wiersma+ (2009)




EXPERIMENT HIl: SWITCHING
OFF METAL LINES

Halo specific accretion rate at z=2

lllllllllllllllllllllllllllllllllllllll

1 Metal cooling has
1 no effect on accretio
onto haloes

Log M [Me]
halo '
van de Voort+ (incl. CMB) 201 |




EXPERIMENT HIl: SWITCHING
OFF METAL LINES

Galaxy specific accretion rate at z=2 Metale are (il

—9.0f —— er - 1 dominant coolants
T : 1~ at virial
—, -9.5F temperatures
% | around this mass
3 —10.0
= Switching off metal
- cooling
> —10.5

: 1 makes 1t harder for hot
P T ] gas to get Into galaxies

Log M, [Mg]
van de Voort+ (incl. CMB) 201 |




EXPERIMENT HIl: SWITCHING

OFF METAL LINES

1.000

REF

NOZCOOL — — — —

e Eout IS lower In
this case

* With less
efficient galaxy
fuelling a lower
Eout IS sUfiTicle i
10 coUnitEreies

' ' inflow

1 2 3 4 5 © 7 809
Redshift

S elnae iR Gl Nk
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yr— Mpc ™

EXPERIMENT Il SWITCHING
OFF METAL LINES

| The rate of star formation ad]
drops, the rate of energy output falls.

usts. If the fueling rate

1

2 5 4 S5 ©6 7 89

Redshﬁ{
S elnae iR Gl Nk

| * Eout Is lower In

erricient galaxy
fuelling a lower
—out 1S sufficient
Lo collhteiass
inflow




e S TORY SO FARS

* The SFR s tightly regulated by competition between fueling
(cooling) and ejection (feedback)

| It the SF law I1s changed. SFRs stay the same, but gas
fractions adjust to keep the energy output rate constant

2. If the feedback implementation is changed. SFRs adjust to
keep the energy output rate constant

3. It the fueling rate changes then the SFR adjusts to reflect
this

» Considering something different can give us insight Into what

S8l elf-resulation takes place.
5 2 CMB & Schaye (2009)

, . , @M [sieEstearlvic (20 )
* Let's consider the AGN population...  cMB & Schaye (201 1)
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e S TORY SO FARS

» The SFR s tightly regulated by competition between fueling
(cooling) and ejection (feedback)

. Ifthe SF Iavv S changed SFRs stay the same, but gas.

r

fthe fuelmg rate remains the same
the feedback energy output rate remains the same

Cl I\~ INN AN\ I~/ Nl 1 1IN ] 1 IV N1 Tl é\/\.«l s\ M\JJM\J U\

keep the energy output rate constant

T the fueling rate changes,
the feedback energy output rate adjusts accordingly

» Considering something different can give us Insight Into what

E@ il cclf-regulation takes place,
5 2 CMB & Schaye (2009)

, . , @M [sieEstearlvic (20 )
* Let's consider the AGN population...  cMB & Schaye (201 1)
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PART ]

What sets the masses of supermassive black holes?




WHY AGN

Virtually all galaxies contain BHs
e.g. Magorrian et al. 1998

BHs get most of their mass

through luminous accretion
Soltan 1982

Various theoretical studies
indicate that this energy
source 1s cosmologically important

Silk & Rees 1998, Springel et al. 2005;
Bower et al. 2006: Somerville et al. 2008
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. AGN MODEL

Variant on Springel et al. 2005, Di Matteo et al. 2008

The model Is simple and consists of three processes...
e Black hole formation

> Mseed  Mhalo,crit
e Black hole growth (mergers and gas accretion)

N feedback - B

. 2
Efeed — EfErTNBHC At

Feedback efficiency Is the major factor that : Ef
controls the masses of BHs
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2. AGN MODEL

Booth & Schaye (2010)

109 ' v T T T v T T G"=0.6000'09
. ¢,=0.000035
107 €,=0.00014 -
e =0,00057
o7  ~0.0023 | ¢ I'he free peakaigici=i
— G'-o.0094
T o =0.0375 € controls the total
= - | €=0.15 = :
> ¢=0.6 mass In BHs
Z 105_ G'-2.4 -
z | €‘=9.6
Yotk 1 =0 5irepieTie=s
il i observations.
: 2
102 1 1 M 1 M 2 M 1 M 2 M 1 M M Efeed S— EfermBHc At
0 2 4 6 8

Redshift
Observations: Shankar et al. (2004)

SO what does this simple model predict?
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3. BH SCALING RELATIONS

10F

10 BH [MG)]

log, m

10 100
Ustors [km/s]

BH mass vs stellar
velocity dispersion

Booth & Schaye (2009a)

3.0 9.5 10.0 105 11.0 11.5 12.0
log10mstors [MO]

BH mass vs stellar
mass

The existence of tight stellar - BH correlations
implies that BHs and galaxies evolve together
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3. BH SCALING RELATIONS

Booth & Schaye (2009a)

10; — Tremaine et al. (2002) R 105 """" Haring & Rix (2004) ]
_of
= :
10 T 100 | T “ﬁ)OO 3.0 9.5 10.0 10.5 11.0 11.5 12.0
oslors [km/s] |Og10mstors [MO]
BH mass vs stellar BH mass vs stellar
velocity dispersion Mass

The existence of tight stellar - BH correlations
implies that BHs and galaxies evolve together
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3. BH SCALING RELATIONS

M., [M.]

wn (=] ~ [+ ] w0
TITTTTTYTTTYTYTTI TYTYTITTYYTITTYTYT TTITIT

2

1ME

10F

Hopkins (2007)

4 6 8 10 1.2
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0O N ® ©

1ME

10F

6 .- é 1.0 1'2
8.33+3Iogw(a/(200km/s))+0.43Iog“,(r ‘/(Skpc))

4
8.24+0.54l0g

1€

10F

w (=] ~ o0 w0
TITTTTT T TTT T T TTTITTITT [ TTTITTITTI TTTTIT

8 10 12 14 16
log, o(M_a') ] .kmz/ s?)

1E

10F

wm D ~ @ w0
TITT T T T I TTTT T T T T TTITTIT T TTTTIT

demograp

6 8 10

12

WM/ O"M”))-i- 2.18l0g, (0/(200km/s))

Black hole
Tfundamental plane’

v

icted BH

NICS COnSISEERIE
Hservation

Pred

with o

VWhat about groups/clusters?

Monday, March 12, 12



3. PROPERTIES OF THE BCG

McCarthy et al. (2009)

. 0.6 T T
' REF
AGN —————————
10"k
8 04 luminosity weighted
- O
@ om
_’1‘ .
~— o
/—8 c
5 ks
\i‘é 10" | 3
3 : Z o2t H-
: e Lo
- |
|r .
L k-
y ool i Lo o T
100 — - 0O 2 4 6 8 10 12 14
: 10 10.0 tpeouw (Gyr) :
Observations: ™ ") | Observations:
Lin & Mohr (2004), Horner (2001) Loubser et al. (2009)

Simulations without AGN feedback form far too many stars

and they are too young --> SN feedback cannot prevent
catastrophic cooling of gas In clusters
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otHiE EFFEC T OF AGHS

* Note, these simulations were tuned only to match the amount
of BHSs, but still reproduce

» BH-galaxy connection.

* [hermodynamic properties of groups and clusters
» Properties of central galaxies.

S Ecltop (hithe global SER below z—2

 What can we now learn from these simulations?
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VAl DEIERMINES | HE MASSES
OF SUPERMASSIVE BLACK HOLES?

. Haring & Rix (2004) _ Ferrarese (2002)

o~~¢ 7 / i
],09 3
B 109}
= ;
= 107}
106 g

10'0 ’/ | | | | .
. i 2 1 L . P
108 109 1010 l(_)ll lOl l()l3 0 20 80 B0 100 200
[\"fl—bulge [M‘ I Bulge Velocity Dispersion o, (km s!)

Observations link BH to galaxy.
Various theoretical models use stellar bulge. BH scale. Halo.

Our simulations get the BH demographics right. What sets
the masses of SMBHSs!?
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VAL DETERMINES | HE MASSES
OF SUPERMASSIVE BLACK HOLES!

0 Haring & Rix (2004) | | Ferrarese (2002)
1077 ¢ ' y
109 | _ 300 |
; A I
: B Tk i g
. v E
g 108 — LL /_EE— :; 200 +
= 107 ;g
L 100 -
10° L. | | | ol ]
108 109 1019 10!l 10l% qo!3 ol
N[bmge [MQ] Bulge Velocity Dispersion o, (km s!)

Observations link BH to galaxy.
Various theoretical models use stellar bulge. BH scale. Halo.

Our simulations get the BH demographics right. What sets
the masses of SMBHSs!
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VAL DETERMINES | HE MASSES
OF SUPERMASSIVE BLACK HOLES!

0 Haring & Rix (2004) | Ferrarese (2002)
104V B '.
109;- E 300
— gl ﬁ-g
26 10 P gizoo
= 107 %
1081 —
Z 100
105 L , , , , D 90
108 109 1019 10!l 10l% qo!3 T TR T
Mbu]ge [Mo] BU% vel&dtﬁ@f@ﬁfrﬁr)

Observations link BH to galaxy.
Various theoretical models use stellar bulge. BH scale. Halo.

Our simulations get the BH demographics right. What sets
the masses of SMBHSs!




VAL DETERMINES | HE MASSES
OF SUPERMASSIVE BLACK HOLES!

0 Haring & Rix (2004) | Ferrarese (ZOOZ)
101V B ,
[ /,’ (E .
10 %ﬁ r%%\e\ | E 300
| N Q
g 10 — ~ J — gizoo
= 10 :—
2 £Co
109 —3
’ Z 100
10° V2 , , , , D 90
108 109 1019 10!l 10l% qo!3 T R T
Mbulge [M@] Bu% VelclcitF)DiCSgtqié] ﬁ_t(i-,as‘ll)

Observations link BH to galaxy.
Various theoretical models use stellar bulge. BH scale. Halo.

Our simulations get the BH demographics right. What sets
the masses of SMBHSs!




VAL DETERMINES | HE MASSES
OF SUPERMASSIVE BLACK HOLES!?

Start with the

0.100 T T e : Madall e
' | ..at low z AGN

a suppress Sk
=
s, 0.010}
2 :
o
S

0.001 |

Redshift




VAL DETERMINES | HE MASSES
OF SUPERMASSIVE BLACK HOLES!?

0.100 T ::..-,-..,..‘-.-. .............................................

SFR [M_yr~'Mpc~’]

Redshift

Start wir

h t

fls

Madau

Dlic

..at low z AGN
suppress Sk

Over 5 orders of

| magnitude in &, SFR

does not change

Gl

% by more than a factor




VAL DETERMINES | HE MASSES
OF SUPERMASSIVE BLACK HOLES!?

lllllllllllllll

'e,=0.00014
€, =0.00057
€,=0.0023
€,=0.0094
€,=0.0375
€=0.15
g=&6
€=2.4
c‘=9.6

lllllllllllll

Redshift

» [[he free peateii=ici

& controls the total
mass In BHs

» 015 represiiiss

observations.

. 2
Ffeed = €seempuc” At




VAL DETERMINES | HE MASSES
OF SUPERMASSIVE BLACK HOLES!?

Dashed line shows slope of -|

/ MpH = Ef
104 <-> : . J T T T T T
‘OJF A BHSs adjust their masses to
- A keep Eout constant
I "k ' .
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¢ o 4 Eout s 'some critical energy
107" :
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0.15)

X/X(€,

1Q
ot e 1 e forseli-regulation. Vvha

BESUPERMASSIVE BLACK RCOISES

T energy feedback 1s made half as efficient
the BH just grows twice as massive so

J the total energy output remains invariant
’ 0 WO s adjust their masses to

This implies that BHs are growing until they have
output some critical energy, which does not depend
on the BH mass )

10

1
1
1

\VWhat DOGES this critical energy correspond to? i

Something to do with the galaxy! the halo?
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BESUPERMASSIVE BLACK RCOISES

T energy feedback 1s made half as efficient

the BH 1ust srows twice as massive so

s [ his Is exactly the same argument as before:
As long as the fueling rate remains unchanged, Jife
- the amount of energy output by a feedback -

-

process also remains unchanged. d

on the BH Mass )
b ] T0rselr-regulation. VvVha

 VWhat DOES this critical energy correspond to? ¥

X/X(€,=0.15)

O
—

Something to do with the galaxy! the halo?
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At the galactic centre the gravitational potential
is dominated by baryons.

What happens If they are removed?

No SN; Normal SF No SN; Normal SF
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At the galactic centre the gravitational potential
is dominated by baryons.

What happens If they are removed?

i No SN; Normal SF No SN; Normal SF
8.5F — — — — No SN; Reduced SF 4 F — — — — No SN; Reduced SF

1 F / §
I | / 5
1 F / -
1 / :
1l L / h
i :
1 [ 7 ;
1 F 7 §
) VP B B B TP )

11.0 11.5 12.0 12.5 13.0 13.5 85 9.0 95 10.0 10.5 11.0 11,5
IOg‘lornholo [MO] Iog10mstors [MO]

The BHs do not care about the matter
distribution on small scales

g 7.0}
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Self regulation occurs on scales > the galaxy
* Simulated siepeniisSEREieE
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log, Mg, [Mg]
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Self regulation occurs on scales > the galaxy
* Simulated siepeniisSEREieE

« Observed

Again, NO

slopei ESBEEEET

e that tRc @R

thing we -

‘uned here was

the total mass in BHs
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Booth & Schaye 2010

- Comparing energy output by a BH to halo gravitational
binding energy:

, o G M2 9
Fteeq = €ese,mpyce” At mpy X U halo - mhélo

halo
(€8 Sk &EReECsHIEE )

* For the case of an NFW halo with concentration, ¢

c 1 2In(1+c2)\ .
.,7IBH |'X . . ) 2 1 —_— : — _ = .T‘V .’7)“’/
(In(1+¢) —c/(1+¢)) (L+c2)?  14+c%




VAL DETERMINES | HE MASSES
OF SUPERMASSIVE BLACK HOLES!?

Booth & Schaye 2010

- Comparing energy output by a BH to halo gravitational
binding energy:

, o G M2 9
Fteeq = €ese,mpyce” At mpy X U halo - mhélo

halo
(€8 Sk &EReECsHIEE )

* For the case of an NFW halo with concentration, ¢

MBH X ¢ = 1 — LG ) m2/3 ~ 0.
PP (1 +0) /(1 +0)) (14 c)2 1+c —1 ™ O = (e NetolcRaluitu
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* SimulatedslopefliNSSEEUieE

» Observed slopefiioSEEUiEy
» [heoretical sloper BSGEEEIES

09, ;Mg [Mo]
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» Comparing energy output by a BH to halo gravitational
binding energy:

, o G M2 9
Fteeq = €ese,mpyce” At mpy X U halo - mhélo

halo
(€8 Sk &EReECsHIEE )

* For the case of an NFW halo with concentration, ¢

MBH X ¢ = 1 — LG ) m2/3 ~ 0.
PP (1 +0) /(1 +0)) (14 c)2 1+c —1 ™ O = (e NetolcRaluitu

* Prediction: [f BH mass Is determined by DM halo binding
energy there should be a relation between residual in the
MBH-Mhalo relation and halo concentration
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ol - Sample of clusters from
: MM
E : [T | < Central galaxies from
E . L] “ SIDSE
§0.1_ ”
_. * The AGN fraction does
oo 1 not know about galaxy

11.0 11.2 11.4 11.6 11.8

g BCG H_O4) mass
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OBSERVATIONAL EVIDENCE?

1 O T T T T T T T T T T T T T T T T T T
" -

: f » [t does, however, know
- ._ -’ - about hale wiE !

From the above relations between AGN fraction and both
galaxy and cluster properties it seems that the key parameters that
govern the presence of AGN in BCGs are primarily the cluster
mass/T 'y /L x and to a lesser extent the BCG offset from the cluster
* X-ray centroid, but not BCG mass. A picture is therefore emerging
0.1F — that the supermassive black holes at the centres of BCGs in clus-
ter cores know more about their host cluster than they do about
i i i their host galaxy. While this is consistent with some simulations

Fraction of AGN

l A ' ' l A A A l A A A l ' A A l

13.8 14,0 14.2 14.4 14.6 14.8

Halo Mass
Sennet dlIneRCIMBY 012
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OBSERVATIONAL EVIDENCE?

10°%}
c 108}
w
s
5
m
p=
107}
| NGC4342 m
6 o . NcC4291 o
1050 10" 10" 1012

Mbulge' Msun
FI1G. 3.— Black hole mass as a function of bulge mass. Thick
solid line shows the mean Me — My,1ge relation from Héring & Rix

(2004), whereas the thin dashed line represent the intrinsic scatter
of the relation. Both NGC4342 and NGC4291 are highly significant

outliers from the trend.
Bogdan et al. (2012)

A major result of this paper is that both NGC4342 and
NGC4291 reside in massive dark matter halos. In fact,
both the black hole masses and the observed dark mat-
ter halos are typical of galaxies having stellar masses that
are ~10 — 40 times greater, hence the characteristics of
the dark matter halos are consistent with those expected
for the black holes. Therefore the only truly anomalous
property of NGC4342 and NGC4291 are their low stellar
masses. Since the black hole mass correlates well with the
halo mass, it suggests that dark matter halos may play a
fundamental role in governing the black hole growth.

Monday, March 12, 12



OBSERVATIONAL EVIDENCE?

» Can estimatesEi
halo profiles from

10% pr——r—r L A
ol Milky Way | j the stellar rotation
M33
10" ] CUeVE
IIO‘ ‘ . : .
= » This Is difficult to
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104 .
o . resuits cniyAeXISEIe
1000 E :
I f a few objects
T R

Figure 5: Central supermassive black hole nffiss versus NFW concentration parameter, :
showing a correlation. The green point represents data for M31, the blue point for the d Same CcO rrelat| ON as

Milky Way and the red point shows the data for M33. i :
| predicted earlier
Seigar (201 1)

Monday, March 12, 12



CONCLUSIONS

- Star formation iIs tightly regulated by the interplay between:
» [he amount of available fuel (cooling and cosmology)
* The efficiency of feedback processes

» Galaxies simply adjust their properties so that the rate of
energy output Is the same

* BH mass Is set by the DM halo mass with a secondary
dependence on halo concentration, as would be expected it
BH mass were dependent upon DM halo binding energy.
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WHERE NEXT?

» OWLS weakness: 1t Is great for exploring what physics Is
important; some key observables are not reproduced

* EAGLE: Use what we learned while doing OWLS

* [ he intersection of simulations and semi-analytics

Monday, March 12, 12
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