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A large variety of galaxies

Hubble’s Galaxy Classification Scheme

Sb
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La Simulation Horizon
Un challenge numérique pour découvrir les clefs de I'Univers

z=1(6 miliards

d'années)

Cette image en forme de trou de serrure

est une représentation virtuelle de notre

Univers. Comme la vitesse de la lumiére

est finie, les régions les plus éloignées

de nous apparaissent telles qu'elles

étaient dans le passé. Notre observateur

virtuel se trouve au centre de la sphére:

plus on s'éloigne de lui, plus on remonte

dans le temps. Le bas de la serrure

correspond & un Univers trés jeune, agé

e e da peine 1 miliard d'années. Les

conditions initiales de cette simulation,

lorsque I'Univers est a4gé de 400 000

ans, proviennent des observations du

satellite WMAP aprés 3 ans en orbite, et
constitue notre horizon cognitif actuel.

=7 (1 milliard
v dannées)

40962 particules pour simuler |a matiére noire dans une boite cubique de 2000 Mpc/h de I'aide du super-ordinateur BULL
de 6144 processeurs installé au CCRT, le centre de calcul du CEA. La simulation a duré plusieurs mois et représente le plus
gros effort jamais réalisé a ce jour a I'aide d'un code a N corps. Développée au CEA, I'application RAMSES permet de résoudre
la dynamique des 70 milliards de particules a I'aide d’'un maillage adaptatif contenant plus de 140 milliards de mailles, dont la
< nesrBI7 B pAMB Soit une résolution effective de 2621443 (plus d'infos sur
Copyright Projet Horizon et CEA (sept 007),

Teyssier,

et al., 2009



As viewed through a telescope -
the observer point of view

o O
O —
Po) o

SDSS
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How do galaxies form ? (crude picture)

4/8/13 AGN feedback and galaxy formation



A bit more complicated...

7.07 h™' kpe

z=43,19

qos density (qreen) / temperature {red) / metallicity (blue)
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z=2.5 temperature slice

Cold flows or Hot flows
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Observations support the hot halo picture

\

- Xray emission -

4/8/13 AGN feedback and galaxy formation
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RAMSES : an Adaptive Mesh
Refinement (AMR) code

Language :
— Fortran 90
— MPI parallel

Method : adaptive grid refinement

Equations :

— Hydrodynamics

— Magneto-hydrodynamics

— Gravity

— Atomic/Metal cooling + UV-heating
— Radiative transfer

Sub-grid physics :

— Star formation

— Supernovae

— Active Galactic Nuclei (AGN)

Cosmology

See Teyssier, 2002

AGN feedback and galaxy formation




AMR: idea

Adaptive Mesh Refinement

+At

Compute the flux E Gas evolution for
at the cell interface surrounding cells

4/8/13 AGN feedback and galaxy formation



Refining the mesh

Local mass criterion

|f Meellule =~ Mo then

4/8/13 AGN feedback and galaxy formation

Meellule




Let’s do a simple test...

« Put DM particles together with a gas distribution
consistent with the CMB power spectrum

« Allow for gas cooling and star formation

Temperature

Densit

<€ > <€ >
15 Mpc 15 Mpc

4/8/13 AGN feedback and galaxy formation Dubois & Teyssier, 20087 2010’ 2011



Does a simulated galaxy look like a real galaxy?

A group of galaxies A spiral galaxy with a bulge

Dubois, Gavazzi, Peirani, Silk, 2013 Kimm, et al., 2013
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Motivation for AGN feedback

Galaxy luminosity (~mass) function
Semi-analytic models

2

@

£

3

Q_‘ ~

p=

<

N

& | « Cole et al. (2001)

o9 | o Huang et al. (2003) w/ AGN
-3 R T A A S SR R SR S SR N S TS S
—-18 -20 —-22 —-24 —26

M, — Slogh

AGN feedback and galaxy formation

Bower et al., 2006




What’s an Active Galactic Nuclei (AGN)

Credits: NASA

4/8/13 AGN feedback and galaxy formation




Two modes for AGN feedback

Eddington ratio of the
accretion rate

y = M BH C2
_ Laq
O - -
: P Radio mode (kinetic jet) when
N e — A
g L R - x < 0.01
O ’ o
o : o ‘ 2
o9 —4[ Kinetic .- 7 I‘lm) - 0’1MBHC
S : o , : Quasar mode (heating) when
7 Radiative(=€ 4 Mc*/Le) |
-6 - il X > (.01
B PP [y A Laassanaag Losssasssd ey Lasaoaaasy NP L — 0.015M C2
6 -5 -4 -3 -2 -1 0 1 uuasa’r BH |
lo
Merloni & Heinz (2008)

Heuristic efficiencies calibrated from simulations
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AGN in cosmological simulations

First AMR simulations of self-consistent AGN feedback in a cosmological context

- Mimic the formation of black holes (where and when) In the centre of galaxies in high gas and
stellar-density regions

Mseed — 105 M@

4/8/13 AGN feedback and galaxy formation
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AGN in cosmological simulations

First AMR simulations of self-consistent AGN feedback in a cosmological context

- Mimic the formation of black holes (where and when)
- Mimic the gas accretion onto black holes

AGN feedback and galaxy formation

In the centre of galaxies in high gas and
stellar-density regions

Mseed — 105 M@

Bondi accretion rate

- M3
BH

MBH X p 3

Cs

Fast accretion in dense and cold regions



AGN in cosmological simulations

First AMR simulations of self-consistent AGN feedback in a cosmological context

- Mimic the formation of black holes (where and when) Redshift

0.0 0.2 04 06 1.1 1.9 4.1
- Mimic the gas accretion onto black holes ———
- Mimic the mergers between black holes (Friend-of- o
friend algorithm) 107F

merger :

sink particles (Bate et al., 1995, Krumholz et al., 2004)

2 merger
z ]
%3]

=

. Dubois et al. (2010)
10.-..I...I.‘.I...I..

0 2 4 6 8 10 12
Lookback time (Gyr)
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AGN in cosmological simulations

Eirst AMR simulations of self-consistent AGN feedback in a cosmological context
- Mimic the formation of black holes (where and when)

- Mimic the gas accretion onto black holes

- Mimic the mergers between black holes (Friend-of-

friend algorithm)

- Mimic the feedback from black holes (AGN)

With thermal input (Teyssier et al., 2011)
(see Di Matteo/Springel/Sijacki et al. papers, and Booth & Schaye papers)

z= 0.519803

Modification of the internal energy

-> increase the gas temperature

-1.0 -0.5 0.0 0.5 1.0
x(Mpc)

4/8/13 AGN feedback and galaxy formation
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AGN in cosmological simulations

First AMR simulations of self-consistent AGN feedback in a cosmological context

- Mimic the formation of black holes (where and when)
- Mimic the gas accretion onto black holes

- Mimic the mergers between black holes (Friend-of-
friend algorithm)

- Mimic the feedback from black holes (AGN)

With thermal input (Teyssier et al., 2011) . ) 2
or with jets (Dubois et al., 2010, 2011) LAGN — EferMBHC

Compute gas angular momentum around the black hole
-> jet axis

Kinetic energy with bipolar outflow
Mass ejected with velocity 10 000 km/s

(jet-model based on Omma et al. 2004)

AGN feedback and galaxy formation
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AGN in cosmological simulations

Eirst AMR simulations of self-consistent AGN feedback in a cosmological context
- Mimic the formation of black holes (where and when)

- Mimic the gas accretion onto black holes

- Mimic the mergers between black holes (Friend-of-

friend algorithm)

- Mimic the feedback from black holes (AGN)

With thermal input (Teyssier et al., 2011) L : 9
or with jets (Dubois et al., 2010, 2011) Laon = epep Mpnc

Dubois et al. (2010) Fabian et al. (2006)

Simulation Observation (Perseus)
X-ray (3 bands)

AGN feedback and galaxy formation




Lpox = 12.5Mpc/h 17.10° DM parti
] : particles
Az = 0.38 kpc/h WMAP 5-year cosmology Mt = 6.9 106 MQ/h

Red = gas temperature / Green = gas density / Blue = gas metallicity

0.05 h™\.Mpc =487 0.05 h™\Mpc

No AGN AGN

4/8/13 AGN feedback and galaxy formation
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Testing the model: parameters and resolution

Table 1. Simulations performed with different sub-grid galactic models, different parameters for the AGN feedback mode, and different
resolutions. (a) Name of the simulation. (b) Number of DM particles. (¢) Mass resolution of a DM particle. (d) Size of the simulation
box. (e) Minimum resolution reached at z = 0. () Presence of feedback from SNe. (g) Presence of AGN feedback: “BH” stands for the
formation and growth of BHs without AGN feedback, “Jet” stands for the radio mode only, “Heat” stands for the quasar mode only,
and “JET/HEAT™ stands for the quasar and radio mode both triggered in the same simulation (see text for details). (h) AGN feedback
efficiency. (i) AGN energy delay. (j) Maximum relative velocity of the gas to the BH. (k) Mass loading factor of the jet. (1) Initial BH

mass. (m) Size of the AGN energy input.

Name .'\ru M .‘\'fu M Lbux Az SN AGN cf A.’Ud Umax 7 A\‘Inu.d TAGN
(Ma/h)  (Mpe/h)  (kpe/h) % (km/s) (Mz)

256L12n0AGN 256%  6.9108 12.5 0.38 Yes No - - - - - -
256L12JH 256%  6.9108 12.5 0.38 Yes Jet/Heat 1/0.15  0/- 10 100/~ 10° Ar
64L.25JH 64% 3.5109 25 3.04 Yes Jet/Heat 1/0.15 0/ 10 100/ 10° Ar
128L25BH 128%  4.410° 25 1.52 Yes BH - - 10 - 10° -
128125 128%  4.410°% 25 1.52 Yes Jet 1 0 10 100 10° Ar
128L25Je0.15 128%  4.410° 25 1.52 Yes Jet 0.15 0 10 100 10° Ar
128L25.Je0.01 128%  4.410° 25 1.52 Yes Jet 0.01 0 10 100 10° Ar
128L25Jm1 128%  4.410° 25 1.52 Yes Jet 1 1 10 100 10° Ax
128L25Jm10 128%  4.410°% 25 1.52 Yes Jet 1 10 10 100 10° Ar
128L25Jv100 128%  4.410° 25 1.52 Yes Jet 1 0 100 100 10° Arx
128L25Jv1000 128%  4.410° 25 1.52 Yes Jet 1 0 1000 100 10° Ar
128125710 128% 44108 25 1.52 Yes Jet 1 0 10 10 10° Ar
128L25)71000 128%  4.410° 25 1.52 Yes Jet 1 0 10 1000 10° Ar
128L25Js0.1 128%  4.410°% 25 1.52 Yes Jet 1 0 10 100 101 Ar
128L25Js10 128%  4.410% 25 1.52 Yes Jet 1 0 10 100 108 Ar
1281.25J2dx 128%  4.410° 25 1.52 Yes Jet 1 0 10 100 10° 2Ar
1281.25J4dx 128%  4.410° 25 1.52 Yes Jet 1 0 10 100 10° 4Ax
128L25H 128%  4.410° 25 1.52 Yes Heat 0.15 - 10 - 10° Ar
128L25H2dx 128% 44108 25 1.52 Yes Heat 0.15 - 10 - 10° 2Ax
128L25H4dx 128%  4.410° 25 1.52 Yes Heat 0.15 ~ 10 - 10° 4Ar
128L25JH 128%  4.410°% 25 1.52 Yes Jet/Heat 1/0.15  0/- 10 100/~ 10° Ax
256L25n0SNAGN  256°  5.5107 25 0.76 No No - - - - - -
256L25n0AGN 2565  5.5107 25 0.76 Yes No - - - - - -
256L25JH 256%  5.5107 25 0.76 Yes Jet/Heat 1/0.15  0/- 10 100/— 10° Ar
128L50n0AGN 128% 3,510 50 3.04 Yes No - - - - - -
128L50JH 128% 3,510 50 3.04 Yes Jet/Heat 1/0.15 0/ 10 100/~ 10° Ar
256L50noAGN 256%  4.410° 50 1.52 Yes No - - - - - -
256L50JH 256%  4.410° 50 1.52 Yes Jet/Heat 1/0.15  0/- 10 100/ 10° Ar

AGN feedback and galaxy formation

Dubois et al., 2012
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log pay (Mgun/Mpc®)

Parameter test: the efficiency

9
LaaNn =€pe-Mphc

(o)

4;___ 128L25J E

E _ 128L25Je0.15

3§ 128L25Je0.01 3

: _ 128L25BH E

2 ) e

1 10
1+2z

log €y (erg/Mpc?)

60

59 ¢

58

128L235J

128L25Je0.15

128L25Je0.01

142z

10

BHs deposit the same energy / independant of the AGN efficiency

AGN feedback and galaxy formation

Dubois et al., 2012
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|Og MBH (Msun)

Fitting observationnal Mg,-M. / Mg,-0. laws

10

Tr|rrrrrrrrTs Trrrrrrrrr [rrrrrrrrt |

= = Haring & Rix 2004

- = = Tremaine et al 2002

7 1 |

9 10 11 12
log M (Mg,,)

AGN feedback and galaxy formation

1.5 2.0
log o, (km/s)

2.5 3.0

Dubois et al., 2012



Accretion luminosity

4/8/13

Radio mode or quasar mode ?

Value/
Color

Value/
Color

-1.5

log LOCC (L‘uﬂ)

O

6 7 8 9 10
|09 MD‘ (MM)

8 9
'og MBN (MM)

10

'og LGCC (LQU"')

log Mg, (M)

BH mass

AGN feedback and galaxy formation

log May (Myn)

Mg/ (Mg+Mgy)

Galaxies are gas-rich at high-redshift
Star formation and feedback removes
cold gas efficiently

Dubois et al., 2012



Quasar mode versus radio mode

Wet major merger 1:4

z=1.5

Quasar :

mode .
' L]

1.4 Mpc
1.8 Mpc
<€ m— > 7 T (keV)
e 1-—' - o ‘m
z=0 o
Radio - - | 2
mode
k il . — 0
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Mass distribution in a cluster of galaxies

I's00

M(<r) (Mgun)

r (kpc)

Dubois et al., 2010

SFR (Myn/yr)

See also Teyssier, et al., 2011; Martizzi et al., 2012

4/8/13 AGN feedback and galaxy formation

No AGN
AGN

Total mass

Dark matter
Stars

Redshift
0.0 0.2 0.4 0.6 1.1 1.9 4.1

0 2 4 6 8 10 12
Lookback time (Gyr)
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Stellar mass in the central galaxy

13.0

%

10

-+ no AGN
AGN

Obs. (Kroupa)
—  Obs. (Salpeter)

—

AGN feedback and galaxy formation

13.0 13.5 14.0
|OQ Mh (Msun)

Dubois, Gavazzi, Peirani, Silk, arXiv:1301.3092



Can we get massive galaxies that look like ellipticals ?

Increasing mass

Dubois, Gavazzi, Peirani, Silk, arXiv:1301.3092
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Are they in rotation or dominated by velocity dispersion ?

3.0 Trrrrrrrort TrrrrrrrorT rrrrrrrrTTT ] 10— T rr T L L R R LI L R
. no AGN ] I ]
250 AGN 7 0.8l -
20F . ! . .
I 0.6 In situ 4
A A I ]
2 15k . J 2 i
v discs Y, - /
[ 0.4 Mer:
[ I gers
1.0¢ = = -
; ellipticals i i
0.5 - 0.2 i no AGN |
i ] AGN ]
oolb......... Lo v I L i OO0l o o Lo e Lo v Lo e
0 1 2 3 4 0 1 2 3 4
Z z

Dubois, Gavazzi, Peirani, Silk, arXiv:1301.3092
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Changing the compactness of massive galaxies

I IlIIIII| | IIIIIII| | IIIIIII|

SLACS Salp
SLACS Chab

o AGN z=0.2
no AGN z=0.2
- AGN z=1
no AGN z=1

Rett [kpc]

| | lllH"l‘- ll llllll | |1 llllll | |
10° 1010 10" 102 1013
MS [Msun]

Dubois, Gavazzi, Peirani, Silk, arXiv:1301.3092
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z=2.5 temperature slice

Cold flows or Hot flows
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Growing the first bright quasars

Observationnal facts:

- Very bright quasars in the SDSS with z>6 (Willott et al., 2003; Fan et al.,
2006; Jiang et al., 2009)

- Detection of a 2.10° M, BH at z=7 (Mortlock et al., 2011)

Requirement:
- Need to grow from 102-103 Mg, up to 10° M, in less than 700 Myrs !
Eddington limit provides an e-folding time = 45 Myr

Question:
- How to bring gas sufficiently rapidly into the bulge of the galaxy ?

- Direct accretion from the cosmic cold flows
(Di Matteo et al., 2012)

Cosmological context with large statistics

but low resolution (~1kpc)
Versus
- Violent disc instabilities (Bournaud et al.,
2011)
High resolution (1pc) but isolated disc

Di Matteo et al., 2012

. I ~ >
‘Bournaud et al., 208
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Very massive halos

Simulate a rare density peak: very massive halo that could host a very massive BH

Set of simulations:
-A low mass halo SH with 5.10"" M,
-A high mass halo LH with 2.10'2 M

at z=6, and 100 pc resolution
at z=6, and 100 pc resolution

sun

4/8/13 AGN feedback and galaxy formation
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Very massive halos

Simulate a rare density peak: very massive halo that could host a very massive BH

Set of simulations:

-A low mass halo SH with 5.10" M, at z=6, and 100 pc resolution
-A high mass halo LH with 2.10'2 M, at z=6, and 100 pc resolution
-A low mass halo SH with 5.10" M, at z=6, and 15 pc resolution

AGN feedback and galaxy formation



Tracer particles: the Lagrangian history of the gas flow

Vir = [fijVig + fir1jVierg + Jigr1Vigen + fir1j41-Vin1 g4

n+1l _ n n n-+1 n
Ly — xtr+vtr°(t —1 )
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Follow the white rabbit...

Take the tracer particles that belong to the galactic bulge

13.7 . . 8.4 5 . . 2.5(

N
o

—
()]

g 100} ;‘ :
@ X o i
o N
C o B
3 5 1.0
@ < YT
© &
1.0k =
- 0.5
0.1 : : : 0.0
0.3 0.4 0.5 0.6 0.7 0.8 0.9 12

time (Gyr)

Late time gas infall do more rotations before being accreted.
Compatible with late-time cosmic filamentary infall having more angular
momentum (Pichon et al., 2011, Kimm et al., arXiv:1106.0538, Codis et al., 2012)
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Direct infall or disc feeding?

How to bring gas sufficiently rapidely into the bulge of the galaxy ?
- direct accretion from the cosmic cold filaments (Di Matteo et al., 2012)
versus
- violent disc instabilities (Bournaud et al., 2011)

It's in between !

10— " Trrr v rrr o Ty T r
3 ' PR = i
\ A S e

R "\ : Direct infall -

R N e { —— SH 100 pc
0.8 AN CLE SN '

8 \\/ N "/\/ ‘::.,\‘_,Q__‘\__\ -
h - - LH 100 pc
— SH 15 pc

facc

Dubois, Pichon, Haehnelt et al., 2012, arXiv:1112.2479
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The good old picture

- Cold collimated streams of gas
plunges into halos.

-They feed the central galaxy
with large amounts of fresh
material

- All of this neglects the role of
(any) feedback

What about the impact of
feedback on the gas accretion ?

Let’s do the full monty: star formation + SN feedback + AGN

4/8/13 AGN feedback and galaxy formation
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SFR(<r,),dMg, /dt (M, Ar)

AGN quenches star formation efficiently early-on

137 113 9.6 8.4 7.5 6.8

. No SN/no AGN

SN/no AGN

T 250
2 : SN/AGN
= 200F
= 150
v o
& 100f
2 [

50F

—

o

o

o

=)
1

10.00

T

1.00F

0.10

Ty

0.01F

aaalasiasasa

aaalaasasas

Dubois, Pichon et al., 2013
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AGN blows cold flows away

Gas is driven out hot from the central
galaxy due to AGN.

Cold filaments are repelled from the halo.
Their structure is strongly perturbed

Relative Length & Curvature

0.0_1

Dubois, Pichon et al., 2013.
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Control over the accretion of gas
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The essential role of mergers for a rapid clump migration to trigger
AGN bursts

Dubois, Pichon et al., 2013
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Summary on AGN feedback

— Powerful quasar modes are preferentially triggered at high redshift in gas
rich systems

— Quiescent radio modes are predominant at low redshift in massive
structures (little cold material)

* AGN can reheat the core of massive halos and prevent cooling
catastrophe
— Efficiently suppresses star formation
— Prevents high concentration of material
— Control the level of entropy in cluster cores
— Transform disc galaxies into ellipticals

« AGN quasars in high redshift galaxies

— The gas accretion onto BHs is driven first by cold streams, and, then, by
galactic disc feeding through disc instabilities (clump migration)

— Quasars at high redshift obliterates the gas content in massive bulges and
strongly perturb the cold accretion of gas

— Prevent large gas concentration in halos

4/8/13 AGN feedback and galaxy formation






