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Galaxy formation for dummies

Formation of slowly rotating dark matter halos
* spin from tidal torques
e statistical Virial equilibrium

Hot gas settles in 3kTyas 1 GMpaio
thermal equilibrium 2 ;0 = 2 Ryuie

Radiative cooling dissipates pressure support,
dense gas discs settle into centrifugal
equilibrium: radiative atomic physics sets the

galaxy mass.
To =136 eV Mgajaxies ~ 10" Mg

White and Rees (1978); Dekel and Silk (1986)

Disc galaxies form from quiescent gas accretion history, while
elliptical galaxies form out of violent mergers.
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From pancake collapse to the Cosmic Web
My first galaxy (TeySS|er et al. 1997)

8e+06

Mare Nostrum S|mulat|on (Ocvirk et al.
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Modern galaxy formation simulations

Mock gri SDSS composite image with dust NGC4622 as seen
absorption based on Draine opacity model. from HST
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Outline

- Impact of star formation recipe

- Impact of code type

- Modeling stellar thermal feedback

- Impact of feedback for dwarf galaxies
- Modeling stellar radiation feedback

- Modeling feedback from AGN

- Impact of feedback for massive galaxies
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Star formation: what do we know ?

My favorite theory for star formation: gravo-turbulent fragmentation.
Turbulence in the ISM determines ultimately the mass spectrum of molecular cores
(CMF) and stars therein (IMF) (Hennebelle & Chabrier 2008; Hopkins 2010)
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log(¥/X,)

The IMF is (probably) not universal

log(M/M,)
Effect of the Mach number
Hennebelle & Chabrier 2008

Effect of the CR flux
Hennebelle 2012

In galaxy formation, we have a wide range of physical parameters for turbulence:
various Mach number, various FUV and cosmic rays fluxes.
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Star formation recipe

SFR per free-fall time parametrized by the efficiency parameter &x

Magnetized gravito-turbulence simulations predict a rather simple law.

Padoan, Haugbolle & Nordlund (2012)
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Star formation recipe
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Agertz et al. (201 1)

Esnt = 10°" ergs
€ — 5 %
B/D ~ 125

o o
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Pseudo bulge!!




Agertz et al. (201 1)
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Agertz et al. (201 1) Circular velocities

\
Effect of SFE Effect g (7 @Pdback
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Effect of ¢, : disk + bulge 1

10
r [kpc]

D-20% scaling recovers the Milky Way
MW mod®ls with small halo mass (~ 7x10'' Msol) are required

Séminaire IAP Romain Teyssier



Agertz et al. (201 1)

Effect of SFE

Star formation histories
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Lookback time [Gyr]

Effect of SNe feedback

Effect of Egy,

E=0 (w. metals)
E=10%! ergs

E=2x108! ergs
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Lookback time [Gyr]
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The Aquila comparison project
Scannapieco et al. (2012) arxiv/1112.0315
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The Aquila project: varying codes and physics

TABLE 1
SUMMARY OF CODE CHARACTERISTICS AND IMPLEMENTED PHYSICS,
Code Reference Type UV background Cooling Feedback
zyy spectrum
G3 (GApGeT3) (1] SPH 6 [10] primordial [13] SN (thermal)
G3-BH (1) SPH 6 (10] primordial [13] SN (thermal), BH
G3-CR 1] SPH 6 [10] primordial [13] SN (thermal), BH, CR
G3-CS 2] SPH 6 [10]  metal-dependent [14) SN (thermal)
G3-TO (3] SPH 9 1] metal-dependent [15] SN (thermal+kinetic)
G3-GIMIC (4] SPH 9 (11) metal-dependent [15) SN (kinetic)
G3-MM (5] SPH 6 [10] primordial [13] SN (thermal)
G3-.CK [6] SPH 6 [10] metal-dependent [14) SN (thermal)
GAS (GASOLINE) (7] SPH 10 (12] metal-dependent [16] SN (thermal)
R (ramses) (8] AMR 12 [10] metal-dependent [14) SN (thermal)
R-LSFE (8] AMR 12 [10] metal-dependent [14) SN (thermal)
R-AGN (8] AMR 12 (10] metal-dependent [14] SN (thermal), BH
Arepo (9] Moving Mesh 6 (10] primordial [12] SN (thermal)
Nore. — |1 Springel et al. (2008); 2] Scannapieco et al. (2005); Scannapleco et al. (2006); [3] Okamoto et al. (2010); [4]

Crain et al. (2009); [5] Murante ct al. (2010); [6] Kobayashi (2007); [7] Stinson et al, (2006); |8] Teyssicr (2002); Rascra &
Teyssier (2006); Dubois & Teyssier (2008); [9] Springel (2010a); [10] Haardt & Madau (1996); [11] Haardt & Madau (2001);
vate communication); [13] Katz et al. (1996); |14] Sutherland & Dopita (1993); [15] Wiersma

[12] Haardt & Madau (2005, pri
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Galaxy formation codes: a few facts.

GADGET

ENZO

SPH (here GADGET?2) cannot capture fluid instability correctly.
Blobs of gas survives for an artificial (infinite ?) long time to KH instability.
Agertz et al. (2007)
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Galaxy formation codes: a few facts.

T T T T LF | S e ——

AMR AMR with horizontal
velocity: not strictly
i | j i } Galilean invariant
T Wadsley et al. (2008),
Price (2008)
standard : ' o : ' : ' SPH with
SPH: . : explicit
strictly 2 entropy
Galilean [ and mass
invariant 0.6} - . 06h - . diffusion
J4) R 04)
0.2} . 02}
0.2 , Df-i afo ‘ 0.2 A llf-i A afe
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The Aquila project contenders

AREPO: moving mesh code (Springel 2010)
Lagrangian mesh points : Galilean invariance

Voronoi tessellation to define interfaces between finite volume elements. Based on the
Godunov methodology: Riemann solver + slope limiter.

Feedback models similar to GADGET.

RAMSES: AMR Eulerian code (Teyssier 2002)

Different stellar feedback implementations, all inefficient at large halo masses.
AGN feedback model a la Booth & Schaye 2011

GASOLINE: standard SPH (Wadsley, Stadel & Quinn 2004)

Delayed cooling with blast wave model. Inefficient at large halo masses.
GADGET: standard SPH (Springel 2005)

Many different versions with various feedback recipe.

AGN feedback a la Sijacki et al.
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Different codes, same physics, different morphologies...

GADGET GASOLINE RAMSES AREPO
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Same code, different subgrid models, different morphologies...

RAMSES
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Stronger feedback, earlier star formation...
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Stronger feedback, flatter rotation curves...
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Disc mass correlates with median stellar age
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Feedback and SF matter more than code type.
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Feedback processes in galaxy formation

Small mass galaxies are dominated by stellar feedback

Large mass galaxies are governed by AGN feedback.
What about the Milky Way ?

Stellar-to-halo mass ratio

— —— —— —_—

- Moster et al. (2010)
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The problem with supernovae feedback

Consider a single molecular cloud of mass going supernova.

Most efficient case is the adiabatic blast wave model (Sedov solution).

1051
The total energy is just Esn = GSNE*Mgasm erg .~ 10%
2 | & ~
The cloud veloGity is  Vsedoy = = | —— ~ 90 km /s esn 2~ 10%
5\ Mgas

Cloud is destroyed but the gas remains within the galaxy Vescape =~ 700 km /s

We can consider that only a fraction of the cloud is accelerated in a wind

1
Mwind — nwindM* with Nwind < —

€x

2 E
Mass-loading factor 7wind = 1 gives only Vsedov = = MSN ~ 300 km/s
wind
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Stellar feedback with delayed cooling

Stellar winds, supernovae remnants are highly turbulent
environment, filled with cosmic rays and magnetic field.

Thermal energy dissipates almost instantaneously
through cooling. Non-thermal processes dissipate much
more slowly.

Hanasz et al. 2009 ; Scannapieco & Bruggen 2010;
Wadepuhl & Springel 2011 and others...

Here, we capture the non-thermal energy as:

Chandra image of Tycho

Deérursy : PCrurb
i A v

2
: €turb = Tturb
diss

The total dynamical pressure is Piot = Pihermal + Piurb

Maximal feedback scenario: Ein; = p.nsn10°° erg/Mg taiss ~ 10 Myr

We mimic slow dissipation of nhon-thermal energy using delayed cooling for
the thermal energy:

Dcthcrmal

Dt - Ex‘nj — Pthermalv o n%IA Wlth A — 0 lf Tturb > 10 km/S
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Feedback in dwarf galaxies: a controlled experiment
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Dark matter cusp-to-core transformation

Excellent fit of the dark matter profile with 1

p X

a pseudo-isothermal profile 14 (r/Tcore)?
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Comparison to WLM (Leaman et al. 2012)
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Stellar surface density: exponential with a core
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A thick rotating disc
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Still too many baryons in stars

WLM lives in a 101° Msol
halo and formed 107 Msol
of stars. We formed 108

Msol.
Solution ?

Lower the SF efficiency by
10 (Krumholz & Dekel
2011; Padoan et al. 2012)

AND

Use a top-heavy IMF and
boost the mass fraction in
massive star by 10
(Hennebelle et al. 2012;
Marks et al. 2012)

/
/

S/a/lpeter IM

no FBK,

2 SFE
1% SFE

no FBK, 0.27% SFE

PR |

1.0
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Constraints from abundance matching
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Radiative feedback from stars

o Agertz at al. (2012)

.

Bolometric luminosity
Winds
— Supernovae Lype 1l

3
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After 10 Myr, stars have radiated:

- 10°" erg in supernovae & winds
- 1033 erg in radiation

x (cm®/g)

10°¢

10%}
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1020 o
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UV radiation is transformed into IR
radiation that slowly diffuses out of
high column density regions

kiR >~ 5+ 5 cm?/g
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Momentum-driven radiation feedback

Murray et al. (2005) proposed that momentum-driven radiation flows explains why
molecular clouds are dispersing so fast. Murray et al. (2010) have shown that a fair
fraction of the radiated energy can be transferred into gas momentum.

We propose here a simple model for IR

radiation energy trapping. See other 10°F . T 3
implementations by Hopkins et al. (2012) | Z-::;;’:’Eﬁﬁﬁéi
and Stinson et al. (2012) | e OR er cu10 cm'/g
1()“5 supernovae
E.. = 10°3 (1 — exp_TIR) erg ﬁ i
where the IR optical depth is computed Zjl )
using a local column density E
Z 2 o -
TIR = KIR — Ax E N3
IR IR 7 Pgas \‘\
This energy is deposited in the non- | \
thermal pressure component to maximize S R

Hydrogen number density

the conversion efficiency into momentum.
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Preliminary results

Romain Teyssier (2012) Romain Teyssier (2012)

kiR = 15 cm? /g kiR = 0 cm?/g

Séminaire IAP Romain Teyssier



Preliminary results

Bx10°0 T T T
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©
O I
2 4x100f
= i
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0 L
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Preliminary results
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Feedback in massive galaxies: supermassive black holes

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

450 kpc
ody 001

Simulation Observation (Perseus)
X-ray (3 bands)
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Feedback in massive galaxies: supermassive black holes
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A simple model for SMBH growth and feedback
Numerical implementation in cosmological simulations: Sijacki et al. 2007;
Booth & Schaye 2010 and many others. Constantly improving.

In high density regions with stellar 3D velocity dispersion > 100 km/s, we
create a seed BH of mass 10° Msol.

Accretion is governed by 2 regimes:

- 47TG21\"_'[[23HP
— (Yboost (C,Z 73 U2)3/2

Bondi-Hoyle regime Mgy

Eddington-limited ~ Mgp = 4xGMeam,
€roTC
Feedback performed using a thermal dump AE = ecé&:MaccC’ At
with following trick to avoid overcooling: Facgn > gmgask:BTmi,, T o=130" K

Free parameter ¢¢ calibrated on the M-o relation.
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AGN feedback: calibrating the coupling efficiency

AE — ecerMaccczAt.
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Dubois at al. (2012)

BHs deposit the same energy / independant of the AGN efficiency
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Galaxy formation on cluster scales

SF SF
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AGN feedback modifies the BCG properties
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A dichotomy in the structure of elliptical galaxies
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Structural properties of the BCG
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Kinematic properties of the BCG
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A stellar core in massive elliptical galaxies

Core elliptical: light deficit, low ellipticity, slow rotator
Kormendy et al. 2009

T L T v T

Z . 3
03F °© 3
- . =
02F o° g llane -3
s o - ]
01 F o '\ / -3
L ® 3
0.0 f=t—t—+——+—+—+——+—+—+—
16 - NGC 4472 -
- cz R
I M, = =2324 ]
18 |- n = 599:38 -
T e Louer+ 05V " .
20" ¢ acs v =
[ ¢« CFHT Coss V * N
22 ; e SPDSS V .:
- © Bender~ QB V * :
[ © Peletier + 90 V ¢
24 F2aKim+00 V" .
: e Coon+54 8" :
- & McDomold OB mV * -
26 [ - sersic Fit (3.57 to 8777) a
N : M | N X |
0.0 2.0 4.0 6.0

r'/4 (arcsec'/?)

core size ~ 0.5 kpc

i (V maog orcsec?)

L LA GO PEERLEENL A Y N s LS
I K
- ataans -
0.4 | . il
- R
0.2 -
T R
1
0.0 + { -
NGC 4486 4
£t
M, = =2295
® PCF555w * no= 11842170
20 [~ ® Lover + 9201° =
e ACS V p
+ CFHT Coss vV * 1
s SOSS Vv
o Bender + 0B V 1
¢ Peletier + 90 V * y
25 - » Davis + 85 R —
A McODonold 08 m VvV * 1|
A Lu+05R"
® Mihos 4+ 05V * 1
- Sersic Fit (15.1" to 1778.3") N o
" X 12 X " 1 1 X

0.0

4.0
r'/¢ (orcsec'/*)

2.0

core size ~ 3 kpc

Séminaire |IAP

Romain Teyssier



Large mass deficit in the core

From the Sersic fit, we infer a mass deficit Mget=10"" Msol or Mget/Me=20.
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Origin of stellar and dark matter cores in clusters
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Conclusion

A new stellar feedback scheme in RAMSES based on non-thermal
processes and implemented as a delayed-cooling scheme.

Dwarf (10'° Msoi) cooling halo simulations give rise to a cusp-core dark
matter profile transition, due to large potential fluctuations within the core.

Kinematic analysis reveals a thick, rotating, exponential disk, in striking
agreement with an observed, quasi-isolated dwarf WLM.

Radiative feedback of IR radiation on dust play a major role for MW-like
galaxies. It probably sets the starting point of AGN feedback.

The Booth & Schaye AGN feedback model has been implemented in
RAMSES and used in a 10" Mso halo cosmological simulation.

This brings the massive central galaxy properties in agreement with
observations (no more overcooling).

Kinematics analysis reveals a massive, slowly rotating elliptical galaxy with
a cored Sersic profile.

AGN feedback (high z) and SMBH friction (low z) give rise to the formation
of a dark matter and a stellar core (or broken power law) of similar sizes.
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