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@@@ Modelling galaxy formation

niversity of Durham

* Aim: follow history of galaxy formation ab initio, i.e starting from a
cosmological model for structure formation so as to predict observables

®* Main Physical processes:
® Assembly of dark matter halos

® Shock-heating and radiative cooling of gas within halos

" * Star formation and feedback
Phenomenological
| ¢ Production & mixing of metals models
® Evolution of stellar populations In semi-analytics and

. simulations
| ® Dust obscuration

® Black hole format'n, AGN feedback

Sub-grid physics

_° Galaxy mergers

-t | Institute for Computational Cosmology




heated to Tvirial

® Radiative cooling of gas
from static spherical
distribution

® Disk size related to
angular momentum of
gas which cools

cold gas disk
—-
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Gas cooling only

Helly, Cole, Frenk, Benson, Baugh, Lacey '03

(see also Benson etal 00, Yoshida etal '03)
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of feedback

Semi-¢

Agreement between
mass that cools in
halos in SPH and SA

Helly etal ‘03
Yoshida etal ‘03
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g §€ € | The galaxy luminosity function

K-band
0 1 ] 1 I I I ] I I 1 1 I 1 I I I I I 1

: K,

= eﬁﬁlﬁ%

Cole etal:
2MASS+2dFGRS

Kochanek etal:

log(®/mag-'h® Mpc3)
-

2MASS+SDSS i _
. o Cole etal. 2001 i
Huang etal: _g | ™= Kochanek etal. 2001 3
. “ Huang etal. 2003
Z=0.1 - T %I N i
-18 -20 -22 -24 -26 28
My, —ologh

Cole, Norberg, Frenk, Baugh + 2dFGRS ‘01
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HICE

'ACDM Hubble Volume Simulation = -

[ I

o Halo mass function
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different shapes

—>

Complicated variation of
M/L with halo mass

log(®/mag-'h® Mpc3)
-

Dark halos _|
(const M/L)

/

galaxies

-20

Benson, Bower, Frenk, Lacey, Baugh & Cole ‘03

—25
MK.—510gh
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Feedback in galaxy formation

Traditional forms of feedback:
* Injection of supernovae/stellar wind energy

* Photoionisation of IGM at high-z

These are not enough to explain galaxy luminosity fn

= Need AGN feedback as well

Institute for Computational Cosmology




NGC 3079

m e g M 82 (NGC 3034) FOCAS (B, V, Ha)

Subaru Telescope, National Astronomical Observatory of Japan March 24, 2000

Galaxv NGC 3079 HST « WFPC2 Copyright(@ 2000 National Astronomical Observatary of Japan, all rights reserved
NASA and G. Cecil (University of North Carolina) » STScl-PRC01-28




STAR FORMATION & FEEDBACK IN

DISKS Supernovae and stellar winds inject energy

which can:

star formation from

Y cold gas in disk 1. Reheat cold disk gas and eject into halo

——J_ supernovae drive 2
wind into halo

Cause the gaseous halo to expand

3. Drive a superwind

NGC 3079 PR M, peur = BaM.
| Mhalo = ﬁh M*
MSW = ﬁSWM*

e.g. ﬁrh = (Vdisk /Vhot)_z etc

1. and 3. are most important

Galaxy NGC 3079 HST « WFPC2
NASA and G. Cecil (University of North Carolina) » STScl-PRC01-28




HECC
IGM is neutral

Halos accrete gas
efficiently and form
stars

Z=10-20
Galaxies/QSOs Hydrogen 1s photoionized
emit ionizing
photons
IGM becomes 1onized and
76 is heated to around 10*K

|

LLow mass halos accrete
gas inefficiently

Ionizing background
heats gas in halos

[Institute for Computational Cosmology

Benson etal ‘02




No SN feedback
No Photoionization

-)

Gas cools into small halos

log(®/mag-th® Mpc2)

Faint end — too steep

Bright end — two few gals

Benson, Bower, Frenk, Lacey, Baugh & Cole ‘03
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No SN feedback

Photoionization flattens
faint end, leaving enough
gas to make bright gals.

(Main effect: gas pressure)

Need additional
source(s) of feedback

log(®/mag~'h® Mpc3)

-20 —25 -30
MK.—510gh

Benson, Bower,Frenk, Lacey, Baugh & Cole ‘03
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Can be explained by
v" Reionization
v" SNe feedback

Bright end:

- Too many bright
galaxies

Need to prevent too
much gas cooling in
large halos

log(®/mag-'h® Mpc3)

-20 —25 -30
MK.—510gh

Benson, Bower,Frenk, Lacey, Baugh & Cole ‘03
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disk gas by SN

Bright end:
Either:

* Superwinds
(E>Esyn)

e Conductivity
(high efficiency)

reheating of cold

log(®/mag-'h® Mpc3)
A
|

SN feedback+photoionization

Superwinds™
or i
conduction

-20 22 -24 -26 28
Mn—ﬁlugh

Benson, Bower, Frenk, Lacey, Baugh & Cole ‘03
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Weak: gas Is recapturec
and cools again

Strong: if E,,=15keV per
particle, winds escape
and never recaptured

~10% baryons ejected
(~mass turned into *s)

— Need energy from
black hole formation

(low og ~0.7 helps)

log(®/mag-'h® Mpc2)

-20 —25 -30
Mn—ﬁlngh

Benson, Bower, Frenk, Lacey, Baugh & Cole ‘03
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Core of Galaxy NGC 426l
Hubble Space Telescope

Wide Field / Planetary Camera

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk

380 Arc Seconds - 17 Arc Seconds -
88,000 LIGHTYEARS 400 LIGHTYEARS

Radio jets — to bubbles that rise buoyantly and deposit
energy into the ICM ( )




® Isothermal, non-gravitating gas in hydro eq at T=3.1 Kev

® Cooling fn includes H, He metals (Z=Z_/3)

® Bubbles created every 108 yr by injecting energy at
constant rate over 107yrs at random positions, r<50 kpc

® Energy in each bubble: (1x105%% -- 3x1069) erg

® Each simulation run for 1.5 Gyr

Dalla Vecchia, Balogh, Bower, Frenk & Theuns ‘04

Institute for Computational Cosmology







-+H/BCE Quenching cooling flows in clusters
University of Durham
By AGN “feedback”

Average mass deposition rate in 50kpc sphere

Bubbles every
108 yr at random
In 50Kkpc sphere.

Each event lasts
107 yr

Recurrent bubbles
(ea of 6x1044 erg/s)
(~2x1062 erg total)
stop cooling flow
onto cluster centres

0.0 0.5 1.0 1.5 2.0 2.5

energy per bubble ['l N%¥ e r.g]

Dalla Vecchia, Balogh, Bower, Frenk & Theuns etal 04
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Turbulence — effects of numerical
resolution




Perseus
(Fabian etal 03)

Dalla vecchia etal 04

Simulation




U@@j@ Can metallicity gradients survive?

niversity of Durham

Without bubbles
e

Yes!

>
=
O
©
e
()
&

Dalla Vecchia et al 2005; see also Bruggen 02
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“Bubble” feedback in halos of
R different mass

BB

Dalla Vecchia, Bower, Frenk & Theuns 05

Institute for Computational Cosmology




SN feedback+photoionization

reheating of cold =
disk gas by SN i

:

S
Bright end: K
AGN energy R il
transported by o
bubbles (7) -18 -20 -22 -24 -26 —28

Mn—ﬁlugh

Dalla Vecchia, Bower, Frenk & Theuns 05
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L ¥

. ‘Substructure |

in Cold Dark Matter Halos




of satellites

® Abundance reduced
by factor of 10

® Main effect due to
reduced cooling
because of increased
|IGM pressure

log dN/dM, (per central galaxy)

® Mateo (1998)

‘N/ophoto-i

0 . .

Standard model o o
Cole et al. (2000) -
No photoionization LG data

1, =10% .

_2 4 L L 1 ] 1 1 1 1 | 1 1 1 1 | I 1 1 1

0 -0 -10 ~-15
My

Benson, Frenk, Lacey, Baugh & Cole '02

(see also Kauffman etal '93, Bullock etal '01)



Model successful at low z

| I | | | I I I | I I |
SN feedback+photoionization

0 | I I I I I I

P e BassiiBg,, AGN feedback

e —
: Y

Test it by comparing with galaxy
Qroperties at high z

-18 -20 -22 -24 -26 28
My, —Slogh
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@ @ | The abundance of galaxies at

University of Durham h ig h redSh ift
Statistical samples difficult to obtain.
Focus on:

® UV-selected galaxies (eg LBGs, seen in rest-frame UV)
® Sub-mm sources (SMGs, seen (SCUBA) in rest far-IR)




1RCC Modelling dust

MCs:

young stars
+ dense 15M

leak out

® radiative transfer of
starlight through (clumpy)

dust distribution
® heating of dust grains |
- dust temperature e stors o
distribution
Complicated but Granato, Lacey, Silva, Baugh,

Bressan, Cole & Frenk ‘00

Institute for Computational Cosmology
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GALFORM+GRASIL

Baugh etal 2004

¥ Hughes et al. 1998
A Barger et al. 1999
% Chapman et al. 2002
¢y Cowie et al. 2002
0O Scott et al. 2002
A Smail et al. 2002

O Borys et al. 2003
m Webb et al. 2003

Gra\na\to etal. 2000
___ N __ total

Counts per deg2

— > quiescent

—————— bursts
"
N
A= 850pum ™

0 1 | | I 1 1 1 1 I 1 1 L | | | | | | | I\\

05 0 0.5 1 1.5
log(S,/mJy)

Not enough large
starbursts at high-z!

—> Insufficient feedback

Flux/Janskys

Institute for Computational Cosmology

Baugh etal 04




4JBCC  Galaxies at high redshift

The model that works at z=0 underpredicts the number of
SCUBA sources by x10

Modifications:

1. Star formation timescale in quiescent disks: {(SFR) ~

const

(instead of scaling with dynamical time)
—> quiescent disks are high-z are gas-rich

2, TophEAVY THE Th Bursts?
quiescent disks: solar neighbourhood IMF (dN/dInm ~ m-1-9)

bursts: ‘top heavy’ (dN/diInm ~ m=03%)
- bursts much more luminous

Institute for Computational Cosmology




log(®/mag-'h® Mpc3)
A

SN feedback+photoionization

1;”'- ns

—-18

—20

-22 —24
MK.—5logh

—-26  —28
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caLFoRM-crasi. NUMbDeEr counts g, .1 eial 2004

[
total % Crecomn ob ol 3002
/ o e
bursts A Smail el al. 2002
L () Borys el al. 2003 -
m Webb et al. 2003
® Top-heavy IMF in bursts T =0 N
O
. &S - i
Gives correct SCUBA counts = quiescent
A
z i i
%ﬂ o | Baugh etal. 2004 —
- total
- — quiescent
______ bursts
i A= 850um
Baugh, Lacey, Frenk, O 1 1 1 I 1 1 1 1 I 1 1 1 | | | | | | | | _I_ | | |

Cole, Benson, Bressan, -0.5 0 0.5 1 1.5
Granato, Silva 04 log(S,/mdy)



Number counts as fn of flux
GALFORM+GRASIL Baugh etal 2004

T ugnen et . 1008
total % Chooman ot al. 2002
oy Cowie et al. 2002 |
[m] Scot!; et al. 2002
BUrstSsame o o 5008
m Webb et al. 2003
LT 2l
Predicted redshift 3t
0_3(3|Str|but39@s_f __tot | S—2mly | "?“s I CIUIGSCent
L Zgg= 4.1 d )
~ = S T;%tig}!cent- 4 E i
‘%”"" C S Y » Baugh etal. 2004
— total
- — quiescent
______ bursts
z z i A= 850um
= = 0||||||||||||||||||||_|_|||
o4r 2o ] -0.5 0 0.5 1 1.5
0sf fep A ] log(S,/mly)
:z;o.zf— / . %
o 2 3 ] Baugh, Lacey, Frenk, Benson, Bressan,
I 5 Cole, Granato & Silva ‘04
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0.3(

Predicted redshlft_, B

dN/dz

—

consistent with observational
determinations

(e.g. Chapman etal 2005,
Zedian=2-0 at S=dmJdy)

Baugh, Lacey, Frenk, Benson, Bressan,
Cole, Granato & Silva ‘04

Institute for Computational Cosmology




Baugh etal. 2004 —

O ==
e ground based
- o HST EOtal . ted) 7
e — unextincte -
""'-——-{ Z_3
o N total 4
'y I~ quiescent f
e, —2 o B ———- burst 7
= 5 ursts
B \§ e N . _Z’
e g E e
S . s No dust B
= ) i O
= -4 N, - =
T
& ' i E
S >
w dust 0
6 A= 0.17um — m
| | —
—-16 —18 —-20 —22 —24

® Dust extinction has huge effect
on LBG luminosity function

® Most of UV radiation emitted by
stars is absorbed by dust

z=4 [(obs—frame

T | T T T | T T T | T T T I T T T
- "~ ~_  eSteidel et al. 1999: ground based
"~ oSteidel et al. 1999: HST h
. . z=4 b
SL _ ~.Nodust ]
A\ R :
—4 - \ |
- ™ N
\
\
!
: w dust
_5 I —
6 | | | il
-16 -18 -20 —-22 —-24 —26

® CDM model agrees well
with data at z=3 and z=4
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¢ z<4 >
quiescent dominates

20% of all the stars
are made in bursts
(with top-heavy IMF),

but only 5% of mass
locked up in stars
was made in bursts

|
[a—y

log(p./h3Myyr-Mpc-2)
I
0o

I
(%]

New model

total
SRR quiescent
_______ bursts
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length, r, ~ 6 Mpc/h

® Similar to R< 23.5 LBGs
(which have same density)

=1 1T 717 T 1T "1T""T"°7T 1T 17 T 1T T T T TT1
[T T T | |

CDM b=2 zZ=2

—
wn
S
e
=1)|
o
[i——

-0.5 0 0.5 1 1.5

log s/h-' Mpc
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* )
L4 / /
University of Durham

A top-heavy IMF in bursts?

20% of all the stars are made in bursts
(with top-heavy IMF),

but only 5% of mass locked up in stars
today was made in bursts

Look for evidence in metallicity of intracluster gas
—> all gas still there

Institute for Computational Cosmology




* Bursts: Kennicutt IMF 72 i
* superwind

Quiescent: Kennicutt -1 - superwind/Kennicutt .

- )| Fe I @] Si

Standard IMF results in

. + ?QH .ria &
too few metals in ICM fss, N N &
-2 " M ’f&- W —
- Biotigge
- Top-heavy IMF in I F
bursts needed L 0De Grandi et al. (2003) .
~15 - ~ Peterson et al. (2003) 1 _
- U Fukazawa et al. (1998) T :
Lol | | e L L L e
1 10 1 10
Nagashima, Lacey, Frenk, T [keV] T/KeV T [keV]

Baugh, Cole ‘04



v,ﬂm”.x - |
Sursts: Kennicu - g
Quiescent: Kennicutt o5k - T
o S
o elements (O, Mg, Si) E e %

produced mostly in SNII 05 [ Mg/Fe
Fe produced mostly in SNIa 0,5;_’(0’)’ ’ o _:m: A
> a/Fe probes IMF g e ey 2 ]

o/Fe consistent with top-heavy ~°°: 1& Si/Fe

IMF in bursts 3 10

Nagashima, Lacey, Frenk, Baugh, Cole ‘04 T/KeV |



Simulations of disc galaxy formation

Takashi Okamoto (NAOJ/Durham)
A. Jenkins, V.R. Eke, & C.S. Frenk (Durham)
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HJBCE | Simulations of disk galaxy formation

using SPH and same star formation
modes (similar subgrid physics) as in
the semi-analytic model

Institute for Computational Cosmology




'3y BECE | Simulations of disk galaxy formation

niversity o

Two star formation modes just as in semianalytics:

* Quiescent
— Self-regulated star formation
— Kennicutt IMF

* Burst
— High star formation efficiency

— Top-heavy IMF = large feedback energy in

merging galaxies

Institute for Computational Cosmology




HJBEE | Simulations of disk galaxy formation
University of Durham

(Gadget2 (Parallel TreePM SPH code by V. Springel)
— Multi-phase gas model
— Phase decoupling (Okamoto et al. 2004)
— Metallicity dependent cooling (Sutherland & Dopita 1993).
— Photoionizing background at z<6 (Haardt & Madau 1996)

— SNell
* Chemical yield (Portinari et al. 1998)

— SNela (Greggio & Renzini 1983)
* Chemical yield (W7 of Nomoto et al. 1997)

— Stellar pop synthesis (Pegasse; Fioch & Rocca-Volmerange ‘02)

Institute for Computational Cosmology




@?@/m What triggers a burst?

° In SA models
— Major merger \ )

* |n simulations
— High density (p > ppyrst)

* Nuclear starburst

— Strong shock (5> Spyurst)
* Extended starburst

e’

Institute for Computational Cosmology




Shock-
iInduced burst




el LI

density—burst shock - burst

¥ (kpc/n)

z (upc/n)

Okamoto etal 05

-20 10 @ 10 20 -20 -0 O 10
% (kpc/h) x (kpc/h)




{’ 1ICC Surface brightness profile

* Medium-size disk
(Lp/Liot)s=0.63 (Sa)

Density-induced bursts
* Small disk

(Lo/Liot)s=0.22 (E)

p(Jz/Je(E))

Shock-induced bursts -
* Very large disk B T P
(LD/LtOt)B=084 (SC) -1.0 -0.5 0.0 0.5 1.0

Jz/Je(E)

Institute for Computational Cosmology




most of gas is used up
Density-induced bursts

* Similar to no-burst model
until gas density reaches
threshold.

* Once bursts occur, SF
strongly suppressed.

* Almost no SF afterz=0.5
Shock-induced bursts

* Burst fraction high at high-z
— SF strongly suppressed.

* Burst fraction gradually

o/Yr)

SFR (M

40

]
L}

10

no—burst 7

density—burst oo
No-burst shock—burst = === -

Shock-burst —

-
-
- - - ]
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Density-induced bursts
* 2/3 of gas lost in winds
* Gal baryons: all cold

Shock-induced bursts
* 1/3 of gas lost in winds
* Gal baryons: 1/4 hot, 3/4 cold

M (10" h™ Mg)

M (10" h™ Me)




@ Shock-burst
- ’/ disc
pom

SF & feedback determine galaxy evolution




L CONCLUSIONS

Semi-analytics and N-body/gasdynamics
simulations are complementary methods for
modelling galaxy formation

LF and high-z study — required semi-analytics

\

Heating of ICM
Spiral galaxy formation

. required simulations

Institute for Computational Cosmology




ICC CONCLUSIONS

niver

1. The galaxy luminosity function

* |n CDM, it is determined by feedback processes

®* Faint end: photoionization & SNe feedback
(Satellites of Local Group: not a problem for ACDM)

® Bright end: mergers, starbursts, AGN (?)

2. Galaxies at high redshift

®* Model requires top-heavy IMF in bursts
®  Sub-mm and Lyman-break galaxies are star-bursting gals

— Evidence for top-heavy IMF in ICM and E gals

Institute for Computational Cosmology




CONCLUSIONS

Using same SF model as in semi-analytics —>

® “Angular momentum problem” can be overcome

® For same ics, morphology depends strongly on feedback

Institute for Computational Cosmology




