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The basic paradigm

Formation and structure of CDM halos

Formation of gaseous halos

Formation of galaxies in CDM halos

Statistical properties of the galaxy

population




Galaxy formation Ingredients

Cosmology: provides the initial and
boundary conditions for galaxy
formation

Gravitational instability: drives large
scale structure formation

Formation of dark matter halos in the
cosmic density field

Formation of galaxies in dark matter
halos: gas cooling, heating and
accretion; star formation; feedback;
galaxy merger

Galaxy evolution: spectral synthesis;
chemical evolution; dynamical evolution

Galaxy populations: both low and high z

cosmological initial and boundary conditions

dissipative
collapse;

starburst

i
‘ gravitational instability ‘

i
‘ dark halo (dark matter + gas)

hot halo

‘ gaseous disk ‘

i

star formation
disk galaxy

‘ tidal tail ‘ ‘ AGN, tidal tail

starburst, bar instability

gas inflow

I

% spheroidal system

AGN
| ;

elliptical

central bulge

|

‘ bulge/disk system ‘

disk
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The standard paradigm

® Big Bang cosmology

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern  Dark Ages Development of

Galaxies, Planets, etc. ’ o The Unlverse IS
| dominated by cold dark
matter and dark energy

® Primordial perturbations,

mm B probably generated by
) 137 biton yeurs ] inflation, well constrained
by observation (CMB; LSS
etc)

® Cosmological models well
constrained

k=20; Q, =025 A=0.75; h=0.7, Q, =0.04; n=1
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Numerical simulation results

Millennium Run<!
77 .000’ pai
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Brief review of structure
formation

Gravitational instability: structure form from small perturbation due to action of gravity

Gaussian perturbations, completely specified by the linear spectrum P(k):

|0k ] |0k | d|dk| dox,
2V, 'P(k)]| Vi ' P(k) 2w

Pr(16], 0) o] oy, = exp [—

Initial perturbation spectrum:

Pi(k) = Ak™ (n~1).

Linear Power spectrum
P(k) = P;(k)T*(k),

T'(k): linear transfer function describing linear evolution in EdS phase.

Power spectrum normalization: og = o(8h~tMpc), with

o2(R) = % / P(k)YW3(k)k2dk ;
Wa(k) = (l;%)2 sin(kR) — kR cos(kR)] .
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Evolution of perturbations

Linear Growth factor: d(t) o« D(t) = a(t)g(t):

0(2) = Jm() {287(5) ~ 0 (2) + [+ P 4 St

Nonlinear evolution: in general analytical solution
difficult to obtain
For special cases:
spherical collapse model
ellipsoidal collapse model
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Spherical collapse model

Consider A = 0 as an example. The radius of a mass shell obeys:

d?r B GM

dez2 — 2

where M is the mass within r. Before shell crossing, M is constant:

2
% (%) — Giw = &, (<0 for collapse)

where & is the specific energy of the mass shell, determined by the initial con-
dition of the mass shell,

r;, and v; (or &;),
or equivalently

ri(t) = la(t)/airs, and  4,(t)) = la(t)g(t)/aigild: -
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The solution is:

ro 1 1 —cos0 .
ri(t) 2 [56()/3g: + (1 — Q7 )]
1 0 — sin 6

Hit = — 5 3/2
20,2 [56,() /3 + (1 — 7 )]

where Ht = H(t), Qt = Q(t), gt = g(t)

Turn-around:
P /T1(8) = [56(8)/3gs + (1= )] 5 Hytax = 2;—1/2 [560(t)/3g¢ + (1 — ;1)

t

~3/2

If turn-around occur at t;,, then

(0

_ Bg(tta) 7 !
5l(tta) - 5) { [2Q1/2(tta)H(tta)tta:| - [1 - <tta)} } |

For Q =1, §;(ta) = g (%)2/3 ~ 1.06, and the real density at this time is

plta) = plte) | L0 - (?jf)zma) ~ 5.55(ta)
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Gravitational Collapse

A mass shell is said to collapse at a time when » = 0, i.e. when at t = 2,4«
(corresponding to 6 = 27).
For a mass shell to collapse at time t., requires

~ 3g(teol) 7T 7 -1
5C(tcol) _ 5 { [91/2(tcol>H(tcol)tc01] - [1 - (tCOI)} } |

Since H(t)t and g(t) depend on t only through only on 2(¢) in the matter
dominated epoch, we have

3 /31\2%/3
Beteor) ~ = <7> Qo1 )] %018 2 1.686 .

This is also true for a flat universe with a cosmological constant.

Link non-linear collapse to linear theory
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Virialization and dark halos

Virial theorem: for a steady state 2K + W =0, F=-K = % ,
where K: kinetic energy; W: gravitational potential energy, £ = K + W.
Application to spherical collapse, assuming uniform sphere:

3G M?

5rmax

E =

After collapse suppose the radius settles at 7., then

3G M?
_ — 2E7 SO that rvir — rmaX/Q .

W:

5Tvir

Assume collapse at tyiy = tmax/2, the mean over-density in ry;, is

1 —|—A . p(tmax)(rmax/’rvir>3 _ p(tmax) ﬁ(tmax) <Trnax)3
p(tyir) P(tmax) P(2tema) ’

where p(t) is the background density at ¢. For Q = 1, A, = 1872 ~ 178,

T'vir

Avir ~ (1872 4 60z — 322%) /Qm (tvir) (A = 0);

Ayir ~ (1872 4 822 — 392%) /i (tvir) (U + A = 1),
where z = Qy,(tvir) — 1 (Bryan & Norman 1998).
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Halo mass function: the Press-Schechter (PS) formalism
Spherical collapse model applied to Gaussian density field

We want F(> M), the mass fraction in collapse objects (halos) with masses
> M at time t, because the mass function can then be obtained from

n(M,t)dM: EM

W oM dM .

Now consider the smoothed density fluctuations:
ds(x; R) = /(50(X’)W(x +x';R) d*x’.

For Gaussian filed:

1 52
mexp [_202(M)} ;

,P(és) —

where

"~ 22

with M =pV(R), is the mass variance of the smoothed field.
The fraction of regions with density contract > §.(t) is

P O) = G200 R) = 55 [ " P(k) W2 (KR) K dk.

P> 6.(t)] = /5 O; P(5,)d65, = %erfc [%] |

Can we set F(> M) = P[> 0.(t)]? No, because P — 1/2 as M — 0.
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The PS ansatz

PS argued that material initially in under-dense will eventually be accreted by the

collapsed objects, doubling their masses

So PS set F'(> M) = 2P[> J.(t)], obtaining the PS mass function

n(M,1)dM = L5 fos(v)dM

2 d1
fos(v) = x/;gblex;m-VQ/z)‘cihf;}

v = 5a(t) /o (M)

Time enters only through d.(t), and mass through o(M) and its derivative.

where

Y

with
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Excursion set derivation of the PS formula

Os

Adopting top-hat filter in k-space: Wk(k /k.) =1 for k < k. and = 0 otherwise,
where k. is a cutoff wavenumver, corresponding to a smooth scale R = 1/k..
Using S = 0%(M),

1 k=k.+Ak.
(A5)2) = ([04(x; ke + Ak — 8y(x; k)]?) / P(k) k2 dk = 02 (ko t Ak.)—02 (ko) = AS
k

~ 92
2T =k,

Thus, for a Gaussian field

1 (AG,)?
P(AG,[6,)A(Ad,) = —— exp [— NG ] d(AS,).

As S increases (or M decreases), ds executes an uncorrelated random walk.
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The mass function from excursion set

Os

We need F(> M;) =1— F(< M;). Note that
F(< Ml) = FFU(> Sl)

where Fry(> S7) is the fraction of trajectories with first first up-crossing at

S > 51:

0 v o'

¢ odx 2 dx 2
Fry(> S;) = P(8s,S1) — P(25,. — 65, S chS:/ T e /2 T e /2
wu (> 51) / PG5~ P D) e e
Thus

 OFey ., 1 4, 52 B
fru(S,d.)dS = 55 dsS = NorIE exp {_ﬁ} dS = fps(v)dInv
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Halo Progenitors and Merger Trees

Application of excursion set model:

Progenitor mass distribution;

Halo merger trees (formation histories);
Halo spatial clustering.

Conditional random walk:

1 01 — 02

S1,01]52,02)dS; = © -
fru(S1,01[52,62) dS: \/%(51_52)3/2 Xp[ 2(51 — 52)

Progenitor mass distribution:

M d
2 ‘ 51 dM, .

n(Mi,t1|Ma,ts) dM; = M, fru(S1, 01|52, 02) O

This provide a way to construct halo merger trees.
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A simple example, binary trees:

M — M, + AM
The probability of the splitting is given by

1 Aé

fru(AS, Ad)dAS = NI exp

[_

AS = .(t — At) — §.(t) reflects time step of the merger tree.

Halo assembly time ¢; when a halo first obtain half of its mass:

AH?
2AS

—] dAS,

Constructing halo merger trees

Mo pp ds
0 1
P(tf < ta|M0,t0) = / _M fFU(Sla 51‘50, 50) ‘dM dMl )
Mo/2 1 1
T T T T I T T T T I T T T T I T T T T ] I ] ] ] ] I ] ] ] ] I ] ] ] ]
M, =5.6x10'" h-'My ] M_,=2.0x10' h-' M, ]
06 M, =1.1x10%2 h-1 M, _| 06 - M,,,=2.0x10" h-1M, _|
23" 23°
< 04| < 04 | —
N N
Q o
e T el
0.2 0.2 —
0 IIIIIIII L o L1 1 1 1
0 1 3 4 0 1 3 4
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Spatial clustering, halo bias

Average number of (Mj,t;) halos in a spherical region (M, to):

M ds,
NGy ars = 2 g \ B an,,
where ,
1 01 — do (51 — (50)
110)dS, = e ——— 7 [dS.
N A Xp[ 2050~ 50) | !

Define a bias factor:

N(1|0)

L _ _
6h(1|0) - n(M]_,Z]_)VL

4
1, where Vi, = %RS’.

For My > M, (So < Sl) and ’(50’ < 01:

L V% —1 51
0y (1]0) = 5—150, where 14 = N
In evolved space
N(1]0) W
onh(10)= —————— -1
h( |O) n(Ml,zl)VL VE ’

where V1,/Vy = 14 6(t), where 0 is the average mass over-density of the evolved

region. Thus

2 2

vi —1 vi —1
0

5 0t

In the linear regime, §(t) = D(t)dp < 1:

on(1]0) = o(t) +

Sod(t) .

2

1 —1
On(1]0) = bn(M1,01;t)0(t), where bp(Mi,d1;t) =1+ 7 :
PIORSE
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Comparisons with Numerical Simulations

T T \\HH‘ T T \\HH‘//
10 ? Zform:Zobs E
_0.5 __I T T T T T T T T T T T T T T T T T T I__ 1 ? E
C ] . N e SCDM 3
-1 F - \ = “/HHH}} 1 H}HH} v
: : \_l/ 10 ? Zforrn:Zobs E
C ] 2 c ]
—~ —-15 ] g C ]
gl : : E - .
2D - . S - -
< - - & Tk E
-2 - — 9 o Pid OCDM 1
i ] o - . .
r T o X/\ \\HH‘ | | \\HH‘ —

- 1 + I I \\HH‘ I I \\HH‘ 7
_o5 [ PS (spherical) \ . - 10 2z =2z =
I PS (ellipsoidal) o ] - 3
i | ] B ]
_3 B 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 I\\I 1 1 i 7
-1 -0.5 0 0.5 1 1.5 1 e 5 E
log (6./0)? N e ACDM 1
= /f/\ \\HH‘ | \\HH‘ =

1 10
Ve = ((550/0)2

Models clearly not perfect!
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Elliptical collapse, an improvement

Basic idea (Sheth, Mo, Tormen 2001)

(1) Collapse of dark halos depends not only on
over-density, but also on the shape of the tidal
field: so ellipsoidal collapse instead of
spherical collapse

(i1) In a Gaussian density field the shape
(ellipticity) of the tidal field depends on the

mass of the region in consideration

(i11) The threshold over-density for collapse
depends on the mass scale in consideration

(iv) Excursion set with a moving barrier

G

3
B

100

80

60

g/a,
0.24 0.55 0.95 1.66
T ‘ T T ‘ T T ‘ T LI T ‘/ \. \.\ T
_ o
5, = 1.686,/40 ki
‘ | | | ‘ ‘ | | | ‘ |
0 0.1 0.2 0.3 0.4 0.¢

Mass-dependent collapse threshold:

where 8 =~ 0.5, v =~ 0.6.

M)

o*(M)

2
5sc

s

I
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Excursion set with moving barrier
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Elliptical versus spherical model

Mass function:

foc(v) = A (1 + %) fos(),

where 7 = 0.84r and ¢ = 0.3, A =~ 0.322.
Halo bias:

2

bh(M 5 t)—]_—|— y/2_|_byl2(1_c) I/i C/\/a 0 R 1 \\HH‘//
1,91 - - = = =
» U1 D(t)61 1 1 y'2e 1 b(l _ C)(l _ 0/2) J E Ztorm = Zobs 2 E
, B B B L i
where v = v/avy, a = 0.707, b= 0.5 and ¢ = 0.6 1 L ]
R S SCDM ]
_0’5 _| T T T T T T T T T T T T T T T T T T |_ /‘_\ - ,T/} } }}}H} } } } }}}H}//,
: : S/ 10 ? for'm:Zobs ?
_ ] - C ]
1 E ] g C i
: : E - -
i i < 1E 0CDM E
— _1 5 — — \_/o C 7 °
) = - » L e -
\D./O i T © = /f/\ | \\\H‘ | [ \\\H‘ —
2 : : + I T \\\H‘ I T \\\H‘ 7
-2 __ —_ ~ 10 ? form:Z é
25 | PS (spherical) \ ] . i )
I PS (ellipsoidal ] 3 P E
(ellip ) \ - E e ACDM 7
~ \ -1 - Ve -
_3 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 a1 1 | //\ | \\\H‘ L \\\H‘ B

-1 -0.5 0 0.5 1 1.5

1 10

log (6C/0)2 V2 = (650/0_)2
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Halo internal structure

Density profile
Angular momentum
Substructure

Shape

Most are based on
N-body simulations
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Dark matter halo profiles

Navarro, Frenk & White (NFW) profile:

(7“) o ' 5char
P = Pecrit (T/TS)(l n 7“/7“5)2 ’

rs a scale radius; dchar characteristic density contrast.

M(T) - 47Tp5c:har7“§) ln(l + cx) — 1 —Cl—xcx] , Vc(’l“) = ’

where x = r /7y, and
T'vir

T's

c=
is the halo concentration parameter.

Avilr 63
3 In(l+¢)—c/(1+¢)

5char —

For given cosmology and M, NFW profile is characterized by ¢, which is found
to be related to halo formation history. Zhao et al. (2009):

8.4) 1/8
c(M,t) =4x {1+ !
’ 3.75t0.04( M, t) ’
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Compare with simulation results

NFW profle Einasto prof'le

1.8 7 7 2 T 1.8 7 7 2R T
I Py
__ 1.6 1.8 ol "‘*a,a, |
Re i N A\ 4
N< r ’” N< o "'\ :
1.4 /.5 ca=747 1/ry; > 0.02 14 ¢, =6.98 =0.192 '&.‘ i
G | / 5 i -
N < »
S I ] S I ]
= 1.2 ; c;=6.66 r/r; > 0.1 - = 1.2 F c.,=7.09 «=0.188 _
5 Nigios =464 M,=2%10"*h""Mg, : L Nigios=464 M,;,=2%10"*h""Mg
1.00 T N S S 100
-2.0 -1.5 -1.0 -0.5 0.0 -2.0 -1.5 -1.0 -0.5 0.0
|g(r/rvir) |g(r/rvir)

- 2{() ]
Gao et al. (2009) with 0.12 < o < 0.25

Cyir = Tvz'r/r—2
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Zhao et al. (2009)

z=0.00 1 z=1.03
LCDM1-3
z=0.00
e — LCDM4 -6
L Navarro 1997 S i 10 =
— Bullock 2001 . r
Eke 2001 ]
—— This work \
I RTITT R I PERRETIT A L PRRTTTOY
10 — Z:2.08 = z=3.94 —
) T % 1 | — — Bullock 2001 \
L B - 1 l3g Maccio 2007 \
™~ AL PELL +1
r \\ T \\ 1 - Zhao 2003a
AN ™~ .
N AN This work
~
N N
\ N \ \ \ \ \
1 | oY | |l vl Ll vl el 1 Ll L L
101 101t 10! 1013 101 1016 101t 102 101 10" 10 10 10 10 101 10 10
M (h™! M) M (h~! M) M (h™! Mg)

Theoretical understanding of NFW profile and

mass~dependence of ¢
Lu et al. (20006)
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Halo angular momentum

Specified by a dimensionless spin parameter:

JIB[ or alternativel N\ J
= — s 1V =
G M5/2 Y \/§Mvvirrvir

where J is the total angular momentum, F is the total energy of the halo. For
NFW profile with particles on circular orbits:

Tvir 2 2
e [ AN My
0

A

9

2 — vir
dr = - p
5 r-ar 9 E,

c[1-1/(1+¢)? -2l +¢)/(1 +¢)]
2 [c/(1+¢) —In(1+ ¢)]? ‘

E_

So N = )\FE_l/2 and Fg = 1 for a singular isothermal profile p(r) o< r2.

Spin parameter distribution:

) = L [ O]

_= —— X — .
V21O A p[ 207, 5 A

with X = 0.035 and oy, ) =~ 0.5.

Theoretical understanding: tidal torque by large-scale structure
J = / d3%; pma’(ax — aX) x v = pma5/ dx; (x — %) x x.
VL VL

But not very successful.
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Internal angular momentum distribution

Specific angular momentum (per unit mass) distribution within a halos (Bul-
lock et al. 2001):

0 i T >0
P(T)y=d Wota)z M =
(7) { 0 it J <0

j .
Mm’rﬁ it 7 >0

0 if 7 <0
Define Jmax by M (< Jmax) = Myir, then Jy = (1 — 1) Tmax- Note that

Aﬂ<ﬂ:{

jrnax
jcotE/ P(j)djzcjmaXB Czl—ﬂll—(ﬂ—lﬂn(MMl)],
0 _

and that
Tror = /M = V2\Vyiuroin By V2.

So (A, p) specifies the angular momentum distribution. Bullock et al. (2001)
found that p has a lognormal distribution with 7z ~ 1.25 and oy, , ~ 0.4.
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Some implications

For an isolated exponential disk, A ~ 0.425. Consider a self-gravitating

gas cloud of with initial spin A; = 0.035. Since M and .J are conserved, and
E x 1/R, we have

A=N(R/R)™Y?,  (R;j/R) ~70 to get A =0.425 from \; = 0.035.

Consider a disk of mass M = 5x 101M, of radius R = 10kpc. R; = 700kpc.
The free fall time scale is

tg = /37/32Gp ~ 43Gyr.

This problem can be solved if disks form in dark matter halos

Angular momentum redistribution or selective assembly
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Halo shape

In general, dark matter halos are not spherical, better described by elliptical
shape (e.g. Jing & Suto 2002):

as as as
s=—, q=—, p=— (a12>a32>a3).
ay aj az

The triaxiality parameter

p_ - _1-¢

a? —a2 1-—s2’
T = 0: oblate; T'= 1: prolate. Simulations show:

0.5 <T <085 05<s5<0.75.

9

—0.05040.003
M ]

(s)(M, z) = (0.54 % 0.03) [ Toe

with scatter in s is o4 ~ 0.1.
The probability for p given s is

POl = 511 [1 - (%)] ,

with § = max[s, 0.55].
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Halo substructure; the sub-halo population

As a small halo merges into a larger halo it becomes
a sub-~halo orbiting within its host.

As it orbits, it is subjected to tidal forces from the
host, causing it to lose mass

The orbit decays due to dynamical friction which
causes the sub-halo to lose energy and angular
momentum to the dark matter particles of its host.

Whether a sub-halo survives as a self-bound entity
depends on its mass, density profile, and its orbit.

Mass function of survived halos:

dn fo m\ o m
= X — e —
din(m/M) ~ BU(1—) \pM) =P \BM )]
M: host mass; m: sub-halo mass; v = 0.9+ 0.1, 0.1 < 8 < 0.5, fo ~ the mass

fraction in sub-halos.
Un-evolved mass function (uses sub-halo mass at the time when it first becomes

a sub-halo:
d ( ) ) - { < ) q]
dIn(m/My) fM, P fM ’

with A ~ 0.345, f ~0.43, p ~ 0.8 and ¢ ~ 3.
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Halo mass function and galaxy mass

log[®(L) dlog L/(h3Mpc-3)]

]
function
[ [
(a) 12 -
4 = uFr
\ Ee
N Lof
\\ 1 = 9
\ 2 -
\\ 8:—
\ - C
L v v 0 1y rd | 1 1 1
12 14 10

8 B I10I
log[L/(h-2M,)]

1z 14
log[M/(h™'M,)]

Although galaxies form in dark matter halos, the relation
between galaxies and halos is not simple and can be

affected by many processes.

Thursday, July 29, 2010




