A Brief Review of the Course

Dark Matter Gas Temperature

redshift : 1.54 stellar mass . 27.7 billion solar masses
Time since the Big Bang: 4.3 billion years



Robertson-Walker Metric: Differential Space-Time Distance

* In General Relativity, a metric is a function which measures differential
space-time distance between two events:

(ds)* = (c - dt)* — (dl)?

* The Robertson-Walker metric is the metric that describes the geometry of a
homogeneous, isotropic, expanding universe. The metric in spherical
coordinate system is:

(@5 = (c - dn® = RZ0) | )? + (xd0) + (xsin 0|

V1 — kx2

where

Ry is the scale factor, defined to be 1 at present day, and <1 in the past
X is the comoving radial distance, x = r(?)/R(?),

| | I _ Rj )
k is the comoving curvature, k = = = R2R} = K(9)R;(¢1),

R is the comoving radius of the curvature.

The same terms are in Friedmann Equation.



Solution of FE1: Hubble Parameter vs. redshift - E(z)

* The FE1 in density parameters and Hubble parameter:
RGH? [1 —(Q,+Q, + Q)] = —kc?

* Boundary condition at t = to gives the value of the curvature:
H(1 — Q) = — kc?

* Equations of state gives density—scale—fagtor relati%ns:
Q,  PwPeo _ pn Hy 1 Hp

Qo PmoPe  Pmo H* Ry H?

Q1 H Q, H;

= and =
Q9 R} H? Qo H?
* Plug in and rearrange:
H* = Hj[(1 — Q))/R; + Q,, /R + Q, 0/R;, + Q) ]

* Expressed scale factor as redshift and define the dimensionless

Hubble parameter E(z):
H(z) 2 3 4
E@) = —— = \/(1 ~ Q)1+ 27+ Q,0(1 +2° +Q o(1 +2)* + Q, 4
0
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When we have distance measurement from galaxies at z > 0.1, cosmological
density parameters can be constrained by the same Hubble diagram

Distance Modulus (m-M)

High-redshift (z > 0.15) SNe:
* High-Z SN Search Team
© Supernova Cosmology Project

Low-redshift (z < 0.15) SNe:
 CfA & other SN follow-up S A

o Calan/Tololo SN Search  , 4¢"
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Top-Hat Spherical Collapse Model:
First expands then collapses: 187~
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NFW Profile vs. SIS Profile, using consistent definitions

Density distribution: Density distribution:

4p ;
p(r) = r) = >
(r/r )1+ 77, PO = Gy
Enclosed Mass: Enclosed Mass:
M(r) = 16mpr? (ln(l + ri) ~ :/;S/r ) M(l’) — 47T,0SI"S27'

Potential - const.:
2ln(l + r/r,)
$(r) = — 162Gp,r;

rlr

Potential - const.:

O(r) = 4nGp > In(r/r,)




What about non-circular orbits in a logarithmic potential field?

General form: ¢p(x,y,z) = 0.5 ln(Rg + x% + (y/ b)? + (z/¢)?)
When b=c=1: P(r) = 0.5 ln(RC2 + 1)
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Circular Velocity Profiles: Axial Symmetry vs. Spherical Symmetry

The spherical system has the same enclosed mass profile as the disk
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Counting Peaks in the Mass-Smoothed Density Field

The physical scale R used to smooth the linearly extrapolated density field o,(x) today
determines the minimum mass of all collapsable regions with 0,, > 6.(z), so the fraction of
mass locked in halos with masses greater than M = ;/pCR3 IS

F( > M) = P[5, > 6.(2)]; where 6,,(x) = | 5,(xwlx — x's (M/yp)'°1d>x’

(7

where w(x; R) is the window function used for smoothing
halo halo

Vo

linearly extrapolated density field smoothed on a mass-scale M




mass variance from integrating the power spectrum:
a. power spectra at different redshifts

5
105 oo Erre L L

10%L

— |
C?Q 1
mo i
£ i
= I
= !
|
& 102k !
= | %
5 : :
2 10| i
o : !
o - !
@) 0- !
2. 107 :
5 : i
k= !
107 L[ === keq :
------------ kBAO i

10~ 1073 102 10! 109 10!

wavenumber k [h/Mpc]



Resulting PS Halo Mass Function at Various Redshifts
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Halo Mass Functions: N-body Simulation vs. Analytical Predictions
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: both the P-S and N-body halo mass function
strongly disagrees w/ Observed galaxy mass function
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CMB Photons travel straight to us from the last scattering surface

* Analogous to the last scattering surface that marks the surface of
the Solar photosphere

horizon




lonization Fraction of Hydrogen vs. redshift in the Early Universe
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The CMB emerges when the mean free path of photons
reaches the size of the cosmic horizon (~cf)
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Jeans Length vs. Time

comoving scale

teq trec



Epoch of Recombination
z=1100

375,000 yrs.

Dark Ages Development of

Dark Energy
Accelerated Expansion

Galaxies, Planets, etc.
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Virial Velocity & Virial Temperature Expressed Directly with Virial Mass

e Virial radius:

2GM
I = 1 +2)7 '« MP(1 +2)7!
A A, o H? (I+2) a (142

* Virial (circular) velocity:

1/3

GM
Vy = 2 = (AR, (H2I2)"(GM ) (1 + 7)1
FA
* Virial Temperature:
Ty =222 o M2(1 4 2)
AT S5 A A <

note: EﬂmpVi = kT # EkTA because it’s circular not rms vel.

* Virial temperature is defined as the temperature of self-gravitating
isothermal gas in hydrostatic equilibrium. It is preserved for a non-

evolving halo because M, « r, (1 7)~2. Itis also the
expected temperature of baryons in the halo once shock-heated.




Cooling Function = Cooling Rate / Hydrogen Density Squared
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CC Density Threshold vs. Halo Gas Density and Temperature

- Catastrophic cooling occurs when 7., ,; < Zs which leads to a hydrogen
density threshold above which baryons cool rapidly in a halo:

. 29Gmp ( kT, )2
Nyr =
H 97T]Cgas //tA(TA, Z)

* This threshold is then compared to the mean hydrogen density of the

halo to decide the mass range of the halos over which galaxies form:
4
A _ A _ : 3
g Hmp T pb - Acfgaspc,OQm,O(“ T Z)

given the definition of virial radius, halos of all masses at a given
redshift should have the same mean density!
* The mean density can be expressed with virial mass and virial

temperature given that 7, « Mi/3(1 + z) and nﬁ x (1 + 2)°:
—2

”ﬁ - M L' ’
0.04cm=3 |\ 108M, 104K




CC Density Threshold vs. Halo Gas Density and Temperature

For solar-metallicty gas, efficient cooling at 0 < z < 5 occurs in halos between 109M® <My, < lOle@
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The Cold Gas Accretion Rate

dMgaS — f than
dt cold’ baryon dt

mass range
when €coild ¥ 0
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The Cold Gas Accretion Rate

dMgas _ — dMhalo
dt cold! baryon dt

mass range
when €coig # 0

101 to 10123 Mgun
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Baryonic Processes in Galaxy Evolution

Gas accretion
via cosmic web

Feedback;
Ejecting gas

-

-
’

Star Formation:
Converting gas
Into stars

© ESA/AOES Medialab



http://sci.esa.int/science-e/www/object/index.cfm?fobjectid=49190

The Bathtub'' Model: Accretion-Driven Star Formation

a continuity equation coupled with
a halo growth history and a star formation law

Change in Cold Accretion Rate o Gas Consumption Rate
Gas Reservoir Halo Growth Rate Star Formation Rate
dMgas than dMstar

dt 6coldfbaryon dt (1 — frecycle + foutﬂow) dt

aM
d*;a'o x Mt (1 + z)*? <= Halo Growth Rate from EPS

dMstar _ _ Mgas
dt — SFR — €QF Tdyn

&= Kennicutt-Schmidt Relation

cold gas accretion efficiency: recycle & feedback:

frecycle = 0.5

{ecold = 0.0 if Mhalo < 1011M@
€cold = 0.0 if Mhalo > 1012'3/\4@ foutﬂow = 0.6



Accretion-Driven Star Formation History

Bouche+2010 Redshift
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10 a steady state;
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10123 M, cold gas accretion
4 4 is choked and the SFR starts
to decline with an e-folding
time of 2-3 Gyr (=2 Tayn/€sF).
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0.6

Stellar mass fraction
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Stellar mass fraction

log M__ =12.30 _

Bouche+2010
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