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The Universe is expanding

Redshift
o Almost all of galaxy spectra are redshifted

Doppler effect ™ Galaxies are moving away from us
Hubble's law
o Galaxy velocity is proportional to its distance ___
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Big bang cosmology

Expansion of the Universe

e The early Universe should be extremely small

m» Extremely high temperature and density: Big bang
Bing bang nucleosynthesis (BBN)

o Light elements are produced in the first few minutes

Comic microwave background (CMB) radiation

e Electrons are captured by nuclears and
neutral atoms are formed: Recombination

m»» Photons can travel freely
and be observed '

Penzias and Wilson discovered

the CMB of 3K (1965)
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Homogeneous and isotropic Universe

Cosmological principle
e (Galaxies, clusters, etc. exist at small scales

o At scales larger than 100 Mpc,
the Universe is homogeneous and isotropic
Friedmann-Lemaitre-Robertson-Walker (FLRW) metric

2
ds* = dt* — R(t)? ( dr + r2d#?* + r* sin’ 9d992>

1 — kr?
(t,7,0,®) : Comoving coordinates

R(t): Scale factor; a(t) = Ré,t)
0

1 Closed
Curvature constant: k=< 0 Flat LambdaCDM

- Dimensionless Scale factor

| —1 Open
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Equation of motion

Einstein equation

1
R,, — §g“,,R = 8nGT,, + Ag,,

- Homogeneity and isotropy mm» Perfect fluid
T, = (p+p)u,u, —pg,, w/  w* =(1,0,0,0)

R 8tGp kA
e (0,0) component: H* = (E) = T3p 72 T3 Freidmann eq.

L Hubble parameter

e (i,i) component: ﬁ — —%(M 3p) +%
d d
e Energy conservation (7", =0): — —(pR®) = dtR3

1t law of thermodynamics
- Two of the above three equations are independent
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Cosmological parameters

Scaled Hubble parameter h
H =100 h km s~ Mpc™*

e Observed value: h ~0.67

Critical density

o Density such that the Universe is flat

3H? 3H2M}

=1.05 x 107°h? GeV ecm ™3
87TG 8’/T 0 X e CIn

Pe

Density parameters

Pi PA A/S’/TG
- QA — e —
Pc Pc Pc
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Solution for equations of state

Equation of state
1

e Radiation: pr= 3PR
» . 1

pr o< R R(t) o t'/2, H=

e Matter: py =20
R3 R(t) xt??, H= 2

PM X ' ’ 3t

e Vacuum: pa=—pa
= C t.
pA = CONS R(t) c eVA3 H = const.

e General: pP=wp
par ox B304 R(t) o t2/1B0+w)
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Thermodynamics

e In the early Universe, particles are in thermal equilibrium
INn many cases

Distribution function
1 , +:Fermion
f(p) =

E? = p? 2
exp[(F —p)T) =1 w/ . -: Boson
Number density:
9 3./,
= G / d°pf(p)
Energy density

9 3
p= o [ FPE@) @)
Pressure

g PE: p’
p= (2w)3/ 2! (P)
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Thermodynamics

Relativistic particles

T'>m,pu
(¢(3)/m*)gT* (boson)
(3/4)(¢(3)/7*)gT? (fermion)

)
n =4

\
;

- (7°/30)9T" (boson)
. \ (7/8)(7r2/30)9T4 (fermion)
P
P=3
(Ey=£ = { [m*/30¢(3)]T ~
! (774 /180((3)| T

¢(3) = 1.20206 - - -
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Non-relativistic particles

T <m

_ (mT 3/2 m — [
"I\ on e

°
|
S
3

p=nl K p
(E)=m+%T
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Thermodynamics

The energy density of all relativistic particles

7‘.2

= —q,T?
P 309

w/ the relativistic degrees of freedom

,1—;: 4 7 rIxz 4
.- X o(7)+5, 2 o(7)
i=bosons i=fermions

T =2 300GeV g. = 106.75.

100MeV > T > 1MeV g, = 10.75

Radiation dominated era T < MeV g. = 3.36
871G 81 4m3q, T*
H2 - - — . e »
3 Pt T T3 Prd T TENME,

2
A3 T‘? 1 45 ~1/2 Alpl - 2.4 MeV
H = 1/2 & — 1.66 1/2 § = \/ —=0. = sec
45 15 Mp 9 2V A 17 gi/2 T
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Entropy

2"d law of thermodynamics

dU +pdV _ d(pV)+pdV _V dp p+p 3
dS 7 7 T8TdT 7 ——dV

Integrability condition

%S d9%S dp (p+p)V
A~ AT ﬂTﬁ—pJFp‘ dS = d |*—="— + const.

Entropy density

e |n many cases, entropy is conserved: sR3 = const.
» Roughly T o« R™1
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Limit on the mass of dark matter

Lower bound on fermionic dark matter
e Pauli exclusion principle

W The phase space density is bounded by the internal d.o.f
f(z,p) < g mmp mpm =70V (aka. Tremaine-Gunn limit)

Lower bound on bosonic dark matter

e The de Broglie wavelength of dark matter should be
smaller than the core scale

, 2 B
/\([1)31 = i < 1 kpc W mMmpwm =10 22 oV
mpmv

Upper bound on particle dark matter

o The Compton wavelength of dark matter should be larger

than the Schwarzschild radius
2T

)\gM = Z reg = QGmDM — mpwm S l"fpl — 1019 GeV
mMpm
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