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Brief History of Universe

Years since
the Big Bang < Big Bang:
300000 i v the Universe is filled with ionized gas
(2~1000) € Recombination: The gas cools and becomes neutral
Dark Ages
~100 million € The first structures begin to form.
(z~20-40)
Reionization starts (z ~12)
Reionizatio
~1 billion & Reionization is complete
(z~6)
~14 billion © Today' s struct
- oday’ s structures
(?_‘Ow]\ Kado! Summ!\ School Cosmology Lecture

Big Picture Ay ™ tm,am ~ 1‘2/3
Energy/Temp Time Event/Epoch
10"°GeV 1043sec Planck Time
?? Inflation, baryogenesis,...
TeV 10 2sec Electroweak phase transition
200MeV 10-5sec QCD phase transition
IMeV Isec Neutrino decoupling.
0.5MeV Electron-positron annihilation.
0.IMeV 100sec Big Bang Nucleosynthesis
leVv 10%rs Radiation-matter equality. Z~3200.
0.leV 10%yrs Recombination and Decoupling. CMB last scattering z~1100.
1Gyr (z=10) First galaxies. Quasar formation
z=3 Galaxy formation
z=1-2 Formation of clusters and superclusters.  Acceleration of the Universe.
13.8 Gyrs Now
Plan of Lectures
1. Introduction to Standard Cosmology Brief History of the Universe
FRW cosmology
Thermodynamics in the Expanding Universe
2. The Early Universe Phenomenology Inflation

3. CMB and Large Scale Structure of the Universe

Kenji Kadota(CTPU, IBS)

Big Bang Nucleosynthesis
Baryogenesis/Leptogenesis

Baryon Acoustic Oscillations
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Cosmic Microwave Backgrounds




Friedmann-Robertson-Walker metr2ic
ds? = dt2 — a2 (> % + 724602 + 72 sin? 49d¢2)
T

ds® = g, (xX)dx"dx"
In the flat Universe,

ds® = dr° — a” (£DIdx">

Comoving Cqordinate
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-Exercise: What do we need to accelerate the Universe?

A7G p 1

i
— = __(E + 3p) Equation of state parameter 1 = £ < —
a

E 3

p=%¢2—V<¢>,E=%¢2+V<¢>
E+3p=2((}32—V)<0 ¢’ <V " Slow roll "

Potential energy need dominate potential energy

e.g. Flat constant potential V/ = A

w=-1l,p=-A=-F

CxA=a ocexp(\/Xt)
a
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Einstein field equation 1 87[ G

Ryy - igul/R - guh = C_4Tuu
In homogeneous and isotropic Universe, the uniform ideal fluid

T, =tiglpe -2 Pl T =P

i 4G P\ A
L RS M P

time-time component: =
a 3 )3

p
space-space component:  —+2
a

-2 2
a K P )
;%—20—2 =4rG (p—cz> +Ac

Friedmann equation a o dnG Kc Ac
P P+

a a2 3
ﬁ A r G

1. -
Combining these two Einstein equations leads to O+3p)+ AN

-Exercise: What do we need to accelerate the Universe for A=0?
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Friedmann equation (describing the expansion of the Universe)

2 .
2 8.7[G Cc _ a 2 _ 12 Qm g2r (Qlotal _1)
H'="Zp-k— H==  H'=H|Q+ s o
3 a a a a
3H?
Flat Universe with k=0 : Critical Density ~ ©- = g &
. _ P 8aGp; =
Density Parameter <, = = RE Flat Universe (k=0) Qtotal =1
5 3 = > £ —1=<2,,, —1
H>a” 3H "~ /8xxG

Solution for the L 14 2/3

. X radiation 327G matter a 3
Friedmann equation: domination a._ (7'0'1’) 12 domination— = (EHot)

epoch 4o 3 epoch 0
3 4 12 2/3
pmat~1/a ’IoradNI/a ’ aradNt ’amat~t )
o QO ==t
p(f
0, ~1.9x107°Q h’kg I m’
H, =100h/sec/ Mpc
\ » . 1Mpc ~3x10%m,h ~0.7
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Flatness problem

Supernova Cosmology Project
Amanullah. et al., Ap.J. (2010
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exercise: Flatness problem
Using Friedmann equation:

2
Qo) -1= K
8rGp(a)a
-1 2
Qearly _1 - E _eq

Q-1 TAT

eq early

3 4
a, a
(] eq —1
Pearty ~ Po X > I ~a
a,, a

carly

(eg.ForT,, =T

Planck) ~

3x107eV [ leV
leV  \10"GeV
Q. Was 60 orders of magnitude close to the unity than Q, .
Q,=1-Q,,Q, =0.000+0.005

Q. ~1£0.005x10™

0—60
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Union2 SN la

Compilation
-Exercise: Flatness problem (Why Q=17?) b '
Show that (T is the temperature):

<!

2
early e 1 L 7:) 7_'eq
<2'—1 7., \ 7

early

1.0
Qar
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Ex: What is the age of the Universe at a redshift z?
Ans: Just integrate the Friedmann equation.

_ fa(w da 1 7 dz
" Hy (1429, (1420 +Q,,(142) +Q
) ) ) (a=a,/(l1+z),H=ala,
-Exercise: <Expansion Age of the Universe>

What is the age of the Universe at a redshift z? H? = Hg[gma‘3 + Qra‘*‘ + QW -(Q- ])a'z]) IS e
(Guess how old the Universe was when z=1)

o+ (1=Q))(1+2)

vac

=1

A v 144billion years
H, 67.8km/(sMpc)

Iy

Average distance between galaics

The age of the Universe 13.8 billion years

au=e

The lookback time defined as [0 — t(Z)

In the radiation dominated epoch:
1+zY)
1(z) ~ (

o
In the matter dominated epoch:

l 2 —3/2 2 —3/2 10 g -1 02|
H()=—=(0+z ~=(+z x10°°h™ yr
() 77 3( ) 3( ) y

0~

Reclbif, =

ar? .
ds® =dt*> —a* (@) = +r°d6” +r’sin’ 0d¢® uone Taramere!

1—kr
The rate at which the proper distance between the fundamental observes changes:
Proper distance between two fundamental observers (one at the origin r=0 and the other atr) dl
x : comoving ditance _ = H(l‘)l
- " dr' - In terms of the conformal time 7 = r cdr” dt
l—a(t)foﬁ—a(t)x(r) ‘{a(t')

ds* =a’[dt” —dy” - f*(x)(dO* +sin* 0dg?)]

sin™ r(fork = +1) [ proper time

sin H
x(r)= Sinhr_(":;o:) W £ XX I(t)=a(t)y : x is comoving distance i
sinh y a E
e.g. The photon trajectory along the radial direction (df = d¢=0): ex. Show that: H(t) =— é
dt = d x(photons travel along null geodesics) a Rate of expansion of the galaxies,
called the Hubble constant
ﬂ='x=éax=gl 80 100 12‘o 1:10 160
dt a a Distance o (Mpc)

a(t) is dimensionless. Some books (e.g. Kolb-Turner) uses R(r) which is dimensionful. a(f) = R()/ R(0) (R(0)=1, so a(t)=R(t))
The value of Hubble parameter at present time:

H,=100h km/s/Mpc ~70/km/s/ Mpc



Suppose a fundamental observer emits the wave crest to the origin at t0 and t1.

The wavelength is then Doppler shifted; The proper velocity of a particle with respect to a fundamental observer at the origin
is defined as:
v—ﬂ——d(ax)—dx+aj(=v +V

Ao _alty) z(1) Present values: z=0,a=1 dt dt expansion " peculiar

A alt)

For the relativistic particle, pc = E = hv < a™' due to the redshift (l

(p =< a”' holds for massive particles too) Vexpansion = ZaX = HI

Redshift space distortion (Kaiser (1987))
Coherent infall bulk motion of galaxies towards the halo center (overdense region).

-Exercise: What is the redshift for the epoch of matter-radiation equality?

Q, 0 ~0.3(~ Q0 0(0.24)+2,,(0.04)),Q,, ~107° ‘ \\‘ e N
l+z,=ala,, =,,/Q,, ~3x10°(corresopnding to T ~ 10* K) “‘\ /,/‘ N
(Planck2015: z,, ~3400) o
Real Space Redshift space
Kenji Kadota(CTPU, IBS) Summer School Cosmology Lecture

Kenji Kadota(CTPU, IBS) Summer School Cosmology Lecture

Thermodynamics in the Expanding Universe

Plan of Lectures
Natural units 2 = ¢ = kB =1

g = 3 ~ —
" Gy S =y
1. Introduction to Standard Cosmology Brief History of the Universe = . s
wFRW cosmology o = s S EBHOFBHI P
Thermodynamics in the Expanding Universe 1 1 > | 2
r = 2| s
rP = = = = E A " S— /
3n<pv> 3n<E> (2”)3I3E XA
For a relativistic particle (T>>m),
2. The Early Universe Phenomenology Inflation )
Big Bang Nucleosynthesis o= /30)gT*(Bose),(7/8)x (x*/30)gT* (Fermi)
Baryogenesis/Leptogenesis n=(ERB)~12)/7*)gT>(Bose),(3/4)x(&EB)/x>)gT>(Fermi)
p=p/3
For the non-relativistic limit (m>>T)
3. CMB and Large Scale Structure of the Universe  Cosmic Microwave Backgrounds 27\
Baryon Acoustic Oscillations n =g (E expl—rz /7]
O = mn
P =n7T
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-Before the decoupling:
The particles can maintain the equilibrium distribution through the interactions in the plasma

B — —
<

=1

- Exercise: How about after the decoupling?
They can still maintain the equilibrium distribution after the decoupling if
highly relativistic (T>>m) or highly non-relativistic (m>>T).

a) The physical momentum of a particle decays with the expansion of the Universe p~1/a

b) The number density ~1/a3
(relativistic)%fd’?q%
a Exp[ij *1
aT

n~ [ d'pf(p)= % [ d'af (q=ap) = |

1
(non— rel)?fa'lq

q:
Expl 1=1
L (reDT ~1/a a’T

n~ a’ =
(non—rel)T ~1/a*

In general, however (e.g. T~m), phase space distribution does not obey an equilibrium
distribution in absence of the interactions (solve the Boltzmann equation!)
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-Exercise: What is the effective massless degrees of freedom at T=10GeV?

mt~173 GeV does not contribute.

quarks except top : g*=5 x 3 colors x 2 spin states x 2(quarks and antiquakrs)
gluon: 8 color states (no 9t state ie no color singlet) x two spins states

3 charged leptons: 3 charged leptons x two spin states x 2 (antileptons)

3 neutrinos: 3 neutrinos x 1 (only left-handed) x 2 (antineutrinos)

photons 2(two spin states, no longitudinal component)

2+16+7/8*(30+30+12+6)=86.25
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The effective massless degrees of freedom

2 2
Jr a4 Jr a4
= wd = /3= wd
Pr 30 g Pr = Pr 20 8
T\ 7 T\
= : | +— : L
g i=l§)ns g T 8 i= f;()ns g T

(The temperature T is the actual temperature of the background plasma, assumed to be in
equilibrium. Usually T=T. An exception includes the neutrino temperature (to be discussed

later))

-Exercise: What is g. at T=10GeV?
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mrTrT lll"lll T llllll] TT ]Illllll T ]l"‘lll T llllllll T II(IIII TT ]llllll T/
100 = —
B [ ]
- 10 — —
ap — =]
— Bes

n e-

411 JlL”lll 1 Lﬂllll i jll“ll 11 Jﬂllll - ,lllllll i 'l"lll P ,M“ljl i
10* 10% 10* 1 10" 10*% 10° 10" 107°
T(GeV)
1 22—z

T~200GeV all present 106.75 e L
T~100GeV  EW transition (no effect) - - seoy 7
T<I0GeV  topanuibilation %625 History of g(T)

T<80CV W 70H 8%

T < 4GeV  bottom .75
T < 1GeV charm, 7~ 61.75
T~150MeV  QCD transition 1725 (ndg—1", 371=3)

T<I0MeY 75,0 1075 65w,y lef
T<00kV e amibilation (7.25)  245.25(4/11) =336

Higes boson 779 125 Gev 0 1
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ex: Derive the factor of 3/4 and 7/8 due to the spin statistics for the relativistic species

E =pc,y=pc/kT

-Exercise: Baryon asymmetry of the Universe : What is the baryon to photon ratio (Ans. 10°) 3 5 4
L 47 (k_T) fy dy e 4T (kT)" ¢ y'dy
3 ;
(2%1’1) c e’ =1 (2]‘[]/1)3 c? e’ =1
1 1 2 -
-Exercise: - - — i n.(T) _ (T)-2n,4(T/2)
Derive the factor of 3/4 and 7/8 due to the spin statistics for the relativistic species e+l e -1 e7 -1 gr s
3
n.(T)/ T7/2
WIACIS 72 =1—2(— =3/4
n,(r)/ g T
. . 4
-Exercise: Sound speed 7 = Z—f; 1/3 for the radiation and ~T/m in the non-relativistic limit EF (T) / Sr —1-2 ( 772 ) —7/8
E.(T)/ g r
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Baryon asymmetry of the Universe : Baryon to photon ratio 10
7 (k1) 0261ev( T '
Photons: g= 2 E =— 5= 3 Sound speed for a non-relativistic monatomic gas:
" 15 (he) em’  \2.725K
2
s 1 Y ar d( r, zmrpzdp)
N, =——=\%"rrc V0  dT 3
" em® (2.725K 2= dl _ "
dp d fme 211;Tp2dp
dr dar
2 2 5
Baryons: 3H,c’ 5200eV( h\ 210eV( h R L
£b=Qb =0.04 3 — = | = f ~—e > p-dp f—e T p°dp 57T
8xG cm 0.7 cm” \0.7 = 2mT” 3m —Im 2L
2 _r _r 3m
FE FE P me 2T p?dp me 2T p*dp
n, =—** = C 94’6 v 0.22/m’ S 2wz S
m m_(~ Me . n X n
b P fa’pp"e 2mT — (2mT) 2 fdxe’x x" =22 (mT) 2 F(“—n)
2
Photons/Baryons: — 411 10° (0.04 )(0.7 )2 N l+n) (2n)!
=T S5 _1n6 a N For a non-negative integer: — =
n, 022x107° Y h & & 2 4"p!
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‘ Entropy Conservation ‘
The entropy per comoving volume is conversed:  § = sa3 . . T, (4 "
) ) T 3 7 T 3 Entropy conservation : neutrino temperature T \11
T 3 i i 4
S=4—58*T &= 2 8 ?' +§ E 8 ?l
i=bosons i=fermions Neutrino temperature lower than the photon temperature

&« © Entropy degrees of freedom
(The temperature T is the actual temperature of the background plasma, assumed to be in
equilibrium. Usually T,=T)

the energy from electron-positron annihilation goes into the thermal plasma

Neutrinos interact via the weak interactions (no EM charge)
decouples just above the electron-positron annihilation

- When g. does not change, S=sa3=const ->T~1/a
Entropy Sis conserved ¢ sa3 o gT3a3

s(a)ly+e" +e” +3v+3v] _ T3(a,)[2+(7/8)(2+2+3+3)]
2Ty3(az)+ (7/8)6T; (a,)

- When g. changes (e.g. particles annihilate and disappear), its entropy is transferred to
other relativistic particles in the thermal plasma and the thermal plasma heats up (strictly s(a,)y +3v+3v]

speaking, T decreases less slowly)
1/3
s(a)a’ = s(a,)a: : 4
177 2/%2  Neutrino temp scales as 1/a aT(a)=a,T,(a,) = FV = ﬁ
v

. Tv 4 1/3
- Exercise: Show that — =| — . . . ) 2 m
T, 11 Ex: What is the current energy density for a massive neutrino? Q h” = 94 VV
e
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Ex: What is the current energy density for massive neutrinos?
Free streaming scale
3.3
Lo_a'v. 3. 4 au 112
Voo Y 41 em® end® Free streaming length (c.f. Kolb and Turner) ‘
Y
z, Z,
A =alzy) [ dev(e)/a) = a(tydalt,Iv(t,.) [ dil/a> @)
Py, =mn, Zgec L
a ~ tl/2 a ~ t2/3
v(Z,..) ~ WV T (,..)/m
Q = Py _ Py m

Y . 105417 x10°[eV /cm’] | 94eVi?
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free streaming scale ‘

1) Calculate the free streaming scale for a particle which becomes r‘10n—relativistic at tNR<teq (
radiation-matter equality). Proper distance:L ,(f) = a(t)fl v(t")

FS o a(r)
2) What is the free streaming length scale if the dark matter is the weakly interacting massive
particle with mass 30 eV which decouples around T~MeV. Check that the mass contained in this
length scale corresponds to large clusters.

(zeq~3400. The particle becomes non-relativistic at T ~*m.)

(1)
+v(t' tne V(T e V(T r v(r'
f (')dt'=f (')dl"+f/ (')dt'+f (v)dt'
oCa(th) o a(") ~neea(t'") e a(t")
10° t<tNR:v~l,(l~t'/2
Ty < <17,.,:V —~ 1/ ct.cx — r''>
10
7z, <7:v — 1/ ctoca — 233
_ 102
o t<tpp L,y = (22, / aipa®> =21
10
——urecom \\ Ty <t <1,.,:L.¢ =(2tNRa/aNR)l'l+ln(a/aNR)]
] — : m=0.25k \ p— \ . _ 172 172
w0} T Wom:mso2skev \ purecoM t,, <t:L,s =(2typa/ ang )1 +1InCa/ an)d1+ (3tapa/ ane )1 —alll 7 a’?)]
. — msm;:gi ::giztzz ‘\ 107 — xm ::igtzz t==7_, i~ (22pca/ Apne )1 +1InCa / apnedl+ (B2t / capnge)]
10" 10° 10" 10° 10" 107
k [h, 1 k[h 1 . .
e meel The matter fluctuations are suppressed at scales with L<Lfs
Schneider 1412.2133
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(2) History of the Universe
a Jprop 3 AT 7o 3
M_f,'\- = ?(?) ﬁllx(tzl(,‘(') = T(f) 5;"(’())
—1
- 77z
L7ty — 30 Mpco| ————
IS o 30@‘/
3 3
Aot ( L5707 — Aor ( L5757
Mﬁ. = —| &= £,.(ts) = — —Ls 2, )
: 3 2 3 2

= Qm,O Perit, 0 with Perit,) = 278 x 104! M@/(h_l MpC)3

-2
M, ~10"° M, (—)
s Solar 30 V

This mass corresponds to large clusters. All perturbations with masses smaller than this
scale would be damped out, and the first objects to be formed in the early Universe would
be superclusters.
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