S2|7F L= 7Sl | ~ 3,000 Mpc

S (BA): AAR IS L= HA (4:8 F9l0| HEE et £ 2X)
S5t: 4] Jlo] Wit H7H2 TR 0|20{Z

S5iEt S8z, £7740| 25150| S| 2J510] 20f Sl Pe|

z251ch 2516t Hret 23

‘ the Local the universe

Supercluster
: - the Local Group

- the Milky Way Galaxy

S
.\\ ’
“_the solar system
(not to scale)
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¢ To measure the distance : distance ladder m=M —97.5+5log D

Standard Candles Gravitationally «~—Ni
Lensed Quasars » A
THE COSMIC DISTANCE SCALE is a tough nut to crack, requiring 8 layer of L/LO S N I
different techniques, Parallax works over relatively short distances, Cephed slmyaev,Ze"doﬁch E“ect > a
variahie stars extend our reach oul 10 neardy galaxies Planetary nebulae, CO
supernovae, and quasars take us to the edpe of infinity Type la supemevae /

YLBI: Maser Preper Mation
VLBI: Radio Jet Proper Motion
Tully-Fisher Relation

Planetary Nebulae

Cepheid Variables
| Panlfax_ | i

1 10 100 1000 10¢ 108 10¢ 107 1010 30

lllllllllll[llll[llll]ll

LR
LLAlll

§

o
-

A A A :
Proxima Hyades Magelianic Andromeda Virgo Coma  Hydra ' a
Gentaur Star Gluster Clauds Galaxy pluster Gluster  Gluster

* . ""- g : ’: £ . S 2 10

M31 PNLF

anetary nebulae

I Illlllll
1 llllllll

1= -
:lll lllllll llll[lllllll:
. . 20 Aﬁnrenl A§(2)07 Huniztsude “
Parallax Y = Cepheid variables
- Type | Cepheid Variables e 2y g
s0000r “ o [ Tully-Fish
' S
élﬂ,ooo: '% 1
g =
Buslin: Phots tabm 'g 3,000 - Q
ameet ‘ e 2| E|
1000} vl <
e | oV
from sow - <
d|pc] = 1/plarcsec] e T e Log (rotation velocity)

Period (days)
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SERER

=or=2 HMHEO|(ZESE)er 72| E vlue I, 2| = 2or=2| HAHO|7;
37| BZEICH 27} | Mpe 718 W), O siztst= S22 70 kmisec S}
ol= AXE HQICt O] H|S s1&&ctal ofLt.

—

TEHER ¢
v(r)=H xr
H = 70(km/sec)/ Mpc
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© atom, molecule
© neucleus
» electron
1
@ O\ Recombination,
«~© * photon decoupling

O\‘C{. : CMB

@) O %]E]X H}
| - XA - 5 ALA] o]
EEIEETY P AL, FA A 0 g A12

Axte| Zehzn} Azte] Zehzn} '\[g,—'?/o
=

— — | h‘
AA GG e =P —> R e

electrons,
Quark-hadron transition light nuclei1
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43Mpc box

’
s
{

2

|

A

-

_ ! -;
}{'f;
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e Determination of Baryon density

Baryon density QA2

027 g o,oosyo.my"o.oz% 003 The Comparison between the observed
0.26 : _ /Z — light element abundances and the

y 0.25 %:—' theoretical calculation shows that

P 024 Z 7 the baryon-to-photon ratio
023 & s~ T N T E
103 Mo = % x 101
N

must be

SRCMBREIIIERIR

|
47 - L

I!II
&
=
o)

1075

4

N\ It corresponds to Baryon energy density

1079 |

0.019 < Qph* < 0.024 (95%CL)

TLiml, A\\\é cf) Q2. ~ 0.0024
_12 _ B Z . It 1s consistent with independent
i . . é . determination from CMB anisotropy.
1 2 3 4 5 6 7 8 910
Baryon-to-photon ratio 1 x 1019 N = 623 + 017

Box: 2sigma stat, 2sigma stat-+ syst
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o HAfSMLI} MALS| M ESS 211 Xte| =2  (RF Lto] 38 2HA)
(Recombination and photon decoupling)

%*é!x}\ "W ’/.
“do_ /

1 g

bl ®

f@éﬁ’i

XHZ 8t o] RHZ Bt 0] %
T4 YA I A 2] A oA 13.6eV: 2% 2F 3000 =
A2 2 FAE ob - FERL0] X ste] A Al -2 FH S A3 AT

* T vl 4 HAL

o= ng%l-oﬂ,qa}oqggﬂ"oi A AF L2737 E
(1948 'd, & o} | W o] o 33U )

Ho
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To = 2.725K

—9
e To + O(107°)K

Ty — O(107°)K

Penzias, Wilson (1965) COBE (1992) WMAP (2007)
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DY NG s »
:ww = aw.J“,n.udﬂv¢

"

wn'

.... /ﬁ : ¥

TR S

.).n 3
M. “
T
-~
AN

4.J - \

A
>

—9

~ 10

o1 (t,x)

op(t,x)
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J—

A 35 A1 3=A| (the horizon problem)

horizon size at the time of last scattering
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off 2l

Flatness problem, horizon

T 54 A A

problem, Mono;

pole problem, ...

el o 3}e
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Metric perturbation

ds* = (14 2¢)dt* — a*[(1 — 2¢)8;; — hy;]dx"da’

h., =0,

—0

l
l

traceless, transverse h

=

1=
mal

KI0

op(t, x)
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curvature perturbation

: conserved if

p = p(p)

[Lyth, Malik, Sasaki, 2003]

SESREEN
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traceless, transverse

hi=0, hi, =0,

curvature perturbation
: conserved

Tensor-to-scalar ratio
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10m South Pole Telescope

BICEP1
BICEP2

BICEP3
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BICEP2 : HIM 2

10

10

—
o
o

—l
o

I(1+1)C 5727 [uK?)

10

10

2

I
—
T

o =]
T T T T T L LI | —v=§
BICEP2  CBI RE
- BICEP1 Boomerang v v'—z—‘ Ve
QUAD ey TN
- QUIET-Q  WMAP — ¥ LA
. QUIET-W CAPMAP v v Tve YoV
| e o v
A At A
—v- na = A
- &# E
. %
V—'_—v— e
v v
v —v—
v

Multipole
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Korea Astronomy & Space Science Institute

o
st 2o el
KA

Pyeong-Chang Summer Institute 2014

Alpensia Resort, August 24 - 30,2014
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ATHHO|Z 952

8149 2o $F2 & olQlFrERRI 9 19174 E=Fo] A v R T}
1 %5 ok ANt gel $FEH nE
(Cosmological considerations of the general theory of relativity)

F3eogM Mt g}, S SHR P L UEE
Saith. (2 A 9ol

TR E| + [543

v

7 o) = gk g A

F7ke] 7)51eHA 729 BAAfol 9] B
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Friedmann eq.

$79 WP} 72
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Kinematics
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Friedmann-Robertson-Walker metric

\

r2df* + r° sin 0°do*

dr?
1 — kr? |

f

/

dt® — R*(t) 4

ds?

k>0 closed, k=0 flat, k<0 open

R(t) : scale factor
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C dr?

ds® = dt* — R*(t) <

1 — kr?

R(t) : scale factor

1. 559 ¥H3}: scale factor, redshift

- r2df? + 12 sin 0% do?

\

/

A1
A0

R(t1)

R(to)
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Robertson-Walker metric (42 Al &%)

2 \
ds? = dt* — R2(t){ ——

Comoving distance : 1173 ¥ F3EAlo] e A, 3 &3l == Mol o=
Proper distance A| ZF t o] A &] E2] 4 <1 Ag

A) dt =db =dp =0

T dr b=+l
d(r,t) = /ds = R(t)/o Ny R(t) x r A
\Sil’lh_l r
k=-—1

The proper distance between two co-moving objects 1s proportional to the

scale factor R(t). The rate of change of the proper distance is just

. R

d = d—
R
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'Earthboupd—————— 1,
] 'lghl . : ‘. —g——
S T

: ; 'J\ :
. | . /\

‘Comoving distance : r

Proper distance : R(t) r
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Particle horizon : - 3?. F-F2] Al 7 o
o _

A2l 2 m ]

geodesic of light /t it /rp dr
ds? = ( o Rt) Jo V11— kr?

Total comoving distance 7'p : light have traveled since t=0
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o Dynamics : scale factor &] A|7Hol| o} & H 3}

P PEA o
<i:;!IL1/l/, — Z]: i]!_:Ll,l/I

/ TN

Einstein &l 4] Energy-Momentum &l A]

geometry : RW metric matter in the Universe, perfect fluid
§ 024 _a;
tom 9 T# _ dlag(p7 — P, — P, _p)

Juv — (17 _R2 (t)v _R2 (t)7 _R2 (t))
g"" = (1,=R7*(t), R*(t), —R™*(t))
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Perfect fluid

: completely characterized by its rest frame energy density and isotropic pressure
Too =p, Toi=Tio =0, Tjj = 04p

In a general gravitational field and in the frame with velocity,

T,ul/ — (p p)“,uul/ — PYuv with g,ul/u'uuy = +1

The energy momentum tensor should be this form in the zeroth order due to
the translational and rotational invariance.

Energy momentum conservation

oT*P o T

dxP =0 > Ty = 3 FLGT T+ T, T =0

w/0 gravity in the presence of gravitational field
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0= VT == + T, T + T3, T
:% + Ty, TY + T3 T
:% _ ggijTij + 3%TOO
:% + 3%1? + 3%,0

Non-vanishing components of affine connections

R
rh = b hij = =9
Ij(lj :::tiiié?j
_ ]' .
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Energy-momentum conservation: o .
Continuity equation

™., =0 > | p+3H(p+p)=0|(Eq.l)

or d(pR’) = —pd(R°)

with equation of state D= p( ,0)

1
Radiation (p=20p)
(Cold) Matter (p = 0)
Vacuum energy — )

(cosmological constant)
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To know how R changes, we need to solve Einstein equation, with

Einstein tensor

1
G,uy — R,uv o §Rg,LLV

5
With FRW metric, Ricci tensor flo0 == 3%
_ R _R?* 2k

ZOO 0 M s TR TR TR |9

0i = -
Z_—R2t<5z+k$x> - R Rk
9i; (8) | 9ij + k7 o2 Ricci scalar R =—6 » T e T 2

| Rk R Rk

gives Goo = 3 72 T o Gij = 2R | e | 12 | id

and Energy momentum tensor

Too = goady = p

Tii = gia T = g5 T = gii(—D)
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H+— =72 | (Eq2)

gives (1,1) component in the zero-th order

R o,k Eq.3

The difference gives

R Pve. for k=1
E: 3 (’0 3p) _ 1 Rt)) _ o 143w
=" Rty Y 2

Egs. 1, 2, 3 are connected by Bianchi 1dentities and only two are independent.
Usually Egs. 1 and 2 are taken.
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Hubble parameter

S7mG

s WA 72

o A A] -

Nl

1o
of

p+3H(p+p)=0
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2 Al "2 %= (Critical density)

k p

Friedmann %43 2 — 1=0-—-1

R?H? ~ 3H?/87G

Closed
Flat

Open
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Many kinds of matter content of our interest can be described by a simple

eq. of state
p=wp

We can solve the continuity equation, | p+3H(p+p) =0

dp _ R
g ISR(1+w)p:O
dp dR —3(14w)
— =—314+w)— R(t)
logﬁ = —3(1 +w)log —
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Many kinds of matter content of our interest can be described by a simple

eq. of state
p=wp
w7t gaed A5, B8 A= g7 = T

/ pox R~*  Radiation (p =

pox R 5 (Cold) Matter

\ p OC CONST Vacuum energy (p = —p)
(cosmological constant)

These apply separately for coexsting radiation, matter and cosmological
constant, if there 1s no interactions between them.
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d&ots 304

lIIIIlllllllIIIIIIIIIIIIIIIIIIIIIIIIIIIII'P’

Expansion
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We can solve Friedmann equation with given matter type

For k=0 (flat),and p = wp R E 2 e - s
R) ~ 37"
— R 2 1
we obtain R t2/3(1+w) > H — R 30T e)1

1

Radiation (p = 3 p)

Matter (p = 0) R o t2/3

Vacuum energy R o exp(Ht)
(p = —p)
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At present time,
P X R_4 Radiation ,0% — 5 x 10_5,02

pox R (Cold) Matter

P = Ppum + P = 026
p o< const Vacuum energy 0

;)?)CLCf

= 0.74p”
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At present time,
P X R_4 Radiation ,0% — 5 x 10_5,02

—3
0 X R (Cold) Matter 00 = )0 40— (.26

p o< const Vacuum energy 0

;)?JCLC3

= 0.74p;

We can go backward in time with values at present.

Matter density = Vacuum density at

R -9
A [ p— () p— p— ()
/) /)2&4 (: jF{k) :) [)TJ l??)

L _ R _(0ma\T
1+2z Ry \0.26 -

or » ~ (0.4

Why does the Vacuum energy dominates recently?

Coincidence problem
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At present time,

4 .o
P X R Radiation ,0% — 5 x 10_5,02

P X RS (Cold) Matter PN = Pha + P = 0.26p

p X const Vacuum energy

= 0.74p)

;)?)CLCi

Zeq == 3200 (70,000 years)
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At present time,

4 .o
P X R Radiation p% — 5 x 10_5,02

P X RS (Cold) Matter PN = Pha + P = 0.26p

p X const Vacuum energy

= 0.74p)

[)QJCLCi

Radiation density = Matter density at

R\ Y 0.26
L I ~ 5000 = 1
<R0> 00 5 x 105 e

If we 1nclude neutrino 1n the relativistic particles,

Zeq == 3200 (70,000 years)

Tuesday, August 26, 14



e Evolution of energy density

]Og 0 Radiation-dominated Matter-dominated Vacuum-
: relativistic particles : non-relativistic dominated

Baryons + DM

,0<><T4

,0<><T3

P X const.
logt
1 sec 10'2 sec (z ~0.4) T
I'~1MeV Zeq ~ 3200 T ~ 1 eV (z=0)
neutrino decoupling Recombination present
e+e- annihilation, BBN (last scattering : T ~ 0.26 eV) 1017 sec

Tuesday, August 26, 14



o 47 P4

In the non-expanding Universe,

with infinite of time, the system leads to the thermal equilibrium.

Thermal equilibrium: Kinetic eq. + Chemical eq.

|

A+ B A+ B

T

A+ B~ C+ D

by elastic scattering

: changes energy and reshape
the distribution function

to Fermi-Dirac for fermions and
Bose-Einstein for bosons

by inelastic scattering

: changes numbers of the
species and satisty

between chemical potentials

pA+ UB = HCe + 1D

In thermal equilibrium the entropy is maximized and constant.
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Thermal equilibrium:

1
exp((E — )/T) + 1

phase distribution function f(p) =

E? = |p|* + m” Fermi-Dirac for fermions: + 1
(b chemical potential Bose-Einstein for bosons: -1
number density n :(27{)3 /f(f))d?’p
nergy densyp = [ BBIE)A
prossze p-os [P pirpiats

g : internal degrees of freedom
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d>p = p?dpdQ) = A/ E2 — m2EdE

q 0O )1/2 E
2_7r2fm exp( E u)/T] +1
00 EZ_ 1/2
L/ m’) E2dE
22 ) exp[(E —p)/T] £ 1
m )3/2

@)
‘ S

o0 E2_
E
/m exp|(E — p)/T] i1

Riemann zeta functi 2
Z unction @) :%

(@)= iy | ey 4
) I'x) Jo ev—1 C(4) =—
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In the relativistic limit (at high temperature), Radiation-like | p =

(m<T), for pn<<T

2 4
_ T 4 _C(B) 3 E:BZ n T ~
Bose p = %gT n — ?gT (F) = " 3003 = 2.701T
. 7 (72 3C(3) Tl
Fermi — [ — \q7* — 2>\ 3 _ ~
P 8(30)9 n=ge 9t AT e R
In the non-relativistic limit (at low temperature), Matter-like
m > 1", Boltzmann suppressed,
For both Bose and Fermi
3/2
T 3
p=mn n= g(Tg—) e~ (m=m)/T (E) =m + §T
T

p=nl <<p
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Asymmetry

When the complex fields have non-vanishing chemical potential with
opposite sign to their antiparticle, (g = —p_)

g > 2 2\1/2 1 1
—n_ = —— Ee — EdFE —
T T o /m ( ™) [1 +exp[(E —p)/T| 1+exp[(E+p)/T

LI Loy (Y

~ 5 () (5) (T > m)

mT\ >/ , L4 m
~ 29(%) smh(f) exp(—?) (T < m)
Baryons : non-vanishing asymmetry (Baryogenesis)
nB — Ng
n = = B ~6x 10710
Ty

Electrons and positrons

The asymmetry is the same as that of baryon due to the charge neutrality.

Neutrinos
It can be large in principle and contribute to the cosmic energy density.
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Total Energy density: sum of all species of particles

Neglecting the small contribution from non-relativistic particles,
we obtain the approximate, but good and convenient expressions.

2 1 2
- —q. T — —pp = —q,T?
PR 309 PR SPR 909

Effective degrees of freedom, for species m; <1’

ORI

bosons fermions

The temperatures of different particles can be different in general.
For example, after neutrino decoupling and electron-positron annihilations,

T 11\ /3
T—V — (Z) — 1.401
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Total entropy density

Neglecting the small contribution from non-relativistic particles,
we obtain the approximate, but good and convenient expressions.

2
— T *STg
VTR

where

. E} . 23
gxS = Z gz(%) +g Z 9z<%>

bosons fermions
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3¢(3)

Compared to the photon number density 71 = Z —5 gT3
T

there is a relation

272 3
s = 1.80g.sm~ s = EQ*ST

and today

S — 704””7 with gi«s = 3.91

Entropy is conserved in the comoving volume,

3 __ —1/3 p—1
s(T)R’> = constant Txg,o'°R

When the number of species in the comoving volume is constant

N = nR> = const. Y =

n
— = const.
S

eg) baryon number
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3¢(3)

Compared to the photon number density 71 = Z —5 gT3
T

there is a relation

272 3
s = 1.80g.sm~ s = EQ*ST

and today

S — 704’]’2”7 with gi«s = 3.91

Entropy is conserved in the comoving volume,

s(T)R’ = constant = | T g 3/°R!

When the number of species in the comoving volume is constant

N = nR> = const. *

Y = — = const.

n
s eg) baryon number
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Time-temperature relation Radiation <p=§p> Roc t'/?
Matter (p =0) R o $2/3
In radiation-dominated era, | emmes e et
2\ 2 87'(' G 7T2
R 1 2 _ 4 74
<E> - — H 5 P X Gyl PR = 559
~1/2Mp Mp T \ °
T2 MeV
4 N 1
~ M2 — ——
1 sec 1 MeV P= 3o
10™ sec ~ 1 eV
\_ )
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Particle horizon again

- [™ R(t)dr Loat RO R
i) = [ Ry [ = / e

_ 1 /(Hz)l dx
Ho(1 + z) 22(1 — Qo) + Qoal—3«]"/?

1

Radiation (p = gp)

Matter (p = 0)

dp(t) — y TV =

3(1+w)

: 1
diverges for w < —3
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.;7 ‘-ﬂv" _J" - " o i
i ;1 : dimrieds

Size=14 b||'||on pc = 46 b|II|on Iy

Obseﬂfable

. ’U‘Pn‘/ers%_
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&5 A% 41 (Hubble horizon)

ey k-mode co-moving k-mode

superhorizon L>H"' R 'k<H k< RH

subhorizon L < H ! R 'k>H k> RH
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Curvature term in the Friedmann equation

k G 2
E ' _— — — P _ — _
H~* - > 3 or FPHZ ~ 3H2/8:C 1=0Q-1

1. In the early Universe, the curvature term 1s negligible compared to the
matter or radiation. Thus the Friedmann eq. at early time 1s

H2N87TG
3

2. Thus in the Friedmann eq. the curvature term evolves as

a_1— k 1 R for MD
T H2RZ T pR? =

R2 for RD

The present Universe 1s almost flat. Thus at early epoch, the Universe
was more flat and close to critical.

B4 A (Flatness problem)
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The expansion age of the Universe

Then now we can integrate and obtain time as an integral function

R(t) dR/
t = .
[ %

In general, from Friedmann eq. at present time,

k= (Q—1)R:H]

and rewrite the Friedmann equation again,

and rewrite 1t again,

—1—3w
R? = H2R? Q[ 2 —(Qy — 1
— tfotto Z 20 (0 )

Tuesday, August 26, 14



The age of the Universe

t R(t) AR’
= / dt — / !
0 0 R

— Ho—l /(H_Z) dx
0 [1 — (o Zz QZ‘()LEl_Swi]l/2

For flat Universe, (20 = 1), the age of the present universe is

1 1

to §Ho_ ' Radiation (p = gp)

~

2

to = §HO_1 Matter (p = 0)
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&5 A% 41 (Hubble horizon)

di(t) = cH(t)™!

1

Radiation (p = gﬂ)

Matter (p = 0)
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o7 W e s

7

p X R—30+w)

\.

1

p X R~ Radiation (p= gﬂ)

pox R™3  (Cold) Matter (p = 0)

p o< cONSt Vacuum energy (p = —p)
(cosmological constant)

For k=0 (flat),and p = wp weobtain R ~ ¢2/3(1+w)
_r 1 1/2
Radiation (p = §p) R ot
Matter (p =0) R o t2/3
Vacuum energy R o< exp(Ht)
(p=—p)

dp (t) —

3(1+w)t
1 4 3w

U A} Z| 3 A (particle horizon)

$-39] vo] 9} 3] BA B4

to = 5 Hy' Radiation (» - =) d,(t) = 2t
to = % o' Matter (p =0) dp (t) 3t

1

Radiation (p = 3 p)

Matter (p =0)
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P
o=,
—o
-
i
1o
A
2,
1

0|7 BAfe] 3} @A TE ST o] WA WolEel A A H3Ae.
SHA|qF 71 Srof] of 3] o]l & = l= A 7} AT,

- A 2] A]2F? (the singularity problem)

- 9f] FZto| 3 EF3l7}? (the flatness problem)

-9 52 B 327} L 3712 (the horizon problem)

- 2351384 o] A ? (the galaxy formation problem)

- & 2wk 9] ¥t} ] 4 ? (the baryon asymmetry problem)

- AP o 2 o]zl t A A ] A ? (the domain wall problem)

- ZA}71 &= 2] A ? (the primordial monopole problem)

- =9 1|29 A ? (the gravitino problem)

- R Fof| L Z] &] A ? (the vacuum energy problem)
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- A 2] A]2F? (the singularity problem)

Radiation

pox R™°  (Cold) Matter

t <tpy MELo|Eo] HL?
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A 3+717 (the horizon problem)

717 (the flatness problem)

ok md
Y

gh

5

N

=l

N
o
ox
u)
&

- 23518 A 2] A ? (the galaxy formation problem)
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-9 52 L3 7} 7L 3712 (the horizon problem)

- o] FZlFo] ¥ €371 (the flatness problem)

- 23518 A 2] A ? (the galaxy formation problem)

o1 o] 1, o] & o] Aol o} % ME B Fo] o A BASE HAY

M

sl Q1EebEe] e Bl Aol [Tl ol efste] $F7} b4 B
& Stk 1 QAL B ehe] b Al e BAS0] A7) W $F7}A

215 AT

Starobinsky (1979), Guth (1981), Linde (1981), Sato (1981), Albrecht and Steinhardt (1982)
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= A 3+717 (the horizon problem)
7ro] 5 E+3l 717 (the flatness problem)

=353 Ad 2] A ? (the galaxy formation problem)
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PP P R AR SR I
S Sk 1 QA B shel g A Fe] BAZo] 7w g S7o} A
5] 91 o}

Starobinsky (1979), Guth (1981), Linde (1981), Sato (1981), Albrecht and Steinhardt (1982)
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= A 3+717 (the horizon problem)
7ro] 5 E+3l 717 (the flatness problem)

=353 Ad 2] A ? (the galaxy formation problem)
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Starobinsky (1979), Guth (1981), Linde (1981), Sato (1981), Albrecht and Steinhardt (1982)
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Starobinsky (1982), Guth & Pi1(1982), Hawking (1982), Bardeen, Steinhardt,
Turner (1983), Brandenberger, Kahn, Press (1983), Guth, Pi (1985)
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EFA A (the flatness problem)

5

h)2

(RH)—l X R(1—|—3w)/2

for MD
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for RD
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k>0

k<0

> 180

130

< 180
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How big things look

Flat

Open:
Looks Smaller

Closed:
Looks Bigger
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SO L ER P BEEPERE S
B $79 AA), FFo| HHHA g
100Qx = —0.0570% (95%; Planck+WP+highL+BAO),
100Qx = —0.10%022  (95%; Planck+lensing+WP
+highLL+BAO).
0.00 b — — T —+ - - - gt - - — — - -
X | |
G oosl | 1 1 1 : 1 :
| | | | |
—0.12 } | 14 | 14 | 14 | + |
| | | | |
0021 0022 0023 001 012 013 014 003 006 005 102 45 60 75 % 060 075 000 105
Qbh2 Qch2 N Ho 98

Fig. 21. 68% and 95% confidence regions on one-parameter extensions of the base ACDM model for Planck+WP (red) and

Planck+WP+BAO (blue). Horizontal dashed lines correspond to
show the mean posterior value in the base model for Planck+WP.

the fixed base model parameter value, and vertical dashed lines

|Q’& B 1| _ R?? Req ~ 10—3 Teq ’
Q—1] RZ, Ry T,
Teq ~ eV
68
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(RH)—l x R(1+3w)/2
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(causality problem)
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Redshift

[ > 10 Mpc A $F= A<

op(t,x)  oT(t,x)

~ 107°

pot)  To(t)
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AR & E X H A A oAM= F A
&2 3 & A H A A2l 9 co-moving AT: kgt = (agHp) ™ ~ 10* Mpc

=2 ==
e a8, A 100 Mpe 2 72 9 A
WH) ™ 102 53R wEe A2 458 5 gelth
ko JAYE &) L2} A et

(RH)—l X R(l—I—Bw)/Q
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CMB "}A] =t

~ 10° Mpc

(aH)™
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CMB is almost homogeneous.

T (GeV) co-moving scale

102 1 10—5 10_10
. 10° | _
a. 10* Mpc
p— R RN IP IR 27 = (T L. - R
o 10 Mpc
o 1
E
Iz ®
% A
- B
ap 10-° 9
5 =
o 2
o 10 u | | S [Dodelson]

1015 10-10 10-5 1
a

co-moving horizon increases with time in hot big bang theory.
More serious if we consider the early Universe.
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With Physical scale?
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J—

A 35 A1 3=A| (the horizon problem)

horizon size at the time of last scattering
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H e A (the flatness problem) || 2] ¥ 41 1= A (the horizon problem)

—1
0—1= g < 0.01 H)

TR (RoHo)_l ~ ().01

“A|ZH0l| 2t co-moving 31E AFO| =7t SIS Bh= 20| £7| =
9| ZXE a4t 2h=r.

N4

“AIZ40f afet co-moving 318 APOIRE ZASHA =S 2" 2 2

= H7=|o|' JI\ O||:|-
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4 B+/d A (the flatness problem) | |A] % A1 =] (the horizon problem)

1
a_1-_" _ <oo1 (FH)
H2R2 (R()H())_l

at last scattering

~ ().01

A|ZH0]| 2} co-moving 1= AFO|Z2E S7HAIZILCH.
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T (Gey) CO-moving scale

i 102 1 10-5 10-10
Inflation ~ 10° | -
LE:L Quadrupole Scale Today
\ g 1 | Scale of Non-Linearily Today
. =
Inside - -
horizon E dir < R . 2
e a
ap 10-5 |- Horizon E
’ [y
|
e
Q 1010 B
O 10 =) | | .
10-15 10-10 10-5 1

a [Dodelson]
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—%G(p +3p)a >0
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k=41 a(t)=H"'coshHt
Aol RelA] = sl = Rlarg 7MoY, k=0 a(t)=H'e™
= -1 a(t) = H ! sinhHt

e-folding number: N = / Hdt

H
N > 10( L) =10( 2 Het 24 o 2
CL()H() a f
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o1 Z o] A o] Eo] T=IMeV ©] 24, (BBN &2 HE T> IMeV)

CLC):) C:i EZZZi _ ]_}}%[(B‘Vr ~ ]_()Eg
To  0.00leV

& 2 3} e-folding <=

N > log(10”) ~ 20.7
A=eolAdel &) T=10"°GeVo]2HH,

N > log(10%”) ~ 66.8
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AN EZd ol A9 € 2 7} (reheating)

TOARA =™,

85

SR
24 9)
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Horizon exit and reentry |physical scale| A== Apnys = R(6)A

Ph‘ysical length

horizon p&-entry

ubble length
H ' x R?

Physical scale

H~' 4 const.

reheating
~ > time
> <« > <« —>

<«
/ Inflation Rad. dom. Matter dom.
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(apHy) - e AmRe 2 < 1
(aiHi) T 6 U o 3
= 3(1
ALBAANN g (1) = H(t)L = o 2“’)

2. 22 A Fe ~2dEH: g9 ~H ER] gpectral index, tensor
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