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Large Scale Structure of the Universe

Cosmic Microwave Background
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£;(t) = a(t) x; : =2HQ 0| oM ZtES HOLIE 251 #2010, 232 0| 25iA
5715t 228 7H2|E HHSH| RIS A (metric) LEM AH Y B q@t) 2 =YY = AL
(2= 0| 5S¢t BEEZ d¥ol= 87, A2 AlZtel =0 LHEFRE == UL}

=C[H A2 £

vi(t) = £i(t) = a(t) x; = <%> a(®)x; = H@)4:(t) = v;(t) o< £4(¢)

BOX|= o= AH2[of B[St Hlglds H(E) = d'(t)/a(t) & o= LetO|HE FEL

Hy = H(tyow) = 100h km/s/Mpc = (68~73) km/s/Mpc
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fo dt , dt

dx = dt/a(t) = dn, Particle Horizon : d, = jdx :j —— , Event Horizon : d, :j —
. a(t) ¢, a(t)

n =Conformal time 0

O17IM FOIM BtE 27tA] 820 Cisl 1 &X= ol 2 AL

0l1) a(t) = /t/ty, H() = 1/2t, Ol2) a(t) = eHot=t) H(t) = H,
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IH 7 2|(comoving distance)

=2|8 72|(physical distance)2t SO WE0|| AT HHX| e =
ARO[l A A2y (t) = a(t) Ax; & AlZtE ZE8er 2l otE #HE0f| Mo e N2 =2 H &S}
gelgt & ALk

7| #8 metric tensor & = ®&3}0] physical oF metricg
ds® = g,y (x)dx*dx’ (x* =t,x,y,2)
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M HEHE Z2e= TS 20| metricO] FO{F Z20] siYstCt.
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O X 23 E

Single particle

HA= X[t 25T, A1 0|59 Bk L

(IR 2E 1) 28
“\oluxi s (1) 2=

TH (t,x) = Z yimvt v} 63 (3? — fpi(t))

2 = &0 Chiet 8
= (TOi)
& (TY)

(v} = (1,d%,,/dt))

TH (x) = z L 07Dy (x) — g L(x)

1 0(0,P4(x))
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O L{X| B &M

OUHX ZHE HAM= oHX|2t 25T, A2(1 0|52 g0 E S50 tiet 8

I

o <o1|Lw % & (7o)

o o
™—o =
O4X| 5 (T10) 25T

Single particle 2] 20l AL,

T (t,X) = z Yimv; v"53 x — X, (t)) (v} = (1,d%,,/dt))

Field 2| 8%, €28 ¢ & ¢,0 LHoto

o oL@
THY (x) _26 3,y 400 — 9L

Perfect Fluid 2 ZAFE = A= E=7F 2 FH 2l E2, Fluid rest frame A2 EE p, &H P,

2|2 Fluid 2| bulk four-velocity u# Of C{s}H0]

p 0 0
T (x) = (p + P)u*u’ + Pg*’ = Fluid rest frame : T, = 8 _OP _(;)
0 O 0
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2 O] 5= E radiation, matter, etc. & T+
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30| nE2A o U= = Eo| L of HHO| AA = Sl =2 2| 57 radiation, matter, etc. & T+
2ot FOIM - m S 7HX 1 ME2 4258 St YRS FOIZ AZHOIMO 2 f(p,t) E 4

d*p d*p d*p p
n= | Gt @0, o= | GasEfGO,  P= Gt
)25 p 7t m 0 &l 2 SR0| ==

d°p p?
(2m)3 35 (2 )3 3E

P =

1
f(p,t)——p, p = (p)n Pzgp

2) @52 p 7t m BOH AW X2 FAHO| T2 J|0i3te B, p=mv «E=m,

b 1) ~ d3p (mv)?
(2 )3 3E (2m)3 3m

1
f(p,t) =§(U2>,0 L p, p =~mn P

LFEH AH™OM 1) P=p/3 & UEH radiation, 2) P =0 & 2 H matter £ AL}
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Off L X| 2RI FHIXA

3) AlZHO| Tt o|FSHe AZtat Bo| AL ¢(t

), L==¢(t)? V()

1, 1,
P=§¢ + V (), P=§¢ —V(¢)

2 ~1i2 o ~
3.1) = >V p—qu ~p P=p

4) "7 M5t AR 0| Uk BR, L

32092 KV p=V=—p P=-—p

—A > TH,=-60A=>p=A=-P
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Ofj L X] RIS EIA
3) AIZHO|RE O|FESHE AZkEL BO| AR ¢(1), L=1¢(1) V()

1., 1.,
p=50"+V(p), P=5¢"-V($)

31) 2>V p=-gi=p Pmp 32)¢2«V p=V=—p Px—p

4) @F Y7t 2AYKAO A B L=-A = T =-6/A=>p=A=-P  P=-p
32) 9 4) o A2, O 4X| YET} Y2t A4S g4t &1 0l SHQ B GAHOZ H
e A2 2ol Yg slBA 2| oto] MA| oHX|E S7hE S oln|sict,

Uy »UW,) > U(y)

v, >V, >V,
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Of X ZRHE HIMZF 2F AlS7He] Rtof O{EA S 7K =X| & EA} 7t Eheot &
S0 Y7t DEA 22510 #LE sHES FARCI & I, S p(t x) = p(t),

P(t,x) ~ P(t). O| A0] 227} £ & &= /= HEZZ2 CS2| M7HX = &

£ Z2[Ef-ENEE-EHEE-9F AT (FLRW metric)O|2} L},

a 2+K_87TGp a\_ 416
a a2 3’ a 3 (P )
CCSE &= HIXAIO| XSHO HX| ROHE H=0A p Tev = 0 7F Cr21F 20| = XL},
— T o Ol H— |_ — L U (] = T —

dt dt

d(pV dVv a
p+3H(p+P)=0 = (p)z—P— <H=E,V=a3)
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Z2| =9 2HH A (Friedmann equations)

a2+K 8nGp. Q\_ 46
a a? 3 al] 3 (P )

Cl
a
S22 A 0] H5) 012 50| EHME. = 32 EER
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Z2| =9 2HH A (Friedmann equations)

a2+1< 8nGp. Q\_ 46
a a? 3 a/ 3 (P )

Cl
Cl
S22 A 0] H5) 012 50| EHME. = 32 EER

o5 B=g 54 950 B2 = x
X|= Ot2l ZEX|Qt O/2 7|stst o2 = HO| WH™SILE (Flat Universe)
K 3H§
22 <0.01Hy =pg = ﬁ (Ho, ag, po = H(tp), a(to), po(to) to = tnow)
0

0]
0) 7t YCHH === 6H (@< 0) & %?KH6F

]

g HMO 7] =4 (p,P) O CHIHM HESH= Y (a

>
= 2|0[otC} SEX| 2 ISt o7t 2lE =M AlZE I d2 AFEH 22 MA|A =Lt
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Z2| =9 2HH A (Friedmann equations)

a2+1< 8nGp. Q\_ 46
a a? 3 a/ 3 (P )

Cl
Cl
S22 A 0] H5) 012 50| EHME. = 32 EER

0
S Bl =7 =4 (p,P) O THoHAM HESt= Bl (a > 0) 7t JUCHE === 5H (@a<0) & %XHQ
= 2|0[otC} SEX| 2 ISt o7t 2lE =M AlZE I d2 AFEH 22 MA|A =Lt

3.p4+3P>0: 4S5 WH (d <0 radiation, matter 50| O|HX|Z X|H{St= E<L p, P > 0),

p+3P<0: 7k BE (>0 £F M4, AZEt HHS0| K|S K|St A P < —p/3)
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Z2| =9 2HH A (Friedmann equations)

. d(pV) dv a 5
p+3H(pp+P)=0 = i __PE (H—E,V—a

1. V =a® 2 Er?| comoving volume & physical volume O] SiX| 2F 0 M g, =1 2 S2Z2M
comoving volume (distance) 2| 2= & Al 0| M 2| physical volume (distance) Off CH-S2IC}. e.q.)
A Azt e, & I a(t,) = 0.01 222 SEAE O A[ZE7EX] E1O] 1pcl| comoving distance € O| &M
CHH, O SAIQl M2 HFE3 2| 0|& HEl= £(t,) = a(t,)1pc = 0.01pc O| 11, ST HEYE

Mol ME2 F™8oE HE|= £(ty) = aglpc = 1pc O|C}.
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Z2| =9 2HH A (Friedmann equations)

. d(pV) dv a 5
p+3H(p+P)=0 = ——=—P— (H_a,v_a

1. V=a®<2 T2 comoving volume & physical volume 0|1 HX| F0 X g =1 2 22N
comoving volume (distance) 2| Z2f=2 & A[EO|A 2| physical volume (distance) O CHSStC}. e.qg.)
A A2t e, € M a(t,) = 0.01 2t2 SFXL O A|ZE77EK] HIO| 1pcl| comoving distance & Ol &3
CHH, O Ao e 2 EHst E2|& 0|5 H2l= £(t,) = a(t,)1pc = 0.01pc 0|1, ST HRIE &
Mol M2 5-SH HEle 2(ty) = aglpe = 1pc O|CL.

gote Se[H 2O] e OHX| U =pv = EEEX] B2 Sl Y = =

o2 QHX|E AAHLE (P > 0), YA EICt (P <0). 2tef0f| 220 S5 EHAAELO| AN 2
T 7t Z2oHA & ol=lftH SHaN A dU = -PdV +TdS =dS =0 5 AEZI| S
BEZD AHEZD e s £ s5x1/a® L2 2F7F WHSIHA E{ELCL
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Al (Friedmann equations)

p+3H(P+P)=0 =

dt

dpV) _ _

av

dt

a
<H =— V= a3>
a

4t Al (geodesic equation)tt & =

o
TSt = four-Z2HE p

2

= = E=P0;P=7°<

g0 et 1/a 2 SO =0k ot YA A 7t BEE
E 03/ == 2|0[otL}. metA

35
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;|

=20 FFO OE EX
mg,ydx/ds O THS p; =

& 210l 2 )

(Redshift)
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Z2| =9 2HH A (Friedmann equations)

d(pV dav a
p+3H(pp+P)=0 = (p)z—P— <H=E,V=a3>

dt dt
3. WHStE 2F 0N YXtol 25 Al (geodesic equation)It 274 20| /70 HE Y
o ZtutEE Ol 5= AULCE & § HhadtAH = four-ZHE p, = mg,,dxV/ds Ol iS5, =
(@)

comoving momentum2 2 FHZIC} ie. dp;/dt = 0 (e.g. e"Pu*" S M Zts| £ ™)

>\ 2 =
- 1
m? = g"pupy = P - (pl> =m' = E=pop= I%I g (Redshil

= AL 22y 22 7YYo mat 1/a 2 SO{=Ch ot YA BN 7F EE &
CHH N =na® =28 = nx1/a® 22 S0 S/ && 2|0[otC}. matM

Radiation : P =2p, p=(phnoc-—o«— p+3H(p+P)= p+4Hp=0=-(pa*) = 0= poc—
Matter : P = 0,p = mn o« —, p'+3H(p+P)=p'+3Hp=O:>%(pa3)=0:>poc%
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(Friedmann equations)

2y A

)

3

dV < a
= —P— H=-—V=a
dt a

dt

d(pV)

p+3H(P+P)=0 =

Hubble friction term
=

() + 3HP(t) + 04V (¢) = 0

P ZCt

=
olo

o/

<r
P

-l

10

d
=0=>Ep+3H(p+P)=O

$% — v<¢)>

1
2

1.
ECI-"Z +V(p) +

d% + V(¢)> + 3H<

p=0,

0= (P=—p),.p+3H(p+P)

W
KK
E__H__

—r
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b — —
@ 2ol SEHe 39| EE

Fo BTt EY 22O sl X|Hikls R P=wp (w=27Y) 221 BES 2FE 7HEE
) m2| S0 YA
8mGp a 4tGp
HZ = , — |1 =—(1 3 _
3 <a> (1+43w)—
2
CtS ot 22 SHE 7HEICE a(t) = (t/ty)*™ D (w = —1), = efolt=to) (y = —1)
Radiation domination: a(t) = \/t/ty , H(t) = th = % p(t) = %
t=0>= %OHC:-' p = 0

Matter domination: a(t) = (t/ty)?/3, H(t) = % = aZ‘/’z, p(t) = %

Cosmological Constant (de Sitter, Positive vacuum energy): H(t) = Hy, p(t) = po

A

a(t) |

38



2FE O|F= dE2 SIHX] SFTF UX| L 0 A Slget 2= SF7F SMCHH
Praa(to)  Pmar(to) Qraa | Qmat
p(t) = praa(t) + Pmar(t) + pyac(t) = raa4 + ma3 + Pyac(to) = R 23 + Qyac

where Q; = p;(ty)/p(ty) Ol @71 O Mt AZ|HL2 255 X[Hists =22 /7t

o
ZEtA|n 2o WE &0 of2ier Z0] ks 7L,

A A y N
Pi & . m ’
' Radiation Matter Vacuu a d

p Dom. Dom. Energy

Dom.

(log scale) 1 (log scale) %o
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Wato| oAl

o| & i I Xlo| X|SI=
Of A W o X[t HEO| TIZtE Energy Today — 14 billion years

. Dom. Life on earth - :
S LHO[A 2] KA SH Acceleration N\— 11 hill?on years
Dark energy dominate i SR
og 2 7-” O|'('5H'6I- _)I\_ 9}[ |:|-. Solar system form .é s 79
Star formation peak '} hilfie
Galaxy formation era\ y

Earliest visible galaxies - 700 million years
L

Matter
Pi Dom.

£

Recombination Atoms form \—— €N 00,000 years @,
7Y SZ 2] </
Relic radiation decouples (CMB) | QQ‘,’

Matter domination —— 5,000 years
Onset of gravitational collapse » =

Nucleosynthesis — 3 minutes

Light elements created — D, He, Li | g ‘ :
Nuclear fusion begins —— 0.01 seconds —

Quark-hadron transition
Protons and neutrons formed

Electroweak transition

H Electromagnetic and weak nuclear
Rad lation forces first differentiate

Dom. Supersymmetry breaking

Axions etc.?

Grand unification transition =
Electroweak and strong nuclear X
forces differentiate

Inflation

t Quantum gravity wall
Spacetime description breaks down
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~ N Vacuum
STFE7t WESHHAM 2t YXt 2 HC| 27| Energy

o Ne] —= 14 hillion years
= = = CHS| o Dom. Life on earth @ : @
7|’ EO'|§ |_k| (p) X 1/Cl o 2! A| O Oﬂ Acceleration 11 billion years
Dark energy dominate s s
radiation O| Al matter 2 ™etE 5= ULt S i
Star formation peak |
Galaxy formation era\ y i
Earliest visible galaxies 700 million years
\ . Matter X
Pi ~ Z giT* for(p;) ~T »> m, Dom.
' Recombination Atoms form \——4=7400,000 years £
Relic radiation decouples (CMB) qQ “‘ e ,ﬁ’ S

Pmat ~ Z mn; for (p;) K m;

Radiation
Dom.

41

Matter domination 5 000 years

Onset of gravitational collapse _ eV d

3 minutes

Nucleosynthesis
Light elements created - D, He, Li

Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down
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Big Bang Nucleosynthesis (BBN)
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Big Bang Nucleosynthesis (BBN)
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Cosmic Microwave Background (CMB)
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Cosmic Microwave Background (CMB)
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