Standard Cosmology
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® Notation

H)V...
i, =

Juv
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| . Standard Model

® Cosmological Principle

® The universe is spatially homogeneous

® The universe is isotropic.

=) Robertson-Walker Metric

2
ds? = dt? — a¥(t) | — & r%(d6? +sin? 0dg?)| |
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® Another Form

ds® = dt* — a*(t) {d:ﬁZ + K

(7 - i)
| — K2
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Element length in curved space

Sphere in Euclidian Space  z° +y° + 2° = a°

ds’ = dz° + dy2 + dz?

2 = acosf
x = asin @ cos @
y = asin 6 sin @

dz = —asin 0d6
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Sphere in Euclidian Space (2)

T =(z,y) 7?4+ 2% = a?

ds? = di? + dz*

T-dx+ zdz =0
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Element length in curved space
Hypabolic surface in Minkowski space

a—>ia z—>iz 0 —>i0 T2yt — 2% =

ds* = dz? + dy® — dz*
2 = acosh 6

x = asinh 6 cos ¢
y = asinh 0 sin ¢

dz = a sinh 6d6

- T3 ."?'.'" 2 .T"ﬁ:." .ek Ft';---.-' NS p‘ :\”?"_.g\ Ok a 'v Y |
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Energy Momentum Tensor
y-Momentum Tensor

. . . E
Cosmological Principle * nerg= Perfect Fluid Form

T =p(t) TV =g"p(t)

[ p
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Einstein Equation

Gy = 87GT 0 + Mgy,

A Cosmological Constant

2009411 A11HKEH



Newtonian Picture

Energy Conservation

GM
e mFE = const
a

i §7ra3,0 total mass

47TGpCLQ i E o
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2. Cosmological Parameters

Friedmann Equation (

® Hubble Parameter

e

I'he present Hubble parameter = Hu
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velocity (km/s)
a1
o
o

2
distance (Mpc)
Mpc = 3.26 milion light year

(velocity) = Hy X (distance)

Ho Hubble Constant = 465km/s/Mpc
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Hubble Space Telescope

http://hubble.nasa.gov/
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- 4 Fundamental Plane
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2. Cosmological Parameters

Friedmann Equation

® Density Parameter
critical density
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Friedmann Equation

a\", K _A_8G
a 2 3 37’

sl
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3. Density of the Universe

Einstein equation

equation of state
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In cosmology, three kinds of densities are important

@® p :Matter (non-relativistic, non-thermal)

i o o< a”d w =0

e pR : Radiation (relativistic particles)
Gmocsn Bt el D

e Poe: Dark Energy

w < 0

o OSMOIoOZICaAl constan
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Observational Constraint on w

SDSS-main/SDSS-LRG

_—
- BAO from 2dFGRS/

| AN R T DYt e A I U e T A
- BAO from SDSS-LRG

B WMAP+BAO
B WMAP+SN :
B WMAP+BAO+SN 1
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The present Universe

particle

temp (K)

density
(I/cm3)

density
(eV/em3)

Oh?

photon

2.73

415

0.23

2.2X107

neutrino

| 13X3

0.052X3

49X10°%3

baryon

25X10”

0.02
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The present Universe

particle | temp (K) (C:icn:g)') (:\?7:;2) Oh2
photon 2.73 415 0.23 2.2X10°7

neutrino |  1.95 113X3 | 0.052X3 | 4.9X10°X3
baryon ' b0 et 50 0.02
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Resent WMAP result

74% Dark Energy

www.starwars.com

% Atoms
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Matter vs Radiation

.. —4
radiation X a

Q0+ ( a >_1
- 3

Qo+ Qprro \ao

1 ;
3.7 x 107°(Qph?) ™ (a_o) dark energy oc q° |

s

1 = %) — 2.7 x 104(Q,,h2) T

R . “T‘" -~ ‘. h Q-? '1- A ."-‘I?V,f" /1 'i, / oy )’ W b : & -
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4. Matter Dominated Universe

Friedmann Equation <

v

\
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K=a3(Qn +A—1)H;
W= A

)
31 et BT, a
3 Gp = 5 Gho (a_o)




® Dark Energy Dominated Universe a > a

-\ 2
(g> — Hg)\ * a = ag eXp [H())\l/2(t — t())}

a

® Matter Dominated Universe a.; < a < ay

2] 3
) + H30m (22) + H3

:-Hﬁﬂm+x—n(

a

: ‘,a/‘*- | .
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solved analytically for A=0

* K<0 = 2(1 = Q) 1y (coshny — 1)

ao

t=2Hy Q1 — Q)3 2(sinhn — n)

\

St s (0 s Sl Qe s s

aop 2

t = $Hy Qi (Q — 1)73/2(n — sinn)

\
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® Flat Universe
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5. Entropy of the Universe

Thermodynamics  dS(V.T) = %d(pV) + %dv

p(T), p(T) functionof T
Integrability condition

QS iasil OS5 uVadp
gy — gt a7 = Tar

928
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Entropy of the Universe

(o(T) +p(T))

Relativistic particle in thermal equilibrium

72 1
sl -
2= 309 P = 3,0

entropy density

1’"; $ o

2009411 A11HKEH



6. Redshift

Wavelength of light becomes longer as the universe expands

Geodesics of light dr2
1 — Kr?
® Light emitted at t=t, r=r; reaches r=0 at t=t,,

o
t1 Cl(t) 0 \/1 — Kr?

ds* =0 = dt* — a*(t)
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Redshift of Momentum
® Momentum of a particle with mass m

i el . .
da” de dn = dt\/1—v? o' =dz"/dt

9 dy | |
p = mv'/v1—0?

local inertial Cartesian coordinate
p=m

uation of motion
d?z" i , dzt dg”  2da dx® dt

1

=T
dn? Y dn dn
" spa;i_al coor_*__cl_ingte_sys_tem_in wh_i.ch. the_' |
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Photon temperature

Photon is in thermal equilibrium at t = t

1
1) = Ty =1

If the photon freely streams without interaction after t
1

~ exp(p/Ti(a(?)

‘l

p:

2 2

fa(ts))) — 1
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/. Radiation Dominated Universe

The early universe is dominated by radiation

a .
2 — 2.7 x 10* (2 h”) radiation o< a "

matter
X a

0

-y
5

~ dark energy o a
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T x1/a

Total energy density

2009411 A11HKEH
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T4
1

~ 3MZ 30

Mq = ~ 2.4 x 108 GeV
“ V81
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8. Horizon

® Particle Horizon
maximum travel distance of light emitted at t=0 until t
dr?

1 — Kr?

Geodesics of light  ds* = 0 = dt* — a*(t)
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® Event Horozon
maximum travel distance of light emitted at t until t=t(max)

ety = att) [

For exponentially expanding universe a oc exp(Ht)

2: AU th/ e TV gy = 1/H

) -' - Y R B
] i __ -- ok i e Bk .. R ~4 Ly
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9. (Thermal) History of the Universe

(Hot Universe)

Big Bang
Y>A<V 1sec 10sec 1000sec 0.4Myr Present
l l | l
>

T A > < >
Neutrino ( BBN ) Structure
Formation

Decoupling
Recombination

Cosmic Microwave
Background Rad.

Electron-positron
annihilation

>
Established in standard cosmology
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|0. Neutrino Decoupling

o T>2MeV
Neutrinos are in thermal equilibrium via

weak interaction ViU e et e

) 2 2
Cross section: pdlin (E?) ~ Gk 2
9 9

Boltzmann eq.

sl sl
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T>m

7 272
€ SWZG?T§<2+§X2X2)4—5

T~m et +e

e

%2”)/

s
Siaaser 2
T <m, Sy = a3T5 (2) A5

Entropy conservation

11 1/3
s ass LU
a9 4

On the other hand

g 1
TI/,2 N Tz/,l <a2> 4 1/3
# TV = Tfy <_)
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History of the Universe

(Hot Universe)

Big Bang
Y>A<V 1sec 10sec 1000sec 0.4Myr Present
l l | l
>

T A > < >
Neutrino ( BBN ) Structure
Formation

Decoupling
Recombination

Cosmic Microwave
Background Rad.

Electron-positron
annihilation

>
Established in standard cosmology
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At present
T%() = 2.726K = T,,)() = 1.95K

o _3(TY _34 3
My A0 i AR L

nyo=4locm™ > = n,o =113 Sinias

error bars are multiplied by 400
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| |. Big Bang Nucleosynthesis (BBN)

In the early universe (T=1 - 0.0l MeV)

2p 4+ 2n —*He +small D S3He "Li

A. Initial Condition
p and n interchange via weak interaction

e o [ T e RO Ry 0

N -
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['> H w==P Chemical Equilibrium

IIJ/Ve IIJ/n — :LLp :U'e_

@)

=2 | pPdp :
272 Jo exp|(E — p)/T] 5

n

non-relativistic
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expl(mp — Mp + fin — fip) /T
exp[=Q/T + (jtn — p1p)/T]
my, —my = 1.293 MeV
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B.0.I MeV <T < | MeV
p+n — D+~v Qi=222MeV

n, ~10""ng >np  Produced D is destroyed
D+y—p+n

T ~ 0.1 MeV
N R AN LA TN

e 0 W e S B e

C.T <0.1 MeV 2.22I|v|ev E
I eI A 1 B
4
S AP R VSN A R He

mad | small amount of D, *He, 3H

SH+D < “He+n
(PH—’He+e™ +ve, Ti/2~ 12y1)
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D. Heavier Light Elements!?

No
® No stable nuclei with A=5 or 8

® Coulomb Barrier

But tiny amount of Li/
‘He + *H — "Li + «
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Evolution of Light Elements
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Observational Abundances of Light Elements (old)

® He4
Y, = 0.238 &= 0.002 == 0.005 FieldsOlive (1998)

Y, =0.242 = 0.002(£0.005)  tzotov et al.(2003)

- (0.004 Fukugita,Kawasaki (2006)
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Observational Abundances of Light Elements

e He4
Y, = 0.2516 = 0.0040 Izotov et al. (2007)

D/H
D/H = (2.824+0.26) x 107°  O'Meara et al. (2006)

Li7/H
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Measurement of He in Hll region- ..
e HlIl region V ‘

OB stars ionize H and He j
E(HI)= 13.6eV, E(Hel)= 24. 6eVE(HeII) 56 4eV

® Recombination lines

NGC 6611

‘I' HII Hell

® measure Hell/HI e

HIl e

Recombination Lines O,B Stars Hell
%5 T ~ 30000-50000K
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|zotov, Thuan, Stasinska 2007

T T T I T T T T T T T T T T T T I T T
Benjamin et al. (2002) Porter et al. (2005)
0/H=0/H[T (He")] I I 0/H=0/H[T (He™)]

| Y=(0.2472+/-0.0012)+(43.37+/—8.10)(0/H) ] | Y=(0.2516+/—0.0011)+(39.81+/—7.18)(0/H)

1 | 1 1 1 1 | 1 1 1 1 L L L 1 | 1 1 1 1 | 1
100 200 ' 100 200
108(0/H) 108(0/H)

BBS PBFM
Y, = 0.2472 = 0.0012 Y, =10.2516:==.0.001.1

20091111 HKEH



D absorption in QSO spectrum
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Theory vs Observation

Baryon density Qgh?
0.01

0.005 0.02

20 stat err
20 stat+sys err

r',‘
L A
VA LA A2

\\ ORI RS
(P vl d et
i 9B, 8.8 g el
Ry A BEX R .
e AR B g0 Sl

/
7
A=
an) 9@/

PDG 2006

Baryon-to-photon ratio i x 10710
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Number of Neutrino Species N,

BBN can impose a stringent limit on N ,,

N,/ = pT),/ = H,/ = n/p/

=P ‘He ~

2 2
i sl onsa iy Lo Lo
8 30 TR,

2

7 s
4
=y '-O e el --V . -X.-;-:z ?;<' ' e aalie s
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He4 abundance

Y, = pane/ pror = 0.245 4+ 0.014(N, — 3)
(ng =6 x 1071Y)

Observation
(260 — Y, = 0.2516 -
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Number of Neutrino Species N,

Yp — (0.249 + 0.009  Olive, Skillman (2004)
Cyburt et al (2005)

0.8

O
o

Likelihood
o
N

0.2

=p N, =31+0.7
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History of the Universe

(Hot Universe)

Big Bang
Y>A<V 1sec 10sec 1000sec 0.4Myr Present
l l | l
>

T A > < >
Neutrino ( BBN ) Structure
Formation

Decoupling
Recombination

Cosmic Microwave
Background Rad.

Electron-positron
annihilation

>
Established in standard cosmology
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| 2. Recombination

p+e — H+~n at T = 4000K

ignoring He4
np ="nNy, +ng Ny ="

Thermal density

3/2 o
) eXp('uzT z) (1 =e,p,H)
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n
. . . . e p
Define ionization fraction X = —

n
B ((3),
np = NN~y =1B o T

— 1—Xe  4V2((3) T \ 32 B
Xe - VT 5 (m> el (T) Saha formula

&

P P - Trec >~ 3000 K = 0.3 eV

Trec < B = 13.6eV

0 : . ionize H

2000 4000

13.6MeV
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Saha formula cannot be used for X << |

$

Equilibrium is not maintained
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History of the Universe

(Hot Universe)

Big Bang
Y>A<V 1sec 10sec 1000sec 0.4Myr Present
l l | l
>

T A > < >
Neutrino ( BBN ) Structure
Formation

Decoupling
Recombination

Cosmic Microwave
Background Rad.

Electron-positron
annihilation

>
Established in standard cosmology
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WMAPIT & S &3

_— 1 WMAP 5-year
-200 T(uK) +200
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WMAPIT & S &3

_— 1 WMAP 5-year
-200 T(uK) +200
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