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Cosmological Principle

1) Copernican Principle: We are not privileged
observers

11) Relativity Principle: Physical Laws do not
depend on space-time

» There exists an infinite set of observers such that the
universe 1s 1sotropic in all measurable properties at all
times

» The Universe 1s spatially homogeneous and isotropic



Consequences

1)  The only true velocity fields can be expansion
or contraction

velocity of observers depends only on spearation
V19 = H T2

1)  The must exist a measure of distance
independent of direction

d=z/H



Maximally symmetric spaces

Construction
ds® = C,dx"dx” + K 1dz?

with embedding
KC,,z"'z” + 2z =1

K(C,,z"dz")?
ds? = C,, dxtdg” + O dT")

(1 - KC, x+x")

Space-time with a maximally symmetric subspace

K (i - di)?
ds® = dt* — R*(t) (dﬁ’2 — (4 - di) )

(1 — Ka?)



Friedmann-Robertson-Walker metric

2

1 — kr?

ds® = dt* — R*(t) < - r%(d@? 4+ sin’ 9d¢2))

R(t) 1s the scale factor
k 1s curvature constant :
k=-1,0, +1 for spatially open, flat or closed Universes

with perfect-fluid source

T = —pg" + (p + p)u'u”

and solve Einstein’s equations

1
R, — §QWR — Ag,, = 87GNT,,



The (00) component gives:

The (1) components give:

R A 4AnGn(p + 3p)

R 3 3

In addition Tw., = 0 gives:
p=—3H(p+ p)



Considerk=A =0

2
R _8mGnp 5 — _3H(p +p)
R? 3

1) Radiation dominated Universe: p = 0/3

0 ~R*and R ~ t!/2

11) Matter dominated Universe: p =0

0~R3and R ~ 23



General Evolution

Define Q = %lz —8tGnp , p=(y-1)0, o0~R3

B A—Q 1/2
SECEES
L5 3 k=+1
Al > Qmax
: 1) Start at singularity at
A R =0 and expand to
R = OO

11) Start at R = o and
conftract to
R singularity at R =0




General Evolution

Define Q = %lz —8tGnp , p=(y-1)0, o0~R3

B A—Q 1/2
SECEES
L5 3 k=+1
A2 — Qmax
: 1) Start at singularity at
Ao R =0 and expand to
R =R>

I 11) Start near R = R»
| and contract to
| R singularity at R = 0




General Evolution

Define Q = %’Z —8tGnp , p=(y-1)0, o0~R3

R [A—Q1Y?
4[597- s
i S k=+1
A2 — Qmax
Q
11) Start near R = Ry
Ao and contract to

singularity at R =0
111) Start near R = R»
and expand to R =
R 1v) Start at R = o and
contract to R =R
v) Einstein Static Univ.




General Evolution

Define Q = %’Z —8tGnp , p=(y-1)0, o0~R3

R [A-—Q]Y?
-[597- s
L5 3 k=+1
O < A3 < Qmax
: 1) Start at singularity at
/\ R =0 and expand to
R = Rjand recollapse

/ N3 toR=0

11) Start at R = « and
R contract to R = Ry

and then reexpand to
R = OO




General Evolution

Define Q = %lz —8tGnp , p=(y-1)0, o0~R3

R [A-Q
l

1/2
— 3] = Q<A

k=+1

A4SO

1) Start at singularity at
R =0 and expand to
R =Rsand
recollapse to R =0

k=+1
R4II R




General Evolution

Define Q = %lz —8tGnp , p=(y-1)0, o0~R3

R [A-Q
l

1/2
— 3] = Q<A

k=0,-1

A1ZO

1) Start at singularity at
R =0 and expand to
R=

11) Start at R = o and
contract to
singularity at R =0




General Evolution

Define Q = %lz —8tGnp , p=(y-1)0, o0~R3

R [A-Q
l

1/2
— 3] = Q<A

k=0,-1

A4<O

1) Start at singularity at
4 R =0 and expand to
| R =Rsand

Au recollapse to R =0




Conformal Coordinates

ds* = dt* — R*(t) (dy” + £ (x)(d0 + sin” 0d0*))

sinhy k=—1
fx) = x k=0
sin’y k=+1

Conformal time

Rdn = dt

ds® = R*(n) [dn® — dx® — f?(x)(d6” + sin® 0d¢?)]



Solutions

Friedman equation becomes

R +kR= 47T§N (p — 3p) R’
coshn—1  k=-1 snhn =
n%/2 k=0 t= n’/6
1 —cosn k=+1 T —sinm
p=0
"

k=—1
k=0
k=41



sinhm

SINT)

k= —1 coshn — 1
k=11 I —cosn
p=0/3

>~ X



The Universe today

Ry R,
R?

Define the deceleration parameter : qo =

E — A _ 4nGn(p +3p) becomes (with p << Q)

R 3 3
2\ 8w
qHE=— N0 _ A gl
3 3 R?
k 2
or — = A+ Hj(2g0 — 1)
0
k L3
or B3 Hoto ko = o= 1)
0
where Q=p/p. p.=3H"/87Gy =1.88 x 107*h* gcm?

and h = H/100 (km/Mpc/s)



When A =0,

and

The Universe today

- 47 G N Po {2

=3 T 2

k
> — Hg(ﬂ() — ]_)

0

(still true for p # 0)



k=0= Q=1 always

write R°H? =

() =
R2H?*

Evolution of Q2
(A=0)
k

+1




Age of the Universe

(A=0)
R2 3 R2
Ry\?" Kk
o= e (R) = Hi@-1  z=R/R,

R
P2 = QOH(f(EO)37‘2 — (Qo — 1)H?

& = Hy [1 — Qy + Qoz> "

P /1 dx
v 0 [1 — Q + Q05'3‘2_3’7]1/2




Age of the Universe

(A =0)
Special cases: €)= 1
v=1 2
t = —
3H
v =4/3 1
t = —



Proper Distance

d = R(t) / S ar
v 0 \/1—]€T’2

For light paths,

t dt/ /rl d’l",
w R Jo V1= Fkr?
as t; — 0, r; 1s the maximum distance
from which we can receive a signal

Particle Horizon

TH d / t dt/
duy = R(t) /O v _TW — R(t) /O 0




Proper Distance
(A =0)

Special cases: €20 = 1

du/R grows with time = we see more of
the universe as time goes on



If s=Ror

Redshift

Ve — Vg
z = — Vel
Vo

: R
’U:é:Rd’l":—Ré'r:HS
R



Angular Size vs redshift

Proper diameter D =R(te) r0 =50

to dt/
s = R(t) / R(#')

Fork=0,y=1
2
S —
H()(]_—I—Z)

11— (14 2)7"7]

small z, 0 ~HD/z

large z, 0 ~ HDz/2



Redshift-Magnitude

Luminosity distance

L, L,
Observed Flux F = —
4nd?2 4w (Ror)?

L,
SO, di — L—(Ro’r)2 dL = (]. _|_ Z)R()'r' = (]. _|_ Z)ZS

Define m = —25log ' M = —2.5log Le

m — M = —5+ 5logd;/pc

= —5—1logH +5logz+5log(1+ (1 —qy)z/2)
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The Hot Thermal Universe

The energy density in photons:

Py = / E. dn,
with density of states (gy = 2)

g .
dn, = —lexp(E,/T) — 1] 'q*dq

. 272
giving
r? 1 4p 2¢(3)
_ 1 — U — > 773
=15t P TP STy Tl
In general,
with

and .)1/2



For Radiation m; << T:

ZQB‘I_ ZQF 30T4 = %]\T(T)T4

Table 1: Effective numbers of degrees of freedom in the standard model.

Temperature New Particles AN(T)
T < me v’s + V’s 29
me < T < my, e* 43
my, <T <mg p= 57
my <1T <Tc* 'S 69
o= istrange - 7’s + u,,d,d + gluons 205
ms < T < Meharm S, S 247
me <1 < m; c,C 289
m; < T < Mpottom T 303
my <T < mw.z b, b 345
mw.z <T < Myop W= Z 381
my < T < Muiggs t,t 423
Mg <T H® 427

*T. corresponds to the confinement-deconfinement transition between quarks
and hadrons. N(T') is shown in Figure 1 for 7. = 150 and 400 MeV. It has
been assumed that mpigqs > Miop.



N(T)

100 ——

Log(T/MeV)



Recall

Time-temperature Relation

v =4/3

2H 3
} — ( 3 )1/2 — ( 90 )1/2T—2
or
2.41

bl =
VN (t)



Equilibrium

e Particles will be in equilibrium if there 1s a reaction
rate which 1s fast enough: I > H

Neutrinos

kept in thermal equilibrium by processes such as

et +e v+ ivoretv etvete.,
with T' = n{(ov) and (ov)~ 0(10~*)T?/M;,
i~ 0(10_2)T5/M€V

Neutrinos in equilibrium when
T > (500M;,)/Mp)'/?~ 1MeV.



Entropy Conservation

Energy conservation: TH,, =

equivalent to

Now,

SO

p=—3H(p+ p)

d d
SR® = —(R*p+p)) = —(R®
D d,t( (p+p)) dt(R Ts)

. dp dT dT
p: = S—
dTl’ dit dt
ar _, sy _ ATy nd
d
—(R’s) =0
A CU)



Neutrino Temperature

AtT ~ 1 MeV neutrinos decouple

AtT ~ 1/2 MeV e* e annihilate to photons
Entropy of “y’s” and v’s conserved speparately
Prior to annihilation, Ty =Ty =T>

After annihilation, Ty = T< but, Ty =T

4 p 4

2 ;
— < _ 2oy
3T 3(2)(55) 1<

S«

T, = (4/11)*T, ~ 1.9K



The CMB



Historical Perspective

Intimate connection with CMB

Alpher
Herman

Conditions for BBN: Gamow
Require T > 100 keV =t <200 s

ovip+n—=D +y)=5x 10"Ycm’/s

= ng ~ 1/ovt ~ 1017 cm™




Some History:

Penzias and Wilson:
Perfecting a radio antenna to track the Echo satellite
found background noise which could not be eliminated.

Corresponding temperature:
T=35+£1K

Published in
“A Measurement of Excess Antenna Temperature at 4080 Hz”

Followed by an explanation by Dicke, Peebles Roll, & Wilkenson






Subsequently, many measurements ( ground and balloon based)
showed that:

T=2.7-3K
Enter COBE.

Lingering doubts regarding distortions and aniotropies set
aside.

T=273+£0.01K

n, ~ T3 =411 cm?3

p,~T*<10%p,
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Anisotropies

 The Universe 1s NOT completely
homogeneous and 1sotropic
— If <0>~0.1 0. =109 g cm-3
— In our Galaxy, M — 1011M®= 104 gm
in a volume 7 (30 kpc)? 300 pc = 107 cm?

e 0=1023gmcm?3 =107 <p>

 Imprint on CMB
op 0T

—~ — How big?

e, /A



COBE anisotropy results

Dipole (monopole removed)




Dipole (monopole removed)

Dipole removed




Dipole (monopole removed)

Dipole removed

Galaxy removed
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WMAP view of the microwave background anisotropy



WMAP Improvement in Resolution




The Power spectrum

Expand Temperature map in spherical harmonics

T(0,6) =Y amYem (6,0).
/m

The power at each £ is (204 1)C)p/(4m),
where, Cg = <|6Lgm|2>
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Cosmological Parameters:

Hubble parameter

Cosmological constant

Dark matter density

Baryon density

Radiation density

Neutrino density

Density perturbation amplitude
Density perturbation spectral index
Tensor to scalar ratio

Ionization optical depth

; Q=1 .011 +0.012

WMAP alone

WMAP + 2dF WMAP + all

Qmh?  0.128 +£0.008

Qph?  0.0223 £ 0.0007

h 0.73 £ 0.03
n 0.958 = 0.016
T 0.089 = 0.030

s 0.76 & 0.05

0.126+0.005  0.132 4 0.004
0.0222 £ 0.0007  0.0219 + 0.0007
+0.015
0.73 + 0.02 0.70419:015
0.948+0.015  0.947+0.015

0.083 + 0.028 0.07370927  Lahav + Liddle

0.74 £ 0.04 0.78 £ 0.03







