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Olbers’s Paradox

If the universe is Infinite, unchanging, and uniformly
populated with stars like the Snn

— Each line of sight must eventually encounter a star

— The entire night sky should be as brilliant as the
surface of the Sun
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2. The Cosmological Principal ( F& 5 /&%)

(1) the universe iIs homogeneous on scales
greater than a few hundred megaparsecs

— No edge to the universe

291007 N2 2 230 ERZE
B #2201 R FFE B N 65 H




(2) The universe Is isotropic
— No center of the universe
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Robertson-Walker & #1L
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DiscoveErY ofF ExrAnDING UNIVERSE

Nor? & Mt. Wilson
it 100 Inch
= Telescope
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Geometry of the Universe
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@ The oldest white dwarf |
stars in our Galaxy turn out
to be 12 to 13 billion years

old.

® The first stars formed less
than 1 billion years after
the universe's birth in the
big bang.




Universe Age from CMB

@ The sky map taken by the

WMAP satellite

tells that the universe is 13.7 billion years old.
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XM F 4 % (The Big Bang Cosmology)
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About the Big Bang and Expansion

@ The Big Bang did not occur at a single point
In space as an "explosion”.

@ i1t Is beyond the realm of the Big Bang model
to postulate what the universe is expanding
Into.

@ It is beyond the realm of the Big Bang model
to say what gave rise to the Big Bang.
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The Magnitude-Redshift Relation

For standard candles with absolute magnitude
M, the Hubble’s law

V=Hr, orr=cz/H

and the apparent-absolute magnitude relation
m =M + Slog(r/10pc)

yield

m — M = 5log(cz/H) — 5 = 5logz + C

Where the constant C depends on H and q.



<

<

st 5 4rAslaft 3 2 a9 UL
uﬂl]?yii/fl%f T ARG,

i RA KR F H Ak K
TS EATARIT T e K
BEH, XELAFHEFT
B A | Beg1E R, BP
A #0.

R FRHEAEHE
(dark energy).

supernova 1998ay at redshift 0.64
Feb 2‘8 Apnl 1 Apnl8 Apnl20 May 1 May 15 June 3

. ‘ » ’ . . by

from the ground from the Hubble Space Telescope

ouelsig

m-M {mag)

A{m-M) (mag)

44F

42

40f

38f o
- st — 0,703,007 ]

..-

36 [ @ Och _'
[ s — 0,=0.3,Q,=0.0
L i.i..!"!

34F ol -~ 0,=1.0,0,200 ]

0.01 0.10 1.00



® HSTst B 3T C4ntd &k K4t (z~1.7)491a% #2371 2 4430,
MR I 0 55 i BB A R 6 F & IS IR Fit {8 &
5, VAT G IR A2 iRk Bk,

Supernovas
dimmed by ¢

Expansion of universe

Big 10 billion Today
Bang years ago

SN 1997ff Time



o WLIE| 6 F AR B T he A0 IR F W
ERAFHE, B Q =0, Q,+Q, =1

2_50




® G uBRBITE L FHFMET XA ILN
I VAE TR e 0 K

25 T T T T T T T T T T T [ T T T T [ T T 11
. No Big Bang
2.0 ]
15 ]
& i
@ i
1.0 ]
Expanding Forever
051 closed ]
flat )
open \
0.0 L1 11 [ 1 [ I | R
0.5 1.0 1.5 2.0 25

Recollapsing Eventually

Q

m



Relative size of the universe

4

ExPAnsION oF THE UNIVERSE

I I I I

Dark Matter + Dark Energy
affect the expansion of the universe

Qp, Q,
B 0.3 0.7
0.3 0.0

1.0 0.0

1
-10 Now 10 20
Billions of Years

30



Tests of Big Bang Cosmology
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1. Discovery

@ The Big Bang theory predicts that the early
universe was a very hot place and that as it
expands, the gas within it cools.

@® Thus the universe should be filled with
radiation that is literally the remnant heat left
over from the Big Bang, called the “cosmic
microwave background radiation”, or CMBR.




@ |n 1948 Alpher and Herman predicted that the
univese should now be filled with blackbody radiation

at a temperature of 5 K.

For energy density

8hc/ A’
L%dﬂO::R4u(R)dl(R) R’ P T ldﬂ

87hc /(RA, )’

=R* Rdl — T,=RT(R)

ahe/RAKT (R) _

8zhc/ A’
= ehc/ﬂok[RT(R)]O_l dA,




® |n 1964 Peebles recalculated the blackbody radiation
leftover from the Big Bang with a temperature of 10 K.
Dicke, Peebles, Roll, and Wilkinson planned
searching for the relic radiation.

@® |In 1964 Arno Penzias and Robert Wilson detected
homogeneous 3.5 K blackbody radiation at the
wavelength of 7.35 cm. This was proved to be the
afterglow of the Big Bang, i.e. CMBR.

=029 ecmK
max T

~0.1 cm




2. Observations
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CMBR Spectrum
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3. TR = FR AT 6 &) T

& BRI AR (dipole anisotropy)
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The Wilkinson Microwave Anisotropy Probe
(WMAP)

® Launched on June 30, 2001
® Five wavebands ranging from 3.2 to13 mm.

® Can measure fluctuations in CMB on a scale of 0.2° -
10

The First Detailed Full Sky Picture of the
Oldest Light in the Universe
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Implications of WMAP Data

Universe is 13.7 billion years old with a margin of
error of close to 1%.

First stars ignited 200 million years after the Big Bang.
Light in WMAP picture from 380,000 years after the
Big Bang.

Content of the Universe:

e 4% Atoms, 23% Cold Dark Matter, 73% Dark
energy.

Hubble constant: H_= 71 km/sec/Mpc (with a margin
of error of about 5%)

New evidence for Inflation (in polarized signal)

For the theory that fits the data, the Universe will
expand forever.
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New View of Primordial Helium Traces the
Structure of Early Universe

B

B eep en? o 1)

Belative fux

(top) The helium absorption spectrum of
quasar HE2347-4342 as observed by FUSE.

An artist's concept of (bottom) The hydrogen absorption spectrum
FUSE peering into a of the same quasar captured by Keck.
distant and foggy past. Green-shaded areas denote helium

absorption lines with no corresponding
hydrogen.



@ Y5 HH

(6) &F AKX,
MRTTHEFETFT & 5
AL,

& ERAFEA AL T R 5B
KE, REHHETFF
BOULT 6y B mARMSE,
LREREZEHILTK, &
?5@%@%@%&@
LT ~4500K, FH EFH
iﬁ%\%%%%%ﬁ%

t~10° - 10%yr

p~ 1016 -102! gcm
T~6x10*-10°K

I Shrong force
=L :—%dmnumea
: - Radation bdatter
: S Era Era
e 4‘% : Pitn crdial
: 5 nuclesynthesis Aot
[ ’?E'“a;, j ortn
ﬁﬁ"’“'frr : L
i 2R I | Galaxies
m- : L1 ~Tormn
[ : I
[ i
[ e
[ |
e L Ly
[
1
Planck Aformi i
o GUT iGaJactu:
1 _).-"' \\
EpochZL7] Hadron [Ceptor] Muclear = [ * [otellar
R I | | | &
no gt TRL 1 | 1|:|1IZII | 10205 ez onds
Tirn & 1 108 109 Y ears




Lalal ] Universe

AEwTE5RTHZEESTER baloliobd b S R T

J&F ( B4 recombination ) .

AT 8 5 o Y
(XA 4% 2k Ko TR oms ™ Svanpwen: A

), HAESME (£ 14,000 Mpe il

T) BB, FHERFEN.

\
bl
‘Photosphere” at
redshift of 1500

AR B 69 B H = Fa A
A 44 5 40 VAR T T
S DG ECE

1,500 K

Time

3,000 K

Temperature




t~10% - 10° yr
& 15 iH p~1021 -3 x 1028 gom?

T~10-10K

(7) 2 #8AK

2 45 KRALMH R, F
> > LA dec ouples
= e F 44 ~ 4 i
53] /E/Z\ M, _EFT 44 ﬁy{l N iﬁj - ! '%Ep- Radation Matter
| Sy Era Era
'}i ° 103 L : 1“34.,:. Prirn cedial
| ’?& ,i" nun:le-::swi.-nthems Atoms
K24 — MR8 2 46 e
N H /f h=4 &" T, : | Galmdes
n "™ L | : | e
I
i) o I : |
| |
| I |
10 L ! i)
il
Planck Akornic i
GLIT alactic
L “\\$f
Epoch L | Hadrom [Leptar] Muclear] - 1 |stellar
s I I I I 2]
noo el TRL 1 I1|:|1IZII | mEI:ISaEnnds
T T 108109 Years




The First Starlight

A blow-up of the boxed area in the Hubble image
of the cluster of galaxies, named Abell 2218.
Circled are the faint, twin images of the star cloud.
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