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“The early Universe”, Kolb and Turner

“Physical foundations of cosmology”, Mukhanov

“Cosmology”, Weinberg

“Particle physics and inflationary cosmology”, Andre1 Linde, hep-th/0503203
“TASI lectures on inflation”, Daniel Baumann, arX1v:0907.5424

“What do we learn from the CMB observations?”’, Rubakov and Vlasov, 1008.1704
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| AU (Astronomical Unit)
: Average distance between Sun and Earth

=1.49 x 10%km (8 min 18 sec with light)
| Ly (Light year, &'3): 2| S 2 |EH Z22|= A
W EE x 1T = 946 x 102 km

| pc (parsec) : <F 3.26 &3

LCOGT

“ > Moon
N
. _ . £ ; .*‘ ’;} \\
I Arcmln — I degr’ee / 60 9 t; | \\\ 0 = 31 arcminutes
| Arcsec = | Arcmin / 60 S\
=| degree / 3600 >\
1° = 60 arcminutes \\\’

1 arcminute = 60 arcseconds
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o 2154 : AFAIZF (H2] <100 pe)

Sun-Earth= 1AU= 1.49 x 10% km

| | L

Lsin(p) = 1AU
1LAU

For small p<<1, L~ ——

Photo taken now

p
Far Define parsec,
1AU
1 parsec(PC') = ~ 3.26Lys
Baseline: ‘ 1&TCS€C
Photo taken
the diameter of o & months
the Earth’s orbit from now
27
1 arcsec =
Earth 360 x 60 x 60
six months

from now
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Local Group Of Galaxies
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Virgo =20}t ~ 10 Mpc

10 million Iy
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X735 =25IEF ~ 100 Mpe
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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

——
.\\ ’
“_the solar system
(not to scale)
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SERER
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TEHER ¢
v(r)=H xr
H = 70(km/sec)/ Mpc
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T 2= A

Absorption line

) /u\
g/

B
k= . wavelength
wavdength photons of certain
— wavel engths scartered out
] photonsfrom _ ¢ ___ of line of sight while other _ lineof __
- CONINONS SOVLCE wavel engths raake it sight
\ pass through thin through unaffected Jour
gas detector
i Cooler thin gas
Hotter continuous source
) 4 phoons of differentensrgy
Zoorm 1In on one gas atorm unaffected by atre, so all 4
raake itto Earth

N>

election i lowex enewgy obit et h‘gm RILEES o election b lower enegy obit RS
-u/-\r

M/\/‘\f\/\” N\

photons of sarae

Enenry M
Enexy E, Eneyry E; Onephoton with Energy = Photon with Energy =

(E;-E;) absorbed. Cther
photons continue on by.

21

(E;-E,) erutted in random
direction. Instead of 4 photons
we only see 3 photons.
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(Cosmological considerations of the general theory of relativity)
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Of| 4X| 2o His}

= APKHHAICH SEIX|HHAICH ot = 0]l X
10g P Radiation-dominated Matter-dominated Vacuum-
: relativistic particles : non-relativistic dominated

—4 Baryons + DM
IO X R(t) (Hfa|%+%*§':'§')

p o< R(t)”

P X const.
logt
1 sec 1012 . (Z ~ 04) I
1"~ 1 MeV Zeq ~ 3200 T ~ 1 eV (z=0)
neutrino decoupling Recombination present
e+e- annihilation, BBN (last scattering : T ~ 0.26 eV) 107 sec
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Structure within
the Atom

3 , Neutron
Quark® § s Size ~ 10-°m

1

Size<107'""m

Nucleus
Size = 107 % m

If the proton and neutrons in this picture were
10 cm across, then the quarks and electrons
would be less than 0.1 mm in size and the
entire atom would be about 10 km across




BOSONS

Unified Electroweak spin = 1 11 AN r—
pin = 1 H=050| 72X}
Name Mass Electric
GeV/c? | charge

Y, 0 0 Higgs

p“‘hoton

W 80.39 1
+ 80.39 +1 matter constituents
vasons FERMIONS <pin =12 32, 52, ...

A DR Lcptons con -1z

— : Approx. .
Z boson ELectrlc 5 (R Mass ELectrlc
charge GeV/c2 charge

Uy v 2/3

Strong (color) spin =1 v, lightest | (0-0.13)x10-9 0 0.002
Sl e electron 0.000511 1 d) down 0005 = -1/3
SIELY W macino* |(0.009-0.13)x10-%| 0 ©) charm 113 2/3
M) muon 0.106 1 $) stange | 0.1 ~1/3
peaes 1 (0.04-0.14)x10-°| 0 &) ©r 173 2/3
tau 777 —1 Q) bottom 4.2 -1/3
e
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© atom, molecule
© neucleus
+ electron
1
. O\ Recombination,
«0 photon decoupling

0\‘{ : CMB

o 22
| - T % ERS
A, =F, WA}, = A} s ')«:},tcg

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

— & phe
AAGY ey =P =) [ |y PrOtODS,

electrons,
Quark-hadron transition light nuclei1
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PERIODIC TABLE OF THE ELEMENT

GROUP
htp:/fwwsekefosplit. he/periodni/gly 18 VIIA
2 l S 10079 RELATIVE ATOMIC MASS (1) [ Metal L] Semimetal [ Nonmetal Q026
g H IROUP IUPAC,_ \ _GROUP CAS [i] Axali metal [16] Chalcogens element He N
HYDROGEN | 2 1A 3 | HIA EJ Akaline earth metal iﬂi Halogens element 13 A 14 VA 15 VA 16  VIA 1
654114 90122 ATORYC NUMBER i [] Transition metals fis] Noble gas 10811|6 12011|7 14.007|8 15999|9 18 020
=R : . ;
2 5,Ll Be SYMBOL —§ (] tanmanide STANDARD STATE (25 °C; 101 kPa) B C N O F ; Ne
D Aclinide Ne .g.as. Ee - solid | carson | ntrocen | oxveen | FuucRiNE (s
‘ Ga - liquid G - syninate 13 26.082 | 14 28.036 |15 30.974 |16 32.065|17 35.453 |18 39.948
s ELEMENT NAME E
3| Na | Mg o Al BSigl P | S | Cl FAxs
3 B 4 W8 S VB 6 VIB 7 VIB 8 9 10 11 1B 12 18] AumNium PHOSPHORUS| SULPHUR | CHLORNE
) 30.098 |20 40.078 (21 44.956 | 22 47.867 | 23 50.042 | 24 51.996 | 25 54.938 | 26 55.845 |27 56.933 |28 58693 |29 63.546|30 6539 |31 69.723 |32 7264 |33 74.922|34 769635 79.904 ’:;6 83.60
4f K [Ca|[Sc |Ti |V |Cr (Mn|Fe |Co|Ni |[Cu|[Zn|Ga|Ge|As | Se | Br | Kr
_SCANDIUM | TITANIUM | VANADIUM | CHROMIUM [MANGANESE| IRON | COBALT | NICKEL | COPPER |  ZINC GALLIUM SELENIUM | BROMINE
7 85463 [38 87.62 |39 85.906 |40 91.224 |41 92.906 |42 9594 |43  (96) |44 101.07 |45 102.91|46 106.42 |47 107.67 |48 112.41|49 114.82| 50 1187151 121.76 127.60 | 53 126.90 131.29
SERb [ Sr | Y |Zr | ND| Mo | Tc | Ru | Rh | Pd [Ag ([Cd| In | Sn | Sb [ Te | I | Xe
_YTTRIUM | ZIRCONIUM | NIOBIUM |MOLYBOENUM| TECHNETIUM| RUTHENIUM | RHODIUM | PALLADIUM | SILVER | CADMUM |  mOwM ™ IODINE |
5 132.91 6 137.33| 57.71 |72 17849 |73 18095 | 74 18384 |75 186.21|76 190.23|77 192.22|78 19508 [79 196.97 | 80 200.59 |81 204.33| 82 207.2 |83 20896 |84 (209)|85 (210)|86 (222)
6FCs | Ba |LaLu| Hf | Ta [ W | Re [Os | Ir | Pt | Au | Hg | T1 | Pb | Bi | Po | At | Rn
Lanthanidel yuemum | manmacom | Tuncsten | rieniow | oswiom | mowm | puamum | cowo | mercury | mawwm | eao | sismumi ASTATINE | RADC
7 (223)|88 (226) | gg.103 (104 (261) (105 (262)|106 (266) | 107 (264)|108 (277)| 109 (268)| 110 (281) (111 (272)| 112 (285) 114 (289)
"EEr [ Ra [AcLr (R | Db | Sg [ Bh [ Hs | Mt UuumL[Uunun Uul Uugq
Aﬁ%w*muﬂmﬂ_m _HASSIUM | MEMNERIUM| UNUNNILIUM| UNUNUNIUM | unuNBIUM OO
LANTHANIDE Copynght © 1598-2003 EniG. (end@itf-split he
(1) Pure Appl. Chom.. 73. No. 4. 667-683 (2001) 57 1389158 140.12|59 140.91| 60 14424 |61 (145)| 62 150,35 | 63 151.96 | 64 157.25 |65 158.93| 66 162.50 | 67 164.93 | 68 167.26 | 69 166.93| 70 173.04| 71 17497
Relative atomsc :\ass lo:aor moz’m“l;:
oerge ezt | La | Ce | Pr | Nd [Pm|Sm | Eu |Gd | Tb | Dy | Ho | Er [Tm | Yb | Lu
INGICa%es ™ha Mass numbee of the longost-lived
1502p0 of the cleeront LANTHANUM| CERIUM  [PRASECOYMIUM NEODYMIUM [PROMETHIUM SAMARIUM | EUROPIUM |GADOUINIUM| TERBIUM [DYSPROSIUM. HOLMIUM | ERBIUM | THULIUM | YITERSIUM | LUTETIUM
Mowover throo such olomonts (Th, Pa, and U) ACTINIDE
¢o havo a chacactodistic terrostnial isolop :
compasition, and for hase an aomic weghtis 89 (227) |90 2320491 231.04 |92 22803|93 (237)|94 (244)[95 (243)(96 (247) (97 (247)|98 (251)|99 (252)|100 (257)|101 (258)(102 (259) (103 (262)
Ac [Th { Pa | U | Np | Pu [Am|Cm | Bk | Cf | Es | [Fm | Md | No | Lr
Edtor: Adéya Varchan (advar @retting com) _| NEPTUNIUM | PLUTONIUM | AMERICIUM | CURIUM | BERKELIUM ; MENDELEVIUM WR
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Big Bang Nucleosynthesis

log(mass fraction)

6,
| |

2
log(t [sec])

F D
Q’é <°<\\ 0%0
Exoergic Direction A2 < & A
g ) \2
&/ W K
$ @‘?‘q’ %
\2\0

L N\
(d.p) )
tpn) . He

By = 2.22MeV
Bsy = 6.92 MeV
Bsy, = 7.72MeV
Big. = 92.2MeV
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o $FO A 2 S $F WA A}
(Cosmic Microwave Background Radiation : CMBR)

Sl ZAA A, e gkl A
TL o= T (1965)

Horn Antenna — Holmdel, New Jersey.
Dr. Robert Wilson (left) and Dr. Arno Penzias (right) in front of the Horn Antenna, 1975.
(Photo Credit: Bell Labs)
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o $FOA 2 S ¢F W A}
(Cosmic Microwave Background Radiation : CMBR)

Horn Antenna — Holmdel, New Jersey.
Dr. Robert Wilson (left) and Dr. Arno Penzias (right) in front of the Horn Antenna, 1975.
(Photo Credit: Bell Labs)
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o $FOA 2 S ¢F W A}
(Cosmic Microwave Background Radiation : CMBR)

250 el
: Az} 3 2o A -
(@)

Horn Antenna — Holmdel, New Jersey.
Dr. Robert Wilson (left) and Dr. Arno Penzias (right) in front of the Horn Antenna, 1975.
(Photo Credit: Bell Labs)
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Penzias and Wilson: wavelength of 7.35 centimeters

= Q| M ofo|3 2 a} Ha} (TV, 2iC|2)

H x| 1|

| | | | | | | |
10n$m 100nm 1um  10um 100 um 1 mm 1cm 1m 10m

7tAl =4 o} A

d (Chandra E, WMAP)

M f th
In?;t odt . trum d Long-wavelength
fod SPaci Radio Waves observable  Radio Waves

absorbed by floniEarh.
atmospheric d blocked.

gasses (best
observed
from space).

Visible Light
observable
from Earth,
with some
atmospheric
distortion.

Gamma Rays, X-Rays and Ultraviolet
Light blocked by the upper atmosphere
(best observed from space).
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e I H| YA (Cosmic Background Explorer, COBE)

FIRAS

0.001 K

2.725 £
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< =& Vel
=

Monday, August 25, 14



Cosmic Microwave Background Radiation

CMB temperature
Earth
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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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Dark Matter

Dark Energy
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rotational velocity

(km/s)

S0000 100000
distance rom center (light years)
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Globular .
clusters ; 2

8 Iilgﬁi minutes Sun

P < { '

Eatth
\a\ Mercury

ECEEE HICHEHOIN 37| Y
ppm(Sun) ~ 0.3 £ 0.2 GeV/cm?

Pair ~ 107 gram/ cm?

~ 5 x 107" gram/ cm”
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g( Matter as a particle must (be) 74% Dark Energy

1. exist around galaxies, clusters k
= stable or lifetime longer than the age of universe |

49% Atoms

2. neutral : NO electromagnetic interaction

=P Only upper bounds on the interaction
o/m < 107%* cm?/ GeV  from bullet cluster

No lower bound down to gravity!
In fact all the evidences are gravitational.

3. 22% of the present energy density of the universe

4. cold (or warm) : non-relativistic to seed the structure formation

62
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NASA/ESA/MASSEY

Hubble's map: Dark matter may be invisible but it accounts for most of the Universe's mass. Its
gravitational attraction acts as a template, pulling normal matter - the stars in their galaxy
groupings into the large-scale structures we carbkee through telescopes.
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WIMP e Direct Detection

1
n="2n~03cm3 (_Gev>

m m

South Korea

©Wonju Ulleung-eup

Jirisan

CSI(TI) crystal

KIMS (Korea Invisible Mass Search) : Yang Yang Lab.
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e Indirect Detection

HESS in Namibia of Africa

lceCube

64 Antares
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Collision Event at
7 TeV

QATLAS

LEXPERIMENT

2010-03-30, 12:58 CEST
Run 152166, Event 316199

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html
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1998 , Perlmutter
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deceleration acceleration

[A. Riess et al, ap.J 607, 665 (2004)]
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2.0 | | | | . .
¢ Precision cosmology

Type Ia Supernovae
. Galaxy clustering

Cosmic Microwave Background

., +Qx = 1.005 £ 0.006

0.5

Flat Universe

with Dark Matter and Dark Energy

[Particle Data Group]
0.0 0.5 1.0

Figure 21.1: Confidence level contours of 68.3%,95.4% and 99.7% in the QpA—Qpy
plane from the Cosmic Microwave Background, Baryonic Acoustic Oscillations and

the Union SNe Ia set, as well as their combination (assuming w = —1). [Courtesy
of Kowalski et al. [22]]
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- Precise determination of the density parameters and Hubble parameter
in the LCDM cosmology gives

‘) /a(t) da/ o /1/(1+2) dr
Z ) = —_ =
o P g 1— Qo+ Qua—t + Qa2 + Q2]

to = 13.76 £ 0.11 Gyr [WMAP7 year]
LCDM

4 | | I I

Dark Matter + Dark Energy
affect the expansion of the universe

3 83"' 5_2._," Open, MD
e e Flat, MD
1.0 0.0

5.0 0.0

Relative size of the universe
[ %]
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simplest LCDM?
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o] A v (Baryogenesis)
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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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Flatness problem, horizon
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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
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op(t, x)
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curvature perturbation

: conserved if

p = p(p)

[Lyth, Malik, Sasaki, 2003]

e RN
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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
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