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Understanding the Universe
A Success Story

Tycho's observation

5 planets in the night sky

View of the solar system

-

Kepler’s laws

-

Newton’s Law of Motion
and Law of Gravitation
2 /
m ar _ -G Mrm r
dt 2~ Compete
understanding of
planetary motion

Size of the World

» Knowing the size or the distance
is the first step to understand
the world.

= Earth
« Eratosthenes of Cyrene (276-195BC)

7

Eran
Alexandria = ‘ ) 83
..... of Cance .
s @)

Equatar .'...,.,',',.

= Solar system
« Aristarchus of Samos (310-230BC)
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Distances to Stars

= Annual Parallax  Annual parallax was seriously searched
Distac s as a crucial evidence for heliocentricism.
"‘I\:‘ « F. Bessel, 1838 — measured successfully
| i m‘:'"; the annual parallax_ of Cygni 61 to be 0.314".
L (The current value is 0.286")
-Ilsu:hﬂ
Cha F. Bessel and
T Sy his heliometer
used to measure
annual parallax
meu ’  Annual parallax of 1" defines 1 parsec.
— 196w — 16
Farth's mation anoumd San 1 pe = 3'% l} 3'1 X 1G Ry
« Angular diameter of the sun = 32’
1° = 60' = 3600" + Annual parallax of the nearest star from the sun

—_ 1° = Proxima Centauri, 0.769"

Standard Candles and Rulers

= How to measure the distance to
farther objects?

* Luminosity Distance

* Brightness of the astronomical objects
L
4w

 objects with known luminosity.
« brighter objects for larger distance

P =

T
4wre

= Angular Diameter Distance

» Angular diameter of the object
I i

0=— = dg=—
T ét?

The brightness of
the distant object ; J
is proportional to NS « objects with known size.

the inverse square LN . - .
of the distance : larger objects for larger distance
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Cepheid Variables

Brightniess varlation of &-Cephel
35 - 43 Magnitude

|
L

Apparant Magnituch
g

&
W

« John Goodricke, 1784

- Discovery of 6-Cepheid variable 3
« Henrietta Leavitt, 1908 >

- Discovery of the period-luminosity relation E
« Harlow Shapley, 1915

- Size and shape of our galaxy from Cepheids E
« Edwin Hubble, 1924

- Confirmed Andromeda galaxy is extra-galactic
« Edwin Hubble & Milton Humason, 1929

is related to its luminosity.

jﬂﬁ‘ﬁl;mf The period of Cepheid variable

g

- Discovery of the expansion of the universe o5 1 35 I X
Period (Daysh

L

In 1908-1912, Henrietta Leavitt studied
the variables in Magellanic clouds and
found that Cepheid variables can be
standard candles.

1777 VARIABLES)IN THE MAGELLANIC CLOUDS,

By Hexmrrra 8 Leaverr.

Ix the spring of 1904, & isom of two ph bw of the Small
Cloud, taken with the 24-inch Bruse Telescope, lod to the discovery
of faint variable stars. As the region appenred 1o be interesting, other plates were
examined, and although the quality st of these was below the usual high

standand of exeellence of the later plats

new variables were found, and announced

Large and Small Magellanic clouds

Pickering’s Harem
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Shape of Our Galaxy

= Milky Way

* Galileo - using telescope,
confirmed that Milky Way is an
aggregation of faint stars.

» Kant — identified the disk shape
of star distribution in Milky Way

William Herschel’s drawing of star
distribution (1785). He assumed that
all stars have the same luminosity,
so that their distance can be known
from their brightness. The sun is
located at the center and the star
distribution has the disk shape.

27,
01 . L Lt e .
- » c“-:_f. ol .
0 10 eilioy Tg0s a0 040, e
T B
b
201

Harlow Shapley, using Cepheid
variables, obtained the distribution
of globular clusters in our galaxy
(1915). The yellow circle is sun’s
location and the X mark is the
center of distribution.

Current view of our galaxy.
Stars are mainly distributed
in the disk and the sun is
8.5 kpc distant from the
galactic center.

Discovery of Outer Galaxies

= [dentity of spiral nebulae

» Shapley-Curtis debate (1920s) — identity of spiral nebulae, aggregations of stars
inside our galaxy versus another galaxies outside our galaxy

» Edwin Hubble measured the distance to Andromeda nebula (1925), which is much
larger than the size of our galaxy, proving the existence of outer galaxies.

o

Andromeda Galaxy (M31), a big spiral
galaxy, nearest (70 Mpc) to our galaxy.
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Discovery of Expansion

= Redshift

« Vesto Slipher discovered the red shift of ,
nebulae (1912) — Absorption spectra ‘]
from distant galaxies are red shifted.

« Interpretation — Distant galaxies are y
receding from us (Doppler shift).

» Evidence for the expansion

* Red shift proportional to Distance
(Hubble’s law, 1929)

Discovery oF Expanmne UNIVERSE

There is no center
in the expansion.

TR 18
™ (eq)
Edwin Hubble discovered
that redshift is proportional |
to distance by observing
B .1 Cepheid variables in distant
B " galaxies.

Expanding distance between galavies

Discovery of CMB

= Cosmic Microwave Background Radiation (CMB)
» George Gamow and Ralph Alpher’s prediction (1948)
» Arno Penzias and Robert Wilson’s discovery (1965)
« Very isotropic, perfect black body spectrum with T=2.73 K
* Eq. of state p= ;gr (Ideal gas of photons)

SrecTRUM OF THE Cosmic

Discovery oF Cosmic BACKGROUND MicrowAVE BAckerounD
Frequency (GHz)
400 o 52 ”"( a0 s
w2 <0oee | CMB has the
Mo blackbody
spectrum.

Irtensity {(Wy/s)
&

ol N .
1 [T} 01 [
s Warvelength (cm)

CMB is very
isotropic.
(8T/T~10°)

Penzias and Wilson, and the antenna
they used in the discovery of CMB
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Hot Big Bang

= CMB - Evidence for
thermal equilibrium

= Expansion makes the
universe cool down.

= Our universe was
started in hot thermal
state.

Galaxy Distribution

= Relatively Small Scales - Structures
» Very Large Scales - Homogeneous

Galaxy Map

Hubble Deep Field

2015-04-16
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Discovery of Dark Matter

= To explain the formation of LSS, dark matter is a necessity.
» The amount of dark matter in our universe : Qcpum ~ 0.25
= Evidences for dark matter
» Motion of superclusters, Rotation curves of galaxies
« Gravitational lensing, Mismatch in baryon and matter distribution

— Gravitational lensing effect reveals
; the existence of matter unseen
between far galaxies and us.

Astrenomess aftribute this
difference ra dark mather

Distonce from centor of golaxy —=

Rotation curve of galaxy - —
shows the existence of (red, X—ray)
dark matter outside the . J and dark matter (blue, gravitational
visible disk of galaxy. KR - FREE e CNsing) reside separately. Gglaxps
e follow the dark matter distribution.

Colliding clusters Baryon

Discovery of CMB Anisotropies

= [s there any other evidence or probe for primordial density perturbation?
= CMB Anisotropies (CMBA)

« CMB has temperature fluctuations of order 105.  §T/T ~ 107>
» Origin of CMBA - depending on scale

« Gravitational potential due to density perturbation of CDM
op — 6O& — 0T

» Baryon Acoustic Oscillation
- Oscillation of strongly coupled baryon-photon plasma
» Observations of CMBA

e
-

273K 1/1,000 K 1/100,000 K (COBE)




Discovery of Accelerating Expansion

= SN Ia observations
« Very bright, far distant one can be observed.

* Uniform luminosity, calibrated by light curve i I

(Parimutter, of al, 1994)
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Units and Conversion Factors

= Basic units
« Natural unit h=c=kg=1
* Planck unit h=c=kn=G=1
« Reduced Planck mass Mp = (8xG) /% = 2.4 x 10'® GeV
» Solar mass Mg =2x 103 kg
* parsec 1 pe = 3.26 light-year = 3.1 x 10'"%m

= Conversion factors in Natural unit

* Energy-Mass leV™ /=178 x 107 % kg
* Energy-Time 1eV~ 1k = 658 x 10185
* Energy-Length LeV e =197 x 10 Tm

« Energy-Temperature  LeV/kp = 1.16 x 10* K

2015-04-16



General Relativity

= Einstein Equation

Gy = 8aGT,,

4
SpaceTime l Einstein Tensor 1 Stress-Energy Tensor =~ Matter
bailk matter atoms or molecules arom's inner structune
{107 10" 0 107%m) (= 16"
e .
| <O
i ® Q
. 0008 )X
T 165"
SPHERE ? . oli .|;n|c1uu>
110 known qu:uic- anrlulﬁ;\-\;;\-nl (= 10" m)
structurs 30
e L™ ~16"m
1
Negative Curvature Zero Curvature Positive Curvature Apfm :ﬁ:’ﬂ &p 2 E&
Hyperbolic geometry Euciidian geometry Elliptic geometry o

» Most of cosmology can be learned with only a passing knowledge of
general relativity : metric, geodesics, Einstein equation, ...

* Metric gy, ds® = Guodatda’
+ Connection I';, = %ﬂ“  (Buttve + Oufon — Dptppn)

. —_ -] >N (3 3
Curvature Rgaw - gﬁrﬁa - &I, + Iy .\Fw - F{;AI:'M

Ficn L2

* Ricci and R —R R=R* G..—R 1
Einstein tensor =~ *¥ s e e e — G

« Einstein equation can be derived from the Einstein-Hilbert action.

, M2 ‘
Sen = f‘g‘lx’v’*ﬁ (;ﬁRJr 335,1) = G = MZ* T,
* Geodesic equation — path of a freely falling particle
e dz” dz”
— 4T ——— =1{
dr? T dr dr

« Isometry : Symmetry of manifold < Killing vector

Maximally symmetric space

2015-04-16
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Exercise 1

Derive the Einstein equation from the Einstein-Hilbert action.

, ME .
Sen = fﬁ‘“’;ﬁj—y (;HwL L’M) = Gupw=Mp* T

FLRW Universe

» Two important observational facts about our universe

* The distribution of matter (galaxies) and radiation (CMB) in the
observable universe is homogeneous and isotropic.

« Distant galaxies are receding. - The universe is expanding.

» Cosmological principle
* The universe is pretty much the same everywhere.

* Friedmann-Lemaitre-Robertson-Walker metric

Belief of Einstein

Our local Hubble volume during Hubble time

~ spacetime with homogeneous and isotropic spatial sections
M=RxZ

Time 3D, maximally symmetric space

2015-04-16
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Maximally symmetric 3D space

E&.Z
ds® = —dt® + a(t)” | — < + r” (d6” + sin” 8d¢?)
T T 1— K2
Cosmic Time  Scale Factor Comoving Coordinates
the only dynamical fixed on the expanding space

variable of RW metric

K =41
52
B —1 <1
Hl‘
K0 ’ P Al )
E arpens E_' S: I}i
Examples of maximally symmetric space in 2D Change of Scale factor

Kinematics of FLRW Metric

» Features of expanding space

« Momentum of a particle red shifts as the space expands.

» Measuring distance in the expanding space is a little bit tricky.
» Comoving distance — (fixed) coordinate distance
» Physical distance — comoving distance x scale factor
» Luminosity distance — measured by light intensity
» Angular diameter distance — measured by angular size

» Hubble's law — For small red shift, red shift is proportional to distance.

» Growth of horizon (Visible universe) is different from the non-expanding
universe.

2015-04-16
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= Free (free-falling) particle - geodesic equation in RW metric

ol
« Energy-momentum vector of a particle : p = ii:; =(E.5
dE : o
» 0-component of geodesic eq. e —[‘?jp‘pj = —d;jeap’p’
1dp @ L Momentum red-shifts
—_—— =0 = -
ol dt *a 171 ¢ a  as the scale factor increases.

For light, |§|:2—: = %—{:&;EI-{-Z(Q

red shift parameter

Red shift in the light from far distant galaxies is actually not due to Doppler effect,
but due to momentum red shift caused by the expansion of space.

Red shift in the light from near galaxies is a mixture of Doppler effect and momentum red shift,
and we cannot distinguish between them.

Due to momentum red shift, the temperature (o« the average kinetic energy) of hot idea gas
(consisting of free particles) cools down as the space expands.

Red shift parameter z can be used to parameterize the time,
instead of the cosmic time t or the scale factor a(t).

= Hubble’s law

L i

2 _
= dL_dsrf’

* Luminosity distance : —
Energy conservation requires that dmd
the flux decreases by distance square.

1 « Red shift of light

L
» Effect of ion: F = —_—
ect of expansion :  F fiﬁ(r:))tmjz {1+ =z} |+ Dilation of arrival time

Comoving distance to the light source

f" & e r{z) = fz), sin f{z),sinh {2}
h F1—I2 b el#) for K =0, +1, -1, repectively, where

) = I" [ A
S AT R A T

+ Luminosity distance — Red shift relation : dg = agr{z) (1 + z)
For small z, H{z) = Hy+ Hjz+---

1
Hody = =z + 5(1—@132 + e

Hubble’s law .
Deceleration parameter
ﬁﬂ&ﬂ

7
@

f;{]: —

2015-04-16
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= Comoving horizon
« Total comoving distance light (ds® = ()) have traveled since t=0

0 = f” & f dt'
MLy = ——— = .
=k VI—EE T Sy alt)

 No information could have propagated further than this.
= The size of the universe we can see at present = comoving horizon

T H
« Physical distance to the horizon dg{f) = j Vorrdr = a(t)n
0

+ Comparison to non-expanding universe :  7xg(t) = dg et} =1
For aft) o™ (0 < e << 1), comoving horizon grows slower and physical
horizon grows faster.

£ oar = £ ody 1
=t} = — — 1o (1) — alt f _
w(t) [ﬂ a(t) 11— A elt) = af }]; a(ty 1—-n

Dynamics of the Universe

= How is the evolution of the universe determined?

" Einstein equation 1  SE tensor should have
for FLRW metric Guv = M2 L this form to be consistent
1 with FLRW metric.
« Geometry of our universe » Matter distribution
. . . 12 . —p(t) ]
ds? = —dt® + a(t)? | —— +r2dQ|| |T", =
+ 1( ) 1— Kr2 + i 0 E;gi}é*;]
Scale Factor Energy density Pressure
* Friedmann equation
.y 2 -
a K 1 a 1
—) +2= Pi —=— i + 3
(a) a? ~ 3MZ Z a  6M32 ?P* i)

() = @ Hubble parameter | ° Posit[ve energy  * Pressure also gravitates.
{ ) = ; - expansion rate density makes + The combination p+3p makes the

the universe expansion decelerate or accelerate.
expand or shrink.

2015-04-16
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Exercise 2

Calculate the Einstein tensor of the FLRW metric and show that the Einstein
equation leads to the Friedmann equations.

= Evolution of the scale factor is determined by the matter content.

Einstein Eq. : Spacetime Geometry < Matter Distribution

Friedmann Eq. : scale factor change < matter species and amount

= Species — equation of state (relation of energy density(p) and pressure(p)

« Simple form of eq. of state : p =p(p) =wp = p= py(a/ag )_3“""‘”

I N 7 7 T

Eq. of state p=uwp 1[3
Energy density pox g H1+e) at aid wmtmmt
Scale Factor (K=0) g ox -52/3(11””7 $1/2 213 el

= Amount — Density parameter, ratio to the critical density

A * The critical density is determined by the Hubble constant.
& — & * The present value is roughly - 6 protons per 1m3

Pe pe = IMEHT = 1.9* x 107 kg/m*

2015-04-16
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= Solving Friedmann eq.

@ * K _ 1 _ 1 23] Tofeany ] =Y .0
— +7-1_71 M= Feitd = F et
(-‘;) a2 3—"‘!‘92; ‘ 3&;},2: o Q=1
Si2 4 V(@) =0, V()= 2H2 |0 = 3 01—
2 ’ 2 ;

= the motion of a particle with E=0 under the potential V(a)

05
Via)
" _Q.\.,, ,__2.-0.- S!.‘x =0
FE=0 L — T il . L
, 2 I— Q._u-_ +1-0; -§E.‘x =0
e
05 - _\\\_ —Hr—8& =0
.\.\
-10 b
; Oy =68, Ay =1.0
-15 / : \\
(1 ™ ik
ol 1/ | Qar=03 24507

= Expansion history of the universe depends on the species and amounts
of matter in the universe.

Expansion History of the Universe

g = Zi £2;

;-1

closed

— 1 =3
m
—_a =1
41 — Empty universe
— Favored model

Scale factor of Universe relative to present

N 0 20 a0
Time/relative to present (billion years)
0 ? =
Big Bang
¢ Our universe has the beginning.
If we trace back the expansion history, we

meet a singular (infinite energy density)
point of a=0 in a finite time.

MAPBA0006

2015-04-16
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= Age of the universe
to = Hy" f($%)

71
it = (%) <o

—1p2
1
Age times current Hubble parameter €<—— §(f;} = [ I—{E;\- + zié‘;.r"’n“"l dx
1 +0 F)

2- i ¥ 0.8

= Red shift — Luminosity distance relation
« Distance depends on geometry.

sinfiz), for K =+1(2> 1),
n=fz(z)=¢ fz), for K =0 (R=1),
ginh f{z}. for K = -1 (12 < 1), Oyt

* 4 1 &’
i) _j,: apfi(=) ﬁfa [ Qa1+ 2P + 2, (1 + ) ML)

L2

« Luminosity distance — Red shift relation : @z = ugr(z) {1+ z)

Deceleration parameter
it 1
gn = _fofn Zﬁi{lJr 3aw;)
£

Hubble’s law, Hubble Cons.
Hy= 2—:: = 73.8 (km/s)/Mpc

a2 2
H, - 138 Gy = 4230 Mpec Determined by species and amounts of matter.
» For acceleration, matter with 5 < —%

Determine the age and the ]
must dominate.

size of the universe

1 Distance modulus is frequently R
—(1 — qﬁ}zz -+ --+| used instead of lum. distance.
2 o= m — &M =Slog (de /10pc) J

2015-04-16
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Einstein’s Biggest Blunder

= Introduced the cosmological constant to obtain the static universe (1917)

G| =

1.,
55’11 +Vial =0, Via)=

2 ey, g3
Hy {--h Z--s“
i

Fine tuning of O and Q, can yield

a static (a=constant) squtl_o_rT.V e 0y =0
v .
- - 2 IS _11”_— 3.0, (_!r\ =l
.
=05 s fgy=403, =0
oy ': \
-15 'wl|,' ,n' II.' "‘-.__QM =G5, Q4= 1.0
il ' Ilu Y "-\_I
_a0 Ll I|I | 3y =03, =07 \

= Gave up the static universe after Hubble's discovery of expansion (1929)

= Resurrection of CC to explain the accelerating expansion (1998)

Consequences of Expansion

» Meaning of the existence of CMB

* Black body spectrum of 2.73K
= Our universe was in thermal equilibrium
in the past.

= Relation between the scale factor and
the temperature in thermal equilibrium

a(t)T(t) = constant.

= Temperature and expansion
» small a in the past = high T in the past.
* Hot Big Bang : Our universe started
in thermal equilibrium with high temperature.
= High Temperature (T) <> High Energy (E) < Short Distance
(quantum principle)
» To understand the high temperature state of the early universe,
we need the knowledge at short distance (high energy, that is
particle physics).

Singularity

2015-04-16
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Particles in Equilibrium

= Direct evidence for thermal equilibrium in the early universe
CMB : isotropic, accurate black body spectrum

The early universe is filled with hot ideal gases in thermal equilibrium.

» Energy density and pressure of ideal gas at T
&y
(T = gi[@?f; KAOE@® — E= Vi
1

I ‘ j(ﬁ = —TE—ayT L1 - boson;
?}%(T) =& ﬁﬂ}?{ f:{?:ﬂ F;z ﬂig #) 1 +, [] fermion
. (25'}‘5 h 35‘(23_?? Momentum distribution in thermal equilibrium

* Relativistic, non-degenerate : T 3> m, i

3] €@ s _[T] _1
n—[_.l S a7 =g Rt p=ge

* Non-relativistic: T <€ m

™2 3
n=o(3r) T b=l p=nr <

= Total energy density and pressure

* In equilibrium, the energy density of non-relativistic species is
exponentially smaller than that of relativistic species.

1 7
pr= o 0(T)T* pr=cpr, 9T)= 3 mtg 3 9

bosons fermions

200 -

1o «—- Standard Model : £ = 106.74

s F: Z{dx3x6+dx3+2x3) =30

R2xB+3x34+24+1=28

e85

|-|:'" o 00l 1 100
T [GeV]

2015-04-16
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Exercise 3

A. Calculate the effective degrees of relativistic species (g.)
for the minimal supersymmetric standard model (MSSM).

B. Draw the graph of the effective degrees of relativistic species g.(T)
as a function of the temperature T.

= Entropy

» The entropy in a comoving volume is conserved in thermal
equilibrium.

« Entropy in the early universe is dominated by relativistic species
2x2

. 4 ps
Entropy density g — Z i‘% =9
i

« Evolution of the temperature T
T o 5};1;3“-1

«Since moxa ™ and soca®, ¥ =mny/s is a convenient quantity
for representing the abundance of decoupled species.

20



Exercise 4

By integrating the Friedmann equation, derive the time-temperature
relation during the radiation dominated era.

- 2
(11 _ 1 _ 1 W2 _1}3
(E) '*/g‘ nE = a7 "“T:g”
a_ T
T

T
1/2 5 2
L ( o0 ) Mp o (1 Me‘if)

Al T T

Remnants of Expansion

» Thermal equilibrium and its break-down

* To keep thermal equilibrium,
the reaction rate must be larger than the expansion rate.

« As temperature goes down, the reaction rate decreases faster
than the expansion rate and thermal equilibrium is broken.

« If thermal equilibrium is kept on, no remnant from the past can be found.
= Out-of-equilibrium make the history of the universe.

» Baryogenesis, Big Bang Nucleosynthesis

» Decoupling of Dark Matter, Neutrinos, Photons

Cosmology is similar to archeology
in the sense that it deduces the past
from the remnants.

The expansion of the universe makes the history.

2015-04-16
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Out-of-Equilibrium

» The universe has been very nearly in thermal equilibrium
for most of its history.

= Departure from thermal equilibrium might make fossil record
of the early universe.

» Rule of thumb for thermal equilibrium
Interaction rate Iy, > Expansion rate H

T T2
Piaa(T) =(T)olel)™  H(T) = 37—

= Rough understanding of decoupling of species
« Interaction mediated by a massive gauge boson

2 L alT? i
0'“‘&23 = rintde'ug =&-!
my Ty My
4 N\ L/3 443
m iy
T < | =2 ~ (7, MeV = freeze out
~ (ﬂz.ﬁ-}’p 100GeV

Boltzmann Eq. for Annihilation

» Boltzmann Eq. : The rate of abundance change
= the rate of production — the rate of elimination

= Consider the particle 1 in a process 1 +2 « 3 +4

idfﬂlﬁsj _f &*pi i3 d*fi d*py

@ dE (2m)32K, (2m)32E; (2r) 28 (2n) 2K,
Change in . . :
comoving  (2r)*64p) +pa — p3 — pa)IM(1+2 43 3 + 9
volume ) _ o ]
x {fsfall£ fi)(1+£ f2) - fufa(1+£ f3)(1 £ fu)}
Distribution functipn Production of 1 Elimination of 1
and number density 3445142 1+2—>3+4
ﬁr(f}='[da—p,l..fi(§1.ﬂ Particle physi ters here |
27 3 article physics enters here !

Scattering amplitude
CP(or T) symmetry assumed

2015-04-16
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= Simplifying assumptions

* Kinetic equilibrium

1
Rapid elastic scattering = f(@, 1) =

e BE@)—sll)/TH) L 1

* Annihilation in equilibrium :  x(#) —  chemical potential
F(P,%} : described by chemical potential (and temperature)

* Low temperature approximation : T & E —pu

fre ErET 4 fx1

» Change of variables : chemical potential = number density

&g
pilt) — nit) = gie®T ﬁefﬁ”‘r = s"*f-'{}frﬂgu}

= Ordinary differential equation for n;(t)

fafalx A1 £ f2) — fif2(l1 £ f5)(1 £ fa)

g (Bt Ea)/T (ﬂmﬁui!?' — g(mﬁ‘éﬂz}ﬂ')

= o (ButEn)T ) AR Tava
n_gu}ﬂ;m ﬁgﬂ}ﬂiﬂj
» Define the thermally averaged cross section

d*py i d>p &Py _(pmayT
J (20)R2E, (2r)32E, (2r)32E; (27)32E;

x (28404 p1+ 22 — ps — ) IM(L+2 6 3+ 4)°
= Simplified Boltzmann equation

= 1 d(ma?) =@y gy [P Tamz
g - " 2 g
a? dt ng}ﬂgm ﬂ(lﬂ}ﬂg]l

(ov) =

v
7
o~ é e~ H nyng{ov) ~ iy
MN37g LR chemical
HE£, = — =10 e
0y {0 0} _{0
néjng} ’ﬁ{L IR(EE equilibrium

2015-04-16
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History of the Universe

Baryon Asymmetry ¢

= Matter content of the universe — Baryons
» Matter forming our body : Baryon(protons, neutron), lepton(electron)
« Stars, planets, dust, gas, ... (Most baryons are in intergalactic gases.)

= Baryon Asymmetry
* SM of particle physics is very symmetric in baryon and anti-baryon. & - &

* But our universe is dominated by baryons, with little anti-baryon. B+ B

» The amount of baryon in our universe
* Good agreement in required amounts from BBN and CMBA

ng —1na _
n= BB g% 1070 (4 baryons to 1 billion photons)

Ty

2015-04-16
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Exercise 5

Suppose that there were no baryon asymmetry so that the number density
of baryons exactly equaled that of anti-baryons. Determine the final relic
density of (baryons + anti-baryons). At what temperature is this asymptotic
value reached? (from Exercise 12 of Ch.3, Dodelson)

2
Taa(T) = n{T)(olul)” = (maT)e=m~/T . 2
TZ
H(T) ~ —
()~ 37
o [TV 2e—mu/T o my my
(mx/T)" e pEI T =) T =5 41.6

Baryogenesis

» Baryogenesis
* In the beginning, the universe was
supposed to be baryon symmetric.

 Baryon asymmetry was produced in
the early universe.

« Sakharov conditions for baryogenesis
1. B violation
2. C & CP violation
3. Out-of-equilibrium
= Standard Model

cannot make sufficient baryon asymmetry.
> New theory is needed.

* SM satisfies all three conditions.

* But, CP violation is too small and
out-of-equilibrium is not strong enough.
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Neutrino Decoupling

» Equilibrium maintained by weak interaction is broken around T ~ 1 MeV.
= Species in equilibrium around T ~ 1 MeV :

* baryon : proton, neutron (baryon asymmetry, non-relativistic)

* lepton : electron, positron, 3 types of neutrinos

« weak interaction et 47 oy, + 7

I(T) = w(T){ov)r ~ T/ My,

» Neutrino decoupling
« decoupling temperature  Tje. ~ 1 MeV
e relic abundance ¥, —w./s —gu/g{Tie) —21/23 Q0% = 168 x 1077 (1assless)
47 = 7., M., /MeV (massive)
« temperature difference between photons and neutrinos
Below T=m,=0.52 MeV, e*, e~ annihilate and dump energy only to photons,

and thus photons cools slower than neutrinos.
T /T, = (4/11)"7% = 71

Neutron-Proton Ratio

= Baryon number density is fixed by baryon asymmetry.
= Neutron — Proton equilibrium is maintained by weak interaction.

nte o pti,, ntuirpte, nopre 4+
» When temperature goes down below the neutron-proton mass difference,
the neutron-proton equilibrium shift to proton.
* neutron-proton mass difference  Am = m,, — my, = 1.3 MeV
+ equilibrium neutron-proton ratio /= e DmfT

= Below 1 MeV, neutron-proton conversion freeze out.
« freeze-out temperature T =2 .75 MeV
* neutron-proton ratio frozen (nfp)s = e 2T 20,18

* neutron decay slowly reduces the neutron-proton ratio, reaching 0.13
at the beginning of big bang nucleosynthesis (t=200 s, T=0.07 MeV).
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Big Bang Nucleosynthesis

» As the universe cools down, light nuclei are synthesized from protons and
neutrons. (Heavy nuclei are produced in the process of star evolution.)

= BBN is one of supporting evidences of Big Bang,
by explaining very well the ratios of light nuclei in our universe.

» The ratios depends on the amount of baryon and the expansion rate at the
time of BBN. BBN is a good probe of baryon amount.

= Universe at T ~ 1 MeV
« Species in equilibrium : {photons} v, (leptons) et, €™, (baryons) », »

« Species decoupled : (neutrinos) ve, v, v,

. Ty —10 ﬂt,f!g
e Initial baryon asymmetry : m = — = 8.5 x 10 —
yon asymmety:- =5, =2 (Oﬂz)

» How the baryons end up?

* Nuclear binding energies are of order MeV, but the nucleosyntheis is
delayed until T ~ 0.1 MeV by the effect of small n,,.

« If thermal equilibrium is kept through out, the nuclear state with the
lowest energy per baryon (iron nucleus) will dominates.

* BBN produced no elements heavier than beryllium due to a bottleneck:
the absence of a stable nucleus with 8 or 5 nucleons.

» Numerical solution of Boltzmann equations (BBN code)

o
T

log(mass fraction)

2
log(t [sec])
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-lement Abundance

(Relative to Hydrogen)

Fraction of critical de-ns-\y %)
» Comparison with observations o
.g 0.24 He [—=]
8 E 023
" ™ g 0% % « Observed
i Helium 4 (*He) 1 : abundances of light
E LE nuclei constrain the
10° | baryon density to be
E X
3 ) —~ —9
107 : 4 g 0 i N~ 4w 10
w0 | | B A~ 0.05
E Deuterium (2H) £
10° | Helium (*He) Z ol « BBN and CMBA give
16° f : R consistent results on
F 1 2 L FF W .
E Baryon density (10! g cr?) the baryon density.
107 ;L' . )
otk anl |+ The number of
£ i T, = 8857+ DB neutrino species
0’ | 4 et | affects the energy
ot @ ¥ S | density at BBN,
10" — == | which can change
£ Lithium {7Li) : - = 9
10"':.‘. VT ERPEPITV IEPPL PP IRV SO | o f the neutron—proton
10" 10" 10" 10" 10" 107 | : { ratio, and thereby
2H— | —=2 | | the helium fraction.
Density of Ordinary Matter el ¢ 1 . .
w9003 (Relative to Photons) | | :"\'(; ~3
1080,/ H g

Exercise 6

1. Explain why the neutron fraction rises when the number of neutrino-like
species increases in big bang nucleosynthesis.

2. What would the present universe look like, if big bang nucleosynthesis
proceed to turn all nucleons into iron nuclei which are most stable?
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Decoupling of CMB

= Decoupling of cosmic microwave background radiation
« Equilibrium between protons, electron, hydrogen atoms, and photons
(about 300,000 years after big bang)
p+e & H4+7v  (Bpima = 136eV)
e +y © e +7 {Thomsaon scattering)
Below T~ Ebimig
H is preferred — Reduction of e~ — Decoupling of

* CMB we see today comes from
the last scattering surface.

A~k

Z=1000 recombination

The Last Scattering Surface, an art installation
observer at the Henry Art Gallery on the University of
Washington campus in Seattle
» Species at temperature T ~eV : 7, € , p Vey Vg, Vr

Tightly | coupled decoupled
Compton scattering € +7v + € +7
Coulomb scattering e +p + H +«

= Evolution of the free electron fraction
— e _ p
T et N+ nn

a

«If e +pe H 4+~ remains in equilibrium

(0) (0 1 -~ 3/2
Belp Mg ni;:' - XZ _ 1 (mﬂT / e=[metm—mp) /T
Ty ﬁgi 1- X, e+ ngE 2=
A ny = mpn, ~ 1070T?
3/2

= 10% e —eg T

10 Q?TT) ¢
Xermlatd ~ g As X. —+0, out of equilibrium.
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* Boltzmann equation
ifz

d;{r L _ TR‘HT —enfT
el [(1 — X )8~ Xfﬂwm] B = {av) ( - ) e "f‘f
lonization rate

o = {g0) yes
recombination rate (to n=2 state)

= Decoupling of photon occurs
when Compton scattering rate ~ Expansion rate
neoy = Xengor = 7.5 x 1070 em ! X, 0, k%

ah2Y £ 015\ Y2 f14 0\ Y2 |4 Lz 015 -1/2
“\ o0z /\o.nz 1000 3600 @, h?

Decoupling of photons occurs during recombination ( X,. < 107%)

= Reionization

Inhomogeneity

» On very large scale, our universe is very homogeneous.
» On smaller scales, we see inhomogeneities, such as stars, galaxies, clusters.
» Without inhomogeneity, we cannot explain our existence itself.

B Measure of
8 inhomogeneity —
density contrast

depending on scale
) . -
L1070 - 10°
n

P

Galaxy: Andromeda Cluster: Coma Supercluster: Perseus

[ - Analogy with Earth

» On large scale, Earth is a nearly perfect sphere.

« On small scales, we see surface fluctuations,
such as mountains, valleys, trenches.

« Measure of surface fluctuations : 9/ ~ 103

* What makes Earth a sphere?
What creates surface fluctuations?

2015-04-16
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» Understanding the formation of large scale structures
* Basic Ideas : Small initial density perturbations grow to form structures.

Action of gravity

| Initial density perturbation

Origin of initial density perturbation?
» Inflation
» Topological defects

» Observed facts
* The size of initial density
perturbation is about 10->.
« Cold Dark Matter must be there.

Structure can grows after matter
domination. If matter consists solely of
baryons, structures can grows only after
photon decoupling and there is not
enough time for structures to grow.

Evolution ===== | Large scale structures

Comparison with observation
» Galaxy distribution
» CMB anisotropies

tapestry

Contrast  reaches  this
~100
hen rapid collapse takes

over.

Stars/Galaxies/Clusters
form fror
small & big wavelengths.

Large scale tapestry
forms from:

2000 .
15t & 27 harmonics.
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CMB Anisotropies

= [s there any other evidence or probe for primordial density perturbation?
= CMB Anisotropies (CMBA)
» CMB has temperature fluctuations of order 10-5. 6T/T ~ 10~°
» Origin of CMBA - depending on scale
« Gravitational potential due to density perturbation of CDM
op — 6O& — 0T

» Baryon Acoustic Oscillation
- Oscillation of strongly coupled baryon-photon plasma

= Observations of CMBA

273K 1/1,000 K 1/100,000 K (COBE)

Evolution of Inhomogeneities

‘ = Linear and Nonlinear regime
N * Linear regime — linear perturbation egs.

‘ . ‘ » Nonlinear regime — Numerical simulations
| Neutrinos |

= Linear regime — Perturbations

* Scalar perturbations -
9 perturbation variables

Dark
matter
Metric = Initial conditions

Compton » At early time, all modes are super-
scattering horizon and. a[l variables d.epend
on the gravitational potential ®.

* Tensor perturbations

* Types of perturbation

Rotogs _ 3 _ C=0: Adiabatic
Coulomb &= —EFIJ +C
scattering < C #0 : Isocurvature

* What produce # initially?

2015-04-16
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= Scalar perturbations — Coupled first order differential equations
for 9 scalar perturbation variables ©,8,, ¥, 4, v, &, vy, ®, ¥

* Photons &, 8p

I T Cr =% AT & = =
« Neutrinos am (2, 8) =l [L+ 8(2,8)] = f—{b_‘; F @1
» Cold Darlf Matter &, 1 [ &#F o F
- Baryon dp, 7y WEt) = v d @R Faml7. 5, l?
* Metric @, ¥ iz Rt) = [rronsewan ] -
O+ ikp® = —d — ikp¥® — #[On + O+ puy, — LTI Ees
. “ p=k-p,
Op +ilkpOp = —#[-Op + 5 (1 F(p)) 1]
= —n.orn  optical depth
-y . i - L] .
&+ il = -3 &4+ = —ikl O=©y—Opo+ Opy
s . i . £ . o, - 3!}1’11:
op+ dhoy = —3®, G+ —vp = —ik¥ + — [vn + 380 R="1%
@« 7 T 4,0

N - ikpN = — — iky®
2 e f - @ . 3 - 5 I
B4 3— (@ — ¥ :) = 5 Ca” [pamd + puds + 49,6 + 4p. 5]
[ig %

(B + %) = —325(7a® [p,0g + p, Ve

= Gravitational instability — Matter accumulates in initially overdense region.

= Equation governing overdensities in simplified form

& + [ Pressure — Gravity |6 = 0
S

random thermal motion increase overdensity
causing loss, oscillation causing exponential growth

* 3 stages of evolution
* Early on — all modes are outside the horizon

 Intermediate times — the mode fall within the horizon and the universe
evolves from RD to MD.

* Late times — all the modes evolve identically.

» Comparison with observations
* Galaxy distribution — Matter power spectrum
* CMB anisotropies — CMB power spectrum
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» Matter power spectrum

» Dependence on Qpy,
(beginning of MD era)

« Effect of BAO

00 L

Wavelength A [h*' Mpe]
1000 100 10

0 1
100 ey
. . Tegmark et al. 2002
n -
- -3
= 10t // -
£ s
2 W
1000 E
£
E
o
u
2 100 <
'y - "
g
t ®5DES galaxies
iy # Cluster abundance
s 1o} = = 4
g » Weak lensing \
5 s Lyman Alpha Forest i’
] . i
Y
Ll FPUTY PRFUTT BRI BTN MR V-
0.001 0.0l 0.1 1 0
Wavenumber k [h/Mpc

I Ll L
0 20 10 60 80 100 200

Comoving Separation (h™! Mpc)

* CMB Anisotropies

130

Angular Scale [Degrees]
52 1 05 0.2

100 20
T T T T T T
— ACDM @,=0.0224
00k ® WMAP .= 0.1136 _
| [J ARCHEOPS 0 =0.732
S g
70 mACBARE H=71 -
R
50 ® BOOMO5
30
201
P PP PP TTYN PR | L b
1 510 100 500 1000 1500
eeff Ned Wright - 03 Mar 2008

Py
bar] |

s———a Fifective Temp S04
B el Aopustic Velocity

e [Hdfusson Tl ofi

]
e il Qyht szoe#iu,.s.-".'

mesasassm Late JSW
B mm o Rodshift 'V
e Farly BW

s, Seaghyeuma, s il 11968

» Cosmic parameters
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= Discovery of the origin of
structures in the universe

= Cosmology became
precise science.

(+17/2nu]

L) [{n-2épe)?]

1,=0.000

o T T T T i i

a X-polarized CMB
2 \

1

a e ..

1

| Wit o T )

& 10 40 100 DD

.77

400 600 BOD 1000 1200 1400 1600
Multipele 1

15
10 .j:

T i3
Matter power

t
o
[~]
o
Q

= 3
o
. - :_“ o - %) h
ol (|8
2 s o
a8

o4
x [1/5 Mpeo]

CMBA contain

much information about our universe.

Cosmic Inventory

Ordinary Dar|

Matter V
~ ] Ordinary Visible

Matter

74 % DARK ENERGY

22% DARK MATTER

3.6% INTERGALACTIC GAS
0.4% STARS, ETC..

We get precise composition
of the energy density of the
universe from many
observations.

2015-04-16

35



How Did Big Bang Begin?

* When and how was
baryon asymmetry made?

= What is dark matter and
How was it created?

» What is dark energy?

» Why is our universe
so flat and so homogenous?
* The flatness problem
* the horizon problem

» Scale Factor versus Horizon size

The current Hubble volume was not All problems are related to
causally connected in the past. the initial state of
* How was the initial density the big bang universe.
perturbations created?
+ Density perturbations at large scales What gives the solution,
which were not causally connected cosmology or particle physics?

in the past cannot be created.

Dark Matter

» To explain the formation of LSS, dark matter is a necessity.
« The amount of dark matter in our universe : Qcpy ~ 0.25
» Evidences of dark matter at various scales
» Motion of galaxy clusters
» Rotation curves of galaxies
* Gravitational lensing, mismatch in baryon and matter distribution

— Gravitational lensing effect reveals the
e T existence of matter unseen between far
galaxies and us.

Expocted

Rotation

Astronomers aftribute this
difference to dark matier

Distance from canter of goloxy —» : . . 2 5 i
Rotation curve of galaxy . 4 . F & Colliding clusters : Baryon(red, X-ray)
shows the existence of v " : and dark matter (blue, gravitational
d.a.rk matter outside the Gravitational Lens in Abell 2218 GEIRNGE A |ensing) reside separately. Galaxies
visible disk of galaxy. iind amA follow the dark matter distribution.
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» Required properties of dark matter
* Darkness — Shedding no light, weak interaction with ordinary particles.
» Matter — Pressureless at the time of structure formation (MD era)
« Stability — It must survive until now.
* Right amount

= Dark matter candidates
e LSP — Neutralino
« Axion
« Gravitino, Axino, LKK, ...

» Dark matter search
* Direct search : DM — Nucleon scattering
« Indirect search : Annihilation or Decay product

Dark Matter - WIMP

= Generic WIMP scenario

heavy particle X + X «— £+f light particle, tightly coupled to
] ' cosmic plasma (in equilibrium)
weak interaction

« Boltzmann eq. for X - )
1 d(nya’)  _ 2 R Y N E
—_———={ou){ny —n 1072 g -
ab di ( )( X X) s 102 -
5 18_.5 E increasing®
s i E -
4G (m)\"? zpTE S 107 & <ov> 3
Qx = ‘ E 107 i .
115 Sﬁ{ﬁg}pc E %8:2 - Hq__i__ =
/2 ndg 2 10-10 4 S -
— 0352 (I_f g.{m) 10" em* = o r | 3
10 100 (oup B %8_13 - Nege NV o
-3 1 =
v No explicit mass dependence. g 10-14 1‘ S sl o
v" Relic abundance is mainly determined © 10 lqimeél_,g

by cross section. m/T
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Dark Matter - Axion

= Axion

« Strong CP problem — Non-trivial vacuum structure of QCD makes #.FF observable,
which breaks CP symmetry. Neutron EDM constrain § = #, + arg det A, < 10~

 Spontaneously broken PQ symmetry dynamically relaxes & to zero.

* QCD instantons break PQ symmetry and gives the axion (Goldstone boson)
a small mass m, = GpeV (10" GeV/f,].

= Coherent oscillation of scalar field
+ massive scalar field in expanding universe : &+ 3id+m% =0
« friction-dominated ( T > m ) : < & ey (constunt)
* mass-dominated ( # « s ) : oscillation about the minimum, matter-like (condensate)

= Relic density of axion
« Setting of initial misalignment

* Relic density 6 a2
Q=07 . i
1072 GeV

Why is the Expansion Accelerating?

= Option 1 - The energy density is dominated by Dark Energy.

* What is dark energy?
- Negative pressure (w < —%) accelerates the expansion.
- No interaction with ordinary matter (other than gravity)

* Candidates for dark energy
- Vacuum energy (Cosmological constant)
- Slow-rolling scalar field (quintessence)

= Option 2 — Gravity deviates from GR at scales larger than galaxies.

* Ex) DGP model (5D brane-world model)

1
v Aa
Snop = — %ﬂ ] A xJ—g Ry — % / A —h Ry ‘% )
L—

5D gravity Magic piece of DGP _‘
r DBSERVABLE BIANE | it
+/sw¢3n;;+&m Y . e
. Gives acceleration, BULK P
.o but with many ey
Matter living =
other troubles ...
on 4D brane HDoEN BRANE
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What is Dark Energy?

= Vacuum energy density - Cosmological constant

» Vacuum energy
density also
gravitates.

* Dynamical model

» Assume that V.E is
set to 0 by some
reason.

* Slow-rolling scalar
field has the
property of DE.

V(9)

Slow-rolling scalar field has the
property of DE.

In QM, vacuum (ground state) is
not a state of emptiness.

\ VC also gravitates. ‘
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Cosmological Constant

« Einstein, 1917 - Introduced the cosmological constant
to get a static universe from GR
« Zeldovich, 1968 - Identified the cosmological constant
as the vacuum energy density and
raised the cosmological constant problem

» Can we calculate the vacuum energy density?
* QFT : VED is the sum of zero-point energy and subject to renormalization.

g [ L s )7 o Fina < Energy cutoff
frac |||Zl' s / (27)3 2 WA ”; | CUT9 62 The highest energy
all Tields all ficlds X
S at which QFT holds
Fermions sum over zero-point energy Q

contribute negative. all modes of each mode

oo, diverge.

» Cosmological constant problem
Pobserved ™~ Perit = Kmax = ll‘_I{]lv\' Pexpected ~ 10120 | most serious
QFT prediction kumax ~ Mp = 10" GeV : naturalness problem

Pobserved

* Need for Quantum Gravity !

Slow-Rolling Scalar

= Dynamical model for dark energy of

» Dynamics of homogeneous scalar field

£:£4@Mé—¥@jt§ d+3HE+VI(H) =0

1. L.y .
p= 5%5'1 +¥{dh p= ¥ - V{é)

log Density

';'(;\E — ¥ ()

EOE+ 1"{{’) thawing

72 i
%\’(I = w=—]1 <: 'ﬁ'i(-‘):g:

o 1

= Merits of slow-rolling scalar field Iog Scale Factor

« Eq. of state that varies in time
* Possibility to explain the present ratio of D.E. and D.M. densities.

= Troubles of slow-rolling scalar field
» The question why V.E.D is zero is still remained.
» The mass of scalar is extremely small. ny = V()" ~e 3Hp = 1075 6Y
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Flathess Problem

H*I
= Physical radius of curvature Repr = m

= {1 as a function of @
_ kK 1 a, MD
f1-1= HZ 3 o 16‘? o { i'.I?, RD
t=tppy ~1s : [@—1| £ 1078, R, > 10°H!

t=ip ~107%5 : [2—1| £107%, Rew 2100071
» Big bang universe requires a very special initial condition.

2 If 821 and Ry ~ H™' at Planck time,
k>0 : the universe re-collapse within few x 10~
k < 0 :temperature 3K reached at # = 10~ ''s
The natural time scale for cosmology ~ 10~ %5
The age of our universe ~ 105 x 10~y

Horizon Problem

= Comoving horizon grows during RD and MD eras.
This means that the particle horizon grows faster than the scale factor.

alf”z, MD [ &4 MD
a(f’} RD Sl e, R TET

= Horizon problem

* Large-Scale Smoothness Problem
CMB we see today is very close to isotropy ( dT/T == 10" ).
How can this be? — The largest scales observed today have entered the
horizon just recently, long after decoupling. — Microscopic causal physics
cannot make it !

» Small-Scale Inhomogeneity Problem
Where does the density perturbation (3p/p = 8T/T =~ 10 *) come from?
Eg. (dp/e)s. - This scale was outside the horizon in the past.

malaxy
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= The entropy within a horizon volume
st { 0.05g- 152(11;3;3‘)3‘ RD
3 3 x 1057 (Qph) (1 + 2)~32, MD
Sult =) = 10*® +— 10° Huhble volumes at recombination
St = trec) = 10%

* Monopole problem
 Phase transition in the early universe can leave topological defects.
* Among topological defects, string is not harmful,
but domain walls and monopoles can over-close the universe.

* Many GUTs predict the existence of magnetic monopoles,
which must be avoided in cosmology.

Inflation

» What is inflation?
* Period during which the scale factor grows rapidly (faster than the horizon)
« Inflation can make the universe flat and homogeneous.
« If the scale factor grows by more than e®, the universe
we see today were causally connected.
» How does inflation occur?
* Big vacuum energy
« Slow rolling scalar field along flat potential
= Inflation generates initial density perturbation.
(Inflation can explains our existence.)
* Quatum fluctuations 8¢
- density perturbations &p
= Transition from inflation to Hot Big Bang
* (re)heating process

» How did inflation begin?
» Endless questions again.... ?
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* Basic ideas

* An early epoch of rapid expansion solves the horizon problem, etc.
« For this, negative pressure is required.
» Negative pressure can be realized in a scalar field theory.

* How to solve the horizon problem

» Comoving horizon

j‘* di’ f“ da’ +— Comoving Hubble radius H~'/a
n = - b - . . 4
] b alt) . @ \a = the dlsta!nce over whlgh pa'rtlcles
can travel in one expansion time
r>n never have communicated

—1 .
#>H "fa cannot communicate now

« It is possible to have 3 H_lfalgn : H"fa|m_|} > H '/a

VRO

That is, 17 get contribution mostly from early epoch.

In RD or MD, 1/aH increase with time, so the latter epoch contributions
dominate.

« In the early epoch, the comoving Hubble radius decreased.
1/aH must decrease = aH must increase.

%{aﬂ') =g >0  accelerating expansion, inflation
] 0

* Quantitative understanding
Suppose the energy scale of inflation ~ 101> GeV.

(alr)™" |Tz-_mm Gev = 107 (‘IHTI|T=TH

During inflation, the comoving Hubble radius had to decrease by,
at least, 28 orders of magnitude.

Most common way to construct a model — H ~ constant

G
H= = const. = alf) = a.e® ')

(eH) " oc e 10 = More than 60 e-folds are needed.
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age of universe

| We can see at
now points A un?‘ﬂ‘ before
they knew about each
other.

.......................................... 500,000 yr
| S—— | distance
Gas at point A has received signals Gas at point B has received signals
from this part of the universe. from this part of the universe.
Copygh © Ackdoor Wy
time us
%\
¢ B
500,000 yr oo s
1036 g period Copyriaht © Addison Weslay.
10-38s Hefon
ALB
distance
Copyaght © Addiuon Wesbey.

» Negative pressure is required for acceleration.

i 1 1

= Implementation using a scalar field @{x")
. 1
Lagrangian L= —2 00 — V(o)

Energy-momentum tensor

1., 1.
pr = 3#@#‘# - gﬂv‘g - p= §¢ + V(éj, p= §¢2 - V{é)
Negative pressure : potential energy dominates over kinetic energy.
1-
V(g) > 54

* Scalar field trapped in a false vacuum
« Scalar field slow-rolling toward its true vacuum
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* False vacuum models 0] flo (e)
P c verly Stable | ends abrupily
« On-set: Thermal phase transition £ Pavim | i cuesy rapidly
. = / | Hapid iesipates
« Exit: Decay to true vacuum E | . Plunge | |'*aving an emply univepsq
via bubble nucleation = e | e e \
. '? o [ Quantum "-,
« Graceful exit problem 2 %/ | Tunneling \
&1 NS b | »
& () o (¢) (f)
= SIOW'rOII models & '.% Inflation Field oscillates
. . . = d continues and gradually
« Evolution of the universe dominated | = | | et |
by a homogeneous scalar field 5o | vy et |
i i . o |
T Lo, 1o b | e SO T g ] =
" = .‘3;1!;. [2{; v (ﬂ}] L g lse i il_t:) N Reheating

4! +3H4§x + V’(ﬂ; . Higgs Field

+ Slow-rolling : dynamics dominated by the friction, 4 < 3Hd, H =~ constant {slow varying)
« Consistency requires two slow-roll parameters are small.

R fV? v _d . &
£E= ) 7= Mz N c_dgfi y P==—

2 v

¢« On-set: ??
o Exit : Break-down of slow-roll condition

= Gravitational wave (tensor perturbation) production
 Tensor perturbations (h,, h,) satisfy the linear equation §r+2ft},+;-i{; =10

« Quantization of tensor perturbations A P
Introduce the field having mass dimension # = Tﬂfi B+ (&‘ ) =10

r’\'{#.ﬁ} = wlk, p)ag +v"{kx) v};; . b4 (ig - ;) v=0, &g il =4E- &)

(e (&, (R w)) = |olk, m)® (22)*8% (& — )

. criz oo 2 g "
vacuum fluctuation (& (&, g)ili, ) = i lefk. 7P (2= @k — &)
power spectrum B, (k) = !P' 5 el 2°
o a2 2 e
e During inflation : — = — (;.2 - —) v=Aq =— ( - —
a g e vk iy
* After horizon crossing ( &y~ 1, oreff ~k ) | For iy = 1 {sle-hovizon),  § o - x 1
Power spectrum approaches to constant @ o @
For &g < 1 (super-howizon), fox —ox
HI 2
Pk = —5—
a".?!, } 51’5 {:‘,; ot

« Inflation produces gravitons (gravitational waves).
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= Generation of density perturbations
» Quantum fluctuation of the inflaton @{#.1) = &'"}{1) + dcl:E. £}
satisfy the linear equation

- S e 2 L Cpri\es
- same as gravitational wave 86+ 2 oo+ (K7 +a"V)bé = o

« Power spectrum negligible during slow-roll inflation
, #* ) H*
Boll) = 2 o Bl 3Ry

Perturbation spectrum of &
- Why are we justified in neglecting # until horizon crossing?
- How do the perturbations get transferred from d# to % ?

-~ r‘ﬂ‘g}‘?ﬁu W
Blp+p)

Curvature perturbation — conserved for super-horizon mode  ¢=
- For sub-horizon and just-left-horizon modes, # is negligible.

- Post-inflation, perturbation shared between #7% and # .

. _ aH#d -~
L -~ crssimg T éjm r {lgur-! nflation —

4wl 2

Z dch
§f1H G'T

3
_5.11 = il]m& inflation —

horfzen crossing

2 el _ ®H | Ir (;m"z
e L wH - ‘rk'xug’@lu,lrﬂa— !!‘3{)‘2-"‘3 v

=5

af=% aff =l

= Density perturbation in slow-roll inflation

_ afﬁ'},—ﬂ _ ;1;;’;‘1-”

M LA
« Slow-roll parameters : &= i

2VE 7 v 5 V2
 Spectral index : 7. — 1 = 2ip — i

« Running of spectral index :  wl = dr.filnk = ey — 24e” — 26
» Tensor to scalar ratio : = [«

. e 1 V(D)
* Numb f e-folds : 7 — - ;
umber of e-folds Vi) j: Hdt i{?[ F;{mda

Chaotic inflation )
« Single scalar field with a potential ¥i{g} = ﬁ‘( L )

Mp
« Slow-roll (condition) is achieved for & 2 éuq ~ Mp = JfT‘ ,;:'%
(trans-Planckian field value) - "
« Primordial density perturbation requires ,‘i = I 2
(fine tuning of parameter) M
. . . . 24+p ¥ 2+4p
« Spectral index and its running :  #e—1 = — SN, By = SN
. 4p N
» Tensor to scalar ratio: += %

« Setting of initial condition for inflation — thermal fluctuation?
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Exercise 7

Verify the following results of chaotic inflation.

= Chaotic inflation

z F
« Single scalar field with a potential Vi{a}= A’ (%)
Mp

« Slow-roll (condition) is achieved for ¢ = #.q ~ Mp €= —, ="
(trans-Planckian field value)

« Primordial density perturbation requires A 102l
X X Mg
(fine tuning of parameter)

i ; : Z4p 2+p
 Spectral index and its running : 7, — 1= __“_; ny —— T
. 4p - e
» Tensor to scalar ratio: r= \—"

= Higgs inflation
» Higgs field non-minimally coupled to gravity

- T iH;%
h!jt!,rg;—g -5

MR+ &

R—¢H HR+ x:.;,-,e_f) = f dtry=F ( M L g L G - za*)

e Jordan frame = Einstein frame
by conformal transformation

i Mh . L+ (6B + 20867 MA 2 ot
S=fdlav—g|-=LR+—— "~ - Pg e — —
[ 5‘( 2 Ot et ane O T W et

. _— ' _— dy 1+ (GE + L) /Rip
« Canonical kinetic term by field redefinition 2‘ = (8¢ .,1_.‘“ ——F
dir 1+ &% /L

. — M2. 1 .2 ;‘{5‘-?}‘ )
_ 3 ——={_Hpg L., U e
5= [ P ;—g( = R4 5 (0 A1+ EO0X)°/BEE

« Slow-roll condition is satisfied for & > ¢, = Afp/JE

G = i, 2= L+ £6°/ RED

« Primordial density perturbation requires £ == 47.000%
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» R2 (curvature-squared) inflation — Starobinsky model
* Einstein gravity + R? term

S f 3{2
S:fet‘a;g-g{-fﬁ-i-aﬁg)

» Does quantum gravity induce more derivatives?

 RZ term introduces an additional degree of freedom, because it contains more
derivatives

» Conformal transformation :  §ue = |[L+ 2R g,

Field redefinition : ¥ = /3/2Inil + 2aR)
—f ME- -, 1, o
: 4, = e 112 — EPRY ST
S5 fﬁ' Ty g( 5 H 4 (i) -Lou eV 3 )

« Slow-roll condition is satisfied for ...

Primordial density perturbation requires ...

* (Re)Heating, or Thermalization
« Inflation cools down the universe, almost to temperature zero.

 After the end of inflation, hot thermal radiations needs to be produced,
starting the hot big bang universe.

» Because the nature of the inflation is not known,
this process is still poorly understood.

* Energy source of — Large potential energy of the inflaton field

« Inflaton decay Inflaton decay into relativisitic (standard model) particles
during it oscillates around the potential minimum.

@+ 3G+ Tah + m2p =0 During oscillation, {8%) = fmd®) pressureless matter
1
fat+ BHps = -Taps fn+4Hon =Tap. H* = Jagz (Pe+ PR) T = 0.2,/MpT,
4

» Parametric resonance Particles can be produced more efficiently
through parametric resonance.

o . 5
Ko+ 3H i + (—! -~ m;: 4—5;";::;5) xi.=0
[

Oscillation of the inflaton field
may cause parametric resonance.
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Non-Gaussian Perturbation

CMB Polarization
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What Powered the Bi; Qu2mPole
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—~ ! Scattering
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Natural Inflation

-
BN Planck+WP+BAO
L

Power law inflation
Low Scale SSB SUSY
R? Inflation

—  Vox @23
Voo g

— Vx .0-2
Voo g®

o N.=50
100 [ @ N.=60

Planck+WP-+highl

0.94 0.96 0.98
g

+BICEP2

1.00
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Multiverse

Great Discoveries in 1990s

1 CMB Anisotropies 11 Accelerating Universe -
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= SCIENCE Breakthrough of the Year 1998 — The Accelerating Universe
= SCIENCE Breakthrough of the Year 2003 — Cosmic Convergence

Science

Opened a new horizon in understanding our universe.

Understanding the Universe

History of the Universe

Heavy Elements:
0.03%

Neutrinos:
0.3%

Free Hydrogen
and Helium:
4%

Dark Matter:
25%

Dark Energy:

It seems that we understand
our universe rather well ...

But, we don’t know what are really
95% of the matter filling our universe
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Epilogue

universe
clernlty

L nt part all

rt of
But doch finres, dies and lives again
* Adding Jis small pan 1o the who.

W are all a part,
Wa 'are’ God.
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