® Notation

H)V...
i, =

Juv
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Inflationary Universe
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| . Problems in Standard Model
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Standard Model

® Cosmological Principle

ne universe is spatially homogeneous.

ne universe is isotropic.

=) Robertson-Walker Metric
dr?

G daat it ol

7 (d6* - sin® 0d¢*)

-
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Cosmological Principle

' Energy-Momentum Tensor
= Perfect Fluid Form

T = —pg"™ + (p+ p)utu”

=P Einstein Equation

G,L”/ = SWGTMV S Ag,uz/
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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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|.] Flatness Problem

Friedmann Equation <a

e —
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At Planck time 7T ~ 109GeV
1019 2 /1072 \ !
QO4+\—1~ ~ 1079
" (10—9) (10—13> ’

m) O+ )\=1 withaccuracy 10~
unnatural fine tuning !

= | Flatness Problem

pofudihelllnivene ot s
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Entropy of the Universe
Thermodynamics dS(V,T) = %d(pV) + %dv
p(T), p(T) function of T

>

=> | S(V,T) = = (p(T) +p(T))

Entropy of the Universe
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Entropy of the Universe

CL3

S = 2 (p(T) + p(T))

Relativistic particle in thermal equilibrium

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

entropy density

1’"; $ o
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S =

[

At Present

O e R A PN R D AT A e e

Al R S N G e
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|.2 Horizon Problem
CMB is extremely isotropic

A\

Observer at present sees CMB coming from
two opposite directions

emitted at recombination (T ~ 3000K)

distance between P and O

. t dt’

PO/(trec) == a(trec) troec a(t))
el

T 3( %é? 1/3 s trec)

t/2/3

(¢ x t2/3 MD)
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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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Particle horizon at recombination

lrec
C(trec) = bE2LD a4
rec rec 0 bt/2/3 rec

1/3
PQ _ t
T [(tﬁic) at.

2, - 1/9
(%) 1| =2 (29" - 1] = 74
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|.3 Monopole Problem

GUTs (Grand Unified Theories)

Interaction among elementary particles can be described by one
gauge interaction with symmetry represented by group G

G- SUC(3) X SUL(Q) X Uy(l)

T

Higgs Mechanism  H:Higgs field (H)=0 — (H) #0

hen symmetry G is spontaneously broken to U(l) , topological

s
-
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Example (Domain Wall) Domain Wall

coherent length
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Monopole density at formation epoch t;

coherent length & < lp = 2ty

1
8t3

= Npr = f >€3

Entropy density

72
— *T
PRSI et

1 [ 27?2

- . g - [ 4
. 9 77 s G E .- SN i (] o '".
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so = 2.8 x 10 em ™3

Monopole mass
mpys = 1016 GeV

Monopole mass density
om > 1.6 x 10° GeVem ™ ?
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| . 4 Gravitino Problem

Supersymmetry (SUSY) Fermion <=> Boson

® Hierarchy Problem
Keep electroweak scale against radiative correction

® Coupling Constant Unification in GUT

quark <—> squarks
le T?ﬂ.f—t.sle | o) o e
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Gravitinos are expected to be in thermal equilibrium
at Planck time

Lifetime of gravitino

—3
T(wg/g — v + 7)\1: 4 x 108 sec (1(7)7322_\/,)

Entropy production

[ Y La
.
- . W
A S el e [y
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|.5 Density Fluctuation Problem

® Structures of the Universe (galaxies...) are formed
from small density fluctuations through gravitational

instability

® However, no mechanism to produce the
fluctuations in the standard model is found

- horizon

2009411 A10H A EH



2. Success of Inflation Model
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2.1 Inflationary Universe

For some reason vacuum energy dominates the universe

S_WGPU — [? Py vacuum energy ~ const

exp(Ht)
]1/2

Exponential expansion
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® Vacuum energy Dy = — o

® Energy-momentum tensor

Ty = DP9 + (p+ p)uuuv — PvGuv

® FEinstein equation
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Inflationary Universe
K. Sato (1981)

Mon. Not. R. astr. Soc. (1981) 195,467—-479

First-order phase transition of a vacuum and the
expansion of the Universe

Katsuhiko Sato 'Nordita, Blegdamsvej 17, DK-2100 Copenhagen @, Denmark™ ), }

and Department of Physics, Kyoto University, Kyoto, Japant

Received 1980 September 9; in original form 1980 February 21

In abstract

The following results are obtained: (1) If the nucleation rates are small and
the vacuum stays at the metastable state for a long time, the Universe begins
to expand exponentially. As a result, the progress of the phase transition is
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Inflationary Universe

A. Guth (1981)

PHYSICAL REVIEW D VOLUME 23, NUMBER 2

- Inflationary universe: A possible solution to the horizon and flatness problems

Alan H. Guth*

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305 -
(Received 11 August 1980)

The standard model of hot big-bang cosmology requires initial conditions which are problematic in two ways: (1)
The early universe is assumed to be highly homogeneous, in spite of the fact that separated regions were causally
disconnected (horizon problem); and (2) the initial value of the Hubble constant must be fine tuned to extraordinary
accuracy to produce a universe as-flat (i.e., near critical mass density) as the one we see today (flatness problem).
These problems would disappear if, in its early history, the universe supercooled to temperatures 28 or more orders
of magnitude below the critical temperature for some phase transition. A huge expansion factor would then result
from a period of exponential growth, and the entropy of the universe would be multiplied by a huge factor when the
latent heat is released. Such a scenario is completely natural in the context of grand unified models of elementary-
particle interactions. In such models, the supercooling is also relevant to the problem of monopole suppression.
Unfortunately, the scenario seems to lead to some unacceptable consequences, so modifications must be sought.
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Phase Transitions and Magnetic Monopole Production in the Very Early Universe

Alan H. Guth
Stanfovd Lineay Accelevatov Center, Stanfovd University, Stanford, California 94305, and
Laboratory of Nuclear Studies, Covnell University, Ithaca, New York 14853

and

S.-H. H. Tye

Labovatory of Nuclear Studies, Cornell University, Ithaca, New York 14853
(Received 26 December 1979)

Nuclear Physics B180 [FS2] (1981) 385-404
© North-Holland Publishing Company

MONOPOLE PRODUCTION IN THE VERY EARLY UNIVERSE IN A
FIRST-ORDER PHASE TRANSITION

Martin B. EINHORN' and Katsuhiko SATO?
NORDITA, Blegdamsvej 17, DK-2100 Copenhagen J, Denmark

Received 30 July 1980
(Revised 10 November 1980)
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2.2 Flatnhess Problem

During inflation the scale factor increases by

RD | inflation RD

t =1, = PR ~ Pu

t=tr= pRs~ Po reheating

Temp
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2.3 Horizon Problem

Horizon length just before inflation RD
€H (tz) ~ Qti

Just after inflation
EH(tf) e QtZZ

At present the scale corresponding

the above horizon
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=) [ ~40Z cm > Hy' ~1

size of the observable Za(to)/
universe '

rTec
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® Particle Horizon at t=t,

lu(ty) = alty) /Otf adz:) = a(ty) [/Ot ao(lz:) " /ttf acéz:)]

(2
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2.5 Other Problems

M |
ShOPE  m Dilutedby 7% > 10°%
Gravitino

Density s Inflation has mechanism for

Fluctuations ~ generating density fluctuations
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Old (original) Inflation Model

Inflation takes place in the false vacuum

Inflation ends through production of true

vacuum bubbles
\

num‘

scalar field

[ Graceful Exit Problemj inflation never ends
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Inflationary Universe

A. Guth (1981)

PHYSICAL REVIEW D VOLUME 23, NUMBER 2

- Inflationary universe: A possible solution to the horizon and flatness problems

Alan H. Guth*

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305 -
(Received 11 August 1980)

The standard model of hot big-bang cosmology requires initial conditions which are problematic in two ways: (1)
The early universe is assumed to be highly homogeneous, in spite of the fact that separated regions were causally
disconnected (horizon problem); and (2) the initial value of the Hubble constant must be fine tuned to extraordinary
accuracy to produce a universe as-flat (i.e., near critical mass density) as the one we see today (flatness problem).
These problems would disappear if, in its early history, the universe supercooled to temperatures 28 or more orders
of magnitude below the critical temperature for some phase transition. A huge expansion factor would then result
from a period of exponential growth, and the entropy of the universe would be multiplied by a huge factor when the
latent heat is released. Such a scenario is completely natural in the context of grand unified models of elementary-
particle interactions. In such models, the supercooling is also relevant to the problem of monopole suppression.
Unfortunately, the scenario seems to lead to some unacceptable consequences, so modifications must be sought.
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3. Chaotic Inflation Model

Vv

—|—¢

1

1= 2 u¢a“¢ — V(¢)

V(9) = 5m*?

A"
In seneral o
& V(o) Vi VT |
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3.1 Chaotic Condition

Initial Condition? 1 = 1y
Heisenberg Uncertainty Principle AE At 2 1

Energy density
Ap ~ AE/(Ax)® 2 1/(At)(Ax)® 2 My,
\ Az < £y ~ M3
My

At <ty ~

g 2

L] L] L]
IS determined only

e S W
e
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3.2 Dynamics of Inflaton

initial value of @ is large

Suppose, in some region

(009)%, (8i9)* < V(§) ~ My
Friedmann eq.

(A

e a" et LA ‘32 0 e ..‘
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02, (Vo) <V, ¢ < Z_‘; slow roll approximation

(%)2 — 3MZ V(g)
3¢ = ¥
V(g)'/?
V3Mg

a
a
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g: Lo i <¢\/§Mgm(tt)>

V3Mg \/§ fMG V3
a m 1 5
In a—z — \/EMG <¢z<t — t@') — %Mgm(t — ti) )
— 4M2 (¢ = Qb )

e s
0= asexp | (8~ )
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3.3 Slow Roll Condition

V//V/
9H?

< |V
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For chaotic inflation 17 — 1m2¢2
2

m2

o m?2¢? /2

MZ <1 =|¢>V2Mg

1 m?o
=3 (o

2
) M2 <1 =|¢>V2Mg

Inflation ends when 7>~ 1 ore~1
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Accelerated Expansion

1
0L

0(0"9)

homogeneous 0;¢ = 0

# - (36 -V)

T = ) — gu L

g
s 12 7
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3.4 After Inflation v

aV oscillation ®
37 4 —
6+306 = -
B
Go+329 2o - 4 (15, y) - 3l
V:%mQQSQ assume H = a/a < m P

We can neglect the cosmic expansion
o =-—m2¢p = ¢= Asin(mt+9)

1. I}
§¢2 = §m2A2 cos?(mt + 6)
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To see the effect of cosmic expansion, take average over
one oscillation

1

V(o) = 5ps

3

a v
i O o D S D os T

-

Ak o0 :
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Reheating Temperature

® |nflaton decays into other particles

¢ = XU,

® Produced particles in the decay scatter and
further decay

==l thermalized = (e thel.*mal
plasma with Tg

© Reheating Temperature
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3.5 N-efold

® The scale factor increases by e ™ from t to t _

dN  d 1 (;(f;))) :_d inflation

ty by I
= N:/ dt(—H):/ (-3—,d¢
tN o) V

i .
a

e et
dtny  din I

N
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1

Chaotic inflation V = —m?¢?

N

2009411 A10H A EH

2

f¢f m>¢” /2
dN m%MQ

i [0 doo

4]\143; -ng 2 qbf ]

D 2
4MC2¥ ¢N e ZMG]




3.5 Relation between N and Cosmological Scale L
| inflation |
| | | |
Y R

Hubble radius at t\, corresponds to the present scale L

e At the end of inflation
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3 1 &2 02 2 9
a(t SsPrm MEm

- ((R)> 272r2f 4:7r2G 4 — Py~ V2Mg
a(ty) 09«1 359+1R

At t=t, the entropy of the region corresponding to H ' (ty)

)35<TR> s(tr)
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4. Generation of Density Fluctuations

4.1 Fluctuations of scalar field during inflation

. |
massless ¢ q§+39q§— —A¢ =0
a a

ds® = dt* — 2t d?

—

77 [ dHaluive ™

1
(27)
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Remark: _
k : comoving momentum

p = e "'k : physical momentum

Ui + 3Hy, + k2e 22, =0

n=—H e Ht o — 32,

= u’ + - v =0 Bessel differential eq.

* hitl ) i - v
s Gt S o e T e e il SR -
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Cl (k)a CZ(k)?

Quantization in de Sitter space should be the same as that in
Minkowski space in the limit of £ — 0

—]_ S . =il .
Wi "o [Ol(k)e—zﬂ k—l—zkt_l_CQ(k)ezH k—zkt}

e—zkt

vor:

R TPy ST, PTGy i Liwrehibdicr gt 5
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For cosmologically interesting fluctuations

k > H at the start of the inflation
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H

Fourier mode 5@@ =

2009411 A10H A EH



Density Fluctuations

Inflaton fluctuations == metric fluctuations

=P density fluctuations

ds® = a?[1 + 2®]dr* — a?[1 + 2U](dx)* | newtonian gauge

-3 ¢ (RD)
5o i ok i
-...I_LI,I?(lf ?/ ad?> il Ml (BD)

»
s

- s Py
V.o .. , e = ',‘ " - w3 Y=oy e ‘
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WMAP (Wilkinson Microwave Anisotropy Probe)
Ui B

http://map.gsfc.nasa.gov/
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New Inflation Model

o)
O
O
b=
-
O
=
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G—
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e
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Inflation models

Inflation

® Chaotic Inflation Hubble

® natural (no initial value problem) Hioh
, |

® take place at planck time 5

® inflaton o > Mg

® Hybrid Inflation

® initial value problem

e
aalit
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