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— Frederick William Herschel 1738 —1822

FHTEEE (OZF126m) L2880 REE2DFER(1781), EEDHZOY, KIBERD
BERES, EEDHKR, EHEFTAICELIXDINIDERHEERAETIVL), KELD
FIMER DT DER

-ét . Mt%;-y;i,_’

,"li h!i&*ztni

AW i“’h L, *T-
o 1 !;?.’5 'I
l*‘ ) "‘ : E ]
il 11. ::; ! a tf;&"-: ";tu"t'l- "‘*h * ’"'4 E{”
G i M
"4:‘ -};‘:‘;ﬂ:

18384F HFEHREDEA

— Friedrich Willhelm Bessel

1840FEH EHIZIRNDEA
— J.J.M. Daguerre, John Herschel

[ 19 au --- 10 pc: 1pc =3.26 1y =3.086 - 1018 cm ]
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® 5-Cepheid®ZENZ2 (T DI EEHARE R

[Henrietta Swan Leavitt & Edward C. Pickering(1912)]
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<M,>=-3.53log P +2.13 (<B,>- <V >) +f
f ~-2.25: a zero point. P in days
® EFA#iBH: 7Mpc (M101) on Ground; 25Mpc by HST
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1Mpc=108 pc 1pc= 3.26JL4F
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Henrieta Swan Leavitt: /N E 52 E2ERND25{E D Cepheid R ZE N ZE (1912)

H. Shapley: Bk 2 FIDRR Lyrae B # 2 (1916) D 8B/ \A—R O ERIK EF 5
7 (1918)
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Hubble® ;%A

E. Hubble, M.L. Humason (1929)
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Hgo = 558km/s/Mpc E. Hubble: PNAS 15: 168 (1929)
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Hubble® ;%R (1929)
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v=Hyr
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o ERETMEE G=1SO(3),SO(4), SO(3,1) = ZEME (X E Bl 3

X K =0
dos = dx? +r(x)?ds; rr(x) =< K~ Y2Zsin(K'/?y) K >0
|K|~1/2sinh(|K|'?y) K <0

® FFZE
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ds* = —dt* + a(t)*do
& IRILEXF—EBETUVIL

Ty = p(t), Ty =0, T; = P(t)5;



® EinsteinF1E=: Gy, + Agyy = KTy,
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o FHFIENHER Ho = H(to)
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o MEMH: &

Qm = Qpm+£2p+2 + 2y + Q6w
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Friedmannt7 /)L
A=0,Q,=0Q,+Q,

® (O, = 1(Einstein-de SitterET JL: K = 0)

2

B 0 1/2 20 43 1/242

a =0, 420! g/ Hot = 0n€® +20}/% " { 12t < g
1/2 2/

Hoty = 2 L1+ 20 'l: 23 > teq

3 (14 QF?)2

® Oy <1(OpenETIL;K <0)

0 Ql/Z 0 Ql/Q
= —"_(coshf—1 J inh§, Hot= i inh 6 — 6 . ho—1
a 21— ) (cos )+ msm : ot = A ) (sin )+ . (cos )
- Q, 14+ 0?2 L 14+ VT =y + QY2 s 201/
olo — - n
1-Qum \ Qp+202 40, VI—Qu  (Q+202+0.)72)  Qu+202 40,
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ds® = —dt* + t2d031
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® FHERDIEE

a K2 A
“_ P) 4+ =
» 6(p+3)+3

(FHIEAXp=—P =AERI. )

® FHOMEGER
— BIRILF—FH
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w< —1NESE, a =
Ca==3(1+w)/2(> 0)EHE
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BIRILE—FY R, VY > 0 BTSN EEE,
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Hawking-Penrose D& R B
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® THRGFHETI
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Look back time Hpt
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® JLREMDAREX
RWETEM
ds? = —dt* + a(t)?(dx® + r%.dQ32)
ERSNDERZRIZENT,
dt
dn) ::a(—t)::l:dxi X = Xo £ (7 —10)
® FHmMKAARE

ENRIEEE y DREDSEZ XUt + AtITH=XNER A ¢y = 0 [CEIET B8
ZWEFNFN ¢y, t, + Aty ETHE

At Atg Cl(tg)

A’I] — A??O N Cl(t) = a(tg) & A= a(t) A& = a(tg) v
INn&Y, BZl t ICHBRHIRAENCHI=DFT AR T
AO — A . &(to) 1 CL(to)

Z

A at) & alb)= 1+ =z
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Rzl t DEAZZIERET DBEEDLAHIE

Ly (t)
_ _/%ﬂiiﬁ°® t
X =T == . a(t) a . a*°H
B2l ¢ FTICHRETE BB HEEE l | s
Ly(t) I&
a(t)  da T LY
! O

[FRDEHENEI=SNDERRELS.

lim a’p = oo
a—0

Ly®lE, MEE L1 o=t EE D
tCOHEIFEE—HNTD.



Hubble RS 4 X

® Hubble?RSA X #4R = 1/H

— PLEDHEMIRAELVEETIE, HubblethSA X EZE ML
D Ly(t) KYEELLS.

— FriedmannE®&7TJLTIX, HubblethSA X FZIE L, () ERIFERE
LY, B5fEl ¢ IZEEBIL T KT 5.

. 1 t t
xth = —=—, t)Lpg(t) = ——
a X H  p a(t)Ly(t) 1—p
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FHICETARFME
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FHTORFYIEX. FHMIZIE, KREAN)D LBV EFERSD
TNLUNDTERITFEELLTHEE,

KERRZDTRMEK(EEL) :
KFE X=0.74, YL Y=0.25, ELVITHE Z=0.013
@ oD H>b, BEFTHDEVWTRIIEZEDFELIVEHEIGHKE

DRMERIGICEYVERSIN ., EDRICHFEIBRECERICKYF
HZERICESEMMI-ELTEHREAREETH .

[Burbidge ME, Burbidge GR, Fowler WA, Hoyle F:RMP29, 547 (1957)]

® LNL. ETOILRERTIH. E=CLTELTEGY ., BAlcn
225%0DN) ) LEERBAT HZEF TSR,
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BLWERHBENFHEATEILSLZLEY, FEYMED I FOE—IX
REINS:

L. , 2972 7 f_ 3
Relativistic : S = HUDE (g) TV,

5 V(mT,,/27)3/?
Non-relativistic : S =N (§ + In g (mNﬁé ) ) .

Vuad &V, BEIZEHIEMBEDREIILERT S:

T, o l, T, o iz
a a
LE=A>T. FEYPENRF. EF&. BLUVBRMO R FHILLEHEY.
FHII&EY), RLERICEETLHHNVNOERETIHREY, FHEEREXIZE
ENTHNY, BERENBERLIBEDZEIZE IEEZONS. AR
EvINOFHETILTHS.



MEHERDEL

BOEYI NUETILTE, BEZSHADIELE, BEOQLERERITYEINLYER
BB ERICHOFEINTEL C08H, FEHOIKHHATHE, MERFRLERY
BREMFHILESIERDISAVREICHD. COTFXTITIE, AFEEBLIH
FERMFDRER - FHBDNBAICEES.

et +e o2y utau,- -

A R RE IRF i H 1% D Bk T g(T)
HITE 2.725K 13.8Gyr 1.5 % 107%eV | ~: 3w 2(+21/11)
AFE L 3R00K 0.25Myr | 4.9 x 107%eV | ~; 3v 2(+21/11)
et i 30keV 14505 2.2 x 1079V | ~; 30 2(421/11)
A | eTe” #HE | 0.5MeV 3.46s 8.7 x 107 1TeV |~ eT, e : 30 2(4+21/11)
v, O TERE 1.2MeV 0.56s 5.6 x 107 1%V | 4y, et e7: 30 5.5(+5.25)
vy vy DIEHE | 3MeV 0.085s 3.8 x 107 %V | v, e, v 20 7.25(+3.5)
e R E 100MeV 43ps 6.5 % 1072V | v, e, 3v 10.75
QH 5% 200MeV 10pus 3.0 x 107 eV | v, e.p, 30 14.25
¢ O 1.2GeV | 1.7x107"s | 1.7 x 107%V | ~, 8G, e, u, 3v,u,d, s 6G1.75
T DX 1.8GeV | 9.1 x 1078 | 3.5 x107%V | ~,8G, e.p, 3v,u,d, s, ¢ 72.25
b O FHE 1.2GeV | 1.6 x 107% | 2.1 x 107%V | v, 8G,e.p. t. 3 u.d, s, ¢ 75.75
WS inf 100GeV | 2.5 x 107 Ws | 1.3 % 1072eV | ~,8G, 31, 3n, u,d, 5. b, ¢ 56.25
— e L B,3A,8G, 4h, 31, 3v, 6q 106.75
& i AR
MSSM B,3A.8G.8h, 31, 3, 6g
iR AR B.3A,8G.8h,3l,30. 64 228.75
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IKFZ=HELE

e*SHiR
BBN
e*e X JH i

v. DS
v v, DS

NOFp=F:"
QHELRF%
cD 31 H ik
HOFN=F
b @ i JH ik
WSERFS
MSM:HT

== i

2.725
3800K
30keV
74keV
0.5MeV
1.2MeV
3MeV
100MeV
200MeV
1.2GeV
1.8GeV
4.2GeV

100GeV

ME DK

13.8Gyr
0.25Myr
1450S
200S
3.46s
0.56s
0.085s
43Us
10Us
1.7X107s
9.1x1078s
1.6x108s

2.5X107%s

=)

EREAESE HHFHA

Y { AN

1.5X1033eV
4.9x102%V
2.2X10"%V
1.5X10"%eV
8.7x10"7eV
5.6Xx107%eV
3.8x10"eV
6.5x10"2eV
3.0x10"eV
1.7X109%eV
3.5x107eV
2.1x10°8%eV

1.3X105eV

Y5 3V

Y5 3V

s 3V

Y, €%, €5 3V

Y, €%, € 3V

Y, €, €7 3V

Y, €, Vg 2V

Y € 3V

V> € W, 3V

Y, 8G,e,u, 3v, u,d,s
v, 8G,e,u, 3v, u,d,s,c
v,8G,e,u,t,3Vv,u,d,s,c
v,8G,3l, 3v,u,d,s,b,c
B,3A,8G,4h,3l, 3v,6q

2(+21/11)

5.5(+5.25)
7-25(+3.5)
10.75
14.25
61.75
72.25

75-75
86.25

106.75
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® Zp+Nn—X(ZA)+QIIxLT,

Xx = AN XNy At

n (2m2>3/2 ax (h29b>( T )3/2 9% 30
Y = e(A-1)T = e (A—1)T
2 \m,T 0.022 ) \ IMeV

KUY, —R&IZ

1 Qx

Txy ~ —
X =304—1

EEDRETIRF&ZX(Z A)IENEETS.
— Iz,
FKF: Q) =2.22 MeV = T~ 74keV~ 8.6 x 108 K
AL Q.=27.25 MeV = T, .~ 300 keV.
#: 0..=493 MeV = T ..~ 300 keV.




FHEAMICHEITHTRE K (BBN)

® RIETEHDEZR/EY. BLEYT N\FHETIL., T>300keV =358 E &7
BEFTARTORFRILIGFEFEFICHER,

® HET(G.Gamov)EZDHFI=-6I1d, FHAMICKAPHEFDHIE
HEIHELT A—IBRREFEFREICEVIEREVREFZMNMELON
HBRTHEL. REOFHORRERNEAHSINDAIEEZEIERE
L7=. (1946,1948),

o NofHOHREE HEADRELFEICAW-RIEERLZ L THL,
ZDfEmIEEES>TLM=. LB, EDE. AETDEES=T L
77— (R. Alpher)&/\—<T 2 (R. Herman) (X, KYIERELGFHEEITLN. &
BHICHEDAN) D LENIDBBNIZKYERSNTIZLT HE TRED
FHEICIEHSEICHAT IHMNERBSNNFETSIILETTE,

Cf. LEFIL. H. Bondi, T. Gold, F. Hoyle|Z &k A 7€ & F & i (1948, 1949) 3 F
HETILELTIFIEBETHSI-,




Cosmic Microwave Background

400

® 19644 A.A. Penzias, R.W.Wilson

— FEIMILFAMICOOTIAHIBKIZHE ¢
LI LMMEERERR (19785F/— 7
RILVE) :

— Princeton®BondikY . Gamovi>DF 5 2o
EITDOVWTHZATHLD, :

® 1990 X COBEZEER(John R. 100
Mather & George Smoot; 20065 |
/—RILE)

— CMBDRRIMLAIERISELMEET e
Planck D IS &ZHEIL, BEZE . .

e = E—JIRENZ: 160GHz
Temp = 2.725 + 0.002K(95%CL) E—7R&:  1.87mm
[Mather JC1999]

— C(MBREEODEAMUEZHRR.




COBE FIRAS

Wavelength [cm]
10 1 0.1
— -I[:I 1ll1 E|_ 1 1 1 T | LI 1 1 1 1 T | LI 1 1 1 T 1 I LI 1 1 I_E
I = ' x .
AR e ; ]

TSl 2 i i
: o
o i %

[
7] AR "

7 1o 3 8 {": &
E C ’_,tEI’ % .
2l e . FIRAS COBE satellite ]
i THETE = DMR COBE satellite z
m = £ o LBL — Italy White Mtn & Scuth Pole 3
i i f,f’ﬁ Priticeton ground & balloon ]
i 18 ol UBC sounding rocket
g 10 F Cwanogen  optical E
= E o E
_EJ: - % f ----- 2726 E blackbody .
m 1 D-1 g o 1 1 1 1 I 1 1 1 1 1 111 I 1 1 1 1 L 111 | 1 1 1 1 1 1 7T

—_—

10
Frequency [GHz]

FIRAS= Far InfraRed Absolute Spectrometer
http://aether.Ibl.gov/cobehome.html
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® K%
— H*+e = H+y, Qu=13.6eVIZ®LT, X.=n/n,l&
2 3/2 3/2
X _ 1 med -Qu/T _ 0.017 [ Tiec Qi) Teee—Qu/T
1 — Xe 27752 thb,H T

&Y, T ~3800KKYELVEETIIKRIZIFZTZLERT S
® ~NJ)L
— He*+e = He+7y: Qy=24.6 eV
= T~ 7,000K
He** +e — He +: Que=54.0 €V

= T~ 16,000K
FYHeDERET DREFSHITELLES.



FHOBNLNY

HONENEH REMNSBSI-FHEONENEH 1 L. n, ZEFHREE.
Oy é’Thompson A ELTEREEL T

1 1
oPNEC Hyda 9 Hy, da
T:/O‘Tnedfz iR /a Xe Yy, =7x10 /a X

“a3/2H q5/2

X LELTHEEEZED L =T, /TELT

T ~ 3583/ dp z~7/4e20760-2) . + ~ 1 at £ = 1.228

&Y. T ~3094KT 11&% D,
WMAPD ELAEECMBFIRSTM D RO T-EIE, T .~ 2970K (z4e = 1090).
H 4. CMBIZ&Y z~ 10000 HARHEEHZEZHATES !

IEDFHIL, 2<2,=10.9(+/-1.4)(1=0.084+/-0.014) TEHE & (WMAP5yr).
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ENARE

—BREHIZEETAHARAEIZHAAND S REE
B(PLE)NTE=ET B,

® HANEHNWEINERTEHLE, COEH
SO TIE, EADEOREEENRY &
VE<HY, BOF ERE.

* THARNEETERIIIE, POEITE
RELTHEL. POEFXRELED,

o L. EENHREOBEEELYEL,
EHICLHIBITOLEDREELDHON

ELY,

® RXDFEHMNmI=ENELEE. POFFEHF
REICEYBRET S:

Ce < v~ H\

&= A>Lj~cs/H ~cee/\/Gp

Jeans&
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® Jeansf: L,~c/H
P
Cg = — .
Pb
P=P,+ P,— P,~ 10" 1°P,

Cf. Hubble RS/ XV &
L, =~ c/H

® L [IFHOBNLEMNYERIT
RAEED.

- BN EAVREI: L ~L,
- BnLEMNYE: L, <105L,

BRFHICH(THIeansKDZE L

= e
% 5
m i
2 i I
Y =
L B T
§ present Horizon

A FE] t




ZiE = CMBEREEIEHE A

104 — . . . . .
}  Planck
‘{"\ I WMAP9
; I ACT
s a‘
F . WAL :SPT
10° L}“’]’
‘;C ‘%J‘%‘D
) “i,.h
102} hy
%'\.
s%
o‘%‘i
o\oau
2 100 500 1000 1500 2000 2500 3000
(
B 5FDIRNE

Pe(ko) = (2.1424£0.049) x 1072 (ko = 0.002Mpc) [Planck2015]



BaRFHRICHITIPLoETDIRSEL

FHEEN ENY LR (MEERZE)

C—UXEE S10°M o R SRIATERT — L DR R EDDLE
FTRTHE

BREEEX 5=6p/p xa
FHENEAYE:§=10° = HE:6=102 <1

FHENLAYF

BB EIRFPEDT ST LELFEEL. FHEENLENYBTOO—VXE
=[3105M FBE,

HAFA LU TOR7r—IL T, BHBS - EFPEOPLEEFHEEN EAYET
BRLZLY,
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Fig. 2 Baryon density dependence on the CMB angular power spectrum. We fix the

matter density {2yh? and change the baryon density f1ph® by shifting Qg.

Sugiyama N: PTEP 2014, 06 (PTEP Special section: CMB cosmology)



Q. h &F 1%

Omb® Dependence

:l":l'".ﬁl":l"j
i e e

':i" =
S
)
100y T~ :
.: I'“_I ;i"‘.-
2 L L Lo gl ' ' Lo gl L L Lol E:;::"."'.::-.II
10 10 100 1000

/

Fig. 3 Matter density dependence on the CMB angular power spectrum. We fix the baryon
density (gh? and change the matter density 2yh” by shifting h to keep the geometry of

the universe (or the angular diameter distance to LSS).

Sugiyama N: PTEP 2014, 06 (PTEP Special section: CMB cosmology)
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Sugiyama N: PTEP 2014, 06 (PTEP Special section: CMB cosmology)



Planck 2015 Results

Qx = 0.000 £ 0.005 (95% CL) Extended models
Flat-ACDM Negp = 3.30 4 0.27

Oph? = 0.02230 % 0.00014 > m, < 0.23eV

Qch? = 0.1188 £ 0.0010 w— —1.13+0-13

—0.10
1000\ic = 1.04093 £ 0.00030

A = (2.142 £0.049) x 107°
ns = 0.9603 & 0.0073

r0.002 < 0.113(95% CL) Primordial fluctuation
Qa = 0.6911 + 0.0062 spectrum
Qar = 0.3089 + 0.0062 P = Ay (ko)™

Hy = 67.74 + 0.46km /s /Mpc
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BAO detected by SDSS

Baryon Acoustic REPLED2 AR
Oscillation
e §(r) = {0(x)o(x + 7))
i OI.O4 '.I T T |I T I T T I T I A
0.03 |
1 -\\ =
0.02 |
0.01
0.3 | B i
0.1 | e
0.04 |- -
0.02 | g -
0.00 |- R SRR
—0.02 I P T T [ TR T TN TR SN TR SR TR TR N T ]
50 100 150
Comoving Separation (h-! Mpc) Eisenstein D. et al (SDSS

Collaboration): ApJ 633: 560 (2005)
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Baryon Asymmetry

n=np/ny,>~6x107°

® BaryogensisMD 1= M Sakharov® 354

— BIERTFRI
— CECPOEEN
— IEFERIG

® FTELAN=XL
— GUT baryogenesis
— Thermal Leptogenesis
— Afleck-Dine (Sugra-GUT)
® illfR
— PBEFHARSEER: ©>3x1031- 8x1033
[SK: PRD 85:112001(2012)]



Dark Matter
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— Cold DM: neutralinos, axions, ... @
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Extended Hubble Diagram

Flat ACDM models Curved CDM models Degeneracy
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Supernova Legacy Survey
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Figure 5. ACDM model: 68.3%, 95.4%, and 99.7% confidence regions of the ({2, {24 ) plane from SNe Ia combined with the constraints from BAO and
CMB. The left panel shows the SN Ia confidence region only including statistical errors while the right panel shows the SN Ia confidence region with both
statistical and systematic errors.
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Figure 6. wCDM model: 68.3%, 95.4%, and 99.7% confidence regions in the (€2, w) plane from SNe Ia BAO and CMB. The left panel shows the SN Ia
confidence region for statistical uncertainties only, while the right panel shows the confidence region including both statistical and systematic uncertainties. We
note that CMB and SN Ia constraints are orthogonal making this combination of cosmological probes very powerful for investigating the nature of dark energy.
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— Quintessence, K-essence, phantom field, dilatonic ghost
condensate, tachyon field(D Chaplygin gas),

® =FE
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— Spacetime foams, EPI, baby universe
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Inflationary Universe: Comoving length vs a
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Inflationary Universe: Proper length vs a
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Quantum fluctuations and a nonsingular universe /
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vacuum. If this solution held as an intermediate stage in _the evolution of the affd L/T: *JJ&)—CO)
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formation of galaxies and galactic clusters. \ /
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A NEW TYPE OF ISOTROPIC COSMOLOGICAL MODELS WITHOUT SINGULARITY

A.A. STAROBINSKY
Department of Applied Mathematics and Theoretical Physics, Cambridge University, Cambridge, Eng.!:mdl
and The Landau Institute for Theoretical Physics, The Academy of Sciences, Moscow, 117334, USSR 2

Received 11 January 1980
[Phys. Lett. B91, 99 (1980)]

The Einstein equations with quantum one-loop contributions of conformally covariant matter fields are shown to admit
a class of nonsingular isotropic homogeneous solutions that comrespond to a picture of the Universe being initially in the
most symmetric (de Sitter) state.

(% EBNEFEEFE(Fov2—F A

B)TEFN, RLA—XI[ZEYSY
INOFHEICBRTITS2FEERS

The important property of all nonsingular models
with the initial superdense de Sitter state is that, as

shown in ref. [8] such a large amount of relic gravi-
tational waves is generated by one-loop processesin

_these models (in particular, in the range 1-10-5 Hz) \ I THEE. y
that predictions of the semiclassical theory and the
: i ] . Ly veri-
References:

fied_in the near future. Adopting such a model, one

should also call for some mechanism of baryon-number
generation because initial symmetry requires zero
initial values of all charges.

“Spectrum of relict gravitational radiation
and the early state of the universe”
Alexei A. Starobinsky (Landau Inst.). 1979.

The author acknowledges the hospitality of
Professor S.W. Hawking and his whole group in
DAMTP, Cambridge University, where this paper was
written.

Published in JETP Lett. 30 (1979) 682-685,
Pisma Zh.Eksp.Teor.Fiz. 30 (1979) 719-723
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Spectrum of relict gravitational radiation and the early state
of the universe |

A. A. Starobinskil
L.D. Landau Institute of Theoretical 'Physics, USSR Academy of Sciences

(Submitted 25 October 1979)
Pis’'ma Zh. Eksp. Teor. Fiz. 30, No. 11, 719-723 (5 December 1979)

A phenomenological model of the universe, in which, the universe was in a
maximum symmetrical quantum state before the beginning of the classical

Friedman expansion, 1s examined. The spectrum of long-wave _background,
gravitational radiation is calculated in this r_r;odcl. The possibility of detecting this

3 -5

PACS numbers: 98.80.Bp, 95.30.8f

At present, the theory of quantum effects in strong gravitational fields has
reached the stage of development at which_it is possible to ask what was the state of
the universe before the beginning of its classical elkpansion according to the Friedman

law [a{: oo V't fort >0 and p = €/3]; in other words, }y_hm_hapngn;d_bgfum_[hﬁ:h]g_

. It is evident that onlv the most weaklv interacting gam;lgq—grawlom pro
d“g;d in the pre-Friedman or early Friedman stage, which produce in the present
epoch a stochastic, nonthermal, background radiation—can preserve the information

about the “pre-Friedman" stage. As shown earlier,'"’ if the background radiation is

— 2.7 K). The effective, dimensionless amplitude of the gravitational waves is

h =4/< h* 33‘?‘(10_2131.’_1 5

H v\ !
~ 2.5 x 102
010 (1014G0V/h,) (Hz)
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Canonical Single Inflaton Model

® Basic Equations

é+3Hp+V'(p) =0,
., [a\’ K2 1 (1.,
H? = (—) = =P =7 (—<b +V(¢>))

® Inflation condition « ,
o 1 (mPlV
a 1d K2 2\ VvV
= ag =7 (V-9)>0 2,
’]’] p—
Vv
® Slow roll approximation \_
P <V & |p| < 3H|P| e, |n«l1
< L 3

. q'ﬁg .
3H¢ =~ =V ':> 77 S R



Primordial Fluctuations

® e-folding number

Ly o H o5 d
a t o @ o) f'rn'pl\/Q_6

® Perturbations produced during inflation

; 2 2
Curvature: Z2:(k) ~ ( H ) ~ (H—z) we D w10
t=tg

' 2 ¢
279 ) t=t¢, 8meems,

2

gy _ )~ 2 (H : - H
GWs: Q@h,(k) ~ 8K (ﬁ)t:tk =38 (27””1)1);%:1,;‘.

® |yth Bound: if e is monotonically increasing,

@, P, 8 [ Ap\° 60\° [/ Ad\?
= Zh < — 16 = —0.002(— ) (==
' P " P T NZ <mpl> No Mpl

o




Spectral Index

® Curvature perturbations
Pe(k) = Pe(k)(k/k)™ "t = ng—1~2n—6¢

® GWs

P(k) = Pk (k/k)™ = np o~ —2

® Consistency relation

r = 16e = nt:—i
8
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Classification Criteria

Inflation mechanism

Inflaton models

® 4D vs HighD
® [nflaton type
— Scalar field
e Potential driven
e Kinetic term driven
— Curvature

— Normal matter : thermal
inflation

® Single field vs. multiple fields
Coupling to vector/form fields

® Standard vs non-standard
kinetic term

® Slow roll vs rapid roll
® Large field vs small field

® High Trvs low Tr; Large H vs
small H

® Single vs. multiple stages
inflation




Small Field vs Large Field

e Large field model

Ap \’
0.01 < r~0.0125 (5 ) @& s5my < AY

mp1

e |ntermediate scale model

A 2
107+ <r=~(20~5)x10* (—(’b) <0.01 mm) 0.2mp S Ag < by,

mp1

e Small field model

2
r = 0.002 (%) <1074 @& AP <0.2my

mp1



Small Field Models

6] < 0.2m, (ﬁ\ /
Hiltop-type or saddle point-type new influm ]
e Example:

— New influm, Hybrid influm
— Racetrack model

— Higgs influm

e Problems
— Fine tuning of the potential.
— Fine tuning of the IC.




Large & Intermediate Scale‘_l\‘é\odels

¢ < m
o 3 Vo o™ o
e Example: “
— Chaotic influm, linear/monodromy influm X >
— Natural influm P Chaotic influm
— Starobinsky influm V 1+ cos(¢/f)

e Merits W
— IC can be generic.

— Weak constraint on the potential shape. Natural influm

e Problems

— Quantum gravity corrections Starobinsky
influm

—0

— From the string theory perspective, a
large volume compactification is
indicated.




Chaotic Inflation

® Power-law potential 4 Slow roll approximation

V =

® Slow roll approximation is good at ¢ >m,

mp1

2

n?
€ —
2

|#]

|9

(mpl

)2, n—n(nl)(

® e-folding number N:

N = /Hdt /qusw
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e Axion type potential
V=22 (1 — cos(¢/f))

Natural Inflation

e Slow roll around the hill top

()
o\ f

e e-folding number

N~ 2, f/m'pl

2

—myy cos(¢/(21))]

0 ;




Starobinsky Influm
* Lagrangian

e 'L = % (ma, R + ¢R?)

e Slow-roll parameter ¢
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Equivalence to the Einstein-ScalarTheory

Se = f d%\/_g%f(l%)
X =
So = [ d'V=g50 [X(R— 1) + F(2)
& x =1
So = [ dov=g55 (F(OR + £(0) — tf/(2)

21
= g e g, f(t) = e a—\/;

K

S(;—/d%\/—_g(———v(b )

K2




Tensor-to-scalar ratio (ro o)
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Milky Way

Two Micron All Sky Survey Image Mosalc: Infrared Processing and Analysis Center/Caltech & University of Massachusetts

NASA
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Big-Bang Nucleosynthesis
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® Old inflation model [Sato K1981; Guth A 1981]
® New inflation model [Linde A 1982]

2
V= )\cb4ln——|— (u — ¢*)
® Chaotic nimauun IIIUUCI Ll_llluc n |yu;]

1
V(g) = §m2¢2-
— @y ~ 15, m~ 3x 109(=7x 10'? GeV) [Linde A 1990B]

® Power law inflation model [Abbott LF, Wise MB1984]

V=e2 (ax1/2)



Starobinsky model
_ 1
e 1 ¥ = 5 (mglR + §R2)

Natural inflation

V=1 f* (1 — cos(¢/f))

Hybrid inflation model [Linde A 1994]
Ly oo m_2 2 ﬁ 2 2
V(J,Qﬁ)—4/\(M Ao“) + ch + QQSJ

DBI inflation model [Alishahiha M, Silverstein E, Tong D 2004]

L=+ (Vi- 1@ -1) - vio)
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