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1.1.1 Hubble O;%A|
o ZYLEDYEE - ARG

— Henrietta Swan Leavitt: /N ¥ J v EENOD 25 D Cepheid FLZ
£ (1912) [H.S. Leavitt, Edward C. Pickering: Harvard Observatory

Circular 173: 1-3 (1912)]
M8 M = —alog P + b
BEDOARIX

(My) = —3.531og P + 2.13((Bo) — (Vo)) + f

ZIZT, f~=22513¥a R b, A PIXHEA.

(1.1.1)

— H. Shapley: BRIKZEFID RR Lyrae B2 YR (1916) - RN 1 — P DER

REM 2 (1918)

o 3z T DRI DR EE)

— Vest M. Slipher: ZAMEH 25 DND Ny 77 —fREDFER (1912-)

o BRI D R E
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Hl1E —RRELSFHET NV 3 EHZRA
— Edwin Powell Hubble (1889-1953): Wilson [11K X% 2.5m 54 52 5%
12 & % s ER R AR EA
BYEIZE DT Y R a A KR O IR E

— Cepheid 2 & % 2 4 fHDERTT (2Mpe BAN) 12D\ T JHEf & #8581
ZPLE [E. Hubble: ApJ64, 321 (1926)].

e Hubble D#LHI
— G. Lemaitre (1926), E. P. Hubble (1929)

v=Hod: Hy~ 500km/s/Mpc = T70km/s/Mpc (1.1.2)

|G. Lemaitre: Ann. Soc. Sci. Brux. 47A, 49 (1927); E.P. Hubble:
Proc. Nat. Acad. Sc. (USA) 15, 168-73 (1929)].

Hubble ®ERNE, FHOBKE & HI1Z, FHOEMN—KE A EZEKT 5.
v=Hyr = v =v—vy= Hy(r —ry) = Hyr'. (1.1.3)
72, Hy ZFHEMOHZ LS @

1/Hy = 14Gyrhz, (1.1.4)

1.1.2 FEHOENHE

Galaxy redshift survey Hubble DiEHIZHIZHWS &, RIS % EEREO H
ZE LTS Z e TE 5.

dzzggzzi%:av4&Mhﬁhhm (1.1.5)
FHOMMIK Z F 5 &, 100Mpe AN (Az < 0.025) TIXEM O ARIEH L T
— kTR <, RV cell/filament-void #ii& &2 K> TW5. F7z, 200Mpe A ED
A=)V TH—RRMEILIEE TRV, UL, HEEEZ RO TAS L, THEINSE
HME] BENPTERS.
PRI DB E n ZARFHNE L B2 &, D 2 s TOBEEK

§(r) = {(n(x + 1) = no)(n(x) — o)) (1.1.6)

&, SR DHRENZ —BRAR S, Ik 6T, r DAIERET. 51T, Kl
WZERRS, r=|r|ICOAMEIET S, £z, RERAT—IT—RERS, £(r)
rARENVE ZITERITEDK.

H XA
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2dF Galaxy Redshift Survey a©

1.5 2dF ¥ =~ A2k 2 FHMK [H: 2dFGRS A — LR =Y
http://www2.aa0.gov.au/ TDFgg/|

1.6: SDSS 1T & 2 FHifux [Hi#L: http//www.sdss.org/legacy/ (©Michael
Bolton and the SDSS]
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0.16 < =z < 0.36 (filled squares, black) and 0.36 < z < 0.47 (open
squares, red). The latter is somewhat noisier, but the two are quite
similar and both show evidence for the acoustic peak. Note that the
vertical axis mixes logarithmic and linear scalings.

1.7: SDSSIZ & W13 5 N7 5 WU (LRG) OHBEIBEE. 0.16 < 2z < 0.47
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1.8: BAO ¥ 7). FERUIFH N T A —X—Q,,h? = 0.12 (top), 0.13 (second),
0.14 (third), Quh% = 0.024, n, = 0.98 T THFHET VDTS, I MRIZ, BAO
D7\ CDM €7V (Q,,h% = 0.105). [Einsenstein D et al (SDSS collaboration)

ApJ. 633, 560 (2005)



HFl1sE —RELHFEHETIL 7 EERA

A=DE S/ A il AR NLAR BRI

CfA 1977-1982

CfA2 1985-1995 | 34% (LK) 18,000 fi
SSRS -1998? 13% (FX) 5,400 fi

LCRS 1987-1997 | 1.7% (FEILERFIMGEEE) | 26,000 1H
2dFGRS 1996-2003 | 3.6% (FR) 220,000 1l
6dFGRS 2001-2006 | (FdK) 150,000 1
SDSSI 2000-2005 | 19% (FEIZdLK) 657,000 i
SDSSII 2005-2008 | 20% (FEIZILR) 790,000

£ 110 BRI IR SRR Y — o

1.1.3 FEHESME

FHAKIZE S DT B2 VR, BB, & 5RO S OB 0%
Pk, ZOWOAHOBSMERLERERSD. —HHT, O IEHIERTORE
Bk n(y,Q) LT3 &, &AD 6K HHOBRET

N . Loy (X, Qs t(x))dw’
e = [ o 0mx, 2 00) Wl ) = G
THEALGND. 2T, o = (1+2)w ZETOMMOEEL, f(x) =M% T
WeE BB, dp BOLEREEE (183R), W, (x, t) RMERTTH 5.
—fZ, ARQIKFELZT7 Iy 2 A T(Q) I LT, TOEERSDTN ]
IZERET AR % FIN T

(1.1.7)

D amY™(Q) (1.1.8)
l

0Om=—

RgE

SI(Q) =
l

CERAINDG. EHIBEPHEINICELANZS, a, ZHEREHE LTHS & &,
Z DB
<alma7,m,> = Cléuxdmm/ (1.1.9)

LRING., ZDeE, AR DIEEF TR

l
. 20 + 1
2 Y)Y () = = — R - Q) (1.1.10)

™

m=—I

&0,
20 +1

™

(SI(Q)0I(2)) = CiP(Q - Q). (1.1.11)
l
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1.9: BiEE B & OFHRITN T 5 FHDOEHE [Fairbairn, Rashba, Troitsky:
PRDS4, 25019 (2011)]

BRRBREEREDOIEFRMN
o Xiff: 1074 FEEDIEFE HM:
e CMB: 107 F2EDIEFE HM:

o MMk : 7272 L, T RTOERBPIZ 103 FBRED R E RMIEEHMEZ B
D, ZAUEE, HADPEFRBENIIS U TEF L T\ 5720 LIFIRE 0573,
Z OEF VRN ZRE DT, 800Mpe A 5 AT — )V DKIBHLH D
THdIezmBd 587 H 5 [review: Kashlinski A, Atrio-Barandela F,
Ebeling H: arXiv:1202.0717]

e GRB
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x 19°

RES(B)

8 (degreesg]

FiG. 4. —Residuals of the ACF fit from Fig. 3, after the shot noise, PSF,
and a simple model of the intrinsic fluctua tions have been removed.

x 1e*

ACF (8)

8 (degrees)

F1G. 5.—Intrinsic ACF, with shot noise and PSF fits removed. For com-
parison, a simple #~1 model for the intrinsic correlations is shown. The data
beyond 9° is not used because of uncertainty due to the fitting of the large-
scale structures. The model has been smoothed by the PSF and corrected
for the removal of the large-scale structures, which suppresses the correla-
tions on scales larger than 10°.

1.10: HEAO 28I DO < CXB O AGM [Boughn SP, Crittenden RG,
Koehrsen GP: ApJ580, 672 (2002)]
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10t f ¥—comporent I Y—componant I I-—component

(km/sec)

. . L . L . . L
o 200 400 Ba0 200 400 Ba0 200 400 Ba0 800
2eHy™  [hy” Mpe) 2eH;™  [hy™ Mpe) 2eH,™  [hyy™ Mpe)

Fig. 10.19.— Three bulk velocity components from KAEEK wvs CMB dipole. Error bar
shows the 2-7 range from Feldman et al (2010), thick horizontal line shows the CMB dipole
velocity after correcting for local motions from Table 3 of Kogut et al (1993). Colors are
from KAEEk as per Table 10.3. Note that the Feldman et al (2010) and Watkins et al (2009)
dertved flow does not account fully for the overall CMB dipole.

1.11: SR D kSZ ZhHH & 3K F - 72 KIKHEE) O AL 53 (dark flow) & CMB
dipole DHHE [Kashlinski A, Atrio-Barandela F, Ebeling H: arXiv:1202.0717]

§1.2
B AN

BRFRZERTT D=1+n

LREWMEE G = ISO(n),SO(n + 1),S0(n, 1): 2L %

X K=0
dog = d*+ fe(0)?dQ 5 fr(x) = K 2sin(K'2x) K >0
|K|~Y2sinh(|K|Y?y) K <0
d 2
_ 1——TKT2 + 202, (1.2.1)
B ZoEH B
ds® = —dt* + a(t)*doy (1.2.2)

dt) = a(t)y = v(t)=d=ayx=H(t)dt); H(t)=ala (1.2.3)
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Einstein AR G, + Mg = k*T,,

N 2
a K 2A 2K2
S (R [ - 1.2.
Gt (a) - a> nn—1) n(n-— 1)p (12.5)

.4 on—2|)(a\’ K A k2P
i 2 “) +=2 - = - 1.2.5b
@ a+ 2 {(a) +a2} n—1 n—1 (1.2.5b)

IRIF—REFA VT, =0

p=—nlp+ P)% (1.2.6)
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§1.3
B FEHETIL

w=PlpR—ErTsL, LR

(=4
poca ") = 42 L V(a) = —K
(1.3.1)
WZREINSE, 2T, A<O
ds
C , re a
2K%po
C=—"_=QuHX1.3.3
n(n — 1) M 0< )
2A
A\ = — O\HZ2.(1.34
n(n —1) Ao )

S
o A < 0D, HIZFHITAERM I 2HD 5.
e A=00DKIX, K=02WVWULK<07%5, FHIIFEEETS.

o A> 00K, K2H5EDMHMELY KEVY, BT S LY 1 ZAPHER
7R B/IME & B DR D 2 D HIFAE.

inflati/@n
/
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$1.4
FEH/NTA—F—
Bt AR (Friedmann FEX)
o ZARITFER N g P
HQE(E) =PG5 t3 (1.4.1)
o TXNLF—HKX .
g = —3(1+w)* (1.4.2)
o RETiFEAX »
w = 5 (1.4.3)
FEHNASXA—F—
e Hubble ¥ : H, (a(ty) = 1)
o BMENTA—K
Hg = FLQPcr = Qp = ﬁ, Qn = p]CVrI, Qx 7 SLHS
(1.4.4)
ok, Bk
1=0p+Qk, Qp=Qy+ Q) (1.4.5)
729,
o MBI :
Qp = Qpm + Oy + 2 + Q) + Qaw + Ope + -+
= w = w(a). (1.4.6)
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51.5
Friedmann €5 )l

EXRRE
D=4, A=0, Q= +Q,. (1.5.1)

BERICLZEW

e Q) = 1 (Einstein-de Sitter €7 )V: K = 0)

a = Q.62 +20Y%¢ (1.5.2a)
2
Hot = §Qn53+29i/252 (1.5.2b)
2 1+ 202
Hoty = Lo (1.5.2¢)

3 (14 Q)2

e Q) <1 (OpenETI; K <0)

1/2
= i h —1) + ———sinh6 1.5.3
a 20— ) (cos )+ msm : ( a)
Q Ql/Z
Hit = —— = (sinhf — . ho—1 1.5.
ot SIAEOMEE (sinh6 —0) + ., (coshf — 1) (1.5.3b)
gy — 1+ QY2 1 1n1+\/1—QM+qu«/2
T I u \ Q420210 VI-Qu (4207 1 Q)1
20,2
+ 7 (1.5.3c)
Qu + 20,7+ Q,
e Oy =0 (Milne FH: K <0)
ds®> = —dt* + t*do?, (1.5.4)



Hl1E —RRELSFHET NV LR
§1.6
e =
5 B T D
—i%iz, YWEESTH TR
o [d L] da
’ o el HolJy (Quat + Qg + Qaa?)"?
1 3/2
_ 2 f da . (1.6.1)
3Ho Jo [1 — Qx(1—a) — Qa(1 — a?)]Y
FEETIL
MEB’E (4D, A =0): v=2/3
to = 2/(3H,) = 9.3Cyrs(0.7/h) (1.6.2)
BRSTESS (4D, A =0): v=1/2
to = 1/(2H,) = TGyrs(0.7/h) (1.6.3)
FlatACDM (4D, = 0.25):
to ~ 1.01/Hy = 14Gyrs(0.7/h) (1.6.4)

flatACDM
Qy=0.25 Q=0

Einstein-de Sitter
Qu=1 Q=0




B1E —MESTHET N 16 [HIRA
517
FER
FH RO MNERE
i (n—2)K° n 2A
a  nln—1) (p+n_2P> +n(n—l) (17.1)
(FHEAE p=—P = A/r*> EXIE.)
FHOMPERR LT HILF — M
P>-""2, 0 w> 142 (1.7.2)
n n

M7z INNE, BITERBRIBEIC e =025, TbEL, FiHIXERLER

250,

Big-Rip HEZ8R w < -1DL &, o =
—n(l+w)/2(>0) £BL &,

“d 1
pra’® = t:J —]C,_L[occonst - — (1.7.3)
a a®

&0, BRGKFTAT — VIR EES R
7




Bl1E —HELSTFEHETV 17 [EIRA

51.8
Raychaudhuri 5 2=

i
n; = —0® +w? — R, VIV (1.8.1)

BEADOEI AN kb, MIxLF -5
R,V'VY 20 (1.8.2)
M7z INd L &,
o HNXGI LIRS,

o —HIPUR UKD 7= JE MR ERRAR (R 13 A IR T—
ROIZINERT 5.

Hawking-Penrose D& &
o MI X F—FM (+—MeMsf)
o [KISMEZA:
o HEE SIS (RS DIFAE)

D3 ODFEMEMN I NG & &, MFITIER T S AW E 720 U IR TR A
FHT 5.
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§1.9
N DS 1R

SEREOHRR RW ff)’
ds = —di* + a(t)(dx* + 13dQ2_,) (191

ERSINDEFERIIBVT,

dt
dni= oy~ E = X = Xo £ (1= 10) (1.9.2)
FHMNRARE BREH  OME» SRt B Xt + AL ITH 728D
x = 0IZELET DL %2 ZNT N, tg+ Aty & T 5 &

Cap o A Al )
An = Ang 1) " alto) Ao = o) A Vv = a(to)y (1.9.3)
I &Y, KR IS HEBRARD & H 7 DR T5 RS 1
_ )\0 - A . a(to) - - . a(t())
p=— = o) 1 a(t) = T 2 (1.9.4)
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§1.10
"4 XY

RFRTA XY Kl t OBHIEZTEHS T
VS B ARE Ar

o gt % da
ino—nzj _:J — (1.10.1)
¢

a(t) o @PH
R ¢ £ TIZHBIAIT & 2 BRI D B 1%
Ly(t) &
a(t) da
Lyu(t) = L = (1.10.2)

Ly \FIROEMDHT-T b EHARELS.

lim a?p = (1.10.3)

a—0

Ly (t) 1%, #HAmE Lo 1 sh & 7= 6ikimo
K% ¢ TOIHEPEE L —BT 5.

Hubble k54 X

o DO EDNEMIRL N L TIX, Hubble 57 1 XV B 1/H A LEED
Ly(t) EWEEEL 25,

e Friedmann €7 )L Tl¥, Hubble 5T+ X PRI Ly (t) LRFEE L 0, K
e IZHpI L THRT 5.
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§2.1

FHEH/NTA—Y—DREE

AT F R E

C ORREMEE, B L
%

— CERERME (BIZIX, PEEEE SR O BIGR)
r 43”7‘3 ; K =0,
V(r) = 47Tf dxf(x)? =% 7R} (% —sinZ) K==L, (2.1.1)
0 TR3 (sinh% — 2—1;) K = —%.

NEDOEFEE, HERDOER

— FERE (EBE - RN O - XERBUHD) = T
« T R
h2Qoys = 2.38 x 1075(T/2.73K)*
PR jopt/uy ~ B x 1077
h?Qx ~ 6 x 107
— SR - SR ORE - EE), BV VX = X—I3X—0DFE
s« R [12]
(M /L) etusters = (295 + 53)h(M/L)g
(M /L) = (1025 + 140)h
— ) =024+0.14




Yo
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28 X—2rITx)FX—E
« ST - TR (F1ER) [3).
Qy=01-0.5
T A X OB OB
_ BEOTFHWER H OflE

- FHEER GEL) EFELZYHEE (OBIFR) OB

—fRIZ, EEOBMETIZ, TholZEMITHEAES.
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§2.2
FREE A E

2.2.1 FiE
Fe R R
EANE L, A DOHBEE Fyy = L=4nd2Fy,, = YN 4,
AR EERE
BEEZRED, JiAAA O = D=0dp = FAHEERd
—HRIZEEE + RPITOE = RIKETO (FBer) fEi

2.2.2 FREEERF

Fik 0 A PR
AR SR 2 E 0~100pc
B A 100pc~10kpc

BB EMERFE | 100pe~ 50kpe
Cepheid 122 | 10kpe~25Mpc
Tully-Fisher ¥ 10Mpc~200Mpc
SN Ia 60Mpc~4000Mpc

SREAMSAEE
e Hipparcos (1989-1993): 1 m arcsec
e GATA (20137-): all star scan for m < 20mag. FHEDMHEE : 24 p arc-

set (m < 1bmag), 20% accuracy for distances at 8kpc (Galactic center)
[http://www.esa.int/Our_Activities/Space_Science/Gaia_overview]

e JASMINE: Nano-Jasmine (3 mas at zw7.5, 2014 4f-), Small-Jasmin (10
pas at Hw < 11.5, 2016-), Jasmin (10pac at Kw < 11, 2020 FAX) .
[http://www.jasmine-galaxy.org/index-ja.html]
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Hubble B
&AlE
Hy =71 + 10km/s/Mpc (2.3.1)
3}{1[}4 _I I I I | T T T T | T I I I | I I T L I |_
| e [-band Tully—Fisher My
- « Fundamental Plane e
= - « Surfiace Brightnessz . s
2 av1p4 o Supernovae II -
g ,_ :
-~ - B l
o £ - i
¢ e
Q 104 g =
ni] e ‘_:t L |
= | E
e s T T T T N T W | |_
& 0 - EEEENEEE 1 |:
E 100 ;— H, = 72 _;
r-:l = —
E a0 = =
E* B8 =
S 40 z
:ﬂ' = | | | | | | | | | I | 11
0 =00 300 400

HET Key Project saed Distance {(Mpe)
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§2.4
Extended Hubble digram

2.4.1 FIGRB-CEERERR
o RTINS 2 &L FHY A1 X a DR

=1 (2.4.1)
o HHE & HA DR
r K=0
S =n0*f(r)* f(r)=<{ Rsin(r/R) K =1/R? (2.4.2)
Rsinh(r/R) K = —1/R?
[ dL —Z 55%
L
F— i = 4 250 (243)
cadz dz

c z
= r=— (2.4.4
H HOL N (2) + (1 + 2)2Q + )

adr = —cdt =

2.4.2 INTA—4—{KEFEH
FlatACMD £5 /L A >7= CDM £T7 /L iTepIas

0.84
0.6

0.4

0.2
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§2.5

SNIla &Rl

SNLS collaboration [ A&A 447:31 ( 2006)]

a4l
42|

40f

SNLS |

5{‘(93:

= T
3g[
36} — (2,8, )=(D.26,0.74) L
--- (2,9,)=(1.00,0.00) li
a4 L v e o T am o p by gy i
~02 04 06 08 1 0204 06 08 i
SN Redshift SN Redshift
HST observation|Riess et all
45+ P Y e b
. A 2
I _ .ﬂﬂé‘?
- ..."'“¢
40F & -
j. [ 9"
35 :
@ HST Discovered
o Ground Discovered
30 al . M a—l . a ]
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Contreras et al. (2010)
Hicken et al. (2009)
[ Riess et al. (1999)

Hamuy et al. (1996)

Kowalski et al. (2008) (SCP)

R seta

Miknaitis et al. (2007)

Astier et al. (2006)

Knop et al. (2003) (SCP)
Amanullah et al. (2008) (SCP)
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Figure 4. Hubble diagram for the Union2.1 compilation. The solid line represents the best-fit cosmology for a flat ACDM Universe for supernovae alone.
SN SCP06UH4 falls outside the allowed = range and is excluded from the current analysis. When fit with a newer version of SALT2, this supernova passes the
cut and would be included. so we plot it on the Hubble diagram. but with a red triangle symbol.

2.1: HST Cluster SN Survey IZ & D367z dp, — 2z 7B » b [Suzuki N et al:
arXiv:1105.3470]
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§3.1

FHOYEEMNK

IRIVF—FE
o HHXIERAIYIE
— BRI
Tems = 2.725+ 0.002K = h*Qcnp = 2.38 x 107°(T/2.73K)*
— EHW
— Dark radiation
o FEHXIERINIE

— JRTWE: Q, ~ 0.04 (BBN: 0.017 < h?Q, < 0.024, WMAP 9yr: € ~
0.046

— Za—hFVY/ (m, >2x107%V)
Poip0 = ZmuiCQni,o ~ 1122:7711,1,02 cm ™ = h2Q, = (Z ml,l.> /94eV < 1073

— WBEWVWX =273 —: Qpy ~ 0.24 [WMAP 9y1]
o Tt

— FHE/ X =7 T3V F— Q) ~0.72 [WMAP 9yr]
— Hidden sector objects/fields



H3E By SN VFEH

Iy hOF— CMBMAWFEHEOZY b OVY—DFELEZH->TWS :

Ar? (kpT\® Teus \°
= (== ) =1490 m3
T ( he ) (2.73[( ¢

INZEFHIFIET 207 DI BEE
) cm ™3

TE|B L, BT —ldH-bdOCMBIY butE—I(%

Qph?
0.022

nb=:246-10_7<

SCMB/nb ~0- 109
Cf. KX oEENRE 2B F—ldb/-bdTy hav—ik
(s/n)star ~ 30

FEET, CMBOIZY bBE—D1/108 AR L2722\,

29 [E

(3.1.1)

(3.1.2)

(3.1.3)

(3.1.4)
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HIE BnbEy I T 30

10%%GeV -
10"GeVH T, 2 ,
rp\ reheating

10MGev \
\\
10"GeVv 1-- »IP-Q---X\ Peccei-Quinn symetry breaking
108GeV -
100TeV -
100GeV -

100MeV —---1

100keV

100eV

0.1eV

10%ev -]

3x10* 3x10'° 1

3.1: FHOEL

§3.2

FHORBE

FHOEBE BMUWEAMPEREPZFH2ATEZ 52 WEDY, CMBIZHIRT 5
KHFHADEDTY ba¥—I3EFI N, KT HADRENFHMIE L &R
VAR

a’scup =~ const = Tocl/a (3.2.1)
FHITRA, SHICET 28V KO FRETIHEE D, FHEER S LITRENT
N, BEEENBEUBMEDORIIR B ONE. ZANBWEY Iy
FEHETICTHS.

MERERDEIL HWEy 7 NNVETILTHE, KHZzI20IX5L, RED LA

LI YIEA & 0 AN BRER I AREINTHL. Z0kD, FHO I
WTIX, WEIIHREEANGRER TP ORIERDO TS AREIZHE., 207

H XA



H3E BNy SN 31 HIZA
JR A ML IRe i H B FER T 9(T)
BT 2.725K 13.8Gyr | 1.5 x 1073V | v;3v 2(+21/11)
KA 3800K 0.25Myr | 4.9 x 1072V | v;3v 2(+21/11)
et THI 30keV 1450s 2.2 x 107V | 4;3v 2(+21/11)
ete” XHW | 0.5MeV 3.46s 8.7x 107 eV | ~v,et,e ;30 2(+21/11)
Ve DIERE 1.2MeV 0.56s 5.6 x 10715V | 4v,e*,e7; 30 5.5(+5.25)
vy, vy OFEHE | 3MeV 0.085s 3.8 x 107 1%V | v, e, ve;2v 7.25(+3.5)
e DX TH I 100MeV 43us 6.5 x 1072eV | v, ¢, 3v 10.75
QH #x% 200MeV 10us 3.0 x 107 MeV | v, e, u, 3v 14.25
c DXEIHEIK 1.2GeV | 1.7x1077s | 1.7x 107 %V | ~,8G, e, 1, 3v,u,d, s 61.75
T DX TH 1.8GeV | 9.1 x1078s | 3.5 x 107V | ~,8G, e, i1, 3v,u,d, s, c 72.25
b D X4 42GeV | 1.6 x 1078s | 2.1 x 1078V | v,8G, e, u,t,3v,u,d, s, c 75.75
WS &% 100GeV | 2.5 x 1070 | 1.3 x 107 °eV | ~,8G, 31,3n,u,d, s,b, ¢ 86.25
£ )L B,3A,8G,4h,3l,3v,6q 106.75
T A R
MSSM B,3A,8G,8h,3l,3v,6q
T Y B,3A4,8G,8h,3l,30,6G 228.75

# 3.1 FHYEMEROZAL & MEHHE A
AR TIE, HFaRBULRF &R FONER - SHHBPEBAICEE 5.

et te o2y s utu, -
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§3.3
b S

B IZ BT 25771 T K, RO 2L X8 A RGP FER T K
JSIZBI U THEERE LD & &, BT H B LS. —BITBUL T i
WZhdl, BRHEEOR TRV UAAFERT VY Y VORI —E DRI D
MDOEKDITRB.

IhER57-012, 4TEEOK A, B, C, D 2MbF KIS

WZE OB T D, ky, - kp B THD., ZDLE, BR DK
?ﬁ%N&N@N@Nﬁ&T%K,ﬁ@QEIZ»# F(N4,Np,N¢, Np) % 1[q]
DT XD

AF = +(F(Nao—ka,Np—Fkp,Nc+kc,Np+kp)— F(Na,Ng,N¢,Np))

(*kA,uA — ]{?B,MB + kC’HC + k:D,uD) . (332)

t
T

ZIT, + BRIGOEEFIZX S, 22T, FAIRE TGO E O KIGIEE U
HETEZ RTINS WD, BNEORARIEA X 0 MNRD FIiZ# LT
LAWDT, AF > 0DKIGIEEEIEING., i, AF=0&845Z2EKT
5. £-o7TC,

kapa + kppup = kcpe + kppp (3.3.3)

EWVWSERARELSND.
T, BT o FEOR T A, RIS LTWB T 5, BI Y S BEEE, k =
(k) (I=1,---,b) ZEIEHDH & LT,

ki A= ZhA Eymm__ (3.3.4)
EERT. R MVH k Z—RMENIZE B2 N TEE. ZDOLE, A Ok 7B
EEn & UT, c=),l'n; DRISZ K BZEAIE, Acxcl-ky L7225 DT, MANL2RLR

e (DEE) ¢ =1, nha—bEAEET 2. £oT, RISHAMLFETMIZH 5%
thaZETsY, oozt

kr-p=0{=1,---b), loy-n=cy(a=1---,a—0) (3.3.5)

WD IO. 2k, BELREREE () BER6N5 Y, TRTORHD
B TEEE (n) (BXOIERT VY vl ) DRPE 5.

H XA
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§3.4

Saha D=,

(LG A+ B+ — O+ (+Q) CHLTH FHURHE AR D o L &,

MK DD, 2 & b, Boltzmann WBIANE © 32D IEM I ERANFERE X A A2 U T,

mkT\ > 2

N Blp—me
- (2%2) oBlu—me?) (3.4.2)
masgase (makT\Y2mm NP (3.4.3)
nC..- gc-" 27Th2 mckT B

Ih e BREFN ZMAGDE D L, BHITVHTORBIDK ¥ DBEL 2
IDBZEMNTES.
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§3.5
FFERIGICE DR FHROEL

MEXH ¢ DRLF DB % n,, T DAL 72 0 OHBEERZ T, EREZ A, T
HilERE2 H 235 &,

ZZT, I E A IZFEHUCWAHEEHROIRE T, (5F ATV KIGIZAT
%) RFEEE c = (c,) B LU n; DB
FHPEPEHETE, ZR2BLFPTPEIIDH DL E, ny = no(T,c) (BULF
) DD ILD. TN& D, n WMEFEEEIEWNR S, T o OFIZIE

Al‘ = ni’eqfi (352)
OEBRHEHE YLD, ZoeE, EHORIF
hi = _3an — Fl (nz — ni7eq) (353)

COHBERZBEICMELS Z e IF—MENIZIZTERWD, EMNRERIZTRET
H5. £T, HEET PFHEERH LR THFIREVWEEE2EZXS. UTF,
D7 ORAT i 2 BT 5. ZOHE, FHPRIIEHTE DT, £RLT
AN BAL D R D LD Z e AR I B, EBE, ty 2R ORI &
LT, AR (3.5.3) %

a(t)®n(t) = Mﬂ%m@+a%fﬁﬁ@—mﬂ%»%PLJ:Wwﬁi
-J:exp{_ £tru”yﬁ”]d[a@q3nw(yﬂ

/

LEZMZD L, GUAOKE2HIIFHPRL VRS EITEDL. £z, H3HE
FIHOLII HT ORELRZDT, T/H>» 14556, BHPEE»STHhTVTE
TN = Neg WRWIEETH YLD X 512740 5.
Wiz, MG FEHPIE L MR TR R TRIEHET 2 L5125, Thi kil
572017, JitE (3.5.3) &
4
dt
LESWMZD. Ao VHRFRDERET DL, ZORLD

¢
(K(t,to)a’n) = a?’neq%K(t,to); K(t,tg) = expf r("dt’ (3.5.4)
to

(a®n)(to) < (a®n)(t)K(t,t0) < (a®n)(to) + (a*neq)(to) (K (t, 1) — 1) (3.5.5)
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g5, £oT,
I' da

t a
| NEA dt’:f ——«1 3.5.6
L it = | (3.5.6)

Y5y, (aPn(t) = (a®n)(ty) BERWKETH D 15, K IEIIHHEIn5.
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§3.6
FEYE DL

BBy INVETIVTCIE, SiOFEHOMTERERL TWFHT I X~
&, FHOMBMEMET TS &5, ZORMIZFHICHEET 2 EE LRI
IKBEANV DT LTHEH, oMb 2RI TR LITRED.

3.6.1 KEDFNEBEE - LRI

RS
H4+~y<p+te (3.6.1)

XU, BV OREITIRNOKRIEF, BT, EFOHE Ny, Ny, N, X9

DREE " ny = Ny/V,n, = N,/V,n. = NJV &RT &, ZORISIEBHT

BOZAIE
%%:AMFB%M (3.6.2)

ZIZT, AZ—MEDKER T H WRARH D72 0 IO N 5HER, BIEET

BT DREEMICDKIEE (vo) TH 5.

T DIRER & BT DORFZRI K D,

Np =Ney, Np+Ng = Npp (3.6.3)

ZZT, mpu lEFANV T LZERVZNY A VBEET, 1/a® IZHHILTET 5. L
7235 T, TNTORELITE T ORE L ne & ny g DBAEDME 0y DATHRE S,
B - BRSSP FHRE R THARECEEZ S L E, (3.62) 0ALEY
DEBWVWTREW. ZokE, yhoXd&D,

ny B mT 3/2 On/T
o = A (zﬂﬁ) e/ (3.6.4)
ZZT,
Qu = (my + me —my)c® = 13.6eV (3.6.5)
FKRH T OEERREBOFES LAV F —ThH 5. EHEE
X, = (3.6.6)
Ny, H
ZHWSE, ZoAix
2 3/2
- Ne b,H
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10° 1
10-1 4
10-2_
Xe 10734
104+ h=0.7
/ 0=0.0456
Qu=0.274
10-5 .
106

T T T T - T T T T T T T T
600 800 1000 1200 1400 1600
z

3.2: FTHWEN LAY AT TOEMR DL

LERIhs, 22T,
Tree ~ 3800K (3.6.8)

Ths.

LY, RED Tiee (2= 21ec > 1400) R 5 & BHEHRFZEIC 1ITTDE,
BT DIEERA I PR X B ISR (T < 100keV) TIE, 1— X, 1F 102 A Fizk
EEDH. W, REN T £ A2 E2HIZEMRIINI D, KED T
45 (43.2).

GE) WM EDBRIZE E 20 TR RV, HlZIE, X.=012722D1%, 2 ~ 1200
(T ~ 3300K) T, Tree £ 500 EIFEEN. D7, FHEADIRFLNT I —/ER
WIEARERELH D, EHT 2GRS L ICHAIEEE T 5. flIE, BEFICK
% CMB #ELDYEERNIZE Z 5 < RBIBEIFIRITR D £ 51T, Tree £ 0 PRI
{745.

3.6.2 JFEEHXIG

FHEEIC X 0 R FBURE PR E IR T T 5720, ETRE L 7= Bl r
DBIRE NS, ZhiER572012, £73, ETHORHEZLDO AR (3.6.2) %

dX.

dt
YEXET. ZIZT, T'=Bn, A=Al - X,). BELRE(FZEHETIEZ DAL
MEOERZDT, FLLALOHE1HDE X, /(TX,) ZBULZEAAK D 70
HZzrkd. Kz, RE, ZENIRHEILCEML, BCEiE e Thvigk

— —TX,+A (3.6.9)

H XA
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FHTIX, MBERBLETHIE IR0 v, 22T, (3.6.7) TR
X AZX 2 BOPHHE Xea iz L CZ OB EZFMET 5 &,

1 dX, HTdX. H{ 3 Qu 58
o e 2 xH) 3.6.10
X, dt I X, dT r ( 1t > I'/H ( )
75, 22T, I'/HIE10 « 2 < 1000 TIXELIRIZ
r 1+2\"% 1+ 2\%"
—_a Xe ~ 1 29(1—1000/(1+Z)) . 11
7~ 00 ( 1000> > ( 1000) c (36.11)

THAO6NS [54]. TITHERBEDEFRNL X, = XN DEEDETDH 5.

IN&D, 2 =1400 TIXT/H ~ 6000 & 72 O HALZFHE AR VT & 725 DIz
X UT, z=1200 DEIEHABNIED, 2 = 1000 TIEK E < BYLZE P H 53
N2 eNnhsd. EHZEMRORSFEVI, REREGERZM ik
DEoNG. K321TRULZEDI1T, EEOEMRIZ2 x 107 EDO—TMEIZET
oK.

772U, BIEOFHIIGFEHET DR FYEO R IXIZIEFZRICEHL VWS Z
EHRHILENT WD, LEWoT, 5 EBHIEZ SRIXR 5. ZOEH
i, 2 =100 ~ 10 DRFHIZHHIZ TE B4 D5 DEMMUC I > Tl ER IS h
IeEZL5NTWA.

([ 3.6.1] He J&¥ Hel 1%, Hel + v — Hell + e~, Hell + v — Helll + e~
Y 2R THEM T %5 (Hell=He*, Helll=He*t) . Z OEBEAE & 275 %KD
. 272U, Hel BEL U Hell DEFET 3 IVF —DEIX, TNEFN Quer = 24.6eV,
Quenrt = 54.0eV THZ 5N 5. ]

3.6.3 FHODEHREE

FHEWEOTHALYE 725 ThRd KEBRMRIE, FHEMPERBIIY LTS
Bz Z e Thd. Thbd, FHOBNENRDZH725T.

AL U 72 KkER AN T AL, BREREBISEVWZ X VF— L XL DO DER T
FNF—=PREVWZD, FHEPEADOES X OCZNUBRORT, FH2H/2T
B & OMEAERAPBEHETE2IEE/NI V. 2R LT, HHETFIINS A
IANF—DNTFEHHEMHATS. 20, KEFHEAOELE, FHER
B e B e DERHEEER, BT EEL RS, ZOMREFHEL
TALI.

¥9, ATFOZTXINF—BLUOETFOEH T ALV —DAE O ILERET XV
F—rWRTHHNEIVWE E, KTOEBFIZLHEEMN @RI, bLoY Wk
or = 8m(ah/(m.c))?/3 = 0.66524barn THZ 6N 5. L7zh > T, 1EDNLTHIF

H XA
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Gt SRR 2) D OBEE TIZET LHET HMERIT

to ! Hyd
T(z) = J neorpcdt == UTnHOCJ x, 2oda
t 1/(1+2)

HO c (14H
1
Hy da
_ -2 0
7XNJ%M&WWW2 (3.6.12)

ThHZONS. X, L UCTHMHEZM S & 2= T/T L LT,
723%3f<mx7ﬂﬁmﬂlﬂ (3.6.13)

5. IhED, x=1228 (2 =1135) CTr~12%5. NHFIPEELEZZITT
WCEAEDOBHIZ I E S HERIE, e 7 THEZONZDT, ZOMRIE, SFEHRICIE,
z =2, ~ 1135, WEIZLTT = Tjs ~ 3094K DEIZYEF & BT DifE O EELL
ERLRERTIENTES. ZOMEIE, WMAP fHEIZ X5 CMB &l & & b 3
REHETIIZHEDWTRD 5 N72fH, 2, ~ 1090 (Tis ~ 2970K) IZHEWEE 72 5.
r=1198F5Le ™ ~012R5DT, ZORKILEDEAL, Az/z=0.02
FRE L5, ZORMSBELT & 0 ATORIHOF 1%, BRI IC & 0 EEBT 5
ZEMWTER.

(f 3.6.2) KFEOBEH T A<121E, BT LRAUBOGFHPGFET . T
BT OELD, BT EOMELICHANTHEATE 201 0E»? [
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§3.7
CMB & FHEK

3.7.1 Jeansf

MIZLAARE PRL, BEEE L OAAEEZZEZS. EOEH HFENX
dv

n

0, TAENTFHNEEIRBIZSH 27201218, TAEOEMNAREIZEH S EH
~ GuM/L* ~ GU2L EENABUZ K BT ~ P/L ~ Zp/L B0 &5 BERDH S -

— VP - uVe (3.7.1)

2
IhE o RENRES
Cs
Ls = G (3.7.3)

ZZDHAAED (Jeans &) &\ 5.

L<Lylip2 W ABRERUVEENREDTS. Z0OLSHEHOEMPET 572
TN, Ly 3L, SSICTABRERERT S, —J, L> L OFAEILE
TIGHEL S SIZEE P ERT S, BE P EATLE L, BRI S5IEDL, 20
IR IEBRBR 2 L Z 205, ZhlEy — > X (Jeans) ALE L IFIXNS.

772U, BEDHAE TR —MBITBRINEZ & 0 iREPEMT 5. HIRIL, BrEwW
RGEITE, Cp = Cy+kp &2 —hiTH720 OELIEE UT, RN ADE
WL 2 =dP/du = CpT/(mc*+CpT), WEDERBIKINEE TV (v = Cp/Cy)
LR BDT, L)L LOZIZR LT

Lj/Loc[720~4/3) (3.7.4)

ERBEED. Lo T, v>4/3 T olX, & L < L, CRZMHO 5
EIRFNT Ly /LA U L= Ly iZiD<. i, L>L; »oliRTsE, &5
FINHES B HREEIZ L = L 108D, Lo T, L= L; DWEERVMkEE
5. —H, MHENLEE v = 4/3 PHEASKMEPENS &, AELEPRID S
5 (Z%E, B .

—RBEHTAEDEERWRLE AT AEDEEDS E 5u iz UT, P
Géup/L?* ~ 2ou/L = L~ Ly (3.7.5)
ZDEGE, ¢ DEADNIVWET B L,
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Ok

icdl

X 3.3: CMB D&
e L<L; = WoEFREFWKELTRE (AYDHADKIER)

o L>L; = HAQPMIZEOED <K (Jeans AE) .

([ 3.7.1) FHYE N BEEN (r) LWE (b) (BT, BTr77X<) O
AR ERZRINE L E, WHEDENDL B/P, #RD K. 72720, i WE
WHEUCIEEE TS, 72, Qovs =4.8-107°, Q) = 0.046, kgToup = 2.4 - 107%eV,
m, = 940MeV/c?* & XK. ]

([ 3.7.2] f3.7.1 LR UCRED FT, FHYEHDOZ XN —EE p LTS
PEAT—VHTOMBKE LTk K., 512, TNEHAVT, ZOHADEHE
¢ = c(P/p)V2 & 2 — VIR TOBEE LTRD &, £72, HWE»HMEAL T
DABE D ¥ % R eb K. O

3.7.2 FHIZE

FHD Jeans R  KEFHFEGIF toe DETORHHTI, B & 77 X3 E— ke o
THEL, FhE T xVF—EEIX

1
p = pr+mym?, P=§m+nﬂi (3.7.6)

H XA
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£oT, HHEIX
) P 11+14
§=£:4————:—;Lﬂ5 (3.7.7)
P dp. +3py 3 1+ a/a,

ZZT, ayldp, = pp EIRBRDAT — VKT DAH.

o p. > pp DR : FHUTIFIT ¢y ~ ¢/V3 272D, Jeans RIFHLBFEETRL T

1t
R U R 3.7.8
XJg=a Ly oll \/§Haoca ( )

L%, bbb, yy ik QLEEETRLU7Z) Hubble 57 1 X% ¢/ (aH)
ZHBI U TR & 2RI B K.

o p. < pp & T > Thee DIRF:

2 N —
=g (3.7.9)
1 g\ 3/2 1 c
N — | — ~ —— ~= 0.033— ~ 140Mpc 3.7.10
XS U3Ha, (a) V3H,a, Hy g | )

o T < Tyoe DIRHH: AKFITHMEALL, KFEHZAD Jeans BlEH A P, = nykpT
DATRES LD 5.

P,/P, ~ ny/s ~ 107* (3.7.11)

IRDT, KEHMEIZ K DPED Jeans FlE—%1Z 4/10° fFRRE ITHEATL
9.

PLEDZLD 72, FHICE T 2 LB TR 5 72 Jeans & X KEFMEALOE
BRI v ~ 1/(0H )gee £ HD. ZDF20, RBBETOWESE \ 2 T2 & X,

o \> iy, ERBEREDD S E: Jeans RLEIZL D EZKT 5.

o\ < Xy LRBIEHEDSE : vy ~c/(aH) PN EHZ B L&KL U TIRE)
20D, KEDOHMALDE T, KEHFNABELEDD S5 EH LT CMB O
WOEL LTHMEETHES Z &iTks (XM3.3).

BAO Zhon>b, WMKEDKENABEDD S EIXZFDH, KEHAP SR
HATE LI ODHDOD & E2EATT. ROMADEERIEZDOEE
BH LA LRWK = X2 —DRHIZEORES. 2D, ZOKHE (N A
V) EEHRE) (Baryon Acaustic Oscillation) DFEEIIIEFE ICHOTNRED LS.

ZDbHTH BAO D, SDSS H—_A 12 & 0155 7= 5 ] o> AT FH RS o 1R
Frick bR I (M3.4[22]). ZOKIZK, RAGREDH 2 HPHIZD DDA

H XA
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3.4: SDSS 12 & 0 FE R & 41728 7 o FEIRH) s : SDSS BT — & [22]]

FE2RMIRE £(s), TRb BT 2 HKUEL UCTKR ETAYER s DMNEEZ /2
LE, TOMIZEEFNZBRMOMEBDOTIIL D DT hOME % s DRI E L
T7ay L2 DTHS. MERBLE, HEIMCEAEOHSN (LB LT
100h~'Mpc H72 D IZZ1 LK AN HBDHN R THENS.

INNBAOIZHIGT 2 Z L 2R T 5720, FHIEN EA DT TOFHESIRD
RA2ENEEIDLHELULLRATALDS. £T, F—IXX—DHFEHELERET S L,
X=X —=DIX)NVF—PEHPEREZ LHT 2 TOBMEN L WEORS
SR IS BIWE ko DE WO HFRENL,

P2X K2 H \'"
W+G4H2X~O’ X = <1+wr> a prAr (3712)
&b, TIT, AIFEBEEDSEDIV NI AN bp/p BRTETHD. TD
WKB fi# )
A 1+ w, 12 ke,
A, = = ( e ) sin (L aQHda) (3.7.13)
Dt = tgee TOMEIE, RO IZTEHFESHMZOSND :
A%(k) k
2 .9
|A, | oc(l T 10%0)° sin (/y(aH)dec> (3.7.14)
ZZT,
1 9 1/2
= dx ~ 0.5 3.7.15
7 L ((1+x)(4+3x)> ! (3.7.15)
Ik, FHIEN LV TOHHEOIRE |A, (tae)|? 1, BEBI 725K
k, s
e~ 5(2n —1)~2n—-1)m (3.7.16)

H XA
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TE—2%23H D22 28005,

(aH)gee ZFHIIL £ 5. £9, CMB OEAEHERELT t = tge. THRZ BT E 558
WDFRRIIMHYE T Dt = tgee NRTOEAR rpe(tae) EXNIBT HBAEDORS (HH)
) xpe(taec) 13,

to dt
Xple = f L. a'’?) (3.7.17)
t
£0
Xple(tdec) = 3to = L (to), (3.7.18a)
Tplc(tdec) = 3t0a<tdec) (3718b)

c]: D f, rplc(tdec) <‘.’_ lH(tdec) 0)]:[361

Poclbace)  Todaee _ 12 gy (3.7.19)
ZH(tdec) tdec
ZDHIE (aH)gee/(aH )y EFEL VDT,
< C _ ~ 100~ 'Mpe (3.7.20)

(aH)aw  33H,

2135, (3.7.14) i, |A2 DBk OB THY (aH/c)gee ZFi>TWVWBHZ L
ZRLUTHY, ZORMEHIX A, > D Fourier 21122472 2 MHEHBIE £(s) 1T 5 ~
¢/(aH)gee DHT=DIZ THAD Y =27 2HEARH T EAREINDG 48], T &b,
3ATRINT WA MBI O D EAD 23F JIZBAO TINS5 Z &3 nhr 5.
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Fig. 32. The nine-year WMAP TT angular power spectrum. The WMAP data are in
black, with error bars, the best fit model is the red curve, and the smoothed binned cosmic
variance curve is the shaded region. The first three acoustic peaks are well-determined.

B 3.6: WMAP B2 L 0 5 N7z 58D CMBIREAENT — A7 b [
WMAP9yr 7 — & [7]]

53.8
CMB IZ & B8

TR EELIH COEEIRE)X, CMBOBHNITH RA2ZeNTES. 2,
HFHADIZAINF—BEDOPSENA, = 45T/TIZLDIBEDOD S EF VD
WTWB72HTh 5. B, T RAAEEELTH ED R 5 ALE THELE vz
WAIBAE R 5 HIAD 63K CMBIZXIGS 52D T, ZOREDD S XL CMB D
BENHAMIZEDRRDZEVWIHREF ST, 72720, tgee TOWRMEDSE
WOEYIEE 2.723K D 1075 FEE LAV WD T, BIHIX NSRS RS [FFEE O
FEFEIZNSREDTHD. ZONIBRBERLGEZBINIHRELUZOIEAL— b
(G.F.Smoot) »#F\\% COBE 2 DMR &I TH A% (2006 £/ —~VE), %
D% & 0 KB HIE D Boomerang B & O MAXIMA-1 12 & 548K, X 512 WMAP
X B EAMmBEBIIC L viThN . 3513 WMAP IZX Do niEHM T
HbB.

ZOREHEZDSE D TIHAE D5V, THLSHEEY S &0 MEMHE
BB EIR L TAS L 3.6 MF 505 [50]. FE I Rf&HELIE T O 35 2HRE) 12 6

H XA
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6T AIRENRX — VBN TWEDONRSM5. 72770, ZTOXMTIX, AEHEHE
B &(s) ZBRETFAMBEE Y, (s) TR ULz EDRIMABHED2FE (N7 —AXT |k
V) B DREEE U TRINT WA, iz Rb7-0, FHERIZEHZA Y EES
LFRW €TV TCEMTE22 9§56 LT, CMB ORMEELIE t = tgee TDH T A
AvERAAEZRDODTALS. £T, BIEHBELE TH 2 D3EIHIS 2 Bk O 7%
EMO AR 21rp1c(taee) WD T, FNE L = tgee TDHRT A AV EZDIIZ

2lH(tdec) ~ L

Qﬂrplc(tdec) N 100 (381)
THEZLNG. Tk, HEBIREOKYIIOY —2 (5 1Doppler peak) (ZX)id
50 DfEIX, HindsEE FEEOREMNBEDETEZ SNSDT

]{31 kl 2r lc(tdec)
¢t = — c t ec) — =

a TPI ( ¢ ) (aH)dec lH(tdec)

8

5. ZhE, K36DE—IDMEE o7 U—BT 5 LR nhr5.
ZOY =2 DRERFHDET IV ST A= ZITRIEL, BTl o T A —
RO UK TH L. EFELORRIE, RIFFHVEHIHHTHL I L

Qx| < 0.1 (3.8.2)

EREKRT S [41]. 517, 2BHUBO Y — 7 DAL ERFEMAR AT —AXT MLD
JEDE# & SNIa, BAO 7 KD BHflIEHRZ GbLED L, ZLDFHNT A —X
EFHAMAOD S SIZOVWTOEMEFRIZIRET 2 LN TES (K 3.9).
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Fia. 1.— A compilation of the CMEB data used in the nine-year WMAP analysis. The WMAP data are shown in black, the extended
CMB data set — denoted ‘eCMB’ throughout — includes SPT data in blue (Keisler et al. 2011), and ACT data in orange, (Das et al. 2011).
We also incorporate constraints from CME lensing published by the SPT and ACT groups (not shown). The ACDM model fit to the
WMAP data alone (shown in grey) successfully predicts the higher-resolution data.

3.7: WMAP 9r O#{Hl & ACT BLU'SPT 0l Z&5HbETHES NS CMB IE
IR TN — AR T ML
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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 mcluding statistical errors while the right panel shows the SN Ia confidence region with both
statistical and systematic errors.

3.8: HST Cluster SN Survey + CMB +BAOIZ X W 5 N7=FH /AT A —X —
A DI [Suzuki N et al: arXiv:1105.3470]

ster fgas i

\

3.9: WMAP, BAO 8 K U X #RBIHD 57 6 NT=FH N T A — X ADHIR [2]
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TABLE 2
Maximvmum LiKELiHOOD ACDM PARAMETERS®

Parameter Symbol WMAP data Combined dataP

Fit ACDM parameters

Physical baryon density Quh? 0.02256 0.02240
Physical cold dark matter density Qah2 0.1142 0.1146
Dark energy density (w = —1) Qa 0.7185 0.7181
Curvature perturbations, kg = 0.002 Mpc—1! IDQA%_ 2.40 2.43
Scalar spectral index s 0.9710 0.9646
Reionization optical depth T 0.0851 0.0800
Derived parameters
Age of the universe (Gyr) to 13.76 13.75
Hubble parameter, Hy = 100h km/s/Mpc Hog 69.7 69.7
Density fluctuations @ 8h—1 Mpc ag 0.820 0.817
Baryon density/critical density Qp 0.0464 0.0461
Cold dark matter density/critical density Qe 0.235 0.236
Redshift of matter-radiation equality Zeq 3273 3280
Redshift of reionization 2w 10.36 9.97

2 The maximum-likelihood ACDM parameters for use in simulations. Mean parameter values,
with marginalized uncertainties, are reported in Table
b “Combined data” refers to WMA P4+eCMB+BAO+Hy.

3.10: WMAP 9r TD 6{HD ACDM E TIN5 X — X — DA & Fhh o5k
BXNAMDNNT A —ZH

§3.9
FHNTA—F—

#HAE
o ZZ[H]HH# (6 parameter model)

— Q= —0.0037750012: WMAP-9yr oly.

— O = —0.001 + 0.0012 (68%CL): WMAP-9yr + eCMB
— Q= —0.002775:99%9. WMAP-9yr+eCMB-+BAO+H,.

e Neutrino & &

— Y m, < 136V (95%CL): WMAP-Oyr.

- >, m, < 1.5eV (95%CL): WMAP-9yr+eCMB.

— >, my, <0.56eV (95%CL): WMAP-9yr+eCMB+BAO.

— 3 m, < 0.44eV (95%CL): WMAP-9yr+eCMB+BAO+ H.

o MV

;

AN
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— Q= 0.0472 + 0.0010: WMAP-9yr+BAO+H,.
— Q. =0.229 + 0.015: WMAP-9yr+BAO+H,.
o JREESHFER

— w = —1.023 £ 0.090(stat) + 0.054(sys) (flat, w = const + BAO)

Reference

e Hinshow G et al (2012) arXiv:1212.5226[astro-ph|: NINE-YEAR WILKIN-
SON MICROWAVE ANISOTROPY PROBE (WMAP) OBSERVATIONS:
COSMOLOGICAL PARAMETER RESULTS
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[ [ cmB
74 [ [0 cvB+BAO ]
[ O cMB+H,
72 L ]
ST ]
I [ i
70 | ]
68 [ ]
66 -_ -

1 1 1 1 1 1
0.100 0.105 0.110 0.115 0.120 0.125
2
Q.h
Fic. 5.— Measurements of Q:h2 and Hp from CMB data only (blue contours, WMAP+eCMB), from CMB and BAO data (green

contours, W’MAP+ECMB+BAO), and from CMB and Hp data (red contours, W’I\[AP+ECMB+H0). The two non-CMB priors push the
constraints towards opposite ends of the range allowed by the CMB alone, but they are not inconsistent.

3.11: WMAP 9ry: Hy vs h2Q,

TABLE 7
RELATIVISTIC DEGREES OF FREEDOM AND Bl BANG NUCLEOSYNTHESIS®
Parameter WMAP +eCMB +eCMB+BAO +eCMB+BAO+Hy
Number of relativistic species?
Neg -85 I (95% CL] 3.89 + 0.67 2.96 +0.36 3.26 +0.35
+0.018 +0.0100
ne 0.9884+0.027 098570012 0.956310-0100 0.9636 4 0.0094
Primordial helium abundance®
YHe < 042 (95% CL) 0.299 +0.027 0.295 £+ 0.027 0.299 4 0.027
Ns 0.973+0.016 0.982 +0.013 0.973 £ 0.011 0.977 £ 0.011
Big bang nucleosynthesis®
Neg ce 2924+0.79 2.47 +0.37 2.83 4+0.38
+0.038 +0.030 +0.032
Vite o Dagtdlss agiptdoa0 0.30810-032
Ng e 0.978 +=0.019 0.969 £+ 0.012 0.976 4+ 0.011

2 A complete list of parameter values for these models may be found at
|http://lambda.gsfc.nasa.gov/!|

b The parameters N4 and Yy, comprise one additional parameter each in these table
sections.

¢ The parameters N.g and Yy, are fit jointly in this section.

3.12: WMAP 9ry: BBN parameters
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O CMB
O CMB+BAO+H,
— BBN relation

0.20 0.30 040 0.0 02 04 06 08 1.0

YHe

Fic. 9.— Joint, marginalized constraints (68% and 95% CL) on the primordial helium abundance, Yye, and the energy density of
“extra radiation species,” parameterized as an effective number of neutrino species, N.g. These constraints are derived from the nine-year
WMAP+eCMB data (black), and from WMAP+eCMB+BAO+Hj data (red). The green curve shows the predicted dependence of Yy,
on N.g from Big Bang Nucleosynthesis; the dashed lines indicate the standard model: N.g = 3.04, Yg. = 0.248.

3.13: WMAP Ory: Ngg vs Y
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4.1.1 3EF Einstein AFER

When the spacetime metric (and matter fields/variables) is expressed as the sum
of a background part and a small deviation as

Ty = G + 09, (4.1.1)
in terms of the variables
S = s = s — 3o (41.2)
the linearlised Einstein equations can be written as

Aquzx + vaa¢3 + vuvaw;oj - Vavﬁwaﬁg/w + Raﬁwaﬁgw/ - R¢uu
= 26207, (4.1.3)

where Ay is the Lichnerowicz operator defined by

Apthyu = O + Ruatll + Ruatly — 2Ryuaush™. (4.1.4)

4.1.2 (Gauge problem

Gauge freedom : In order to describe the spacetime structure and matter
configuration (M, g, ®) as a perturbation from a fixed background (M, g, ®), we

H XA



F4w CFHED R 55 [EIRA
4.1: Gauge transformation
introduce a mapping
F : background M — M (4.1.5)

to define perturbation variables on the fixed background spacetime as follows:

h:=dg=F*g—g, (4.1.6a)
¢:=0D = F*d — . (4.1.6b)

For a different mapping F”, these perturbation variables change their values,
which has no physical meaning and can be regarded as a kind of gauge freedom.
Because F' and F’ are related by a diffeomorphism, the corresponding changes of
the variables are identical to the transformation of the variables with respect to
the transformation f = F'7'F. In the framework of linear perturbation theory,
we can restrict considerations to infinitesimal changes of F. Hence, f is expressed

in terms of an infinitesimal transformation £* as

ozt = x*(f(p)) — a*(p) = €. (4.1.7)
To be explicit, we have

Sh,ul/ = _gfgp,y = _vué.y - V}/é.'u,; (418&)

5 = —£D. (4.1.8b)

Two methods to remove the gauge freedom
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i) Gauge fixing method: this method is direct, but it is rather difficult to find
relations between perturbation variables in different gauges in general.

ii) Gauge-invariant method: this method describe the theory only in terms of
gauge-invariant quantities. Such quantities have non-local expressions in

terms of the original perturbation variables in general.

These two approaches are mathematically equivalent, and a gauge-invariant vari-
able can be regarded as some perturbation variable in some special gauge in gen-
eral. Therefore, the non-localiy of the gauge-invariant variables implies that the
relation of two diffenrent gauges are non-local.

4.1.3 Tensorial decomposition of perturbations

Metric perturbation

59#,, = hl“’ . hgo = —204, h()z' = ﬁi, hzg (419)

Matter perturbation

0Ty 6Ty = —bp =73, 014 =73, 6T = 7. (4.1.10)

J

Algebraic tensorial type
i) Spatial scalar: a, 7

ii) Spatial vector: 3;, 78

iii) Spatial tensor: hg;, 7}

Decomposition of a vector Let D be the covariant derivative on the constant
curvature space . Then a vector field v; on £ can be decomposed as

v = D® + oY (4.1.11a)
D™ =0, (4.1.11b)
Av® = D' (4.1.11c)
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Decomposition of a tensor Any symmetric tensor field of rank 2 on J# can
be decomposed as

1 N 1 - A .
tij = Etgij + DZ‘DjS - EASQZ'J' + Ditj + Djti + tg;t); (4112&)
Ditt =0, t"" =0, Dt =0, (4.1.12D)
t = tz:’ (4.1.12C)
PN P A
A(A+nK)s = n ] <DiD]~t” - —At) : (4.1.12d)
n — n

[A+ (n— DKt = (8 — D'A™'D;)(Dyut’™ — n~'Dit).  (4.1.12e)

Note When % is compact and closed, this decomposition is well-defined. On
the other hand, when .#" is not compact, appropriate boundary conditions should
be imposed on perturbation variables to make the decomposition well-define.

Irreducible type

i) Scalar type: v' = Dv® | t;; = Ltgi; + D;D;s — %ASgij-

A ~

ii) Vector type: v; = vi(t), t = Dit; + Djt,.

iii) Tensor type: v' =0, t} = tg-tt)l.

In the linearised Einstein equations, through the covariant differentiation and
tensor-algebraic operations, quantities of different algebraic tensorial types can
appear in each equation. However, in the case in which " is a constant curvature
space, perturbation variables belonging to different irreducible tensorial types do
not couple in the linearised Einstein equations, because there exists no quantity
of the vector or the tensor type in the background except for the metric tensor.
The same result holds even in the case in which " is an Einstein space with non-
constant curvature, because the only non-trivial background tensor other than the
metric is the Weyl tensor that can only tranform a 2nd rank tensor to a 2nd rank
tensor.
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4.2.1 Tensor harmonics

Definition We define T;; as a generlised harmonic tensor that satisfies the con-
dition

where A, is the Lichnerowicz operator on .# defined by

~

ALhij = —D . Dhm — 2Rikﬂhkl + 2(n - ].)Khzj (422)

When £ is a constant curvature space, this operator is related to the Laplace-
Beltrami operator by
Ap =—-A+2nK. (4.2.3)

Hence, T;; satisfies

(A +k)T; =0; k=X, —2nK. (4.2.4)

4.2.2 Perturbation equations

Harmonic expansion Tensor type perturbations of the metric and the energy-
momentum tensor can be expanded in terms of the tensor harmonics as

hoo = 0, hOi = O, hij = QTQHTTU, (425)

=0, 7.=0, 7'; = TTTé-, (4.2.6)

Gauge-invariance An infinitesimal coordinate transformation is represented as
a vector field and has no tensor-type component:

M =5 =0 (4.2.7)
Hence, the perturbation variables Hy and 71 are gauge invariant by themselves:

6Hp =0, émp = 0. (4.2.8)
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Einstein equations Only the (i, j)-component can have a tensor-type compo-

nent. From

6Gy = 6G = 6G = 0, (4.2.9a)

0GE = | Hy + n%HT - I“ZZ#HT T, (4.2.9b)
we obtain the single equation

Hyp + ngHT + ]{;QZ—fKHT — K27p. (4.2.10)

4.2.3 Behavior of cosmological tensor perturbations

For 7 = 0, we have

k% + 2K
(12

Hy +nSHy + Hy = 0. (4.2.11)
a

This equation is equivalent to

or with the help of the relation

2% + (n — 2+ nw) [<g)2 + 5] =0; w=P/p, (4.2.13)

a2

to

R H2K nfw fa\? nn—2+4nw)K
n/2g 2 "2Hp) = 0.
R O e el [T

(4.2.14)
From these equations, we see that for superhorizon modes with k/a,+/|K|/a «

a/a, Hy can be approximated by

dt
Hr~A+B|—, (4.2.15)
an

while for subhorizon modes the WKB approximation gives

dt
Hp ~a ™ Y2(CcosQ+ DsinQ); Q=F [ —. (4.2.16)

a

Hence, rougly speaking, a tensor perturbation, i.e., a gravitational wave, has a
constant amplitude on superhorizons, and exhibits slowly damped oscillations after
it enters the horizon.

H XA
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4.3.1 RAAZEEEMTVVIL
Harmonic scalars
(A + k5SS = 0. (4.3.1)
Harmonic vectors
1 -~
S; = —EDZS, (4.3.2)
[A+ K —(n—1)K]S; = 0, (4.3.3)
D;S' = kS. (4.3.4)
Harmonic tensors
1 ~ - 1
Sij = ﬁDiDjS + E%‘jS, (4.3.5)
: . o n—1k>—nK
St = D.S = S; 4.3.
[ 07 I n k’ ) ( 3 6)
[A + k* — 2nK]S;; = 0. (4.3.7)

Properties
1. Spectrum: When £ ™ is a compact Einstein space satisfying
Rij = (n—1)Ky;
for @);; defined by
Qij == DiD;Y — %gijAK
we have

Qi;Q7 = D'(D'YD;D;Y =Y D;AY —Ri; DY) +Y [A(A + (n — 1)K)] Y—%(AY)Q.

From this, we obtain the following constraint on the spectrum of k%

K K>0
I 43.8
{o K<0 (4.3.8)



A
i

H4E FHER

=111

2. For #™ = S,
E=0(l+n-1), ((=0,1,2,--).

3. Exceptional modes:

i) k=0:S,=0,S;; =0 (compact case).

4.3.2 EFEEHOIT—VFREE

A 712 BUEENL, PR TRRT S 2RO L5 I2RINSD ¢

ho(] = —2AS, hgi = —CLBSZ', hij = 2a2<HL7ijS + HTSz])

For the scalar-type gauge transformation
& =TS, &=als,,

the metric perturbation coefficients transform as

A = -T,
0B = au/@'+ET,
a
SH, — — Y
na a
&@::EL
a

From this, it follows that the combination
1
% = HL + —HT
n

transform simply as

5% = 2T,
a

61 [HIXKAN

(4.3.9)

(4.3.10)

(4.3.11)

(4.3.12a)
(4.3.12b)

(4.3.12¢)

(4.3.12d)

(4.3.13)

(4.3.14)

This quantity is related to the perturbation of the scalar curvature of the ¢ = const

hypersurface as

§"R =2(n—1)a*(k* — nK)ZS.
We can construct the combinations

a

Og = EHT — B,
k .
K, = —A+—B+ 20,
na a

(4.3.15)

(4.3.16)

(4.3.17)
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which transform similarly
- k
do, = _ET’ (4.3.18)
- a | k? a\’
0Ky =~|—— |- T. 4.3.19
il (0] 4319

These quantities are related to the shear and the expansion of the unit normal N#
to the ¢ = const hypersurface( INy = —AS,0N; = 0) as

50 = n%%g, (4.3.20a)
00ij = akoyS;, 000, = 0, (4.3.20Db)
dwp, = 0, (4.3.20c)
da; = —kAS;, dag = 0. (4.3.20d)

Hence, JZ; and o, represents the perturbation of the volume expansion rate and the
anisotropic expansion rate of the universe. Further, A represents the perturbation
of the potential.

Utilising these transformation laws, we can easily construct two independent
gauge-invariant combinations as

o = A—|(a/a)"' %], (4.3.21a)
B = g%—ag. (4.3.21b)

We can construct any gauge invariant for the metric perturbation as a linear
combination of these. For example, the following combinations are useful:

a a

¢ = k%’ =X — 109 (4.3.22a)
1 :
U o= o+ %(a%)' =A- @, (4.3.22b)
a (a\ at ((a\ K
= -+ —|- = - — - —— . 4.3.22
4 * kd(a) D= kd{(a) na2}ag (4:3.22¢)

In the shear-free gauge o, = 0, these quantities represents the perturbation of
the spatial scalar curvature, the gravitational potential and the Hubble expansion

rate, respectively.

4.3.3 MEEHHICHTII—OFEE
IXVF—EHRET VYV ILOAHSEEH)IL, RO LS IZHABEKCERI NS

7= —peS, T4 = —E(p + P)S', 7 = 671058 + 7S5 (4.3.23)

H XA
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The perturbation variables for matter transform as

de = n(l—i—w)gT,

a
ot = nci(p+ P)ET,
a
v = a(L/a),
STT = 0.

63 [HIKA

(4.3.24a)

(4.3.24Db)

(4.3.24c¢)
(4.3.24d)

We can construct various gauge-invariant quantities from these matter variables

and the metric variables. For example, as gauge-invariant variables representing

the energy density perturbation, we can define

Ay = 6+n(1+w)%ag,
Ay, = e+n(l+w)Z=A7A;+n(l+w)d,

A = e+n(l —i—w)%(v—B) = Ay +n(l +w)%V.

(4.3.252)
(4.3.25b)

(4.3.25¢)

Similarly, we can construct a natural gauge-invariant quantity representing the

velocity perturbation by

a/.
Vi=v——-Hp.
(% 2 T

(4.3.26)

This quantity is closely related to the shear of the fluid velocity field. In fact, for

the fluid velocity, we have

56 = nl.,S,

a
50ij = —CL]{?VSZ']‘, 50’0“ = 0,
dw,,, = 0,

56Lj = —/{Z@{mSj, (5(10 = 0,

where
a - k
%m = —A+ —H; + —,
a na
1
Ay = A— E[a(v - B)|.
Here, o7, is gauge invariant as
1

In constrast, .#;, is not gauge-invariant and transforms as

5., — —3<9> T.
a\a

4.3.27a
4.3.27b
4.3.27c
4.3.27d

—~ -~ —~
~— ~— ~—

(4.3.28a)

(4.3.28Db)

(4.3.29)
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A natural gauge invariat constructed from this is
a® (a\ k
ka (a) % - na ( )
Finally, we can construct a gauge-invariant combinations using only matter vari-
ables:
[ =71, — cZpe. (4.3.32)
4.3.4 Einstein AT2x
(tt)-component:
k2 —nK 1\ 2 2
nld o (9) U= " A, (4.3.33)
a a a n—1
(ti)-component:
k a K2
—(P—-—-V ) =— P)V. 4.3.34
f(a-tv) - (4334

(ij)-component:

.G —2k? —nK k> AN
P S " q>+[ 2—(n—2)(2) —29]\11
a

2

n a na a a
v (T + c2pA,) (4.3.35)
= cipAs), 3.
n — 1 SIO
a’
(n—2)0+ ¥ = — R (4.3.36)
From (4.3.33)-(4.3.34), we obtain the Poisson equation

k* —nK K*

o = A. 4.3.37

These equations lead to the closed evolution equations for the density and the

velocity perturbations:
(a"pA) = —Cxga" 'k(p+ P)V — (n —1)Cxga" tarr, (4.3.38a)
-1
(p+ P)(aV) = k(c2pA +T) + k(p + P)U — kCx——77. (4.3.38D)

Here, O = 1 — nK/k>.

Note that V' appears only in the combination (p+ P)V in the Einstein equation.
Hence, this quantity may not vanish and has a definite meaning even if p+ P = 0.
In fact, the left-hand side of the equation for V' can be written

(p+ P)(aV) =lalp+ P)V] +n(1+ ci)g[a(p + P)V] (4.3.39)

H XA
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4.3.5 S —VHEEEE DERK

Synchronous gauge : A=0, B=0.
In this gauge, the fundamental gauge invariants are expressed as

' 1
@:%—%% W= ——(a0,)" (4.3.40a)
A=e+n(l+ w)%v, V=v-o,, (4.3.40b)

: 1
%:ZH% % = Hy+~Hr. (4.3.40¢)

Hence, this is a partial gauge fixing and leaves the residual gauge freedom parametrised

by two arbitrary constants for each mode as

- Cy < a
0o, =—, O0& =C1— 4.3.41
09 a Y 1ka/7 ( a)
- dt - C g k (dt
5HT=C’2+I€01J—, 6H, = -2 -(y i%——f— ,(4.3.41D)
a? n ka  n J a?
- a - Cy
e = —n(1 —C, ov=-——. 4.3.41
€ n( +w)ka 1, 0V - ( c)
Longitudinal gauge : B=0,H;y =0
From the gauge transformation law
_ L\ k - k
0B = a(—) +-T, 0Hp=—L, (4.3.42)
a a a
This is a complete gauge. In this gauge,
X =Hp, o,=0, (4.3.43)
and the fundamental gauge invariants are expressed as
b=H, V=A, (4.3.44a)
A=ec+n(l+ w)%v, V =w. (4.3.44b)

In particular, the metric is written in terms of the gauge invariants ¥ and ® as

ds® = —(1 + 2US)dt* + a*(1 + 29S)do?. (4.3.45)

Velocity-orthogonal isotropic gauge : v =B, Hr =0
From the gauge transformation law

- k - k
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this is also a complete gauge. In this gauge, we have

. By
@:%ﬁ%& W=A+&£g (4.3.47a)
A=¢ V=v=B=—o, (4.3.47b)

In particular, .
%:@—%VEZ (4.3.48)

4.3.6 IV hOE—EH

When matter consists of photons and dust(baryons), the pressure and the energy
density of matter can be written

1
p=pr+ps, P= e (4.3.49)
which yields
1
) 1
;= ——0, (4.3.50)
L+ n+1z_i

Hence, the gauge-invariant I' is expressed as

n 5p7" 5pd
= ¢? — ) 4.3.51
G <n +1p  pa ( )

Utilising the relations
procT s, ocT™, pgocny, (4.3.52)

where s, and n, are the entropy density of radiation and the number density of

dust, I' can be written

I =

n+1 pap: (657" nb) m5(5r/nb)ﬂdpr (4.3.53)
Sy Ny

nonp+p,

(sr/0)  p

Thus, I' is roughly proportional to the perturbation of the photon-baryon ratio, i.e.,
the entropy per baryon, in this case with the weight proportional to the product
of component densities.

This implies that I' is of the order

El~o<“”ﬂA) (4.3.54)

p p?

unless there is a delicate cancelation of fluctuations of component densities to make
A vanish with I" # 0 (cf. Isocurvature perturbations). Further, the influence of T’
becomes important only when the EOS of matter changes.

H XA
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4.3.7 BIRE—FR
BrEvE— N (I =0) I LT,

2, 1 kN> n—2r2(p+ P faa | 0
ﬁ(fa PA)‘F; Crcl (E) e (H2 ) —a27 (fa"pA) =0,
(4.3.55)
ZZT,
H 1/2
— S _ 4.3.56
1 () 550
4.3.8 HRSA4XVADEE
WENRT A XV ERE L DN WGE,
csk/aH > 1, csk>» K (4.3.57)
WKB T
fampns ~ (e o 'Jd Cok (4.3.58)
a"p Y expi | da—rr-. 3.
IN&Y, BEPSEX
1+w \ Y2 . dt
A~ (csa”Hp) (Acosf + Bsinf); 0=k G (4.3.59)
EHDEES.

B ZIE, MENEH XA P60 5 L &,
o TEEHESIE: w~ 2 = 1/n, pocl/a™ = Alx—EDHEIEE .
o VI BRG]
— KEFEFEEH w, 2ocl/a, pcl/a® = A OIRIE ocl/a'/.
— IRFEFMEALLARE: Acca™ 2.
o HHEDLEIMZRI: A l3—7E.

4.3.9 HEREBETOR LT OREREE
w=c2=0,K<0&95. iiRESEPTI
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0, FEAFEATELIIZ

d2
@(fa”pA) ~ 0.
L7235 T

A201+%
a

4.3.10 KRIARXVEBIADRERROPLE

ESis
|K|/(H?*a*) « 1, k> |K|, 7r=0,

BINET S, ok x, BEHERIT
o = A—(Z/H) =V — (d/H)",

ZHWT,
o =——(14w)Z,
zZ 2 (kN T
H n(l+w) \aH p+ P
:miby
I'=0(A) = O((k*/a*)®),
2RET B L,

Z , k2
ﬁ = O<Csa2H2) .

£oT, Ak/aH)? « 1DEE ZI3EBRELRS.
ZnrE, EFRRAV=-(n-20¢ dDEHLD,

1 a2\ "
o = — .
an—2 ( H >

H n
o = - 1 =2z,
o [C’ +5 Jdt( + w)a }

O IZDWTHEL &,

T o0z, B

1/ k\° k
_ () ve-—L(z-0
n<aH) ’ aH( ):
Hz—g(ler)HQ

68 [EZRA

(4.3.61)

(4.3.62)

(4.3.63)

(4.3.64)
(4.3.65)

(4.3.66)

(4.3.67)

(4.3.68)

(4.3.69)

(4.3.70)

(4.3.71)
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o~ (C n_2+Z<1—(n—2)an_2Jda i ),

a
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(4.3.74a)

o1k’ H a"=?
A~ —l— ) Z(1—-(n—2 4.3.74
CnHa”+n<aH> ( (n )anzfda H >’( 3.74b)

k k n—3
e~ (n—-2)Z da

V~C )
an—1 H

il Z 11X, w = const D & ¥,

pOCCL_n(1+w) - HOCa_n(l+w)/2
LU
a’nf?) 2 aan
Jda =
H n(3+w)—4 H
J: D )

H N n(l+w)
a? nB+4+w)—4
k2 14w kO
A~C — | Z
na”H+n(3+w)—4(aH) ’

k 2(n — 2) k
= — — | Z.
v Oanle n(3+w)—4 (aH)

Y

l

(4.3.74c)

(4.3.75)

(4.3.76)

(4.3.77a)
(4.3.77b)

(4.3.77¢c)

WL DD DIGE, superhorizon HENI X U THEMER D 5. HlZIX, 4IRTE A

M (n=3) TR,
A = AUq + BUp,

ZZT, Up&Ug3IRATEASLGND (= aja., DL :

1
Uo = caxom
Ve — 1+ 8—7¢C 16 1

91+¢) 91+C+(1+0)2
LT

) 10¢%/9 ¢« 1,
u N{C (> 1

(4.3.78)

(4.3.79a)

(4.3.79D)

(4.3.80a)
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4.3.11 =FHIEDZHR

fi 70 [HIRA

KA (2 = 0) DA, A+ 0 THEHHRRILMEMRE SO, FE, HES

FEOE#HP w5, BHHERR

Hd + (2H + nH?) o/ =0,
1 an—2 .
o + o) =0,

a2\ H
n K

A+§Z—a2H2¢:O,

— 1) (k?* =nK

NGRS
K2a?p
BAIDA LD .
_ 0
d_a"HQ’

ZZIT, CoidfneE. ZoRXz2MoARRNTMRALTHLS &
H dt
v = (ool am)
2K 2C, dt
Z = na”HCl_na”H2 <1+KHJa2H2)'

A = (n—l)(kg—nK)H(Cl_Cofj_f;)7

n2a"p

(4.3.81a)

(4.3.81D)

(4.3.81c)

(4.3.81d)

(4.3.82)

(4.3.83a)
(4.3.83b)

(4.3.83¢c)

k 2K kCy 9 179 J
= 11— — _ {2 — H —2K .
4 ar—1H < néﬂ) Ch + na"+1H3 { (na ) a2H?2

(4.3.83d)

HIo D2, ColZHhl g DIHIFHE=EE— F2RL, C IZHHIT2HEIIKEE—F

2RT. FHEPKEME 25 L, ©6 ORI —EMIZHNLET 5.
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4.4.1 Multi-Component Fluid System

In this section, we assume that the cosmic matter consists of multiple com-
ponents labeled by the index («), (8), ---. We only consider the scalar-type
perturbation.

Perturbation variables for each component The scalar perturbation of the
energy-momentum tensor of each component can be expanded in terms of the
scalar harmonics as

5T(a)fj = T(a)fj : T(a)g = —PataS, T(a){) = —lhavaSj, T(a)é = TLa(sj-S + TTaS;"y
¢ (4.4.1)
where
ha = pa + Fa. (4.4.2)

H XA
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These perturbation variables are related to those for the total system by
pe = Zpaea, hv = Z haVe, TL = ZTLQ, T = ZTTQ. (4.4.3)

In contrast to the whole system, the energy-momentum tensor of each compo-
nent does not need to be conserved separately due to interactions among compo-

nents:
VT 0y = Qs (4.4.4)
where the source terms have to satify
Z Q(a)u = 0. (445)
In the background, these source terms take the form
(Q(a)#) = (_Qau 0) (446)
due to isotropy, and accordingly, the energy equation can be written
) a
Po = —n—(1 = qa)hy (4.4.7)
a
where
_ Qa
(o i = ——. (4.4.8)
nhe

Taking account of this modification, the gauge-invariant variables describing the
perturbation of each component can be defined as follows:

Vo 1= 04 — %HT, (4.4.9a)
Aca 1= €a +n(1 + wa)(1 — qa)%(v ~ B), (4.4.9b)
[y = Tra — eapas (4.4.9¢)
TTo- (449(1)

These quantities are related to the corresponding quantities for the whole system
by

PA = palea, WV = hoVa, (4.4.10a)
I'= I‘int + Freb T = ZTTom (4410b>

where
Line = Zraa [l = Z(Ci - Cg)(;pa. (4411)
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Perturbation variables for energy-momentum transfers In order to write
down the perturbation equation for each component, we have to introduce gauge-
invariant variables describing the interactions. First, the scalar perturbation of

transfer term can be written

Qe = Qo + frapss @ flay = 0, (4.4.12)
0Qa = NS,  dfa); = afaS; (4.4.13)
Under the scalar-type gauge transformation, 7, and f, transform as
0Ne = —TQn, 0fa=0. (4.4.14)
Hence, f, is gauge invariant by itself, and a natural gauge-invariant for n, is
B i= 1o — %Qa(va -~ B), (4.4.15)
or
B = T — %Qa(v —B)=E, + %Qa(va —V). (4.4.16)

These quantities have to satisfy the constraints

Y Bu=0, > fa=0. (4.4.17)

Equation of motion for each component The scalar perturbation of the
equations of motion for each component can be expressed in terms of the gauge-

invariant variables defined above as

—1
ho(aVy) = kho VU + k (cipaAa + Fa) _n

Cikmra + aFy,, (4.4.18a)

ain(a"paAa)‘ - = #ha(v V) — O [ghava (n— 1)2%]
VB, + F, (4.4.18b)
where
Ay = Acq +n(1 +wy)(1 — qa)%(Va - V), (4.4.19)
Fo=fo—QaVo—V). (4.4.20)

Adiabatic vs. Isocurvature Modes

Evolution of entropy perturbations In the case in which the energy transfer
among components can be neglected, the relative contribution to I' in the multi-
component system can be written in terms of the relative entropy perturbation

defined by
Aca Acﬁ

Sap = - ,
YT+ w, 1+ wpg

(4.4.21)

H XA
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as
hahﬂ 2 2
Trt = ) o (c2 — ¢3)Sap. (4.4.22)

0576

The perturbation equations for each component yield the following equations for
Saﬁi

. k a
Sop = —— Vg — n—T\ys, 4.4.23
8 Vag —n-Tag ( a)

n a a
Vap + (1 — 5(03 + c%)) EVQB —n(c? — c%)a Z ﬁ(vm + Vs,)
YF#o,

B
k A h 2+
:_[(Ci_cgﬁ){—+2ﬁ(*§av+sﬁv)}+ 5 BS&B]
v

a

k —1
i,k (Faﬁ o Haﬁ) ’ (4.4.23Db)
a n

where Vg is the relative velocity defined by

Vag = Va — V3, (4.4.24)
and

Fa Fﬁ TTa T8
Top = — — £ Tlp=-—2— £, 4.4.25
S e P e hy ( )

ftx fb’

F,g=+——*". 4.4.26
S e hy ( )

For simplicity, let us assume that the intrinsic stress perturbations vanish: I'y3 =
II,s = 0. Then, from these equations, we find that in the strongly coupled era
where V3 = 0 due to the force F,3, the entropy perturbation S,3 does not change.
Even in the case of weakly coupled case when Fiz can be neglected, the change of

Sap 1s very small for superhorizon perturbations because

d k

Q%Saﬁ = _Evaﬁa (4.4.27a)
d n, 9 B k

1 Vg + (1= 5(E +3)) Vas = 70(A,5) + O(V) . (4.4.27h)

Here, note that k/a is identical to the ratio of the Hubble radius to the perturbation
wavelength.

Generation of adiabatic perturbations If there exist no entropy perturba-

tion initially, e.g. in the early universe, the perturbation remains adiabatic until
it enters the horizon irrespective of interactions, and continues to be adiabatic

H XA
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even inside horizon if the fluid is strongly coupled. This is the situation where the
concept of the adiabatic perturbation is good.

The situation is similiar on superhorizon scale even if there exists non-vanishing
entropy perturbation initially. In this case, however, the situation is subtle. In
particular, the isocurvature perturbation for which the curvature perturbation
amplitude ® vanishes initially generates a curvature perturbation with cosmic
expansion. In fact, from the equation for Z, we have

hah d
67 ~ — | Y082 - cg)saﬁza. (4.4.28)

«

For the photon-dust system, for example, this integral can be explicitly estimated

<
4+ 3¢

where ( is the cosmic scale factor normalised at the equal time ¢ = a/deq.

as

57 ~ — S 4, (4.4.29)
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54.5
Long-wavelength limit

Intuitively, we expect that the long-wavelength limit of solutions to the per-
turbation equations corresponds to spatially homogeneous perturbations of the
background solution. We examine this correspondence for the spatially flat back-
ground universe (K = 0).

4.5.1 Basic equations

Basic variables In order to see the correspondence between long-wavelength
perturbations and spatially homogeneous perturbations, it is convenient to work
in the longitudinal gauge B = Hr = 0 or in terms of gauge-invariant quantities
whose definition do not contain negative powers of the wavelength & in that gauge.
Therefore, we adopt

of — A— (R/HY @:@—%ag (4.5.1)

as the fundamental gauge-invariant variables for the metric perturbation, We fur-
ther assume that matter perturbations are described by a set of scalar-type vari-
ables xr and a set of vector-type variables vp, whose gauge transformation laws
are

SX[ = —S]T, SUP = CLL. (452)

For these variables, we adopt the following gauge invariants:

%, VP = Up — EHT, (453)

Xri=x1——=
I X1 H 2

both of which have regular £ — 0 limit in the longitudinal gauge. Finally, we use
pAg = dp+n(p+ P)Z (4.5.4)

as the gauge-invariant density perturbation amplitude.
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Einstein equations In terms of these quantities, the linearised Einstein equa-
tions are expressed as

e Y o D Nl R S (4.5.5a)
0= Ao n(n—1)H2"Y  na2H2 "’ 008
éﬂzﬁ@-ktw+ﬁu+m2—§@]zo (4.5.5b)
J J 9 a2 ’ e
Gl = k2TY . Hof + (2H + nH?) o = ﬁ(r+§A)—fnm5%)
g R T sPBg) ™ AR
23 P2 s N (4.5.5d)
(5 , 5.
where
H H
Zzﬁi%V=%—%mHB) (4.5.6)

Note that the first and third of these equations with k = 0 provide the perturbation
equations for the homogeneous perturbation, and the second and fourth do no exist
for it.

4.5.2 k — 0 limit

In this subsection, we only consider the case of K = 0.

Constraints We have two extra equations for perturbations in the limit £ — 0,

in addition to the equations for £ = 0 perturbations:

%+gﬂ+m2=& (4.5.7a)
1 [a" 2\
0. 45.
;z%+an2( Vi > 0 (4.5.7Db)

The second of these can be integrated to yield

P = anH_Q <O —Jt a(t)"—2d(t)dt> : (4.5.8)

Hence, this can be regarded as the equation that determines ® and does not
impose any condition on the homogeneous perturbation, because the equations for
the homogeneous perturbation do not contain ®. Similarly, if the limit of (v—B)/k
cannot be expressed in terms of other homogenous quantities, the first equation
does not impose any condition on the homogeneous perturbation as well. In this
case, then, there is one-to-one correspondence between the £ — 0 limit and the
k = 0 perturbation.
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On the other hand, if the limit of (v — B)/k is expressed in terms of other
homogenous quantities with the help of the perturbation equations for matter
components, (4.5.7a) provides a constraint for a k = 0 perturbation to be the
k — 0 limit of a & # 0 solution. The scalar field system belongs to this class, as
we see later.

Universal adiabatic solutions Finally, we note that utilising this correspon-
dence between the k — 0 limit of perturbations and the k = 0 perturbations, we
can show that there universally exist two independent solutions that are adiabatic
in the £ — 0 limit.

To see this, let a(t) and S;(t) be an exactly homogeneous solution describing the
background. Then, since the scale factor a(t) comes into the evolution equations
only through H = a/a, (1 + X)a(t) and Sr(t) also gives an exactly homogeneous
solution to the Einstein equation where A is a constant.

If we regard this solution as an exactly homogeneous perturbation, all the cor-
responding gauge-variant perturbation variables for matter vanish, and the metric

perturbation is given by
A=B=0, Hy=) x1=0 = Z=\. (4.5.9)

From this we obtain

7% n 1l+w
&%z—(ﬁ) eyt (4.5.10)

Equation (4.5.8) determines ¢ from this as

Foi Joi 1
") Y2, (4.5.11)

o — -
Ca”—2 Ty 1 1+ A/(K2p)

If there exists a dynamical vector field describing matter, this equation and
(4.5.7a) determines Z as

Zo—— 2t g (4.5.12)
n(l+w)

On the other hand, if the matter is described only by scalar fields, v — B is written
as v — B = kx where x is a combination of the scalar field perturbations y; which
does not contain a negative power of k. Since the matter perturbation vanishes in
the present case, this term should vanish, which implies that Z = A —aHy = A.

Hence the condition (4.5.7a) is satisfied.
Thus we find that the perturbation equations have always two solution for which
the k£ — 0 limits of o/, ® and Z are given by (4.5.10), (4.5.11) and (4.5.12). Since

H XA
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the matter is not perturbed, I' = 0 for them. Hence they represent adiabatic modes
in the k£ — 0 limit. Clearly the solution proportional to C' is a decaying mode,
while that proportional to A is a growing mode because the Bardeen parameter Z
is a non-vanishing constant. Note that these solutions are universal in the sense
that they are valid for any matter contents and interactions.

We can determine the k£ — 0 limit of other gauge-invariant quantities for these
solutions. For example, for fluid, the density perturbation and the velocity per-
turbation are given by the same expression as in (4.3.74):

 (n—1)HFk? an? J a" 3
A = pp— C+ A Vi An—2) | da 7 [ (4.5.13a)
g 0—«n—mAJmﬂmﬁ (4.5.13b)
— an_lH H . . .

The corresponding quantities for each component are determined as follows. First,
since the solution is an adiabatic mode, the density perturbation amplitude of each
component, A.; is easily determined by the relation

AcI AcJ

I e s Rl e s M

when the energy exchange among components can be neglected. Next, the velocity
of each component in the £ — 0 limit follows the equation

hiZr\" .

( ;?I) —i—?’Lh]Z[—f-h[LQ{-i-F[-f-C?p[Ag] = %Z—f-}glir(l)%, (4515)

where " o
A%:®—%ﬂ6=%—%%w—&. (4.5.16)

In the case in which limy_,q f;/k vanishes, Z; is determined as
H a3h1
hiZ; = — A . 4.5.1

147 an<CI+ H> (4.5.17)

Bardeen Parameter As we have seen in the above, the Bardeen parameter Z
is conserved with a good accuracy on superhorizon scale. We can define a similar
quantity for each compent.

Let us define (, by

—nZ. (4.5.18)
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Then, assuming that no interaction among components, for K = 0 and 7 = 0, we

have
Hc? HT

J=_——"5 A 4.5.19
1+w p+ P’ ( )

A ) k A T T
« ==V, +nHc? +nH —nH——%—(4.5.20
(1+wa> a " 651+w " p+ P " pa—l—Pa( )

From this, it follows that

Iy
Pa + P

.k
(o= Vot nH (4.5.21)

Hence, for a superhorizon perturbation, (, is conserved individually, provided that

each component has no intrinsic entropy perturbation.
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54.6
Scalar Field System

In this section, we consider cosmological perturbations of a universe dominated
by a scalar field ¢ = (¢;) that may have multiple components. The Lagrangian is
given by

1
£ = =g 00 40+ UG)]. (46.1)
where U(¢) is a potential. The corresponding energy-momentum tensor is given
by
1
ﬂ%=V%w@¢—§&(V%wVA+ﬂU, (4.6.2)

4.6.1 Basic Equations

Homogeneous background For a homogeneous background the energy density
p and the pressure P are expressed as

p=5#+U@), p=58-U@), (46.3)

where éQ = gb - ¢. The background equation of motion is given by
¢ +nHp+ DU =0, (4.6.4)

where DU = (U /0¢y).
Note that the ratio w = P/p may change from 1 to -1. Further, the sound

velocity '
2¢ - DU

nH g2

diverges when ¢ vanishes and may become negative.

=1+ (4.6.5)

Perturbation A useful gauge-invariant perturbation variable for the scalar field
is given by the Mukhanov-type variable

0
X =0p— =Z%. 4.6.6
6 (46.6)
The perturbation of the scalar field equation can be written in terms of this quan-
tity as
2
LX)+ —5X =0, (4.6.7)
a

H XA
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where
. . /€2 a™ - o\’
L(X):= X +nHX + [D2U - <ﬁ¢o¢) ] X. (4.6.8)
a/TL

Hence, the evolution of a perturbation of the scalar field can be determined inde-
pendently from the spacetime perturbation.

Once a solution to this equation is given, we can determine the corresponding
spacetime perturbation by solving the Einstein equations. The required source
terms are determined as follows. First, the perturbation variables for the energy-

momentum tensor are expressed as

5p = —Ad* + ¢d¢ + DU - §¢, (4.6.9a)
k-

(p+ P)(v—B)=—¢-39, (4.6.9b)

§P = —A¢* + ¢pd¢ — DU - §¢. (4.6.9¢)

Hence A, and Z are expressed in terms of X as

pA, = —d P+ - X + DU - X, (4.6.10)
7 g% (4.6.11)
2
Inserting this expression for A, into (4.5.5a), we obtain
S — 1)k?
Wet+d X+ pU-x = "Dy (4.6.12)
K2a

This equation together with (4.5.5d), which in the present case reduces to

1 n—2 .
o + (a <1>) —0, (4.6.13)

give a closed system of evolution equations for &7 and ®, when X (¢) is given.

4.6.2 The £ — 0 limit

From the basic perturbation equations, the £ — 0 limit of X satisfies the 2nd-
order system of equations
L(X) =0. (4.6.14)

However, all solutions to the equations for homogeneous perturbations do not
satisfy this equation, because the k — 0 limit of Z can be written in terms of the
k — 0 limit of basic perturbation variable X.
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In fact, from the background equations
) 242 . i
H =——p, ¢+nHop+ DU =0, (4.6.15)
n(n—1)

the gauge-invariant amplitude 2~ for the spatially homogeneous perturbation of

¢,

_ ¢ _ _ da
Z =00 HHL, Hy = - (4.6.16)
satisfies the two equations
2 +nHZ + D*U(Z) - o +2DU =0, (4.6.17a)
Wl +¢- 2 +DU-2 =0, (4.6.17b)

where D2U(Z) = (250%U/0¢10¢,). Here note that 2 = ¢/H and o =
3¢2/(3p) = 3(1 + w)/2 is a solution to this equation, which corresponds to the
adiabatic growing mode obtained in the previous section.

Eliminating .7 from these equations we obtain the following second-order dif-
ferential equation for 2":

i (@ (hr). e

W(Xl,Xg) = X1 . XQ - Xl . X2. (4619)

where

Hence, a homogeneous perturbation 2" becomes the k — 0 limit of some pertur-
bation with k # 0 only when the condition W (¢/H, 2°) = 0 is satisfied.

This is consistent with the general argument on the £ — 0 limit in the previous
subsection. In fact, from the expression for Z and the background field equation,

we have
n H ¢ (n — 1)k?
—(1 4 =—— —, X ——FF 4.6.2
g%+2( + w) 2UW(H’ )+ prpTa s (4.6.20)
Hence, the condition ((4.5.7a)) is expressed as
lim W ﬂ X ] =0. (4.6.21)
k—0 H’

Here note that from the equation for 27, W = W (¢/H, 2) follows the differ-
ential equation

. 1 .
W— <an + DU - ¢> W = 0. (4.6.22)

H XA
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From this it follows that if WW vanishes at an initial time ¢ = ty, it vanishes at
any time. Hence (4.6.21) reduces to the condition on the initial value of solutions
to (4.6.18). Thus, we find that for a N-component scalar field system (2N — 1)
independent solutions to (4.6.18) satisfying the condition W(¢/ H, Z") correspond
to the (2N — 1) independent k& — 0 limit of solutions to the perturbation equation
with £ = 0, which include the universal adiabatic growing mode corresponding
toZ = gb/H . The missing solution corresponds to the universal decaying mode,
for which limj_,o X vanishes.

4.6.3 Slow Roll Phase

The entropy perturbation I' for the scalar field is expressed in terms of X as

2p ) .
[=——"! .DU)(¢- X + DU - X) — 2DU - X. 4.6.23
7m¢%#¢ )(¢ ) ( )
In the long wavelength limit in which
OZW@ﬂﬂXﬁz%@gX+DUJQ+%?Xwﬁ (4.6.24)
I' can be written as
r — g#X~@@#[RU—2DU-X
:2&X>2%§@2@ (4.6.25)
Hence,
|ﬂ::00Xﬂm). (4.6.26)

Under the same condition W(gb/ H, X) = 0, the density constrast A, can be written
;Agzg@uX+DUQ@:nHXwﬁ (4.6.27)

From this, we find that in the slow roll phase in which
6| « H|o| (4.6.28)

the effect of the entropy perturbation can be neglected, and the adiabaticity of the
perturbation is well preserved:

zZ T _ T ofX)_
Yz jp < O<|¢5|/H> O(Z2). (4.6.29)

In contrast, in the oscillatory phase, a significant amount of entropy perturbation

may be generated, which eventually turns to adiabatic mode after preheating (cf.

Curvaton scenario).
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4.7.1 {myt0sE@k
o f@NT VIV
Pprq = 626?} G EiEj i) = pgps Ppg = GZG?KZ EiEj D) = —Dgp (4.7.1)
ZIZT, Eit) = Bi(t +7/(2w)).

e Stokes /INT A — &K —

1

I = p§7 Q=pu— EI, U=pi V=72 (4.7.2)

Ih&h, W52

P (om= 370m ) - (g _UQ> (4.7

KD ERT DL, AR MVOFEERIZH L T,
P+ R(O)PR(H)™" (4.7.4)

ST S, UM oT, PIZRERED QBN T VYV ILE BT I EMNT
X 5.

472 EE—FKEBE—F
KIK ECOMSREDD 5 & 51(Q) 1%, FAFBEEEZHWT

81(2) = glw/T)I Y O Y™ (Q):  g(x) = 20, f(2)/f(x) (4.7.5)

I,m

CLEBEINS. 22T, O REDS E6T/T ODRFBABEICHY T 28 TH 5.

H XA
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Pure E-mode Pure B-mode

D’Pyy = D, & y Dy Poy = D, B

.
1 0 ifr 0 1 idx
P:Q 4%ﬁ § P:@ J“L

E cosf+ Bsing

e

Lue, Wang, Kamionkowski 1999

X 4.2: Flat sky il CTOEE— K& BE—FR

[FRRIZ, fRAET VIV,
AP = —(P+1-4)P2", Te(P™) =0 (4.7.6)
729 2 BN FREEAI T > Vv 2 e FHWT,
P(Q) = g(w/T)I Y (E" Pui" + B P5}") (4.7.7)
lm

LRI NS, TIZT, Pt Pkt
Dy(Z5™)8 = — D, Y™, (4.7.8a)

a

Db({@B;n)b = —CZGabDbxflm (478b)

a

% Wi 723 parity even 3 L & odd RFAFI T > VIV DM FLE T, Iod AR T
VINDEDER T EETNTNEE—RBLUTBE—NEFEIEINS.

4.7.3 Flat sky Tl

D+ RKREVE—- R TRREROMEAZEHTE S, ZOLS5HBE—-NIZHL
T, AR BRIm AR OMRD DI EHEZ WS Z e TES : (REDIT
%)

e e '_lm\/ 1) g M T cimo
f oC " (cos f)e ((=1) msinf D(l+3/2) COS[( * 2> " 2 416
e (4.7.9)

H XA
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i LT,
Pap — Maye™?® (4.7.10)
e, My ld L =223 ¥ 0 DONFRTHIT, EE— RDEMIR
. <k1)2 _ (k’2)2 2k1k2
Mabkb — —Clk = MEOC ( 2k1k2 _<k1)2 n (k2)2 . (4711)

B E— F D&M

_lekQ kl 2 _ /{:2 2
Mabkb = —cleabk’b = MBOC <(k1>2 _ (k‘2)2 ( )2]{;1/{;(2 ) ) (4712)

K2, fRERT7 MV ek EHLS &,

1

Mpgoc (O 01> < U =0, (4.7.13a)
0 1

A@m<10)¢>Q=O. (4.7.13)

I, ZOHREDE LT, ERMELD G
e E-mode: Fi=0o0r Fb =0 < FE/kor k.

e Bmode: By, =+F, < E & k7 45°.

4.7.4 TIOVIRBETVYIL

In the Lorentz gauge, the free electromagnetic potential A, can be written in
terms of the creation and annihilation operators as

Aulz) = J%%; (epu(R)ay(k)e™® + e (k)a,(k)Te ") | (4.7.14)

where e,,(k) is the polarisation basis satisfying

ehes, = Opg,  K'ep, = 0. (4.7.15)

pCau =

Note that the addition of vectors proportional to k* to el has no physical signifi-
cance, because it corresponds to a gauge transformation and produces no physical
effect in the exact quantum formulation. a, and a; satify the standard relativistic
communation relations

[ap(k), aq(k")] = 0, [ap(k)vaq(k/)T] = (2m)°2wy00° (k — k). (4.7.16)

H XA
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The electric field E and magnetic field B are
k1 o . o
B J (2@352 (ep(k)ay(k)e™™ + €5 (k)ay(k) e ™) (4.7.17a)
dgk 1 Zk’CL‘ * —ik-x
B J EE Zp: (K + €5 (k)ay(k)Te™™7) (4.7.17D)
where
kj
€pj = Cpj — 00> (4.7.18)
which satisfies
k . Ep = O, EZ . Gq = 5pq- (4719)

Now, let us define the measured components of the Electric field, &,, in terms
of the sensitivity function W (z) and the detector polarisation basis €; as

& = fdng(x)eg - E(ty, x). (4.7.20)
Then, for the free field, &, can be expressed as
s, - f Lk 1 [2 0y ()(€ - €, (k)W (k)e ™ + cc| | (4.7.21)
(2m)3 2 - P
where
W(k) = dexei’“'wW(a;). (4.7.22)
Now, assume that
(ap(k)ag(K')y =0, {ay(k)Ta (k")) = 2(27)°ppe(k)5*(k — K'). (4.7.23)
Then, the observed correlation of the electric fields can be written
G860 = @ [ IR @) (4.7.212)
(&b = der [ Smp-mm.  @r2m)
where
pii(k) = Y epi(k)eqg; (k) ppq(K), (4.7.25)

p,q
and éBP is obtained from &, by advancing the phase tw by /2 for each mode. Note

that the Stokes parameters are
I = 26” e'piy, Q= (Ve —eepgy, U =267l pny, V= (—20)ees' ppn

(4.7.26)
Thus, p;;(k) provides a polarisation-basis-independent description of the radiation
field polarisation and intensity. We call p;; and pp, the flux density tensor and the
flux polarisation matrix, respectively.

H XA
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4.7.5 {RYEICK T B Boltzmann A2

In a curved spacetime, the above mode functions for the expansion of the elec-
tromagnetic fields should be replaced by corresponding vector fields satisfying

VHFE,, = 0. (4.7.27)

Accordingly, it is rather difficult to treat wavefunctions and polarisation vectors
independently. However, such a treatment is allowed for modes for which the
WKB approximation is good. For such modes, the mode function can be written

A, (2) = a, ()@, (4.7.28)
where for k := VS, a,(z) and S(x) satisfy

k:=VS = k-k~0 = Vikx0, (4.7.29)
1
Via, = _§DS% ~ 0. (4.7.30)
Hence, by generalising the polarisation basis to spacetime dependent vectors e*(k, z)

such that
Vie!'(k,x) =0, kye'(k,xz) =0, (4.7.31)

the flux density tensor pj; can be generalised to

P = Z e ey Ppq- (4.7.32)

p.q

This tensor is independent of the polarisation basis and satisfies the generalised

Boltzmann equation

(K*JK°N o + flops) p™™ (z, k) = C* (p), (4.7.33)

4.7.6 RMEEELE TORN

At the last scattering surface, up to the linear order in perturbations, dp,, on
the last scattering surface can be Fourier decomposed into the contribution of each
perturbation mode with the wave-vector K as

Spu (s, ¢, k) = fd?’KeiK'mpﬁ,)(K; k). (4.7.34)
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In this situation, it is customary to adopt the following polarisation basis:

1
€,(k) = aép(k:); (4.7.35)
1 . A Aaa
& = _ (K — (- K)k) , (4.7.36)
1— (k- K)?
1 N ~
€y = — K x L, (4.7.37)
A/1— (k- K)?
where
k=k/k|, K=K/K| (4.7.38)

In the spherical coordinates corresponding to the Cartesian coordinates in which

~

K =1(0,0,1), k= (sin @ cos ¢, sin 0 sin ¢, cos #), (4.7.39)
the polarisation basis has the following components:

€1 = (cosfcos@,cosfsing, —sinb), (4.7.40a)
€ = (—sing,coso,0). (4.7.40b)

For this choice of the polarisation basis, because all vector-like quantities for a

perturbation is parallel to K pg]) defined by
Py = el es ) (K k) (4.7.41)

depends only on w and p;(,}l) —p=cosf =K - k:

Ppi = Py (K 3w, o). (4.7.42)
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Let us introduce the quantities A, (« =1,Q,U,V) b

(0) -1
w op'9(w
Mran) = ($PL) o + R ] (47830

w pO(w)\ "

No(K.q.p) = <Z”T”) {0 (K, 1) = o3 (Ko, ) |, (4.7 43D)
w PO (W)\ ™

Mok = (575) ) + ()}, (17.3)

1w dpO (W)
Av(K, qp) = —i (Z”T()) {8 (K, ) = o) (K w, i) f1.7.430)

where ¢ = aw. Then, for scalar perturbations, Ay = Ay = 0 for scalar perturba-
tions, because Ax = A% (t, K, q, 1) satisfy the evolution equations[9, 42]

K %K
@A§+3—3A;—4(@¢+-2 “m)
a a

1
—— [A? — Ay + 4o — S Paln) (A + Ay — A32)1(4.7.44a)

iKp
DAL + —EA2
t2Q T T 20

1
K
QAL + A = —ori AL, (4.7.44c)
a
K
OAL + TEAS = o, (ASV - %“Asm) , (4.7.44d)
a

where v is the amplitude of the velocity perturbation v = vK, and for i = s, +,z
and X =1,Q,U,V,

Na) = | RGN ) (4745

For tensor perturbations, in contrast, AU does not vanish in general, and the
evolution equation for A% can be expressed in terms of the quantities A’X defined

by

AT = (1—p?)cos(20)AF, A% = (1 — p?)sin(20)A%,  (4.7.46a)
AL =1+ ) cos(20)Ah, AL = (1+ 1) sin(2¢)Af,  (4.7.46b)
Al = —2usin(20)A}, A = 2ucos(20) A, (4.7.46¢)
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i
5
Eld

as
_ KL - ~ ~
O,AT + %A}f — 20,k = —orii (AT + AY),
_ iKu ~ _ _
0by + —EAG = —orn. (84 - ),
Af =AY,
_ K~ _
oA + %A; = —orn Ay,
where
. 3. 1., 1. 3 . 6. 3
A+ = _%A;—AL + ?A}B — EA;—O + 7—OA2_24 + ?AZQZ + EA&SO
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(4.7.47a)

(4.7.47b)
(4.7.47¢)

(4.7.474d)

(4.7.48)
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Ey N ETFIVDFEERE

5.1.1 iHMRE

BIEI TRz X 512, CMBIZ X 2 FH S IRF OBIHNE, BIAEDFH O 2= M
RPEFITNI L, EHEIZIFIFEFETHEZEE2RLTWVWS. 22 AW, BED
Ey INVEHETILVTRINIEEICARZE R L THSE. ThrRE57:01Z,
Planck R[] ¢ = ) ~ 1074s &2 HFET 2 U CTEMROIRL BV AR TALS.
ZC, Planck RITEARTEE ¢, G, h 22 SES N AT, FH DGR - Z=RRE
ZHBAICER T E ARADEE D E BRI ns. RS, ZOREITO
ZEMIHE R Ky 13 Planck & Ly ~ 1073em 2GS 5 by ~ 1/L2 FEEEE $ 5 DN H
RTH 5.

ST, FRNTPHTIPFHYEDO T B ER L REEY I NNVET VT, F
Hi AR D HFE A - -

9 m c

H:gc2 - (5.1.1)
IZEWT, TAVF—EEIBPHESARH T /o 12, MEBERARHTIE 1/ 12
EHIL CTAT 5. ZHET 32V F—FEDRHEREL O EFDT 2 2 & 2 Eik
U, ZO7-OME e iz REOF S I AT 5. FLLIGEHETS L, B
FEORENT XA —& Qi ik

|QK|%1W”<§5> (5.1.2)
m /) =t

5. LEDoT, BHIOHIR Q| < 0.01 Z{i723121%, Planck K (¢ = t,)




BHE MU T L—YarvEHETIV 94 [EHIRA

TOZRBHBENZFD L ETOHARBME L EREFIZINIWZ EFEREI NS -

10731 2
Hm&ﬁ@%ﬁ@%<<L ). (5.1.3)

pl
CHITTEEMRBE L ITFIEN S, ZoOMEIE, FHEYHIZFEHRO L VX —HEN
HERIH (ocl/a?) £ DRI T 2RI+ ELSFRITIEMHEI NS, Zh
&, d(a®p)/dtocd(a® H?) /dtocd?a/dt* > 0, THOELFHPIEWET 5 & 2%
K9 5.

5.1.2 H"74 X VRE&E

3THITHRZ X512, HFREEELTHE D > B~ A CMB THI T & 2 tHIg D
BiE, ZTOWRRTDORT A X R Iy (tae) D 33MEHLH S (3.7.19) X)) . FF A
VRIS S T O A E TICHEMICHE 2> Z L O T 54
DY DT, CMBEHENZERZIZLUTZED 33455 DHEBCREN —RIZT 55
TWAZL2ZRLULTWS., ZOREMWIZHBEI R WA HBE 2> TWwWas &5
WRZDMEZEZA XA VEEE WD,

5.1 RU72& 502, FHIENEND DIETOEWE Y NV FHETIE, BHEDE
M8 272 2@ EONMHED LB PR R () 1ZIFIE—E L5, TD7D, & A
VR R IRIT Z121%, BONE Yy TNV DRI, RT A XV RN O —Efl
BEHEZS & DGR BEL D, Rt IZH 7D MM DR ¢, T o ILE)RE

R t
R:f @:f da (5.1.4)
t

oa a; QQ
EMTBDT, FHDOHER o ~ 0 POBNE Y I NVFHPIRE DLt = ¢,
ETIZARTA X RPN IR T LM, a—>0(a—0) &5, ZhiE, Z
DN a BT & I ARTHZ e 2R T 5.
(f 5.1.1] Planck R4l t = ¢, (ZHH2 3 2 FIRNZIHE A EZBHITRE L 55 &,
BIFE R Z 2 D Y3132 DIFZIT Ly DffEH ? O

5.1.3 FHEEZEODER

FHOEAERIZIX, BEFRICE VRRHZERIIERELESVWTWS E TSN
5. ZOWHLEDAT =)L, Planck T Planck & L, BELFEZ S5N5. BV
TNVETIVCIE, mI74 X VRETHNZ X512, BEBNTE2FHAOEO
FEISEZ DRI TDHR T A AV ZEPIZEZTWS. ZlE, Planck RTH Ak
Thd. ZOHEBOVA X% LLTdL, TORMTDORTIA XY A X L, 12
EORBEHITE M I AN F =D E ST LT b, Lo T, & Lyv A

H XA



HBHE M7l —YarvEHETI 95

RN

BT

FEEEN LAY
B g\ (FHBMEY o ——— BBN
KHCH DI '

WSERHS

AV TL— a3V HRAIC Ev I\ (FEBEME)

WD

A>I7Lb—3>

BRI

B 5.1: EBEEER A BEDERMEE 551 X2, - 0RO log(a), KT
S 22 0D SE B A & KT,

ADEBDENRT VY VDD S5 ER c 2T 5L, Y41 XL DEFEETOIEY
BHRT VYUY VO S E §plk, N=(L/Ly)> LT,

0¢ ~ eV'N(L/Ly)™ = €(L/Ly)"? (5.1.5)
Y75, LhoT,

lH(tdeC) % a(tpl) N tdec Tdec N <tdec>1/3 <1‘E> 12

lg (tpl) a(tgec) tor T tpl

XV, t =tgee CORTARVAT —)VTDEHRT VY ILDOD S X1

teq

8¢ ~10"%e <107 = e 107" (5.1.6)

&b, Thbb, FHEARIZFHIZIEE I TRV WIiTF R,
517, (5.1.5) NizfES &, HRZEH CTOFEHMAHEOD S Eix, HROD S5 E
(ZHRIFIFEART VY LD S EICHY) TET &

- ~ 6
%%@b%mﬁfmyﬂ (5.1.7)

b, Tibb, RERFEDOD S FIFLIRENLAKES <AV EWVWITRW. Z
IZ CMB & 7-% < O#LHIA Harrison-Zeldovich A2 bL, FTixbbiliRD 5
ENHREITIFEAEREFELBRVE VWIFEREZEZ TWAZ L EFET 5.
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§5.2
A1 >70Lb—>3ayv

5.2.1 K74 XVREREE IR MEREDFER

BT TR AR 7z 3E L, EIZFHEIIII o RWREIEEEREZ Uiz 95
LRI NG, BIZIE, Wlt =t St =t, O], FHOWIREH PN —EThHo
eedbH, ZDLE, AT —IVKHTFIE

a

= H = a=a,ettt) (5.2.1)
a

CHERBEBEEIZE KT S, 2D, JEEATIHBRMED DY 1 X2 REAIT 3
Hubble 57 1 XV ¥ c/H K D/NSWHBE T IZIDERIA AT A XX DK
LB, BRE-CORIANt =t 12T L, TORIZEY I NVETFIVEE
FRICFHEZIEDNEE T 5 &35 &, T OAMHEEIT R 722 & B Hubble &
FTAARVYAREIDNEL 7D (K52, M5.55M) . FxPEEBHEIS 5 HEI%
MIDEIIZA 7 —=arvDiit, <t <t 12 Hubble 87 1 XV &Kt - 7~
Y3$5Y, OISR, Hubble &34 X2 & b /NS Az O EAER D
TEBHDT, TNODBG—THHLVWIBHEEFFELRW. Ldo>T, x4
O S e g
M ETIEffED-d, FHEEER H 2EBRDOLE FBHREHN > 7L —Y 3
V) BEZEN, BIULD HPERTHAILETRN., 17 —YaryoRE
WINERZARIZH 5. FEEE, T TIChRRAZ & 512, FHEMEOMRIRD =121, 1
V7L —va vz

d K/a?

dt H?
CIRBERH BN, INba>0%525. £/-, dIAAVEEIZA V7L —
va v ORHIIZFE A Hubble 874 AV X D EL IR T 5 Z L 28Rk $ 5703, Z
DS

.
= 2K -5 <0 (5.2.2)

d a dlaH) .
am - a7 (5:2.3)

b,

HEH5h, ZOXIBNEFENPNDETER D TIIER A DBEEDFHIL
LEnBWV. BIA VT L= a VITARBKREITHK T U, FHONMEEZ &
ALUIG (A VTR Y)DIZRNF—PEEOYEICEMT LI LickD, B
WE Y TN VFEHABIT LRV EWITRW., ZOEREIIFEHEBMEA L EIENS!

LTH) 20D XFADVT WA D, HIHIOE TV CIRBIECTED S BF Lghtr v 7

H XA
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107
10" 8
L(Mpc)
10° 16]
107 243
T - T T T T " 16_
107 % 4x10% 10 10
t1to
10— 241

107 % 10" %2 10739 10° %6 10713 10

5.2: HEIERIA CALBEDEMMEER (S Yy TR 1 X8 (4
B0 DR, EOBITMEBEA log(t/t)), T DEIZHEMIAS log(a). HEHIE Mpe
HRC OB RR. — BT Planck B L, 1236 2 LB E% %3
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10'
104

10-10_

10 20

L(Mpc)
107 %%

10 40Q

107 50

107 60

10% 10 10 403 02 0™ 1

B 5.3: EHE T 2BUADEHSEERE (R &y TIVER T A4 X B ()
DD FEN. B log(a). #EEHE Mpe AL TOREIG K. 7z, RO DOERITILE)
F73 100Mpce (ZMHY 4 23O EA R, —mEiftid &R T Planck & L, &7

5.2.2 WEESINBEHERK

B & B LR FE O — RO EHM 2R T 5720121, 17 —vay
MR BERH D, FIT, YOREA Y7L —Y 3 v O <
WHEDH BRI L TA K S, BILEOBHIE» BT & 25 (BIHIYEHE) ©
HEPERIE, FLRW 7V CTIRRFHOEN LAY ARNIZIE—EME (~ 1/Hy) & 72
5. ZOHEEERA TV —2a v DBEEDTEDEEDNY TIVKTA XYV
Fo/NZ N, FI4 X VMEREEI N EEZ NS, ZOERMIE

1 1 —mﬂﬂ<

— X< — < e

L. 5.2.4
Hy H; Hy (524

ZIT, MBIy I —2avDlhE b EDAT—VINTOfla, EHETT DL
EDfH ap Z#FAWT

N, ay
= — 5.2.5
€ . ( )

L—rarvhiREdEIZ6NTWEEZOTHS. BIEDELLDETLTIRAI VI L —ra UhiigE
Witk IFIFREFICEEZ R EZONTEY, Z0BE, THEMEY Lo My WS SED
FHDRSEHh LW,

H XA



HhHE ML —vaVEHRETI 99 [H¥Z A
TEHEIN, 1 V7L —yaryOLBHEEHRETTIENS. BEii

© H2 H2 e,r 3 e,e e
Hﬁ::H?£3]¥§:=a§§l-<g4—> (g;ﬂ) (5.2.6)
Pr eq R ge,eq gs,eq

EAVTa 2MET 5L, Z0%MHIE

eQNt > mHE (ge,eq)l/ﬁ (M) 2/3 ~ 1053 (H7«>2 < Hf ) (527)
HoHy \ gep Jeeq H,; 2 x 10GeV/h
rEIMIOND. TIT, ¢ ZTRVF—BEIINT BHENER, ¢ ldTY
PR —EEICNT SMFTNEAT, BRA T eq, FIZZENETNL =t BLTA
T —YaVvR TR TOEZEWRTS. 72770, 17 —Ya v THRELIC
BES DT (B y FNVFH) (BT T 6 e Uk (Hy = H,). 72, ge,

T EINBEZDOYE DHKFNEAT 10T FRELIKE L (X3.18K) . Lk
MoT, 47— a3yl iER &M
- 1, Hy 1/2
Nt > No =61+ 1In [?f (2 » 1014GeV/h) (528)

Rz, "o X VHEIRRRENS, 22T, N Z1 7L —va vy
R COBMDCHMED R Ny TR T4 XD E —F L, BEOEIHIHHE
WO (EHEZIZT Y 7 L=y a YETOBMIREFIR) BNy TR I4 X0 LD
KEL BoTUBTOAI Y7L —YavRERT.

WIFEMEMEZ R CA LS. £7, SR 27 — VAT O 2 BOEITMAT
IN5DT,

ko k;a? kia*
U= -7 = = = —e 2L 5.2.9
FTTHEHEZ T HR T m? (5:2.9)
—kRVED G & FRRD ST ar ZIHET DL, T &D
__—2N¢+2N, |k7f|
Q] = e il (5.2.10)

EoT, QT 2BHEHIR (WMAPTyr+BAO+H,)[?]
—0.0133 < €, < 0.0084 (95%CL) (5.2.11)

FEETEE, 47— a3y ER AL

|Fei] /2

0.1 k|2 H; 1/2
— 6331 212
633+]1LQHU2]L 2 % 101GeV /h (5.2.12)
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i 7-EE, BHISNSEHEMENEHEI NS, 2720, ZOHIBRIZFEI DX E;
ZHAF U, k| > H; 726 —FRMED S OTFIER (5.2.8) £ b8 72 5.

X7, WSOPDEFLTIE, 1V 7Lb—Yavii&T#H, 175 O
DR N T, MEHEBOFH (B y FNVFEH) 1287 5 £ THRED 2D
256055, ZOYMIIFHEIIMERE & FiIXh, BIFEARRZ L5112, £<D
EFNTIH 1/ IZHBIL TR T E 1075 b DT 3V F =R 2 L
$5. ZO5H, N, DRAUL

N, =61+ | Hy R A A
0 H; \ 2% 101GeV/h 216 1016GeV

Lhd. 172U, Hy = H, &0, FIAGRE T, JRO&EME2H S 21T 037505

(5.2.13)

AN
1/2 2
Hy > (9L) L (5.2.14)
2 x 1014GeV/h 216 1016GeV
(S 5.2.1] (5.2.6) & (5.2.13) & &S O

(f8 5.2.2] 17V —a YINOFHEHPRE H B —ET, WLt =t 124
Y7L —=2aryhE T VESICIESHESS LFRW €T I)VIZBITT 56 35, FHE
INEGEEE T, 7310'6GeV TH B2 LT, v 714 A VMEDBILEI NS, ThbDL
1V 7=y avOiaE DIZBTEOBIEED o/ H ROV A XTH 57T,
A7V =y a vl K At DWW SPAERED? HAt DETE R L. £77,
ki =1/L2 &35 &, FHEMEVBRINGIZE, HAtPWSHUETH D
RED D BN D ]

52.3 1HROT1IYI7SMNVETIL

CITHEILREDNRIZUTIDEIBRILDVEELZDONLVIHETH 5.
BlZ1E, FHESADERIASRMEREOLT AL, WEOIT I ILF —5E
FHPR CABIZEAT 2D T, WEICFHIEX H D&l (A/3)/? D de Sitter F
HIZED<., LAL, FHERIERTHLDT, ZOFHIFKEIZA YT —
Y a DR EoEDOFHITR Y, BUEDE y ZNVFHITHAT LW,

oW, FHEONRDVICHHART YOy Veb DAL 78 (17
ShVEFENG) OTAXNF—%2FHATL I LICLVERTE S (K5.8). Hilx
XD ZD, KTy IV V() 2EDIEBDEANT—HohEXD L, %
M~k &, TOELDE X ILF—1Z

P= V(o) p= 30 +V(0) (5.2.15)
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THZAOLNE. Lo T, 5oL 0 &g R (Au—u—)b) 12,
p~0EBWVT,

P~ —p~—-V(¢) (5.2.16)
Ly, FHELAUREARANESNS., LrL, HBOEIET VY vILD
BITED L IIREL D, BKIIZIE O IZRT VY Yy VORTIHRE 21hD 5.
Z OWREIT XV X — B EAERIC & 0@ OFR T2 5 & FH D
E, A7 —vari3RTUTEWE y INVEEPEENS.

AO0-AlArY7Lb—yay 53D UEBMICTHMLCALS. £7, R
HIZBWTRT YU vV V(e) &2 DRI —RA A D 55 ¢ 1%

b+3Hp+V'(6) =0 (5.2.17)

> TEAT D, ZOANTHOIZXNF—DNFEHEEZ XL TWSE LT 5
&, FHEDHEAIZ

2 192
H? = % (% + V> (5.2.18)
THZAH6N5DT, FHIT, ,
H:—%&. (5.2.19)
znko, ) 2
¢ _f e _ Ny a2
a_H+H__3@’¢) (5.2.20)

Lm0, ¢2 <V RO NEFENEREI NS,

7L, ZOREREVEREZNSITIE, —BICIE, || 2 3H|¢| L RTI
W H B, TIT, ¢HWETELLMEROTAHALS. £, (521718
WTZDIHZ M T 5 &

3Hp ~ —V'(¢) (5.2.21)
Z DIRIZH LT,
€= mp(V)” «1 (5.2.22)
212

DL DL DRFATIE, IEBZRAE Z 0D 22D H OZALAFER T8 5 ¢

1| _ w2 mp(V')?

ﬁ = Ve >~ 2V2 =e«x1 (5223)
I 50T,
a mglvﬂ
ni= (5.2.24)
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LB e, (5.221) OFEMA &b

2oy (5.2.25)
H¢
ERB5DT,
In| «1 (5.2.26)

Ko, ¢EERTEELNEYLINE, 2T, &M (5.2.22), (5.2.26) 1F1 > 7
7 h g 5 20—0)b (slow roll) &4 & XN 5.

LERA Y75 FVETNMZBEWT, KAty 7b—Ya vk TRt =1
F CORBIZIRE N X, —i&IZ

iy o H
N = Jt Hdt = L gchb (5.2.27)

EBDT, A0—WVEMPRWESIZIE, NEZRLAORDVIZZDEED ¢
DIEDRER L Hid &

@ H?2 @ 174 @ d
wa:Li}Nw: ——ﬂwzi(xnhik (5.2.28)
f p

2 /
o mplv

ERINS. L/f:ﬁi\’)"c, ﬂ’f%?/“/‘\?}[/‘/fji"_jiz’_gmz)tfé%ézjv(qs) 72%1_%:_3—
HZENTES.

AVI7L—23 VDT BUNEZBDRT VI YILTH, —RITHUNS Te, n] —
0 &RBDT, 47T NYPRUNUIZTED S T A0 —)ViE Ui,
INFLDEETHRBIT 2 L 51275, ZORNZBARKNIZR S 72012, f/h S (f§
B, =027 2) OEHETET VY ILEV ~m?¢?/2 LEMT 5. 20D
LE, A7 7 b rOERHERNZ

¢+ 3Ho+mp =0 (5.2.29)
b, ZOHBEROEREI N D EES, NI

—3H £ v9H? — 4m?
2

THZAOND., Au—BVEREPEND L Him =1/(24/3¢) « 1 £ 85D T, —
ke figt 1

MNA3HA+m?P=0 = A=

(5.2.30)

¢ ~ e 312 (Asin(mt) + B cos(mt)) = #A sin(mt + «) (5.2.31)

LD, FENZA YT T M VIFRBEREICEIT TS, ZOREIXFEHBEEIZLD
FlEREIINDG (MBYEE) . BIREN 212, ZOREREKHATOZ 2L F—
BERHATLL ,

_1 12 2 2 NA_

p—2(¢ +m¢)_2a3 (5.2.32)

H XA
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L0, EMNEHRAIME LR CIEAEHEWNET A NSNS, Ik, —HRIZH
IREIS 5 m CIREIT 2 AN 750, BfmdBlaro /sy, BEm Okl 7z
K FDEMEFEETHDLZ EIZLS.

FEHEMBE UL7zR->T, ZOFFETE 7Y - RN UVFEHIZEIBTT208%720
EFEHIZZ>TULES. LA L, BECIRA V7T by @ oyEsorEE
Dz, 20477 b VORI A LVF—13WELO T2 IVF —I1ZBi7T 5.
BFWMAIZIE, ZOMEEHIZ, BEmDA 7T bk FAENMNSRER
ZHLOEMEETILOR T (HEWIEKM—HmCTHNAIEWR 1) I[CAET K
G RABZEMNTESL., ZOFEREZT 358, 1V IV VDI RILFT—%
I py EHREL THES NAHNERYEO T XV F —%E p, 02

1d

Ea(agﬂqﬂ = —Lpg, (5.2.33a)
1d
;%M%J=F% (5.2.33b)
THEZOND. IREDIEF DK% ¢, EMEIZIXH, =2/(3ty) £BL &, ZOfEIE
a’ps = (a*ps) e 1), (5.2.34a)
t
atp, = (a3p¢)fff dtae "=t (5.2.34b)
ty
75, a DKFHEIZALIX
K2 H?
H? = 2 (po + pr) =~ (po + 1) (5.2.35)
Po.f

TREDH, YD py > p, ORI TIIWEEADOIARA 0 = ay(t/t;) ¥ 12> &
LTEWw., ZOELDE LT, p. & py DL

+ !
Pro_ y du u2/3e—wt/ts (5.2.36)
Py ly te/t

e THFZ(ET 5. 22T,

t/ty > 1DEE, p/pgldyt/ty DAITHKREFEL, A/t ~1.073DLE 12785,
nko, BHES . > p, LIRBEL L, L X DEZDHRER, y<«1DEE

;1
m:izf:>m~r, (5.2.38a)

v
o~ Ly
T e ¢7f

) ~1/4 r 1/2

T, ~ 45 x 105Gev (2L S — 5.2.38b

- . ¢ (107 101 GeV/h ( )
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X 5.4: EHOBNEG & 7T % BIRETEIED% R C = 1eh5 1k v =
0.001 L. HTIREWATINEERIA OB ESAIZ 2 > T\ 5.

THZO6NBZ D005, M54I1ZR LT, ZHIXEMRHEL S 8T
L. ZODEI, FTHEMEPEMZA V77 M UORBIZE VR E BI5EI12E,
FHMBREIIHERDOATREINS.

ZORRIE, T« HOE, 17V —a V&7, BIBETIZAIY 7S
bV OIRE) T 3OV F — BFEHE IR % XA 5 Y EE SR T O R AR < i <
e ERERT S, ZORIZRIMEE L IEIEN S, giNBHIEESsTLER WD
Tk, ERE, ERHROIXVF-EEORKEAERLD, BHOT LT —
BT p,, U723 CTFEHOIRE T 13,

1

3

_ 1/2
N 15 9(T>) v V I'Hy
7;_5x10(hv(i§7) E (5.2.40)
ZHELD, Z0%, BUHESIIRITT 2 £ THIFACEDTE2Zehbnsd (K54
S . 72720, ZOKRTO p, DIRBFEN I

3 4\ 53
a‘p, ~ Eaf<a3p¢>>f <—) (5.2.41)
ay

720, oT DRFE & HITHKRT 5720, FHOTZY bub— 3Nz iil) 5.
([ 5.2.3] X (5.2.39) &3 (5.2.40) &2 & T, O
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5.3

P 5 EDERK

ZDEIZ, 17—y avEHRETVIL EvINVETILTIEHMFRTE
HOWREZ BN T, CvINUREEHEZOLODOAE AT S, EiT,
AV T —vaviZIiZET S ICEBIRENELD 5.

5.3.1 BEWPLE

— %2, B TCIEEEREBTHHIIEMAREZ L T\0Wa. ZOFSIRE)IZET
WEHITE 0D, IRFH TIRRBE RS, FIZIX, 1077 P VENINVA
=V TR RIREOE SR 26 O0, ZOESIRFOKREIXI 7L —va
NZE Y EEIZF ERIFET N, DWIZIE Hubble 571 AV AT — )L X D EL 5.
AN, [EELITHEMNIEE RIZT A —)VA Hubble 5T A AV A —)b
DT, TNIOVELLoEBEFDSTFIRHTET, RIEVPHEINTLED.
ZOW S FIXFHDOHMBDOEIZ, WEOIANTF—EEDD S EANLELT 5.
N0 6 ER, By I NUFEHRIIBTUZBEE FHERE LT AT — V9K
Uiilr, TO—IZBEAEDIRM NS5 H T4 A VMY T H2EIICE ST NS,
ZOBEFIBEHEZFEDOD S ENEHNALEICLIORET S I2LD, BAEBHZ
NDW|MP T DN M2 EARTIENTELEDTHS. ZOHHD K S 2RI,
A7 —yaryORCKHIZERM A7 — VL EDREZFEOD S EAVERK I N
L7280, FORMEPIZFEAEHREIZI SR WZ 2I2H 5 (Harrison-Zeldvich AR
7 MV) . 2k, BlE X AT . LB, X3.6 DEMII DL D REERD
FEZHIETEHDTHS.

WLEDEFHR 1D AT V7T MNVETLT, ZO0FiMmELIDUERMIZAT
AL, FT, BREODSLEZMELT, 17T bVOAPIERFIZDP S S L
L&d. —BRR1 Y7 D HBER

¢ —V'(¢) =0 (5.3.1)
k0, EREIC—REREETETIE, 177 b0 SERD X = do(t, ) 13,

. ) 1
X +3HX — SAX + V' (¢)X =0 (5.3.2)
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hES. BOBRTHTE, ZOVSE X I1d, WO CEEAY MLk BRAT
& U CRDIHIBAEEAE T ar, 2 FHWT
dSk ik-x T, % —ik-x
<X@w)=JfZ§ﬁELm%@kk +afg(t)e | (5.3.3)

LRIND., ZTIT, upt) iZHERX

g + 3Hg + wiug = 0; (5.3.4)
k}2
wi =V"(¢) + =, (5.3.5)

DIETH 5. 72720, ar DIFEHER 7233 BB %
lak, al,] = & (k — k), [ar,ap] =0 (5.3.6)
ZNi72 972D, up FIROBIMACSRM 27 T RIS 80
Wity — uptls = —ia(t)™ (5.3.7)

FTRTO kK UTE— FE#w, 2I8ET 22, MIST 27 4y 2 % |0) A
St

axl0) = 0, Vk (5.3.8)
WEDEES. ZOHEZBIIXNLT, »5 S OMBEBEIE
A3k
(X(t,z1)X(t, 22)) = J4 k3<@¢ (K; t)etk-(@i—22) (5.3.9)

YREND. ZIT, Pykit) i

2 Py(kit) := k°|ug(t)|? (5.3.10)
TEHIN,
d’k
x)*) = o k§C92¢ (k;t) (5.3.11)

X0, BEIRFIZIZ XODETFDOLEDRE TV IHETOREX (D2F), T
bW — AR NLEERT.

Minkowski BFZE TOEFKWP 5Z  Minkowski FZETOHHE (V =V + m?¢?/2)
Tk, AT —I)VIHT a l$ETp = k/a BWEERIZY 725D T, wp = (m?+p?)?

VR S 7, .

ug(t) = N (ke ™" + Bre™*t) (5.3.12)
k
L5, ZIT,
lo|? — |Be]? = 1. (5.3.13)
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FEHERA) 72 Minkowski HZ5 1 |ag| = 1, B, = 0124725, ZOHEZETIHE, Do ED
N = AR BV

pS

42wy,
LB, RHT, ERREWRRTIE 2 ~ p?/(271)2 £ 725, ZOIRBEENIE, o B
IRV F—DRITEEFFD I EITERT 5.

Py(kit) = (5.3.14)

K-Yvd—FETODEFWLE WIERFHTIEX, D Minkowski RFZEDLHE D
FERT o Z I OBEBIZZ ZNIXEENIZRWIEMBREO NS L PRI NE. Z
DFENELWE, BFPS5EDEE— FOEEILp = k/a(t)ocl/a(t) IZH->TA
HIZPFDITHZ 81245, LrL, ZOFHIIELL RV, ThZE2R572012, H
M—E LR AN 7L —YavEd (K Yy R—FH) 2B\ T, &
TFUVYILV DR2REBE R EEHBA N FIHOIRDEVNEHEIZKRKDTALD -

2
V=%+%¢? (5.3.15)

272U, mIFATE L. Z05E, E— FEBUCHT 5 18X (5.34) 1, EA
IRt ¢ DD D IZHIERE n = —1/(aH) ZHWS &

dPur, 2 duy ,  m?
_ R = 3.1
aE +(k +H2772)uk 0 (5.3.16)
LEITE. ORIV T IVEEE VLT
i = V()2 [ HY (k) + B HO (k)] (5.3.17)
LRIND., TIT,
4m2 1/2 .
vV = 5 (1 — W) =V + 1l (Vl, vy € R) (5318)

F7z, BUEIESRM (5.3.7) 1%, (5.3.13) XN& —HT 5.

HKE—RNBEBL, a=1/(-Hn) -0 (p=k/a — ) DGR T
1
Up X —F—————
v2(k/a)a?
(6 =2+ 1)r/d) LIRDBEES DT, |ag =1, b = 0 LR D EZE 2 EIE FKE
FRBE T Minkowski BZ8& 5 £ 59 5. £Z T, %, Z® Bunchi-Davis B
LTINS EERFEHETEHINTWELIKETS. UFTH, ZOREER
35, 20L&, DOEEOWENNY TIVETA AV EBZE/(aH) = —knp < 1
Lmby, T— FEEIX

' H 9 . _k_n 3/2—v o —/W] 3/2+v
U ~ _ZW ;6 2/2 [F(V) <T) + F(—V)e T (5320)

H XA

6771'1/2/2 (ake*ikn*ia + 5keik77+i6) (5319)
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LIRBEES. INLD, m>» HOLE, v~im/H XD, DS5EDNRT—ARY
NI =S , ,
k p

. _ 3.21

Zolki) 4m2ma®  4m?m (53.21)

£72 0, Minkowski RFZEDEgHE —HLTW5S. LA L, |m?| « H> DEHEITIE,

v~3/2-m?/(3H% &V,
2 k 2m?/(3H?)
)~ [ 2 .3.22
Py (k;t) 4W2<ZU{> (5.3.22)

MDD, BT, m=0D2E, N TILHKSTA XA EREEBIZDBAT—)ILT
EPSETDARY MIVIZERITEHIZR 5.

—fED2O—0O)LA Y T7L—2avTORPRSEE DEDKN- Yy X—FHTOER
CHEERIE, AUDBIET—RMR A0 —a)LEpAm o o1 v 71— a iz
FHUTHEMOND., INERDEDZAT, TITHERI LI, KR (HbAWIEXEN
%) O T2 AN L THD. RNEHEDDSLETZ2H/D & EITkAZ
2iE, MR FE DGR g, oD TNELTODS E 69, = Guw — G
D, FE—RRARTFH & BRHE L 72 5 — R FHOMIMIT I FEFT 62 TH B, Z
NI 21X, Minkowski 22 TH — RN BIER TR EEZ R T L IE—FRICR X 5
ZEPOBFPRTES. 2O KD HIBAT DR ZYHIZITERZ 72
BWDT, TOXSRAHE (F—VHHE) 2RET 272012, Mot (-
V) WWHKEFELRWE (F—YRER) OAZHAWTYLE 2T 201K
Lidfrbih s, &7 —IUREEX, [MorORIGMFITTOPS E LG LTWS,
e zIE, BEHEODSENE O L RET—ITDANITHZDOD S E 5o 123
6T BT —IVRBREOT—VIEN%E X, 235, ZOLE, BEODS X2 EE
5L, (5.3.1) OEE AR,

.. . 2
‘&+3wa+h5+mﬂxk:0 (5.3.23)
THALONBZEHMWREING [49,37,38). 22T, m? i
2 3 .
~ 2 " K a” o
=V - (= 3.24
m Vv 3 (Hgb > (5.3.24)
TEHRI NI O T, Au—u)LiELTlE
m2

MDD, LEDoT, Ag—aillsry7b—yayOiizNny 7Lk o4
A EHEZETDS ZIFIF—FEDNNT — AR ML

H2 Lk 2n—4e
é@dkﬁ)maza(QaH> (5.3.26)

EHROZ Iz B,
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HEPSHE LLETRDESAVTITIYODSEE, 17—V avikTiE,
Ey I VEEICBIAYWEBREOWEAND S5 EANLZITMANS., 205 E
DEFEFEIT —RICEHTH D03, Ny TR T4 AV X VREPEWEIATD
RAHENE, BEDSEZDOLDOTIERL, TOEARTZEMIIROD S EI12E
HI b RBIZB/BONE., £7, ZOEMBMLOD S E oIl Y s — &40
LET, FFREROPSEFLRD LS IZFECT DT 515 [40].

ds®> = —(1 + 20)dt* + a*(1 + 2®)dx>. (5.3.27)

ZIZT, VEENRT VYUY NLODSLET, TAVvvakA Y AERLD, LD
BHZ U = -0 OFBRYEHS. AT —Y TOYEREDD S E, FEREIZI

H

WEDERBINIHERT Vv ok 0067 — VAR (/\—FT 14— (Bardeen)
NI X—=%F)
Z:=0—v (5.3.29)

EEHETDH. MR, BEDSECEKETS2E—NLHET 2T — NOPFET
L0, A7 —=yarvoR i EARINZDSEDS L, HEDTFHICHET
LDEHEE—RDOATHS. ZOREE—RNIZHFLTIE, Z07—Y TS Z,
Nkla « HDL ERWHETREFEINS Z 2RI NG [4, 40, 37]. ZEDS5ED
HENEE 27/ 1ZZELRWDT, 1 VT L=y avdiiny TR T4 X DOAb
WCHZDSEE, 7V - RN VYFEHIIBIT UL, BUENY TILKRIA XD
WHEIIZAD. D& EDEED S EDOIRIEIE, Z, LAREL RS ZEPRINS.
ATV —=vavifiTiE, N—=FT4—=VRIFIRXA=RIX, ZAHFHDODPSETEE
Tr—VARER X ZHWT

H
Z=-=X (5.3.30)

o
rRINE. ULEDNST, Zy W k/(aH) <1 TEALRL 25 Z 2 EOHHI &
D, ZIZBET AN —=ZART ML

2 = | 2= (3) :< 1 ) (5331)

—_— . — 2
$? it 2me 8 €m, .

b, ZIT, thldk/a=HERBNATHD., ZONT—ART MNLEHD
HRF 30T 455 BRI Z

Pe(k) = Pk (k)" (5.3.32)

&L,
dty, dt 1 1

dink — din(aH)  H_-H/H (1+oH

(5.3.33)
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X0, ZARZ ML, — 11
L dIn Z:(k)
s  dlnk
ThHEZ6NS., bbb, EFICEHBRAXRI MU NE. ZHiFAo—1
WAV T L=y aVIIRHEDRRTH L. I, e=n=0DRTIX n,=1¢&
5. ZDEDBERIZEHEARZ MLEFENYY Y - BILRGT4yFIARY ML
WU RAT —=ILAREZIRY NLEEIENS.
B2, BRI T RO R T > v s

~ 2 — 6e (5.3.34)

V=1 [1 - (%)p] (p <0, 2<p) (5.3.35)
il cE s L E,
2 2—p
N~ p(pl_ ) nz_fﬂ (%) , (5.3.36a)
e:lggél(%>ﬂpl% (5.3.36D)
n~-pp- 1)72—;2’1 (%)H (5.3.36¢)
L5, FRZ, v<mp Tp> 202, ¢/v<1LR5DT, e<n. £-7T,
ns— 1~ —%% (5.3.37)

1

ﬁg ~ 2 + de, (5.3.38a)

1

0 = €+ 2en (5.3.38b)
J: D; d

I s 2
= — _9f + 1den — 24 3.
e 1= o § + lden € (5.3.39)
LA, ZIZT,
V'V ®)

5.3.2 [RIBENK

A7 V—ya v, 1V 75 bV EFTRIEBEHEZFOLEDODD
SELRTIAAVEBID AT —)IVIZEI EIEIFI N, TOREBITHEEINS., 2
DOIZ2D & FIXFHENHE R T A A VNIZIZWS LiREI 2858, EHKE L TE
w9 5.

H XA
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IRIEE AR ML EHEORAEWL, ETRAEAAIIHODS T LHEMLT
W5, £9, EHHIEFIEDOZEMESI DD S E

ds® = —dt* + a*(8;; + hij)dx'da’ (5.3.41)
TEIND. 72720, BESEMELD,
=h; =0 (5.3.42)
WERING., TA vy axA v ARAKLY, ZOEH h; 3EEHEX

2
ﬁpﬂH@+%@=o (5.3.43)
WZHED . BRI E TN IR 5 8 5@?,:@ﬁ@ﬁuzﬁ5%®@6§t
W BHBERXTm=0&LgEL5% —H 35, Bz, 170 —vavrh
L%Wéhft;?@b%@%%hw ,&Eﬂn/7w$741/+ ZHZ B
EEMLURLS Y, 7Y = NI UFEHIIBITHE, HONY TIVET A4 X ORH
ZADEFTC—REIZRI-N5. 77,

d3k
(hihly = J‘4 kggﬁh (k;t) (5.3.44)

IZE D EBINBFIRENED ST — AT ML P (k:t) 1F, kla < H Tt
79, (5.3.26) £V
2 2
@MM:8ﬁ<EJ :8( H ) (5.3.45)

27 t=ty, 27Tmp1 =t}
TEzoNn5., ZORIF, 170 —a vEFLAOFERMICKS 22T, FEFIZ—
BHEOEWEDTH 5.

ZIT, ROGRES IFIRD LS BBEHTHNS. X9, HEIOBEEERT LIS
X9 B AEARE DI

1 o
S:fﬂjﬁ%gg(&@u—ap@pu> (5.3.46)
K

EA. BHRKIE 2 ODMMGIZHIGUTHBEHED 2720 T, 0N R
TV

eaé(k) (=+,%): el=0, ke =0, eageﬁé- = 40,5 (5.3.47)
LB Y, b (5.3.6) (CHIGT BRI AR - WBRHGE T 0 2T
Ehj = JW a;)( (eaj<k)Uk(t)CLak€ + hC) (5348)

LRI NG., ZhdD,
. APk
<h hJ> J (271’)3

ERD, TRILVF—IRTEED1IRD AN TIGDGED K2 fFL5.
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TUVIL—RAATHETA X (Lyth) ER  &EIJKD AT bVIEEn, %
P(k) = Ppks)(k/ki)™ (5.3.50)

TREHET DL, BEPLTOHALAKIILT, = |H|/H?> « 1 DHFAITIE, n,
%

e = —2¢ (5.3.51)
THEzoNn 5.
AR E D OHRIEIE, UIXUIXEhERY 5 EORiE & DL
D
roi= 7, (5.3.52)

TREIND., ZOHIETYYVIL-ZAZH (L) FENS. A8 —BIVELIAELD
NDO1UEA YT T N VETITIE, ZOHIE

22
H*ms,

— 16¢ (5.3.53)

exRINDS. KR, r&n Tl

1
ng=—gr (5.3.54)

EWOHBERBRRDAE Y LD, ZoBEBRFAT—aL 1KY VT T R VETLIZ
e HEEMRM (&) FXh, TNXBINC LRI WNE, ZOETANR
WHETA v 7 —Yarvzidd L TWDEHle 72 5.

LA > 75 MY ETIVTI, (5.2.28) A& (5.3.53) Ad b e 2HET 5L, #l
HXNnzd27r—)L7c

2 2
r§8< A¢) %2xm*(é?) (5.3.55)

Nompl mp)

DD NLD (T4 A (D. Lyth) EFR[46,?]). 22T, A¢ (TBAEDBIRIESRL Ny 7
WEITAX VLD KREL B> TUBRDORATDO A > 75 bV GOMEDOENTH S,
(S 5.3.1] (5.3.51) X% &7 u

BEREREOSN hoarr 7L —ya Yy EEOFRBE K2 EERETSZ
CIESDOHEHMTIIAAETH 2D, MEMICKRET S ZIZAETHE. TD—
DUE, EHEIFHBEN EDD O, YMEOREDOEEYD & 12> EEFE AL
IME DR S CMBIREDIEE fth2 AR T I L ICERT 5 HETHS. L
L, ZOHIEFMOME L OHMENHE L. &5 —DDHIE, FIEEEL

H XA
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55 A7 L —Ya VFEHRIZBITED 5 DAL BIEANDRE.

CMB IZ B-E— N2 IEEN MR DR N Z =V 2 ZNT 52 2FHTAHZ &
THb. TOAHZALIRDESBREDTH 5.

—f%IZ, DB THELI NS &, BELIICEE R F A EAME LR E L 5. 2
ISR EELI TONFIZE Y TIEE B, 72720, HFPEFIZAHTT 2 LI
TVRLTHDBDT, FHIPTEBIZ—HKELRS, FEIT 5L ZOMmEIXITHH
N5, U UEBOFEHTIE, BEICEMNZDSENHE. Zos, EY
ULIzBb O TDRIEENES Z 2 i2/5b. ZOmGEIE, WXOHMIZL5ENE
KEREDRZ MG E UTRET 5 & &, EREERRA 22— (EE—R) &7
L5 EDNREINSG. ZDRA TONNANR—VIZE-E— REMEENDE. ZITH
LT, S LENEIFET S L, I ZREN—RTDH, BELLTI2ETIT AR
TDHMIE > TR SR iRE 22T 5. TOMRE, MELZ2EAL L TEY
Lzl &, 230 CMBIZREDED Z 2125, 7270, ZOHBEDRHEDOR
RETDONR = IZIZEEER (R MV E U TORHLELD) KahagaEhd
TENRINDG. ZORHENEZ—VIEB-FE— REEN, BEDSESIFHRL
THEAHEINZ VDT, BV 1 AU EDFBENRZRE T 2N TEE2 5
Z5%. FIREHROIRIEDRS 1D L, 17—y a VIROFHBEER (H5 W
WA Y7L —va v THROY Yy ZNVFEHEOYIMIRE) 2HRETLHIENTE
%, ZD=&d, HIE, HRPTIOB-E— FEEOH FERHIERIED ShTn
5. 77, 10EBICITERABRIZL2BHDGFIHINTVWE, 17 —Yay
ZEEBNT S AR R LRREMEETH S.

([ 5.3.2] AT =y a VRTRELIZHNBEDE5L LT, 17—
Va VIHZAER I N A ELHFEOREZFHOBMEEE XY, [
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5.3.3 E&LRID 5 DHIR

HI?E TR K512, BfE, WMAP 27 5 N2 Quad X ACT 72 € i E#]
HISEBRIZ X 5 CMB OIEEFE AN L 0, FHENWEN Y ORHTOY S Ei12D
WL, BIEDNY TIVHRT A XV AT =6 FD 3000 0D 1FEED AT —)b
FTHLWEBRAEFONTWVWS., ZTORBIZRO LS IcEeHoN5. [7]

1. (W5 EDIRE) FHEN EADKRT, A7 XA VAT—ILTOMERD S E
Z10°FBETHS. L0 IEMEICIE,

PEko) ~ (2.42775078) x 1077 (ko = 0.002Mpc) [WMAP9yr+BAO+H]

2. (AR L) FHELA D TOY 5 Fh 5 HEE S N2 FHINIE
DS EDANRY MV n 121 XTI/ I W

ns = 0.9636 + 0.0084 [WMAP 9yr+ACT+SPT+BAO+H,]  (5.3.56)

3. (TYVIL-RATL) FIAEIIKED CMB ANOEEIREINTE ST, T
YYIN-AH T ITT S BEROADPFESNT VWS ¢

r < 0.13(95% CL)[WMAP9yr+ACT+SPT + BAO+H,] (5.3.57)

4. (BFBVME) DS EDAT —UDINY TR TA XAV EBATWSHRHT, 5
ED YN LD IZWFITH 5.

5. (H M) DS FOHIWMEIL, BHORKEDRIET, 7Y ANTHS.

ZIT, DOIHMBNTH D LI1E, BEDSE ip, EHDODSE 5P, HHD
27 2 = P/p DRI 6P = 20p DBFEAH 5 Z L 2 EKT 5. Zhid, FHWE
ZREINT 2RI DEE p;, B Py, BED S E p; DA,

S = opi _ 0p;

YU i+ P opi+ P
DOBIRM D LD Z L AETH D, BV Y INVFHOT N TOYWERS D
HUAY77 N VOFEIZL D BRI, FEYE DGR D HER X
DOHZDOWD S EDHEEZ T RWEEIL, FHENRROFEIGLET HEED
SERIMBME LS. 2 LT, 17 b—Yarviizsr 77 bSO
GDMFEEL, TNDNFHEMARICHET 55672 2120F, ERMBWR LR 5 0
BARINEGZ D HE. ZOL5KGE, OO SIFZER/ER (RWUEDKRT
YY) ORSERMESES (HMEPLE) LHEOD S FITHL LAV
(FHFXRPLE) OFELEDLELERSE. ZN6D5 5, WEWRERYD S ok
WEPNY TVKRITA X ERED FaREVE SITEBMERZ D, —7, Fill
P o IR (EMECIE, Sy OfE) 1Z—EITR7=N 5D, FHEE & IR
CHRD S ERERT L. SOITEEPNY TR T XV EREELRE L T
NS DEITTHNIFEG L, NFNRDEIZTE 025

—0 (i # §) (5.3.58)

H XA
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Fia. 7.— Two-dimensional marginalized constraints (68% and 95% CL) on the primordial tilt, ns, and the tensor-to-scalar ratio, r, derived
with the nine-year WMAP in conjunction with: eCMB (green) and eCMB+BAO+ Hy (red). The symbols and lines show predictions from
single-field inflation models whose potential is given by V(¢) o« ¢* (Linde|1983), with a = 4 (solid), @ = 2 (long-dashed), and a = 1
(short-dashed; !McAlliSter et al.[2010). Also shown are those from the first inflation model, which is based on an R? term in the gravitational
Lagrangian (dotted; [Staro])insky"lQSO[). Starobinsky’s model gives ns = 1 —2/N and r = 12/N?2 where N is the number of e-folds between
the end of inflation and the epoch at which the scale k = 0.002 Mpec—! left the horizon during inflation. These predictions are the same

as those of inflation models with a £42R term in the gravitational Lagrangian with a A¢?* potential (Komatsu & FutamaseHlQQQD. See
Appendix [A] for details.

5.6: CMB FEE AHBHIN S/ 5N n, & r ~NOHIR. ACT &l & WMAP &1
PNz FS L 7).
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5.4.1 (3+1) &
TEFRE I 1,
S = %Jd‘lx\/TQ [R— (V¢)*—2V]. (5.4.1)
RrEE
ds® = —N?dt* + q;;(dz’ + B'dt)(da? + 7 dt) (5.4.2)
3+ 1) nfETEE, ERARDIE

S = % f dtd*z \/EJ[N (’R =2V — " 0i¢0;9)

+N7 {EijEij — B+ (6 - Bi&qﬁ)Q} ] (5.4.3a)
ZZT,
1 .
Ei‘ = _NKz = 5 (qz‘j - Dzﬁ] - -D]/BZ) ) (544&)
E =E! =¢'E,;. (5.4.4b)

IhE 0 ESNBHIESM
HC : N?{°R -2V - ¢70,00,0} = E\E] — E* + (¢ — 30;0), (5.4.5)

MC : ND;[N"YE! - E&))] = (¢ — p70;0)di0. (5.4.5b)
HHFEA,
1 .
. (6 — D - B) [N—l\/g(qb _ B ng)] —D-(NDg¢) + NV' =0, (5.4.6)
. _\/LaQiijlat [N"'q(EM — Eq")] — 2NN (Ey B} — EE;))

+D;D;N — ANg;; — N°Ri; + ND;¢pD;¢
1 o .
50 [ NCR =2V — (D)) + N { EjE! - E* + (9 — 8- Do)*
= 0. (5.4.6b)

H XA
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5.4.2 —KERRZE

HRINE LTRSS %

ds® = —dt* + a®dx*, a = e°, (5.4.7a)
¢ = ¢(t) (5.4.7b)
LB, WSO TR
s _ L/
H? = (¢ + 2V> , (5.4.82)
a 1o
@ = 3v‘ P, (5.4.8b)
$+3HG+V' =0. (5.4.8¢)
Ihdky, Kz ) '
LGy 1y
G= -~ H = 0" (5.4.9)

54.3 T—YEE
LR RS R ERIC BT, BEICHT S - V&M%

56 =0, (5.4.10a)
R . 1

qij = €2a+2c%‘; Gij = 0ij + Vij + i’mfyjl 4+ (5.4.10b)

Yi =0, 0jv5i =0 (5.4.10c)

YL, detg=1. ¢ 1%

1
qij = 0ij — Yij + 3 (5.4.11)
PR S 13
HC : N?(R-2V) = E? — E? + ¢?, (5.4.12a)
MC : D;[N7YE! - E§)] =o0. (5.4.12b)
HE) GFERI,
. N, <N‘1\/§q3) —éD-B+ ¢ B10,(JaN) + N2V’ = 0,(5.4.13a)
Va Ny
1
. _%%k(b‘lat [N"'q(EF — Eq™)]
2
+D1DJN — ANQU — NgRij — N(EzlE]l — qu])
+N g, (E* — E? + %) = 0. (5.4.13b)
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PERITE D1,

S = %Jdtd?’x\/& [N(?’R —2V)+ N YE* - E* + (;'52)] : (5.4.14)

5.4.4 2 XRDEFFE
Z2[tGt & q;; D Christoffel i%

Th = 60k + 6,0;¢ — @' 0

+I:Iijk - ’)/lif{ljk +ee (5.4.15)
ZZT,
Ny 1 A N A
Hjr =5 (@‘hm + Ophji — aihjk> : (5.4.16)
) 1
hij = vij — ViVt (5.4.17)
&y,
; o IS
Ef = @+ Qb+ 595 + 7 (07 =47
1 . . .
—5(@5] +0;8') — (53‘2'5 0¢ + B70:iC — Bi0;iC + B a%’j)
1 .
5 (k058" — vjn0iB') | (5.4.184a)
E = 3(a+¢)—(0-8+38-00). (5.4.18D)
Rz,
E] - E§l = —2a6]
.1 ‘ ‘ - 1
—2¢6] - 3 (0B + 0;81 —20- B} + 5’%]’
. A , 1 . , ,
VI 80— BIOC + B0~ 5 (248 + 0385 — 20 B
.. 1 ;
+§(77 —)ij — 3 (viw0; B85 — vuaB) — B+ vij. (5.4.19)
Ihsd2 R,

E* = 3&%+ &(6( —20- )
+3C:2 — an . 5 + %(%])2 + %&Zﬂj(dﬁ’ + 8]61)

30’ — 663 - ¢, (5.4.20a)
E? = 9%+ 64(3¢ — 0p)
+9¢2—6(0- B+ (0-B)? — 1848 - OC. (5.4.20b)
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£-T,

E’—E* = —6&°
+a(—12¢ + 40 - B)
—6¢% +4C0- B+ 1248 - ¢
FSAB OB+ 85 - (0 B
+}L(%)2 — Y508 — 63 - OC. (5.4.21)

WIZ, 3IRITCAH T hEIE, Weyl 5z & 0

2R = e72PR — 4NC + 8CAC — 2(DC)? — 27:;0:0,C. (5.4.22)
Z Z T,
Reo= e|aah = A b (0,050~ kb + A — 0405k
—H Y+ Hig T -]
= —%(amjk)? (5.4.23)
Lo T,
23R = —}L(aﬂjk)Q — AN + 8CAC — 2(DC)? — 27;0:04C. (5.4.24)

5.4.5 2 XDEAESD
Hamiltonian #I SRS %2 HEBRH T 5 &

0 : —2V = ¢* — 642, (5.4.25a)

1R : AVN; = &('2( 440 B)) + 4e 22 AC, (5.4.25b)
1

2 ?7\’ . —4:VN2 — 2VN12 + Ze_Qa(aﬂjk)Q

= 6% +4C(0-B) — (0- B)* + 1248 - &C
16+ S0 + 0y8)
i + 440 - o
—e72 (8CAC — 2(3¢)? — 271;0:0,€) - (5.4.25¢)

BRSO 1 RER) X

AB" = 0;0- B = 40;(aNy — ¢) (5.4.26)
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:_Zf’LJ: D)

e HC D 1IREDITARAL T,
—2a 12
A<w+€. c)z g

o

202
£oT, i,
672(1
¢:X_ Ca
9
BX = 55t
Kz, .
B ¢2 '_€—2a
0 Br=3mt T 5 At

Iz EREDMICARAT D &,

Sy = %Jdtd?’x [ ¢ (a3§'2 - a(@()2> + éll (a®(%i)* — a(0kvij)?)

H?
9 S EB O SRR,

5.4.6 AT

3ROEEERIR
53 = 553 + SSZT + SST2 + STS
ZZT
Se — | ata® ¢* SH(?07%(
S3 = ] xr ma Cc gc'i‘ y

12
SSQT = J( dtdgl‘ %amﬁ&@{ + - ] y

- ¢2 ' N
SST2 = j‘dtd?)l’ mCLE)H(’Y”)Qa 2(c+"‘ 3

1 . y
Srs < 5 J‘dtd?’:z:a2 [R + EJZEZ] :

120 [ERA

(5.4.27a)
(5.4.27b)

(5.4.28)

(5.4.29a)

(5.4.29D)

(5.4.30)

(5.4.31)

(5.4.32a)

(5.4.32b)
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Z T,
_ i 2, @ 2, ¢ —2( - A2
T 8H2< 10 6

1 1
32%3%J 166 (Vi ij) + - (5.4.35)
3=EE HERDPSE(CBITTVINDLE ;%
dSk ik-x
¢(t,x) = Jw@(ﬂe ; (5.4.36a)
..(t >_J d’k s s(t) ik (5436}3)
Yig\L, L) = (271’)3 Szieij’}/k e 4.
HHS T
(D)) ~ @n)oP(k + ) | D (5.4.37a)
RIS i 2 |mf g | aofa
s s / 1 H2
<yk7k,> (2m)5* (ke + K) [—] - Jsr (5.4.37b)
SIROMEEHZERT 5 &,
(G ChaCies) = —plzég’zk: M, (5.4.38a)
Gy Gl Vies) = —mzéi”Zk M, (5.4.38D)
oy Ve Ties) = —63Zk )M, (5.4.38¢)
pl
Vo Ta Vieg) = m—ééz”(Z ki) M. (5.4.384)
2T, MIFIRE -6 D k DIFEIREEEL.
il Z 1,
H4 ot o,

(5.4.39)

Gy Chaieyy = (2m)%6° (> s ) mh ot LR
k2 k2

20 ¢ y iz K
:H_gﬁgk?+m izi:k? Zka == (5.440)

z;é] t

::-(“, kt:k1+k2+k3.
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Local limit k5 — 0 TOER] far:

3
C=G =g (5.4.41)

Ak,
5 o 5| 2. &

che LIS T | me,

2+ f(k))

- —%(ns — 1+ f(k)ne). (5.4.42)

ZZT, 0<f<5/6.

5.4.7 HBUAIL Y OFIR
B L DT, IRO KD WRIEN T AMDINT A =X — (L fThonb.
<Ck1<k2<k3> = [ ll\(I)EBloc(kla k27 k3) + fﬁ]%Beq(kla k27 k3) + fl(\)TIEhBorth(kh kQa k3)]
x (2m)%6% () ki) (5.4.43)
ZZT,

Bloc(kla k‘g, kg) = I:PC(kl)PC(kZ) + 2 perms], (5444&)

ol w ot O

Beq(k1, ko ks) = Z[6Pc (k1) Pe(k2)*? Pe(ks)'® — 3Pe (k1) Pe(k2)
—2P; (k)2 Pe (ko) Pe(k3)*?® + 5 perms|, (5.4.44b)

Bown(k1, ko, k3) = [18P<(k1)PC(k2)2/3P<(k3)1/3 — 9P (k1) P (k)

ut| w

—8P(k1)** P (ko) Pe(k3)*® + 5 perms]. (5.4.44c)
TN SITHT B WMAP 9yr Bl & b OHIBRIZ,
o floo —37.2419.9 (-3 < floe < 77 at 95% CL)
o £l =51+136 (—221 < £ < 323 at 95% CL)

o fIth = 245+ 100 (—445 < f&th < —45 at 95% CL)

5.4.8 Curvaton EFJILTOIEH T A&

Curvaton € 7L TlX, Curvaton DAFEEIZ X WD S EWESNE. 175
by DRREEIZ X0 AR S 7RSS Curvaton D TR NV F—HE L Hh KEWE X (Z
FREREZ 5L, FORE X,

hC (&)
Z ~ E(cg — Ao ~ ey (5.4.45)

H XA
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EhAb, T, ol hub—EE#THE. ZOHMEBDPLENS T T U
SHEREINZHRDSE LD kE Ve &,

¢~ %(0 +E0?) ~ G+ gﬁgg (5.4.46)
Yib, Thbb, i
,ﬁL~§f-§E- (5.4.47)

UL72h 5T, o» (fe ROBIANI 2D 5 local XA TDIEA T AMEDRAEL 5.
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, 7
< s < ‘5/6
el ol
A <y
Dr\vﬁ =
=2,
L
&\
foa e ¥ 5.7: EZ20D 1 (RAHEEFS
§5.5

BRAB—DM1IVISNVETIL

A V7 —yavETIVIERY], KiE—HERICE T D 0FED B R I
SEZEDHIER L WO A ZERE UTREINZ., ZORMDETIVTIE, K
5.7 U7ZE2IT. MiRTIE ¢ = 0 RT I Y IVORNR & 72250, KET
o =v # 0BRINERDIZRNEZZS. ZOXSREIZ, KTyl
W bEFHRNIREMEEZZERTLEHRIZAELS., ZOETLT, BEDT
HTOEZEDI RN — (KFryIvy LOfE) 2¥0 sy, &SROz IX
Vo=V(0)>0&,7%5. BEZOREBIXESETIEAITHMHEDFRBE L2 ¢ =006 HFET
B0, REN TS EWUFREDHENTRE ¢ =vItBEAD LT 5. LIT5D, &
BTORT VI Y LV D¢ =0EFCIlE2RFD>E, HHIZIZERX)=0I12&
EEBHZ IR, ZOZRXNVF =V A 7= a vz &Y. ZOET
VT, HZEOREN MV IVDRIZEORT vy VDz T KT, ¢ =0
FEIZEBBTAZEIZEDAI Yy IV —ya v T 35, Z0EBIL L IR
LR 57280, MRS OETIISIED N2 IR DEIEA NS WAL T AT
VELIZHEEL, IREIERL, BIKRNIZHER LD D5 L BB T T 5.

COBHIDETIVIE A7 —aviRIzsed5e, HORKE
EAEL RV TE, MISTIZRULAEEDITT T2 ZRVNEARY—X 2R = FHMN
EENDZEPHIHUBEINGZ., Z0%K, ZO1ry 7 —a Ok TRER
RIS BREA RETIUDERE I N, 22T, FOoHFORERZEDEZ WL D
MPELD BV, Z QAR R L B S OFIRIZ DWW THET 5.
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5.8: Coleman-Weinberg 7 > ¥ ¥ )b

55.1 41> I2L—>avETFIL

BYIDA V7V —=2aVyETLDE, AL—RRE Yy TN VFEEHADBITZEB
TEHETNE LU TERMICIREINZDN, BifE, 17 —YaryETIVEN
ENBE XA TODETIVTH S [44]. ZOETIVCIEY, TI—ILIY - TA VN—
27" (Coleman-Weinberg) #HR 7> v )L
¢2

V =\ ln 2 (v —¢) (5.5.1)

ZHWS .:@ﬁ%yvainagzmbtiim,&:wﬂ@%matéﬁ,
JRRAHECTIEIER I EIHE 2 5

¢? &
V”:4N§hp—, V”:12w>( 3) (5.5.2)
U72h o T, FEAMHETIEFEHPERERIZIZIE—ELRD
A\ v?
H~ 6mm (5.5.3)

4/71/ arvhiEEs. UT, v Smy DHEEIZREL, ¢ =0&79 5. v>» my
&g, fzéitl_méﬁﬁTf/&/r/7l/ /a/é:l_ﬂ‘%%@%*% 2725,
Jm«lt&5®i¢«v®8%1,%®t%

m2 ¢6 ¢2 m2 ¢2 ¢2
€~ 32 33 <mz§>, n~ 24 52 ( = 3) (5.5.4)
X0, 20—V X B rHIIE
2
v
¢ < : (5.5.5)
8y, lln(mgl/ﬂ)‘m
ZDHFRMTT,
€ 4¢4 ¢2
m ~ @ lnﬁ K 1, (556&)
3{z — In(8x1/?
< 2 ;$ ”s1@:mmyﬁ>m@. (5.5.6b)
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1V 7 L= a VIREIEREUL

B ’U2 @ U2d¢ N U2 U2/¢2
8m?) Jg, ¢ In(¢?/v?) —16m2 In(v?/¢?)’

BIFERARND LI, 1V T TP VENYTNVRIA RV AT —)VTHIZHE

BEOBTPSEEZMESTWVWSE., LERST, A7 —arvdEZEs=0121,
¢ DWIAMEIZ H A L2 208N H 5., ZO5M (H<S o)k, HTERT L

N(¢) (5.5.7)

2 16m? 12
o ”2[Nh1< QmN)] , (5.5.8)
mp  4Amg) v
ATHET &,
3 16m?) -
A< NI (=N )| (5.5.9)
725, HlZIE, v=0.0lmy(~ 10%GeV), N = 652K L T,
H -7 -3
L <77x1077, A< 14x10 (5.5.10)
myp)

LiBDT, GUT AT =)L TDA V7T NPkt v b —varvziidld
7201ZiE, HAHBEEHDES ¢ = 0EFETHWLERH L. BFED GUT ET IV
T, BEFHEDDOZDOEME2HIZTIEIFHLWL. I8 e D, Kk
—HER L O RERIRINF AT — LTS VT —2avETIV BRIERA >
TJlL—vayv) BERER ST,

EHINDD 5 EOREP AT MVIEBIZTT 2 BlHIE Rz ZRT 2L, Z
NEVBWNEIRAESNS., £, AU—BILRITA—RELVTT N VIGBOHE
¢ DO D ITIRBUEIRB N OBk LTET L,

2 m2 2 m2
gasz;§m<%)*mm% xszzg (5.5.11)
N 1 2\ 3 mx-2/3 3 (5.5.12)
¥ 128N In g mgl T TONT Iz 2N o

5. ThiD, N=N,~60IZXLT

H 2 34
L~ Bt ~ 10— , (5.5.13a)
m2; In(31my /v)

mp1
2

H 2 2 4 2
A=6C—> C%Q m6xm]0<—ii——0 (5.5.13b)
s v In(31my,/v)

H XA
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5.9: fEEEHEBIIR T Y vl

Thbh, 1V7 FV®§EHEWﬂﬁ#ﬁK%V%£ﬁ%é.%b,4y7
5 b U AE—EECEND b 2 2ABOBA, 7 — MBI &R HIED
P NI TH oY) ~ 1074 FLEL 55, LERST, HfidvIb—vay
REFLTOA Y75 NNEF — UM% U Bcaibndz sz,
—fi, AR A Tt = e e | B A 72 (1 %
F¥E95:

ns =14 2n—6e ~ 0.95 (5.5.14)
7z, TVVIL-AA T I
2
1)2
r~16e <8 x 107° | — (5.5.15)
mg

CHFITNS LD, ZOETIVCTIHEBEIFEOMRTIIANHETH 5.

5.5.2 REBAVIL—Y3VETI
BRI DR T Vv v )L
V = mde 2/ms (5.5.16)
2FEZDH. ZORTUVYMIHLT, €&l
€=2a% 1n=4a’ (5.5.17)
LEBERDDT, A —aVEMT

a < 1/2. (5.5.18)
ZDERMENEY LD &, A1 —n )V SRR EE IZfE T,
2
ag/mpl _ 2
e = —a myt, 5.9.19a
\/g pl ( )
¢ 2 ) 1/(2042)
= Q, —— =a, | —= t , .5.19b
a=a eXPZamp1 a (\/ga mpl> (5.5.19b)
My _ 1
H ~ —Ro—ad/mp o~ 5.1
\/36 5t (5.5.19¢)
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X 5.10: hATAav 214y T —YaVBRTF Yy,

UL oT, iA vy 7V —YarvETIERRBY, ZORTUYUYILTIERA VT
L—Y a VIRFIZFHBERP K E S RFEZ2T 5. £7-, A7 = )VIHFIZRR O
REBEHELD, ZOED, ZOAY 7L —avyETIVERERS Y IL—Y 5
VETFILEIEEND. ¢ DY Ao BT B DB ELRIX

A

N = 5.5.20
20emy) ( )

EREDT, WS OLTHRERAIVTIL—Va VKRNARETH 5.
tEbAA, ZOHMART YUYV TIE, ¢ ZERICEALTLEY, 17
L—yavid&kruawy. UL, 2 008EEROMASDLYE, HlziE

\ ) . /
Vo — L_HIL?)IC72(W/)H szr] st Y — @0/ Tpl (5521)

ZHONL, (¢ PREVHEIBTIERNERI A VTV —va U E, VN ¢ = ¢
DUAEIZED K CHREIMNICHEMALE E 5. ZORBIFIRITERE DA T 1w 7 A
VI —vavETLVLEAKTH .

REBA VT V= 3 vOREMNITEETITBNC X 0 IZIFHRE 22 H 5.
Zilk, AKX (5.3.34) & (5.3.53) kb, 5054

ns— 1~ —4a® 1~ 32a° (5.5.22)

)
r=8(1—ns) (5.5.23)

DD DD THD. 1-n,~004&95E, r~032&7%0, (5.6) &b 95%
DSHEE THH ER K D RE .
ARY VIR EIRIEANOHIROM#H 2 Eaid 5 &, HIMAVREIZN LT,

T < 10"GeV (5.5.24)

EWOHIRAES NS, ZhiE, KE—HERORBWMREE (X)X -7 —
V) LD 2HHEWIRETH 5.

55.3 hATFa4v o4 I7L—>avETIL
B REEBAORT V¥ v L

V = p'mg (I¢]/mp)" (n > 0) (5.5.25)
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BEZLH. ZIZT, nlZEOEHRT, n=20DHI ﬁmﬁﬁ%ﬂwﬁ%yyv»a

Eé 72, n<1BRORT VY Y IUPFERTHMA TR RSN, ZDL57%
R AU i%ﬂ@ﬁ&bbb‘ﬂﬁg*ﬁfﬁg?ﬁxé%@t@"%.
Z@ﬁ?VV%wKﬂbf
n? <mpl)2 (n—1) (mpl>2 (5.5.26)
e=—|-—], n=nn- b.
2 \ 9| [al

L5 DT, EBAEMSGRMR
¢|»>%n%1 (5.5.27)

t@%.?@b%|mﬁ75yaz7—wiDﬁ%mﬁﬁ@4y7v—yayﬁ
HE D, Z OEETOEET LR IX

") RN 2/(4=n)
6= ‘@P— N*W<FO ] n#Ed(5.5.28)
gbie*‘*“t/\[ n=4
a= (m@)un (5.5.28b)
9] ’ -
1 |¢5I>”/2
H~ 2 (120 5.5.28
V3 (mpl ( )
X7z, BRI , )
_ %9 (5.5.20)
2nmp1
LB, BIAR, n—20% X, 6] > 16my 725 FHIE, —ReMEOBHR L BAK

AV IV —avETIERS.,
W, FHEEKIZA VI I N VDIANF—RENT 5 7T INVF—RE

2/n

hm~(Tﬂ)/mm (5.5.30)
1]

FBELRS. LEP-T, flZAEn=20 & u<my/205, VXL (AF

Tav ) BRGNP SHFELTH, ZLOHEMTEEILVWRIDI VT —

VavhPEBET S, ZDRD, TOXRLITOETNVEAFT4v 4T L—>3

VEFTINEENS.

PAETIEEND 6 A8 — 0 VEMEN7- SN DRIEZ 2720, |6 » my D25
T2 e — Bz, WML ST I AT —aIVEM % 7 8B I T
DK, Thbb, B5I1LIRLELSIZ, 175 N OHZERM (6,6) I2BWT,
A0 —B)VEMEEHZTHEIX Y N7 X —HEE o TS, DT EIFIRD
fRfr i GHETE S, DO, BTy IV ¢ O 2RERIZHE>TWS

H YR
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A B J\\\

B

—®—
- 14 412 2 4

- 0.05-

= 0.10-

X 5.11: AATav o4y 7b—=avDAr 75 b ORBAERE. n=2,u =
0.02my DB, B o/mpy, HEIX o/m2).

GieaRERD. ZOLE, AV T7 7 OARANIK (5.229) TEX 525, HD
AR P THD L UT, HEERTELT S L, TOHBERNOERME AN D
Frdbb, N

—3H £ v9H? — 4m?
2

THZO6NE. LdoT, Hm=1/2V3e) » 1D L E, XD 2 DDl I%

N4+3H N +m* =0 = A= (5.5.31)

m?

A:—?ﬁ?, —3H (5.5.32)
LEBLEN, 3H » m?/(3H) DT, —MRMIIEHIZ N ~ —2m?/(3H) DfFIZHE
95 , .
¢ ~ Cre~smt 4+ Che 30t  Cyesmt (5.5.33)
ZOfRIE, A0 —OU#E3HG = —m2p & —ET .

HNATAV T4 T7b—=arETLVDREIIEE LAV, 17T bV
BOREIN 9| Smy 72D L, A0—0LEEDRHEN, TOMESL T by
NRT VY Yy VORNSGEFE TR 2502 Z 2 TH D (X5.11 DR fiflE DR
LZENEIE) . EEE, ZORMIFZ ETHWEEBEMILINIZET LV Tm » H DR
BEEZBDI LYY, 5238 TRZEDIZ, 177 b VIRBERIRBD 5.
A7 I N BEOYEL OMEEALRDZ L, ZOROT R ILF -8
Vg () 2L, FHOBEMEAN K E 5.

ZDEDIZ, A1V 7L —2avOTITFEIT |6 ~my L7225 DT, mABLHIE
BITHINT 5 ¢ DAl ¢ 1%, (5.5.29) &0, FFETIV AT A=K n& N, DATH

H XA
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x5
o
mgl B

ZOFER, ZHTDSEEDART MERB LT VY IV—AATthr DfEE n &
N, TH% 0D,

2nM. (5.5.34)

n+ 2 n—2
=1- ~ (. — .
Ng N, 0.967 120 (5.5.35a)
4n n
e .5.35b
r N, B (5.5.35b)
TEHEZo6N5. Lo T, HEWIAWHFHDOREFEE n 2 LT, BRRIZ, B

CEEEWN T n, DIEE 52 5. £z, r DIERKELSRZDEHEZDETIVORHT
H5. ZhiE, Lyth ERR (5.355) 26bnd k512, hAT1v 7 ETNVBREH
GETNEROTWBEZLIZERNT 5. FIZ, n=4DFET VI, §TIZ WMAP
W& B ERMEEBZ7-r DIEZ TSI 2DT, BNOEHEE CHIMNC X b EHX
na.

HAT A4 T4 TL—aVETILD

55.4 *DBIf>7L—>avETI

5.5.5 f(R)ETI

References

e De Felice A, Tsujikawa S: Living Review 13:3 (2010) ” f(R) theories”

27T - TUYIER (Jordan frame) {ERAED

S =S¢+ Sur: (5.5.36)
%:J&mﬁgG%ﬂm> (5.5.37)
BT, EHEAE

S6 = 57 | d'av=g (R - X) + (X)) (5.5.38)

YRS, X AMET S L,
Se = fd%ﬁ (557 -U(). (5.5.39)
x=F(X) < f(X), (5.5.40)
262U (x) = xX — f(X). (5.5.41)



HHE A yI7L—YaVFEHETIL

5D ik,

2 2 2
Ox — 5~ (U +xU) = TV,
R = 2k*U’(x),

XGw — VuVox + ([Ox — K2U) g = 2T

ZZT, TMIRYEOEM 7YY, T = TNk,
BRI —RRR GG, IREAGRI

2 2

9
%+ 3Hy — %(w U = %TM,

. 2
H+2H? = %U’,

2

YH? — 3Hy — %(BU +2yU") = —K%pr.

AAZ - 7Y IEK (Einstein frame) Weyl 284
g;w = gbguu
WZEDEEGIZED,
X =% v=4/2/3/k
cBL e, EHEDIX

132

(5.5.42a)

(5.5.42b)
(5.5.42¢)

(5.5.43a)
(5.5.43b)

(5.5.43c¢)

(5.5.44)

(5.5.45)

S f /=G B <%R (V) — v<¢>> i e‘”‘i’fM((I),e_Wg)ﬂa.S.%)

V() = x *U(x).

22N — B FEEHE T VIR L TR

2 .
H? = % (¢2 + 2V> + e pyr,

. . 1
¢+ 3Ho+V'(¢) = Ze—WTM.

Starobinsky €7/ AR, k=1&8K.

[z
f(R) = R+ cR?
LB L,
X =1+ 2cR.
Jordan frame TDORT V¥ ¥ Lk
_ 1)2
U(x)=c ”

(5.5.47)

(5.5.48)

(5.5.49)

(5.5.50)

(5.5.51)
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Einstein frame TO R T > ¥ ¥ I)LiX

1
2V(9) = 5 (1-e). (5.5.53)

c

slow roll parameters |&
= 1 5.5.54
€= Slee 1y (5:5.54a)
4 e —2

= ———— 5.5.54b
(A YT ( )

INED, 107y ardiTd5 ¢ DiFexp(yd.) ~ 2. £oT, e-folding £
N(¢) I

@
N o~ [fde
5 /2
— z (e'y(b _ 67¢e) _ ¢ + ¢e
3 3
~ (e —2) ~ Ze?, 5.
4(6 ) 1€ (5.5.55)
Lo T,
3 _, [60)?
€~ = 2x10 <W) , (5.5.56a)
1 60
~ —— ~ —1], 1072 =). .5.56b
n ¥ 7 x 10 <N> (5.5.56b)
AHT)D 5 EDIRIE L D
2
P~ ~25-107° 5.5.57
¢ 8m2e ( )
X0,
6 60
H > 6.4 % 10" my | (5.5.58)
Lo T, X
H? ~ E(l —e %) = ¢=~2x10"m*(N/60)* (5.5.59)
C
AR NIVEREIE
1 —n, = 6e — 2 ~ 0.035. (5.5.60)
TV - AN T
2
r =16 ~32x 107* (6—]\?> : (5.5.61)

55.6 *G-{vJ7L—>avETI



BHE MU T L—YarvEHETIV 134 [HIRAN

y

§5.6
NATYy R4V ITL—3Y

INETIZENALUEETVIEZTRTA VYT IR UNLBD AN FGOGETH
L0, MM - MBEERLSENPNBIETLTIEA Y I T MU BRERSDAN S
BTHEZONE2EDELN. ZTNODEED TV T T N VETMIZDONTD
IV, FOHTNANL TV R4 v T L —avyETFILERIENS SRS A
V75 M UETIVIZ 1994 12 A, Linde 12 & 0 AR T 14 F7HBMELE I N T
B [45], Z< DIERZEINTWS. ZOETFIVIE—H, HiRDs5FiconTHNL
ARTZ M (ngz21) 2FFT20THEMEFET DL 50N T WD, kD
WETIE, B BERRRNART ML EEZBETIVNT A — R —FHEIE
£ 5 ZENRINTNS (18, 7).

NA TV RAV T L= aVETIVORT VY YL, SEHZFEIZRIGT
LR ¢ & —MRIZIEKRT VI Yy VDR REL BT 2 AMIIRIET 509 D 2D
DEFELD. ZIT, vIF 1S THIBEIFZRVD, UFTIE1ETO5E%
25, HlzIE, Ry

2\ 2 2 2,12
o° oY
XAA1O—§)+E+M4 (5.6.1)

EEZDL. TORT VY YIVIRERRY =0 ETAY(L+ ¢?/p?) EIRDEE, FUNR
(¢,9) = (0,0) COEIFE T LS. H5121TR UL DI, T ORIFEIIHEA
T, BTV ¥y VRO IEZ DEROEM (¢,9) = (0,+v) (IZH D,

v

v

e :
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1.0002

1.00029

0.9998 0.9998 ‘\

4 : |
0.9996+ 0.9996 |
° K w=10% v= 0.1 y,=10°
V=107

0.9994+ 0.9994+

0.99924 0.9992

0.9990H— ; ; | 0.9990-— T T T T T
0 0.0005 0.0010 0.0015 10785 10°%2 10739 10" 10713 10°
Vv
7Y

X 513: N TVY R4V TIL—YavEFTILTCDALA Y77 M VOIELEHE . 4
ik, MDY ~ 0LEEIERT 5720, /v ZRBMEETRLZSOD.

LT, |9 < ¢ TIEEMY = 0D EMBE R >T WD, —H, [¢| > ¢. TIXZIDHE
FRIERT VY LDORELR>TWNWS,

NATVYy RA VT L= a VETFIVTE, RUAD THIE |6 > ¢ DFEIEA
SHRETELEZSL., 20L&, AHNILERAMEEIZLSTEKRETAD—1
)VLE
(5.6.3)

Wi CTHEENIT S X 51274 5. z@%L%H5BK%T ZOEPSh5 LD
2, REPITIFGEIETQITY = 0 EMRTH > THEEIT L L D12RD, |4 < ¢ TA
kw#%ﬁ%%@,é%@@m%kﬁ#ofﬁﬁﬁé.v®@?#6¢@bﬁb
X7 (waterfall field) & XN D, 772U, #FULK R @GR KEHRD S L
ED ¢ DEIFHIMNEICRFEL TWS,. ZORMIZY = 0EFEZ2IERLTAS L
L »5 (M5130) . THHDIETIX, 1V 7L —Ya ORI
UL 1000 A E 2 5> THE D, B/NRIZHED > THRGHIGEF 2RO TH S5 H
60 A EDEE 2L Z T,

LHEZTWANA TV Y RLA YT L—YaYETFLTIE, AT —OIINT X —
e, nIE 2MTINT I8 B -

2m? A4\ 2
pl 2 22
= —~(1+2 — ], 5.6.4
o MQM () (5.6.42)

2 2
— P152 (22 1+52) (Ag) (5.6.4b)
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7w¢=22§%1+2a%%; (5.6.5a)
T SZZZ& A747 (5.6.5b)
7m¢=%g§(—§—1+3ﬁ)%; (5.6.5¢)

zz7,
a;vﬁkzii ﬁ:%,y:% (5.6.6)

AT T NUDEN], BTy VOREENOHBED L LT, £7, v~ 012
BolHEETDA Y7L —Ya ZDOWTHRTALDS. Z05E, 02175
N eFTB1IBNAATHETVTELSEMTE, AB—0LNT A =&

2m>? 2

pl 7
€R €4 A —_— 5.6.7a
TR Ly 0T

2m? 1

pl

~ ~ 5.6.7b
U ( )

THZOLND., Zh&D, p/my < 1DOEEX, AU —B0LEERRELZINDD
F o > my &R0, AFTAav ATV —varvPidEsd., $hbb, 17
L=yavid|ol ~mpy &b BT L, 1077 VGBI 20iE®) % Uk
DOFMBNRKE S, 72720, ¢ » my DRHTIE, ¢ AFMDAE—HILDERHFT
|p| = ¢ & 72D LTI AND TR d 5.

TR U, p/my > 1 OFEE, 20—V ¢ DEIZEKS TR IH,
Y =0BuE ETDA YT L= a VIidEIZ || < ¢ £7mB I LI OKTT S, T
DGE, ATy arOlEt =1, 95 |¢| = ¢. £705 % TORBIFIER (AN),
t=t, COMIRDPSEDART MV n, IX

2
mthﬁlA@me%, (5.6.82)

2
pl

4m? 1 — 242

s O N
ns — 1 R (5.6.8b)
ThHEZOoNS., LEWoT, EEBEAMICEERZBDTHroA Y 7L — 3 Ui
TV T iy, BlEBENLRFEOVART ML (n, < 1) BF5N 572D,
29(t,)? > 1 DBMBE L 5. T, > my &0, ¢t,) » my ZEKT 5D T,
HEAT AV T4V T —arBRELZILZERT S, S0z E, AE—IL
T4 —=IVRA Y7L —=2arvehdgEIZE, AT EIRWEE T, =1

IEWEWARZ MLEES, TUVYIL - AHTHEIERITNE LG5
4mf)1

2
ng—1~—¢=, T:Z(ns—1)2<¢c) ) (5.6.9)

H Mpl
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100§
i Hilltop inflation
AL '\.\\ |
R 10 f \\ \,\ .
§ L 092 - - e
a f 0.94 X ~
) 0.96
10°F  0.98 e J
F 1.00
“Standard” hybrid inflation
-3
10 2 : : S “3 L L | L L i
10 10 10% 108

w/Mp
X 5.14: G177 L — a VR E BI5ED n,

PLETIE, BHIEESRICIET 217V —varhy ~ 0EMETEES L
=0, ZoGE, o FENEBAEKTENOREENEL 5. Tk, N
DRRBIZHIET A HRT VT Y VORNED2DUED D, EHDP S ED-8,
BN E > TRBZAR/NEIIBITTAZETHS. ZOHE, HEN1HD TH
INRCDSHEBR AN 72 & /NS IR B IS DRI T AV F — DR U728 (R A A
YAk —=IV) D, FEWEGED 2D TH/NSN) VIR BESVBEBEL S, Th
SA AL & FEIEN B G ORI KR ER TRV F -2 5, FHFRIZLSF
BT XN F—BEOWDMN /a0 1/a® EFEC»2DT, BEEL THS L@
OB LD T RXNVF—HENENIRKELRY, BIEOFEHEZHHLZW., 20
R DS & 22\ 2 D12 1E, MHEAEAIIZ & 0 0 20E MBS & 2 1 iz 574
WA, HWIEALX — AT — )L TA v 7L —2arpmlE 38550 ClRH9%0
A AR

ZOMEIE, 17— a ud G AMICERZ RO TH L +aiE &b 89
LZUMREEING. ZOEE, 1V 7L —> 3 vRPD S EOMNTITEMIC 5D,
BRI BEWIRRNART ML EEDOD S I VREAHINDENT A — X —FHEN
FHETHZ e RENS (M5.14). 72720, RSN ERITINEL, TV
Ve ZAH T £ 10714 BUF & 423 [39].
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___—multifield/chaotic inflation

Original
Hybrid Inflation

Mutated Hybrid Inflation !

1
1 ' 1

0.92 0.94 0.96 0.98 1 1.02

515: (ng,r) ZDWT OB OFE. [Alabidi R, Lyth DH
(2006)JCAP0605:016]

§5.7
*Curvaton E7 /U
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5.8

Gyrof > 7L —>3rvETII

5.8.1 Chromo-Natural Influm
EH+SUR) F—=VB+T7 Vv DR%EEFEZ 5.

ERES
R 1 1 A
S = fQ_K,Z #1 — 3 «dp A dp — V() «1 — §Tr( «F A F)— EqﬁTr(F A F). (5.8.1)
Ansatz
RPZeitiE @ ds® = —dt* + a(t)?dx?,
PV AT = a(t))(t)da” (5.8.3)
ZNEO 77y oA
F* o= dA®+ geabCAb A AC
= (ab)dt A da® + g(aw)Qeabcdxb A da®, (5.8.4)
F*AF, = 3g(ay)*(ap) d*z, (5.8.5)
F*.F, = —=3(+ Hy)? + 3¢°0" (5.8.6)
&%) Lagrangian
a3 (a1,
L= [_?(5) tao Vi)
3, 2 3 2.4 ¢ 2/
5+ HOP = S0t =80+ )| (587)
EEAERN
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o FHZIRD TREN

1
fﬂ::3nﬁﬁﬂ¢+¢w% (5.8.8)
po = 38 + V() (589)
_ §<¢ FHOP 4 gt (5.8.10)
H = o {(@D + Hy)? + g** + %gis?} : (5.8.11)

o LD IRER

—%wzw + Hy), (5.8.12a)

O+ 3H + 2g%° + (2H? + H)yp = %@zﬂgﬁ (5.8.12b)

o+ 3Ho+V'(¢) =

WE,
e = ar (5.8.13)

EblL,

Ag ¢

ch_3
e + Hipe + =503 o T,

R (5.8.14)

5.8.2 CSIENRWEE (A =0)
Y. DFFEN (5.8.14) £, HAt » 1T

bt
wc ~ wc* + Ec* -
w a
- EC* —Ht O 2 —2Ht 5.8.15
— o= B o gty (5:515)
Lo T.
p= Lo Yo (5.8.16a)
a a
h 1. Ec*
E =+ Hyp = —ah, ~ =, (5.8.16b)
a a?
3 2 2.4
pp ~ Sl T Ve (5.8.16¢)

2 at

U7z oT, 79 v 27 ADFLEIE, @EOEHNEFEUKRIENE L, 3 IZHEG
TEBH LDk B.
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—Ji, TOUF V¢ FH U ARED iR

é+3Hd+V'(¢) =0, (5.8.17)
Vo=t <1 + cos %) (5.8.18)
WZHRES DT, WHEDOAXDPHEHTEZ 5. slow roll /87 A — &
om0y
' 2V2  © H2 2miH?
o ¢
N P 2
~ 5 tan (2fa> ) (5.8.19a)
- m%l/V”
2
~ _;T;f;‘ <1 ~ tan? (2? )> . (5.8.19b)
INED, N=0D54E, 17 —=ardRE 51Tk
fa » mp (5.8.20)
NERINS.
5.8.3 CS Influm
RE )
_ ngZ > 1, AP f2 (5.8.21)
Slow roll H12X ¢ 2HET 5L,
R (55.22)
Z Z . axion potential
V= ut (1 + cos %) (5.8.23)
XL ) , y
_H®, wisin(e/f.) H
Ver () = 547 + 3 (5.8.24)
INLy, v OFMEREIT my ~ 3H £785DT, ¢ IFE P (AtH ~ 1) T Vg
DRGNS HERT 5
pt o\1"
(VRS l?)g/\H sin (ﬁ;)] : (5.8.25)
Ihz ¢ DHBERITRALT,
Hé ~ % (H*Y + ¢*°) (5.8.26)



5 HE

Inflation rate

YTV —Ya VEHETI

H H20dg
N = Hdt = | —do¢ ~
J = 50~ | st g
e - 1/3 4/3
_ EAJ . 2k sin'/® x cos (x§23) <037\,
47 ). cosdB(x/2) 4+ k2sin??

(
(

1/3
L L (697 my :
2\ ptA

Inflation condition

1

¢

0'3 = WX4Y3Sin2E Z 1,
3py 30 202
€ = o ooy T xeyr <
32 A Y o2
=22~ 2 (1 —) 1.
“Tw N X (1+7) <
Z Z T,
X:g_/fwgmgl _ A )\/ﬂ‘
H? p“2 ’ gfa gfampl
&b, '
H /
nz—m:%#—% « 1.
5.8.4 ¥ERR
R IROBRIZIER AL T 5 -
¢ Y
r=—, =—, h=—, 7= Hjt.
fa Y fa 0 0
Z Z T,
2 _ Vo _ 2M4
0 3m2 3m?

142 [HIRAN

(5.8.27)

(5.8.28)

(5.8.29)

(5.8.30a)

(5.8.30b)

(5.8.30¢)

(5.8.31)

(5.8.32)

(5.8.33)

(5.8.34)
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100  p=3.16 E-4,
fa=0.01
g=2 E-6

30 A=200

t end H 0=190

60

0.2 a2 E-6
A=200
20 t end H 0=180
-0.31
O 0z 05 07 05 U5 o7 08 09 1o 01 02 03 04 05 06 07 08 09
0 5.16: Slow roll ¥T4LL ¢
e—n
INnsZHWS L ESHERIL,
9 .
i+ 3ha — 3P sinz = =3 \y%(y + hy), (5.8.35a)
i + 3hy + <2h2 ot 2§2y2> y = M, (5.8.35b)
, . 1
h=—f? {E2 + @yt + 53‘:2} , (5.8.35¢)
2 2 ol 1 o 3%,
h® = cos™(z/2) + f; 6% + §E 5V (5.8.35d)
) 1 -
h +2h* =1+ cos(z) — Effj:z, (5.8.35¢)
E =+ hy. (5.8.35f)
Z Z T,
3 fa ~ gfa X ~
= , === A=g\ 5.8.36
f o’ 97 Hy g ( )
Bl Z 01X,

=316 x 107*my, f.=0.0lm,, ¢g=2x10"% X=200

= f,=0.01, §=0.24, X=H50. (5.8.37)

WX U, slow roll JEALTIE N = 100FREDA > 7 L —Y a3 Uaiie & 5. Slow roll
ERE ¢ =00FEBS LV ¢ = nilifEERVWT XKD LD,

FIHAMED ¢ = pin (@) BHERD 6 T N5 S, BAPLEIXZ OfifED 5T 5,
H HFEERH N2 ZOMKRIZES K525, HSMIZ, Z DHlifRiE attractor
Lo TWAD, 12720, o OYIHEL AR E © T, #E D slow roll Tl &3
nar, ZOMARIZEIET DT KEB2D 5.

H XA
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2 65.18‘“:’ FAluxs  + s

T —vaEHETIL 144
5
4l
5
2
T 3,16
LR ¢ — o FHTOWE
0 g=2E-6
A=200
-14 t end H 0=300
_2 .
34
T T T T T T T T T T
0.1 02 03 04 05 0.6 0.7 038 0.9 10
[
— ]
4
N
5
N
0l
1
27 11=3.16 E-4,
£a=0.01
e=2E-6
37 1=200
t end H_0=300
]

RN
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N
4}
=
!
N{l
;.

3.5 3.54

u=3.16 E-4,
fa=0.01

U=3.16 E-4,
£2=0.01

g=2 E-6 e=2E-6
A=200 A=200

2 t end H_0=20 29 t_end H_0=20
$0=0.01, y0=2 90=0.01, y0=2
Slow roll start Static start

l 5 A T T T T T T T 1 5 L T T T T T T T
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.02 0.04 0.06 0.08 0.10 0.12 0.14
0 0
Lm LT
slow roll full psi min slow roll full psi min
21 u=3.16 E-4,
% fa=0.01
7 14 g=2 E-6
A=200
0] $0=0.01, y0=2
slow roll start

-1 t end H 0=200

-2

-3 J

T T T T T T T

01 02 03 04 05 06 07 08 09 1.0

X 5.19: ¢ = wmm( )ib;&%u\womﬂﬁﬂﬁm‘ét B0 7V DAL Slow
roll fift @ LEHE (ph Lo/ fr=2). L/l Slow roll dBL & A U #J &
Z, Aloe=1—= 3 A slow roll A% — h TOERKBTDIRS

O




Yivard =
5O
3.5
2.5
v
1,

\
4
B
!
N
;

*f T b= 3

u=3.16 E-4, fa=0.01
g=2 E-6, 2=200

9, =0.01, y, =1
Slow roll start

T T T T T
0.02 0.04 0.06 0.08 0.10

0.12 0.1
¢
fm
slow roll full psi min

146 [HIRAN

t end H 0=20 29

1
T T

u=3.16 E-4, fa=0.01
g=2 E-6, A=200
t_end H_0=20

9, =0.01, y, =1
Static start

0.1 0.2 03 0.4

slow roll full psi min

o 2 g
roll ﬁ@@khiﬁ% (phio/

u=3.16 E-4, fa=0.01
g=2 E-6, A=200

t end H 0=100
9,=0.01, y, =1

Static sart

7
8

558 D 7 IV OEUEf#E & Slow

(mfa) =9.01 %o/ fo = 1), EetE Slow roll AL & 7] U HIHEE,

Euﬁz%zotﬁmk%%.T@,ﬂmmxa—bf®§ﬁﬁf®ﬁéﬁm

slow roll full psi_min
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5.8.5 —fikim
Single axion model

BDR P = (¢, X)(X = (X)) DRD Lagrangian 2 H D& 35 :

L = Ly + Lcs; (5.8.38)
. 2
_ 3| o 2 (@ 1 N2 1 N2
Lo—él[ 3”%1(@) + 50 + 5 (X = V(@) |, (5.8.39)
Les = MU (X). (5.8.40)
M) GRERE
é+3Ho + M- X = Fy, (5.8.41a)
X +3HX — Mg = Fx. (5.8.41b)
ZZT.
a = dU(X), (5.8.42a)
Fy = —0,V — 3HAU(X), (5.8.42D)
FX = —6XV. (5842C)

Slow roll Ll T X

3Ho+ Aa- X = F,, (5.8.43a)
3HX — \ag = Fx/ (5.8.43b)
IS &Y, pEWHET L,
A2a? : A
<3H + 3—H.Pa) X = FX + 3—H04F¢. (5844)
Z Z T,
P,=(a-a) oo (5.8.45)
ZOABERE X IZOWT#EL &,
- 1 1
X = 3—H(1 - Pa>FX + m (/\CYF¢ + BHPan) (5846)

ZN&Y, alZEERLFHDO X OFNERIITOERE my, o AAOAEMNE =X
3H 75, Lo T, my =2 H7o, X I328HIZ X OMEIZEMNT S :

(1—P)Fx =0, F,~0. (5.8.47)

H XA
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ZHIZED, XDWoDBHMX =X(¢) LLTEES. T72bb, dERTOHYE
DEESD. ZIT, Fp=000,V =02EKRLARVELVPEETH .
&Iz, ¢ DAL

h ~ - -X+—F
¢ s taghe
3H A
= IRl T omE o I
1
~ WO[.@XV (5.8.48)

U7ei3oT, 1077 b gDIRBFTENZIFEAE V(¢) LR L 05 |

Multiple axion model

BDRP = (0, X)(¢ = (¢5),X = (X),i = 1,--- ,n,m = 1,--- ,p) HBIRD
Lagrangian 62 & 9 5% :

L =L+ Lcs; (5849)
<\ 2
Lw:ﬁl%mécg +;¢+Hwﬁ+%@n4ﬂxf—V@)@&m)

Les = Aa® Y (¢ + Hko)'Uy(®). (5.8.51)

B R AU

O+3Hd— AW+ NAX = F, (5.8.52a)
X +3HX — \"4¢ = Fx. (5.8.52h)
ZZT.
VVZ']' = 6¢1,Uj — aquUi, (5853&)
A=0xU = (0U"/0X,,), (5.8.53b)
Fy=—0,V — k(H + 2H?*)¢ — NH(3U — 0,U), (5.8.53¢)
Fx = —0xV —I(H + 2H*) X + NHoxU, (5.8.53d)
U= kol (5.8.53¢)
Slow roll 3L T
(3H — A\W)$ + AMAX = Fj, (5.8.54a)
3HX — X\ "A¢ = Fx. (5.8.54b)
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BAIDALD,

. A1

0= 5y BAX + S BF, (5.8.55)
)\ —1

B = (1 - B—HW) . (5.8.56)

IhE X ORIZRAL, X IZDOWTHL &

: 22 -1 A
3HX = (1+ - TABA A
( tom ) (FX t3g ABF¢)

= (1—Pq)Fx
A2 ! A
Pi(1+ == "TABA el 8.
+ A( + Ve ) (PAFx-i- 3H ABF¢) (5857)
ZZT, Pyld X DT AL, DR IEIRDZEMA DR HEHE T, Y% n
IRDIE S5 py 2 FNT
Py = "Ap,A (5.8.58)

LRIND, BT,

(1—P1)dxU =0 = (1—Py)oxU =0. (5.8.59)

)\2 T - T T )\2 T -

A<1+WABA> A:AA<1+@BAA>
9H? “top?

_ ATy (A T, —B‘l) 9H o

= (5.8.60)

IN&D, ADPKREVMERT,
A2 ! A -
Py <1 + 55 TABA) <PAFX +3g @43@)) ~ 3H?* "ApA(3U — 0,U) (5.8.61)

£oT, X OAEMERIE, (1 - P4) DFHATmy, PaDFHIAITOH).
XWX =0IZENTLETDLE,

A
(1—Py)Fx =0, PaFx + 3q TABFy = 0. (5.8.62)
72, ¢ DRI,
3Hp ~ 1fiW+)\—2ATA h A AP+ F (5.8.63)
a 3H 3H? 3g X T "

H XA
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£-oT, A\ »3HD & X,

- . H
rank(AA) =n & 0xU =0 = 3H¢ ~ —3T(A A AFx. (5.8.64)
—7, oxU #0DRHZIX, A»3H T
b~ —H(ATA) T AoxU (5.8.65)

ey, —fiZslowroll 1> 7L — a3 VIFEHRI N .
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§5.9
¥ EEHALA VI L—V3VETI
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§5.10
ﬁ%é *Lf(: FnﬁiEl!:E

17 —=yarvD&ENg, BERYDEDEWE Y 2N T ORI & 9]
SR BIATAZIIH D, ERTEALLSIT, —HEHME - EHEME, FHYD
5> FORIFE LR, BOHRmICESSHEARWL NV TOS Y I L —YavET
VORGSR E e ) DEDTZ OBEITZER I NTWS., L1, WSOPEHE
BWEBERINT WS,

5.10.1 N F DR & gravitino BERE

Yy ZINVFEHOMASM U CEERERIITFHEBMEEE T, TH5. Z
DEEIZNTAREBOLME, EvINVFEHETVORKDOKETH 5 FH
MG RERD Y F ) A E R EZ TR\ WZ 2T, ZhlE

Tier, » T, ~ 1MeV (5.10.1)

THALNS. RIZBEINERMEE, N)AVBORFEOHUTEL L WS HE
kD, HSETMIT Lz 51T, BfE, NV A 8 (WEKWEIERFRE) Dl
JHEZHHT 2 HEEZ42H5. INOE T ITHULENETNRLS TRZE5Z 5.

1) GUTIZ& BN F VB KE—HERICE 5 B — LIFRFR G2 AW
5HDT, ZNHBERET B 72 DI X FHEINEVEE 2N ) 4 VBRI 5 K6
AT EHRLBEVRY Y B, Bk v 72kt L0EWKBERD D,
ZHNIFIRDEIRZ 525 -

Tren 2 mu.cur ~ 102GeV (5.10.2)

2) LT MYz x YA BRFHEREFELRVWKIGICE D £FTENW=a—F )/
2D, FnroBHMHAEAOHIMER T REIZKS B+ LONEHWT
N)F UV EEDH[ETHS. ZOANZAXLDPKERET 27-0D5M 1AL
§9< 725 [11]

Tien > 3 x 10°GeV (5.10.3)

3) BHEAHERBIC L BN A VR : 2O HIETIXEFHEER ORI N £ v
BUERAHEE DD T, Te (23S S IR

Tien = 100GeV (5.10.4)
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EH< b, 72720, MHERR - IKMHER TH L Z BB ELRDT, v
ART-DERIZNT HEBRAGEIREZZRT 5L 20D 2y F A2 EL
EFINTHRLTIEARST, RO/ T A =R =12/ L THERERREDN
kX5 [32).

4) Affleck-Dine B : Z D AIEIINY F VBB IR BEFE TR Z 5D T, E
PO Toop W2 T BHIRIEIRN. 72720, —RICZOHETEBEERS NS N
DA VB TBILIZBIE L D T o2 KRELKRDZDT, TV Y4
IZEDFEDRNEWITRW, ZDD, YF U AIZEMICRY FEICERE
RETIVIRTFENEL 5.

I o DHIRR & KA, FHOMEIMBREICNT 2 LRE 52 2ME H 5. £
N, 77747« —/MEEEENSBENHERICKREOMETH L. BES
HERTIE, EHOMMUMA— 1 F—2 LTALY V322272 VINTTHD
TIT 4T 4= DBND. TTT 4T 4 — ) OEE myy PLEMITET VI
DERRBH, EELETIVCIE, RLET 100GV < myp < 10TeV 2, LET
10keV < mgzpp < 10GeV 722> TWE. INoDZ I T 4T« — /AN
HOMEAEH RO TIEHIZH < MOWE & BYLZ T E T 5 Z 2130w, o
Y7 V= a VEOFHBENADBIZO T MIBYLFERKIGIZ L D Eons?. 75
TAT A=) PEERGEICIBEAEETEDOEFHRI A — IR -5, &
BHRAREVO THIMARE TN UiRWHIRA D . £, A LERGEITL DL
ERR =< X =R FIZHES 22, HEFRPHW-OZDEMNPEL, HE
EFHUPOLEERUAFEIIRE S, ZOBBRHI NS EmT VT =k FlE~Y
DARBELUTULES. 207D, RIE0ENE, Lo THMBWREIZNT 2
ERMESNS. BARRZ ERMEIZRD & 51275 [35]:

i) NLRET100GeV < mypp < 10TeV DIFE 1 Then < 10675GeV.
i) ZET 10keV < mypp < 10GeV DIGE 1 Tren < 107(m3/0/1GeV)GeV

FHINBGREIZN T 2 06D ERIE, N A VBAERD S OHfIRR & 7238 U
W, ETIE DR F B DR A B R S IR I NT WS I L2 FET 5L, Z
NI 72 0 EANZHETH 5.

5.10.2 BREHOHBE—IERICEICA VY IL—Va v ETFILDOESE

AV 7=y avid o EEERT YUy LV EE DAL TERH NI
EHHRT, HELV XDV TEHNZHATAA V7 bV ETLVRIESLZ LIRS

24V I TN VORBIZEVERET I T4 T4 — ) BELSEONBETLEH S, ZOLKIKE
TIVTCUE Tren 12555 FRAE 505 [35)

H XA
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ThH5. L, THEEBOFEHETA V7L —yarvBdEEbZ 23T 5
DL FEETIERY. BROEEEUMLSEHE L TE 1ML TV —va Y
MEZAHZEEZRUTHOTHTE 221245, ZHITEIT TR EICINE
HELZDTH 5.

A7V =y aryPMEIEFHREEERIEZIHEE ALY —TOHRTH S
728, TORRIZIFENEZELCTRXCOMBEIERAOK B (SR 2PpE
EB. FOIO BRI L TWRWD, TOANEfME BRI TnwbHHE
e LT, BMEHEmADS. 2770, TOHEMIIHERETIZ1I0ITcOERE LT
BRINTED, FrD4ARIEFEEHEE2BEHT 2I121E, ROB6IRTVRZI LKL
BERED R L 705, ZDARTALEREL U T4 7 A4 T T RMREI N TV B3,
FREEE TV EZHEUPODHENLRFEHET NV EZ 5 AL EZRAI N
TV, LHC I#EEEFEER Planck #2112 & 5 CMB @ & &I, X SI2RkED
CMB B & — FIZ & 3R iaE @i, RV —Y— TSt X2 EE#D
BHAOWBRZ I, 170 —> 3 vy0NBIzH DM F0 4 ok
Bz onwTey M8 o N5 Z & 2HRFT 5.
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§6.1
TAHAETIL

Yukawa #5&

Higgs 18 (BE, CP DHh)

(FFDEE)

Higgs £ 4% —
SSB

6.1.1 EHAX#E:E

F—Ut s —
o 7= YRt Uy(1) x SU(2) x SU(3)
e Gauge coupling:

Y .
G155 B+ TV A + TG (6.1.1)
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e Symmetry Breaking: Uy (1) x SU(2) = U.n(1)

Y
g —B + gng(Q)A?’ =eQ A+ 2 Rz = eQ A, (6.1.2)
2 cos Oy
Y Y
Q= T§2) + 3 R = TPEQ) cos® Oy + 5 sin Oy (6.1.3)
Z Z T,
A B
= R(-0 6.1.4
e e
= = . 1.
9= Cos Ow’ 2= SGn Ow (6.1.5)
J2IIWVIFEIH—
o HTEE R
(2,01 (1,12 (2,313 (L,3)az (1,3)-2s3
(Ve> €)L €R (U, d)L UR dr
(VN7H)L HUR (Cas)L CR SR
(VTaT)L TR (t,b L tR bR
Li Rt Qz U? D

FHUE Uy (1), SUR) L THA IV (Ug,(1) x SUB) IZEALTIET ¥
FI)) .

Z2AH 7 (Higgs) 04—
o LRI (2,1),
o RT ¥yl = NEMEDBEFKWEN = Higgs i

o Yukawaftts = 7z IR TOEE, HWIHAEIEHTO CP OiEH, Cabibo

B&
WL H'LD = Y m{PLl (6.1.6a)
WY UL HT 0,Q) : > m{ULU;, (6.1.6b)
WO DEHIQT = Z;,»Lg%‘)gc;pg (6.1.6¢)

1]
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CKM 1751 HBFRAFMEDH N DB DOEIKE DS % Ll OMICEHET 2
L, A= XRVEMOHMEIX, DL BXO D OGO U(1) L. ZOHH
LN, D55, — il =R V75| O 2 Z{L S ERWAHIE, TRTOHIC
MY B U(1) £, U7ehioT, C! OYHEIN 2 SEEE I

N?—2Ng+ 1= (N, —1)% (6.1.7)

INS5DS B, N, ROEREWDEHEZ N,(N, —1)/272DT,

(Ny = 1) = ZN,(N, ~ 1) = £(N, = 1)(N, ~2) (6.18)

HOEREMMDOEHHENFES. N, =30  EiE, Zhixl kb,
N, = 3 DD KM 175 OFFHER 1%

C1 S1C3 S1S83

Cxm = | —s160  c10905 — s953¢0  €10983 + Socze®® (6.1.9)

—S1S9  C189C3 + 253" €18985 — cycz€™

ZZ 7T, ¢ =cosb,s;=sinb;.

6.1.2 SEEREVHILRE

1. The precision electroweak scale data.
2. the 7-year WMAP constraint on dark matter relic density.

3. the experimental limits on the flavor changing neutral current (FCNC) pro-
cess b — s7.

4. the anomalous magnetic moment of the muon.
5. the process B? — ptpu~.
6. the LEP limit on the lightest CP-even Higgs boson mass.

7. proton lifetime.

6.1.3 RIER
SR T
— PV R—DRGER T
— U A — O BRONEMEL ZDSAR—
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— WWHEAEMTO CP /17
— Za—hFMY /) OEEL mixing
— B)IIMHEAEHORE
HRIHDN G
Cabibo mixing
W EMEAH T D CP Dfigh
- HARZEME
FHME

— NDF IR D R

Dark matter O FER &

— Dark energy DR & EEH /5 H THRE
- AV Il —va VOl

— EHOPE IRV
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§6.2
b=ty 5 —Dif—

6.2.1 BEETI = KE—EHR
e gauge-coupling unification

1 1 M

o = (4N, — 33)In yol + const, (6.2.1a)
1 1 43 M

a_2 = 6_7'(' <4Ng — ?> In E + COHS}C7 (621}3)
1 1 3 M

o <4Ng + 1—0> In yl + const. (6.2.1c)

= a1~ ag ~ a3 at F~ 10%GeV
e Hypercharge structure
SU(B) o U(1) x SU(2) x SU(3)

5* = (1,3*)2/3 + (2*, 1)_1 : (dc,e_, —V)L

[u¢] —u —d
10 = (1, 3*)_4/3 + (2, 3)1/3 + (1, 1)2 . u 0 —e™
d e 0

[Wilczek F:in Physics in the 21st Century, eds. K.Kikkawa et al.(1997, World
Scientific)]

e Neutrino mass
SO(10) o SU(5)

16 =54+ 10+ 1 = neutrino mass

e Baryon asymmetry
e Strong CP problem: [f| < 107!

Peccei-Quinn symmetry = SSB at £ = 10'?GeV = invisible axion
m, = 107%V
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6.2.2 FIEERAB—EC
o FARMLEFE
1) G o Gsm = SU(3) x SU(2) x U(1). %2, rank(G) = 4.
2) GIIERKRBLZFT.
(Fl) BHEET IV TOLEEESBIVOEEE TV IA VD Goy ITH
TEOERBEZTINEN f, . frlTdE, HAGEZEEELTLHRRT
&, Fpo= f+ fRe $2C (F27)" = £ (FR) = 27 &0,
fikc Fp@RUT, f, % fr < F;2£F,. $7hbb, FL1E
non-self-conjugate(complex). (—f#&iZ, f, % fr» D F; =~ F 725,
KRB p* = Frypn BACT, fr=Ffo+ f1.fr=Ffo+ fr FEK
fo, AZ#ERRBELT, fo+ fi=h+fB5foc hPDficf
£9 fo=f)

o Hil),2) &b, FHELERIZ

SU(5) < SO(10) © E,
SU(5) = SU(6) < SU(7) - - -,
SO(10) € SO(14) --- = SO(4n +2) < - - - .

PE B ) RWETOS Y2 40T YR B

F4 D SO(Q) D GSM,
Sp(4) o SU(2) x Sp(3) o Gsu.

o I, RINDEL

E;=8SU(5) : 5% +10,
Es = SO(10) o SU(5) x U(1) : 16 = 1_5+ 55 + 10_4,
10 = 55 + 5%,
0 45 =1 + 104 + 10%, + 24,
Es > S0(10) x U(1) @ 27 =14+ 10_y + 164,
: 78 =1p + 459 + 16_3 + 163,
Es>SU@3) x B : 248 = (8,1) + (1,78) + (3,27) + (3*,27%).
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G rank dim fund. ?omplex
rep irreps
SU(n + 1) n  nn+2) n+l (- a) # (@ ay)
SO2n+1) n  n2n+1) 2n none
Sp(n) n  n2n+1) 2n none
SO(2n) n n2n-1) 27! n:odd
Go 2 14 7 none
Fy 4 52 26 none
Ey 6 78 27 (ay---ag) # (asagazazaag)
Er 7 133 56 none
Es 8 248 248 none
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§6.3

X A EE SR

6.3.1 Super-Poincare algebra

Coleman-Mandula DEE (1967)
e

1) S 1741 4 1ot Minkowski IRpZ2 - 0D J&j i FARH RS i) & 13 12
oK,

2) MUHEED 1 R-IREZ $ DR DRI A BRE.
3) B2l 1R HREBOMIZIZZ ANV F—F vy TD3H 5.

Db & T, SITHDORFMEZ KT Lie fA#E, Poincare Lie fXE &
IV X7 b Lie RELDEF & 72 5.

Boson ¢ Fermion
0 =ile- Q,¢] = @ :spinor
FEXS FR L

L =%+ 4,
[$07'>%] c %, [0%70%1] c A, {31731} c %.
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Coleman-Mandula DEHDMREN - I N D & &, 4IRGTCHERD S-
THIDRH 5 i FEE, BTV EEENE % © D Hilbert
BRINDODRIZE L, 2D, LEOH T Q DTV — MMEEIEH
ZVPHUORBIZET 2451, HLRIBTAEY 12 DRBITE
U, IRORZEEALR TR T 5415 Poincare SUSY fR#TH 2
DY LI

L= P@SDC, L4 =QL Qi
[Pm,Qa]ZO, [BaQa]:S(B)Qa (Bey)a

{Qé’ QZM} = 20.admpm6]1\l4’ {Qi Q?f} = EaﬁXLM c %,
S(B) XM = S(B)YN y XM (Be.?)

N =1 case
{Qa,QL} = 2P, (T°T) 45, [P, Q] =0

Positivity of energy

> Qa, QLY = 8E

Boson-fermion cancellation

1 1
Vacuum energy = +35 ; w, (boson), ) ; w, (fermion)

(Massless) Supermultiplet
N=1 o (01/2) (1/21) (1,3/2) (3/2,2)
N=2: (-5028) (0.4%1) (1L%2)

. 38 28 156 ~70 156 28 38
N:8'<_27_§a_17_§707§717§72
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7 6.1: adS/dS FEHLMEE I

ds adS

D <z G L G

4 | osp(n|l,1;H) | so*(2n) | osp(n — p,p|4;R) | so(n —p,p)

osp(4,112n;R) | sp(n,R) | osp(3,2|2n;R) sp(n,R)

5 sl(2|n; H) su*(2n) | su(2,2ln—p,p) | u(n—p,p)
s((2]2; H) so(5,1) | su(2,2|4—p,p) | su(4—p,p)

osp(5,1|2n;R) | sp(n,R) | osp(4,2[2n,R) sp(n, R)

Qu(3) 1 Q1(3) 1
6 | osp(6,1|2n;R) | sp(n,R) | osp(5,2]|2n;R) sp(n, R)
FIV (4) 511(2) FIII<4) 511(2)

7 | osp(7,1]2n;R) | sp(n;R) | osp(6,2]2n; R) sp(n, R)
osp(4|n — p,p; H) | sp(n — p, p)
L =%+2; LH=s0(D,1)®G or so(D-1,2)0G

References: Parker M: JMP21, 689(1980); Fre P, Trigiante M, Van Proeyen A:
CQG19, 4167 (2002); Lukierski J, Nowicki A: PLB151, 382(1985); Pilch K, van
Nieuwenhuizen P, Sohnius F: CMP98,, 105(1985)
6.3.2 A#i—HE#w = SGUT
e Dark matter
B 17284« neutralinos(3, Z, ¢, §), axion
e hierarchy problem
Non-renormalisation Th. = small corrections on masses and A

e N\ problem

AdS B FMERBDMFAET 2D T, BRAFMEL A = 0 2EBRT 201 Tl
W, 7z, dSERTRRBUIIGFAELZVWDT, 1Y 7L—YaryPA>0%
RO R ERT S5, LrL, BEOETFIT VY —2GHAEEICT
B0, D R,
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6.3.3 SGUT = BEH¥—IEFH
J IR 2R R T & — R % [RIBHI BR 3 0UE, BRI BB R & 7 5.

B FIEMR 4 YKot Minkowski FFZ212813 5 N = 1 B2 $ DHROYWE &
I R—1%, A VIS T B H 1 TS & & R VISR T B R
JRVEBV IZkER I NG, 2T, (AN SR L, HER (2™, 6,0,)
OB F(2,0,0) T, ZOEBEHULEZEMDMR/NRZ hILE;

Qo = 00— i0™0%,,, (6.3.1a)
Qs = —04+i0%0 0, (6.3.1b)
20,
OF = (§"Qa + &QM)F (6.3.2)
LxRINS.
HEZEH BT, BRRA NS 5 ARE R ML
Dy = 8o +i0™0%,,, (6.3.3a)
Dd = —Sd - ie"‘agdém (633b)

THEZOND. BT, A1 VG, &
Ds® =0 (6.3.4)
R SHEIST, MEAN T Ar), F(z) LEEAE ) =)V (z) 2 NWT
® = A(y) + V204 (y) + 00F (y);
y™ = 2™ +if0o™0
LRINDE., ZDOLE,
SF () = iv/2Em 0. (6.3.7)

72, X7 NLVEEIL, &
vV =yt (6.3.8)

Zmi7- ST, V YES C(x), M(x), N(z), D(x), v, (), x(2), M(z) ZFAWT
V = C(x)+ifx(x) —ifx(x)

+%99(max)+iAmx»-— 00 (M(x) — iN(x)) — 00™0 v ()

M@ﬂmo—u%w(xw+%wuﬂ@0

DN | .

+i(06)0 ()\(:r) +

+%(99)(99) (D(x) + %DC(IB)) (6.3.9)
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rRINE, ZokE,
OD(x) = 6O — E0™ O . (6.3.10)
—fIZ, VOIr =Bt s E, F—IUBHIZLD
C=M=N=x=0 (6.3.11)

BN TES,
4 ¥Rt Minkowski FFZE 1281 B d — R N = 1 N FRE R 1T

o G

— Kahler 8k 7 IZfE2 D 1 FVHEE: & = (&) (i=1,---,d)

— A OFEREMEE G IR T 5 Lie ¥ g \CfEZELD X2 MViBE:
V =VW@T1,

o KTV ¥ )
— G A% Kahler £5 > ¥ ¥ )b K(2 %)
— GAREBBRT V¥ v W(2)
— GHREWNZT—IKERT ¥ YV Higy(2)

ZHWT,

¢ = fd29d26_[K(<I>,<I>T)+F(@,@Tav)]

+ U 4?0 <161g2 Ha (@) (# O ®) 4 W((I))) + h.c.] . (6.3.12)

ZIT, #, 3 LiefRElg iz DAY ) — VAT 1 J LY
1 - _
Wo = W Ty = —Z(DD)e*VDaeV, (6.3.13)
T VBB, g ITEEINS A TS A = AT, ZHWT,
50 = AWX (@), ¥ = —iNTeV +ie" A, W, = —iATW, +iW,A (6.3.14)

YREND. ZIT, X = (X)) RGITHIET 5 ¢ £ Killing X2 R LD
B,
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HMENER HEHHIm T, FHERRZECOYE-BS AT, EhES
26 = e{l+i00"Y, — OO (M* + ,0";)}, (6.3.15a)
—6% = M + O[0°"Ya — i0"Pa M + irhyh"]
+06 %R + i TP + gMM*
1 4 1-- 1 -
+§baba — e Db + §¢¢M — §¢aaa¢cbc

+é€abcd (@Eaa-bq/}cd + waabwcd)] (6315b)

WL D, TnoDgE, EENY

e % M, by =bag (6.3.16)

m? m?

WZEOIES.
N = 1 AN AT AL RS — RN RBERIIROIEAEs TH 2 o5 ¢

L = Jd2@ 2&[81(@@ — 8%) exp {—%2 [K(®, ") + T'(®, o7, V)]}

K2

+

16192 Hian(@)(# 9 ) 4 W(®)] + he. (6.3.17)

ZOEHER S FIH, DIH, MIH, b, HR Y DIFNFHHHEZBEALTHES
NAHERBED DR VERDIE

ey = %R — gij# D ATD™ A — ¥/ (A)

1 1
e (A)E@ prn®) 4 <l ek p@ ) - (6.3.18)
ZZT,
DAV = 0,y A — gul X{ ., (6.3.19)
1
V = 59" D@D + [g” (D;W)(D;W)* — 3W*W] . (6.3.20)
DW = oW + K,W (6.3.21)

F7z, D9 (2, 2) & D Killing X7 bV X@ (23 d 5 Killing R 7 > ¥ ¥ )b

0D (a) 0D
Yo ST T

Gie X (@) = (6.3.22)

ThH5.
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p=t

BN BERET @) = ) = QD) =0 (D7 2V ILOEEH R )
ETBHE, TNODRMHIENFEL TR0 D M3

0=10cx" = V20" Dy A — V2e52g" D W, (6.3.23a)

0=206A9 = FWgb¢ gD, (6.3.23b)

0= 6cthm = [V +4<KD Al — KDy, A*J)]g
+ief?Wo,,¢ (6.3.23c)

ThHEZONE., ZNold—MRiZ
F = D@ = D, A" = D;W =0 (6.3.24)
AERT L. UL, BT LHBW =0%2ERLZRW. LEAST,
= 3|W %X <0 (6.3.25)

LD, W #0720 ADFHEMED 5.

6.3.4 SUGRAAYI7L—Y3vETI
FIEET/IDOEE SUGRA EFLTO FIHEFED AN S KT V¥ v
¥ =K <Ki5DiWD5W - 3|Wy2) (6.3.26)
THAOGNS. ZDd, FEHENZ Kahler K72 ¥ v L
K =) 2%z (6.3.27)
TlE, X ODIRTFD720 || » 1 TEAFT V¥ ¥ UAZEITHE AL, Chaotic 1 v~
TU—yaVEEBEINRN, £, WHRM VT MV Gollkonwe LTH,

BRI (W2 WEL S
m3 > 3H” (6.3.28)

FB, 2 =0TV =% =3H*%2BET5L (k=1),

mZ = v =Y+ W= ¥ = 3H>. (6.3.29)
O 090,y i
£-o7TC, ,
v/l m¢
=—=—t=1. 3.
== (6.3.30)
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Shift WH#fE Kahler BF V¥ v L EBET VY v LN
1 _ _
K = 5(@ +d)* + XX, (6.3.31a)
W =mdX (6.3.31b)
THZoNWBE LT HLE, X
d=—(n+i 6.3.32
\/5(77 ip) ( )
LT, RFUy vl |X|«1De &
_ ﬁ 2 2 2 2
V= 2gb(1+n)+m|X|. (6.3.33)

CHRDEE, 0, |X|» 1 TlEeX NTDbRMIEART S, 207k, n,|X|~1
Y, oA V7T b T B cchaotic T 7 L —Ya VINEBII NS, [Kawasaki
M, Yamaguchi M, Yanagida T 2000[36]; Yamaguchi M, Yokoyama J 2001, 2003[60,
61, 59]]
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56.4

= RICERERA

Sugra GUT = &/RJt Sugra GUT
o 713t XD
— HAREKL (family repitition)
o GlllEE
—- MiAEBoREE (HREOEK)

— Cabibo/neutrino mixing, CP violation
o LV I Ak T R—DIiE
— 3+ 2 kA&
o JEXIFME DN
— At HER TIEEATMEDE N DK E X 2k 5 HRRTTIENR .
o HIIDE T
— HERHEROERSRoTIE L 0.
o FHIHME

— A VOTEERII T HEBOMONEZ D S Z E AT E R,

— 1IRGCHEEIHEGRIL 2B £ TOA— X —CIEABS VN BN TF
HER D HHEA R,
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6.4.1 Family repitition problem

171 [EIRA

RFZEM M = X, x Yo ERIN, ZDLDOT —VE5)»

A, =A(r)eH, Ay=A@yeK; HxKcG

EWHEEEE DS, Yy ED Dirac fEHHZDEEGAY J —)L

Y61V DpXa = MaXa; Dp =V, + Ay,

f du(y)xtxs = dap
Y
AEHWCM EORAY ) — LT %

U= 9, (7)xa(y)

CREBT 5 &,

' =4"®%6, I["=1Q4"
L0

J dp(y)iWTY Dy ¥ = > 4hyi(7# Dy + ma)tba
Y a

oT, xOX¥BE—RFOBMN 4K TOD family DEZE 5 X 5.

(6.4.1)

(6.4.2)
(6.4.3)

(6.4.4)

(6.4.5)
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RN

6.4.2 (3+2) D&
SU(5)-GUT Tl&, 5kt Higgs ¥ ®5 = (Py, @3) D3NV I VBU% B 5 Kt % 1
95 :
5% x 10 = 5 + 45 = Psise1in0 (6.4.6)
q [
OF

9 q
Orbifold GUT (JIRETIV) BEER M = X4 x SY/Z 3 (2,y) EWVWI A —VF
Tx— IV RKEEEZR O T5. ZDEE, O D7, DEHIZH LT

—1
—1
O5(x, —y) = POs(z,y); P = -1 (6.4.7)

WO NRYF 4 A2EDI L EERTHIT,

gy = ¢o(x) + p5(x) cos(my/L) + - - -
®3 = 0 + ¢3(z) sin(wy/L) + - - -

X0, 4RTET VAV ETIE Py DADREL 5.
Reference

Nilles, H.P.: hep-th/0410160

Kawamura, Yoshiharu: Prog.Theor.Phys.105:691-696,2001; ibid. 999-1006.
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66.5
String phenomenology vs stabilisation

6.5.1 HEXEFwRDIO/NY ME
e Het

— Successful model building (but, basically GUT only and no EW Higgs!!):

0(100) MSSM-like models from 3 x 10* SO(10)/Es GUT models by
T /Ze.

Lots of SU(5)/SO(10) GUT models by smooth toric CYs.

No stabilisation mechanism is known.
e Type IIB/F

— Realistic model building is possible : GUT only in F.

— Moduli stabilisation is realised by flux compactification with D-instanton /gaugino
condensates [KKLT].

— Susy breaking is problematic. No dS vacuum has been exactly con-
structed. =;Kahler uplifiting
e Type I[TA/M

— Successful model building (no GUT): MSSM-like models by 7°/P x Q.

— Moduli stabilisation is realised in some realistic models except for ax-
ionic moduli.

— No inflation model has not been constructed in that class. (No dS
vacuum has been found). cf. Non-geometric flux
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56.6
FHOINREERICNT T 5 No-Go EIE

6.6.1 Bardeen O EE
(EHE 6.6.1) BRIt (Bi—) BHERAROEM 2L TWEH LT 5 .
1. RFZEXROMEZ S D ¢

ds®(My4q) = W (y)Y2ds*(Xy) + ds*(Yy,) (6.6.1)

2. PIRZERE Y, 3B DR\ a v 8T NRERMAT, FHRIENTHS.
3. V—THRFW(y) XE5H, EREMTH 3.
4. FEIRTCHELR AR T RV F — A Roo(M,14) = 0 R T2 LTV 3.
IO E, A% Xy THRT RIVF =5 Ryo(Xy) = 0057235, [
Proof. f{E & b, EEORFHARZ MLV IZXL T,
1
va(X) = RVV - —AyW (662)

AW
MEOID. ThzeY ETHEAT L L

1
Ryv(X )f dQY )W = f dQ(Y) [W Ryy = 100 W (6.6.3)
Y Y
#2135, Ryy = 0 CW BMEREAZRS, ZOROEWIE=02%RD, Ryy(X) =0
%135, Q.E.D.
Raychaudhuri A&z
3. ) ) a
J4= —Ryy —20° 4+ 2w*, V-V = 35 (6.6.4)

&0, ZOEMIFFHOMEEREZE LT S.
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6.6.2 SUGRA TOEI R F—F£H4
M G
1

Ruyn = EFM Iy ——|F4\ IMN

Ry = EFOiijo —i—mﬂjleUkl (665)
1T BUiEsh
R - vy (c G 1|Gy2 v L p e
MN = o 2 (M N)T A7 PQ(M 5 3] gMN 16 e

. 1 . 1 -~ .
R = —|V 2+—Gi‘G*U+—G¢‘G*”k-l-—FZHFUk
00 27§| o 167 970 T gy, ik 96~ VR0
(6.6.6)

| B

1 —¢ 1~ (7 k% L - 2

Run = §3M¢5N¢+€ ZHM**HN —§|H3| IMN
! 1
+%6_¢/2TI‘ (FM*FN* — §|F2|2gMN)
1 - (3
Ry = 5(50@2 48 <9HOZ_]H0 +Hz kij)
/
e I (4R FY + Py FY) (6.6.7)

ZD7-, MG - BB wmO a7 MEIZE D 4RGA V7 L= a Vi
HE2E5121%, No-Go EHODIKEDWT NN ZHES ZRIFNIE R S

o JEa VNN NaNEZE] = TL—VT— IV RETN

o JEFFI RN ZER] = S-T L —rETFIV, I AR

o JEREH R A RITLZEM] = quintessence BIE TV

o FEEMR, JEIEHIV—7 = 7L —vA v 7L —Yay, KKLT/KKLMMT

o = XIE, ®IRMHIE = Kaihler uplifting model, Non-geometric fluc, &b
WaET IV
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6.6.3 JL—v
—f%1Z, Einstein FFER LD
Run =r*(T —-Jz—g (6.6.8)
MN MN D—2 MN . .0.
Bilz, D =10 TlZ ;
Rm::%-Wﬂm+77y (6.6.9)
WE, TRV —EFEN
_ a p+l < b <
0 (p <a,b)
THEAOBD Ty YavyrDpTLb—raER5L,
TToo + T} = (7 — p)76PTH(D). (6.6.11)

&£ Ho T,
D-brane 7 > 0 = 8-brane 72\ U 9-brane DA M Ry IZEADEH 5% 5.2 5.
O-brane 7 <0 = p-brane (p <7) 2 Ry \CEHDHFEE2 52 5.

[Giddings SB, Kachru S, Polchinski J 2002[27]]
7272U, O-brane [ZWHRZEMTHEI L THID TFEHZ MK T 28 RE2E 5, &R
FTLCTED LD IZHARET 20 AHTH 5.

6.6.4 tadpole &4
7oy I ADERL D —MRIZ,
dE, = H3 A F,_o + (27 a/)" " p, (6.6.12)

ZIT, Py, 1E F I3 2R T L —2 Y —AThHD.
1B MHGHRTIX, CYD2H A 2 S, 2B EM VT WS DS 7L —iZx LT,

1
ND5(22> — NO5(22) + W . H3 AN F1 = 0. (6613)
4
FRkIZ, CYD D3 7L — Iz LT,
1
Np3 + Nfjux = ZNos- (6.6.14)
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ZZT,
mezZzégﬁjgfﬁAf%zeKmﬁ{—mK@mR, (6.6.15)
m JAK/BK Hy =m"feg, K =1,--- 1’2, (6.6.16)
@%aJ;BK&:n%wmm,Kanwmp. (6.6.17)

Dilaton-axion 52 ¥MH 7 7 A NN—DET a5 L BT I i1z k3 1IB HHD
CY a v 227 Mb (FEHR) T, ST 0Y, 137 74 NN—0RE 2558
D7 X695, ZD & ED tadpole S 1%

X@H)

ND3+Nﬂux: 24

(6.6.18)



HeE 1 FHTHR 179 [EZXA

oy
=

6.6.5 XK/ — bk

e No-Go EH: M/string M % & L @SR HEmIZH W T, NEZE M A FH
7% warped product B 3 > o827 METIX, BT RIVF —FKMB0EITH - X 1,
4 IR ZE D PR IZ IR IFE Z 5720 2 & % F 5k [Maldacena J & Nunez C
(2001), Gibbons GW (1985), de Wit B, Smit DJ & Hari Dass ND (1987),
1125, 47, 26].

e Chen-Galtsov-Guperle fi#: &X5t SUGRA 129 % # S-brane BIf#. N
S ENIAT R H 3, [hep-th/0204071][13]

e Ohtafi#Z: D =11 SUGRA BXU' D = 10 SUGRA 12T 5, HEEIDAIZH
ZLU, EFERogii®ReEfcay N MEU ZBEZER DR (% S-brane
f#) [hep-th/0301095][52]

e Townsend-Wohlfarth f2: NE22 & # Einstein ZE[M] TZ DY 1 Xz
REER M 2 2 1E, No-Go ®HIEE v /23, i1 v 7L —va v E%E
fp ISR S B T & & f2Hi [hep-th/0303079].  [56]

e Townsend-Wohlfarth f## (% Chen-Galtsov-Guperle fi# 72\ U #i S-Brane D&
® Ohta fi# [52] {23 W T 3-form flux(SM2-brane) 23X 1 OMIfR % B - 72 D
T, flux BB TRWGEIZNEBZEMAEIHE a1 7LV — 3 Vg
Lat T L x ik [hep—th/0303238] [51]

o OhtafRVNERZEMMNERE IR B HHA VT L —2 a Ufiga G0 Z & % 155 [hep-
th/0304172][53]

o NERZEMPEEDERKREROF L w5 BEE T IO, ARG N7 HiFH
T A Y7L —> 3 2% U [Chen C (2003)]. [14]

6.6.6 TIA BUiBsLIE:m

References

e Herzberg MP, Kachru S, Taylor W, Tegmark M (2007) JHEP0712: 095

“Inflationary constraints on type IIA string theory”

10D ITA Sugra action 7A4—AL7 7y 27 ALSMID6/06 TV —2%2EDB L,

1

_ 10 2¢ 2 2¢ 2
S = o APz /—ge~ lR+4<a¢) ——H\]—e Zym

—lig JD d¢\/—ge™® + 2u4 fo d7€\/—ge?. (6.6.19)
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4RTEMER AHTHEBEADT —TOHFRERLVWEWUEHTEZ S LRET S:

ds* = ds*(X,) + d*(Ys), (6.6.20a)
R = R(x) = R(Xy), (6.6.20D)
Hy = Hy(y), F,=Fy(y). (6.6.20c)

ZDkE,
p = exp («/2/3,6/mp1> = Vol'?, 7 =exp <\/ 1/2%/mp1) = e *Vol'? (6.6.21)
EBE (VollFA MY V7 EtH&E g, 1T 5 Y DR , Einstein frame

3

E T
¢ = — g, 6.6.22
g m;%l"ﬁ%o ! ( )
2B 5L, .
1 \2 1 ~\2
L = 5 5Rp— [P + 3P+ ] - V. (6.6.23)
Dirac &= b5
\[&mﬁeZ (6.6.24)
%
EERET DL,
Viaoep 3172, Vg ocp® P74, (6.6.25a)
VD6m7'73, VanC 73 (6625b)

EoT, RFrvyyivix

V = VH3+ZVF;D+VD6+VOG
p

A3(¢) Ap(¢) ADG (¢) - AOG (¢)
- 4-:§]pp3T4-+ = (6.6.26)
No-GoEE ZOXRTFV¥yILiX
ov ov
j@z—&;;=9v+§pnzgv (6.6.27)
729, Ik DRz
30lnV olnV
T%1¢;(% 32| >0, (6.6.28)
ZOFEMEED
mpl 2 2 27
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AERD AT —ILINT A=K c 12X LT,

2
2
€= % [(6[) In V)2 + (6# In V)Z] = 1_’; (663())

ERY, Ag—u)lbAf 7 b= 3 TR E R,
72, p=2,46DVTNNTV,>0&T 5L,

1
V=0 0&V=0= V:§zpjvp<0 (6.6.31)

L 725D T, Minkowski EEZ2I3FF X iz,

No-Go B % &} 2 7%

1.

2.

3.

Dp/Op 7'V —"> (p # 6):
Vppoep @ 778, Vopor — pT 773, (6.6.32)

&0, EEOAFERDLHLANDESIE, (12— p/2)Vbpop. &£2T, D8N
LO4%FZ5L, No-Go EHILAKIL L7\,

Geometric/Non-geometric flux
T : Hupe — f2 — Q% — R™* (6.6.33)
AT Vv Il
for geometric (f) flux: Vioc+p™ 772 = 7V, (6.6.34a)
for Q flux: Vo tpr? = 5V, (6.6.34b)
for R flux: Vg £ p3r72 = 3V;. (6.6.34c¢)
7272L, ZThoDT7 7w 7 AZX LT, Large volume limit (ZHZVZ 0,
NS5 branes
S = —pus J db¢\/—ge 2 (6.6.35)
NS5

2

= Vngsp 2772 = 8Viss (6.6.36)

7272 U, tadpole &b 27372012, KNS5 7L — 2V HbEE,
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ViV

0oz

NIRRT (PR Y.
“10 )

-ooat

Figure 1: The potential V (7)/Vau. with (p = 1) B3 =1/4, By = 1/4, By = 3/8, Bos = 2, and
p satisfving 9V /8p = 0. From bhottom to top, the curves correspond to the following choices of c:
2.183 (anti-de Sitter), 2.205 (Minkowski), 2.227 (de Sitter), and 2.280 (inflection), respectively.

Bl Hs, Fy, Fy, 06, NS5 2R1Z LT, W4 ATr—Y) V7T, KTV
R DITES

V = Vi B;)?;iﬁz) . Z By(¢)  Bos(d) n Byss(¢)

Dy R o ] (6.6.37)

‘/ﬁ _ Néﬁ )
V113 111

(6.6.38)
tadpole efE 2 EET 5 &,

BB) BO) B47 BO6 ~1

(6.6.392)
Bnss ~ c(w) = g(w)Nssa/ | f5 fal/Nos.

(6.6.39D)

RN
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§6.7

B IERICE DK INERBEE T )L

6.71 AVIL—YavVEFEHETIL

Natural inflation [Freese K, Frieman JA, Olinto AV 1990; + Adams FC, Bond
JC 1993]

Brane inflation model [Dvali GR, Tye SHH 1999] KKLT model: A > 0
vacuum by flux compactification and D/anti-D branes [Kachru S, Kallosh

R, Linde A, Trivedi S 2003].

KKLMMT model: KKLT + brane inflation [Kachru S, Kallosh R, Linde A,
Maldacena J, McAllister L, Trivedi S 2003]

D3/D7-brane inflation model [Hsu JP, Kallosh R, Prokushkin S 2003]
DBI inflation model [Silverstein E, Tong D 2004]

Racetrack model [Blanco-Pillado JJ, Burgess CP, Cline JM, Escoda C, Gomez-
Reino M, Kallosh R, Linde A, Quevedo F 2004]

Tachyon inflation model [Cremades D, Quevedo F, Sinha A 2005]
N-flation [Dimopoulos S, Kachru S, McGreevy J, Wacker J 2005]

Better racetrack model [Blanco-Pillado JJ, Burgess CP, Cline JM, Escoda
C, Gomez-Reino M, Kallosh R, Linde A, Quevedo F 2000]

Monodromy brane inflation [Silverstein E, Westphal 2008]

Axion linear inflation [ McAllister J, Silverstein E, Westphal 2008] Cf. ”A
Delicate Universe”: n-problem in D3-D7 model [Baumann D, Dymarshy A,
Klebanov IR, McAllister L, Steinhardt PJ 2007]
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56.8
KKLTEEFJL

6.8.1 KKLT E®5IJ)
o« EXETI

— IIBBIBEERD no scale ISD CY 77 v 7 2237 Mb (BEEY 2T
A [& 7€) [Giddings SB, Kachru S, Polchinski J 2002[27]]

K =-3In(p+p), W=W(2)
= V = K(KIDWD;W — [W|?) = X K®D,W D;}6.8.1)

ZZT, i=(p,a).

o JEEFEERSIHE (1 VARV N /gaugino i Witten E 1996[58]; Tripathy PK,
Trivedi SP 2003[57];Gorlich L, Kachru S, Tripathy PK, Trivedi SP 2004[28])
= Kahler €Y 2 7 1 OZEA

K =-3ln(p+p), W=W,+ Ae * (a =27/N). (6.8.2)

= N = 18P adS B2

o X D3 7 LA & 0EENEMEZAE D Minkowski 28 (72U dS EZ2) %
. £721F, DT 7V A VOFELTHENRT Vv ILD DIEIZEK D HFEM
12 SUSY 2% 5.

100 200 250 G




RN

HeE 1 FHTHR 185
682 AvJL—3av
EVAS5AMA4AVI7L—3Y

e Racetrack model [J.J. Blanco-Pillado, C.P. Burgess, J.M. Cline, C. Es-
coda, M. Gomez-Reino, R. Kallosh, A. Linde, F. Quevedo 2006(8]]

W =W, + Ae™% + Be % (6.8.3)

COETIINTIIMEGIEETA v 7 L —Y 3 Ui X, BTN,

A A VR
e KKLMMT [Kachru, Kallosh, Linde, Maldacena, McAllister, Trivedi 2003[34]]
L ATV vyl pk YA XE€EYaT4, ¢ % D3-X D3 DRl NT A —

R—L LT,
K =-3In(p+p—k(p,9)) (6.8.4)

BRTF VYA OIRIFEL IR WE T B, p DEER p = po ILfET,
mi~H> DA Y7 b—2avidiEl 5.
2. ERT VYT oA 2 R 5 &, BWEAEIZE D m? = 0(107%) H?
ETE, 1V 7 —Yavhigss,
e D3/D7 7L —>4 Y7L —>3Y [Hsu JP, Kallosh R, Prokushkin S 2003[31]]

1. Ry '
K=—MMp+m—§@—$V (6.8.5)
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BERT VY y VL o ITHRIFE T, s=RepB1 77 bbb, siik
D3-D7 D= £ 7.

2. fdD hypermultiplet & DMHEAEM X, EFRIE L U TsiZlog AT >
YV EERL, 2K UTidhybrid Bl > 7 L —2a VB I NS,

3 X#k/— b

1998 (FL14Y -RTLAv4>7L—>3 Y ETIV) (Dvali GR, Tye SHH [23])

2003 (KKLT E7I)V) §RTDEY 2 74 Bg@Efbdh, #LEISHEE2SH D,

2004

NBHGRDO Y —T L7175y 7 A3 7 MEET IV (Kachru S, Kallosh R,
Linde A, Trivedi S[34]).

(KKLMMT €7 J)V) KKLT €7)V& DD X EHWEZT LA V1 v T b —
YavETABIVPT - TEMAGDELA VTV —Ya vy ET V. (Kachru
S, Kallosh R, Linde A, Maldacena J, McAllister L, Trivedi S[33])

(D3/D7T 7 L4477 L—>3YETIV) (Hsu JP, Kallosh R, Prokushkin
S[31]; Koyama F, Tachikawa Y, Watari T[43]; Firouzjahi H, Tye SHH[24];
Hsu JP, Kallosh R 2004[30]; Dasgupta K, Hsu JP, Kallosh R, Linde A,
Zagermann M 2004[20]; Chen P, Dasgupta K, Narayan K, Shmakova M,
Zagermann M 2005[15] )

(DBI 4> 7L—>3YE7IV) (Silverstein E, Tong D[55]; Alishahiha M,
Silverstein E, Tong D 2004[1]; Chen XG 2005[17, 16])

(Racetrack €7 )L) KKLTHBE T IV TA Y AR Y b UhBRIZHE DA L€
VaTART Iy LT, 2OOHFBBEBIEART Vv LOMEMNS L,

H XA
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A0 —0— )V 22T ET VN TE S Z L &2 (72721, fine-tuning A%
WHEE) . (Blanco-Pillado JJ, Burgess CP, Cline JM, Escoda C, Gomez-Reino
M, Kallosh R, Linde A, Quevedo F [7])

(9F A4 7L —2aYETIV) (Cremades D, Quevedo F, Sinha A[19])
(N-flation) (Dimopoulos S, Kachru S, McGreevy J, Wacker J [21])

AT O - MBERTO A > 7 L — 3 ¥ [Buchbinder EI 2005[10]; Becker
K, Becker M, Krause A 2005[6]]

(X RhR Racetrack €7 /L) CY orientifold CP‘[LLLLGB] % FH\\ 7z racetrack &
7). WMAP3years & BEHR AT MVIEEIn, ~ 0.95 %52 5. (Blanco-
Pillado JJ, Burgess CP, Cline JM, Escoda C, Gomez-Reino M, Kallosh R,
Linde A, Quevedo F[8])

”A Delicate Universe”: D3-D7 €7 )V T® n i (Baumann D, Dymarshy
A, Klebanov IR, McAllister L, Steinhardt PJ 2007[5])

§6.9

Monodromy influm

6.9.1 Basic ideas

Axion as inflaton

— Flat potential protected by a shift symmetry. Cf n-problem

— The instanton correction produces a periodic potential.

This makes a non-negligible contribution to 7 leading to an uncomfortable
tilt of the spectrum in the small field framework. It is difficult to make the
period A¢ » my,.

QCD axions in 10D superstring theories

— 2 cycles X in the compactified internal space
b= f By, c¢= f Cy = axions (6.9.1)
b )

Coupling with D5/NS5 branes wrapping 2 cyles
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— DBI action = Potential for the axion = Monodromy unwrapping of
the axion field

dp-i—l
Sper = — J (27T>p0/_é+1)/2 e*b\/det(Gab + Bg + 21’ Fy)  (6.9.2)

For D5-brane wrapped on a 2-cycle ¥ of size £(a/)"/2, this gives the
potential

V) = ——— B+ b (b>» ?) (6.9.3)

95(27T)5O/2
— S-duality: D5 < NS5, B, < G,

6.9.2 Observational Predictions

e Slow roll inflation

— Evolution equations

V(9) =16 = BH 4P =0, H' = 1 (6.9.4

— The slow roll conditions

1 N 2 1 "
€:=§<%) :2752«1, n:VV=0:>¢>>1 (6.9.5)
— The e-folding number
1
N = fHdt =A (§¢2) , N~60 = ¢g~11 (6.9.6)

e Perturbations

— Scalar perturbation amplitude

v V3

AZ = - ~ 1404 ~3x 107 9.
7 2Ur2e 1272(V1)2 Op" =~ 310 (6.9.7)
— Indices
ns — 1 = —6e+ 2n ~ —0.025 (6.9.8)
r = 16e ~ 0.07
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Chaotic Inflation

0.4

C Linear Axion Inflation N= 50 60

r ya(l)\ 7\‘4)4 ® .

S\ m2 2 o O ]
0.3F < N=50 @ _ ¢ -

. " N=60 & N-flation m?¢? 0 |©Q

TTT
/

Hz o
_ o02f

01F

ym/ad)z/a
50 ®
N=60 @
0.0EL b B
0.92 0.94 0.96 0.98 1.0 1.02

Ns

6.9.3 Conditions for controlled inflation

The inflaton (QCD) axion should belong to the physical spectrum.

No significant correction to the linear potential.

No significant backreaction to the warped geometry from the brane charges.

No significant correction of MPI by light particle species due to large brane
charges.

No siginificant influence of the axion potential to the moduli stabilisation
and vice versa.

6.9.4 Specific stringy model

e Flux compactification of type IIB theory
= N =1 4D sugra with fixed complex moduli
— Geometry ~ AdS; x X5 (warped throad region)

ds* = 2y, datde” + e (dr? + r2ds?(X5)); et ~ (6.9.10)

)

— Flux: ISD 3-form flux + SD 5-fom flux (D3 branes)
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— Orientifold projection = 03/O7 branes with negative tensions to
satisfy the tad pole condition

Non-perturbative effects of instantons/gaugino condensates
= Stabilisation of Kahler moduli with (light) QCD axion(s).

= adS4 SUSY vacua.

Uplifting of the vacuum energy by anti-D3 branes
= vacuum with small A > 0

Zs related bB-anti 5B branes at the tips of the throats.

e = a linear potential for the axion

e = chaotic inflation

6.9.5 Physical spectrum
e Simple CY compactification of IIB = N =2 SUGRA

— Complex moduli: h%! (2 the vector multiplet)
— double-tensor multiplet

* axio-dilaton: 7 = C0 + ie™®

% by + icy (the 4D part)
— Kabhler moduli : 2! (2 the hypermultiplet)

* T4 Im T4 = 64

2 6
J=vw? = V= %CABCUAUBvc, 04 =f Cy (6.9.11)
DI

Axions: k! (2 the hypermultiplet)

« bt = GA=cA— 78

e The tadpole condition requires a orientifold projection in CY flux compact-
ifications.

HY' = HY + HY 5 (o, 1)
« Ho': T,

3 3 3 =
T, = ZCO‘B%%% + 52'8& + ge%aIJGI(G -G (6.9.12)

1,1
« H': Gt = — 1bf
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6.9.6 Potential corrections

W= J(Fg, — TH3) A Q + Ae= Tt 4 Bemv+=G-/Cm%) | ClemarTi—a1G-/Cm(.9 13a)
_ 3
K = —3log (TL + Ty + 5ﬂ@wble + C+Re62”+G‘/(2”)) +---.  (6.9.13b)

e Flux couplings

— In general, the Chern-Simons corrections to F}, produce a mass term for

the axion.
jdl%\/mfg A B2, Jdl%\/gycp A H3l?. (6.9.14)

— However, in type IIB flux compactification, the ISD condition guaran-

tees the non-existence of this correction.[Grimm & Lous 2004]
e 7-problem for B

— The instanton effect stabilises not the volume directly, but rather 77..

— Then, the Kahler potential produces m? of order H?, leading to the 7

problem, as in the standard case.

— The axions of the RR-form origin, ¢, do not suffer from this problem.
e Instanton effects:
— In general, the non-perturbative effect due to ED1-DE3 interactions (C

in %) may produce uncontrollable large corrections to # .

= It is expected that this problem does not arise if the Kahler moduli
are stabilised by the gaugino condensate on D7 branes with SU(Np)
SYM fields.

e Corrections to the Kahler potential can be neglected if 1 « v, « cgs.

— EDI1 correction to n

Umod (277) 2O+ 6727rv+

A ~
" Va Js

(6.9.15)

— Backreactions to the moduli

Vv 2.2
U+/(C gs) 5, (6916)
Umod (cttLup + 2ct++o,)

(S/U+ ~

AU ~ V2 (U+/(C2g§))2 (6 9 17)
T Unod (ct+lup, 4 2¢+++0,)! o
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6.9.7 Backreaction on the geometry

e The branes in effect carry N, ~ a/(27)? units of D3-brane charge. They
modify the geometry on the scales of

Fiore ~ 4ma’g N, (6.9.18)

ore

e Hence, in order to avoid significant backreaction on compactified geomety;,
N,, has to satisify

R 3
Teore < R = N, « W ~ 7 Re (1) (6.9.19)

where R, is the curvature scale perpendicular to the branes.

e From the condition, Uyeq =V =~ 2.4 x 107%my), and
AP e N
Unod =~ —5—¢€ TL/Ne (6920)
T M3
we obtain , A6
N, « —%NL log <2.4 X 10—9T§ﬁ> (6.9.21)

e Cf. A successful inflation requires

2

My L
¢o ~ 11M, = N, = llm ~ 11\/6W (one scale model) (6.9.22)

6.9.8 Other conditions

e Constraints from the number of light species

— Effectively large D3-brane charge N,, = N2 light species.

— For regre < La’Y2, the correction to myp1 by them can be neglected from
the AdS/CFT correspondence (777).

6.9.9 Toy models

Model
At =2 KM =1 = (T,,T.,G_): (6.9.23)
K=—-2W%s =2 [(Ty + Tp)** — (2/g,)**v? ], (6.9.24)
W =W+ Aye T+ + Apeor'e, (6.9.25)
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Potential @ )9
T
Vivss = My 2 [02 4 g2*] (6.9.26)
9575
where
L6
Vg = —, (6.9.27)
g2 (2m)®

2 Ys = 393 S \2

'U+ — E(T+ + T+) + 1_6C+77(G7 + Gf) (6928)
Example

2 2
KKLT : A,=—1, A, =1, aL=2—75T, a+=§, Wy =3 x 1072

= T, ~20, T,~4, b~0

6.9.10 Summary

KKLT + an axion inflaton with a linear potential due to 5 branes.

e Nice features

— Inflaton is a QCD axion field that is required to resolve the strong CP

problem.

— Large field chaotic inflation can be realised in the string framework
avoiding the n problem.

— Consistent with the present observational constraints.

— Predicts a relatively large value for the tensor/scalar ratio.
e Problems
— It is not certain whether a good model can be actually constructed in

a realistic string compactification.

— Utilises anti-D3 branes that break SUSY explicitly and invalidiate the
usage of the N=1 D=4 SUGRA framework as the 4D effective theory.

— Warp is not taken into account in constructing 4D effective theory,
which is common to most models.

56.10
*LVC & Kahler uplifting
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§6.11
Gyro influm

6.11.1 IIBIE:

EATES 1 0IXJC Sugra + Branes DA TIE, fERHRD I

2 1
Sbulk = E_;T [672(I> (R x1 +4+dd A dP — 5 *H3 A H3)

1 1 1 1
—5 *F1 AN F1 - 5 *F3 A Fg - Z *F5 AN F5 - 504 A H3 A Fg(:blll)

1
Sbrane = —27Tf dPrie [WG_CD {—det(Gap — Bap + 27T0/Fab)}1/2(6.11.2)
Yp+l s
1 B E
_Z g_nc” exp <_€_22 + ﬁ) ] (6.11.3)

ZIT, (2m)% =2,
Hg = dBQ, Fl = dCO, F3 = ng—CoH;g, F5 = *F5 = dC4_H3/\C2. (6114)

7 F = LG0T — VI

0B, = dA, (6.11.5a)
1
A = —A 11
61 = 5, (6.11.5b)
5Cy = 0, (6.11.5¢)
5Cy = dA,, (6.11.5d)
(504 = dAg + BQ VAN dAl (61156)
RGO AL C & A%
1
C=)> 70 (6.11.6a)
p
1
A=) 7O (6.11.6b)
p
WCEODBEATDE, F—IZBHUIZH LT,
5C = dA A P55 (6.11.7a)
(2ma’F— B) =0 (6.11.7b)

0, TV—UERBR BT -V REL 5.
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BDAERER RSRS 7 X —I2xd 5 AR
G5 = *G5, (6118&)
dGy = Jy, (6.11.8Db)
ng —HA G1 = J7, (6118C>
dG5 —H A G3 = J5, (6118(1)
d*G1 + H A *Gg = Jl, (61188)
d *G3 + H A G5 = Jg. (6118f)
NS &7 & —izxd 2 AR
dH =0, (6.11.9a)
d+H + *Gg A G1 + *G5 N Gg = 0, (6119b)
1 1
0P — (VO)? + vl gH2 =0, (6.11.9¢)
1
R,, = -2V, V,R + ZHN**HV**
+e 5 w l/+1 k' Ty +m JIES T LAY
_ 1 1 2 _ 1 2 1 20 (2 2
+ {00 + (V) — SHE — = (G + G2) b9
1
T — 3 BAGjuw (6.11.9d)
9 2 1o 2o (1o 1
R = 2D<I>+5(V<I>) +Hs +e 2G1+4G3
1
—ZTB’;. (6.11.9¢)
6.11.2 Chromo-Natural-type model
4D reduction Ansatz
e Bulk NS-sector
ds® = —dt* + a(t)*dz® + ds*(Ys), (6.11.10a)
e? = g, (6.11.10Db)
By, = 0. (6.11.10c¢)
e Bulk R-sector Y
2
C() = ¢(l’), 02 = 04 = 0. (61111)
GsMp)
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e Brane: Static spacetime-filling D3-brane
1
F, = §Fuy(a:)d$“ A dz”. (6.11.12)
4D effective theory LALED{REDE & T,
s f "R 1~ L ad ndo - VI(0) FAP—k2PAP|. (611.13)
= —R=*1— = =dp A dp — — «FANF —kE—F A . (6.11.
x, L 2 2 29 Ja

=720, BERTT 2V o BERT Y IVEREDOEL, TheTL—V
FYYavOEG N =21/ B EDEZEDE V() £ T B, I T,

9 4m

ms) = g%z\/ol(Y};), (6.11.14a)
1 N
=, (6.11.14b)
T
PR AL VRN (6.11.14c)
= , ) 11.14c¢
V2g,

7L, NETLU—v OB, %72, Y—VRHISUQ) 2L, FiZZ0 3Rk
B> &9 5.

6.11.3 Mobile D3-brane type model

4D reduction ansatz

e NS-sector

ds® = —dt* + a*dz® + ds*(Ys), (6.11.15a)
e? = g,, (6.11.15b)
By = %Buy(x)dx“ A dx”. (6.11.15c¢)
e RS-sector
Co =0, (6.11.16a)
Cy = C/‘f(a:)da:“ A wa(y), (6.11.16b)
Gs =dCy —dB AndC* Aw, =0 = Cy=dB A C%(10,11.16¢)
we = dx, (locally) (6.11.16d)

ZZT, w¥e H'(Ys) 13 Ys EOFAFM 1 BRADRE. L7zh > T, kD CY
T ZDE T IV L2\,

e Brane: Yy # @B 35 D3 7L —

y" =YY" (z), (6.11.17a)
£y = 0. (6.11.17D)

H XA
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4D effective theory Bulk fEHFE% X

2 1
SBulk = @VOI(YVG) J;(4 [R x] — 5 *H3 A Hg — Yap xdC' A dCB]
m? m?2 1
- J l—le*l — P Hy A Hy — Zryap +F* A FB] . (6.11.18)
X, L 2 4 2
ZZT,
9 4m
e
o= —% |y wn A ws, 6.11.20
gt B ZVOI(Y'G) JY,S YGW A Wﬂ ( )
Fo = dA®,  A* = m, 0. (6.11.21)
iz, 7L—=> ETIZ
ds® = G, dx"dx"; (6.11.22)
G = G + gmn (Y (2))0,Y ™0, Y. (6.11.23)
X0
1
v/ —det(G — B) =+/—g [1 + §gmnde -dY"+B-B+-- ] : (6.11.24)
X7,
Cy A Ba|py = C% A wam(Y)dY™ A B. (6.11.25)
£oT, TVU—U1ERED X
2N 1
Shrane — #1 4+ =gmn(Y) *dY™ -dY" + «B A B
b g, X4( + 59 (Y) + A )
2mN
u (—C% A Wam(Y)AY™ A B+ dB A C%y)
t: Jx,
2 1 Loy o
- [—mplA*l—ifymn(Y) «dY A dY = Sp'ml«B A B
X4
“A\B A dC“Xa.]. (6.11.26)
ZZ T,
2N 9
= — = 6.11.27
gégsmgl ILL ) ( a’)
2rN
Vmn = 54—9597% = ,LLme)lgmn, (6.11.27b)
A= gs,ume)17 (6.11.27¢)

9 gltN N T
_ _ , 6.11.27d
7 9Vol(Y) — myr | Vol(Y) ( )

H XA
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Cosmology % DHIALIE

By = ma(t)*b(t)de A dy = Hs = y(a®b)dt Andx A dy (6.11.28a)
Cy = 7ea(t)ca(t)dz n w® = Gz =.(acy) dt A dz A w® (6.11.28b)
Cy = 7bvc(aca)(azb)'d4xxo‘ = G5=0 (6.11.28c¢)
ZZ7T
W =N2/mp, 8v§ff§> L s A WP = 5% (6.11.29)
A% Lagrangian 1
L = a _3 (¢ 2 1<b+2Hb> —i—l(é—FHc)Q—V(X)( 11.30a)
bulk = 2 \a 9 2 gL L
1 o
Lps = a° [éymn(y)ymyn — 120 \(Co + Hca)bxa(Y)] (6.11.30b)
ZZT,
A =2g, 0%, ~ N (6.11.31)
Lim?)
— i & DX I
[ Qé& : (b = (Ca)a X = (bu Ym)
e CSKT VY vI:
U:Uy=bxa; ka=1 U=b"xa, W =0, (6.11.32)

A= (0xU) = (Xa, Wam) = (A"A)ap = XaXs + b*wa - «f6.11.33)

o HIH :
F, = —0,V — (H + 2H*)¢co + 2\Hbx,, (6.11.34a)
F, = =0,V — 2(H + 2H*)b — AHc" x4, (6.11.34b)
Fo = =0,V — AHbC wam (6.11.34c¢)
Slow roll AR Z
1 A2 )
= — 14+ —=A"4 AFx + F, —H 1.
Cq 3 ( 92 ) <3H x + ¢) Co (6 35)

U7zMo>T, ZOGE, —imhro THEINS X512, slow roll inflation 12 Z
57200,
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