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H/1E Introduction

1 The Cosmic Microwave Background

1.1 35 years ago ...

S5 35 4ERTD 1964 4, HBET TIC Gamow O v 7 N FH R (Gamow 1946) 12
Ko TCZDHFENTE SN Tz TFEHERME (CMB)] (Alpher & Herman 1949) % i
ML THRHEL &5 &, Princeton @ Robert H. Dicke Z H.0& T 57 )0 —F 0, BARIC
FEBR /B Z AT > Tz, EIX 2 0 Dicke £ W) A, BIEEIICBNT [F 1y F—2
A v F > 7 (Dicke switching)] &35, 2D ) A X HMIIKS TED T E LFEE HH
Y —TF. BEHOBEBMEIIBNC, 74V ya A EHONREEGRL L (S BEE
¥ 505 175X -5 1y ¥ — (BD) E/JHE] (Brans & Dicke 1961; Dicke 1962)
RIRIEL 220D, F SICHER /BN EROA VIR T L =Y —Ch o1, D
arve 7/ bk TR ¢HsL, 2T, BDHERD [HBRCRIEATRZ | RBHEGHL L
TIREBESINLVDTH T2 (Wﬂl 1993), ZAZREMN., € v I N BHOEENLIHLITH
5 CMB 2T 5DIC0 5 EICR 5720 HENIK D RDT 5,

LU, Dickeﬁi%ﬁ%:%ﬁ KD 52 dTCERh o/, BeRU LT, NV
@ Penzias & Wilson l3ZEANHR—2 7T F 2T T, CMBZBHT 57927 Tk
. BRHBD ) A XV RV E LD THEL, L 2AHMN, TUrTFEEDOL OFFNET
TOHHRESNLLULED ) A XM A>T BT D, b LS D Dicke THIUL, EIEIC
CMB OB TH L fEmE TL b Ly, LALIESIX CMB OFHEZ S Rh 5
Izo ThWA, £/ A XBEBOFRREZMIKDDTH S, LIS LRI / A X

*Dicke HIZIZBL L LD 1997 E 3 H 4 H., 80K CTEL R Z 92 TH5, AW BD HmicEIN 5
2AHT— - F oY —BEHEROWEELZBLO-ORZTORE LR TH S, BRI FAT 1 LI BIRER
OBRNEENL IR 5T, TAvF— - AL F U ITMHD Dicke BIRObDTH - Z 2 M- 2
DX Z DR TH L, Mim/ER/BH., 20 3 Koz REICHIZ SRR Y AV, FARIERICHEL
Zir 7=,
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BT SN TN, HRD» S OFARE IR EIN T DR 5, ERICES

AT {HUEANC TRBEYT Z — (systematic error) ] Z¥EL L 7=, LA2L. EXAHES
To7—%ZHYRLL OB, HRA="7.35cm (4 GHz) IZ AT = 3.5+ 1.0K (Penzias &
Wilson 1965) SN /£ £ TH-%, TL T . ... & D& IEHIE. Princeton ICEFHEE
M T=DTH 5, Penzias 6 DEFEE V) /= Dicke 1%, BIEICZNN CMBTHLZ & %
HEEL 7207255, BRFe Yok, BIIHICZIOE -T2 TH S, “Well boys, we've

been scooped !!”

1.2 spectrum measurements

Penzias & Wilson DFRIC LY., By I NV FEHBITEEESROHN 2 EO-L 55T
LEE TR, TR, By I NVHEHBERE L TFHRIIEREL TP DI TH LM,
CMB O &fllE 2 . AT M VOREDRAINLE Ao ThoTz, 2%, iR ER
TIFHR B ZL T2 22 0H 2 THLH, b LFEHFOWAVLIESRICRT
KRN F —EENR I L. CMB @ AT MVIZEBEHA» S THhTL £9., -7
CMB M52 BEPEN R BT 5 Z 2%, FHORBZMLZ L LASRDOTH 5,

HEEANC & S EHEER T2 FIROEBEENERTH Y, BUIIESTH 5,

B IVEPSYT I VEAE L L IKEARIC L SRINAHL < 2> Th &, # EEILY
Aghﬁﬁk&éo%A&$%%%D\Wb@év4U~7v~/Zﬁﬁ0m<w0mh)
DHEIFELZREIN, BEE Y INVDTFETLLIATHL2TKDBETHLZ LM
PO 6N T, U()i“( bUENESR, FROFERBEFESN T, L2, 373
VRIS H 5T 4 —EBIL F & éﬁ(ﬁJﬁi)‘?&‘éhiﬁb\i FRERINLERTH -7, B
BHTH L2 & 2 RRICHERT AL, EOLTUL AV — - V=V Xk 71—V
Bofove — 7 2 mHL tm‘ﬁh IRe0, 2TK DREHHOY — 7137 4 — > OZERH]
MmazT =5.099 mm - K K0, HEREH 2mm THS., V7 IV OBHENLET 5w,

H IR REETH 5720, BETLO0NKIK. HrnwIary N Thb, aHBERE
DIARIBHEZ FOE THLEHEBE Berkeley D7)V —713, CMB o1y v hEI% ZHHE L
Tz, BHERFE 102 - 1160 pm £ TCD NV REAN-L, =567 4 — U
BT TR ERTZEBNTE 5, TORRIE. Bb L5 THBENLRLDOTH -,
ol b RERONY K ERE . BERMADT TELTOBH AL CMB O RBEHE &
bAERISED 5 D72 (Matsumoto et al. 1988), 9 5. wbEHRMD 3N FICEL T
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R A DERF RS DX A NS CHATE S, L., BANYRMNBBFATER, —
R E DIFEAANAINELET H5DH 2 CMBIAMRER T > THHDH0 ?

1.3 fluctuation measurements

CMB&HIOY 5 1 RKOME, CMBD [WEE | ol chH L, LnH0b, HADF
KRR A0 & L, $AH. KIEE#EE L W o LIE—RRRENEEL Cnd, 0
O MEE. HICEEL TOREEDSED ] N 6 & ORJEIRICHE > THE
L TERENTZbDRELEZEZAONLD,. By TN FEHBOVSIATZT D L ) ekEEs
YEA 5 & BATBHHEELE (Last Scattering Surface; LSS) T CMB Oim Il [fE] TH
LIE—REMEMNEEL TORTNER SR NI IR 5,

CMB O—8R&EH v 7 FNVEREL 22 8By I XNV EERD 0IRIZ L T, v b6
TORBIIE Yy INVFEHRE LIROA —F —F TRIETE L2 2EKT 5, LA L ik
INHZPEEDOKRE IL AT/T = 107° L5, Loy FERICIMIRITHRER 2 EET
H5, BAILTY ERIEZ 5ZX 20N SITOVOBRTH LN, ThTHRHD T ) —
FIFBNC B Z RV KL . _ERREZ T T o 72 (e.g., Readhead et al. 1989), CMB @
ML Ffk. FIE CMBOWLEEEZRBL 2L EARLSOBRWERLD 512590, Rl
0 B DRI L TRSFNE 572 L9 Th 5, b EAABIEICBO T O EE
HNC k296 X DWIEITMmD CTEHL <. HAZMDOI N —TIC L LBHUN T Rbh T b,

CMB OFRLAKE, W & FICBIL TIBTRRNC R DIRERED ST/ NIRRT H -
FaN, BEERBIZSIEE 4 L A TSz, CMB OFRREMN S 2440 1967 I Sachs &
Wolfe IC& > T LSS DENRT ¥ ¥ VDWW SEEN CMBIKAREOWD S X 2 AKT S S
EWREIN, BI A - T )7 28R (Sachs & Wolfe 1967; chapterd) & L TEIS N T
%, TOBRUIFEREZEEL T - NUAVROBPNVY <2 FERXEZEE (chapter
2), UL FTEHRLIEMEL 75 CMB oW 6 1L UIEREMIIZTEMINDS L S
IC72 5 7z (e.g., Peebles 1980, pp.363 §93; Wilson & Silk 1981; Bond & Efstathiou 1987).
HLIIIRETAEETTH S,

CMB D AR MVHIEL D6 E DRI, TV A7 — 2V —IEERHCR 5 TRz,
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1.4 25 years after CMB discovery: COBE’s discovery

BFBRORROEEN KK CH LN 6. [T ORIV ATHEICLLEHTH
%o NASA T, 1974406 CMB BHIERO ATHEL TS EIJ S5THEN RS N 5T
W, ZO 1986 4EDAN—AY ¥ MV F X L VY vy —BORERGEHER L H Y sTHE O
FEHNIRILMNC 15 FE2 L 228, 19894F 11 H 18 H. Vandenberg Air Force Base & 9
FHEREHEERE “COBE” (= COsmic Background Explorer) (%, %% 900 km Hi
NEFFTE FFICERIHL 12,

1.4.1 COBE detectors

COBE %, HHOREL % 3 BIHOMEIEEEA T,

(1) FIRAS (= Far Infrared Absolute Spectrometer)

XFHEY, CMBDANXY MVEHIET L2BHEB|RTCHL, E—2 280 R N =
100 pm — 1.0 ecm (v = 3000 — 30 GHz) Z AHN—=L T\ %, NESOBKE 2 MA 5 7=
O, MEBROBETIL 1.5 K FTHRIN TS, ATy by T FNEV 771
VAL LBMEKE I, TOEEXTUN Ty N LB,

(2) DMR (= Differential Microwave Radiometer)

CMB oW 62 H{ET 2HMHE{TH 5, BIER®IE A =33, 5.7, 9.5 mm (v =
31.5, 53, 90 GHz) T, 1 2DWRDHLVIC 2207 TF &, A, B eMEInG 2
DF ¥ X NVEFHESTHEL, 78Ty M, BV 60° Bz 2 207 TF 05
Ao CELYTFNDETHY, 2207 T FR%E 100 Hz TAAfvF 5, &—
LY AXL T TH 5,

(3) DIRBE (= Diffuse Infrared Background Experiment)

FIRAS &0 bEHERICERNELETH Y, FHFIITRMS (Cosmic Infrared
Background; CIB) 2z <y b7 T 5MHEEHTH L, ERIT X = 1.25 - 240 pm
(v = 2.4 x 10° — 1200 GHz) TH %, CMB & OEZBZHD DN VTRV, 2O
REEOH EERIXZL AL R TH 5720, COBEOERS vy T IIEETH 5.
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1.4.2 FIRAS results: almost perfect black-body

FIRAS OFFEROE 1 L. 15 BT OB 199045 H 10 HD Astrophysical Journal
Letters IC#g#k S 72 (Mather et al. 1990), “Preliminary” &3 FA . FRIT—HERT
Bolz, TERRRBICDZ Y 1% ORGE TR BT, L T = 2.735+0.06 K. |
COBFET, MARS DT —T DFRERITEINSG Z L 2ln 5Tt

T oK AERMOBHEIT — 21 kY, CMB OEEIE T = 2.728 + 0.004 K (95% C.L.) &
72 57z (Fixsen et al. 1996), £7/z. AXZ MNVDOREP S DXV IFETFOH2 LT N UL
FUC £ D y NT AT — LR F V% S ED p NT AT — L L CEEMASA TN D
M. AL T 95% CL. Tyl < 1.5 x 1075, |u| < 0.9 x 107 MESN TS, Thb
b, BIED L ALK THEEW L CMB OFRMBHH» 6 0T IR SN THRnDTH
Bt

1.4.3 DMR results: discovery of fluctuations

DMR OFEROHE 1 3RIE FIRAS £V 1 FBND 1991 F4 H 10 HTH - 7M. ZORE
TIHEZ CMBIREBERPSTIHME SN TR o7z, 7208, 4 CMB oFiERIC
ML CEREREZ > CTEWTW S Z & 2RI OBMBRHZR R MR S 7z (Smoot et al.
1991), & H5AAFRATHBRITKREIC . KEERIZEFGRH/OC ., SRR BHFRERAEED H0
I L. ZRENENTN S Z L 285 T AR, CMBIC & 5 EHEEHOMIEIL. H
LERT [ FEHOMMER LR ICHT 2RELEEIET S DTH S, Lineweaver et al.
(1996) 1< & HHEERTIL. BB D = 3.358 £ 0.001 & 0.0023 mK. $/4% (. $RE&bITB)
% B E DO TFEN (0,0) = (264°.31 4 0°.04 £ 0°.16, 48°.05 4 0°.02 £ 0°.09), FEHEE DK
EXFv=369.0+£25kms ! TH5,

SHICTHFERD 1992F9H 1H, &O e SBHNRBREIMEINLZ LIRS, W5
TORHETHL., FIT AT =30+5 pK LW 5 HUNeY 6 % COBE I3 RER AR
LDk osle, ZORRNEKRT LD, HEVITHLREW,

T FATEAR. Matsumoto et al. (1988) OIFEZHTH LZMBRE BT (Bhal) & KEZEEZ 1T S WA 215
=DM BOILERIFTCOBMIF ) A XCEHZ R EE LR, MBIAR Y 4 AFX— (Bolh oAV E S
7=7*) % FFFIC Matsumoto et al. DFEREZ SVMZ VRN E . RRENT T —ORI %2 FE TN, Zhvk
SFM. SHITHEIEIT — F DT 2R ) RBLIEORE I £Than,

PERIHF OBy M ADA=Y 7 — VR T 49 FRHRICE S CMB ZX7 b VOERIHRH S T
W5,
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e isotropy: “Oth order” Horizon Problem

CMBM 107° ORBETESTHLLITE HINIZeh, COBEDY — LY A Rk 7°
THHDITHL . LSS DRI A XV FETH 1° TH 5B, $it->7C. COBE DL —AFH
T3 LSS T O RRBR Y Rz > LR EZ BEL T2 T TH s, iKbb
HET, ZNEDWEEN 107° OTNL NN W) DIEIMOTREATHY, Ih
% HOSERRRSE (horizon problem) & RS, 2213 COBE O3 RLARNC b FH O —#k%E
FHEEREHNORBREINTEBY, By I NV HROMNTIRRT 52 2 OTEn
ORI A DT TCH - 72, Z OREIE. 1981 FIEBERSZ (Sato 1981) & A.
Guth (Guth 1981) IT &k > THIZICIRIE SNz T4 7V — 3 V5 (chapter 6) ]
Ik TR SNz, ik, FHOIC AR INERR (> 7V —Yay) 23
Tk, BEBADBNT2LTOAr —VidA 70—y g VKT CIA
BEREH ST TEbDTH B,

e anisotropy: “lst order” Horizon Problem

PEE | LW FELRFESTERR, COBEDEHIL 7z T 6 X | 1 3H L 543,
BRITAN I AXTE B ok, NoZ L LEART MV EFSTWDTHL, S
Haz X, COBE EIL 9% A7 —)b 7° 5 LKITh Tz - T & F KBNS A
T5, WS ZeThHDH, HIPRRBEICRENT., LSS TMORRBROL R T -7z
fEER ISR S BET 2D VDTH 5, BHRO%EH AL 7z HEARRS
TR, WIS U CIREN R FEHE SANE (TR RERROREM) 3
TER LB, Ll RRBEBROLWITT oEBICHEN S b2 b, Zhidks
BICFEFETH S, BIFRPARERE DT DV D METIERW,

1l

e initial amplitude of fluctuation

FHOMEEKE ZA HE. W5 T OEITMEERICL > TRERTE 5. f
A Qp =1 DFHIIBNT, HBEDLIIL § < a(r) D& IICFHWRD A —)v
77 7 F=IHBIL TRET 5, LML, AT 0O RES S ] 2H57KR0,
COBE: z ~ 1000 D@5 E, T4bb o ook &) 2EENEL 20T
» 5, COBE/DMR OFRAIL 72w & & DK E Sl "COBE normalization” & FEIh,
FHMARAD AL F =KD 6 T ORELe L THEPNTEY . RIELN TS
DH Bunn & White (1997) TH 5, & ZAM, COBE ¥ —LH A X 7° & LSS
DRTARX LD BREVED, RFERE OREDOEEOHEZEHR TV 5bT
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TR, INEVAT— VDWW EEDKRE I LA D & BRI, BBEE (transfer
function) & N ZBH8Z AWV TEII SN2 RAT =)L D 6 I 6 #ET St
2 AREL IeFHET MR MKFEL TL £ 5 (chapter 3),

EJ COBE DFHIL 72 613 Y 5 L BERRE®RZFF>TW5, fiIELE D L DI,
COBE DB —LH A XL LSS DHRF A X LY bAkEWV, k5T COBED Ay —)
TEA VTV = a VEZOIASRAEN 2 D% O YELEFRIC K > TR OBEY T T
BET., WSR2 RBIREL TWhWDHD0THS, 2% VEHRD Mook E] &
WHDIE, LSS LV HIBICLART. A> 7 V= ari] (L B0 1 &
TERIN SRR ThE 22k s, ZOHAIEFERT 5251, COBED
FERZ AT HERICHREMA 2 2 e NARETH Y. OEF - ar b
Z ZIT®H - 7z (chapter 7).

1.5 after COBE

COBE 0)@6%“@5%%%:'&07‘ ZHTHD ST O/ EAA TN T E—KRITER
DWhe, LA, WEEETHLZI NN S>THEDOTHSL, RETERWTT IR,
EJEwiJ\f:ohv COBE LARTICIEW 6 E0FEENFEIN LIV L DD, ERMETIE
756 E offiHEOR M Z FRT 2101, #EENOT —ZdE@EEICZL o7, L
ML OERWEEIREINTLDTHSL, Z2H0de. ToElsLwsE okt oms
MEEINL XY, EEDOIZNV—T8 13 ZF 5T COBENRBRITE RN s /NS A
TF=NDdb6EDREISEYEZL 72,

1.5.1 seeking first Doppler Peak !!

LSS THRT A XY A —)VEATF D CMB W 6 T3, IS 2%->TCw5, LAL.,
B DERERi> T b, RIARVENTFD A —)VCldk. CMB ON%FIINF &
By TNVl TBY, B—DRfKE L 55 E5TW5, o TN F U NEIRLENE

SLL. ZBL WD RERIZZOFICIA S THRY, FAOHBIRY Tk, FLoWMBEBFEN I UKk
?ﬁﬁfﬁ%%%& BRUMOEIRRE LT 137 x 12 OB =L T AT/T <6 x 1073 2/87-bD (R, A
\\\\\ FfR. HIR 1991) &, BREHKZO KEERABIRN BIEO TS A7 L CHIIE R T % O HE—
T%é EZATHRIZEDZE Y — R THRAL MBIALER, BZ6 JEHNTIE CMB 0E M2 AR
THRIL oL, £-BNERL D M- DBRBNRTH S5, ardo I VIFTFEstcoRrA 2z, FITE
T RBEE R THVz, MBIA L HAPROBRZB{LENTE LD, KHIFETH >,
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P> TUUEL LD & LTH, HFOROMFREDDITHL RS, FRE L TRED
hELH, ROVEMINLL ZATCMBOWHE (AT >0) DREIFE -2y KY
FLRSNEE (AT <0) TOE =27 2F>, ZORBOKFIE. b r OENFHREDDL
DEFRDHEAR (sound horizon) FED & Z AILRHOEMREEOE -7 2 LTHNL, TRy
75 —¥ —7 (chapter 3)] EFHIN TS, AEICL TR O~ 1° (( = /0 ~ 200) DA
=M LSS DT A XVCHHT L 2 LIXERGRRZZEY TH LM, HFiEoFHET
YaE D 1//3 TRIENELFAEETCH LD, Ry T I——=rY 1°BEDL ZAHICH
N5 (chapter 3),

LZAM, bLFEEDHETRLBNTWEZ L T 5 L EENED - TRS, BO=FH
T OREEIT TERR ¥ T3 <. 280 6 RE S NI TE VIO R %8 5 7=
O, BEN S 2 SEOARITEELRETCHONLE b D LY b/hS ks, #, ALK&
FHTCHRERMEL L THREIT S (K 1.1; chapter 3). K v 7T —¥—27 DN 5 YHEH)
IR A =)V (BFROHR) 1390 > T2 DT, ERICEANE OAFICN v /I - —
BRI EMICLY, FHORMFZHET LI LN TELDTHS (Hu, Sugiyama &
Silk 1997).

CORyTI—-E—=22RHETS5ZLMN COBELBEOBRADEMNEL S >THNES D,
FTLRVEZHET 20N, NV —VEHIIKLIBRHERETH L, NIV =2k > TEEW
35 km £FTCERTIIE, RROPELRESLWSTIEMNTEL, FTHLREIWN DR
BB %2 177 > T % DM, UC Berkeley, Caltech % Hubh& 75 MAX, MAXIMA,
BOOMERanG. KU Princeton, NASA, Chicago &M {772 - Cvx% MSAM-1, MSAM-II,
TOPHAT & W o 7e—# D)V — BHETECoH % (Smoot 1997, pp.185, for review), MAX
& MSAM-T IFBRCHEIDO 7 T 4 N AT EEOREMEIHREL T2, FEBEI
ZLL, 794 M &S THFEL HEREEZDBREBROBMTH > 7=, MSAM-II 1%
199747 H 1 H. MAXIMA 1% 1998 8 A 1 HIZ#T b BT 6., BET — ¥ @b <o
%, £/, MEHL 25 CMB ORIV — 0 EERTH S BOOMERanG 13 1998 4F 12
H 29 BOFTH BT 56 1999461 H 10 H £ T 250 B (1) Ol EEKTL., 265
V7 — 2R OBPTCH L, IO DERIIINETOH DL IXRERLHE D ETHRED
EMBH L1200, FERBFNELZHTH5,

B ClE Carnegie Mellon D75 % MARO LEEGRAF BIRROER ZHEL 15, BHE
Python (4% 0.85-m), White Dish (1.4-m), Viper (2-m) £ X9 3 D2OEEENRH D,

TvBAA ., WHIRICIH > TVEE VW BRTCIIEKRTH S,
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1.1: FHORMEDEWICLS, RIALMADOEIL, Wayne Hu OFR— LR =Y
(http://www.sns.ias.edu/"whu/) & Y 5[HL 7, Hu, Sugiyama & Silk (1997) IC R
M EELN TS, EDONXIVIZBAL 2558 & YHEARFH ., TRV T8 & YRR FH
DIAROREBE O TH L. PAL LFHOGE. RAL AT RIALAT —VIGHERGE
IKHRTNEL 2D, 2%, AL ATV —VObOTHITKERAETRALZ 21k
%5, BORFHOGARYIC, AL A —Vobor2 BT L /NShAETRALZ .
WK d, INGITHMBHIRIFDORI L S TZRIRTH 5,

Observer
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% Python, White Dish 1Z 9 CICEIZ A TRERMRE ST S (Tucker et al. 1993;
Coble et al. 1999), %% Viper b#8Hl% 177 o7z, ERIXEZHE S TR0,
1998 4F 12 BT /N U TAT7 b7z Texas Symposium BT Viper F—AlERN v 75—
¥ — 7 O HRE L 72 (Science, 283, 21 (1999); X 1.2), HEMIIT — FIXE — 7 OFLE
ZRLTCHBY, =7 oNB LV FHENFHETHL I EMRBINTNELIICRA S,
FKIZZhLERC Y, AFF D Saskatoon (SK) telescope 1< & HEHANC &> T 0 ~ 200 T
E—=JDRhy 76 EWEINHMHEINTEY (Netterfield et al. 1997), Cambridge O F
PEt. "CAT" I8k 5Tl ~ 500 T SK £V b AHEMICERRY 6 E 0 BMRHEINT
W% (Scott et al. 1996), L L 4[ED Viper O&HNL, TH—O&H<T) ¥—2% BHET
KBS B CEEMENH V., SK/CAT L EbEL LY HRLFHIIHETH L L HICEX
%, HRD MAXIMA, BOOMERanG OEHIA L THNIE Python/Viper 28X 5 7
FVTF 4 DT = INBNTWLLHREENLDT, EBREGLLZVLDOTH S,

1.5.2 toward much smaller scales: another side of CMB

Ry7o—t—20x~1° L0 B ESITUNSWAERT —LIATL . FF4< U7 CMB
133 L CL £ 9 (chapter 3), Z0fb Y& LT, LSSLARRICAER SN h 7 Vied
EENEBL TL5LEBEALNTNE, FRERL L UL,

o Rees-Sciama effect
IEERREN TR SN 5 L EHRT > ¥ v UDBEREIZELL . a3 Wi /&
Hfebe 2T GREZRLZ AL 5 (K3.9).

e Ostriker-Vishniac effect
FEERBEAL VLT EE. BOHHBEH L > THRFII N LY VEER 2T 5, 7O
B, BEFOFEOEEEREICL > THFIN YT T -V T 22T, BESLEEL 5
(B 3.7).

e Sunyaev-Zel'dovich (SZ) effect
SO EEE TN AT LD SZRRICE > T CMB D ANRZ MVIZFED S, R
&L CREZLEZ AL 5 (M5.2),

e Lensing effect
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1.2: Viper, Python IC kB K v 75— =7 O~ —TF )V, Wayne Hu O7FR— A
N—¥ (http://www.sns.ias.edu/ whu/) &KV B[HL 7z, 7 —% &l Science, 283, 21 (1999)
DHDLDTHE, Ky T F—E—7OWMIiCHz5T —FM Viper OEH, HEoE
lo T —N— BOWEIZY 4 N —BHOFEIETH 5, FERIETNLVTHY., Q= 1.0,
Oh? = 0.025, h = 0.5 TH 5, Science zild, 'FHIFFHETH 572 LML T 5,

Preliminary Python/Viper

10 1 O (degrees)
LI 1 I||||||| 1 I||IIII 1 I||||||| 1
100+ -
80| | -
N / i
—~ i / ]
< N i i
=60 / .
= | ]
g | - _
a0 -
20 -
-I |||||||I 1 |||||||I 1 |||||||I 1 1 I-I

W. Hu - Jan. 199910 100

| (multipole)

Python Viper
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IR FELNDMeIET 2L, FEHERICENL V AR e T ORBEYZEZ 5.
CHNE—FBOMEFARL L L LRI TE, HRELTWLEEDARY ML
FHhTHICAL-AIN S (K3.12),

ENRFETSND, o ORI TLSS oWE L FEBRRFRTH Y, MhE OfEHRE
CMBICT VY R L5, > TUNSIRAFERT =D CMBW 5 E3FEADRROZ -
LETHY, TNTh2nEET 522 3O TEHL Y, LML SZRRETIIERIEFENE
ZFR ST 570, ZUWREIINC &> THBERFIRETH % (Hobson et al. 1998). Z DFFHH
BENL . SZWEFIC &S TRAFIAY — L OW 5 EDRE S 2RO SN LA H %
(chapter 5),

BAEDBHITIE, CAT (£~ 500) &V /WA =)L) & 2L 722 v 5 AR fllE
2L, boldS6 FRRMENFGOENTHWEDHTH S (e.g., Subrahmanyan et al. 1998), & Z 5
M. IR Caltech @ “SuZIE” A3 2 fEIKIC BN T £ ~ 2300 ISHREW 5 AT = 1447,
2446 uK ZRHL 72 WREL T % (SuZIE B—LR—Y
http://astro.caltech.edu/ lgg/suzie/suzie.html), BEMEIFEND, (BZ 6L TT A< UL
Sho) T Iz Thid, BOTESTHSL, 2P 6T DIEEREIHS I
THEDIFOERE—DOWERTEHHEIL THLEETTIEY AT, ZUWEROBHANC & > T
DHEICL LYok DELDRITR LR,

1.6 beyond COBE

RV, BRERCIEREOMES L b, COBE &V bz BT 52210k, 1st
Ry 7I—E—=213EA0, 2nd, 3rd FTEERBETHEL. Qo, U, Ao, h... 2. HEWD
LEWM/NT AT —HPREL LD L WIFETH L, BT LM FEINTWLHE
l¥. NASA & MAP(= Microwave Anisotropy Probe). ESA @ Planck TH 5., HHI. MAP
12 20004F 9 ADFTH RIFRPEL TBY., 904Tb B FcHmagEcd sl . —Ho
Planck 1%, —J53T 65 _EFM 2007 L > T 5 b DD, FHEHEDEEIT & > CEHHE
G > THE Y™ | BT RORTIT ESA BEFHEL T15 Y 5 —> 0 FH EiEsk:
FIRST (= Far Infrared Submillimeter Telescope) & #8E &L T IH LT A2RETHH L
Mo THLIRTH S,

I 9%bb, Ry FS—tE—2Dh%i->7 CMBHEERAOFEMDE L dWFTAL WD Z LIRS D,
> FARH > TOBETTHTTICAEME TN L, K ENLDESL I,
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1.6.1 MAP

MAP IX HEMT ZA5831C K o T H NV K OB Z1T D, BEARMRIZILLTOEY TH 5:

N R4 K Ka Q V W
FAWE (GHz) 22 30 40 60 90
P& (mm) 13.6 10.0 7.5 50 3.3
SYfREE (FWHM, arcmin) | 56 41 28 21 13
AT (uK) 26 32 27 35 35

NYREMZTNEZEE CMB LSO 2 HELICH Y R 5720 FFITH 5, MAP
2273 HREIOA XL =2 a VMFEINTNS (95, 3 AETEN & L coBEicfb
n5) N, AT 1 FEOBHITER I NS 1TV (18 x 18) BV D) A AV
TH5,
HEEHITREENETH L, L0O0L, ENLTNAT =)V (K& () $THHTE
LMY, EHEFHT/ ST XY —OPREREICEI NS TH L, eI 2EXE. 77—
ARR v T I == L PERITERN 5B E, FHOME (Q + ) LM oEHRIIIZ
EAEFICAS R, M13ICMAP D) A AV ERY, L FEEHENHETHNIL (£
NIED ITTRODODTTHEN), 3rd¥—27 ETCRIFEICRLAIRD SN D Z e B oh
%, 3rdE—27 ETRETENUL QO + Ao, Wh2 QWh? Dy hERLSRD LI EMTES
(chapter 3),

1.6.2 PLANCK

Planck O EFITARE M HIZF (LFT = Low Frequency Instrument) & & VAR TS
(HFI = High Frequency Instrument) i< T35, Planck ARV —¥ g & 144 A
THY, TOMICEKE 2ERLSTETDH S,

e LFI

LFILiZ MAP A%k HEMT Z{58§CTH 5, BHIARKIIANY R THEMN,. 5532
(31.5, 53, 90 GHz) 1 COBE/DMR OV K 2 £ L THY. Planck D~y 7 &
COBE D= v 72 EEHKTL0ICHVG NS,
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AR (GHz) 31.5 53 90 125

PR (mm) 95 57 33 24
fERe (FWHM, arcmin) | 30 18 12 12
AT (uK) 20.8 18.9 31.9 64.5
Al (mJy) 37.8 351 76.1 297.6

AT, AL W ZNZN 145 HOBRITHEONLGE VvV H Y ORERT 7T v 7 A
DIAXVRNVTHDL, RL. 1Jy=10"2 erg s~ em™2 Hz L,
HF1

HFLIZIEARa X—=28 b By, BHEREIL SNV R Th 5, AL T
fREEME L. CMBW 6 E DT HFI MW XA 2725,

JAEEL (GHz) 150 217 353 545 857
H& (mm) 2.0 1.38 0.85 0.55 0.35
SrfERE (FWHM, arcmin) | 10.29 7.11 4.37 4.37  4.37
AT (pK) 3.3 55 33.0 209 11365
AT, (mJy) 11.3 114 158 193  26.4

ERABHIT AT BRI ER > THER, Zo LI REERIEY « —VEETH Y,
PDURENZED SR TCUOEENRKRELA LD LD, RE] KLoTHEDLTD
3HEVEYTIER, 150,217, 353 GHz X7 T v 7 AClllo e A=Y 7 — ¥V
R 49 F (SZ) RMZNZNAETHK, €u, ETHBARE R ZFEHTHY. SZ
ZET 5 DITERNA N R FEBTCH S (K5.1),

131 Planck @/ A XV NV & RY, RIIVEELOIHMETH S, ( ~ 2000
ECHEMNFRETH O 6. EHV VUV ARICE D ALV UV IRFROR v T 5 —
E— 7 OFRZELIC & 5T FHEIm/AST XY —OPERHEIT MAP &V bIEEIC
mEL. FIIE 1A —F —RELH#EL DL H S, Planck W] 6 LT & 1 TERHIA
1Tbh i, BEALEDFENRT AT =N 10% LLTORETRKRD SN S (Bond,
Efstathiou & Tegmark 1997),

B L Planck IR SNZMEIL, £ ORX>TH b ET A0 RETTHSL (M. Thhi—&F
KEHITH B).,
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X 1.3: MAP,Planck O&HANC £ 5 ) A XL & CMBD/ST — A7 M)V Hg, Wayne
Hu &R — L= (http://www.sns.ias.edu/whu/) KV 5IHL 7z, L AN SNE& AT
DIT— DML,  BNEVIEE I T NVER DR hoTn Ziikbazriyy
~ Uy UTVRACHLE, Ny T I —I2E5EHED ( CIRIFFEICR S AR MLzl
ETELMN, BE— LY AXIHIET 5 ( AT EHERINC = —2A KT 5,

Projected Satellite Errors

10 1 O (degrees)
LI 1 1 IIIIIII 1 1 IIIIIII 1 1 III
100+ MAP ——
: Planck
80
g? I
5560—
= L
<] |
40
20
-I 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII
W. Hu — Feb. 199610 100

| (multipole)
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1.7 toward polarization measurements

CMB IZEMREHL T 5 2 EMEGHMICTE SN T0 LM, RIEBEERE IRV, Z
NWITHIR SN B RGEDN 1070 LIFEITNSIWDTH L, L LRERLOHEE?»SIE. |
EOeLENSB/LILOTERVEEREREZIEHT I LN TES (e.g, Hu & White
1997a; Zaldarriaga 1998; Crittenden, Davis & Steinhardt 1993),

e tensor-scalar ratio

HEYLEOFEMITIE, BEPLIIERTSLAN T —E—R L EHFKIERT S
T —F—ROFEORMNBEN NS D, MEE DT L2 IX TSRy, —
HRAEOBH TR, AAT—F—RL TP —F—RE25TLILNAEETH S,
RHAIENY T 1t DRRDZHEVHNIRE—R (B, BE—R)DBEETLN, 2H
F—F—RM EE—-RLPEKL BVoicil., 79 —F—Ri&k BE—FN b4
T5, > CE, BE—REZMVIPET L2 I k> TliEL HHETCE, TP —
TR ANT—F-RFRDONU—EZPETESDTH S (chapter 3), Z DI
P LERENT 2 AN ALK ES>TROENTHEETTHY, /71— 37
VHERIIET NI L 5> TRR S HE TET 5 (chapter 6). 720 bRENEOHE.
HEPSE LD b S ICEHENRYAFEERORILL 5D TH 5,

e reionization history

FLRHED AT ML, FHOFBAA V{fboe AN U —ICIEFEICHBURICKEL <
Wb, FERD L5KRGRE 20, CTEBAA ML T L L. 2, WKCH7 LSS M T
L2 el d, ZZCCMBIXEVOEBEFICLLHELZZT. RABERINLDT
H5, A7 MO ETIE, REMETRI 2RD 720 FiAlef A — )V k& <
20, (<50 BEDOL ZHIHEHERNYTIMNTEL,

BEDSLEDANRT MVTIEH £V B (2, > 100) IKCHEAT AR ZINIER v
T —E—IMEINTL £ O, HEBHEHETCH AL MR s 5E. BAA
LD EEZFHRT E I L IINEETH S (K3.6). LALREEDHEETIE, A4 1L
MEZ e ARKRFFEOTH S ( < 10 DRAEBERINE =D, LOVEAF LD
HEIBEROTH S,

L2 L RGEIMRENIEEIT NS WS e Th 5, RN EmRT S5 Y — AT LSSICBT %
BEFOEDLYVDAEMOBERFTHENRNY —> O, DR THSH, LHL LSS TlINFL EF
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DAy T VTR O, 1TF T IELN, BRERINSGRNEIA—F -2 L
T 100 2%V 104% TH L, MAP DRRECIRM OER LT Yy FTHILIITE
TH. ERERBIEICIEES 2 (K 1.4), L»L Planck THIUE T 72 RRE CHIERTEET
H5 (H1.5),

2 The Sunyaev-Zel’dovich Effect

2.1 30 years ago ...

Penzias & Wilson @ CMB R0 6 5 FED 19694, [HYHED Zel'dovich & Sunyaev
3. BROBEHCE LML T N UHEUC &> TEFOTRIVF =R EmE S, CMB
DERMBHFHF AN M NVRED 6N S HetEZ ik L 7= (Zel'dovich & Sunyaev 1969), —75
X MREH L 0. SRAEIFICIEER (T, ~ 10° K) OB FH ANEEL THhLZ e Nmeh
Tz, SREEPICET 5 CMB OFRME AR bV DERDERFTREMA R S 7z
(Sunyaev & Zel'dovich 1972), ZHIIA=Y 7 - IR T 19 F (SZ) RhRe HIh, &
HFTRE: CMB DAY ML LT, RV EERZNRTH L. TDE. B DT PRSI
(Coma cluster) IZ BT SZEHRIC & 5 CMB DR ORI ERE S /2 (Pariiskii
1973) 23, SO B ZHEN L SN L K D18 5 72 DIF 1980 ERFLEI S TH 5,

SZ R OT = FHIL. COWRIKFEETH 5, MR RHIEL BE LT, v
217 GHz IKBWT SZZREEETH Y, 2N L0 BEAER (L AV — - ¥ — 2 XEE) T
I3 CMB ORI AL <0 L. XY 4 — T EA AL > 095 (K5.1),

2.2 “first” detection of the submillimeter SZ effect

BRI SRS B TR, L A Y — Y — 2 XA C DIREZRIN ATs, ~ 0.2 mK &
ETHs, CMBOEEDSHE AT ~ 30 pK = 0.03 mK ICHARNE 1 4 —F —KEn&id
WA, REERBITH L Z L 3HNTH L, o, BEBIICBOTENRDL AR
U FRIC K BB T b, LAY — - =2 R BY 5 SZ OB AIEZS L
DY TAET —THRHINTE (e.g., Jones et al. 1993), L2L . ME LRIV T IUT
b5, CMBDRBARARY MVORIEDORE Ffk, £72L THH 7 IV DEE (BT SITKK

k<, CMBIREKENARFRHIEEDPSETD 10% L WIHIERBREZHICT M, ZThIIBELIBLIRET
b5, RME] XHLETHL 107% TH 5,
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B 1.4: MAPIC K BRHANDREE, HBAA ALL EFHEIIBT 5. EE—F ORHEANRY
M T 8y b I Tnvsd, Wayne Hu DR —LX— (http://www.sns.ias.edu/ whu/)
K VBIAL /=, WIS log A —NVTH B LICEET S, IMIEAT —)V [ ~ 1000 N\
CIFEERMERKE VDL, LSSIKBWUNAT =V TENFL BFOhy TV TR
ETEHRLRY ., ROV — AL B 2BEFDOFD ) OEE 4 EH/AY —> 0, BERIH
LM THL, —FH. METEEEDSENT VT L T L0E, BEF»6 Rt /)R-
VOB hy TV ITMEFEL 705 Z Ik > THIBEEZ T 5206 THL, RHETH-
TH, SHIPAT =V TRY = ADBERBRE2 XTI Y T 5720, FARICY 7T
5, (<10 DRHEDOEEIMI, FHOFAA U & > THIEE K THE KT EHIHEL
SN, FEBRRBENERINLZLICEL, (DN SNWE ZAHTOTT—DHEMIE, (2
INSWEE Y VI NVEN DL ot el kbarIivy Ty U7V ATH D,
MAP O R&E TR D EHERTIEICIIES RN, FHOFA 4 I L 2T 5138 H
TELAREMN D 5,

10 1 O (degrees)
L L Sy L L B L e
N L
103 B aaass® 4 E
= o] =X
: temperature N
100 i
ol
< [ MAP |
= 10 f‘ I
R [
5 I . |
n 1 _ polarization \Y
Hﬂ§77/“\ \
10—2- ] ||||||\"/lll 1l Lol \
W. Hu 3/98 .
10 10° (multipole)
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X 1.5: Planck i kK 5 R X N 0 R E .
Wayne Hu O — L= (http://www.sns.ias.edu/ " whu/) £V 5[HL 7=, Planck D&
BEIENTHL, ChEToRBECHUTEINE, BAAVbkoe AN Y —D R 6T,
BEOWICEET Y —FE—-R0FEL2 ANT—F— N LI3MZICHERREL 2 5., F-.
2T NV DOFEITIRED 6 X L FRRICHEARTFEH NI A —IUREL TBY., BEDS
ELRAEDBEREAAEDEDL I LICL > TEBIINT XY —OPWENEEL BT 52 &M

10 1 9 (degrees)
1 1 1 IIIIII 1 1 1 IIIIII 1 1 IIIIII 1 1
1()3 — | [ ===::- -
e BT temperature I
12
& f , X
X [ Planck [\
=0 J 7T
% f
al 16)? pobﬂzaﬁon// pY \?
101;— N 7
- \‘ ':: .
! o/ ‘
10—2 ] |||||||| Ll Lol ] \

W T 10 102 | (multipole)
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DEE) LB ZEMB DI S T,

ZNTH WL O RBREBIRE I ST /e (Andreani et al. 1996, 1999; Holzapfel et al.
1997; Lamarre et al. 1998), N HIFETCE LY A XM FAF —H L XL ARETH
b, EIAMITAEZ—DT 4 —)VRIE, BT LEFE>TOWVZIEY T IV Y —ANELE
L TWBIZENGH 5> TETNS (Smail, Ivison & Blain 1997; Smail et al. 1998; Hughes
et al. 1998; Barger et al. 1998), 2% ZNE TORAHFITIER, ZF =T T F IV SZ D
LOTHLOMN, TN HMOIT IV Y 2D bDTHLIPEHWTERY, 2205
DIRO= v BV TBEIN AR R 2D TH 5,

A 1998 D 2 AR, HALKRFDIRED SBHFICT 20T 6 N THIKKF DO AR W8I
B2V —F—3597IY SZomti7ay =7 Nllbs7kH , 2=y NI I 27—
%, RXJ1347-1145 CH 5, TNIEILRKTHRYBHL W X RERFFITH U (Schindler 1995;
Schindler, Hattori, Neumann & Bohringer 1997) . SZ Z#H T 5 DITIEHR B EL T /e,
F 0L EIRERIFTIC T 21, 43, 150GHz DXV R TCL AU =¥ — > X0 S7Z % i
FEL . KFIANT ABD JCMT T 350GHz O %4770 572, RIFCEENTFEU LD
ARV NWICEHEL AR, v B ZERIONREFEMENT Z LT, HEESZ OB
RO ZE DT =D TH S (Komatsu et al. 1999; Appendix M), < v &> 7 EHD
FlEL VI DI, FHRD LI SZLUMIOH T I Y -2 FEEL RIS bH LM,
eSS TUITATNTa T 7 AINVEFHSENTELETHL, T ULBAAT S
AL =PI TH B L WD REDBRDELEMN, ARSI T AL L& L T AR SZ
WELGEELERMN H20000 00 THY ., 0 RKELORMIFORETZYTH L L B
bz, JAZXVNVEY 525 —OTHIFF SN S 5RD SZ & AR (8 mJy/beam) T
HY, 1ETVNVHLVDOTTFNEEZS L 050 IKHHRBRNTHAIHENLDTH >
e, T4 T7NTaT 7 AI)IVERNTHRSL L REICHONAEDN > T T FIVREN 5T
W=D TH5 (Appendix M @ Fig.3), L bZor/ a7 » A )Vk, XIROBH» & HFF
IhbSZzo7ary A)ve —HL Tz (Appendix M @ Table.1, Fig.4).

Zel'dovich & Sunyaev O FTEMNHHEIT304E, & D& 5 SZRRITHEMNEN D TH 5,

HYBunx, Bl 2L oRHRATHL, THTYH, FH4EOKRD VEDN S T TIEE STz CMB
. BOTRETA5F ¥ A2 63 0THL, Z2oBRETSHL. ZOHDPS (LML TTIHERTH -
f2) ik BB O FEMEL BT 2 2 2108 5 72, 4 FRIC RIBURIC Partridge (1995) OBFIEY
FHEEITITOONTHTRL T2 e, ZORBERICRICo - (EE., 4 FRICIENZ BT L L
BEICL B o 0T, BHlOETERE 7).
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#£2E Photon Transport Equations

EMABRNTH L. RO NTFOIEFBERZZEBRRMAL (FETT, XFo
fEARIE — AR FR YR AR VY < > FREAIC K > (Gl S b (Appendix F), REW 6 &
O=AT/T. AN—=2ZANRTG A5 —Q, U,V ZEHKTI, HnEHERT

) Ge
d | Q+iU | | g 2.1)
dr | Q —iU ga—v

1% G

CEAMCEE TS, 713K (conformal time) * . —BREFFRDO AT — )V 7 7
78 —a ZHCTHENREER L L dr =dt/a & WO BRTHEIEN TS, N—DDWnT
WEHEL, BEZSERVETH L, Q, U ITEMRNEZHRTEAN =T ANT X F —
THY, BERORFEETEDLY (FRAL) HEERgICHL . (Q+iU) = eF?(Q+iU) DL D
WKEHIN G, E->T. QiU IZAC Y 2% F285TH L., V I IFHREESRL TBY
FEAZ, REPSE O bEEAETH L, GIEY —ABKTH Y,

G =Gco + Gsw + Ghend + Gothers
LTl ¥
e Go: AT M UEEUC X L BEF L DHENEH
o Gsw: BEHHRFRE (V27 A - T 407 =5)R (Sachs & Wolfe 1967))
® Giena: BAV Y XENRIR LT & B HF DREBAAL

® Goihers: TIENHEGT (bremsstrahlung), ¥ > 7 1k 12 (synchrotron) i, # A B (dust)
st e, 7 AT IV ROV =2,
I RFRT B0 Gohers 137 T A< V7% CMB L IFBIRRVDT I ZTRERBA LW,

* chapter 6 £ TlE. —EL THEREIC L > TGERE T IO 5, it OHINT 22T Appendix IZBY
TN=atl3d, NISTAEHTH 5,
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1 Before Multipole Expansion
(2.1) . &AL DEINITHT T

. 00
@‘l"?k% = gsw+gg, (22)
. 0 . i
(Q+U) +4"'5—(Q+iU) = G&*, (2:3)
0V
V—i-’}’k@ = Qg (2.4)

EEETT, A IIIHEENWRO N T OIS % H 6O THRRZKTCH Y. 6,7 =1TH
5, Ny METIKEAT5REMY (=0/0r) TH 5.

1.1 gravitational sources: Sachs-Wolfe effect

9. BEORARBICEK S Y — A E BEAMICEESTL T <, FHflE Appendix F
WEEDOM. Gow B ANV v 7 OffEEE) b, < 1:

Guda"dz” = @*(—1+ hoo)dr? + 2a*hgdrda’ + @*(vi; + hij)da'da? (2.5)
HWT
1. : 1
Gsw = —§hkﬁk5’l — hoy" + éhoouﬁk- (2.6)

772U, BE e U OREHREA & OES) T 2BE 2 AL 72 (F.64), SHIFREOFE 4
T2 00TH Y, BHIERFETIEIAUL NP OBIRITF S hgn, ;1. &
BEROFHEREZ RN 3TEBAN Y v 7570 —TH 5, Mto/N—1% 3 RTHLEH
DEHHDT, Appendix D IHEV, BEZ AN T — X7 F— TP —F—R:

hsy = —2AQY, 2.7)
hy = —BOQY. (2.8)
RS = 2H.Q0; +2H QY (29)
hy' = —BYQY, (2.10)
hyY' = 2HPQY, (2.11)

by = 2HQf) (2.12)
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X%, WEINIIANT —E-—NIEBEEPSLE, NI/ F—F—-NII@, 729 —F—
REIENETH S, TNTNIIONT Goy 2FE TR

G = }ﬁ@”+@A+B)Qk — HPQWY Y, (2.13)
Gsw = Qk - 1WA, (2.14)
Gy = —HP QR (2.15)

QMITST S 7 DEERBTH 5,

1.2 scattering sources: temperature & polarization

RIS, FeEFoay T s UBEUC LD Y — A ARk 5, =7FL, a7 U
FUC & B Y — R RIVF —EENR Z &5 WM EL 04 —F —, 2F DV MLV
ELOMPER & %, Appendix G &1

Go = —%c®+%c/d(2 !

-0
—Y) O
VAT 0

- k
+chkvb

~ 1 r~ ~
. / 0y L[5y 6

—\/g 25" Y5" (Q + ZU)

3 - - -

—Vﬂ;_ayy“}g"(Q-—zU) (2.16)
GgaEv — -—ﬁ(Q:tiU)
+7. | dQZ V6 Y Y ©

+3 oY Y (Q + ZU)

+3 oYY (Q - i) (2.17)
Ge = —%V
N 1~ -

+T'c/dQZ SV (2.18)

Y EEREFIAREEL LY 1E A Y £2 OFFMBAE (Appendix I), 7,13 b LY VERELDYN
FHIGRS (optical depth). v, (33U A > OEEEEEE (bulk velocity) TH 5, FI T —
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DON=BIIHELRTOEE 0, ) TEHBSNLZEBTH S, Q+iU FEERICHKHL TAE Y 2
DBHMEE FO DT LY Tk b0 TH 5,

2 After Multipole Expansion

RDAT v T 3B ORELEREEZ B2 6 Riz) @ENRY — @ty -2 LT
LR Y 5720, BEFOKIKEAE (0,¢) BT 22 EMBEZITR D 2L TH5S, Appendix
HIXHE->T(0,Q,U,V) % BT hiX.

o(r,2',v") = ZOZ oG ("1, (2.19)
(Q +iU)(r,2',+) = Z(Eém)izBé ) 0GP (), (2.20)
Virz,y) = ZV"’) oGzt ). (2.21)

m=0,128FNTNANT— X7 ¥~ T ¥ —F—K] ”itm“\b“cwé INFETlIze
RIDOBIRITH L TRIOHFHIRS L TR 5 7M., FEam2 BT 54012 &LV FiEk
2% (k=0) &R 5%, EL. EBEOME k£ 0 %ﬁ’)b‘*xldiAppendixH [
T—MRLFIRETH 5. E— N B Gy © BB (H.3):

GF = (=) 3 V() sk - ) (2.22)

Q+iU% E™, B™ CREAL =0I1Cid, bbAA:MH 5, Appendix 1 Tbfilh T
L. AE Y 2 DT LY (1) (D) BRLENY T 4 2 EOE—R 2o
TW5, T2 TNV T 1 DR LE—R%Z EE—FR (electric mode), BE—K (magnetic
mode) & L CERL DTH S, ZONY T 4 BHME, UTFTDOLIICL THNLE Z LM
TZE5,

2.1 parity: electric & magnetic modes

Q+iUWRKAEYTFTRBANRL =% 5% 22oM). ALY 0. TbbEiEREREGx2ES
(1.16) — (1.20):

B 1/2
Q) = Y +in” |G| s
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1/2
= EXE+%Bﬁm[$j;;] oG (2.23)

FRRIC Q — iU AE Y ERANV =% o &,

1/2
(@ - ) =SB - i) [ o 224

o>, E,BE—RDOERHRHLL T

. (0+2)17"?
E(y) = %[pQ(QH‘UHpQ(Q—zU] =3 B l;%] oGY, (2.25)
. i (+2)1"
B(y) = —5[0"Q+iU) = ¢*(Q—il)] (7)) ZBﬁl ,]o@?@%)
2155, —FH. NUT 4 BRI K
0(Q+iU) — ©*(Q—ilU), (2.27)
0*(Q —iU) — @*(Q +il). (2.28)

WoTCE—-E B——-BTHY, E, BE—RIZBEWIERAINYT 1 &2HE>Z LI
A

2.2 left hand side of equations: streaming

RV < 2 FRROEDL., HLDY — AR OWESIURENEZ SLHEEEN LY @ k& i
ol (A DY —L5) TENEELEL T, HRENE. o (,G7), P (H4) ZHNT
EHERETES, —awme L CACY s 2R/ L ICET LRV Y < HEX L BE
ERL1ES

d m ~(m scm m scm m . ms m
B =B+ k [2/1133@(“) g e+ 1)SF€( )] ’ 2:29)
62 _ 2 62 _ Q2
4$:¢( m% <) (2.30)
PE-> T,

d .

0 gy(m) _ 0 gm) 2.31
dT —1| > ( . )

2043 1 201
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d m .
—(E+iB)\™ = (E+iB),™

dr

QCm . m ZCm . m
+4ﬁ%aEimﬁg—%fﬁEiB»} (2.32)

. 2m o\ (m)

E+iB 9.
d o (m) “(m) 0Ci41 (m) _ 0Cf" an

= — — . 2.34
(hw Ve ok %+3W“ 2@—1‘/‘—1 (2:34)

(E£iB)\™ oEHeERr e, EZ 4T BYATZNTHICDONT

d (m) . Yo/ Norh 2m
B = B g | AL gl 2T g B™ 2.35
dr -t e L£+3 Y e STy e (2.35)
d _(m) . o Yerk 2m
—B"™ = B™ k| ZHLpm - 2L g EM|. 2.36
dr* e [25-+:3 oo 17 e+ 1)t (2:36)

AN Y = LOFREKRNRZENS, NTU—Z/NSIDEREVIABTILTHE, 20,
BRBEEOEF» S RTAEBMONNTY - TH->TY EH] oFA»S R o2
ERBDONE =2 & LTSN EEL2H5DL T 5,

(2.35), (2.36) IKCBWTHROEER DL, m # 0 OFCRBEOIELEL T E, BE—RKM
ATV TLTNhLZeTHL, XIF— TP —FE—RIRY, HELTBE—RKM
AR EINRLSTCHE 7YV =AM Y —AIlE>sTBE—RNRBERINS, HIAHLT—F—F
D BE—RIFELEL R, ZORMEFEAL. BAEOBHIC L > TOEEDE—R 2 58k
TELDTHD, 2EVENFEOFLIIEEP S S OHFLZOMEN. &5 X IRENE
EPLERTTRERD 6NN, RIEDFERERDPTERTELRVDTH S,

—F. O, VIZHIZICARN U—LT 50T, IV E—-RNBEEL RITNIEZ OBk
LTC7YV—=ARNY—=LTERINSG Z LT,

2.3 right hand side of equations: source functions
DY — AN RO 50 5,
o Y7 A T )N7 =
(H.11)  (H.16) &Y

. . 2.
G = —Hidw + (kA+B®) b - S H 5. (2.37)
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. 1 .
Give = BU6a — =11} 00, (2.38)

Goe = —HPop. (2.39)

o MY UEREL
£ — N B AR OERMZ i,

geyw = . (@2’”) ~ 80 O — 3 v}")
+80 1OTC (65 — v6E™), (2.40)
GgEEBM = 3 (E+iB)\™ — 5y \/6+01_1() (65" —V6ES™), (241
6L = 4 (VI = b ). (2.42)

GEEB(™ gk v ek % L AU,

gB(m _ —TCB(m). (244)

(2.42), (2.44) LVHHSMIC. V, B DRHAEE—RIT b LY VHBEUCBWTAERSN S
Z & diRn,

2.4 complete set of photon transport equations

INETOMRREE LLOTBITIX,

N (m [ Ocm m Ocm m . m m
. i 1 m m,

E (m) _ k 26y E(m) o 2C41 E(m) o B(m) . .c E(m) 6P(m)(5 46
i 21 T2 3 T ) T ( "+ V6 z2}2 )
. Y e 2m

B,(™ Lk 2Cy B(m) 2% B(m) E(m) — #.B m) 247
l -26_ 1 /—1 2€+3 {+1 + €(€+ 1) l Te ¢ ) ( )
“r(m [ Ocm m OC m . m 1 m

e /=0

s =+0 - iy, (2.49)
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o /=1
S = i) + (kA+ BO), (2.50)
SO = w4 BO, (2.51)
o /=2
2.
sy = PR - SH. (2.52)
1 .
s = PN - Y, 2.53
2 2 \/g T ( )
SP = +pP® _gP. (2.54)

Pi N 5 UBELO BB RIS > TER SN S AEHAY — 2 TH Y
m 1 m m
P™ = m (68" —V6E™). (2.55)

ROV UBENC Lo TER SN ME—DRHIE—RTHE EE—R DY —RE, P™ R
THbD (246), 2%V, EF»6 RCREICAERNRY —C OBRFURDH L EDH, 7
WMERSNEDTH S, ERSNERIBSEZEEN P 0V —222Y, BED
ABEBE— AR T4 =R RNy Z7&N5E, ZOLIIK, BELRENEL4EHBE— A2 b
(0 =2) %@L TCOHRIy TIVLTW5B,

W} & X DY RICHANTHF DG EHHITIE (mean free path) MRV (7./k > 1),
(=2 ORI

som 0% g . (9 g _ V6 ) 5
05 3 O Tc (10@2 102 ) (2.56)
. 2 V6
g — s (2 Yoo 5

2 7 (5 2 T 10 2 (2.57)

LIEMITCE S, O IC kY £9 B AR Sh, (257) £V
V6

Egm)::—_z—cng (2.58)
ZFLTOYICT 4 =R Ry J&h,
6" = k2 0™ — 4. 1,08, (2.59)

3
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f B RHE GO DBEL EVRVES (B = 0) 2587577 74 —TH Y

3/4 (with polarization),
fo = { /4 ) (2.60)

9/10 (without polarization).

LHEAASIEREIETH B,

3 Hierarchical Structure of Transport Equations

AIEIC—RIEL L CEE FLRVY 2 FREAN, 2TCOoRREATHL, Zhhh Bk
NS ARz RN <, ZEBREML & HREARIE., ERKTTORE X (hierarchy)
ERY, ZDIH (=0—-21F Y — A L GFEN BN H LD T, £ CEZXTT, %
foo RIVY RV HRALE ANV A - ZRXNVF =T U — DOFREUC & > TEW = EE) HFER
(Appendix E) L IZEAKMICEAL b DO TH LD T, TOHREELT - BT — Y R nE
FEREEL,

3.1 scalar mode hierarchy

. k .
oy = —599”—Hp (2.61)
. 2 :
EIR :k(@9+A—3@9>—n«ﬁﬁwﬁﬁ+B@, (2.62)
2 3 (9 V6 2 .
o0 — (g@ﬁm - 599) — (1—0@?) + 1—0E§°)> -3y, (2.63)
%)::k<% (O — 55O | — 70 (12 3). (2:64)
(2.61) 1EEREOR (E.19):
1. k -
—o, = —=00 — [, (2.65)

L&A THS, LU, 5, =0p,/p, TH B, FRIC (2.62) 134 4T — DR (E.28):

, 1 1 :
v@:kﬁ%+A—gﬁv+Hm (2.66)
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LEMTHL, 7O ENTFOHEFANL ATHL, ThoDHBICEY, 6 L 2k L
A -~ ZRXNVF—=F U — L DORIGRDOE,

ey = 70 (2.67)
o = 4, (2.68)
© _ O

(S} 4,E@X (2.69)

¥ 25T (2.66) IKIFRNLY = U HER (2.62) ICEET S 701 — o) omER M, 2
i (2.66) RNEEDINEEFRT 2 HBEATHY ., HAOMKRE )L DT NVF—DRY
&Y EFTCEHIRL TR ETHSLE, —FH. RV FREATCIE itk TETFLZE
ClFe NIy oMEERZERL ThE0TH 5,

KIS DN DT, (2.61), (2.62) & (E.25), (E.32) DX T =V RBIELZLMT
&3, 22T, 2TRAKROMRE V" = o — o™ 37—V R, 0" (1> 2) 13 BB
W =V RETHLEME,

: k
Op = —504. (2.70)
. 9 _
O — k(o +au- 6]~ rvp, (2.71)
-1
0 _ 1 B 1 B 1 k 0
@CO = Z€€7 = 157 + R = 157 + (I)H + (ﬁ 0'5(] ), (272)
~1
o _ 1 1 k
O = fW_Z%+GE>‘$% (2.73)
1.
@S{) = V;(f/)) = vS/O) — %H:(FO). (2.74)

BAE R, BAEOYWHIIEWRIE Appendix D, E 2SBoZ &,
3.2 vector mode hierarchy

m _ _V3
! 5

0 ( Lem 2200\ . (9w, VB L g o7
@2 <\/§@1 7 @? Te 1062 +10 2 \/3 T (6)

v — 4 (61" — o) + B, (2.75)
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ol _ k(\/(£+1)(£—1)@m - ./£(£+2)@(1)

201 N 203 m)—n@é” (¢23). (277)

AHT—F—R LRk (2.75) & A AT —DR:

o) = —%kwﬁ,m + BW (2.78)
% HRL |
o) = vf,l), (2.79)
o5 = 8—\%@”. (2.80)
VBl VA
oy = —\/?gk@él) — 7V, (2.81)
6y = v = — g, (2.82)

3.3 tensor mode hierarchy

7Y —FE—RNi&k, BB —VFRETH 5,

@ S0 (9.0, Vi o) Lo

@2 == 7k@3 Te (1062 + 1_0 E2 HT s (283)
| N =) N |

OF =k ( 20— 1 o - 20+ 3 O | =707 (0= 3)2.84)

4 Transport Equations of Other Fluids

HTFOuIEHTERZ L TEHESTL LA, RIIMORE S FIEL TS, FHIGFIEIAN
VAV e BEFE2BEL GRS Ay TNV L TBY, NUF Y OfinE HER D IR UL 72
AN

4.1 baryon transport

HFED LY VHEUC K > TEFEHAEMFRZITR > TN, EFENILT b T —
U HAEERICE STy TNV L TS, [T, KFe NV F LV IBEFEEL TAENWC
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o INLTBY, REIXFENVF D 2FMEE L THRbRIT RS0, NUFT T ol
P FHERIT Appendix E DEFHROREL A A5 —DRTH LM, b LY U EELEZEL 2 %F
D EERAZZRBICVVINLD ., TRIVFE —REDOGRE:

P Au™ + (py + py) Mol =0 (2.85)

BV S, HFFEROBEDOZAER Avlm) = A0 1k, Ry <> HER (2.62), (2.75)
MEROEND, FEFRIL.

ATe (m AT 1o m

ZZTC. R=3p,/4p, 1 RDONVA L DEEZRO BT XF —THY . R~ 3x10%a(Qh?)
THbH, LAEXYNY Y ok HRERE

Avém) =

5 = —kvl” —3H,, (2.87)
. i 7,
Vo _ —5‘/;%0)+kf4+§vv(£)7 (2.88)
(1 C_I' 1 7.-(: 1
i = Sy By 29

L. VIV =™ - B Th B, F -V RERIINFOHBEL AL TTCIE
EhA SN,
b = —kVY), (2.90)

Vo _%vs(bo) kD y + %Vj,?). (2.91)

Ry Z—F—FIiE, (280) TT RS~V RETH B,

4.2 Cold Dark Matter transport

KTy 2 Va2 5T EERENFCH L)V RN F —2 <4 — (Cold Dark Mat-
ter; CDM) Ok HBRERIEL, NV A OFERR (2.87) - (2.89) 6 b LAY U EELO T v
TV T EETERWETTH S,

Scdm - _kvégzn - SHL-; (292)
(0 d 0

a
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VAR AN e B e n A N Y

E-Ccdm = _kV(O)

scdm)

(2.95)

7O

scdm

+ kD y. (2.96)

scdm

_ 90
a

4.3 massless neutrinos & relativistic particles transport

BHEYR (2Bt 5) =a—b U/ CHENRINES) T SR olig G, bt
DUIEREADS N LAY VHEZ R L VDR THLH, 2D & DR FOFAR
BENL, 7V =AMV —ALILLDPEEDH VT, RUOFHFEF AL A1, TH D, Zhidk
WEEERMETHREICE S, FICERL 25810% 10% BEPSLEL2ZL{ D sTLED
(Hu, Scott, Sugiyama & White 1995),
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N NVF Y, T <F— Za—b Y ) . OEpELFBEXNREZASk, HLE RV
WOIE AN Yy ZEENCET L HERTH LM, ZhiE7 Ay a2 AV HERICEST
%ﬁf%é(&mmmxmoﬁcf\%Xﬁéféﬁbfﬁﬁﬁﬁ?hiﬁwhﬁf%éo
L2LE6N 5 CMB ORZGHIIEITHARFETCHREHVCEM TS, HFE L > TUHF
IEEBEMNC AN MVEBHBTLZ M TE S (e.g, Hu, Sugiyama & Silk 1997).,

1 Superhorizon Scale: Sachs-Wolfe Effect

FT. A-N—KITAXV AT —)VTCODLEDRBEED D, IV RERPLE
DRBIBERERITIAZX L LU+ HRERAT —NVTIRL, TRD AT —)VIRERTF A4 X
FOREODRE I S0l MEZBES ETCRENTH L, ¥ s . FRMEZ L
B LPHT O X (EHRE) B3RS A X0 2BA R CIIERET, bV v 7 #E
BCL2EHOLRDEEDRBERETLLDTHL, FIAX VLYV RKREWRT—)

Tl =a — b VIRBURWIZAFREC — X% Fbhld e s v, F—VRERE
IC &k > THBEREZI TS, R REFHFEARIT

o TAYY as AN (E.13), (E.16):
Koy = 4nGa*pe,, (3.1)
B (g +®4) = 0. (3.2)

P, Pa, € VE. TNTENT — Y REER 3IRTTHITRD 6 | JIEERT > > v )b, BE
WOEE (v=BOF—V&M) ThHH, BEDSFICHL UL, ¥ oy —Y THED
EX LD EIICEBINTOINIUFAEREZDRIE R 520,

o TitikiEHE) HFEX (E.25), (E.32):

EC ’ o (
— @ 3% Y p .
<1+w) Vi 3 al+w (3.3)
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. a 1 > w
Vo — 32<2__> vO 4k (o s r). (34
S a/ cs 3 S + A+1+w€g+1+w ( )

Ve, 66, U, ¢, 13 7=V FERFERE), HEDSE (R=0), T hrE—05&,
FEEPSE (0,=0) TH5,
2> 1000 2EX TWEDOTHRIZERL TR, £35S H AN X 7 28HL 7=, chapter
2 DBRBETHINLN, 1 I KFETLORFIHF. =a—h VU kY OMNHBHY — A
ThHbH, BELZETLIHAIUIERZTORIIR SRV, 2L 0GEEHRL ThEbwn,
I &Y BEMICHRERR LM, A7V HEN (31) De, & e

€m =€ — 3(1+w) (ch — %V;O)) (3.5)
ISR NI,
2/ k\> 1 ¢ al
1+ 3 (E) 73(1 ) SOy = < + —VO. (3.6)

3(1+w) E°

FoTA—N=RIA XV A —=)VDE—N kjalH < 1 1,

Q%3O+MW?H—%3&O. (3.7)
FRC, A AT =D (3.4) D ¢, VEHL . (3.7) Z AL,
aH
Efzq—30+w@H%—Ml+w%:wq (3.8)
WHoTA—N=KIFIA XY A —)VTEDE AT —DRIL
70 4 @0 _ v
Vi 4 2V = ks + 7T (3.9)
—%. #ERONX (3.3) IKA—N—=KRIT A XL TD e (3.7) ZARNTHIL,
_ a,0) _Fpo, @ v
( chHJrC_LVS ) SVS +a1+wkr. (3.10)
VEBWIRETER L 7208, (3.9) IKBWT &y = -0y % (3.10) ITARATIIZE
<V§m—%29V§m-———EL—kF) Y (3.11)
: a 1+w al+w

2155, HLD (kjaH)? —F —OWEITERL 7=, BICRL &I T OHEEIZWHESEO
HCPREL720, (3.11) 1% VO IKBIL CREMICHL b, AHT—E—-RNDF =YK
iR EREENT VO BME—THLDT, XIS LS TIKADT —F— N OFERB)E WA
VO THbe iR TR,
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1.1 entropic perturbarion

S RICEEBOWBRAFEEL T0ok®d, T2 bt -5 & DNEET L RHMH
5, LWL —RICIE. T =0, T #0052 XHL TET VL., FiEZ THED S E
(adiabatic perturbation)]. #&% T b1t — 5 E (entropic perturbation)] & A
TWb,

pr = Y (dps — 2opy)

f

= > (5pf - C§f5ﬂf) +> (Cgf - C?) opy
f !

= Yopls+ 3 (cy — &) psy (3.12)
f !

[ERBEROLMTH S, Tk = p/j BEBHOMEL T

2 Pl +wy) (1+wy)
— 1
Cs Z ]_—|—UJ) sf (3 3)
h
EEJﬁ@ (3.14)
f
L ETIE.
(sz - Cg) PsOf
f
Iz h 1 +wf
| ,  hp o ) 5 (2 h ) 5,1
= = CS — s / hf + S/ S hf
1 2 2\ hghp O 2 hihy  dp ]
= 5 Cs sf! + Cspr — Cg
%ﬂ“f f)h1+w (€ f)h1+w/
1 hfhf’ 2 2
= 5 / h (Csf — Csf/) Sff/, (315)
ff
0 O

ROy O —sHFL AL B THFNEDTNLD T, SHMEERL T & ThlA

A m o X

&w:@ﬂ—§1:ﬁ@£@. (3.17)

Mo Sy ES)
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BE> THTF-& EMEBNTRIIE S, BFEETS, I, 2T hrE -5 &
LIESWIATH Y. SRS OTMARE BRI GETRFFET S,
Sip DIBEFHENITEROXN S BHITKO 5N 5,

: o\ o\ © O
! = — == —k - / . 1
Sty <1+wf) <1+wf,> (Uf s ) (3.18)

REL. 4OWMEICEAL Ty =0TH5, 2OEIIT, T bt -5 S ILmEER
FIDRIRREC & o> CHR (B3%) T4, 200 v 7 U v 735 o) = of) 2RV 7
EOWBTIE Sy BHRTCET, BLAMICE R (Wil 6 F) ThhE ZofbYno$
£TH 5,

1.2 case 1: adiabatic initial condition

9. WIS L CHBRWLE D — AT =0%2&2 5, A—NN—KRIFIA X A/ —
IVTCIHE A DT OEM T Kb G720, FIHICT =0 THNXZoREKRINL Z &
32w, Zobe T 47— (3.9), (3.11):

VO + VO = kay, (3.19)

Q2

\75(0)+2§1/;(0) = constant (3.20)
a
IR, (3.20) 1k 5T VO 2zt (319) Kk >T oy 2D LDTH 5,

(1) W ESR (@ x 7 w=1/3)
a/a=1/7 £V, (3.20) ORI

7—’
KPMX{ , (3.21)
T °.
AT ¥ ¥V
constant,
¢Acx{ (3.22)
773,

KTV VIR—ETH LI BIFICEETH L, ZOMEEAVNE, (3.19) %

VO 1Bl TREEL .
lﬁmzzggéA. (3.23)
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UELY, BEPSILRKDELILMARETH S,

1
1
oy = —5®4. (3.25)

O, = /4, Of) = €, /4. TH Y. K4 (3.7), (3.8) KV M5, —F. BEPLE
€ms €5, €c DEEE—RIE, ThZh (3.1), (3.8), (3.7) &V

€m X @ (v = BO), (3.26)
€, = constant o =), 3.27
g g

€c = constant (R =0) (3.28)

L ENEBEEIDICELSTERD, (). BRADMNEDF =V DHLT5IkD
WERLEDDTH L, BEDLE | MENTERINTWENL., EENLET
5,

(2) WEEBH (a o« 7% w=0)

a/a=2/T V. HHHERRL £ FAROERD S

7_—4

xg®<x{ " (3.29)

?

constant,
Py x { (3.30)
T

BERZ LI, HEERE/ WEERREOY b 5ICBOTORT Uyl &, B—REIC
RIeNB 2L TH B, 2L GBS & MEEBNB HER. dA(MD) = 5P4(RD)
D EINT10% KT > ¥ v VDEET 5 (Hu 1995). RD IEHRGHEZ. MD I3 ES
RCH 5, £7z. LLLOEmIIHENERTE SRHHICORIEL . -7 DFH
R A THAY OFH TR A OEAFHNTL BICONTRT V¥ » VIREEL ¢
W<,
HEW S E ZRONIE,

VO =9, (3.31)
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2
oy = —5®a + P, (3.32)

2
o) = —5®a. (3.33)

MEEY 5T ) 1T

€m X @, (3.34)
€, = constant, (3.35)
€c = constant. (3.36)

PAEDR WD 6B TRIA X2 ELSETOMBIT VY M ENTWLEED
EXOWMMARMLE. V7 A - T r V7= (SW) ZRTH S (Sachs & Wolfe 1967), b & %
EE BIRIE Gow 1B > 72 hoopy* DI (2.6) THS. SWBIRIZLAT D & S ICHEERY
IR CE S, A7V —Yarik (bL 3o 1< k- TER S HiE & &
(chapter 6) IC& B AN Y v 7EED THF (k)] IKHAFR Ty TShbde, BEHFH
(FH) RBIC &L > TRERLE T, BEONV T~ arBELL0THE, T E
BEER B ENITHTIE ANV v Z7EFHOFL ST L T AT EN. ZoBRICHE
DES (MDES) DHFETHE (FH) MBeXT 50T, MER[ITMADERT L SWRHRIL

@(()O)eff = @(()0) + (I)A (337)

ThHb, TIT. (213) - (2.15) 0. BHRANY v Z7EEC LS THIERI SN S SW
BIFIE AN Uy ZHEE)D hyy (A). b bi@T EOIEELIMIIEFEEL w2 &1
BERERSR, &5, 0, & TBNT 51 L E-kM. 20z & L BlE L L
(Appendix F) 5 2 L 2BRAL CUda b, THHE] 2L COEEPS XX, HLF
<b ol th o,

Longitudinal gauge (or Newtonian slicing):

BO = g — g — 9 (3.38)

KBV, SWRIRIE
@Q#f=%®A (RD), (3.39)
O ers = %q)A (MD). (3.40)

S, — AL HSENTWS SWHRIERTH 5,
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1.3 case 2: isocurvature initial condition

W, b —PoE2EHRT 5. HEDSITRHETHOIC THROWDLEHY
&) CEmNED SN, BIZIEAY TV - g VERTIE, ETSTHL AN TGN
FoETWO I L THFRPSINERSN., W6 OWHASRG%2 52 % (chapter 6),
LML Ty haE - o EIBWTARENRRE L RTOIED (39) THY, borF
ZFEIVR=2VN f, f ECHEETLZZ Y NAE - EE S (3.16) TH D, HE->7T,
WAL LT Spp 0 2O b AE - L& R Y — AL TLHEED 5 E DFRENE
Abh b,

FEDLEORREONL, 2EHDOY — 2L L THRD S E oy (H 5 WITIMEERT
YUXII DY) BLUOZYRBE-WLET 2H->T0W5, WEW 6 OBRICE &y £ 0,
D=0&L7M SEXH Oy=0,T#0 0O FARKGEEZ S, Zhik., #HEDS
Iz e TEFRP 5 E (isocurvature perturbation)] & FHEN TV 5, =2 k1
-5 E L NAERICEMBD LD Z L RETENSZ, TTICRAZEL DT, WiEk
W} & X CRHHASKE O ERD & X137 DRRFE (Py = constant) SNz, FHFP L &
TIIHHEBRHI LR (Py(RD) x a) T 5.

Longitudinal gauge TIXRIVY <> FENX (2.61):

®$%=—§@$W—¢H (3.41)
FVEERTENCE L, A—N—hFT X T O ~ —dy DT, BHTHIII
O (1) = 0Y(0) = ®y (1) + Dy (0). (3.42)
SERRD 5 F OFIHIGAHIESE LY 0(0) =0 = Dy4(0) THEPS,

OW(r) = —®yu(r) = Du(r), (3.43)
00 es(r) = [0 + D4l (r) = 204(7) (3.44)

2185, WD S5 E DRI AV 7L — a VERCHIERD 5 EMER SN TN L7720, by =
0,00 £0TCHoDT, ZOEIRFMEITERD D TH S, WD S E L ITHEA
0., SR 5 X DEIRIT Gow D hyty DETH L, 2F 0, BRERT V¥ ¥y LI
BDIRNRTIER, &y LFEPONEDRT Ay 2y A4V FRR oy = -0, 2BLTED
Rol=DTHY ., KEWIL Oy OBEEDOTH S,
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(3.43) & (3.39), (3.40) Z RN B & | XN EHFED 5 D SW BED 65X L1
b 4£% (RD), 6 4% (MD) I 5T %, LML, BiBWEEDRT VU Yy VIR—ETH S
DKL . FHIRD 5 EFDRT ¥ VPR TERTHY, TDERRD T xa D&
IICHERL TWa 0, Bl HEBIIERE ey, 7220, SRy 5E Ty MD T
BRT Uy VIE—BE RS, H-oTHLHBAD SIS O EHFDSEY o, BRI EEE
THRT 207 ThE, FHRD LI FIMBED ST LV b2 Fo 2Ll d,

2 Subhorizon Scale: Tight Coupling

WEEMRT A DFIIADL L, RERDREFERNDENRES DRIRVF) 45080 5
720, BIEID L OB FBNET LI LIFTET, FREomEFERNE Iy TV IRT
fRir T 50, L L ERRUIZ  OGETRIROAFIEETH Y. VTR A X
YDCMBWLEDSESLETWENLRY R SHEETE TS (Hu, Sugiyama & Silk 1997),
Flo, YIRIAXV A = VTR =V E—RDBAZ R LLD, V=V =a—
N7 —=DICEET 5,

2.1 O0Oth order: perfect coupling

fitfE S (decoupling) ARMCIE. HFe NUA VIFEFZEL THRI Ay IV TEY 1
FAERTE GEEITE 5, BEFEMICEINTFORLY = FERICBOT N LAY U EELOMSR
DFERk)7. <1 A —F —=NFG A= L, ¥4 NIy T U7 (tight coupling) ICBHY
L BRAEENC & o TEEMICIR S 22 M TEL, ETH¥A NIy T V7 0RO FHERR
REITEIR

e temperature transport

. L .

o = —g@g(” — &y, (3.45)
o = —wvi, (3.46)
o e (9 g, VO ) A
0, = —7 (10@2 + 10 2 ’ (3.47)

o = —70™  (1>3). (3.48)
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e polarization transport

. (V6 ) 2 m
B = —7E™  (1£2), (3.50)
B™ = —#B™, (3.51)
: 1
Vm = —%651/1(””, (3.52)
Vi = VM (£ 1), (3.53)
e baryon transport
5(, = —kUéO)—g(i)H, (354)
r(m 7‘_0 m
vim = Evj,,). (3.55)

RIEL R=3p,/4p, VSV = olm — o™, 54N Iy T V27 0ROIMIEETH 5,

o

o0 — 20 (3.56)
o™ = ™, (3.57)
o™ =0 (>2), (3.58)
B = —?@g’m:o, (3.59)
EM™ = B™ =y —. (3.60)

WM NYTVIREICH Yy TINVL . B—DREFMEE L TE5ELE D, fEoTHHTH S
o™ BHEEEET. Zhi V-2 ToaRMbERShAR,

2.2 1th order: acoustic oscillation & frame dragging

HF-L N UF Y OWREE VIS, k/f A—F —0 THES)) 2525, d" 2 EEEHK

LT

m m k m
o =™ 4 Zgm (3.61)

Cc

BRF I NVA Y DF A5 —DRICFNZNRAL . k)7 A —F — 3R T 5,
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e scalar mode

0 — k(6f o, - %@g‘”) + k), (3.62)
ol — —?@@ + kD, — Edgox (3.63)
a R
e vector mode
o) = —?k@g” + kdtV, (3.64)
oy = —2@2? - %d&”. (3.65)

=720, oY =el) — BD (282) TH 5,

RS . BEE/RHD 4 BBOR, (0 = 2) 1K B CTEZRR ™ 2 AnT

m \/6 m k: m
g™ = _T@g >+;q§ ), (3.66)

(m 4— 2 m 9_ 2 m 3 m m
e = k<73m6§ N e )>—17095)—kq§ (367

@

4
O IBF ANy T VYT 1IRTY 7 \CHHIT 2ENES 0. 0IRE FRICY > 7 LT
Bon, fEoT O a4 NNy T UV T 2ROETH S, BIEICHiNA XS, R
iz ol oney—2235, Ll O/ E Kby vEElOERTT I LTL £S5
O, RHEDOKE SITBREDP S XD 10%ATTH S, IHM, FHOKE SHRIEFETNE N
BHTHD, DEV Ny TV TDRENOIHEREL T, EX0 b VICRER L
DABERRNE — M TCERNEDRAEDEREN LD TH 5,
d™ ¢ BWETIE, 1ROBBHRERL LT

oy = kg™, (3.68)

e scalar mode

o = 20 _ gy, (3.69)

O + kd 4, (3.70)
e =0 (t>2), (3.71)
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e vector mode

R 1)
_H—ROCI )
o =0 (£>2). (3.73)

o) = (3.72)

Rl ax REHAWE, 2OXIIC. ANy T U T TIRTCIIERIROREE HTERM
(=1TBAL %, /. TV —F—RREANVA L DHy T VTRV D, FA b
HoInciE P =0Ths,

FRC AN T —€— K o HERIE. (3.69), (3.70) & V&) % 1 Koy hfER:

R

69W%1+R®$”+Wﬁ@$*=F, (3.74)

. _ D, L

CS = o . - Y 375
. R . k2

F = &y - Oy — P Y

WA T 4. SHINNF Ob e TOFFIRE)FOXNTH Y., BTN RE S, IRENTF
WL TAECTBY, T7a—A5 1y Z7HRE) (acoustic osillation)] & FEIN TS,

2.3 2nd order: diffusion damping

VNS (k) 7)2 A — 5 — BB %A 5.

koo B\
o L (£ a o

T,
(k:/%)2 A= - ERTLE
e scalar mode

2 k?
@P+¢A—g@9)+kﬁ”+;49, (3.78)

c

o = &

/N

. L.
0 0
O + 24" = —

Te

Q| Ql

60 4 K0\ e Ko K o
L ) H R = dy T e dy (3.79)
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Alm

Subhorizon Scale: Tight Coupling

e vector mode

: V3
ol = —7;k@§f+kd@,

k . a k k k?
O + —d” = ‘g6ﬁﬁfﬂp>‘—ﬁn——ﬂ£?
T a Te

R R,

c

A" BWEL . FA Ny TV T 1RTkDE A BRATIUE

e scalar mode

: : k 2
oy = ——E—@$L%———<®P 5@@>+k¢

LR 60 (60 1 )]

e vector mode

e scalar mode

47

(3.80)

(3.81)

(3.82)

(3.83)

O EH A Ny T VU7 LIRTEEET 2ROBETH LD 5. #7100 ITERL TR,
W IROREZRATHNIE., FA NIy T VT 2ROBREHEREZE5S,

(3.84)

) k .
ey = —g@(o) — &y,
ORI k < (___(@) rD,
1 1+R@ 1+RO ©27) +
BB\ g0
* (1+R> i
+7 ! (cosmological redshift terms)(@éo), @&0),@@ R, R? R) (3.85)

k2,
0y = cafter,

o =0 (=3,
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e vector mode

: R k
o - ok Vg
1+ R 1+R 5
+77*(cosmological redshift terms)(@g), (;)g); R, R R),  (3.88)
k
o)) = fo CrY (3.89)
ol =0 (£>3). (3.90)

(3.85), (3.88) DEMOIEL. Rox i ZETHETH S, OV 1% (3.67) LVRDSND, f,
13 (2.60) TERSINLGT7 775 —THY, RAEZEZDRVE 9/10. B0 LH3/4TH 5,
LHLAASIE—EBL TEREDT — A% Ro>T0EMN, RHAEDEEDESEEADT 4 =K NNy
IIME DL BRNRERIEIT N ERE0, WEDOT —A%2E0 T frll, ¥4 Mhy
T U7 2R TR HRERNE =2 THL.

e scalar mode

) : k? :
@9+Lfé+2;D mﬂ@9+ﬁé@9=F+t?@, (3:91)
L[/ R\ 4
D(o) = _ < ) -1 . .92
(R) 6[1+R RN (3:92)
e vector mode .
(1) R ko (1) _ —1(1)
Ou' + T T 7 PR O =17 (3.93)
1 -
DW(R) = mfz g (3.94)

Z™m) 13 (cosmological redshift terms) 2 SIRET HIETH 5. (3.91) [ FHEIRE). (3.93) 1%
TREXH BRI DY) FHI7R R TH 5,

FA Ky T VT D2RTIE, MEORIRTH 2 0" WEEL TL 5, Zhid, ¥Fo
WPHEBITRE D S E DAy — VRSN 2128 g % B—0fik e At <
Y, AUWEHNTL 5720 THLH, FEREL T, SOAF—VTHRFIDEELRE6L T
b0, 0 WML ¥ v I T H i D, FaR ARV EE (Sik damping)
LESELTHY., VWIFEEBNVT Y ODSE LS T I ERBL TS LI, H
FOPLEINRS EN5EZ L% YLHEE (diffusion damping)] LFFARY T 5%,

CHEEVIVIBREREPATH, SLOPARRVE R Y, bRARIC, Sik L IZADLHTTH 5,
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3 Subhorizon Scale: Solutions

3.1 acoustic oscillation

CMBWbHLEOYMEZ SN ETBEHIEVEETHY., LOVEHIICYL > & bEE
R ETRT b OM, AHT—FE—RDZ ANy 7 V7 1R (3.74) KBNS T7a—
AT 4y VIRE)] THA D, EARREMC L > TN A VIERT V¥ v VICEIEAEN
Ly FENVFAVEFEZARNHy TNV TS0, HFOLHRIBIEAEINTEFHREZ
2. WEE T 5, Lﬁb%%ﬁ%irﬁ%%ofmétw ATV ¥ VICH[EAE
NEERFELTH LIRS, ;wﬁbﬂbﬁiﬁﬁﬁ:& ReZoTHENEOTHSL, EHD
ZhEIT (3.74) @ 3TEE: kO WD THBY ., F# o, DFWE—F (acoustic mode) T
b5,

(3.74) 13 fEMTIRZ KD H Z L M T E 5 (Hu & Sugiyama 1995), HEAZME LT 218
HOFEWRIC LS T3] BARino<T, 0 =0(1+R)"1/2 2015 0 &2 EHL T
(3.74) ITARANTHIE

6+ (K2 —U)0=(1+R)/F, (3.95)
R R?
U=sa+m 10+ rer (3.96)
CRDIADLAT NP LDIET A= AT 4y VIREIOFH e, LWDEED AT — )L
k“é%éo FIT. FHEHEREDZ A LAy — VT U2 L HIEL TRE > U oFfob e
T (3.95) 2R ek EX D, FROIZ. P2 > U % WKBIBoZRFICBE» 2 X
WKB :&Zf8lo 13KT

~ 1

0. = (ikr,), (3.97)

/chs . (3.98)

rs EEHEOHENR (sound horizon) & FEHINTBY, HKFHREOEINE S &HEHE2H &
PLTWS, 7A—RAT 4y JIRE)D AT —VIEZ DY T VR RTAXUBRO TN 5,
7y~ csT o (1+ R)7V2r THOEMR XD, FHIPKR Rxa &2 bICHERIETL E
NOJELSHEPNS LR, 3TV RKRITAXNINSLK 25, FELY., BEDSETIX
6y o« (1+R) V' @ kI ICFHIIRD £ & DD DFVHEIRBIC RS 2 LN 5

P IFREICE AL, FEHWEDY A L2 —)V RIBER I TR, ERINTHEDIE LY EROA —
¥—ThHbR RETH5,



50 % 3% Phenomenology of CMB

M. &Y EER OIS (decoupling) ROV 7 U RIRT A X TH S, Eisenstein & Hu
(1998) IC kBT 4y T 4 7 TlE

In(9.83/€h?)

rs(zq) = 44.5
VL + 10(Qyh2)34

Mpc (3.99)

BELENTWS,
— MR
0(1) = C0,(7) + C_0_(7) + S,(7). (3.100)

O 3R sk en 5, S, &, EHHOFEIC LS Y — A

%@gzéf%wwfrm1+3uw”%wf% (3.101)

Al v A%7 > (Wronskian) 1751:

Al 0.)=0,0_ —0.0 = —2ik, (3.102)

W(r, 7)) iE&Y — A2/ A b 200 2 78B% (window function):

W(r, 1) = 9~+( )9 (1) —0 (7)) (") (3.103)
o sin [k (7‘5( ) —rs(7) ]
Jes(7')

oW nskxhur., oV ALy =y HER: O = —keV/3 - d, kvskwons, iR

Mrf# (3.100) I 3EEREZ 10% ORBETCHIT 5 Z A HENPD 5N TS (Hu & Sugiyama

1995) M. T A=AT 4y TIRE)E FEAE > T S8 2 BRET 51313 (3.100) IZRMETH 5,
WHBALL 72— Ak, IROE VY a0 CHERT 5,

(3.104)

3.2 frame dragging
FANAN T VT 1IRORNY 7 —T—F Ofpld, BITH 5,

ow_ __f oo

= 1
cl 1 +R@c17 (3 05)

O o« (1+R)™. (3.106)



3. Subhorizon Scale: Solutions 51

Ol =0 “ BO tH -2 EBNHL TUEL W, BO WS 0lk, BEREEET %)
RTH D, fboTRYF—FE—F ONBS O FRZEOERE Hy IV L F0ET
ENREEASL, LL, X FZ—F—NIE (E.39):

@

Bﬂ%+2330%:—8wG#p77 (3.107)
a

DEIIEEF AN LV AW By —22 L, 7 = 0 TCHNE BY x a2 DLk HIC
TEWRELTCL EOD., RV F—F—RNIFEHETE WY, —F, 7 £L0%2HFHE oL H%
V—RAFAAIy 7 ANY TR RAY —REETARETH V. RHOBNC & > TN
28 —F—ROFEEDEELFARNLZLICL)., ZOLIBRETNVOZIENRD 5N LT
%9,

3.3 diffusion damping

BANIy T VT 2ROFER (3.91), (3.93) OfEERDL, B, ¥4 hy TV
T DAVIEFHBERO AT — )VITHAR T — ANV AT — )V TRZ 578, U
HIIRIC L HTHITIER T 5,

e scalar mode ) ,
o + 22 D06 el = La, (3.108)
TZT, AN Yy s ORISR T B0, 2RI k20, 1LEYNCERIC ANR

X sy, it

.. 2 .
[@P+Q+Rﬁ4Hé{ﬂﬂ@9+u+3@44k%ﬂ@9+@+3@4=m
’ (3.109)
yEXWZ L, O + (14 R)Py o expli [wdr) &\ DfRERDIT, HEREIGER:
2

w? — Zi%—D(O)w — 2k =0 (3.110)

Te

2155, IRERE BEMR 2155720, w=w, + iw; I<HTIE,

]{?2
w? =2k —w? +2—DO; = 0, (3.111)
TC

k2
M<%—fp®>: 0, (3.112)

Te
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fiRi3
wy = cgk, (3.113)
k2
w; = —DO, (3.114)
TC

1ZlEL . w BT (/7)) DA —F — 2 ERL /=, w, 1386 DITEF®HIC & 5 RS
E—R, $ROBEXA NIy T VT ILIRTHBONLETA—AT 4y JIRETH HM,
W BT ARNH YTV UT 2K (~ Ok/7)) THDTHRLNLT VE VT ORTH S
(Kaiser 1983, Hu 1995), Z 0¥ v ¥ ¥ 7 A — Vi,

(A(O)> <ﬁ>2: l(1+R) * (1+R)f2 ] (3.115)

e vector mode

D(O)

. L2
ol + T.—D“)@S) = 0. (3.116)

c

R BRI 0') o exp (—(k/kp)?) TEF,
oy _ (LY _p0, dr
%) _<k8)> -5 R 1+Rf2 | (3:-117)

FHO (2.60) 2507

9/10 (without polarization),

f2= (3.118)
3/4  (with polarization).

B S 2SR A 2T NN 2 e M B, RHOFET QM « £ D k>

ICHMETH DEED 4 BB ERL . FERE L CEV Y VeV I 2ETOThHL, Ty

7 A —=)VIiE, BRI TFONEERITR ~ 7 OV F LT d—T A\p ~ VTT 7 =

JT/T Al ko THRTE BT

4 Acoustic Oscillation: Qualitative Pictures

4.1 acoustic oscillation

TA—RAT 4y ZRB)O—fRE (3.100) Z . EHEANCEET S, BRIBANL LD F A
Ny TV T TCEERY A LA —)VIIFEHIR LD bRV, K-> CEMEAER (3.74)
PR 7 & NEFMRS 7 ZREL RV TIEL W,
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ICBWTFEEWED X A LA —IVTCELT S R, Oy, Oy 22 TERTS, TTCIIRREE
1T, R DI (1+R)"V*OBWERER2E5x 5, LhL., &y, &, 1IBL Tk, FEiE RD
THBLZ2ETL, RIA XV R AP ST T =a— b VIR EHRZEMC & > T
RL&EIETE, RFOPEELNUAUBIET 50 Hy VL THREL ko215
M. BEOMHFEIC &> UUENEES N, B THRETERY, L2AL, RDICE
WTRTZRNF —FEEL IR TH5D03KFTHLE, COHTFOPRLINERTES LN
2, TXINXE—HBEODLEERY - AL TLRT VY vIVIE, FHEIFR: LITEREL €
WoTL £, —F., RFLMHEEMAZL W CDM T, RD BrOZREMNIED 7 A
DA =)L) B BREWEOIETET, RIXVERRTER, R L TRT VY v Vi
WEL., Oy £0£ Dy 205, bEAAINIEIFHPRD Y A LA =V THY, 7~
AT 4y TIRFDF A LA = )VITHNR TR, RTA A0 %L S SREHRITIR VY <
HER (261) 1300 ~ —dby THLDT, by OELEIC &> THRED & X I3 HBHIC T —
2R ENG, THIFEBICHIAT S,

ULo®E2ZRLTYH, 73 -2 1y VIRB)OFAN 55 £ WITEH K220 & #i
RART V¥ KD, DBETHRE > TNLD, BRI K S R EL T 0,

. 2
@9+k%§ﬁﬁ_—%¢A (3.119)
GUDOERT Vv VOFEEENT 0
(00 + (1+ R)®a| + 122 [0 + (1+ R)®4| = 0. (3.120)

RIZFFIREE 2 L CHBRICEZ SN,

1 .
AW@QEMQMMJ (3.121)

T 3. BRI AR VT A CERRORETH 5, PR T H 5 M TR ORI

), o ) .
@1\/é ) _ —g@é (1) = V3¢, [@(() rw) + (1 + R)CDA] sin(krs) + o (Ta) cos(krs).
(3.122)

77 25— 3k, BRSNS {mrmg%o)y&mm& \@;@\/m [ &5 k91 iEH
L7k Ths (3.141) 8, #cky, o D AAED 72 ThTns, 0 (),
OV (1) 1. W EE DA —AMET L X u)\of%f:}: S OYWRGE. TR b SW
HRTH 5,

§ ZhIESCHRIC & > TR 5. MISIE Appendix J 2580 Z &

06" (1) + (1+ R)®4 = [0 (1) + (1 + R) D4 cos(hr,) +
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4.1.1 adiabatic initial condition

MD CTHRIAXNIADLDEEDHREEZER D, MiEDSE D SW ZhFR (3.40):

08 + .| () = %, (3.123)
OV (rg) = 0 (3.124)
ZRATHIE,
[0 + @4] (1) = %@A(l—kSR)cos(k:rs)—R(I)A, (3.125)
o' e .
v \/gCIDA(l + 3R) sin(kr,). (3.126)

ZZC. NUFVDOROEHF R=0,¢,=1/V3%Z222. 0, 0V ook -2 1o
FEIT ;

% =1 (3.127)
L), AR MV fofEED Rohin (M3.1), LML, R # 0 TSR
E—snbobi s, BEDSEMNE (5 > 0) OfFEREZXIE, K7 VYRR LY
Py >0—-0,<0THL, o TNYT Y DFEFHET (3.125) OBRBDIA —RP, >0 218
LR ZIEORLRICY 7 b &%, Effi (compression) 7 = A AT 7 7 —AKK v
75— — I RFHRL . RO (rarefaction) 7 =4 XTI OV /3 IKRE SN TT Ty
MY, ZOBRBOEMZ = A XICAY, @WE—7 245 (KN3.1), E—7DE3%
POTCNLDEINVFVDE R W2 THY, Qh2 ZHERTL IstE—2 & ZidE—7
MWL b, Ist =27 & 3rd €= ZRERICELSE L L OBNT AT —REHMEZRT
DIE W2 DHRTHY, CMB OBHIP S RO ELSRELNT AF—-TH 5,

—7%. RD THRI A X VICALDEZIIHL TE &y ORENEARGTEE L TIHIBH
KE—2% T =AML, 77—AMR 9T I5—-E—-ZFEALAEL R >TPL, RD»
5 MD 17 BRI QoA ICHBIL T B 728, Qoh? AUNST X MD 1278 % OHGEN
Ry 75— —rnNEind, —F QWh2IT&DE — 7D U 1st & 3rd ZRABHTE <
T5720. Qh?, QWP ICEEE -7 0E SO L. 3rdE— 27 ECHATLIIICES
CHBIFTRETH 5,

O + @l +
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4. Acoustic Oscillation: Qualitative Pictures

BERIARE) D 7 = 4 X

3.1: MBS EIC LD 7 A— AT 1y ZIRE). HbhAEHE.
krs THUH . nMROEMINL T =A X, 2r BFH[E T = A XCTH DL, LEL. rZEEL

TEAL, I, TRIEZENZEN R=0,RAZ0DETNTH S, NUF Y DRNVETIVT
AR VIR 2L BES 0, DL TUON VA UDRBNEEME I = A X CT 7 —
ARNR T T——V 2L . il FE T A XTERSENS, L T 3r CHEOEH

T7=ARCAY, mE -7 2RO,

1 1 1
Adiabatic Acoustic Oscillation —- OgtPp
without Baryon ---- Oy/sort(3)
— TOTAL
Dp/3 VAt T RN <
\\ J S // \\ /1 \\‘ // \\ /s N // \
N/ A4 \ / 4 \ / N/
\ / N/ \ [/ N/ \ / N\
\/ \/ \/ \/ \ v/
A Iy‘ A A " A
! \ "\ A / /\
J \\ I/ \ 1/ \\ FAR J \ /o,
A /N ;A JEAY F\ /[ y
i \ / \ ’ \ / \ ; \ / v ’
! \ / \ ! \ / : / \ \ !
] \ ] \ o \ ] \
! \ v \ Y \ / Vo
] \ J v \ \ g \ (N
H \/ Vg \ / [ \ / v
] \/ N \/ II,’ \I v
v Y v Y V Y
T kl’s 211
1 1 1
—- OgtDp
——-= O4/rt(3)

Adiabatic Acoustic Oscillation
with Baryon

®al3

R®p
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4.1.2 1isocurvature initial condition

WIS, EHRDLEEZR L, FTEHERPEI LD LT DD LT DRRBROENE
BEsWThE, MiBwWeEDr —2ATIERT ¥ ¥ )V &y 1 RD, MD #3@L T—ET
H-lz (%@ﬁﬁ%’:ﬁﬁ%()o Oy IZFHPER SN TEBY ., LIET > —ERDTHL, —
. RGOS ETIIMD TIZ%Z Oy IZ—EREM, RD TlE oy xa THRET S, #IHI%
X dp(0) =0=0(0) TH S (T TEHME| OoFRTH %),

WiEP & E D — A TIE MD THRI A AVICALZWEEDREZZ M, RIIFREEMN
Kb BT S 2 FHITRER MD Ty, L L #Eww 5 E¢ld, RD, MD Z@U
TCRITAX DA TERT ¥ ¥ VO RED S E bREFHEZL 20T, Hi

08 + @4 (r4) = %i

OV (ry) = 0 (3.129)

(3.128)

YEIEOTHL, Ll Sl S X CHFBERAE LD S, LSS DT 3T — AT 4y
IR OB FEL T2 6 &L, RDMYL {IERD — MD O@EELIIKRS A X
IKAZWLETH L, HHTD S X DB, Fido & 91O (ry) £0 TH B, 0 ()
13, O (1) MEERIL ¥ BICEREL TWADTHRT 4 AVICALBIICKET S, Ll B
BEMRE2EVEELZ ETE,. 0 BEans EEFARICKE L RoTnRnE L,
TaA—AT 4y JfEE LT

1 .
. O () sin(kr,) (3.130)

%185, RELUMREZRD LIS by ~ 0 &0 O SHED S E0RML FEL UEERZ A
TVBHDT, B ETHHRERORBEKL VLRV, BBE S RHERTH -1, %
D & F TG & ¥ & AHARD 1/2 B Y. sin MHREVE 77 5 O TH 5. MBI HE
WIAERT O HENIC sin BREIZ L T30, ZoRBOBERLMIIR-FL T15
DIE Oy ICLBE =V DT —ANTH S, WD 5 E DB AN =X LIEFEKTH H08,
SHRD XD Oy 13 sin BICHIBTZ20TH B,

O (1) + (14 R)® 4 ~

4.2 diffusion damping

AN T VT 2RCE BT VTR, INSBRAT =)V DD EEEIET L DICH
592 (K3.2), #EREL T77 —AME =7 DRESHEMANUEL 20, NUF Ik >T
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mLR>TW5 3rd E—JZABEREL K F 7L TL %9,

M32Cl 2nd E— 20 00 oFEIc ks THDLNTWS, L L., BllshsinE
DII KRG LD 2 RTHICHE SN0 D TH L0, Ky 7T —5hRIC &k HEEZEL
O » kI nFMERHEOENME. ZLBF YN LTLED, 2V, HEFICEE
BRyTS—V 7R ERABBERNTSZeMTEROL ., AN BT HAZ 1 <
BAMIREEL T, B L BRSPS EIES Lo Th b, 3IRTTD 7 — Y ZE—
Rk, £FFNHL Z OIRIEL »RIEICL ez, BRdo & 9 7l b I —IC
gwohd, EReL ol ogbsh o)) L ARELRL0TH S,

5 Free Streaming & Projection

P ate. KT EIRADHFARA THREL, BRHEELE (Last scattering surface; LSS) 1<
FAEL TP 6 EIC & B TREIR | N T =3 g id, FARKES>T 2D NY T —
Varvel TSNS, TN TR, M32IWRLAELIBRTI—AT 4v JIRENIE @
LB EINDEDIES DM,

IHETIE. WEEDAT — VITHKEFEEL (comoving wave number) k (RS 1) THE
bLTRE, 682 3RTEEMO T~V TE-REL H->TELbITTHSL, LL,
ANBRTE L0013, T22) L0 2RTTACHFE SN FROALTH Y., HEFHHD
AT — )V OBRIETHMETHES SN L £, £, BIHEINLPLEE DR
F=NEfZbDSLIE, RO ZOAT—VERAL TAE] THY, BBI 513
FAT =)V k7! 06 E % RiAGARE 013

1
0 ~ le(z) (3.131)

THEZOND, re(2) 1F. BREICL TW5W 6 E £ ToORMG MO B AZERE (comoving
angular diameter distance) TH 5T |

5.1 angular power spectrum & cosmic variance

BHISNTZEED & E DR — 2 ZEET 51K, [T —ZAXT M)V (angular power
spectrum)| Cy ZHVLONEV, 22T 01k, BHISNREE Y — 2 22 FICHRME

T 22 CRET. FHPRZHOZRBELZ VT, WEAR AT —VIEZNTN. knys = k/a,
Dy = arg.
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3.2 ANy T VT 2ROHMF-D AN Y =L &k D, BEP S E OYLEGHE (diffusion
damping). HEHITHEE, BN log A7 —VORED T = A X kr,, 77 —ARK v
F—E =2 kry =1 (BAREMHT =AX) KbHbbh b, #dT7=4XT1E 0 o&h
WKk o TE=IMEDENTNEN, THNIEXSRTTT—VIZAR=ZADANT MNVTHD
OCTH L, FRED 2KTENCHEL 2 AT ML (AR M) 1cT 52, 0 10
B4 NS EENI Ty VL, AR Moz Ay 00 onckE s,
PV RBRT AR %L LRI (kry < m) E YT A - T4V 7 2RI KL BH 5T
HY. PEXOYIPKMETH S, ERIT Oy + Pa|. TR |0, /V3 TH B,

Dal3

| |
Adiabatic Doppler Peaks
\\\ in Fourier Space
compression N
\ AN
\ %é
p \ \ B
- \ \rarefaction
Sachs-Wolfe- \/ VAT \_%
7 X A\ / e} .
4 I\ N AN \%
N [ ARV A \%
S / TR YA { | jeeg
N /I DA y o\ ‘P.. |‘,‘ .
\\\ |‘| ”.I .! ‘I',. "|| \
\ [ I 'Il A
\ VATV
\ Vv | 4 | ". “ I l
\ Vv ||'|||"',
\_/ VARVIRTERTR TR TRHYY N
\, v HRIRTATAY.)
LY Vv Ve Wb
2n
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BIL 2B TAWE L THIERRES b DTH L, BADKIRLE (0,0) 1B Sh LRE
INE —
0(0.0) = 3 al"V"(6, ) (3.132)
m

DEDIERHTE S, N =2 BEENT 51K, 2 548 (two point correlation) % & 5D
M—IRITHY . 0BENT=2 8, v ALOMHEBEC(H) 2L KL b, EL. v+ =cosd
ThHhbH, 2T, HmEMTECILDIMERDOATH S, D VERDY > TVl
TE7 Y INEDHLETFETCELDTH 5,

Cin(0) = (OMONY ) eny = D D (@ “ay") Vi (Y)Y (7)- (3.133)

£m £ m/
CZC (Vs BT I TN TCH L, 5. WO OMETRMEERS »F LT YT
VCHBETE, Thhbb, £, mIilHL T o BETHIUINDT U F LDRBERKIZL T
%o AT v hi% T HHRERIL, FAEL 5O 5T T OFEHIEEN & TRIE S
NLZOVFETH L, WEP S SLERLY FHENE R DT, TOHHE C &L T

(ag") = 0, (3.134)
<CLZL/*CLZR> = Ogé@glémm/ (3135)

THbd, ZODC, ZNT—=ART MVERATHLEDTHY, 255225 o DHETH
L, £, C, LI DBRE > TOTmIURS RV DITFEHEOLEHMN S TH 5, Hativtk
BEPEL 20T, (3.133) 28T —AR7 MV TES T

/ 1
Cth(e) = Z Z Cg&glémm/}?ﬂ *(’7')ngm(’7) = E 2(26 + 1)0@PZ(COS (9) (3136)
¢

Lm0 m/’

BEOEFT (1.34) KVEIT 5, —FH., BAPBHTEZ LD THA O, bHEALAF
HE—2L PRV DTHY, EROV VTN ELNDERE L) ZLEHLETHRN,
CZTC, af BOUVFLHITTUERTHY ., SOIEHTWEDSHBUL m IRS 0,
EWIOIREEZFIHAT LI EMNTES, HIZIE C 28N SR L THIE, T—F056
BohaH I NEd), a3t a3 D5ETHD., SNEEFERTITVF ORISRV VT
NTRFNERSRNENIDM, FUF LR ALEFROREDTFIRT HL IATHY,
B> T

Cobs =

o] =

2
S ja)?. (3.137)
m=—2
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Z ZCRIEMNAL 5, BT Co ICHL CHEREOY TNV 2 AR TE 5DIIXHL ., #
HE 5 EL ey, COMELFEFIHNL W) DR EHELFETCHL, 20 TFH
Boe> WO HEHI, T2y F Ty UY A (cosmic variance)| & FHIN T
b, HOYT VREHCHEDHERARNE TH TV V7 — Ty YTV AL 20 FgtaEs
HY. ERMEOYV TN EEENTH5HE o? WY > T 508id

(a0?)" = % (0?)° (3.138)

TEx26N5, NIV INVETHL, BOEER THOBoE>9EH THH. SliFk—Dn
J@‘L“cN£:2€+1ﬂﬂ@4f/7vwb%é@“é TV TV - Ty VT ALK

(AC)’ = 55 1@ (3.139)

DED, JAXREOOBRPBTERE S EMIBIML 2L 25T C 12 L HNES LD
IKONTE AL ARES LAY, TF—1F AC, x (-2 1> THEPIL T L DTH 5,
¥7=. ¢,k O™ oxsiE

e, .,

Ca0) = %@ 23 20+ 1
| : de ‘>
= — ks —Pg(COSH) (3.140)
272 ;mzz k 20+ 1
& (3.136) & H#gL ¢
(m) (13 [?
2041, 1 & dk 3<‘96 <’“)’>
w0 ﬁm&/ PLTFe (3:141)

$oT. BENRY —> ODREBIRINE o« 0" /V20 T TISRIET 5. Zhd (3.122) D777
Z—1//3DHEZHTHD, EL. COERIE-NEHOERICL>TRRLLDT
ERETS, £, B14) O mBANT— /R F— /5 P —%REL THEHR, (3.132)
NS — OFFBBERICLZE—R m THY, BHNED, £E5bLWLA, &
ol 5,

5.2 free streaming solutions: from qualitative point-of-view

LSSICBIT AH32 DEH %7 — Y T AR—ZADINT — AR N Ui, BRADNERRIT 5 %
T—ZANRT R’V C, 2 EDEDRBRICH DDIEA SN, R H RO IS B A —)
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Elobok, BAZMO=L"/d CRAL., ABFKTHLIZEBE- AN T (~0!
THLPS ., EEFO>E-RN I I kd K SN IFIR DL, T b,
Ok, 7o)
20+ 1
LT EICES THEASLTLEAE, NT—=AXRT MUMKRELDESL I 2L L BRI
BRZZEHNC, Ry TF—v 7 hpLkdRFRAEEO BRSOTaY =27y a Dk
ICHMTIIAR, 727, LSS TOE JR—UES 0 o7 av =7y g ICHL TR A
r—Jv (0> 100 OF —% —) THIUL (3.142) T HEMMR AR ML &+ B ATRET
b5, FEINDSRLE I, k— ( DEEEREHEBED 6(0 — kro(1)) LIEEEL 55
FUVEIRT,
Ry <y RN (22) 27—V - K EH $hix

— /OTO dr (gsw + 98) (1)6(0 — kre(T)) (3.142)

Ok, 11, 7) + (ikp + 7.) Ok, 7) = (Gsw +G&) (k, 1, 7). (3.143)

p=k-yTHL*, ELD2HAD () IKH5H 7 OHEIE. G2 DHFIKEFNTWEETH S
T, H>7TC. GO =GO +7.0. BRI O = exp (—ikur — 7.(1)) THEM S, —fREITY —
AN B RES

70 -~
O(k, p, 1) = /0 dre™(re(r0)=me(7)) (gsw + Qg)) (k, p, 7) exp (—ikp(mo — 7)), (3.144)

T.(T) = /T dr' (1), (3.145)
0
(0) i ;
gSW = —(DH — Zku(DA, (3146)
N 3 1
G20 = i [of —iml” — (w2~ ) ). (3.147)

722U . Longitudinal gauge Z iV T35, T2 T, 7—UZE—RNBH o ZFRNT
(2.22):

m __ (L m
oGt = (=) 5 Y 6.0 (3.148)
£V
1
GB=1, oG =—im  oGh=—pi 4 (3.149)

I S3 P 222 £ 2 T 5, HIREZEOEEADHRIX Appendix H 23/,
= B OBAINY ¥ —, ~ I H AR v OB TH 5,
e g XS b LV, B 7 L MFMIES 7. 2RAL 2V LI,
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RV, V2803, REBL EKUTFOLIIKEHEESTES,

Ok pm) = [ drerem)

X {(—ch — k@A%)

oo _ @ _d OL [, @&
+%PO %cmﬂ+IEQGﬂMV+1 (3.150)
x exp (—ikp(mo — 1)), (3.151)

Te(10,7) = dr'r.(1"). (3.152)

ZZT, VAU —DA (L.73):

exp(—ikpr) =y (20 + 1) (=) Go(kr) Pe() (3.153)
l

ZHOTERR Y 2)VEIH ), & T OMSICESETIL,

Ok, p, 70) = }:@€+1x—oﬁyw)/mdﬂ;nmﬁ>
¢ 0

x [(~0udl® + k045

+ 3, (O3 +u”5V 4 PO sy
i = i), (3.155)
i = i), (3.156)
. L, _
i = 5B + o). (3.157)

r=k(ng—7) C. Fv¥ald o WH<ThHsb, £/, HUEDECELE

Ok, p. 7o) = Y (—1)' O (k, 7o) Po(1) (3.158)
Y/

YEELY . S510HL0 kD, OEEEHHBENC L ST

0 (k, o) - .
— 7 - —7e(70,7) . .(00)
Y| + P4k, 70)000 = /0 dre 0 {(@A CI)H) 58

+ 7. [(067 + ®a) 57 + 05" + P50} (3.159)

HAY (3.142) ITHIET HERRNERE I L TWAETTH L, ko T, &b EMICEEN AR IRED
SEEDANT—FE—REWY LJ /.
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7720, G0 = gl = /K, (e7T(D) = fe~e(0m) | FENEE 2 TRIZER TR O BRIATH
0. 7e(0) = b0, RO exp(—7.(10,0)) = 0 Z Wz, FHREFERATETIT AW =01
LEEL e, ZOESEMNE—BOBEREFOLBEXTREY *, SI3HRE
WeZZATCNDLDrg(T) =T —T T EIRE (0 — kro(7)) ICHIEL THBDIFERNR v
th@%&&U%@ﬁ%{ YOEHITHBHT , EX (3.159) Ik Y CMB BEMICEET 2
FHMET L2 M TEL, FMIKRENICDT LI L, S TCEHMEEL W7
3~2%4vﬁ%ﬁ@ﬁmv;7y3y& F->TCHEHRTH, Tbb,

@éO)(k* 7_0) _ Te(70,7) (0) _
i = " dre (@0 +®4) + 00 6(C = kro(r)),  (3.160)
o (k. ) —re(ro,7) 00 4 0G0

DFEEL. ¥ 2 £ TCIEREICHIEL TH20h e WO RETH L, ZDRIVICEZ 5720101
2ich < G0 509 T vy N RS TRAIERY, 2B 1Y = ji(2) 2k BiiE, Wit
R (L72) V5, K331, (), (@) 27ay hLibotch s, 0V +d,
E kT aY =SB, TABEY [~ kro(r) OFERET L 5 BIBHICE v
U7 I THEME T BE, —FT 00 27av=s v 5 10 13 — 7 kR T,
PERANCT AN EEL L TS, ZNEESKRNy T F—2 7 N OFEUREN 1 = cosb
IGEET 2% v LT hORTH Y, 00 137 DIRIEEZE ST, R AT b

WEETZ O 4 P I ko TYESN DS L ICR 5,

K341k H32% CICHBLELVDIKHET S, Ry 7 I —Hallk->THDENT
Wiz ond E— 2 BBN TR RO D, Fia. TA—AT 4y ZIREIOY — 7 DULER
BREPBLTRECT OV =7 hINTW5, §->7T. M34 0 Qh? REMHIIEE T
DEEALL 72 BT IV TRBICHRIATE S, Thbb Qh? 2P THEICL S TREOE R
FEMT TR, BEf7 = AXTH5 1st, rd E—=INEL R > T L DTH 5,

—F. Qoh? IKENE RIcoM K35 TH5H, Quh? 2S5 TEL RD - MD o200 HH D
B 2, oc Qb2 28BN 5701C RD THAHARMEL RV, 73— 25 4y 7 IREHHICR
F VY ¥ VORI Oy WHEHEZEL 0D, KT V¥ v )L OBRIZLIER S 4 XU AHETR

* Hu & White (1997) TIXBHCERIAZ BHL TN, ZhiEAsk MBHmTHRIEED & & L 13
WIS A —TREEENSEATEY, FEEZET S,

T(3.142) I< e DIEMRRVDIE, RNV < HFRAZHME R TCOH IBEDRITFHTE L L VIR
KCAEEFEZITLENSTH S,

Py b A ABEBICT IV Z BB L €< kro(r) KA —ZHBERTL £ 9,
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33: k=t o7uaverya B, logl VoI —TTay NLTHSL, LD
REVEOW + @, 7Y =2 850 Tz 2x7uv s 1951 b2,
v=k(tg—71)o j (@) 30 =2 TEPAE =2 2 FL, (~ kit —7) DFEREBIKICE v Z
Ty T T5l0, FUIERRTOY 2y a L EERCERTE S, —F. ;101
ERANTIRIENE & S, BEMICHEE T 5 A7 — Vb EEL /WY, Zhidk, Ry 75—
VINDEIBRFAERORSFEDOX ¥ VR TH 5.

- ] ] ] ] ] ] ] I -
C|* Ij(OO) .
s 1| (X) .
15 x=50 ;% x=100 =
1f i
05 i
0 ' ' ' ' .......... ' .......... ' ......... ' ....... I ........
20 30 40 50 60 70 80 90 100
Multipole |
- 1 1 1 1 1 1 1 I -
- 1% 1; (10) .
L 1< [(X) -
15 —
1 L c—
| X=50 x=100 i
05| - -
0 ' ' ' ' ........... ' ' ......... ' ........ I ........
20 30 50 60 70 80 90 100

40
Multipole |
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Wy =y FfER OV & —by 2L TREYSE2T AT 50, BTy — AL
B RHASE S,

5.3 free streaming solutions: complete set & implications

ANTG— NI F— TP —F—R LU, EHETCORNVY =Y HFREXORE
F=VEEELRVRIETEESTT, $h. BB HORN,

@go)(kﬁo) 7o —7e(70,7) 2(0) )\ ;(10) 2 (0) -(20)
ji:r——tédm O{fmll + (kA + BO) 5 - 2
+4}<CX)]Z 300+ OGN (3.162)
G)gl)(k 70) o (1) (11 1 21
e A0 dre—Te(70.7) B(l)( )__H()( ) 1
e =y e B - (3.163)
+7. (o5 + PRY3EY)] (3.164)
@éz)(k 0) o T (2) (22
e\ o) dreTe(10:7) _H() ( ) 1
20+ 1 Jﬁ re (3.165)
+7. PV 5] (3.166)

Ny H— 7%= " 0BT (Hu & White 1997b).

ﬁm@)=\/ ”f, (3.167)

@) = W (” ) (3.168)

3(0+2)!
22)
€_2,x2. (3.169)

i), i@ B = iceE— L, @) BE - 2REET&kOY T A N
EETHETH L, THhE ORI \V~2®%ﬁ%@%: STUTFOEIIHTS
hs,

w

5.3.1 scattering origins

70
%;dT(meﬂﬂ (6875 + o5 + P 5%7) (3.170)
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3.4: CMB ZHMOANT =27 Mb, il 00+ 1)C/2n THY. Zhld logl
HLVONRNT—%HEDT, kRO AR MVOFHHITIEEIITaY =7 hE3h s
M, Ry7IT—FOEFy vV ENTHATBY, 205 2d E—I2RH5bNTN5,
Wh? ZHERLT L, Rox Wh2 WHWEZ 57207 aA— A5 v 7IREIO¥ SN EIcy 7 R L,
7 = A XCTH 5 1st, 3rd ¥ — 7 BSHHRAN EMR 5,

- Baryon Drag _
2
_10 Qbh
e Y-S o radation
0.0125 — H compression
- 0.0025 ---- .
& a\ 11
5 = 7 _
O 4x10 __ 1
X _ WAL |

2x10° 0

.....
________

0 | | |
10 10° 10°
Multipole |
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67

X 3.5: HREHEBEHE (RD) ORT > ¥ v VOBRIEE) oy 1<k D, E—2 DT — AR, Qyh?
ST L RD - MD ©2 ) HVOBE 2, o Qoh? BN, 73— AT 1y 7 IREYHAN
RD L7 > TRT V¥ % )V ORI &y NEE L 05, RT3 v )L OBREZELIE RS
ARNBETRLY < HER: O ~ —dby 2BL CREOLER2T —ANT 5720,
Ty —ARE =7 BHREE D,

1x107°

5x10 1

I(I+1)C/2m

L RD boost

Qoh?

049 -
025 —
009 ----

Q():l.o

Qph?=0.0125

dod/dt

....

10"

10° 10°
Multipole |
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+ (v + PV (3.171)
+ PV (3.172)

e~ [FHFM LSS THRMERIELZ R MR TH Y. [T 41 Vv VT ¢ B (visibility
function) | V, = e (077, LI TS (Bond 1996). @ EFHBEIIFHIRE Hic
ne x a > TELLS>TPL LD 7. = opxenea x a2 THLMN., BEENIET 5L EFIT
ZeZULBFICh Ty T ENTHH(LL . EEEE 2. 13 1 — O(1074) & AT 5,
Do T Vo(r) BRI 7 & HICAEITNS LR D, —FH, 777 ¥ —e ™0 T kST V(1)
i —r I b N NS SR B, Va(r) 1 BB 70, ZHUDE L THINE — 2
R, Lo T 1. M. BIEEED RO Z o B W D BR T BRISEELE (LSS) & E
H#EINLDTHS,

e fuzziness damping: thickness of LSS

=7 DD, V. DD > TOSIHTEARMIC LSS (7 = 740.) CORFGFHEZFFDOIHT
5, BEUC KD REBEOR>PHEIEWRIIBIGRN /DT, 2ZTRT 4PV T+
VAIOWTER S, V. DFFMIEERE (recombination) 72 ZADFEMIIK > Ty
LB TIZROR, BIRCORGRT 49T 4 VT REAMNEBIN TS (Hu &
Sugiyama 1996; Bond 1996) . ¥ E LU EPBEMIGEZ 52 T56 DT,
TAaPE VT TNV V. =0T — Tgee) THA D, LIRELITIX, T4PBY
T 4 & BRI R B S OB Z O L e O 7 o CERT 2 b 0T, AUy Ty
DNEM LSS DERTH 5,

L@::————1———-@q)<—ﬁfilﬂﬁﬁi>. (3.173)

/ 2
27TR%)C,dec 2}%Vc,dec

Ry, gec V3. BIAVICII S ER ORI A X0 D 3 - 5% BETH L., Zh kb, LSS
MER Ry, oo ZFRFOEBBLUTDOAT —=VD Cp lFAL—Y 07 3N THEEL TL
EDZ MM 5B,

e reionization: damping & Ostriker-Vishniac effect
WS, BFEEH7 Y — AN U —LTCHREE TETNO - TL 2@, FHVBFAAL Y
ICTLEORGEEZEZEZXSL, ZORHL WO LSS M TE, BO V. BEETL LR

LM, SEIIEEE T a2 AN WD t XSS xa? THBTW LT T
b, Thbb LSS DIFEL WD) DIIHEAA MBNE > T BBELTTENH T L
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7Y, HEVRCBETEAA AR > TL 5L LSS DIERELRY, O
IR TIREES RO R, BAIK kTR vy 7 I —E— 27 £ THEN 5 2 LIk
5 (3.6).

LWL, BAAT MU EE 2T T IR LT TR, HiklicEszevbdh b,
BAT ML EFHETR ORI ANy TV T IEBIL RN 7 aA— AT 4y
JIRENIR Z 50D, 0 ICkBR vy T I =Y T MNIFEHEL Tnb, 1SS TOR v
Ty 7 R IRV alildoT O IHEYNTL £ oM, SEIER v
TV T RLDEELROEDIC, v BNV LRV BERL RN 5, 2
DEIBRFAFT MU L LFHETOR v T 5= 7 MBIROW S T AR A =X A
. AANTAH— — T4 A=7 v IR (Ostriker-Vishniac effect; OV) & FHIH
(Ostriker & Vishniac 1986; Vishniac 1987) . A 74 LD ETIVIC & o TIIEEGRE
DA =)V &0 HINAT — )V CEIRTRE R B 5-& 72 5 ([ 3.7, Jaffe & Kamionkowski
1998),

e Sunyaev-Zel’dovich effect

INETE, AFeEFOMHELZ 2 THERELTH 5 b LY U BELDOBIRTHK-> T
e, LU, B5FH00 e TEHEBFPSHRTFAZINT —DNlESIN S W=
> 7k VHEEL (inverse Compton scattering) | 2322 U, CMB O RBMAEFE A7 kv
MEDONSG, TOFRMLIF, BEFOWET. A CMBORET 2 RIS THL
(chapter 5), LSS TlIHF & EFVEAEHPREBTH 5720 T, = T BIZL THBY,
TRNF —EAEE I 62w, LAL., dRaEPICESRESHN A T, ~ 10° K 2
FAEL THB Y, CMB M ERAHIZ @58 T 2 BRICEARD AT MV %2 %40 Bl
AHER S5 2 RIET, ZhZZA=VYT7 - IR Y 19 F (SZ) BRE TN T 5
(Zel'dovich & Sunyaev 1969; Sunyaev & Zel'dovich 1972), SZZHRIC LY, CMB D
MR . BRIGREL B2 T 522185, SZRRICL > TERE SNz A
N7 MVIE B R BE TR W, 2IEREICE > CTH—oRE it d 5 2
LIZTEROCDOTH L, WREFEMHT. v < 217 GHz TREMBDL . #CIRIRE
MERTLEVBIREARbOTH S, v=217 GHz TIXSZHRIEEETH S (K
5.1),

PRICELET HEFFIL. £ TCSZROY — AL B TR, 4 D8R DE
BREBFEEOENNI LS TSZIEORZ SITERSLED. ZIZDEE CMBD
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X 3.6: BAA LICE D, RT—=ART NNVDFT LV E VT, 20, GEAT VAR E HR
HRBETHY. BAT MUTBEINCREEHE (2. = 1) IKR5E L, BAA AL
(1M0) & Zigp =5 LIFAXRT MDER S>TEY, KT TE R, BA4 b0 L
IGRZ I3 HL W LSS DEZMNENWD, fEW S EIXAHHICDE > TEHEL WY B

.
o
s

2 27T e o e

VT RZT S,
T
L Reionization
6x10—10 | Zion (Xe:]--o)
no —
5 .......
. - 50
S8 o
G 410
)
+ N
2x10° 0
ol ©=10 Qi*=00125
Il Il Ll I Il

10

Multipole |
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3.7: Jaffe & Kamionkowski (1998) OFtHEIC kB, AANTA I — - T4 A=F v 7
(Ostriker-Vishniac; OV) Z15R. x., 2, EZNENE AT MLOEBEEE, KARBETCHO. 7.
IR ERF & TONRFNESTH L, T/ ST AT —1d Qg = 1.0,h = 0.5,Qh* = 0.0125
T, E#E COBE 0#i#g{t (COBE normalization; Bunn & White 1997) i< &K 5 €T )V,
WAk 7 T A5 —DHHEAL (cluster normalization; Viana & Liddle 1996) I k5, 7T A
< U OMB ® A2 MU EDSIEC 7 = 0,0.1,0.5,1.0,2.0 TH b, 7L<V COMB
DI ETET 4PN T 4 V.1, ODBTCH 5729 7, DRIUREL TS0, OV
BRIEFEL 7. TH->TY 2., 2, WK TART MR RLR B,

10_9 E T T TTTTTT T T TTTTIT T T TTTTIT T T TTTTIT T T IIIIIIE
10-10 g =
10_11 = . ST T T~ Xe Z, Tr_:
—~ N 7 /”_'k\\ \\\ :
£ B e S~ 1 2005
N /7 7 b \\
~— Ve ~
10712 /e ~o1 7 0.1
© - "’ 1 56 0.5
= - /) 1 19 0.1 1
L ’7 -
//
1018 = 7 1 5 0.02d
= / -
- / 0.2 166 0.5 7
L/ .
L7 02 56 0.1
10-14 | .
10—]5 | L1111/ | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII|

10 100 1000 104 105 108



72 % 3% Phenomenology of CMB

WHEL L CHEL., SZWHLEORE IIRMHAA —VOEEDPLISDOKRKE SR
EfERBLL T5 22125 (K5.2; e.g., Cole & Kaiser 1988; Makino & Suto 1993;
Markevitch et al. 1991), F7z. SZW & FIXWRKEN R Fo/20 . ZIHREIC
£5TCTFF54<Y CMBRRS, OVEIRE W /ol — AL HBERTRETH 5 Z &
RERFFHHETH 5 (Hobson et al. 1998),

5.3.2 gravitational origins

e static Sachs-Wolfe effect
0 —7e(70,T) :(10)
/ dre™ ™ T EAg, (3.174)
0

ANTG—F—RDIERERT > v )V AL > TDOREL 5. B RT V¥ v b
kD SWHR, Ry 7/o—v7h ek ks /mav=ryarcxyok
NWENDLEIICRALMN, FELTOWIORRT VY VOARTH S (Tbb5 k
MR >TND) 728, RT VY VZEDYDDZE % B 51 DIES S 21778 5
P )

Ao+ [ dre D A0 1 [ drernn A0 (3175)
0 0
D £SO NB, AEOEIE,

(1) &K=, 2ROBWEON S LTI OBEET 5 BNRTEAEETH 5,

(2) HERAFEHED S WHEBFHANOBEEMRLILS < OHRC, Bis/ATH N E
B0 5 HEHERIEICIE W A, — )V IR T V¥ v VOB H 5., -
T, B SW T 57208V 7 A — J 4 )V 7 = ZhF (integrated Sachs-
Wolfe effect; ISW) & FHENTHB Y (Hu, Sugiyama & Silk 1997) 8 . FHIBTH
% BH ISW (early ISW). #BE % Bl ISW (late ISW) & XBIL CTREE AL T
5, 122U, ISW & FMESEHRIZ T ERO AN Y —LHITH Y, 72—
T4y ZIRED & 2 A TN IZART Y v )V DRBEIC L SEIRIT ISW &I T
ngwv, BHISW IZARZ MVO ETEY T U RERTA XL LD R0 RE 0N
A=) JNEW ) ICHFEL, FL LT Qh? IHk->T0 5, Zhid, B -

§ 7272L . Sachs & Wolfe (1967) ICIFEHRHRBIKERT 5H 5 W RN BEHNCER IO TBY,
JROBIRTIEZN Y SW RIR LA TIL 2D AR,
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WE DD Y HOOBHEN Qoh? TRESTNE I LIS, Bl ISW IEBREE
{CRHEMH[O L, MRS AN HORE RO 5 A7 — )V EFHEIA 7 —)L & L TH
b, IEFICKARE (0 < 10) IKHF57T 5 (K 3.11, 3.8),

—%. AR & O R FERIERIR L 1IN, BEERRICYRT VY v L DR
MEENELET S5, CMBAORRE LU Tl I EMNCHEIRELR., 20
FRIZEERS, Zo&5 237 nt AGERT 58RIE V-2 — &
7 <8R (Rees-Sciama effect; RS) & M 5 (Rees & Sciama 1968; Tuluie &
Laguna 1995; Seljak 1996; Tuluie, Laguna & Anninos 1996). Seljak (1996) @
SHEICENE, (=10 FTRSETTA4< VU L0 L EFNTNIY (K3.9),
LSS ICa—=HIVIRRT V2 V6 DT EMR Y, YRR T VY v VI Ty
TINTWHFE, BEERRICRT Yy g NIV ER ST BT S
=%, B AR FKRGRSEZ %% (Hu, Sugiyama & Silk 1997).

e integrated Sachs-Wolfe effect

(1)

i . . 2.
/0 " gr e—relmi) H—Héo)jéoo) + BO;00 _ gHéo)jfo)} (3.176)
+ [ B 7 AP ]fl)] (3.177)
+— B (3.178)

AHT—F—F D ISW . (2) THEALBY THL, HEL IhbLTHE
PRICEETL0TRARL, V=YV 2REET LI TEOHBELZEERITLS
72, BIAE Longitudinal gauge THIIX Hp = &y OIRMERY . Synchronous
gauge THIUE Hy, = h/6, HY) = —h/2 — 3n B85 (h, n 1% Ma & Berchinger
(1995) IC L 2ES). POLTOREFIBERNZMIIRBIOL IR -V HE
EMREEICR 5 Z 21T RZZ@EVEMN, =TV % 52 oTRBHZ LT
BUEGTE ORI Z R ELBOE S 2L bH 5, Zaldarriaga (1998) 1T LA,
Synchronous gauge /& Longitudinal gauge 1< HRT 20% LA LGTERIEN R,
Za— M UERTEPICANY ¥ —E - R BFEEL RTNE T AR b EET
52230, RAN=Za—bh o4 —F - TCERATPHICERTH 5T
bR —FE—RPEKRT S ZEMWRENTWS (Takada & Futamase 1998),
ZHITE 729 RSHRIF. FHEL T AN T —F—F (3.9) LY 51N
<, L D5 (Seljak 1996),
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X 3.8: Qp+Xg =1 CHEHLFHETIVICBIT S5, A THOMHEA ISW, ¢ < 10 IXBWT, K~
FUY R VOBERZEL by, P4 Ik ST WHEEMERESNS, Q) WNELRBITONT
Ry 7 I—E—=7DFmINENSTHER, Zhid Q) W N&<kb2 RD-MD o2V %
WOBRAMNEN, 73— AT 1y ZIREBORT > ¥ v VOB HEIC L S Z LI
B E—JDT—ANTHS, ACLKFHEL Qo =1 ETADPEDDLTH R —I DY 7

MiE, BAENRNRTIIR L, FHOELDBISER T 5 AFRIERE ry ~ 2(Quh?) /2
DWRTH 5,

1.5x10°% — —rrr ——rrr ——rrr
- Totaly Flat (Qo*+Ag=1) => o]
| \ 16=2(Qoh?)”
N Qo P -
» 10 — :" ". .
0.3 oo i !
1x10° Q1 ---- RD boost ! b -
ﬁ - Il: ' =
N I'.". ‘t
S| o ]
= - Ji i -
i - “ -
— sx10 ¥} —
| Late ISW -
""" Qh=00125  h=05 y
(o) NN TN e
10" 10°

Multipole |
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3.9: Seljak (1996) OFtEIC LS, U—A - 7 < (Rees-Sciama; RS) %5, FERERE
BICLDENRT VY vy VORMELE Y — 22T 5, 75 A4< Uk CMB I3 IEETREIC
Lo UNAT =V THE T TBM. ZNTH RS FHIREIT T A= VITHARTNSWY, “2nd
order” 1 2IRDEEGHIC L AFERTH Y, ZOMITETUNAT—ILDOPEEE NET I 2
V=Y g v RHWTEHEL Tn 5,

1 1+1 )0, B

10 Lol L Ll L Lol
10 H Lep} EIEIIIJ 1000 Bl MM}
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TV —FE—R D ISW BENECL5FE5THL, A7V —Y a3 VRRHTR
NI—FE—RTHLEBEEDPLZED Y T F I —F—RDEHWED AR
N, ISW &L TCMB 0w & EilHE T % (Abbott & Wise 1984; White 1992;
Komatsu & Futamase 1998, 1999) A5 5 —F — K & OHNHLFE5OLLTH %
TV — AT —tr 3 ATV =Y a v E'T ML S TRR LM, Enizn
r < O(1071) (chapter 6) TH 5, BIMEEERONA T 4y 7 ATV = ay
&7 )V (Linde 1983) i& r ~ 0.2 2 FF T 5 (chapter 6) 2D AN T —F—K &
RTCHYBHOERWFELEL, BETLZLIETERY, #, TV —F—
N OFLEE2FENBINC & > THSZICHET S5 221k, A7V —va v H
WORIEERILT LI ENARETH S,

LSS LARMIC AR T A AV Ao 12T v H—F—RiZ, A M hy T NERNY
Fe DRy T VYT RFERRNDT A—AT 4y 7 E—RNBNEEET, 27T
DLTHEYTLTCLED, LALBE (=2 CHAINLE-FITS5E IR
FTARXVICASTLKBLE-RTHY, RVY <V HERX (2.83) DA—/—KTF
AXE—R: OF ~ —HP 13, RO TRELIIEL FH> (K3.10).

(3)

CMB OZE %2 2L YAV Ah=ALE, BRI INS TEHATE 5, LML,
b —DIEBICEER AN ALNERET S, ThIE, Tad=ry g ANoFHOME
DMRTH 5,

5.4 curvature effect: shifting Doppler-Peaks

7 A=A 4y VIEEOEEID 03T Th Y, Tad=r v a it k(g — 1))
Tholz, Thbb, HEA— k! 0WSE R (ki —7) K7 AV =7 N dh 5,
TN TIEFHEMEETEHRWESE 57500, FHTRWERTIE et 1tk b 77— T
BEMTE e, Tav=ry aidj (ki — 1)) TR b o & EmBe 22 5
M. RN EE TR . ERHNCTRRE & e /MBS =V THIUE T — U TR
BEMMER B725 9, L ZAM UNEEAT =)V | &) DIFBEIC T2RTICEH] &)
RITH-T, b LIRTTTHLBITIHAL TUIMETFT > Ty, 22T, Yav=
7Y avOFRICEVbbE 5, T XU, Iad =y a v EARERHCE ST
(L —kro(1)) &BHEHDLL Tz, THIE. BAEMNIE > TAT =V k7! 25> b D % FRgf ry
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7

X 3.10: 7Y —F—R & AhT—FE—NOHEK, WMEDAXZ MU (=10 TEbE
THEN, EREOET VY —/ANT—HThkE->Tnb, AHT—FE—RIFF¥ A M Dy
TV IIRTCT A—=AT 49 JIRENCEL > TR v I T —E—=I KT 5, T ¥ —
TR ZA NIy TNV LT I ME LV TTEL, 709 —F—KRIT £=21TKRERN
U—%FEON, CTNEBEELZSICEAIAAVIKASTERE—RTHY, Z—N—KFA
Ry R = VORVY <o HER: OF ~ —AP 0BE5ETH D, TV — /AN T —HH
RKEFIE (<10 TAHT—FE—R L A%SDHFELFH >R, T —F— R 2ERT
LZriETcER,

I(I+1)C/2m

6x10°1°

4100 -

2x10°0

lll L) L) L) llllll
L Tensor vs Scalar

- normalization point

.......... o
damping

| Difference of Tight-Coupling Effect [

¢ Scalar !
i acoustic osillation

| Q=10 Qh*=00125 h=05
I ,

I
Multipole |

10"
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WKBTEAE O=Lk"/rg CRATGHETHET . FBR KRS LR 10— 7 = 1p(7) &F
522tk GREEITE 5,

INESERZ fioT b B L Z5HIT 5, A7 —)UISHHERAAE || 2 = Hy P Qo — 172
0B HNETNTERVDT, k> |k 07—V ow s E2EI N

1/2

-1
QOHO (Z > QO )

0 =~ kro(z) > |k

11— Q"?
Qo
THNMLEBEFERA D2 218 5b, 22T, 2> O TOWRER: ry(2) ~ 2(QHo) ™ %
Bz, BIAE Q=03 OBIWEFEHEEZALKE( > 6 THY, RXILAL D LITH
L GEBRDBALT 5 Z e M5,
ZHIIIEEICEE R E SR 5. Ry T I - =7 DNBICHIET 5 A7 =V % kyear
L&D, T2, TV NEND 01 lyear = kpearro(Taee) TH B, T T,

> 2 (3.179)

1

ro(T) = PRE sinh <|,{|1/2(7-0 - 7')) >Tg—T (k <0), (3.180)
1

= 5 sin (51/2(7—0 — 7')) <To—T (k> 0) (3.181)

BREOEIE, PHRTEH ((he) & R BIORFH (k< 0; Lopen) TERE = Z1F Lyper, >
Crrar W BAC 7228 (k> 0; Leose) CUE Lose < Lpip W ETNThT OV 27 SN BT L
iK% (M3.11), £z, REAPHREETH->TY A HZON TCHEREE. 1\ =
0) <79(Ng #0) THSDE—ZET T MNERT 5, 2> OF! TDry(z) OWREIE

ro(2) ~ (3.182)

Q(QoHo)_l ()\0 = 0)
2(QHZ) Y2 (1+ I Q095) () + Ao — 1)

THY., YRR — RHANBEWZFEHOFMN Q I L THRKICE — 7 2MNEEZZEX S
SEMEME, BBBRBOIREDIMNTRL TBTIE., ATEAY THHARZEHETLL D
BHh 7=V TEHIFRETH V., j,(k(ng—7) WK &DTOY = 7Y a VIEEEITK Y I -
TW5 (2F0, L=k(rg—1))e 7. ro(flat) =70 — 7 DFEEEM Ny =0, X\g #0 D
= ATERDLEDIE—=IMU TN EINLEDTH S,

FeoX, Tuad oY g VITKRENREREZRL THWEDE -7 20D K0T
LL A, BHREL TDED5E L TOAZEERE ry(r) THSH, FEHNHERGEWEIT—

T Znm, FEHRIR AR o OERTLD 5,
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BT HM. k # 0 OFEE (3.180), (3.181) 2RISRV, FHARBFETY A\ =0,
N #0TETEY 27 bENDELIFTERRLN. TR FEH OELDZENITHREL T
Wb, —F., HETRWFEL FHRFEHE 0BEOIL, ELOROITNA TRAZHRRIR
IKkoTTaY =7 bS5 I BEL . THhIZFEHOELDOENC L DL (0« ')
ICEER, 2T TZDRED (Lo Q).

UEEY, E—=2OfEZERICE > THRD 5 2 L IXFHOMBERET 5 2 & & 24
Thb, bbb, E—2OMNBOBRHMNGIEN —ZVOMELHSDT Q)+ N\ PERD
ENLZDTHDH, TDEETIE Qp, A\ BI8T AF —RIEDOBITHHET A0, Q 1X RD —
MD 29 HWDRHAIDZEAL (x Qph?) I Lo TE =T OGS 2L ELD, KRibdo L
VAR EBACSE VT B0, N LRBICHRT S Z 213,

6 Small Scale Effects

6.1 small angle approximation

INGERTTHEEZFARLEE (> 10 THNIXKEKEZ FHHE AL TRWI EAREINTZD
T. 2 HBMA KA CRETAD TR 2RTTT7 — VBB TRD 5 Z L N AEFET
HY., ZHE5DHFNEENERNREETHL-OFMTH 5,

OOy + ). — / Q <’@ )>6_ZQ.9
/QdQ o d¢< (Q)‘2>e—iQecos¢

_ /% < 6(Q)| > 1o(Q0) (3.183)

BEROEEIL. Ny vV oESARK (1.66) Z AV, —F. (3.136) BTN EELL
‘> 1:

Py(cosb) ~ Jo (¢ + 1/2)0) (3.184)
Z FHuhx
cO)~3° Z;/ 2 C0do (04 1/2)0). (3.185)
(3.183) LRI 52 21Tk D Z
~ <]é(Q))2> (Q~(+1/2), (3.186)

Thbb, 20RICT7—VZE—RD2FTEHIZTDF F /87 — AR 7 MVITHIRL T b,
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3.11: FHOMPFIL LS, Ny T FI—E—2DY TR, L \=0ThHb, HDA
Tk Z2bohoINT0T=r NENDS (ISAEIRRE ro ICHHIL T 5, 5T,
(o< 2(Qh)L THY., Qo BNELRDBIFER v T IFT—E—=21F L DRENHFATNTYD
Ko E72. <10 DY 5 X OEMFHIELF) < BN S KT > & v )V OBSIIZAL, W
# ISW (late ISW) T %, Qy = 0.1 BTNV D 1Ist K v 7 5 —¥ — 7 ORI EUER

T —DROTH5,

L) L) L) LI I L)
| Curvature Effect —_— re=2(Qoh) "

6x10° 0

4x10°0

I(I+1)C/2m

2x107°

Q,h’=0.0125  h=05
o N | N |

10* 10° 10°
Multipole |
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6.2 lensing effect
CNETIE Gow R Go il kDY —ADBEEZTE e, 7V —AMU—LHTI,
o Gow: FHMMIR AN Y v 7 ORI L5 ISW, FEEREEIC L 5 RS

e Go: BAA MU EBFT VY, vV ENRWR vy T F—V T M LS OV,
RN & % SZ

MY =2 LTHEL ., SEIC3RTTHMBOFEN T Y = 7Y 3 v OFEZ BN
SELZ L HEFETEL,

—F. BEOFHIASMIIH IR TH Y, To LI FHE AN @EETIIENL
AR R THRORBRIT 5N 2 2 L BRIMON TS, V2B TEXE.
NETCEROHRL L TERL TER Gund WK EEHETH D, Guena 1 EHTEER D 23K
REoFd —F —TH VIFEEEBITICBOTIBETE 500, NAT—)v (K{) O
Cp WCBARTREZR 3R 2 BRI, BV U AT LD CMB NORIRERD HIE. bHAA
RNV HERAE Gend ISPV TEERNTRONIENDTH LM, Seljak (1994) 1<
Lo TLVEERNFENEZ STz, O(r,v) DEMEZEEE D OTITRL., FHEIETH
5 Co ZHNIL TERTHHODTHY, TRT—=ZAXRY MV 7 T B —F (power spectrum
approach)| &IN5,

BHISNH\ENY — 2 O(y) IKBWT, FRLR v 34 TL ® LSS EET I—Ef#f]
WA TR, bV ARNERZ 32T THIDY - T, A Y 48 (deflection angle) o 72
T SN KB T L 0T

O0(4) = O + ). (3.187)
2 RBERE N EE T RO

cr(9) = (O(%)0(¥ +6))

= (O(y+a)O(y+6+a)) (3.188)
=/ %Uff? Jo(Q8) <\é(Q)\2> <eiQ'<a—a’>> . (3.189)

o =a(y+0) THD, BEMC, B ADE L > THNT—AR7 ML 2
DM, 2HED SR 5T BHM T£EACHAY ) THTSh T8Iz, 22
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HO2T7 >y OMBEEHRETHS., ThEb (6) 1k

<eiQ-(a—a')> _ <1 +iQ - (a— o) — % Q- (a—a)’+0 <a3)>

_ ~H@Qe-a)) (3.190)
) (3.191)
a*(0) = % <(a — a’)2> : (3.192)

a DEFRIRE T T LH I T AGELVFPL TR TH L0, FADKILT 5. LA
k&Y,

lens . Qd@ no—lens —%Q20'2(9)
Clens () = / S o(QO)Cy e . (3.193)
Thbbl y ARHRIE. RV ADOHEIHEE T S A — )il k5T CMB D737 — AN

PNNVEBAL=D T T BB 5 (M3.12),

6.3 normalization, transfer function, growth factor & non-linear

effect

HRNVAEIRT Yy VOREZR DT, ZD5H o(0) 1% THEEDSE DT —ANXT |
My sk esng, 65T, CMB DL ¥ X5hR%Z KD LEIIINT — 22X 7 M vE 5
AR 530, MIERR T, T — 22X RV P (k) = 6,7 = AR™ IZ RD B
DIRT 23 ¥ )VOREEIELR VIV BE2E ORR%E H 6D T BB (transfer function)
T(k) &),

P(k) = AK"T?(k) (3.194)

LLTkOoENG, MR EEDNRT = AR MR Z D L IET HEAE. ERE
FEFENTHLENIEIAT — V2Bl 0nz0ThH 5, o ZhIEER SGEIRT
ERM ST, ZOBAY TV =Y a VERIC K> THIFHET B (n~ 1) DAXT MU
EROWOLENERIN S Z &M 5Tz (chapter 6), fiE> TKIEDEE n ~ 1 BRES
ns,

lZov 7y gy, IRT—=ZAXZ R V] EWI)SEILTEHEEDLE DT AR ML T 5,
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3.12: VY AFRIC KD C, DAL= 7, “nolensed” 13V V AR Z2EDLRNH D,
“lensed (linear)” 1%, EHGROEED 5 X D/NT —ZAXRT MU LS L ¥ AF)R. "lensed
(linear)” 1% Peacock & Dodds (1996) DIEMRIE/NT — AT RVIT KL 5)R. BHEIK
(transfer function) FEERNIRKD TH S, EDOARIVIE Q) = 1.0, FlE Qy =03 TH
%, HSMICT Qy MRENVZFE VYV ZAFPRITZKE L, Qg = 0.3 TEFHTS RV, Fi,
TONFICE N = 0.7 OHAEF NV BTy b LTz, REMITHOTOEDIE Q) TH
D, ZOHEH L VAR Qy = LOIKHANTRS Y, £/, IFREOZRIE TNIZEH)

DTN,
2x107° T .
| Lensing Effect
— no lensed ]
....... |enm (llnear)
B ---- lensed (non-linear)
5 N i
< 1x10° —
O
Q = -
d
O -
Q=10  Q,h’=0.0125 h=0.5
B . L
1000 2000 3000
Multipole |
4x107° T .
Lensing Effect
open flat
| —  ---- no lensad i
\' N ——- lensed (linear)
i \\
=4
Sl N\ - -
A
s
=
\\ -
O _ 2_ _ —
Q=03  Qyh*=0.0125 h=0.5
1 1
1000 2000 3000

Multipole |
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e normalization

A3 5 F D EE RO SHECERTH Y., BrSROEN S, BERHE
bhTnb Dk COBE O KRAERLME (¢ < 10) OBHNC & 58481t (COBE nor-
malization) . HHI Bunn & White (1997) OFERR LN TV L, ZhidkE%
AT =V DERNCE S W HRLDFETH Y. ZOFIC LN AT — )
DPHEDRE SITEBBEIGRIKET 5, B, INAT—NVTHLEI T AY —
HEE OB L HFHEAL (cluster normalization) M & % (e.g., White, Efstathiou &
Frenk 1993), EEHEEZLEDLERETCIERVM, TESIINAT —LDP5E DK
ESREHER TN 5720, COBE DXL & IR BIR L 2 > T 5 (Kitayama
& Suto 1997), fHi->7T. COBE OEINSRD SN2 T AY — A — )V DFSE
WEIDRESINI T AL —DER L BFETH L0, BENRFHET VO—
DDEEL 7D,

transfer function

T(k) 138 2REERATNCKRD 5 Z N ARETH 508, BEZET 558IE0IY
RV FRRAEZBANTCHT - NUAY - CDM - =a—htUJ . ROWEE
DFRBEBEDLRIER S, PSS E CHRIED L XL TORDMPMNICRET
5 DTCRNVY 2 FRERNE B LET R L, BEERIPE SO NNT — 22X 7 k
WV Pk, Taee) 525, T(k) 3EEMICEZ SN LDT M. ATHIBIR A
BRI 49T 4 YT REANELASN TS, B TH R HDN S DA Bardeen, Bond,
Kaiser & Szalay (1986) IC K A5RARTH LM, BEI LT 49 T4 Y TRHEEOR
AR Eisenstein & Hu (1998) IS kY 52 617,

growth factor

DRI ST — A7 | UL, MBI B 5D & ¥ O REMIE (growth
factor) D(7):

Bu(r) = o) (3,195
CEY 1 DS F LS
2
Hhﬂzléﬁ%]Pwmm) (3.196)
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LLTHEOND, N\ =0 DEAIKIE D(r) OFITENKRE LM, H 5P 57— A
BEHTE 580N 52 60 THY (Lahav 1991; Carroll, Press & Turner 1992).

sz):(1+zy4§%¥2{kxzfﬁ-QA@)+-P4—9§Q][1+§LgEQ}_1,(319@

2 70

Qo(1 +2)3
Q(z) = ot (1= 0= M)+ 22+ (11 2 (3.198)
Op(z) = Ao (3.199)

Ao+ (1—Qg— o)1+ 2)2+ Qo(1+2)3
e non-linear effect

INAL =)V TIEIERIE OREENTER ST, MREEERRET 5. $E-> CRIRD & 57
BRI RRE D(1) I & > TRRE ¥ NT = AR M VT, INAT =)V D/RT —
EERSRABLSTL 9. 20 &5 2IEBREEL SR T 51313 B IR ERR
FCET. NV Iab—v aral ORENTIRICES S 525700, Ll 2
ZTHRIT Y RMTIVEBIR ICE R 7 4w 7 1 ¥ 7 AR Peacock & Dodds (1996)
WKEoTEAZABNTWS, TNENEY I 2L -V a Vv OREFRTLILDOTH
D, MBIEV/NT A — ANR=ZAIBWTRLAED ZeDBHENrD SN TN D,
3.121T, Peacock & Dodds (1996) D/NT — AR "V & WL ¥V ARRIT L S
Cop DAL=V TR #EE 5, R L IR THEE R ThIER L, £~ 3000 H720
T EEIEREEIC L 5 EN ThIZE Fh T,

7 Polarization

SOOIy gy TR, RHEDNT —ART NV TN LY 2 BRREENCHEEL |
HEPSLENSITELILOTERVVRENRFEOHEOBRICOVTELD S,

7.1 integral solutions

BEPSI D — 2 (3.162) - (3.166) & AR, RHOEETEROBENRELEFEES T,
QiU BAEY 2%Ffo> TS OSDEHTH 5M (Hu & White 1997Db).

EM™ (k7o)

70
20+ 1 - _\/6/0 d’[‘e_Tc(To,T),]'_cPém)(T)gg(m) (k(’l"o _ 7_)) : (3200)
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Bém) (k’ TO) o —7e(70,7) = p(m) (m)
T2l —‘ﬂ@A dre 7P () B (k(m0 — 7)), (3.201)
V(m) k},]_ 1 TO () m (1m
% = 3 [ dre IR @ (k(ry — 7). (3.202)
3(0+2)!
&” = |3 = 3.203
‘ 8(L—2)z? (3.203)
W _  JE=DE+2) (G Ji
& = ] St (3.204)
@ _ Lf . . Je | ,Je
&7 = 4 <—]e + ¢ + 2? + 4;) . (3.205)
5" = 0. (3.206)
(1) (L =1)(L+2) e
=\ 207
B, 1 = (3.207)
. .
2 _ -/ ]E)
= 3 2= 2
B, 5 (Je +27 (3.208)
K7al =7 aiiFnEh,
EM™ | B | ym
peak at £ =z g0 g® | Y | 40
overall damping Eél) Béz) jlglﬂ)
not exist _ Béo) ng12)

Thb, WELTHHAERSNEWNETO BE—RBY—22 LT P™ 2F>0id, 7V —
ARV —=LIC kD EE—FR L OBESGOFERIMZR S0, EL AHT —FE—R TIHREA
Bz s mnED, BY =0 THb, ISRV OV — AL HH ORISRV, Th
M. FA NIy IS VL IBF VT L TL 50 TEB V™ =0Th 5.

RAD Y — ATHELRF D 4 BRSNS —

pm™ (65" = V6E™) (3.209)

:i
- 10
DHTHLHNME., £TUF OV OIREATYWESND, ¥ A b Hy 7L LRTIE Y =0
BROT, 77 —ARR v T F—E =V HECRRITEE AL LRSI, F ATy
TN DL AN T —F— R Tk OF) MR X0, AN ER ST CRED S E o
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MYEBIRERE 2T TF S LI 5 2 A RN AR L 5. 2o 0 bikBuRsE<Ts
YILTLEI>DOT, RV IIF U TITL2eiikhs, —F, 7o —E—-RiI7ra—
AT 4y PE—RBREELROED 0P EF A Ny T hy 7L Tl 0, @Hhbit
IKH VT T 5, BRPR AN ZALILETH Y, K3.13 3HFET X5,

7.2 reionization

RAICEELRREBLET OO L T, FHOBFBAT AN S, BAT AL 2, DN
Z5HY 2y CHIZR LSSMTE, FHOHGEUS L o TR ER SN S, B2 olk, ]
T TR 572D HRABAMKE L, RAE (0 <50) IRT=NERINLEZLTH
%, BRI DA —)VIIIRAMELEL 20, $6-TC. TORAT—VIiRERETEN
EHEAT MO AN Y —2RDBEIEMTELDTH 5, RHRIZBEL 2T
ERENS Z NN, BAL AN RTIE BRSO LSS 0fE#iE B2l REL
TW5, HiC, HEDPSEDHAILISWR RS, SZREFHAL AN WGETORRAR
Y h T DOHRERPEINTL £H, M E SR DBROFIETHY, K& (TiX
LSS D&, /NSl CIIBA A VLDIERE RNV —RTE50TH S,

BHANCE 7 T =Y — DIRIIHRR OB LV 2 ~ 5 TIRIFITREBH TH 5 Z LR
s, ShIZBRETRMETH V. SHRENIL OFRHRES £ CHEUOFEBRMHO T L
DERTREETH LM, HFEIN B TORERASRZ AN BT 5 D13 8L v,
—7. CMB ORMETUNOFMNIIRAET TICHZL SN TBY . & L IIMER KK WHEE
EECE LR E R oOOR LR >TWDE, TOBEKRTY, FHOBAA Vtove AN Y —
PYET L ECHARD FHAEMENE L. EBELEVTFEL L WA &9 (Planck A8
AT EBNE D).
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B 3.13: AhT— /7B —F—F DEEDSERCFEHRDONST —ART NV, Fo¥—/
ANT—FE—Rotrid, ROEMLL 27— 2 r =7(1 —n,) AV, n, =0.95 %A
LTWwb, ANTG—F—REFZA NIy TIVIRTT7y—ANR v T T -2 2IELN,
O MELEL RO D TRIINE O, EBIREDO 27 — ik > T oL BEIL ». R/
HMERREINSG, ANT—FE—REEE—RDOARTHEL, —FH., TV —F—RE7a—
25 4y VIEDRIR VD OV EF A Ny T VTHE VT, EhbDOohTH VT T 5,
7Y —E—RNIT E, BE-FZHIERL . B/E~8/13 THS (Hu & White 1997b),

107 - CMB Polarization (no reionization) —

ns=0.95
10720
0™ N
(€] E
5 102 |- Scalar — ----
Q Tensor —- ——- e \ v
.l A
20 =7ang T\
104 n=ns-1

e
- =~

10" / SN\
10 / Q=10 Qh%=00125 h=05 ™
Il - . III Il Il Il L 1l I Il Il Il L 1 1l

10" 10°
Multipole |
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X 3.14: AT U ALE ANTARHED/NT = AXT NV zip FHEAT VR Z - 2B
KRBT, BHEIRSER (v. = 1.0) &Lk, BEOSIE., 2, =5 2 H AL 1L
2L (“no”) MHEERL T AW, A TIEHL W LSS COFHMEUC L >T L < 10NV T
MR INTND, 2, =5 DETFTNTHRFIN LN T DKAKE ST Planck OBHRA %
T TWbDEBEOREITEL WA, LV EIICHE A4 A 2 - T Planck
WKLo TN TIRRESNGES D,

~ L) lllllll L) L) lllllll L) L) lllllll
10™° |- Polarization with reionization —

I(I+1)C/2m

bl

°

A Y
—14 2 ot
10 -+ Reionization LSS

10 7 QFL0 QhP=00125 h=05 -

10" 10° 10°
Multipole |
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|\4E (Observations

INETCRTELIDC, HEMIKIC 2TETHILMNARETHL, LL, HRTH
LKA TEIHEN LR BN 21770 D Z i3 TE vy, THARN TRV BERIX, AT
EICHETENS,

(1) BRROE — L% A4 X

(2) BRROREF

(3) BROY T Y T
(4) HBRD J A XL X)L

PE-T. THMMNZL | JMETEREINZbOTHLHEBONT—AXRY ML e [HHER
2] BL 2EYNCHEST AT, b1 ATy IRETHL, R SFER. COET
IFEBICE e B 2 T S BICEER &2 T2 05,

1 Window Function
MEARRY | 7R B
(1) #ER/NDE — LW A X (F V5 B
(2)) #ERADE (£K)
(3)) MERKDY> 7 U o 78 (B ATHE 2 5 SRR

(4) ERR/ND ) A XV (N—T =7 b I B
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THRAL THOTHR TCTEINS C, L ASERT - DELN, ERITZFARI L
EHVER, DEVHADBRTEZ01%, TRED | AX7 by Cpeal iITfih L 6 FZBR
DFERIUKEL T =A NEEE T VD TH S,

OMW)i%ZX%+Jﬂ%mMQH®%9L (4.1)
£

Cebs = Crealyy,, (4.2)

KR, B 5 & D rms (root mean square) fEI%
(0 ::2?-§: 20+ 1)Cye' W, (4.3)
¢

THY, msfEE L THRE SN T LEEPLZIIL W, N TZ AL T >TH5S
ZeEENTERSRY, 20 W, Z&RBI (window function) & MY, #HIFEIC
THRESTWLEMTH S, 2F ) HEFHL B T 5B, i?m&%ﬁémiﬁeﬁ
WDTH S5,

1.1 (1) finite beam-size

(1) ORIEIE. RAVREOBN LT I BICHT TH ()] %@L THRNEL T
WD) BERE BEEIC L o TAEL B, (4R d DEBESHC & - THE \ CEIIR T2 -
722 UL, SESEOEHTIRIUC &V S fREEIE

A

OFWHM =~ p (4.4)
ICHIBR SN S Z 21 5, ERRE — AZEIE (FWHM = Full Width at Half Maximum)
orwam PH IV T AT EZEMNTE, AL —24 (main beam) &FHIN S, 7=
RELBREDOY — DMIEHRT 77 THHILFn. -0 —27 DE Y IcH
AR B—7 (side lobe) & MHIN B N—F =7 ANFHET S (K4.1), —BIAREW (KD
fRAE) CIERAA Y E =LKL B> TH AR —TREOTL EHD, VT TV TR
EBTCESL, £z, BEMNSOVHEEVAKRTH S, TOHETEY A K —THEHEC
B, ©— LY =V ORIENRBLEL RS,
DIREE opwran £V BNSOARAT - IVOFERITZLICRS INTL F5THRITANS
CEMTERVED, BROL — LY A AL STEHITES C, D0k, =LV A X
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¥ AFE  Observations

4.1: BB — LN F — 2 opwpm WS AL E—LDE — LY A X2 5 2LEE
THb, =, E—LIIRERT I Ty TR AR a—INELEL TWhb7=0I1C.
XA —LDIMUDT 7 F LB STl £ 9,

relative power
o
o

|~ Usual Beam Pattern

Side Lobes |
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KRGS AT =V 6, $TTHY . ThL ERBEREN L RS, Hit>T, WANE
HTELMEY Y T

O (y) = / Q'O () B(y' — )

_ /dQ/GTml("}’,) {27302 exp [_%] } (4.5)

DEINCOU NI T o E—LTOTy AINNTRERIALZL DL, BIETEAL
TeINA — VRIS & > CT7 — U L | C%(0) RO

obs QdQ rea
Q2
BQ = exXp <_2—Qg s (47)
Qelytsm et g TEWEY (4.8)
2 2sin(0/2) V8In2

(4.3) LHBTIE, =LV A X ED W, iE B2 THOVAAT IV L > [, ITBWT
x e /G D EDITABICREEN R R D ZE NS B*

1.2 (2) finite field-of-view: scan strategy

Y — LY A RN AYT — )V ORI EIRE D 5720, W, iEkEW/Tohy b2 LT
HETLZe R Rz, TN T, RAZ =)V, ThRbE/NIDLDOFITITNL 65T HE
METREIRDTH 5 O T HEBM O L D ICERY —NAMTE LB TCHL. HEMITK
AEORFHEOBINCHIRIE R, W d B DA THRE S THEEEZTRY, LML —
O B, ROV — B TAROERL DMEREIT 5 2 e MTERNDT,
BOT L BRIFEER (NRDENTL EI)DTH L, HHRICERIE. 1°x 1Dy E LT
PLERIT 2 0BAFME2ERATLZ LI TERVETTCHL, 20 LI REROBEEFO
B, NSWIANDhy e L THETLI LIRS,

L2 L BRI Z D BTy, S0 EBNITIE. KKROoBELIN 501 4
DTREZSHL T2 AF ¥ ¥k (scan strategy) 1X &k > TEHMZITR D ONETCHL, HTBH

* XRRIC K V. By OEFKITEZL S, White & Srednicki (1995), Bond, Efstathiou & Tegmark (1997) Tl
By =exp [—L({ +1)0?/2] . Knox (1995) Ci& By = exp [—(?0?/2] TH 5, Z ZTiZ Bond (1996) IZHE -
7zo LU, BE— LY A XDMREICR S CIXFIC > 1 2523208 556 bEVWIR, COBE/DMR T
%) fb ~ 10 Tgf)éo
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RUVELSFEOLNTHEON TALyF T HEWE TFay | EIN L HIET
H5LH, ThE, ToN L EERELFEL TERIL., Z2oEE2V 7P re L TRIET
LHETCHSE, CMBD L IRFINT T F N 2B T EEARD ) A XIIFEEICRETH
D, ZOEICTE] 2ZRET S ZLICE > TREOBEDZ RIS EESTLEOIDTH
5, RYUEHL, 2H0EDRERET 5 HEE R —LZAfvF 7 38 I3 —
DALy F T EHEIN TS,

TR ZDEITFFHFIR AT » VR L > THRISh EREAME VO DI, ¢, &L TY
DEIBEAEBRL 22 LI >TWBEDEA DD, ZHE rms HE ERICEHEL TR
WHIZEMTEDL, BIEL T2 LA FUTBERX D, Oy RITBENTZ 2 891, 75
DEEBRHT S LT,

CP(0) = (|0 (1) -0 () (4.9)
= (I0(F) + (|0 @)Y = 2(0 (71) © (72) (4.10)
= 2[C™(0) = C"!(Ouny)] - (4.11)

BIic & 5T (3.136) D& DIV Y v > RIVEBIT I,

O (0) = 4i (20 + 1)C72[1 — Py(cos Ounop)] - (4.12)
¢

WHoT28—LF av B TICEDE Wik, W, =2[1 — P(cosOuep)] THAENEZ LN
G5, 3E—L A —LIBEHL TORCERMILE., A v F U TIRITEK S W, 134
v —LBEOAE 0,4, £ THUE (White & Srednicki 1995 T ; Bond 1996)

Wateem = 21 — Py(cos Onop)] (4.13)

1
nge“m =3 [3 — 4Py(cos Onep) + Po(cos 20.10p)] (4.14)

1
P pbeam 3 [10 — 155 (€08 Ocpop) + 6P (c0S 20,10p) — Pr (€08 30cn0p)] - (4.15)

INAT = V3l & X VP % ¥ RIOVBIEUE Py(cosOuop) = Jo(QOchop), Q= E+1/2 &
Ry Z)VBEHICES A SN S, EROFREICIIZ S 0HMERTSH 5,

22T, BROBROEIIIW S TEPRIELS RN ENH L, SoF [1Px1°D<y
VoL BT 2 0RFUEZERTLZ2IXTERN] 20 HlE2 L THROMRE
WKEBW, OB 2L 2T THLEMN, BE—LAAL v FILEEINETOHERETYE Y

T White & Srednicki (1995) DFEHEL DRIGIE. Oehop = 200(2-beam), ag(3-beam), 2ag(4-beam).
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7Y EEBRL Ty, B—ALZA Ay FHEE. TEESN ] AR 00, BNz RoZ%E
ZREL. ThE2RKKNODH LB CAT YV THILICES>TH U TINTEDTH S,
W Ty BT 2TIR TR, T A—TICERIE. Opop BENTA AT — IV DETE
L »EHIL T oTth b,

2T, JROEEICE > CTH U TNV ERITR S 1258 Oy SV D5 & RAKOEGHZ
BRAIL 722 210 5> THRVBDOD? W IRRINAEL 5, LALBEMICATy T —F %
Ry FICT LI LETERY, BHK, BEDLIDOIC—L A v F U I EE AV zo»n
ZROVHEEERY, KK/ AXDELETH L, KRR/ A XTI 1/ f DAXRT M)V &
FroTWd, o TEMICBEIERIIRERAT —IVICRLIFIERER ) AXBNELZ
LWL, BRIy T 22 5TYH ) AXEHEOTRETTH L, ZOREELEREEL |
7)==y T BAEDLFEDN Tegmark (1997a, 1997b) 1< & > TIRIE IS, "Saskatoon”
(Tegmark et al. 1997), “HACME” (Tegmark et al. 1997), “QMAP” (de Oliveira-Costa et
al. 1998) &35 7z CMB OB EH SN TR LT T 5F

BRBHNCBNTY 5> —2>EERFEL L ¢, TEHEMMBT 6N 5, THEHIBHIEN
BRVOHEE AR OAHBARIR D 7 — V) AT H 5729 . CMB D/XT — AR b )L % EE
ELTHERoTRY, MATRRS A RIGRL, 2Re~y T2 EHHEH CENTE 5720
EEICENFEL L EA S, BEBNEEDD 5 THEHE CAT” (¢ = 500; Scott et al.
1996), “ATCA” (¢ ~ 4700; Subrahmanyan et al. 1998), “VLA” (¢ ~ 10* Partridge et al.
1997) TH LMD EERRHL 2D CATOARTH Y, HL I ERIETSH 5. THstoR
BFIITHEHNE 2L DTCELRBEOR—ATA VI LS THRES TS, BbENR—
ATAVHY 5 & BNSWAREE CITHYL THh50 T, TE LRI EEFER ALY
NEEEBF2HRETEL 2105, Z0RDIL., BNOROTEHANLETH S, B
fEEtER O CMB EHTHET O O b /Y EO/NIW B DL, “VSA (Very Small Array)”
LD TERATEWRARIO b DT, L EED 14 cm L 7RV, ZHT =100 — 2000
TEAN—T LB TH 5 (Jones & Scott 1998),

¥ Tegmark O-—8DZ HL 7= v 7B DI R DIIEFICEIRAITH V. Scientific American Z2¥ @
MEERICOER D ZRT 5T 5, Scientific American Tld, b ko2 LT E Y =R Z#EAL T3, Saskatoon
& QMAP OEREEIIA —N—=F v 7L T 5D, BR—HT LT Oy TR—HL R v ) FHAR
257, LPLFROERNC 5T de Oliveira-Costa (2% Tegmark OB IA) A, Tegmark 23 QMAP
DRy TEEFFT Oy RLTHEZLICEME, brAl —HL (—R%E., TO#% Tegmark 13, THY
PRI > TRVBEEL 201k, BONTy T 2ERBIL THOERSP - TRLE 5] 5L Tnb
v, BARIC de Oliveira-Costa 1 CMB O 7 #7757 > K OWZe%2 B AT > TB Y, Tegmark
& de Oliveira-Costa RFEIZ CMB < v 7 2 ES ¥ 5 (I F TV aRnE Bbh b,
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1.3

¥ AFE  Observations

worked examples

=LY AR, Ay F U TR LBEMEZRDI-DOT, ZZTHIELL TnLD
MEBEOE R D W, ZRDTHDL,

(a)

all-sky survey; MAP

/
orwraM = 13

Microwave Anisotropy Probe, 547 & fliv7z NASA @ CMB HEHEHIEE., VWL
k. 20004E 9 BITH EFFE. €— LY A XEHEY /NI I0GHz Db D&l 7=,

2-beam; SuZIE (Church et al. 1997)
OFWHM — 1/-7, echop =46

CSO (= Caltech Submillimeter Telescope) IC#5#EK SN TV SRR HEF T, Sunyaev-
Zel’dovich Infrared Experiment OWg, ZDZ4DE 0 SZEROEBHHAICFEEL S
TW5M, CMB OB B 1778 > T s, ARMICIE EREOAZF[THLA . Folt
R— L= (http://astro.caltech.edu/ lgg/suzie/suzie.html) IZ@ & E Z L 7= &
HEL T 5,

3-beam; OVRO (Readhead et al. 1989)

opwam = 1.8, Ocpop = 7'

Owen’s Valley Radio Observatory, /NAZ—) )L CMB Z5HITHL . COBE LARI®
LR DL W EREEZ BEX T2, BAoBEHmOFRICHEDLN £ < 5Tk,
bHAHASGTHHL WHIRTH 5,

4-beam; Python (Platt et al. 1997)

orwrm = 45, Hchop =2°75

Boff. Viper 2 IR v IS - =7 2L 2 L BEBE TS, Carnegie Mellon
University M EMRICFF D EmERAF DO — >, Python S vy a VIFEHET V £FTKRY
LTWs, T-1IVETHAE—LF avEVTEZHNTWEN, VTR LY o=
¥ v AEERAL Tw5 (Coble et al. 1999),

DlREIConTe =A% (4.6), Favy BV ZiE (4.13) - (4.15) ZHWTEEL . WiE 2 #
JEbENT M4.2 2155.
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4.2: BRI —~A (MAP) &, 2 —LA (SuZIE), 3 —2A (OVRO), 4 & — A (Python)
Fay ¥ VOB (window function), &4 DEHOE — L A XKD, L DK
ERFANTy BWAD, BRI —=NATIINS 2 L DIFE D BHIRN RGN, Faver
BT F av B T oAEL O RAEORGHIIN v F AL D REEMN R,

2 |-MAP @l-sy) — " Window Functions o _'
SUZIE (2-beam) - ) i

- OVRO (3-beam) ---- 'I \ i ". 1

| Python (4-beam) ——- [ \ iy |
I '.

i o '. i
[ :

R P . |

1 |

- 'I" i

0 nl “'I

10"

Multipole |
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1.4 (3) finite samping, (4) finite noise-level

chapter 3 CHfiiN /= L I, BT L LIKODWT O 25t/ T 5DV T vk
BAR20+ 1L PENRW D, J A X otz fFio/z2 L b 4T v 7 IVER
RIS VRITT—NHDL, ThEAIAI Yy — T 7 U7 A (cosmic variance) & FES,
(3.139) ZBURHEIX, 2RIV T —Tr U7V RAAC I
2
20+ 1
IHIT, VAZXETORHAFRE & WD b DIFHICETW S ENEFET 2 LA LM AT
HBTH D,

AC, = Cy. (4.16)

2 Error Estimation

INETREIIC, BHIEINLENT—=ZAXZ MADBBTHESTHELEZT -1 (1) BR
D — LY A X, (2) HROWEE, (3) HRROY > T IV, (4) HRD ) A XL ) BETHE
LT, ZhH 22 TEEMICFHEL . BRIDO ARy IS5 NT = AR V& JIET
T LR E L RO 580500 Knox (1995) I &k - TEMhN T,

O = (Jaal") MBS TOB TS~ L BHET 5. HIROL 7 VBN, HHD< v 7
GBS BIT T, T oW
obs A RS m
Uom = 7 > 0;Y(0;,95). (4.17)
piz j=1

51T, BHENX (1) BRROE —L9 A X, (4) BRD ) L ALV TEITRbN L DT

agyy = ag'e "7 4 apne, (4.18)
(ageiey =0, (agtapsi=e) = 0. (4.19)

1272l . RELOHELD-DE — LY A XDHFE5% Knox (1995) 1726 T e 072 v &
Wiz, BRI ) A KRGy apose ik, b b BTV BHY DO, DREICL B2 5T
W) AR 0y P IRDT, TT— DIEHAD S
2 Npia 5 (8@2”8)2 Ar
an&zse — o o m o
<) ‘ > ]Z::l v\ 06,

= g ;..
piT
Nz

p

(4.20)

S -V A AXTHL o ETVNVHVD ) A 0, ZIREIL 220,
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B#o%RIT (4.17) 2 0, TRESL TERICRATIIET 5, UELY, 323y
— Ty UV AREZRNTY Y TNV

<

—F. BAMHPEREZR CHICBRVES (3) BROV VI IVEIL. 5 0ITHL Tm =
.. AETCOU+1IBETHLENS,

2

o-.
— Qrealg—tPo® |y _piz 4.21
>ens e ° * ,/TNpiw ( )

obs
Ay

obs __ ]'

2
_ — Oest —202 A Pm 4.99
¢ Y] 2 ¢ + (4.22)

Ny piz

obs
m

BLZBRO<y T I NVHYD S/N 2> THBIETRDOT, Cft TR AN
L 72 C I S HERE (estimate) L7z O, TH 5, TOREADOWEME 25, H LT CF M
o THLTT—2FMITNER, o I MEL VTV EF LTI T THLINE,

2 1 obs 2

14
X = 2 Z Ao,
(Jogal) =
ens

(4.23)

ZEHBE 2+ 102 SHHENT | EIE 20+ 1, DB 2020+ 1) Z2F>, k57T (4.22)
DHE LR, Cst e bl e LT

2 R
<(Oest Oreal) > 26 - : <Oreal + A ]\;na: Z ) (424)
pix

255, HBIHEHBWEIAIY Y Ty U7 YA (4.16), 2THRREZ®¥LVHVD ) A X
CHROE —LY AR EBLT—ThH DB, IHIC (4) BRROVFOMEIAAI v I —
Tr VTP AHATES RV I NVBOEAL b0 T, £RICED LEFOEE%E
fory £ LT

2 2,2\ 2
ACET) = —— (O pw e 7). 4.25
(aci) = EEST A AR (429
W = 02, Qpin = 005 (47 [ Npi) 1 RHEROREEIC L ST = A b TH S, Knox (1995) 1<

FoTEPNLAK (4.25) 1%, LD (1) - 4) DBRLT =DV —ATHLGEELT —
DFMED ZEMTES, K13, 14, 15 IXEENTHBETT —R—F, ZOARIC
koTRDENTNWS,

THIRL THBLM, BHEMN 20 TR 204+ 1201, (afs) = 0TV T SHEINTZ DT
<, BRI THODSRESNIbDENLTH S,
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3 Foregrounds

LU, BEX (1) - (4) B THGIZFE H 32y, CMB OB E > TRADEIL.
TATT I NICEETS CMBLMNOBRIRTH S, RL<AGNTHSLDIE

o free-free emission
e synchrotron

e dust emission

THY ., BADPERERKORIMEA (BT L1C870) oI Tnsd, Zhbid Ty
2757 R | DFFNY T FIVTCH S CMBIC & > CHEELSNDMIE T Y 22, H6-57C. CMB
DRIy TWENT = AN MV EELEEROBFNIANIL T7 47757 K2V BR
<, LWOHREE 2L, TERLY L L T, CMBREREEE 2> Thilno
WKL, ERROT7 37750 R THEREKERZFR->T0wWb22TH L, ThbbS
BHRTENZIT2O, HEMBEZ L > TR5Z8IC&o>T 747757 RE2HGT L2
EMT&E 5 (Tegmark & Efstathiou 1996), 7= Z OZEMSAMICEAL Ty, iEROLK
<y 7 (COBE/DIRBE%) L #2522 CI AT IT VR EEE. RS ZLEMNTE
% (de Olveira-Costa et al. 1997; de Olveira-Costa et al. 1998), Hobson et al. (1998) I&
CMB, B\ SZ (thermal SZ), :EE)H) SZ (kinetic SZ), ¥ A b, HIEHS, > > r7abuar
CWSEZBLT AT IR EETINEL TRy IS 5, SRUIEHT —
BREoTEN% T8l L, E2FTHEETEINEZHANTNS,

CDEIRXT AT T TN OMBIIRAICERDOH LM, LT T ITVRD
TV =N ERENLIEE T =B HZ 5 5> TORWIRINTH 5, BE, SRR E 2
RC~voybE 7 9570Y =7 b: GEM (= Galactic Emission Mapping) 5B #E/T7H T
HY, TTIENY R Ty TE2/ERL T s, 2hd s BOOMERanG, MAP, Planck &
W EREOBMINEZA 5T 2%, 74770 K& E L HITHRk- HIZEN M
ns,
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% 5EF The Sunyaev-Zel’dovich Effect

BEFLHFOaLT MU BEICBNT, EFORET. BWHFORET 213501l o< &
VIR TIEEBEFDRT XV F =D FCHmESN, CMBO b DR - -7 A ad A
VORI & ZT B getER S 5. Kompaneets (Kompaneets 1950) 1&, 227 b VK
LS & TRIVFX —Hik D 2IRDOF — 4 — £ TEBL . TXV¥ —ifiEz B KA
LRIV <= 0 FREAZEH L 72 (Appendix G), Sunyaev & Zel'dovich 1% Z D H#E
%z CMBIZGHL . T, > THEREN LSRN TDOART MVER & KDz (Zel'dovich &
Sunyaev 1969), ZHII SZEIRE HINTEY . BEEMNIIERAFH OERE T Al LS
CMB D AR 7 M IVETEN BRI AT He 72 5 5% RIE T (Sunyaev & Zel’dovich 1972; Rephaeli
1995; Birkinshaw 1998).

Z OETIIER RIS EmEITR DR, cgs BARZ WS, ¢ b, KIXZTh TN
W, TIVIER. RV VERTH D,

1 Spectral Distortion
SZEIRIL. y XTRAF - INLETCERELIN TS,

k(T,—T kT,
Y= /fcyd’f o~ UT/ne < dl (5.1)
m

MeC> e

TAE N LY VHELDOMFENES . dZRRAFROBBSTHY . BROELII T, > T TH
%, (G.46) &b,

@szﬁd::yh@)55y<zamhg——4). (5.2)
21k, CMB OIRETCAT — )V EINTFWE 2 = w/kT * T. h(z) X SZEIRD AT
MKEMEZ DS DTRRTH L, ZNEV., y NT AF =D SZEHRICT L S CMB OIRER
fEDOREIEPRD TNDLI RGN 5, £z Oy MREAFEEIUKEL TV HM, Zhid SZ
BHERM CMB D AN MVEBEIE WL TH S,

*Z L ORI v = w/kT BHVSNTW S,
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GAWETTv I A (V) THODLTIL HTED,

Algz(v) = io2? Af = ioz" f(1+ [)Osz(v) = ioyg(2), (5.3)
iy = 2{:;23 — 2.6 x 10° Jy (T/2.7 K)® = 7.0 mJy/arcsec? (T/2.7 K)*,  (5.4)
g(z) = (ejfezl)? (z cothg — 4) . (5.5)

1Jy=102eags !t em™@ Hz7' THS, b—F)NVD CMB AT MUIE, BEE T T
MNT T2 5% loyp £ DY T = Ioyp+ Alsy LEEENSZ L1025 (K5.1), SZ
WIFROKRE 2B, v =217 GHz 23 L THEABPECIIEEN DL . ATl E
ATLETHS,

2 Submillimeter Detection of the SZ Effect

BROBMTIL, LAY =Y =2 ZEEOBINI HEIRAAR G w0, Zh £ TEEORD
ICDWTUIEZE < OBRIEFINHRE S Ty 5 (Birkinshaw 1998, for review), L2AL 37 I U
TH BT 4 — 2 HEBIIRRA DIKEKIC L HIRIND =010 > & OERAMIEFEICHEETH U
CNETHEEOBT BB HMN 572, €2 THERAE. NTAFIJCMT (=James Clerk
Maxwell Telescope) IS SN TV EEFRERT A —F 71 A, SCUBA (=Submillimtre
Common-User Bolometer Array) % fv>T 350 GHz (850 ym) T® SZ % iA». BE
FRHICEIIL 72 (Komatsu et al. 1999; Appendix M), #—%7" v § 7 5 A X —3£KT
YLV X HRERFE. RXJ1347-1145 (Schindler 1995; Schindler, Hattori, Neumann &
Bohringer 1997) TH %, BRI E > TREWTH - 1= DIiE SCUBA DEAfiREE (15”7) TH
5, STNETHEZFIRL Tl —F R8N bE =LY 4 XRS5 TH Y (Andreani
et al. 1996, 1999; Holzapfel et al. 1997; Lamarre et al. 1998), SN /=IED > 7 F )V
MSZIC LD b DD, SEFRFFICEET MOV T I Y Y — 2D b DI & 2D hHIH
TERM ST, LPLERAOERIZBASMC [EN 2] EOV T FNERTFTEY, &
SICZNIE X FRETHD S HIRF SN T SZ o7 a7 7 £V & —FL T /e (Appendix M,
fig.3)e TNZ LS THRADRHEL 2T T FIUMNSZTHL I NHEIrD SN, FIRHBICES
leDTH5,
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51: A=Y L7 - ¥IVKT 19 F (S7) ZhR. LDONSFNVIE, SZITL B ANRT MVDE
Bro Ionp V& SZENFRZE ZAF TR CMB OBE AT MV, Algy 13 SZEHIFICT & B AN
7 RNWVDEAL, yNT AZ=1F0.18 & 5 THER, HBIWICIy~10* TH 5, SZHIFE
ZHERT L5201, K&EL & 572, NOBA, SCUBA X, ZhZh a1l 45-m, JCMT15-m
IKEBEHINTHLERAX—F 7L ATHY, HBEOLDICOETz, v=217 GHz TIX SZ
HRIIEATH L, FTO/NRIIE, SZ DJFEBUREVE2 T L B8, JATREUREEL b
729, PERBIC K S0, gw) X7 Ty 7 A (Algz) T h(v) 1 XEE (ATsz) TSZ %
W 7-BEDBE, 7T v 7 ATHIH L. NOBA, SCUBA I35 x 5& SZ i, EHOE —
DIWNIBL THB I E NS5,

| Thermal Sunyaev—Zel’dovich effect
T joms NOBA 150GHz ~ SCUBA 350GHz
10+ —_— ICMB+AISZ(y:O-l) _________ —
Ng [ -
3
>
E
S
Y -
‘ R N | R NS TR M
10 100 1000
Frequency [GHZ]
10 T T
- Thermal Sunyaev—Zel’ dovich effect E
L Spectral Functions ]
SCUBA 4
---- h(v) [ATg] -
5 —
03 OO O OH OO PO PRSOUUOUOTOPRURUY - ASUSRUUROROTRRRROR R
-2
| zero-point 217GHz
710 1000

100
Frequency [GHZ]
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¥ 5% The Sunyaev-Zel'dovich Effect

Fluctuation of the SZ Effect

FEHZAEBNL. B L OEFENEEL T 5, H4 OSEFEFITZNZhh SZRRIC
ko T CMBORERZEZ L0, SBMHOEESAETHRbE CMB OEED5E & L
THobNLZeNHRFIN S, BERY — 20D 2 SEBEIE. —8RE. A7 VY ) AR,
FHRARAMC VT % 2 e MT & % (Pecbles 1980, pp.166 §41):

(ning) = (i) (ny) + (i) 85 + (na) (ny) &ij- (5.6)

o —f£p%: Mean Comptonization

SRR EFE5L LT, CMB D AXRZ MMV 2 BEHRE» 6T 6 TH5TH 5,
COBE/FIRAS 2HIFEL 7= CMB O AX 27 M UVIRIFIESEE R BAKHTH 0. |y <
1.5 x 107 (95% C.L.) & WO HIFRM 2 55T (Fixsen et al. 1996),

N7V I AKX

H L=, 1€ —LHLVICEHL T N HORFENEET L EZAN
X, BHORT VY ) AXFEEPEELLTO ~VNOs, 25252815,
4. Planck/HFI TEI 21772 5 2 2 2% X %, Planck/HFI O — L4 A X% 350
GHz T 44, 79 v 7 ARKEIX 16 mJy TH D, —F. ZORBEHET 16 mly
PAEDOSRFFOEUIAT 1 deg? MEARF SN T % (Kitayama, Sasaki & Suto 1998).
FoT. BE—L0H720 OfEIE N ~ 5 x 1073 /beam. $RiR[[H1H 7= Y 0 BRI SZ%)
RE O, ~10742LTO~TXx107027 0, Planck CHoBMIAREARIFEL 25,
SZW 6 XL, HAFDORE SEEOAE AT -V TROLFEDRKE W OHHEE
DINBEDLETH LM, 774 VR CMBWEEEIV NI BRED IO Z DHEA
F=IVTOEEMWEL AL, AT, T4 VRS ANRYT M VIREMM
ZRODS, SZRIERIE (5.2) DX HIWCHE 52 AR MVREN RO B, ZIHRTER
ERBIEITR I I TCTIARVBREDT TRET LI N TELTHAS D,

o HHBARSY
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FAH OB, BBFoN s LY =0T

ﬂﬂﬁ(g;%mgym (5.7)

NS N T 5 (Padmanabhan 1993), LN T AD AH = A LTEL 50> T
WRWAS . Mo & White (1996) 1< & THEATHIZR AR, RIC Jing (1998) IC&k > T
VI3alb =V arvERLERTL T4y T4 VT RENEZ SN TNV, SREHo 7
FGARN L DB SZWDEED/NT — AXRT MUY D X DI S 5 h
FIEEICEREN L 2ATH Y. SHROFETH 5.

SZ W & X OWSRIIRE 42 R B HEERIC k> UYTRbNTE =0, SR DS54
EFNVICE>TRUTE S,

o Press & Schechter OB EBIF (Press-Schechter mass function; PSMF)
Cole & Kaiser (1988), Makino & Suto (1993), Bartlett & Silk (1994), Atrio-Barandela
& Miicket (1998).

o X HREEERBIRL (luminosity function)
Schaeffer & Silk (1988), Markevitch et al. (1991, 1992, 1994), Ceballos & Barcons
(1994).

o MEHEDLE + iy Ial—vavy
Persi et al. (1995).

o ¥— 7 — Ny F ¥k (peak-patch method)
Bond & Myers (1996).

o T
Rephaeli (1981), Ostriker & Vishniac (1986),

INEDORRIFNFILAE LT, 7777 —DEVEH>TH~ 10 -107° LRIV DWD 5
TOFEHELZRL TN D,
INETDSZWDEETDHIUIVDIEET N DY —RALTH Y, SZWD L E0 S EENR
FERE SIS T eI DRn, LIL., SZWEEIEY T AT — AT — )V OEED S
TOFERET ALV 7 MIIRBL TWbeEX6N0SE, 7A=Y CMB OESF WA EHIT
X, Qo, Mo, U, b, n RE DR AF —% 10NLATOREETCIRO L2 MM TE LM, Z
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NOWFETIITIAZ AT = VLY B RKERAT—IVDOBERPSROENTNDS, HE->T,
D IAE = A= )VDEEDSLEDRKEIERRD S 05 I<HT 57T 4~V CMB OBRER
ElX. ~ 15— 25% & 3> (Bond, Efstathiou & Tegmark 1997), Markevitch et al. (1991,
1992) 1% SZWEEZHWT Qy ~DflfRZFam L TV 50, Q3L L A7 5 A< U CMB
MEPRDLRELDTHY, SZWPE L 05 DWRTEICHEINETHA D,

WRD Y 525 =2 =)V DERED S EDPWEITIE, (1) X MBS & B8 HooF >~
N—=AT7 >k (eg., Kitayama & Suto 1997) (2) COBE O #i#{t (COBE normalization)
(Bunn & White 1997) @ 2389 OFENFEONTE 2, (1) 7T A=A =)V DOE$
BRI SRDLTHETH Y. (2) IFKRELRAT —IVOBRIN S DIMETH L. (2) 1F (1)1
R, B BTNV OREITERINICE> TV, LIL., ogldh, n ok, 752
B — A7 — )V O PRI R BIHR O N RT X F — R RFEL CL £ 9, —HT (1)
3. ETNVORBEIRL LV DD, oy ZEHEMITETE 58T, HLEHRIIN RS T2H
BRCHLLERADLELD, SIWEEIL LD og DYLEIE, (1) D% BEEL T 5,

5.2 1% Cole & Kaiser (1988) D7 LV —ALUT—=7IC ko> TRD=, K7V U HR SZW 6
EDNRT—=ANT MV TCH D, oz IIERITHRMAREL . RAEMIZIRIT of TH S (Makino
& Suto 1993),
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52: SZ@EEDRT YV UM £ B CMBWY 5 E DT —2AXT k)b, Cole & Kaiser
(1988) OFFRIC KV EFEL 7=, BAERHEILV AV — - V-V XERTH L, KELDETIV
3. E2PSJEIC 05 = 1.5,1.2,1.0,0.54 T, “COBE” I¥ Bunn & White (1997) ® COBE @
F#&At (COBE normalization). “KS” 1% Kitayama & Suto (1997) @ 7 T A% — O Hk&AL
(cluster normalization) IC &% 0g CH B, 2L n=1.0& L7, SZWEEL x ol DIKFE
P& R > T b (Makino & Suto 1993), £ < 1000 TERT V¥ ART MV o 2 TH B08,
DIGAR—=DAFT DA =)Vl = 2500 L WINAT — )V Cld e tle TH D, ZhiZ 7T A
B—MaAr7kFESRIEM oV —ATHLI L 2L TBY., ZOAF—)UEbIEe 7y
TAF—=DHEJRL THBICTERY, V—ARNERTHNIE ZETH 2 TH S,

L) LI llll L) L) LI llll L) L) LI llll lll
1070 | Sunyaev-Zel'dovich Fluctuation |
| Rayleigh-Jeans
1070 — 7 T
& Os N e
o) 15 -~ )
11 - L4 e <t
S99 — 12 (cosp o T <
sy ---- 10 -~
- | 054 (KS)
102} .
woBL e |
[ 0710 Quh°=00125 h=05
el R BN A
10" 107 10° 10

Multipole |
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COETIE. FICZ D VMR ITEREIRD A Y v 7 2 ZZRHEEN 0. Thbb
SEHZaN—-RY Y - T3 —H— XK Uv 7 (Robertson-Walker metric) Z H\ 5%, FH
AT EEOMBIIEAT LI LN TELDT, 2O YVNLEEETHLE, £ T
TABRUE N =1 L. B 2 YRR ERE L TOERT 5,

Gudz’ds” = —dt* + a*(t)6;;dz" dx’ . (6.1)

1 Inflationary Expansion

Yy NV HEEROTA ZURAVS R, MR, SEEMRE. SRS EIEE
WiRTH V. @BERICHRBRZ FFHBLEEHNNSNZ LIGERL Tna, §E-T, &
fZaR % ER T T NIEEEET X 5,

L. RN REREOMER ZER D . T = diag(—p.p,p,p) EWVI ARV A — T%
WX =T oY —%DBHZLMTEL, ZOHLLTAppendix COT7 A2 v aZ AV HTE
X (C.66) &V FHFZROIMEZEDORMNES N,

R (6:2)

3
Ky MIREt MO TH L, EBFEOMELHHATHNUILT p+3p > 0 m S b0,
1LY BERITEET 5wy, UL, b LFEHIIAIC p+3p < 0 2705 & 5 R

AN TOITIERZIRE 220, HOERREE, EHEERENER SN S Z e BIfFTE 5,

1.1 scalar field

ZDEDIERL p, p RO bODEMLE L T, AH T —5 (scalar field) ¢ BWH 5L, A
NVA - ZRX VT —F Y —1%

T = 640, — 8 (50007 +V(9)) (63



1. Inflationary Expansion 109

1. 1
py = - = §¢2 + iﬁb’kﬁb,k +V(9), (6.4)
joi = TP = —¢d,, (6.5)
1 1. 1
po = T = 56" = coxe™ = V(9), (6.6)
. i . 1 .. . 1 ..
(M), = (T =T} = ;0T = 6"6, — 560", (6.7)

TH D0 py, Jois Poy g ETNTN, ANT —HOFROTRVF —EE, TXVFX —iR, £
71, FEETT AR L A (anisotropic stress) TH S, AN T —HOHE 5 EHHRENL T, =0
MHEROLZEMTE,

O¢—Vy=—¢—3H+IV?¢ -V, =0. (6.8)

O=WV2ThY, OV, OVIEZhZh 3Ust, ARTHEMITH 5, 7=, V, =0V/d¢
ThbH, 5. ANT—ENEREOLOBKTRT Y vl V(g) 1F ¢ ICBIL THHY 5%
MITEALL T b oL 7L,
gz'SQ
%
DHE Ty~ —py~—V <0DEIC TADES] 22 VETZENTEL, 2Dk
R L CHERROBL 2T S0iE, IICH,rO NS, FHIRZID LT
Aoy a A4 HRRD n—nls (C.64):

=~ %V = constant
V 3
a(t) o< exp (\/ ?Vt) (6.10)

TR R BRI e SR IR R e L TGO NG, A 7L —2aryTH b,
FEAMN A > 7T b (inflaton) EFEINZ AN T —H[OFEREERNET LI LICk-T
HOSPARRIE, SPEMRER R T 2ENRTEL0TH S, (6.9) OFME. 2An—a—)
(slow-roll) :ELELE MHEN T W5, A>TV — a > Okl RREE. (6.10) DD
TEETE S,

o]« (69)

ISIEESIE

N= [ Hat - / d¢ ~ __/v_¢ do. (6.11)

%% (MD®2m~nw»ﬁu-wwwuw¢&mmt my = G V2T 5 rEET
o HMERTE. HSERRRIEZ R T 572010, N > 10 EFHF SN 5,
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1981 FEICHERE (Sato 1981). Guth (Guth 1981) Ik >TA Y 7V — 3 VEGRMRIE S
NP, ORI NIz DIEE /R —)V (monopole) FETH - 7=, KFi—Hiw (GUT)
DIXNVFE — A7 =)V (~ 101716 GeV) THL 2HEBIL. LTE I R-NVEEKT 5,
AR GUTROR I A XV ERETHY ., TOEEIT ~ 10 GeVEETH S,
CCHERINIE )R-V OTINT —FEILZOBRFHIPGIRE & bICED 5N TP <M,
BHEE CHARL T 2 R FHOBABE (critical density) &0 100 b K& L, BEOF
HMWTELANCFHEN OSSN TLE I I LIRS, ZORE2 RS L9, FL < GUT
A=)V CHERR % 5 i 2 Tk v 77 A5 (Higgs field) & WD Ah T —FEFIFHL T A~
TV —varEEI s, QMICFEHERSKLEEZED LD LD TH S,

GuthlZ A > 7V —> g VHENE VR —)VREEICINA . SEHEMERIE, PR E Y —=
IR T 5 2 & R L T—BIHEZ RO 72biI TH LM, GUT A —)V Tk v 7 A
FoTRITAY 7V - a VIKBHRELVS ., MERNRA 7V - 3 & L ULFEH
ST, RbosT, ANT—HORMIFRHATH LM, SHRKETZRINF—-DT T
D A=)V (~ 1019 GeV) TRITA VTV —¥ arR, WCEBHEIEROR—Ar —)v
THDLTAN= —HF I (Weinberg-Salam) tHEH (~ 200 GeV) TRZ T A 7L —
Vav®E, BRABMRBRERPRERIN TV LY DD ELRRBFICEE > THRWIKILTH 5,

2  Quantum Origin of Perturbations

A7V = a YEROERIF e 2 AT HSEARRTE, SEEMERREZ R 2T <,
HEEROE R 2 HEP HE (ANT—F—F), HLVIFEHERENKRE 20 o> TFH
R ML TOLEHFPSE (T oV —F—R) 2EKT L AN L2 H LS
ETCHL, AVI7ITNVEETFETHLINOFEILETHIDSWTBY, 20w 6 STk
IR TRV —~BEODPEE LS, A7V =2 arNREIY, WoEOWRITF
BARE & bIC oca oc eflt THIXEINDEMN, ATV =Y ar Ny TIVRT A XV E—
EBTCHLEDTINY TNVKRG AR A= )VETMHIEENE, Ny TIVEHRT A X IEE
FTCMHIINEGL BIFREFIICDHES ZIETTERLLARY, woEE N k) L
0. BEEROEE R0 THL, IEL., WH{ftOEZ 27—V, REZD AH=X
LIEGDL ZAHESEN DS THEDIT TN, BN WIRITIA X 2B L
THAICSEEH e EZXOENTNWS,

—ERTA X 206 EDWRIZEKARL L T xa CHEMBOLbDD, Ny T
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RIARXFEAY TV =Y a VETHIC « o (EERFEE), « o®? (WEBBFH) T
iR T 5720, WEZIXHOINY TIVET A A DOFICASTL S, ZOENSWDEEX
Za— N UWRENRLZERC L > TRREZHBRO L2 N TE, BAEFNIN S KDk
ErDOL ok, EWVWOIDTHS,

2.1 density perturbation (scalar mode)

ANT —HZDOIINF —EEDOPSE L dp, = Vo LHEDLEDL, do NETFHOW
5ETHL, L IHNEIROBEY . BlshE THHPSE | 13, RTAXV2BA DA
=)V TCEWREFRD, Appendix D, E TFHL {idREM, ZO LI R A—NR—=KRIT A AV
A7 =)V TS & > T 6 F DFRRZ LR ERITR S v, —ExERIE 17—
VL (gauge transformation) | & FEIN SHUNEEAEHI KL TRETH Y, ERDOT —
VERWSZ MRS, YEIRPSEDE—R & BEAHICHR TS e )
WEEDE—R (F—VE—R) LOXFIBHHEETH S, €T, F—VZBHIIKL TR
D6 IERERT LDOMNEBEN R,

_ €& op
C_3u+w)*R+3@+@' (6.12)

€ BTV REREEPSE, RIZIKTAANT —HEPSEEDRT ¥V TH S,
w=p/p FREBAIBEXEHEDLI NG AF—THY, ZAHT 5. . ¥ AMKFTh
ZHCHLTCw=—~1,1/3, 0CH 5, (IFA TV =Y a VBILERIN LD S E D
AL b TV % (e.g., Bardeen, Steinhardt & Turner 1983).
chapter 3 TEW/z kI, A—N—=KRI A XV A —)VT (& (3.7):
aH

C::®H—~2;KP) (6.13)

LFHIT L, —H. EFHFEX (3.3), (3.9) £V

¢ :_gwq (6.14)

a
VO &y, Oy ik, TNZENT — D FKERRE, NEE, HEPLEDRT Iy L TH D,
RUIEEF ANV AR (1 =0) & LE&* . SIEEROREIPRET 5K %E Z A%
CrBFECHTR=a— N KEBEETHY. ZLOBAERTX5,
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Wi, T hae-—wH6E I HEEFL 2, AEXD. ¢ oEHHER:
.e 5 . 2 .e 5 .
Fralim Eeniasliog (6.16)
a 3a a

2155, TORFA—N=KI A X A =)V TCOREREFHL . fRITEMIC ¢ = constant
THoLH, fE->T. CIPEORBFERICEIS TICA—N—KRI A AV A — )V TRET
5, TOMEICEY, CHEEEDLNL LR -EDTH S,

LTI DO EERRONIE. P+ s =6, 0ps = Vo(00) ~ —3HH(56) £V

%ZR—gw- (6.17)

Z DWW 5 E OYRIEZR KD H1T1%,

(a) Uniform curvature gauge: R =0

AN T —HOEE) FEN (6.8) MELL . &1L (e.g., Stewart & Lyth 1993)

(b) Uniform scalar field gauge: 6¢ =0
RICETETY A 2% A2 HREAZ ETL (e.g., Mukhanov et al. 1992)

EWIH 2O I —FNH 5, MEFIZACKEREEA LM, 22T (a) DFETY
LERFET S,

2.2 gravitational wave (tensor mode)
BENRDOE—R THET VY —EE I BEMTT -V RLETH Y, »oEBHER
(E.41): ‘
70) L 585 K pe (6.18)
T a Togtt '

T CIEBFRERNTH LD T, FEICETLEITRIZ LN TE S,

2.3 quantization

L. M S BRI BIT & FLEZEITL LHE LTI TH LN, FAITFEHEA
ﬁ%li$0?é§¥ft®$ﬁ%%ﬁ<%Ho’(l«\éo HE> T, B S BRI BWLT Y FEfED
FHETCEFALEITHR D, ZORTIE N =a &&£S, EHEBEo7 oY -2 H0 XS
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&9 5 61E, HIEMNTFELE (conformally flat) 72 Ak U v 7 & FiE D F <R/
HTHLH, THIEMICHEHE] THLH L. ANV v Ig, =Qn, DEII, IVaATR
F— AN Uy ZITHERETF (conformal factor) Z»F =B TCETLLEWIRBKRTHY, &
DEETQ=a>Th b,
BEFLOFHRE DD, A SNIZGOHBRANTODRLGEICO AT O X D 2 ikH)
FRENUFE S TR RS0,

Uﬂw”+<ﬁ—¥%v(RA):0. (6.19)

G Y 23R dr = dt /JalCBET AP CTH S, dtDWMBTHAR v N ERRAL &
WEIIKKREDT S, A=Ak, 7)ZETHOE-FEKTHY . EEMOETY A, 7)
% A BIRGE A CRBAL 1R D REIRICH 5.

Aw,m) = [ dk {&kA(k,T)eik'w T+l A (k) R, (6.20)

ap, \STHITEE T &}c TAEREBE T, RHEIfR
g, a)s| = 3(k — k') (6.21)

iz, 6T DANT MVFER. B350 2 507 -V T ZRTH 5 137 —
AT RV (power spectrum)] Pa(k) CEELTHZEMNTE 5,

<o(AT(w,T)A(x,T))o>_/dkk [amk? | Ak, 7)) = d:PA(k:) (6.22)

Thbb, NU—=ZAXZ R L2 Ink BV DPEEDNT—TH 5,
R=ayQ £ENE. WEHERD TRy v RV/RIE

ek Q Q Q \
2+Eﬁ+32HQ+2H%Q_<2HQ>}' (6.23)

%ﬂ = a*H?

(6.23) oFICIF AT = = )LELEICRET SUNER E IR TS, ZhooiyhaEz, |
0 —H—)L)XF X H — (slow-roll parameter)] &L TLATD & DICEET ST (Stewart &
Lyth 1993).

(6.24)

P HEDLETHD ¢ . AR—B—UNRT AF =D ¢ ZRFAL R,
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TN EANT (6.23) xESERIE

R_” 2772 ( . . 2 i )
RfaH 2—e+3a—ea+a —|—Ha , (6.25)
Fro, HIEEERIr b A0 -0 —)LXT A ¥ —% FANT
dt 1 da € 1 1
S R e b L (6.26)
EFAT - —VOEIRTHLDTHERL . e 2R OIMNIHL 2. UEXY. R'/RIZIE
HEICHE{LShT o 1
- = 2 - —
=5 <1/ 4), (6.27)
1 14a 3
v=gt T Rpteta (6.28)
A LEIRTH 5D TERL /=,
(6.27) & VX, (6.19) 1ZX v VO HFER:
2 _
(RA)" + <k2 - ”7721/4) (RA) =0 (6.29)

IKREL . N TIVEE H, ko TN EX 6N 5, $E->T. T—F BRI

RA — 2(7\/7)1/2 exp {zg <u + %)} V=THD (—k7). (6.30)

Ny TIWIRT AR LD O TH/NENAT =)V kr > 1 TlE A x e ™ @ & DI B
ZTDE—RNBEKE —HT M8, SEKRODH LA —)VITHIKRITA X L) b RERD
EXTHLDT., kr < LICKHT ANV TIVEEB O AR

H,(kT) — —iFETV) (%k'r) N (6.31)
T o a1 ou—3/2 T(v) oy .39
exp [12 ( 2)} Jaanta (6.32)

ZORICHEbNTz kREM: B2V AT =Y ary TERSNZDLE DT —
ANY NIV D AT N VFEHI (spectral index) TH L, FBE. A D/RT—2ZAXT ML (6.22)

& RONE ) "
Pa(k) = (2“:;) 2"—3/2&;7;) (1-er12 (%) . (6.33)
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kT 13 (6.26) ZFWT e ICEL 72, (6.28) &V, 20— — )LD 0IRCTlE v =3/2 TH
0. NI —=ZAXT MV EREEZ R0, b b 27 —)VAZE (scale invariant) 78
NI = AR MV L2 5 TS ZEMyhb

aH H

v PA(k) V:3/2 - 27TR - 271'\/@.

NIEFRC N VY —BIVR T 49 F AR RV EEIN TS (Harrison 1970; Zel’dovich
1972), A= =)V D OIRTENYy TIVRT A X VITEEFIC—ETH Y, RpEI LRI T
BB CIZRL T 5, 1o T SRICIIEE) T HEE, ZERAT —VBEEET, b6 &
DRI —=ART NV bHEP LA =)V TC—ELRLDTH D, BEANUL, ERZEDE
NCHLEHINREA R A — Ve FllnZ L k), BEDSX 5N EDOREIRTHS
EIGE]I Ly |0 x k" ENXTARTAXTEZ LI E>TETFMEENTE 2, n 7
VD=NRTGRXE—TH o, BEDLEICI > TERINLGRT VY v L DINT — AR
MWK Y HRRA (B.13) K& > TE|Ou)® « B0 [k x k"1 THBHDT, n=1
MAT = )VRBIL AR M L TR HIN T D Th b, -T, /17— av
MESIIn = 1GEWREFEOW LI L2 TFL /22 L ITFEEINC HIFFITEIRGEL . 43K
INT AN TG A XY BT > WSR2 55 Z LICHEHIL 22 23, BRI CH 5,

RAYLTAAT—E—R (BEPSE), HLWIET I —E—F (EhH) 2LbI
L&Y, FNFRDARY MVIEHMNEETX 5,

(6.34)

B dlnPs
ng = 1+ iy =4 —2ug~1—2—2ag, (635)
dln P
np = T kT =3 —2up ~ —2¢ —2ay. (6.36)

NIV Y —BNVRT 4y FART MV TlEng=1,nr =0CTH 5, Bunn & White (1997)
i¥ COBE OBHUFERM S n = 1.177 £ 0279 2/FTHY, 20— —)LiELloFBENT A
Y7V =Y aryoFEL—HL a5,

(6.35), (6.36) & V. consistency relation & FHEI 2 RIHRE -

nr =mns — 1+ 2(0&5 — OdT). (637)

! consistency relation 1%, /> 7V =Y ar CEREINLEANTFT—E—R LT VI —E—-RDPLED
RISV 2B D Z & TH S (e.g., Crittenden et al. 1993; Bond et al. 1994), %< OB TIIHZ L H
WA L Cnr =ng — 1 Z2FEERND LM, ZHIX—BIITIXIEL << ag = ar DERIIFRY K
AVAC IR
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RELZEMNTESH, Ar—a—)LiEE (6.9) 2FHICT LA 7V —2 a VEERTIE, €
TS T Z OBIFAM LY 3> T b, 6> T CMB OfRGEOBIIIC L > TAH T —
E-ReTF U —F—RE258L. (6.37) 2HENPDLZZEMTENL, /7L —Yay
HEROGHLE DOPAREEABREA D,

2.4 power spectrum calculation & CMB

(6.33) IZE—RIKS TRV IZ>D T, MEE T550FREACEL T Q, A ZRkoh
KRV,

e AN —FE—NK
(6.8) Z#EALT B L.

=\ 2 .
Qs = (%) COR=" As= (e, (6.38)

LB ATER (6.19) & —HT LI e NHEIDO6ND, NT— AR MVIE, N
DYy -EIWRT 19 FT
H 1

\/>_ \/711 3/2 |¢‘ ﬁmpl%.

PlE. AV a4 FHRR H2 = 871GV (0)/3 ZBERIMHT 52 L T c ICESH
Ab6h5,

(6.39)

o 7Y —F—F
(E.41) % HIEBERT (N = a) IKOWTETIE,

1 mpl

_ _ - e

QT"16nG’ R = N Ay = Hy (6.40)

&L 7WEHRER (6.19) & —HT 5. Q XEHHED & E oMRLER TH L, NT—
AT VI _
2H

P, (k = . 6.41

H(T)( ) v=3/2 ﬁmpl ( )

BEHRIIREOE—RR 2@ EL 5728, E—RIZoW iz i

%%Evgéf (6.42)
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3

e consistency relation

(6.39), (6.42) £V, TUH—F—RLAHNT—F—R DT -t

é;g 16e. (6.43)
2y consistency relation TH Y, A7V —3 g VEEHTIHITEENICE Y 75
TWBHHRKTH 5,
BEREL, (6.43) WA Z & TH S, (3.135) TEZHEINS, CMBRER)
MED/SRT = A7 NV Cp DIER ([ =2) 1k, WEEDNT AR MLy T2
A~ T ANVT =R (Sachs & Wolfe 1967) %@L CTEBHRED DT 5 (chapter
3; (3.40)).

cy = P@Q _Lp (6.44)
2 3 H _25 S .
Cy =~ 0.0363Pr. (6.45)
C3 1% White (1992) O¥EfEZ Az, K->
cT Pr
= % ~09— 4
r= s 09% (6.46)

ZEF, (6.37) LHISA VTV =Y a VEROBEENRBRIEFR L 85, BEOL
ZAH, ATV =Y g VEREEERIETE S 5L CMB 2 HO 2 HEL D EEL
AR

Classicalization

B CHEFO LT oHHtOT O A OWTHRILERT LI L LICER P ED T

M, (6.32) Thr < 1 OWRE & 5 72BR, BFICHIE(LZREL T TH S, 2D
ek, WHfbo 7 e AR 1GES AR, 6 ERLT 5, i ftolko, HER
Rl AN T =5 o, OWBEYLEZE D, ThbE, (6.19)IXBNT

FHMAVRRATIE, FHOTLRXNT —HELZIIT Y — ANED 5 & BZENEL |

IZRAIMNZED %,

a(T) = —— vacuum T E (—OO, —72), (6-48)
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2

= 7'127' radiation 7 € (7o, E), (6.49)
70 2
2

= = matter 7 € (11, 7). (6.50)
70

REL, A7V —Yarvidan—a—)Lo 0ROfEEZFE -7z, m MREFICERL TH
B, a, d 13EFRTH L, TICBIL CHERICERT S I LITRRETH LN, FERITZAL
T&% % (Grishchuk & Sidorov 1990; Allen & Koranda 1994), Z @ & 9 % [Z5RAIOZALIT &
FHICL S TEENET L ZIHEYST 520, 275 ¢ 0BT

P, 7) = [ &k | pe (k) (. T)eRT 4 8] ()01 (. )R, (6.51)

0] ases Aphase V&0 &7 = A XD BEZA B R AR WERERE T CH 5,
KT 2 ARXTD (6.19) ORIE, v =3/2,1/2D> 7 )VEI % T

1 _k( i)
T) = el —— vacuum, matter, 6.52
A = et kT (652
1 —ik
= e """ radiation. 6.53
V2k(2m)32a(T) (6.53)

&7 = A XDERIBBEAE IR T U 2 —KR 7 (Bogoliubov) Z#t (Birrel & Davies 1982)
Ik > TERIT 60,
arp(k) = ca(k)ayp(k) + c(k)ay p(—k), (6.54)
dA4D(k) = C3(k})d\/D(k) + CZ(]{?)CAL D(_k) (655)

VDA 7V —Y 3>, RD, MD X ZNZENSES. WEEBRDO 7 =A X2 RT, ¢
. R Y 2 —R7FHEPEINTBY ., — N EKOBRKERSERZRLY

o] = lea)® = 1, (6.56)
les)? — e = 1 (6.57)

M7z ST RITNIE R & 780,
VD — RD, RD — MDT® @, ¢ O&EfRIEL Y,

Orvp(—T2) = c19krD(T2) + 205 pp(T2), (6.58)
SO;C,VD<_7—2) = C]-SO;C,RD(T2)+C290*;€,RD(T2)7 (6.59)
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1

-
cl(Pk,RD(;) + C2SOZ,RD(§1) = c30r,mp(T1) + ca0p prp (1), (6.60)
T * T *
CI‘P;C,RD(EI) + %,RD(?I) = 3% mp(T1) + a9k vp (1), (6.61)
o T, ATV 2 —R 7R
_ Hr oy . 2
0 = —We 2 [1 — 2ikTy — 2(kT2) } : (6.62)
HTl
= 6.63
C2 (k’]'())27 ( )
L HJk
T 2(kmy) (k7o )?
x [{1 = 2ikr — 2(km)?} e*7/2 {1 = 2ikry — 2(kry)?} €¥F7 — €¥F7/2] | (6.64)
B H/k
T T (k) (k)2

x {1+ 2k — 2(kry )2 emmn/2 — o732 L1 — 9ikry — 2(ky)? | €257 (6.65)

D EoffiE, (6.56) 2T I enmgrDONG, R U o —R 7B, BRERET S
HECBILEFGENAL U NIVTHEHEBETED 22 IHEL . ROBERRBICLSEF
BORBIIRTY 2a— R 7RIk > (LR SNbDTHDL, 5. c1, 0 ICEBRL.

o HT1 . ]_
D= eno)? ~ 2k (6:66)
PERT L, REOEFIL. a(r) D, TOERKUMSET L, D&, "Divergence” @
BWRTOT e, A7V =Y a TR A—NR=KITIA XY (k< 1) THZDH

FICHL T, D> 18506 THS, T4, BEFHIEIART Y 2a-RI7EHICE ST

@($77-) - @CL(waT) + @QM(:B:T)’ (667)

Gorlz,T) = / EkDy (G — ) by (k)R T, (6.68)

Poul@) = [ kDL (0P dvoR)eR® + (p) app(k)e ™| (6.69)

dk) = & (—k)—a(k), (6.70)
a(k) = a(k)e™™, (6.71)
o = e, (6.72)
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DEICHTENG, FEETRE ML, ok) T2 ThH 5,
lé(k), & ()]

& (k). (K]~ [3'(8).8 )] - [a0).6(-R)] +
= —O(k—K)+o(k—FK)

= 0. (6.74)

k). (k)

WoT. Pop BHHBETH L L RRTENTE, (6.68) 1Z c M P D7 — U T EHar o
TS, I—=F—=NRF A =y kR iCEBRTIUE, A—=NR—=KF A XV E—NR (kr, < 1)
FHEANC S D 0, BT RITAL XV TR (knn> DEEFHLLTSEE9 LD
IKCRAS, ZhEARTY 2 —R 7 RBOBRACTRE ¢ — |)? = 1 COHNPO LI EMNT
& 58,

1| =1+ D3, |co|?* = D3, (6.75)
Ho T, A=N=RITARX AT = VTl e ~ | = D > 1270, BMRHL
HHLDER SN LR T E 5, HIRT ARV OTH5HAITHE o> = 1, |ef* = 0 &

D, XoF F—7J 4 A EBEZ (Bunch - Davies vacuum; Bunch & Davies 1978) O & ¥
&b,

SHEICHmL i to 7 v 23, HEAER I SRR ANy TIVRS A X R —
NTHLZLRIFSEDERL TS, L2AL., k5 Yy atr Atz 5] &
L THLOPMREDERDONRETH D, ZOEEFSMITTL0M5KROFEL
A

4 Chaotic Inflationary Scenario

INETE, ANT 5N 1FEETH ZLUMNAIFHUREEZ T T, KT vy L V(g) D
BLIEEETIC— BRI CER, AV 7V =Y arETINVEIHZLERETLILDOD,
REWZFHHIRE L CTIRERE TN S, CDET VY e Vo TROFITRIT 08,
ZARHTY Linde (1983) IS k> TRIESINT: AT T 4w 7 A7V =Y aryF UL
(chaotic inflationary scenario)] 1%, ETF NV OHEFMI L BREINEE>THINTH %,

ATAT 4y 7 A7V = avid, RFryyre el TV(g) = m?¢?/2 + \ot/4 &
B35, BIAIEA > 77 b OBEEIE (mass term), FRE 1L B SAHELER (self interaction)

§ ZORMZETFHOZTHBRE VEMTH 5,
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T, NIEHCHEEHOBREZH LT NI A —TH D, EF)NVE S5 ICHENT S
. BiBEDRDEE L BEDRDEE LT TEZ S,

4.1 mass term: V(¢) = mg¢?/2

(6.39) IK AT —— )V OEEH HER —3Ho~ Vy=mo, TAV Y a2 42 FER H? =
TGV (9)/3 = dnGme?/3 RN T UL

Spem _ [or (m\ (6N [4 (m
5= 3 (mpl) (mpl> b 37TNm (mpl>‘ (6:76)

ZZTC. (6.11) KVET B N, ~ 21(¢p/my)? & Az, COBE OEHIFER (Bennett et al.
1996) £V VPs <5x 105 THBMS. Ny >70 LY. (m/my) <105 COBE 3@ 5
T OMAMELPEL 7=0EM, BISNEL CS+CT TH 5., RHDOT —F DL WRY
MEZRXNTEILIIARARETHY . > T ERMES L 72,

4.2 self interaction: V(¢) = \¢*/4

E%L:\ N)\%W /mpl ,

2 2
VP = ,/” ( ) ~ 25 ANY? < 5% 1077, (6.77)
My, 3

B> T, A< 10713,

ZOEDIT, BIEN TS CMBO/NSRBEP ST EFHAL LO & T2 T X ¥ —
ISR B IEREE (fine-tuning) ARAEICR > TCL £ 9, AN T —HOHCHAEEH ORI
ANIA—F - 1RETHLONBEARTHY., 1078 b OMFAENLEL VS Z LT, 20
ETNVIEEMSINRIERSEBRNWI L ERLTWS, £, AT 4y 747 —Y gy
DNEBZ DT 72 VEREOETHLDT, A2 757 DEENT TV VEEL AN
TP HNSVEVIDBRARTH %, fE->TC. BRRAIAT 49 74TV = Y
TTINVTCHENE > LHATERY, IAT 4y 7 ATV =Y a2V FPETESh
WCRA =M, IRE (chapter 7) ICBWCiEM T 4 & 212, TD Fakir & Unruh (1990a;
1990b), Makino & Sasaki (1991) IC &V, AN T —35 L B2 L O RN HLAYRYY [IER/N
¥&& (nonminimal coupling)] ZFFEE, AAT 4w I ATV =3 a v ORHHBOHF TN
T A — DB OREZERFCE 5 Z LRSI,
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B 7E Nonminimal Coupling Theory

AEIPRY . ANV v 7ORFFZHEICL L, Tabb,
Gudatdr” = dt* — a*(t)d;;dx'da’. (7.1)

B, EEEROT A 2y A0 RN ES T IRRICRERS ORTF 2 IR
TLRERD L0, FEOEbL SEBBTL0TH L,

TN ETCERL CE AL, BuMEE (minimal coupling) HiRE FEEN 5D TH
%, TORBKRZHOMCIT L7720, Aifix CoHmE2E AEHABES (action) ZFFIE |

A= [day=g [___M +V(9)|. (7.2)

K2=8rGTHAHT, 250, AW T —HLEEL /g THREL THWL20HRTHY, Zh
ERIMEE L FATHEDTH L, LirL, B Y ZHARENER. & &RcoHEH
(HINV—H — 254 VHRPBO OERRY ) OIFFEL L T, AHT 5L 2L ORI
FEF/IMES (nonminimal coupling) WA THONE ZE NG >TE TS, EEoMtH
TNV EHLMN, bo b bR bDOL LTI I TR B2 EX S, EHM
AT

A= [diy=g [— + £¢2R —¢’a¢,a +V(9)]. (7.3)
EFIEBR/MNEBORSEHEDLINT XFZ—THY, KT ¢ = ~1/6 D& &, HEHEE
(conformal coupling) & FHIN TS, ZOIEA% g, IKOWTERTEZLITE>TT A
VY a B A VHRERAMN, pIKOWTENT LI AN T —H0EH HEANES N

1 1
(5+60°) G = (14290,00 — (2 + 5) b0
—2£0 (QWD - Vuvu) ¢+ g#VV(¢)> (7.4)
O¢ +&Rp+Vy = 0. (7.5)

*RBVFTUH—THY, FIfiETO R EBEELRNE DTS,
T HIERNS X & — k(A.3) LRRAL 2,




1. Original (Jordan) Frame Analysis 123

FER/INEBICE Y., BOFERPFTY AN T -G BN EMICH y TNV L TN D Z e
Db,

1 Original (Jordan) Frame Analysis

1.1 background equations

RZEDSLENVETRLLD, TAV Y a2 d AV FBRRDOEHNE2EE T, SHTO
dam LB CHEBEEKRTCH L0T, RlOfBEMDOLOEEBZ2H5DTNN-2HKT L 2
LICT 5, £le. 2h T -BIXEEEFHKRTEENIC—RTH LT 5,

= o (L Vi) - eerod] (7.6)
31+ w26 12 | |
/{2 1- . . .
~ g |5t EHed e —eod]. (7.7)

AA T — 5 0EE) RN

6+3H¢— 66 (H+2H?) ¢+ V4 =0. (7.8)
(7.6), (7.7) &Y
; : RE8*(1+6¢) 1 ¢°
o st [Hn%qﬁ?(l%@]?

1
1+ k2£0%(1 + 6¢) [

B/MESORE Y Ak, 20 —a—)LiERl (6.9) 2 EHET 5.

4R2EQV (6) — (1 + K1)V, . (7.9)

KQ

T~ T e
266
Vo)~ Trpn ey (W6 ©) - (14 weWa) | a0
. 1
MO~ e 6OV (0) = (L4 €6V (7.11)

B/MEEHE & X RR Y HEICRIIIFEICKEHTH L0, ISR MEGORAAICBNTY
A7V = arzEITILIIARETH S, Futamase & Maeda (1989) 12k V. FEH/N
AR EDNAT 49 7 AV TV = a v ORREERTARE N TN 5:
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e ¢ <0 (Futamase & Maeda Tli& € > 0)
— /2 e <107
- A4 g < 107

e ¢ > 0 (Futamase & Maeda TlX € < 0)

— m2¢?/2: € 1073
— A4 BTCDEMNFTFESND

>0, V(p) = \p* /4 DS, ME—KERIR r — AL L TR TDERFLTHBY, 2005
5 EWIIERICTHET 2 Z N TE 5,

1.2 chaotic inflation: V(¢) = \¢*/4

(7.10), (7.11) £V, V(¢) = \p*/4 BT > ¥ ¥ L DOHFAIIL

2 Yos 8¢
. 12(1 + /{2f¢2) 1+ 1+ ,{25(252(1 + 65) ) (7.12)
3H$ =~ il (7.13)

1+ k2Q2(1+68)
FRERXREZBEAAT L0, ¢ =r2%¢> LVWOIEBRERT L, 2 ORI HEANFIHE
WKHEDONLERTTETHY, EHIXA VTV —Y 3> DROFTCRENRIEE % Rl=T,
S>> 1EWIFHOLETAY TV —Y 3> D% RO 5 (Fakir & Unruh 1990a),

1~ 12?;552’ % ~ _%' T

(7.14) ZEHTHZ 210 k0, fRIE
a(t) = a;exp |[Hit —y(Hit)?], (7.15)
H(t) = H;(1—2yHt), (7.16)
U(t) = ¢i(1—2yH;t)” (7.17)

DEICKED, HADE

H? = ﬁ‘ié_g (7.18)
v = _x (7.19)

(1468
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f# (7.15) — (7.17) £ V. BWIREHEHEEN A > 7V -2 arTHY, WIRICHNTH, ¢
DEALIERTE L2 e N 9h 5

2 Conformal (Einstein) Frame Analysis

2.1 conformal transformation

AIENC Rz £ 010, IERv IV B EER ClIG o HRENITIFEIEHIL T 5. IEEEIRD S
éiw%ﬁ“éhﬁﬁéitbb\%%ﬁ@i?ﬁﬁi&?hﬁé%K@%ﬁ?éi\%
e ANT G0Ny TV T DIzOICREREN B TIIR L, EhGe. Tov -2
TCHEANT —HOITINT —FEL O LERWLYHEDOERE TCRDENL R D,
Z 5L W% [0S 5790, [HEEH (conformal transformation) ¥ | & 5 HEHF
ERHGGNS, ZhE, ARNY v 27T 5

G = Q(x)guu (720)

WS YR =Y T THL, HERF (conformal factor) Q IEREROBKTH L,
DEHUT & 5 T ARTTFFRIT ds® = Q% (2)ds®> D L IIKEH SN L0 T, WEEHROYHDY
BRI TRRELAZ LI TSl ] ORER2ZEAS] ZLICHIGT LI e 5, O
6t<§2i %§£’ IKHDEL DRAEYMPMACIEAT LI RbDTHL, Zhk
HIPE SN ZEITEI Ny b2 DT ORY, (7.20) 1IC&0, BHfiozy b LT

Juv = Q_Q.@uw (721)
V=g = Q7%/=g, (7.22)
R = Q*[R+6§" (nQ),, — 65" (InQ), (nQ),| (7.23)

MESND, Lhbk A TIHNES ORI (7.3) % EHT I,

2 04
BHINT2R (HER) ClE. B2 AN TSR RIMERINR S TWL I ENEETH
%, 5. Q=149 =1+r%¢* DL IITENZL

A= [dw/ b!—% )30, +v<¢>] (7.25)

P A )VZEHL (Weyl transformation) & & FHEN 5,

A= [0 o = S o), 0, - e+ 0] w2




126 % 7% Nonminimal Coupling Theory

1+ K231 + 66)
PO= =1 er

N 4 N Ag*
vw»:(1+ﬁ%wy__ql+ﬁ%&y. (7.27)

LAL. ZOFEETIE (7.25) OFE2HBICH H5AN T —HOEEH T XN —DIENEHHT
BROEEL THWLDT,

(7.26)

1+ R2662(1 + 6¢)
N 1 + K2£¢p?

a5 _
do
EOITHUC L S THL WAN T~ ¢ REHKT S 2 LI KD (Futamase & Maeda 1989)

F(¢) (7.28)

A= [t~ | = 46,6+ V(& (7.20
D &I, BUMNEEHEROERESY (7.2) L ABOER %255, 2o &5 /EffES it
INLR%E. FHT THIER (conformal frame)]. HE5WE 7 A2 2% A 2% (Einstein
frame) ] & MUY, BR[O (7.3) TSN BR% T4 VT FILR (original frame)|. &
LWL TY g )vF % (Jordan frame)| & IEA TS,
TAYYad AL RICBT BRI

ds® = Q*dt* — Q%a®(t)d;;dx'da’. (7.30)

E->T. A
a=+vQa, di=Qdt (7.31)
EATR DTSR, 7AV Va2 AV RIKBWTCHYRAN—=NY Y — g —H— AN Uy 7.
ds? = di* — a*(1)6;;da'dx? (7.32)

EBLILEMTEL, T4V ad AR TYHELFET AL, LTHL WIS
HSWCEESNART TR0, L. (7.31) HEM ORI T O EEZEAT IR,
BERERE I AN S B, 2SR A . A VT 7 I B — R BT 50
TH5H, Zhidk, DD TRIFEZXATHAFZEIEAR Y| BHENS TH S,
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2.2 background equations

TAVYad A VRTIE, BRIMESEROVHAZ ZOE EHED ZeNAETH S,

R -
(A0 | o 2
B =5 {(d£> HVO)| ~ g (7.33)
g oo lda_ 1 10
i = EE_V@<H+2Q>’ (7.34)
do () (dr\ . 1+ K2 (1+6E)
i () (@) o

CDEI, FAV a2l AVRTORT UYLV VIE Y >1THFY 759 b THDY,
TEHEAPIIZIRZ 2 92 L AT & % (Futamase & Maeda 1989),

LU, VEHLETHET AV Y ad A VRTORT U VTHY, YV allF VRT
DEZHIZRRT ¥ v U (1.33) DFEL TWE, W) I TERY, ZbZb7 A4V
VadAVRTCOHEREI, ValF ko 7y~ THLHLLBIZLTEEMTH
5, TAVY a8 A4 FRENT, HEHIHL TRETEZWY, §E-> 7T, HEEHRIEIY
HERELRVWOTHL, BiLHle L T, Q=a? WO RBEHREZZ LI NTE

HIPEHE T = ANV w 71X

ds* = a™2dt* — &;da'dx? (7.36)
T, (7.31) ITHE > CHREEEEARZ BT T
d§? = di* — 6;;da’da’. (7.37)

CNFIVATAF=RA NV v I TH L, FHIPRIFELET. BUEEEFET 2.
D &I, WEEHUITFANERNITH 2 K. WEARIIC IS TfafRz & bk
9 (Faraoni, Gunzig & Nardone 1998, for review) . $it->T. ¥ a V¥ v Rz WY R7E
LT #Hmk T50ThHIUL. FERIZY a V¥ VRICRE > GRIRER S22, ¥
WK, 7AY Y a8 A VRPYBATCHLL THI5LH 5, HERITQOHY FI< X
HERICHL0T, fREDL I AEREOYHMINE L SHBNRET LI LIRS, kL
ARV aNT v RET A aZ A VREFHIBRL 2 LT, KR L TN 6 225D%
DEICIYENBR D NENEVRDI 5 EETH L, ThEEET L HEDOO L DL L T,
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WFDRTHEHFICKYIZD, T2bb THERZ (conformally invariant) | ZRERH%Z K D
NGB DLIENTELEASAD., bbAAZNIE—2DIETH > TYBRRVRRELUT 8 v
N, DR U EONTRERIIROZRICES R, 556 0RPVIYHAID (BL JIFE
55 b YHMNTROD) BT VoS0 HUE, 20X HRiEE L 52 LI ERK
MHBIELH D, KX TRHE L5 DRBYEHNTHLMIIERET, LWEAEHIEH
L (GiEamzED 5,

3 Transformations of Scalar Perturbations

ALYy 7 OWMEEE O A HMEL XL, HU, EBEFHROEIIIN—2 DT TE
T LTS, HEEHOR (7.20) OBERIL

09, (x) = G (x)082 + g, (x)€2. (7.38)
BT, v — 7 DRI ,
. ozx® 0x” |
g,ul/(x) = B %gaﬁ(x) (739)

MBETHB, Ab Uy 7 OMBEBOKDIETh TN |
gm,dlb'udl'y = (1 — hoo)dtz + QZLhOidtdﬂfi - ZL2(57;]' + hzj)dl'ldl'] (740)

REEHNI AN T -~ TH LN, X7 F— /57 % —F—F (Appendix D) OEE)L
BB HEAETH S, LoT. ANT—E— N OEBECEL T o LML FH N
Ry,

hoo = —QAQ(O), hOi = —B(O)QEO), hij = 2HLQ(O)5ZJ + 2H§10)Q§;)) (741)

QU IXE—NEHTH S (D.31 - D.33).

3.1 lapse function: Ay

o AN
—hoo(z) = 6Q — hoo(z)S. (7.42)

5 (A.23) ¥ DEVIE, EEBRO ALY v 2 OBFEOL YN EOECDEDTH S,



3. Transformations of Scalar Perturbations

o JEIRIEHA

AELY,

3.2 shift vector: hy;

o A

o EARZHA

AELY,

fit>T. BO IHELRZETH S,

3.3 spatial metric: h;;

o A

o JEIRIEHA

129

(7.43)

(7.44)

(7.45)

(7.46)

(7.47)

(7.48)

(7.49)

(7.50)

(7.51)
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AEXD, 50
hij(2) = hyj(z) + ﬁ%a
N 1602
HL - HL+§6’
iy = a0y

(7.52)

(7.53)
(7.54)

BoTAN Yy VEBEHD L —2L 28—k B 13, A% TH 5 (Mukhanov, Feldman,

& Brandenberger 1992).

3.4 geometrical quantities

AN Yy 7 BB C AR E Bz bt A & o TRAIFEMERE o
(Appendix A, D), (D.51) — (D.53) ®EFKRL Y. ERMEBOHLEHMELROENS,

o Ny TIRT X H —DIEF)

. 1692
ICg — ng — éﬁ
o IFEFIEDORT VT ¥ )L
6g:0g.
e IRTHRD ST DRFT ¥ ¥ IV
. 1682
R=R+ 55

3.5 gauge invariants
Appendix E CERT AT —VARZEED > b, HESLETRVWHLDEZET 5L,

o HBHIE LOMEERT ¥ vV (A & [H%)

. 109
(I)A_(I)A+§ﬁ

o —a—hMUERTUV ¥ (R LEE)
169

by =Py + ——.
H H+2Q

(7.55)

(7.56)

(7.57)

(7.58)

(7.59)
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4 Scalar Perturbation

IEBR/INESHB/OA L TV =Y aVy TERENS, AHT—FE—RDDLELRD 5,
TAVY 2 AV RCEBRMESEHBOWRLFEIEFNTCEXL0T, £7

A

~ A H A
=R—-———=0 7.
=R 13 /di ¢ (7.60)
MHOEMFT L, FLAOEFZLT. (7.28), (7.34), (7.35), (7.57) ZAWTY a vy v R
TEAHAT X, X
- Q (60 ¢
G =0C*t5g (6 - E) (7.61)

Wo>T, O pDBDOBHTH Y SATIUE, (B HEAZETH S (Makino & Sasaki 1991;
Fakir, Habib & Unruh 1992), {XEAREUMIEAINZDT, 74222 AV RTET
L2752 N TE 5, BRMEEE (6.39) L &< FRKRICL T

or|de/ di

B 1 H? tH/
T /T GE g 1+—6§ = VPs. (7.62)

N(ty)ld,. WEEMKRIAXVEHELEEDONTHY,

tf vy H 14 6¢
N(ty) = Hﬁ:/‘ L AN
G () T

BRI FEHROR (7.14) ZHW, SORREIT AV 2 A RTHEY aVF VR T
LRV oDT, i e b b5 0NHEINARTHL LB I 261X, BllEL H %
W T E S, COBEDEHILY VPs<5x107° THELEMH . N(ty) > 170 £V

[(t) = ¥yl (7.63)

§—A2<4><1010 (7.64)
22T, E>1& L7, HASNITROIER/MESH N OB ZENL T2, FIXIE,
A=10"2 ZH[BEICT I € > 5 x 10 MBETH L, I DL I BRKE R ¢ DFYMH
MNEEE LR LN, SORETIE ¢ DMEIIKRL THIBREZ 54 A3, AHT —Ho
FEPSMFEICETA2HRCEY EICEESMELFH LT LIeMTELN, b
RPRDFICRT. —H % BT (Faraoni, Gunzig & Nardone 1998),
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5 Tensor Perturbation

T —E—-RIZEBMCHEARZETH L0 AhT—E— N ARk, BMEAORER
BHERD, (734)IXBVWTC Q=1+¢ &ThiE

A

= AH
P =
! VI,
_ _AH 148 /
= & = /Py (7.65)
FERIE v >1 ThHb, TIC, itk T aa—a—Lu 52— 2L T
0
5:§ﬁ§ (7.66)

ZEHL .
BB, Valy L RIBT SEEOFHEICL S THRUFEREH{IENTE S (Komatsu
& Futamase 1998; Hwang 1999),

6 Tensor/Scalar Ratio

(7.62), (7.65) &1,

P 1+66 (70 \°
py = 000215 ( N(tH)) . (7.67)

Mg, FEBICERENERTH 5. v > 1 25&kM4e 5N EERO M 7L —Y 3
YCRENEOFLFRZTL AL L BIIETHS CMBOT V¥ —/AH T — r (6.46)
3 r ~0.002 &%, ZNIX Planck ORHRARZ 24 —% —FE>TBH, BN »H
Lz, LML —F., BMEAEROBCHEERC LD AT 4y 74T —
Yavidr=02%FEL. ZNIBHFRRERDTH L, T42bbH. Planck WEHKEOHF
5%Z2BHBL /2B ET Fakir & Unruh I kB2 DA 70— g VETIVIFER SN, L
BHEINLD S REEIBRIMEEDONAT 4y 7 A4 7V =Y a v MEBEEINLZ L &2

5, Zhid, CMBORHMEHMN ATV = a v ETIV, UwTiEﬁE%CEéifﬁ
WHIRR%Z 52185 Z L 2R TS, bbAA. HRATRERET IV ICET 72 1 Y
TR LBSZ L HHM, EARNICZ ZToHER kﬂb%&fﬁ@k%??é EMMTED,
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7 Spectral Indices

7.1 conformal transformation

RIS, ETNVDTFETEAXRT MEHEZFRET S, AN MVvisio et 2 3
RBID, AT—T— LT A F — (6.24), (7.66):

_ n _ 9 _ 0
€= —7m o= SHO' B = ST (7.68)
EHIEEMT D, clX '
. €+0 LS
6_1+5_H(1+5)2N6+/B' (7.69)
—Hald. AR TI2EFHICL>TE RS,
e AN 7—EF—NK
;2 02/Q . b/di\”
Qs = -2 +(3/2)(. / )2, Qs = <M> : (7.70)
(H + (1/2)(6/9)) i

QslE. ¥ al¥ v RIIBIT HEFLORER (Hwang 1997) TH 5L, WHE % RN
I, Qe BB EHUC L 5T Qs = Qs/Q e BHMENT VLI L NHET L, ZDZ ki
IEFEITERE, WEHFERX (6.19) IKHHDNS R = o/ QXA E LD TH 5,
Loy, ZHhE QOB FIUIMKEL RWERTH L. Q= Q(¢) THNX As =,
MHELRZETCH LI LIEXTTIORL R, R, BEHHTEANREREROTH S,
Ag 53R T 2 BEBMARBEIARERE LR OT, R LT A ONER{ERE R D
TH5,

ERE 20— —)LRT AF — q, I

A Oés_ﬂ

— ~
~

aS_ CYS
1+p

EHEHEINDZ NS AT MVER ns =1 — 2¢ — 2ald

— B (7.71)

e =1—2¢— 24, =1— 2 — 20, = n,. (7.72)

HEMCHTERETH 5,
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Q A 1
Q1= TorG Q= T6rG
Qr 1%, Komatsu & Futamase (1998) IZB W Tk 7= (Appendix K), AHNT —F—
RER Qr = Qr/QTH Y. RIFVWHHERIKERLETH S, foTARI L

(7.73)

7.2 calculations

HIEREMENZFIH SN /=D T, Fakir & Unruh ® > F U BT B AT NLIEERE 7
AV a AL VRICBWCEETX S, 20— —)L)N5 A& —

A 2
1 [V 1+66( 70 \°
e — [ = =1.5x107* - 7.74
©T o2 (V) 8 66 \N(iw)) (774
BIAAS 1%
K2\ V 1%
- 70 1+6¢( 70 \°
::14x102< - >+30 x 1074 ( - ). 7.75
N(ty) 66 \N(ig) (7.75)

ZZT. 6,0, 2 BT, €31 CREWKEL R R I LIFERSINW, HAT 1y 7
A7V = ay OWFHABREEZ BT 51U E > ms‘zngvz% ZEIETTCICREY
THY. > Tn,, nlE TOMWRT EITRFEL RN 21T b, FERIT RT.1IGRL 7%,
%@@tw‘%mﬁéﬂ%®%ﬁbwﬁf%éoE%T%é@i\ﬁﬁ®vaﬁéﬂb
EIDBRART MIVEHEZE L DI DE T, TP —F—RDONT - [TKELREONH
522 THL, ZhE, IROLDICHRTE S, (643)ICRLEDIC, TP —/AhT—
HERF e VD TEEX | ¢ DR THRELZDITHL . AT MVERIEIRT ¥ v LD
HR | 0 OFE5ELEET L, R L T, B/IMESHEHHORT VY v )V & Fakir & Unruh
VFIVFDT Ay 2B AV RICBI LERT VY v VOEDEN, Tibb BENIERIC
[SE3H | R T VS v Ve OENRERRDOTH 5,

BMESERTIE. AXT MU n = 126 THhEZ Y EOT VY —E—RND
FHEEZBRL Tz, LA2AL., SHEOFERIC LN, FERMESEZ R ERTIEILTL Y
TNDH I LSRN EIIREIN, HICFAE, AT IV n=126THh TS
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WKL beTFrr——-RBRHESh WSS, BMNESERONT T 41y 2427
V=Y a VBRBICEHEINLDOTCH L, FARIC. 7 —F— K OBRHIZEIEIC Fakir
& Unruh O F VA OEHZEEKT S, TD X DI, CMB OfREEHIM AT HERIC
BX 58O TREN, S8, BABENSE DL DL Tr, ny ¥ OEHRERE
RLBIEH TN CMB BHIOEERR A bR >TL bR,

% 7.1: Fakir & Unruh O F U4, BIMEEAAT 4w 7 A7V =2 ardF IUFIC kS
THEBIN LD 6 DRHE, ik CMBOREREFMOT VY — /AW T =, n,, n 13%
heh, 28T —, TP —FE—RDAXRY MU, NEAD T —50 BSHEER DR
S, ENIERIMEESERHTH L, £ TOMEIE. N(ty) =70 TRDOTH 5,

Parameter Fakir-Unruh scenario minimal chaotic scenario

r 2 x 1073 0.2
N 0.97 0.96
ne —3.0 x 107* —2.8 x 1072

A/€2 4 x 10710 —




Epilogue

FHERMF OV, HRstlTTBmIh, SPERREF > 7 =AM X ATz
CERABRELD, LIl T=FUF I a v OREERBERL LTI AT T IR
BIL ClE. KX TIHIFEALMNLEZ N TCELh ok, £, BAEFEICE STV
WEEDOHTTTUNEDTNR, 47 B E, KEERFREY —X 1L CMB &
DIHFBIRIC OV THMN L Z M TERD 5Tz, TV E AICFADRAS DD T
Ho5, BEFLTEZ 2,

K XH ORIy h SN THWBEED S T LR/HAEDNT —ZXT b )Lid, Matias
Zaldarriaga (IAS) & Uros Seljak (Princeton University) OFAFL 7221 — K, CMBFAST I
FEEETH L, oI RPANOEVI-RITLY . HLMPHHIC CMB DX —2
NI MWV AN TEENREZRN CE L LR o, XD THEELRL W,

The most incomprehensible thing about the world is

that it is comprehensible.

Albert Einstein
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137



138 REFERENCES

BHIOKEE, BHD ST — M CEL ECo—YofmEEZ RCHEE. HEAOFIRMY
ML 9 TELRESE L HREATHG: Z 8 IOR BN 7.

TIFEE REARY) 1d. FibhoT — & T ORI EI L BEEWEZ W TEE, £
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£ 8% A The ADM Formalism

— AN RIS, AR T - FRER TR SN S, e, TR R
JEAEZSH L T2 ZEZA R, LML, O ROTHADN BN/ oA OF T, 4l
AR OEE) R LR LD L RABEE. COREHIIR -hWRbDe b, Tihbb,
AN LGB ER 2 LER AL TR 3SR BT R < THEHE] b—BICHE S
NEDIT TR, BEEEARTII TN TIHETHY., ZNEHENRORETHLH 5,
PEo THXERICBW TR TV F — ), DEHE | Lo LBERYHEDOERD., =

~ /jJ%ODJ: JICHBATHEHZRY, 2O XL REEEEL ERREL . —BAEN R OMH A~ T Y&
DRFEIFRZ FEIAL . MHTHIIFZE. S SICIIHMEFXERIC L - TR FIEE L TEEL
7=, Arnowitt, Deser, Misner I &5, TADMER] TH 5 (Arnowitt, Deser & Misner,
1962).

1 Metric

ADM ATl 4 RTeEEZ 22 3 IRoe+BefE LIRTTICHEIT 62 2A 6L £5,
FIREREEAR 7 2. R —EOEERGERT (spatial hypersurface; AT S,) % &5t
RANZLIERT S, S, TREEIE BER TS L IICERINS, BFETARTTEIET V¥ —
(metric tensor) g i< K-> CHEBIN LGN, TNE 3+ 1IKHETLHEE. LATD L S ICK%E
OHWEZREO T 53 20ER2EAT 5,

(1) N: 7 A3 (Lapse function)
WYER 7R B RE (3 5 VXA RER) ORIBM Ndr L b L5 EHShD, NiF
— RIS OB T H L0 6. B2 E T L OB OFRN T DE N ERD S
BECH L, LI, 7ICkBRMBO%ER v N TR, WEEMEER ¢ 1< L 2 mMoIE
Of ot = N"1f eled, H->TR v hDHBEL I AT N IMLED,

(2) ®Og,;: ZEREIMIFTE (spatial metric)
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S, RiCBT 5. 3UTTHIRT v ¥ — OR 20 5 . —KRE LR RFHEICB WU,

K
(S)Rijkm = 2 (<3)gik(3)gjm - (g)gim(g)gjk) ) (A.1)

K
(S)Rij = 2?(3)!}@', (A.2)
O (A.3)

a

kli¥. 3TCAN T —HRERT T XAF —T, (RS) 2 DRTeHFH->Tn5, 2%
V2 EEIEREEE H S DL T AR, HHAR M (k= 0) TR, B
W2 2R (k < 0) CIEOUHBIZER OB A -V TH 5, £72. alF—REFIFRD
A=)V T 7 7 H—=TH%5, MET VI —DFEL WEKIL. Appendix C ITBNT
17729,
(3) N: ¥ 7 b7 & — (shift vector)

ZE AR D JR A R R AL O RT L Tl N CHEE) T 4 BHE, ZEREEO R AICE:
IEL T B EIE ML L O BRI > T A DT TldR L, ZoWE»n S, ¢ E
RLTWBEIERL RN L 2EKRL TWb, Ni=(0THoEE. ZREERSD
TR S, L ERL . £FMICh k> TRKANCR S L I 25 L 2 e T
x5,

UbogEz AV, 4IRTeEFHR ds? BUTO L IKBEA6N S,

ds? = —N2dr? + ¥g,(da’ + Nidr)(da’ + N’dr)
= (=N? 4+ N*¥N,)dr? + 2N;drdz’ + (3)gi dridr’ . A4
j

ANV ZORSrE LT, $THE & HICESTRIX,

1
goo = —N?+ N*N; 9% = TN (A.5)
. . N?
goi = Ni = (3)gijN] ’ 9" = N2 (A.6)
. . NtNJ
9ij = (3)% ’ g7 =g — N N (A.7)

SATHIOZHANE. ¢ = —1/N? ZEETIL g0g™ = 00 2 HOCEHESNE, xRy
y ORBSOREFEE. I & - T LR BB TERESNSI L BBV, hiL, MW

* Bardeen (1980), Kodama & Sasaki (1983) Tlk. v;; = ®gi;/a? iC20 T OR 2 EHL T35, fit-
T. OR=6xTH 5.
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WKLo TCRIBOELF L BE O TH LM, FENRMLETHLT, ANV v INEEHET
NLHMFETF Y —, 7Y ANy 7o )VELFIK., Appendix C TEFHRL T3,

2 Geometrical Quantities

AN Uy 7% N, N, Cgu 2 FINTERL 20T, Thb % HOTEEOKMENEE
RRRLIEMNTEL, RS LIk, Thbbbi2ENELREL CE%E E
T5] 2THL, > TRESNLIENESELNTRMIEELES>CRA S, 20
BNEOEZHEFIHL €. MUY Y I o 7 U IS ZREE L IS ST X 2EBME
REHRCE S, EL, TZTED THNE] 3HETHEENRD OTHY, Thhb
FHT BB OWBEN. 3L THEL2OBMFREETH 208 50 IEL L HIORET
H5,

2.1 normal vector & projection tensor

B2 % 3+ LICHMRL 12 28 230, S IKEERRBI 4TI ¥ —n2EHL. Ih
ZEHIE Y U GES, BEMNSIE. nn=—1 2BKT5, S, LOEREHELY., n DRk
SaNES .

1 N
I
n- = (Nj N) I
EPROOEND, SHIT, n PSR INLERETFL LT, $%T > ¥ — (projection tensor)
P:

n, = (—N, 0, 0. 0) (A.8)

P=g+n®n (A.9)
EEKRTEDL, ThE, AtEEZ nlKERT S HM. T2bb S, LICHET2HETTH
V. 4TI I =V, TP —TRIZNLTN, Vis,) =PV, T,y =P-T-P DEIHRS
ho, ToFEEEE LT,
PP=P, Pn=0, TiP=3
PB:()’ szNiv Pij:(3)gij
REMET 5N, FREINTLEDKDIE
Vi, = (0, VIN'+ V"), (A.10)

P B 21, Landau & Lifshitz (1973) \3¥F5TH 5.,
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V(Sr)u = (Vka7 V;): (A'll)
TuNFN! Ty N*
Tispmw = i : (A.12)
TN 1
0 0
Tisyr = . R (A.13)
T TIgNsz T](_)Nz + T]z
0 0
Tis,y = o (A.14)
! 0 TON'N7+TON/ + N'TY +7T%

LEXTEL, B ShABIIEENT Y —CH L0 5. FEOEHIIRMIITIERW,
LW LREN O DRSO EET 520, TORBUN RIS RoTnd, Zhid, v 7
N7 H — DFLEC & > TR & EREE—E (do’ = 0) DIRRR —FL R THh
D, N, =00b & Tl DEHIMNETHA TRFOREIM L ZRENE - S V3T 6N 5
CLERTHHLNTH 5,
VIRMRIF-MEHETEHHLICBENTY, BEACHEEL L VRBL TRLIFICELST
TR L BENRZL YV EEL CRFACENEREZ b5 2 e NARETH S, &
DFHRITOWTIX Appendix B TR 5%,

2.2 rotation, shear, expansion & acceleration

Ubtogz A, 3+ 1 9RONMEATREMEEEZNET S5, nid S, DERANZ ¥ —T
%6#6H$L®£@%ﬁuﬁ0n%mﬁbf‘%@Eﬁ%Vn%@ﬁ?ﬁ LICE-T
S, DBMFHEREL Y VINVIKBLENRTES, 22T, VikglicH s < 4 i EHMy
THb,

n &, ERIICHEIC
Vn=w+o+ QP — A®n, (A.15)

3
o ZERIRHFR N L — AV AT > ¥ — w: [Al#R (rotation)
o ZERIWRFEN L — AL AT V¥ — o: IEEHEFELILFE (shear)
o IR L — R 0: EHEFEEIF (expansion)

o ZEEHIRIRIE A: MR (acceleration)
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WKfRCE5, EL, SZTRER Vn 2RO L2109 E T, Rl &
BATHVEIRIEB & 2 Tldeny, B THEITIE.

1

W =3 (P;fna;ﬁPf — P,;Gnﬁ;apl?) (A.16)
1, N0

O = §@wwﬁf+mwmg)—§my (A.17)

0 = Pn,g (A.18)

Ay = Plnagn” (A.19)

THY. (A16) — (A.19) ZHWT (A.15) FBEZLTINANE, K (A1) 2HENIPD SN
%, BROBMENETEMPVET VY —, T8bBS, FObDL L TERINTNASZ
. wn=ocn=An=0 LVHLILTH S,

2.3 extrinsic curvature

(A15) X BALREXTH 0. ERMEOR >PYHNEWRT. N2 RAZ0 CHESD
WM I, 56T, K OEREKRWIEN S BT 5.

Ble L C3RITOEEEZEZ S, 2IRTL DAETESLVWEE, JIEICED, ik 5
TO2RTHEFHTH LR T LS9, LAL. BAD LD IRTEMETE S
i, BIAIEEKE BICEEICEZY T, £ COBITHEVIICETTRNWI 25T M T
X, FIRX3RITHROFERELZ RETIENTES, AKIC Vn T, 4 RTE2HETE
HEM SRTERWERE S, FORRL[ICT2nZ2HBL b0 THENS, S, D
ARTHIMEZHEDbL TnEeEZX N5, HE->T. 3RTEMOHE GR 2 ARk
(intrinsic curvature) & FES & T 572 61X, Vn I & - THIS N7z 4 IR THYZ iR % Syl
L (extrinsic curvature) & MY, K= —P+(Vn)-P LEBRTHILMNTELLEL D, 2
L. KIZVnZoboTidel, Vnd S, EOSEHES L L TERIN TS, ¥R b
. 3RFTE AR T 54, e S, RICHE SN S ZETLL D206 TH 5,
RAFAEOTTCEHT HDIE, L 72 n AWM E 2B, © F 0 BRI o
FEE K>02 L TCERLLLEDTH S,

KERSTHEETRIE, K, = —PinagP? = —Pi(ny, —T)n,)PL €5, Ll &
RAL TS n ik S IKERLTBY. n, = (—N,0,0,0) TH DB & h 55 1 EIFMHA.
KIE#HT vy — b, —hH., €KLV K, — K,y = 2w, THY., ffoTCw=0M"
fEmIhsd, Zhid, ADMERDOL 5 H 5EFEREFORRTH S, ADMEXTI.
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FITHEMES, ZEHBTLL IANLIR LD, ZhETRbE, Wikbe 2 A THRENR
BIERT 2 —n 2 EHTCERL I A% THL, VAL, S, Eownbe 25 Txt
T o — K MERTEL01E, S, MABINC TH] 2720 TRl s,
fERE LT, ADMERICBOTIFEEMIC w MEFEL RN IR 5,

(A15)IC PP 2EHS L ZIC kY. UToREES,

K — ——Q7+§P>, (A.20)
o :-{K—%Hﬂkﬂ, (A.21)
0 — —TiK. (A.22)

oI KONV —AVZADEyL 72 >THBY, ERANT Z —ORVIFEHTINENT S, T
b bIFEF R BRBENEREZH DL Tns, —F., 0Xb L —2TH Y., SHHk
BEMETCHL, ~AFAFFL o, OMWIRT 52 HMAICIETH LT L ZR_L TS, #
IC(A33) TRA &L D1C. fle L TFEHmIRKRREZANE, 7Y R < VFH (N =
1, N =0, Ogy =a(1)6;;) CT1&0/3=H =a/a, o =0TH Y. FEMICEH L FHIZR
ZHOEDLLTNL IO DL, WEIENFETLLOIBRGEIE o #£0 LR 5KRNLE
Z6NEMN. o ZHRT 596 X OMETIITHOIFEFIFIRICEHEL T3 Z &
MICHHLNE b B, 7o —TEPN TV L LOIEREICREBEL AR,

3 Linear Perturbations

ANV v 7 DRI ER 2 5%, ADMERTERL RHMEK, 0, 0, A 21EH)
BETEXTT,

3.1 metric perturbations

—MRE S FHE TR L, BEER) b, 2INZ 5, TOB. SHERY RS TR0
Wi, ZEREEEREZ N(7)dr, a(r)da’ & A —)v L T,

gudatdr” = N*(=1 + hoo)d7? + 2Nahydrdx' + a®(vi; + hij)da'da? (A.23)
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LEHRT D, N—2 20 BIEEHRETH S, ;= Vg, = Vg, /a> B—HEH 31kt
TERIZ SR T E5 ANV v 7T, WEERRT

2

yijdr'dr? = ] + 7r?(d0” + sin® 0d¢?) (A.24)

1—kr?
CEHIETTIENTES, K EFAMMREDHSDT NI XAF —THY, TR b 3IRILA
NT—HE (A3) DNRTRAF—TH5L, FHI, BEEKTOANY v 7

Guda’dr” = —N?*dr* + @*v;;dz’ da? (A.25)

BanN—hrv>y - Txr—H5—AM Uy 7 (Robertson-Walker metric) & I T 5%,
AT GO THEMD L FHS T

— 1
_ 2 _ 2 00 __ 00
goo = =N = =N"(1 — hoo) , 9 = —m (1 +h ) (A.20)
= N; = Nahy; 0i h‘” A.27
goi 7 ang; g N(l ( )
_ _ ii 1 .. i
(3)9ij = a2(3)g*ij = a’ (vij + hij) gv = P (7j — h]) . (A.28)

22T, b0 o FEFOBBELUTOLIIERL .
hOO = hoo, hOi = ’yikhok, hij = ’)/ik’}/ﬂhkl, hllz = ’}/klhkl. (A29)
ERL TBLA, WEEBE b, ORFO LTI SL TEKREFLRV, BIGHROME

E. VDO RANY w7 gTIERL, @RV RS T EODEORFELERL LT
HbH, toT. TV —stHOBHEELL TR 60,

3.2 extrinsic curvature, shear & expansion

o, 013, TNZNKDOML AV ARG, bV —ABHTH 50, K 2EBETES
TFLTBTRRY, KIZZEENT oY —THEN5. (A12) XS4 mT v —2L <
D K DZFNIINLTIER N, > T K 2 BEHRTEE FTHIRL,

1 .
Kij = —NFO — 2N ( (3)gij +907\] +90)|7)
2
(l
= N 3)91] 2N hlj + 5 (hOz\] + hO]\l) (A?)O)

=2

aa a a
(1 + §hoo) Yij + hij:| — Whij + 5 (hOi\j + h0j|i) : (A.31)

N
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[, B IKb e DL 3THEMSTHY., Fy NI rKBTARMOTH S, (A30) %
b, 0,02 FNTHROLIEMTESL, 22T, MU —AVAREEHT VY —%
%5376 fC&)‘ (T/)Z] = E] — %(S)QU(S)QMTM é.). Uy 5%%%%?60 C@?‘Ega:ﬁézﬁi\

=2

a : a
01 = —(K")ij = 5 (W) = 5 [(W)oag + (W)ogi] (A.32)
o 1
H = gE—g(g)glekl
_oa Lty 1 Ok)
B Na+3<2Nh’“ I (4.33)
_ i 1 L1y 1016)
_ Na<1+2hm)+3(2Nhk %) (A.34)

(A.32) &V o WEEE CTHEEE T, MBOF —F —Tld oy = 0 = 0 TH S I & WHE
PO5ND, (A33) 1. MEEENEET L2FHIBI 2Ny TIVEMH OEHRTH 5,
N=1t¥52, BEHIIH =a/aR). ShIXRBEN Ny TIVERDERL —
BIob, METHLM, 0,0/31%. TWTN (A30) DRV —AV A, MV —AHTHD
ZEM(A32), (A3 ERTLN D,

3.3 acceleration

S, DILEE A ICHIBEEE 2 A 5. (A.10) V. IS A DAREZZZXNTRL,

1
Ai = Piana;ﬁnﬁ = (111 N)|7, = _§h00|i- (A35)

57 ABOZRIMS N, . B CHERETH D, /2. BEOA—F —Tlk A) =0T
b5,
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£ $%B Orthonormal Tetrad

Representation

Appendix A TiE, ZEREPEHE S, NOHHT ¥ — P 2ERL TR2ZE%Z 3+ 1ICHMREL .
BiefE e B 6 b T A DT v —2EHKL =, L1L, Y7 MR ¥— N, DFFHE
DIDIT, FRSNLEEHT I =N 0T 2R ->TL £, IRACEL TRt e 22
FMORTEZH W, Zhid, NI k> TREEDERM (orthogonality) 23 Kb iz7z%
ThHo, t>T. TV —%2RRTLEREL., 70V —DORSMNEEEPIRY ¥ — n FHED
oL TN EERTSH S, FORDTRICHEET E 5 L DICHIRER M (orthonormality)
RREETE D RBL RS TIRFAYENBEREFLELZ N TE, 70—
OMEORB®RE T > IRLZeMTEDL,

1 Tetrad

HEZHERL TWEARDONRNT =% UG, H50NET7 b T —FR (tetrad) & FRE,
Appendix A & [k, REAMIE n TEHET S, nIKERT S S, Li<, EHNEELH S
DLDITIKDNT A7 =K (triad) e; ZEFET 5. /13 S, LETCORERINTBY., hFA
7 =R CRESIN LI EEN L E®REF 2O THL, n " IFAT7—-FE2Eb¥TT
No—FKRe, 2L, nTRIAIN LD EBERBERT n. ef TRBINS D D% ERIVIRT
I(orJ, K, ..)T5, NEZHERERLL.

Gab = €4°€p = dla’g(_lv 17 17 1) = Tab- (Bl)

eny =n, = (=N, 0, 0, 0) ey =g""€ay = —€ny  (B.2)

ef = (0, er) e, = (N, ). (B.3)

)
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TR I —-RNFRE | BERKTOFRRE BEMICHANE, ZoB AL HEICM S EN T
&%, BEAEOERTIE. ERORT Z— VI = (VO V) D& ORF> BRI 2=
. ZOEETRELIHD OB, T I CHIRE V) = —n, Ve = NVO, Vi = Prve =
(0, NVY4 V) 247> 1=DTH T —F. TR I —RFRTORT F— Vo = (V" V)
DEE " BRHL V =enVe = NV VI = elVe = (NVO + V) TH Y., & L ILHED
ISR Y. DOV EHEAD THH I L RHENrDEN S, TOIRFICEL TYHEBRIC
Visou = (ViNE V) IRRL TV = efV, =iV, TH S, D LI, T —0HEIYHR
RS % RAEE. 7 h 5 —RRREZAVTBIIED OO ER KON YERNEERE H
D, BITH 5B,

e, [ TEHICL M 5T (B.2) DL IICEXTELM, e DR OBIRIIMTH S 5. (B.1)
DEDICHEL L 5 ZLICLY, b DEFEREKTD g, WHSDLL TWREDTE
e, llBLZIOOENZ LIRS, BEHRLD 5[Jefe3-] =@g, THHDT, el 3 TDD
®g; > EFR] LBSTEY, TOEELY, FHHZIRT 2 BIAIROFEN2 B
EHERTE LI LICENML, ;
% e.r = aey. (B.4)
SF ), —REHRFHARORILCIE O gy = a?yy O & I IROBRE S, DN %
FENTensz0, (3)gij D EHFR] THL el 26 aztkE L 72 THEIW (comoving) |
NI AT—RE2ERTHDOTH 5,

e,

2 Geometrical Quantities

Appendix A TEHRL LRMEL T NI N Z2HVWTHERT 5.

2.1 general expressions
€ Nyg = NNy = 0IFTEERNTH L, ->T. T IF—RFRFBRTEEILK,, = K,; =
O =0 =A,=0TdH 5,
o SHYHIER K
Kiy = efeingg = eiejL (—(3)9-' + goijj + Goj )
1€ 179N ij ilj jli

a 1 . L
= 017 — = (5KJ€§<I + 51K61J) er; +

1 .
- v ed L L
Na 2N o+ gavgacerchs (Nas + Nig) (B
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o FEHWKRE o

or;g = —(K')1s
— {21\7 <5Kje*[—|—(51Ke*J) — 3LN6[(]6 } ex,
— {2]\1@2 elrel; (Ni‘j + Nj|i) — 31\7N|k} (B.6)
o FEHNTIRE 0
H = g = —%5KLKKL
= O e - e, (B.7)
o IR A
Ap = efngan’ = %e*i(ln N)j;. (B.8)
2.2 perturbations
elild Og.j = vij + hiy OFHRTHED 5,
o, — el + ;h{ . %hi[. (B.9)
=L
hy = 6" el chir, drsetiel; = Vg = (B.10)

-7, 6, =0TH5, Rl DOHEDTDITEEREDOTHF L 7 b T — K OIRFMRIE
T5& 5&%%:%%1/ 2T THLMN, ARZDO &I LEIIERIIL L, WHELZFE
THERICE, @TCORFEVEH—-DEETRF ShQAIZ RS0, MEEDEERRE 0K
U, e, TITR D DT 8 TITR D K OITERL TH 5.

o SAHYHEEE K

a 1

K]J - N, 5IJ - ﬁ *Ie*thj + — 2 *]'6]] (hO’LL] + h0]|z) (Bll)
a 1 1,

— Na ( + hOO) 5[] - 2N€*I€*th] + ﬁe*IQiJ (h0i|j + h0j|i> ,(B12)



2.

Geometrical Quantities

o FEHWKRE o

o LITHLHRTE 0

Wl >
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(B.13)

(B.14)

(B.15)

(B.16)
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fT 8% C The Einstein Equations

VAT a4 HEN, BREORE L REFHREE IR T 5 —MEEN LT ¥ -
NTHY, B2, EHGEZ2FRT L7 A 2 A5 % — (Einstein tensor) G. &
WL . ENFOREZFRT S ARV A - ZR)VF —F 23— (stress-energy tensor)
TEZAWTG=81CGT tH6bENh 5, GETASINERTHY. 77 75— 8rGI3FHT
BNIGOELTC=a—h VHRE —HT L L0106 N TS, ZOETIX. Appendix
ATRNEZ3+ 1 ROFEZT AV 28 A HRENCERT 5.

1 Riemann Tensor

— ARG Tl ENGEREOEARL L (b T 5, T, 74y a ¥y
T —EREOMEEZH ST Y —< 7 P — (Riemann tensor) Z W TR T 5
FNTCEL, REL, V=T Y- OEBOMTEIEIC &> TRV H 5720, X
HRIC & 72 5B CERRRIXZR 6572y, Z ZTld, Misner, Thorne & Wheeler (1973) 1<

P> TERT 5.
Rﬁpa - Fﬁa,p - Fﬁp,o + FSUFZP - F(jprg(ﬂ (Cl)

Ruupa = guaRa

vpo

1 [e3 o
= 3 (Guowp + Gupyuo = Guoup = Jupwe) + ap (Fl/prﬁ(r - Fuarﬁp) . (C2)

Ry =Ry, =9 Ropsy,  R=R%=g"Rag, (C.3)
1
LUy = 59" (Gapw + Guap = Gupa) - (C.4)

R, RIZEThZNEIT. Vv F 7 ¥ — (Rica tensor), Y v FAHF — (Ricci scalar) &
MHIN 5,
DEtogEZ ., XYy 27 (AL) (A7) ZHWTERT3+1IKHMET 5, (C1) (C4) %
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@ g ICDPNWTRDI= b DIE, £ (3) 220 TR,

Rijtm = 9 Rijim + (KinKjm — Kin Kj) | (C.5)
Rijkn = naRijka = Kik|j - Kjku, (0-6)
Rz’njn = nanﬁijﬁ
1
= KiK'+ NN\U
1 . 1 .
1
ro, = N (N,i - NkKik) ; (C.9)
1
Ly = _NKij: (C.10)
) . 1 . . .
oo = Ny — N [NlN,j + (Wg*N? - NlNk)Kkj} ) (C.11)
1 .
Ly = N (N + N*N,. — NkNkam) ; (C.12)

. .1 Ni .
oy = (®) gik I:Nk + §(N2 - NmNm),k:| N (N + N*N,, — NkNkam) (C.13)

113 @ g, BT 2 3o BMycH 5., £, FRAZEFZERL L T,

% = (Inyv/=g) ) (C.14)
2R CBEL, (C5), (COBAT R - aXyvFHFERA (Gauss-Codazzi equation) & FHE
NTns, BEMSZE0HDL. £ TROEIDRHLDIFERTNETH L, R
NEEZCHNE, REORUEFRZER T S HENICHEDLNS, —F., KEHs 2 &%
RO (T b, TR - afyFHEAN) . ERZEICHT HIZL T SRS
f (constraint condition) Z&H 5L T3,

VyFTrrd— VyFANT—%kod, EL, K=OTIKTH5.

Rnn = (3)gZ]Rinjn - N (K - NkK]k) - K’inU + N(S)V2N7 (015)
Rin - (S)gijjikn = _(3>gijijkn - K|z - szww (016)
Rij = —Rijn+ (3)gkaikjm

= Ry + (KKij — KiK}) = Rinjn, (C.17)

R = =Ry, +9g"R;
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= OR4 (K* = KyKY) = 2Ry (C.18)
(C.15) ZE < BE,
N(g)g K = NK — 2K K 4 2K;;N' (C.19)
EHWLENTZ D,

2 Einstein tensor

2.1 general expressions

BIEICRD IV =T o P =TT A ad AT %~ G, = Ry — guR/2%
3+ 10ROMSHATRD L2 eMTELMN, T TCEIYHALERBIE -V TE5 LD
Appendix A TEAL 7e¥ME o, = —(K);;,3H=0=-K 7 AYYaZ AT -
EEESTYT. (K)y=K;— 399, KTH5,

Gun = Run+ %R =3H? -0+ %@R, (C.20)
Gin = R = (—2Hd!+ af)|k, (C.21)

%(3) GGy — %(a G Ry; — % R
_ <2en (H] +3H? + o® — SiN(S)V2N> - é(?’)R, (C.22)

(@) = (),
1

= O(R); +e,[of] +3Ha] + ~ (¥ N, — i NE) — ~ (N7, (C.23)

2 ZC. e, |H] =n*0H/0z* = H/N — N*H /N, 0® = 0,507 /2 T 5B, £/, OV21E3
RIEHEWNCE DT T 7o THY, OV = BgidOv,Ov; = 40 /a20V,OV; &
1/ WEENDZLICHEET 5",

* ZOEFRE, HRIC k> THEZ% S, Bardeen (1980), Kodama & Sasaki (1984) 1. 3 TiZ#a% v 1<
DVTERL., 777V 7V AIOV,OV; TERBIN TS, HoTak i,



2. Einstein tensor

2.2 background

—MEFFEHT. EEEROT AV a8 AT —EXTT,

Gn = 3H>+3—,
a
éin - 07
ij A 2 = 772
7'Giy; = — K#¥+3H
(@) = o

k¥, (A3) CTEHBL L3I TAANT —MPFLH LD T/NT AHF —TT |

- =,
a2

=

G R.

1
6

@l\\3|3

2.3 perturbations
TAYad ATy —IKREER 2 INA . BARNICES TEE
_ 1
_ 2 (s®
5Gm1__(ﬂfwﬁ)+2(53Ry
_ k k
6Gim = P%Mﬁ@+qhw

3
(6G);

3 J

5<1®b”GU> _ —{z%uaﬂn+wuﬂaH)—§Ay{}—é(&wR)

€n [aﬂ + 3?[0; — (Aiu — 15i-Ak|k + (5(3)3") )

i
J
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(C.24)
(C.25)
(C.26)

(C.27)

(C.28)

(C.29)
(C.30)

(C.31)

(C.32)

ZARDBMBEDOEENL, ANV v 7 THLDLTIENTES, (A.32), (A.34), (A35) kY

. a
o5 = vy —3 [(Bous + ()ozi] »
1 1,1 ., 1
0H = H§h00 + g (2—]1;1; - thOkk>
1
Ai — ——h 7.
5100

F72. 3IRTTHIRT v — ORICEBE 25X 52212k D

5(3)R§km - 5(3)Fj‘m|k - 5(3)F§'k|m
Lra 3 i1
= 3 {( AV )Vm:| B+ =

(C.33)
(C.34)

(C.35)

~2
2 (hfnljk - 2|jm> + % (hﬂfu\m - hjmﬁl’“) -(C.36)

T Appendix A OJHET bl 72h%, Bardeen (1980), Kodama & Sasaki (1983) BMHWTWS G RIE v 1<

DNTEBEINTNEED, a2 E&ERW,
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a? DERD 5DONLEDIE. hijld v THRFEEZ LTI 5018, OV, oifFE Og,; =
%y CETF T2 EIICERL N6 TH LT HEMDIHL 0 Z LICHERL 2T
Nz 67n, £/,

, 1
oI, = 5(3)72l (hljlk + Pug); — jk|l) ; (C.37)
= K (@ihmj — 8y, g+ Yim By, — %'khfn) : (C.39)

(C.39) 1. (A1) LK VETF B, (C38)1F hy MT P —TH5Z L ZRICHIRL LTS
M. EEE, by FEEEIROO—L VY BEHICHL TF U —D kIS L E D) L BRT
ZeMTEL (Shutz 1988), VyFTrH—, Vv FANT—DEEIIZNZ N,

SO R — _% WM R+ %yﬂ'm (5(3)R§-km)

_ % (h?'\z'k R+ BLl, — h%h"k) _ 2_’;2 (5,1}1% - h;)

- %@WW+%W—WWU—W%>+%(%_ﬁﬁg’ (C.40)
SOR — B, — Bk, - i—fhﬁ- (C.41)

(C.40) 1%, BOED-DICHEWMH OIEFE2 ANEA 7=,

3 Stress-Energy Tensor

TAYY a2 Z Ay FREROEHE., EHhEE 2L s TnwWbY — 22552 A -
IANVF =T oY =T ThHb, 5. V—RELTHMEEZZ NI

T=pu@u+Jou+tu®d+pP™ +1I. (C.42)

p, J,p, L uldZThZh, FEFEFOTZINE —HE, TXVF —REK, £, FEH A b
VA ATTEETH L, PY =g ruuid. MEOTHICER T 2H EANOHET ¥ —
Thb, (C42) ZHIORBETHETIX

p = uT,zu’, (C.43)

FLO2ZWEIIIRBEL b L0, SOk IRERIIMICE>sTESRLIAETH S, LoT.

XEkZ T OEE. B DL IRERTT V=R Fbh Tna»i, MOoEREZIAbRIER SR, 2D
Appendix OHMIZ L SICZZICH Y, ZERE I ICTLERT X 5 & D it 2 IRt T 5,
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Jy = —u"T,sP"0, (C.44)
pPY +11, = P"oT,,P™7.. (C.45)

T O&NS % BEARPNICEES T IICUE. AR 4 03EE u 2 BRI RS20, 5
WIEFF OR> 30 E (WA —¥—) %

vi=au’  NE (1990)
WERT S, BOOEDIFuu=—-1DFAFELVKED,

1 N;
ut = (N’ U—) , U, = <—N, av; + N) . (C.46)
a

FTOXRED v 13, v; =yt TEFEL=, ANV v 7 OB THSbEIE,

1 1 i v 1
ut = (N (1 + §h00) ) %) ;W= (_N (1 a §hoo> celut hOi)> ' (C47)

T v —I

_ . N
P(u)g — O’ P(U)O <N> (Uz + hOZ) : P(u)% _ —T’UZ, P(u i 51 (C48)

a

PAEEYD, APV R - ZXNVF —F Y — DR % RONIK

p = -1y, (C.49)
Jo= N[10—(5) A0+ w) i+ o) (C.50)
Ji = tﬂ+pu+umg ] (C.51)
p = %ﬁ, (C.52)
I = (7). (C.53)

wﬁiﬂi@?ﬁﬁ‘ﬁ%%%b’é‘/\“?x&w“&%@ wZﬁ/ﬁ CEERING, 5. WhRFRFOT
FOUE —I3FHE v I GEINTBY . u IKERT 5HE LR TR (BMEEIC & 58
ﬁﬁ&w)tﬁéﬁéi‘ﬂ@:0f%5®T§\xbvz TRIVFE —F ¥ —Ik

5 = —(p+0p). (C5®

§ IR L L ORI R BATE Z L L SECH 50, nICEERT HCHBL g ™ £o
TH5,
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i 8% C

The Einstein Equations

T = (%>m1+wﬂw+hw, (C.55)
. N .
5 = —p(l+ w)gvz, (C.56)
1
(T'); = II.. (C.58)
£z, n BT HMICEHL TBTIE
Ty = enends =Ty =~ (p+0p). (C.59)
TP = e'eiTs = esNT? = ebap(1 +w) (v; + ho;) (C.60)
" = —elap(l+w) (vi + h0i> , (C.61)
1 1
ET}(( = gT,f =p+6p, (C.62)
(1) = e, (T')j. = el e/ IL. (C.63)
FERER Sy & Be 0. (C.60), (C.61) IEMFL by 7 M2 Z—%&T, (C.61) 1. (C.56)
WHEEL B STy 7 MR 7 —=RNEbn -0k, REEEHN S BllE» 6 BT, kR

Frd®E o'+ N CEBIL TW A EICHALNGTHS, el 13 (Ba) TEELEL I A

7 —K (triad) TH 5,

4 Einstein equations

BIEE COEREZHA, 7AV a2 AV FEREROBES 22 TEETLTBL,

4.1 background equations

_ 8tG
2+ 5= =70 (C.64)
%H +3H? + d—'z = —87Gp. (C.65)
I b LY 3RTTHFBOIEEZEE TN, FHIBROMEE L H 6 b
%H+Haz—g§M1+%ﬁ (C.66)
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4.2 perturbed equations

ﬂ?@H)+%($$R)§%§@mL (C.67)
@HW—%ﬁ@:MGwﬂ+wﬂw+%0, (C.68)
eJMﬂ+MﬂMﬂ—%AM+i%@@R):~MG®m, (C.69)
enpﬂ+3H¢—(AQ—%@AW>+QWUQE_&mﬂ; (C.70)

(C.67), (C.69) IZFFHIRBOFIRGM & HKEFEREZ . (C.68), (C.70) 1ZIFFHIFHRIC N
THEEINE, TNZThERL Tna, 2oL, FEXEZ ANy 7 Z0boTidkel,
WRAMICEROH DB TCEXTTILICLY, AFV R - ZRXLVF —F U —DREHH
BNHGOY OFRHFET LN, HoNhE RS,

(C.67), (C.69) &V 3RITHIRDIHZ HE T

eJMﬂ+2H®H)—§%W_—2§K&ﬁ+%®ﬂ (C.71)
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T 8D Gauge

1 Gauge Transformation

TAVY 28 A HRERNL, EEOBERY L 5 WMARETH S, 6>, RIEL MR
KODIHROBL LEEREZHWA I TCHHEORBL R LY, SHEMEREL LT 52
LINTCESL, L., — CEEEBOERMES., S — R R T H > TA
AR 13BN R TH 20D 2 H N ENICT LHREL ZA TS, Z0Lk5%
JEREZS D T, FCRAMENTHLOMN M=% TH b,

PV . A (o) ISR BNV € < 1.

R R A S (D.1)

DEHRTHDNTVLEETH 2" . BEKET 2 AN T — RJ 5 — 5o ¥~k Zh
2RI & > TR T T2 OBE A BA LT HM, TAY 2 AE
BT G OEHUC & > TAEL LTHE T OZMMHRL & O 120 BRI L TRETH
D, INPEROEIELMEZTHTOTH S,
Y — VBRI Sh B0, BICBEBRINCBLTTH S, IR, AN Uy 2
5 2 B

ule) = 00 O @) % G1(2) — €200 (0) — E1guo(a)
R ER D, 22T, BEEHC RORICEBICERRIES V. ¥y ald THEROER)
k. FNUE =1 THEEOZ) 250 Thb, XUy ZIHBES g, = g + 00
% 5

G (') +8g,,, ()
R G (®) + € G0 (@) + 09, (2") = G (@) + 09(2) = £5,Fon (@) — E5Fua(®).(D-2)

* Weinberg (1972) Tl 2/# = o+ — ¢#. (Weinberg 1972, pp.291)
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KIS BA —F —%& &L

9uw(®) = guw(@), (D.3)
(,S\ig,uu(x/) = 59#’/($) - gigall(l’) - g,?/gua(x) - gaéﬂu,a ($)
- (59,“,(513) - gu;u - fl/;pn (D4-)

AT A THEMSTH S, Tab b, JHEENRIIY — VBT TREIE) 28200, &
BIRIS EIC Lo T TREEOE ] WEILL CL £ 5221k s, Filiimbo/k e bEHe LT
ERT 5729, &0 —VEHIUTERFEO AR BRI 0y — L 2 DL 2ENTE, &
OB ETE—RZEETLIENHL IR STLEIDTH S,

1.1 Lie derivative

7= VBRI K BBEIE 0L, B BEN S ERIT S Z LM FRETH S (Wein-
berg 1972, pp.291), T D7=® OFEEWHEEE L T, U —1% (Lie derivative) ZEZ& T 5,

— AR L. A > R ORMETCH L, A > RETIIER S 2 DDRELT
ERINET VI —OMBLOERLERTHAILETERV D, A2V R HFLERAL
R £ CEATBEIL . [F—REAICBOTHIRERITZR 520, SHTBE) O HEIT A&
WKIEL T o2 H 50, ZZTRHZEDIBbD—>TH S [V —BH) (Lie dragging)] %
EYVHT 5B,

FI. KB LORIRDL 28 A B2EA 5, ABEENRT AT — \NTRINLLD 6N
fRx(\) TR, HfR EDBER Y ¥ — ¢ = dx/d\ R EHET L. 5. ABBNEBUNERE 0N 721 B
N5 T5L, A BOBEEIIZNZN x4 = x(\g), xp = x(Ag+0)) = x4 +E€N+0(6)\?)
&b,

L. RESOBMTCH LN X —V(2)2EZX 5, V(za) & V(zg) DEERL7ZDITEHE
—BEZe E T E ® R RIER S50 e, V(rg) % 24 T CHTBESE L LD V(zy)
95, ZOMTBENC &> TRBIBRZET AT THY ., fEo>TF LY -2 5L L,

U—BENL. V(za) & V(zg) DEEUATDOEICEZ B,

V(za) = V(za) = {(§&:V)V = (V-V) £}, 61 = [, V] A (D.5)

ZZCla,blid T3l EHIN TS, U—FEMERTHUL. V(za) & V(zp) lE
HNKY —BEBORGR. ThbbFTLE W IFEIR D,
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INT, BRIRERICH LRI —Vi ) —BEIL> TBEIL . F—KR22 5T HER
TEL LI, 2hE U —i49r (Lie derivative) & E&L . O CEFTIE

- Vi(z) — Vi (x)
LeVi(z) = Jim, X

U —WroRRE T mb b, [UINEH IS & - TAEL 7= TRIETEL 02 to, [F—R2es
KBTI tWnWd Zeiled, X7 F LSO Y DITOWT b AR ORER.

="V, — VL. (D.6)

LV = £, (D.7)
LV, = Vo + Vol (D.8)
LT = Euwa + Tl + Takl, (D.9)
LT) = &5, — T8, +THE, (D.10)
LTH = €0TH =TVl —Thg. (D.11)

21585, FANZ T EoER3<AF A, FROERT TR THLH, KBy DAL 13FET
HLEMNOREDT 5L, £z VMoo FhOREMDIL. ETRMDICTSZ N TES
(bBAAZOWYAAE), ZZC. (D.9) & (D4) DFELMICEMALSTH L HINT , FE,
BEBEOY — VB ¢ — 2/ = 2+ & 6Q(z) — 6Q(2') ITHL THIC

—LcQ(z) = 6Q(2) — 5Q(z) (D.12)

ThHod, MEEEED. VF—YZBHUC LS TBIEIEOZEN] &, TRbb YU —laykoT
H5, EEERIIRSRON, 0Q(2) & 6Q(x) IA—HZEEOBETHY ., z, /13, Bhb
JEARDIRY MR TH 5.,
(D.12) ZFEAT 2 2 L 3EETH S, Hle L T BORIF—%EX 5,
0Q"(a') = 5Q'(x) = [Q"(=) - Q"(2)] - |@"(x) — Q"(x)]
- | ew - @] - @ -ew] o
= QM —£°QN = —LQ(x). (D.14)

(D.13) DFEFZAEHILT —VBHTH > TV —BETIIARW, (D.14) BEKRT 5 & Z A3
THLHIM, BHLRIHRECEHELZERT HERAUL, BEEHRZEICBOTHINT 5

t AR Uy 9@;&%%&%”1‘ ﬁ‘:tnfgf)éo Juvia = 0.
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LOLoE (BLUE) TEETS., LAL, ZOMGEREY —JIURETL20TH
b, BOMPANE., BEFRFECH SR BT mbld, V=V HR. dod 5 8EE
BRZECBOWTHATL O E—ATEHRWD, VMR k-oTER L SRERLR VD
TH5,

1.2 gauge transformation: metric perturbations

XYy Y ORIEIESE) (A.23) 27 —VBHT 5, WHEIE. VY Lg 2RO, bg =
59— Leg WARAT BT TH 5,

hoo = hoo+ % (N50 , (D.15)
- N a -
1= 1 a 2
Ngh’,j = ShE—2=¢"— e, (D.17)
(h/).. = (h/>ij - (5/)i|j - (fl)ﬂz" (D.18)

WEETH S ¢ OIRFL. hyy LFARICFHBRZ KA 3RTA N Y v 7 5y = Og;; /a2

1.3 gauge transformation: stress-energy perturbations

ARV A— - ZRNVX —F U — b AR -V BHE TR e NTE 5, U—iiy
13 (D.10) TI77vy, BE)E (C.54) — (C.58) 22T

op = op—pe’, (D.19)
. . a -

OB 7 — zA D2
v v (D.20)
op = op—pt’, (D.21)
I = II. (D.22)

Ik, 7F—=V&McTo T 2827, - T 77—V RZ (gauge invariant) | &
HIN 5,
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1.4 gauge invariance

F—vBHER. FEHRNAEERERAT LR BICHETH -, RER6IE. -
VHBEMNRE L 25 ORI RIER Y OB LELRGETHY, RIA X EHBA
% £ DR AT — )V OBE) DO Z B D GEIITERT TUT@EN L WEEEP S TH L, 7 —
VHHBEENBETI RN LW YEHATLRNEFHOE-FBNH 5N TL v, WEAAE
PURELZ B L. 2D XD WEEZ BT 57280, 1980 41 Bardeen (Bardeen 1980) 1<
&> T =Y RZ (gauge invariant) BEFRMRB INTL, Zhid, WhRL DT —VE
UKL COEBEOBEIEVNARIRIEN S L Daty F 2B LEL ., ThE2 YR
bOLL TROIFETH S,

(V=Y RZE] THELITTRbE, 2 — 2/ =2+ ICHLUEEIE QN TEEEEZE
A ], Tbb (D12) £V

~LeQ(z) = 6Q" (2') — 6Q"(x) = 0 (D.23)

Eliled, LnwHZeThb,

2 Family of Perturbations

BEIANT—(S), X7 FZ—(V), 7% —(T) E—RIX—BII DT L2 eMNTE, #
DEBEFICNT 2K 42OMEIE-NBEK (S 207 OBBEE) Q' 1< k- TR
DTFHIENTEL, ZOMTERT SEBHEOFAITIEARMIC Bardeen (1980) I<¥-T
WBEM, MO TRRE D MR S 7% & 51T Appendix J IOHIERE DR THEL,

e XNUw
ds* = —N?[1-hig|dr®
+2Na [hi) + hiy| drda’
+a? [y + G + b + ] da'da (D.24)
e ANVA - ZXNF—FT ¥ —

po= ptop? =p(1+59), (D.25)

t Kodama & Sasaki (1984) TiX Y,




2. Family of Perturbations

o V-l

2.1 scalar mode

o E— RN EAKL

ki3 EEZ 7 —

EIAVSERAY

o BARMICETIE

72, QY. QY ok

0)|k
k

Qz(;))'km

§ ft> T QX. Bardeen (1980) @ Q. Kodama & Sasaki (1984) @ Y LRAU E&HTH 5.

= p+op,
IO INY

7 )

B () ) (T)

& = 9 4™

—k2QWO,
1
— _E(3)v QO

= (g)via
— 2Oy

_ ’Yik (3) va

— g2B®y2 = ,yij(3)vi(3)vj_

Lao,
_;< 2) Q.
322 K (k= 3k) Q1

_ﬁ (kQ

o)

a2

i) (@ -

1
g%‘jQ(O)) ,
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(D.26)
(D.27)
(D.28)

(D.31)
(D.32)

(D.33)

U ZEEAL 72 & & o LB (comovmg wavenumber) T V. * D
CBETHREFIR o 2R TER SN 3 o HEMOHEFTH 58

(D.34)
(D.35)
(D.36)

(D.37)
(D.38)
(D.39)
(D.40)

(D.41)
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a2k, EfERFZORTHWHICEEINTHELDTH L, V. ICHT O THN
X a2 T ERNT

o J— VU5
S = 1V, (D.42)
¢S = Lo, (D.43)
e XRUw
- EH
iy = —24Q0, (D.44)
) = -BYQY, (D.45)
hl(-f) = 2HLQ(0)%]'+2H7(~0)Q5]0-). (D.46)
— Vg
5 N .
A= A-=T-T D.47
N ) ) ( )
. N a .
B — BO 4174+ _LO D.4
+ - +N , (D.48)
- ok
H, = HL—NHT—gL(O), (D.49)
a2 = B 4+ kL, (D.50)
o Afil i
_ ozl
1 . 1(k
= A () go
K, = A+NHHL+3<GH)B : (D.51)
_ 77(0)
0 _ 0 a Hy
1
R = HL+§H}°>. (D.53)

9 Kodama & Sasaki (1984) & o Z &,
I FFo FFICHERT S, BAREIIIVOAN T v Y Gy T EFEEEMN, E—REMIZ+ TEFTS &
IEFEL T35,
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Family of Perturbations

FTNFNoT ¥ —2 OXnik.

- VTl

K, 3G RROEBH O AE S %,

= HK,QY,
= akol"Q},
= Sgg(]O)Q(O);7
= —kAQY,
_ —k2RQ(O)

ij

2% ;
- (5) me

H_ N (k\°
Ky—=T+-—=(=| T
T H T3h <a> ’

o_Nop
g a ’
R — NHT.
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o IS HRRORT v ¥y Ve, ThEh

HobL TS, £/, ABZOEEMEEA ORT Iy V2R >THEY, Al
FEMT GEME S, LOMEELZICRIRT Iyl &0 ) YRR ERE FF -
TW5, RIZABEZE (intrinsic curvature) DY 6EDRT U ¥V TH L, TD &
20T ANV y JEEIIEMTYHABRERLT., Hoarer— a TR
W/ PR RBR e > TN 5D TH 5L, fit-C, BHAERXNL ANV v 7 ZDbD
TELDTIHRL, IhE OBMFANHEETCHES LKL >TRBALMRL RS,

RLEWVBHILL IT Wy,

e ANVA - RNVF—FH—

- E&

_ ngQ(O)j
f

- el
f

(D.64)

(D.65)
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opt)
S)i
T1¢ )j
— =I5
oy =
5 =
~(0)
Uf =
~(0) __
ﬂ'f =
2.2 vector mode
o E—RNEIH
(3)v2Q(1) _
vl = o,
Q' =
1
Q"
1 1
Qz('kﬂklj + ngﬂk\i
Q%Nkw
o i — U5
")
e XNVUw D
- EFE
1%
hé)
RY)

£ 8% D

_B(l)Q(l)

i

21V,

ij

Gauge

(D.66)

(D.73)
(D.74)
(D.75)

(D.76)
(D.77)

(D.78)

(D.79)



Family of Perturbations

T

o Mfi &
- EH o
a H
W =_pw  *Hr
0, = +N 2
V) _ ()M
Oij ~ = akaé)sza
k )
oWV 50@1)@1);}
SORWE = 0.
— F U
o = ol
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(D.82)
(D.83)

(D.84)

(D.85)

(D.86)
(D.87)

(D.88)

HE>T. X7 F—F—F OIFFHWREORT V¥ )V oW 3T -V RETCH B, N

y 5 —F—R Tk, 6OR IIHA 5.
e ANVA - L)X —FH¥—
- EE
N S
f

nwy = g Qs

f
VTl
RN )

(D.89)

(D.90)

(D.91)
(D.92)
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2.3 tensor mode

18D Gauge

o E— RN

w22 2(2)

OVIQE = —kQ,

11Qy = OViQ =0
e XhUw 7
() _ (2) (2)
W = 21PQ"

o K&

oD

o

3) p(T)
SO Ry

5@ RS

i
.

2\| QI

= C_LkO'éZ)Q(Q)

ij

o

= tOéQ)Q(Q)i

VR

a
= ( +2/<;) (2)

1]7

= %(W+ZQHfQ@;

(D.95)

(D.96)

(D.97)
(D.98)
(D.99)

(D.100)

VB 2D T VY — DRRHSIEEL o, Y XA — VR

ThHy, ﬁEoTU
e ANV A -—ZTR)INEX—FY—

- E&

e

VY- VARETH B,

= Zﬁfﬂf)@(z)ﬁ-
7
7P = 7.

(D.101)

(D.102)
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T 3% E Gauge Invariant
Perturbations

TAYY a4 RN WEOBH IR, ANF— RV TV —E—-FTh
TV —VRERTCHETY, TV -~V RERORIL fOTERE DHIE

1%, Appendix J SO Z &,

1 Equations of Motion
ARVA - ZINF =T —DFRB TG, =02, 5 LICLD. EHHOTINT 2
EE)HEANENN S, 2L, ZoETE GER)HENT. ROMEL (WE L TR
) OMEFAICE S, ZXNVF —REHEOCY & Y F—YPF/ShTHw, T, =0

WIRERTHY ., 242 L COIKL MEERL Ty,

1.1 continuity equation
T5, =0 &0, XNV —HEOREA] TEHO (continuity equation) ] SEMN S,

(v
(v
A
(o9
S
Il
S

RRHBEREHEDLIT T AT -2 w=p/p &L T,
o HEEHK -
g = —3é(1 + w) (E.1)
PE > TEBEIROMRIL. pox a1t TH 5D
o MEEENIR . X .
N5:_“+wwéﬁ%+avm>_3mﬂ&” (E.2)
() (). v
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IF> b —w & ¥ (entropy fluctuation) T 5., EHOTEHOTMEMELAEL . £4
OREFEANER LGS, T -5 ENEHRIN S, FHCow=0D7—
A%, WiEkd 6 F (adiabatic fluctuation) & FE&,

1.2 Euler equation
To, =0 &0, EHEOREH]. T4 A7 —Di (Euler equation)] WEIPN 5,
o FRIZAEHE)K

1 o (2 Ly, 1, 1w fop) 1

TAGERES 7 (cs B)V‘” h al+w (p)’i—i_pﬂi'k ' (E4)
EEENWRIIFLEL RV, 22T, VIR n 26 RGREREF OHSEETH Y .

1N;

CEEET. @ = plp LEBIND, RERRT T 20 HMMERATHIT |
N=adkh

;g0 (2 Wy o, w |fop) 1,

va_3ac% 3>%14$ 1+u}<p>J+pHM . (E.6)

AAT ORI FAMUE (w = 0), T (w=1/3) Ok, FEHL S5 E0EH
LZEYMMTES,
o ¥ AK: 2=0 _
Vi = —ng’ — A;. (E.7)
PoT, FHIEPRL L DICHEEL V, xa ' %D D, EHRANL A0FE Y HEE
L7y,
o ot 2=1/3
(E.8)

Vee=—-Ai—= || = | + =L,
4 [( pj); P "

FHEROZRIIEFEEL R0, K FOTXNX - FRAREZ D0 Cxa ! TH,D
B, Vo 3RBHRREPSE2H 6L TBY ., FHIFPRORR L 1SR RR D
TH5,

* 2D R, BEIGL T T ABE ENRD LD WERILEZ TR 5Tz, ZLDIGRTIIBONS N =a
L CGEHER TR o C0EM, FARK LTI N =12RBRZ H 5, (/NE 1991, pp.150; Takada 1998)




2. Scalar-Mode Equations 179

2 Scalar-Mode Equations

2.1 Poisson equation

TAYY 2 AV HERD n—n4y (C.67), n—i ko (C.68) %, E—REH QO T
BEAL 72 0H 0T Z HE T

B\l
(k:2 — 3/{) [R — <ﬁ> oéo)] = 4rGa’p

Ny TNWVRTAZX Y £ b+/NSOREIR (k/aH > 1) T,

5+3<£%>_(1+w)@WL—B@). (E.9)

kR = 4nGa’po. (E.10)

ZD & D BRER T I — AR AN RIFER T X o — b VERORRE —H T 513
TCH5, -7, (E10) BRT VUV ABELTCHY, R 2=a—b U RT U T vV EHE
JTHLIEMTED,
S 51T (BE9) OEZFHL {FANSL, LD [ 27> Y

du=r— (L) o0

H= _<ﬁ> o (E.11)
LEEHTL, ThiE F—VFREETH S, (D.62), (D.63) £V, 0T oy =0y %
PO LZeMTE S, AR, HLD [| ok 725D

em55+3<£%>4(r+w)@@%—3@) (E.12)

LEZTIL. (D.48), (D.69), (D.70) &V é=eNEF, ThbF—IVRETHLZ N
b, HE-T.

(K = 3k) B = 47Ga*per, (E.13)
LWV, Za— M VHERTORY Y U HERIC ERL 21 FEBESN S, FELoHn
BTV REETH-> I ik, BIBERTIIRY, 22074 Yoy AV HER
BT =V RERFERTHY, oW -V HBRERHL T eoThH b, T
BREILTME»r0S -V REEOREETELL I LN TE S, BEK, WL Tr —
VARBEICYHN BRI LD, 0L Thb, FlAlESoEaTthhil,

e Newtonian slicing: O'éo) =0

by — —a—hKURFUT PN
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e Velocity-orthogonal slicing: v(®© = B©)
em — BEPHE

L, Ny T ERIALZXY L) /NS 2 —)L ik, (B.11), (E12) XEARIC =2 —
RYRTUV YV, BEDSIIRET S,

2.2 dynamical equation

MU —ALAR—h (C.70) DF— N BRI LY

—1 —1
k? { {R - (%) 0!(]0) + |A— (%) (O';O) + N—lH%ﬂ } = —8nGa*pr?. (E.14)

VERARREESHATH LM, (BE1D) KB =V FRER Oy A2 Tnsze e, 70
DY =V FEN, SSRGFBASEDY — VKL LY, [| REE&TY -V RETRITNh
ER S0 THL, BT

A 1
_ a4 [k 0, 1 4
Pa=A <aH> <q’4NHﬂO (E.15)
ZEHRTE,
k2 (Oy + ®4) = —87Gapr?. (E.16)

AlX (D.57) &Y. BHE EOIMEEDORT vV THL, H-7T,

e Newtonian slicing: Uéo) =0

O,y — MEEDORT VT ¥V

LEADL, . WIKEFOIEES AN L AR 0WE I REGE (70 =0) ITE &4 = Dy
LY, Oy VBEDPLEICL L= a— M URT UV NVERRTLIENTEL, Ek.
(B15) Kb AT =Nk H 60T (k/al) ' MEENTHEY., Ny TNVEIAL X LY b+
BINEWAT =)V CHREEDRT >3 v VMIRET DL L IR 5T 5,

RV —=ZNR=hK (C.71) &V, K, il Tb T Ay ad AV FRAZEESTTII LN
TEDLM. K, Oy, a4 3 TR L BN BHER Oy, Py DA TH 5,
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2.3 momentum constraint

181

TAVY 2B AV FHRERD n —i 15 (C.68) 1R T > % )V OBEEIESY % & T HLi Ay B

MaRThslw, FHTHS. (D.51), (D.54) &Y

oH HK,Q© = (—HA + %HL + 353@) QY

_ 1. k SaH
= {—HO, + -y — — |1— 3 Q),
{ At §PH 3a{ 2 (N)] %4 }Q

(C.68) IR AT UL
1. _ V(0
ﬁd)H — Hb,y = —4nGap(1 + w)ST

2155,

2.4 continuity equation

(E.2) &Y

1. 1 k i
—5=-3(1 Hy + 9@ ) — 3= (sw).
N (“”)(N Lty ) A

ZORE, WYRY —VREEICOWTESIHZ S, T, (D53) &V

1 k k a -
- LN () R _<<o>___H<0>)
NoET Y 33 RN T

EERTNE. () AT —VREETH L Z e BHEID LN,

VO = 4O _ & o)
s v LN T

BT .

1. 3 . k a
—0=——(1 (1 2y g3 _
N(S N( +w)R — ( —|—w)C_LVS SNC_L((SU))

S51T,
e =0+3(1+wR

BT =V RETHLDT,

1 3 k a

—f = — O _3 —

oS NwR (1+w)= VS 3{\7& (6w)
(35) - oo o N
N\1+w a Nal+w (14+w)?

(E.17)

(E.18)

(E.19)

(E.20)

(E.21)

(E.22)

(E.23)

(E.24)
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BHIC, W

(8]

=3(1+w)(w—cHa/a £V

1 € : k a w
— =—~y©O _ 3——F.
N (1—|—w> a ® Nal+w

D=V FRE Ty haE - osETcH U,

(E.25) 13, FENETT -V RERETEI 0D, ¢, VO oF>BRIIZNZh,

e Uniform curvature gauge: R =0

€ — %&E@%%

e Longitudinal gauge: B = H;O) =0
VO — 3EEEREDRT ¥ v )b

(E.25)

(E.26)

E7. RICEFRT S Newtonian slicing BT 5BEPSE ¢, (E33) ZHVNIT ¢ =

1 €g : k ) 3 w
— - —2hy—3—— T
N<1+w) 7 N 3N 1+w

2.5 Euler equation

(B4) &9,

1. a 1 k w k|[[op 2 3k

—yvO0 9 = (2 _ — 0 4 ™ M ZEy_z _ 2 (0)

N SNa(cs 3)VC +aA+1+wc‘LK]3> 3(1 k;2)7r ]
BIEE, QL2027 —VREEICEESHWR S,

° VC(0>
VC(0> — 00 _ BO

37—V RECRRDT, =Y FEREERT

vy
Vo — (Uw) _kiN Hgn) +< A ) VO 4 o0

¥V VO % BT

. A
— ORI IRERT > v )b @y (E.15) ICESHA D,

(E.27)

(E.28)

(E.29)

(E.30)
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e 0p
[EHOEENL., ROFTHL BEWD & S HHIT 5 MiEd R N — kN & BHORERE L

DREFEROENVGERT LT hab -6 I/ 6h b,

2
w o <5_p> b (g_p> S S (E.31)
P

14+w D l+w 1+w l14+w
UEXD,
1. a 1
o _ o % (2 (0)
NVS 3Na<s 3>VS
k} 2
+E<CDA+1+ 69)
w k 2 3K
- Mir_.Zz _ 2™ (0)
e o5 0 ) ) (£:32)

¢g BT —VRERFERPSITH Y,
B\
€, =0+3 (E) (1+ w)aéo). (E.33)

e Newtonian slicing: o{® =0

¢g — BEPLE

F 7=, wvelocity-orthogonal slicing\C BT BEEP & & ¢, (E.12) Z AU

1. a
—yvo — = 100
NVS NELVS
k c?
P 5 e
+a< A+1—}—w6 >
w ok 2 3K 0
e L (B Ll (E:34)

3 Vector-Mode Equations

3.1 Poisson equation
TAYY aZ AV HFRERA n—i JK5 (C.68) &1

(K = 2) 0l = —16xGa’p(1 + w) (v — BY). (E.35)
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(D88) &V, o IFHMTY -V FRE, (D.82), (D.91) &V

v = 0 _ g (E.36)

MY =S FRECH LI emtd, ftoT, NI F¥—F—R0 K7V HER] &
(K = 2x) 0l = —16xGa’p(1 + w)V, V. (E.37)

VL, B LY R n T AIRERFOMMEETH L, 5T (B.37) 1. AHxhE
BEOBEENRZ F —F— R OIEEFWROFCR > THDE I E2RL TWE, 20, ik
TR n 1> TV BHEICF o) BEEL RO TH S,

3.2 dynamical equation
N —AL A=}k (C.70) &P

Lo 4 2[00 — grGap E.38
ﬁo'g + O'g = o CLpT ( : )

NI H—F—R DIEH ANV ABNFEETIIFELTRO ERIh 50, L 70 =0
THIE o) x a™? THET S, Zhid, TED) FHET S OR MRy 4 —FE—R
DEEFIEL BN TH 5,

Bf] 7 & L CHIEEER (conformal time) Z2:&NIX, N =a &V

Y = 8nGa’p—. (E.39)

3.3 Euler equation

VO WP =IO FRETHLDT, (B4) & EE

1. a 1
low_ a0 (5 1
Ve ?’Na(cs 3)

1 w 20N\ k4

NI F—=F—-REY—=2F =L ZL L, FFEFEH ANV AN ITNLFHIZIRE & HITHE
=I5,
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4 Tensor-Mode Equations

N =L 2=} (C.70) &P

1. 1{.a N). 1
(2) (2) 2 (2) _ g = (2
=+ (3m — W) Hy' + = (k: + 2%) H;Y = 8nGpr?. (E.41)
AP + 2??1;2) + (K + 2x) HYY = 8nGa*pr®. (E.42)

FUH—E—RIKIE TEDH] ENEETZ0T, (B42) 1 Hp BT 2B HfERe -
TW5, $bb, Hy TEHNEOE—-RNTH S,

5 Summary of Gauge Invariants

5.1 scalar mode

e scalar potentials

YT
Py = R-— <ﬁ> ol (E.43)
b, = A— i B (0(0) + LU(0)> (E.44)
aH g NH Y '
e density perturbations
e\ L
0
g = 0+3 <ﬁ> (1+ w)ol?, (E.45)
e\l
m = 0 — © E.4
€ +3<aH> (1+w)V,", (E.46)
€ = 0+3(1+w)R, (E.47)
ec—¢€ = 3(1+w)by, (E.48)
e\ L
_ - A (0)
€m — € 3 (ZLH) (1 +w)V™. (E.49)
e velocity perturbation B
VO = O _ 2 O (E.50)
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5.2 vector mode

e velocity perturbations

VO — 0 _ o) (E.51)
v = M kiNH}(’) (E.52)
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£+ $%F The Boltzmann Transport

Equation

BHEHICBT 2H2ER. H 5 WITEBEZSROK O EFLESE) % ik I 2 HinE HHE (trans-
port equation) & L T, —fAEXEFRANCHLR SN 2Ry <= > HFEA (Boltzmann equation)
BEIENTE L, ZOETIE, Appendix A TERHEL LEBERETHORIL Appendix B
TERL LT NI -—FToRHEZ., HIEKL >o8F®mL T <, T‘—f’ﬁ%}ﬁ@@‘%i Wy Vy e
ijy e 0,1, .. THY, TRIT—ROHEFL a, b, ... I, J, ....n, 1,... TH B,

1 Distribution Function

AIRTTRFZEPERE X IS BN T, 4 T0EENE p CEE)T SR F2 50T 25 BIEL (distribution
function) f(x,p) %’:fﬁ%‘?‘é B % PR RUATREESR AV, EB)EZEEAMRER AV, & &
0 HRIFEL AN 1

AN = (%, p)dVidVi (k1)

LLTEBEND, fxp)EANT—THY. (x,p) KHT L —L ¥ VEHICHL TR
Bk OIEBESND, BRSO, RTH AN BHEEIC LS ROOTERL L TAD
5—CH Y, MAHZEREANOEREEDR dV,dV,) B0 —L >V kY

dVipy = da*dx"da” = (\/ 1- v2dx1) de?dz® = V1 — v2dV,, (F.2)
dp* dv,

AVir = d*dpdp’® — dv2dp? — ®) F.3

) p~dp”dp TP T (F.3)

EEMENDLDT, dVipdViy) = dVipydViyy « TRDHBANT—TH L, HiE->7T f(x,p) b
AANT—=THb, LML, —RAENGROMAAR T, —RBFLEHI L TR L E
#£95B Lo LD BBEMAERCIEIRTDTH L, 1> T, KRETT— MR
BRO D LB EeERT 5.
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1.1 invariant volume element: coordinate space

7R 3IRTTZERNCER S NIz 2 RKDIGFENR Y & — da, da' D32 L B FATINIT O EIEE
TR F =L S = (1/2)dx x da’ £ 525N 5, B TEFIL S, = (1/2)cipda’ da® TH
. eijplderns = 1 CEBENERHHT v —Thb., bbAARIF—DFAEE.
DIERFRTH 5., FERIC, FIHR 4 RTTRERFIC 3 ROMHENY ¥ —TiRO6EN S 3R
KEEHRENY ¥ — dS (H 5 VIIBHEAOEHEERN 7 ¥ —L b EA5) 13, coms =1 2K
DIFFD ABDORMHT > Y — % T

1
ax, = gewpgdx”da:pdx”. (F.4)

INE I S BRI T VT BV, SEHERERE T OREESY o 2 L., N S BT
JEAZ 21— MRS o' — o BT AN,
oxr®

dZH - wdxa/

1 Oz dxP 927" o
3!6a/’6 YN Der Dxv DxP Oxo
_19(@) Voo
= gw&‘uypadl' dz’dz® . (F5)
B > CHRTEE R O AN DTS 02 [0zt DY AL T ¥ 9(2') [0(z) AL
LZEMHMDL, TOVAL T AL ARTRZEED X NV v 7 o2k
I = "gan v I4P

(5]

ZZTC, g=det(g) THB, HHRRZEIBN ULy = -1TH N6, I(2')/0(z) = /=g
ERODLENTE L, LAELY, M o BRI B 2 SIRTTHRERN 7 ¥ —I%

/

dx¥ dx’ dx’

(F.6)

EHWTROLZEMNTE,

1
ay, = 5\/—gsw,pgd:v”dxpd:v”. (F.8)

BIRF AR RD NI F—n e DANT—HFEndX 2L Y, (F.2) k0. V,) O%Hte 5
FLFTBWL & D LOICHFDZRENF — p" = —n-p L DL DL, V) = p'n-dX
13 B C— RN L CARN T —TCH 5, L 2o TE#E) 13, pty/—gdr'dz?da®
THAHEZLZENTERLRY, £l nIBHEFICENLEbOTIERL, IRENTERT S
dViyy & FERL O L IITL T NER S0,
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1.2 invariant volume element: momentum space

4 TCEBENR T Z — p D2 L HZERICIE, p WEbRIER S WEpp+m? =0 TE
HINLBHMEMNELET 5., (-, EHEEMIBWULBHE L B2 5 HELEE
B9, AEERIT

1
dVv(P) - 219(p0)5(papa + mQ)E V _gguupcrdp#dpydppdp(f- (Fg)

DIENT 4 Y AR (Heaviside) BEEICH V. 77 7 ¥ — 213 9(p°) IT K HPBEHIEFE p° > 0

DI=DTH5B, (F.7) &Y. /=gempodpdp’dp’dp” W ANT —TH B ENEPDOENS,
(F.9)MRE D & D REFEEZRTH 5018, Appendix BTEAL 727 b T —NRRTHS

MICTBHIEMTEDL, §(ppa +m?)1E. ThT—K e RIIBNT (B.1) &Y

S(nap™p” +m?) = 6(—(p")* +p* +m?)

1
‘2— W(S(p” —\/p* +m?)
v pi ="+ P2+ m2). (.10)

L. p=6plp THALH, 2D XD, Fhpp+m? =0 FHBRERILSN T KT —
RFRICBWT, FFFICHEHMAER (p" = VPP +m?) 25X 5. TR EERRIIBNT
ENIFERETH LML, AL TREBLE RSN 5EA5, UELD,
_dﬁ@%ﬁ

VP +m?
HFoLony NI, T8 IT—REBEROEHFTHAHZ L ZRTLODIIDTR, 2D LI
FEEBRAAEERIT. &Pp = dp'dp’dp® KA THRHICZRINE - A>T, (F.11)
DAEMZ BHEIRRL TH L, pp+m? =0 TEBSNLBHMEOERRRZ Z -1, p
DFEEFENTND, ZLTEplk. d®p = cpapedpdpbdp® THM? 5 & 910, EE)EZERIC
B 2 3RTHEBERNI ¥ —D n FROWEANTHS, —FHp" = V/p>P+m? bEKIC. p
DnFHDESTH 5L, 6> T (FA)EFELCRNZ ¥ —DEL KO OLTH Y, FL B
BRI BEAEDSDFEHOBTE Yy VL TREIMEZNEDITH L, S0
AL, TAL X 2 —DEL S DHOME] &0 D DITHENIIEL TOFELRDT, A%
MDTH D,

PALED & DICABEBREERE EHRL 7208, Vi, Vi) & bIC TRYORERTO | #iETIE
2. TRNVF =P o TS Z 2 ITEICHICEWTBPRIE RS20,

dVip) (F.11)
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1.3 Boltzmann equation: coordinate representation

ki OEMES) % SR T 5 HMHBRERL L T, Ay <y FEREZ BV S, RiF o)
WKIRIT 74 U NT A= N EHEATNE, HREC[f]Oob L ToRILVY < HEAL,

Df  dx* Of

"
X Ix B ) %% = p"C[f]. (F.12)
Appendix G TR L DIC, pPClfIMANT —TH5H L DIHEHEIEL EERT 5.

EHGTCoOMEA ORI T OEENL., EHLANDHN AN LG & TR D 729,

dxt Jd), dpt)dX EZE N Z RO

% =p", % = —Thap"p’ (F.13)
DERDEND, ZITC. f(x p) FEEEZEE 4Rt EB)EZER 4 RTTONMZRIN T E
BINTDHBEHO L HICRA LM, L7 5Tk, EB)EZER T EZERIMNI 2 kT
E32CTHY, BROD1IIKRTE pp=-—-m>DPERDENLEDTH S,

MEERN B % DIIKFORHBBOFBFERLRDOT, m=0TH 5L, p' OZELIIH
T5HF5E. KRARE (redshift) IS KB HF DT )NVF —ZAfLE . KT O HIT 51
HENER (bending) KT 6N 5, > T, MIVZEHE S HITZHL

dp' of | dpof dy' Of
d\dp'| ~ dAOp on dX\ 0+ .

pEIBFDTXNF = A IIHFOETHAERT FARLTH S,

T

(F.14)

1.4 Boltzmann equation: tetrad representation

7k I —RFRTIZE

I
deuf]+ B DO

N 8p . ﬁa—’yf =P C[f}, (F-15)

I,p

dpa_ a b _c _ aaf
d)\ __Fbcpp ) ea[f]:eaaxap

p"ClfI3R =V Y ARNT—TH 5L, FELRTNILRELVDiE, 7T — N IFIEEE
HETHL7=0. T ORI (connection coefficient) IXHRFICEAL THFF TR & T
b5, ZDOIERNFMEITREESREL (structure coefficient) C¢, TH S I,

(F.16)

ew & = Che,  Cf=T5, —T%, (F.17)
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2 Temperature Fluctuation

HFDODAAEAEIIR — KX - 7 A 2% 4 (Bose-Einstein) D Cieab T . HE—D
NIRXF—TCHLRMETICE>TROEN S,

1
exp(p/T) = 1’
—IREH R IRFHEE A TFVPEHET S8 WRMIPRICE > THIZSh, pxa D&
WZRIVX —%EKD, —FH fOLREHLY. p/TIEFHEFRO D & TR NRIER
50, UEDEZLY, Txa ' MBI L,

— IS, ME L OMEERRPEN L OMAERHICLY . AFOT RV F —IX—ARFH K
GMETNT p=p+ Ap(a’, 7,p, ) DL IICENT S, LAL., ZOHEHEMKC fIX
IR NRITR S 2D T, BEEL T =T + AT (2%, 7, p, ') DEFRT E CHlE ORAR
I Ap/p = AT/TCio%. 4 p ST Bl 0c . HEIERIC & 5570 B LI E e
Bl LTk, HEWSLE 0 = AT/T 2EFHR T UL
1

fee(p) = (F.18)

ft('riv T,P, 71) =

exp(p/T) - 1
= = ! . . : (F.19)
exp [p/T (14 O(a?, 7, p, 'yz))} -1
AR REP S E2ZEMT 5L, 2 =p/T & BTIE*
Afi=fi—fimT ft@ = z2fi(1 + f,)0. (F.20)

2.1 transport equation: coordinate representation

SAREEE [ ST B2 ARNY <> FRERA (F.12) 2 01T 5 HRRCES WA 220

TE5, £7.
th o Dz a.ft

DX DXz (F.21)
ZZC. 2=2/(1+0) £V
Dz 0z dp 0z dy* 0z
Dx P x| dAém dX OV |, ) (F22)

EE ALY OXERTIE 2 =p/T ab\'iiénaéb’(b\éfo\ CZIZTCIREE s L DRAZET S0, HAT
z 2FEA ., Mukhanov et al. (1992) TiE., v Z VTV 5,
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0z o Z z 00
pa — p — _pai—, F23
Oz | 1+0a (1+0©)20z (F:23)
0z z 1 z 00
hdad - Z_ -—. F.24
prﬁ 1+0p (1+0)20p° ( )
0z Z 00
il = - —- F.2
o, ~ TOrerar (F-26)

S pl3HNIEHCH LM 23RO T ORFRBICL ST 2 xca 27252 LIEFERT 5,
—FH. bl g=ap DL D ICFHPRZUVEEL /= THERES)E (comoving momentum) |
IR BN, 2 = constant TH BT, 0f,/02 = —fi(1 + f;) & 0 BHHIC

Df, z
oy - MR
L (0g 400  dp06  dy" 98 1 d(ap)
X[1+@<p®+péhk+dA&7+dA8% ap dx (F.26)
Ky NIRE 7 ICBETARMSTCHL, LKV, BEDS T olnEhfERR
. pb oo
@+%5ﬁ—gmwuhm+ga (F.27)
_ _1dpoo 1 d(ap)
Gsw = “aNdy | apd dn (F.28)
_ 1 dy* 96
Gbena = T AN O (F.29)
_ (1+e)
= U9 o F.30
gC 2ft(].+ft) [ft] ( )

CORNITIFFE LT TCHEALRNTHY ., &YV — AW ERIL

o Gow: BAFFRS dp/d\IX L 5FG, R0 LI, ¥ 7 A T4V 7 = (Sachs-
Wolfe) ZhR e L TGN TS,

o Giona: BEAV VXL D, RO ' DAL,

o Go: AT N UHREUC K BH#EZRIE C[f] %@L . BF & OME/ERHICLEEHFE.
Appendix G IZBWTIKR D,

T FIZ1E Bond (1996) Tl ¢ 2M7ZEH e L THh-Tn5,
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L2»L. CMBW 6 & 0 FELFHIIMEA —F —0IENSGE6N 5, A —F — T3,
O DWRIKENE. Tb b pREMITEBRL TR, E56IC Gpnd B 2IRTH LN 5

1 d(ap) _ 1 d(ap)

Gsw = app’ d\x  ap dr ' (E-31)

gbend = 0; (F32)
1

G = ————=CIfi]. (F.33)

zf(1+ f)

2.2 transport equation: tetrad representation

ZDWERTIEH 50, BEEFRRTENRED & F Dk HERE T b 7 —FRRICE
TELTBEL,

K

en [O] + 2;—716}( ©] = Gsw + Gpena + Gos (F.34)
e 1 d@

Gsw = 27X p + P (F.35)

B 1 dv¥ 00
gbend - _EW&Y—K’ (F36)
(1+©)?
Go = ———=C|f]. F.37
C th(1+ft) [ft] ( )

3 Sachs-Wolfe Effect & Momentum Transformation

3.1 photon energy & observer

BHRFRBICEBHLL Gow IS ko THRESN S, (F.31) ZEHHET I3 ET, T
DIFNVF—p ZEH. SODPANEZINT —2HETLEMEZRDRIE RS R0,
MERE 285 2V OERE. BENRES COLTRO 4 TR 7 7 — U™ ZESe 0
L THDL, BHIENEINNE, L THRENLZZRINE —lEp= —Up T
RESNG, QL LUTHHENBINT pBREREINSE, ZhiZua—LV YV ARHF—T
HLEN, BEZEATCLEI)LEHRUINLIZXNTF L b BAA0ED 5,

ZTNTIE, BAWRE O LS REBHE L BSXZLRDIEASSH, Appendix A THW =, 2¢
RGBT S, ICER T SRR 7 & — n 1%, BZO®BMELFDLDICIERICHEL /2



194 ff & F  The Boltzmann Transport Equation

BHETH-7=, LPL—FT. nDWUETHEIHFOTRILE —:

mn

P —n-p = _nopo = Npo (F38)

X T4 - T BHFRER = RV E — Tl v, FRAIWE L HIGES) T 2 ROFR
ullESTBY, —BANUL S, IKHERL TWE EIERL 2, s T, BillE e T
LRI pt = —uep BRI TR S 20,

DE%25F2,. UFTOXIRFEERL 5221075, EHEOREE n CHIETIIE,
WERAIERMS 7 ) 7 R B CERILT LI LM TELDT, £THDIC n ORAETHS
L EENT S, 2L . EHEEEICBWTER p» — p* 21720, BHIELZHE
T5,

3.2 observer 1: normal vector
(F.38) Ofiil% N\ CTE2MHT2FCEY, n OWET ST RIVF — pt OFBAHER:
dp” 0
oy = ~P(Vn)-p=—p-o-p— 3P (p.p) + (p-A)(np) (F.39)
255, PIXERMPEHMEANOHET VW —. o, 0 ZZh TN S, DIEEHEBEL{LFE
(shear), FHHEFEZELH (expansion). A IFHHE (acceleration) TH 5., Appendix A &
V. o, AIREA —F —THBH I LIRSS, BEFROGE. MEA—F —ICRY
000 = 00i = Ag =0 TH LM, T NI —=RNFRLOIFEBDOA—F —T o, =00 = A, =0
TH5,
(F.39) TR T 5720, HlARKE

I i i
P e g (NP
v = i pneap = ae.; <N + Np0> (F.40)
CEET D, nup?* =0&0, S5y =1 THLZENHENIDLNS, HE>T, FIGT
% FEREFORIT v _
i (N P’
v = CL(N + Np0> (F.41)

TH Y. RIS gospp® = 0 &0 Cginiyd = 1 2T I ERHEIOLNS, RIS, 7
T4 NG RAE — N R T ICRHL . %

dp" _ odp" _ . dp
P ar TP Nar

n

(F.42)
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CEIERE. (F39)137 8T —F, EEREEZ L bW TZTNEN
1 dp” 0

ﬁNdT = —3~ oxryEyE — Ag~E, (F.43)
0 1
= —3~ —Ukw — —A;ﬁ (F.44)

a%%ﬁﬁéo (F.44) Ti%. (A12), (F41) Z Wz, a DEWE, oy, Ay 1% e TEHLT
DISKHL . Ve ZHNWLEDTHL, TIT, (F.43), (F.44) 2 BB, (I
—@mmfm&w CIIERRIE RS R, ZoRT L AIEEA —F —TH-T Y
BHTCE20THSL, (F.43), (F44) 2. n D ll> LENRHRBICL D HTFOTRILF —
R RD TN L, ADMERNTENLFICLY ., RARBICESL T LI2PHEELZH S
DIKTCETWLONKRERFETH L, 5 1 THTEHIR (IUE) 1< k555 (FhH) RS,
B2HEIEL < IEFEH IR (WHE) OMRTH L, H 3IE EIEIEEIC L 25RTH Y.
W (OR) 1IIRT (FH) B L (HE57T5, 2ok, BEHRARBICL >TSS
IN5CMBOWSL Z XY I A~ F )07 = (Sachs-Wolfe; AT SW) #j5& (Sachs & Wolfe
1966) EMHINTHBY., CMBW LI 2BET 5 L CROVBERPROV L OTH S,
(FA43) %, Ab Uy 7 0EH) (A26) (A.28) IKOWTHIIALT 5, BfAE o, 0, Al
7 M —=RKZFRT (B.13) - (B.16) D L 2IIEF T 5D T,
1 dp® a 1

1 1
- - h howi V57" + —e" khoop ™. (F.45
" Ndr Na 2N€*K6*L WY+ €*K6*L okpY Y+ 9g O K ool Y ( )

FEAEFR RIS BT, (A32) — (A35) ZHWT

1 dp" a
ﬁNdT = “Na ﬁhkl’)’ 7 + h0k|l’7 ’V + —h00|k’7 (F.46)

DAEXD, A —F —T SWHIRD Y — A G (F.31) ZEE FTHIE, EERRBNT

. Lldap) T N g, N &
Gy = w dr __hk + Ehomﬁ ¥+ %homw : (F.47)

FRC, RRREERR 7 & LU CEEET ORI & < fbh 5 HERR] (conformal time) % #ENX
. N=aky

1
§h00|k7y’“. (F.48)

FhI—RRREAE. e PAVTEHRTEL, (Thbb, k- K Ok INIFEA
XTI TH B, )

1.
Gow = —éhkﬁk’?l + horp 7 +
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3.3 observer 2: realistic observer

BHZE L LT, WELCE TR u 2E2 5, AR SISERETL > 7 F X
2B —ND [HEE| TENTWE72D, Ni=02WIEZER L 50 EY n & —HL &
W, LAL. n s u OB — L YT RN, NIZEINRETH Y., EFHED
haBWRTO HEY) CRRVDOTHE, 5. ENLEHROBEEZZ L0, EE
EEGERT LR v 7T —FRITEBRL 20, > T, RADOFELTMR u 1 X2 EED R
FICHIEL TWbboe 5, 22, 3xBEERE Y ZR>RITEFEOT—L VY ZE
PUC L ST D TUBLIENTE L0, ThiE—MEE ks Ty, o =0 2EH
L. vu=—12HOTERSE2HETL L,

1 N;
u“(NHO,Q0>, uu<—N,NJ. (F.49)

PE>T. u OB T XI)VE — puid

N
P = —up=—up’ —up® = Np’ — Wkp’“
N p*
= p" (1 — —]\f 1%) (F.50)

DI P LERL TB, AN Uy 7 OEE)E b, & FRRE Y & O TESE,
p'=p" (1= hot"). (F.51)

ZOBIRRE T — pr DIHEATAR D L
L dp* 1 dp" 1
p* Ndr  p*Ndr N

. 1
hoy" — 5h0k\17k5’l- (F.52)

B> T (F.46) k1.

1 dp* B a L. 1, 1 »
1. . — N -
ggW = —ahmkvl - hOk’Yk + ﬁhoowyk- (F.54)

p DBHIL. fOREWN S6EINL O = Ap/p VL EEDEEOEHEL Y
HobTIEeMNTED,
0" = 0" — hgA". (F.55)
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WoT. V—AOBEHIIFIFERICE L HHOEBETH - T,
o N .0\ ., .

(a t37 k>() = Giw
—H—W——<W—m¢)=9”—m¢—EMﬁW
or a ' Ox* Sw g Okl

8 N_ .8\ . .

(E + 7k3 k) 0" = Gow

L2l Zhik, iz -2 B0, MEREP ST LERT L0, LVBIOMETHY. K
BEHNCIIERE OBROMETH 5,

3.4 any observers: momentum space gauge transformation

RIEICAT/R - 78 UL, SEHREMICBT SBNEW,. Thbb -V R ThH L, %
LT SWHIRDBENE OE ., Tob b ERREMANTOY —VEHURET 5 2 &
RNz, E-T. BYNCRIEZ iR 72 D1iE, EREER DS — D BH72 T Tldzz < EE)
BEFEOBHELZ bEZRL KT R 620,

HEZEHL (conformal transformation) & & — U > Y ZEH (Lorentz transformation) % &
D/ EBEEMICBY AEH. p=Q(z)A-p 2EX 5L, HERETF (conformal factor) Q1
FERRDERRIETC. b — L Y BRHRDATH| A DG

M( T ,'W”Aw). (F.56)
=yt &+ (v — 1)0"0;

yiEa—L Y RTH (Lorentz factor) Ty = (1 —v?)"Y2 | vl =vi' TH 5,
WREBZ 52, 0= 0+00. v 1 £ ya 1 ETAE. p= Q1 +50/0)Ap 278
5. WS U™ ZAER S,

ﬁobs — <1+_) Uobs A- p
_ ( Q)pm+ava+UMk°) (F.57)
50 Uobs
~ Qpot (1 +5+ 21 Ry ) (F.58)

Py 2ZHL TSN, BELL R0 E DTl THRL W,
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F-013. T = QT RO )

o0
Q
122U, Uy, UM3HERTH 5, (F.58) LHIHID (F.52) & REEANNE, R F o EB)IH
DFECHITEY, Bffap = Qp FEHENEDL L Z i kbua—L VY BB OE T
BRNRE RIETZ LMD 5,

YO —oENOFERRHMEL T, Q=a, 6Q/Q=0,v"=0. T22bb p=ap 22T
5. KFOTINE —EIFHO—REHWRL KA RBT S (pxa!) OT. plEY
REREEL 2 HEEEE (comoving momentum) TH 5, TOEHUI LD,

(:)obs _ @obs +

1dp 1dp @

s S — F.
p Ndt deT+N@ (F.60)
FoT. pORBHERADS —MREHWIRIC L LF 51T L5,
3.5 Summary of SW effect
RENLRBIE IS TS SWRIRE, BERRTEL O THL,
e Normal Observer
. N N
Gsw = —N(OH) - Eakﬁkﬁl - EAW’“ (F.61)
1. N N
= —§hkﬁk7l + =ho ¥V + = hoopY" (F.62)
a 2a
e Realistic Observer
p'=p" (1 - hat*) . (F.63)
1. : N .
Gsw = —§hk17k71 — hor7* + 2—_hoo|k7k- (F.64)
a
e Specific Observer
1
p’=p" (1 — Ehoo - hoﬂk) ; (F.65)

1. : 1.
Gow = _Qhkﬁ’kﬁ’l — hor7* — §h00- (F.66)
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BHROZHUL . Goy DEERIMAD O BICT BIBNTITR ST H DT, AN Yy 7 ORI
LEP AT X ZBEANTIE TV —IORE I LI 5, LALBEICE. 2ok 5 2B
HERFTEL ATTEENRT Z — U IIEEL RO, -7, BOENSEEDPEE 0° =
@”@—%mem#jﬁ\%E%&b@fﬁ&m:tmﬁﬁﬁéo%<if\ﬂﬁ®%@
IEDT=DICEFHAINTHEETTH B,

§ Hu (1995) I<BWT, TSBHREE (effective temperature)] & FEEN TV 5,
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1 Collision Integral

KT, B a7 UEEL (Compton scattering) ZEBU CHAEERZ21T D, 4 uEH)
BEINTNA(P) +e(d) < 7(p) +e () LERTNUL, pp=pp'=0,qaq=0q-q =
—m2CH5bH, BY it T 2088 9(q) 2 HV. C[f] 1 EFERHIC

Clp)] = [ Vi [ AW [Cal®' — P) = Coue(p = B)
= [ aVipdW (@) /() (1 + fi(p) = 9(@)fi(p) (1 + fi(®)]  (G.1)

EHITE, S (collision integral) & FHIN S, dV, 1% Appendix F TEZEL =4
IEEEEMS . ¢ I nDNENT 2EFOTINX —, AW IIEERER. Cu, Couwe D 1+ fi 13
HFDPEIR— AN L EFEBIETH 5 (7 = )V IFGEHEORFTHNE L - f) . &
FEBFE 7 —a U HEAER (Coulomb interaction) 1 &> TH vy 7L THBH ., #2000
REEV GO ERPLES) (bulk motion) vf OHT T > & L EGES) (thermal motion) 24T
Mo TWBEEZAOND, o> THMEME <7 AT = )V53H (Maxwellian) TEZHET X,

—(qf — mvi)?
9(q) = z.n.(20m,T.,) %/ exp ( (q2m T ) ) : (G.2)

BREE 2. BEFHEE n.. BFHRE T. ZERTNL. EFONMHBEKOET— A2 M

/ "dVigg(@) = zne, (G.3)

/ "dVipd'g(@) = zenemevy, (G.4)
Ie

/q”dV(q)quJg(q) = Tnem? (v,{vgf+5”—). (G.5)

a7 N UEELOYHELER T & BRI (Quantum Electro Dynamics; QED) 1<
o TRKHEMINTEY, EFNREZBICANTZIVIC AW 251HEH TS Z 2 NA[RET
HbH, TOLIRFHETENEZRIET LD1%., 13V Appendix B TE&EL 727 b F—FK
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FRTHY, ZOFEFLTCTINI—RFNEREAVLEL TS, HELOFIETTRLF —1T
BREL 2T NER SO T 6 Bl E AV, £ KIRRBOEB B2 O REES %2 T T

AW = (2m)*(q+p —q —p) | M|’ p"dVip)qd"dV g (G.6)

IM> IEEWRIETH V. EFO AL REEICEIL IARIETIHEIHL . REETHZ L 5= b
DT 5,

1.1 invariance of collision integral

22T, BEEHUCET A AENE F 0T, £, |M|2p"p’”q”q’" XAHZ -7
5 EITERINS (Weinberg 1995, pp.137), BELHESR W & BELMITEHE do & OBEf%
N do = v dW TH Y. v,q FBEREBTOMEETH 5. 2R FOMHEE L. BE

ZUs95e—MRIC

/(p-a)? —mZm?

T U (V)

> T, va(—U-p)(—U-q) FEHIFE U OBTFHICLEBRVNETH L, ST T —F Rk
DTCU=nTHb, —h. BRLVdoFZANT—THLENS,

(G.7)

|M|2 pnqnp/nq/n
Urelpnqn

D&, WREFERL ANT —TCEFTHLE NN DONDL, Hz,

do = (2m)*(q+p—q —p) AV dVig (G.8)

P dW = p"q"v,qdo = |p-q| do (G.9)

0 g dW BBFEIC L S520DT, (G1) &Y pClf] oA ER—Y a Y BANT—
THDHZ NN D, Appendix FIZBWT, V—ADE#% (F.12), (F.15) @ & HIEBAR
HHIIZZICHS,

1.2 cross section (electron rest-frame)

P Clf] DREMEBHS ML Z0T, Zh& ) FELBEMIc T 5/ L TETOBILE
A (electron rest-frame) §* = (m,,0,0,0) Z:#ES5, EFOFHIELRTCORILTFNY —%D
THEHT, ThIT—RNERRT. KFD4TEBEORSDIL 5 = (p,p7)) BT S, Z
ZT ()2 = 0k pRp" = 1P, FIARED T8 6,755 = cos B B EHT 5.
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(G8) ITBWT, §"dVig) ZHE->Toq+p—q —p) DD b 3WThbH 2 S THIE
EHEOZEMBEDICHT EHRE ¢ = pf —§! 255, BolkT VB, ¢° =
\/5KL§’K§’L—I—m§ %ﬁo‘(p u")b‘f%< &

5(q/n_’_ﬁ/n_qﬂ_ﬁn)
= (\/5KL (p% —p'")(p* —p’L)+m2+p—me—p)

= 6(\/132—2ﬁﬁ’cosﬂ~+ﬁ’2+m§+]5’—me—;5> (G.10)
I CENZ0)

(7 — peos B) /g + 1

qp’
= sl (5 — 5e(8)) (G.11)

Pe(B) V&, TRNFE ~REDT IV Z B (C.10) & § IKDOWTRORTH Y,

~7 15 — (A
P ) o

Tibb, TRVFE —§OAFHFIE. AFFHEICHL T S OF AT RIVE — p, CHEL
INZDOTHL, FHC. p<m, DL ~p TH V., BFOFFIERTIIHHEREL (erastic
scattering) M RWIELEITR Y IZ>, BAELY (G.8) I

do —d5 — (2@4%5@'—@(3))\Mfﬁ'dvm
~Im

4q pc
MeD

— (2n) M| aey. (G.13)

BRELIRIE | M| 1% QED TEHET X % (Weinberg 1995, pp.367) *

2_ 1 et (p-p’)? €. e)?
I = 5 S a2 (G

eI AFT. € FHFANT ORI & —, 77 75— 12 13BFOBREO 2 1<
B35 TH 5,
(G.14) D& 2 H T —FElE

pp = —PP + POk A"

qFZhZh ., Weinberg (1995) @ k, p ICHIGL T 5,
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o (11
= pp(cos B — 1) = mepp (— - r,) , (G.15)

p p
P-q = —mep, (G16)
54 — —m. (G.17)

(C.15) DEBRBOZESFIL, (G.12) BV T cos f—12HEETL I LI E->TELNS, (C.14)
—(G.17) &Y

2 /
yM]=4@mé%m£mtﬂ+%—2+4@é@]. (G.18)
a = e /An id. HIREERL (fine structure constant) T¥H 5, H > THDHELMTHEFRIE
2
- (%) RS- SERRCOR (G19)

ZRE. 754> 7B (Klein-Nishina) OARKE FUEN TV 5 (Klein & Nishina 1929).
RS, AR & D e MERELOSH ST N &Y Y EEL (Thomson scattering) & PRI TH
0. LY HEELO W or = 87a?/3m? & AT

do 3

i, s
LHo6bEIND, bL AT, BEHFORAEERDRNE T5R6E, /AT F—
EAFICOWTHEHL | BEHICSWTRIR & S RIZR S e,

<da;;> = 8%0’T <(é-é’)2> _ %OT(l + cos 6) o (1 + %Pﬂcosﬁ)) ) (G.21)

Py(z) 13V ¥ > ROVEEEL (Legendre function; Appendix 1) T 5, FAUHE 1 THITE LK
Bl BB 2 I MRS KB FFEHWELT, | =2TH B2 & LY UERK (quadrupole) T
HLZEMGMNE, ZOEIIC, NAY VEEUINEBO R GME AR T S,

(G.20) 1 EHHEHELOGEICDOARIEL WKTH S, b HAHATZEMMHELE Vv D OILHER
kS 7GETH Y., TWBRTIBFEMERELTCH S, LIL. MLV VHELOTEEMEL &
LD p>m.=511keV~6x10° KOFETHY, CMBWLEDHFLELAERKT S LD
R (< 10 K) Tl T2 b LAY VHELTRY, 2720 Zhi32TEF ORISR TORE
LTHY, a—V Y EHUT L > TEFREE v, TEHWTWH L RANEBNIT,

Pe _ P(1—7pvc)

/ p o p(l =~

= LG G ) ) =+ O) (G.22)

INCHFITIZRINE BB 4L 5,

é-&')? (G.20)

1 pu—
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2 Polarization

N &Y UEELOWIERE (G.20) 13RI Y 7 — DR (e-€')? 2Fio T 5720, Rtk
EZRICANTIRNTZ L 220U 67200, @tk 7VCERL 7-8EURREIL . Chandrasekhar
(1950, pp.35, §16) ICFEL VY, ZOHENILTEFOEIERTHEMRL THEHM, Rk fHIC
T LDFINVE —I13HT,

2.1 Stokes parameters

HFDRAIRAEIL, AN — 7 AT X F — (Stokes parameter) & FHINLE Q, U, V I
FoTRBICGEREIN S, Q, U BEMENEZHEDLL . VIEFAREEHSDT. QU %
EFHT LI, ETHFOREE 2 HIET L HUE L 70 2 R Z RETRUT R S0, JE
R Z ROIUE, N-S (FFdL) ofRE%Z Q >0, EW % Q < 0. NE-SW (NW-SE) % U > 0
(U <0) LEHTCEL, EMRAEX P=VQP+ U2 THb, £z, REL LEEEIC
B SIRBEOMEIL. NS5 /2B o = L tan (U/Q) TRO SN S, ¥ Q, U
D2 OMYBETH > FAE. WICREE D HIIRMNE P & MEMA o NLETH
D, ZO22o0HMELZECRTERHFOANT—& Q, UIKIRV I ThH b, Tk
bbb, REMCEMRMREGE 2 20HBEZ Y > (R ShRd e s 2n, —F. MR
HHEN12THDL, A=V ANTRAEZ =LY, KOMEIXTIE[=V/QZ+U2+ V2
LROOGNG, TOEICHTHRBRTELDON AN =7 ANT AT —DFETH 5,

UEDFEFHELD., Q, UREERD [REEEH Y (FRL)I ¢ Bk

( e ) _ ( cos¢ sin¢ ) ( € ) (G.23)
é, —sing coso e

(Q' ) _ ( cos 2¢ sin2¢) (Q) (G24)
U’ —sin2¢ cos2¢ U

DEDIICEHEINL T2, EHRANTF—Q +iU ZEHRTHIX

WL ¢

(Q £iU) = e™9(Q +iU). (G.25)

Thbb, HRREAERIZF— QiU 13, A Y L2 {58 TH BT, —F. O, Vi[E

T ZoEHE. HlAIE Weinberg (1995, pp.72), BJII (1991, pp.154) ICFEL W, 72720, TEERI @ TR
BtV | EER, TRERZ ¥ -1 175 TEFtED Y | EERTH L IHHERT 5.
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BAETCHLNS ALY 0TH S,

& Z AT, Chandrasekhar (ZEERD THETED Y | EERICHL T (G.24) ZEHRL
Wbt ZogE. QiU IXEBEBNOG ALY R2EFHOI LIRS, ZITHEHEFEORL
BRRELZ BT 5728, Chandrasekhar £ I3 DERE (G.23), (G.24) Z V5,

2.2 scattering matrix: S(J)

ANFHA & T O FH MR E—FHEIC D 5 & O 2 BGELE (scattering plane) % EZ& Y
%, BELAICHL CEERFENANIF—2b2b0%2 0, HThbDZ O 2 THIE. b
L) VEREUC & > TE 4 DIRIEESE

Cf cos?3 0 0 0 O
e’ 3 0 1 0 0 )
== 5 (G.26)
U’ 2 0 0 cosB O U
Vv’ 0 0 0 cosp V

LEWHEING, SIRIEBEATHY, &4 OBELAKREND (e€)? ICL > TEESIN S, £
L. do = (3/2)(e-€)*(d/4m) ICHRT S, ©,,0,%. 06=0,+60,,Q0=0,-06,
BIL CEEETI.

I' = S(PI
o’ s(l4cos?B) —1sin®p —1sin® 3 0 O
@+U) | 3 —isin®B 1(1+cosB)? t(1-cosB)? 0 Q + U
(Q—1iU) 2 —1sin’f (1 —cosf)? i(1+cosB)? 0 Q—iU
Vv’ 0 0 0 cos 3 1%
(G.27)

IhEcoEmid, £ TiEII] L W ORGFL2YEm EToORELY, LML, LD
JERERIL Y b AABELE Z O b DO TR WD, BHE {7 bhallie s,

Chandrasekhar (1950, pp.35, §16) Tid. E#RITH]% L(¢) & REL TV HM, Zhid left-handed” &
%51@%%1{%0111\%@7’35 R
§ 22 TCoFNY —I3 THERTOEE] 2R TBY, EFO#IEREZRL TWEbT TRV, %
b, ZoOHOHRILETCEFOFILRTITRDbA TS,

(1) BFE2HPOL THLRKEIE 0, ¢) ¢ 2E2, I % ZOBERIBOTERT S,
i3
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(2) WELEICERT 5 EERNB S, BELES FAEICNL TR ED Y (BRL)IC
aDAERLTHBEET 5, O, VIZEERIIHNL TREZRD T, Q=+ iU XKL CHER
17531 (G.24) % vy, R(a) = diag[l,e 2>, %> 1] 1 |

(3) bAY VEREL. HEATSIS(B) 22T %,

(4) RIKFEALRICR S, BREEDIKEAE (0, ¢) ICBWT, BiEtEb 0 (KERL) IS 71—y
[E#5: R (— (7 — 7)) = diag [1,€2(7), e2= 1] = diag [1, e, %7, 1] = R(y).

U EoBAEL Y. A4E1TH (phase matrix) P %

P(0,¢:0,0) = R(7)S(5)R(a) (G.28)

BTN, BRI LD Y —ATHSI(0,6) 1
N

3(0,0) = [ P(0.0:0.9)1(0.9) . (G.20)
o T, HERIC BV 5 RN
%
gg+iU
ga-v = —7.I(0,0) +7.3(0,0) (G.30)
Gt

EEETEDL, 7. = zencor FHFHIRS (optical depth) TH Y. B K S HELHERE
H6bT, TZT. (G.1) L RHERTAR S, (C.30) IXEFOEIERTOHRTHY., hD5%
EHMERELOL L TOEEFRATH S, o> TET - HTFHEOT XV F —Hikld e <,
B LERORBEE L TR N TEL0TH L, 5 1 HIIRHIE, 5 2 ENFRATEIC
HIELTBY . £k b LY VEENTEREE EFO SRR ¢ (G.2) D OIRDE— A b D
Bch b,

¥ Hu & White (1997b) Ti& R % TR 2 ZHT 5175 L TERL T 50T, BEtEb Y A —o
ZHEL T3,
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2.3 phase matrix: P(Q,qﬁ;é, qg)

RIAEATH PO, 50, ¢) 11, (G.21) ICHbN %K, FELEHIILUMA, RXE—R4E
DEELDIERE TCLTCEEN TS, BAAMICES TR,

%(1 + cos? 3) —% sin? e~ —% sin? Be% 0

—3e72sin* B 3e7*7(1 + cos B)2e72 3e72(1 — cos B)%€F 0

—3eMsin® f 2e*(1 — cos B)%eH 2e?(1 + cos ()€ 0

3

0 0 0 5 cos 3

VP + 2v/5Y _\/§Y2—2 _\/gyg 0

B 1 [4r —\/66_%72}/20 36—21'721/272 36—2i~/2Y22 0
2 \/ 5 —\/662i7_2Yé0 3621‘7_21/2—2 3621'7_2}/22 0

0 0 0 VIBY?

P0,0:0,0) =

(G.31)

Y= Y(B, ) 13 AE VFEFIEIRL (spin harmonics) T&® U, Appnedix [ 1 BARICE S
TLTH 5,

P(0.¢:0.0) = Py + Py + Py, (G.32)
Y2 000
0 000
B _ Vir | (G.33)
0 000
0 0 00
000 0
11000 0
pl = Arx Z - (G34)
m—1210 00 0
00 0 Ymym"
Y/Qm*i/zm _\/ggf/ém*y&m _\/g_g%m*y;m 0
P, — 4r Y — fﬁ 22 22 22 (G.35)
s 10 _\/6 Y2m*_2y'2m 32Y'2m*_2y2m 3_2}/'2m*_2y'2m 0
0 0 0 0

=L, S Y = Y (0. 0), Y = Y 0,0) THDBH. (G.34), (G.35) 1k, AL
VIR O INEEH (1.33) Z HWTCET 5, Py, Py, Py 13, T ZN Y — 2 DHAR
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(monopole), B (dipole), 4 EM (quadrupole) ICHF G T LN TH S, LM, VIEX
BOR, Q+iUlX4AEBDOARIHFELEL THWEZeBHN5,

NAATINE I(0, ) — I(0,¢) DY E L TR BEZDITHITH L, H6-T. (0,6) — (0, 0)
Lo THE] 2L T b e BAXRY., EB Y™0,0) . (Lm,s) 2 R>EomixR
(0,0) — (0, ¢) TH Y. FHIZ OEHRILE Y™ (0, ¢) & (0,6) — (0,0) TH B, H->T. &
Y70, 0) Y0, 0) 1 (0,6) — (0,0) — (0,¢) BH5x 5. (G.33) — (G.35) DXARME T
DEHSTE Z D ELEFRSE LD, IENARTICL->T O, Q+iU FAEWVIGREAESIN S Z
I b, —H. VIO & DREMR =Y, WG LTV =0461X,
DIV IZERIN S Z & idn, b AY VEEULHRERNE AR TER VDO TH 5,

F2 Py IllE, FHHOF =y 7 b FHRATEELBAZ AHTI LN TE S, RV 2D
Q+iU IS TATHORS (24T7B L 25)8) IiE. 4T A Y 2 OFFBEK .Y, " 2 H 5.
2FBEHELRTD Q + iU 125 LY . 2ATRIEEEED Q + iU 250 T % LY
M, TNZFNRLTHEEERIIRS R, ZOMODICONTHEETHS, SLTH,
Y Y DFIRIE THELRTO Q + iU 2 WEERD Q — iU THEH L nHe25Th
59,

3 Energy Transfer

HIEN UL T 0V F —Bini 2 B R VIGEOERES & RO 2. KR BIREELE (last
scattering surface) CIE £ EF & AT ITRFEEREBICH 5720, BN OEHF DT X
VE —HER 2L BB 6 0, LML, B FRIRICEREF T AT 2E8T 5L H%
WM EHR ST, EFOREVN T OEEZ EEY, Tx)VF —EnEME 2 5 etk
MdB. ZOEDREEE RO, EEEDE T RVF —EEbERL TRORIE
ROV, TMTA YT b UHEUC K S EZET & RO 2 FIAAETH 5720, TRV
X —WiED 2IROA =5 —, bbb, Clfi] 2T OTXNTF—ZAdp=p —pll>V
T2RETREL . EEHREZE DD Kompaneets 1C & > TR 57z (Kompaneets
1957) I, ZHiE Kompaneets HFERE FEIENTEH Y. #IC Sunyaev & Zel'dovich 1< & -
TRIXFMNSHIN, A=Y 7 - ¥R T 19 F (SZ) FIRE WHIN L EERHRE
FRTBICE 5Tz (Zel'dovich & Sunyaev 1969; Sunyaev & Zel'dovich 1972), £7=. HA

I BT O IERTIIEIHMEEL (7 = p) BRWIELITH 500, BEFRH RICBO T (G.22) D kS
TRNVEX =Tk (p) > p) MR V5,
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AL I FHEEHFBEBRT S5E. A4 DY 50 T ZENRZEMC & - CEHAE
Bzl <BY, HEHHY) TRV F —EENE 2 5 /MM H 5 (Zel'dovich, Ilarionov &
Sunyaev 1972),

Hu, Scott & Silk (1994) I&. C[f] Z p/ —plCBAL TF A —REL (K ADA —F —
DIEZJEFOGHL T < 22T 0RDFEHHI N LY VHEEL. FFELHEL 1LIROK v 7
T =R, 2R D Kompaneets HFRERE N v 7T —3hRE2RAMNCEHL Cnb, 7L
RAGTEERT 5,

CLA) = Colf] + Cu[f] + Coplf] + C[ 1] + O (0 = p)°) , (G-36)
Colf) = 7 [(fio = ) + 3 Palcost) ] (G.37)
Culfl = =t (). (G39)
Calf) = 7 { [l +d] () + [ 0md + g5ed] (752 )} (@29)
ol = st ot (124 e ) b (G40

722U . fu= [ Picos0)f(dQ/4m) T, THIFLEBMDOE— AN THE, CMBDANRY
MLD, R=ZX FTAYYadAV5H (F.18) 6 DAVIFIERINI VDT, f, D piy
SMCBAL T

8ft ze?

8p _ _th(l + ft) — _W’ (G.41)
8 t 2,z
ﬁa; = R0+ +20) = g coth g (G.A2)

BHEIIEMNTEL, 22T, 2 =p/TTHL, OIKETLIRILY <2 HEROEZLIE
(F.30) Zskwiid.

Gy = 7. {(@0—@)4—%%(0089)@2}, (G.43)
G, = TVl (G.44)
Gy = (0+20)7 [l + 2id] =7 [l + 48], (G
G = [(+26) -4 (o). (G.46)
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(G.43) I IATEIORERE FL TH Y, RHZEHL BRTO b LY VEEUC X557, IF
EHWEDOEFELETH L, (G44)13. BEFOFIERDP SO -V Y BHIC K > TALU 21H
THDH, K FERN v T I -RICLLFGREE. bLKBFLHREBZRT LM, 2y M T
DIFNF —HEITE I 5T AR MVOBEZER 5 Z L3Ry, (G45) I 2RDR v
TR LBHE5THY . BEFOETERERT 5 T 1)V F —HENFIET 5. (G.46)
l¥ Kompaneets RN TH Y, BEFORAEE)IC L > TR NVF —WikNFET S, R
L. BEF L HTDBETAPRIBICH DI T, = T THH20, TXIVX —DlmEIIET 5
AN

(G.45) & (C.46) 1%, BFOEBHEEZ ZEH>N. KEMWICIEALHEKTHL, T
2EVESZTYVRLED, BAT AL EFEFHIBWT, M FRAF 2 75 IS HE
HELZRT 5 L2 WReZEA 5, ZOR, G& ol IKOWTHELT 5 Z L RNEHRZ RO,
£ LROR v 7 I —8RE (yol) = 0CHES 2V, 28I ((1v])?) = (v3) /3 &Y

(vi)

G = [2(1+2£,) — 4 (T'CT) | (.7

> T (G45) & (G.46) 13, EFH TEEERHY ) » TEEHHY ] 2 OENET TRER
WAL FETHY, HFICTRNVF —2linEL . ART MVEREIELRRTHL Z
e 5L, LU, ZHREEDSEE 5 & ORI TN F & EFOFEXFET ISR,
Ny 75 —8ROFLIFRLBR>TLED, £l BEFLHFOHNY TV U ITBRARTLT
H->TYH. 7707 OFEEMNIEFEI AR CRIT NI TR E L 5A 5 Z LM T
ERVID, G2 IK LB ANY MVOETFEIERL 5 5.
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T 8% H Multipole Expansion

KEK EDBRERRAD /NG — > BN LB, ¥ — 2% ZEMER (multipole expan-
sion) T 5FENAL b T\ 5, ZOETIE, Hu & White (1997b), Hu, Seljak, White
& Zaldarriaga (1998) HIC &k > CER L SN T2MAEH)ELL (total angular momentum
method) | IXHE> CTE—RN BEHEEHRT 5.

AV Y s kRO F(r,x,y) 2. TN .G CESEBRERMT 5,

SF(ra',y") ZZ ()G (@A) (H.1)

e orthonormality
4t

mééé’dmm’- (HQ)

/dQ Gg/ SGE -

1 Mode Function in Flat Space

SRR BT, T TV 7 DEE B exp(ik - x) DT

GE = (=) 5 Y ) sk - ) (1.3)

e recursion relation

. Y -
TGP = i Y
sC?L m Scﬁl m . ms m
_ _ % s H.4
[%HS 1 gp ot Z€(£+1)5 o (H4)
m 62_m2 52—82
sC) = \/( 22( ) (H.5)

B THEHEETH 2ROV & Y OEMICIE. 7V Ty a - a)uy V3
£% (Clebsh-Gordan relation)] (1.38) % v 7z,
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2 Mode Function in Curved Space

G =3 (=) Am (20 + 1D.af™ (x, 0) Y™ (7). (H.6)
V4
yijda'dr? = (—k)™ [dxz + sinh® x(d#? + sin? Qd(j)z)} , (H.7)
¢ = k> + (Im| + 1)k, (H.8)
i GmY | sRE L Gm) SRR Gm) . MS (jm)
7 (s >\i —4 [26 Pt T o e T ) 1 ’ (H.9)
k
K= L — (2 — | - D)r/k2. (H.10)
q

e recursion relation

PO = k|

sCl'
20+1

Scznl m
~op V= (D2 = [l = 1) w/k2 G,y
m

_ 78 2 m
Z€(€+1)\/1+(|m|+1)m/k Re/am

V1= (2 —|m| - Dr/k2 G,

3 Relations between Mode Functions: Q" & GV
Appendix D TEHL 2E—FBH Q™ & 0BIRIL.
e ANT—F—NK
QY = G5, (H.11)
7R = G, (H.12)

. 2
YQY = VL= 3m/k2 G, (H.13)

o X —FE—NR
V¥ = G, (H.14)
i jED 1 +
YYQiy ' = ﬁ«/l—%/k? G5l (H.15)

YA QFY = G2, (H.16)



T 8%1 Hyper Geometrical

Functions

1 Legendre Polynominals

1.1 Legendre function: P(z)

Py(z) = 1
P(z) = =z,

e parity flip
Py (cos(m — 0)) = (=1) Py(cos ).

e orthonormality
2

20+ 1

e

L 11 dr Py(x)Pu(z) =

e recursion relations

(f + I)PK_H(.T) — (2£ + 1)$Pg(1‘) + EP( 1\Z = 0,

()
20+ 1)P(x) = Fpa(r) -
(1 —2*)P)(z) + LxPy(x) = (P, (),
()

(1—2*)P]— (L +1)zPy(x) = —(l+1)P(z).
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1.2 generalized Legendre function: P"(z)

e parity flip
P (cos(m — 0)) = (=1)™ P/ (cos 6).

e orthonormality

B 2 (l+m)
/dIP‘Z DFi(@) = 21 —m)

m 2
/ dx Pf Pg/ ) = (—1) 2€+15Ml.

2 Spin Harmonics: ;Y;"(0, ¢)

A¥ s OFFBE Y k. AE Y 0 OFHMER EREmFMmER) v

Btz sEWEFHSESZ L THELGNS (Newman & Penrose 1966),

_ 5! 1/2
| eom oss<,

)
(0+

.0 - |

1712
- |3 e cisason

o, ThZhAe & —> L FT T 57BANL —F —TH 5,

pY™) = JUl—s)(+s+1) Y,
pY™) = —\/€—|—5 C—s+1),4,Y™,

PPN = P

BARMICEE THIE. A8 s 2RO FICHL
0 i 0 s
p(F) = —sin’ 0(89—#%1119&25)8111 0sF,

_ s 0 i 0
o(sF) = —sin 6(39 Sm@@gb)sm O F.

(L.11)

(1.12)

(L.13)

(L.14)

(L15)

ICAY V ARE

(1.16)

(1.17)

(L18)
(1.19)

(1.20)

(1.21)

(1.22)
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e complex conjugate

Y = (1Y, (1.23)
e parity flip
Y= 0.6 —m) = (1), Y (0. 9). (L24)
e orthonormality
/ 2 Y50, )Y (0, 0) = Supr Sy (1.25)
e completeness
SO, ) Y0, ¢) = b (cosO — cos @) (¢ — ¢). (1.26)
lm

e rotation matrix

YL AE Y s ERORREESE21T5ITE 5 5,

| Am —1is
D{S,m(awgiry) = ms}/gm(ﬁ;a)e kS (127)

a, 3, v &, BEROEROEEEWZ H 5 DT 4 A7 —FA (Euler angle)] TH5
(B2 1991, pp.152), 7=72L . EERIIREFETED Y (GRL)ICL >TH S, fle LT
AE Y 1 & FOREE A AT —F (o, B,7) I EERS HAUL, RBAER T 5 [Bl#51T
L (BYJ11 1991, pp.164):

U™ o, B,y) = e ihaemitRemivss (L.28)
] lylle—i'y Yll ,1Y11 ei*y
[4m . .

Y lem YT Y

:I:].}/gm - :I:].}/ém(ﬂa O[), }/Em = }/Em(ﬁ7a) Tﬁ) D >

1}/10(670[) = \/gsin ﬂa (130)
Y (Bia) = (o (1 F cos )t (1.31)
L YEYBa) = ”16%(1 + cos 3)e*, (1.32)
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e addition theorem

Y/ ERRATHCH 5 Z e WHEN D 6Nz D T, JINEEHLZEL 2N TE D,

m* 2€+1 —s1 —189
ZS1YE 32Y£ (97¢):\/ Ar 52Ye (ﬁa ) 7. (1-33)

(a, B, )&, (0,0) & (0, ¢) ZRESEEEMDA 45 —ATHL, FHT s, =5,=0D
B, R<Esnz=

S~ 14
SV, )Y (0, 6) =

——Py(cos ). (1.34)
275,

e Clebsch-Gordan relation EFFEOFETIE, AYE VFFBK Y, 1% T#EAEE)
BEH ( TRIKETE m, T2V HEHEE T s 2R RNEBOEHRH T
b5, BRI LHE/ A L AEREE FORBZ ST 505 BIX BT HFORHA A
OHFTENLINTEBY, 7 VT a —T)F U ZH (Clebsch-Gordan coeffecient)
EHOVTCARSNREBE BT 52 2N TE 5 (1)1 1991, pp.167),

|01, 050, m) = Z |01, lo; iy, mg) (0q, la;my, mal| 1, le; £,m) (1.35)

mi,m2

101, 0030, —s) = > |l1,la; —s1, —Sa) ({1, la; —s1, —82| L1, 0a;0,—s). (1.36)

T ZT. |l lyyma,m) 1 2 D DREBOHEMAES)EA XL —F LT, L3, ZO 38}
EJ?éJ\@j_’\OI/"5 Li., Ly, OFEEERETH V. |0, 00, m) ¥ LT, L3 & AR
N7-#EAEHE L2, L, OFKREERETCHS, m — —sld. AE VARV —F(C
BT LEMRDERTH L, 2LEL., PuEAEFEL AL VAEHEIIEHL 20,

WYY

ly S2

V%y+1¢wy+1

X Z fl,ﬁg,ml,mﬂ 61762;6, m) <€1,€2;—817—32| 61,62;67 —S)

£,m,s

4m m
X“THSYK : (L.37)

R <> HFRAOIENTHEIC L HH)T

4
Y




2. Spin Harmonics: (Y™ (0, ¢)

N T R

_ e S N 5|
V(20+1)(20— 1)
m_ |2 =m?) (% = s?)
sCp = 7 :
2.1 spin-0 (spherical harmonics): Y;"(0, ¢)
m 20+ 1(—m))"? o
Y, (0, ¢) [ i (E—l—m)!} P"(cos0)e"™?,
Y'em* _ (_1)m Y'e—m'
SCHRIC & - T
mig. ) — e [2ELE=ImDN g o ims
Y, (97@—6[ I ((+ |m])] P, (cos0)e™?,

[ o),
1 (m<0),
Y=y

mWEFHORE, WE SRR LD TERET .

+ig

em =0
1
Y = —,
0 dm
3
Y = ECOSH
5 /3 1
o= g (Gete3)-
e m=+1
[3 .
YA = + 8—7Tsin€ej”<Zs
/15
Y;5 = 44/ —sinfcosfe
8T
o m==+2

— sin? et

5
[N}
I
/3]
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(1.38)

(L.39)

(1.40)

(L41)

(1.42)

(1.43)

(1.44)

(1.45)
(1.46)

(1.47)

(1.48)

(.49)

(1.50)
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2.2 spin-2: 1,Y"(0,9)

+2Y,"(0,0) = [(€+2)!1 (W™ £4X7") (1.51)
- o o 1 2\
We — (@92 - COt 9% - Sin2 98¢2) }/g bl (152)
- 2 9 (0 -

TZT. WrE (D) oY T4 BFEODN, X AU T4 (1) THH I LIFEET
& % (Kamionkowski, Kosowski & Stebbins 1997) * . $72b b, (L51) AS6HL MR K D
IT LY ORIERES

B 1/2

wrr v = |G| e (154
B 1/2

R Ve 1R (L55)

FUO, BNV T 4 2RO E 2L LI LM TELDOTH S,

e m=>0
15 .
LYy = 32—7rsm20. (1.56)
e m==1
[5 . .
Y = T 0 (1F cos @) e, (I.57)
5 . i
LY =y T 0 (14 cos ) e, (1.58)
e m =42
5 i
V52 = Py (1 F cos f)? €29, (1.59)

5 .
LY = ,/M—ﬂaicose)%ﬂw. (1.60)

* Zerilli (1970); HAT, =B, K& (1998, pp.101) TiE. X;* DEFHIE sing Y. NUT 1 (-1) &
ome LT,




3. Bessel Function: Jy(x)

3 Bessel Function: Jy(z)

Jo(0) = 1,
Ju(0) = 0  for £ +#£0,

/OOOJg(x)d:r = 1,
/OaxJo(x)dx = aJi(a).

e Bessel’s integral formulae
2r+a ] .
Jo(z) = / —j: exp (i(lp — zsing)) .
FHT (=0 DR,

2r+a ) .
Jo(z) = /a % exp (—iz sin ¢) = /a—w/Z o

BRO%EFE o —o+n/2 2L TROSGN D,

3n/2+a

4 Spherical Bessel Function: j,(z)

Jo(x) = \/gjeﬂm(x),

. sinx
.70('7:) - T 5

sinx cosx

() — _
.]1() 72 CE,

T T~

2 T[(t+2)/2] 20
BEOFLIL. (> 1 TORE—VY 7 (Stirling) FRATH 5.

[ iteyte = LUV

e recursion relation

20+ 1D)je(z) = xjo1(z) + xjpsr(2),
20+ Djg(z) = Ljea(z) = (€ + 1jesa(2).

— exp (—iz cos ¢).
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(1.67)

(1.68)

(1.69)

(1.70)
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e Rayleigh’s formulae

exp(—ikrcosf) = Y (204 1)(—i) je(kr)Py(cos0) (1.73)
¢

X IO D) k) Y20) (L74)
¢

= 2 An(=0) g kn ¥ (R (@), (1.75)

72720, k-G =cosb,
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WIEEEBEOSEL. HICEVEBEHLTHY LIFLITRELZIBL, ZOETIE.

Correspondences
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F7z

ke AL DEE ORIGEERE RL . B O E AL — XX T5 2 2iHNWE T35,

1 Metric Perturbations

Bardeen (1980) Kodama & Sasaki (1984) | Mukhanov et al. (1992)
metric sign -+ ++ — 4+ ++ T
N S a a
hig) —24Q© —24Y —2¢
h(()f) —B(O)Qz('o) —BY; B
| 2H,QWPg; + 2HP Q) | 2HLY v + 2He Y 2pyi; + 2B
h(V) _B(I)Qz('l) —B(l)Yi(l) _s;
hiy 2H;Q;; 211} Fiy + Fyp
by’ 20 Q7 20", hij
Ma & Bertschinger (1995) Bond (1996) Hu (1997)
metric sign —+++ —+++ —+ ++
N a a a
RS — 2 = —20 Q)
G w] 1, —
b —2003; + X)) 26 g5 — (s + y3s) | 20Q05,
o wh N -vQ
by X3 hy —
by v By 2HQ




222 £+ $%J  Correspondences

Huwang & Noh (1998) Takada (1998)
metric sign — 4+ ++ -+ ++
N a 1

hS) —2a —2a

héf) -0, afr.

hgf) 29097:(?) + 27,4 2¢0;; + (hL,ij — %%’Ath)
o by, a}

hg e (V5 + i) iy + Py

ht)) 201 hrri

2 Gauge Invariants

This Thesis || Bardeen (1980) | Kodama € Sasaki (1984) | Mukhanov et al. (1992)

Py ¥ v P
by by ) )
€q €g A,

€m Em A 555%0
€ — A,

VS(O) UEO) 174

V) e v

v e v

3 Temperature Fluctuations

This Thesis | Hu ¢ White (1997) Bond (1996) Zaldarriaga & Seljak (1997)

67 Qa Ua V @7 Qa Ua V Ata AQv AUv AV Ta Qa U7 Vv
o o 20+ 1AL (20 + 1)ALY
o o —

o o 20+ DAY )2 @20+ 1)A" 132
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We investigate a possibility to restrict the chaotic inflationary scenario with large non-
minimally coupled inflaton field ¢ considered by Fakir and Unruh by means of the observed
cosmic microwave background radiation(CMBR) anisotropy. This model is characterized
by the condition & > 1 and ¥ = 81GE@? > 1 where € is the nonminimal coupling constant.
We calculate the contributions of the long wavelength gravitational waves (GW) generated
in the inflationary period to CMBR anisotropy quadrupole moment. We obtain the con-
straint A\/€? = 1.8 x 1078 /a);, where X is the self coupling and 1/; means the initial value of
¥. Combining this with previously obtained constraint \/W ~ (0T /T )pms = 1.1 x 1075,
we conclude that the initial value has to be 1 ~ 1.6 x 103. If the self-coupling has a
reasonably values of order 1072, then & ~ 10* and ¢; ~ 107 m,; where m,, is the Planck

mass.



1. Introduction 1

1 Introduction

Inflation is regarded as one of the most important conceptual progress in modern cosmology|1,
2]. This concept give us not only the solution of cosmological puzzles such as the horizon
and flatness problem, but also the origin of the cosmological perturbations. Among vari-
ous scenarios of inflation proposed so far, Linde’s chaotic scenario seems to be a natural
mechanism for the realization of the inflationary expansion[7]. In spite of many attractive
features, the original scenario still have the fine tuning problem of the parameters. Namely
one has to choose an unreasonably small self coupling constant, i.e. A < 1072, to have the
correct magnitude of the density perturbation which is consistent with the observed tiny
CMBR fluctuations.

In order to overcome the difficulty, Fakir and Unruh proposed a new version of the chaotic
model which has strong nonminimal coupling, i.e. £ > 1, to the scalar curvature[12]. Note
that we shall adopt in the present paper the sign convention for £ such that the conformal
coupling means £ = —1/6. The chaotic inflationary scenario with nonminimal coupling has
been investigated for various values of € by Futamase and Maeda[10]. Their result does not
exclude the strong coupling model of Fakir and Unruh. They have shown that the larger
value of £ relaxes the fine-tuning problem of the self-coupling A, and this conclusion has
been followed by Makino and Sasaki more rigorously[33]. Fakir, Habib, and Unruh also
made a rigorous analysis of density perturbation[35].

Constraints on this scenario have been discussed by several authors (e.g. [14, 15]). Here
we shall investigate Fakir-Unruh scenario from different point of view. Namely we shall
study the effect of the scenario on the tensor CMBR anisotropy. It is known that the
long wavelength gravitational waves are generated during the period of the inflationary
expansion, and they make a significant contribution to CMBR anisotropy through the
Sachs-Wolfe effect[37] on lower multipoles[14, 16]. We will point out that Fakir-Unruh
scenario has also a nonnegligible contribution to the spectrum of CMBR anisotropy by
generated GW's, and then obtain the constraint on a certain combination of parameters by
comparing the predicted quadrupole moment with the results of COBE-DMR, observations.

This paper is organized as follows. We first review Fakir-Unruh scenario and present
the self-consistent inflationary solutions in Section 2. We then find the radiative modes

of the metric perturbations in the spacetime generated by nonminimally coupled inflaton
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field, and derive the resulting spectrum of GW in section 3. Based on the result in section
3, we shall calculate the power spectrum of CMBR anisotropy and compare it with the
observations of COBE-DMR in Section 4. Finally some discussions are made in section
5. We shall follow Misner, Thorne, and Wheeler[32] for the definition of Riemann tensor,

Ricei tensor and Ricel scalar.

2 Background Inflationary Solutions

As explained in the introduction, we shall be in this paper interested in the chaotic
inflationary scenario with large positive nonminimal coupling. Thus we shall take the

following action as our model.
4 R 1 _, 1
S = [d'ay=g |55+ 566 R - 50,6 + V(6)] . (K1)

where k? = 87G. Our definition of £ is the same as Fakir and Unruh, that is, conformal
coupling means & = —%. Note that Futamase and Maeda used opposite sign for £. Varying

the action (K.1), we obtain the field equations

(% + €¢2) GMV = (1 + 2€)¢7M¢,v - <2§ + %) g/wd),aqs’a
= 26090 = ViVL) ¢ + gV (9), (K.2)
06 +ERG+V,y = 0, (K.3)

where O = —g¢~1/29, (—gl/ng‘ﬂag), and Vg = 0V /0¢. Greek and Latin indices take
0,1,2,3 and 1, 2, 3, respectively.
For the spacetime we assume a homogeneous and spatially flat Robertson-Walker uni-

verse

ds® = dt* — a®(t)6;;dr'da’. (K.4)

Equation(K.2) yields the Hamiltonian constraint equation

FQQ

3(1 + w2£0?)

where overdots denote time derivatives. The momentum constraint equation is

1 = 56+ V(6) - 68 H0d|. (K.5)

/12

1. . . ;
= s |9+ €Hod — &6 — €od) . (K.6)
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The equation of motion for the inflaton field is obtained from (K.3) as
6+ 3HG —6¢ (H+2H) ¢+ V= 0. (K.7)

Combining above equations, we obtain

K2 (1 + 6€) ] ¢’
1+ R2EP2(1L+6E) | ¢
1

= TR T V@ — (R (K

b+3Hd + [

Using the "slow-roll approximations” such as

'% < H, (K.9)
'g < H, (K.10)
< V(o) (K.11)

the energy constraint and field equation take the following forms, respectively

2

K
Ty
2%
VO - g (W60 - L+ e} (a2
. 1
3O~ i ae M6V (0) = (1+ RV, (K.13)

These are the basic equations which determine the background solution. We shall consider
the solutions of these equations in the case with the self-coupling constant and mass term,

separately.

2.1 Chaotic Inflation by a self coupling

Let us consider the chaotic inflation generated by the self-coupling constant of the infla-

ton. Thus we take

V(9) = 1A6"
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Then the equations (K.12) and (K.13) give, respectively

2 K2\ 8¢
H 12(1 + ﬁzggﬁz) 1+ 1+ ,{2§¢2(1 + 65) (K14)
3Hg o (K.15)

1+ R2EQ2(1 + 6E)
Let us now define our basic variable 1) = k26¢? which turns out to be very useful in our
analysis. Since we consider the strong curvature coupling, let us consider the situation

where

b1

This condition simplifies significantly the above equations as

A
H?> ~ ——— K.16
Voo o2 1 (K.17)
() 3k2E(1+68) H
Therefore we have the following solution.
v 8
- = K.18
H 14667 ( )
8& a
~ Y — In{—]. K.19
Note that this solution is consistent with the slow-roll approximations. In fact we have
! < 1. (K.20)
1+ 65 Y '
From the equations (K.16) and (K. 19) we obtain a differential equation for the scale factor.
. . 1/2
a_ A8 (ﬁ> . (K.21)
o V2R | T 06 \a
This equation (K.21) can be easily integrated as
a(t) = a; exp [Hit — 7(Hit)2], (K.22)

Thus we have the following Hubble parameter and scalar field.
a(t) = ajexp |Hit — y(Hit)?], (K.23)
H(t) = H;(1—-2yH), (K.24)
Y(t) = ¢i(1—2vH;t)", (K.25)
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where
s AU
Hi - 12’{2527 (K26)
28
- = K.27
K (1 + 6E); (K.27)

These expressions indicate that the expansion rate is much more rapid than the rate of
change in the Hubble parameter as well as the inflaton field. Since we are interested in
the very long-wavelength tensor perturbations which give the largest contribution to the
CMBR anisotropy today and such perturbations decouple at the early stage of inflation,

we can approximate the above solution to the following simple forms:

a(t) =~ ae™, (K.28)
H(t) ~ H,, (K.29)
)~ (K.30)

Finally, we have to consider the amount of inflation sufficient to solve cosmological

CLC(L? — exp (/ Hdt) = exp </1z}f %dlb)

bo146 146
~ exp(/wif— 48; 5d¢>— gff(zpi—zpf)z?o. (K.31)

Fakir and Unruh commented ¥ ~ 1 signals the end of inflation[12]. Thus the strong

puzzles,

coupling, i.e. £ > 1, condition gives
v; = 80. (K.32)

2.2 Chaotic Inflation by a mass term

Next, we consider a massive free inflaton field with the following potential
1

V(¢) = §m2¢2
Then the equations (K.12)and (K.13) become, respectively
2 KM A€ s
= 6¢(1 4 r2¢?) 1+ 1+ k26¢02(1 + 6€) (1 —r%07)], (K.33)
o e (K.34)

1+ k2602(1 +68)°
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When 1 > 1, these equations may be approximated as

N 1+ 2¢
H?* ~ o <1+6§> (K.35)
v, 2 1 (K.36)

" 3(1466) H

We can find a scalar field grows exponentially so that the slow-roll approximations are not

| 1+ 2{
Thus, we conclude the mass-term 1nﬂat10n does not occur in the model with strong cou-

satisfied unless ¢ < 1 :
< 2. (K.37)

pling. This result is consistent with Futamase and Maeda[10].

3 The Spectrum of GWs generated during the Infla-

tionary Expansion

In this section we shall calculate the spectrum of GWs generated during the period od

inflationary expansion in the framework of Fakir-Unruh scenario.

3.1 Radiative Solutions of Metric Perturbations

First we derive the equation for the GWs as the linear metric perturbation. The method
is exactly same with the case in general relativity(GR) [28]. Namely we consider a small

disturbance h,, of the spatially flat Friedmann-Robertson-Walker metric g, :
ds® = (G + hy)datdz”. (K.38)

The spatial flatness means that the metric perturbations can be expanded by a plane wave

with a comoving wave number £ :
hh(x, 7) / Bhhy(k, )T e (K.39)

where € is the polarization tensor, and A = 4, X is a mode of the polarization. We choose

the synchronous gauge (hgy = ho; = 0), and use the conformal time (2° = 7),

ds? = a®(7)dr* — (CLQ(T)(SU + hij) da'da?. (K.40)
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Then the linearized Einstein equations (K.2) lead to the radiative mode of the tensor
perturbation:
hi = Ry, = 6 =0, (K.41)
" R 2
Ry (k,T)+ (25 + ﬂ) R\ (k,T)+ k“hy(k,T) =0, (K.42)
where dashes denote conformal time derivatives. The other components of the Einstein
equations (K.2) are trivially satisfied with above conditions.

Writing each component hy(k, 7) of the GW perturbations as [12, 13],

hi(k,7) = k,T), (K.43)

1 1
——ur(k,T) = ———
rmyrte ) = Al
we have the following equation for .

/!

wh(k, ) + <k2 — %) px(k, ) = 0. (K.44)

This is an ordinally ”Schrodinger type” equation. If k% > |R”/R|, we can find a plane
—1
wave solution of h, with its amplitude scaled by (a\/ 14 w)

3.2 The Spectrum of GWs

Now we will calculate the spectrum of the GWs derived above. We follow the previous

works|[14, 15, 39]. Let us choose the normalization of a(7) as

1
a(t) = - vacuum T € (—00, —T), (K.45)
2nT .. T
= p radiation 7 € (7o, 5) (K.46)
2
-
= 7 matter T € (11, 7o) (K.47)

We assumed that the transitions across each phase are instantaneous and we matched a(7)
and a(7) at the transition points. This will be an accurate approximation for the long-
wave tensor perturbations we are interested in. Note that 7 is discontinuous across each
transitions. Of course, we could define continuous time across each phases (e.g. [22, 23]),

and we can obtain the same results as below.
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We shall calculate the amplitude of the GWs generated as quantum noises. The following
consideration will help us to choose a convenient field variable to quantize. The equation
(K.44) shows that each polarization state of the waves behave as a scalar field ¢ with a

normalization factor of y/2k24:

h)\ = QHQHQO)\ = 2—/12()0)\ (K48)

€ 1 —I— ,‘p
We omit a subscript A henceforth. This situation is analogous to GR case[21]. We also ne-
glected the other interactions of ¢ due to the mixture of ¢/, which is a good approximation

for our purposes. Thus we choose the scalar field ¢ to quantize as the same way in GR.

pl@.7) = [ @ [apueR)pn ()R + aly (R)pi(re B2 (Ka9)
T

where Gppase and Gppaq

are the annihilation and creation operator at each phase(vacuum
dominated, radiation dominated and matter dominated phases), and (1) is properly

normalized solution of the equation (K.42) :

1 i ( i )
) = el — — vacuum, matter, K.50
A = e at) kT (K.50)
1 .
= e kT radiation. (K.51)

V2k(2m)32a(T)
We used the fact that ¢ &~ const. in the inflationary phase (K.30), and ¢ = 0 in the post
inflationary phase. We also assumed our universe approaches the conformal vacuum mode

function as 7 — —oo, that is
1
H
PRVD T ok (2n) ¥ 2a(r)

Where the quantities with ”VD” means the quantities evaluated at the vacuum dominated

—ikT

for 7 — —o0. (K.52)

phase, namely at the inflationary phase. The Bogoliubov coefficients relating operators at

each phase are defined as :

arp(k) = ai(R)avo(k) + c(k)aln(—k), (K.53)

avp(k) = c3(k)avo(k) + c;(k)alp(—k). (K.54)
where "RD” and "MD” mean ”Radiation Dominated” and ”Matter Dominated”, respec-
tively. Matching the field and its first derivative at the first transition:

¢rvp(—T2) = c1¢rrp(T2) + C2@Z,RD(TZ)> (K.55)

SO;C,VD(_TQ) = ClSO;C,RD(TQ)+0290*;C,RD(T2)7 (K.56)
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we obtain
__ Hin gy, , 2
¢ = _WG 2 |:1 - 27,]{77'2 — 2(]{?’7'2) :| y (K57)
HiTl
= ) K.58
Co (]{37’0)2 ( )

We can see these coefficients satisfy the Bogoliubov relations required for the orthonormal-
ity of mode functions ¢[29] :

lei]? — Jea]® = 1. (K.59)
Since we are interested in GWs which are still well outside the horizon at the time of
matter-radiation equality and will give the largest contribution to the CMBR anisotropy

today, we may use simpler results up to second order

H;my
N — , K.60
Him
= . K.61
At the next transition the continuity conditions become
T1 % T1 «
ClQDk,RD(E) + C29%RD(§) = ¢c3¢kMD(T1) + Cap vp (T1); (K.62)
T * 7— *
Cl(p;c,RD(El) + G ;cRD(El) = CISO;@,MD(TI) + ;c,MD(Tl)J (K.63)
Thus we obtain
H;/k
g = —————
2(]437'1)(]@7'0)2
{1 = 2ikr — 2(kr)?} e™7/2 {1 = 2ikry — 2(kry)?} 2F7 — €¥67/2] (K 64)
H;/k
C4 — —F5 Vo
2(kT1)(kT0)2

{6732'1671/2 {1 — Qikry — 2(1{:7'2)2} etk _ {1 + 2ikT — 2(k7-1)2} e”'k“/ﬂ (K.65)

with
|c3|2 — |c4|2 =1. (K.66)

Up to second order, we get simple solutions again as

3 H,
~ _ i K.67
“s 2k (k)2 (K.67)
3,
~ I . K'
“ 2% (k)2 (K.68)

L
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Since we assume each transition is instantaneous, the Universe will remain in the de Sitter
vacuum. Thus we may be able to calculate the quantum mechanical two-point correlation

function in the de Sitter vacuum.
(QM) G 3. ik-T
A = s [ dwe®® 0lg(@, r)e(0,7))0). (K.69)
where
|0) = |de Sitter vacuum). (K.70)

Note that this assumption makes us to use the Heisenberg picture of quantum fields in
which the states of vacuum don’t evolve with time but the operators do[23]. For waves
re-entering the horizon at the matter dominated era, we have

o2 [3j:(k)]
QM) _ i 1
A ST [ I (K.71)

where j;(k7) is a spherical Bessel function of order one. According to our normalization,

this is calculated as

K2H? [ 35, (k7)]°
ALY = 262 AW — (%)g [ jlk(T )] Saxs (K.72)
where we used the following facts
e,ul/()\)ewj()\/) = 5)\)\’7 (K73)
Y(r>mn) = 0. (K.74)

We match this result with our classical ensemble of GWs. The classical two-point func-

tion may be calculated by writing the classical GWs as

3j1(kT
il 7) = Gk o) |28, (K75
where y, is a random variable with statistical expectation value
1
Oo(k)xov (KY) = 50(k — K)o (K.76)

Then the classical two-point function is

351 (k)17
A(GCV%/),/\X = A*(k) [ jlki_ )] OAN- (K.77)
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Comparing this with quantum two point function, we obtain

2H? 8
A2 — K v K
(%) (2m)3 31 (K.78)
where
2 __ K2 4
Hi = gmpl?). (K79)
Since we know that H? = 12’\;@22,
(5 A
— — . K.80
V= e (K.80)

In the end, we find that the existence of the nonminimal coupling only affects the amplitude

of spectrum via Hubble constant.

4 Comparison With Observations

We shall now make a comparison between the theoretical prediction derived in the previ-
ous section with the observation of CMBR anisotropy. Using the Sachs-Wolfe relation, one
can calculate the power spectrum of CMBR anisotropy generated by the long-wavelength
GW [39]:

() = <Z |agm|2> — 3672(20 + 1) Eﬁ * ;;: /02”/71 kdk A2 (k) [ Fu(R)[2, (K.81)

where the angle brackets denote averages over statistical ensemble of aZ, and

B = [ Lz o é’fi?—??”]

Je—2(kr) 2jo(kr) Jesa(kr) (K.82)
(20—-1)(20+1)  (20—1)(20+3) (204+1)(20+3)|" '
We shall use the following numerical value for (a2) evaluated by White[39]
(a3) = 7.74v, (K.83)

On the other hand, COBE-DMR group expresses this quantity in terms of Qs_ps :

(a3) = 4r (QmTO‘PSf (K.84)
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Note that since this quantity Q.ms_ps has already been handled statistically, we can make a
direct comparison between this expression with the theoretical prediction (a?). Combining
(K.80), (K.83) and (K.84), we find

A _ (47T)3 80 Qrms—PS 2
£ 387 (J)( T ) ' (K.85)

According to COBE 4yr results[30, 31|,

T, = 2.728+0.004 K, (K.86)
QrmsfPS = 18+£14 ,UK7 (K87)

for n = 1 Harrison-Zel’dovich spectrum, thus we obtain the following constraint on the

theory.
A 23 % 107 <i—0> : (K.88)

& i
where we do not take the errors of the observations (K.86) and (K.87) into account, because
our result (K.88) mainly depends on the initial value of v;. Furthermore, we have not
considered the contribution from the scalar density perturbation which will be produced
during early stage of the inflationary phase. Although a large fraction of the quadrupole
anisotropy seems to be due to GW|[20], we have to take that contribution into account for
more precise discussions. Note that since the uncertainties just mentioned lead to higher
estimates of \/£%, we may expect that the “real value” of \/€? is slightly lower than the
obtained result (K.88).

Makino and Sasaki[33](hereafter, refered as MS) derived the perturbation of spatial

curvature R, on the hypersurfaces orthogonal to the matter rest frame:

N [
Rom = 7w\ 361 +68) (K-89)

where N(t) is a e-fold scale in which one is interested. MS found that R, for the super

horizon scale is expressed as follows:
H
Rp=®— EX7 (K.90)

where @ is the gauge-inveriant metric perturbation in the longitudinal gauge condition, i.e.

ds* = (1 — 2®)dt* — a®(1 + 2@)5ijdl'id$j, (K.91)
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and X is the gauge-invariant scalar field perturbation. Several authors found that the
canonical normal modes of perturbations which diagonalize the full action perturbed to
second order in the conformal transformed Einstein frame (e.g. [33, 18]). MS expressed ®
and X in terms of their canonical normal modes @) and 7 (their notation) and found that
R has the same amplitude in both of the Einstein and the original frame.

R, is related to the gauge-invariant density perturbation as

op 2w+1) [k’
5 Bwis (y—) R, (K.92)

where w = p/p. Using our result (K.88), the density perturbation on the horizon scale

(k=aH, N =70) at a matter-dominated phase (w = 0) becomes

5 )
<_p) ~ 2.1y 5 &~ 1.0 x 10*4,/@. (K.93)
P HOR f 1/%

The density perturbation is also related to the rms temperature fluctuation of CMBR via

Sachs-Wolfe effect as
oT 1

On the other hand, ® is determined by the Poisson equation,

20 — —drGpa® (%’)) - —g(aH)Q (%’) | (K.95)

Since our interest is the density perturbation on present horizon scale, i.e. k = aH, we

(5_T> 1<5_p) 2 (K.96)
T rms 2 P HOR 52

From the COBE-DMR result (67/T )mms = 1.1 x 107°[31], we obtain the initial condition

of our universe as

have

Py &~ 1.6 x 10°, (K.97)

We must notice again, however, we have never paid attention to the ratio of tensor con-
tribution to scalar one. Since smaller tensor contribution leads to smaller value of v; by
several factors, our discussion is reliable up to order of magnitude.

Finally, let us consider the model of A = 1072, which would be a reasonable value for

some of particle physics model. Then the nonminimal coupling constant and the initial
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value of the inflaton field are constrained as

£ ~ 10 (K.98)

% o 1071, (K.99)

mpl

As Makino and Sasaki commented[33], the relaxation of fine-tuning for A is nothing but
a restatement of the issue of a large values of £&. According to our results, furthermore,
the initial inflaton field has to be smaller by one order of magnitude than that of chaotic
scenario in framework of GR. Note that the smaller contribution of tensor perturbation

leads to the smaller 1; and then smaller ¢;/m,,.

5 Conclusions

We calculated the spectrum of GWs generated in the chaotic inflationary scenario with
a nonminimally coupled inflaton under the condition where v = K2£¢? > 1, and their
contributions to the CMBR anisotropy via Sachs-Wolfe effect. Comparing the COBE-
DMR 4yr observations with the predicted power spectrum of CMBR, we find the initial
value 1; &~ 1.6 x 103. Our result decreases a number of undetermined parameters in the
theory, i.e. 1, and indicates that if we choose A = 1072, £ = 10* and ¢;/m,,; ~ 107! are
required. In the chaotic inflationary scenario with minimally coupled inflaton, an argument
based on the comparison between the energy content of the inflaton field and planck energy
density places the upper bound of the initial value of the field. It would be hoped in the
nonminimally coupled case that the same sort of argument will place an upper bound on
the initial value for ;. However it is the nonminimality that prevent us to have such a
simple argument. In this context Hochberg and Kephart made some discussion on the
energy density of a nonminimally coupled scalar field[26], but their result seems to be not
available in the present context because of the existence of self-coupling. It should be
mentioned that the condition for Hubble constant to be smaller than the inverse of the
planck time is easily satisfied in the above choice of parameters. In this sense Fakir and
Unruh scenario is not excluded as a good candidate of the inflationary scenario.

Finally we mention the chaotic inflationary scenario by induced gravity[13, 9]. The above

analysis may be applied exactly same way and one has the same constraint of parameters
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when ¢ > 1. However this case has also another constraint on & coming from solar system
experiment on the omega parameter of Brans-Dicke theory since the theory is translated
into Brans-Dick type. These two constraints are incompatible each other so that the chaotic

scenario by induced gravity with the strong coupling seems not to work.
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Erratum: Constraints on the chaotic inflationary scenario with a
nonminimally coupled “inflaton” field from the cosmic microwave background

radiation anisotropy [Phys. Rev. D 58, 023004 (1998)]

The expressions for the mode functions (3.13) and (3.14) we employed as the conserved

quantities during all phases have contained an error. The correct expressions will be as

follows.

(1) ! kT (1 ! ) £t

T) = e - — vacuum, matter,

o V2k(2m)32R () kT
1 ik
= e " radiation,
V2k(27)3/2R(T)

where

VITD

R(r) = — i vacuum T € (—00, —T),
21T L. T
= radiation T € (T2, =),
702 ( 2 2)
-2
= = matter 7 € (14, 79).
y

Then we can match the mode functions at the each phase. As the result our expressions
should be modified by simply replacing H by H/\/1+ 1 ~ H/+/%{. Thus, our main result
(3.40), (3.41), (4.5) and (4.8) are written as :

9 179 . 2
ACD) k“H [3j1(k:7')] S

ST @r L+ 9)

A (].671')3 Qrms—PS 2 -7
R ~ 1.8 x 107".
2~ 310 ( T, ) X

Note that the dependence of \/£2 on 9 is disappeared.
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We present complete constraints imposed from observations of the cosmic microwave
background radiation (CMBR) on the chaotic inflationary scenario with a nonminimally
coupled inflaton field proposed by Fakir and Unruh (FU). Our constraints are complete
in the sense that we investigate both the scalar density perturbation and the tensor grav-
itational wave in the Jordan frame, as well as in the Einstein frame. This makes the
constraints extremely strong without any ambiguities due to the choice of frames. We find
that the FU scenario generates tiny tensor contributions to the CMBR relative to chaotic
models in minimal coupling theory, in spite of its spectral index of scalar perturbation
being slightly tilted. This means that the FU scenario will be excluded if any tensor con-
tributions to CMBR, are detected by the forthcoming satellite missions. Conversely, if no
tensor nature is detected despite the tilted spectrum, a minimal chaotic scenario will be

hard to explain and the FU scenario will be supported.
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1 Introduction

In spite of its many successes, the standard big-bang theory has faced serious problems,
namely, the horizon, flatness, and monopole problems. In the beginning of the 1980s, an
epoch-making idea called the inflationary scenario was advocated to solve these cosmolog-
ical puzzles[1, 2]. Later it was recognized that the concept gives us not only a solution to
such puzzles, but also to the origin of density perturbations[3, 4, 5, 6.

Among the various models of the inflationary scenario, Linde’s chaotic model[7] has been
regarded as a feasible and natural mechanism for the realization of inflationary expansion.
This model still has a serious problem; i.e., one has to fine-tune the self-coupling con-
stant A of the inflaton unacceptably small to have a reasonable amplitude of the density
perturbations.

On the other hand, the feasibility of inflation has been investigated in alternative theories
of gravity, e.g., the Brans-Dicke scalar tensor theory|[8, 9], and nonminimal coupling theories
of gravity[10, 11]. Fakir and Unruh (FU) [12, 13] proposed a way to avoid fine-tuning A
by introducing a relatively large nonminimal coupling constant [£| > 1 in the context of
the chaotic inflationary model. According to their results, the large value of &, i.e., order
of 103, allows us to have a reasonable value for the coupling constant A = 1072, Thus the
FU scenario remains a reasonable model of the inflationary scenario.

Constraints on the FU scenario are discussed by some authors[14, 15] using the scalar
perturbations generated during the inflationary phase. We investigated the spectrum of
tensor mode cosmic microwave background radiation (CMBR) anisotropy [16]. Hwang
also discussed the tensor mode power spectrum from inflation based on generalized gravity
theories in a unified manner[17].

In discussing the constraint on generalized gravity theories including the FU scenario,
one has to be careful about ambiguities associated with the conformal transformation.
Sometimes the analysis is made in the conformally transformed frame in which the gravity
may be described by the Einstein action. However, it has long been known that the con-
formal transformation often changes the physical phenomena in different frames (e.g., Ref.
[18], and references therein). Thus it is quite important to make the frame dependences of
the results one obtains clear.

The purpose of the present paper is to investigate the constraints on the FU scenario
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by taking into account the frame dependency. Namely, we shall investigate the CMBR
anisotropy caused by both the scalar and tensor perturbations in two different frames, the
Jordan and Einstein frames, which seem to have special physical importance among various
transformed frames. From this point of view, this work can be regarded as the complete
treatment of the observational constraints on the FU scenario.

A number of investigations have shown that high precision CMBR temperature anisotropy
and polarization experiments, e.g., two satellite missions of NASA’s Microwave Anisotropy
Probe (MAP)[19] and ESA’s Planck Surveyor[20], can be used to determine many cosmo-
logical parameters to unprecedented precision[21, 22, 23]. We are especially interested in
amplitudes and spectral indices of scalar and tensor perturbations. It is relatively hard to
determine these parameters due to the cosmic variance and the cosmic confusion|24, 25, 26|
by means of a temperature spectrum only. Including polarization informations allows us
to detect tensor contributions directly because a tensor mode can generate the magnetic
mode of polarization while a scalar mode cannot [27, 28, 29]. However, it is still hard
to detect such a magnetic mode directly because of its predicted tiny amplitude. Even
Planck, with the most sensitive experiment not only for temperature anisotropy but also
for polarization, can detect tensor contributions only if the tensor to scalar ratio is greater
than 0.2[28, 29].

For later convenience we summarize the relevant facts of the CMBR experiments here.
The experiments can measure the angular power spectrum of the temperature or polariza-

tion correlation function C,

5T,
__%J@*:E:Wmanwa (L.1)
0 Im
<a?’m’alm> = Cl(sl’l(sm’ma (L2)

where the angle brackets denote ensemble average. The Cosmic Background Explorer

(COBE) Differential Microwave Radiometer (DMR) group expressed the observed quadrupole

N ETe
Qrms—PS = T(J E (L?))

According to the COBE four-year results[30, 31],

moment in terms of Qms_ps,

T, = 2.728+0.004 K, (L.4)
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QrmsfPS = 18+£1.4 ,UK (L5)

for the Harrison-Zel’dovich spectrum. This gives C§™ = 1.1 x 10710 pK?2,

This paper is organized as follows. In Sec. II we review the background solutions of the
inflationary expansion in both the Jordan and Einstein frames. In Secs. III and IV, we
show the amplitude of the scalar curvature perturbation and the tensor gravitaional wave
generated during the de Sitter phase, and discuss the constraints by means of the observed
CMBR quadrupole moment. Section V derives the predicted tensor to scalar ratio and
describes the possibility of detecting tensor contributions. To compare our results with well-
known results in minimal coupling theory and to interpret their physical meanings, we also
discuss a consistency relation which includes the spectral index in Sec. VI. Finally, Sec. VII
contains conclusions. Table L.1 summarizes our results of the predicted observables based
on the FU scenario. We shall follow Misner, Thorne, and Wheeler[32] for the definition of

the Riemann tensor, Ricci tensor, and Ricci scalar, but the metric convention is chosen as

g=(+——-),

2 Background inflationary solutions

2.1 Jordan frame solutions

At first, we shall review the background inflationary solutions in the original Jordan

frame. This section follows our previous paper[16]. We shall consider the following action:
4 R 1 2 1 v
A= [dtay=g {ﬁ +SEOPR— 0" 0,6, + V(9)], (L.6)

where k? = 87G. Our definition of £ is the same as Fakir and Unruh[12], that is, conformal
coupling means £ = —1/6. Note that Futamase and Maeda[10] used an opposite sign for

¢. For the spatially flat Robertson-Walker metric
ds® = dt* — a*(t)d;;dx"da’ (L.7)

we can derive the fundamental background equations

2 . .
HE = e [59° V() — 6¢H00 . (L.3)
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4 3H¢+[ R260%(1 + 6¢) ]&

1+ K221 +68)| &

1
T o [V (9) = (L4 RNV (L.9)

where overdots denote time derivatives in the Jordan frame and V, = 0V /0¢. Now we

shall employ the potential V(¢) = A¢*/4 and apply ordinary slow-roll approximations to

the background equations. This gives us

2 I{2)\(f)4 85
3H 4 (L.11)

1+ R2EQ2(1 + 6E)
It is straightforward to find the self-consistent inflationary solutions under the condition

K2E@? > 1. Defining ¥ = k?£¢?, the above equations take the following simple forms:

- GeE B TreE (L.12)

These solutions lead to the well-known exponential expansion in the Jordan frame. The

amount of expansion from any epoch to the end of inflation is calculated as

t vr H 1+6
N = [ = [ - e i) = vl (L.13)
Note that for the initial value of 1,
Bl ANl WA

must be held to solve the cosmological puzzles.

2.2 Einstein frame solutions
We shall perform the conformal transformation to the Einstein frame
Gy = QG Q=1+ k*p*. (L.15)

Hereafter we put hats on variables defined in the Einstein frame. The conformal transfor-

mation gives

R 1 N
A= [ a5 | = 000, + Vo) | (L.16)
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where
and
Vg = VO A (L.18)

(11 /26072 A(1 + K2EQ2)2 AR’
where the last equality of Eq. (I..18) is derived from the condition x?£¢? > 1.
To make the kinetic term of scalar field canonical form, we redefine the scalar field as
b 1+ R202(1 4 6€)
do 1+ k292 '
Then it can be clearly seen that the new potential (L.18) is still flat enough to lead to

(o)

(L.19)

sufficient exponential inflation. When we investigate the dynamics of the universe in
the Einstein frame, we should transform our coordinate system to make the metric the

Robertson-Walker form

a=+vQa,  di =Qdt, (L.20)
and we obtain

d§® = dt* — a*(1)d;;dx'da’ . (L.21)

Note that the physical quantities in the Einstein frame should be defined in this coordinate

system. Now the Einstein equation can be derived in the usual manner under the slow-roll

approximations,
N P 7 A
=" ~_ .22
3 {(dt) +V(¢)} 12,262 (L.22)
where
N lda 1 10
H= -—=_"_|H+:-= L.23
adt  VQ < +29)’ (L.23)
Ao (do) (dt ._\/1+l€2§¢2(1+6§)¢; L24)
i \do)\di)" Q3/2 ' '

We can conclude that the exponential behavior of the expansion is retained in both

frames[10]. Note that we can put a constraint on A/ by means of requiring V< mél,

A
& < 25672, (L.25)

This constraint is too weak compared with the observational constraints discussed below.
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3 Scalar perturbation

The scalar curvature perturbation R(t, x) generated as the quantum noise during the de

Sitter phase is well-known in the Einstein frame. Let us choose the longitudinal gauge

ds® = [1+2V(z)] dt* — a®(t) [1 + 2®(z)] 6;;dz"dx’. (L.26)
We can construct the gauge-invariant scalar curvature perturbation from the metric and
the inflaton field perturbation as follows:

R(z) = () — %5(;5(95). (L.27)

Since we already have the prescriptions to quantize ® and d¢ in the Einstein frame[33, 34],

we can calculate the amplitude of scalar curvature perturbation

Ps(k) = Jgﬂ"; / dzek® (R(E,0R(E, x)) (1.28)
—a (1.29)
2r|dg/df||;,

where k is a comoving wave number. Note that the metric perturbations defined in the

Einstein frame have to be calculated in the coordinate system {##} :

S 0z 02

9 (2) = EYe @gaﬂ(@ (L.30)
and for instance,

R 109

O(z) = O(x) + 56(9:) (L.31)

Makino and Sasaki[33] and Fakir, Habib, and Unruh[35] proved that the amplitude of
scalar perturbation in the Jordan frame exactly coincides with that in the Einstein frame.

We can see such conformal invariance in the simple calculation

. . H

R(&) = @(i)—dgg/dquﬁ(i"), (L.32)
= B(z) - %(M(m) = R(z). (L.33)

This proof allows us to calculate the scalar power spectrum in the Jordan frame quite

Nt [ A
tk_ 2\ 36(1 4+ 6¢)’ (I.34)

easily,
1 H?

T 2n/ITGE |g|

Ps(k)
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where we used slow-roll approximations, and we have a corrected missing factor of 2 in the
original paper of Makino and Sasaki[33]. The curvature perturbation gives the Newtonian

potential perturbation W[33, 36],

2
<|lIf|2>k = g\/Ps(k‘) radiation-dominated era, (L.35)
= gy/PS(k) matter-dominated era. (L.36)

Since the observed CMBR quadrupole anisotropy is dominated by the Sachs-Wolfe (SW)

effect[37, 38], we can simply estimate it as

5T\’ 1 1
C«;calar _ <<_> > _ <‘—\I’ > _ _Ps<k — d;{l)j (LS?)
where dy is the present Hubble horizon scale. We can thus constrain the set of parameters
A ~10
& < 4.0 x 1071, (L.38)

where the inequality takes into account the contribution from a tensor mode. If we adopt

A =102, it gives € > 5 x 103

4 Tensor perturbation

For completion, let us show our previous result[16] of the amplitude of tensor perturba-

tion in the Jordan frame. In the synchronous gauge, the metric becomes
d82 = (12(7') [dT2 — (51] + hlj) d$1d$]:| s (L39)

where 7 is a conformal time and h;; is a transverse-traceless perturbation. Note that h;;
is invariant under any conformal transformations[34]. The power spectrum of the tensor

perturbation can be derived as well as the scalar one,

Pr(k) =/ Pr(k)
Amk? 3 peik-T
= J(%)gggx/d zekT (1, (7,0)hy (7, )

4 H L /A
= N 1+1/1%;H6_§27 (L.40)
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where A = +, x are modes of the polarization.
Since a tensor perturbation also causes temperature anisotropy via SW effect as well as

a scalar one, we can constrain A\/£? from the CMBR observations[16, 39].

O3 =~ 0.0363 Py (L.41)
gives
A _
=z <1.8x1077, (L.42)

where the inequality also takes into account the contribution from the scalar mode. A =

1072 gives £ > 2 x 102,

5 Constraints from the cosmic microwave background

Now we are in a position to predict the ratio of the amplitude of the tensor perturbation

to that of the scalar one. It can be obtained from Eqgs. (1..34) and (1..40),

P, 1+66( 70 \°
Fs(k)_o'00245 G <N(tk)> : (L.43)

We should keep in mind that this result does not depend on the choice of frames and does

not depend on ¢ directly in the limit of £ > 1 but depends on N (%) only. Equations (L.37)
and (L.41) give the simple relation between Cinser/Csealar and Pr/ Py,

C;ensor PT .
= ~0.9—(k=dy). L.44
r Cscalar 0.9 PS ( H ) ( )

We already know that the FU scenario requires £ > 1 to avoid the fine-tuning of A, and
the perturbations which contribute to the present CMBR quadrupole moment have left the
Hubble horizon scale at around N (t;) = 70. We can thus conclude that the FU scenario
predicts r ~ 0.002, which is too tiny to be detected by even the Planck Surveyor. In other
words, if MAP or Planck could detect any tensor contributions to the CMBR, it would
mean that the FU scenario could be excluded from good candidates of the inflationary

model.
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6 Spectral Indices

In the previous sections, we discussed only the amplitudes of perturbations. Here let
us consider the first-order solutions in the slow-roll approximations. The behavior of per-
turbations are fully governed by the simple Schrodinger type equation, and the first-order

nature appears in the time-dependent mass term R’/R,

(RAY(k.,7) + <k2 - %) (RA)(k, ) = 0, (L.45)

where A is a scalar or tensor perturbation[40], and dashes denote conformal time deriva-
tives. Writing R = a/Q, the usual slow-roll parameter € [41, 42] and a new parameter o

can be defined as *

H Q
= —— = —. L4
€ ek a=gy 0 (L.46)
¢ and «a give rise to the spectral index of the scalar and the tensor mode
_ dIn Pg
ng = 1+ Tk =1—2¢— 2ay, (L.47)
dIn PT
= = —2—2 L4
e dnk €T (L.48)
and the consistency relation
ng =mns — 1+ 2(as — ay). (L.49)

All we should do is calculate A and @) for both the scalar and tensor modes in both frames.

6.1 Scalar perturbation

Hwang calculated A and @ for scalar perturbation in the Jordan frame directly[44],

As = Ropeo, Qs — ¢* + (3/2)(*/) (L.50)

(H + (1/2)(/2)"

* Correspondences to literatures are &5 = € + 6[41], &5 = 2¢ — n[15, 42], and &5 = —0/2[25, 43].
T It is widely known that there is a specific relation between r, ns and n;. Such a relation is called a
consistency relation. We should emphasize that as # «; in general and the widely used simplest relation

nt = ng — 1 must not be universal.
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where Rsp—o is the scalar curvature perturbation in the uniform scalar field gauge, i.e.,
0¢ =0 and €2 = 1 + 1 is the conformal factor defined previously.
In the Einstein frame, we can use the well-known results from the minimal coupling

theory

~ A\ 2
. . A de/dt
As =Rsjepr  Ws = ( (2/[ ) - (L.51)

Qs is conformally transformed as QS = Qs/, and it gives &\/QS = ay/Qg, i.e., R=R.

Defining another slow-roll parameter which appears in Eq. (1..50) as

Q

= —— L.52
we can conformally transform the slow-roll parameters
. et p 5
€ = — ~ €+ D, [..53
1+3 H(1+p)? b (L.53)
Qg — 6
Qs = ~ ay — 3, L.54
e (1.54)
and the spectral index is also transformed as
g =1—2¢ — 20, =1 — 2¢ — 205 = n,. (L.55)

Thus, we can conclude that ng is invariant under the conformal transformation up to the
first-order of the slow-roll approximations.

Now we are in a position to calculate ng explicitly,

NN
1 (V, 1+66( 70 \°
e~ — =2 =15x107" — ], L.56
‘ 2#(v> 66 \N(y) (E.56)
) Vi
Gy~ -
V
. lr6e (70 )
= 14 102< ) x 107 ( ) L.57
66\ N(tx) (1.57)
With these quantities, we can rewrite the amplitude of perturbations as
- o 1 - AH
Ps(k) = =, Pr(k) = , L.58
0= 7o 72, 0= o] (1.58)
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and Eq. (L.44) gives
P 146 = T(1— iy — 24). (L.59)

Note that 7 depends on the potential steepness ¢ only.

We find that slow-roll parameters do not depend on & directly in the limit of £ > 1 but
depend on N(t;) as well as 7. Here note that O(é) ~ O(a?). Although it seems to be
inconsistent with the first-order analysis, any higher-order terms than first-order are not
important here, so it is sufficient for our purposes.

Finally, the spectral index of the scalar curvature perturbation can be calculated :
ne, = 0.97, r=1=0.002 (L.60)

at N(i;) = 70. Although n, is slightly tilted, the predicted r is still too small. Let us
refer to a consistency relation here. We can see from Eq. (L.59) that the simplest relation
7 = 7(1 — 1) is held only if 24,/(1 — ns) < 1, but Eq. (L.60) shows 24,/(1 — ng) ~ 1.
Therefore, we must not use such a simple relation as that widely used to analyze CMBR
power spectrum (e.g., Refs. [25, 43]).

It is worth comparing the above results with the well-known results in a minimal chaotic

scenario. Employing V,,(¢,) = A¢?, /4, we obtain

m

8 70
m = =14 x107? L.61
o = gt (). o

4 70
m,s = 0.7 1 -2 s L.62
e = g 0T () (162

where N(t,,) = k*¢2,(tm)/8, and N(t,, ;) = 70 gives

s = 0.96, 1 = 0.2, (L.63)

Since 24y, 5/ (1 — i 5) ~ 0.3, we still should not use the simplest relation. These results
are very interesting. While both the FU and minimal chaotic scenarios give similar tilted
spectra, the amount of the tensor contributions to the CMBR is quite different. This is
because of the difference of the order of € between each of these theories. Physically, the
scalar field in the FU scenario moves much slower than in the minimal one. It can be found
in the flatness of the potential

Aot A

Yru = e T e

(L.64)
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Vo = 20, (1.65)

Equation (L.47) shows that the tilted spectrum is produced by both the steepness and
curvature of the potential shape, but Eq. (L.59) shows that the tensor to scalar ratio is
determined by the steepness only. This is why the tensor contributions to the CMBR, are
quite different between each of the theories. As a result, we can determine which theory
governs our universe by means of the observation of CMBR temperature anisotropy and

polarization.

6.2 Tensor perturbation

We have already derived A and @ for tensor perturbation in the Jordan frame[16],
Ar = hy, Qr = 1, (L.66)

and in the Einstein frame

Ar = hy, Qr = 1. (L.67)
We thus find QT = Qr/Q and &; = 0 = a; — 5. The spectral index of the tensor mode can
be calculated in both frames,

fly = —26 = —2¢ — 2B =ny =~ —3.0 x 107%, (L.68)

ny is also conformally invariant and we can see that the tensor perturbation is almost scale

invariant in the FU scenario. There is another expression of the consistency relation

r= 7~ —Thy ~ 0.002. (L.69)

7 Conclusions

We have investigated the feasibility of the FU scenario, which is the chaotic inflationary
scenario characterized by a large value of the nonminimal coupling constant, by means
of the forthcoming CMBR experiments. We have calculated the ratio of the quadrupole
contribution of the tensor mode to one of the scalar mode. As a result, if any experi-

ment could detect the tensor gravitational wave contributions to the CMBR under current
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sensitivities, the FU scenario would be excluded from good candidates of the inflationary
model. In addition, we discussed the spectral index of the scalar perturbation to make
sure of the consistency of our results. Even if the spectral index is tilted by ny = 0.97, the
tensor contributions are still too small to be detected. This is derived from the flatness of
the potential slope in the FU scenario. However, if no evident tensor contributions were
detected despite the tilted spectrum, a minimal chaotic scenario would fail and the FU
scenario would be more plausible. Table L.1 shows the summary of our results.

We found that the physical observables r, ng, and n; do not depend on £ in the limit
of £ > 1 but depend on N(tj) only. It should be emphasized that all of them do not
depend on the choice of frames, that is, they are conformally invariant, so our results can
be compared to observations directly without any ambiguities.

All of the results derived here are valid in both the Jordan and Einstein frames, and
include both the scalar and tensor contributions one up to the first-order in the slow-roll

approximations. In this sense, this work could be stated as complete.
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We report on the detection of the Sunyaev — Zel'dovich (SZ) signals toward the most
luminous X-ray cluster RXJ1347-1145 at Nobeyama Radio Observatory (21 and 43 GHz)
and at James Clerk Maxwell Telescope (350 GHz). In particular the latter is the first
successful detection of the SZ temperature increment in the submillimeter band which
resolved the profile of a cluster of galaxies. Both the observed spectral dependence and
the radial profile of the SZ signals are fully consistent with those expected from the X-ray
observation of the cluster. The combined analysis of 21GHz and 350GHz data reproduces
the temperature and core-radius of the cluster determined with the ROSAT and ASCA
satellites when we adopt the slope of the density profile from the X-ray observations.
Therefore our present data provide the strongest and most convincing case for the detection
of the submillimeter SZ signal from the cluster, as well as in the Rayleigh — Jeans regime.

We also discuss briefly the cosmological implications of the present results.
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1 Introduction

The Sunyaev — Zel'dovich (SZ) effect (Zel'dovich & Sunyaev 1969; Sunyaev & Zel'dovich
1972), a change in the apparent brightness of the cosmic microwave background toward
a cluster of galaxies, provides important probes for cluster gas properties, the global cos-
mological parameters and the peculiar velocity field on large scales (e.g. Silk & White
1978; Sunyaev & Zel’dovich 1980; Rephaeli & Lahav 1991; Kobayashi, Sasaki & Suto 1996;
Yoshikawa, Itoh & Suto 1998; Birkinshaw 1999). While the temperature decrement due
to the SZ effect is observed for tens of clusters in the Rayleigh — Jeans regime, there is
no unambiguous SZ detection in the Wien region (i.e., the submillimeter band) where the
apparent brightness increases. Andreani et al. (1996,1999) and Holzapfel et al. (1997)
reported the detection of the SZ temperature increment of the clusters RXJ0658-5557 and
A2163, respectively, at the wavelength A = 1.1 ~ 1.2mm. Although their total fluxes are
consistent with the SZ signals from the clusters, it is not clear to what extent the obtained
signals are affected by other possible contaminations including the dust in our Galaxy and
submm sources in the cluster field (Smail, Ivison & Blain 1997; Hughes et al. 1998). This
question also applies to a recent claim of the submm SZ detection (Lamarre et al. 1998)
toward A2163 which is solely based on the spectral dependence because their beamsize is
very large (2/ ~ 3').

This simply implies that the mapping observation of the SZ effect is essential. At c¢m
wavelengths, more than a dozen of clusters have been already mapped with interferometers,
but this technique is not yet feasible at submm bands. In the present Letter, we describe
our successful S7Z mapping observation of the X-ray cluster RXJ 1347-1145 (z = 0.45)
at 350 GHz (0.85mm) with SCUBA (Submillimetre Common-User Bolometer Array) on
JCMT (James Clerk Maxwell Telescope) as well as the scanning observations (at 21 and

43 GHz) at Nobeyama Radio Observatory.
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2 Observation of the Sunyaev — Zel’dovich effect to-

ward RXJ 1347-1145 at cm, mm and submm bands

2.1 the target cluster RXJ 1347-1145

ROSAT and ASCA satellites revealed that RXJ 1347-1145 at z = 0.45 is the brightest
X-ray cluster of galaxies observed so far (Schindler et al. 1997). With the additional
ROSAT/HRI data acquired recently, the total exposure time of the cluster in the X-ray
observation of RXJ 1347-1145 is now 36.5 ksec. We have reanalyzed the new X-ray radial
profile, and found that it is well fitted by the isothermal 5 model:

Ix(0) o n2)0[1 + (0/6.)?])/*=3° (M.1)

with the following parameters; the central electron density ng = (9.3 £ 0.4) x 1072 cm 3,
the core radius 6, = 8.4” & 1.0", and 8 = 0.57 £ 0.02, where quoted errors represent 90%
statistical uncertainties (unless otherwise stated, we assume Hy = 50 km/sec/Mpc and
2y = 1.0 with vanishing cosmological constant Ay = 0). Since the corresponding SZ radial
profile is given by

Isz(0) oc Tunepfe[1 + (0/0)2]/2~38/2, (M.2)

the cluster is definitely an ideal SZ target due to its unusually large central density and
high temperature T, = 9.3713 keV (Schindler et al. 1997). In addition, its small core radius
should enable us to map the radial profile at 350 GHz within the field-of-view (160”) of the
SCUBA, while retaining a reasonable angular resolution (the beamsize opway of SCUBA
is 15”). This is the reason why we selected the cluster RXJ 1347-1145 as our SZ target
at 350 GHz in the JCMT/SCUBA, as well as at 21 and 43 GHz in the Nobeyama Radio
Observatory (NRO).

2.2 21 and 43 GHz at Nobeyama 45-m telescope

First we observed RXJ 1347-1145 at 21 (43) GHz with HEMT amplifier (SIS mixer)
mounted on the Nobeyama 45-m telescope between March 3rd and 15th, 1998. The ob-

servation was performed in the cross-scan mode with 4’ 45” chop throw in azimuth, and
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NGC7027 was used to calibrate the flux (estimated calibration error is less than 10%). A
total exposure time is 16.2 (14.4) ksec and the beamsize of the PSF (Point Spread Func-
tion) is opwam = 76”7 (407), at 21 (43) GHz. To cut lower frequency noise due to the sky
variation, the data were high-pass filtered with a time-constant of 30 (21) sec, and then
integrated and averaged over radial bins. The resulting radial profiles of the cluster at 21
and 43 GHz (upper panels in Fig.M.1) indicate the presence of a point source near the
cluster center in addition to the SZ signal. In fact the radio source was detected also in the
NRAO 1.4 GHz sky survey (Condon et al. 1998) and in the OVRO serendipitous survey of
SZ effect at 28.5GHz (Cooray et al. 1998; Carlstrom, private communication). The former
suggests that the radio source is located at (a,d) = (13847%30.675, —11° 45’ 8”.6) (J2000).
This is 2.08” away from the optical center, (13847m30.54%, —11° 45'9”.4) defined as the
location of the central galaxy. This 2" offset is within a relative positional error between
our radio frame (Johnston et al. 1995) and the optical frame (MacGillivray & Stobie 1985)
adopted in Schindler et al. (1995).

Since the accurate flux of the point source is crucial in properly extracting the SZ signal,
we observed the central source at 93 GHz and 105 GHz simultaneously with Nobeyama
Millimeter Array (NMA) between May 19th and 21st 1998 (15 hours’ exposure at each
frequency), and at 250 GHz in the photometry mode of SCUBA (Holland et al. 1998)
on May 30th and 31st, 1998 (2 hours’ exposure). Since the thermal SZ effect vanishes
around at 250 GHz (Rephaeli & Lahav 1991), the latter signal, if any, is expected to be
dominated by the point source. We detected the point source flux of 5.0 & 1.5 mJy at 100
GHz, while the 250 GHz observation placed a 20 upper limit of 4.8 mJy. These results are
summarized in Figure M.2. We have corrected the point-source fluxes for the SZ decrement
at the corresponding frequency, although the contamination is comparable or less than the
quoted 1o error bars in Figure M.2.

We fitted the three data of the point source at v < 100 GHz to a single power-law:
F,(v) = (55.7 £ 1.0)(v/1GHz) 47092 1 Jy, (M.3)

where the quoted errors represent lo. Since equation (M.3) yields a fairly accurate ap-
proximation for the flux at 21 and 43 GHz, we subtract the corresponding contribution
of the point source from our data. Most radio sources with the spectrum index less than

~ 0.5 are known to exhibit a small amount of time variation (Eckart, Hummel & Witzel
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1989). Therefore it is unlikely that the total flux estimated from equation (M.3) varies
significantly due to the possible variability of the source. The corrected radial profiles of
the cluster plotted in lower panels of Figure M.1 clearly exhibit an extended negative in-
tensity characteristic of the SZ signal. They are quite consistent with those expected from
the X-ray observation, especially at 21 GHz where the S/N is significantly higher than at
43 GHz.

2.3 350 GHz at JCMT/SCUBA

We observed the cluster at 350 GHz with SCUBA in the jiggling mode on May 30th and
31st, 1998. Unfortunately the weather conditions during our observation were bad (the
zenith optical depth at 350 GHz ranged around 7350 = 0.46 — 0.60). The observation was
performed over 64 independent points over the sky spaced by 3.09” each other with 120"
chop throw in azimuth. A total exposure time amounts to 18.6 ksec. The primary flux
calibration and beam measurement were carried out using Uranus, and the secondary cali-
brations were performed at the beginning and the end of each observation using IRC10216
and 16293-2422, respectively, to check the stability of gain. The resulting PSF has a
beamsize of opwanv = 15”7, and the calibration error is less than 15%. The beam profile
was approximately Gaussian, but our analysis takes account of the effect of the residual
beam-wing as well.

First we analyzed the raw data using REMSKY (Jenness, Lightfoot & Holland 1998) in
SURF package (Jenness & Lightfoot 1998) to remove spatially correlated sky-noise. With
REMSKY we subtract the sky-noise at each integration from the entire map using the
median value of the bolometers (except for very noisy ones). Therefore the zero-level of
the resulting map after all integrations is still uncertain depending on the sky condition.
We estimated 1o error of our base-level or DC offset to be as large as 2.9 mJy/beam due
to the bad weather conditions. Then the data were reduced and converted to the image
using SURF ver 1.2. The resulting image turned out to contain several bright point sources
in the field. We detected 7 spurious contamination sources above a threshold of 3¢ using
SExtractor package (Bertin & Arnouts 1996). While some of them might simply be due

to the sky noise, others would be real sources; in fact the previous SCUBA deep surveys
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toward clusters of galaxies (Smail, Ivison & Blain 1997; Smail et al. 1998) and blank fields
(Hughes et al. 1998; Barger et al. 1998) detected many submillimeter sources in their fields
(but with < 10mJy typically). Since it is premature to discuss further the reality of the
“sources” at this point, we consider the cases with and without the 7 sources, separately.

The radially averaged profile of the image is plotted in Figure M.3. We confirmed that
the presence of the extended feature comparable to the cluster extension is robust even
with retaining the 7 sources. In this plot, we adopted the cluster center as the position of
the optical center. It should be noted that the error bars in the inner annuli are smaller
than those in the outer annuli, despite the smaller effective area. This is because several
noisy bolometers located at outer annuli contribute significantly to the noise-level of the
corresponding annuli. Thus the noise level is in fact dependent on the angular radius.
These complex noise properties of the SCUBA should be kept in mind in interpreting the
result below.

In fitting our observed profile to the model prediction at 350 GHz, we have to take
account of the DC offset mentioned above, Inc, and the possible contribution of the central
point source Fj,. In what follows, we consider three values for the point-flux so as to take
into account the associated uncertainties; F, = 3.5 mlJy (extrapolated from eq.[M.3]),
4.5mJy (a conservative 20 upper limit from eq.[M.3]) and 0. We adopt the latter since
many radio sources are known to exhibit a steep decline of flux around submillimeter
bands (e.g., Gear et al. 1994). Incidentally F, = 4.5 mJy is a similar flux level reported
for the submm emission from two central galaxies in luminous X-ray clusters (Edge et al.
1999). Thus the analysis using F, = 4.5 mJy may be also useful in understanding the effect
of the possible dust emission from the central galaxy. Then we treat the DC offset always
as a free fitting parameter, despite the fact that the best-fit value (Ipc = 2.1 ~ 2.7 mlJy)
turns out fairly insensitive to both the adopted S-model parameters and F,. Note that the
central feature of our data is significantly more extended than the PSF of beam even for
the case with F, = 4.5 mJy (blue dotted curve in Fig.M.3). The best-fit parameters for F,
and Ipg are listed in Table M.1 togather with the corresponding value of the reduced 2.
Table M.1 indicates that the fit is unacceptable without including the SZ profile, while the
agreement with the SZ profile is insentitive to the 7 sources.

We applied the same reduction procedure for the Lockman-hole data with SCUBA
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(Barger et al. 1998), and found no central extended signal or significant DC offset. This
confirms that our signal profile does not suffer from any systematic effects in the reduction
procedure. In addition, it supports our suspicion that our large DC offset is due to the
relatively large sky-noise during our observing run; our and their noise levels are typically
8 mJy/beam and 0.8 mJy/beam, respectively.

We repeated the similar fitting analysis in 21 and 43 GHz as well. The results are
summarized in confidence contours on the 7; — 6. plane (Fig.M.4). Panels a) to ¢) indicate
that the profile in each band is consistent with each other and actually in good agreement
with the parameters estimated from the X-ray observation. Combined data analysis of 21
and 350 GHz further improves the agreement and puts more stringent constraints on 7
and 0. (panel d). Therefore our present data provide the strongest and most convincing
case for the detection of the submm SZ signal from the cluster as well as in the Rayleigh

— Jeans regime.

3 Discussion

Detection of the SZ signals in multi-bands for one particular cluster has important cos-
mological implications; combining our data in the X-ray, 21 GHz and 350 GHz of RXJ1347,
we estimated the angular diameter distance at z = 0.451 as 1897 4 317 4+ 246 Mpc assum-
ing F,, = 3.5 mJy and the spherical symmetric profile of the cluster (Silk & White 1978;
Kobayashi, Sasaki & Suto 1996; Birkinshaw 1999). The first and second quoted errors
come from the uncertainties of the observed SZ intensity and of the parameters from X-ray
observation, respectively. This angular diameter distance is translated to Hy =37 +6 + 5
and 44 + 7+ 6 ki /sec/Mpc for (Qo, Ag) = (1.0,0.0) and (0.3, 0.7), respectively. While the
estimates still have fairly large errors compared with those from optical observations, it is
encouraging that they fit in a reasonable range, and we expect to improve the estimates
by observing the cluster again (hopefully in much better weather condition). Then it will
be feasible to separate the kinematic and thermal SZ effects by a simultaneous fit to the
21 and 350 GHz data, which will yield a estimate of the peculiar velocity of the cluster
(Rephaeli & Lahav 1991; Yoshikawa, Itoh & Suto 1998; Birkinshaw 1999).

In the above discussion, we have neglected several issues which could affect our interpre-
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tation of the detection of the SZ signal from the cluster in principle, including a possible
variability of the central point source, a non-sphericity and a non-isothermality (Yoshikawa,
Itoh & Suto 1998; Makino, Sasaki & Suto 1998; Suto, Sasaki & Makino 1998; Yoshikawa
& Suto 1999), a cooling flow (Fabian 1994; Allen 1998; Allen & Fabian 1998), contribution
of submm dust (Lamarre et al. 1998; Edge et al. 1999), unresolved lensed sources, and a
peculiar velocity of the cluster. These would definitely contribute to put additional uncer-
tainties in the best-fit parameters of the cluster to some extent. Nevertheless, it is almost
impossible to explain both the spectral dependence in three bands and the radial profile in
each band simultaneously by the combination of those effects alone without the SZ effect,
as clearly demonstrated in Figure M.4. Detailed analysis taking account of those issues
will be presented elsewhere (Komatsu et al., in preparation).
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7% M.1: Summary of the best-fit parameters at 350 GHz

7 sources SZ  point-source flux [mJy] DC offiset [mJy/beam] reduced x?

No No 7.4 4.0 3.6
Yes No 6.1 5.1 3.6
No Yes 1.5 2.7 0.73

Yes Yes 0.2 3.8 0.79
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M.1: Radial intensity profile toward RXJ1347 at 21 (left panels) and 43 (right panels)

GHz observed at NRO. Lower panels show the data in which the estimated contribution

of the central radio source (13.3 mJy at 21 GHz, and 9.5 mJy at 43 GHz plotted in green

dotted lines) is subtracted. Filled circles indicate our data with 1o error-bars. Red (blue)

solid lines in upper (lower) panels are the prediction of the signal with (without) the point

source contribution using the best-fit parameters in the X-ray observation.
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M.2: Spectrum of the central radio source. The data labelled NMA are the average of
the results at 93 GHz and 105 GHz.
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M.3: Radial intensity profile toward RXJ1347 at 350 GHz observed at JCMT/SCUBA.
Open triangles (filled circles) indicate our data with (without) the 7 spurious sources
described in the text. The lo error bars are shown only for the latter. Dotted curve
shows the PSF of 4.5 mJy source with 2.7 mJy DC offset (see text for detail). Solid curves
plot the SZ profiles from the best-fit parameters in the X-ray observation and the point-
source contribution with F, = 4.5, 3.5, 1.5 and OmJy (from top to bottom). We applied
the identical reduction procedure to the Lockman-hole data (Barger et al. 1998), and the
results are plotted in small squares for reference (the 1o error is smaller than the size of

the symbol itself).
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M.4: Confidence contours on the gas temperature 7. and the core radius 6. from the
S7Z data analysis assuming )y = 1.0 and h = 0.5 for definiteness. The cross indicates the
parameters determined from X-ray observations with ROSAT and ASCA satellites. a) 350
GHz data with the 7 spurious sources described in the text; b) 350 GHz data without the
7 spurious sources; ¢) 21 GHz and 43 GHz; d) combined analysis with 21 GHz and 350
GHz (without the 7 spurious sources) data. In panels a, b and d, we adopt F, = OmJy
(thin solid), £}, = 3.5 mJy (thick solid) and F, = 4.5 mJy (thick dotted) for the flux of the

point source at 350 GHz as explained in the text.



