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QCD axion

§1.1
QCDICHIFT B h 1 I FEDREN

1.1.1 QCD ® Chiral X3 # 4
EH: QCDODOu, dZ4+—27% 2 Z—I28F 5 U((2) 4 NEEDINIZIE, REH
WD B.
FHHM: Z2x— 2 UTCEBNIZ, wdDAZFEAS.
e QCD 27 Z—® Lagrangian:

&L = —iu(v"D,, — m,)u — id(y*D,, — mq)d, (1.1.1)
D, = 6, — igsC°To. (1.1.2)

ZZT, CLIESUB) =Y, T,13SU(3) DEAKRBE DI,
o Weyl ZETDHRR :
—ip(Y' D, —m)p = iph(Dor — 0’ Djpor) + it} (Dotpr, + 0@ D)
+m(PLR + Uk, (1.1.3)

e U2), x U2)g WMk : 74— 2HEBEVPEOTDK (my, = mg = 0), ZTD
Lagrangian (ZFIXD Uy x Up € U(2)p x U(2)g THRE L %4 5:

o)), (), o
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bﬁ‘b, HENYO TLRWEHBIHN I OAL 2. —kic, HRIHZ
HETH2HWT

W¢%ﬂlcg +h.c. (1.1.5)
R
Yk, UQR)L x UQ)p ZHuzst LT, ERITHIE

M — Ul MU (1.1.6)

CEET L, INKD, my,=mgDEE, RT NV U, = U, 12U
FERIHIIAZ L 250, HitE~2 MUVRZEH U, = Ul 2 U TIERE
T,

R NV - RS NV R 0 —#RIZ,
U(Q)R X U(Q)L = U(l)b X U(l)A X (SU(Q)V X SU(2)A (117)

ZZT, eR, UeSU2) & LT,

Uy = (u,d) — €®(u,d), (1.1.8a)
SU(2)y ( ) ( ) (1.1.8b)
U)a : (u,d) — € (u,d), (1.1.8¢)

SU2)4 - (Z)RHU Z)R, (Z)L—JJT (Z)L. (1.1.8d)

172U, SUQ) REBHEETH 57, SUQ2) 4 REHBETIEAL

[SU(Q)V, SU(2>A] e SU(Q)A, [SU(Q)A, SU(Q)A] (e SU(2>V (119)

SERLE SU(2)y SRR « BT
my = 2.379IMeV,  my = 4.870TMeV (1.1.10)

E0, my #mg THBN, BELNIIRZ MVEIZB U, = Uz = UQ2)y =
SU2)y x U(1), 12T B AEEDN O Y AT PV TERINT
W5,
— m, = 938.272046 + 0.000021MeV, m,, = 939.565379 + 0.000021MeV .
— mgo = 134.9766 £ 0.0006MeV, m + = 139.57018 + 0.00035MeV.
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o SU(2) 4 NFMEDRKAV: SUQ2) 4 NFMER D B &, A, HEMNF U TRZS
N T4 ZRBDZEEDR VL WT RV, ZO XS RS EEILIEAHIZS
NRE Y ARY MVIZFAELRW. 2L, 774 ZIVFRE A IEE B G 5
(A VARV R VER) LN TV b b HfEIhTn5. EEE, 20
Iz X9 248 Goldstone RY V&N il 7L T2DNRHARTH D L %
RIETBHENL FHET S. HlZIX, Goldberger-Treiman BAFR (1966):

G 2myga

iy (1.1.11)

o U2 : SU((2)4 E £ D, U)W d 281 il FREEOEEZZ B
Dt Goldstone RV ¥V WTELE L 722\,

n: I°(JF9) =07(0""): m, = 547.862 + 0.018MeV. (1.1.12)

1.1.2 XD B FERRN
Reference
e Weinberg S: “The Quantum Theory of Fields”, vol. IT (CUP, 1995).

RIRMZHEE G OREERIZS U CTERBES WAL TH D L TH. DL,
Rz, AA055% ¢ = (¢,) ~DIEH

p—Up, UeG (1.1.13)

LT, TOEEERT Y Y YL V() BAEL RS :V(Ug) = V(p). TD

RT VY Y IVOME ¢ = ¢g DX G DIEAIZH U TAETRWE T 5!
(DV)gy =0, tago #0, t,e ZL(G). (1.1.14)

B BAANICHENZNTMECNIES 20 L > b Jy L AT 58 ¢ DR HBR %
AR MVRRT B ZLITE D, HIERIFRED S Goldstone RV >~ B &£ 5
ZEDREN, THITANTEHAD BOHFLM B OEEH (LY b ~AD B D
TFE) ITXVIRE ST NS [Goldstone J, Salam A, Weinberg S (1962)]

Al NEMEG T eV Y b Ji(r) 9B L, HERD Poincare AL D

L2 ®), bn(@)])y,e = (2m) 7 f dpp*0(1°) [pan(—p)e™ 0 — pyp (—p?)e™ =]
(1.1.15)
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ZZT,
1
A e pan(—))OGY) = D (Vac | J}0) | NN | ¢a(0) | Vac) 6*(p — pw),
N
(1.1.162)

P Gn(—p00°) = 3 (Vac| 6,(0) | NY(N | JA(0) | Vach 84(p — pw).

(1.1.16Db)
Z DAL, Green B
1 .
Ay (zp) = 2n) Jd4p@(p°)5(p2 + p?)e” (1.1.17)
Z FH\WT,
0 N
{Tar(®), n(@)Dyae = W fdlf [Pan (1?) AL (y — @5 11%) + Pan(1P) A4 (z — y; 117)] -
(1.1.18)
CEXMBZ NG,
9, z—y PEBWREE, [JMNy),du(x)] =0&D
2 ~ 2
d QPG,H(I’L ) +pa,n(/1/ ) _ O7 v - n 2 _ _~an 2 ) 1119
fu N P = Pan(t”) = —Pan(i) ( )

tA /D2 2
fduQ;fpayn(,uz)COS( rre ), for allt = p?pan(1?) =0.  (1.1.20)

N
X 51T,
Q. = f Frdao(,0),  [Qur dul@)] = (ta)n" O (2) (1.1.21)
Agl))
P (12) = 02 (Ea)a™ (S (0)) e - (1.1.22)

T, BROTLIZEYREEORY Y B FEMAET A I L 2 E KL, Poincare
ARZEMELD

ipB-T
(Vac | J)z) | Byy = —iFabp”\Be—O, (1.1.23a)

2pg

e~ By
(Ba | ¢n(y) | Vac) = Z;, 50 (1.1.23b)
B
EELE, pon(p®) DEFEKLD,
pa,n(MQ) = Z FabZZ(S(,UQ) (1.1.24)
b
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Iz (1.1.22) IT/RAL T,

iEwZE = —(ta)n™ {Pm(0))y,e - (1.1.25)
Thbb,
$n(r) = D ZeBo(x) + -+, (1.1.26a)
Z8 =3 (F1)™(ityo)n (1.1.26D)
b
2135,

1.1.3 Goldberger-Treiman BE{%=

Z&:  Golberger-Treiman BAfRAIE, /31 hfETFORWHEERHMEARE L 550
MEAERIZ X 2 e 0% BIRA, 731 708 SU(2) 4 MFMED B FH AV
£S5 Goldstone RV > THh btz 52 5.

Ml X, u,d7A—2 VTN OBOFHWMEEMIZNT 5 H%) Lagrangian
i* .
L = —TW;(Vﬁ—Ai);MM(l — 5)vs + h.c. (1.1.27)

ZIT, VFE AP ZEH#SUQ2)y BROSUR)L T EAL Y RELT,
VE =V LV, A = Al +iAL. (1.1.28)

m; DY SU(2) 4 12T 2 # Goldstone RV > &35 &,

(Vac | A4(z) | ;) = —%Fﬂpgaﬁ%. (1.1.29)
“hEn G2, F?m?(m2 —m?)?
[(r— p+v)=—05T 1g7rm7;z’r " (1.1.30)
NEohd. ZTHEERME, T =(2.6033(24) x 1078)"t & b,
F. ~ 184MeV. (1.1.31)

—7, ALV N OIREETDITHIE 2L, Poincare AEMEX D

{p| Ai(x) [ n)= (621;;3% (V95 £(@®) +iq"v59(a®) — 20,715 (q?) ] wp- (1.1.32)
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AV b ORFAZIRES S &,

2mn (%) = ¢*9(q?). (1.1.33)
Bt OR—RAEFEBR LD, f(¢®) 1d¢® =012z RF-T,

f(0) = ga = 1.2573(28) (1.1.34)

UL7zhoT, g(®)d @ =0Tz sD:

2m
g(q?) — NIA (1.1.35)
q
—H, .
() = SFdms 4 (1.1.36)

EUT, m T OEMMEBEEM%EZ 2G ymINvyst;N £ 8L L, ¢ — 0 DIBRT,

el _ -1 ig"F,
—i(2m)*2G N Ty Y5 Un,
(2r)? [ i(2m) NUp7sU ] 2r)ig 2

| AL(z) [ n) — . (1.1.37)

Z i, o op
N4 7w
9(¢*) — "
EEKTS. UE2D00D g(¢?) DIRBEFENDR—HTEHI L XD, XD Goldberger-
Treiman BN %255 :

(1.1.38)

2mpyga
E,
ga, B, DEBRMEL O ZORIE, Gy = 12725250, T, G,y OHIEME
135 LR —HLTW5.

Gy = (1.1.39)

1.1.4 SERIBEIRE D B RN & Goldstone 1KY

ZER: KRB LEMHRIIMEZ D5 E, KT VY v LOMRIIEE I 05 7,
REREETHIRMEDMEZE CHRWIZEN A BE L H UBD/NS B2 DR
v (# Goldstone RYV'V) BINS. ZOREREBIZWHIET E2RT VY v LIGLL
ERYVOBERIE, WNEMEEMSRT Yy VOEREHWTEAKIZERING.
[Weinberg S (1972)]



H 1% QCD axion 7 [HIRA

M AMMEGEEDOANTHDRT V¥ IV VNS REBE V, 2 INA 5:
V =Vo(¢) + Vi(d); DVy(tag) = 0. (1.1.40)

V OMUN %, 272 V) DN g 2 FHWT, Q_5:¢0+¢1 eHL. ¢ DINEZ N
LUT, MUNGRMZ1IRETLES L

DV (¢g+ ¢1) =0 = (D*Vp)4,(¢1) + (DVi)g, = 0. (1.1.41)

Vo DIR/NSBRRIKIS G DIEH TARZE 7LD T,
(D*Vo)go(tath) = 0,  Va. (1.1.42)
FoT, EOAERD 0 IZDODWTHEITZRM4E LT, VDR OEN 2D S

IXRDEBEZEEG|Z M (vacuum alignment condition) 23§ 531 5:
(D) (tath) = 0, Var (11.43)
GRaAVvRI b DEE, ZOFMERTZT ¢o WHEIZHET 5.
#t Goldstone RV > DERIX, —fRIC

2
R
0PmO¢n ¢=¢o+¢1
(Do) (1, 2% 2 + (D*VA)y (2%, 21). (1.1.44)

Vo OXHRMEL O, ZORIFRD LD IZEESHZ SNS ¢

My, = “zgj(lrfl)ac(fwfl)hi[(132‘3)¢o(tc¢oatd¢o)'+'(l)Lﬁ)¢o(tctd¢o)]- (1.1.45)

ZOBEFITEIZIEATHEZ LRI NS.

GDdHHEY
[Tom Cbn] = _(ta)nmCDm (1146)
RS TEFZED R {@,} 2 H\WT, Hamiltonian \Zx§9 2 I#E % i 2 fE) A
Hy = u,®, (1.1.47)
ERINBLT B, 61T,
(Pn) = on (1.1.48)
ML D LD & EITIE, BEZERE| SR
([T, Hi])y = 0 (1.1.49)
LRIND. 72, #E Goldstone RV v DEELITHIX
Mg, = = > (F Y (F YT, [Ty, Hi]D, (1.1.50)

c,d

b, ZZT, a,b,c dlX Goldstone Al =487 .
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1.1.5 NMHEFOEZ

BR: ANAHETE, 24— 2BERIZE D DT RITHENT A A T IVETFRE SU(2) 4
IZEH 2 O# Goldstone RY YV ERGLTIEeNTES, 22T, pifionX%H
WT, NTHEFOEEAARZEL ZMNTES.

M g=(u,d) RIZBVT, OX(a=1,2,3,4) EMRDESIZEHKT S :

Oy = —qystaq (a=1,2,3), &) = %éq, (L.1.51a)
1
®, =iflag (0= 1,2,3), Oy = S7750- (1.1.51Db)

ZoeE, (T,,X,) % SUQ2)y x SU(2) 4 DIEFR/NEHIZHIES 5TV I — MEM
A, (75, %) % SU(2) x SU(2) =~ SO(4) MIZ K2 ZD 4G~ MIVERBLE T
%,

[Ta>¢7ﬂ = _Z(%)nmq)gw [Xlnq)rﬂ = _Z(‘%fa)nm@i (1'1'52)

m m

Tor Lo DEEN 72K,

(Ta)be = —i€abe; (Ta)ap = (Ja)pa = (Ja)aa = 0, (1.1.53a)
(Za)ba = —(Z2)ab = Oaby  (Ze)ap = (Ze)aa = 0. (1.1.53b)

(u,d) RIZHBWT, SU2)y x SU(2)4 NFMMEZ EBE S DI, 74— 27 OEEIH
D

Hy = i(myau + mgydd) = (my, +ma)®; + (my, —mg)®; . (1.1.54)
£ oT, HEZERIIEMIZ

0 = <(I>2*>0 - <(I)f>0 - <(DIF>0 - <q)2+>0

= (my +myg) <<I)§r>0 + (mg — my,) <(I)Z>0 ) (1.1.55)

SFME DB 2R T IRR (my, = mg = 0) IZBWT, ¥OIROEZE ¢ %, SU2)y
REIPDNRY) T 4 REITES L,

(P, ), =0(n=1,2,34), (®F), =0(a=1,23) (1.1.56)

Ly, HABIIZRMEDVHIIN5.
SFREDME I D F1 14 F IV HAIZH LT,

[Xo, [X5 @7 ]] = 0u®F,  [Xa, [ Xy ®5]] = O 0ps. (1.1.57)
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X7z, SUQ)y ML D,
Fup = 3 Fra. (1.1.58)

Lo,
may, = dwmz;  m2 = —4(my +ma) (O] ), /Fy. (1.1.59)
(u, d) RD SU(2)y x SU(2) o NFREDFGIE, § = (u,d,s) RIZILRT B Z &M T
3. ZOLE, SUB), DBNICHIEL T, 8HDKY Y (rf, 70, K+, KO, K, 1)
AEND. LLEEFEBOFEIZLD, HA1 UMD

<§n’75(jm>0 = O, <§n(jm>0 = _U(Snm (116())
r&RINBZ LT 5L, #i Goldstone KV v DEEIZ
9 9 4v A
Mo = Moo = 73 [my, +mg] + A, (1.1.61a)
9 4v
M+ = T [my, +ms] + A, (1.1.61b)
4
mZo F—z [ma + ms], (1.1.61c)
4v | dm s
m2, = F—Z [ o +?d m ] , (1.1.61d)
9 4v
my, = etz [my, —ma] . (1.1.61e)

2T, AFEMRMEFERICXAMIE. FiZ, 2o XD, RO Gell-Mann-Okubo
B%’ﬁ
3m; +2mZ. —mZy = 2mi, + 2mieo (1.1.62)

2135, FEERMEI,

Mmy+ = 139.57TMeV, m o = 134.974MeV,
my+ = 493.65MeV, mygo = 497.7TMeV,
myo = 547Mev. (1.1.63)

I b5, Gell-Mann-Okubo BRI 3%DIEE TR D =D, T/, 74 —2HEE
DY A=S
ma/ms = 0.050, m,/ms = 0.027. (1.1.64)
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§1.2

Chiral Anomaly

B#: ATV AV YNNI, ENEEKRLTWS T o)V IR — UM E/EH
IT5E, BIZEFIRIZED T /=< =2EL, ALV bOERIFERNZAIAE
{727 — VRIEIEA N % [Bell JS, Jackiw R (1969); Adler SL (1969)].

ZE Xk
e Harvey JA: "TASI 2003 Lecturenotes on Anamalies” [arXiv:hep-th/0509097]

e Adler SL: ” Anomalies” [arXiv:hep-th/0411038|

A #1/7 — 215D Triangle Anomaly

e Lagrangian

ﬁfziwﬁWDunﬂ¢iﬂwFW, (1.2.1)
D, =0, +ieA, (1.2.2)

o USRI —iIZ,

Y > e (1.2.3)
BEmM=0DE, X5(C
Y > eP59) (1.2.4)
o [RIFH] (ET3W)
Jt=pytp o 0,0 =0, (1.2.5a)

2
_ - e ~
JE =Yy o 0, JE = —2mapys) + @F"”Fuy. (1.2.5b)

(y
(Y
e

- 1
E, = +F,, = ngﬁgﬁﬂg. (1.2.6)
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Yy K>
\/\/\/\/\/\/\>

Po

q
---> ..... p
Vs,
P1
K4

\/\/\/\/\/\/\>
I

1.1: Triangle Digram

Adler-Bardeen-Jackiw(ABJ) anomaly

o RANEEM: : FRLIZBWTARZ MV ALY O EFEEZEHT S L, filitkxs
MV L v b DORAFRNZIE anomaly 354 L, Z OEIZIERMED FHIEICHAT
L7\,

o JECVAAER : < DAAIZL VB ELZ e\, [Adler-Bardeen D EH
o WEVE : IR — VL, ENGEOREDI NI ITINT )Y —EED.

Du = v,u - igtaA27 Jg = 1%7“75“/}
2

g a 1buv 1 DUVAC
= @gu:~+§§nwmﬁ@FW+3M Tr(t) Ryro R

(1.2.7)

T2

o WIFRHNZIE, T/ RV —IZA VARV bV E A — VGO E/ERIZ LD
FlERIINS.
o R~ IREEIATE
— Cut off iZ & 5 1EHIAE.
— Pauli-Villars 1EHI4E.
— Point-splitting 1EHI{b.
— JE)INT & B REFL5 14 PT measure D IEHI{E & Athiya-Singer F£0E HL.
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51.3
Anomaly A= DA

1.3.1 REEDEICK BFER (BR)IFIX 1979)
=V ARTDAY VG 129 5 0 EBIE Z 13REFE ) T

21A) = [[dwlfabjes s (1.3.1)

ERINDS. IORBHDICBNT, £t
b — Ui, (1.3.2a)
v - p(uUM), =9y, =i, (1.3.2b)

IZXUT, AE S —)VIGOREER DRI IZIRD & S ITLHBT 5 ¢

[dy][dy] — [det % det 2] dy][di], (1.3.3)
Uy = U(2) 0 (7 — ), (1.3.4)
OZZm,ym = (74U(x)T’y4)nm(54(x — ). (1.3.5)

Bz, Ulr) = e @zt UCl, % =1 &0, [dY][d] 3REL RS, —
F, Ux) =@ 235 UTlE, % =% £750DT, JAIEEAELRS2\0

[dp][dy] —  (det %)~ *[dy][dy]
~ exp {2 f i a(x)@(x)} (4] [dD]. (1.3.6)
L7223, Z &Kk
Zajwww@mmPJ#MM@@@%ﬂ@@@M@J. (1.3.7)
Z 3D EBOEBTIIZEMLZWDT, Th&D,
@), — P ). (139
Anomaly 2(z) G R EFE L 755 -
P(x) = —2Tr(y5t)0* (2 — ). (1.3.9)
ZZT, RO KD ICEHNET S ¢

P(x) = ]\}[1120 [—2Tr {75tf(—lDi/M2)} 6z — y)]y_}x ) (1.3.10)
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ZIT, flu)lEf0) =125 5D5MRA VNS NAOEE. 7,

D, = 0, — it Ay ().

Fourier Z2#11Z & b

P(z) = lim—2 f Ak [Tr {yst f (D3 / M)} ]

(27)°

4

 fim 9 f Ry gt (Gl + DY)

(2m)*
d*k

— lim—20 f oy [ st (=G + /a0 ]

d'k w) 4
= | G [ )
Z 2T, Wick [H#£IZ& D

f d4/€ f”(k’Q) _ iﬂz fw ds Sf”(S) _ i7T2.

(2m)* 0
¥ 7z,
i
$2 _ D2 o §taF5Ury#V7
Tr {ty: D"} = 2iTe(totyt) o F.
kXD,
Cpdg (), = P (),
1 .
P(r) = @Fl‘fyFb“”Tr(tatbt).
Z DA,

Tr(tatbt) = N(Sab
LBGEITE, MOEIBREFRIIESEST I ENTES

0" =0; K" ={(J8, +2NG*,

1
GH = _—e’“j)‘p [Agé)\Az + %fabcAgAlj\A/C)] .

2

13 [EHIRA

(1.3.11)

(1.3.12)

(1.3.13)

(1.3.14)
(1.3.15)

(1.3.16)
(1.3.17)

(1.3.18)

(1.3.19)
(1.3.20)
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§1.4
DA— D EFETINICBITDHASILT

/=% —

1.4.1 70— 2 FRIE

B alld A I U(1) BT 28 Goldstone RY V' TH DM, £D 2
YFHREL, ZOHA IIURNIMEDT /) —< ) =2k g[SRI NS,

EMAHASILALY FDT /) —< 1) —IC & % Goldstone 1KY > @D Chern-Simons
MEER —#&iz, KB 1 T2

et (1.4.1)
ZHULT, 7/ =%V —07kd, SEEHIERERESHEDOZLEHED
7 f [d][di] exp liS i f d4m9<x)] (1.4.2)

&

R

#, ZZT
2
P(z) = T_F B Tu(ttty). (1.4.3)

Y

ZDEHIZNT D (#) Goldstone RV V&2 B &35,

<a@cm@@g\3>=—épamw (1.4.4)
10,
. — _9Tm dng 3 ac 0 e—ipBw _
i (Vac | Qs Bla)] | Vo) = ~2tm [ S22 [y (Vac | J6) | B) F
(1.4.5)
£-7C,
6(B) = —ia{[Qs, B]) = oF. (1.4.6)

L7=WoT, 7/ —<VU—i%, kD &5 LAMHENER (Chern-Simons #H EAEFH)
AT

Set = 5 + Jd% %Be@(x) (1.4.7)
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O ADBA 1 &A1 FIVEB expiayss) (3 = 03 = 2t3) IZ8T B Goldstone
RYVERBUT, UEDEmE#EATE L, HAILT 7 —< ) —dkD LS
7m0 L BEEGOE MM EAER 2 EA T

1 e . - 2\*  [/1\? 2N, -
= —F, F*x N, | (2] = (= = °F, B (14
0L = gt <(3) (3> A2 E, (1.48)

ZOEMMHEAEHIZ X D 70 fREERT

N2a2m3 N, 2
=ﬁf£$ <3> x 1.11-10%s72, (1.4.9)
™ ™

ZHIEN, =31z LT, Ehiiz R BEEHT S :

(7% — 29)

D(7 — 29)exp = (1.19 £ 0.08) - 10" 1. (1.4.10)

1.4.2 AYVARYIV MY EU) BEBEDER
7—I%0 Pontrjagin#l 74— 2 DHA FIVERIXT /—< U —I2 L H»
I EENTWS

) 1 . .
tayst . 4. _
e 0L = aP(v); Pdv=-— Ej 4—7T2Tr(t9(3) A FU), (1.4.11)

(o = —igAltydat, F = dod +.d nof). UL, F1 FNVEBRHRT —V4eie
BmorE, 2(2) ik
\ 1 9 ()
P(x)d'x =dx; H = —;qj4—7T2Tr (dszf’ A+ gﬂf NN 527) (1.4.12)
LEIFILDT, ZOHDEHNEINDHEIENLSIZRZS.
LoL, FEiEZES TRy, —#iz,

‘[d%z A (1.4.13)
R3 S,

LR AM, EEETT —VBOmE FAYOIZEDL E ULTH, A4rxYa kT
RS2, EE, GETZF—YR2 LT

A-UNU, U:S8—-@G (1.4.14)

J‘ H =) 9i J Te(U YU A UrdU A U~dU)W (1.4.15)
S8 s3
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ZOEDDWRESEIE, G OARLREERN SFEI NS JIRTCIREER L —
HTHDT, TOMEDIE, GHTD S> DGO ZDOHIEIZETLIHRREY 2R3, Z
DHEFEIL, U DEGEE TIERD 570, FEE,

S(UHU) = d(UU) + [U U, U '6U] (1.4.16)
X0,
5V

f Te {d(U'6U) AU AU A U dU}
S3

= —J Te{U'6U A d(U~'dU) A U~'dU)} = 0. (1.4.17)
53
U725 T, ZORSMEIREEBIN 2 E 2 IS MAMHAZE L 725 (winding number) .
EBEFETE-DIZ, £7,
m3(SU(n)) =2, n=2 (1.4.18)

LB LIZERTS. Ik, SUR) cSU(n) (n=>2)2&F@T5L, G =
SUQ2) DB EICHATIERWZ &b h b, 22T, GHU %

U:S*—SU(?2), (1.4.19)
1 .
U(z) = = (2%00 + i2 ;) (1.4.20)
T
LB,
U 'dU = iw’oy, (1.4.21)
, 1 . .
w! = ﬁ (Ejkzxkd:vl + ztda’ — $jd$4) (1-4-22)
&0,
V = iSJ WA WF A wlTr(ajakal)
S3
= 6[ wh A w? A WP (1.4.23)
g3

2185, 22T, SUQ) D U(x) ~NDEMFERAIX, S°OMBNLREREELME S5 X,
U YU WX ZDEHTAZE LR 5D T, W3S FOARET1IERNE S, &2 AW,
S3 Dbk (0,0,0,1) T

w! = da? (1.4.24)
ERBDT, w Aw? Awd XS OEEFEMRFEE R 8T 5. LoT,
V = 24x°. (1.4.25)

Tibb, X OEPIIEE (D2£%) L725d. w7 —VHTRT L, F, MK
REctyriziaol & &,

N
P = 87r2fd tTe(F A F)el (1.4.26)
5. 1220, Tr i3~ FUVRBUIZET 25D TH 5.
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4 YVAY Y NV Pontrjagin A3 B THRWT — IUBALIZIRD & 512 U THERL
THIENTES, WHZBRFIZEZ, WEZ2I—27Y Yy FELLTERS. Z
DE&E, FED2EAR F e A2ITHL,

v T =F (1.4.27)
DD SEDDT, 2HADZEMIT «DEFEMICEN I NG -
A=A+ A% +F =+ for F e AL (1.4.28)
IDrE, FeAITHLT, F—YBoARRR,
DF =dF + I NF —FAd =0 < D+F =0 (1.4.29)

WZRET 5. X512,

1
A5 Py F" = sF N F = F AT (1.4.30)

&0, F£0151%,
J&m$A£¢o (1.4.31)

B, ZOEIRME, A VRV N UBRETIENS.
SUR)ZF—VHEERTDp =1 DA VAR N URIZIRD X S IZHERT 5 Z &
T &% [Belavin AA, Polyakov AM, Schwarz AS, Tyupkin YuS (1975)]. 7" — Vit
fiDs, EED U(z) e SUQ2) Z#FHWT

o = f(r)U~tdU (1.4.32)
LEFBHETH. ZZL,
f(r)= O(TQ) at r =0, lglolo f(r)=0. (1.4.33)

Dk E,

F = fldr AU AU + f(f — DU YU A U tdU
= i{f'rnw + f(1 = [leun® Aw'}o; (1.4.34)
WESGEL D BB DZ = 072 0DT, «F =.F Mzl L. drrwi(j =
1,2,3) MIERERR LKL 5DT,

wdr AW = gc‘jklwk N (1.4.35)

ko,

/ 1 '
«F —i{%ejklwk /\wl+2f(1—f)—dr/\w]}aj. (1.4.36)
r
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£ o T, HARMESRMFE
rf =2f(1-f). (1.4.37)
ZDO—filk, REEOEHL LT

(1.4.38)
THZOoN5.

SUR)4a DT /) — teSUR)a&TDE, Tr(ttty) & te, ty 2 U(1)y, SU(2),
SUB)DWTNIZET 256b ¥R L. Mi—, 1 >2yDEZATHRZLDIT,
tasty € U()py DAMSUR)4 I LTT / ¥V —Z 4L (mixed anomaly). L
LU, m3(U(1) =0%2DT, U)IZA Y ARy N URERZT, 7/ <) =135
PEZIR S 720,

ULaD7 /)= —J5, U(l)a DEHBIIK U T, Tr(tto)ty)ocTr(taty) BDT,
U(1),SU(2),SUB) DFRTDF —VBART /) —%&EL. LEd>T, 445
WWHFRME U4 1ZA Y AR Y N URIRTHENS. 22k D, UL, IR
TIN5,

§1.5
QCDEZ + QCD CP &

1.5.1 0EZ
QCD IZBW\WT, HAEEEIRA

Uy

=TD SU(3) 7 — VB,

[

Fuw =0 = o =U'dU, U(x)e SU(3) (1.5.1)

rRIND., WE, ERMERETU - 128358, SEZtTcor—v8
TVAES

U:S*— SU(3) (1.5.2)
CRBRTIENTES., ZhHDHH, EWCHEGEALTENSE DIXFE KT
2%, BAMIXUDFE NE—HEHTHEIN, TORMKIE73(SUB)) = Z LT
4. BARINZIE, oML, BEAEK

n = —i APz Tr d;zf/\,fzf—kgd/\%/\d
82 3
= 1 J d%Tr(UfldU AUYU A UﬁldU) e’ (1.5.3)
24.71'2 R3
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THEALND.
BN EHOR 2
An =n(t =) —n(t = —w0) = f dx = —%Tr(ﬁ N F). (1.5.4)
R4 R4 8

Ik, 1 VARV M UIFEESMAEROBEG SIS, W, BEMNEEn
DEZE% |n) LRT &,

+@+ﬂm®:CJWM¢~€&:A¢ (1.5.5)
koT, HriEEORE |0 %

0) = > e ny,  (0<0<2m) (1.5.6)
neZ
CEOVEERT DL,
HO10)- = 2m6(0 — 0') > Ay (1.5.7)

qEZ

UL7hioT, ZOEZEPIXIVT—EEREEZ5Z5.

1.5.2 EMWHEEERICEITS CP DIEN

% 0 B22T D Lagrangian &

L =L + 02V, (1.5.8)
1
PO = - T(FC Ay)—3§¢wwm?ag. (1.5.9)

ERIND., ZOOITRET SFHIEHIZOIA0DE E, CP 2D,

Chiral anomaly D728, Z D O IZHAF L7z CP Dk e 7 + — 7 EEIHDERAN
Mz & 5 CP OB ERIZE#E T 5. AT, ¢= (u,d,s) D37+ —2JETILTH
Z5. ZDrE, UB)g x UB), MF#MED S B, UL), IZBEEARFRE, SU3)R x
SU@3)L = SUB)y x SU(3) 4 MFRMEIE 7 + — 7 ERIAIZ & 0 55 < 7238 L
Rk & 7225, 72720, SUB) 4 E7 +—ZHHEIC L D BRNIZHENS. £z, &S
U(1)4 & chiral anomaly THND. itys ZRIGT S MEE/NT A TV EHL T 5L
&, 7/~ BB, —&IiZ

. 91 2\ 77(1) ~(1) 9192 2\ (1) 7(2)
= I gy p . g0 L SRy gy @ pO) L R
7 Tom2 () Jm2 VL)
1 5 .
+ 5 Tn(t) (g%P“Q)-F*Q)+—g§P“3)-F*$>. (1.5.10)

ZIT, 2BARONMEIZBENT, F-G=F,G"/2.
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IN&KY, Te(t) #0204 INVEHU = expliatys) IZH LT, /87 X —

e g3 - g3 -
2SS, —F, 7x—27 DEETIX
G qr +h.c. — qre™ . Me ™ qp + h.c. (1.5.12)
CEMT S, IhED, 4 DRI
det A — €270 det .4 (1.5.13)

YT S, KoT, B, TOZHTdet Z/ eRELTEE, TDOLEDO % 0,
EBL. ZDEE, SUB)RxSU3), BT # % IEEEEMHE [my, ma, us] 26 DFE
NATINZN AT ES. ZORRPOSHEFELT, HA1 FIVEMU = expliatys)
ZMELT, 0 >0&9 5L,

0 =6y + 2aTr(t) = 0. (1.5.14)
ZDEE, 77— DEETHIX
M = e [my, mg, mge ™. (1.5.15)
6o « 1 &9 5L,
M = [y, ma, ms] + iodt, [ma, ma, mi]}. (1.5.16)
Z D 2HMN CP DNz £
Lopv = iaq(tMy + Mot)vsq. (1.5.17)

ZDCP @E&*L@%%&b%%%i 5[‘%2561, D%CPV 75‘7’7 14 7)) SU(3) @%% Goldston
bosons B, X T Biaa b 2L, BTHRIFEZEDOHER (M), (T aV59)
DIEDZEAL) ZEATT. Izl 512K, Lopg BWAA TV SUB) ICEAT 2 E

22T A

0oLopy = aq|3ha, tMly + Motlg =0 (v =1,---,8) (1.5.18)
IRV, R,
Py + Mot = cls < t— g///o—l. (1.5.19)
£oT, &M (15.14) 2FEL T,
B
ZLopy = —ZWOOAQ%Q

My, Mg
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1.5.3 HEFEIIBFE—X VK

References

EH&

e Baluni V:”CP-nonconservation effects in quantum chronodynamics”, PRD19

(1979)19.

e Crewther RJ, Di Vecchia P, Veneziano G, Witten E: ” Chiral estimate of the
electric dipole moment of the neutron in quantum chromodynamics”, PLB88

(1979) 123.

FHBFE—X Y NDETEE —RIZ, 72V IRFIZRHLUT,

u(p) _ ((E —D U)X) 7
mx

u@)"Vulp) = m{i(E' ~ E)§ — eul@’ +p)fxo'x
—imag;x'x,

a(p )y *u(p) = me™ {(E’ + E)o; + z'q;mqk} Yionx
+me™ (p' + p)ix'x

£ (qg=p" —p)h

—it(p' )Y u(p) A (q) = 5u(p)ywu(p) F* (q) — ;B

N —

£oT, ZO7 NV IRFDOWKE—AV M2
W= o
DT (5,(0)e) |[py — ipa(p)ywgulp) + - -

%@WWMﬂ=@%MﬁH@+ﬂh+wﬂﬂwm
L0, HHMWEN FOMKE—A Y ME

p = %Uj.
FfkIZ LT, X
VY5 = i§€uu,\07/\g
&0,
~ (B 150 u(p) A () = S0 uu(p) ¥ 0) — 03

(1.5.21a)

(1.5.21b)

(1.5.21c)

(1.5.22)

(1.5.23)

(1.5.24)

(1.5.25)

(1.5.26)
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£oT, 7z VIR FABLAMEFE—R Vb

D’ = Do’ (1.5.27)
EDOr9 5L,

WNT(ju(0)e™)

p) = Du(p )y g vsulp) + - - . (1.5.28)

FHEFOEIIMBFE— AV b —#EwL D, PETOELZIMTFE—2A VD,
X

—{n(p)|T(J,(0) Jd‘*wiofcpv)ln(p» — Dyu(p )y vsulp) + -+ (1.5.29)

WIZE D HREZXINS. Crewther & DFEHRIZL,

1 my
Dy, >~ gznNGx 1 : 1.5.30
gaNNG NN47T2mN n <m7r> ( )
ZZT,
Q%WNN = T N’T (i'y5g7rNN + '77rNN) N, (1531&)
grnN = 13.4, (1.5.31b)
_ (m=z — my)mumy
NN >~ —0 : 1.5.31
JnNN OFﬂ(mu + mg)(2mgs — my, — my) ( c)
~ —0.0386,. (1.5.31d)
£-o7TC,
D,, ~ 5.2 x 107 *%9pecm. (1.5.32)
Bag € 7 V2 & % Baluni OFEREEVELE 72 5
D,, ~ 2.7 x 107 %pecm. (1.5.33)
FERIZ K DB o N RRRE
|D,| <3 x 10 %°ccm = [6| < 107°. (1.5.34)
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51.6
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References

e Peccei RD, Quinn HR: ”"CP conservation in the presence of instantons”,

PRL38(1977)1791.

e ibid: ”"Constraints imposed by CP conservation inhe presense of instantons”,
PRD16(1977)1440.
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1.6.1 Instanton vacuum energy

A4 ZNVUQL) R TT o)V IRFOEBITIOREE UTAMEZ T RTINS
A—RIZB LI EDODfEE 0y T 5 :

det ./ € R, (1.6.1)
IDEE, p =1 EBBRA VAR Y R UITH LT,
1 1 872
—|d'e—=F* T =— | ST ANTF" = — 1.6.2
Jd x292f F ngQJ N F e ( )
£ 0, dilute gass ITfldD H & T, Euclidean B Z ~NDA VARV NV DF

7 JtdA]”_ew@wuﬂsEunm

o 1 oo —sn22 . 1 o g2z )
~ Z = (J d4IA46190—87r /g ) a (Jd4$A46—190—8ﬂ /g ) « ZO

= Zyexp [J d* 220319 cos 00] : (1.6.3)
INED, 41 VARY N URIRIZ O ITHKIF U BT XL X — 2 B AT
Vipst > —2A%e 879" cog 0o. (1.6.4)

H XA
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1.6.2 Peceei-Quinn F#iE

Fhi T-HEHEE T )L % 2 DD Higgs # B ICHET 5 -

L = F%QLJI)luRj + F%QLi@Qde + Ffjf/Liq)géRj + h.c.. (165)
Z Z T,
v 1 v 0
Dy = ——edm/er Dy = el : 1.6.6
'S <0> 2=V 1 160

vp = A/ v} 4+ V3. (1.6.7)

7272 U, scaling (x;, ¢) — (Az;, ¢/A) T @; IFAZELDT, D scaling % FH\WT
g =1 = xy =2z, 1y =+1/x (1.6.8)

ETE5h. ZDrE, Higgs DHEEIHK D

2,2 2,2
T1V] + X305

10D1]2 + |0D,]* = —2-2(0¢)>. (1.6.9)

2v5

LIBHDT, ¢ DHEEHZEHERNIZ KT S &,
Vi = xivs + 1305 = 1 = 1,03 /05 (1.6.10)

ZDRMD, IROHA )V U(1) ZH# (Peccei-Quinn R FM:)

¢ — ¢ + aup, (1.6.11a)
URr; — e*iayluRj, de — e*mdeRj, gRj — €7iay3€Rj, (1611b)
Qri — €' Qui, Lz — Ly, (1.6.11c)

U THBRNIZIAZE LD 2T 5L,

Btz =21, Yotz =T, Yzt 22=T2 (1.6.12)
LB, ZOEBIITEH LY MY,
Jpq = —vrd'¢+uy 2 Uiy " uir + 2 Z dirY'dir + y3 Z Ciry"lir
—2 Z QirY'Qir — 2 Z Ligy" Lir. (1.6.13)
Z DI
(3MJ’1§Q = —updPp+ P

+(y1 — 21) (apMiup + Upslfug)
+(y2 - Zl) (CZR%JdL + JL.%;CZR>
+(y3 — Zg) (gR,//ZTfL + ZL.%JKR) . (1614)



1% QCD axion 25 [HIRA

ZIZTC, 7/ V—22I%

Ny

P —
h 16772

(g§F(3) CFG) 4 291Y2 FO . F(l))

+y2 F® . pG %YdQRF(l) ) F(l))

+y3 YZRF(I) F( ))

= (5 F

% (9

(g§ FO . pO) 4 302y2 pO) . p) | 2FG) . p2)
2y 6 2 (g FW 4 2F® . F)
_ [x

1+
2 Y2 Y3 2 (1
e B A F()-F(l)]. 1.6.15
+(3—+6+2+3+z 91 ( )

1
TGV F

L

22)g2F® . F®) 4 9(2 4 2)g2F® . F@)

PLEXD, @ Dexpliz;o/f.) @ PQEHIZLDIHLES &, QCD 27 X —1Tx
TLROAMEADPFONS:
Lo =$SM—1(0¢)2+$ [0/ fa, U] + (6 +§¢ g—§F<3>.F<3> (1.6.16)
e 9 int a 0 fa ].671'2 . -
ZZ T,
fa = Uf, f = Ng(l’l + ZL’Q). (1617)
Ds/ﬂeff ODEF[@znt Ci

Y

U — WOl . Iy . 00 — —i Ty - O + 7

=0, U (1.6.18)

FODELS.

ZDEMART V¥ vIViE, Peccei-Quinn NFRED XK 512, 74— 4 FIVITHE
FIS B AT U TEERDRAT, 0 2 ORFEDEFIICHNS £, Goldstone
R VR OMITIb Y, FERMZOMEXAFIANICT DB EDNPD

0 =0 + gf (1.6.19)

Jfa
AVARY N UYRT VY YIL
Vinst ~ —A2e™7/9 cos g (1.6.20)

EERTDHE, INEONV0=0ICHFHFEMINDG Z L E2EKRT 5.
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1.6.3 Axion

T FVDRT VY v VI Goldstone RY VI T A% AE H WS &,
RO EDIZERIELIRESIND.
9, 7oA VIGE ;

LB, 7A—TJHBEHEZRIZILVLRRTODT 2V A YDOAET VY v IViZ
oy S Cpi
£ = 2(0@) + 167?2faF F
T _ T2 7
+2—hauam“75u + 27, opadytysd. (1.6.22)
DEI, IA TN
u— P05y d — P20 (1.6.23)
ZhEd &,
o — fia (14 21+ 2p)0, (1.6.24a)
xrT — l’1+2§p1, (1624b)
o — I2+2§p2 (1624C)
LEMT B, £IT, )
Prtp2=—35 (1.6.25)

CEHLBE, 0=0,5D, FARIZZ +—2ERBIEN 0 EHEET S -
L = Z‘muﬁeﬁpla(f/fa)%u + Z'mdde%pza(f/fa)’ysd. (1.6.26)

ZIT, A4 F0VSUR) PEFKNIZHNTE D, ZO#HE Goldstone RV A
AHEFTHEILE2EETS

o s 270
—i{uuy = —i{dd)y = v, cos = ) (1.6.27a)
_ 270
—i{uysuy = i<d75d> = —1iv,sin (Fi> , (1.6.27D)
- 1
Uy, ysuy = — <d7u75d> = §F7r8“7r0 (1.6.27¢)
ZnrE, L, &b
210 2pi€ 20 2pog
(L) = myv. cos <?ﬂ — T, a> + Mgu, COoS (Tﬂ + I, a) (1.6.28)
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72, a7 XA — 7 OFREEILD,

T+ 2 To + 2 - F
1—§plé’ua <Tw“75u>+2—§p26Ma <d7“75d> = {x1 — x5 + 26(p1 — p2)} Oa-0n°.
2fa 2fa 2fa
(1.6.2)
ZOHEEIETD a — 1" BEANWHAS I L 2E kT H L
1
p1—p2= —2—5(901 — T) (1.6.30)
o T, ) .
Tr1 — To T1 — T2
- S 1.6.31
4! 4 4é- ) D2 4 + 46 ) ( 6.3 )
M EZEET S L, fi Goldstone KV V% (79, a) 12X %A% Lagrangian (%
L = —%(6770)2 - %(6&)2 -V, (1.6.32)
270 2pi€ 20 2ps€
_ 2T — - 1.6.
1% My Ve COS ( 7 T a) MgV, COS ( 7 + T a) (1.6.33)

KT VYLV R (n0,a) = (0,0) TET 2 &, FEHEE

52 (p%mu + pgmd)vc a2

_ 4(mu + md)/Uc 02 S(plmu - med)Uc 0
Vin = 2F? (m)* —4 T, ar” + 2 72
(1.6.34)
fo» Fy 2 ULTHAT 5 &,
my +m
m? ~ 4Tdvc, (1.6.35a)

2 my, My g 2 . §F7r 2 mymq m2 (1 6 35b)
Ma = My, + mdvc 2f.)  \2f, (my, +mg)? ™ e
fo DVEAT =T 5L,

fo ~100GeV = my, = 0.3MeV (1.6.36)

LRBN, TOLIBRFRFFERINTHRL,
¥ 7z, Bardeen, Peccei, Yanagida[NPB279(1987)401] IZ &k 0, f, =vp D& &,

BR(K" —» 7" +a) ~3 x 107°(x + 1/z)? (1.6.37)
PESNTVWED, ZHid KEK O TEEHER [Asano Y et al:PLB107(1981)159]
rBR(K* — 7% + nothing) < 3.8 x 107® (1.6.38)

EFET B,
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§1.7

Invisible axion

—fZ, PQEBD AN THFR{(D,} B LUAY ) —)IVER (U, 1263 B1E I,

ITpQ ) 1Y QY5 .
¢, — 0, VU, —e \F

ZIZX$ B Anomaly BEHUIX

2
2 Y9r r (r
P = ZijQ(r)j@Tru(F( ED),
2 T

(1.7.1)

(1.7.2)

72720, AY =R T Left B/ & Right i 1Mz LT TAHY Vb,
WE, ZOXNMMESEFIIZHNS & L, £®D Goldstone boson % ¢ £ 5L &,

By = e (D)o, [(Dp)of* = vp/2.

p

ZZT, f, o DEBIHD KA

&0,

X o T, ®, D Goldstone boson %43 % PQ £ #i

o = (b(x)/fa
THET S L&,
a
9:90—>6’o+§%=§ﬁ,
sl 9 g O N Yy i,
L, = 2(6@) —i—afa 167r2F F —i—; faﬁualllﬂ Y5V
zIT,
a = Qb + %90,
= Zyjqé)j.
J

(1.7.3)

(1.7.4)

(1.7.5)

(1.7.6)

(1.7.7a)

(1.7.7b)

(1.7.8)

(1.7.9)
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L7AoT, f, L EDEHREEHEL, X512,

1= Yup + Yup, T2 = Yap + Y, (1.7.10)
CETIE, BEiOBERNATOFE EMR B, FHZ, axion BRI
_ & ymama (L7.11)

m
¢ 2fa mu+md

if:, 7:!:)]/55{@[%8@/\[./5\51

L=, %aﬂa\yﬂ“%@j (1.7.12)
J

U D CS AR
Zg( )—Trv (). p)y, (1.7.13)
g = Zyqu%gﬁ (1.7.14)

Bz, BRES L OREEIR
Ly = YT aF F = o0 B, (1.7.15)
Gy = % (5 - %) . (1.7.16)

(v
(v

E 25 Yi(man);

N o Yviae;

UEEXY, PQE#ODIEHT 5 Higes 5% EW OH D05, EW singlet 725 DIZ

Brbe, f,L2RELL, TNZEDTIVF Y =T A —0RT IV LV~ —
VIGDOMEEFLTHIENTES. Z0BE, EREOFEIZRL LS.

(1.7.17)

maml/faa gaqqagawvocl/fa- (1'7-18)
fas Tpy yi DEBDERE L DIGHAMEATIE, ROBEZHAVPINTVDS

fa/& = far  Tp/§ = T, Y /§ =y (1.7.19)

D 7= 7RFETIE
D iy = 1. (1.7.20)
J

PAF, Bzl szt nilE, Z O notation IZHES.
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1.7.1 KSVZi&ER

Reference
e Kim JE: “Weak interaction singlet and strong CP invariance”, PRL43(1979)103.

e Shifman MA, Vainstein Al, Zakharov VI: “Can confinement ensure natural
CP invariance of strong interactions?”, NPB166(1980)493.

BROEBE ZOETLTHE, singlt AT g LEVWI+—27 Q #EAT 5.
e 0. fo={0)> vp
[ QI MQNfa. PQ%%%%OHE_'@ﬁﬂ"‘ﬁ fzyQ.

CDETIVTIE, TIZVAVIFEWI A — 27 EDAHBNEHT S, EGE D
CSHEGIE, "B ntDEEEEELT,

« dmg + my
o = (362 - ST ) 1.7.21
Garyy 7Tfa ( eQ 3<mu+md)) ( )
A ;
1
ma:eumv< O;%V>/ (1.7.22)

1.7.2 DFSZ&E#

References

e Dine M, Fischer W, Srednicki M: “A simple solution to the strong CP prob-
Ime with a harmless axion”, PLB104(1981)199.

e Zhitnitsky AR: “On possible suppression of the axion hadron interactions”,
Sov. J. Nucl. Phys. 31 (1980)260.

BEOHME PQREAELZ, f,={(0)>» v 725 PQEM%EZHDANTHEEN.
ZDETIVCIE, BIMEINZAATHIE f, 2 RELTHHRENZ T 2R, axion-
quark #& &, axion-gauge CS#5& 1 PQ FERY & | U.
G E D CSHEGIE, t"BLUnDEEZEREL T,

a (4 dmg + my,
oy =— = ——-]. 1.7.23
Jary [, (3 3(my, + md)> ( )



Axiverse

§2.1

I

I, 2IRITHFZE EOENEIEZ & OB ARRIGOMmTH D, TDR
VUM RSSO D O & &, DIRGTHZENZEHTINHEBAEZ S 5720
LEDOEMERD.

EAXER
o 2 X5t world sheet OALAH : BARHT (BAL) vs BRI (BE%)

e World sheet fields : (X, ¢), + (X,¥)r

Target space : (MP;{g, ¢, Ba}, F/{C,};spinor fields) = WS CFT

Branes: (X7; (F, x), (Bulkfields)) = open WS BC = Brane action

Closed WS BC: Ramond vs Neveu-Schwarz

Projections: GSO, Orientifold

Outcome
o KiTDBEE, AV VDARY ML
o HELATH

o Weyl RZEM: = /LY NSHBIZHT 2550 HFEN
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e Anomaly free = RR¥GD Sj#E, Brane DIEHM D
o (KT X IVF¥F—MRDGOI G = I HEm
BTonwsto
o —MXDEMLIFE (+15) DDV (MEFIEDTE=H~DKIEH)
o FHIEM
o I N7 MEXKRT X)L F —HiEH D
IR/ BFZE E DB D 25
o BARLD ADH G

— 1A (16 susy)
x ~NT AR Fyx By /7, i = 107Xt Type I sugra + Fg x Eg-SYM
« ~NT BERISO(32) #gw = 10kt Type I sugra + SO(32)-SYM
— 118 (32 susy)
« TTA BUBER = 10 ¥XJC type IIA sugra
« 1IB M ER = 107X type IIB sugra
o [HK+ PATLHER (16 susy 2AN)
— A BHER+ 7L —>Y = 10XJG type II sugra + brane E® (chi-
ral)SYM

— 1B B+ 7L —> = 10XJC type II sugra + brane E.® (chi-
ral)SYM

— IMS0(32) = IBEMHH+ Dy 7L —>

o MHH = 11 XJCsugra

BEICEBRIN-IEBRERG - BE LOBKRIER
e Linear dilaton PR
e PP GW L0 5% ! &

o EMM Calabi-Yau 2 > 732 b (no flux)
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Axiverse

H2HE

olqey Arewung 1 G £y < = QU N - BEE 1T ¥

SUOI13}99.1
X -I0O wgﬁpw I0 ¢(J-13ue Q : PUNoOJ eioeA m@ ON X \ww\wmowuoéwﬂwﬂm X %moﬁoamoo
TopOU OTIST[RAI ON] ;€4S MA 118831 MH ON
SLOD
"LND-A/dAN "LND ON 9%/(01)0s/(9)ns
Auo 1NH X | A9 NSSIN 1921 v/ | 'SPpow SNI-INSSIN V | = SINSSIN. O qd oPnIed
a2 surygrdn wyes O b bl | Suppeaaq Asng
XX/ (oLIOURSUON) (1mpout uoryest
X | wojuejsur  + xnj (O | 109p° AN+xn[] v | xordwoo 10y A[reryred) X | -[Iqelg [NPOIN

poxy [npout
xo[dwoo < xnf-¢ (ISI

MN g A <= X4

V1I @Alssewt <= 0,7

MN g A = Xj-H

LND <= [pq 98nen

Xnidg g

wm“maAQvDHU

sonren3uIg {-q-V

dg/os+ s, (u)n=pn
I=N
= (X + &7)gamn/sddl

dg/os+ s, (uw)n=n

=N < (X+8)sga1

(2€)OS ‘s X g = O

(X +27) ymg

103998 I931RIN

I =N < AD/d T=N < ¢AD /ol =N < ¢AD'T/ol =N < ¢AD"'d/ol Jryoedwo))

8=N< I/ 8= N < ol 8 =N <ol V=N< oL O11)9UI0dK)
(W +m AL AL (X a A (Y Vi

€0 ‘NIVG) g " {%0} ‘SN smg {20} ‘SN smg ‘¢ ‘eg ‘NIVG) g | 103998 Lyraein

@1/tr=a)8 =N Or=a)s =N Or=a)s=nN (01=a@)y =N | ASNS [®07]
A/IN dil VII (N) 21301030
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§2.2
10 R TTHBE HIEHR

2.2.1 ITUIE:H

YN
e Hfjv I X —

— R—X
* gtE/ 7 V=08 gun (e3))
« 2R : B, = H,
* TA4T bV @

— J7zI)L3Y
x A 3/2%5 oy
*x TATTA4—/ 1 A

o =Tt R—

— F=U8: A e Ad(G)
— F—=Y—=7: yeAd(G)

Gravitational sector Gauge sector

Boson metric gy gauge field A; € Ad(G)
2-form B,
dilaton ®
Fermion | gravitino ¥,,(56) | gaugino x(8) € Ad(G)
dilatino A(8)

EBEDY ANV YT 7L —2ATO Bosonic part DEFHRE 1

1 1 -~ o
SHet,B = =5 fclmx(—g)l/Qe_Q(I> R+ 4(09)? — §|H3|2 - —Tr, (|F2|2) . (2.2.1)

2K3, 4
F2 = dAl - 'lAl 7AN Al, (222)
/
H=dB-— % (wSs — whs) - (2.2.3)

(¥
(¥
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e o': the inverse of the string tension

o WSy, wg: Chern-Simons FHLFRE -

dwGs =Tr(F A F), dwis=tr(ZA2R).

i,

wcszTrv<A/\dA—%AAA/\A>,

0A =
ow =
0B

ZZT, ol#HMEED 1.

2.2.2 IITRUIE:G
HAE

A - @MMBM

B : {gux. B

DA = dx —i[A, \],
DO = do + [w, 0],
do + (a//4) {Tr(A\dA) + tr(Odw)}

35 [HIKA

(2.2.4)

(2.2.5)

(2.2.6a)
(2.2.6b)
(2.2.6¢)

1 3 5 7 9
9 Cb, CJ(\/I)7 CV](\/[)NP7 C’](\/[)P7 C’](\/[)137 C’](\/[)137 wM’ )\} )

(2.2.7a)

0 2 4 6 8
0,C O O30 s O O s, A

(2.2.7b)

2T, TARHUTE gy, NI L EH1 55 1 @ doublets, IIB 2% LTk

ESiE

Fivwr =Y, Tud=-A

(2.2.8)

Zhg7-3HE U A1 YT 1D doublets. £72, G?" 1% on-shell TR D IS % i

-9 :
G(2”) + \11(2”) — (_1)[n] *G(10—2n)' (229)
BIERBED
. L 10 /— —2¢ . _ 1 .
&g—-2ﬁofd\ng megywm¢d¢ SH - H
-y %Gmn) _ G(zm]. (2.2.10)

nes
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T,
g (015 A (2.2.11)
¥ 7=, . X
2n 2n—1
G=) mC®, C=), mCY (2.2.12)
neS S neS S
LT, :
H = dB, GzﬂﬁjﬂBAC+@@%W@ (2.2.13)

(ZDxEFIE, B OEHERZLRS DITHIG. [TA OIEHERNZLE D L1E B DfF5H35
5. )
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§2.3
Gauge and gravitational anomaly

References
e Harvey JA: hep-th/0509097, “ TASI Lecture on Anomalies ”
e Adler SL: ” Anomalies” [arXiv:hep-th/0411038|

o Alvarez-Gaume L, Ginsparg P: Ann. Phys. 161:423-490 (1985), “The Struc-
ture of Gauge and Gravitational Anomalies ”

o Alvarez-Gaume L, Witten E: NPB234:269-330 (1983), “Gravitational anoma-

lies ”
e Witten E: plb117(1982)324, “ SU(2) anomaly ”
Anomalous U(1) and GCS/GGS

e Anastasopoulos P, Bianchi M, Dudascde E, Kiritsis E.: JHEP0611:057 (2006)
“ Anomalies, anomalous U(1) " s and generalized Chern-Simons terms ”

2.3.1 —EpEE

7=V —BHATNBGORFHIRICE > TOAEREI N, dIRITHZET
1, —RIZIROMEGEZ S D ¢

—1

@ﬂ5fﬁu@Rg, (2.3.1)

jd+2 - fd . jd+2 _ djd+17 5jd+1 _ djd (232)

olnZz =

y—IF7/)—<)—
o 4 R5tD Gauge anomaly (ZIRDZIZ 1T B -

I = CaaTr(tat(btc))ﬂ’b A FE (2.3.3)

HRRBL (FERB, WO UHHERE) 37 —U7 /) =<V —2EER\.

e HC
ZlE, Zo ko aREFEIIHLTIX, F—IYREM % E D Pauli-Villarse

H XA
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74 o

A B

D=6 D=10
counter term BMENS 72D TH 5.
AWTEDEE, THNIFEERTIENTES. £7,
Oy = iy, O = —iatipF (2.3.4)
T, t, TV I—=baOT, AAEERIIIHL T
ta=S(— %) (2.3.5)

£oT,
Tr(tatte) = —Tr( T T to) = —Tr(tatpte).- (2.3.6)

(n=3),G, Fy, By, By D
),SU(n)(n = 3),S0(4n+
Sk, U(1) 2B LT~

e 4XGTIE, G =SU(2),S0(2n + 1)(n = 2),Sp(2n)
LET=UT /=) U—FELRW. —F, G=U(1
2),Eg 137/ =<V —% LU SHRENPH L. Zh
T m5(G) # 0.

gH7/—<)—

o HIZHD CPTAZM L ENHHEEMADP AZMLD, h14 VA —) (B
TOHAINT UYL Ba—L Y HOERREL > TWAIHBEIZIE,
BIHA TV T 4 BRFOEMERABSITHIT s THN, 7/ -3V —IF
Xy oI TE. ZDD, EHT =<V =D = 4k +2IRTCTDAFRAE.

o« HHT /=< U—lE, D2+ LIHDOEEDL DA TN T 2V IKTFLHD
HEF VYR DEL 5.

2.3.2 10 RTGEENEHR
10 RTTHBE S BIC BT 201 S L s T 2 12 1%



H2E  Axiverse 39 [HIX AN
e dilatino: 8,8’
A _ Tr(F9)
Is(Fe o) = =05
Te(F)tr(R3)  Te(F)tr(R3)  Te(F3)[tr(R3)]?
2304 23040 18432
: tr(R) | tr(R)tr(R3) | [tr(R)]?
dim(G (237
+ dim( >(725760 552960 1327104 (237)

ZIT, trlid Ry = (%) ODEZEMRAF a,bIZETH M —X, Trid7 <
WIRTFDOTr—IGORBIZET S ML — R,
e gravitino: 56,56’

(RY) | tr(ROU(RY) [0

Isg(Ry) = —495——22 1 995 . 2.3.8
s6(1%2) 725760 © 552960 1327104 (2.3.8)
e 5-form flux (IIB): [5], [5]-

. t 6 t 4 t 2 t 2\13

fap(Ry) = +992 5 0) gy tr(F)(y) o [r(B)]” s 4 )

725760 552960 1327104

IT 8B TTA BIMERIE A A IV THRVWOT, 7/ =<V —dHEHIZF Yy L
$5. £/, IBRMG@wmTE, 7/ -V —REFr LT3

Ins(Ry) = —2Ig(Rs) + 2Is6(R2) + Isp(Rs) = 0. (2.3.10)

I3 [MHEEROY / —< U —&

L = f56(R2) - fs(Rz) + fs(FQ, Ry)

YiXs 1 6 1 2 4 1 2
_ ey (FS) + —Tro(F2)Tra(F, Tr, (F
768 +1440{ ta(F7) + 45 Tra(F2) Tra(Fy) — T [TralFD)F

. tr(R9) | tr(Ryte(fg) | [er(R3)]°
+(dim(G) — 496) {725760 T T R52060 1327104 } (23.11)
I,

Yy = tr(R3) — 310Tra(F ), (2.3.12a)

_ i P Tro(Fte(RE) | Tro(Fy)  [Tro(F3)]

Xs = tr(R;) + 1 - 20 + T o00
(2.3.12b)

£9, G=S0n) DL &, MEDEMITL e so(n) ITHL,

Tr,(t?) = (n—2)Tr, (), (2.3.13a)
Tr,(t*) = (n—8)Tr,(t*) + 3[Tr,(t*)]?, (2.3.13Db)
Tr,(t®) = (n— 32)Tr,(t%) + 15Tr, (#*) Tr, (t4), (2.3.13c)

H XA
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0, B2HEHIZ
32—n 6 N +22 9 + (m—2)(n+28) 3
400 {Trv(F2) 4—8Trv(F2)Trv(F2) + 14400 [Tr,(F3)]
(2.3.14)
E0, n=320rEDAER LS. HERIZ, G=EIIXLT,
Tro(t) = — [Trea ()], Tra(t®) = ——[Tra(£2)]° (2.3.15)

100 7200

X0, HoMHIZG = Byx By, By x U(L)" D& ¥, 3 IHIE, G = SO(32), By
Eg, Eg X U(1)248.U(1)496 &:i(ﬂbb’C*lZEl

2.3.3 Green-Schwarz &

WIZ, (NTFRERETO) FABESIZBWT, H; DEH%

Hs = dBy — cwsy — cway; (2.3.16)
9
W3y = Tr (A1 N dA1 — gZAl AN A1 A A1> s (2317)
2
wgr, = tr (wl A dwy + gu}l A W1 A w1> (2318)

Sw, = dO + [w, O], (2.3.19h)
6By = (Tr(AdA;) + tr(Odw) (2.3.19¢)

YEFET 5 &, Chern-Simons B D JAAIE
ng&&@%&) (2.3.20)
&, 7=V HIE
5S%=JM%X8 (2.3.21)
2H5ZB. ZhiE, 7/ =< —{#ET

Iy = [¢Tro(AdA) + tr(Odw; )] Xs
= I, = [cTr (F2) + dtr(R3)] X, (2.3.22)

b, £oT,
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e, FH1HEEMHEKT S (Green-Schwarz ##) . D& &,

dHs = az tr(R3) — %Tra(FQQ) o 4k3, = gl (2.3.24)

A&y, TRIMERTIX, G = SO(32), Fg x Eg, By x U(1)*8.U(1)*% 1z LT,
T/ =V —3MERT S, L, HigoBESHmEL Y, UL RFICHLTS,
H DEHT wes ZMZ B 0BEHNDH 5 [Bergshoeff E, de Roo M, de Wit B, van
Nieuwenhuizen P: NPB195:97(1982)]. 7 —Y R LD, ZHiZ BDT — V% H#H
LIS OBIEEZZ TSI LE2RIKLT S, EI50, ZOBEDLD, 7—IK
HDOBIZ BXs 75 U(l) RFITa s 2 MEREL, 7F—IAREME2ES.
Bmhb, UL) DD 5L, ENFREDEREE Green-Schwarz BN G TR < 78
5. £oT, BEMNLMHEIX, G =S0(32), Ey x By D#A.



¥ 23 Axiverse

EH&

§2.4

Brane

2.4.1 %A

D IRGGRZEIZ 81T B p-brane 1&, Cppy BT V¥ ¥V EBELINIZ, Cpp s KTV

V¥V ERINCHE T S, Thbb, dCpps = #dCp L LT,

Electric : /Lpf Cpi1,
Dp
Magnetic : u;f épﬂ.
Dp
T A =LY Fp_p o DBMIENL F, o DEMEZRH D 5 :

Electric charge : f «Fi0 = QK%OLLP,
SD—p—Q

Magnetic charge : f Fp_p_s = 2KjgH,
SD—p—Q

Potential Flux electric magnetic

® ad  —  NS7(?)
Bs Hy  Fl NS5
Cy DO D6
1A Cs F, D2 D4
(Cs)  (Fs) D4 D2
(C;) (R D6 DO

Og F10 D8 -
Chio(?) 0 D9(?) —

Potential Flux electric magnetic

o 4P —  NS7(?)
By H; F1 NS5
Cy Fi D-1 D7
I1IB Cy F; D1 D5
(Cy)s  (F)s D3 D3
(C))  (F) D5 DI
(Cy) (R) DT Di
Cho 0 D9 —

(2.4.1a)

(2.4.1b)

(2.4.2a)

(2.4.2b)
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2.4.2 D7L—VOERARES

References

e Anomaly cancelation, inflaw and brane action

— Izquierdo JM, Townsend PK: NPB 414:93 (1994), “ Axionic defect
anomalies and their cancellation ”

— Green MB, Harvey JA, Moore G: CQG14:47(1997), “I-brane inflow
and anomalous couplings on D-branes ”

— Cheung YK, Yin Z: NPB 517:67 (1998) “ Anomalies, branes, and cur-

rents ”

— Minasian R, Moore GW: JHEP9711:002 (1997) “K-theory and Ramond-
Ramond charge

DBI{ERTES 1D Dp 7V — iz d % DBIEARES L, F&2ZD LD U(1)
F=VBT7Iy AL LT, (7]

SDBLDp = ~Hp L B AP e /— det(gap (X) + 20/ Ty (X)), (2.4.3)

ZZ T,
21/ F = 2w’ F — B, (2.4.4)
1y — 21 % { 1 for type II

2.4.5
\/Lﬁ for type 1 ( )

(BORFEMNEIEDE DL B EH, T Lwe CSIERAMBD DT — I REMN
Wns. )

= DD I b 72 B 2 WA EDE AR 572 Dp 7L — T AERIZAI S
TV,

Chern-Simons {ffA%&ES C =Y, C,/t1 LT, Dp 7V —> BP*' X RRE L

DL TSNS
s r \/A(TB
Scs = 2 CATre 3% (T5) (2.4.6)

Br! A(NB)

ZZTA(TB) 2 AINB) 1%, ZOENT L=V DAY KL, HEAY RILD A
M, 72720, F—=VHBIETV I — M RTVNEZIRSE DS,
£7-, OpHIZXd % DBIERHMEDIE

_ _opd V L(%r/4)
SCS = —2 2w JB,,.H C A L(%N/LL) (247)
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Z 2T, LiZHirzebruch %M, Zr, Zn 13 Op HDENY FIVE KTV RV
DGR (1, DA = THIGHLE Wi b 0.
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§2.5
String axions

BE R - MEHTE, BHENR4RETFHEE 5223057 MUtk %
BT 7o BRI E A & N [21, 1], HERI KBRS LT A %
NBWA RS Z DRI E 25 [18].

2.5.1 A~NTFOREG
Calabi-Yau 3 /X7 My AT o RIEE% Calabi-Yau 3-fold Y & 4 RotHRZE X
DERIZ T VN2 MuT 3 &, 2R BIX 2 FMHO X LT 234 V8%
H9. BEEE a7 MMe

ds*(Myo) = ds*(Xa) + ds*(Ys). (2.5.1)
EBWT, i =1, b)) & Hp(Y, Z) DREEIZIR Y EOFN 2 A D
HELd5. Z0eE, B

b2(Y)

B =(? 2 ai(z)n" + B(x), (2.5.2)

i=1

CEEING. 22T, 4, =2m/d, Bx) X Xy LD 2R ZThAEEMES S
WZRALT,

‘Qf 3
— Y'Y xdo; A da; + «h A h
293 X4 [Z ’

+§&m-@%¥%ﬂwAF%wm%m%ﬂﬁﬁ$

ZIZT, WY DK, hz HD4IRIGED, 0(x) X7/ —< U —MHBRSEATN
9~ % lagrange multiplier.
Y = eﬁvylf N (2.5.4)
Y6

RIS BZED KD, df =2r«hDRoNDS. INzHWTBZIHETLE, 0
BEAFINNGTEA T 5740, TOERBRATERZoND ¢

1 . 1
Sa:JX4 [—iZY”*dai/\da]’—g*da/\da

+fia (TX(F A F) — (2~ 2)} . (2.5.5)

a
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ZIZT, fLl3IRATERINDT 7 VF VHEBERTH S -

A\ Vy . L3 . myp)
2V2mk10gs  V2mglt 2421

772U, Vy = L% a; Z ala; = foa; BEVa=f,0 CEEINDIRICZRDT 2
A UG TR T

Ja = (2.5.6)

Cf2 7@@

T 22 1678

Thb. ZIT, EEBOT VXV ATr—>va; 1%, YV~ (0,/L)* &0, —#&IZ f,
K DI/NZ .

ZDEIIZLTHESND2HDOT 7 VA VIGED S H, NEZEMOY 1 7V E D
FoNnd q FETMEET 2 A Y, B, 08605 a i FETNIHIKET 7
FYEIENS. WTNDT 7 VA U TH, FERARES (2.5.5) 12 7 s
MaEED., 51T, ETNVHEKET 20 A v ald, QCD 77 VAV ek, 7 —
VBB L OENE L Chen-Simons HHAMFEHZT 5. ZHIZHLT, ETIVKRF
TOIAVIE—H/, TOLIBMEEHZLRVWESITRZS. £72, ol
CP-even dIZRZX 5. LU, FEBIZIZ, BFWEE2EZ2L, Y —Y7 /) —<%
) — %MK T 5 72 Green-Schwartz FHFXTH

(2.5.7)

S:J B A Xs(F, %) (2.5.8)
Mi1

METIVRGET 7 To(FAF)BEXOtr(Z A %) L OMEAEH%ZEARHT
[21]. ZZ T,

[tr(B)P  Tro(F)tr(Ry) | Tra(Fy)  [Tra(F5))°
4 30 3 900

Xg = tr(R3) + (2.5.9)

2.5.2 IIFUIE:H

CY VXY Mt B, IBEHGTIRXETVIMKET 24V a%, 72, 1IA
RIPRER T, TETMRIET 2V 4 Y o #EKT 5. —J, IBRTOD o, 52 11A
BTOD a3l dHEIZCP even 725, AT OBOOEGELELD, FAFXYZ AR
EDREGITER I NN, UL, TR TIE, ~T ol B, 47 RR
55 C, DMFEL, IZHTABITD Cs B LGB ETD Cyy(q = 0,1,2) 1, ~THD
BEEERIUHEET, ETMVRET 2 VA v 2EART. X512, ZTheDT7 oY
A%, DIFV—=VTORRBE T —VEBICENGLOMEEEZBLT, 77—
VBB X OENGE O CSHEEEEST 5 [21].
IN6DdL, EFTIMMEKIEIY 722 F 1%, WEBZERIDAHINICEMEZ 22 5 1F

LRI A, K, IBREERO 7 Iy 7 A3 X7 METIE, 7—7D7HIC
adS EZ2 0D uplift IZRZED 2914 2 VR REL 720, fGLU CTIHEMICLED T

H XA
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IUFUDPEREINS I LB [10]. £77, ~NTFHBBEHTE, Betti 5 Ab(Y)
XS B IEME R HIBRIZE S T W nAY, b =Y v 2B CY ORI R BEE ST
—f 72 CY Tho(Y) DIEHEIZRELL 2D T LDHoNT WS [15)]

2.5.3 BEARI M

TL—=rR 7Ty ADEA, :yﬂ&bmmib7¢yﬁy%@y7bﬁﬁ
MR N E 2T, (N =188 ZRET 5 &) BENZZE FAHIEIC
TZOXNRMEDLEN G Z 237\, ZDGE, 7274 Vg, QCDT?/%/&
FRRIZ, 4 AX Y b URhRa EICHEEERNIDRIC I > TORAEEZERT 5.
FKBRIZ, QCD 727 YA VPIFIET 256121F, I 2 DA N) VI T2 F
VINERB L EZDBDNHEHRTHS.

TOVAVEBOREIIFIRDO LS IZFMicEs. £9, —RIZI VARV b
VRIRIZE BT VA VEEIT

7 - _é 2000 — A*U®);  A*~ Me, (2.5.10)
rRINL, T, SEAVAZRY NV OEABELTH D, BHBER
m2 ~ g 2O S, f~ g PLOIN (L) T = g PR, S~ 1P (25.11)

X0,
fa=mp/S (2.5.12)

PO NSHDT,
Mo ~ N/ fo ~ (M?/myp)Se 5/ (2.5.13)

QCD 727 VA Y DEEF VY v UL, QCD DHEY L BRSSO %5 :

rP2F2m My Mg

8f2 - —(mu ) (2.5.14)

V = VQCD + A cos (f +77Z)> VQCD
T, BHEHRDOFENQCD DHFEESLD/NIWZ L 2HEHET L L, IROHIRN 1
55,

M 0 L g 900 101GV, <105V (25.15
a~m2F2< = S~ = f,~ e me < (2.5.15)
ZORED, BEHMHT 7Y OBERIE, logm CELT—RIZAHLTHS
eI ng.
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Anthropically Constrained

Black Hole Super-radiance

3 x 1078

2 x 10720 3 x 10

; ; QCD axion
Axion Mass in eV

2.1: Axiverse

§2.6
Possible cosmophysical phenomena

2.6.1 HFEHHLEERXT—IL

Compton wavelength= Horizon size (m ~ H)
Present t = to: mg = 1.5 x 10733eV  ¢/Hy = 4.3 Gpc
CMB last scattering t = ti;:  mys = 2 x 1072V ¢/Hy = 300kpc
Equidensity time ¢ = toq :  Meq = 3 x 1072V ¢/Hy = 20kpc

Compton wavelength= BH size (1/m = M}/M )
Supermassive BH M = 10"°Mg:  mphmax = 1.3 x 1072V 1/m = 1072 pc
Solar mass BH M = 1My: Mppmin = 1.3 x 1071%V  1/m = 3 km

QCD axion m ~ Ajcp/fa
o f,=10%GeV: m ~ 107 %V

o f, =102GeV: m ~ 107 %eV

2.6.2 WNEET7IVFVDBIERITEHLIRR
o FIEBNEE L R5HE
- R—AME - < R—
- FHPSLEART PLOEF
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—  Quintessence I X' — 27 T 3 )L F —
— HWEYa 74 &EJFED dark radiation
o MHEAEHMWEEL B4R
— B
BT RIVF — T o~ — RO FHE S SRS B
— JFEGEIIIRIZE TS CP DN
- Gyrof>v7b—vav

o HENEHE L LMALR
— CMB B €— FAK
— TI v IR IVHIRNKE ARZE & Bose nova, $ & OVEE SR

o [, WEHELZDLBR
- TOoTFEHERDSE
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§3.1
Axion-Like Particles

Reviews

e Raffelt GG: “Stars as Laboratories for Fundamental Physics ” (U. Chicago
Press, 1996).

e Khlopov My: ”Cosmoparticle physics” (WS, 1999)

e Kim JH: ”Light Pseudoscalars, Particle Physics and Cosmology”, Phys. Rep.
150:1-177 (1987)

e Cheng HY: "The Strong CP Problem Revisited”, Phys. Rep. 158:1 (1988)

e Raffelt GG: ”Astrophysical methods to constrain axions and other novel
particle phenomena”, Phys. Rep. 198:1 (1990)

e Kuster M, Raffelt G, Beltran B (Editors): “ Axions”, Lecture Notes in
Physics 741 (Springer, 2008)

3.1.1 ALP vs axion

ETRIVF— A7 =)L TO U(1) W FRMEDBE AL S /INE & HE Goldstone R YV
Z ALP &S, HARKREAITIELA T D@D

1. GEEEY) XNFRVED BRIV AE S #iE Goldstone RV .
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2. NILER (<keV) .
3. SMBLT-& DIEHIZ T\ AHEA/EA.
4. ¢yy MEAEH.
— ffEscalar DA 1 Ly, = o 0F - F
— scalar D& : L, = L1g, oF - F.
NS DR HIRD & 5 22 FERIN S L OFHHIR A <.
o [HEMS D
— Primakoff #f2(% ¢pyy FEE R HNITFE D 5 = HB stars, Sun, SN
— Lyee: ETVHAFE = RGB stars
— Lynn: ET VAN = SN
—f D ALP O30T, T VAVIZIRO S R ESH D -
1. A SR (35%)
— Zh&Y, PBXUCP DL T 5L, P& CP-odd AN 5 #E L
D AFEE

— FEERET 1/r(n = 3) D HE, K FEDOIIFRFOREP ALY I
HAE., D7z, submm TODHE 5 DJIEHII S DHIBRAGT.

2. tree LARJLTY 7 MREME (114 F00)

— Tree level @ shift symmetry (XEEFRNE TR OLEZZIT RV,
[Witten E:]

— 1L&2. &b, AATHBITAE ) — VG IS, T-V5E
X CSHEA.

3. FEEEERIZIER (1 Y AZX Y MU+ H A TV SSB) I & UM EE

4. K& 7% axion decay constant f,.

3.1.2 FHPEZLY OHIR
e SN1987A, HB stars/RGB stars in globular clusters: QCD axion D356

fa 2 6x10°GeV = m, <10 2%V (3.1.1)

oy KB E© D ALP DEAIR & 0 59\ IR,
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e SN1987A gamma-ray flux (Solar Maximum Mission satellite) : —#%(Z ALP
LT,
M >3 x 10"GeV for m < 10~%V. (3.1.2)

— Grifolds JA, Masso E, Toldra R:” Gamma rays from SN1987A due to
pseudoscalar conversion”, PRL77(1996)2372.[astro-ph/9606028]

— Brockway JW, Carlson ED, Raffelt GG: SN 1987A gamma-ray limits
on the conversion of pseudoscalars”, PL.B383(1996)439.[astro-ph/9605197]

e DM
fa/é \™*
Q.h? =05 —2>_ 62 2 1.
0o <1012GeV (05 + 3] 7 (3.1.3)
Q.h? <012, y=1,0? = 7%/3
= f, <3 x10"GeV, m, > 2 x 107%V. (3.1.4)

3.1.3 New force

e References

[ADD98] Antoniadis, I., Dimopoulos, S. and Dvali, G.: Millimeter range forces
in superstring theories with weak scale compactification, Nucl. Phys.
B 516, 70-82 (1998).

[DG96] Dimopoulos, S. and Giudice, G.: Macroscopic forces from supersymme-
try, Phys. Lett. B 379, 105-14 (1996).

[FL99] Floratos, E. and Leontaris, G.: Low scale unification, Newton’s law and
extra dimensions, Phys. Lett. B 465, 95-100 (1999).

[KS00] Kehagias, A. and Sfetsos, K.: Deviations from the 1/r* Newton law due
to extra dimensions, Phys. Lett. B 472, 39-44 (2000).

[Tv88] Taylor, T. and Veneziano, G.: Strings and D=4, Phys. Lett. B 212,
147-152 (1988).

Scalar force A71 75 ¢(x) IR p(x) DM EAEH %
7y (3.1.5)
LB, TOREEABRANDHFE T

<Texp <—zjd4w$>> ~ e BT (3.1.6)
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Axions
JalGeV]
1615 161% 192 3012 3101 31019 2097 210®* 107 10° 165 104

r“IIIII ||||IIIII r||IIIII ||||IIIII ||IIIIII r||IIIII |||||IIII r“IIIII ||||IIIII r“IIIII ||||IIIII ||'||'|'!r

too much CDM

L ]
h"—invisible 1

S §
-3 bt @ —invisihlz LL‘:

Logy, e [GeV™

b TIH stars
y—burst 19872 At

-12

-15

IIIlIIIIIIIlIlII‘
-15 -12 -5 -6 -3 i} 3 &

Log,,mg[eV]

3.1: QCD 7 7 ¥ & DI [Jaeckel J, Ringwald A:arXiv:1002.0329)

H XA



¥ M RFEER
TRIND., ZIZT, TIIMESMHEEOREIIET,
1
ET~§f#m@mmau—wmw,
—_— ; —_— 1 4 J—
Alz —y) = NTW@M@D%—Ej;;:E5@ Y).
BT, W p(2) = pla),
_ ddp ~ ip-xT
pla) - | il
XU T,
E:Jd% 1p(p)?
(2m)3 —(p* + p?) + i€
INERTFVIVYILIHDI R F—
| #otav e = o) = [ EditPV @,
Vie) = [ @V @,
iR d s L, . .
Vig) = (2m)3 —(q% + p2) + ie
o T, . .
_ d’p e _ _e*‘“"
Viz) = f (27)3 — (g% + pu?) + ie 4y
Pseudo-scalar force tMHEFEHZ 75T 7V
&L = 0udilh = dpa; pa = —0ujly
IZDOWTC, [AfkDFEmETS. £9, EEHRERX
(P —m)p=0
W5 &,
b = l%“vw = ps = i,
> fa fa
Z 7T,
_ dgp p-x
v(w) = | gsulp)er,
1 ((E—p o)x(p)
=g, ( mx(p)

54 [HIRAN

(3.1.7)

(3.1.8)

(3.1.9)

(3.1.10)

(3.1.11a)

(3.1.11Db)

(3.1.12)

(3.1.13)

(3.1.14)

(3.1.15)

(3.1.16)

(3.1.17)

(3.1.18)
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_ d3p d3p o .
e = f (27r)23 f We(pl P2) BBy (s ) * Vs (py)

= | 73" ~i(B1—Ex2)t _"_ _ f3.1.1
f (271-)36 J (27T)3e om (El o q<a'>) x'43.1.19)

L7225 T, |z|m » 1 T,

d3q i ~ iq-T
o= [k (—%) g- (o) pla)e®, (3.1.20)
pq) = f (;iTP;g,XT(p)X(p)- (3.1.21)
o T,
E=ip) Lo 1849 ) (3.1.22)
Af2 ) @m)3—(¢? + p2) + e ' -
kb,

V(q) = oy~ L4

T AP0 —(@ 4 ) i (3.1.23)

i Fourier Z2#11Z X 0,

V(z) = —(0-0y)* L <_€_’”)

4f2 4y

1 [12 3ILL 3 9 o] 1 9 .
- 167rf3l(7+r_2+73><""7> —(zt )| eB129)
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T A Lamor&aux
10° L gauged
B# JL \
10% -t .
10" -
10° - =

10° |-Yukawa messengers\S

Excluded by
experiment

56 [EXRA

108 | “--.. modulus A
i
102 | gluon o
modulus
1
10 i&ﬁg@wgmgi _______ 2 q
10° - N U.Washington 1]
heavy q S
10‘1 L moduli =
10‘-2 1 1 1 1 1 111 | 1 1 11 -T"‘-
1 10 100

3.2: New force ~DFEERIIHIPR [Geraci AA et al: PRD78(2008)022002]
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§3.2

R RER

3.2.1

Project Overview

e Cavity search (Sikivie P 1983)

Helioscope method (Sikivie P 1983)

CAST experiment

Bragg scattering method (Paschos EA, Zioutas K1994)

SOLAX experiment
COSME experiment

Resonant method (Kremar M, Krecak Z, Stipcevic M, Ljubicic A, Bradley

DA 1998)

Polarisation of light in B (Mainai L, Petronzio R, Zavattini E 1986)

PLVAS experiment

Photo regeneration method (Cameron R et al 1993)

BERT Collaborations
* 1990s no detection

HERA

VUV-FEL

PVLAS

* Indication of the axion-photon mixing with m, ~ 1.3meV, g,y, =~
3 x 107%GeV ! [Zavattini E et al, PRL96:110406(2006)]

x Z DR % GE [Zavattini E et al: arXive:0706.3419]
French group

* No detection: M > 8 x 10°GeV for m, ~ 1meV [Robilliard C et
al; PRL99:190403 (2007)]

ALPSQ@QDESY (Axion-Like Particle Search project)
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— LIPSS@Jefferson Laboratory (Light PseudoScalar Search project)
— BMYV project

— OSQARQCERN (Optical Search for Qed vacuum magnetic birefrin-
gence, Axions and photon Regeneration project)

— GVPSE@Fermilab (GammeV Particle Search Experiment project)

3.2.2 Cast experiment
BE

e Primakoff RIZ &K 0 KEGHODTEMINSEZT 74 v 2=z, (9.26mx
2 - 14.5cm? LHC MAREAT) 12 X 0 FIZEH L THRHE.

— CAST Coll: First Results from the CERN Axion Solar Telescpe, PRL.94:121301
(2005)

— Zioutas K et al: A decommissioned LHC model magnet as an axion
telescope, Nucl. Instrum. Methods Phys. Res. A425:480 (1999) [astro-
ph/9801176]

LEES
e Cast Phase I: m, < 0.02reV

— Gayy < 116 x 1070GeV ™" [ CAST Coll: PRL94:121301 (2005)]
— Gayy < 88 x 1071GeV ! (95% CL) [CAST Coll: JCAP 04:010 (2007)]

e Cast Phase II: m, < 1eV

— Garyy < 2.3 x 1071°GeV! (95% CL) for 0.39eV < m, < 0.64eV. [Aune
S et al (CAST coll.): PRL107(2011)261302.[arXiv:1106.3919[hep-ex]]].
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54.1
Axion emission processes

4.1.1 Overview

e Primakov process .Z,,,: aE'B + fluctuating plasma E/B.

% = goaE - B. (4.1.1)

e Axion Bremstrahlung Zie.: ace+eZe BXL

e Axion nuclon emission Zunn: aqq+NN #XEL

C. _
# = ot (4.12)

4.1.2 Primakoff process

References

e Primakoff H: ” Photon-production of neutral mesons in nuclear electric fields
and the mean life of the neutral meson”, PR81(1951)899.

e Dicus DA, Kolb EW, Teplitz EW, Wagoner RV: ” Astrophysical bonds on
the masses of axions and Higgs particles”, PRD18 (1978) 1829.
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BN T & DERICK Z2EHER
oy a 92, 2% |y x ka|27 (4.13)
s 87 q*
Z T,
qg=k,—k,. (4.1.4)
=72 L,
w=ky,=FE, = (kX +m2)"? (4.1.5)
X0, ,
4> Guin = W — \/&? —m2 = T . (4.1.6)
W+ y/w? —m?2
ZHNIXIR cut-off 2 5.2 5.
vy — o BEE
2 .2 2 2
2. Tk k AE
I, =2 B 0 % V(g —1 41.7
S (GO LIGS - R B

(h=c=kg=1). 22T, AZV—==VZ A=)V kg%, Debye-Hiickel iT{l®d
T, RATEHEZOND

Ao
k? = T <ne + Z ZJQTLJ> (418)

nuclei

(ne \EETEEE, n; 1B Z; O A VEEE.) BRI
o KB%: (ky/T)* ~ 12 (2AKT—5E)

e low mass He burning stars: (k/T)? ~ 2.5 (27)

BAAEHIY DI RIILF—HEE

Pk, wly, 92,17 ks
z O P (K? =2, 4.1.9
Q- | G - TP, -2 (4.19)
Z Z T,
2 00 2
2 K 2 2 T 2 z
F(r*) = 2 ), dxl(:v +H)ln<1+?>—x]€x_1
098 k?=25
N { 1.84 k2 =12 (4.1.10)

[Raffelt GG: ”Plasmon decay into low mass bosons in stars”, PRD37 (1988) 1356.]

H XA
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BT IVFVUNE
R Amk? dk
gzi;mgwf ﬂ%%Pﬂﬁﬂﬁﬂ% (4.1.11)
Wpl
54.2
Solar axion
4.2.1 HEEXALZR
WMIRKTOLTIVFVHITVYIR
R (! ) Amk? dk
- 4 E—" or T . 4.2.1
a 47TD(29J0 dT’ wr J;Jp d ( )3dE fB o' ( )
WIRTOIRILF—ARY ML
dq)a 10 —2 —1 —1 2 2.481 —E/1.205
T (6.0 x 107 cm s keV ™) gi, E=* e : (4.2.2)

ZZT, EldkeVHEATOBIHE, gi10 = gurr x 10°°GeV.
B i

e Axion flux: @, = 3.75 x 10" g7 jcm =271,

e Axion luminosity: L, = 1.85 x 1073¢%, L.

e Average energy: (E) = 4.2keV,(E?) = 22.7keV>.

e Peak energy: 3.0keV.

4.2.2 IR
Helioseismology 7 7 ¥ 74 VRHIZ & 2 KEGHEZA LD KIBIRENC 52 % 502,

Li<020Ly = Gapy <1 x107°GeV . (4.2.3)

[Schlatt2 H, Weiss A, Raffelt G: ”Helioseismological constraint on solar axion
emission”, Astropart. Phys.10(1999)353.[hep-ph/9807476]]
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Solar v flux KGOWEEGEEZME T2+, 77V AVBEERHZ L, KGHO
TOEIFNF—HEEER, LzhoT, KEhOEEXERT S, 2k, K%
MHED=a—~) ) HHLREEARIES. BRFOABETILVTDOSB=a—K )/
TV AIZDWVWTDOTFEIL

F,sp = (4.5 —4.6) x (1 £0.16) x 10%m™2s7", (4.2.4)

[Bahcall JN, Sereneli AM, Basu S: ”New solar opacities, abundances, helioseismol-
ogy, and neutrino fluxes”, ApJ621(2005)L85.[astro-ph/0412440]].
BIAE
F,sp = 4.94 x (1 £0.088) x 10°cm s ". (4.2.5)

Ingy,
Lo <0.04Ly = Gapy <5 x10710GeV . (4.2.6)

[Ahmad QR et al (SNO Coll.): PRL89 (2002) 011301.[nucl-ex/0204008]; PRC72
(2005)055502. [nucl-ex/0502021]].

Helioscope experiment
e CAST
— Gayy < 1.16 x 10710GeV ™" (95% CL) for m, < 0.02eV. [Zioutas K et al
(CAST coll.): PRL94(2005)12301.[hep-ex/0411033]].

— Gayy < 8.8 x 1071GeV ™ (95% CL) for m, < 0.02eV. [CAST Coll:
JCAP 04:010 (2007)]

— Jay S 2.3 x 1071°GeV ™! (95% CL) for 0.39eV < m, < 0.64eV. [Aune
S et al (CAST coll.): PRL107(2011)261302.[arXiv:1106.3919[hep-ex]]].

54.3
KIREHED S D

4.3.1 KEDFKE
HB R IE, ~VU ™Y AT 7 EREEE OB BT .
o I 7%%% 05M@

o T X —EK e~ 80ergg s !
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12 | L = | I | | ' =S 5l I_
13 |- st 2]
- AGB ol
14— fies —
15 —
16 __ P-AGB _—
17 —— —_
"4 = o
18 — =1
1o/ e
21 —— £
2 [ e ! —
23 _I J=2| l I e l 1 l | | o | l Joeifies] I v T | I L d
-0.4 0.0 0.4 0.8 1.2 1.6 1.8
B-V
4.1: HR
o I T HIEIL: p~ 10'gem™?
o IT VR : T ~ 10°K.
INkD, a7RoDT7 VA UITL BT RIVF TR
€a ~ 30g7,ergg st (4.3.1)
T &Y HB A7 — YDk
80
s (4.3.2)
80 + 3097,
RHZHE L.
15 fE DO BRIR B F OB & D [Raffelt G1996B],
Gy < 1071°GeV™! for m, < 30keV. (4.3.3)

4.3.2 HFEBEBEESOKE
RGB 2%, KERREEREIZHDET, MBELAEAY I LITEE D,

o IV B p~ 105gem ™

o ITMNEE : T ~ 108K.



B 4F  Astrophysics 64 [HIRA

TOVEAUNOEBPERISEE DL, p, T BIUCEOERITFHDL, MRS
RPET TS, ZNUTED, He a7RBENDOBATHENS.
B E FER O & D, HTFLSAAD T 3L F — i = Ac 1T L T,

Ae < 10ergg's™  for T = 10°K, {(p) = 2 x 10°gem . (4.3.4)

¥/, =a—bMVOFEIZ

€, ~ dergg st (4.3.5)
—J, T HIEC
e+Ze—Ze+e+a (4.3.6)
IZ& BT R F—HUkEIX
€q,brems X 2 X 10% orgeeergg s ™! (4.3.7)
Lo T,
Qgee <05 x107% = goe <3 x1075GeV L (4.3.8)
DFSZ # T 1%
fa/ cos® B> 0.8 x 10°GeV, (4.3.9a)
Mg cos® B < 9meV, (4.3.9b)
Jary €087 B < 1.2 x 1072GeV . (4.3.9¢)
(tan 8 = v1/v9).
54.4

WD cooling

4.4.1 WD NEBH

WD OYEEIOBHIAERIE, BN AHRO TS B L TWwa. &b,
WD cooling ND T 27 ¥ * ¥ DEFLGHPEMH T E 25

Qgee S 1 x107% (4.4.1)

ME 515 [Raffelt1996B].
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4.4.2 77 Ceti stars

77 Ceti star IZREIRZEME2 H D WD T, ZDOAMZE(ER P/P I3k EIRIZH
ETH 5. G117-BI5A Ofiffr & v,

Qgee < 1.3 %1072 < gee < 1.3 x 10753, 4.4.2
g

DFSZ I TIX, ZTHh &b
m, cos® 3 < bmeV. (4.4.3)

[Isern J, Garcia-Berro E: ”White dwarf stars as particle physics laboratories”, NPB
suppl.114(2003)107.]

54.5
SN1987A

4.5.1 BEREBRMEHINSDT IV VHHE

T F VB DOHEERIIEAE VITHKFL, N+ N — N+ N + a8fg
&, AV EZZIEE NNBHELTOAEZE S, ZD7d, BAY Y ORFRIMHE
THRDPBE L 25,

Bt A ¥ IR AH B G R A %

4 +00

Se(w, k) = 3 | dt e {a(t, k) o(0,—k)) (4.5.1)

LB, TOVFYOBRPELFFET I F—HHRZRATEX SN ¢

r::(h>%@M9@k) (4.5.2a)
a 2fa 2 o ) 9 .

O 0¢]
Qa = (2}:[1) RJ dw w* Sy (w, k). (4.5.2b)

T, k=|klrwET72¥FvoiigE.
Sy M3 Lorentz JE CIELTE 535 &,

I, 1 for w >0
o(W) ~ T ’ 4.5.
So(w) w? +F2/4 s(w/T) { eI for w < 0 (4.5.3)

(s(w) = s(—w),s(0) =1, €, = Qu/p &

F=3. 1 F 4.5.4
€a = <2fa> e 3.0 x 10°°C% T S0 eV erg/gs (4.5.4)

H XA



B 4F  Astrophysics 66 [EHIRA

kb, ZZT,

© gle T T
b= J; do=— xQ—F(;Q/QTUZS@ﬂ

A 5—; for T, /T « 1. (4.5.5)

—H, T ZRD XS IZFHfiTn 5 -
1/2
Do~ iFSPE _ Wl%i’jﬁTT;; — 450MeV ( T Oﬁgcm—3> <301\i\/> / (4.5.6)
ZIT, ap,=(2fmn/mg)?*/(47) = 15. TN LD
1<T,/T < 10. (4.5.7)

4.5.2 p/N—2 NEERS

7OV F Yy OMEEADPTRHVGE (guvy < 107°GeV ™), #BHTE @SR T
DT A WHNEaTOREKTZ2ED, ZTOME, —a—F ) NXN=ZA N
B N A RDEAT 5. ETNEHRICED{MEE Bl ICHIRIZL D, p =
3 x 10Mgem =3, T = 30MeV (ZX} L,

€a <1 x 10%ergg1s™! (4.5.8)
BIETOFHE L D, KSVZERIZH U TIROHE 255 :

fa 2z 4x10°GeV, m, < 16meV. (4.5.9)

54.6
BiSg R CDT U7 V-HFEH

4.6.1 HBEAREK

e axion-photon coupling

o Maxwell HFEX
oD =cV x H—4rng, V-D = 4mp, (4.6.2a)
oB=—-cVxE, V- -B=0. (4.6.2b)



B 4% Astrophysics 67

o HE)jFEA

Ope +V-3,=0, (4.6.3a)

1
Orjo = -~ (peE + =g, x B) , (4.6.3b)

m C
¢ — Ap = gs E - B. (4.6.3¢)

T,
Pe = q5nea P = Pe T+ %V¢ : B, (464&)
jo=anow, j=j. -2 (qu x E + d)B) : (4.6.4b)
4
BEyARER

o HRMYi: B = B+ 0B.
o FEERLEMWE: D=cE, H=,"'B.

e Fourier E— K

pe;Jer B, B, ¢rexp(ik - x). (4.6.5)
o AP EB)FEA
€0PE = —*V x (0 'V x E) — 476,3, (4.6.6a)
1
0. = L (peE + =g, % BO) . (4.6.6D)
m c
e small massififl : E, j ocexp(—iwt +ikz) £ UT, j, ORZHENT,
W2
Am(w? — w2)j, = wi {in —w,E x b— if(E : b)b} : (4.6.7)
Z Z7T, By= Byb,
qBo
Wy = %, (468&)
47N q?
2= — 4.6.8b
w, - (4.6.8b)
x7=,
. 9¢ 9¢
£oT, EEFHEAR
w2w?
2 -1
e, E = kx(u kXE)_uﬂp—wSE
w2
+ —puﬂ {iwwyE x b+ w2(E - b)b} — gw’¢By, (4.6.10)
g
¢ = —(kK*+ml)¢+ gE- By. (4.6.11)

H XA
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4.6.2 {cEAEN
WO T % 2 & UT, BIREEVNEHIZIEL, |wk—(d/cc1DEE,

(2 — D)X (1, 2) = (61— 0.)(0 + )X ~ —2ik(0) + 0.)X — —m% (4.6.12)

EBHDT, 2BOREARENL, TONITER I 72 T BEO AR T X
N5 .

p Ay A Ag 0
(_ZE - «%) A// = 0; M = AR A// AB (4613)
¢ 0 AB Aa

A = Apl + AéM’ A// = Apl + AéM? Apl = wgl/(QE) (4614&)

AB = ga'th/2a Aa = mi/(2E>7 (4614}3)
dman,
ol = 7;?” . (4.6.14c)

Ap 1Z Faraday [A#5, Aoy (& Cotton-Mouton XI5 % 9.

2 R Farady RlisZ2 G L 72 & &,

(AB Aa) = R(0)[ M1, A2| R(—0) (4.6.15)
N
(A1 —Ag)cos(20) = A, — A, (4.6.17)
(A1 — \o)sin(20) = 2A. (4.6.18)
X d % &,
A(2) eM® 0 A)(0)
= R(0 . R(—6 . 4.6.19
( o) ) T o e FED L op) o)
JEHISER
. . S AOSC 4A2 . S AOSC
P, ., = Py := sin®(20) sin’ 5 = A?j sin? 5 (4.6.20)
ZZT,
Avse = (Aom + Ay — AL)* + 4A%. (4.6.21)
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CM IHMWEH T Z 256121,
P = m sin? (gth [1+ (E,./E)?]" g) , (4.6.22)
B, = —’”j;; ;2’1’ ~ 26 9321_0;%2 (10;G> (101%(7;1@\/) GeV(4.6.23)
HISER
27| AL + Ay S A% = Py = 0(1) (4.6.24)

§4.7
BEIRIF—HYI—EANDHE

4.7.1 ERREEM

Fermi B2 I X)L F¥—72'E =100GeV ~ 1TeV, HEN 1075 ~ 107%V. g4y ~
1070GeV ! D& &, MORMEDPTZEINERS, vIRANRT PVHI10 %FEEE
B35 :

o HYMEES 1 L ~ IMpc, B = (1 —5) x 107°G, D = 200 ~ 500Mpc
o SRS L ~ 10kpe, B = 107G, n, ~ 1073cm™>, D = 1Mpc
o ERIAEESS: L ~ 10kpe, B = (2 —4) x 107G, n, ~ 10~3cm™=3, D = 1Mpc.

[De Angelis A, Mansutti O, Roncadelli M:Phys.Lett. B659 (2008) 847-855
[arXiv:0707.2695 [astro-ph]]]

BUVESDERE 572D DERN

o w>» 70eV (10’?—9"8\,)2 (%)71 (TomGev)
e n. < 10%m 3 (i) (&)

o [ >6x 10*3pc(%)71( M )
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RN

70

15
i M=10"° GeV axion
10
GRB
5 i a8
_ . BLR
o
o
% NLR
g
- lobes/jets

-15 -10 -5

Log (R/ kpc)

4.2: BN 72V A Y - HFREDEE D70 DS

3 B 9 12
Log,qlw/eV)
-10
L
[«b} — .
3 11
~
)
\% optimistic—IGMF
<0 ] 1.3 X Tppy
g=
—12-

fidueial
1.3 X Tpry

~mWD, Byp, ~10" G

mWD, By, ~10° G, P, ~1%

WD cooling hint

4.3: VHE v #2358

Raue M: arXiv:1302.1208]

-8 - 6
log,o(m, / eV)

HE XD ESNT g ~ND FBR [Meyer M, Horns D,

;

JAN
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10 C \'\ "‘I‘ I‘ ."# ]

m A
ey T N4 / b
= [ = . I‘- ! B
& + Preliminary |
o L H.E.S.S.exclusions at 95 % CL\— e |

|:| Intergalactic Magnetic Field (optimistic)

D Galaxy Cluster magnetic field (conservative)
T —— CAST limit 7
Ll Ll Ll

10" 1 10 10

4.4: HESSIZ & 0 Bl X 117z BL Lac PKS 2155-304 @ v A2~V D AR
X VRSN g, ~NDHIR [Brun P, Wouters D (HESS Collaboration): arXiv:
1307.6068]

BN SZONIHIR

e VHE v ## (> 100GEV) TOFH DOFEHE. 26 fH D& T 1)L ¥ — KIKD R E
I ER 2 BiH. [Meyer M, Horns D, Raue M: arXiv:1302.1208]

Juy 2 1071GeV ™ 107%V < m, < 107 7eV. (4.7.1)

o VHE v BREDANRY MLRIS DEME 2T 7 VA ¥ - HFEHIT/EN T
55 DELME S IZER T 5 & L7258 DI [Brun P, Wouters D (HESS Col-
laboration): arXiv: 1307.6068]

Joy S5 x 1071GeV T 107%V < m, < 10 "eV. (4.7.2)
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§5.1

Homogeneous axion field

5.1.1 Evolution

SR AR o
¢+3Ho+m’¢ =0

IRILF—BEEED

<$2+m2¢2>, P, = <é2—m2¢2).

_1
Po =5
WKBELUEE HEHFERIXKOLS ICEEZHBmZ OSND

. 3 3a
3/2 2_ g2 _°2Z
() +<m 1 5a

nkoy,

e mKHDE Z,

6= ¢+ & L dt (a(ti))?’ = ¢; + O<¢Z/Hz> .

a(t)
£oT, pkpix
2
m
po = 50, P=—p.

Tihhbb, AHTGIEIDE L LTIRSES.

(5.1.1)

(5.1.2)

(5.1.3)

(5.1.4)

(5.1.5)
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em>» HD& &,

m

¢~ ¢; <%)1/Q (%)3/2 cos <J mdt + const)

A
a*?¢p ~ —— cos (J mdt + const)
\/7
J: D )

ZIZT, t=t, ldma~ H L. TxIVF—FELENZ

NLLIPYCAN
IO¢ - 2 ¢z ( a ) )

Py = —py cos (2 det + const)
UL7DoT, 1/m<« 1/H £ EWKFAT —ILTHEET 5 L,

ﬁ¢oc1/a3> p¢ ~0

73 [EIRA

(5.1.6)

(5.1.7)

(5.1.8a)

(5.1.8b)

(5.1.9)

LD, ANTHIFXANELTRSES. Thbb, CDM &b, 7272
U, m BPIREZEMAT 2 & 2k, RORIAT =Tk Thi 7480 MR FE

na : ,
1
RN ém*aiqbf = const.

(5.1.10)

BB aoct” DIHTIE, B AHERIIBE TR, t >0 To — ¢ LRBEVI

3y

6= 6T (3”2“> (%) " e (mi).

mt » 1 TlE, O

¢ = ¢ <%>3/2 cos <mt — %77r> :

2L, t. %

mt, = 2 (r (37; 1) /\/E) 2/(37)

EWo7z. HmTRT &, ZORMEE

2/(3
o, A va 7 (o061 sy=1p
r ) '

m, 2 \T (22 23 iv=2/3

(5.1.11)

(5.1.12)

(5.1.13)

(5.1.14)
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25 T T T
a3
B e logpe
\\
S ---logp
20 L ‘h-k \.\ ?L‘Hr o Ll
g, S logpa
15+
101
S L
0 I |
—7 -6
loga
2.5 |
=DM
i3 —— ALPs + CDM

5.1: 7YX VDI )T —EE L iREHRORMZ L. m/H,

10°°

107

0.8, = 0 [Marsh DJE, Ferreira PG: PRD82(2010)103528[arXiv:1009.3501]

= 103,Q, =

H XA
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' 4@ String scales

14 log(fa/GeV)

-35 -30 =25 -20 -15 -10 -5

log(m/eV)
g |—31 25e-1 25¢e-2]

5.2: Axion abundance and relevant phenomena
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5.1.2 Present abundance
DE &£ 72358 (m < Hy) :  BUEDQIRIEIZHIMED £ £72D T,
N
po = Em2(efa)2. (5.1.15)

£oT, 7IOVAVIEIFHEHIFEGTS

e rm\2 [ )2 £\’
Qo => — | = L) < -— 5.1.16
35 (m) () <xGr) e

DM &7 23%A (m>» Hy) : BUERRE 7 = —XT, ZOIZXILF—HEEIZ

1
Py = Zmai X §m*(efa)2. (5.1.17)

o T,

3¢ [('m a3H2) (fa >2
Hy<my, < Hy :Qy = — [ — x_*
oo <t = 35 () () (o
2
> ( Ja ) (5.1.18a)
myp)
3 [('m s M V2 N2
Heq<m*:Q¢ X 27<m—*> QR 3—]{0 o
1/2 2
3 ( = > < Ja ) (5.1.18b)
Meg mpl

QCD axion HARIEE TOD axion &I, dilute gas LT

ma(T) ai06 A 3.7+£0.1
=7.7-107""( = 1.1
=770 . (5.1.19)

2

2

nkwy,
ma(T) ~ H (5.1.20)

LIRBIRE T, 1

1.2. 10i0.15Gev (%101;aev>70.175i0.03 Ago70 ;fa < 1.6 x 1018J_r1.7%A2—020.3Gev
T, =
L6 10709GeV (§pprdiy) fa 2 1.6 x 101851 TN A 23Gey
(5.1.21)

[Turner MS: prd33(1986) 889]

H XA
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QCD axion (& m,(T) < m, DRNIZHRE 210D 5. Z D7, REIZMHD 5
i m, —EDHE LD END :

ayoc H7Y? ~ my (T,) V2 (5.1.22)
X oT, BIEOEMAEIX, m, P —CDGELHRTEL L5
ama(T) _(_ma P (ma(T)\ _ 1/2>1 (5.1.23)
(al)3mq a ma(T%) Mg a mq(T) ' o

AR e BUEDFAAE R IR,

f 1.175 @ 2
_ +0.5 a —17—2 i
Qa =0.2x 10 <m> Y h (m) (5124)
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§5.2
CMB B-mode (birefringence)

References

e Kosowsky, A.: Cosmic Microwave Background Polarization, Annals of Physics
246, 49-85 (1996).

5.2.1 {RYtDEedh
o fRNT VIV
Pprq = 62}63; G EiEj ) = pgp,  Ppg = 6@6?}@ EiEj D) = —Dgp (5.2.1)
22T, Bilt) = Bt +n/(2w)).
o Stokes /N T A — X —
1 _
I = p£7 Q = P11 — ila U= P12 V = P12 (522)

&y, Wiz

P (om 370w ) - (g _UQ> (523

WCEDEET DL, AT MIVOREFERIZH U T,
P R(O)PR()™" (5.2.4)

YEWT S, ULNoT, PIEKRERED2BENFRT YV ILE Hied Z e BT
5.

522 EE—FEBE—FK
KERK ECTOMPREDD S E 51(Q) 1%, MBI ZE FHNT

01(Q) = g(w/T) ) O"Y"(Q);  g(x) = 20, f(2)/f(x) (5.2.5)

I,m

CEEIND. 22T, OMIFIRED S E6T/T DREFMBREICHNY T 2&TH 5.

H XA



H 5% Axion Cosmology 80 [EHIZA

Pure E-mode Pure B-mode

D’Pyy = D, & Y Dy Py = D, B

1 0 ilr 0 1 ilr
P:Q 4%ﬁ U P:@ J“L

E cosf+ Bsing

e

Lue, Wang, Kamionkowski 1999

5.4: Flat sky il TOEE—RNE& BE—N

FRRIZ, W7 >V vig,

AP = —(P+1-4)P", To(P") =0 (5.2.6)
729 2 BN FREEAI T > Vv 2 e FHWT,
P(Q) = g(w/T)I Y (E" Pui" + B P5}") (5.2.7)
lm

LRI NS, TIZT, Pt Pkt
Dy(Z5™)8 = — D, Y™, (5.2.8a)

a

Db({@B;n)b = —CZGabDbxflm (528b)

a

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

5.2.3 Flat sky it{8l

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

e e '_lm\/ 1) g M T cimo
f oC " (cos f)e ((=1) msinf D(l+3/2) o8 [( * 2> " 2 4] ‘
Y (5.2.9)

H XA
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ST,
Pap — Maye™?® (5.2.10)
LBELE, My ld V=AY uDONFTHIT, EE— FOEMAIX
. (kl)Z _ (k2)2 2k1k2

Mk = —ck® = M@a:< W () 4 (2 ) (5.2.11)

B E— FD&ME
—2]{1]{2 (k1)2 _ (k2)2
Mabkb — —Cl€abkb = MBOC ((kl)Q B (k2)2 2]{;1]{;2 (5212)

K2, fRERT7 MV ek EHLS &,

1

Mgoc (0 01> < U=0, (5.2.13a)
0 1

A@mCJ<©Q=O (5.2.13b)

IhiE, ZOREDL LT, EEREED G
e E-mode: iy =0o0r By, =0 < Ejkor k.

e B-mode: E, = +E, < E & k»i45°,

524 7Ty VRBETVVIL
BHHIEDE— REBEEREARYZ ML Lorentz 7 —Y 0% & T, BHEMED 4 ¢
KTV T vV A, &, ERHEEEHETZ2HWT

Au(z) = J‘zg%§§§%;:§:(epu(k)ap(k)e”“x-+-ezu(k)ap(k)Te_dbz), (5.2.14)

ERIND. ZIT, epk) FIRDEMEmT-STRANRT FILTHS -
eney, = Opgy  Kep, = 0. (5.2.15)

KAZHBI L 72T MV Z el ITINA % 2 & W37 =Yz H =0, VBN ERIT
BN LITHEET S, £z, a, &:L VIR D38 DX ER Az AL X 7= R R
REW-IE DL 3 5:

[, (), a (k)] = 0, [a, (k) a,(K)'] = (27)'2w8,,0°(k — k). (5.2.16)
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MinL T, B E L% B &
E = fd?’_k‘lz (e (k)a,(k)e™™ + € (k)a (k)Te_ik'x) (5.2.17a)
a3 2 (k) s(k)a, . G2
B = J(P—kik X 2 (ep(k)a,(k)e™™ + € (k)a,(k)'e”*") (5.2.17Db)
(@m)P 2w VT PRI o

YEIND, ZIT, ek

k.
€pj ‘= €pj — j€p0, (5.2.18)
TERIN, ROBKRRNZHZT
k-€,=0, € € =0y (5.2.19)

BHISN2EBBMS ERCENS W BLOMMKRD &, 1%, 71 >~ UK
W (z) &R DRI € 2 T

g;:Jd%wmmq-E@mmy (5.2.20)

ERIND., INiF, EREBEESEZHWT

A

&y = J%% [Zq: aq(k)(€) - €q(k))W (k)e ™" + cc |, (5.2.21)

LxRING., ZI°T,
IV@)zfd%é“%K@. (5.2.22)

IS5y RBETYVILE T Ty I ARKTH AR O RIS T O MY
W7 59 7 AMEIATH pyy(k) ZFVT, WATHZSND LT 5:

()K= 0, (R ag(k)) = 227 o (RS — k). (5.2.23)
BHX NS, EHOMEIX
. Bk .
(&8 = e;legjf(QW)3|W(k)|2p(1j)(k), (5.2.24a)
: Bk |
(&G = @ | GalWIP k). (52200
ZZT
pij(k Zepz )éqi () ppq(K), (5.2.25)

itﬂgu@@%~F@%?mmm%wpﬁﬁé_tmib%%ha

H XA
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Stokes parameters

I= ZEZJEZZP Gy, Q= (V=) pgn, U =26Vl ppy, V= (=2i)el €5 ppyn

(5.2.26)
IN&D, 79I REET VY pyk) 1, BWHEGOEE &R E REEEIC
HEE IRk T 5 HikE 52 5.

5.2.5 {RHNICXHTT % Boltzmann FEZR
BiHY o e ZE T O BHIGIEE (WKB) G Maxwell 2R
V“F,, = 0. (5.2.27)
® WKB L 13
A,(2) = a,(2)e@), (5.2.28)
ZZT, k:=VS, a,(z) BEVT S(x) FXRA %729
k:=VS = k-k~0 = Vik=0, (5.2.29)
Via, = —%DS@M ~ 0. (5.2.30)

ARTTI SV I ABRET VYV ILIZRT % Boltzmann AR 4 IRc R R 27
ML et (k, x)
Vie!'(k,x) =0, kye'(k,z) =0, (5.2.31)

ZHWT, 75y 7 ABET VY IV py & 4IRTT VIV

P = Ze“e Ppg- (5.2.32)

p.q

WZHERR T 5 8, ZDOT VY IVIFIRD — %L E 1172 Boltzmann AR % 729 -

(K" /KN o + flors) p™™ (2, k) = C* (p), (5.2.33)
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Quadrupole

Anisotropy
Isotropy

HMSO
Thomson Thomson

Scattering — 5 ! Scattering
— N > ozt = (=

Linear
No Polarization Polarization

Wayne Hu

5.5: L OBELIZ X B ERMREYCD £

5.2.6 BXIEEELE TORYE

FEEN LD Y LET OB TOEERLEE K205 F0E— KB (cexp(iK-
z)) DWBARZ PLE LT,

1
€,(k) = EéP(k); (5.2.34)
1 o
& = — (Z(——(k:-l()k), (5.2.35)
1—(k-K)?
1 NN
& = — K x k, (5.2.36)
1—(k-K)?
Z Z T,
k=k/k|, K=K/K| (5.2.37)
W OREEIER %2
K = (0,0,1), k= (sin @ cos ¢, sin 0 sin ¢, cos 0), (5.2.38)

LB EDITHD &, RCEED T I

€1 = (cosfcosp,cosfsing, —sinb), (5.2.39a)

€ = (—sing,cos¢,0). (5.2.39b)
WHEEDE— RER WBHGOHOSEEBIZ L5 L WFEHBEN EA D DL
RIDKHIZBEWT, 7TV I ABET VYLD S E bp, ZEHBK D7 —Y T
E—NIZERET S :

St k) = | PR (K ) (5.2.40)
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ERED LS ITeEELZESE, FEHE-FIIOVWTIRTORY MVEER

I3 K IZHBlIT 30T,
(D) — kel )V (K k) (5.2.41)

ppq =6 €2pp1/
TEHING p 1w & p=cosl = K-k DAMIZET 5
p&) = ppq (K w, ). (5.2.42)
ZHIUTIER LT, Stokes /N T A —ZITHINT BRMAEEDP S EA(X =1,Q,U,V)
EIRDIRKIZERT 5 -

w p9(w
Al(K,q,pn) = ( p&f ) P (K w, ) + b (K w, u)},(5-2-43a)

(0)
w (/,0 w
Ao(K g 1) —( ) ) oD 0, 0) = ) (o)} (5.2.430)

w 000 (w
Au(K, g, 1) —<4”< ) mngm+éMme}@z%®

Av(K,q,p) = @(japa—(j)) {pﬁg(K;w,u)—péll)(K;w,u)(}572-43d)

ZZT, q=aw.

ANSHPSFICLBREN AHTHDSFITHFLTIE, Ax = AL (L, K, q,p) D
SR SRR AR TER 5N B [3, 14) :

K 2% K
@A§+3—EA;—4(@@+»Z “w)
a

a

1
= —07Te [Ai — Ay + dvp — EPQ(M) (A7 + Af — ASQQ)](5.2.44a)

QA + ”a( EA;

= —oril, [ o+ %(1 — Py(p)) (A5 + Ao — 32)] : (5.2.44b)
NG + “{T’“‘Ag = —0rT Ay, (5.2.44c)
N3 + MTMASV = —077, (NV — %”Asm) : (5.2.44d)

ZIT, vidHEEDPS T o =0KDKEX 72, i=s+,208X=1,Q,UV I
XU,

A i(q) = L dQMPz( VA% (g ). (5.2.45)

COHMALD, AHTHEDSFITHLTIE, Ay =Ay =020 2D, §748
Db, EE-FDOAZAERL, BE— NIELI R,

H XA
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TUYILERSE FUYILRD S EITHT LS EmALKRS AL X, EHRO
+HRE L x IS S B decouple L7z 2 DDE— R Al (e =+, x) DERED
REARaA R

Al = (1—p?) cos(20)AL , + (1 — p?) sin(2¢)A] ., (5.2.46a)
Al = (1+ ) cos(2¢)AL , + (1 + 1) sin(2¢)AL ,,  (5.2.46b)
Ay = —2usin(29) Ay, + 2pcos(20) Ay, (5.2.46¢)

& Al OREHFERIE,

- K~ - -
oA+ i a/LA?e — 204h, = —ori (AL, + A, (5.2.47a)
- K -~ - ~
<%Atﬁ+—ZaﬂAtﬁzz—UmeAgﬁ——AJ, (5.2.47b)
Al = AL, (5.2.47c)
- K ~ -
aifA%/,e + %Aiﬂs = _UTﬁEA@,U (5247d)
ZIT,
_ 3 - 1. 1 < 3 4 6 34
A= _7_OA34,5 + ?Ai}&e - EAI}O,G + 7_0Az24,e + ?AtQZ,E + gAtQva' <5248)

Ik, TUVILEDSEE, —MIZAy #£0. LEDR>TBE—RZ24ERKT 5.

5.2.7 TUOIFVIZEDBE— R&ERK
Lagrangian 727 74 V¢ BWEHEG L CSHEAET LT 5 ¢

gu:_%MwAd¢—Aﬂu@mg_%*FAzr—C?¢FAF‘ (5.2.49)
mDHRER
2
d=F + Oo‘d¢ ANF=0 < V'F,, — C;‘ VY beruasF* =0 (5.2.50)
BRIz, ¢ =o(t) D& E, F—I%M
E-A B=VxA V-A=0 (5.2.51)

DE & T, ZLHEIZEHEZ FLRW € 7L TO5O HERIT

Ca

(02 + A)A + fvaAzo (5.2.52)
T fa
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EEGER B 2 AR ERL TWwWB e &,

A = (a,,a,,0)e* = <a2 + k2 + @akgb fa) (ay +ia,) =0 (5.2.53)
kEWREVWE ED WKB fifid
A, +iA, = const - exp {—ik(n — 2) — i3} (5.2.54)
ZZT,
= 3T J pdt (5.2.55)

BE—R&ER ZHiE, ¢ #0008 E, BREDRENENRZ MVHMEHE & 1z [miE3
22 L% 7 LTWS. CMB OBE, BEEELED S BAEE ToHEEMIZ

ag - 22 f ot = C% (o) — B(t0) (5.2.56)

27 fa 27 fa

¢ DIREIE 270 /m B3, HALEELIHIDE A 6ty ~ 10kpe [IZHARTHAKRE L, »DOF
HIEmMIL FTD & &, T4bb

107%eV <m < 107 %eV (5.2.57)

D&, ZOMEKIZEE—RF»S5 BE-F&EKRTS.
ZDEEEPRD D ABDKE XL, axion decay constant f, IZHAF LW T & 23

K TH 5. .
AB ~ % <1073 (5.2.58)

FEOREERMGLZTT OV A VR NEH D, —MIZ AR VN LS.
R L Y OFIRR

e Current limit: A <2°=3.5x1072.

e Planck: accuracy < 0.1°

e CMBPol: accuracy < 0.005°
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§5.3

CMB-axion conversion

References
e Tashiro H, Silk J, Marsh DJE: arXiv:1308.0314 (PRISM/Pixie).

e Mirizzi A, Redondo J, Sisl G: JCAP0908 (2009)001 [arXiv:0905.4865] (COBE
FIRAS).

Basic equation 727 YAV - MFEBOIERE GREAIT

(_% —M) (iﬂ) _ 0. (5.3.1)

1 m2  2wgB
M=— K . 5.3.2
2w <2wgB m?2 ) (5:3.2)
Z Z T,
m2=w2+(i—1)w2 (5.3.3a)
v p n2 ’ o
4
w2 = 7;:7%. (5.3.3b)
MIZIRO LSzt ns .
m?2 /2w 0
M = R(6 + R(—6 5.3.4
<>< / m2/2w>< ) (53.4)
/2
2 42 2 2N 2 1
mi = & 5 Mo 4 [(—m 5 m”) + (wgB)*| (5.3.5)
2 _ 2
cos(20) = Mo — Ty 7 (5.3.6)
[(m2 —m2)? + (2wgB)?|
Non-resonant conversion
_ 1 L2 9B 2
P = T () sin ljdt 5 1+ (wye/w)?|. (5.3.7)
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107 ¢ ;
 —w=1T,
< 10-]0 ‘ -_ )
2 off
i 10-]2 L !
= g 1 1
& y I
T o0 : I I I
E : |11
i 11!
l()-](} | | | \ ook | I I|
1 5 10 50 100 500 1000
redshuft
5.6: m, D2 AL
Z I T,
|m? — m3/| m2 — m?/ 1nG g !
Wy = 29—3 x~ 2.6G€‘V(107106V)2 ( B > (1010(}6\/) s (538&)
R o 10"°GeV B
gB ~ 3.5 x 107 *cm ( = G ) (5.3.8b)
ctis ~ 3.5 x 10%cm. (5.3.8¢)
£-T,
w~1leV, me~10""%V, ¢g~10"°GeV!', B~ InG (5.3.9)
W2 LT,
P =0(10""). (5.3.10)

Resonant conversion ELDRFT, m, = m, L2 5HEHITIE, LIHEHN
wE5

1 1
P =~ 5t (p — 5) cos(26,,) cos(26,)

ke sin?(26,)
T2 cos(26,)

~ 1-—
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O paa/y (1n—16 1013
5 | (Mo, g{Bg§)"*) (0=, 1=
1O~ | ~_~ —_— e —— —— = —
1[]—“}- 10 l-i)
4 (
T 10 % S— E
o e = T - {1(]_1“_ 1G]
10 -6 |
(10_1“_ 10—1-1)
10 ‘8 \ ! L ! . . L I . . 1 L .
2 -+ 6 8 10
w/ Ty
5.7: P,y ® m, HAFME
ZZ T,
k,r sin®(26,)
d —1
r= alnmi (5.3.13)
t=t,
0, 1%
mg
cos(26,) = 1 T (2w gB.)? ~ 1, (5.3.14a)
. B 2w, 9B, W
sin(26,) = T 2B o (5.3.14b)
Lo T,
k. ~10%°cm™', 7~ 10" = P, ~10%71% = 10", (5.3.15)
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0 e w=3T,
~7 102} = —w=4T, ]
e — w =107}, e
O FIRAS bound '/
@) &
E lo—t \_ s .
= <
Sam 7
ol o
e 108 |— = — = =~ ”
A PIXIE/PRISM
S—
-18 -16 -14 -12 -10

log| my |[eV]]

5.8: gB ~DHilpR

§5.4
Influence on LSS

5.4.1 Bosonic DM

References

e Wayne Hu, R Barkana, A Gruzinov: ”Cold and fuzzy dark matter”, PRLS85,
1158 (2000) [astro-ph/0003365]

AN FHEDHFRER

1
S0 V9 00) i =0 (5.4.1)
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R 7 T —XTH=a2— hViEL

o(t,x) = \/%Tn [w(t,m)e_imt - h.c.] , (5.4.2a)
ds® = —(1+ 2V (¢, z))dt* + a*(1 — 2W(t, x))da>. (5.4.2b)
1| « mly], ¥ « mDEE, ¢ DHERIFRD Schrodinger LR TEMT

x5
o+ 20w~ ! 5.4.3
(0 5) v (gt +mw) v (5.43)

IAVF—EHET VI

T, = 0,00,¢ — gW((qu) + m?¢?) (5.4.4)

X0,
p = (Too) = mW|2 (5.4.5a)
pvj =-a <T]> = 1/}531/} — Y o), (5.4.5b)

= (T =—; [ bl — 5 {00 - 00— ima(dut — ) } o }
(5.4.5¢)
o T,

Yoce*® (5.4.6)

%5,
p=mn=mlp? p=mv= g, P} = mnv'v;. (5.4.7)

Jeans length JKEIREHIZ RPAEEIZEHT 5 &,

dP 2
(P}) = —v *mnd} = = D % (5.4.8)
U7 -> T, Jeans &lZ
R T (5.4.9)
ky  \/16nGp/3 ~2H
Z Z T, "
v J
N 5.4.10
“= B VBma ( )
B, .
ky =+vV6bmHa = alL;~ 5.4.11
J J m ( )
185,

UL, RPAIIADRL EH, de Broglie i 2n/k O WS ED AT —)b 27 /k
MRELL BV EWITRWD, SIEZOERBELT-I N TR,

H XA
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5.4.2 Powerspectrum suppresion

Scattering and free streaming W%, 72 74 V50O H M EAERH LT
EHLLTHY, TV EMOYEDHEFRIZH DT, 77U F VDHE
TG X BEELB A T E X, RKEMIZT 7 ¥4 VR free stream 3 %Ki+ D
THERALIND., ZOENZLH2HENEZ R 572012, pvt ORREIZL % EHA
35,

O (pv') ~ —3Hpv* — gﬁjqf +0'P; (5.4.12)

L>»L; 8RB AT—VaEXT, HHNOHFGEMET 5L, EHEEEN1/H
DI THREIZE D 2541

(pv) L p GpalL >
1< 2 ~ U~ ~mH (aL 4.1
~ Hpv Hpvaa Hv mH(aL) (5.4.13)
£-o7TC,
L>1L, (5.4.14)
bbb, L« L; TET7T 2 I free stream 35, —F, L>» L; Tl¥, #8iL

KO T 7T F TS B RPAEMA R WREE TH D LDD T, %ﬁfﬁﬁf))t
5.

Spectrum deformation AWZIT, L < L; 7455 EX free streaming
damping Z# Z 3728 Cold DM DWW & 2T L. —FH, L > L; 7850
oI EEZI V. 272U, LJ iJ‘H#FEJkii—G AT 2720, TV VBT
TET BHBEDARY FVIE, NGEIZK??O &S 2 IIHIN 72 #7260 &7z
5.v®Iﬁ1MmiH<mKEoTM%T®M@Wﬁ@(vMiH=m®
REDAE) , 1)k I XBUEDETH 5.

by & kjo DBEEKFEIUATFTORRTEZ 61D (K5.11) .

M > Moy~ 107TeVDEE :

m 1/2
%%<————Q Mpe!, 4.1
2. 10-2%V pe (54.152)
m 1/2
k w(—————) Mpe?. 4.15b
20~ 9 1020V be (5.4.15b)

® M < Mg ~107eVDEE:

m 13
. (—) Mpc, 5.4.16
11022V be (5.4.16a)
m 1/2
2 %(—————> Mpe!. 4.16b
20~ 9 10250V pe (5.4.16b)
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m ~ 10~ 22eV m~ 10727V
' L
- —
| B | & - o o % s UM
log(a) . | to5(a) Ly
2 \ 7 <
Ly \\\
) a/m N,
— -;:::——"-:-km B
Tl - T ——_————
Ly logLED) o logLH0)
6 6
a/m N
5 =8
— Hubble Horizon Compton Wavelength — Hubble Horizon
— Jeans Length Compton Wavelength
— Jeans Length

5.9: 72 AV Jeans DR S FE

099 ¢

098

BT

096 |

095 |

1.x107% kp, 1xI07 k; 1.x107°
k in units of m,

X 5.10: 727V A 255 CDM /8T —ARZ MVOETE

k1o
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17 I
[
0 T T ! ! T T T T T T T T 1
4 | s 3 10 1p 14
a | | logim/H_0)
) [
_3_
log(LHD)
-4
-5
e
-7
5.11: ARZ VAR OE KRN
5.4.3 Estimation of deformation
B X N 2 fRAT R EEAT T,
o 1Y 3a/58m 30 Zog + 1
S(z) = =— ~1— n=™ . 4.1
(2) <z+1> 50, 241 (5.4.17)
ZZT,
Q s fams s 1+ 2m
w2 Ja 1t (5.4.18a)
D SmPIHeq(am/aeq) mzy 1+ zeq
ml/QZéé4 m 1/2
Ay — oy ) . 5.4.18b
AT TR (6 X 10286\/) (54.18b)
Zh&b,
m ~ 10722V = k; ~ IMpc !, (5.4.19)
2
L“Q ~107° = 1-5S~4x107% (5.4.20)
6m;)
&8 & DELER
o BIAEDHIMR : Lya E
Q/Qn <01 for k= (0.1-10)Mpc!, 2z =2~4. (5.4.21)

o 2lcm FEREH © £ D IR,
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§5.5
*Dark radiation & T 1 71 E&

5.5.1 ModuliEz&

References
o [HREEEM

— G. Coughlan, W. Fischler, E.W. Kolb, S. Raby and G.G. Ross:
Phys. Lett. B 131 (1983) 509.

“Cosmological Problems for the Polonyi Potential”

— A. Goncharov, A.D. Linde and M. Vysotsky:
Phys. Lett. B 147 (1984) 279.
“Cosmological problems for spontaneously broken supergravity”

— J.R. Ellis, D.V. Nanopoulos and M. Quirds:
Phys. Lett. B 174 (1986) 176.
“On the Axion, Dilaton, Polonyi, Gravitino and Shadow Matter Prob-
lems in Supergravity and Superstring Models”

— B. de Carlos, J. Casas, F. Quevedo and E. Roulet:
Phys. Lett. B 318 (1993) 447 [hep-ph/9308325]
“Model independent properties and cosmological implications of the
dilaton and moduli sectors of 4 - D strings”

— T. Banks, D.B. Kaplan and A.E. Nelson:
Phys. Rev. D 49 (1994) 779 [hep-ph/9308292].
“Cosmological implications of dynamical supersymmetry breaking”

o DRI

— L. Randall and S.D. Thomas:
Nucl. Phys. B 449 (1995) 229 [hep-ph/9407248]
“Solving the cosmological moduli problem with weak scale inflation”

— A.D. Linde:
Phys. Rev. D 53 (1996) 4129[hep-th/9601083]

“Relaxing the cosmological moduli problem”
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K. Nakayama, F. Takahashi and T.T. Yanagida:
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e Moduli-induced gravitino problem

M. Endo, K. Hamaguchi and F. Takahashi:
Phys. Rev. Lett. 96 (2006) 211301 [hep-ph/0602061]
“Moduli-induced gravitino problem”

S. Nakamura and M. Yamaguchi:
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“Light Higgsino in Heavy Gravitino Scenario with Successful Electroweak
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Moduli i FDFe Moduliki ¥ X OEE%Z my, FER 7L OMEEREEZ, X —
2 bosons D & & u(=[1/L]), X — 2 fermion D& E N & T 5L &,

Nl
I'~{ ™mx . 5.0.1
{ )\277’LX ( )
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—h, p 2 NEF—MIZ, EVaAaITADHEOEEA T —V%E M & LT,
2
IO S L0 § 5.5.2
po~ 97 (5.5.2)
&£ 5T, 2boson FIENEHE T O XA L7220,
2 2 2 _
W (ALY (e )
r =T sy 24s <mpl> 0TV, (5.5.3)
BBN DR 72 g ]
e BBN DOfith
Tp ~ 74keV = 8.6 x 10°K < ¢ ~ 240s, (5.5.4)
o p/n HAMEEENAT > S v S IR Y]
T, ~ 0.74MeV = 8.6 x 10°K < t ~ 1.66s (5.5.5)
LT % &,
m 2 3TeV (5.5.6)
DEMENETZI NN E, BBNBEY 271 OEORE 2 KE %) 5.
5.5.2 Dark radiation
e Moduli decay = dark radition
[Higaki, Nakayama, Takahashi: arXiv:1304.7987].
e DR/axion = CMB AXRZ bV
[Higaki, Nakayama, Takahashi: arXiv: 1306.6518]
garBo < 107°GeV'nG  for ANz ~ 0.1 (5.5.7)
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5.6

*Domain wall and cosmic string
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§5.7

*Isocurvature peturbations
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5.8

*Anisotropy and CP violation during
inflation
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§5.9
Gyro1 V7L —>Y3avETIL

References

e Peter Adshead, Emil Martinec, Mark Wyman: ”Perturbations in Chromo-
Natural Inflation”, arXiv:1305.2930 [hep-th]

e Emil Martinec, Peter Adshead,Mark Wyman: ”Chern-Simons EM-flation”,
JHEP 1302 (2013) 027 [arXiv:1206.2889 [hep-th]]

e Peter Adshead,Mark Wyman: ”Gauge-flation trajectories in Chromo-Natural
Inflation”, Phys.Rev. D86 (2012) 043530 [arXiv:1203.2264 [hep-th] |

e Peter Adshead,Mark Wyman: ”Chromo-Natural Inflation: Natural inflation
on a steep potential with classical non-Abelian gauge fields”, Phys.Rev.Lett.
108 (2012) 261302 [arXiv:1202.2366 [hep-th]]

5.9.1 Chromo-Natural Influm
A+ SUQ) S —VB+T IV AV DREERB.

fERRD

R 1 1 A
S:J'@ *].—5*d¢Ad¢—V(¢)*1—§TT(*FAF)—EQSTI‘(F/\F) (591)

Ansatz

RPZeiti|E @ ds® = —dt* + a(t)?dx?,
T o A =a(t)y(t)dz” (5.9.3)

Nk 7Iv oA X

R L

— (ap)dt A da® + g(aw)%abcdxb A da®, (5.9.4)
F*AF, = 3g(a)*(ay)) d*x, (5.9.5)
Fo-F, = =3¢+ H)?+ 3¢°¢". (5.9.6)



% 5%  Axion Cosmology
&%) Lagrangian
_oap 3 (a1,
L =a [_?(5) +§¢ —V(¢)
3, :
#3(0+ HV) = S0t = g T 0+ HY)
EBARER
o FHFRD G
1
2 — .
H" = 3, (po + py);

po = 5+ V(6),
= §(¢+Hw)2+ §921/J4,
1.
H = —m—{(¢+H@/}) +92¢4+§¢2}.

pl

o LD SRR

3)\9

o+ 3Hop+V'(¢) = 5

2+ Hp),

U+ 3HY + 2¢°0° + (2H? + H)yp = —z/J 0.

fa

WE,
Ve = ayp

LHL L, .
Ag ¢

2
s Ve

wc + Hl/}c + _¢3
5.9.2 CSIENWESE () =0)

Y. DFFEAX(5.9.14) KD, HAt» 1T

bt
wc ~ wc* +Ec* E

0

= e — %em n 0(92672Ht) _

103 [EYXA

(5.9.7)

(5.9.8)

(5.9.9)
(5.9.10)

(5.9.11)

(5.9.12a)

(5.9.12b)

(5.9.13)

(5.9.14)

(5.9.15)
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Lo T.

p =Yoo Yo (5.9.16a)
a a
; 1. Ec*

B =+ Hp =~ ~ =2, (5.9.16D)

a a

3E2 2,/,4

pp~ D2 TG Ver (5.9.16¢)

2 at
UL7D3oT, 79927 ADHFLEE, @EDOEHNELFEUKRAEHEVE L, T IZHEH
TEA5E51Thk5b.

—H, TO2IF UG ¢ 3B U A ED RN

b+ 3Hp+V'(¢) =0, (5.9.17)
Vo=t <1 + cos ff) : (5.9.18)
RS DT, @EOAXNPEHTEZ S, slow roll /87 A — &
_ompVP? O H 9
CT Tar T Tm T amme
o ¢
N P 2
~ 2f n (Qfa> , (5.9.19a)
m2 V”
ve
m?2 b
~ 'l . 2
22 (1 tan (2fa)> : (5.9.19Db)
IN&D, N\=0D54E, 17 —=ardRE 51T
fo » mp (5.9.20)
NERINS.
5.9.3 CS Influm
RE A2
9 2 /2 2
o= T > 1, N >» f] (5.9.21)
Slow roll 58X ¢%zMETL L,
O (59.22)
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Z Z . axion potential

Vo=t (1 + cos %) (5.9.23)
XL ) \
i H
V., — = ) M_ 5.9.94
() = G+ LR ST (59:24)
INED, v OEMEEIEmy ~ 3H L725DT, Y IFHPNII (AtH ~ 1) T Vg
DN RUZHERTT S -
ut o\1"°
~ in | — ) 9.2
Y [Bg/\Hsm (fa)] (5.9.25)
IhE G DHBRRITM/ALT,
.2
Ho ~ - (H*Y + g*°) (5.9.26)
Inflation rate
H H%0d¢
N = Hdt = | —do ~ 5.9.27
J = | 3% [Prse 5920
1 Te 2%k si 1/3 4/3 )
_ —)\J gy 2RI 0s D)) gy (5.9.28)
47 ), cosdB(x/2) 4+ k2sin??
Z Z T,
1 692m41 1/3
k=— P 9.2
5 < oY > (5.9.29)
Inflation condition
1
o’ = WX“Y?’ sin? T =1, (5.9.30a)
3py 30 202
e;, = y ~ 5%y + ~2y2 « 1, (5.9.30b)
32 N Y o2
ZZ T, ,
2 2
H2 #2 gfa gfampl ( )
Zh&n, ,
H /
=1 > €T e < 1. (5.9.32)
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100{  p=3.16 E-4,
£a=0.01
=2 E-6
80 A=200
t end H 0=190
60
021 e=2E-6
A=200
20 t end H 0=180
-0.31
O 0z 05 07 05 U5 o7 08 09 1o 01 02 03 04 05 06 07 08 09
o 5.12: Slow roll JT{8 ¢
e—n
5.9.4 HERR
R IRDOFRIZ R LT 5 -
o (0 H
r=—, =—, h=—, 7= Ht. 5.9.33
fa Y fa HO 0 ( )
Z Z T,
Vo  2p
H2 = — =", 5.9.34
0 3m§l 3m§l ( )
o & HWa e EE HRENE,
. ) 2 0.
T+ 3hx — 3_J;2 sinz = —3\y*(y + hy), (5.9.35a)
i+ 3hy + <2h2 +h+ 2§2y2> y = A2, (5.9.35b)
: ~ 1
h=—f2 {Ez + 3yt + 5552} , (5.9.35¢)
2 2 il 1., 7’ 4
h® = cos™(z/2) + f; g+ §E 5 (5.9.35d)
. 1~
h +2h* =1+ cos(z) — éffiZ, (5.9.35¢)
E =y+ hy. (5.9.35f)
Z Z T,
3 fa ~ gfa X ~
0 = , = ., A=g\ 5.9.36
f ot 97 Hy g ( )
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il
5
2]
" 3,46 E-
Ronl3: ¢ — o HCOBE
04 ¢=2E-6
A=200
-14 t end H 0=300
_2,
.
O.‘I 0,‘2 0‘3 0‘4 015 0.‘6 0‘7 0‘8 0‘9 110
0
— ]
o
N
N
o
o
o
27 11=3.16 E-4,
fa=0.01
e=2E-6
37 1=200
t end H 0=300
"

2 65.144“:’ FAluxs  + s

RN
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3.5

u=3.16 E-4,
fa=0.01
g=2E-6
A=200
t_end H 0=20
$0=0.01, y0=2
Slow roll start

; ; ; ; ; ; ;
002 004 006 008 010 012 014
0
Lm
full

slow roll psi min

108 [HIRAN

3.54

u=3.16 E-4,
fa=0.01
g=2E-6
A=200
t_end H 0=20
$0=0.01, y0=2
Static start

1.5
T T . . T . .
0.02 0.04 0.06 0.08 0.10 0.12 0.14
[
S
slow roll full psi min

21 1=3.16 E-4,
v fa=0.01
7o g=2 E-6
¢ A=200
0] $0=0.01, y0=2
slow roll start
-1 t end H 0=200
- 2,
- 3 a

J

0‘1 0.2 0.3 0‘4 0‘5 0‘6 0‘7
X 5.15: ¢ = wmm( )ib;&%uwomﬂﬁﬁmm‘ét
I =2). E/E1& Slow roll 3L & [l U lJ HA 2

roll fi# 0)

O

08 09 1.0

B D 7\ DEERE & Slow

slow roll A X — b TOERTDIR 5
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A,

=316 x 107*my, f.=0.0lm,, ¢g=2x10"% X =200
= f,=0.01, §=024, X\=50. (5.9.37)

WX UT, slow roll JELTIE N = 100FBEDA > 7 L — 3 U E 5. Slow roll
WD ¢ =0EHES LV ¢ = miifE2RWT LD LD,

FIREDY ¢ = pin (@) HIFRD 6 T N5 E, BAPLEIZZ OfhifE» 535 A,
HHIEERE N2 ZOMKRIZES L5127 5b. o2, ZOHlifRiT attractor
Lo TW5A., 7272L, o OFIHHMEDEFR K b F T, HE A slow roll LBlA 53
NzL, ZOKMZELRET 2 DIZhR 0 KD 1 5.
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Axion Cosmology

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

t end H 0=20 29

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

1
T T

T
0.02

T
0.04

T T T
0.06 0.08 0.10 0.12 0.]

¢
fm
slow roll full psi min

110 [HIRAN

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

9, =0.01, y, =1
Static start

0.1 0.2 03 0.4

slow roll full psi min

01 2 g
roll ﬁ@@khiﬁ% (phio/

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

t end H 0=100
9,=0.01, y, =1

Static sart

7
8

558 D 7 IV OEUEf#E & Slow

(mfa) =9.01 %o/ fo = 1), EetE Slow roll AL & 7] U HIHEE,

Euﬁz%zotﬁmk%%.T@,ﬂmmxa—bf®§ﬁﬁf®ﬁéﬁm

slow roll

full psi_min
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5.9.5 —fikim
Single axion model

BDR P = (¢, X)(X = (X)) DRD Lagrangian 2 H D& 35 :

L = Ly + Lcs; (5.9.38)
. 2
_ 3| o 2 (@ 1 N2 1 N2
Lo—él[ 3”%1(@) + 50 + 5 (X = V(@) |, (5.9.39)
Les = MU (X). (5.9.40)
M) GRERE
é+3Ho + M- X = Fy, (5.9.41a)
X +3HX — Mg = Fx. (5.9.41b)
ZZT.
a = dU(X), (5.9.42a)
Fy = —0,V — 3HAU(X), (5.9.42D)
FX = —6XV. (5942C)

Slow roll Ll T X

3Ho+ Aa- X = F,, (5.9.43a)
3HX — \ag = Fx/ (5.9.43b)
IS &Y, pEWHET L,
A2a? : A
<3H + 3—H.Pa) X = FX + 3—H04F¢. (5944)
Z Z T,
P,=(a-a) oo (5.9.45)
ZOABERE X IZOWT#EL &,
- 1 1
X = 3—H(1 - Pa>FX + m (/\CYF¢ + BHPan) (5946)

ZN&Y, alZEERLFHDO X OFNERIITOERE my, o AAOAEMNE =X
3H 75, Lo T, my =2 H7o, X I328HIZ X OMEIZEMNT S :

(1—P)Fx =0, F,~0. (5.9.47)

H XA
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ZHIZED, XDWoDBHMX =X(¢) LLTEES. T72bb, dERTOHYE
DEESD. ZIT, Fp=000,V =02EKRLARVELVPEETH .
&Iz, ¢ DAL

h ~ - -X+—F
¢ s taghe
3H A
= IRl T omE o I
1
~ Xaﬁ{y.axx/ (5.9.48)

U7ei3oT, 1077 b gDIRBFTENZIFEAE V(¢) LR L 05 |

Multiple axion model

BDRP = (0, X)(¢ = (¢5),X = (X),i = 1,--- ,n,m = 1,--- ,p) HBIRD
Lagrangian 62 & 9 5% :

L =L+ Lcs; (5949)
<\ 2
Lw:ﬁl%mécg +;¢+Hwﬁ+%@n4ﬂxf—V@)@9m)

Les = Aa® Y (¢ + Hko)'Uy(®). (5.9.51)

B R AU

O+3Hd— AW+ NAX = F, (5.9.52a)
X +3HX — \"4¢ = Fx. (5.9.52b)
ZZT.
VVZ']' = 6¢1,Uj — aquUi, (5953&)
A=0xU = (0U"/0X,,), (5.9.53b)
Fy=—0,V — k(H + 2H?*)¢ — NH(3U — 0,U), (5.9.53¢)
Fx = —0xV —I(H + 2H*) X + NHoxU, (5.9.53d)
U= kol (5.9.53¢)
Slow roll 3L T
(3H — A\W)$ + AMAX = Fj, (5.9.54a)
3HX — X\ "A¢ = Fx. (5.9.54b)
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BAIDALD,

. A1

0= 5y BAX + S BF, (5.9.55)
)\ —1

B = (1 - B—HW) . (5.9.56)

IhE X ORIZRAL, X IZDOWTHL &

: A2 - A
HX = — 7 — 7
3 (1 + 55 ABA) (FX + 3 ABF¢)

= (1—Pq)Fx
A2 - A
+Py (1 + 55 ABA) (PAFX + 35 ABF¢) (5.9.57)
ZIT, Pyl X OZEET A, ORZBIGEDEMAOHYHEE T, M2k n
IRDIEFiFT5 py % T
Py = "Ap,A (5.9.58)

LRIND, BT,

(1—P1)dxU =0 = (1—Py)oxU =0. (5.9.59)

)\2 T - T T )\2 T -

A<1+WABA> A:AA<1+@BAA>
9H? “top?

_ ATy (A T, —B‘l) 9H o

= (5.9.60)

N, NBRKEWVMET,
/\2 T ! /\ T 2T &
P, <1 + e ABA) <PAFX + Vi ABF¢> ~ 3H?* "Aps(3U — 0,U) (5.9.61)

£oT, X OAEMERIE, (1 - P4) DFHATmy, PaDFHIAITOH).
XWX =0IEMT 5295,

A
(1—Py)Fx =0, PaFx + 3q TABFy = 0. (5.9.62)
72, ¢ DRI,
3Hp ~ 1fiW+)\—2ATA h A AP+ F (5.9.63)
a 3H 3H? 3g X T o

H XA
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£-oT, A\ »3HD & X,

- . H
rank(AA) =n & 0xU =0 = 3H¢ ~ —3T(A A AFx. (5.9.64)
—7, oxU #0DRHZIX, A»3H T
b~ —H(ATA) T AoxU (5.9.65)

ey, —fiZslowroll 1> 7L — a3 VIFEHRI N .
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Black holes

§6.1
BEAREIR

6.1.1 TS5y I R—IDES
M EWRER WA S, 7 & 7 DILTBMEIRE © 95 [11]. K421 Cauchy [

SASHNERIZ FERRE, $abb < D) in A WBRVEDETE. Ih
SOEMBDE L, 74X EEEE 7 55BN RER R (DOC)

DOC = J (I, M)~ J* (I, M. (6.1.1)
DERELUTERT S :

(6.1.2)

6.1: Black hole spacetime
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|
il

|

6.2: Killing horizon 6.3: Horizon of a rotating
black hole

X512, 7Ty o R— VA D S BT X AR T
B= M —J(F), (6.1.3)
r¥3

6.1.2 Killing x5 14 XY
TR

W22 7 1%, H5MEBTHRMKE 42 Killing X2 MLzED02 &, EFETHD
WS, EHEOFEIX

ds? = =2V @ (dt + A(x))* + gi;(x)da'da?, (6.1.4)
Z DR T, Killing X2 ML
& = —*U(dt + A(x)). (6.1.5)
Killing X2 » )LD [A]#5 %
#(E A dEy) = =€ w,dA. (6.1.6)

LD EET S.

22 1%, BEDT R THhARTH 2B TEMEN & 725 Killing X7 by
EHLOLE, e WS, MIMEE X O, T TN 72 RFZE IXH (SRR &
5.

Killing 74 X~

EHIRFZE DIRRERT o7 1%, 2 ET% ONRBRIMIARIZ AT & 72 5 Killing X2
MUVDFEET DL &, Killing R 714 A& \WD. LI B CER 22z b

H XA
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2 e
5 5
6.4: Pey & Schwarzschild black hole

A X1 Killing 7 7 TRy L KB
TREFEMED TS v 7 F—IVN, BHHEED Killing X2 bVHET A X BT
ZE L 7R 5 & &, BRI & WS EFETFRRZE 2% Killing horizon 52 2D L,
£ 2T ORMEED L OEEED Killing X7 ML e T35, ZDOEE, # D
BRZ MLk

k =&+ Q. (6.1.7)

LRIND. X7 Ty IR IVOEERARE L IFIENS. X512,
Vik = kk = Vk? = —2kk (6.1.8)

B kIZT Ty 7R —IVORHEEINEE L IFENS.

6.1.3 {5l
BT oy OR—I
EH T Ty 7R —IVRZEE, Z ORFEHEEED Killing X7 ML € OREEAE T D
e, ERAE WS, BHRIEE (#,9) DFFRIZRD X 5 1IcErh 5.
ds* = =2V at? + g,;(x)da'da’. (6.1.9)

&b EELHIE, Schwarzschild RFZETH 5
ar®
f(r)
Z 2T, do?lEniRIGHALER S™ DFFE, N FFHEHT N = n(i—/}rn ERINS.
A\ =0 CHRERNZSEHR e &, ZOMRIIHE—DIFRIZETH D (FNT T v 7 kR—
VD —EMEH) .

Z DR TIE, mF74 XA VIEKilling K571 XV T, TOAMEr = rp, 1X
Flry) =0 DX 7%, w54 X UIE, Rx S LEMETHS.

n—1
+ 12do?; f@)=1—(@> v (6.1.10)

r

ds* = —f(r)dt* +

H XA
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Kerr 75 v 71K—I

ARTEDWHERPEEARERD AT ) —TlE, EfEL TWAERBRIEA TSy 2
A=V —FNT, i KerrfB TEZ N5,

Ap? ['sin?6 dr?
ds? = — =L qt? dp — Qdt)? + p* | — + db* 1.11
ZZT
2aM
A =7r*2Mr+a®, p*=r*+a’cos’l, I = (r*+a®)*—a’Asin’0, Q= )
(6.1.12)

ZDOREDHR T A XV Killing 5T 1 XAV T, ZOHAIEA(r) = 0 DffE L 72
D, r=rp=ry =M+ (M?>-a®>)?THEZ56N5. A(r)=01% 0 &y TES
NDHEPNN L 5648 —8T 5. KT A X IIMARIZIER x S2. Z OKFZE
® Killing X7 bV 0, D [a]#x1%

w:d(%ﬂggﬁ)¢a (6.1.13)
L7:5DT, Kerr 77 7 m—)VEEENTH D, L7zdi>T, Z ORHEH#EE Killing
AR T4 Xy ECEMNE 72D (Fig6.3) | gu > 0 &85 TV TFIEN KT A X
VIEEBIZEIND : pPgy = a?sin? 0 — A, ZOITI)VIEBOFHEL, HEET T v o
F—=IVDBNFARZEIZE > TAREWNTH S, 77y 7 R—)VOREEEAHE Q, 1L,
O + Qpiy DHMIRZ ML e 725 54F & D

2aMr, a a

- = ) 6.1.14
(r2 +a%)?  2Mr, 13+ a? ( )

Qh = Q(’f’h> =

LRED.

§6.2
RIEIRRE & BREL

6.2.1 Ty I R—ILEETORTFDER
Schwarzschild black hole

TIw I R—=IVDE D TORFDEFX, KFOBEENYONGRNTRLS.
21X, Schwarzschild BH ®J& b TOEE) HFERIZRD 2 RNiclgE I N 5.
E=—u-&=—u = f(r)t, L=u-n=u¢=r2¢, (6.2.1a)
2

_62._fﬁ_F%:+72¢{ (6.2.1b)

H XA
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141
14
121
0.8
10 - e N
0.8 0.6+
Veff Veff
0.61
0.41
0.4
0.21
0.2
. . . . . . 0 T T T T T T
0 20 40 60 80 100 0 20 40, 60 80 100

r*/M

Massive particle Massless particle

6.5: The effective potential for a particle with L = 0,--- ;5 around the 4D
Schwarzschild BH

IIT, BEEDESc=1, YOBEODEAc=0TH5. EHOIRSEHE NI,
BRRT Vv V(r) THZE (K6.5):
2

P+ Vir)=E% V(r) = (e + %) f(r). (6.2.2)

Zh&y, BEEOESGZ LY, YOBEERN TIILZERFEBHENL N &
Wohd. 5 LT, FEENFLLECLEMINEE2R-<R5.

Kerr 75 v 71K —Il
RIETH EOHEIZRET S &,

E = —gtt?é - gt¢§‘b7 L= g¢t7f + g¢¢q3, (6.2.3a)
2
. .. . T’ .
—€ = gul® + 2014t D + gpsd* + Zr{ (6.2.3b)

XIGd 2HEMAT > ¥ IV

. eA  a’E?*—1? 2M(aE — L)?

P2+ V(r)=E%* V()= e > — ( = ) , (6.2.4)
ZZT, M66IZRULIZEDIT, RFoEENE, HEEAT T v 7 R—)LDEdEE
FUMED, KNMENPTRELSERS., Bz, FEHAIZEEET S G50 H
g9 7 5.
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| —

Veff Veff

0.5

T T T T T ! !
K50 0 50
K50 o, 5 100 M

Massive particle Massless particle

6.6: The effective potential for particles with L = 3 (corotating) and L =
—3 (counter-rotating) around the Kerr BH with a = 0.999. 7* is the tortoise
coordinate defined by dr* = (r? + a?)dr/A.

6.2.2 Kerr BH COtEOEES

759 RARE

WEMED -, BHIEETOGOIRD TR 2 KEELRS, HlzxiE, filpd
raEs BH TD Klein-Gordon 5% # % % :

DMD,¢ =0: D, =0, —iqA,, (6.2.5)
A, FERET VY v b, (R TOEGTHS. ZOARRED, Klein-
Gordon NF&E
N1, ) = f (61D — (D" ) b2) dS, (6.2.6)
)
A DOC @D Cauchy H X DHLD [HIZE 6B WIZ EWRENDE. Tk, K6.7D
BELMEIZ B WT, # \Bﬁkﬂblbo))\%j‘7 TYIT AL, T T I R=NIZELIAD

TIY I ALy BIOERRIZRHEEINE T Ty 7 A, ORIZIRDBEURD I D
WAS K

Ipe = Iys+ Lys (6.2.7)
YR I &
xjj 7i% i/l\\BE
o~ fdwz “eTWu- 4 Ate “““*) €M wuy =t T jdr/f, (6.2.8)

T
100
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6.7: Scattering of an incidental wave by an AF black hole
LIRBEES DT, HRETET 7 v 7 Ak
I+ = z‘fdui L2 dQy TILI&T gb&wgb ZdewQA s, (6.2.9)
ZIT, {Q)g 1E S TDQ DI,
RIZ, RTA XY T EHETIE

o = qj(r 9) _i"-’t'f‘im‘ﬁ:¢(r’0)e—iw*t+im¢>
— OB S G (02.10)

ZIZT, wei=w—my, ¢=0¢—t, vi=t+{dr(r*+a?)/A.
vy & QIE T EECIEAIREIE DT, C X DEFREETRWEWIT W, L
=Moo T, T 2WYB 7Ty 7 Ak

L+ = fdm LQ d" %o +2z‘q<1>)¢)%0+
- Z de(w* - qq)h)(rh + a2)<|Cw,m|2>SQ~ (6211)

Ino% (6.2.7)ITfRALT
WALl = WAL WD) + (0 — m& — q@4) (r} + a®)(|Com| ). (6.2.12)
TR T & KSR R %
Ti=Iyi/l—, Ri=1I,4/I,, (6.2.13)
IZEDERTHEL, R+T =148DT, ROFMPiT-INEEER>1L45
wy —qPp =w—my, —qP, <0 (6.2.14)
ZIZT, QL3779 IR —IVOBEBERT VYL THS.
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6.8: The Penrose process in the ergo region

Penrose 1872

TV I TIE, Penrose @2 & FEIEH 5 BIKE VBRI E 5 [17). )V IH
T, WFEHELE Killing X2 BV EWNZEFT L 20, pr REINTS, MR
WETEZXNF—FE=—p LI &RDEE. 2072, TIHVIHEBIZAGH L7
K72 DA EORTIZRHT HL, TO—HMPARR IO RERTRINVF—
ZHoT, TIVIHEENSOHE I LA AREL R 5.

SEME SR SRR 13

kep>0, pud = (=id, — qA,)e, (6.2.15)

ERINDDT, WIEPHIE Penrose @B LRI U TR ES. 22T, k=0 +
Qo \FHR T A XY A+ DRIERZ PV TH L. ZORNE, p AN ERA E DR
RZ ML THBEZ L EZRLTVS.

§6.3
ISR 5T R E

BIERGABIERIT TSIV I R—ILTARE
e BH bomb: BRIEDKHEETT T v 7 F— )V Z LD BT 22, 19, 4]
o HRALEEEZ L DR— AL (7]

e adS-Kerr 77 v 7 R —)l [5]
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0.301 0.9
J\ 08—
025 iccccceec ke g
Veff Veff 0.7
0.201
0.6+
015- T T T T T T 05- T T T T T
k50 0 50 100 150 200 K50 0 50 100 150 200
/M r*/IM
uM =05,1=1 uM =09,1=2

6.9: The effective potential for a massive scalar field around the Kerr BH with
a = 0.999.

6.3.1 Kerr BHIRRZZECOEEERA N 5D HRER
o HEBHMANTHDHER !

O-#u)2=0 (6.3.1)
o BRI
D = Ry () Sim (0) exp(—iwt + ima), (6.3.2)
LBl L,
1 d . dSlm 2, 2 2 5, m2 B
S d do (Sm@ 7 )+ [a (w* — p*) cos” 0 27 + Ay | Sy = 0, (6.3.3)

d Adem N [ w(r? + a?)? — AMamwr + m2a®
dr dr A
—(wa® + 12 + Alm)]le — 0. (6.3.4)

o AIEE— NEIE DEETE Ayt Sim = S (cosb;¢)(c = a(w? — p?)¥?) & F
DT, A t&l,m(l=0,1,2,---) & cDAEIFEL, ¢ — 0 DWGRT

SM s P A — U1+ 1), (6.3.5)
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o HIRE— NEBOAEMET Vv Ibiu=(r?+d®) 2R, £BLL,

d*u
dr+2

ZIZT, ARMET VYLV L,

+ [w? = V(r,w)]u=0, (6.3.6)

JTRFAN damwMr — a*m? + A[Ap, + (wW? — p?)a?]

r? + a? (r2 + a?)?
AQRMr? + a*r? — AMa®r + a*)
N CErl , (6.3.7)
V DML EEE)
2 S
Vo { oo (6.3.8)
w?—wi =7y
(Fig. 6.9).
o BESSAT:
: : Bim +ikr* 2 2\1/2
At infinity : Ry, ~ —e , k= (w*—pt)V (6.3.9a)

.
At horizon : Ry, ~ Clpe” @0 4ime 0y emiwnr™ gmiwttimé (6 3 g)

6.3.2 FAREDRERHE

o TXINF—FES :

0 = zf;i—(bjdesinefdrp%a@)*(m—,ﬂ)@
m
= [Jd@sin@(—w*)A@*é’ré] )

+ Jdrfd@sin&[pz\wmwgtt — 2mg"?)|®|?
+w*p® (m?g%? + 1?) |0 + w* (A]0, @ + [0p®|?) ](.6.3.10)
B (6.3.9a) & (6.3.9b) % iiii 72 T A BERL ORI LTI,

W = wp + iwr, (6.3.11a)
R = Ry, exp(iw,r*) (6.3.11b)

EBLLE, TXAVF—FBMFRDOLIITHEEMAOND ¢

Bwr(mQy, — wgr) + wi(Cy + Cowy) = Awy, (6.3.12)
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ZZT,

B = (7 + )| R,

Cy = Jerr@zw’“]éF,

Cy = a® Jdre2w1“+ Jd@ sin® 6| RSI" |2,
X7z,

A=fwﬁmfwwwWW@$W+ﬁ@%wﬁm$w

(r* + a?)
a?sin 8

R

2
ra? 152 4 { 2 e ;ﬂ;ﬂ} |Iéﬁﬁﬁ?l12%)

sin 00, R — iw’,
2
sin” 0

2L, QIEFEDOE, PIX

P = p*(r* + a®)*{p* + 4a*sin’ 0} (gu)

2M 2 o 29
+8Ma?sin® 0 lr(rQ +a®)(—gs) + %] (p* + 2a” sir(663.14)

o REEMEDHEM :w? < p2 THhD, (—gu) < 0742 TV ITHEBOF
ENEEHTED L &, A B,C,Cy. &oT, BIERR RN L,
wr>0&720, RIFALELRD [23):

i) E— NEAA A S

i) WEREBIE TV THEIRD T 5> LA -2 %2 H D,
w DREEBH/NZ N |wr| € wg.

w DEIE ST St 2 723 wr < mQ,.

il

— N

v

6.3.3 #EAXK

HBfiRc=h=G=1.

1) BEENKEWEE:uM » 1 (WKBHELD)
Reference

e T.J.M. Zouros and D.M. Eardley(1979)[23]

WKBEUE HEFERE W < 2 252 5. BT V¥ v IVREEDREN R/ T,
RLEEMED KR ETRD wp ~ plZREL, % 4 DD T TEZS 1(r < ry),
(r; <7 <ry), Ul(ry < r <r3), IV(r > r3) (Fig.6.10)

H XA
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184 a=0.999
uM=4
I=m=12
177 ®=3.9
L e A e R AR
v
-50 0 50 100 150 200

r*/M
6.10: Division into four regions for the WKB approximation

o MRENNFEIK I, IIL: w? > V(r) DT, ERE— NIZXd %5 WKB fi#i,

Ry = (r? + a?) 72, (6.3.15a)
u=k(r*)~2 {A+ei®(’") + A_e_ie(r)} : (6.3.15b)

ZZT, AL ZERT,

=720, rgldRE R w? = V(r) TO r* BEEOAHE.
o MUV I IV: w2 < V(r) DT, EREE— FITHT S WKB#I,
u=r(r*)"?{B_e ') + B '™}, (6.3.17)

ZZ7T, Byl3EHT

I(r) = JT r(uw)du, r(r*) = (V(r) —w?)Y2 (6.3.18)

o Airy BI#E « BEi AT (inflection pt) iEfETORT v ¥ v L Z2fial§ 5 &,
B T

|_(Z| (O Jus(18)) + C_J_1 58]}

~ \/217]{ [(cge—% + C_e—’f%> elel 4 <C’+e% + C_e%) e—idel%.w)

%



%62 Black holes 127 [EZRA
k> 3 OVAEIR T lE

_ \@ {—CL (1) + C (1)}

1
V2TK

5mi

UCL——CL)&”—%(CLe_%-—Che_77)e_“q.(6320)

~

o fROBES : I T T infalling 5ok AL = 0 23U, FoN7M% Airy BIEGE

THiidT 2 &
Al =4, Al =0, (6.3.21a)
Bl =4, B"=0, (6.3.21b)
A = AT el g (6.3.21c)
BY = ¢8miftphi+iOm 4 (6.3.21d)
(6”/3 — 1)BfrV = 2612 o5 Oy, (6.3.21e)
T,
v T3
Iy = J* K(r)dr*,  Om = J;* k(r)dr*. (6.3.22)

o EAMARN: HREEZEZTWEDT, BY. Zhid, REBIIIT
5 Bohr-Sommerfeld D & {5t %2 52 5.

*k

" 1
W=wy,: fsk(r)dr*z <n+§>7r, n=01,---. (6.3.23)
ry

ALEMBARROM M6.1l D> HBEHEAE2ZEZ, 77 v 7 AREDIS, %
DEDKG /I LADKHHEEIZ X 2B bKZ2RKkD B &

—wy (12 + a®)|R|? = 2w Ny (D, ®). (6.3.24)
INEKD, w FIRDO LS IZFHli T N5 -

wr = —rye A (6.3.25)

. "3 dr ) m a’CA 2maMr
~ 4 - — 1— — .3.2
v J k() oo (-7) {“’”( Tt a2 ) " et a3 %0)

T

Zouros & Eardley 1%, NI A =X a/M,uM,l,m,w OJE\NEIET w; 2 Z DA%
AWTEBUEMIZERL, BREVIROFIZRARL 2RI 2952 RWE
U7z

H XA
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Potential
barrier

6.11: Flux integral to estimate the growth rate

i) I DY/,
ii) m 2K, ie, m=1,
iil) a/M &K, ie., a/M ~ 1,
iv) wgr DK, ie., wg ~ 0.98u < mey,.
FOoNTBERORRER, & uM OEIZXH LT,

Mwr ~ 107" exp (—1.84uM) , (6.3.27)

INEZRRF 1077 1% (6.3.25) D v IZHEERT 5.

2) NEEDFE : uM « 1(MAE %)
e References

— Detweiler S (1980)[8](Cf. Rosa J (2010)[20])

o 7 >» M TR
Z DM TIE, R = Ryn(r) DAFER (6.3.4) 1%, KFZERTIZHT 5 Schrodinger
Pl = E A R VS AP < 5

2(rR oMp?:  I(l+1
a(lr2 ) n <w2—u2+ - (r2 >> (rR) ~ 0, (6.3.28)
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THEBTES. LEDVST, o? =p> —w? >008 &, HERFEIRED RS

A
R== ii1ja() ~ e (v = 20m » 1), (6.3.29)

v=Mp*)o=1l+n+1+06v, (n=0,1,2,---), (6.3.30)

ZRRE UTHRD., 22T, v idKERTOREZAFERREPL S DT E2RT
BERTHD., ZOMIL, fHE oM « 2 « 1 TR LS IZIRDEHS -

20+1+n)!

Rzuﬂ—n“(%+1ﬂ + A(=1)"" ! (2D sva (6.3.31)

o ur < | Tl

ZOHIRTIE, MO SR (6.3.4) 1

d dR
4z+mggkg+1hgl+{W—wa+mdz+n}3=0, (6.3.32)
LiEplTES. 22T,
— oM
s= T po ST (6.3.33)
Ty —T_ Ty — T

ZDHENIIEBEIIRET T, 5T X IELIAGRIX

iP
RzC’( i ) F(=l,l+1,1+2iP;—=2). (6.3.34)
z+1

Z DRI, K 1 <« 2 « 1/(wpM) TIERD XS5 1TEHM I NS -

(20)!T(1 + 2iP)

. IT(1+ 2iP) i
'+ 1+ 2iP)

h~C (20 + 1)IT(—1 + 2iP)

+ C(_1>l+1

(6.3.35)

o R
I 5 2 DD T MRS BT M I L 2 EHH T 5 &,

, 2 +1+n)! I SR
_ 2 —r 20+1 ( 2 9 '
ov iP[20(r, —r_)] oy COICTE] E(] + 4P%)
(6.3.36)
Ih&b, RERN
9 1/2
- (M N
WR ~ ,u{l <l—|—1+n> } A (6.3.37a)
wr = 2yury(mQy, — M)(MM)4Z+4a (6.3.37b)
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RN

6,\

7}

< 8r
8 i
g o
10/
110

0.0

LkEB. TIT,
2042(20 + 1 4 n)! Il SR o , )
7T+ 1+ n)E ((2l)!(2l+1)!> ]E[j (1 —a®/M?) + 4ri (i — mQ)*]
(6.3.38)
ZOEERIE, l=m=12Da/M ~1 TIROFKKEZES:
a
wi x s (M), (6.3.39)

3) BUBFTEIC & % 5T

e References

— Cardoso V, Yoshida (2005):5#] D F1 [6]

— Leaver E (1985):Leaver % [16]

— Dolan S:[9].

— BRITLT T v 7 E—ILD QNM [6, 7]

— ERIT adS BARIFE T T v 7 R — )LD SR ALGE [13, 12).
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o FPEE— NEIE R OREURF

i T—Try

R(r) = (= e 7" Z anx", xr = , (6.3.40)

7‘7‘(‘\
— -

21y (w — m)
J e mm) e G o (i — 9?)o. (6.3.41)

Ty —Tr_

o EFHFRE DML
INnEHFRAEN (6.3.4) IZRAT B L, BIGRKq, 32 3Hm X

QpCpy1 + Bpan + Ypan—1 = 0. (6.3.42)
i85, ZZT,
an=Mm+1)n+c), Bo=-2n+(ci+2)n+cs, Yo=n>+(cz—3)n+cy

72720, e, aldw,oom & Ay, THREBLTEH.

o H 3 EE
n — 0 T apy1/a, BETIZPRT % & &,
Ap+1 Tn+1 Tnt1 On41Vn42 Ani2Vn43
= — = = o 6.3.43
Qp 6n+1 + Q41 2 ﬂn+1 Bn—&-? 6714—3_ ( )

aifag = —Bo/a DT, TOHERTn=0L8<L, w=wg+iw ITH
I AHEAEMHEAFRERNNESNS:
Qo1 Q172 Q273
- =0. 6.3.44
B B B Bae (6.3.44)
ZOESBUINCEN R L, @Y nTHHUAZ 2IZL D, RWHETHEA
w2 RDBIEMNTES., H6.121F, l=m =1 TEHDOHTH 5.

56.4
Mk$mkﬁﬁﬁé77u7$—w

d)glggi_a_ D7 Z—

References

e the axiverse paper[l]

e Arvanitaki A, Dubovsky A[2]
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m”;
m“;
m“;
WV -6 ] N
0-14 \\\\\
m”;
mﬂ;
O
M@
B4 6.13: ANZENER DT HER AT &85 1 — M OHARBE
6.4.1 u— MERTORELERF
BRERHTEEDHEE (X&)
T 107849 iag > 1, a=1
GM "~ { 24 (%)_1 (ag)" ;ozz < 1, (64.1)
ZZT
ay = GMpu = 1.34-1%—1%\/ : ]\]\j@ (6.4.2)
E#EIT o, ~1 TRK :
Te ~ 0.2-10'GM;  «, ~0.44, a/M ~ 0.999. (6.4.3)

TrREEMDRZEE

o ANTELDERENI0 VeV L E, KGEEM~MyD7 7y 27 H—)LT
RNLEEDPFEBRITEE 5.

o ZOHEEIY, QCD 72 VA YDIEGE f, ~ 109GeV IZX ).

o /272U, BUEDFEEMBIN L BEN L DI1TIE, 727 ¥4 viGOAIRIE
Z1073f, BEIDNS SFEREL LWV EWIT R,
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rSin[¢]

—-40 -20 0 20 40
r Cos¢] —r Sin[¢] and r Sin[6]

X 6.14: EARERE—N (I=m = 1) OWBBEKO NG, LI3REmE, A1z
fif % & € 1 T OHRIE.
FLEMDORERE

o RLEVEDEEX, BHOAEBOHMDEZE 5T

o TN, HEIMEALZENNEERT S &, RENHEVPTHEREZBEA, %«
LT 5.

T RE®
o REEMDRERIL, NT A =R —a, = pM IZIEHRIZHUE.

o TN, MERNFEHEMUT LARDZNT A —XERI, p1— M FHTk
WHAR DRI L 72 5. (X 6.13)

o HIZIX, 7OV AVDEEN u~10"%eV DL &, EHED 10°Mg — 10° Mg
DOHIPHIZH D BH DADPRLZENZFI ST, 2D, ZOREO BH
OffEFEIL, MMOBEEDBH KO /NSWAHEFEZRFOI LIZR5.

6.4.2 G-atom
o NEZEWMNRELSBRBIIMERE L~ 1 TIE, uM PN VWEHED T R F—
L~V (6.3.37a) & 1,

a2
w% ~ /,1,2 <1 — 2—n92) , WRr< mQh, (644)

ZZT, n=n"+1l+1(n=0,1,2---).
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=)
® HY

EALELLDE—F 0/ ~0IZHL, nid

2
nel~ 2t = a2 (6.4.5)
h a

o LMo T, E—FNEEOVY—213)V JEHBOMZIED, mT14 X5

LD

T n? T\ 2 T\ 2
——~——~4<—> ~ 4 (—) ~1 6.4.6
Rg OZS a = /’”1 Oég a ( )

I, a~MDIGE, KO ALELFEREIZTCRICE ARG 2
5 LEERLTVWS. o T, BEKHARZER, HLDT Ty 7ER—)
2T VK v ORFENPIY HOENET (G-atom) ZAEAHT. (X 6.14)

6.4.3 EJEHRH

X614 1IZRU7ZE D2, GIRFDOT 7 VA VEIFIEERF[FRTHIEEL T\ 5.
ZD7H, GIRFIFENFRZRETS.

4 EWAIIC & 25

— (64.6) &9, Eldre~ MI+1)/a2BED¥REED L, Q = (M/rd)'?

MEOAHEETHEZL TWS. TN&D, 4EMAXZM S &, HAIK
MdH7=0IZT 7oA VEPSKIEINEEIED T FILF —F

a .. I 2010 N2a12
P=_—_ 2 2 (2 M ZQG ~ g _ G g
15! OF ~ g lreedd) G+ DO~ 150+ DIO(GM)

(6.4.7)
ZIZT, NIBIZEENET IV AVETOR, e = uN/M IFEOEE
*BHOEEDL.
AEMARNIE, TIZVAVEORLIZETFLIVOMOERIZ LD
INDIENFEOFAMER>TWS., UL ->T, [ = 20808 T, ES
WIZE BTN F—HHTRD T RV F =D T BRI AT — VI

M 45GM(l + 1) 1074\ /1+1\" /0.44\ "
o~ LBV gy (100 (L1 (0"
P eay € 3 ay

(6.4.8)

IN&v, e~10%a, 2 LITHL

Taw/Ta ~ 0.1 x e 1349 =2) (9 /4 )10 (6.4.9)

—  IRFfRISE
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Axion Cloud
axions <
AM,AJ AM,AJ
dD- =
AM,AJ

1

’ \
/ o 1 226
Bosenova?? "y Y
------ > @Gravitational Waves

6.15: The fate of an axion cloud around a black hole formed by instability.

* o, <20 GW BRI SR ARLE DR % BT .

* ay>2:e~1071DEE, Tow =Ty THDL, e~ 1071ITET S
&, SRAZEBIZEPDPDOOT T IV A VEIREEZIEDS. —K
12, ag WREWVWITE, NSt e TEFIRBIZET 5.

o GW D& A e
(6.4.7) & b, BHIETNZ GW OHRIEIX

3 5
a2 (€ c 100Mpc M ag\° [ 3
h~10 (10—4> (GMw) ( d 105 Mg, ( 2 ) [+1

(6.4.10)
&y, BEHN107 %V < u <1070V OHEFIZH DT 7 VX VHMFIET
%Y, BRENKSIAZEIZ LD IRE XN GW D3 advanced LIGO 72 & CTHi
AREL 72D,

BAERHEICHT 22K
BRECOIRNF—TIv IR TTT —I5M(?7) 2l § ERAES) LT
WXL, TOTRNF—H#HEET VY IL%E

1

ARTEN = 0,0 IO,NET — S (AN OARET) (6.4.11)
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KD EET S, WK, FTEHETh; B
tr 1,77 1
BT =R~ 0 = ), (6.4.12)
r r

(D000 ~ S [ A VD) as@e ], (6413

w,s,l,m

f A, (Vo ))* = 6% O Gy (6.4.14)
52
RS & &, MR INS T XL F—

T!ds"
J,.

= lim r? Jduf dQ(-T +T7)
52

7—00

Egs+

= —llmr Jduf A (0, h )2
SQ

= — WA AS (W) (6.4.15)

ERBHE T, u), ZHEZETORE RN
Ay =0 (6.4.16)
D TT-gauge TOEZ DR, o, ZIRDO D 2IKH X
Ay = W — 2Ruanst® = —2k7T), (6.4.17)
DL TS, ZDEE, EREORFZEMHE D IZHL T,
Nop(u™,0) = i L ) A3, uTT* el — L duTT* A pype?

= —2iK? J doul T (6.4.18)
D

1%

ZOATD OS2 77 ETHLP S L, LEANDIEILEL D OFF51L¢ DT —
VEBIIN U TARET ($id) ,

N+ (u'™ ) = Nyv (u™, h) = Nyps (u™, RTT). (6.4.19)
oTC, WL T, £t T

1o
ulT o~ (Ve (6.4.20)
’ r
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HRTA Ry T TEO LR BERFARMMEH NS &,

7“x2wCﬁnA;1:-—%52J d*an/=gug, i T (6.4.21)
D
PAEXD,, X
(u, T := ?J d'z\/—gu'T,, (6.4.22)
D
LREERT DL,
Ey+_—-§]K%J2KmeJ§f. (6.4.23)

Ims,w

IR BB 2O
SR R B ETELT 5 &, oL BXU 0 2 BAEWIZRD S Z £AT

v Upms w

&, EOERHREZERIRIRO D Z DN TES. 2L, ORI uM « 1
DRFIZDARWIEBLE 7D, KHZ & 1%

o V2 g [

P = It D) etk (Qher Y LAY (2Kr) Y (6, 6).  (6.4.24)
772U
M 2
k=i —w? = =t 14, 0, = 0,12, (6.4.25)
n

¥z, E,37 7 A DT A NF—2KRTE

E, =:J‘Thr2drsh10d9d¢. (6.4.26)

o R NLVHEEF) : ZDL X|F P =0.

o X717 RIEH)

db:;w = Cne (%) (uM)%, (6.4.27a)
— 167 (£ = )7
(%_{M+w,w>®, (6.4.27b)
%M’ (6 = 1)7
Cne = 16”1@(6 1)2[(¢ + n)1]2T(20)? (g >(%4.27C)

(20— 1)(€ + 1) ()4 T (40 + 3)'(n — £)2nAe+s’
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Kerr BFZ2 T O

6.4.4 HK—X/N\

HERRATRY 7 BRATT
o HCOMHAEM M
S:Jﬁ%Jﬂﬂ—;v@2—mﬁﬁmﬁQﬁ>]. (6.4.28)
o JEREX G H LA X
¢::;5ﬁ(e4mw4-émwﬂ. (6.4.29)

YBY, |6/f, < 1OLE,

1
16 f2

1
SNR = J d*x lid)*é’t@/) — ﬂaﬂz}a@w* — u® e + (¢*¢)2] . (6.4.30)
o BEDIED, /IMNRIEDOR;D EHE R IERERI R 2. Z OMHE/ER LS 7
DT, TIVAVEPIDEELEBELRDEYL, R—X - TAVYarA Y
BHEOGE LA, =X ) NN VWbNAIEERANPEES L2 ENTHEI N
% [2).

o TV VEDEIRIF—

174 V
B = 5 (Vo) + gV (Wl = 1o (o1

N (B 1\ _aN N
2u \r?  R? r 16f2R3’

22T, riFEOHLE BHHLOER, RIFEDLNY DY 1 X, E D}
INET2 B r 2 RDDB L, T UF VEIZNT S Kepler EENHFOND -

2

2 2
nmi;:>Em2ﬁp—m%Rffgf. (6.4.31)
e R—AJ N
ZDITRIF—IT,
RszE%g (6.4.32)

THRERD., ZOVA AN R, <r. 2lil-32 &L, EZOVAXITR~
r~r, CEEMLTS. LML, 6201 RmLEZEDIT, r. <R, &5,

H XA
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R<r, CZX)NVF—FEIZROBEFEMELK LD, W R~r Thol-E
WEARZEL D BRIIDODEINS., Ik, EOBEEDNEFUE
1612 f2 pN _ Pf?
=

re < R,, & ulN > —2% =— >
a 3 Y aZm?)

~ 107 (6.4.33)

EEBADEEES.

BEVIaL—Y3Y
BE EBRO7 7 VA MHAEAEMRIZ4IRTIERL, cos(o/f.) IZHBIL, |9]/fa |
DA—R—ibfflT5. ULizhoT, EBRIZAR—X I NA\DPREEIE10E DD,
X7, TOMFEZHBIZIIEMY I a2l —YarvdinELns.
References

e Yoshino H, Kodama H (2012) [?]

ETINERT A=Y — HIHERIZBIT S SRALEMDS> B, =m=1,n=1
L BE— NIZANOIRIEZ 5 2 CTHIHE L T 5.

Simulations Initial condition E/[(fo/M,)*M] nonlinearlity
(A) KG bound state, 90}(;:31((@ = 0.60 1430 weak
(B) KG bound state, gogik(()) =0.70 1862 strong
R

o p~f, & e~1071B L, EEIZR—X/ NIZHINT ST 7 A VE
DFEDIEE 5. (46.21)

o HEFUEL D T/ NS WIRIBDORIELIEZ FIEEL § 5 &, EOAES K TIAD
D ORFAIREINE E 508, FEITEZ S, ZoRRENX, SR AZERK
ERZHRIEIMESD.

o TUVAVEDHRENELESL L, SRALZEMRKEIZFE D, BHIZIEOT %
NE—MNETT 5. 72770, BHOMAEFHZIZEALUEITS., ZhiE, | =
I,m=—-1DE— R KPERINDEZ L E2EIKT 5.

o T UK VEDBIZMAY, MIMP o T RLF—2HHINS.
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BWMRT Vv ILIC K D8R
o o =O/f, (KT DA ERI R AE FHAE S

5= [atov=g|-yver - (5 4 0ui) |

N 2 L (=1
Uni(p) =1~ % —cosp = —;2 ((27»3! " (6.4.35)
o JERIRIAIIELL 1
P = g (M ey, (6.4.36)

LB, Za—bYELT, Y ITHTSEMIR

S = [t |5 (w0 = 0%) = gawa + 20y - O (UBRAD

Uni(x) = — i (_1/2)711;”‘ (6.4.38)

ZZ7T, a4:= My,

o EFZAK: TV AVWHEHIEK Y L U TIROFEDEDEEZS :

Y = At,r,v)eStrtme (6.4.39)
(r— Tp)Q (v — Vp)2
Alt ~ A — — 4.4
( T V) 0 €Xp 4574”2 451/ IR (6 O)

S(t,r,v) ~ So(t) + p(t)(r — 1) + Pt)(r —rp)* + m,(t) (v — 1p)? (6.4:41)
PARTIE, m=1,1,=0%8<. EHEREDREKIE

L(): RDBR ST DEAD.
L(8): KD 6 HIEDIERD.
— (1), vy (t)): WD Y — 2 KL 0D HERE,

o HRMEM : KT o VA v

- 0
- 9

N = de‘xAQ ~ A AGN/ 6,0, (1 + 6,.). (6.4.42)
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TEHT D&, BHLBUIHT 2 HG0ERIX

. 5, L+30,
L= ~S0N 4 piyN + (5= 2Pf)2r, 5N = Prid, ++ DN — i, bOVA-ATH)
H=T+V; (6.4.43D)
N 5, 1+ 36, §
P AP%r) I~ 4.4
= lp + 8p Tp1+5 + Or s + WVT§(1+57~)]’ (6.4.43c)
1% 1 11 1
= 146, +— 6.4.43d
Npa 2(049/”19)2(1 + ) ( 40, 45 ) (agpry) (1 + 57’)( )
—1/2)" N, et
a,” a , 6.4.43
Z (n!)?n [«/(Z(S,,(Ozgurp)?’(l + (5r)] ( °)
T
N, = (ajp?/47*)N. (6.4.44)
72720, 0, IZDOWT 1IRDIEDOAZKL 7.
o ZNIXMDFFIZEESHZ SNG @
L=T-V; (6.4.45a)
1. c1 ., 1.
T:§A£+B¢%+§Oﬁ+§pﬁ, (6.4.45b)
ZZT,
1,1+ 456, + 19862 + 12687 + 456* + 957
A = —Nur 6.4.46
Rl (1+6,)%, (1 + 302)  (64.46a)
1 —7 — 306, + 5462 + 3003 + 95
B = =N - r 4.46b
g e (1+0,)2(1 + 302) ’ (6.4.46b)
1 + 65, — 26562 + 1803 + 964
C = N r r_ 6.4.46
a1+ 302 (6.4.46¢)
1 (1+9,)
D = vauri__Tif__' (6.4.46d)

o T V¥ )LD N AKIENE : 3IRTTDEEZER (0, 0y, agury) 1B 1T BRBEL
ﬁ®ﬁ%V9%w®%%Au®@Ki6f,ﬁ@ﬁ@%%ﬁf&ié%ﬁi
B Z e EDE RS

—1 4462 + /1 — 86, + 802 + 6453 + 1657

2(—2 + 40, + 1642) ’
1

25, 4,

5, = (6.4.47a)

(6.4.47D)

agpr, = 460, —

COHBEETORT VY IVDIRDEH WSO EZ 70y b LZ0OA
6.33 2634 TH 5.

H XA
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o MUNRIZ B 1T 2 Azl A A

— a,=04,N, = 1.1.

2
(wﬁ) — 1.141, 0.249, and 0.0166,

pag
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Superstring theory

57.1
*Universal axion (model-independent
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§7.2
*Form field axions (model-dependent
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57.3
*Gauge anomaly and CS coupling

H XA



B 7% Superstring theory 158

RN

57.4

Examples

7.4.1 References

e Superstring axions

P. Svréek and E. Witten:
JHEP 06 (2006) 051 [hep-th/0605206]
“Axions In String Theory”

J.P. Conlon:
JHEP 05 (2006) 078 [hep-th/0602233]
“The QCD axion and moduli stabilisation”

K. Choi and K.S. Jeong:

JHEP 01 (2007) 103 [hep-th/0611279]

“String theoretic QCD axion with stabilized saxion and the pattern of
supersymmetry breaking”

A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper and J. March-
Russell:

Phys. Rev. D 81 (2010) 123530 [arXiv:0905.4720]

“String Axiverse”

B.S. Acharya, K. Bobkov and P. Kumar:

JHEP 11 (2010) 105 [arXiv:1004.5138|

“An M-theory Solution to the Strong CP Problem and Constraints on
the Axiverse”

T. Higaki and T. Kobayashi:
Phys. Rev. D 84 (2011) 045021 [arXiv:1106.1293]
“Note on moduli stabilization, supersymmetry breaking and axiverse”

M. Cicoli, M. Goodsell and A. Ringwald:
JHEP 10 (2012) 146 [arXiv:1206.0819]
“The type 1IB string axiverse and its low-energy phenomenology”

M. Cicoli, S. de Alwis and A. Westphal: arXiv:1304.1809 “Heterotic
Moduli Stabilization”

e Large Volume compactification Scenario



B 7% Superstring theory 159

RN

— V. Balasubramanian, P. Berglund, J.P. Conlon and F. Quevedo:

JHEP 03 (2005) 007 [hep-th/0502058]
“Systematics of moduli stabilisation in Calabi-Yau flux compactifica-
tions”

J.P. Conlon, F. Quevedo and K. Suruliz:

JHEP 08 (2005) 007 [hep-th/0505076]

“Large-volume flux compactifications: Moduli spectrum and D3/D7
soft supersymmetry breaking”

R. Blumenhagen, J. Conlon, S. Krippendorf, S. Moster and F. Quevedo:
JHEP 09 (2009) 007 [arXiv:0906.3297]
“SUSY Breaking in Local String/F-Theory Models”

e Decay of Moduli/saxion into string axion/QCD axion

E. Chun and A. Lukas:
Phys. Lett. B 357 (1995) 43[hep-ph/9503233]

“Axino mass in supergravity models”

Moduli =/, 2 axions dominantly in LVC:

T. Higaki, K. Kamada and F. Takahashi;

JHEP 09 (2012) 043 [arXiv:1207.2771]

“Higgs, Moduli Problem, Baryogenesis and Large Volume Compactifi-
cations”

M. Cicoli, J.P. Conlon and F. Quevedo:
Phys. Rev. D 87 (2013) 043520 [arXiv:1208.3562]
“Dark Radiation in LARGE Volume Models”

T. Higaki and F. Takahashi:
JHEP 11 (2012) 125 [arXiv:1208.3563]
“Dark Radiation and Dark Matter in Large Volume Compactifications”

e Axion abundance by the decay of saxions

K. Choi, E.J. Chun and J.E. Kim:
Phys. Lett. B 403 (1997) 209 [hep-ph/9608222]

“Cosmological implications of radiatively generated axion scale”

E.J. Chun, D. Comelli and D.H. Lyth:

Phys. Rev. D 62 (2000) 095013 [hep-ph/0008133]

“The Abundance of relativistic axions in a flaton model of Peccei-Quinn
symmetry”



B 7% Superstring theory 160 [HixN

— K. Ichikawa, M. Kawasaki, K. Nakayama, M. Senami and F. Takahashi:
JCAP 05 (2007) 008 [hep-ph/0703034]
“Increasing effective number of neutrinos by decaying particles”

— K.S. Jeong and F. Takahashi:
JHEP 08 (2012) 017 [arXiv:1201.4816]
“Light Higgsino from Axion Dark Radiation”

— K. Choi, K.-Y. Choi and C.S. Shin:
Phys. Rev. D 86 (2012) 083529 [arXiv:1208.2496]
“Dark radiation and small-scale structure problems with decaying par-
ticles”

— P. Graf and F.D. Steffen:
JCAP 02 (2013) 018 [arXiv:1208.2951]
“Axions and saxions from the primordial supersymmetric plasma and
extra radiation signatures”

— K.J. Bae, H. Baer and A. Lessa:
JCAP 04 (2013) 041 [arXiv:1301.7428]
“Dark Radiation Constraints on Mixed Axion/Neutralino Dark Matter”

— K.S. Jeong and F. Takahashi:
JHEP 04 (2013) 121 [arXiv:1302.1486]
“Axionic Co-genesis of Baryon, Dark Matter and Dark Radiation”



LieR&BUICEAE LR ERT E LN

- 161-

SA.1
SU(3)
Lie £
[eaaeb] = fab6667 (All
fabc = f[abc]~ (A12)
ZZ T,
fi2s = 1, (A.1.3a)
1
J1ar = —fis6 = fase = fas7 = faas = —fae7 = 5 (A.1.3b)
Jass = fers. (A.1.3c)
Adjoint &I
(ad(ea))bc = fbac- (A14)
Xt d 5 Killing 1%
K(ea, eb) = Tradj(eaeb) = —Béab. (A15)



ff %A Lie RBUZBEE L -3 # & AKX

RO PMVRE e, = —i\/2 B L&,

010 0 — 0
)\1: 1 00 y )\2: l 0 O ) )\3:
0 00 0 0 O
0 0 1 0 0 —
AM=10 0 0], X=100 0], X=
1 00 t 0 0
00 O 10 O
AM=10 0 —i As ! 01 0
7T = - 9 - T =
0 2 0 V3 0 0 -2
INolizLT,

Trv()\a)\b) = 25ab-

S O o O O =

162

RN

(A.1.6)

(A.1.7)



EE - 163-

B

3R & IREUE R

§B.1
KSR

—f%1Z, GL(k,C) DZHAB P(a) 5, GL(k,C) DI EEG DIEH
ad(g) : o — gag™! (B.1.1)

N UTAZETHS &, P GREZHA L TR

—IZ, P(a) % G-REZHAL T2 &, GEMERL T2LHREM LD kX
TGN MLV BV (REARIZR 720 L C)V OFYE G #ie (Q,w) 12X/ LT, P(Q)
IRDOMEEZ D -

i) 7= O RELMAR.
i) WSS 5 akEn Y=L, B QIKREFEET, N RVEEDATIE .

B.1.1 Euler%

E %K M EDORE T 5Tz 2pIRTTER T MLV F)b, QU %% Dt &
T AR OMIREA L 5 L &, E O Euler I

1 ini ip—1i
e(E) = mZEil---igpQ AR (B.1.2)

& EZXH6NS.



1 8B Rt & FRBoE M 164 [HIXA
(5] B.1.1 (T(S5?))] 2 RouEK I
ds® = A*(df* + sin® 0dp*) (B.1.3)
XU T, EREE
9! = Adf, 6% = Asinfdop (B.1.4)
X9 B AU,
W= ( 0 1) X, X = —cosfde. (B.1.5)
-1 0
Hh == AU
0 1
X = dw = (_1 O) dx, (B.1.6)
dx = 6' A 6% (B.1.7)
£ - T, Euler #ix .
2\y _ _~ pl 2
e(T(5%) = 50" n 0", (B.1.8)
&b,
X(S?) = J e(T(S?)) = 2 (B.1.9)
S2
]

B.1.2 Chern%g

E % ZkK M ED pIRGTHEZERZ MUY RV, Q% Z0OE&ICHT 25

WD Hermite iR 5 & &, EF D4 Chern FHIZ

c(E) = det <1+;—Q> =1+c(E)+- - +c(E)

*7-,

e

c;(E)e HY(M,Z).

c1(E) = %Tr@,

6 (E) = —— (i — (Th)?),

872

cp(E) = e(ER).

ch(Q) = Tre™>™ = p + ¢, (Q) + - --

% Chern FrEE R & WD,

(B.1.10)

(B.1.11)

(B.1.12a)

(B.1.12b)
(B.1.12¢)

(B.1.13)



£ &% B AR & Feoe B 165

(Bl B.1.2 (T(CP"))] CP' OfZE#EE & ([x: 1] e CPY)

ds®> = pp; ¢ = 2A£ (B.1.14)

Kl

(AR D Fubini-Study st & TIE A=1) IZXRL T,

dp=—xNd, X=—X (B.1.15)
X0 UQ) EHiE A
zdz — Zdz
= B.1.1
TR (B.1.16)
X o T, LA )
F = = z. 1.1
dx (EEE 1)2dz A dZ (B.1.17)
Chern 1% -
cp=1— = c1 = 2. B.1.18
]

B.1.3 Pontrjagin $f

E %K M LD EMIT SNl kIRouFENZ VNV RV, QU &2 ZOfHE
BT 2AEERLOIIRIE A L § 5 & &, E O Pontrjagin FHIX

P(E) = det <1 - %) =1 +p1(E) + - -l-p[k/g](E) (B.1.19)
=72 L,
pj(E) = (=1Yco;(E®C) e HY(M, 7). (B.1.20)
77, k=2m DL &,
pm(E) = e(E)%. (B.1.21)
wERp R Q%
[ R |
2 —x1 0 —Z9, 0
LT B &,
pi(E) =) a2, (B.1.23a)
pa(E) = > xla} (B.1.23b)



£ &% B AR & Feoe B 166

Bl Q) O A-roof FE %

AmpEkﬁ%%VJ—%+%C%—%)~ (B.1.24)
TE#T 5. F7z, Hirzebruch L-ZIHA%
H-1l e <1 ) (B.1.25)
IZEDELETS.
§B.2
IEEE

B.2.1 —fi& Atiyah-Singer {58(E 18

IMIRTED A VERFIKRD A ) — VXY RV e  F—IBGIZET R Z b
WNYRLVEEETS, ZOLE, DAY —VE (R w) & EDT—V
(F,A) Ik Y, "V PRV .Y QF OEGIEZRSN, KL T, Dirac fFHZE

D=+"D,: SQF - S QF (B.2.1)

NEHEIND., ZOXHTE-FOLEEESIRTDOEE n,, FESRIOEEn_ &
THEE,

7M—n:Limuw&Rﬂ . (B.2.2)

2n



H IR AN - 167-

1]

2]

[5]

(6]

Arvanitaki, A., Dimopoulos, A., Dubovsky, S., Kaloper, N. and March-
Russell, J.: String Axiverse, Phy. Rev. D 81, 123530 (2010).

Arvanitaki, A. and Dubovsky, S.: Exploring the string axiverse with precision
black hole physics, Phys. Rev. D 83, 044026 (2011).

Bond, J. and Efstathiou, G.: Cosmic background radiation anisotropies in
universes dominated by nonbaryonic dark matter, Astrophys. J. Lett. 285,
45-48 (1984).

Cardoso, V., Dias, O., Lemos, J. and Yoshida, S.: The Black hole bomb and
superradiant instabilities (Erratum: Phys. Rev. D70:049903, 2004), Phys.
Rev. D 70, 044039 (2004).

Cardoso, V., Dias, O. and Yoshida, S.: Classical instability of Kerr-AdS black
holes and the issue of final state, Phys. Rev. D 74, 044008 (2006).

Cardoso, V. and Yoshida, S.: Superradiant instabilities of rotating black
branes and strings, JHEP 0507, 009 (2005).

Damour, T., Deruelle, N. and Ruffini, R.: Nuovo Cimento Lett. 15, 257
(1976).

Detweiler, S.: Klein-Gordon Equation And Rotating Black Holes., Phys. Reuv.
D 22, 23236 (1980).

Dolan, S.: Instability of the massive Klein-Gordon field on the Kerr spacetime,
Phys. Rev. D 76, 084001 (2007).

Douglas, M. and Kachru, S.: Flux Compactification, Rev. Mod. Phys. 79,
733-96 (2007).




£ &% B AR & Feoe B 168 [EIRA

[11]

[12]

[13]

[15]

[16]

[17]

[18]
[19]
[20]
[21]
[22]

[23]

Hawking, S. and Ellis, G.: The Large Scale Structure of Space-time, Cam-
bridge Univ. Press, Cambridge (1973).

Kodama, H.: Superradiance and Instability of Black Holes, Prog. Theor. Phys.
Suppl. 172, 11-20 (2008).

Kodama, H., Konoplya, R. and A, Z.: Gravitational stability of simply ro-
tating Myers-Perry black holes: Tensorial perturbations., Phys. Rev. D 81,
044007 (2010).

Kosowsky, A.: Cosmic Microwave Background Polarization, Annals of Physics
246, 49-85 (1996).

Kreuzer, M.: Toric Geometry and Calabi-Yau Compacti cations, Ukr. J. Phys.
55, 613 (2010).

Leaver, E.: An analytic representation for the quasi-normal modes of Kerr
black holes, Proc. R. Soc. London A 402, 285 (1985).

Penrose, R. and Floyd, R. M.: Extraction of rotational energy from a black
hole, Nature 229, 177-179 (1971).

Polchinski, J.: String Theory, Cambridge Univ. Press (1998).

Press, W. and Teukolsky, S.: Nature 238, 211 (1972).

Rosa, J.: The Extremal black hole bomb., JHEP 1006, 015 (2010).

Svreek, P. and Witten, E.: Axions In String Theory, JHEP 0606, 051 (2006).
Zel'dovich, Y.: Sov. Phys. JETP Lett. 14, 180 (1971).

Zouros, T. and Eardley, D.: Instabilities Of Massive Scalar Perturbations Of
A Rotating Black Hole., Ann. Phys. 118, 139-55 (1979).



