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BF QCD DFEDERE
HA
SRS SRR

pic)

1
1T QCD OESEDERICHI L T, Eoh ORI OREEFICHLD . f/L 7 \e,

2 N\RFOYEEODOEHEHE

Ny OIEEIREDEREDFHEIZ, 1T QCD DIRE YWD 6 DREDHETH Y, ZDOIEL
XRANT2DICETHEIICAIRIELRL VLD TH S, FETIE, LIPS FrvERE
DIEMERFHED RIS R D D0 H 5, FEE. B [1] TliE, 2+ 1 7L —2"—QCD DFHHET, #
4?Wﬂﬁ%@ﬁﬁ@«®ﬂﬁ%ﬁot%1®ﬂFU/EE®F%ﬁﬁ%§ﬁT£@\%ﬁ@&
DRV—HZRLTWVWS, ZOFETONA HETFOEEDR/MEIX 190 MeV TH D, V%A
fiti 140 MeV IZ2 D il . S ETRIETH o7 h A4 7 VIMHF IS T 2 222D KIR IS L
Tw%oik\%@ﬁﬁif@ﬁﬁm%ﬁbﬁ6i5mﬁofﬁb NFua YEROKTF QCD
WX ZEMEIIZIZTER L7 L& 26D,

IS UNGIEN ud@ﬁi 7 DERREMODENEDT A Y A Y DWENOFIEZIRANEHE D
TbNd LI Ich-oTETED, HIAIE, H[3] T, 20X BfEEBHELNTRS, 20

mass splitting [MeV] | QCD [MeV] | QED [MeV] exp. [MeV]
AN =n—p 1.51(16)(23) 2.52(17)(24) | -1.00(07)(14) 1.29
AL =¥ -5+ 8.09(16)(11) 8.09(16)(11) 0 8.08(8)
Delta= = 5~ — =0 6.66(11)(09) 5.53(17)(17) | 1.14(16)(09) 6.85(21)
AD = D* — DO 4.68(10)(13) 2.54(08)(10) | 2.14(11)(17) 4.76(10)
Bee = SEt — 5t 2.16(11)(17) -2.53(11)06) | 4.69(10)(17) | not measured

X DFHETIX, ZNZFNWEEDRL S ud,s,c D4 DODNFEN T +— 7 DEIREZTAN, F7-,
BWAMHEREHOFS S QED I X YIANT VS, #onEE, Eif, i, KriEcilE
v, MENZ 7 2 — 7 BRE~D A A 7 VRPN, YN ZERG~ONE, SIRARA~DH
ﬁ HHMRRBANDOIMFEEZIT> T3, RO LITHICH 20T LB FOEESE (MeV Hifi) %5
. BWMHAEROBE (451H) TIREMZEOB OIS MeV BEEL 22205, iz d
7z JDNDu T A =7 EDEWEWVH QCD OFHE (3F1H) 12X hHhETD 1508 2.5 MeV
Lz, Adt (251H) <Tix, B 231,51 MeV L 720 %, EEfE (551H) @ 1.29 MeV &
HR2 EFTREOD, MARECRHRAELZEZ L ERO—HEFSZ L), LA, FHOH
D 02%L FOHET LB Fo/NS REEA%Z . 1T QCD O 1 FHEEIHRICL D HE 2 L)
ol v i, BRETOKT QCD O Fu YEEGFHORENRZ TR TH D L LTS
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NBFERTH S, MICHEOPOERENFHEIN TV I, EREE 0—KIZR W, 5FHD
Eee DEBEFFEHTOHEINTES T, QCD LD FFICE> T3, Nk, 5 = uce ®
EF = dec DEEPMES 1L, QCD DI DT EDVIEL W E ) 2DMED D & UL IV,

3 NFOYOBEHTIERDETE

FRFHEERDORRL iR 060 F v R —/IE—3)I (CKM) 1752 ke 1213, 598RAH AAF
FCHN 2 GMEAAEEDO N B a AT EREOERBINIE L 725, TD KD e Fa ATHI8EHE
13 QCD ORI Z LD JAA THAM T 2 065 03H 5720, N Fu yYEEOFHE LA T, T QCD
DY 6% DEEDP B INTE TV 5, mHTOKE% L1E, Flavor Lattice Average Group
(FLAG) DL Ea—[4] R EICEFEDONTVEDT, BKOGE L HIZTEICKS>THE»,
I T, EODDN R ATHIERICE L TORPOMARZ M L7,

O LN Fa UATHEETH 2R A 7 — i+ O BisgERIZ

Oldyysuln™(p)) = ipufet,  (O5vuv5ul KT (D)) = ipufic+, (1)

REDXHIERIND, TIT, MAICEHNEEFZEERZ PV - ALy FTH L, KT
QCD FHRLIC X 2 et DG H 13

fr = 130.2(L4)MeV, fr = 156.3(0.9)MeV, (Nj=2+1) (2)

Tho 4, L, COMPIE, ud 7+ —7 DERELZZEL T4V 241 7L —3—QCD
DEAFIZEDTBOoNTbDTH S, A4 7 IIVIHTPHGRIRNDAFHIZITON TS, ZORER
I¥. Particle Data Group (PDG) Difiii,

FPPG) = 130.41(0.20)MeV,  fITPY = 156.1(0.8)MeV, (3)

ERS—HLTWwS
o K qu'aﬁ?@{wm/\‘?){ % B 3T TERI NS,

UYIQAS % )IE°)

Br(p) = S 22 : (4)
3JK'"'K
22T KO LR OROER A SRITAS =2 0AMAKT7 2L I HETIZ
8972 = [57,(1 — ) d][57,(1 — 75)d] (5)

THZ6N, pldlDEEFOHDIAARZET, By 1F5CHAEMIC X 287 CP O
TUCBAR T 2 ETH 5, A A UM, HERBRBANONFE 2T 5722+ 1 7L — N — DT
QCD D iRHEH [4] 13

Bx = 0.7661(99),  BMS(2GeV) = 0.5596(72) (6)
ThHb, TIT. BVAARRYT —VALER B 1k
o (g(w)? 70/ (260) () B1vo — Bon
B = (2 O | P B @

2
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wEINS,
it K 1D o ~ D HBEHRIE (X

A(KO —ata” \/71406260 + \/714267'62 A(K® — 7070 \/71406160 — 2\/71426152

EFEPNSE, TIT, 4 iE. QCD I K % o BGELOMAHAET, T=0,2 1%, nmrREOETA YV R
YrzRL, —f., Arld. 3OHEERICE 3 K — or BEOIRIETH 5, EERIZIZ, #1213

I{e/40
I{€/42

VS EAHSNTE D, JOffE. I433/27%50 2 BB AT [ 251/2 25 2 B0 15 H3HEH]
c% 2 EzmLTED, A[—h?ﬁ%k@jmfw L. i K T CP Ol
Wi znrnd@me LTk

= 22.45(6) (9)

/ L Ag i® _ _
€ \/>I <AO>€ , b =7/2+ 02 — (10)

BRSEN TS, %1 QCDIT X % Ap DRtRIL, #IREIC 2R DIAHET 2720, BHTIE R,
Fric, EELFAUCRETEZ S ORENDRETH 25 Ag DFTRPHE L, LIV, REDLEIC
L DIRAIHRERDITET VS, A ICBIL T, a1 = 1.364 GeV &\ 9 IEFITH W IET- T,

Re Ay = 1.381(46)sat(258)sys10GeV (11)
ImAy = —6.54(46)s4a1(120)5ys10 P GeV (12)

EVIHRERMFENTV 2[5, 6], ZDFHETO A i+, K PEFOERIE m, = 142 MeV,
my =506 NeV TdH 0, PN RAEIC 2 e, FERICBIL Tid, FERE

ReAs; = 1.479(4) x 1078GeV (13)

LRGEOHIPIT-HL T3, /], Eﬁi%%@#&w®f QCDILL B FELEL>TS, &
DHEEL W Al %LTi%@%%# B ot = 1.73 GeV D 1 ST THIL, AT =1/2
FHNCBI L TUU T OFRBEHE ST 5 (7],

Redg {91@1) for my = 878MeV, my = 422MeV (14

ReAs 12.0(1.7) for mg = 662MeV, m, = 329MeV

FEBED Re Ag/Re Ay = 22.45(6) ICHR 2 & 207 D/ wHS, SAPETFOEREZ/NS (T
BICONTREL > TR5DT, YELE TR, EFEIC»LRDIEDEZ ) IClb s, ik
ReED 7 5BRORERPELATH S,

4 AREE QCD DREAER

QCD DI TIZ, AT — 1 HETHEZ NN Fa vy RRREE LTI, h7—%2bD7 1 —
2RO YHIZBALIAD S, AHTIFHTI 2wy, L L4235, QCD TlER EiFTir &,
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NFOQVHDRS T =2 « V=% « 75 A2HAOHEBIEE 2 LN Tw 5, KT
QCD 2k D 2D &9 7% QCD OFRREMHIEE A I LT W» 5,

2+ 1 7L —N—DBEOMERIZ, 1 REFTIZRS, 7024 —"=TH% I L2 QCD
DPEFEIC X DL L DD H 5, $7. ZOBED, 7uxt—~"—o () HEBIRER

T, = 157(3)(3)MeV

Eo TS, LoLuds, ZH6DfERIE, 1207+ —70EAMETHLNLbDHRDT,
DTN X BHER LI T D 5,

GREEOYHE L LT, WEHOREHFRAFHIN WS, REHEAL, Ep, =%
WX —EE e TR E—RE s R EE2REOBBELTHEZ2bDTHD, HHZ 2L X —
F=-TlogZ LU TOBIRICH 5,

p(T) _ OlogZ logZ

N )__lﬁlogZ s )_la(TlogZ)
T 9V Vv’ -V ooyT’ vV or

IR REAUCBI Y 2 BT DRIR DK 7% £ 1w 8] 2 R TIHE 2\,

(15)

5 BFQCDICLZENDEHE

0 —
T 1SO channel -
200 E
— | |
2 | repulsive | 2n | S
= 100k core | pwo ]
O | |
= | |
0 —t—
Bonn
Reid93
-100 - AV18
TR S T R T
0 0.5

1: HEP S RO A E y—HIHICN T 2 BRGRNE T > > v LD,

REDZTETIE, X W EMELYEETH 2 F o I AER. R oK QCD I & %315
ZHNT 5, HHOWZEE, BIIFEBHE LD 1 9 3 5 DML TIREI NP FHICIE E > 7,
BETIE, BT okt hzEAT2hTFOELE o0 7 4 =2 L TV —F VD5
BHIN TV Lo TED, ZOEMZNTHBEZ KL T, BEHORS2EFE WD 2%
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M 2: BT QCDICk B2 A y—HERT VT v,

THIDBEEH R L CHEMEICELT 2, B2, FERRp ok A vy —EHIEIINT 2 BIRmN
BERTVTrNEXKLICEHYS, BTy )LORDFDENTETDAEREND 25, DITD 3
DO IR B IZETH 2, RIFHEHZGIT, ZOHETIEENOFREL 72 1 DO T
DR THR I NS, PRFERTIE, SN SITM k5, ZHUd, EBED A hiliT D
PrhEOHHTFORBCHRI NS Lo, X DEHEEETIEIINIFIICED D, JEFIC
ORI ND, RO T +— 7 EONFTHBEEPEEIC LS b2, Fh
DRI BT 2 Bt 72 BRAZ 1L I

D &) REMEITDOIR S T2 T QCD CTHHE K 2 O I3 HEELZMETH 225, KT
QCD THEMRMZFRSE Z LI3HEL L, Bk lEEBEr -7, L2405, 200 7THEDHX
9] TH L WHEBRIB S, 1 QCDIC Xk b, Bk EDFa UM AMEM 22—
THHEVPARICR > TE, TDHHEIXHAL QCD D5k EMEEN, WA WA Fa VA
FHOMFARIIEHINT VS, R DFRICBIT 2 L E 2 — I35 [10] Z ZEICZ > THE 2 \»,

HAL QCD DR DOh» 6, 241 7 L—"—F&F QCD THHHE [11] Z2#M L L 9, Tk
a=0.09 fm, #FD 1 HDRI D L = 2.9 fm, 734 HFETFDEEDH 700 MeV TEHEI N A Y
VREAT VY v L EK 2 I S, EERNZEIZE D E LT, HEEE, PR .
ZLCZNEHBECRIICRD, ROEDPENZ HRE, BTRT vy v VOEWEN 2 fnT
R QCD I DEME SN R T vy v L THEIN TV S,

X 3121, 7 QCD TRonzRT vy Yy L2 HOTHE I N BELNHZZ 8 5, HEN
ZOROT = DHET QCD DFERTH D, HBOEMDPEENAMHAZDOHERETH 5, K650
kI, WELVAAHZD = 2L F —IREEDOEMNRIR2 B 2R HHINTV S, —H, KX
FOUF—TONL DY FIFERICHRTHE Y, 2, SAhETOEES7 0 0 MeV & ER
fED 1 4 0 MeV IZHARTARVEVLZDELEEZ NS, A HETOHEEDI1 4 0 MeV D%
T QCD T, IEL WHELMAMHZENHETE 208 ) 05, o DREELHETH 3,
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Massive Gravity and Massive Supergravity

Taichiro Kugo

Department of Physics and Maskawa Institute for Science and Culture,
Kyoto Sangyo University, Kyoto 603-8555, Japan

1 Introduction

O0000000000000opooooOooO0OD0D00000ooOoOoOooooooooooo
000000 Non-SUSY O O OO dRGT O massive gravity 00 (1] 0000000000000
000000000000000D00D0 Boulware-Deserd BD) ghost[2) DO D OOO0OOOO
000000 B0000000000000o000D0o00o0000D 40o0oooooo
0000000000000000000000O0BD-ghost 00000 Stiickelberg scalar O [5]
ooo00000000000000O0O0OoOoOOOO0O000O0O0O00O0O0O0ODOOOOOODOO
0000000000000 00000000000000000000 MinkowskiOOOODO
ocoooooooooboooooooobooOooooooDoOoboboOoooooodrGTOOOODOO
OO0 branch point 10 O0O0O0000000O0O0O00COOO0O0O0 complexODODO0O0OOdRGT
00000000000000000O0O0O0O0O00O00000000000O0ODOOOOOODOO
000000000000 00000O0000 PTEPOOOOOODOO B)OOO0D0ODOOOOO
Oo00000opooo

O0000000000000D00000000000 Massive Supergravity D D O0O00O000O
OO0O000D00 project 00 DOOO0O0O0O0O0DOO0DOOO0O0DOOOO0ODOOO actiondOODOO
OO00ooOooooDOOO0full order action0O0O00O0D00O0O0O0OOO

2 50000400000

de Rham OO O0O0O0OD [0 MO00000O0O0O0O0OO5000 EinsteinOOOOOOOb5
oboobogo200b0obogbooooooboo400boobobobooobobbobUobo
U0 massive gravity UD DO DO OO0OO00D0O000000O000O0O00O00O0O0O00OO00OO 00
O SupergravityDl SUGRAOOODOOOODOOO Omassive SUGRADODOOOOOOOOOOOO
O000O0O0DO0C0O0D0OO0O00OSUSYODOOOfragilDOODOOS000000000DDOO
gobobobobobobobobuobuo4b00obooboooobooog

2.1 Kaluza-Klein (KK) OO

000000000 S00 SUGRADDDO massive SUGRADOOOOOOOOOOOOODOS0O
0 SUGRAD OO My x S'000 Kaluza-Klein (KK) 000000000 00050000

o(z,y)={500 ear(z,y), Gravitino ¢, (z,y), Gravi-photon Aps(z,y) I8
(M = (p,y),A=(a,4);p,a=0,1,2,3, SU(2) label i = 1,2) (1)
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OKKOOODOooooo:
P, y) =D (@) ™™, (2)
nez
m=1/RO0mass00000000n=00000 masslessdn 400000 massnm 0000
oboboboboboboboboo

oo gauge [ [ n=0 n==+1, £2, ---
ey 562(71) = 0u(,,) massless (j = 2) 2 massive (j =2)5=2+2+1
/I\
e 5ei(n) = #ﬁzln) massless B, (j =1) 2 NGOOO (j=1) 2
ey Seg(n) = inmé’?n) 0 by LL gauge 0 by LL gauge
/]\
63 563(71) = inmf?n) massless ¢ (j =0) 1 NGOOO (j=0)1

(3)
Ay o 0Aumy = 0uby)  massless GB (j=1) 2 massive (j =1)3=2+1

/]\
Ay o 0Ay) = inmb ) massless (7 =0) 1 NGOOO (j=0)1
O 5¢L(n) = @ﬁ’&n) massless GF (j =3/2) 2 massive (j =3/2)4=2+2
/]\
1/}2 : (51/1;(71) = inms’én) massless (j =1/2) 2 NG fermion (j =1/2) 2

NGODODOO NG fermion 0000000000 DODODDO massive 00000 0ODOOOO0O
O0pn=0000000¢tivialDOOODOODOOOO N=2d=4SUGRADOOODODOOO
n==1,42, --- 0 massive U0 OO0O00O nO0O0O

N =1massiveDOO  lej,, + 2@[12(”) +1A,m) (4)

000000000000 central chargem =Z=p*000 N=2000000000000
oooogo w}n):w(,n)DDDDDDDDD

2.2 n==10 y-parity even modes 1 0 O 0O 0[O

5000000 y=2'000000 SUSY OO €(,0)(z) 0000000 n(0) 0000 +|n]
0 —|n/0 KKODOO ¢4, 0000000000000000000050000000000
0000000000 ActionO O full action 000 ¢,y 0000 2000000000000
OO0 ¢#+n00 90 00000n=00000 flat MinkowskiDDOODDO00DMO0O
00D actionD00000000000040000 00000000 SUSYODO g4000
D0000000 @y O inhomogeneous 100000 dyesn(z) 0000000000000
OOfull action 00000000000000

O () P(—n)(X)em=0) O  @(xn)()Onr€(1n)(2), (5)

2
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Uo00o0ooooobobobdaaction0 0000000000000 000MMIOO020000
gobogbood e(nzo)(x)DDDDDDDDDDDDDD

) (T)P(—n) (2)E (n=0) () (6)

gbooooobooobobbooboboobooobobooobodn actionO00OOO0O0O0
oo 300

D) ()P (=) (T) P (n=0) (¥) (7)

0000000000 ¢ (r)0 inhomogeneous 000 due(,—oy(r) 000000000000
OO0 action0 0000000000000 000D00O00DO0ODNOOinhomogeneous U0 OOO
OoobOobobobob actionDOOoO0OoooooOm

gobobooogbobboboobobobbon=£100000000000D00O0DODO
O0OcosU sin0O 00

1

(@) = (e @) +en@),  ¢M@)

1

= 5: (P (@) = p(-p) (@), (8)

000000000000000000((@0000000000000Ocentral chargedO0O0O0O
N=28SUSyOoooooooom
U0Dy-parity UODOOOD0DOO0OO0OO0OO0ODOO0ODOOOOOOOO

a cos 4 sin asin 4 cos sin cos
€, e, ey, ey, ARR, Ay (9)
cos sin sin cos
w,uri»ﬂ n—> wy+7 y— (10)

00040000000 ¢+ 005000 SU(2) MajoranaOO OO0 #;—1200

Yy = YR+ YL
Y- = tpor — Y11, (11)

000000000 400 MajoranaO0O0OO00000O%s =¢1C. y-parity 0 M y-00000
000 parityD 00000000 parityD0OO0O0O0O000OOcos (sin) 0000 y-0000 parity
0+ (-)0000y0D04000000000 gravi-photon0 000000 parityDO0O0O00O0O
00000000 y-parity 00000000 OO00ODO actiondO0O0SUSY O y-parity D0 OO0
000bOoboOobO N=1SUSYyOooooooooo

E’@ — g4 =e+: 00

cos sin (

cap(@) = X)) =n(), (@) =1-(2) (12)

2.3 O00OO0O0O0O0O0O massive SUGRA

00000000500 SUGRAOOOR=410000 y-parity 00 Kaluza-Krein 00000
2000000000 action00OSUSYOD O (12) 000000000000 O0O massive SUGRA
action OO OO



Soryushiron Kenkyu

13
0000 By, ¢, hu, hO
e’ Ny = euw, huw = ey + evp = 2€), eu4 = Bﬂe‘z’, ey4 = e
h = hi, hy = 0"hy, = 2el,, (13)

O000000DO(,*=00000)000000000 massive SUGRA actionO000000O
oboobooon:

S = ih,uu (8M6Vh — 28[“11,,] + Dhu,/ + N (8>\h>\ — Dh))
1

4Fw/2(A) — 21 Z qzjuifyuypauwpi
i==%

N
m2

1 1 1 2 1 1 2
2L a2t .
+m (2huy + —0By) + 28“8,@) m <2h +—90-B+ Dqﬁ)

1 1
—|—§m2 (A + aauAy)Q
. - 1, - » 1
+(_22)4m(¢u+ - E6u¢y+)7u (%f + aaﬂl}y*)

O0 action0d0 100 42000 Omassless N =2SUGRADOOOO actionO0O0O0O00O0OOO
00000 3000 graviton DO 0 OO Fierz-PauliD O mass term DO OO0 OO0O00ODO0O
0D000000000B, =e,tes? O Stiickelberg vector 0 0 ¢ = Ine,* O Stiickelberg scalar 0 0
000000 [5 7004000 gravi-photonA,, 0 mass term 0 0 A, O 0 O Stiickelberg scalar
000000000 5000 Rarita-Schwinger 0 O (Dirac0 O 0 O transition) mass term 0 OO
000 ty+ O Stiickelberg spinor 000 0000050000000 extradO y-00000O00O0
00 Stickelberg 00000000 0Omassterm 00000 GCOOOOOOOOOOODOOD
oooooooooo

24 000

00 actiond Oey O z-independent 0 SUSY O OO OO OO0 Ony(x) 0 inhomogeneous local
ogooooooobooooooooooooooooo

de, " = —2ie (wu+ - %au%ﬂr) + 0,8

Se,t = OB, =281, —mé&, + 9,

de,t = 0 =28,4, —me!

5A, = V6E iy + 0,0

6A, = V6 ivsth, —mb (14)
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1 ab 1 v
Ot = Ouny — Zwu,ab’)/ €+ + 27\/6 (7#1/ - 277“1,)’7564_((9”143, + mA”)

with Wy,ab = 8u6[ab] — 8[ahb]u

1,1 , i
Oy = mny — Z(§FMV(B) + me[uu])V# €+ — m’y b’Y55+Fab(A)

i v 1 a
W = Oun- — 5 (Fpw(B) = mhyw)7"es — m(’mab — 4pa ) 1554+ F 0 (A)

1 1

Sthy— = —mn_ + 5(@@ +mBy)Y ey — %(%Ay + mA*) P yse (15)

y04000000000000000000 inhomogeneous shift 0 0 0O 0O Stiickelberg 0 0O OO
oo0oooooooooog

3 Full non-linear massive SUGRA

0000000000000 0000000massive SUGRA action O 0 massive gravity 00 O
O00000N = 2massless SUGRA action 0 0 00O OStiickelberg 0000 O0O00O0ODOOODOO
000000000000 DOO0000000 actiond O N =10 superconformal tensor calculus
00000AIODODOODO0OD0OD000000D0O00000000000000 project0 OO0
0000000 10 N =2massless SUGRADODOON =100000000000N =1
SUGRADO OO massless000 (3/2, 1) ‘matter’ 00 00000000000 O00O0OO0OOOO
O0000O00Osuperconformal 00 0000000000000 O0O0OOO0O0OOO(DOOO
00000 [8,9000N =10 gravitino ¢, 0 (3/2, 1) 000 O Rarita-Scwinger 0 ¥, O
0O transition (Dirac) 000 4,7V, 00000 N = 1 superconformal 0 0 0 00 ‘matter’
0000000000000 000D000 N =1 superconformal O compensatorD 000000
000D0D00DbO0ODOODbODO0O full order action O O

’N = 1 massless SUGRA 1/1“‘ + |massless (3, 1) matter multiplet ¥,

+ | mass term @MVW\I/V

OO0 N=1superconformal 00000000000 OOODOOO0OO
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Test of Local Realism by Separability !

FE)IFISE L, fimt—Hs 2
U EL SRR RIS g o 4 —, 2 AR BRI

1 EA

Bell DR ITRATE R & &7 52 AR XA 5 criterion & L TR FBA TV S, 1965
4, Bell 1T & o Tigim S M2 JRTETER (local realism) 1%, SUIRMKAFMED 7o W FFTHY 22 BR A0 72 28
#¥E (Non-contextual and local hidden variables theory) IZ &> CRlik &5 [2]. AAFZEIZE
WThH, ZOHEEIZR Bell OfEERICHEVY, JRETEME R & SURKAFIED 22\ R AT H) 22 R 72 A2 458
imE LTERTD.

ZORFIEERICBWT, flZE, 2 200A L RICKTLHTEIE, LBk Cirel'son’s
operator|[3]:

B=a-c@b-ct+a-c@b-c+a -c@b-c—a -cab o (1)
WXL T, Z OHIRHE ORERHE DS
|(B)cusu| = [{a-c@b-o)+{(a-c@b -0)+(a-c@b-o)—(a-c@b o) <2 (2)

/B L ARET S, DT, a b, a, b EENEIUEEORMSY FAEEL, o2 Pauli
T ERT. ZORFIFEEROTE, Wi b CHSH(Clauser-Horne-Shimony-Holt) A% [4] 12
XL, EFHFEZ O CHSH AHEXOMNE 5T 5:

(¥ Bl¢)qu| < 2V2. (3)

CDIFRED R D 2 OO EZMRIET D72, 1982 412 Aspect BT EF A AW EBREZ{T -
72 [5]. 2OAEUROBEELRT D (2) 12, ZOFEBROES, WHEEE T Pa)=(1-a-0)/2
AHAWLZ EIZED,

—1 <(S) =(P(a) ® P(b)) + (P(a) ® P(b")) + (P(a’) ® P(b)) — (P(a’) ® P(b))
—(P(a)®1) — (1® P(b)) <0, (4)
Lleh. 2T, a b, d, b iIFENENAODRIRORN T MERT. Licn>T, RPTFEME

ANIE LT AU, FEBRIEIE —1 < (S)cnsu <0 E WO FPAICE TN D Z LITR 20, EBRIZHES
AT FEBREIT

(S)exp = 0.101 = 0.020 (5)
LD, (4) OFRFERXDBEOND Z LRI, LI o T, ZOERSERIL, RrEEmE Uk

Bt 5bD0THY, ZLDODAXITZITANLNTND.

URBFZRIL [1] OFSTIZEESW TS, “A hidden-variables version of Gisin’s theorem” &9 & A h LTl %
To7z.
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ITZIT, FxFEFRICBNTEALNTE Gisin OFERE [6] IZOWTHEIT L2V, Gisin @
FEE [T ZURIETHIUE, (2) RUCHND a, b, o, b/ &85 IC®S & %, %7 CHSH
RNEXRZWD ZLINTED] LVIHIBDOTHD. HxIXZO Gisin DEBOMEEZE X L. T78b
b,

Gisin EFLOXHE

2 TDa, b, a, b IZBWT, #IZ CHSH RERDBLT D72 5I1E, TORETE T TR
EThD.

EWVIHIRRENFOND. TP, ZO Gisin EHIZ, CHSH RNERORAL & &7 IR & OBIfR
RO 2 EBERERTHDH L EXD.

2 RBEMEERZTARTSHE=HDH L L) Criterion

Fx X, Bell Okt~ T, RFTFEER 2 SURMKAFED 72 W RFTRO 22 RAL T A HERR I L - T
FLR SN EEFRL, AIEETIE, MO (3) XD X HITREZMPRIEOE THRLL TE
7, Bell DEHIL—RIZIESIRREIZX LTt CHSH AEXNEITHRALTH5 2 ENMBENTWVD ¢

|'Tr pB| < 2. (6)
ZIT, plIEBETHITHY, BIX (1) IZX->THZx bk Cirel’'son’s operator ##&3. —J7,
Gisin EEOXHMEIL, DiFwRREIZxF L, CHSH AERXNFITHISLT 572 61E, TOREITE AT
TIVIREETH D] LW HBLDTh-7-.

Fx i3, Bell DEE L Gisin EELORMBEZMEAGOEDL Z LICL->T, ROERAZIHTHZ &
MNTE, BTN ZRTEEREZT AT 57200 LV criterion &5 25 -

S T FEERmZ T A M5 72 O LU Criterion  (Fix DIEATEH) )\
JRI P A & 2T KRR

p= Zwkpk, (pi is a pure separable state), (7)
k

ICE-oTHEABND. 2T, wyldnon-negative weight factor #& L, >, wp =1 2727
N J

CORKREHOGERIIROEY TH D -
(GEF) Bell OEFIC LY, [EED p 2 LT, (6) BEAZT D, plHMERERDOT, (7)I2BT5
w1 =0, we=0, -+, wg=1, w1 =0, ---, DEH72, HFFARRE pp IZXHLTDH

Tr ppB| < 2 (8)
PHITHRNLT 2. Gisin EELOXBIZ LY, pp (BT TRREL 7225 GEFIRK) .
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3 #HLWLWEXREEORRMIRE

AIEEICEB VT, oz 1 Bell €F & Gisin TEEOMBEMASDOE D Z LIk Y, RFTFELERH
FHTLREN () Ik > THEABND Z &R L. ABETIE, ZOHLWEREZERICE-T
BAET 5720, Fox OREAREHNLHEIBEIND W ONOFEREZRL, ZhE TrbzEERED
ERT — 2 T, ZOEKRERNRFTESR & B2 KB 5 72 OB criterion |2
0 DB ERT

£7, REDHERIEORA2E 2 5. 2 O0OAE LV ROEA, MEBEEICHT S (7) DIk,

G(a,b) = (Yla-c@b-olY) — (Yla- e @ 1) (Y1 @b ofth) =0 (9)
IZEkoThHZBND. 200N ROLGEIL (4) DEH LRI, HEEHE T Pa)=(1-a-0)/2
ZRWT,

G(a,b) = 4((¢|P(a) ® P(b)|¢) — (¢|P(a) @ 1|¢)(¢[1 @ P(b)[¥)) =0 (10)

L%, Br OEAREBIIREERPRRT 2REITE AT TVRELVI DO THoT. T
b, Wit T TOVREE ) = [1)ibe) #E XD L E, (9) & (10) ICL-oTHZHNHEX
DERNET 5 Z LIRS N D (RFTEERICBT 5 (9) OFEFIZ 1] 2R L) .

WA, WEENEAIREBOBEAEZEZD. 2ODAE L ROEA, fik/at T 7 IREE |,) =
|51)]52) DL OITED, cosp=a-bZEELTal bllT28EFEHNLTMHLZLICE-T, H
TR T 51X

Cqu(a,b) = Zwk@f}k’a'ff@b oK)
k

1. .
= Z Wey,s5 = (81 82) cosgp

2
w1,w2

<e< ) , ()
LD, ZIT, &, SiE, BIAITHERREE (51) (51 =2 [1+ 8 - 6] TEESNDHMAE LR
MERT. £, 220N FROGE, MiERE T T RE [) = |L1(01))|L2(02)) D &L 9
IR, cosp=a-bZEELCadblZHT2BEFHZINDLZ LICL-T, RATFEERDT

EIES

N | =
N =

= cCos , (—

Com(a,b) = wi 4(vk|P(a) ® P(b)[¢x)
p

1
= Z we;,0, |:1 + B cos p cos(—20; + 2@2):|
01,02

=1+ ccos2p, (—; <c< ;) , (12)
EIRD. O L O ITTENTENRL LR 2D MARY. 22T, ERT &I CHSH A%
(2) DEIIHUERD 4 SD/RT A =2 TB R <, (9) 26 (11) FTORIFTWT L, 220D/37
A—=BI Lo THEZONLMEDHTHITHEmA TR L 2D I & THD.
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Fox DERTEHN S DIk (9)-(12) ZMEET D7D D FEERIZ, 1982 4ED Aspect HIZ L D EHR
[5] DX 5724 SDORIEHRITHLEZR S, TS LATREZR 2 SOk a HETUX v, 2ok
7R R 1982 FLIRNZ T Tl TR TE Y, FliE, 1981 40 Aspect H DEBRFER [7] 25
ZlICkVERRITIREE 2D, ZOFEBRTIE, YJEJRIC calcium cascade (6 1Sq — 4 1P — 4 1Sp)
EVYIRFECAERIND A EANTEY, TEHREE4 1P OFFMITHR 4.5 x 1079 sec LI
FAZE W28, de-coherence 2372 <, BIEDRNTIZ IV TE ORBEITMPRETH D LIETE
%. Aspect HbOEBREEZHAND L, (10)ICL->THEZLND Glp) 1T

G() = (0.971 — 0.029)(0.968 — 0.028)0.984 cos 2, (13)

D, ZIZTelIRl1 ER22OENENDRABORN M a s bDRTATHL., ZOH
FEHVIZBWORT. RFTEERO TS (10) EOWHRIC LY, ZORBERITAERIND T
KEORBEAFFREB L RET 272 51F, RFTEERO TE ZMIES Z L 2R L TnD. KIZ,
Aspect HDFEERIZIBWNT, AR SN FRIORREZIRAIRIE & A LT-5A, FEBREIX

Cexp () = 0.996 + 0.88 cos 2¢ (14)

Ly, WRELTRITEERDO TS (12) L FETS.
BRI, 2ODAE U ROFERE LT, A THOIEA D OFES [8] Z AW fERE "7,
b OEBRITEHEM (< 107 21sec) D 2He JR 7156 2 DD F~DREEZE 2 5. Z0 L&, EKRS
NI RIEPBICIRGIREECH o7 L LTH, TOERMEIT,

Cexp(go) = —Ccosy (15)

LY, RFEEHROTE (1) LRAD. LifoT, MIRBLOACLROED HOERI
BWThH, Hox OEAEENLEIM SIS RITEERERIET 572007 2 h (9)-(12) 10 LT,
RETEIER A YR 5 LR TE B,

1: Aspect’s experiment and separability criterion: ZEfk =172 1% & fliERRE &
ELT-Yh, FERE Aspect & OEBRE [7] 2 W T G(p) Z7Em L 72#5 5% (13) TH Y, WRITHE
FTEIERO T (10) £ T
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4 FED

Fx T L<HOLNT Bell EH L Gisin EEOMAAEDEDLOH LWEARTEH (7) ZFEH L. £
T ZOREARFEIN BN SN DERE FERO TR R LU, MPREE L IRGIREOMW T D%
AN, JRFTEERmA RS D Z & &R LTz, i @ separability (233 BT FEfEmD 7T A M
Bell 8 (CHSH A%R) L WATHFIAHRT A M52 52 08T, #HEMIZH [SUR
RAEPED 22 WR TR 72 BRI B HRFRIZ L o TRl S 4L 5 [T EL R IT ' /N7 7 /VIREE LGk
TERW] LW O PBEIERPHARTH D L EAD.
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Dark energy and modified gravity
Shinji Tsujikawa

Department of Physics, Faculty of Science, Tokyo University of Science, 1-3, Kagurazaka,
Shinjuku-ku, Tokyo 162-8601, Japan

1 Introduction

The observations of supernovae type Ia (SN Ia) [1], Cosmic Microwave Background (CMB) [2],
and Baryon Acoustic Oscillations (BAO) [3] have shown that the present Universe is accelerating.
About 70 % of the energy density of the today’s Universe consists of dark energy responsible for
the cosmic acceleration, but the origin of dark energy is not identified yet.

The property of dark energy is characterized by the equation of state w = P/p, where P
is the pressure and p is the energy density. One of the simplest candidates for dark energy is
the cosmological constant (w = —1). However, if the cosmological constant originates from the
vacuum energy associated with particle physics, there is a huge gap between the theoretical and
observed values [4]. Instead, alternative dark energy models with dynamically changing w— like
a scalar field and modified gravity models— have been proposed (see Ref. [5] for a review).

The models in the framework of General Relativity (GR) such as quintessence [6] and k-
essence [7] predict the equation of state w larger than —1 (unless a ghost mode is present). In
modified gravity theories, e.g., f(R) gravity [8, 9] and Galileons [10, 11], it is possible to realize
w less than —1 without having ghosts and instabilities. There is a tendency that the recent
observational data favor the region of w less than —1. For example, the joint analysis of Planck,
WMAP polarization, and SNLS SN Ia data showed that the dark energy equation of state is

constrained to be w = —1.13%013 (95 % CL) [12]. If we were to have convincing evidence that

the region w < —1 is really favored in future observations, this may imply the modification of
gravity at large distances.
In this paper we shall briefly review theoretical models of dark energy and discuss how to

distinguish between them from observations.

2  Quintessence

One of the simplest models of dark energy is quintessence—a minimally coupled scalar field ¢
with a potential V' (¢). The action of quintessence is given by

S:/d‘*a;\/?g[miGjLX—V((ﬁ) + S, (1)

where g is the determinant of the metric g,,, R is the scalar curvature, G is the gravitational
constant, and X = —(8¢)?/2 = —g"*0,,¢0,¢/2 is the field kinetic energy. We take into account
non-relativistic matter described by the action S,,. The energy density p,, of matter satisfies
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the conservation relation p,, o« a~3, where a is the scale factor. On the flat isotropic and
homogenous background described by the line element ds? = —dt? + a?(t)dx?, we obtain the
Friedmann equation and the scalar-field continuity equation, respectively, as

3H? = 87G(p + pm) , (2)
p+3H(p+P)=0, (3)

where H = a/a is the Hubble parameter, p = ¢2/2 4+ V(¢) is the energy density and P =
#?/2 — V() is the pressure of the scalar field (a dot represents a derivative with respect to t).
In this case the dark energy equation of state w is given by

oo P12-V(0)
P2+ V(9)

The cosmic acceleration can be realized for the negative pressure with w < —1/3 [5], which
translates to the condition ¢ < V(¢). In the limit where the potential V(¢) is constant, we

have gz'52 — 0 and w — —1. This limit corresponds the cosmological constant characterized by
Ht

(4)

constant p and H, in which case the scale factor evolves as a o« e

Quintessence corresponds to the scalar field that evolves slowly along the potential with a
slope. For the positive potential V' (¢), the field equation of state (4) is in the range w > —1.
We can classify quintessence models into the two classes [13]: (i) freezing models in which w
decreases toward —1. (ii) thawing models in which w is initially close to —1 and it starts to
increase only recently. The representative potentials of the classes (i) and (ii) are the inverse
power-law potential V(¢) = M*t"¢~" (n > 0) and the symmetry-breaking potential V (¢) =
Vo[l + cos(¢/ f)], respectively.

The likelihood analysis based on the SN Ia, CMB, and BAO data showed that the freezing
models with w away from —1 in the past are disfavored [14]. The thawing models are allowed
from the data, provided that the today’s value of w is smaller than —0.7. So far, we did not find
any strong observational evidence that quintessence is favored over the cosmological constant.

If we change the sign of the kinetic term X in Eq. (1) to negative, the field equation of state
w=[—¢*/2 = V(¢)]/[-¢%/2 + V(¢)] can be smaller than —1. However, this corresponds to the
ghost state with which the vacuum becomes unstable due to the catastrophic production of the
pair of ghosts and normal particles. In modified gravitational theories the phantom equation of
state w < —1 can be realized without having ghosts.

3 Modified gravitational theories

As we see in Eq. (1), the action of GR has the Einstein-Hilbert term R/(167G). In modified
gravitational theories the linear term in R is subject to modifications.
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3.1 f(R) gravity and Brans-Dicke theory

The simplest extension of GR is presumably f(R) gravity given by the action [15]

s= [aov=5 L 5, 9

where f is an arbitrary function of R. Compared to GR, there is an additional scalar degree of
freedom in f(R) gravity. In order to see this, we rewrite the action (5) of the form

S = /d4 [1612}2 V]+Sm, (6)

where F(R) = df(R)/dR and V = [F(R)R — f(R)]/(167G). If f involves non-linear functions
of R, the quantity ¢ = F(R) corresponds to a propagating scalar degree of freedom. Since the
scalar field ¢ is coupled to R, this mediates the fifth force with baryons. In order to recover
the General Relativistic behavior in the solar system, the potential V needs to be designed to
screen the fifth force in local regions of the Universe.

In f(R) gravity, the ghosts are absent for F'(R) > 0 [16]. In order to avoid the instabil-
ity associated with the negative mass squared mi = d?V/d¢?, we also require the condition
dF(R)/dR > 0. One of the representative models consistent with such conditions is given by [9]

(R/Ro)*"

f(R):R*)\ROWa

(7)
where A, n, and Ry are positive constants. Ry is roughly of the order of the squared of the
today’s Hubble constant Hp. In the regime R > Ry the model (7) is close to the cosmological
constant model f(R) = R — ARy, such that the General Relativistic behavior can be recovered.
The model is consistent with local gravity constraints for n > 1 [9, 17].

The deviation from the the cosmological constant model appears in the late cosmological
epoch at which R becomes the same order as Ry. In fact, the dark energy equation of state is
initially close to —1 and then it enters the region w < —1 without having ghosts and tachyonic
instabilities [9, 18]. This phantom equation of state shows good agreement with the recent
observational data [12].

The f(R) gravity discussed above belongs to a class of Brans-Dicke (BD) theories [19] described
by the action

S = / dz/ =g [ d)R—%(&b) V($)| + S, (8)

where ¢ is a scalar field coupled to R and wpp is the BD parameter. From Eq. (6) we find
that the f(R) gravity corresponds to the case wpp = 0 with ¢ = F/(87G) and V = [F(R)R —
f(R)]/(16wG) [20]. The construction of dark energy models in the framework of BD theories
was carried out in Refs. [21].
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3.2 Horndeski theories

In f(R) gravity and BD theories, the potential V' of the scalar degree of freedom ¢ is responsible
for the accelerated expansion of the Universe. There are other theories in which the kinetic term
of the field ¢ can drive the cosmic accelaration-like k-essence [7] and covariant Galileons [11].

Horndeski theories [22], which are the most general scalar-tensor theories with second-order
equations of motion, encompass a host of dark energy models proposed in the literature. The
theories with derivatives higher than second order are plagued by the Ostrogradski instability
associated with the Hamiltonian unbounded from below. Horndeski theories, which are free
from such problems, are described by the action [23, 24]

S —l/&mﬁgkx¢X%4M¢Xﬂw+Ga¢Xm+c@ﬂ@Xﬂﬂmf—¢W¢W}
+Gd¢XﬂhMW”—%%xwmmﬂmw3—amw¢W¢W+a¢W¢M¢%ﬁ + Sm, (9)

where G; (i = 2,3,4,5) are functions of ¢ and X = —(9¢)?/2 with G; x = 0G;/9X, a semicolon
represents a covariant derivative, and G, is the Einstein tensor. There is only one scalar
propagating degree of freedom ¢ in Horndeski theories.

The action (9) accommodates a wide variety of gravitational theories. K-essence [7] corre-
sponds to the case G4 = 1/(167G) and G3 = G5 = 0 with Gy # 0. Quintessence [6] is the
special case of k-essence with Go = X — V(¢). BD theory [19] is characterized by the functions
Gy = ¢/2, G2 = wppX/p — V(¢), and G3 = G5 = 0.

The covariant Galileon [11] is described by the functions

B 1
167G

where ¢; (i = 2,3,4,5) are constants. In the limit of Minkowski space-time, the field equations
of motion following from the action (9) with Eq. (10) are invariant under the Galilean shift
Oy — 0u¢ + by, This is the reason why the theory described by the functions (10) is dubbed
“Galileons”. The cosmology based on the covariant Galileon was studied in Refs. [25]. In
addition to the existence of a late-time de Sitter attractor with constant (ﬁ, there exists a tracker
solution along which the dark energy equation of state w is —2 during the matter era. The

G2 = —CQX, Gg = 03X, G4 - C4X2 y G5 = 3C5X2 ’ (10)

solutions approaching the tracker at the late cosmological epoch are consistent with the joint
data analysis of SN Ia, CMB, and BAO [26].

3.3 Confrontations with observations

In Horndeski theories the background and perturbation equations of motion on the isotropic
and homogenous cosmological background were derived in Ref. [27]. In the presence of non-
relativistic matter with the energy density p,,, the background equations can be written as

3H? = 87G(ppE + pm) (11)
2H + 3H? = —87GPpg, (12)
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where ppg and Ppg are the energy density and the pressure of the dark component (see Ref. [27]
for explicit forms). The equation of state wpgr = Ppg/ppE is a key quantity to distinguish
between different dark energy models from observations.

The perturbed metric in the longitudinal gauge is described by

ds® = —(1420)dt? + a®(t)(1 + 29)6;:dz’da” | 13
J

where W and ® are the gravitational potentials. We consider non-relativistic matter with the
matter density contrast § = 0p,,/pm and the velocity potential v. The combination 6, =
0 + 3Hwv is a gauge-invariant quantity. On scales deep inside the Hubble radius, the quasi-static
approximation neglecting the time variation of metric perturbations leads to [27]

. . k2 k2
a a

U ~ —4A7Geof prmOm (14)
where k is a comoving wave number and Gg is the effective gravitational coupling (see Ref. [27]
for the explicit form). In GR, Geg is equivalent to the gravitational constant G. In modified
gravitational theories, G generally differs from G, so the growth rate of ¢, is different de-
pending on gravitational theories. This property can be used to test such theories with the
observations of galaxy clusterings and redshift-space distortions.

Another key quantity is the difference between the two gravitational potentials:

n=-o/v, (15)

which is 1 in GR. In modified gravitational theories, 7 is different from 1 in general. The
effective gravitational potential associated with the deviation of light rays in CMB and weak
lensing observations is given by

1+17a2

Dop = (¥ — @) ~ _47rGeffTﬁPm5m' (16)

1
2
We can put constraints on modified gravity models from the observational bounds of Geg and 7.
In f(R) gravity there are allowed parameter spaces consistent with observations, but the covari-
ant Galileon is in tension with the data due to the large growth rate of matter perturbations.

4 Conclusions

Over the past decade, the observational bounds on the properties of dark energy became
tighter. In particular there is a tendency that the phantom equation of state (w < —1) is
favored from observations. We payed particular attention to modified gravitational theories to
address the dark energy problem. We provided general formulas to deal with a wide variety of
models in the framework of Horndeski theories. This is useful to distinguish between different
dark energy models from the observations of large-scale structure, CMB, and weak lensing. We
hope that we can approach the origin of the late-time cosmic acceleration in the foreseeable
feature.
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Vi |excclusive = (39.5 & 0.8) x 1073, Ve |inclusive = (42.4 £ 0.9) x 1073, (19)

ThHY ., HROEEN RS2 L TEBANLDE IR TER, V| 12OV TH, B raly
% exclusive E— FIZ X AfH & inclusive T— R B — X, (v (2 X DEITH %

|Vub’exclusive = (323 + 031) X 10737 ‘Vub|inclusive = (441 + 0154—_8i?) X 10737 (20)

Lo TEY, |Vy| LRI CEMOZERPRD HID, ZIUL20 BEOAR T, ELEFEREL
IS 2RV, SBOERICE 5T QCD KU Ka U WBEsk o & O, HiEo 5 51880 C
[AXA) 260)75)75)% 573\0:@36 k/ﬂ‘;qﬁféhéo ’Vub’exclusive & ‘Vub’inclusive O)%OD%E%fEﬁE%R@{ﬂ& L
T b= uBBICARI IV FEBINT200055 [12], £EE, FEEEAD b— u &
By MABERTO 7 LA N—BETHIERE VE VE L 3T, exclusive £— K B — mlv
DI |[VE + VE2 (CHBId 5 Dlc%t L, inclusive — RO [VE|2 + [VE12 12k
F5, G-, VE£0 Chiud, R (E LT Co [V OFhe#Bc 5,

iz, B V7 b=y 7 EOMNT CEEERA D 30 REDOTNANHRE SN TV ER D
%, B—=Dtv KO B— D*tv ORREESIGS B 7727 ) —FBRTHESHL TSR, Zh
Z B— Dlv XO'B — D*lv ({ =e, p) DL TEAENHL L&

B(B — D™ rv)

R(D®) = B(B — D (v)’ )

R EHFRT D, RDW) 13, BRI CIE |V, ITREET. £ R BRE O REEDE
TG B ERD ZE TR Y AT 50T, HamMAREEN NS NWEBZIONIETHD, T
RO T ZE R(D)sm = 0.297 + 0.017, R(D*)sm = 0.252 £ 0.003 (ZxF L, BaBar F2ErR)S
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R(D)exp = 0.440 £ 0.058 & 0.042, R(D*)exp = 0.332 +0.024 £ 0.018 DfEZE 1, 2 2% flA G
W TR & 3.70 OR—EN b 5 LWiE Lz [13], HBRRIRO FTREME & L T type-II
two Higgs doublet model DffEE v 7 Ak FDEHGIZL DL ONRH 573, BaBar OFERIT, =
DTl R(D) & R(D*) O & FRHIIZGA TE RN L 2R LTV D,

5 FEH

B OB a7 LA N—W B, FEVERRI A B 2 A A R T D 1O OMEEN 7 TR A
Bz, LHC TOFhi 1 OEHERER E 2% E 2 H->TE0, B 7727 M) =2 0thosE
BRCITHEL L OFERMNE LN, BURORE CTIX. 256 ORIERFITEERA O P SE Lk
0% BREDOL XL TESKESLTNSEEIZENTES, WSOOBETIE 30 BED T
J=V—] BEROPSTNDEHDD, ZNHITHMEDIT > XD L2 E WD LoUL Ty,
A1% . LHC @ Run 2 (2817 % LHCb 5=, Belle 1T FE5RIZ K - THEITHEE O @& WO HIE N
Tond, —J. HimhIZ g7 QCD Ot RS CEERTI O T SEOEEITEICm ET 5 5%
bd, THOHDBHE > TEVRIZ 1% L)L O EfE E T OEERA OFRFER VN LI ER D3
RNA[REIC 72 D L HIREE NG,

P
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B EEMEOXERICHE TS5 EHEHERITDEFS
T s
HKEET

FRITO KB L 72 SIS 2 DIV B E S HEI L CAERR S DR 28T 5 2 & C, IR
WY\ 2 B2 E R F DD FREMEN & 5, ABFIE CIIARERTR 4 B 2 25 BEER O fEffi ©
& DX FMEAERR] (MSSM) I28B\WTC, E— /= a— 7 U — /7 BFEWE () ORI
DNTELET D,

E— R a— b T — ) OERRRET— RE 7 2V S Aty — ff THAN, =2—
F7) SN EATF T2 VIFTHDLIEND, ~NUTT o —MHNZ XY, SRS L

BT D FEFRIFR I 22 RHEIER UG 23 58] < Hfil S 4D, LU B, a1 Ot 2 £E 5 il sh HokHiE
3F33 XX = ffy T, EFNAE L 1 2FO70I12, ~Y T 0 — Wil 232003, Wrimfbic K& 2%
HE2HZ2DHZENRMBILTND [1], S BIZEE, V7 R L OBFEEHNT 20 BWE OB %
FAWT, BIHIES & MEND W R Y V&0 5 8RR xx — ffW OBEEESERSh &
72 [2]e BRIV B URMAERR vy — oW id==2— Y E AW EERBIICKRE 2% 5% 5 2 45
LEMRFIND,

ARIFFETIL, FRIZA T —7 75§+§7\&:E< A LT N IR WG A B % R B E R A R
DOHIRZ 7= LoD, BIHIEBIMAN N =2 — ) ) AT MUK E 285 5.2 5 b alfett%
LT (3], 2 OB, BB ’aihé KI=2— R U 2 TR, W R Y V%0
FEND —RIICEL D =a— ) VBB LI, kN =a—1Y /O% 51X, PYTHIA &
FEIEA 2 BB R = — R AR U TR L7z (4], MSSM IZH1) 2 EHHIEE O 5 b, T %
Hahbzx B2 1IRT, ZRY 2T 2086550, SENIHEOT-OIZW RY &
DR %EE Z T,

2(a) EXHHEIRO Wi fE & K5 B E 2SO HEEE OFE ove W BWEOE & (my) ORI L
LTray hLIEbDOTHD, KNEBHBBEAOFEGTHY, =a— 7V — I BALT hv
KD LB my < my ICBWTESHEBBN N EE 2 FEE2 5252 L3005, SbIC
JRENZER BV fEIL T, A L7 b coannihilation OZRIC KLV, B EMEHRFROHIR Q) ~
0.1 Z7=LC\5D,

2(b) BB & v — R ST A— 4 p, i SU2) ' — Y — ) BT A—4 M,
DEENIZEBIT D ovee) DFEEMT Ty N THDH, R = (ov)sw/(ov) 1ZESSHIEHEH OFE L iE
WO 2RKIRREBRE DT E L DL TH Y, RA 1 L K& 225 CIXBH R B O 508 318 L
2%,

ONETN 1N 7Z>Hi£4:@ EOXHEWIZ LV ELD=2— ) JDAXT ML TH D,
IRV TR D BB 55 il B A LT —WRH==2— RV J OFGT, KWV EIFH B2 X5
WK ==2— Y @frEfT%Z) it, AIVERIT 2 RFCIRIERRRE DT H Th 5, =R /L ¥ —fHlk
E, < my ([ZBWTESHIE AT —WH==2— MY BNRE e — 7 2L S8 5720
=a—hRY J « 27 L OB iol/\f e BN S DR E I & 72 D RREMED B D T &

Do T,
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X(ky) y 1@ X / X /
* > ——>
1 1
S . lf
7A [ S NNN W
Xo) L v X :va x Ay
(A) B) (C)

1: B8 OXFEIRIC I 1 2 E 95 H| B @ Feynman [,

tanfB=2, m4=2 TeV,
Ag=4;=0 (q#t), mz=14 TeV,

tanB=2, m =2 TeV, u=1TeV. mp=mp=240 GeV, my, =m:, =240 GeV

4,=4;=0 (q#t), 4,=2180 GeV, 450
my=14 TeV, my=m;=240 GeV, mz =mz =240 GeV
10-11
400
10-12
o >
) (3
> 10—13 g
L 350
2 o] §
3107
10-15 300 2
140 160 180 200 220 : 500 : 1000 1500~ 2000 2500 3000
(a) m, [GeV] (b) u [GeV]

tanf=2, Mr=450 GeV, m4=2 TeV, u=1TeV,
Ag=4;=0(g#0), 4;=2180 GeV,
m21:14 TeV, m@:mﬂ:zm GeV, m%L:m%R:Z-'tO GeV

10713

101

10715

1076 f <,

dov/dE, [GeV™?]

10—17

10-18
0

(c)

2: (a) XHHBEOWrRE & 1 B EEZE O E O ove & W EMEOE = (my) ORFR, (b)
by o= ) BBANTG A=K b SUQ) P —V— )V EENRT A—F My OFRNICEIT D 0v,e D

=

FE 7wy b, (o) KB OICET DEEMEOMHIC LV EL S =2— ) JDANT L,
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Zero Higgs Double Model!
AINIC AR 5
* R EEE R WS, T R

1 4>ra59>3Y

SR ORI O — A 2T U A "= - F 5 L [2] TIE, SUQ2)L x ULy F—I%t
FRIEZ BRI 7 2V I A0 — VR Y VR E 52 HRE LT, SU((2), @2 EEHAD
T —3 dgm BEASHTWD. 20124 7 HIZ LHC TOXRRNHEE S -Fki 1 3] 1%, BE&S
J TR A ENY T ¢ 4] BLOWAER [5, 6] bRTE SN TETEY, dsy EEEE@I: v 7 A
Kt B L TCHFENRNZ ERNGoTETWS., BIELT dgy TIEARWAL T —ICHEL
-t v 7 AR+ Th 5 AH %iﬁw@téoﬂo

TA =7« T LHRICBITD Ogy X, 72V I F R =V R NEEEHE 25720

z%ﬁd BEO>2737**%“C%6. — 5, AERERER 2 PRk U 72 T B B W TR O A B T —

% (SU(2), @1 HELIHEIE, BMO 2EHEH L) ALIZLIRENESND. ZOZLx2&ETD
& ZTHEbUA U N—7 BT NPEROBEFE CHER/INEDO A T —H2 L TR LB E
L ERD. FTTRBHTIE, TA 28— - F 5 LB & RO RREMZHE S 72912, SU2), @
2QEHEIEAN T —H B AN LRVWERIOBEDORL I T 5.

B — Ut FEE BRI D MBI H D72, SU(2), O 2 HHEORIZHMAA LD E LT3
HEAN 7 =55 8T 5.

2 JI)IAUEEIR

LI#%, SU(2), DN BIEHTAA N—F ¥ —IRY THHI L% Ny TELT LTS 7=
WA VERZEHZDIZOITIL, 21/ £V I BMEOGE P LETHSH. SEHEAN 7 —HITMA T
ABHIEAT T =6 B AT UL, 3@4 EVWOTEIT20406 ENETE D120, 2 HEOLEHME
FOBNEoNs. " RA—F X —VETERTHL, UTOLIRMT 2,y #ERATE 2.

30®410, 31®(41y9)", (31)" @43 (1)

LIth, W0 D3R D 133, @ (41)9)" 265 (BHIX3 HETHRAD). £72, 21 2T —HORD
DIZ3y & 4y WEASND Z ORI %, Zero Higgs Doublet Model (ZHDM) & M52 E12F 5.

3, @X7‘J7“‘%7Z2f5 SHFRT > Vv AT TRBLL, 4, g DADN T =% SEERFTRT v L x 'k
“Ci‘%fﬁbio (i,7,k =1,2). BTz AR LIS Ti“éTﬁi/k@io 272%.

1

Al — ATH AIZ AL~ At A2 A (2)
xf
1 1
111 — ++ 112 + 122 — 212 — 221 — 0 222 — £ 3
X X M= = =X X X X X X . (3)

URHEIIT [1] 1oL
R
B4 AN OFTRITE LK.
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Up _ U
M,

[ [
[ [
X *

1: #0 IABRAREARAM EAER Z A WCT v T HA T I 3 — 0 DEREEXDHEAT 7T A

BRI O 2 WIHA T T —55 Oy O D & LTIE 8l = xf, APFe T L. 7 13584
AT v ThD. 22T, AV & 0 OBEZEIHEE vy = V2(AY) BL O v, = V2(X0) LE
£LTBL.
7 x— 27 LAV N OEEHEIL
11— / . 1 — _— 11— I
- ) ijk A * - ) * ik i - ) * ik _ti
AL [Qz <X A]k) UR} + A [Qz <X]k€A € )dR} + A [Lz <XJMA € )eR] (4)
VB RKRTE S OMEERND my = vav,/(2V3Ap) E/FOND. 7272 L, RO FITEME
L. =75, ==2—h ) /O~ 3 T F7EHEEHE (1/2)m, v, (v,)° 1

o [ Lie el A LS| (5)

D M0 AR FTRERM AR D my, = V2y,v3 EFHNRD.

X (4) OFE—HOMEAER 20 AR FTREZ M HEAER 6452 — 6% DL T IZRd (55 3, =
BIZOWTHFERICAETH D). HBE T2 VIA Y Up & EBE T2 VIF Y UL £3_y3 &
LTNy T 2E8AL, EH066 07 —IZOWTE3EHELE TS (BLFTIES 7 — DR FITAR
T5). 734y Up & Uy (a=1-Ny) 37—V RERERBZRFOZENTE, 2, U
TOXIr +—2 L bHEERT 5.

Mua|UazUsk| + Yavra| QX7 €jetmUtit | + Ysva | Uarize™ e i) (6)

HDTZDIZ a IZHOWTORFMEZ R LT My, = My, Yypa = Yaus Ysve = Ysu & L, My >
vg, vy ETHUE, 1 DEAT 7T L5

i - YauYsu Nu
NELND.

3 O—I/N\SA—H—

7—/R7 A—%—p=mi,[(m%cos? Oy) OEBRMIIIEFIC 1 ITHVETH D (7). EEHERRLT
VY=L Tp=1%T5T50, ZHDM IZBWTIXE I b EiRT 5. R11E, 3, (£
1331) & dy )y (FTold d3)0) DAN T —HBEHALTHEIC p OWBED LS THEZBND %
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4,/ 43/

3o | T44a? | (2, EIERAEL)

7+ 222 3 + 222

1+ 422 9+ 422

#1030 (RT2X 3y) L dy )y (T dyp) DAD T —HOMABRDEIZL DY V=L bDE—
T A=A —DfE. 72721, z=vg/vy & LI

FLWELOTHSD. REL, o =vy/v, LERLIE. 3¢ & 43, OMBADEIL2, 5 E 1R
DTHISID. D 3 OMAADED I b, p=1 LTXBDE3, & 4y, ORMBEDETR
FThHIERDND. ZOLE 2 =3 PUETHD. ZORMEE my, 128> T, EEHHE
My =118GeV BL v, = 68GeV LRE 2.

4 LHC TERINERANS—HTLOHEB

ZHDM (Zi% CP-even 72 H{E A 7 T —HKi - 2 DOTFET S, W% h EE£bL, HN % H
EEDbTE, ZRBIE Re(AY) & Re(x?) ORAICE-T

h cosfy sinfp\ [V2Re(A?)
= . 0 (8)

H —sinfy cosby V2Re(x?)
EVO XAl LND. ZOh OV ) — LV TOREENRY — % LTHC THRAINIZA T T —
WO 2 — 2[5, 6] LT 5. p=1 2R L7 Z LIZ XD BZEHFHEOMES R E > T D

720, h OV Y — LYV TORREE S E — TR E A 0y DIRAEIFT D.

21X, pp BRERIZB W T N —F VA GIRE CTAER SN h BERLFxHSY U — L ~L T
RIS D82 — 2 % sinfy DR E L TRLTWA. 7272 L, MO MITEERL O v~ 7 2R
TOETEI -T2 D THD. £, sinby < 0.5 OFEIKIFERE & KX < B 57080 Lz, IR
DFEBIL ZZ* ~ORREEICRIT DR 2R DT, AR, HEWVERIT WIW* ~OREE, fEao—
REEHRRE 7 =V I A RS OREICRTT DR E TN ENE DT, ETOMEMRFRRFIZ 1 &85 2
Eld7e e, R A~ ORRZ FF7- R VR TH 2D Z LR35, LHC 21T 5 ATLAS 5
BrOBLIE [5]

h—77 : 14305, h—ZZ* : 1447032 . h— WW* : 1007032 (9)

&SR, sinf ~ 0.75 O & X ICEINME L RRE QRPN TSI 54

FEYERALC ORI OGS, p=1 O L XX h — ZZ* & h — WW* IZxT 5T —
BT 5. 2NODMENELVEDDOILZHDM I E 2R TH Y, EBRTOBRMERZD X 5 72
EWZREIE ZHDM ~D X E L 72 0155,

*h — bb X HEIE (0.2707) 5] #EMT B L, 0.75 LD L/AINE 7 sinfy BEFEND.

3
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4 !
/
3l p
/
2F //
Ve
Pd
1k -/~ ----»- -7 7 .
4.” N N N n
8506 07 08 o9 1onto

2: ZHDM (28172 h ORpEE % — > fithitix ZHDM TOfE ZZHERR COE TE| - 724 D.
IREEDET pp — h — ZZ* OFERZEFRT. FERIZ, FEREVEERIT WV ~OFREEDORE R, tkta
O—ESBRIE T =2V I A R~ E O B A T,

5, h — Ay IZA D T —KRT Ty VDT A= —ZHIRFT D 7208 METH 5, ZHDM
TOMITEERILO H DI TR Y RELROVBRBTHD. LNLERS h — yyld—71
SULOIBETH Y, 1 BEOMBAD 7 —h 21BN T 252 LiIc k> THICHEZZLSED 2
EMTEDLID, VY — L~V OIRENFER & GDRWEEO X 9 2 RA L MEICIZ 2 B a0,

5 F&H

PEVER A~ ORRIR A FF 72 7200 19 2 i R o il & LT, SU(2), @ 2 BIEA N 7 —HE2EA
L7V (Zero Higgs Doublet Model) M5 L7-. ZHDM 2B\ TIE, 7 = /L I A EH&EHA
HEHZHZERp=1 %I TZENARETH Y, LHC HEBRTO AN T —ki{-AlE & P 5127

LB TED.

e P
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T2K ZERICETHEWN=a— ) /E

3% Sl
FUHSPE R4 ) 1 2

1 E|EW=a—FK1/

ZNETIATON AR L =2 — Y JIREVFEBROFERIL, =507 LA N—[EFRE (ve,vp,vr)
EEODEBOBEAIREE (v,10,v3) I2XD, WHWD ZHRIEBIORMATLL MR TE 5, Z
WY DRAENE L FHEROMEXERI E HEOBIHG . —HARORB LB L TV, Lirl=a—
FY 1%, ZFOEEOBARENEEEN S HRETIT WD, BEEOBAREBOEN =X
DREWVHEEMEICIZE R ORMBEIN TS, WE, UFHOEROEAIREN 25 2
T nl. TLANRN—DEARE vy (o = e, u, ) 1L,

Vo = Ui vi + Q4N (1)

DEIICET D, T 2T Uy 1T HJI - JEATHN, 1 X126 3 &2 ELEEFAIRED T~
O lE. Vo & NDIRADKEE, LER>TN OMEERAOBRS 28-S 5137 A4 —Th b
(19|l < 1)o ZZTHALEN DX LT b i3, FRHER 2 915 U 72 PRAm |2 SR ERIT 85
T 5, VBB EIX. FORELHITHD,

HRIE 72— Y —BREIC B W, A8 E=a— M) Vo~ 3a FFEEIIRKE A7 —fhkE
DIEEZEZD, TOHFAE, BE=a— R ) JOEEIIHM EOERTFOHEL =X ALF LD o
EREL, FRBEADIEFIT/NINOT, E=a— ) ORMIIHRETHD, LrLERX
=a— ) /) O~3 T FEEOMEPEI AT — M AHI0, D EZER LD /WS & 5,
ZOHE, Eh=a— k) JiE, ZORADORE SIZE > TURKROERTHRHTE 206 L
720N,

FRIZ, EHED 10 MeV 706 10 GeV OfF&HEE=a— M 213, FIHIFHICB T 2R L > T
NYFBOIERFEZ AR TED Z EBN M INTWD [1], £7o, HEN 1 keV BREDOHEE
—a— M) X BEVEORWMEME 25 2, HETREZ LI, ZRHDOEFHAT—ALLT
DEBEOFBEE=a— R N) VA bYE, br ) = HRoARE=2— ) /T, ==2—1}
U EE, BEWE, FEAAUEO S REBRPFTESZ L bMLRATVD [3),

FOXEOREFHAT—NLUTOEELZGOTHEL T R NiZ, EOLITHIFTE LA 9 M
FTENEMEDITIL, EERRIORL T OIEEZ I LT, Thb b REERRTOREZE L T4E
T D DDBIEN I, Bl Db X, EWHAY 06 B.D,K,x A Y ETEBARGENEZ
bNb, BENBVWLOPMEVSTWOT, T3 m K H720 ORENSELSND N BxbT
ANBES R THD EEZ NS,
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0 105 140 211 245 388 493
| 1 1 | |

MeV

Kt 5 utN

Kt —wetN

N e ety

N = pFetv

N e rnt

N = pptv

N — p ot

X 1: EVv=a— Y ) NOEEL YL LR & s EE,

BlZIE, N OEEDR ~ 500 MeV L 0/h&EL< T, KEOFENSAERTEHELEY, Z0LE
B KT OF#ET— FIZiZ, KT 5 gt NS KT = et N 2355, N OEEIZSEUT, pt & et
DAY T DIEEELOE— 27 L0 RN RAXF—D & ZAIHIO/NS =7 N TE

DX ThDH, TNERERTHIEZOESOF R TETHD 4,

F7o. N BAHERFICHET 25813, TOMER OV T T LE2l b2 DGR NRGEE
b, ANepEE—RE LT, 2RHEE— RO N — ptrT, N — etrT, 3 kT — R
DN = p pty, N = puFetv, N - e etv 23 5, 12, NIZEEIDS U TrgER, FER4E
FGEFR &R A £ &7, KTIE, Bk LT KT 052" LTWD,

LIAT, EOREHR=a2— M) JIRBIOFERTIX, Brov—2%2¥—5 > MY TTr
RKEZOD, ZORENOHTL b=a— N JZ-oTEREL TS, L (EYEHE
LU VD)N DWFELTWIUE, 2O X2 IR SN c=a— MY 21ZiE, @FO=a—rJ /I
BLSTNOBHFELTWAITT THLIND, IO =a— ) JEBRZHE->THENN=2— Y/
ZRIHTEDLOTIE? LWHZ ENMEERD,

2 T2K EERICKABEWLWN=a—kr) /EZOEEN

Z ZTAMIGE [B] Tld, T2K EBRZFICEZ THDH, T2ZKERTIL, ==2— ) /) V=N
280 A — hVEEILT- & 2T AIZ, ND280 & FEIN D ias ZE\W T, ==— U J B — A %7
IZE=F—LTW5, ZOBRHEE, e, pu,m ORENFAIRETH D, Y —ANLRATEILNNZ
@@ﬁ%@$fkﬁ®iﬁﬁ%@%ﬂiﬁﬁ\*O@N—?yﬁx#%ibtiomf@ﬁ¥®
N7 7 LTBIAISND, ZDOLI A X MK LT, ZoDMER FORNEE &A% &
L. N o> 7, 2{$Hﬁi§75>7l/f/@%{:\]\f@ﬁﬁa@& AITEFT 5,
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K*=e*N-e' (e nt) K*—se*N-et(unt) K'spu™ Ny (un")

1072 1073 1073
1076 1076 1076
-7 _ -7 -7
N 10 R 5}0 L 10
Q = 3
10-8 - @ o8 . 10-8 !
\\\\\\_\_// \\\\J
~10 —10 —-10
00T 02 03 04 05 107002 03 04 05 1070 T 02 03 04 05
My (GeV) My (GeV) My (GeV)

2: T2K %5 (1021 POT) 12 k5, B\ ==2— MY/ OFFRAITHHT DHIBR, #filiE N OH &,

20%, T2K 28 1021 POT Z3Ek L7 & &2, 0 =a— KU J OV T FAERLTE hol-
LA OERRAE /T A X =125t 25 EBR (90%CL) 2R LT\ 5, FHIOEWERN T2K ThH D,
gl LT, Z OB B T EICE b ROWEIRA 52 T4, PS191 F28k [6] OHEFRfEK (90%CL)
. FUORNEREBY OSSN HEK TR L, = 2o08F0E, R 2 Medkia &
BRHIEREOMAEDOEICHIGT D, EO/XFE, O, FI T T, AN KT — e™™N, B
BN — et TIibhZHEE, AOSTME O, RIF U MT, AN KT — N, Bl
N — pnt TITbhW S EE2 R LTS, BAFO SRV TIE, BN KT — e™N, iR
N — p—at TiHrbh i haz R Lz,

2T, Buny s 770 FOBEOMRER LI, LALERIZE, 77747 =a—
N DRISFIZE DNy 7 7T 0 FRb L, BlAE,

vutn—p +at4n (CC —nr)
v, + 0 = p~ + 7t +1%0 (CC — coherent ™) (2)

DEIBREIER, N = pnt IZ T2 FHERNy 7 T T 0 RERDIEAH D, Wk [T)I2LD &,
O XD BREISIER L% 7300 A X b /102PPOT /ton 5 DT, AR A X~ & ot O
HEOREEENMMEEZ TITHORETH D, LnL, A & ND280 D TPC DT V=397
AHTRAT DA X MIRIUE, X (2) DX RKIEDLEEMZ D Z ENTEDHIET TH D,
Zo%E, X (2) O XD REIEOHITE L 100 A4 Xk /102 POT /ton FREEIZ/2 Y [7]. EHIC
AEE &G E EUE, YT ARERT LB ICADERFRETE HITHEADT 5, ND280 &
T NAOERE61.25m3 D5 B TPC OF AN EDH LM 9.0m3 121 < hZBERIZ, Bay s

'O, ABRHNIE KT - ptN OFELHL0T, ZHIFAEZTHET /LTS Y ERWVIRZA, B2 PS191
DICHR E DD 512 Z DHA bR Lz,
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7700 RICEDRMBY b TNE LRSI TIERWIET Th 5, X 2 DR#RIT, A X F& TPC
DOEFE9.0m? (2R - 725 DRE D EREZ R LTV 5,

Floo N—sent i LTH, X2 ITHIET D8R DD, L L DT T v 7 RAiE, v, D
ZNED HAIV, 600MeV < HVDTFXAF =TI, v ldy, DBLZINRETHY, Z0Y;
FIEXTNVOEFETYH, Eeny s 7700 FORMS D TEAUIEELS 2WETFTh o, £713.
RIUN—=T v 7 ANBAELD e Eat DA XU FNEEFTDHZ LN, BEv=a— ) JEHEEOSE
—HELTHEYTH D,

CITIENIET 4 7 v 7RiADOEEEEZ TN, ~3 7 TROLEILE HIBBREN, &<
IZT2K EBrIT, A— L THIFICED DAY > OF ¥ —V UV EZ D ENTESD, Hvma—
N T 4T w7 DA, A=V THEDEAY L OF ¥ —UG 0T, 7L OfERL 1S
TOFv—URREDL, LL~vIT7FTOERIE. T 47 v 7 OFEEITHT ¥ — Y O ER T
DXTIZRHEEL 9 2D T, VT FINVOMERL DT OF ¥ —ThHhbH I EIZL-T, FREMIC
WET 4TI~ TFTNOEREESD LN TED, EITT2K Tt AflEhsd N o3
NFXF—LZOEEPIWI EVREHEERF THD, T2KOL Sty b7 v 703, BEMIZLT B
CHIERAT DR A O FREME A FLD TV D T & I ZBLBRE N,

3 FEH

BRI =2 — ) V OEEZEAT LI, HBE=2— M) ) ODFEEET D DMK
LHMTHRTH D, F—URPMENGITEEE=a— ) VOo~a ZFEEIFEEINR2VO
T, BEh=a— N O BREBICHFEEL TV S RSV E bbb, ~3 7 HEEITVWANA
REERVIFHDOT, 7TA NPAREREE S IRA O A > TV Z L ITHEERBETH D,

Z OWFFE [5] Tl T2K @ & 5 REEFOERMER 2> T, BFEHICZEDO LI EV=a—F
U OWRETZADH I EER LT, MEIATOREZERITEWLONRELL, BEnv=a—F ) /O
RAORMITIFELELHRIN TN D,

P
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CMB BHEHIEER: POLARBEAR DEHOERESHDESE

B
(IR VI s 1BU5EEr 0 vt U A S AR S i o2

2012 SEFIHIC F V) - 7 & A 2 IS TFH < A 7 I SRS (CMB) GO R8I 2 Bildh L 72
POLARBEAR %EB#lx, 2014 4F 3 HICRTHI L 2B L v RAHREIRD B € — FRE 7 —
AR PO ZERE L7z, ZOMBIRNEO=—2— ) VEBNORRICENZEEL AT v
7L LTI N T\w 3, BIfE POLARBEAR 3. Zo@HEEZIERL., £ v 7L — a vid
DB E—FREEDHERZHIBELTT =Y ZIEL TS, ZOiH#ETIZ, CMBXEEIL
YA, AV 7 L=y aryORRIZOWTHERZE%, POLARBEAR FEEORFTOMER L S5HBOE
LizonTibR%, 7, BICEP2 7L — 7 DfEHRICOWLT H iR L 72\,

1 CMB{RYXtDiE

FHH A 7 2 =B (Cosmic Microwave Background Radiation (CMB)) (5 #4220 5
38 JTHFEED VbW B IEN A3 ) LIS OETDOBAEAIES > 7)) IRBlICFEE s, 56 F
HEMZTES TR AR NLTDETH S, 1964 FEDRY T RAET 4LV VI X BRENENE v 7
NYFHOWENZFLE 72 D 1 X 512 COBE 2 (DMR #iHH#R), WMAP % Z L T Planck
HRIC X 2HETE S EOMIE 28 L THERL 13, FHOMLICBE T 27 BEHER € 7L 2 2
VT BICESTWS, SHISICFHIEEDOHIES HEE LTfFEN T30, BE—F
Rt & MEN 5 CMB ORI R RIG Y — v OB TH % (1, 2],

CMB iZEN L2 o T L oL, & NREOIE K k> TR Y —v %A 5,
TEDIE—IRIEIWIHFHICB T 2" A A 7o E L7 v Y UGS & (FHIRE ) I X D &
L2, AAT7—FHoEDNSIEEE—FEMINIM AR T4 DRI = DHRBEL, TV
VYNVEES EDHIF E T — FMREGICTMZ T B € — PG EMIEN N T 1 OfRG8Y — v a3k
L%, TvIYNMES ERBREHBEENRAERTH D, By 7V HHToFiH 2zl 54 v 7L —
v a VIRBEDOWREN AL E % 2 72, B € — FREGOWERD, 5D CMB A D iR & %> T
W3, o, CMB IEBERL DEHIER S 2 60hTRbE S (HORR) 52> TRTED,
FaDOFTICHC FTIE, FHORBEMEIC X2\ v AR E2ZIT 0D, ZOBEALL Y
Rz TN (BXSY 74 0) E€—FREGZR2FHICED, ARO B €— FRGOETH
B Z, ZORB52EICEREL 7L —y a VIBHEOBE— FREEXHLTEHL VX
BE—FREEFATYS, LY XABE— FOESEEIZABREMEICX2ENL v 7%
DREIZKMLTED, Frlic=2—1FV /D () EHEIZ X 2 KEIBREE D RIR O INHNIC &S
DBhs, LEP>TCMBEEBELTC=a— ) ) OREERZIET Z2HEPTHEELR D,

LB 20 1 1990 £ COBE # R ICHE S 117z FIRAS BRI k> Tfibh iz
ACDM &5V, FHIFFHT, TIVX—BEBEORKRI 2 — IV L2V F =L ¥ =27 —BH-Tn»3 L\
b0, BEFHESINEFRL TW3HEL Lo T 13,
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2 POLARBEAR £E&

POLARBEAR #EE I KF Y - 78 A ~miic B17 21 o CMB R CEIERTH 5., 2011
RN I S 2 RIE L. 2012 FEJUE X D 150GHz 17y ¢ CMB #lilll 27> T\ 3, FEERIZKE D
AV T AN TREN=7 L —KEHPLINC T AEDP S 70 NBEDOEEE2 7 R —4F TilED 5T
W3, HADS b ET 2L X — ISR (KEK), BaiKY Kavli 20085 5 F 72 B
JAXA ZED2 5 20 LT DR VY N—EINL T B,

POLARBEAR EEORAKDORHIE, 3.0m & 3 VPR TN AE 222G T 50 CTH
%, —MICAESRRE (A0) & BHEEDOER (D) 1T,

A

DEIRDIH O (N ZBIH 20DPR). ROMESMHREZ RO ICIZIRE 2 EEPRNEIC LS, &
2L, AESRRENRT E 2 LHUZROFEZ B 21 RHB22 D TETLE L, (Wb
51/t 7 A RICKD) RAERr —VTOREZ % ) RSO0 5, Flo, HEIREDD Ik

DAL < % &) FEHWERED H 5, POLARBEAR @ 3.5m & \» 9 EHid g1
%L 3.5 (FWHM) IS L, TEEHL Y A BE— Mtz B2 0IcilasR O, Fomm
RAX e VB RE R EREIRE I D H L T, BUE ~10 EOKRAERr —Licliing £ v
7L —yavildlio B E— FEtb BEL2EbLTICH 2 HITE 5,

NI IE, BUNRIRIHES 2 L 5 A 57012, 250mK ICE THER XN 1274 fH OBEERH
PTES A0 X —¥HWEI N T %, CMB T3, EBROBEEZET DI NET(/ A RZAhiEE)
W) A V% 3, POLARBEAR ERRTIX 23uK /s DIEEZFEBL TE D, 24Ut BICEP2
Fzhg L AT (BICEP2 O NET 13 17 — 24uK/s) HFURE L XV OKETH 5,

3 POLARBEAR EEROVEEDFER

POLARBEAR OWIEEOBIHNIZE L v X B €& — FEGOBHICZHD . JEFIC/NE 7222
DRI (3° x 3°) ZEEL BT 2 58 TITo 7, K1 BWHEEICBIIL 27— 2 T_TRL B
THES T (AP =0 ANRFGA—=F Q) D=2y T Thb, vy 7 LD/ A XL )LiF 6uK-arcmin
TAT, TP TR O ZOKRIBICIR - TE ) & CMB GBI B BEEOEy (/4 AL
RLDE) 2wy TEhoTws, FLEHNL Y ABE—FRELGICNL T, PHINS S/N s
FIELICRE /4 ALNLTH B,

BFon. 7T —4% %0, POLARBEAR TIZEJL ¥ X B E— FREAICEHT 2 ND 3508
RERLL TV,

o FHIARIE RIS (CIB) & OMAMBIMRHTIC X % non-zero % B € — FIRIEKIT DFEGE [3]
o HJJL ¥ X deflection field D37 — 27 F)LOHIE [4]

e BE—FENNT7—RX7 FILOHIE [5]

3z 1 BBt EN SWhS REEEE /A XEXBIL TR 22 8w FrERT 3,
NAADETRNTA T/ A RADy 72 ESLRHC, v 7O 7 2 )VED Q Ot 6uK 7Z11IE5 2 Hi%
ALTWw3
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3| Stokes Q 1 Be
2 4 &
s Al 4
o i 2 =
§ K D Q =
e o . . S N
= 5 "ﬁ"t?iblﬁ?‘“ 0 O =
g Sl N e a 2
v} . Iy -_-’rc_ " A
(=) 5 i"‘t- o =4 O
q b3 o 2 =
B e +
<
2 -4 <
-3+ 6
2 4 o0 1 2 3 ‘ '
ARA (ng) Multipole Moment, VA

Xl 1: POLARBEAR #4EE @M X 2: 2014 KD ETHO B £ — Rt 87 —2AR7

BONIAR—TARIA=F QD oL, FEIEA 7 L= a VRO B € — NG

v 7, (r=0.2) & ACDM €7 NWVIC X 2ENL Y A B E—F
RWXYE2RLAEDLELARI N T LTH S,

CIB & OHAABIENTIC O TIZ T TGO SPTpol ERIC X o THRERNSRE R ME S 1
T30 [6], E22EE» OB OKRIE T4 DR L 72F T, X YEEICENL v A BE— i
HDEFAEDEAF IS X417z, Deflection field DHFEIZDOWTIZ, CMB DT —% DA% HWTB
E— FMRECOEEZMER L 2 ORETH 5, mEIC BE— FRGE A7 —AX7 FLOHIEIZ,
HOL v ZEROMFIIZHT L DRl 2 E R T, koA vy 7L —2a vVildio B
T FREERLFELCFETH Y., ZoHEBEMICATTESROMEIIRE R 1L %5, FIcE
PAR I B U CIREE I o ] 2 28 B E R YT Tk 22 L, B E— RS 7 — AR b Lo
BRZMEZFHL 2 FIIRFERR S 5, 312, CMBREEIED 2014 2 REL, BE—NR
Yz O FEHRORR T & R B ERNAREE S Z 5,

4 BICEP2 DR

POLARBEAR @ B & — FREECOFRALD & 1M, 2014 4 3 A 17 HICHED CMB fi
HBIMFEER BICEP2 25, 4 v 7 L—>a viltiiE BbNn s KAEAT—1L D B E— FEtEFH
L7z, LW FREIT-7 (1), K22 BICEP2 2337 BE— F XU —AXR7 bV ZRLT, 2L
P L~ 100 DIAH T, EHL VY ABE— FTEFHERZOBE—F A7 —28HIL T» 5,
7272 L. i Planck R 23565 L 72 (353GHz D 7 — % % 150GHz W IZ/HF L TH R F D% 5.
ZHREb 7)) fEHIc L 2 &, BICEP2 28Il L 72 B € — F 87 — 3% A b T4t 237]
fETdH D [8]. BICEP2 DFEHRIZA v 7 L — a VOREN ARG E X E Z e\, RERIVIC, B
L7 BE—FRY—%HEFRIA v 7 L= a VRO & v i, (1) ZEEBMENIC X 2815
D X EEERELIE, (2) KAAEAT —VORKREHIC X 2E )L~ X B €— N/
DEREE AL E (3) MBI E 725, T o DMz T XA CMB fR)EFE D

SEEEILIEICEY L Tid Kavli IPMU i-Lf9e B o B X a0 K A8, T IcBI L T3 KEK fM-Lifge B o F BT KA 7
N—7%FEL, HRE2F LD
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1 223, POLARBEAR E8D 7 v 7°7' L — FEHli©&% % POLARBEAR-2/Simons Array #[#H T
b5, RETiMZLRXS,

5 POLARBEAR-2/Simons Array 5HE|

SYRIRRIRE S (2/\VR4TESERF) EAEMRHEETLM  POLARBEAR-2IRH 55
3: POLARBEAR-2 # % D,

POLARBEAR TiE7 v 77 L — Fitlii & LT, #LWEHERS A7 4 (POLARBEAR-2) # 8l
ERFE L T3 [9, 10], X312 POLARBEAR-2 & OMEL %" 9, CMB X+ iE 3.5m OF
#IRNIERINT) BLOEIBE B I, BILER7 74 4 A% v M AS UB{EEIRE e v
¥ — (TES A8 X —%) W EFE0 6 N/ BRIcFHET 52, POLARBEAR-2 Tl, fAED
[Ef&% POLARBEAR MIHIZR DB X Z 2 5 ICHER L, MHIERET6 5 & % % 7588 fEldD TES + 1
A= %A EICET 2, W6 B T— FiEEoBl KIS HE L <l b3 2720,
ZOIIRIZ L D POLARBEAR & K L C6 f50MaBEEZHT %5 ENTE S, 72 CMB T
2B 7T REER L, 95GHz, 15,0GHz @ 2 JAIEGT % FFFEI ¢ & 2 kiIc k> Tnw3, Z
Uz X b, BICEP2 Tl 72 > T B s B 072 Uil SRR E [ Ld 2 H23 Ak
%, POLARBEAR-2 1341012 13 KEK T 2 7 A DfA BT & HliskERsT b, 2015 £
FIZF V) NDOREZITI TETH S,

I 512 POLARBEAR Tl3®#iEHiz 3 AR L. Z1Z 1 POLARBEAR-2 g % #5#
LT, BEBML TWw2 POLARBEAR D8 & Z 20 5D &¢I %# 4T 9 Simons Array 71l %
DT 5 [11], K412 Simons Array s THIRFEK 245K 2R L 72, Simons Array FHHI%Y5
X, 3FEROBHITA vy 7L —>a Vildlio B E— FEG% r = 0.01 Z 50 DL LOWERET
WERCEZBINEEAH L, FXMoFHBME HbET=a— 1Y /EHENZ 19meV(lo) DH
ECTIET ZHENTE S LIRS 6,

SE 3

[1] U. Seljak and M. Zaldarriage, Phys. Rev. Letter, 78, 2054 (1997).

CRMAAEPHTR BN OF LGB ER I N T AVOTHEETH 2
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=-==EE E-3 0.112 .
: — Planck (no lensing) + DESI
---BB Lensing == F .
1 JE—
107 F | BB Primordial _7:3_ E=3 E3 S!mons Array CMB
—BB Total + — S 2
i
— + 0111
B
=S
13
Ay
S 'io&m
7 c
>
=
0.109
. SN i 0.108
10" 10° 10° 0.0 0.1 0z
Jj ¥m, [eV]

4: Simons Array I CERTES L FEINLE AR F I 4 (EX) MO =a2—1+Y /
B9 2 PRUREE (H),
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On quantum corrections of a string world sheet
for a Wilson loop in the AdS/CFT correspondence
=i ']

H AR 73 T

1 [FL®HIC

ARFEI T AdSs <SP B2 - OEsEER & 4 Yot CHRSFME % 4 S8 7= SU(N) BRFRY - 3
L XER G (SYM BaR) O OxhGRIfR (AdS/CFT xtits) (2B 2 HF2e42#3r Lz, AElER L
DI SYM Hiad 1/4 BPS 7 4 VY U v—7 15t 2 E BB COMEH TH 5, FELVEHR

L [ ICELOBITNDA, 2 2 CIEH#E TN IZNEICOWTHEICE LD D,

2 1/4BPS74)LYIL—T
LB ST2 7 4 Y =T IFRD LI I EZ BN D,

W(C) = %trP exp 7{ dar (ii(7) Ai(w(7)) + 1a(7) |01 (1)@ (w(7)) (1)
zi(1) = (acosT, asinT, 0,0), (2)
O;(7) = (sinfp cos T, sinfysin 7, cos by, 0, 0, 0) (3)

0o D— XA B DL EIIX Z OFF 11X SYM g FF ORI FED 9 B 1/4 ORFHEE RO Z
EDRBENTWD, £12T 40 L —T EITZRNIIRD K 5 72 SYM g D EF ORI FRIED Y2405 &
RORFTEAE LB 272,

0, = (QW)Jtr(ég +idy)’ (4)
VN

I Citeam LIZWBRERIL D 4 LY L V—T OHIFHE (W (C)) BE Y 4 vy L —7" L JRTH
B OB (W(C)0 () THY ., 2N HIE SYM HEGHOFHEEK L~ TIIRD L S Icko b

nTH3 23],
(W(C)) = %mm (5)
W(O)O0,@) 1 ol L)
ey e Lw ©)

L. RFTEE T OMNEIZE=(0,0,0,0) THY, £>a LELTWD, EFLNIFFT7—7
MESTEBANCE > TN = Acos? Oy EEFRSNTEY., L(VN). L;(VN) 3L~ v VBT
»5,
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3 ENEREIOMEN

Ao FEEE, 2 (5) LK (6) (CRIGT 2 EAHEGMOWHEEICE L T, LORES EO%hE %2
@Aﬂtﬁ”i&%&%#é EThotlz, I —VERMTY ANV U N—T EE VA
T AEEZIGA. BB TIX AdSs xS® FFEA Rk T2 RE B XD Z LIl Dd, BOsAIL
AdSs DEERIC @UT%@ ZOBEREMT (2) BL(3) iofﬁz%m5 I E OSHA I
IO LEROT 4 A7 SEBIEE 2D Z LT DM, (6) DX DI T RITTEE T O AN B
DA, AASER EoS 2 <E/1/~7C®F'ﬁfz4ﬁfﬂxﬁ“é§i7ﬁ:%zé Ll b, AEFERT S
J < VN D8T A — IS CIXRATEE T OFEIN NS W2, RO & 5 2 PEHR N E 4L S
b, 772bb, V=7 CIh%EFFOT 4 A7 ROBOMREAEE 2, EOMfmE L 5ER Eos
T OMZRPTHE T O (ST B JRFTHIZRE— RMMEIT 5 L Wi ThH 5, J < VN Th
HZ LIRS LT, =7 CllimE R OROMREIZ, REE o BIIEE LT, vy
Y — T OMFHEEZ GRS DB %w%hé%wé%wiimwé_&c&éo

) LEMZEIE N E TS HIEANCIT O TR, £ < OB MR 13 1 ﬁbh
THTz, EVHRZ D L, D5 ﬁﬂ%éiﬂt*ﬁ#ﬂﬂx%ﬁéﬁ%nﬂﬂﬁfféWTOD%E&**’\% O LRI

Tl T2 & W) FESHWLNTE T, 295 Lo fidr 28 2 T, 3*@;%%%?%@@
ANUTZ RIS ORRREIT R A BLRE S, B Z0E [4][5][6][7) TIEREO & i 5 0 ORUNRFE D & OFESY
B EITTDHEMTON TN D, SRIOHFETIE, ZOTELILEN, [2] TRE S & el
B 2 D IRHT FIEIZ DV T %@f%ﬁ%a@fﬁﬂ%ﬁoko

SCHK [2] DFEHEIZ Oy = 1/2 DBEDT 4 VY U N—T HE L ST HA—TF CIZREY iz
HOMATAL R E— REf-Z LICHEH L, TrE— RZ=20/5 2 —4 (a, B, 7) ICL-
T%éh INHDRT A—2E S DD S3 S ERNTOROMEIZKIRNT 5, 0g=n/2 D

b0 rE— RIBEREeE— R ThoId, INOLOE— NIET LB Z21T-
f%#@ﬁ%ﬁ ITERSE SN BT T 0 EAVRERIC iO&ﬁ%@w:wﬁHf%%éﬂt
DI, RTIA—F g & /20T HTIEThote, ZOBRAITE (o, B, 7) IHET 2E— K
TEHIEFECErE— RCTiEe< Ry, IFERARRT VUYLV EBEGETHZ LD, LLEDRD
Op 73 /2 IZHVMBIR TIE 2N 6 OF— RITKIRE L TREEFEDICKRE %52 525 L HIFF T
%o KRBT [2] TN ZABRIZEDL DO\ = 00, Oy = /2 DMBREZ 2D LT, ZOKRT
/ﬂ?/l/ﬁ\S——cosa\F ERHMEE S AL, B EEITT DI E T —VEERMOFHERES KO XD
ICHBRIND Z ERERIINLTWVAD

(V) (7)

1 2
3.2 /dadﬁd’ysm asinfe™ = /dasm aecosaVN
T

2
VN
AENEZ O L7 “fnicB v — 7 W FE BLXOZOFEEZ VALY =T L
JRI T R O FABE B~ 9~ D MR R DRI 24T - T,

4 BWnt-toxE—FOEFEBRAIZDOWNT

STk 2] T N =B v — R 7SR D52 OB S AR 72 O TE TIlE G- 2 BTV R0,
DD, T FEDICF D BB & &5 LLJ)TEZ%MéFﬁx#%%tT &L Oy — /2
TErE—RNIRETHZI L, BTVt aiil-dl b, S2EFETHZ LT, RO XD R
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FrASREN T e — RO S° 5y OV % 7= 4 = & 85y o 7 (1],
0,Q)COST

inTt

f(o, )
= f(o,q)
= f(o,q)
(0, @)
(0, @)
f(o, @)

o,a)s
( cosh o sinh o cos a 4 sinh o cosh 0‘)
Yo=f

= f(o, ) sinh o sin asin 5 cos vy

o, ) sinh o sin a. cos 8

o, ) sinh o sin asin B siny

727U, FEAE YT 1 SP ASOIA F I 6 RO OEEFETH Y . (8) 1R Y Y = 1 &=, £
7oy 00 1d 0y & tanhog = cosOy DX I IZEFR L TEY, B f(o,a) lTKRDO X I IZHEZBND,

f(o,a) = (cosh g cosh o 4 sinh og sinh o cos a) ™+ 9)

ZIZTIE (1, 0) ZRROMREOMELE, («, B, v) BRILSTERORNIE 52 537 A—2 LHEx
TWVDN, (8) TERSND 5 DD/RNT A—H (1,0,a,,7) 1XEILS® DIesd HNREEAE 5 2T
50, HEESENTA—FOEBIILLTOLBY ThHh D,

dsgs = dY1dYr = f(o,a)? [d72 + do® + sinh? a(da2 + sin® a(dB? + sin? 6d72))} (10)

0<7<2r, 0<o<, 0<a<nm, 0<fF<m, 0<~y<2m (11)

ZOZENG, (a, B,7) PEZIT (8) IXHERoTBIZ 52 5 Z L BMRFES LD, %D AdS; #8457
(B LTI i‘l‘?’/ﬁ VIEREZ W TR T O X 5185 2 b DBz e,

z=atanho, 1 =asechocosT, x9=asechosinT, x3=x4=0 (12)

EEI (8), (12) W THROIEM 23T 2 &, [2] TEASNEMRICIHOTHER S =
—cosaV N BELND Z EIXRGICHRTE D, 20Ok 2] THEmShz LB, h-tn
ET—RZRLETFD L TRy AR L(WVN) BELND 2 LITR D,

5 MEERBKICHI SEN-EOE—FOER

FHETIT“HN-FTo®s— R OFEOEAfE LTy vy v —T L BArEE OB
BU ST 2 EABEHRATORELZEH R LT, ZOBRSITHESNASRERIZRDO X 512k 5,

53 [ dadpBdy sin® asin —S[Sb'(f?ﬂ

5]

5§ =0,f—modes

W(C)0:(2) , .
(W(c)) - 5z [ dadBdy sin® asinﬁefs[so(fﬂ (12)

sg =0,¢—modes

YT O ITRIET 5E— K s \IC L DM B &L, £1o, ST & bROEMITM L nE—
FORAL (8), (12) AN CTRHISN TN D, SO L& g nodes EHEIHL TS, FROHMES

TELH, “BENT-BrE— R ST AN E2FETTH LT, RO LS RERNELND (1],
(W(C)0 (%)) 1 o’ h@ﬁq( J+2LHKVXD

— —————VJN 1-— 14

(W(0)) 2NWJ‘]JKJY> VNI (V) )
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ZOROFFIMO T OE T J < VN THIUTHE HD LISk L TERTS 2 LR TE D, -
T, ZOMRIZEBWTOA (14) 1X(6) & —ET 2, 3EDOIXLDIZHRATZ B SEIOMYTT
FW=RORALE T < VN ORBIRICB W TOREY LSS0, 22 TELNEMETL - &
LEHELWEEZXD, D EDREMTIARTNIERSRVDIE _@wmﬁw (14) OFEIRD D
TIEF T TL . IO ﬁﬂof%é.%b@ﬁWEWﬁ)é WRBEH 2DV ETH
Do ZO, (14) F_y BB L;(VN) TOLONEH SN2 L EBERT L0 TIERL,
HLETHRy B VBEBKOMBBOERKXNE NGRS EESHENZZ LE2EKRT 5, FELIF

(1] THEmShTWBER, J2/VN 2EBRICEDLSD J < VN OWRZERD = & Ty LK
Li(WN) OFFSIEA B 7 VARG AR 2 2 L3 C & g% W 28 2 72 L= LT
?D AdS/CFT X DAL AR T 2 Z DN TE D, Ny B/VEEORERROMRIRIL I D I FPED 5
WD ALY =T OGEIT, AR D OWUNE S EICER LT RIIZBNTHEZEZLNTE
@\Kﬁ%&@%%i%%%wﬁf%éo

6 FTEHESEDKRE

ARG CIL AAS/CFT 315 5 1/4 BPS U 4 VY L b—7 O BRI T OIS BET 5
WA LTc, U4V =T OHFHEOFETIE, N ZHRIEH DO N — 0o, by — 7/2
ETHMRIZEBNT, D “WhizErt— N PEELEHEZ R, SBREFY LY o —T
& 1/2 BPS WA FOMBEE#EZE A2, 20 “Mh/tet— " OFELEH Lz, 20k
R FROBRICNZ T J < VN ORREZRS Z & TF—VHGRME BT A mENELND 2
kﬂ“#oto$t09®@@@¢ﬂM£kﬁ6®i OB R PTEAE 7 DO B A2 Z g7

ELNTWDLZENFERTHDLEBEZADBND, 9 LIchRE & &I — DR O R 4
HHLT 27201213 S5 ECAEBNEZ FFOOBNL A5 2 2 688 H 54, CHR [9][10] Tk S 4L
TWDLHMPIENIELZ 5 LIt 2179 LTS3 b M TE 5,
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BOERICLKDTSIvYI TL—2DEN E p-soup ETIL

42 IEKER
FHPEENRT: )12

1 [XLC®HIC

Foxld, HHE c MBERICBUI DT 7 v 7 7 L—r DR E LR T D Hi7-72 )75 L LT, p-soup
ETINERBLTWS, ZOFETNLTIE, 7Lb—r EOBROHGBICBITAZADT—FT 2T 4N
HWZHSHAEHZ L, BIK (A=) OLIRREFESTNWDEEZXD, ZOFETNANT T v
T L= DOkkx B EBBLTEL Z L 2B T 5,

2 p-soup ETIL

EFTIE, 7707 Dp T L—rOGREFICE S TELXTHALDI 1,2, Dp 7 L—r EOSOH
Fld. (p+ 1) Wot U(N) EXxIFR Yang-Mills BEEmTH 0 . £ DOIEHIE

N 1 2 1 1\2 1= 1 I J12 I = It I
A%f=A/MﬂMHLEW+%Qﬁ)+?@WQ&—4@,¢]—QMWQJH (1)
Thb, BT EZE I3

A,u,ab = au,aéaba (I)éb = ¢£5ab7 \Ilab =0 (2)

W=V EWO T CRETH D, ZZTa,blF 7] (U(N) @ adjoint &KE) OAZRT, £/,
PLIFAN T —F V2T A LTI, Dp 7 L—rONLE (EEFHOENE) 2£9, ZOATT—
TV 2 TADOHEMEMZRD D & WHEST & 1 —T IR O L D RIBIC e D,

N
N 1
Sclassical ™~ A/depr(8¢a)2

Sty [ array C0F (14 002 ) )
a,b ab

ab

2V —T7 Ll EOESy b JFEAICIEEIREIC L TSRO B Z E M TE 5,
ZOBENMERAN OB EEZFMMT 572012, KO3 OOREXEL ZLIZT 5, H—lo, ¥
TOTVL— I EESCE LT, RAUA—F—0H ¢ 20BN TWb &35, T7hbb,

OL ~ L —p ~ & (4)

ET%, ZOET /T Coulomb phase #2525 Z EICHEE LTV, B, ANT—FV a7
A DT T T
0¢p ~ T (5)

1
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CIHIiTHZ L &9 D, I TTIERDIREART, LV—7HEM (3) T--- & LTAIE LIES
U EH L IRERFETH Y . L RNER T 537 A —ZFERIT 221 |(09)2 /6% < 1
& Blpa—dp] >1 THHB, ZNH22ODFMIZORE (5) D FT—ETHI LIZHER LW,
B, AT 2ARREZEZTCNDEOT, BV T AEREZHRT LT,

Slc)l;ssical -~ Sll);};ffo N SDp (6)

ZORER, TRTON—TORBOFEBEENF UA—F =2 dZ ERnbhd, Zhiddiebb,
G e iE GEEEIYZRMEE) 2R TW\D 2 LITxinT 5,

PLEDOFRIEE p-soup ET /L ERES, Dp 7L — 3 b IE > TV A, SHAEERLTVWD

TEMB, AT DEIRZIELEEZOND, ZOEFTILDOREIIES T, WHELZTMT S &

2(7—p) 1

3—
Fpp~TSpy ~ NT 5% X 58V, ¢~TFrATs (7)

EROOND, TNENBHHTRLF—LRT A X DFEIIHIGT NE LD TH Y, FEERIZE
BB THONTWORER L (FEEAEEZRNT) —HT 252 EBHENDLND,

3 oAb
3.1 JSvyI/MIL—>

AIEiCIE7 7 v 7 DTV —%B2Rn, 777 M7 L—20840 ., [F Uik CHEEEE
MOREREZHBTHZ LN TES [3, M2 7 L—r EOBOHEGRIT ABIM #Ein s LTHLATH
DT, FnEHWTHEITUEL W, —F, M5 7 L—r EOBOR®HIL. ¥ — VRSN T
WRNWOTER LS TW e, 22 THRAIE, BEROBEZIZNHO AN T —FE Y 2T A INFE
T5HZ L EE LTI 21T > T2, ZDFER, psoupET L TIED 7L —r M T L—rDFA
FI T RFRTUIVTERTEL T ENbhroT,

M7 L—rDFROEMER, HEN I8 L COEERARMKIEEZ RO Z LMo TEY, Zh
ZEVHMRTONPNEEOETHLI L2525 L, Bx OMRIIRERAEZES 25725
9. THETOHERITIHED Higgs phase (FL—rRNHR-12R) THOATE L, M2 71—
IZOWTIE, ABIM B RAME D k2 OV TEHET 5 2 L T, O(N32) o HHEENRIE LL
BTx%, LL, Mb 7 L— oW TE, 9 LEEEmIZIZIEIT A TRV Th 5,

L Z AN, psoup BT NDiEim a9 &, Coulomb phase IZEBWT, D7 L —rH M7 L—
HENBEDAHI T —FV 2T DXAFT IV AZERTHIET, ROHBHED N KFHENIEL
<HHATETCLE IO TH D, ZOVNETIE, DT L—0HBED NEKFHEON?) b, M7
L—r ERBRICHERATH S, DT L—r M7 L—r O HBEDENT, T LAt Hooft MR
(N — 00, A = g& ;N : fixed) ZEAL 2 BN RWNIREINT 5 L5 Th S,

3.2 Gregory-Laflamme #HE55%

Gregory-Laflamme fH#E %, 7T v 7 7 L— 2% ME Elca X7 MELTERTEZ 2BI5 T
HY, BEISHBCENTIESCHEATN LD TH D, MHIZE D) &, RTA X DL
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AR MEDEEDTEWTEWRICIZAR D L&, FHIEENEZ > T, BRHZXLX—DM 7R s
AR 72 D

Hex L p-soup ET L EHNT, ZOMHEBEBERGOBERIZBNTED L IR Z DD % iam L
72 [4], ZOFER, T R—HIES Polyakov L —7 D% 572 & HMERIC exp BEHOE THL
NDIEDPKREL R0, ZORBANES 2D ZATHIBBNEZ 2 Z ER¥bholz, EHI2Z
DFERNS . FOBFROHFHD H% FAWT, 237 NERMIZIRN S 7 L — 2 OFRIX % IEfE
A Z LR,

33 XEFTHIL—DR

RHETDHTL—rOROHFTH, DI-D5 /X D1-D5-P RAIXT 7 v 77— & L BMRATHELS . §F
ICEBERRZTHD, 15T, p-soup BT NVDikimax ZORIIIGHT H Z ik, BERENT —~< T
&5 [l LaL, :0>7f:0);<7i7?~*%‘/“:§4’ DEIERMZEERD D Z LITREH LD
Tex I THEENERICBIT 27— 7 L= OIERNGHERI L TR T2, ZOHIEE L, 7v~
/W®WE¢%(Eﬁ%x@)®%;0wfﬁﬂﬂ&bétb TNNESHOFETH 5,

e, BV a7 A OFEMMEREEZ T LTCLERIE, HEITE -7 AR p-soup ET LDk

METHIENTE D, TO/ME, =0 hrE—RTR/LF—, T74X/@#&$_wa\ﬁ
E)‘ﬁ?& mOFRAZIELHBLT 5 Z &N TE D, BEFED Higgs phase TOigm & b5 & Fox D
HRITE Y 2 T A ORI UA (R B=0) THrcETWasZeazmLizw, /-, =
DFRIZEIT D Gregory-Laflamme FHiERE 72 &4 0030 FERICHERTH 2 LN TE 5,

4 HHYIC

PLED X 9 70 RIGEILZ TS 2 BT 7235 p-soup BT N ET T v 7 T L—2DOR LB E L
THNLESETVWELNEBZ TS, UIZHWAWARIEANRH D Z 57D T, 5% bikima ki
FTnEy, B2, 2O p-soup BTV DifgamlL, xR Yang-Mills Bl O s & s8Iz 31
Dk R IIFHEOFHIIZ HEX 2000 LILZR 4], &2 F TH p-soup T L DiEimB Az & 725
HPAZR DN, BERICHFIZEZ RS T E Ve Bo T g,
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IBOER. RERICENIEFEERY
. 11 ]
FORRE SR E 551 2

1 Lie# %, Lie B

Lie #HIIMBRBERRIC B W CREEERERN 2RI L CTE T, F—UxBbE, K7 2 LxbFetkie
EREEITNE ED RN,

2N, WEHEFRICB VT Lie BEOVSHA T W ENRVEENBEND Z E03b D, THE IR
HD LY *Q®T%ﬁ%%ﬁ*ﬁ@¢1£$ﬁ¥?5*0®74 77 L UTHEER KO TR & Tn
Do DIONODOINSGIE, FIB) THEANLREAEICH R T2 281280 Weyl o 17— R
DX BRHEROMHIR &L 70D X 5 RBEARFHZBMGT 5 Z LN AETH D,

FEHEDOPERL 2 Tld Lie BEO—fik{t & L T Lie #i#¥ (Lie groupoid)[1]. Lie ¥ D —fx{k& LT Lie
FR%L (Lie algebroid)[2] S BARICER SN D, HENRABEL LTI B 1H L, £,
ETIR R Y — oSk ER (n-groupoid) . mKRHEL (n-algebroid) MEF SN TV D

2 TCIEEBOBEN D Lie BABO B EREZ R~ D,

SRR M LD MR B2 OB ZEANT %, &I [e1,e], /3 F/VEZ (anchor
map): p: E—TM, ZD2O00EFENUT AT & &, FE %« Lie fifBl o,

L p(er), ple2)] = p(ler, e2)),

2. [e1, Feg] = Fler, ea] + (p(e1) Fez,
3. [e1, ea] = —[ea, e1].

4 [[e1, e2], e3] + (1,2, 3 cylcic) =

22T, T(E) % E DBIOEA L LTe € I(E), F € C®(M),
FIFTERET [eq, e1] = fap(@)ec, plea) F() = plalw) ;s Flz) L < &L DAL

m 0p' 9p'a c

P aa:E P 8m+pcfab—0
m 6fd e

P la O eaf M]_'O

ThdH, EHICbND L9 p=07201F it Lie fi3Th 5,

Lie fiff & Lie fift#x O BIfRI Lie # & Lie {AEx O B4R & [RIERIC Lie iR ET Lie A D HEFR/)N
DF TVl NePRTXD, 727U, LieBEOE XD L o En WAt iind b LIRS v
EMDo TWD, kT 2 Lie HEEDFIE L2\ Lie S HF1ET 5,

2 PEIZETEHNLOHDH

2.0.1 Wilson line
72 & 213, Wilson loop 1% Lie #7293 73, Wilson line %4513 A RIZ groupoid & 725,

1
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2.0.2 RF7YUEM

t o & b T Lie lEIZART Y AFI{ f (), 9(x) Y pp. THDH, KTV UFEINT Lie A E4#%
ETHLN, SHITWHTERINTND LWV FHBAZET D & Lie HAERENH 5 Z &N
TED,

2.0.3 T-duality

I, B DRI 620 S5, EHEHICEW T T-duality ¢° — @0 2% 2
% E Wb D Buscher rule E Wb iLHEHE G & NS-B¥ B OEBAINELND,

~ 1 - By - 1
Goo=Gos Gou= s Gar = G = o (GoaGos ~ BoaBon),
~ Goa ~ 1
Bog = 2% B = By — — (GoaBos — GosBoa)-
00 = G b b Goo( 0aBob 06Boa)

Z @O T-duality Z# ANZEIZT HHRED “F— URPE” BFEET D, Zauid Lie RO SN 3. &
L. RO VIZH L DO TEF JE S %181 L 72 Courant algebroid & Wbl i ThH 5, =
D7 — U ME & FEMRIIZfE RS 9 & 9 BilFa Y double field theory T 5,

2.0.4 {ItARISDOER

NEAREY S D BREG O P A Tl Lie 2 R IEE L2 7r — U2 B 25 Z LW TE 5,
7= & 21X 3 k5t Chern-Simons PG

S :k/fdAmM+2AAAAm.
41 X 3
CAT T =3 ¢t 2BERCRRT > Y V5 by = $buidot A do¥ % AVTEL T OERICIEIET 5,
S — / b A+ %Aa N dA® + pla(d)bi A AT+ %Habc(gb)A“ A AP A AC
X .
A LD ITHF = Uk R T &L A — U EIE Courant algebroid T7IFHLE RS20 2
NG D, . ZHUE Courant sigma model & W oivsd, [4]

TRTORITTIO LD RIIENAFETH V. AKSZ v 7 ~Hifl | extended TQFT & Vo 7-#
FLATHFE STV b,

2.0.5 ALY FKH

2Tt S X RIZEWT, xl(0) & pyo) ZIEHERERIG L35, {21(0),ps(0")}ps. = 61 16(0—
o). 2ZT, UFTOLI B haEBERD,

Joi)(0) = F(2(0)),  Jiwa)(0) = ar(z(0))d5a’ (o) + u (x(a))pr(0).
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22T, flz(o) T OEEEEK. o(z) = ar(z)de! u(z) = u!(2)0; 1IZFNLH target space D
EEO 1form L7 MRLT L, TRHDOH LY MILLFO & D 2258 Bk 2 7=+

{Jopy(0), Jogpy (@)} pB. = 0,
aJO !
(e (@) Jo(@ps. = —u' =1 (@(0))s(0 — o),
{Jl(u,a) (0)7 Jl(u/,a/) (UI)}P.B. - _Jl([(u,a),(u/,a’)]D)(0)5(0 — O'/)

+H(u, ), (v, ")) (0")0y0(c — o).

[(u, @), (v, )] p 1% Dorfman bracket &\ 1> %5 Courant algebroid DFEIFE T, ((u, ), (v, o)) =
iwa + iy 1 Courant algebroid ONFETH 5, Z o () & Lo MUEOHERZ — KO
NEBET D Z EMARETH D, £z, BEMFOVSHA TH I T L2 N TE 5, [6][7]

3 SEORER

FROIFE I E B ICE VT Courant algebroid RAHBEOMEIE L L CTHNLL DITEATH A
I ROBEENDH D EEZXDLDONARTH A H, BUEZNDLOHGHOBEIZHOWTHIZEHR TH
%, FEEE Courant algebroid Id 2-groupoid @ algebroid T 5 Z & BNirtFEbo»> TX 7z,

FARENZ AR CHBE I KRR 7ol 2 fRAT L7 P iU o7 nied, EEMRIES E VEA T
W2V, BREED KRR 228 1 3 BRELER O R e & IR L TW D DO THEFICEHE TH D,

FHEOPVSAA TR FLERB IR Z X ELE NN OMETH S, HEEOMIT &\ 9 B
72 R & MRS 2 Ff O W BLEER O AT & O BRI REII R IS B o TR D, MT DR
DLETH D,

S5k

[1] C. Ehresmann, “Categories topologiques et categories differentiables Colloque de Geometrie Differ-
entielle Globale (Bruxelles, 1958), 137-150, Centre Belge Rech. Math., Louvain, (1959);

[2] J. Pradines, “Theorie de Lie pour les groupoides differentiables. Calcul differenetiel dans la categorie
des groupoides infinitesimaux”, C. R. Acad. Sci. Paris Ser. A-B 264 (1967) A245-A248, MR0216409

[3] K. Mackenzie, “Lie Groupoids and Lie Algebroids in Differential Geometry,” LMS Lecture Note
Series 124, Cambridge U. Press, 1987.

[4] N. Ikeda, “Chern-Simons gauge theory coupled with BF theory,” Int. J. Mod. Phys. A 18 (2003)
2689 [arXiv:hep-th/0203043].

[5] N. Ikeda and X.-M. Xu, “Canonical functions, differential graded symplectic pairs in supergeometry
and Alexandrov-Kontsevich-Schwartz-Zaboronsky (AKSZ) sigma models with boundaries,” J. of
Math. Phys. 55 (2014) 113505, arXiv:1301.4805 [math.SG].

[6] N. Ikeda and K. Koizumi, “Current Algebras and QP Manifolds,” Int. J. Geom. Meth. Mod. Phys.
10 (2013) 1350024 [arXiv:1108.0473 [hep-th]].

[7] N. Ikeda and X.-M. Xu, “Cwrrent Algebras from DG Symplectic Pairs in Supergeometry,”
arXiv:1308.0100 [math-ph].



Soryushiron Kenkyu

64

BEEFFJUVAEENTFOS—VEEN-YA X2 —15R !
Gauged Twistor Models of Massless and Massive Particles

Ho E— 2
HAKZFH TEE BRI Rr e T

1 LI

VA AL =PRI 1967 TR v — X2 X DB S, 70 05 80 FARIC /T TIREZEfE &
BrES, FhoOx#tEE Tt 2 720 ORI A & L TRy a— X o h#E
IR 0IREE T, BIfE, VA AX BRI BELZ R TEBY, FELZED DR -5LD
VAR =R OB SI N TND. T O XD 7eiFFEIE 1983 HIZ HEIC L v 01 TiTbi, EEIZ
AV &S O R OER N

T1 . d A
So = /TO dT@ZAEZ (1)
EH 2NN, 22 TTIR4RIE v ay AR BIT  EEER T OMRER Oti) o
IRTGA—H, ZA(A=0,1,2,3) 1TV A AZ—LIETNDEREL, Zo 1WAV A AL —Th 5.
AWFFETIE, BRROIEM So RZ AL Lo A E &R FOMEMAN b OWNERIFEICIER L, 21
EA—VKHBICESWTCRAME (F—2fb) T5. £/, ZHICXVEEHEESR-ERANE
I D NFROEMwmE EFiwmaim LD,

2 BEEBHNFOT—IlEEhf=VA A RE—1RE

YR So 1%, Kiskrg UQ1) 25 Z4 — 24, Zy — e 9724 (0 1IZFEEF AT A—4) Db L TR
BThHb. 22T, F=YFHRIHEH-TOZ 7 OBKO(r) T 5RFAHUQN) EHr2 %2, 1BH
DIRMPTRI U(L) B b & TREILR D X H1CX (1) @ d/dr #IZEWMr D = d/dr —ia(t) (alZ
HRBR EOUQN) 7 =) CESHMZ D, EHICIRET v—r - ¥ TIH 25 [T dra (513
REH) 22T, F—IbEn-ABOERZROLIICED D (2] :

Sy = /T1 dT[iZADZA —2sa] = /

0 70

T1

dr {iZAjZA Fa(Zaz —25)]|. @)
T

ZOERE 0 TENTDHE ZaZ4 = 2s BNEDNDHH, T S Trlab S B RRL O~
VTA—Ns THDHIEEBWRL TS, EBRIC, S)EERLET D %R0 & BT
Bk [3, 4] CRELSHARON TN D, ZZ T LHNTND KT, VA RZ—EBI B O i)
AU T 4 — s DFF SN DEITELDHEEICHIRS 5.

—J5C, AEH Sy TR A b BB ERL T & I SR O /EH

U ORI BRI, SaARME IR & D ERIFFIEIC LS <.
2 E-mail: deguchi@phys.cst.nihon-u.ac.jp
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I (e THHMERID) EMTHDL ZENHEHINTWD 5. 22T, 2 (1=0,1,2,3) IX
RIFDORFZEFEEETH Y, Ny MITICET MO EERT. 1EH Sy IZEF TN 5 RE RS OESIE
R ORI OSNRTH D, 1EH SHIE Sp L B-2D, s=0DEETHEKEZ .

3 FHEEHNFOVARZ—1EER

VA RE =W THEER 2T 25613, 272 TH 2O Y A4 27 —2850% A
HULERSH D [6]. WK, 20DV A AL —ZA (i =1,2) LZNOICHIRY A AL — 71 Z#EA
L, BREOIEM So 2RO X I ITHERT D

Tl —_ .. . . —_ . . .
Sy = /TO dr [12‘146772;4 + h(e”ﬂ'idwf — \@mew) + h(eijfr;ﬁja - \/§me_w>] ) (4)

ZIT, me (6= 0,1) FAEERTOEBHEAES—THY, 15 =22, T =23 DX I
A AB—DEFE IS EHE ARSI >TWS. F72, h & ol ZFn i LodEg & 925
ThHY, mITEERTA—HXToD. EA S, & h TESTDHE eijﬂ'idﬂ?‘ —V2me¥ = 0 HIE)
DD, ZiuX Fedoruk & Lukierski (IZ& Y 52 b EH&ZSEMETHY (7], bFirOE &N m T
BbBHZEEEAET S, MEM S, 1, K UL £ ZA — 924, 74 — 7970, h — e 2,
h— e¥Ph, o — @+ 20 (DA, KifSU(2) &H# 24 — U248, 2y — Z3,UY h— h, h — h,
0= [UeSUQR)] DbETHLRETHD. ZHHDOKRIKIER L ERDOREMRICOVWTIE, XL
BR[7] TEIE RS TUVRu,

4 HFHEEHMFOT7—IlkShf=-VARE 15

W ERL T OBAICE, 0L U % r OB (), Ult) &35 % 5 2 RFH U(1) 254 & T
ISU2) BHeaEZD. ZOLE, ERANINOLORPTEBOL & TREIC/RD Ko, AR
Lo UQ) # =V a LR LD SUQR) ¥ — P48 b = bro, &AL, X (4) O d/dr &35
5y D = 67d/dr —ida(r) —ib" ()0 ICEEWZ D, 22T, o (r=1,2,3) 1337 V5T
bo. X6l BERAEATSTBROMEMC 220 1 RTETF ¥ —> » YA TV IH 25 [ dra &
—2t f;l drTrd (s & tIEEEE) 2Mz250, Trb=0 ThHH=0HIZ, FEE E —2s fﬂ;l dra DFIH
sz, ZOLICLTERSNOIERZ O TENT DL, Ziord 21 =0 (r=1,2,3) &
9 REFBWFIHRGAEDNE ), ZOEIEA T T =R F DA ZFLR T D & D H E A D72 NFERIZ
FEHo5TLED.

Z ZCANIE T, FHEZEM SUQ2)/UL) 28 AL, #ESUQ2) DIEMIEERZE 2 5. FHAE
[#SU(2)/U1) Lo 1 oHFREEEZ (e C) L L, ZOBETHEESNLERAEORE TE
VI(EE)[eSUR) &5, F1o, IR ELOBEEE THD LTH. RELV OLEND U %1E
A5, BHAIV(EE) = V(E,E)=UMV(EE)e ™Mo ing ¢ OEBAIE — & BNRED.
1L, 9(r) iE oy TERSNDS U(L) BROFEAT A—2Ths. SHIZZIDLH 7 UQ) L
BENRTEA UL) 7L, LU BEEKHITS. WE, S, 07—t LT, ROEME

Zz25:
T1 . X . - —
s — / dT[ingﬂZj‘ — 25a — 2t (b%3 — e’ — 5653) — ky/295gDEDE

0
+ h(eijmdw? — \/ﬁmei“’) + B(eijﬁgﬁ'ja — \@me_w)} ) (5)
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SIT Ve e g BV MBERSNBRTHY, s &t REEK, K BEOEKTHS.
fEH Sy, (ZRATHY U(1) 284 & SRR SU(2) £ D b & TRETH DY, 29,eDEDE DIRFF L 5
NTNDTeOIZ, /T A—H 7 OfFIFEE X (reparametrization) Db & THAEIZ/ > TS, K
(B)IZBNT, V(&,&) =1 LRy —V =& #AT5 8, 1EA S, 1

g . d . . .
S= [ ar| iz 2 4 al2420 - 29) + (Bront 2 - 2) + ¥ By 2
T

0

— kVbibi + h(eijﬂidﬂf‘ — \/imew) + B(eijfrfxﬁja — \/ime_w> } ) (6)

DX 5 REEARFICR D, ZORRITHWT, SUQ) MFEIEEEN, UQL) SFERHAICR 5.
TEH (6) ICEAS<HWHCROEMEHGRZ R 2 &, 74 7 v 7 OHEICHE> T—#HOM RGN
B D. ZHUb A 1 (fivst class) & 55 2% (second class) (2508 T 5 &

k> 1_ 1_.
Ty—s=0, Ty—t=0, TTi--=0, @m:QQQ%Jpzjﬁmfﬁv

eijﬂ'iawf —V2me =0, Eijﬁ'éﬁ'ja —V2me ™ =0, (7)

D VMRS ES NS, Zhbid, EH (6) % a, b3, 0%, h, h D2 IZOWTES L TE
ZEBTED., —FHT, A7 Y ARNEE 2R RMNST 1 7 v 7N ERINLD,
NEOKREDY A AL =B ZA, 70 ST DT 4 7 v 7 fEINIEMER b0 s. LL, Z4
BT YA A =B (IO EBHOZA Z) L) 2EHRTHLET

{7024} —-islop, {20 2P} ={Z.7,} —o. (8)

DL REHRT 4 7 v 7R ELND. FHENRBNWI LI, EROY A RAZ—EROHER
TR (7) OWHET TR L IEEEZ 2200

5 E#£EFL
VA R 5 =AM 20, 2L ST BT 2, 24 BEAL, R (8) DT 4 7 v /IS B RO
SRR E TS
20 7| = s, |22,2F| = | Zi 23] = 0. 9)

12, Tp & T, CRUET BB, VA MEFEZE L 1T Ty = L(24,20 + 20 2)), T, =
LZhom 28 L2 b G, R (9) OLBBIRE NS &, U(1) x SU2) © U —{%%k [T, 7] =0,
[T, Ty] = iepgeTr BEED SO Z L i8omD. W&, ZA &l akma b bl, 24 & 7%
A= ZA Zi = —0)0Z7 LEBTED. 0L = OWBKK £ 1T 24 Ol (VA 22—
ThY, X (7) O VERREEERO X 5 sy mE e {REoTRRICEAELOND

k2

(fo-)12) =0, (fa-t)rz)=0. (-7 )r2) =0, (100)

<eij7ria7r;j‘— \@mei“O)f(Z) =0, ( 872 — \@me_w>f(Z) =0. (10Db)

€4
J 0w Ow;je
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IIZT wf (a=0,) Fw) =27}, wl =27 THAXLND. WEBE f O Aflitkns, s &thL
0135 EEEED LRI RE S NS, —F7, SUQ) RO I 7HAT 1,1, = 1T + TyTy
OEAEGEX T1.f(2) = j(i+1)f(2) (7 =0,3,1,3,...) £ (10a) D 3FHDOAND, ED
EEEN k=2 +1)—t2(t=—j,...,5) ERFED. ZOXLHIZ, Fx—r - FAEAEHK2s
E20WTMAT, REk bETLESND., 2oL x, WHBAE f X3 >DOETH (s,7,t) TR T
bisd. F£iz, X (10a) D 1FHORXND, fIE—2s —4ROFREAEETHDL Z LR35,
ST, WOLIR fORya—XEWT, @EACT =50 2ERTD
i1oim, 1 0 0 8 ~
T N B ) (2mi)? jizﬂjlal : "7Tjnan87?11 EE Wf(z)”w'dﬂl A moqdmy . (11)
ZIT, o s=(Mn—-—m)/2 TV, X, TN RERMIm, 2 = (M) ITERbLSNTIraT R
X —EMD 1 SOEETH L. mEAYT—HUIL, 285 AT —ORFICNZ TR U T
» SU(2)- 2 BHOWT A2 b2, K (10b) DFE1REZH WL LT
BB im M i By, gkitim _
i0 !Kmmammyomﬁm%an+“356¢€VQ“@meammznma}Ju'—o (12)
AR ENTE, H2XEMNDHZET
BB i1 i M _ip By i1k io...im .
Zaﬁﬁd%azmanﬁjLuﬁud1mdn*_;756 @6676 kwagmanﬁkjyuﬁhﬁdL”dn_'O‘ (13)

ERTZENTES. X (12) EX(13) OxtE, T4 7 v 7 FRERAXOBRZRIEIC > T 5.

6 FLHESEDEE

KAFZETIE, BEERN B I OFEER FOF = ENT-Y A A F — 25, Bg
R OEANT, HDOEE STV T 4 —FFOR AR L, WIMEE & O &R i & 2%
MTHdZ nbmnot. —J, HEBR1OREIT SUQ2) DIFREEIZ AW THER S, <
T UQ) ML SUQ2) stBED 7 — ARl & 0 i) 2 fsR & iz, 72, Xve—
AEHUIZ LY SU2)-2 EHOWT 2 b OoAEESBEA T —ER3 500, TUBNLESNET «
Z v 7 R &2 ENbhotz.

SHBOMEE LT, ZOXIRAEMBAET—OMEEZRIDL L0, Elko Yy 4 2 Z —fEH
(CEMSCE NS E OMBERZRY ANSZ R EFbns.
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HEHEMESHZ(IZHE TS Bi-local 35
f BESC
H AR RSB T 5

1 [XC®HIC

7T T RF TR VVEB = )L X — E RO E kL X R O EER T, BEEREGE
WREB A FF > T D, 2O XD R F1E, ZOf b= X —nN B TE 5720, R & Es &
ﬁﬁ(B%&#é)T%ié%ﬂ%ﬁmxizﬁawix%mﬁﬁ%ﬁbﬁ%kLfﬁ5z&ﬁ@
EhH, EITAN, TOXIREEREIT OO RF— « BEET VWL T__ ] DB 035%
v, BRI E A AN TERNZEORE R VELIDOTHD, ZOFEFEE, B EEZIHE
T ORIy PO VX — « EHENR T VL L EEREIG R RS OBR L LT D LLRT
MBHBINTWEZE D TH DA, BT < TN S 7z slh - A ERE A SR OJR L 72 D
Z &%, Aichelburg-Sex!(1970) |2 & 0 g 1R a7 (1),

IO XD RO TIZ, 1985 42 Dray-"tHooft[2] (388 & = /L —hi 1B OFH A % fli
WIS EREZEDO F CORTHELE LTl L, AT 3L X —PHZTOZOREORREZHDL
T LTz, 'tHooft I & VN 7= BGELIEIE X, 7T v 7 = R L X —|Zin WKL - OB ELIE R 2
T 72 OB A TOERMZLBEEIT AR ATREIZITV A, 2 ORI S D T Clfp A7 Fipze
DT TORLFEELORMBEN L < O FEFIC LV EY BT o (3], [4], £z, BRI RiFLE
D AdS x S 22D pp-wave MRFRIZHELL Lo iE A Fi2720, 2O X 9 IRIFZEA~ ORI OB b IA
Hbakam S 7z [5), A [6] O HEUIE, EHTHHEE T ARNX RN E I o TEKR I
7o B RS S22 1T, bi-local SR [7] ORI AS L THUELS N2 RRRZ <5 Z L I2dh .
bi-local #8812 AFHRLT- &35 Z & OFLHRIE, £ < ORBETIIAFHRL T2 SR & LTS,
ANIFPRLF O FE R PSS HELIRIE I T TR S, MREETREEETH L5 TH D, bi-local ¥
R, RN Lo 2 R o L0 R 2R PR OA MR CTH S 728, HELMEEN B
REIZEIRFTRE L 72 5, MNZ T, R ZZ1 5 D bi-local JEAI O EXALZ B IKD, KD
pp-wave fiRfR & BiE U152 BIBREW R & 672> T\ b,

2 FEERVUESHZOTIZH S bi-local IHiER
T, HEIE Py OBE TRV =R FIZ Lo TELND, BERIEAE RG22 R ITHRBOIL

ds? = g (v)datds” = —2dxde™ + f(x,)d(x7)d*x™ + d*z ., (1)

Thd (K1), 22T o = (24,22, flxr) = fo — 2Qlog (%),
(r=lzy|) THY, QIFENGOW L LRHRTOEEERE T 72X
¥ — Ep L Ot Pg/EL BT 2 EHERT, 0L 2ak22 2
WDIAE T bi-local SR (2 K1 HAER) DIERRE D OBIL, i
AU AF—REIZBIT HERES O BRREHRE LT,




Soryushiron Kenkyu

69

1g i)
S = /dTQ > {g;w e~V o) 6@)} @)
i=1 ¢

ERSZEBEBEZXDND, TIT, ey, (i =1,2) IFRLT ORI ANT A —F — 7 OFROETMN
PIRFET D 1T THY, V(l‘(l),x(g)) RO EAEHERT oy MR T 5, SUav A
F—IRFZE T, :@Tﬁ"'f ‘/“/ﬂ?/l/ﬁ‘iﬁéi V=krt’+w,(z= T(1) — T(9),w = const.) LFEIIND
5, HhA o 7eRFRET iﬂﬁ?é%ﬂDiﬁ@TCi&u\X/m2ﬂf HEAFLTINDOAT T —BD

X9 CThH Y, qui2M%@u%%%<“@mﬁ Mo T-HEED 2 D 1/2” KT

Agl o2 8%‘“ 81’1’
oay ) = [ dogu(@ GG (B =0 ®)
EHOTR], V=2x%04w LERTD, 25 LTERBSNIAEN (2) & ey ICOTENT DL,
EYEEH O RS
Hi = —=2pgyypiy— + 0y — [ )0(@)pl . +V =0,(i=1,2) (4)

WENND, T2 Tpyldar, (p==+, L) DIEEIZEB & TH D, FHREMN (4) 1T1% 6-BEA D
FrRMEREENTWAHN, ZIITEEEHR H, =UHU (i=1,2), =771

2
= exp {—; Z f (z p(z)} (5)

ST BRS ZENTES, 29 LTELNEH, IT1E, HIE06-BEROSRMIIE ENT
WRWA, 723 QF oc B% ICHBIT 2 MRS EN D D, L, QP IIEBH TEIREETHD
DI NEHKET L, ?’]ﬁ*ﬁ: I a v A —WFZE THY EFHAEAER %9 % bi-local A% 0 #)
FHEX, B X O OB KT 5 BifliZe B

H =4(Hyy + Hp)) = PP+ 4 (p* + £°2%) + w + AM? =0, (6)
T:f{(l)—f{(g)zp~ﬁ20 (7)
\ZIRET D, 22T, P= Pa)+tPo), P (p(l) )Tg?) v, AM? = -2 23:1 ({pJ_,A}Hp_)(Z-),

(A=Qz, /r) 1 TFM5 L O ALEHE iﬂ“ﬁ“é ;@%{lﬁéﬂt,\ ZBWT, (6) IXROEE A
H|®) =012, 7 (7) 3FHEOE R TR L, p=i/5(al —a) LBV THBISM: P - al®) =0
RIS SEDDON—RIRTFIETH D, T OMBIRMFITA VL% T 2 IEMERI) 7R A HEER
T5H, AM2HED=% (6) E WL L7V, £ 2T, HIZ AM? HEGMBEMNED 5 PHryZEH
IZHHE LT AM? — [AM?] O THRW, fRELTELRD

(P2 +ao' el a+md+ [AM?]) 13) =0, (8)

(o = 1/8k) & RAH LB HRAOT &5,

1[L]:% OQWdOeieNLeﬂ‘eN (N:(]s~af)(]5~a)> LET S,

2
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3 EERVEEEFZEIZ&K S bi-local HIEER OELEL

AR T DAV B A2 (8) 1, MAFMIBItMRE X~ NAEICE TR TWD, £ TSAT
RO DB, IREHEXE T™ = X~ ZWF#A & 3% Schrodinger BB TR USEHES LT
oL, BRICEHFHENEHNTE 5, Wb, REFRROERIT#2%

0
T~

- 1
) e —
®) = 50

7

{d@ﬁ+m@+aﬁa+deﬂ}@y:@%+Aﬁﬂ@, (9)

t45H, 2T, Hy= go= {/ (P +m) +al-a} RO AH = 5=[AM?] Th D, Znnid
b s SATHIIE,

—i (2 ar-(AH)
S= lim U (Te I "o (10)

Ty, — oo
T, — —o0

Thbd, ZZTAH)p X AH OMENEAFRTHY, TAT5IE Spa = 0pe — i(27)0(Py — Py) T
MOPESND, EETRXIE, (10) 12 AH = 0 OB LEREED, AVTRWVSITH UIU,
RH5ZHZEThD, ThUE, EUEEHOHICEEE R BRI L DINER T v v DR
DEVIAENTEY, IHRELERETIHTHHLEDRWIREL (L2 EEZT716 Th D,

(10) ZJEl, BEIRHE & HORBED FULVARITEB RER R E LT |®,) = [P, PL) @ |é), (i = a,b)

1 77

DICE &, FRERDIRLE |§) BELTD 3 >OHAICHE, TITHI%EET S -

(1) BHIRTE & KORBEIITIRII T (o™, o) DILFCIRE

(2) WIREE : a- DIt —L—y MREEE ot OREECRIEDER
SIRHE + IR T O SRS

(3) HEARHE © IRT) T B AE
YORTE - o DIEFCIRIE L 7 OEARED TR b

HRIL, AH OEBRBOERT Ty = T + T + - OBICESNDS, [MRO5HABEO
WRIEIX't Hooft D52 7= BELIRIE Z FEL L, TOMIEEN o = 1/8k ITIKFTHTRD LD,
ZD (1)~(3) (ZHmT 5B,

N

X

shPa ra2x, ~ 5P Qlog( 24
Tb(g) — 622m / (%)éefmlﬂb-)ue 3 Og( Tg) 14+ A@)] (11)

Thb, 22T, Ala!) IZAFET2S bi-local BHEHIThH 5 = L OWIETAT, ZRZNO5ATE
BEDBD, OQP-Q) H5HWE O (Qpr)?) DRESTH D, #-T, of =0 & LERITSE

DR Tl
foPa I'(l1-1P Q) 4 1-5P, Q
(0) _ €2 27T 2+ a
o}’H—I}OTba (2 )32 X Tg (%Pa_Q) {T‘O(APL)Q} , (APJ_ =Py — PJ_a) (12)
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#1%7C, tHooft OWEIRIGIZIEMEIC —ET 5, ZOMRIE, AH =012bXET 50T, SI75
TEEEHOLTERINTND, V22U, tHooft OWELIRIEO AR 1L, R Sk
ZEORFRMEAHET DIEREEHRICH D, FFMziu, “5a (1) @ TAT51O 1 RMIEIZ b 0K
AEAR ENTHEREIRD 2 2 LN TE, @kHEE R L T CIHFREBNR 2RO DEEOFH#H
WEGZTWD,

4 F&EH

ARFICTHE, BE T R X — DR T-HEEL C S HE A 752 i B A7 e e 222 & DR T-HkEL D S 1751
ZF, BRI NSRS 2N SR TS 2 85 bi-local BRI OBSICEH Lz, T ORBAT, didR
TV NV ERTITNER 2G5 ATNDD, ZOERIC L 5 HEIRIEOBES B 2T~ b D
Thd, &<IT, bi-local AR 2 i - 72 FFZ2 I DIATIZ M= Y, TR T v v /L& DeWitt
ORI OB MR VN CE Lz, 29 LTELNTZROERESIE, B bo%kE ik
K ERDREMEFMEEENDN, TCEEND 0 BEA ORI ED EHEER U XY
BROFRL 2 &N TEE, ELICZOWBHBRRUCEEND B2 ICHHIT2HEEZ AL, Eor2dh
WART v VA YERIRREIZ S 2 UT21%1S, W TR IOEMIRERTIC £ % Schrodinger B D IREfH
WEEATHORIIRE L, 2oL b S175iT,

S 30 Ulu, = tHooft #HIE
DOHEEZFD, o = 0 DJRFTEIZE T % tHooft IRIEDOAE DY, LI OIEMEEHIZH D = & 2345y
Molo, o #£0IBTHMIEHEIE, 0P, Q) 5\t O (Qp,)?) PTHN, P~,p- DK
TG L TH T LH/NERE L 1372 572078, bi-local BRI N> R L X —DR T E FFOE
MR =1/V8 #RELTHZ LI, DLAMIEHEAZ/NE L THHAIE 2 E B0 o7,

TR, o — oo MR THELIRIGIZIERAT N RPN ABEITE < Z & 2R-e L, ZO%RIEAY
VDI D ARRIRIEN & TREERBICHIRT 5 Z &0 n, @A v B DS & OBIRAFE 2
HERIRNSZOMEZ 52 TWAH EE R D,

25 3K
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