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1 Introduction

1.1 Histories of Particle Physics

4 RICIRFZE (D = 4) OB oR . ZoEAEYYN» S, FEIILITR2 AR oEmTcE 5, 2L ke AR
OFEARPBINCEG T 500 ER > 2 &b, ROV INTELIERTH 5, #AEYUAD SFk 2 2R TR
WD IRS Nz, BETIICIE,. SRR V- OxtiRbE. 7 <) =l SRR b h T IR
125K DIFFEE ORIRIC & > T, IEHMEE < Y 2%, ghost X BRST S FRMEDILAZL & &S IR RS T
Kiz, ERBZEINF YUK TORIEGREZMRT 5720100, WANWARBRNERIN TR, AAHT—1
B, AY ) — VGGG, BRI, uliR S — PR, 2 L C Yang-Mills FlGRe & TH L., SHITThHDIR
& U TR [1][2]. Kt — B [3][4]. EICTERYERER [5](6](7]. /BN [8][9] T i < OBIUAMFET
L, NRa Y EBIHT 57-0I1CE5RK S, RICETOYHBIS 2 3HT 2Hmofaie L THER L /2%
w011 bR Ficdh b,

D = 4 FEGOIITIINA WA RPN Z A THB Y, 40 L 22138 ToRFHalBlgIci 2 2 RR035E
IRL Ty, 22T, D=4 T3, 20 toy model TiEdH A% 2 JICRZE (D = 2) TOMMIA, ok
TR MR S AR S N TS [12], D = 2 BERIIBCAINICHATaAET, & & ICELNIC b A H 2y
ZIFFICEZLGEATNEDTHD, €IV LEKT, D =2 Hime ey 2 E0IEFICERNShD, £/,
D = 2 PGB EER N AT DS BER BER IR D —D> T H 5,

Lo FRoBIERNRITI Y b AAD Z & 236, JEEREGNNTIIFHCERTH 5, JEHERERIRITIC & -
T, BlERNHET TG s hRy, BoMROW 4 DRl ERL I LN TELN6TH D,

1970 FENVEREIC, M I K A A OK. Weinberg-Salam (WS) model ASEEHERBI & U CHE @R AT
W&o T SN 2RS, Z OMURICH 2 IEBERR I 2MRIIMKRIR e U URIHS h Ty, ZoFFIcET S h
LOMHT—OBLIRDTHA D, 4lE D =4 Him 1B T Z 0B CADICHHY B il 7= 2 a2, %72
HbEbE IR0 Th o,

F 722 SRUE, HEEGA Y IEBIRAN AT IERICIE RIS 5 T D, IRITOFIBIC B BRIt o FEY)
1. duality[13] & D-brane[14] TH» D, NS DFEYNT L > T, D = 4 DS 0BG BEGRORSES [EFRIEAILC
RoTnd, TD 122 LTHATYH, ®I13V D=2 HERIIEETH S,

1.2 Supersymmetric Nonlinear Sigma Models

Quasi Nambu-Goldstone Boson

FERIZABY (nonlinear sigma model, NLSM) ZHKL 7z & &, Z D target ZEMJId. B BRI > T 7zt
Btk G 2N ZZBRICEZ R TR H ©Hl-7z G/H L2->Tn5b, ZZEETFRERANCHEL & 9.



D=4, N =1 D target ZEJI¥ Kihler ZAHEKIC72 5> T 5 Z £ A B. Zumino I & > TUREN TN S [15],
P35> NLSM % T RRIEARIEARY (supersymmetric nonlinear sigma model, SNLSM) IZHiET 5 &,
Mid GC/H 725, 2Z2TGCIF G OEFILTHY., HIE HC 2EGARbDLRSTHS,
7208, e 2 ANCHERN > TO /MDY GO Ik SN TV 2 b TN Z SITERL 20,
W, RV X —EHIC & - L & 115 Nambu-Goldstone (NG) boson OH@HTH 5, Z D NG boson 13,
SIS > TOTeART V2 v VDI NIDRE (MFME G 2852) o2 EETYT 5, 2z B FRERIENICHE
A L7zB% NG boson & chiral superfield DA% T — & LTEHEND, NG boson 1 FHRT > ¥ v )LD s/ & 1
BL T eo T, AT ¥ )b b Fterm & U THERICA S TRTEAL SN, target ZEE GC 2725, LA
LHEIHIE, FERT VI — R CTHLIDOTRREETH D (D-term), LEMW>THRREL UL G 0E Lo
T35,
Z DL
Goldstone boson (QNG boson) PWHA SN S,

L

target z=

FERRTEAE

24>, NG boson I3 chiral superfield DA% T —¥ & L THAAEN LA & 51T Quasi Nambu-
Z D QNG boson %% SNLSM DffRZ#L < LT 5,

BKMU Classifications

SNLSM K& </MFT A type, B type, C type £139 3 2D ¥ A FIIHKEIN D [16][17]. 2D DB, A type
& C type @ Lagrangian \IXTHME G OEIRTRETHHAY B type Lagrangian 1& Kahler I ZES, /-
A type & C type 121X QNG boson DMFEL. Z D7z HEMATREEE S 9. target ZERDIET > 87 N5
%z ke 5 HHENEGEN D, target ZZRAMKIE GC/H 725> T5, —J7 B type 121E QNG boson 23 &+
T, ZOROEEREML EHE T, target ZEM Y NLSM 0 & D ¥ F G/H T Kihler ZAkk& 2> Tn 5,

type G transformation arbitrariness | QNG boson | target space
A type invariant exist exist non-compact
B type | up to Kéhler transformation none none compact
C type invariant exist exist non-compact

B type I& QNG boson 234 < B9, NG boson 72 TR I T % (pure realization £1¥9) DT,
B A TS KRS TRTWS, L L Zohf5e
L&D LTOZNIEIAMEETH S Z A>T 5,
AT % MRS % &
FHBBET 50 CHEEICENTH S,
DN TN TITIRD M H WK EL Eb>TLEIDTH B,

NSRS

Table 1: BKMU classification.

JUSELE

BT,

EOHBAL L,

MUIECIEA & Z @ B type Lagrangian % X
MR K= 2V X —HliGH e LIk
IZ QNG boson XZFENTNWEDTHS, TlE A type X C type 1&& 9D,
target ZEM] DB % %k HZEITESD TH 543,



Nonlinear Sigma Models as Gauge Theories

BKMU 2K TD B type. 2% Y pure realization 2727 type &, MuFEZEAL TY target ZERYAS
GC/H ~G/H TH -7z, 2F Y QNG boson BFEER T, target ZEMZ DYDY ZDBMF T /XT M
DI > Tz, LI L ZOMIGETRZREEL L5 & LTH, MBS S IERWEENEZRKRT 5L &5 L TY
QNG boson ZWEHLTLE O e WHMEHOLZ®DIT, 2236 L B type OMEBEIMKR S W o/z, —JF A
type % C type & QNG boson PMFEL T, MUZMIIIHIR T = 50 TH 5 H% [ARHCHIIIC IIAEE B
WASIND, 2D QNG boson., fEREEBD 2DIT target ZEMMIET > X7 RO IEFHICR Y, HZER Y2
IS Tt £ TEDb > TLE D,

FUEZLIRTIC2 > T B type D9 B, & HIT target ZEMMTIV I — N HPFRZER (hermitian symmetric space,
HSS) OMIEEIREZ KT 5 Z & ISR L 7= [18][19][20]. HSS & 725> T2 target ZEM DK% Table 2 1ICFET
Th<,

Type G/H dime(G/H)
AIlL, | CPN-1'=SU(N)/SU(N —1) x U(1) N-1
Allly | Gn(C) =U(N)/UN — M) x UM) | M(N — M)
BDI | Q¥~2(C) = SO(N)/SO(N —2) x U(1) N -2

CI Sp(N)/U(N) IN(N +1)
DIII SO(2N)/U(N) IN(N -1)
EIIT Es/SO(10) x U(1) 16
EVII E/Egx U(1) 27

Table 2: Hermitian symmetric spaces (HSS).

CPN=' model & Gy (C) model WFFIFLIFIA SR SN Tz [21][22]. ZH5 D model b [19] DKL
THBEINhS,

T OMRSTEE. FERR ORI D-term B L <1E F-term e L CHL. Z o HEK MO 201
HBLT 25 QNG boson 27 —VHTIRINEE T, ar 7 M2 BRI 525 b0 TH DL, FHFMEZE
Fehs, CPY! model & Gy (C) model & D-term fROHZEFRL . £ DD model 1Z1F F-term Hi %
THL TS, ZLTERZNIC UL) BLLESUN) F—=YHEEAL T3,



1.3 The Purpose

D=4, N =1SNLSM % D = 2 FEEGICICH T 5. k413 E T, SNLSM @ 1 2% D = 2 iT dimensional
reduction §5 & & MM L7z, & OBAUE QN model &IFEN5 [23]1. & 2 THW S NN AR 1/N &R
THY. JEBEERNBET O — 20 HETH D, T TOMMGEREEHWS Z & T, target ZEMAY HSS & 725
TS OO b ulAEIC 2 2 &b h 5,

Sz 2 CHamT 5 DlE. QN model DIEHTH S, QN model TlE QNG boson ZHEI®L=®IC U(1)
=Y BEEAL TN, 2o UQ1) 7 —Ih2HEET S5, BERNQTRERY & 0T -V ol cE
SR THNRAT LD THLMN, ZoFIL x5 L. NLSM OHFTH - &b HBR D=2 ® O(N) model D
ik S NI OHRIC A 5> T B, JERICTFRBIRS, N =1 @ O(N) BRI LI 6% < ©
eI & > THITS T 52, ThEz S 51I LIRL TH 7z,

Z O OFFIE. target ZERIAY Kihler ZA%KTH 0, JEa T RREBY 2H>T0n5Z e THL, Z0
BANATERB R B AL Ricel THRMAEERMA S Z & T, FHRE 02BNV E2HEALZ L buJECH D, D=2,
N =2 HRREZRF> 2 287 B2 target ZEMIIE Calabi-Yau ZA%{K [24] X Gepner model[25] & L CTHIZEE h
TWBH, FET U RT Mg target ZEf 2 FA B0V b s, L LIERZRNS Z 0L Tidzhic>
WTUE—YIfih s Z L iETERY,

F72 D =2 HERTIE hec AR B U TR BFEN R E O eh ASEEZ 5720 &0 5 Z ] (Coleman’s theorem
[26]) MEFET 5. AT ZOEMEH LT, QY model TIIAEZICHET 2 Z LA TE /LA, O(N) model Tl
IR E DFATR, L LMD EE ERTHDIFEETHH DT, ThiZ >0 Thfiihizne 8,

1.4 Organizations

Section 2 CIZET D =2, N = 2 D superfield &V 7z Lagrangian ®EFH*%1T 5, %D Lagrangian 2%F -
TN EFIZET 5, Section 3 Tl 1/N BRI O ERIANG-Z 5 MR ZEEITS, 22 TlE 2 Do
WOTNZNOHMART V¥ v Vi bE5ND gap equation ZHH L. Zh iz THEMY 55275, Ll
ZNIT TG RAT R4 R PR BRSO E VAR Y ABBEAMER T & 22, Section 5 T2 D H X
TERIHE TOMMTOE L ®EAT, section 6 THRENHBURY AH % O MNEZ R 5. Section 7 T
3. fkox el oMo SEORH, TEHHELHRT 5.

Appendix A TIRAICEG T 2HART ¥ ¥ ¥ NI B NROFR. 1/N BHEZRKL THh 25, WK
IRC OIS B2 BT appendix B IC# S5, Appendix C Tl 1/N EHOFEROHIETYH. F-term
R CIRABPEG L v L 2T 5. sHEBREWET R0 Tz 21kl T L, [iIcRVWEIEO 9,
RO ERDY AR %2 B5—D>DFRt% appendix D 12T 5.

IRLCIF ZNIBE L 2wy, Z oBUOFEANT appendix M 2B S iz,



Appendix E Cl& D = 4 T® Nambu-Goldstone theorem DF/%4T5, appendix F Tl Z DAk
DICUC TR > T D, #FMEZ ZE 20 D = 2 BN O 2 BHICHZEL Twb. Coleman’s theorem 13
appendix G IZH#kL TH 5. Coleman’s theorem D—2D[u[# & LT, appendix H Z#8#T 5. Appendix I T
. HTRREEERO N Z T B BRCB HIC L 7 notation ZIIFEL TH S, ZhUE D=4 PHERTHLA. D=2
@ reduction % appendix J 1Z. TR EIFHTIC, D =2, N = 2 HHFRME % appendix K 12#kd 2. Appendix
L 1% Kéhler ZRHEDOIEFICRI M Ef e L CHIRL TH 5, ZIIEHERGNMNT 2 55272 L Iy IEFICE
BChbH, g, HIRNARHHl L LT 72580 2 TdH 5. “Large-N Limit of N = 2 Supersymmetric
Q" Model in Two Dimensions” % appendix M IZE#kT 2.



The Supersymmetric Lagrangian in Two Dimensions

D =2, N = 2 H{F O(N) B Lagrangian % £ I3 T 5 Z e 254 %E 5, NLSM & KT,
chiral superfield ®, ZHHTHE FTDOTH LA target ZEMIAY Kihler ZAMATH 2 0E 3% 5 DT, anti-chiral
superfield ®; B [EFFICEAT 52, 7z, RI1FY target ZE[AS Kihler ZRMEATH 5 72012, KDY F-term

2

e LTEAEE WS,
L = /d49¢f¢i+%{/d29¢0(¢f—a2)+/d2§¢8(¢;‘2—(a2)*)}. (2.1)
NS 12

ZZTa? (a®) FAWICHZLEZOBRCH 2 EWTH 5., target ZE[MIAY Kihler AR TH 5 72801
O(N) NLSM &30, ZoERMERICIS Z b TE S, & 51T OERITAMZIR TRBICEBUTER

LB T e TcEd, fIAE. Ko k5B L TiMelizz4r6 9,

a2 — |a2|€2ia, a*2 _ |a2|€—2io¢,
by — 2P, BF — e HUPE, D, — e, O — €0F.
AR S N7z superfield ZHWT (2.1) 2 HEZETZ LAWTE 5,
: (2.2)

1 _
L = /d49q>;q>i+§{/d29q>0(q>3—a2)+/d29q>5(c1>;2—a2)}

PI#g. Z @ Lagrangian CiamZED & 9,
Z @ superfield CFLIRk &% Lagrangian 13 component field TUARZICHE T2 N TEL, HE LM
WEIKITETTEHLE,
L= 0uALO" A, + Gy Oty + F}F,
+ %{FO(A? —a®) + F5(A7? = a®)} + {F A Ag + FT AT AG}
1 — — 1 — — 1 — 1 .-
- 5141' (D6: + Vb)) — 514: (Dov§ +Ps5) — 5140%%1' - 5148%%‘0 : (2.3)

D=2 Mol LT, REORE miEm=0,1%22FLT5, £/ ¢ & Dirac A =V THY,

Ve = Oy, 13T O e L THAS AT S,
Lagrangian OFFOXMMEICIE. a2 =0, a? £ 0 TEDPEERER L0, Thez 2 ZTHZEL TBEL,

e O(N) symmetry
fJRRAE @2 = 0?2 13 O(N,C) B TRETH S, DL E ; 1E O(N,C) DY MVRBEL, 20 N &

BlEd. @13 O(N) HIHTH 5., HAEATI R I3
(2.4a)

RT(@)R(a) = 1,

241 Kihler RF v ¥ Wik 30, OERBET, (7.1) D& ST K(D,,®)) = f(®;D,) 2 LTHEIND, fi{7d target ZEM o
Fe 27 PARICIE O(N, R) ER TSRS RVNSTH S, LAL I Z TR LMHREE f(2;0,) = )P, ZEATHL,

8D — 2 WEEHRE 1 — diag. (+, —) 2T 5,



& E 0 BthE RIZT AN
Ri(a)R(a) # 1, (2.4b)
THbD, > 7T, Lagrangian HEE O(N,R) ML 2> Z &I TERW,

e Dilatation symmetry

superspace CRRLTZE EDNRT XA —F  2EREIE 5 dilatation ZRLREKRTE S, ZhiZ>01THZ
DIERIFAETH 54,
z — e Pz, B : scale parameter ,
d(x) — ¢'(z') = "o(x),
Boro(x) = B[d + x’"@m](b(x) +0(F%), O : Lie derivative ,

(@], = [®6]c =1, [&] = [#F]. =0, [6]. = (0], = 3. (2.5)

Al =0, [l =5 [FElL.=1. A, =0, [, =5 [, =1
o), =1, [l =5 (Rl =2 [l =1, [ =3 I[&.=2 @6
o R-symmetry
KK U (1) 2% 0 — €' T Lagrangian "L TH D 2 & 2 BFET 5,
[/d29<1)0a2]c =0, (2.7)
THDLZEME. By, O DEMMENESND, HinT
[/d%%@ﬂc =0, (2.8)
"o, o OEMMNREONS, DL LRDEIICKD,
4, =0, Wl = -1, [Fl = -2, [, =0 @l =1, [F] =2
[Ao], = 2, [w], =1, [R], =0, [4] =-2, [b], =-1, [F], =0. (29

e Chiral U(1) symmetry

0 — e OEMEFSHET, Z0L &7 VI A Y OEMANCHE T 508N H 5, N = 2 #TEME
TRER L 72 7 = VI A VIFIROFKRE FoBREH 5,

(5%

Pvex, YX = ¥x°. (2.10)

TEWIES F v — DRI [ ], CRT.

10



chiral superfield TD 7 =)V IF Y DB MOMEHFITHERE, ZhICL>TRDOEIICF ¥y —VRIRETLHZ &
MWTED,

[Ao]. =0, [vo], =1, [R], =0, [&] =0, [b] =1, [FK] =0 (211

e Global U(1) symmetry (a? =0 theory only)

R-symmetry 3RO FR 5 KN UQ1) XIFMETH L. B o PR DORHCORIFET 2,

(@], =1, [(I)HC = -1, [‘I)O]C = -2

C

. @, =2, [0, =10, =0. (212

R-symmetry. chiral U(1) symmetry. global U(1) symmetry % £ & #® T Table 3 IZ/ZEL THL,

o A ¢ F | 0] A W, Fr | ® A o Fo | ®f Ay W, Fp |0 0
R 0 0 -1 -2 0 0 1 2 2 2 1 0 -2 -2 -1 0 1 -1
U(1)a 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 1 1
U(l)v 1 1 1 1 -1 -1 -1 -1|-2 -2 -2 =2 2 2 2 2 0 0

Table 3: Various U(1) symmetries. U(1)a and U(1)y represent chiral U(1) and global U(1), respectively.

F/z, il e TR EE TR O THESEL, IFERE (TRbBILDRE) B D L5 22> T
WL IERL &,
9 Rt oI F, P 2HET 5,

oc oc

9L 9% 0 L EriAA =0,
oF, " 3(0,.F) i T4

oc oc

— = — F+ATA" = 0.
aFi* aﬂ 5(8MF1*) 0 it 7“0 0
Zh#% Lagrangian (2.3) IZfNAL. S &SI Ay, Af, Yo, ¥, Fy, F§ WCOWTHETGFRENA2Z 525,

Fo : A2 = d*, Fj @ A2 = ad%, oy : Ay, = 0, b @ A, = 0, (2.13a)

Ag + —2A5(AFA) — (U5;) = 0, Af + —2A5(ATA) — (Wf) = 0. (2.13b)

Zh S OREFIZ Lagrangian IZfNAL T, JLOIEMIERFBHZ R THR LD, 72 L A2 = o 13H 5DITNA
L7guy,

£ = OnAT" A, B Oy + 3 (ATA) ™ (50,) () (214)
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Z ® Lagrangian {&. N =1. 2%V ImA; = 0, ¢§ = ¢, DFRIFTIE “O(N) + Gross-Neveu model” 1Z—H L T
W5, DEYRLIFS N ON) B (N =1) &b, 5O N =2 OFRTIEZ 2 CRMICITR ST

[EYAYAN N

12



3 Leading Order Contributions in 1/N Expansion

3.1 Strong Coupling Theory: a? =0

E913 o = 0 DHERONT 2175, Z OHER% strong coupling theory £IFATEB I 57,

3.1.1 Effective Action and Effective Potential

Lagrangian (2.3) @2 b, WEIHZEFO A,, Af, oy, ¢, & TOHNMICE EN L4015 F,, Fr 28R
TIEVWHEZ S, 2% 0 (2.3) ZHOTERINERZXTERL., MY 2 FRITT5. 22 TE &; D Green M

BERFHET 20 TIIRODOT, MFIZEHAL 2V,
z = / DO, D] DD, DD exp ( i / L),

D, = DA,DY;,DF,, D = DADY,DF},

D&, = DA,DY,DF,, Dd, = DA:DY,DE; .
#ilha F, Fr 5 THELE D, £95 75L& Lagrangian 1RO LI ICHEEH I NS,

L = 0, AL0™A; + i, Omihi

1
+ 5(FoAf + FA?) — AJAGATA,

1 _ _ 1 - 1, — 1 .— .
- §Ai (wﬁwi + Yfiy) — 514: (wowic + ) — §A0¢f¢i - 5148%‘%‘6 .

B o By L BFINIES EDENEZ LT D L SWCHRT 5.
AZ(.’L') = ¢i+Bi($); /dQ.TBZ(.’L') =0.
MR L THB W/ Lagrangian (shifted Lagrangian) 13K &k 912725,
_ 1 1t =1y 1_/ -1 1 ct -1 -1 -1 c
£ = —5X/'DFX]+ WIS, - DX D' - D' DD X
AR Z 1220, By, B, b, 0, BMAT B, (BENOERE (3.6) THRONS. )

Z

Seff

ZZC, Tr lIFFZED kL — A EKT 56,

/ DO DD} exp (iSe) , DBy = DADYDFy, DI} = DA;DYDFy

iN _4q 4N oy 1 ot Ty _ 17 ye
—-Trlogdet [D}y'] — —-Trlogdet [$7'] — §/d2xXiT[DBl — D3'D,D5'| X7 .

(3.1)

(3.3)

(3.4)

SR CII R G ER O T A S TV B DM, appendix F 2 ETHRNI N TS, Z 2 ToHHIE o =0. 2V HG
BAOERERTH 5 & 5 D FEIKT, strong coupling theory EIFATWS, 2B, ZOHRIE. D=4 2 LTI [27] TR STV S,

SBICEHT 5 TR &, FZELATAIMAG D b L — 22 EKT 2,

13



ZZTC, (3.4),(35) TEHTIEERINTERIN TN,

1 —1 ve _ Bi c __ (bi
X, = X, +D,Dy X7, X; = , Xi = ,
By o7

Vi
(2

D' = Dft+ MSM, Di' = D'+ MSM,

0% + A A, 'y Dl _ AzA, —Fp
) 11 - )
~F, 9 + Ay A, ~Fy  AA,

5—1:( i0 —A5-1>-
A1 i

¥, =¥, —Sy;, ¥, =
Yo 0

Dyt

); Xi ZM(XH-XZ-C) = ( ’ wg)(XH-Xf),

(3.6)

BYWER» /AT V¥ v VRO L, HBIWERANSA—F— N OFRT V¥ v VRO L I5H1E. (RO

EFRITHED
Setl() = 6c) = ~Via(é0) [, Vialoo) ~ OW).
ZO T, AUFHOSIHEFHET %,
- o2 +m*  —f
Trlogdet[D;'] = /dede(xHogdet ly)(yl|z)
—f 9% +m?

2 . —k% +m? —
= [d*zd%y ﬂeﬂk(l_y) log det f 82 (y — x)
(2m)? _f _ k2 4 m?

_ /(%“ng [(—&2 +m?)? — £ /d% ,

"0y, —m-1
/dede(xHogdet( ‘ ) ly)(ylz)

—-m-1 ™0y

2 . —-m-1
= /dede/d—er_”“(l_y) log det ¥ " 82 (y — x)
(2m) —-m-1 2

_ /(;ZT’)“ngdet (4 +m)(~1)] /d%.

ZZT DR ST BRI TRRE N TS,

Trlog det[S; ']

Dc_l = D;l(BiZO,AOZm,FOZf), Sc_l = S_I(Bi:O,Aozm,F():f).

T TCEBETABORGIIROFEATHLELE TS,

14
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Ao, Fy OEZEMIRHEIR. RN U1) ZR21T) 2 & TREGEBMNCO R L2135 Z L 25]BETH 5 DT,
(Ao(@)) = (Aj(x)) = m, (Fy(x)) = (F5(@) = [, (3.9)

LTS, A oW TEZNIIOEETCR VDT, JI4ICHZEHIFE2 52 TH 5,
FLeOLEEMRT VY IVBRD LD ITHD,

N 2
= / 1og (—k* 4 m?)? —f N/ 'k 1og[ k:2+m]

LR+ 672) + mPore (3.10)

2
LATHWEFZE AN T~ A, AF © 1 )V—T &5 & Divac 7=V3IA Y o D 1 )—TaF5. 2 7THBRFRMNE
MoDEFGTHL,

3.1.2 Gap Equations

29X, BRT VY v V2L TOERG THEN 2 L oz ToFE-ETERENTWS, &2 CIEERSGZ
b;, 05, m, f THLDT., Zhb DN THYMART ¥ ¥ VMBI R & DRMEETZEL 5.

8 2 %

%%H =0= —foi+m°¢; ,

0V = 0 = —fo +m’

a(b: ff = - [ 10

0 —k?+m? A2k 1

— Ve = = 2 N _N . 9
amvﬁ 0 m{(b i+ / (k2 4+m?2)2 — f2 /(27r)22 —k2+m2}

o " 2 f
W‘/éff =0 = _§(¢i + ¢; )_N/(Q,]T)QZ' (k2 +m2)2— f2

EHICINEROEIICEZBET I LMNTEX S,

= ¢i(m4_f2)a
= (b*( 4_f2)a
A’k —k%+m? dk 1
0:2m{¢¢+N/ k2+m2) —fQ_N/(ZW)Qi—kQ—i-mQ}’
= Lerea N/ T (3.11)

FRA TR R B2 2T ONHNTH L DT, KOFFE2HLTBEBZ S
f=0. (3.12)

DR T T, gap equation (3.11) Z2FRT 5 &, EaHBERMNE (m =0) b L JIFHFHESRKML (m #0) BB
5, ThZhIZo20WTHL LD,
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3.1.3 Massless Solution
f=0,m?=0 D& &L gap equation (3.11) &£ 9,
0 = ¢ + 72, (3.13)

WREEND, ZD ¢; DIEIF Figure 1 THA SIS L HIT. —KITET TR,
(Im ¢;)>

(Re ¢;)?

Figure 1: Strong coupling theory, massless case. All solutions are on the line.

ZOHEZETOHPILE Ay, o ® 2 MEEERDTEZ I,
EE A 6. Ay DHEEL Lagrangian 2P FTH 25,

L = —A;[a2]Ai+%(%_f) ( _2@_1 _A.;l> (w)

K2

— AGAo[ATA; + AT, + 97 A;] — 970, ATA, - (3.14)

Z @ Lagrangian 2*5. A;, ¥; ZRAL TCEMRT v V2RO LMN, 2206 2 sz 52 L 5,
Ser = iNTrlog [0° + A34,] — YV TRlog ? 0
2 —Ap-1 i
4070, [ [A540(0° + 4340 454, — A4
2p (.,
= /(QTP;Q{AO(—MH(p)Ao(p) +- } ,

2 1 1

. p° N
11 = —¢Fd, + —— do———— . 3.15
(v) it 4 27 Jo ez (1 —xz)p? (3.15)

HL X ETRISERIRTC & 28,

SRRt E RIS E TN TV 2 0T RO IEAHEOATT3OOTIEANEZ v e, VIR e LTk S, %72 (3.15) I3EEAMEREH
Y MIREG L TS, IREEIRSEMIBE L D VNS LTRS EHShD, S0rxd e, EMUEE Y FVNSOAEET 2
MEBEERLIEZ 2ICRD,
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[ERRIC g DBRIEEND Lagrangian ZHEKL. ¢y @ 2 B ERD 5,
L = —A[0%)A; + iy O,
1 — .=
- 5((15: + A7) (Yos + ¥i15)
Set = %TRlog [Dy' + MSoM] — %TRlog[So_l]

- %(@' + A (W§i + P§ o)

- %/dQ.T ( or . O ){MSOM - MSOM(DO_I +MSOM)_1MSOM} ( & )

o5
d’p (—
B /@T)Q{%(—MZ(P)%(}?) +} ,
X(p) = %{_Qﬁ@‘f‘%% ) dxm} ) o)

i1 Fy blEROFIRIC K > THEIETE 5,
Z I Ao, o, Fo @ 2 BB E L D72 D% Table 4 ICHETH L,

F(-pTPG(p) || A4p)  Asp)  ¢5) o) Folp)  Fg(p)
As(=p) sl(p) 0 0 0 0 0
Ay(—p) 0 +11(p) 0 0 0 0
To(-1) L N I B

6(—p) 0 0 0 S 0 0
Fg(=p) 0 0 0 57 11(p) 0
Fy(—p) 0 0 0 0 0 52 11(p)

2N [t 1
Table 4: Two-point functions. II(p) = —¢; ¢, + %%/0 dxm .

Z02 FEBIEE I WD B DTHA DM, FIFRBYIKTAEA S TS 729, Feynman 737 X — Z Fior O
NI LIREZ T 5, 2 2 ClHldifjE% space-like IC& Y (—p? > 0). FEAEFATL LD,

1 p2 1 1 1 1
I e R e W Tt (A7)
2
a253—2—2>i, a> 3, y:x—%. (3.17b)
RO BRI CENITH 2 0T, MAEIHITE S,
1 2
P 1 20 —1
/dem = 51°g<2a+1> : (3.18)

IhEHWwEE Ay @ 2 REBRD LS ICHESIRZ 5N 5,

2a_1) <0. (3.19)

1
(p) ~ —¢ ¢, + =1 (
(p) $idi+ - log (5=
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KiZz o 2 JEBITHEITRI 2B TH L, L bEERSEO D[ TIIAEOEERZEFD, D Y. space-like W5
TIHICHOMEZINS Z L IR ) ¥ EEiFo 2 2%, time-like ICHRMTIERCL 72 & & A CEERN FH%E/M
SNBRET DT, ¥agldFThn, D VI Ay PR ARE RS 2 213w, W o, F bIARET
B9,

ZZTCHRARALEHEM T ¢ #0 THHLEDITKIBHN O(N) MBI TLE D LDI1T8>TnEA%
Coleman’s theorem!® TIXMHTEMEIL D = 2 Tl vy, Zhic oW dks 2 CldEiRt 3. oz &0
T section 4 TE L®TITI,

3.1.4 Massive Solution
BT HZE R PR 2. R1TV 2 2 THRORMFEZERT,
f=0. (3.20)
FZZTEm#A0. DEVEHRMEET., 20L& gap equation (3.11) 25XMESND,
bi = ¢F = 0. (3.21)

DF Y A FEZEMFHELZ 2R, 2Ok % Figure 2 TR,
(Im ¢;)?

g T

Figure 2: Strong coupling theory, massive case. The origin is the solution.

S oI 2 BB ZERD L, £ Ag 226, Ay DHTHIKRE NS Lagrangian % 5-2. HHEH L 2
R ES A%, TomNC, Wl Ay 29I A, A TKOLSITHRL &5,

Ao(z) = m+ Ag(z) +iAr(z), Aj(x) = m+ Ar(x) —iAr(x) . (3.22)

0 MBI GHEROUITITH L, Lt THRIBHEMDMELZIF- L0 ) 221t 2 Sl RfE o2 n) 28T, 2 MK
WERF> &) Z & Tk,
Oappendix G B,
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Tl& Lagrangian % 5-2 %,

L = —A7[(0®+m®) + (2mAg + A% + AD)] 4,
L ' — Agr —iAp) -1 ’
(7. 7) @ et A=) 1) (o)
—(m+ Ar +iA;) -1 i) Pe

Ser = iNTrlog [Dy' + D'~ - %TRlog [Sot+ 5]
- /(;lTP;Q{AR(—MTh (p)Agr(p) + Ar(—p) 2 A; (p) + AR(_p>H3A[(p)} T

Mi(p) = Ma(p) = 2 N !

—_—— G 2 B—— II =0. 3.23
4 27 J, e —z(l—2a)p 3(p) (3:23)

FEVNT g DFHD Lagrangian & 2 FAPBEEL

m-1 i P§
— S AT+ TE0) — AT (Bt + T05)
Seg = iNTrlog [Dy' + MSoM] — %TRlog [So']
d?p (— . .

= /(27?;2{1#0(—@21(?)%(?) + ¥§(—p)X2(p)¥5(p)

+ 9o (—p)E3(p)5(p) + w_é(—p>24(p)wo(p)} +
) =% _ N ! ) =3 =0 3.24
1(p) = Xa(p) = 195 ) $m, 3(p) = Ya(p) = 0. (3.24)
2 BE Table 5 ICE O TBL, ZhERTH»L LI, IhowifiFirEa B 2o e L THEBL&
nTnzg,

F(-p)T@®)G(0) || Arlp) Arlp)  ¢50)  volp)  Folp)  Fi(p)
Ar(—p) (p) 0 0 0 0 0
Ar(~p) 0 I(p) 0 0 0 0
¥o(—p) 0 0 %H(p) 0 0 0

6(=p) 0 0 0 i o 0
Fy(=p) 0 0 0 0 Sl 0
Fy(—p) 0 0 0 0 = 11(p)

PN [! 1

Table 5: Two-point functions. II(p) = T3 xﬁ .
7wty m?2—z(l—x)p

ZOFHRMTE. KIN O(N) SRR THR0nas 2 Ko dilatation ZHAZME. R-symmetry. L
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TR U1) SIFRESHNTLE D £ ICRA TS, 2 TYHZOiREDEIEIC DWW TIERERE T, section
4TI,

3.2 Weak Coupling Theory: a?® # 0

ZhY Lagrangian (2.3) 67T 5, HLESHIT a? £ 0 OHiRZFEA D, Z DHER%E weak coupling theory
EIHE S, Lagrangian ZIRO b DTH 5, HL F, Fr BEHIRYSh 2wk 2T 5,

_ 1 1
L = 0, Af0™A; + b,y Omthi + §FO(A§ —a®) + §F5(A;f2 —a?) — AJA AL A,

— S AT+ T) — L A (Bt + Ta§) — 5 Ao — 3 AN (3.25)

3.2.1 Effective Action and Effective Potential

A,y A% iy )y, By, Fr ZFEY Y 5. R0 7713 strong coupling theory &[AFkTH 5., < OFERE S 2 HAE
HERD & 512725,

Z

/ DO, DY exp (iSerr) , DD, = DADYDFy, DI} = DAZD) DFy

Seff

iN 1 iN _
7Trlogdet (D3] - 7Trlog det [S71]
— %/d% XA Dg' — D' DD X¢ — %aQ/de (Fo+ Fp) - (3.26)

ZZ T, (3.26) TEET 2H/ERUT strong coupling theory TEFRINTWE D L[ELTH L,
HIERD SHMRT ¥ v VKD 5,

Trlogdet[D;'] = /(;ZTI;Qlog [(—k* + m?)® — f?] /de , (3.27a)
Trlogdet[S; '] = /(;lTI;logdet [(—k* + m)(-1)] /de . (3.27Db)

ZZT DR ST BT THKEhTHD,
D' = D' (Bi=0,A0=m, Fy = fe?), S7' = S7HB; =0,40 =m, [y = fe').

Ay DEZEIFFELIE. R-symmetry ZiR% 175 Z & TREEMCOR L DT 5 Z L Ba[RETH 525, Fy ITHOW0»
TUIMIAMEIRT 1 2DNRT A—=FITHIL DT Z 2 I TERW,

(Ap(x)) = (A5(@) = m, (F(2)) = f, (F(x) = fe ™. (3.28)

A WCOWTHUMEIRT 1 DOMUFHEICHI LD 2 Z e SJRETR VLD T, YA ICHZEFfEZ 52 TH 5.

Hstrong coupling theory Z[EAFDFEMT, a2 £ 0 RDT, FMEEFAEILKTITRV, & W) FIKT weak coupling theory & IS,
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FL05LHMRT v VBRD LD IT85,

_ N/ 1og k2+m2)2—f2]—N/%log[—sz—l—mQ]
- §fe19(¢i %)= e (61— a) + 56, (3:29)

LATHMEEAN T~ A, Ar ODIV—T &G & Dirac 7 =)V I A o DIV—T 5. 2 7THAMIREKAF»S D
HFHETHD, THEENR a2 1220, 58

N
Rl =

9%, g WEIERTERTOMGENTSH 2,

3.2.2 Gap Equations

HIART > % VOFHSEET, Z2TIEANTA=FE ¢, ¢f, m, f, 0 THDLDT, ZhdOWNTHIR
T UV IVIMERIRE L DRIFENZEL LD, fe? ICOWTINERETH S Z LICTHERET 5,

aTbiVeff =0 = —fe¢; +m°¢;
a%vff =0 = —fe ] +m’e;
%Veﬂ :OZQm{¢¢+N/ k;fn—;;nQ fQ_N/(;;fi—in—mQ}’
%Veff =0 = %cose 5 (@7 e + ¢ ) N/ k2+m2) —
chaae =0 = —%sme— %(qﬁew — ¢;%e)
INHERDELIICHEHET,
0 = ¢;(m'—f*) = ¢*( 4—f2),
0 = oo, +N/ k;fﬂ:;;nif? _N/(;if% )
F o N [ e
% = ¢i? + fe 19]\[/ k2+7312) R (3.30)
Z o 1 By o ul_él&ﬁﬁﬂ;ﬁﬁﬂ_%ﬁlbk%)@% gap equation & I3,
3.2.3 Massless Solution
ZZTCHMITHREERETONHNTH LT, KEWNET 5.
f=0. (3.31)
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f=0,m?=0 D& E& gap equation (3.30) IZ&L Y,
= ¢7 = @7, (3.32)

NESNDL, ZD ¢; DIELE Figure 3 THA 6N 5 X oI TIERW, FRFMEN Fterm ICORER L 124
RORGEBIIRY AxhTun,

(Im ¢;)?

(Re ¢1)2

Figure 3: Weak coupling theory, massless case.

ZOHEZETOMIIGE Ay, Yo © 2 R EZRDTHBZ 9, strong coupling theory ? & & L[iffiC L T, Table
6 O &2 IHilEO 2 JEEARD 5N D,

Fp)rPmGm) || A4lp)  Asp) ) volp)  Folp)  Fi(p)
A5 (—p) ;1) 0 0 0 0 0
Ay(—p) 0 +11(p) 0 0 0 0
Po(—p) 0 0 ﬁﬂ(p) 0 0 0
5(—p) 0 0 0 ﬁﬂ(p) 0 0
Fi(—p) 0 0 0 0 5= 1(p) 0
Fy(—p) 0 0 0 0 0 5= 1(p)

2 ! 1

Table 6: Two-point functions. II(p) = —¢; ¢, + %% xm .

Z DHEZEIT strong coupling theory TOYHHBRFL[ECTH L. 2% Y #hil iz IR FHIE 2 IS 22w,

3.2.4 Massive Solution

A R WHREFD L&, bbb m#£0 TH5 L &L Figure 4 DL T f OEICE T 418 Y DIRAE
PEET B, TOTNTNIIOWTREREZENMFET 202 HRL LD,
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supersymmetric IR—divergence

* tachyon free * tachyon mode
A A
/
— ® - f
0 m2
Figure 4: Weak coupling theory, massive case.
. supersymmetric case : f =0
HXTRR 2 R 2 H22 9 5.
0 = m'¢; = m'¢; = 2me;e,, (3.33a)
N *
ol o7 = 7. (3.33b)

T RRAEDY Pterm ICDOBREYT 5 20, fit EBUITENRBRELE T, L TR AEhan,
Ko TIRHI AR & S0 0 fu kSR 3l Y 0 HZEIFHEIC BRSO 2 F A TL £ 5T b, L7disT
FD &S STEALL R AR EEAT L Z e TET, HPMIKT S, KoT BRI ET
R,

. tachyonic case : f > m?
ZDeE A OIBEBICE I AV PEST S5, NEEENICIIALEREZEORM Y 2 R L ThbZ i
IRBH DT, REBMHZERPET OITIEHEL TH2Rn,

. tachyon free case : 0 < f < m?

BXAUBBH LR (m? — f > 0). FIAFEBDZR (m? £ f). &I RIEEERT,

0= (m*— e = (m - )¢5,
—k? +m? 1
0 = stoc [ { R
N 0 1
o N/ T
N . 0 d% 1
9—2 = (bi +f€ N/(ZT[‘)QZ (—k2+m2)2—f2 . (334)

gap eqation (3.34) »6aek b, HEOHIEMT K% Figure 5 ICKRT, FKERILEREZETHN
W Z OHIEDMRET SR FFEB STV 5,

0 = ¢i = (bza
_ 1 1 m?
8r & ma 2’



A
m? + f
m2 m2

. | . |
m2 — f
|

0
boson fermion

Figure 5: Mass splitting under supersymmetry breaking (massive boson).

1 19 m2+f e—i@ m2 “l‘f
= = —log = 1 . 3.35
2 8t Sm2_g 8t emZ_J (3.35)
chiy, ZoBFRT
m? #0, f=0, ¢°= o0, (3.36)

THL, LLZHhIIEIRIXT 5,

. IR-divergent case : f = m?

TRAFERD IR ORAE (m? # f) AL ERT L, Z DL ED gap eqation (3.30) 1FKD L D125,

Pk (11 1 1 1
_ b, + N = - 3.37
0= oioit /(27r) {2 2T ome —k2+m2} ’ (8.372)
N —19N 1
7 = 4+ Y [\ e~ Trme) (3370)
N o 0N 1
g = e / { — _k2+2m2} : (3.37¢)

gap eqation 2> Stk L b, ﬁfﬁLﬁfﬁﬁ#Héﬁ?’E Figure 6 1237,
TAFER DI X (A2 < 1) ZEAL T, gap equation 2 HEIRZ 2,

i # 0 or ¢ =0, (3.38a)
o=¢¢+NlogT:22 >0, (3.38D)
% :(ﬁ_e—wsﬁl@g%, (3.38¢)
% e wév 0 2?;_ (3.384)

CHUZI ST (3.38b) AFTEERRI LT 5, LS TINERETRUFELRN,
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A
m? + f
m? m2

. | . |
m2 — f
< |

0
boson fermion

Figure 6: Mass splitting under supersymmetry breaking (massless boson).

PLE &Y. weak coupling theory THHEBEDHE TIE LK ERHEZUIFEL 20,
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4  Realization of Symmetries

Z 2T, FEIH (leading order, LO) TEH L L REHZE, NEHZEERIZET S (Table 7). ThEThoHZE
TEDRMEBRFEES N, b LN BIIZEL &9,

vacua ®g dynamics | O(N) dilatation R chiral U(1) global U(1) R x global U(1)
a?=0,m=0 no-particle X O O O X X
a?=0,m#0 massless pole O X X O X O
a?#0,m=0 no-particle X O O O — —

(a®#0, m #0) || (no solution) - - - - - -

Table 7: Supersymmetric various vacua.

D = 2 FEEGCIREmec R IR Tz, LA L 2D Table 7 2 /.5 & © O BEZEANEITN T b wifent ks
MhTLlLEsTWBEIITHZS, LEALZHIENEETES, chEohrbi#@kmL £,

4.1 Phase Symmetry Realization

Z Z Tl strong coupling theory COHERMONIFMEDIR % H22T 5,

AR RTINS N T s £ SR A S, BRI Rsymmetry & U(1)y XIFRED R T
5£21C TRATI LES, Zhid D=2 i@ TIEHEFShTh2an, LS T Tunenk 5 Ikl 2k
TRERD B, 61T, RERTIFMN TH2RNZ L2 BT TR s,

L0 HATHEIE Ay, Ay PEZEWFHER Ff- /22 & TZ DEZETCIE Lagrangian 28 D XD IX2 > T 5D
. ATHRES, HilEE, KoL SICHY 2 DTREL Tz e 2z,

Ag(z) = m+ Agr(z) +iAr(z), Aj(x) = m+ Ar(z) —iAr(z) . (4.1)
IhEHWT, &HD Lagrangian (3.2) 2 HEET,
L = OnAI0™A, + 0y Oy — %(Eiwf + 0%,
+ %FOA% + %FJA;Q — (2mAg + A} + A7) A} A,
- %Ai (@Ets + P5o) — %A;‘ (TS + TitsG) — %(AR AT — %(AR AT . (42)

Z DBOEAITIE. R-symmetry & KN U (1) MR 7 =)V 4 2 o Y Majorana HEIHZHf > T4 7=
DI TLED LT TRA S, KB U(1) BHUIAZETH 512,

2Dirac matrix OFTROEIRIC & 5 TE Dirac FRIZFF/2¥ T chiral U(1) MRS TS K SICRX 2RBEZMKT S22 T
&5, 95 L71=/7%" appendix H OBV BUHRTH 245, Z I TIIHATZORRITE 5> TR,
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ZoMGe%E. W Ag, A; PWEEPHEEET U TERET 5, L ELROIL. B IR TEE T 5. F
BB OFICE S -t B AN NS —HoFETH 5,
Table 5 25 #ICL T, filiZoEEIAOH 2 5>~ Z Tkl & 9.

Seft = /%{AR(—MH@)AR@)+Az(—p>H(p)A1(p)+---}- (4.3)

appendix H 12726 - T, RN CORBEWEZ Lo T, ZhDBoM A ITEHTES, /2. K
BN 2T 2 W6, 2 B II(p) BIRD & DI1T D,

p2 N 1 1 pZ —0 1 N

_— < - — 2 .

) = 4 27 Jo dme—x(l — z)p? o dmm? (44)

o THUWEFRPSRD &S Icitiksh b,
N d’p (1 1
Sert ~ o [ 5P ARCPAR®) + 5P AN-D)ALR) - |

N

= Az {0 AGO" Ay + -+ } . (4.5)

CZZCHES Ay BIRD XD ICHERT S,
Ag(@) = p(a)e®™), Af(z) = pla)e ), (Ag(x)) = (Aj(x)) = m = (p(z)). (4.6)

Z 2T O(z) DHEZEFHEIZ E S, 1 HHERZT Z2UIFHEICT 20T, UMETEEL RS TO LV DTH S,
Z ORLTHIEM (4.5) ZHHRL & 5.
N

Set = - & { |0 (p(2)e® ) + -}
- 475:;2 e { (o (@) + (9mB(2) () +--- ) (4.7)

AT EER O 0(r) OEITAET Th S, £ -T p(x) oD THEZMFFECE S A THL.
N
Seg = E/d%c (ame(x))2 . (4.8)

ZHICEY. 0(z) PREEEMIR T EHEAMA AN T 5L LTEHL T30 05, 20, KR
TD (z) WIREBITRD L 51k 2,

(@)0()) = —loglz — 3. (49)
i (4.8) 2 HEBNTREAZM S LN D,

COYHBRAMAN T - 0(x) OIEICE > T Rsymmetry 22 & 57 2 sl TICR5 2 & &0
L&D, Mo kS 2 B EMRT 5.,

Glz,y) = (05 (@)0pvi(y)) - (4.10)
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i Ao W& FRFRMEO T T (2.13b) Lo Td, 2EYINEY, T =)V IF VD RDOFBINIKD & 5
IR TE S,

Ds(x) = —2(A7A)Ay(z) = —2(A; A;)p(x)e™) (4.11)
Ihz W THBEREEEEET,
G(x,y) = 4((A]A;p) (@) (AfAgp) (y)) (e W) . (4.12)

O(x) FEREREMETH -2 e 2BOHE S, CRBERTHIN0IC, FIRMOREOH . KoM
BB iR s,

(@) = 0. (4.13)

2F0ZNLY. R-symmetry ZIRICHOT L TAETROMBRBIZI LR >TWE 2 812kb, LEXST ¥
HEIC R-symmetry (3N TR, b5 EHRICE D & RIS TIEIMALER AR 7= 01 B BB 4 T Rik
WROMCHRETE D, ZZTRIAS & AETROHBBEENE Table 5 THN T2 &9 ICRREREA L0
Ths.

& BITHMIZEIRAZE 2 MBS TR & D,
Gla,y) = (Vi ()i (y)) - (4.14)
ZhiE R-symmetry OWAEIRTARETH L., Zhbiok e bl cHE &Rz 5,
Gla,y) = 4{(A7 A;p) (@) (AL App)(y)) (e @) . (4.15)
0(x) MEMENI ¥ @ 2 HE TH L2 itk > Fo L) ICHBEAMNTERICHRTCE 2D TH
%, EBHIT, (e W@efW)) = g —y|~VUN DT, RO LI ITRDZ LN 5,
Gla,y) = 4((A7A,p)(x)( A App) (W) — y| =/ (4.16)

ZHUCk Y. N AYEFICKEVEIRTH LD, $->< 1 & Z oI IciTif <. 2 OIREEV S Kosterlitz-
Thouless type @, STFREAMN TR OKEFEM T DIREEVISRIIT 5.

¥ o> 7= [l L T, strong coupling theory TO KRN U(1) XIEEDN HIEZ > THZRNZ AVRE D,
L 72085 TREREZE TR ORI T e,

4.2 Dilatation Symmetry Realization

Dilatation ZHICOWTUL L D », FIEZ OFER (4.6) Tl dilatation ZEHRITMN = E FICHZ 5, LS
T BN TR E S IR A D BOHERELTD.
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MR o Fkim e A L2 %, dilatation ZIRE TR TE DL LDICT 5720, BRI GDOEREITI.
LG o(x) ZIRD & ITEAT S,

Ao(a) = me?@H0@ (Ao (2)) = m, (p(z)) = 0. (4.17)

oL s Ay DFREIEZRD &5 ITHERT 5,
Ao(z) — €“Ag(z), = o¢(x) — ¢(x), 0(z) — 0(x)+a, R-symmetry, (4.18a)
Ao(z) — e*Ag(z), = ¢(x) — ¢(x)+a, 0(x) — O(z), dilatation symmetry . (4.18b)

HEMER Sep 2kt [HARICH S EZ D,
N

Ser = g [ da{|0nAo]* + -}
= % /de 62¢(w){(am¢<x))2 n (ame(x))Q L. }
~ o | @ {(0n0@)” + (0nb@)" + -} (4.19)

Z OWIRTIE. fEAIZ dilatation 2R, (VAR BITAETH 5.
ZNTIEZ 2T fUuMEM o & & L AFRICH B R OIREVWE R TR E S, fAIFROBEEHET 5,

G(z,y) = (|Aof*(2)|Ao]*(y)) - (4.20)

(4.17) ZHv5 & Z OMBBBIE. REEREWULCIIRD & 51D,

m4

Glz,y) = mi(e?@2W) = piet@s) = T
|z —y|VN

(4.21)

2F ) BN CIIMIB BRI aic i b, SRR TR E NS Z e BT Thh 5,

4.3 O(N) Symmetry Realization

Z 2T HEMICDOWTHEZT 5, strong coupling theory. weak coupling theory i 5 DT, strong
coupling theory IC2WTHERL L9,

YolEMo e &, MEEEFEZ R0 5 0 T2 0 HZETIIHBIUT 22 /8T A — 2 II{FIEL
By, Zo7®, dilatation BRI OWTALETH S, 0L S HRIICEFFO/NT A—=F iz, 7 =)V
IAVITHBRIHER 2T AT L TOAETH S, Ll ON) B A, BWEZEFHEZ TS 720, Kk
1 O(N) SEMEDBN TS EDWCHATLE S, LALZONKELIE 2 2 2 2uJEETH 2.,

strong coupling theory TE¥HERMD & X, O(N) R EDOMUIC KN U (1) CIFFME b B T d LI A
5, LD TENS ZaRIC0E T 2 0 FERET .

Ai(z) = [exp (iTaga(x))} ¢ . (4.22)

)
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Ty 1% O(N) D D BN AR TCH Y., A, 2R7 MVKRBITH D L EHRLZDOT T, bRERKIZ
L%, ¥ oRBUTIEIGINTH S, ROFEJTLOZTETE AR, Lo (2) 1& ON) MRt oih a6 &
559 % 8% NG boson T Y BN ITEOBIZFRENED, RIS, ¢, 13, A;(x) OEZENIFETH 5.
Z 2 ¥ CRNIRIIE CFRROMY IRL TH 5, REFHEVIROMBERBARD & 5128 »h 5,

(Ai(@)Aj(y)) ~ Sigle —y 7YY (4.23)

LIZREMARNZRFREI L R0, HEORRNTEZ 5, Kl U(1) BHALETROMBBEL. O(WV) Xl
WAL TR WML, BB AR AN S —HoRAFRBARE ot micnsd, b L oD 50
MIZH > T DT AETROHBEBII DS ¥ Th 5, £ U CARZE M B R0 R Rk
BT |z — g~ YN D& RIREVWET 5,
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5 Beyond the Leading Order Contributions

KR42FZNET 2 DOHERZ LML TRED, ZhBEORBERNDTHA I M, 2E VY AREET
—HOMEGPGICHN T S 23RN THA I, ThEHERTHITUELO TETERY, fijtesd &2h
5 OFREMBELE T, BB AR L, MGERRY AR 2L, & TPHRBRESE»S6TH S, DL ik
0 ABBESHEIR T E el 57z, Y ARBFE MR T 5121, 1/N EBHOEROI. FHS 2 IROIF (next-to-leading
order, NLO) 2 &R 5 0ENRH 5,

5.1 Renormalization Group Flow: Two Scenarios

0 ABEET weak coupling theory 7*& strong coupling theory I 2RIF 2 H. ZOTFUAITARL Y
2V BEROND, EIMUKTORDBLYGE &, FIMURTORBLGEND L. ThThefisX 2z HnwT%
A &1,

ML MG OBETKROIEEAT D,
e strong coupling theory Tl& g BBUIEH,
o JEAWZREEI RO BIERIIZLSTY 1 22§ 5,

1 2O OUEIF. LO TREREZEN (F-term 26 DERIETTH L) WAL L b Z L 2XREE S, 22
i, JEHHREERAIMS > T, THITRHGERANRELT 520 TRE TR & 2RSS E 5,

5.1.1 Asymptotically Free Scenario
TRAMIEX T weak coupling theory A% strong coupling theory I8R5 GE2EX L., 2 DOWENH. EK
a2 O 5B EOITHGER g ICHAEZT p BB ORECE TEL L5,
Blar) B(gr)

Figure 7: RG flow about constant a and g.

BH TR TL 200 T, T ERRRKOBROREN R L3P TFATH S,
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Figure 7 1C8¥9 2 B(a), B(g) BZNZNRD LI ITERSINTNE LT 5,

0
= u=—a :
Malj/ R a,A: fixed

Blar) Blgr) (5.1)

= M%gR g,A: fiexd
ZZTC. p IRV IABRRTH Y. ap, gr BTN TR AENTZERTH 2.,

B a? EREERE T o® = N/g? THRIZTN T2 DT, Figure 7 O & D ITIREWANHICZR S, REIMNE 1
MOREDREONTHID, o2 > 0 BLLIE g — 0 DIREVIZZ NS O EMENRFEZ A0 eAn 50,
SHHOKR, EIMIURT 02 — oo KRN DB EZRIRT, FINT 0 — oo KWHIRN DG EE R TILRL TH 2,
g KDWY IRV C TR SN 5, TRINT 0 — oo ISR HE. IUE 2 & U EIMEEHRAY 1
8T 5,

RIRDOYF VA D & &, FEEBCHINT 2 &, > VIR MY 2 &, BERITININ A Btk 2o,
Z DIREEVIFIEHNTRR O(N) B N = 1 RN G U CH 5, LALERRO Y F VA2 61F Z oRmIE
TN E R CldRnz 2ick s,

5.1.2 Asymptotically Non-Free Scenario

ICEANFERCCHRD D R B G R BRL &,
plar) Blgr)

Figure 8: RG flow about constant a and g.

UL RIUITCE 1 25 DI CRE > T D, a? — oo ICHINTORMDEE LR T, SO b
GERMTELR TS, SENTORMBLHEIIME 2 £V, FIMIESPBN S,

ZOBEROEROREC S, fTRESNE Y F VA FHRININAHmTH D Z L1 b, Lo LI
DYF VAT, HERITWITI H b2 Rz 220,

KR Z 2T T NIERFHE O 7 A CIEAHREERN WY 0, D VITNTHH TRWIREVW 2R
TTHAHZeWTRENS, HEFHRRBRTIE Fterm 13430 AR EZZTR0OD, FiEERILE 22D Fterm

IAHET 5. MEEBICHRBD BN 2 OIZBENREER Y A% & W TH D, —FTEENIREHRY AR TR, i
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DIARNT Z & AXT NIV p(o?) EDRD &S ICHRAT ST 3,

1 = /OOdUQp(UQ) = Z—i—/OOdUQﬁ(UQ). (5.2)

0 0
L o BEATOSRTOERTH Y. p(02) BAXY MUK, 50?) 1 2 KPIRED EToz~<2 kLB
THoH, CoMKLY. TEREMHRTEATHLHRY,

0<Z<1, (5.3)

L) BRSSO D, BEERITIZ 0 AR FOE M TCELT 208 THIASNS, Tk 5
L. EORXLHERITINTNAB IR e Rohs,
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6 Renormalization in Higher Order Contributions

Z Z D HEEE. weak coupling theory ORNLEHZENENAMIEZ T 5 Z & THRGEBICEIERA BN,
D AREEZ BERICAND Z & THIOHEGISHN T F2#iNE 28 TH L, 2 2 TORNMIEOREKITE
FIRFAFTH 2110 T A, OEBEBOBEIEEGERY ARIC NLO 2f/MEE2bDTH 5,

A; 72 ¥ OARIRERUR 213 LO T & B FAEIE 220 2 Wil N2 b 0 CTh - 7208, #lilhiEss A, mEIBEEC
V=T e LTEG L, €hENLO TCoRTHiiEZ 525 2 Lilasd, 61T, Lo RRbi

A?(x) = A (z) = @® = gﬁ (6.1)

ThHholeZ el d 21, A, OWEIBEBICRTFHIESEE 220 ) Z 2 id, Mo ERICR FANENERET 5
EWnHZ Tk b,

6.1 Propagators

Z Dl weak coupling theory C. ENE B EMEZ HZUIFf> & ZATITD., TR, A;, Ay, Yo, Fy
?D LO COLIREE G2 508N H 5, LPLZN 614 T section 3 TROSENTWAHDT, O —FEZ I
FIZELTBZ D,

Di;(p) = 7 A; propagator ,  Si;(p) = =5 i propagator , (6.2a)
Da(p) = —[1(p)] "', Ao “propagator” , (6.2b)
-1 « 9
Sy(p) = —p-[I(p)] ", o “propagator” (6.2¢)
-1
Dp(p) = —p*-[I(p)] . Fo “propagator” (6.2d)
N 1 1
I = —¢*¢p. + —p?® | dp—m——— . 6.2
») <bz(bz—‘_&rp/o x)\Q—x(l—x)pQ (6.2¢)

6.2 Wave Function Renormalization

TlE A; CRERO., WLV —TH52ERL L),

A; BB~ 0. @G ON — 712 & SRS, Figure 9 1CH 5 3 R THS, 22 TbThZhigkino
LD 207 T 7GR 2T THE L, HLZ G 1/N EBROBKHIEZT 2 /0T, [UA—F—
TOMIEL 5 A, DIV— Tl LT HBRL R,

1/N BB o NLO #iEIC& 5750132 0 3 721 Th 5. Lagrangian (3.25) Z -5 RV Tl Figure 10 I
BRTH77 7R TE e~ STLE I DM, #WGE Ao, o, Fy ORIBEEEHBRT 2 BT, oh

154D Lagrangian (3.25) 254l Fy, F 2FA L TEWET L fRRMEBEOTEATES T 5.
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Figure 9: One-loop corrections in A; propagator.

S5DT T 7134 T A; ORIBEBICRINS D, Zhid (3.6) TRENTVEA, b TRz 2,

X! = X;+ D,D3'X¢

Xi+(1/c’)2.A5AO _1/0° - Fy )Xf, v (Bi ) ke ((bi) .
~1/0%-F, 1/9%- AjA, B} o

X0 g RRGL CCE R, BERKRIhZ A, ThHD, 20 X; ZHWTHPIEOGBERE KL T,
L7228 T Figure 10 13 Z OHERS N OGBREEICIT O IZR0EH L,

12

Figure 10: Rejected graphs.
Tk, HERSNG A, KL TEET5. V—THIET T 7«07, “Cy7, “C3” TNZITONTHERT D,

1. graph “C4” contribution
Lagrangian (3.25) CZ D75 7 2k 5 AAEHIHIZ

Lo = —AJAAIA, . S = / 022 Lo (6.4)
ThHb, Zhz 1 [HWS,

(Aikn) A7 (ka)et™ )y = (A (k) A (<ke)iSine )

2
= (21)%6° (k1 —kz)%Dw(kl)%Dbj(kz)/(Qdﬂfzi [DA(p)f;ab} (=) (6.5)
ZOfIEC &5 1 HFIERIEA 07 5 7% —ivl (k) & LTRTY,
d2
IS (k) = —ida / (27T—§;Z_DA(p). (6.6)

157E#%1% appendix B B,
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2. graph “C5” contribution
Lagrangian (3.25) T2 D75 7 2k M AAEHIHIZ

Eint = _Azw_ng_A:Ezwg = Eilnt+£i2nt’ Siint = /dQ‘Tﬁ?nt’ (67)
Thb, Zhk 1 MTOHNS,

(Ay(k1) A% (—kp)eSime) -~ (A, (k) Af (—ka) (iS]

int

)(ZS?nt)>O

- (2#)252(161—kQ)%Dia(kl)%Dbj(kQ)/ :

d 1
(27r—§72itr [S’ab(p - k:l)?S’w (p)| . (6.8)
ZOMIEIC &5 1 R FIERNEY 75 7 —ix2, (k) 1ZRO1EY .,
d2
~ish() = i [ S~ KISy (6.9)

3. graph “C3” contribution
Lagrangian (3.25) CTZ D75 7 Z kK A AAEHIHIZ

1 1 ; ;
Eint = §FOA12 + §FJA:2 = Eilnt +£i2nt ’ Siznt = /dQ‘Tﬁ%nt ’ (610)
ThHod, Zh%E 1 [aFo/n5,

(A; (k1) A5 (—ko)eSine) 2 (A, (k) AL (—k2) (1S}

0 int

)(ZS?nt)>0

1 1 d? 1
= (27r)252(k1 - k/’Q);Di@(kl)ngj(kQ)/(27T§722, [ - Dab(p - kl);DF(p) .
(6.11)
zhirb it 1 K FIRIERY7 F 7 —is3, (k) 12D kDb,
d2
~E0) = i [ G Dalp = HDr). (6.12)

Zhb “Cp7, “Co7, “O3" 2T 1 KIS 7 5 7 ofds, A, IR O ARKF& LT85T 5,

Et(;z“)(k) = Xop(k) + 32, (k) + 23, (k)
_ 1.2 d2p -1 — 1.2 !
=k 5ab/WWDA(p) = k%0u - X'(K) . (6.13)

appendix B ZZIL T, 7EIBRET. KEIHE O ALK FANRES NS,

full Zdap
D (k) = —7 (6.14a)
_ d’p -1

ZHICEY, BEREOMRY AARN L. MY AENhDOHION A;, Y AENEOE AR BIKTHAMNT SN,

Ay = Z7AR. (6.15)
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6.3 Coupling Constant Renormalization

(6.1) 1B, FEER g CHT 20 AR EERT 5, (6.1) LMV AENBCIRLEZ .,
N
Z(AR(z))? = 7 (6.16)
ZOWIFFHEERD &5, 0 AENIB AR(2) OHEZEIFHIN oF T, RFINIES FOBM BR(z) THA L
%, 72 OBEETIHNFMED D, (A;(2)4(y) &> BB HICR > Tna1s,

(Al (@) Al (2)) = (& + B (@) (@7 + B'(2))) = (¢;)* + (B (2)B{'(x)) = (¢')*. (6.17)

U 723 THIRRAF D JIFFHIEIEIK D & 512725,

N

260 = . (6.13)

<

FRIZETCOMGERIMYAENIFOLDOTH -/, ThEz, BOATNEHEGER gr THOTEHESH
T, TR AENIMEGERE 2 2 CERT S,

N N
=277
9r g
N 1A N [ 1 -1
AN S dt—[’-‘-t— d—} } 6.19
92{ +47r/ t it 87r/0 x)\Q—i—x(l—x)t (6.19)

Z UM INCIIIE IR T2 LT 5, LD THiliR o 2 ABR0R AT 12 = 097 & 5 12Tl
L &9, EARAEMCEBENH 5 DT, (R &I 517,

1
t t
de—————— ~ 2log— . 6.20
/0 x)\Q—i—x(l—x)t %832 (6:20)

ZhiF (3.19) IKEHT XKW o® 2RO L2 ML THLN D,

1 1 A2\-3 2a +1 t t
- (24 ~ 92 ~ ol — o~ — 21
(4+ t) iy T TR (6.21)
ZHEHNT (6.19) 2EHEET D,
N N N 1M N -1
=z = i1+ = —lore, + —1 2
N 1 A% 4Arm

F72Z 2 TIHEEIERUIRTASA -> T d, 2 2 CENERUIT PRI EIRZ I -7 £ S 2B R LD, oL S
DIAENTREEN gr ZHRICHKSTBL L Y AL N SFIOREGEBIIERKICZ2 S, 2 kb, HEmITEE

AEBY B AR AL L G EBAVNE K 25 2 25, DEVENTNAHTIIRVWES I bIITH S,
1675725 k) ICHEFHERL Tz, £k 2 0EETIHHINIG b T AEN T b, Table 6 B,
TRl D 2 sBIEAE T, SAREEEN 0 2E e LT 2 sBilE ERL T35, Z2ha s 2 2 CTEARBERN iRV 2 1.5 720 DT
WEITI D F ey RARCLEDNEN., ZHZHERIF VT —HHERL Lo 2 fEBEERL CHEDTIhTLY, HITRVE—T
DYHBIR 2 RT3 N F - TR L TUREW 2 R 00 AR O EZ STO—2TH D,
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—JCIHTINIC D T2 5, TRISERYINT A 23RV AR p CTEEIA S, ZL T g AEERL £,

0
Blgr) = s (6.23a)
0 1 2 2 A? -t
M%g = —g—gﬁ(QR) = N(log 5+ —¢ ¢) ; (6.23b)
A 4
. Blgr) = gﬁR(l _+_7r¢ ¢) _ (6.23c)

FoTo ZOBIYINTHGR CHEI R ST X — Z D3I A £V RERMEIFIXNS v, 2% Y BRI YIRS
FGEND e LIEGEEE. 20 g BN ICHININIEAMTH L 2 e 2R LTS, LA LHERIZYIRNCEY 57
v B L UTYIKINERR K OMfRE & 5> T bW HERE 2T e SHITFRRIRENE T 5,

Blgr) =0 (6.24)

Z D, MPRKAEFRZ IS V5Tl MEEBIIMRRTHRY AEh T g BRI m & 5 5 MNEGRRMR 2 1T,
ORI, Y ABRRFIYIR O A>T d 2 L ITER T 5.

PRinZ eic, A DHFEUIBUEZ 2Tk E > T b, SROFHTZ DtfT ok, 0 AR e 3 BBOIR
BOERELL., MBI LOICHBRTLZ1ch b, L LEMNICIIROZ EAVRENIZ ITk D,

LA BRI EIRCTH 2R, D FE Y weak coupling theory 1340 ABEFCHL, LRIMERR CHi & E B HERR
KIZ72 Y. strong coupling theory 12272285, 2% VTN H I Tldieu,
2. strong coupling theory 134802 S G EBAERATH . oINS Z 23Ry, 2¥) 3=0T
AL TH S, TR dilatation BT L TARETH S, EMOTEBAYHROPERIZ. FRIMER
T&THREHEmCIh TT <L,

= OfEEIE. FHETEARIERIE O(N) B, A = 1 ® O(N) BN & HRIECAA S SR 5, Zh b ORI
OB Detorm ICHMAS TS 2%, e L OBV E 2RO T2, 20t N =2 1oL
TRTCORERE\BNTH S,
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7 Conclusion and Discussions

DXL T D=2 THO N =2 B 1 52 RISk L T JEREERNRNT 2175 72, BRI
% 1/N BiZHvTns,
b HIOWLTCEMLEATEAhE LD TBI ),

Summary

D =2 RZETo N = 2 ERFIFRA %2, W2 EAT 5 2 & TRIALL 72882880 & T L 7=, target 22
A% Kihler ZARKT B 2 72912 Z oAU BLINITIE strong coupling theory & weak coupling theory (2K
MTED,

Strong coupling theory IV TCIE 1/N IO LO 0 A% 2T 5 2 L TRFRNLEZEN 2 o/ oz, &
MO & EREZ o T, —Jid 1 ZTO» SN Z R > Tz O(N) SHEMETHARBUCAS
BHBREZEE L., Wl IR R N TER, ChOHIIBE Y HRTERET20THIM. h
MERTH -T2,

O(N) FARRKBUC ALY, ZDOHTY Dirac 7 =)V I 4 D% Majorana FREZMEE L 7272012, PERANRAIN -
Tz UQ) SRS CLE > & DIciA %, Ll Zhid, WiigomEEREITY 2 & T WMk
hToRWZ EDfEPD Shl, 22T, SRR EEOERTH L Z e BEL ThWs, ZofERICK
V. ZoOETIE. HERAFO S TOXRE BT O(NV) BHRREE. KIS U (1) fPRRME. chiral U (1) xPRRME,
dilatation ZHEAREE, TN TRV Z EAMEE SNz, Zhid Coleman’s theorem & FJHL THRLY, &
51T, Z OHE TG ERD—VOEARRE -2 wn, 20V AREZZT TRy, 25 ZOHHT
FEZEIEARAER 2o 2 L b Ao T2,

b9 1 DOEZHME O(N) RARBOBS YR TEET5, 20L&, ZhbOBNEEFEL -
LED720IC O(N) SEREESNTL £ 5, K AfE 2 iz 2nig e LTEET 5, ON) BAYE
ZHIFHEZFF > TLE S 2 & T ON) MBMHAHN T2 k9 IciA 205 REIMATIRCIE 2 bR mIE
%, Z OBSREAA IR BRI T 2 B 2 6] U T 5.

Weak coupling theory ICBWTB[EIFKIC 1/N EFTHT 217>/, ZOWE. target ZERAS Kihler Z2A% 1K,
DF WEHESRKTH D Z BIEFICuMe b DT b, LO ETOMMI T KT oo vy VoFEHRIE 1 2L
RSN ST, ZhIE ON) B HRCERT 2 HZRTH D, YREITH S 01T O(N) HHFEAs
Wna koA, WlESR g2z 220, L L2 2T Y RFED BRIREYI Il aE L T 5,

51T, ZOHERT ORI G EBITEEN M L2 T, M0 AR &2 21720, L7=A¥> T LO Tl strong coupling
theory 7% E1# 0 ARBE TN 2 13FF S hn,
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ZD2ODHIEDEDICORMDLDTHAS DI, #Y ABEFEHRL 720N 1/N JEH T FER0 S Bl
ICH, REEBICY TRV AREPR TE R, Ldts TIRk4 11X NLO o HZRICIXY filds = 21
L7z, £ NLO fiiEZ AN TY, JERY AREHO OISR EERIE F-term 53R EZT T Lzdd-
THEY ABBEISERCE RV L 2R L 2. 2ok, HOBEREGREY ARK & O G EBICFER R 1
Tz, RO ABBRAMEIRT & 5 & DI LAt SIERUINTAS g BB 21Tk > T LE s, Che & T 57
FWEBIEE ERL A > Theniy, Rle LT HERMPIMTNIEA TS 5 2 LIFEMNICO» 57z, Zhi
& 5T, strong coupling theory & weak coupling theory \FEEMEIRTD2en % Z 21222, JloSWHEETHh
1. strong coupling theory lFWV 2% TH 7D ¥ £ CHOFERICHINS Z L1320 FEERDEIRATRLH
FRETH NI, FIMERCATHIMBIERRN TT 281l ->Tna, 2hb oV, DRI S B
5N T IBETER O(NV) B, N =1 #0FRZ O(N) B L 138 WAL IREVE L Tnd, 29572/
T, ZZTINY B 7z V= 2 HRTRRA AN IHT U iR R IR L e 2 21 B,

Problems
OIS VWA RFTCE R REICHBINTOHRWEADNH 5, DITICENEFZET 5,

e Strong coupling theory IZBWT. XFRERLTRIE T 272012, 2 D DIFHROMN T O E Ll fiEE k-
TWd, 123 ON) GWWHREZRSM. b5 1 DI ¥oHROMTHL, ZhdDETERD DRI 1F—
REI NI bDD, EELRRMNICHKEBENDLDD, ZhERETHEZMBSD L ZAND 5 TR,

e NLO ¥ THREL THOERICARRE B S L & VALK T Z 1ITIZEAAREBYINT A 25%5. Blgr)
WY Z DRI > TL £ 5. spacetime DT £ 72> TOBIEHICIE. 2 DEAARBUIEIRTH-TH
Bos, Zoa 1 FICT7 =)V 34 v & FR 2 2 L3 ERTEREN TR, D F DR % MR T &
BNEIPIRPTH L, EENRMEERKICIDS & f(gr) ¥R STLE D, ZhTERBITE
B L COHERMNRY ARBEE L TR TT RV LD ICR 5, ZhE[FET 572912 Wilson HI7ZikY AH
BEEMKd 5 2. B0 AZBRORN TIEANREZERD BN T, M2 2 iith Tr v iihien, %
D& R PEREMIKT 51213, target ZE DIET 287 MAWITHT L THIB L 7AEEBR f(9;®,) &HE
SEDLDEND B,

c::/#w@ﬁm+%(/fmﬂﬁ—a%+@@n. (7.1)
L2 L ERZOFERIFIT> T2,

o WITMIEA MR L > T B HE. O(N) B N L TR ONHYEN S WEIVDE I, £
3o &Y LHfRTE R, WL A hRGRORG. ON) BEREY L EEHE. QCD & oKt E
AU O(N) B0 THUIAD] 5hTHE L SVOERI RV X ~HHIRTHL L VIR TES, Lh
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LTI 2 BEAC I, RIS L & 5 2l 510 5 2 e AL, B O(N) B2 il

i L LB AR,

ORI T 5B 0FHIT. RICETF M4 2B E2RT I L TH D,

Next Studies

N6 DD T2 2 2 TETTHBI I,

Z ORFIIARZ: 51F Kihler potential ICERHBMAEZENL0THELM, FHHERBLEL T50ICZ0

BHEZEZEL TS, L ULEERBUE, target 2SR EZALE N, JEa 287 MY, QNG boson 238
G DI B> cB{TCH 5, Z ORI EEESE L2 & T M4 2MLED Kihler ZAkKE £
HZEMWTED,

ZOEKNZRIEAA e LT, BHERE 02220 2 HX 5 Z L HECH 5., (TEBKEETE S ¥/ Kihler %
FRARIC Ricei “FHZRMEZFT Z & T target ZZRIC N = 2 OEXITIRMESFET S HER & D DR R TR
%, fHU target ZERAIET 27 N THLIBUNSEFAEL THHD T, ZhETICEERVA SN TR0
WEEICHESNZ D TH S, ZhUE non-compact Calabi-Yau manifold ZHFFEL T2 HHICE Dbt s Z &2
TEXLTHAI., ZToMICLHILROMNTTHED O & D & U TIRTEEINE F 5 2 L3I 7= 2 il 2 3¢
WTng, ZZTH-kT 7 =y 7 2O THEIERETIET 2 0ld, HANIIERICHKOR b Z 2 TH b,

¥ 7z, appendix M 13IK4 DHFFERED 1 D TbH L., ZhiIbe b &, BKMU classification TP B type I
725, compact Kihler A%k & R0 IR OMIZIIRZ BER T 5. L WS IfRD 0 L >oRETH S, =
T TN iR £ MU BEME 0 B 2 BINCIEH T 5 Z L 1E. B type TE HIC HSS & 785 T2 B
ZIEEERERNICTESCHT 2 2 10 kntb, 26 & O Y SEMESE & &2 L THFZEL TIT&E 720,
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A Non-Perturbative Analysis: 1/N Expansion

ACCIRBERRINERE 20 1 BHD LR GERCoRME RRET. JEHEERNERZ VT
%, ZZTIEAINboT1/N TRET S i eEnz AL X5 28],

AR S B E 2 MRS 2 k0 S IR TEL, 8 ¢ TRHIRSNDLIEMH S, 2% J W5 asnize
& MRS, JRERSE D TR E 52 2RI Z[J] & MR BIRUZ O 52 5 ARV W) 21X
KCEFRSND,

Z[J] = /D(bexpi(Sl (0] +J-¢) = exp(iW[J]), (A.1a)
W[J] = —ilog /D(bexpi(Sl[qﬁ] +J-9), (A.1b)
J-¢ = /d% J(x)p(x) . (A.lc)
Legendre Z{%#% L THIMEM T ZFKL & 5.
)
Tl = Wl=J 6. ole) = W] (A2
ThEfvde, T &S5 SIFROBFRTHIENS,
Ilgl = —ilog [ Doexpi(Silo] + 7+ (9~ ) (43)

ST, 8 MHBLEHF 0 TRODEIIKLKVERETWIEHEEEEA LD,

o] = —ilog [Doexpia(Silo] +7- (0~ ) (A1)

ZorE, ¢ ORHBEIE 1/a WHAAIL (ERBELE S, OHIC ¢ @ 2 R OBITH & L TEH L Th5),
FAAFFIE o \ICHAAIL T b 2 2ice b, Led> T, Feynman 79 7 &HWGE. 7 2 ICRIBEEL P 7R,
MELEHRDS V BFEL T b, 207 T 713 VP BRIThP>Tnd 2 2icied, 22T 7971
N—=TW LIHA->TW=z2T5E, PV, LICIZE

P-(V-1) = L, (A.5)

) BRI Y 2o T BDT, V=T LHAS>TOSbDOEHRE o' L Il T2 2ic2b, 4T b a
TLLYELTWBDTC, V=T FFT1 o OA—F—T, 1 V—T& 1/a. 2)V—TF 1/a? &V T2ED
TNV—THEDF —F =M A>TRL Z LIk 5,

biamic, BERRNERZT> COAHEE. o= 1/h THLZDT, V—TERIZZ0 E $EERNENTH
%, W IFHEL TBWT, o+ TRHT S . ZhidIEHERRNEN L »wS 2 21tk s,

ZOFGmE. AT WENITIEH L THR LD, a=N 2 LTZhPBERA LD,
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ATHTREREL AL & 210, #H3EY ¢, 130 5B Z o5 L LT #H32 o, 134ilime L
AT 5, /o, WEEL TOROPEERBLDIABFEL T & LT, ROERNEE?» 6 HFRET 5.

Z[Jo] = /D(I)Z-beo expi(S1[®4, Po] + Jy - )

= / DPgexpi(S2[Po, (P;)] + Jy - ®o) = exp (iW[Jo]) , (A.6a)
W[J()] = —1 10g /D(I)O eXpi(Sg [(I)(), <(I)Z>] + JO . (I)O) s (A6b)
Jo-®y = /dQ?U Jo(z) () - (A.6¢)

HFERTERHI L T B HER] S 13ARSL 2 [EARIC @; MTIKETLIDP A>T Rnb DT 5, 2% UAERHTNE
ATRITTETC, HUEH Sy FIEER L OEEND L DICL T, J, 3G OMNGTH S, & 51T W)
VLA B BB ORI CH 2, ZORMTE ST, Sy IFKIC N WS NP0 T, ThE L
DL TBZ I,

SQ[(I)(),<(I)Z'>] = NSé[(I)O,<(I)Z>] . (A?)
Z OEEFICHE T, AR W) IME J, bEERLTBL,
Wlh] = NW'[J], Jy = Jo/N. (A.8)

Sy OHERPSF AL, MG 00 X I TEHIRCKHEPHZER LS5 2 e TERHMRTH-T. 20
WG oORIEZ NS EZ L LIRS,
Legendre £ % ®g(z) 1L THT 9.

T[] = W] — Jo - | (A.9a)
Be(z) = %@)W[JO], Jo(z) = _ﬁ‘@)r[@g]. (A.9h)

22T N ZLLKYVHTHEREITIZ LT, ShOHUMFHbVEESND,

L[®§] = W] — Jo - ®f = N{W'[J] — J;- ®5} = NI'[®F], (A.10a)
c __ 6 _ 6 /77!
B = < Jo(x)W[JO] = WW AR (A.10Db)

Pzo 1 2Hn5,
IN6, Oy(z) = O5(x) + 50(95), Doy = DDy ~N& TS L 7=Hif (shifted Lagrangian) % W CHREM %2
BrzencEs,

I[®§, (®;)] = —% log /Dfl)o exp iN(Sé (Do, (P:)] + Jg - (Po — <I)8))
=~y los / Dby expiN (S5[@F + So, (@:)] — (3T /5®) - $o) = S[@5, (@,)] + T[@, ()]

(A.1la)
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p@&@m=—%bgﬁﬁwmmﬂﬂ%D?%+ﬂm

[(I)(C)a &)05 <q)i>] - (§f//5¢8) ) &)O)
. /Dfi)o exp iN((T)g . iD;lti)O +5 . — ((Sf’/gq)g) . ‘50)

. int
ziﬂ%Dm@DFMQ&@M)—%bg

/DE)O exp iN((i)g . iD;lfi)O)

(A.11b)
ARWEH T OHI S, ICHAE 2 AT 28 1/N fisdhTnd, 2% 1/N BHTS A4 -5 -2 1 2 k2ts
T3, ST oWRERS &, YITEIIGD 1 V- TH5E2RL, & 2 HIZZhD Lo, MALEHADS

RBIHTHD, SOERDLERDIGHZDOH 2N SEYT 518,
FEYMRT Yy MFRD E DI 5,

!
=
32
C

I

—VI((@5), (@) [ (A12)
VI(5). (89) = V(@) ()

b [ oo et (D 05 (050, @:)] + 5 exp ISt (Bos (0) (2) | (413

1PT

YOI T Tk 512 LO TLELTLIH5THY. & 2 THITEIE &0 @ 1 V— T35, # 3 HIE
WG 2 V=T o, —KH AN REZE 7S5 7 Th b, OISR OZEREZFOMBEBEKT. 56121
KN b D TH S,

) = B I e _ o 2 0 P 5
<F[(I)O]>0 = €Xp l&‘i’o DF 5&% F[(I)O] (50:0 €xXp l/d xd y(S(AI;()(.’L') DF(*T y) (S(AI;ZJ(Q) F[(I)O] $,=0
(A.14)
BoOA—F—ToOGRBETIL. KokoicLTRoohs,
DM (@ —y) = (By(2))(y) exp(iNSy,)), - (A.15)
HHRFORD 2 /I e WAREIREEICIIROBGR S 5,
I(p) = —Dz'(p) - (A.16)

182 2 TR BRI 2B AT O TIEE R LS, JEIEEINR Gross-Neveu model IZHf T2 [29][30](31], EITHIGTFRAIC
LABIC LT E D, Tofle LT [32] 1t 5.
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B Momentum Representations

HEMERNC &Y 2 M AR 2 i RFRORT 22175 . € OFRDTTWROFEIHR N6 TH S,

EFE AN S, (EBOYE A(x), B(x), O(z) & L. L% D —y) £EL,

1) . d2p e+ipai 1) ) B i 5 B
514(3;‘) B /(27‘r)2 5A(p)’ 5F(p)F(k) = (2 ) o (p k’)

o d2p1 d2p2 d2k3 - 22 1 1
ﬂ@ﬂm]—/@M%A%P/®W@)5@+m)DWMM)MW+MMW%

1 1

/ﬁ%{ADBDC}

— [ [ [ e+t p) A D+ p)Ben): D))

i
INEHWS, bRARIZZDFIRD L &, MAFHMICRNVAGEERIINMWETH S,
SISO IKD & 5 ICHBIRFREND, (7 =)V I4 VIEEHUYN. )

1 ~(u . igint
(27)°6* (01 — p2)= D" (p2) = (F(p)F*(=p2)e’™ )5 .

5 1~ 6 6 1= 6 4§ 1~ 0
o). = - . IDp— .68, 1+~ .-D
()5 = o |55 7D 5 i7V5e 64 aga)(
LIy, jL::/:ﬁL_i_l~()_;L_
oF i TsFs T ) Earerm) i T SE (p)

d2p —ip(xz— 1~

fields=0

~ ¢ 1 jag A
Dr(p) : W## propagator , ;DF (p) : M propagator .

(B.1a)

(B.1b)

(B.2a)

(B.2b)

(B.3a)

(B.3b)
(B.3c)

(B.3d)

(B.3e)

BRI RRBARE R L TR LD, V—THEIC &S 1 KPP 7 F 7% —iX(p) &L TRET D

L. EAGIREEIIRD kDT b,

1
1

= ~Dr()[1+3()Dr]

DI ) = 2De(p) + 1 Dr) ~ 80} D) + 1 Dr()[{ 20} 1 Dr )]+

(B.4)

LN P B R B RIC R BC De(p) = —1/p? LRTE S, 72 1R ISR D E & &

Z DI HHETCE B IRD & 5 E. BeEIREBIIRo L iIcEevons,

1~ 11 1
—-Dr(p) =

i i 1-%(p)’
2 CHEIMEORY AHRTEERL &, ERGEIRPCOOMITH L.

1~ 1 Z

D ~__Z
i F(p) Z-_pga

S(p) = p°Y(p) .

z7t = 1-%0).
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C Gap Equations in NLO — Non-Renormalization —

Z 2Tl F-term CTAS TWAHEERE. ThEF TRV AEhnz L2/ 5, HikiE LO LEU &
2ICL T NLO COHYMRT V¥ v Vip SFAREHELZ L. ZOMTOUMOEBDRBEZ 2T 02 & 2R
5,

Appendix A ZHWT, FEROMIEEZMRL & 5. LO THRL 7=HBIEH (3.5), (3.26) & #lEcEH T
WEZEER HGR Eole, ST Wil — T ETHERLUILEMEREMKRT S, 29752 & TRl
DHGETHIRIIRY ANS Z W TELRICR D, 22 TlE LO CREREZERED Z LN TERD 5T weak
coupling theory I&HH T 5.

R “HIGR” (3.26) TH S,

iN 1, iN _
Sy = —TRlog [D}'] — —-TRlog [S™']
— %/deXfT[Dgl — D3'D, D5 X¢ — %aQ /d% (Fy+ Fy) - (3.26)
i % ERERY T 67,

Ap(z) — m+ Ag(x) +iAr(x), Aj(x) — m+ Ar(z) —iA;(z),
Yo() =0+ (@), olx) — 0+9(),

Fo(z) — fe + F(x), Fi(z) — fe 4 F*(x). (C.1)

FFEITHIDSRD kD127 5,

7 —-m-1 0 —Ar +iAr-1
o W . ntidr
—-m-1 Za —AR—iA[-l 0
e B " —Aid —mA-1
= “mA-1 A )
AL —fe0 A% + A2 4+ 2mA —F* _
D' = | + et " + MSM
—fe? A1 —F A% A3 +2mApR

= Dyt + D71 M:(o w) Mz(i w),
P 0 e 0

m2 _fe—ie
Dp' = Dpy+ D", Dpy = ( :

SO—I +SI_1 ,

nn
I
&
w
£
&
I

feiO m2
A WA
DA — DOZ DI 1DO , DO _ C f B ,
fe?Ap Ac



ZhzMfnd e, HOATORMMNTELZ LIRS,
Sy = —TRlog o] — ﬂTR Z DyD'~1)" — —TRlog [So ']+ ﬂTR Z — S8 H)™
1 ) _ _ c c ¢
—§/d2xX;T[DBé+D’ X +§/d2xXiT[ DOZ —D'7'Dy) DB(IJ}XZ-

o0

~ 5 Jerxet g Y (- 0oy e - 5 fare e[S (- 0oy pgh) e

n=0 n=0
1 c — — —1\n+1 c
_§/d2xXZT|:D/ IZO(_DODI 1) i|)(Z
1
—a2fC089/d2.T - §a2/d2x(F+F*) . (C.2)

ETRBIINSIIN-T T T T7EMKRT 5, 2%V LO F52MKT 5. MROFHE. LO @ #iiE (1/N k)
L LTHIKY %,

C.1 Two-Point Functions
b,y 65 m, £, 0 BT A= & LTATD 2 MIHEMRT 2 LT L5 10k 5,
d2p (— _ _ _
Sy o~ /@TP;Q{w(—pﬂl(p)w(p)+w(—p>22(p)w°(p)+wc(—p)23(p)w(p)

+ Ar(—p)I11 (p)Ar(p) + A1 (—p)II5 (p) AL (p) + Ar(—p)115 (p) AR (p)
+ F*(=p)II{ (p)F(p) + F(—p)15 (p)F (p) + F*(—p)IT§ (p) F*(p)

+ Ar(—p)I1F (p)F(p) + Ar(—p)II5F (p)F*(p) + Ar(—p)IIEF (p) F (p) + Ar(—p) I (p) F *(p)} :

K2+ + ] ,
El(p) = N/ k2+m2;n f2 (pfk:)f—i-mQ +¢i¢i }j_mg = 21(?)75,

b 2y —1]k* + (1 y)2m2 — 2 (1 —y)p? . 1
P = N/ dx/dy/ VRt — g g — oy 20—y + DI T O T
22(27) = EI ) )

by o [ A%k 1 1 I m
Bp) = §Nmfe @ R n? P Gk 2%

Y3(p) = (Ez(p))*,

Ay d*k —k*+m* d*k m?+k-(p+k)
117 (p) N/( % ( k2 +m2)2 — f2 /(27T) i [=k* +m?][=(p + k)* + m?]

[—E* + m?)[=(p + k)* + m*] + f*
N [
. 4 + 0, x2 i 2m?
+¢-¢-{— ( 221512>2”_1}2}+<¢i69+¢i26 g E

B —k% +m? m?+k-(p+k) i
1) = ¥ [ e T o)
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115 (p)

1155 (p)

115 (p)

C.2

Ve

Vo

Lo

N —k% +m? —(p+ k)2 +m? . —p? +m?
B / —k24+m2)2— f2 [—(p+ k)2 +m2]2— f2 +¢i¢i(_p2 +m2)2 — f27
_ o _oip [ d%k 1 1 1, fe
= T /<2w> T e B P R ey E A R e 2
= (5 (p)",
B o [ Pk R m? 1
B Lo i e e
. mfe " o m(=p* +m?)
- 2¢i¢i(_p2 +m2)2 —f? —2¢; (_pz +m2)2 — f2 )
= (¥ ()",
= 3" (p) = 0.
Effective Potential
NLO CTOHMMART v ¥ 2 VEKRT 5. MKGEZR L3 appendix A 25T 5,
= Voo + Lo,
N d?
= 3 s —fQJ—N/TZbg[—Mﬂ
1
_§f619(¢i_a’2)_§f _le((b )+m ¢¢za
1 d2 lyv . S 1
D g {_( 04 0 )]
Yi3p) -1 3X4(p) - P
L L mi(p) 37 (p) 15
+§/(2W—§;il‘)gdet [ 15 (p)] +§/(2W§jz logdet | = JT1¥(p) 310{(p) 15 (p)
s (p) 15 (p)  $1I{ (p)
d? 1 , sl 1 [ d?
N _/(27r§)2i tog [ — #” (%) + 2474 + 5/(275)22' log [ 115

1 d’p
Sl |
+ 2/(27r)2z' ©

(C.4a)

(C.4b)

1 1 1 1
g - 2npd)e - dnrwene - Lopgee s ngngng o+ dnrngenge)
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C.3 Gap Equations

NLO £ TE&E® 7= gap equation (LT D 5 2O FATH 5,

0 = %Veff o T i{VLo “I‘VNLO}‘ ; (C.5a)
0 = %Veff o T 8(;5* {VLO+VNLO}‘ (C.5b)
0 = %‘/eff o T %{VLO “I‘VNLO}‘f:O; (C.5¢)
0= gVl = gr{Vio+Yuo}| . (C:54)
0 = %%Veff o T %%{VLO “I‘VNLO}‘f:O- (C.5e)

K4F LO ToMNMMEEZ KT 2 HZED, NLO O#iiEE iz, EitHRM (f =0) 2560 C0FHL
THL, £z MY ABEOTA (renormalization group flow, RG flow) % H527 % DICEIZH RS 5 Dl
(C.5d) (C.5e) TH 5.

C.4 Supersymmetric Massless Condition

Varo PEFEER TCOWMINRD & H12k 5,

g, Vo = —2/%2%(512')*%/(;? : (aZZHA)+1/<;;>221;_§(aZZH§)
+/%Hlf(£znf) (C.6a)

a%;VNLO - _2/(;;) z;’ (02*23) +%/(2d? 1 (az*HA) +l/(2dQ) znlA(aZ*HA)
%VNLO 0. (C.6c)
aavaLo 0. (C.6d)
ch (%VNLO _ (C.60)

HL BT 2 S5HBUIRD LD ITk > T 5,

- ‘N/ élw—f{%+ EE iRl o
- 3 [ pi it (C.7e)
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Lo [k (2y — DE2 — (1 — y)p? 1
E’:N/dx/d/—_Ql— — ¢ : c.7d
e e B T o ) T KA (c
0 0 0 1 0 1
4 = —or e = —¢r . —If = —¢*= o= —¢f— )
a¢i 1 ¢z ’ a¢z 2 ¢z ’ a¢z 1 ¢z pg ) a¢z ¢z pg ’ (C 76)
0 0 0 1 0 1
A = —g, T4 = ¢y, —TF = ¢, —% = —¢i— Kei
a(b: 1 ¢Z ) a(b: 2 ¢Z ) a(b: 1 ¢1p2 ) a(b: 1 ¢1p2 (C 7 )
C.5 Supersymmetric Massive Condition
FTE f=0,m#A0DHREHZ D,
a _ / / / -1 1 2N/ / / a /
o = = [ - gt e man ) [ S (et + e ()
1 d2p -1
+§/ 27r)22 — I (y)? +HfoFH§F}
1 a¢z 1 11 a¢z 1 1 2 a¢z 1 12 1
1 dp 170 _,4
- — (=1 :
* 2/(27r)2z' H;‘(aqﬁi 2) : (C.8a)
9 d*p Lo 2 R 2 i (0 (9
Bgr /Lo = _/(ZW)i{_Zp (247 + 2% | [ = (a¢* )+ (awz )]
1 d’p 1
3 [ae{ - e
0 0 0 0
_(TTF A AF( 9 pF AFTTAF F F1AF AF
x| (H)(a¢*H) OITATIE (8¢H)+H I (aqﬁﬂl)—i-ﬂlﬂl ( 1 )]
1 d’p 1 0 4
= — (—1 .
* 2/(27r)2z' ng‘(&b; 2) ’ (C.8b)
a d2p 1 2 / / / 1 1 2N/ a ’ ’ a ’ ’ a ’
om VLo = ‘/@W{—ZP (2 +55 )| = 592 (5, 5) + %65, 5) + (5,
1 d?p -1
+3 [am{ -l i)
0 0
< | -y (g - 2ty (o)
0 0 0
+ I (o) + IR (o) + g (5ong )|
1 dp 1 /70 _,
S == — (=1 .
t3 /(27T)2i JNES (am 2) ’ (C.8¢)
9 d*p L 5ivy2 i L s (9 s 1 (9
oo = = [ e~ et e} [ (gpmh) + s (5p%)
1 d?p -1
+§/W{—Hf(ﬂf)2+HfoFH§‘F}
0 0
F A AF A
< |-y (afH ) -y’ (afH )
0 0 0
_ AF A F17AF AF Fy17AF AF
(113 )(afn )+ i (afH )+ g (afH B (C.84)
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d’p
(2m)i

1
{- e+ s}

—

10
EI
700

=

) +24(775%)]

(s
o[- (Ggpni) - e (g gns)
— (IIAF)? (%%HA) _i_HFHAF(%%HAF) _i_HFHAF(%%HAF)}

(C.8¢)

LO TOfICR6 5T f=0,m#A0DEEIL ¢;=0,¢9; =0 LTHELD, T5& gap equation [FKD &9

WCIERICHIIC 2 5,
0
a(biVNLO = 0,
0
a(b*VNLO = 0,
0 d’p 1,0 1 d’p 1 /0 1 d’p 1 /0
~ Varo = 2 [ (=) + = — (1 —/ — (=
om0 /(27r)2z' z’l(am 1)+2/(27r)2i1'1{‘(8m 1)+2 (2m)%i Hg‘(am
2p 1,0
HF
+/( i (amt)
0
WVNLO = 0,
10
~Varo = 0.
f@@ NLO
ZZTEETABEMBIRD LI IR Tn S,
A — —N/ koJ{ 1 m2+k-(p+k) 3 2m?
o @m)i k2 +m? * [-k*+m?][-(p+ k)2 +m?] k2 +m?|[~(p +k)? +m?]
d*k 1 m?+k-(p+k)
Hfz_N/ {2 2 T_12 21— 2 2}’
) k% +m [—k2 + m2][—(p+ k)2 + m?]
— N/ 1
b [=k2 +m?][=(p + k)* + m?]
2y — DE* + (1 —y)m® —y*(1 — y)p’
E’:N/d:c/d/— ! :
' R o [—k2 +m2 — y(1 — y)p?]?
O qA — onm / d’k p (p+ )=k — (p+ k)% + 2m”]
om ! 2i [—k24+m2]2[—(p+ k)2 +m?2]2
0 A / p+k‘ ) - (p +2k)[-k* — (p + k) + 2m?]
—1II5' = —2Nm )
om (k2 + m2P2[—(p + k)% + m?]?
tf = [t e
om ! [k +m?2[—(p + k)% + m?]?
9
il — 9N o
o m/o dw/o dy/(z Pict

(2y — 1)k? +

(1—y)m? —y*(1 -

. { [~k +m2 — y(1 — y)p?]?
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y)pQ}
[—k2+m? —y(1 —y)p?]* '

(C.9a)

(C.9b)

(C.9¢)
(C.9d)

(C.9)

} . (C.10a)

(C.10Db)
(C.10c)

(C.10d)

(C.10e)
(C.10f)

(C.10g)

(C.10h)



1372 LT LO offidii/Zz & h T (B LLIF 1/N BIZOThIEYT2) oTHA S &6, NLO Tl
COTHADRH L DEAH DD, (KD & DT strong coupling theory TD LO M 6D % Table 8 T. weak
coupling theory ®Z % Table 9 IZHIZEL L9,

A, HNRREHRL T EE T B EREFEHRL T A HIE L0 LRI L »EGE T, Zhht
EdnTwd, HHERMFEZRL TWEHIE. ZNRET TIIMTARET, S612 ¢, =¢f =02 T2L (DY
O(N) AN RV T2 &), fIFRIEY LO EIU b0 LERES, Zhid LO L UREICHT Sh
TW5, LO T#AYah 572 weak couping theory T, HHEMD Y DIF, NLO THMTIZZRV, F-term fiTR
L) ZebdH0, FMEEBIE NLO THREY AT hzn,

51T, MR RS R OROBERY . RITAGETSH 5.
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strong coupling theory f=0, m=0 f=0, m#0
LO $;=0,07=01]¢;#0,¢7 #0 | ¢;=0,97 =0 | ¢; #0, ¢7 #0
96: V1O trivial trivial ¢, =0 fig7a L
dgr V8o trivial trivial ¢; =0 ff7a L
Om VLo trivial trivial ¢rd; =0 iRl L
95Vio G+ 02 =0 | ¢ +¢[>=0 | ¢7+¢;2=0 | ¢f+¢;>=0
R DIFE 1o JE A1 12 2L
strong coupling theory f=0, m=0 f=0, m#0
NLO $;=0,07=01]¢;#0,¢7 #0 | ¢;=0,97 =0 | ¢; #0, ¢7 #0
05, Vir.o 0 o7 () 0 ()
Os; Vo 0 b () 0 ()
Om VNLO 0 0 m-(--) ()
drWLo 0 0 0 ()
7 VLo 0 0 0 ()
strong coupling theory f=0, m=0 f=0, m#0
LO + NLO G:i=0,05=0| 6, #0,0;#0 | ;=0,67 =0 | 6, £0, 6} #0
94,(VLo + VaLo) 0 o1 () 0 ()
5 (Vio + Varwo) 0 G () 0 ()
n(Vio + Varo) 0 0 m- () ()
Jr(Vio + WaLo) 0 0 0 ()
7 VLo 0 0 0 ()
AR DFE WOEZRY | FHIEDL LR | dm? 2525 fihT ANBE

Table 8: Strong coupling theory. The result of NLO contributions.
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weak coupling theory f=0, m=0 f=0, m#0
LO $;=0,07=0| ;70,07 70 | ¢, =0, 9] =0 | ¢ #0, 6] #0
96: V1O trivial trivial ¢, = fig7a L
dgr V8o trivial trivial ¢; =0 f7a L
OmVio trivial trivial ¢rp; =0 fig7a L
tVio » [T10Vio fifza L 5 =97 = ¢ fif7a L 5 =97 =932
TR DAFAE L U] =L 2L
weak coupling theory f=0, m=0 f=0, m#0
NLO $;=0,07 =0 ¢;#0,¢; 70 | ¢, =0, 97 =0 | ¢, #0, 6] #0
9y VNLO o7 (1) o7 () 0 ()
8¢;VNLO ¢Z() ¢Z() 0 ()
Om VNLO 0 0 m() ()
d VLo 0 0 0 ()
7' VLo 0 0 0 ()
weak coupling theory f=0, m=0 f=0, m#0
LO + NLO $;=0,07=0 | ;70,0770 | ¢;=0,9] =0 | ¢ #0, ¢] #0
9y, (VLo + Vnro) 0 o7 () 0 ()
9g: (VLo + Vxro) 0 ¢ () 0 ()
Om(VLo + Vxro) 0 0 me () ()
95(VLo + Vnro) fR7e L 0 0 ()
f~0s(Vio + Varo) iRt L 0 figts L ()
{FRAFRDF(E MEDSTRL | FHCED YL | MEDSTRL fRAT N BE

Table 9: Weak coupling theory. The result of NLO contributions.
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D Renormalization in Higher Order Contributions

Z ZCIEAICH HIENEERR Y WA 0RO T 5 T2, Wil Fy OREIBEERR AR CEEE £ &
D CHD, UYL, MEERITIEEBOR Y AR E IS 51CIE. Lagrangian (I AEER L D4h8 > T
L% Fy OBEBEGRY AR E ZZNIZINTHA DI L LTWe, L2LEEZEDSE 5B, 20 Fy, OFE)
BIBGRY AR O(N) % A; OBENREER D ABRDPBAMNICETERE] > TS Z N5 Tolcd, R TIHE
A, ORENBEEGEY AR EIR U CRGERORME ERL Tn5,

D.1 Preliminaries for Renormalization

1/N EPORR DA% T, FEERDNEV AR E T B0 E I NERT D, ZD720, weak coupling theory
To, TR HEM o 40, m=f=0,¢; #0 TD NLO KT 5., 2% 1/N EHToOMIIGIC X
51 NV—THIEE AR5, FEERT Fy ® tadpole JICDREBRT 5D T, Bk o2 OV IARERL Z L I1THL
WA, Fy OREIEEGRY ARZAL TRV AR TDIWS L ZEANE LV, ZD20, Fy OLIEEED 1 v—
THIERERT DL L ITRb19,

Z DN — T 5T BIEIMALERIEDSER D TH BD5, NLO 2HL20THNE F, 2 12D FEEE 3
rMELER L. Fy % 2 DPLEEG 4 S ZEL T kv, 2h DB oM EERSD 6 0513, 1/N
BT 3 WL EDOF G L GAR0OT, 22 TCIEHT L2 M TE 5,

DB R E DITICHIZET 5, HAAIIRIEY (3.26) THDIA. ZZTHE f=m=0,¢; #0 ZFL T2,

Si2nt — TR Z D/ 1 /de XZ(’T |:DI_1 i ( — DODI_l)n+1i|Xic 3 (Dl)
n=0

1 * . * * TTCA S c
A= G=AA-YAP), G = AA-TNiPy°

A 0 1 G —F*
DO = ) DI_ = )
0 A -F G*

S F*AF —F*AG* — GAF*
0 ~ )
—FAG — G*AF FAF*

N2 AF*AF —AF*AG* — AGAF*

(D()D ) ~ s
—AFAG — AG*AF AFAF*
o 1(D o 1)2 GAF*AF + F*AG*AF + F*AFAG —F*AFAF*
0 ~
—FAF*AF G*AFAF*+ FAGAF*+ FAF*AG*
(D D'_l)s AGAF*AF + AF*AG*AF + AF*AFAG —AF*AFAF*
a —AFAF*AF AG*AFAF* 4+ AFAGAF* + AFAF*AG* ,

Oz nDIBANIG 2R THBTEIEROTTIEBEN S ERD S, 25V Fy 2 F &5, [ARIC 49 b A L LTGEERT 25G05 2,
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D (DD ~ F*AFAF*AF 0
0 FAF*AFAF*
(D D'_1)4 AF*AFAF*AF 0
0 ~ .
0 AFAF*AFAF*

7R LZ 2T ~ W HEHBRHAZTIO B L Tnd, EWnWHSERTH B,
CNEETRTCELDBELERDEDITRD,

iN

Sint —
2 2

{3}{TqAGAf‘AF]+TﬂAF1M;AF]+IﬂAF‘AFAG]

+ Te[AG*AFAF'] + Te[AFAGAF'] + Te[AFAF*AGY] }

zN
2

1
- 516; /d% {GAF*AF + F*AG*AF + F*AFAG + G*AFAF* + FAGAF* + FAF*AG*}

{4HﬁﬂAFAFAFzMﬂ+IﬂAFAFAFAF]}

1
+§@¢K/fx{FUMUMﬂAF+JUMﬂAFAFﬂ

1 1
+§¢?/fx{FAFUU7—FAG—(ﬁAF}+§¢f @ {F"AFAF — F*AG" — GAF'} . (D2)

Z OMALERIZ TR T oA —F —2 &t (1/N EH) GRERERRT 2 2 2t eE 5, SEamlmg pi
BT ESICERSND, (7= NVIA VITEMD. )

(full) < >
O)
P 5 ) 5§ 0 g
() = [_F DFm_w.Swﬁ—F&_A.DA(SA*}(.“)ﬁelds:O,
1) 2. 52 0 i 2
- Fly) — ). D.
o 5F* /d 2d®y—2Dp(z y%F“w, 5F@)<m §*(z—vy) (D.3)

D.2 Loop Corrections

D.2.1 Propagators

ZZTCTET Ao, ¢, Fy ® LO TOMRIBHEBEEFRT 5, 42 2 TlE weak coupling theory TOE 1 EHRFIC,
RKOFHIEZEAL LD & LTn5 DT, WHERRRBUIRD L9127 -> T2,

Da(p) = —[H(P)]_l [ iy — — (_)\22)]_1 , Ay propagator , (D.4a)
Sy(p) = —[%H(p)]_l = —p- [ Gip; — — (_)\_22)]_1 , 1)y propagator , (D.4b)
Dr(p) = —[Z%H(p)]_l = —p?. |:_¢:¢z _ E 1og (_A—Zj)] - , Fy propagator . (D.4c)

20

0z Z Tl & filIE O CRREBUTBERRE VTS, HLSD & 2 A1d Minkowski 5HET. space-like 122 > TH 5,
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HLINSBETEXIA U THLI L 2ENTIRSRY, FBVARITIEDHTIToTO IV T, iz
Rl TH B space-like RRILTITD., DF VIRV AR % space-like HIRTITD &7 5., LR, Z o HkNZ5RkEC
3V — THINE O BARN 223 E & Tib e,

D.2.2 Four-Point Vertex

St OHT 3 EMAER O e SO, 4 SMEEREY 2 S Lty 2. sY oB@nmyELkoT. ¥
TEZLLD50H52HTEL, SW 2HBoWE LX 512 7 DIIRT 5,

int

Si(ft) = S1+ S+ Sur + Srv + Sv + Syt + Svin

iN 1 1
S = %gTr[AGAF*AF] - §¢;‘¢i/d2xGAF*AF,

iN 1 1

Sy = %gTr[AF*AG*AF] - §¢;‘¢i/d2xF*AG*AF,
iN 1 1

S = %gTr[AF*AFAG] - 5016 / d*z F*AFAG,,

Sty = 5 g Tr[AGTAFAFT) — 2016, [ Pe GTAFAF,

Sy = g%Tr[AFAGAF*] — %(bj(bi/deFAGAF*,

N 1 1
Sy = %gTr[AFAF*AG*] - 5016 / d*x FAF*AG™
N 1
Svir = —ZTTr[AF*AFAF*AF] + 5016 / d?x F*AFAF*AF .

INS6EHWT, tadpole 7772 FE 7. POHEZEALEERW, fifGoN—T 757 0521552 &M
T&E5, ITNCZEnZZET 5,

(F(ky)F*(=k2)iSi), = (F(k)F*(=k2)iSim), = (F(kr)F*(—ks)iStvn), = (F(k)F*(=ks)iSvm),
— (28 — k) 1D ()1 D) | [ b DA™ (g b1, )]
(F(k)F*(—ka)iSit), = (F(k)F*(—ka)iStir)y, = (F(k1)F(=ka)iStv), = (F(k1)F* (—ka)iSvie),
= (28 — k) 1D ()1 (k) | [ e = S (. k. k)]
(F(k)F*(—k2)iStn), = (F (ki) F*(—ka)iSvi),

— (20)28%(k —kg)%DF(kl)%DF(kg)[/%DA(p)i/CHb(—kl,—p,p, k;g)} ,

(F(ky)F*(~ks)iSue), = (F(ky)F*(~k2)iSve),

= P8 (b — ko) D) D) [ gzt = Sy ik (=ks. —p.p. )]
<F(/€1)F*(—k2)i5\/n>0 = (2m)26% (k1 — k’z)%DF(kl)%DFU%)[/%DF(P){MKVH(—%% —k1,/€2)H ;
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N 1 1 1
K™ (p1,pa, p3, p1) = /
( )2i —q% —(p3 + ps + )% —(pa + q)?

_ N/ 1 Po P34+ Py + 4 1 1
Z—q —(p2 +p3 +pa+q)? —(p3 + pa+ q)? —(ps + q)*

’le(plap%p?npll

ICHb(pl D2,P3,D4) = N/ 12 1 1 _l(b’f(b. 1 L
e )% —q? —(p2+p3 +pa+ @) —(pa+q)? 277 —(p2 +p3+pa)? —pi’
KM (p1, p2, ps, pa) = N/ 12 ! bs t bt d !
)%i —q? —(p2 +p3 +pa+ @) —(p3 + pa +9)? —(pa +q)?
_i__(bﬁf(b. 1 753—’_754 L,
T —(p2 +ps + 1) —(ps +pa)? —p]
0 N 1 1 1
K o1 pp) = / )2i =2 —(p2 + ps + pa + q)2 —(ps + pa + )2 —(p1 + q)?
1 1 1

+ _(b:(bi :
2 —(p2 +p3 +pa)? —(p3 +pa)? —pi

D.2.3 Three-Point Vertex

Sint T 3 FMAEHICH 22 b DERRD &S ICHT 5.

SB = 548, (D.5a)
1

S, = 5(;53 /d% [FAF*AF — FAG — G*AF] = S} + 57+ 57, (D.5b)
1

Sy = 5(;5;.*2 P’z [F*AFAF* — F*AG* — GAF*] = 53+ 55455 . (D.5¢)

MHAEAEHI 2 26 0& 52 EX 50T, MAGOEDBEE L 2528 CIRHERAOHF G2 F5 2 86, W
T575 72725 DFROHMBEDERTTHL DS

gint 1
(FF* ™) ~ 5<FF*(2'51+z'52)(¢51+z'52)>0 = (FF*(i%)(iS2)),

(FF*(iS1)(iS3)), + (FF*(iS7)(i55)), + (FF*(iS7)(iS3)),
+ (FF*(iS)(iS3)), + (FF*(i57)(iS5)), - (D.6)
IhBEHNWT, tadpole I 7 bEZEAL S L, WEoON - T 7570 5EMREND,
(F (k1) F* (=k2)(iS1,)(iS3,) ),
= (@)0%(ks — k)7 Dp(ka) 1 D (ko)
d2p 1 1 1
X [/WDF@){‘WQ(/% —P — k2,0) > DF (p + k2)ika(=p, p+ k2, —k2)

+2iK1(p, —k1, —p + ka)%DF(—p + k1)iK3(~p,kap — k1) }|, (D.7a)

(F(k1)F*(=k2)(iS3,)(i55,)), = (F(k)F*(=ka)(iSH)(iS5,)),

= (F (k1) F*(=k2)(iS%,)(iS3,)), = (F(k1)F*(—k2)(iS%,)(iS5)),
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1 1
d2p .3 1 3
X [ —(27T)22_DA(29 + k1)ikCry (k2, —p — k:1,p);DA(p)le2b(—p7p + ki, —k1)]| , (D.7b)

(F(k1)F*(—k2)(iS7)(i55)), = (F(k1)F*(—k2)(iS7)(iS5)),
= <F(k1)F*(_k2)(isio’f)(i53f)>0 = <F(k1)F*(_kQ)(iS%f)(iSSf)>0

— (2m)8°(ks ~ ka)3 De (k1) Dr (ko)

d . 1 _
X [/ (27T§j2itr[ — Sy(p+ k:1)zICi’f(k2, —p — k’pp);Sw (p)zICS’f(—pm + k1, —k1)H , (D.7¢)

R L W R ONIRA T, Fo LS IClICE e ®ons, FTHWESLTIRRD LD ITR>Tn 5,

1 1 1 1. 1 1
Ki(p1,p2,ps) = §¢?W——p§’ K5(pa, ps, ps) = §¢i2m_—p%a (D.7d)
1 1 1. 1
Ky (p1,p2,p3) = _§¢%Wa K3, (pa, ps, ps) = _§¢i2ma (D.7e)
1 1 1 .01
Ky (01, p2,p3) = _5(]512——;02’ K3y (pa, 15, ps) = _§¢i2_—p%’ (D.7f)
3
1 1 P 1 1 P
2 2 3 2 ) 6
. K = Z¢ , D.7
’le(plaPQapB) 2¢z _(p2+p3)2 _pg ) 2f(p4ap5ap6) 2¢z —(p5+P6)2 _p% ( g)
1 + 1 1 ..o Ps+p 1
Kit(p1,p2,p3) = §¢%%_—p25 K3¢(pa, ps, pe) = §¢i2m_—pg- (D.7h)
3

D.3 Field Mixing

4 KM EAEHD S 035-% Figure 11 & 12 T, 3 M ASEM 2 6 D&5-% Figure 13 TRZ 5. LIT 0GR D
e, ThZTho 77 718 MMTTHEL, Tgraph 4,71 1& Fy @ 2 SO H A; oV —TEMTEET
575 7%FKL. Tgraph “B;"1 & Fy @ 2 RIEIT ¢ro, WMIHHFT57 57 7%2KT,

Ao Yo Fy
A; O A; Am A; AiQ A
&
Fy Az Fy Fy Az Fo Fo AZ Fo
graph “A;” graph “As” graph “As”

Figure 11: Four vertex interactions, two-loop graphs.

KiZzno o5 72T Fy ORIEHEO NLO #ilETEE T b Tldkwy, HlE A, 2D O(N) ¥
EFROLT- (3.26) THBH., ZORMENT A 1. RIREEE LT AjA, ® Fy LIRGLTWE2, AT y; b
o LIRGL TS, LML Figure 11, 12, 13 121d, BESNERE VI T7EFTEHLTLES>TNS, LhS

LRGN mBEEE1E (3.6) THASh TV,
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Ao Yo A Fy A o~ 4
O R N\ S
e .. FO "“ o FO FO “.’. ..... ‘.»" FO FO R R FO
Fo Al Fy ’(/Jz Al AZ
graph “Bl” graph “BQ” graph “Bg” graph 4(A4”

Figure 12: Four vertex interactions, one-loop graphs.

Ay Yo F F
A A Vi TN, Vi Ai A A A
FO Q FO FO Au Ai FO FO \/ FO FO \/ FO
Ap Yo Fo Fo
graph “B477 graph “B577 graph 4(A577 graph “BG”

Figure 13: Three vertex interactions, one-loop graphs.
THORGEZFRLZRTNITRSN, BREZFZASZLTIN6D 7T 7I3MIMHESNSEITRS,
(3.6) 2 5FAING Z LiE. I TBMRD LIRS TS 2L TH S,
o graph “As” 13 graph “A,” NN E N,
Zhid A-Fy) BETEZ 5,
o graph “Bs”, “Bg” 13 Z N ZFN graph “By”, “Bs” W& h 3,
ZTNTN ihy BE. A-Fy BETHIEEZ Sh5,
e graph “A,”, “B,” IZ&BIT Fy @ LO T 2 sAHBUCIRIX S B,
TNTh By 0 2 D A, V=T8N ¢ro, BMCRIXNEND, Zhd A-F BRETHESEZ SN2,

ZORGEFRICANIAGR, Fy GRABOWEICE S T5 7713, 2 V=TT 57 A7, “Ay, “Ag” &
LNV—=T 757 “By”, “By”, “By” B &b, &1z hbid. Fid A, OGBREEHIIEG Ao, oo, Fo DIV—
TTHIESNE 757 Thb, 2%V, Fy OFEKEIEE. A, . #IIFC k2 HIERZI2EET5 2 Lickd,

ZD A; DFIIETHBH2, FHHEPEEHTHOTHIEERZ Z TR L DB WRKD L5125,

Ai(z) = 27 AR (),

771 = 14 /AZdtl[qb*qb —i—tN/ld ! B (D.8)
B by t L7 8w fy x)\Q—i—x(l—x)t ' '

D.4 Wave Function Renormalization

COHEFHREZHOT F) OGIREROMEEZ B & 5, DEOFEBITIHPREEIZNE L L,
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A; AR AENTG AR LR ABRRFTEHEESEL, REEDEZIOBRE, VT FF57 <A “Ay7, “As”.
JFEN—T T 5T “By” “By’, “By” kBHEET L. TNOOMIEZ T 7. We Fy @ 2 AEBZO b 0 (0EK
) 172> T %, appendix B OIRICHNTWS 1 RFPENEHN 7T 7% —ix TRRT S L. Thhd 2 i
PS> Tnb0TH 5,

—iX(p) = a—l(p). (D.9)

ZZTCa BEYREBTCHS, RERCEINETOHBICL>TZOERETES>E VDN THLM. DR
DI EN 2 N2, ZDoEFE LT 5,

1L KRN 72 7 2 T, il Fy OB OHIEZ 25, appendix B & [AffDF&GRICE VIRD K D1
25,

1 1 1 1

—HRRAEZITS 2 & T Fy OWEIBEBGR Y ARNT Zp 2HEAT L L., ZhHITRO LI ICEBRTT OB,

(D.10)

1 (fu) 1 1
-D = -D Z Ip = . D.11
;D0 p) = sDr()Zr, Zr = ;o (D.11)

Ih&. WO BENREEGRY ARITHRTH V. FERUIEL L2,

D.5 Coupling Constant Renormalization

Z OBANTHGTERCH 5 72, 1 DD superfield TE & 5N 5134 Tl CIEIEEGRRY AR E1T 5, £oT

superfield ®;, ®g 1 FZNZTHNRD LI IRV AEN S,
®, = 7708 . (D.12)

K2

PGB B RAR 0 AR L BB LW DT, Lagrangian KD LD IHHTHZ MM TE BT TH 5,

* 1 NF * *
/d49<1>i O, + 5{ /d29<1>0 (92 — a?) + /d29<1>0 (@12 - a2)}

Lr+Lc. (D.13)

L

MU Ly, Lo FZENZFNEY AL NIz Lagrangian & counter term TH 5,
1
Lr = /d49q>f*q>f+5{/d2themq>§(q>52 —a%) + c.c } Lo = (Z—1)/d49q>f*q>ﬁ. (D.14)

Lo B ORENBEBGR Y AHOEN T EY S E51T1E. FEEW o? & superfield &g Z2IKD & DA — )V
LT TRUSIE] 2115 L R,

a> = Zak, ®, = Z7'of. (D.15)
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NG ERICEENEEGR  ABRORF 2N 2 e CE L, ZNEHE (6.19) 2ELEATH S,

N N
9r g
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E Spontaneous Symmetry Breaking in Four Dimensions

HAMN RO & 2 itk S Bl %, D = 4 BERICBWTHAT 5 29,

E.1 Nambu-Goldstone Theorem

e Wigner phase

B LEARDPMEMRA OXNFEZR FF B 2236 ThBSHZEONEZ oG Ll a23h 5, 22T
WFEZEOH U IR 2 FF2 5. Wigner phase ICDWTHRT L, 2o e &, EMEE G ok T4 1<
WIS 5 RFER Q4 ZHZEIFHIE 22RO Z LNE X5,

Q*0) = 0. (E.1)

CDOEICRILTE LD RFA Vb jid OZEHBIMNT B TIERNE T OEA MR <D, W) Q4
¥ well-defined THEIMNHTHL, ZDLE, (E.1) 2L LD,

QA 2% Lorentz scalar D, &5 LM C 2 0] BB H 2 D T (il 2 1F Hamiltonian 1% Lorentz
scalar TI3RWy), AV b ji 2% Lorentz vector Dy, £HA LD, Toe &, Q4 =N ELTH
5 OTCZEMWIERETH Y, 7z dQ4/dt = 0 mOTHHMFRALTH S, 2 F Y KOIRBFEAKY 7o,

[iP., Q"] = 0,Q" = 0. (E.2)

AL Q4 2% well-defined. 2%V jit, OZERFAN CHIGE TIEHMREL T o e T 5, ANRT MVRE
Pu0)=0 &Y. ZOSGRHRICHZEZFHS €2 L ROMhER S,

P.Q*0) = Q*P,J0) =0, . Q*0) = ¢/0), ¢ : constant . (E.3)
ZHICESICEN S HZERFH S ¥ L. A c BWERTH L Z L6 N 5,

(01Q10) = c(0]0) = ¢

d?’.’I]< 0 |.7;,?:0($)| 0> = /d3$< 0 |€ipxjﬁ:0(0)e—iPx| 0>
0

I
S ot~

d*z(0[j7_0(0)[0) = 0, (E.4)
. QMo) = (E.5)

Yo 1 oMEFET S, & QA W Lorentz ERRF M, ®&E2HZX 5, Poincaré I\ TIEXD B LRAYK
VLT3,

[Pua MPU] = i(gupPU - g,pr) :
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CHICHZEZEH & ® L L. RIFY REfE U &5 FganEiHsh s,

PyMps|0) = MpoPu|0) +igu,Ps|0) —igusPp|0) = 0,

© Myl0) = 6l0) = 0.
Z i, Lorentz XRMEIXERNICHN TUIHRWZ & 2IRT,

Nambu-Goldstone phase

EIEE G NI G 2T T4 A% HZEISH L Ui zb o X eigh Tk E k- s« ichy
»ha, N ToROAR FRETEONRBUIE 2N TORWER F L 25 0T, i TORWAER I
RIS UTEBOMNI H 2 RT, Beh 2B FiE, i CORWAERT 2T E 2 REWRD 228 —
EENhTHW2Rnbo 2R TERL LI,

{T"€g} = {S*eH, X*€G-H}, t(S*X*) =0. (E.6)

TN 7222REE Q4]0) # 0 %. well-defined 72 b DICH SR LD,
HDLRATHE T o(y) ZHBET S, Zhid g THECOREHRSNTND, 20 d(y) O, Hif Q* Ik BE
R THALGND,

Q"] = i [daljio(o).2w)] = 0. (E:7)

Z OZERFEME. SR y TETORER SN TEOIIR ST, 2o Ericns 0T, BHRET
DIRDINZ2 DI B 2 &7 L, well-defined 12725, Z OBEFRNOMHEIN S HZEZEH ST, (RoFE
N&2E5.,

(01" 8w]10) = 1 [ de(0 ][y 8w]I0) = (OWewI0) 0. (3
y YI{%
SRR RAELT D) A%< 2 b 1 ST 5 L %, HRMHTIAINT O 2105,

Nambu-Goldstone theorem

oo, RIFA V2 b jo 1% Lorentz vector, ®(y) 13 Lorentz scalar Tdh 2 & L TKOEM & ik
5, LL #IEZhICR- 72 2 & T,

1. PIGEASVEARZENE, Lorentz HAEVER o,

2. RIFA Vb e, omje =0 ZFFD,

3. X% € G—HITH L. (0][iQ%, ®(x)]|0) = (0]0°®(x)|0) # 0 Zii7= I RFFHHHE T @ (x) MFET 5.

o & HEmE e AN T (Nambu-Goldstone particle) 23FfEL . j% IHITTL T2,
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e The Proof of Nambu-Goldstone theorem

ZZTHRFA Vb jo 1 Lorentz vector. ®(x) V& Lorentz scalar T % &9 5,

(0175 (), 2(w)]10) = <0|[ (0T TR (0)e Y — e TV D(0)e T Ve T i (0)e 7 0)

= (0[73(0)e="=V2(0)]0) — (0|@(0)e "= (0)]0) . (E.9)

Z 2 CIEROWHERZEMEZ T 5,

jZ(.’L') = eiPIjZ(O)e_iPI . B(y) = PVD(0)e Y . (E.10)
SICRDTELEZEAL &9,
Z|n | = 1. (E.11)

(E9) = D (01j5(0)e™ " n )i (n [8(0)[0) = D (0[(0)e™ ¥ n )y (' |j;(0)]0)

n,n’ n,n’

> {01 n)ngk (0 |0 0)e= =) — (0 |@(0)] )k | (0) 0)en (= L

n,n’

(E.12)
KICHRHREBIC DWW TN 1 = /d4k’54(pn — k) BIAT S,
®12) = | SN A=A O
/d4k254 { 0®(0)] n )7y, (1 |j;j(0)|o>eik<w—y>}
= /d4k(2w)—3{pz(k)e—ik<w—y> — (k) ) (E.13)

7L ZTREHWTWS,

pilk) = (2m)° Y 8% (pn = )05 (0) [ ) (0 [2(0)]0) .

n,n’

pu(k) = (2m) 254 ){01@(0)| 1)1 {1 [73(0)] 0) -
2D pl(k), po(k) EANRT bVRIE KO > 0. Lorentz RAEDRMTL VRO LTRSS h 2,
(k) = kup®(K)0(K°) ,  pi(k) = kup®(k*)0(k°) -
EHITHFA DRI RIELY p2(k?), po(k?) WCERMEND L,
02 = [ o8~ at)preh) = [Tdat o - oty (a)
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(k) = /OOOCZU2 §(k* — 0?)p*(o?) .

Zhb% (B.13) ITNAT 2,

(E.13) = / - /O " do? 8k {kup (@ )e(ko)e_ik(l_y)—kuﬁ“(UQ)ﬁ(kO)eik(l—y)}
= [aroeio / K(2m) 3(k — o)) )
+/O d0'2~a( )z@/ ( ) 35( )e(ko)eik(l—y)_ (E14)

CZTHULARETNVT BB iA(z —y) ITOWTHERT L, ZHFRD LI ITEFKRIh TN,
A - 1i0%) = [ah(n) 250 - o?)e(k)e e
= [dtk(zm) 20 = a?)o0)e e — [atkem) o - oHo(k0)et e
= iAy(z—y;0°) —iA L (y —a;07) .

AEFVE BB OME LY. spacelike ICHEN TS L &, D% D (2 —y)2 <0 D& EFEOITRDLDT,
RO D 2 Z &1 5,

Ay(z—y;0%) = Ay(y—mz;0%)  for (z—vy)* < 0.

Fo. AFEOTIAERY space-like ICHEN T2 & FFEBICRDZ DT, £FEZXA TN HDY (E.14) I8
AL TRD & D127 5,

0 = (E14) = /OOOdUQ[p“(UQ)—i—ﬁ“(UQ)] i0, iy (x—y;0%)), . p(c?) = —p"(c?). (E.15)

Z OBM% (E.15) WRFZEITIKFL TR o T, ARoHEICHETES, Tabbahnky. IREGE
RoEoiIcEewohd,
(0[a(2), ()] 0) = /O Ao " (0) 10 [ (2 — . 0) — B (y — w5 0%)
= /Ood0'2 (ip*(0?)) 0, A(z — y; 0°) |
0
pi(k) = (2m)° Y (01a(0)n)my (' [B(0)[0) = kup" (K*)O(K) .

ZZTCEHE Fipt(a?) — p2(0?) EERLRBT,
(0][j(x), d(y)]|0) = / do®p(0%) i, A — y; 0%) | (E.16a)

ik (07 = KO = pi(k) = (2m)° 3(0156(0) | m (' |9(0)] 0) (E.16)

n,n’
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ZOFRN (E.16a) OWBEEM NS Z 2T, ji(x) & ®(x) D 2 5 Green BB (0|Tja(2)@(y)|0) ZRD S
ZEMWTES,

(01758 WI0) = [ dop(r*)0,8e(a ~ 3i0?). (B.17)

EHICZ 0 (E.17) Ol /d4x io" BEH S ¥ 5, € ®& & Heisenberg ¥ CEHA 172 Noether current
DIR{F O jo =0 BN 5.

/ dia i (0 Tj%(2)®(y)] 0)

- /d% i0"(0 |{9(9c0 —")js(@)®(y) + 0(y° — 2°)®(y)ji (w)}l 0)

_ / dti(01{6(2° = 4°)j8 (2)B(y) + 0(=° — )0 2 (2) B(y)

=52 — ")) () + 0" — 1) 2(1)0" G(2) }10)
= i [@ollE@ ew] 0],
wi [ata{oa® ~ )0 [10550)0(5)|0) +60° — )0 TB()" ()] 0)

= (0][iQ*, @(y)

/ d*a io" OOOdUQp(UQ

= z/ do?p(o )/d r0,Ap(x —y;0%) = lim [ do’p(o )/d4xeipxiDIAF(x—y; a?)
0

J10) = (0]s@(y)|0) # 0, (E.18)

|
)0 Ar(z — y;0°)

p—0
d k: —k?
. 4 —1k T—
= 11713(1) da plo dze™ ( y) R
= tim [ do?e M | (E.19)
p—0J, i(02 — p? —ig)

(E.18), (E.19) METTRUWMEZFFO 72011, p(0?) ICEHE 1 RAERA <Y MV REEh T
T NIFR 570,

p(0®) = wi(a®) +p(0?), w # 0. (E.20)

E->T (E.20) & (E.19) IZfNAL T (E.18) L HlRY 5 Z &1k V. order parameter & IFIE 2 HZEIFFHE
)i FEVIRC 8 O

w = (0]5*®(y)|0) . (E.21)

F 720 A7 MV (E.16b), (B.20) 2HET 5 2 & T, YoHE 1 fFARZ MV E DR FIRED )
Vb ji(z) & 5 o(y) KIAFCERTRBETHEL T2 Z 2230 h 2

(01jn(0)[p(m =0)) # 0, (p(m=0)[®(0)[0) # 0. (E.22)

ZZTCHExeNFHNE. MEEHOETHOA—4 —T NG boson BWEOEETHLZ & 2HRRXTN5S,
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E.2 Example: Nambu-Jona-Lasinio Model

e Nambu-Jona-Lasinio model

Nambu-Jona-Lasinio #f% . N {lf{® Dirac spinor % H\» Tl ¥ 5.
_ G . _ _
£:=wwwnw+3ﬂwwf+«w%wﬁy (E.23)
CORIF U1y EITH L TARETH S 721 T2 L, chiral U(1) B L TOAETH S, 22Tl
chiral U(1) 05 V> b LB MRL & 5.

¥ — % ~ (1+iv0) = o+ 0651, (E.24)
Jsu = (OL]0"Y)osp = —hivuysi)
Qs = / Prjspmo(z) = — / Prptys(z)

Z DR TIRIF LR RS
my = 0L/0Y = i’ = W, {¢(@).mu(y)} = i@ -y),
THAGNE, TNEHNTRS L ROFENRAZ 25,
1G5, Ti(@)] = ~ [@y[musvl). Po@] = Winsv(o)
[iQs, Yivsih(z)] = —299() . (E.25)

k5T, 2O Dirac 7 =)V I 4 UDSEZEEH 2R UCHIFMERFFo 2 L ick b b, HER Yivsy 12IE
NG boson 23BN s Z 22725,

(0[Fu(a)]0) = —5em # 0,

_ _ N
= (01[iQ Tii(][0) = ~2(0[FV()|0) = Fm £ 0.
o HWENIZDEA
(E.23) D/ERRINBTE. o OIMGEER np & LTHEHAT 5,
2,7 = / DYDY expi / dhx[Lxg + 76 + 179) - (E.26)

Z OERNBEEA S Green B ZEKT 21213, NGO LM 2 WL 2T AT LY, Zhicss
ICRDR T 2T 2.,

1:t/&£me/ﬁ%[j%(d@V+ﬂ@f). (E.27)
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o'(x) = ola) + 2TU) . (@) = w(e) + A Bir() (B.28)
FEBIRAT2DTHEA. NI A—F X DY EZERL. 4-Fermi M AAEH % 5| M A EA I # &
MRDEIITAN=2G L5,

Zmﬁ]=t/DwDEDdDﬂwpa/#xMy@xﬂoﬂﬂ+ﬁ¢+n@L (E.29a)

Ly = EMM@#%—g;@ﬁ-%w%-—@@7+?%ﬂﬁp. (E.29D)

e Effective action, Effective potential

2D OISHIE o (2), 7(x) PDIRDENE DD, WEUDIHHEL 2T =V IA Y () ZFA L. o(2),
m(z) CRLBENHUEHNERD D, 7= VIAVTHEILICHERTHI LT, KD EIITFALNS,

Z = /DUDWGXpiNSB[U, 7|, (E.30a)
Sglo, 7] = ~3x d*z(0® 4+ 7*) — ilog Det[i@) — (o + iysm)] , (E.30Db)
Ilo, 7] = Sglo,n]+O(1/N). (E.30c)

ZZ T O(1/N) OF = F =2 5HFHFRE T, TR 1 V=T ETL0RRY, ZOIED FTOH
WRT >y v VEIKD & D185,

V(o,m) = =Splo(x) =0, 7(x) = 7]
= %(02 +72) — /Z(C;—:)z; logdet [f — (0 + ivsm)] , (E.31a)
= %(02 + 72) — 2/2,(2—:)4 log(o? + 7% — k? —ig) , (E.31b)

= V(0 0)+i(02+7r2)— ! Alog 1+0—I2 —o'*log 1+A—2 + 0'%A? (E.31¢)
’ 2\ 1672 A2 0’2 ' '

R OFE N TILEE R % Euclid LU, S9NEN 20 FrE, EAFELIKT A ZBAL Tnb, 7 02 =
24+ ThHBD,

e Self-consistency conditions

HYIART V¥ %)V (BE.3la) ZEE o THONT 52 & T, FRFRIEEROSZ L bu[RETH 2.

ov o d'k B
%}wo_ij/ﬂﬁﬂ%bmmm_ﬂr%_o’
0 0 1
%bgdet f—o] = %trlog f—0o] = tr[o—k}’
d'k 1
o0 = _)\/i(27r)4tr[o'0—ﬂ:} ) (E.32)
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REROFROFEW®E FRL L5, B AFHICESIRZ 5N/ Lagrangian (E.29b) % #1855 o(x) 12>
WS &L o(z) = —(A/N)pyp 6N D, Zh& V. £/ 7=V IF v OEZEER (YY) =00 £0 &
0., (E32) 137 =3I A p(z) DV—THEH D2 e¥bn b, £y idbebe 4 SMAEHT
Holzled, ZON—TEBAIRT =NV IF v D 2 ISV — T D0 B2 /RL TS, Lagrangian @
HC, 2 e LTABZTHIFHRIATH Y., LoRtEED, 2oV - THFHICLLHEREZb LD o
LB, LD Zenbhrd, fF5IE Lagrangian IS 5T b0 —HL Tnb, 20X (E.32) HK
DyoLE HEMIACESECHL VD, /2. ThERMFe LTHERICHT Z & . self-consistency

condition & V39,

2 REBEX

HIMEM Tlo, 7] = Splo, 7] IBWT, #ilE n(x) @ 2 REREFTHAN, 2oRBEVWERS, 9Kl
FHHICT 27010, RORILEHET 5,
dAk e—ik(z—y)

(i) — 00)Sr(x —y) = id*(x —y), Sr(z—y) :/i(27r)4 o F—ic’ — iSg = ip—oq.
ZhE HOTHEN o, 7] = Sglo, 7] 2R T 2.
o, 7] = —% d*z(o® 4+ %) —ilog Det[iSp ' — iysT]
= —% d*z(o® 4 7%) —iTrLn[iSgt — iysn) .

HIWERDP S 2 BB ZRD L DED. Thid r(x) T 2 MILEBBOY 2175 2 & THO6N D,

T (21, 20) =

TrLn[iSgp' —ivsn] & m IC2WTEET 2,

2!

2
TrLn[iSg* —iysn] = TrLn[iSp'] — Tr[(—iysm)-iSr] + (=1 Tr[(—ivsm)-iSp - (—ivsm)-iSp| + - - -

2 MEBICH G THDIEHE 3THOARATHL DT, ThEHNMENCEHEMmI TEBL,
Tr[(—ivsm)-iSp - (—ivsm)-iSk|
= — [yt 54 - ) (- ())iSe 0 — )50 32— 0]
= — [ty te[(-m(n))iSe o — ) (50 2 — )]
B T7= VI 0a5ThHb, ZhEVRDEIIT 2 SEBDERENS,

FSTQ)(.Tl,.TQ) = — (54(.T1—.T2)

DO s >

+ /6549165492LL tr[(—i5m(y1))iSe (y1 — y2) (—iv5m(y2))iSE (y2 — y1)]

o (1) om(x2)
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= FgQ)(.’L'l,.TQ) -‘ngQ)(.’L'l,.TQ) .

ChzZoE FINEBEN2FEITLTORELRNA, &2 Gl PEEEFRICERL T, 7 0KICEE)
BERTONEBMN 2 F47T 5, ZToOHEERFRTONEBIEN 2 2 2 THERT 5,

57 0) w(k) = [/d‘lxe_im%(w)} {/d4yeiky7r(y)} = /d4xd4y e~ Pretku gt (1 — y)

= /d4x eP=Rr — (om)tet(p — k) .

¥ PHERRRTO 2 R EMKT 5, SF0EERAGFL ZRL TRO L2 5.,
/d4x1d4x2 e_ip“e_iq”l"gf)(xl,xg) = fg)(q)(27r)454(p+ q) -
zhefuT P 1P ozhEhiconEHE 2 #1775,

) ) ) ) 1 1
/d4x1d4x2 e_w”“e_lq”l"?)(gcl, To) = /d4m1d4x2 e PT1pTUT2 [ - X54(gc1 — xg)} = —X(Zﬂ)454(p +q),

/d4x1 d*py e PT1 T2 FgQ) (21, 22)

) ) d*k  dY% ) 1 ) 1
57(0) 57(3) i/ @)t @)t [(‘W(’“ gy (il e ﬂ]

/(%4 (sf (2m)*[8* (k — £ = p)d* (£ — k — q) + 6" (£ — k — p)&* (k — £ — q)]

X tr [(_i%)ao 1_ /,lé(_m)aol—ﬂ]

= (27T)454(29+Q)%/(;ZTI;4 tr[(—i%)ﬁ(—i%)ﬁ}
+(27T)454(P+Q)%/(;T§4U[(—i% W( Y5 ) 1_”
_(2W)454(P+Q)/i(cé—ﬂkyl tr[(—i%)aol_k(—i%)m} :
L5 L HERIIRD 2 RIBBARD L5185,
® _ 1 d4_k (=i 1 — o
B0 = —5 - [ gl i =) (.33)
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F  Nonlinear Sigma Models in Two Dimensions

Z 2 TIFHENFR TR 3 Do NLSM (O(N), CPN~1) Gross-Neveu) IC2WTOHMAEIT . I
/N B, ok 0 IEEERRIN T CH 5 [33][34]35].

F.1 O(N) Model
ZZTHERDLDE D=2 RKETD O(N) BALLHNTH L, N EIFY ¢i(r) (i=1,---,N) 2FA &
50 ﬁ%@%’l’%bi nuu = dlag(-i——) a‘—g_éo
" (x) = (1(2), ¢2(x),- -+, on(2)) , M = diag.(+-) - (F.1)

= DFB p(z) IKORIRARAF BT,
¢ @ola) = L ou@ile) = . (F2)

2% ¢(x) 1F SNLIHEHREN TS T 5,
ZDEBF P(a) BRI O(N) EHITHT L TRD & S ICEMSh 5 2 T8, 5% 0 FBHE O(N) ZHH LT
T N RBLN, DEVIEARRBLT 5,
Pi(x) = Rijo;(z). (F.3)
ZOEITHT LT R (F.2) WAL TH S,
ZZT, K O(N) I L TAZ R Lagrangian Z KT 5,
L= 0.0 0"6). (F.4a)

1 , 1
L= 30.)7(0"¢) = 0.9 R RO"$) = L. (F.4b)
RIS £ T BRI B RE 175, IR D 0L S Ths 2 LE S, Ko RN

(p(x)) =0, (F.5)

ThbLE, Z0 Lagrangian TRIND AFARMIBMOMN LR &9 o2 Al E2IRT 5 b
DERS>TND, UL I ZTIHEEMF (F.2) 2L TC0d, Zokd. N DFEE ¢;(x) AEFHS (¢i(x)) = 0
ERLBIFFIN TR, 20 N HlD ¢(z) DD bVThPZEa TROVEZEMFELFF>Z 21Tk b,
O(N) STRRMAARMCHBNTLE S, (D=2 0L IR THEMICHN S A ARNICTMNZR Y, )
ZORINT SN Ed O(N) Eife DT, ¢;(x) DEZEWFHEL L TRDEDICL D2 EAH[RETH 5.

(bi(x):O(i:l,---,N—l), ¢N(x): # 0. (F6)

1
g
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COWFHEE FCERL 22 21k Y SN ko O(N) RFREDS O(N — 1) 1chith, filth 7z B

%N(N—l)—%(N—l)(N—2) = N-1, (F.7)

ZFEaHEO NG boson VBN (¢;(z) (i=1,---,N —1) ORGP ST L L), £/ ¢n(z) DPHE
POITHEHERY VBN G,

L LS OBRTCIIRZEIILN D =2 OB&E2 5205, BEMNICES XV EIERL 2OV THEDO RS
K BICe D THLA, 2oL EEaE K NG boson IZEENFEM T TR IO LT, Zojk
SR NEL &5 &5 e, REFHREZFOEITRD. fRL L TRD ON) MEEREE T 5.

D, D=2 CIEEEWEERICR O MRS HRNICHENS 2 21320, 2n)d e RIEHEERNICR Ty
29, TITENML LV ENRENLT DL, EEMEGERE Large-N I TOBRICH S T 5,

¢*N : fixed, N — oo. (F.8)

BRER 2RO 12010, d(a) &I RERIES o & RPMRHTERS ¢ () KRS 5, $77 0K
PRI 2 3ked B, KORIHAIEAHR S N B,

Ba) = o+ #@). (9) = @, [Eagl) = 0 (F.9)
Tld, FRT LB Lagrangian &R kIE. £ L TZNITHD BRI EZ 5 X & 9,
1 . 1 & 1
L= S0up(x)) (0"¢(x)) = 22( Outi(x))” Z(bz pi(z) = = (F.10a)

Z

/D¢exp (%/d )(H5 )( /d2x¢( ) — /d%)) . (F.10D)

AR O ® 2 IRIE 071 & BT e, VLB Fourier % W TEHEET,

1;[5(¢2—gi2 /[d)\] exp( /d2x>\ ){ o (x —gi2 ) . (F.11)

AR (F.10b) 1ITfRAT 5,

z = /ngm exp( /d2 [(0,6)> — M¢® — — }]) /d2x¢ go/de

= /Dg{ﬂ))\ exp ( ~ 3 /dedeng(x) [0° + )\]Lygb( /de)\(x)) (F.12)

Z 2 CHHREM (F.9) 2 F79 5 &, BRI (F.12) oD ¢/ () D 1 IROFEMNIFENPSES T, 2 IROE
NDBWIED, £z D 2 KEBAY Gauss BAMIATTE S, 22 TRRICZOFEZRAL T Throids
NEHMER S 2L &5,

/ng' exp ( — %/dedegb'T(x) [82 + )\]%ygb'(y)) = {Det(@2 + A)%Zl}_% = exp ( — gTr Ln(a2 + )\)Zy) .
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Z ZC Tr, Ln (FFFZEERL 2 TEFRITTATI O & L7z & E D trace & log 25K Y. T2bB LI TOBMRA Tr 1Tl
HDHZLITkhD,

TrM,, = / d*xd*yd? (x — y)M (z,y) .
COFRNFBICEBRICHE T2, tHaTIocRIoEE AERIBEREERRL &9,
- /D)\ exp (- gTr Ln(0? + A)py — /d2x>\ {2 }) (F.13a)
t/DAemﬂﬁ%ﬂMx%wD,

__{90 _ 2}/d2 +—Tan(82+)\) (F.13b)

Seft[A(@), ¢

K, HEROHEZELZ T OITHMEM (F.13b) 26 HMART V¥ » VERKRT 5. HHIRT ¥ ¥ v VTR
E2WEFRSND,

S [Mz) = Ay p] = =V (A, ) /d%

1 1 iN
—§AC{¢2 — 9—2} /d% - 7Tan(aQ + Ae)ay - (F.14)

TrIn(0? 4+ A\o)zy = / d*xd?y 6% (x — y) Ln( / (di / (die_“”’eily (2m)26%(k — 1)[-k* — )\C])

2m)? | (2m)?

d*k
= /(ZT)Q log(—k? +)\C)/d21‘ ,

Ih&Y, HURT Yy VOEAKNRERILDKTHIAONE Z 81Tk b,

Ve, ) = %ACW 2} N/ T toa(—k 4 ). (F.15)

COBFMRT vy VEHOTHEROEZELRD L /5iEL LT BYIRT ¥y Ve N\, TEALTHELL 220
RS ERO 2 bO0H D, ZORFIFLITTHA6N05,

OV (A
8§\C ) =0 (F.16)
Zhr 6 ROMFBNEZIEOND,
I @2 d*k 1
2N = N +/(27r)2i = k2 (F.17)

Z OGN (F.A7) . b o(z) DRIBEE (o (2)p(y)) DIV — T HIELM A RO ERIC2h, &)
self-consistency condition &7 ->Tv %, D% Y EVNIMAMFEHROREGER. GIUH 1 JUIMEIRBEE O WIFFHE.

ZLUTHE 2 TN —THIEIHE RS Z e TES, LW T N 3R ¢(r) OHR (0 23F) & RL5Z 2T
x5,

A= m?. (F.18)

C
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o\ (F.17) OFMNIENFRERE ZA TS DT, 2 2 TENIERWINT A ZHAL THRAL &5, oM, &K\
(F.17) 1ZRD & 512725,

1 > 1 A2
2N =N + Elog (F) . (F.19)
C

COFEFETIFRMEERIFEML T2 0T, MY AEFNREERCESIRA ZLERH S, oY AEhi:
FOER gr RV AENTORWLREER g 2K & 9 I1TH S5,
1 1 1 A?

Z ZC p 1 scale parameter & MHINSAERERTHL., ZOMY AENTREERTHORN (F.17) 2idihd
b, TIHVERMRE GAL 2 M TES,

! c 1 ”—2) . (F.21)

.
#ZN N +47r1°g(A;
Zh o, #WilhE \(z) OEZEIRHE \: SR & S ICRG O HZEHIFHE o M AENREER gre ZL T

scale parameter y TRT I LMW TE 5,

. 2 drp? ar N\, dmp?
)\C—uexp( I )exp(—g%{—N) :Mexp( N ), (F.22a)
2 o i
M* = u® exp ( — g%{—N) . (F.22b)
M FRY AR L TAZE R mass scale TH D, L ->Tahk 0, FEGOEZEHIFHE o MHITREF
(F.2) B35 210 b S TIEHERRNICIE 2 =0 &, &TERICT 2z e TcEs, Zhid, BHEERNIIE

ZHIFFEAE R 22 69 KRN O(N) MRS ERNICHN Tz 2 WO IR L B2V, O(N) XM R >
TWAHZ L E2REHKRL TS, EZoIEHEIRICEY. beb ¥ R TH S 72F ¢(z) BFRN (F.17) 1
Lo THRE m?2 =\ = M? 2BHRL TS, ZhYIEHERIROFEL BRTH5,

DWTRNE, AT Yy VRV AENLHEENCTESET L LD LIITRDLONEZFRL LI, £T
KN\ (F.15) OO 2 FATL M2 R 5.

1 1 1 Ar
NV()\C’ p) = —)\* (90 _ g) — g)\z (1og M_; — 1) + (divergent constant)
M2
~ — exp(4np?) . (F.23)

8
FIFREROTIFEY AENIFMEEREHOTHEEL TOREM A S hTunkn, Zhid HGoEZEIRE
WKL Y L BEDHEFTZANE — %2> T b 2Hans, 20 ¥afozx VX —oiY 528 Fo#
ZOFETHHAVTHDLZ LI >TnD, LENS>TIORRITOEZED TRV F—2HNWTEL,
(F.23) %D e, RF VY Y VORI o =0 DRITEBLEN TS, D VHEEERH > ZICb DS
T O(N) RSN THRVWDTH L., ZHFHEGWHEEZFFH. P oEIRER G ERICEE L TR A
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FNAEDICKIAHETH L, AL TlE FHEEIED Fterm ICOBRBBRTHLDOTH LM, N = 2 OFNHRME
2EFO72%. F-term IIZIERE O AR EHDMEN L, Z D725 E ERDSAJEMRREZ T T, Y AEhn,
FDHE D L THIEFEPEREZENFHEIEHLTLE > D TH S,

F.2 CPN-1 Model

RS TEFERGTHR L 1N 2 BRI L5, KoLIRFEEZL L.

<

~

&
[

((bl(x)a(bQ(x)’ T a(bN(x)) y Muv = diag.(+—) ) (F.24a)

ng(x)qb(ac) = 1 (constraint) . (F.24b)

Z ORFARIHIRIRIN U(N) BRI L TARETH S, ZOKIRIN U(N) Z40% T A S ik 5.
DFEY UN) BHOEHNETH D UQL) 8 2 —IMET 2, ZOBRT =V A, (x) ZBAT S, Zh b OHIEA
N U1) EHH L TRO XS ICEMmENDL 2T 5,
Blr) = @(@) = dU(a) . Aue) — Ae) = Aule) + - 0,00) (F.25)
IS OEHRTHT L TARERIRD Lagrangian Z N6 ERL L9,
1
L = 5(Dug)'(D"9). (F.26)
HUHES D, 1 FRKTEHKZIh TN 5,
Dudp(x) = (9 —iAu)d(z) - (F.27)
TR \(x) BT, FRRMFE ZRL 2 AERIBEEREZE RO L S51ch52 5,
Z::/D&D¢D%DAwp&%/fx“&@ﬂﬂw¢%ﬁMM¢—lﬂ). (F.28)
AL, BEY ¢(x) 2R LT BUEM 2K 2.
Z::/D&D¢u%pAmp(—%/ﬁ%¢wu%D%+AMw7§/f%0
= /DAMD)\ exp (;—2 /d2x>\ — NTrLn[(9, —iA,)? + )\])
Et/DAﬂDAemo@&ﬁ), (F.29a)
&gzzg/f%meﬂmqﬁm—mw2+ﬂ. (F.29b)

N ZHEELTN — oo &L 2MRTOEFERELTL L. ZORYEMII2HE bEI A —F =T TRS, 1#
HAToREZ O(N) B &<EICTH Y. Ml EZIfHE 285 L THEGOHR2 25, — /il

7



B LTy —YHiE. Lorentz AEM &0 HZEIFHEIZE R 25, D VI TIIRD LD 1220, O(N) K&
Mo & & &4 Ak HRHEH T & T HEBINHMEREI 20,

@) = m?*, (Au(2)) = 0. (F.30)

ZZHiE. GG LIRS 2 -V ENER IR L > CHENTAZES T2 ERT 5, To/29
CEENFH O S O ThE RAadhida sy, Zokw, filis A(2), A,(x) OEZEFEY» 5 07
NERXRDEIICE > TEEEZTHIZREW,

Az) = (M@)) +o@) = m? +o(2), Aulx) = (A,(0) +Bul2) = Bu(x) . (F.31a)

/dQ.TU(LC)

AR CORMIERE S, BRFEIER S, 2B e, BHENICZhSIIRD L5185,

o,t/d%i%cm =0. (F.31b)

1
Set = — [ d*x(m® +o(z)) +iNTrLn[(0, —iB,)* +m* + o]

62
= So+ Sq , (F.32a)
1
So = = /de m? 4+ iNTrLn [82 + mQ] , (F.32b)
(&
. 1 .= .
&“:WﬂMP+¥Eﬁ@ﬂW&—BﬁMBﬁ%. (F.32¢)

ZZTHNET 0B, 1E. ZOERD B, B THRIFAIRTOZHEEFLINOCTHS, LEHBKTH S,
BARINICWIRD D12 505 b LWoTRRY 0B, LI RILEITD

d"B, = 0"B, + B,o" .

BIMIELS > TOZARICE A —F—ETIHAT., #EHD 1 V—THIEE T2 RS, Zhicd5 L TR5
DD 2 HEBETTHLIDT, S, 22 I ETEHL L5,

i 1 1
Sa = _§NTT[62 +m2° 0% + m2 0}
, 1 i 1 - 1 - 3}
_WﬂbrmmawyﬁNﬂEZFW&+&M¥TWwBﬁﬂﬁ). (F.33)

B 1 RBBC 2 ) HRINIIEROBIBIEE - Lis, 2087 5 5 o BZEIRHERS R E ISR S 25T
HY. TR AIETORMERMNE (F.31b) ITL>TEDLINLTH D,

ﬂP—L—ﬂ :o,ﬂ[

o ("B, + B,o")| = 0.

P +m?
TlE (F.33) OFIHE BAMCHEL T2 ), #Efife LT Tob oMkl THL,

(zloy) = o(2)0*(@ —y),
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1 B 1 9 B Pk gy ]
(‘T|62+m2|y> - a%_i_mQ(S (l’—y) _/(27'(')26 m2_k25

(2[(0"B, + B,d")|y) = (04Bu(x) + By(x)ok)d*(x —y)
_ / d2q /koj e_ik(l_y)e_iqx(—i){Qk“+q”}§M(q)

IhHE2HWS EREMEBITKO 5N B,

1 1 _ d2q A2k 1 o
Tr[52+m2002+m20} - /(27r)2/(27r)2 wE e — (P W7 (F.34)
Tr [82 : 7 Bu B’ } - 77“”/(;32 /(;lﬂl; m21_k2§u(_Q)§u(Q)a (F.35)
Tr[a2 imQ (GMBM + Buau)m(guBu + Bua”)}

[ [Pk -kt Rkte” s =
- / (2m)? / @2 2 — ) — (et qF) 0B ) (F.36)

THhiC kY. HUWEHORFAIE S, AR & D ICHi#ICR 5 Z 2 A5

Sq = g/%[ﬂ(q)ﬁ(—q)ﬁ(w+H“”(Q)§u(—q)§u(q)] , (F.37a)
I(q) = j[(2w) ZTnQ 7 (F.37h)
iy _ [Pk (2k+q)"(2k +q) w [Pk 1 )

" (q)'_./k2ﬂﬁi0n2—+ﬁ)0n2—(k4—qﬁ)'%2" ,/k2w)znﬂ k2 (F.37c)

7=Vt LCORRIZZ O 1T (q) TH D, b Ward 1HERE -2 &, F—VHEBRFHIEICK ST
WEPHEZ R 2 2icnd, FBERCZ 0 I (g) ZFFEL TR L.

g _ ko 1 n v iy m2 _ 2
1 @)_t/@ﬂ'( e — (kg g7 (2Rt @) Rk )+ 20 (= (k- ))}

:t/ t/d% Fé%

o EY 4+ xgt, A = mQ—x(l—x)qQ,

2
F{,q,z) = —277“”( —3 + 1)62 + 27]"”(m2 —(1- x)2q2) + (22 — 1)2q“q” .

FoOFBEBRPTIX Feynman NI A—Z ZEAL TW5, £/, Lorentz AWMLY, ¢ @ 1 ROIAITED S, 2
ROYUFLLT D & 5 E SRR D[FETCH L, HLITLE 2 DOEBUNTTSHELT D=2—-¢c & LT3, 2%
JOCIFHHED /o Ml L T 5,

1
wpv MY 2
oy Dn -
UOTIEHHEZ - Wb 729, & 51T ¢+ % Wick rotation L CYRITE D ICEZ 5,
O =i 0= 1, (F.38)
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(g / dx/ dDeE 2+ )iz, / /dDEE 20HY (m? — (1 — 2)%¢?) + (22 — 1)%¢"¢”
62 + A)? (03 + A)?

- /dw% (2_%(%)2_7(—%“%)

1 D
+ / do—T(2 = ){20" A + 2" (=20 + 32 — 1) + (22 = 1)°¢"¢"}
0 7

= —("¢* — d"q") /Oldxil"@ - g)(i)Q_%(2x —1)%. (F.39)

A
BEROFHE TITIITITHAI U 7230 BT Fik->TRE L HICRA S, LA L Feynman /3T A — % & 7=1Ci8
ALT. ZONRTGA—=F OOV TORE > T LE I DT, ZOEMI¥a & 225 = & ASEURINICHELT
L Tovhrs

| ! ! 1\2-%
/Odac(A) {77“” 2z -1)} = /de/odyé(x—i—y—l)(z) (z—y) = 0.
Fa\ (F.39) £ 0. Ko X H1IC Ward 1HERZ W= 2 236025,
Lo D /1\2-%
011" (q) = —(qu"_qu”)/O d:EEF(?—g)(Z) (2z-1)> = 0. (F.40)
Zh& b, BRAHRICE D V= VHoEIHABRE O N Z 305, B, FEL ERRD S 70wl A (o)

DRFHIETI(g) I3, BOMHB A TROWOTY — Vo & 5 2EEIHIZERE . MED S THIETH 5,

F.3 Gross-Neveu Model

CRETRHRY VOBRDRIOWTORMNE IS TED ZZ TR T2 NVIA Y DBROREERT D, O(N)
HARKBLE UTEMRT 5 N HIF Majorana 7 =)V I 4 > o 2575 KD Lagrangian % HET 5.

= LTt oui+ L@ (F.41)

Z ORERNT Gross-Neveu model & MEiEh 3,
Z ? Gross-Neveu model 1ZHERUN 7 chiral YEMEZFF2, 2 O DI TOZHIIHT L TAETH 5,

Ui —>1P§ = Y55 , Ei - E = _Ei’75- (F-42)
L = —w YOy + = (w Pi)? = '(—Em)v’%(vwi) +%(—Eﬂs%¢i)2
= 5%7“8#%‘ + Z(wiwi)

= L.
ZCTCHIBERD EHICHAL kO,
o(r) = —g¥ii - (F.43)
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Z O %E T, Lagrangian (F.41) ICFEMZRhEE5X 2 L. ZORIIBIT S Lagrangian 1FKD LD ITHEE
KTZLNTES,
L = i@,yta W — LUQ - lgaw. ) (F.44)
27t TR 4y 27t

Z @ Lagrangian ICBJA2MAEMIE 3 RETTH S, —77 (F41) 37 =VIF 00 4 FMAEHETEENS,
ZD (F44) TRENDZ20EKNHE 2 2HETZ I,

= /Dwﬂ)o exp(i9)
/Dwﬂ)o exp ( /d2 {wi(mﬂau — o) — %02}) . (F.45)
TIET7=VIAY o BENL T 22BN HUERH. £8URT Yy VERD LS,
/Dwﬂ)o exp ( /d2 {w (V"0 — o) — %02})
= /Daexp{ v /d2x02 + NTrLndet(iv" 0, — 0)}

/Do exp(iSeft) , (F.46a)

Sexlo(@)] = TNTandet(iv“GM—a(w)) 419 / a0’ (z) . (F.46b)

gN ZEEET N — oo DIRE & 2F%21T5 (Large-N limit), D& & HREH (F.46b) [FHHH & bd]

CA—F =TT %, Large-N MRz &5 Z & THNTL 5 b D% A 579, saddle point 2BEZ . £ D

720, B o(zx) ZER 0. 2EL, DEVEZENFHER 0. (¥R TH->THRVED, BERNZRBUEITE 220
B ZXichks,

Setlo(x) =0.] = =V(o¢) /de . (F.47)
KRB ZRITT 2720, IKOFHEZTI,
TrLndet(iv* 0, — 0.) = /dede(x |log det(iv" 0, —oc)|y)(y|z)

= /dede[log det(if)y — 0c)8% (x — y)]8*(y — @)

— /d%/dQ—klogdet(k — 0. 1)
/d2 / og(o? ). (F.48)

MUBROFHICB N TIEROFEZT-> T 5,
9 o, (1 1
/d klogdet(f —o.-1) = /d kz{§1ogdet(k—ac-1)+§1ogdet(—k—00-1)}
= /d%%logdet[(af—k%-u = /d% log(o? — k%) .
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Zhick Y, BMIRT ¥ VO BARNZREABKTCHEZ N5,

o2 d*k 9 9

CHLFRERIT O(N) Bl < [HUTH 5.

PIEEICIE, ShPIBROFEZITE 5T 1 V= TIHICHE m? = 02 DMFET 272012, Majorana 7 =)V I 4 >
WHREBE L 22 2225, ZhUE chiral SR NR LSR5 2 2K 5, D% O RN T
WbHZ il b,

L oL, MBI chiral FIFREAMENIZOTHBH. Z AL 22 chiral SO E. Z 21372 6720,
KIHIAT % Coleman’s theorem 12k > T, D =2 OHECIRETMEIIBN 2015 TH 5,
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G Coleman’s Theorem

Z ZTiE S. Coleman I ko THf & Wiz, D = 2 FFZETI3MRei 0 HRNBO PR SneE D
Coleman’s theorem Z#1/~9 % [26].

G.1 Introduction and Conclusions

D = 4 FZEZ BT 5 Nambu-Goldstone theorem (appendix E) Tld, ##hect it S 1E S5 5 Noether current
L. T SEO NS T ¥ — V2T, WMERSERNICHBN M &, BhenTRIEND MDD 2 Z & &
Ml7e, B B2 ZTRRICETTEB L, HWhet PRI D Noether current j, AWEFRSN T,

auju =0, (Gl)
BPRIET, ZOHLY ML THRS LG OZEHHIS,

5o(y) = i / @ o w0, ), 6(v)] (G2)

LB ZD Sp(y) MEBRTRONE & MR HRMNICHN TS L),
LU D =2 FFZETid, T ERNMN 2R 32, E0EZ 5 L. INambu-Goldstone boson H3E
BLwv), ZhizonwT, ZEHHZ1TY., £ TZ0HORICW L 2 na Xy ME2ETFTB I,

1. 22 COFEHICIE D = 2 FFZETD AN T —BOEH)IAIEFITIRKFL Tnvd, 2F 0 D = 2 RFZEriigicht
HOHLDTHD,

2. Z DI, RIS DWW TR TH S, BERINARTTEMEICOWTIEY T T 520,
3. Higgs B¥FSIICZ > THRED 2,

G.2 Lemma

SRR S B e Z DIREEVE Z ZCHEL LD, Kok D>l e ERT 5.

fl@) < fly), if z/y > 1. (G.3)

DF Y TR S Bk Y 2T 5, EREORBTH S, XD &0 B2 BERT .,

ky = kot ki, (G.4)

N 61T rapidity o V2 Lorentz ZIRTRDO L D ICEEE 5,
k/’i — eiak’i . (G5)
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[##28] F(ky, k_) . IFEMT Lorentz ZIITHT L TAEZRMEBRE T2, £/ f(k_) ZIRITERL /=1
WO ET 5, oL ETOMFBNAEZMHKRTE S,

lim [ dko fOkR)F (b ko) = edlky)

ZZTcl3HLIEDERTH S,

[FEBA] (LD A ITBWT, tafR%E & 5 lBUIIEO R TH S, (G.3) IC&D. ZOBBUT N ITOW TR
25 DBFRRA IR 2T 5, L 7dSS THBRRIE CHRESFEEL . 2R THRIERIIBER L 2> Tnd,
Lorentz 4 (G.5) # il TY. Z OMBRILEE g(k,) & gleky) XA UCIREVWE T2, 22T g IJHERMHOY
WHET, JHR SR e AT AR ¥k s, (FEoTF A MNEKTH L, 2D g & (G.3) TEHKL
IeHHRP e T8, ZOMBIIERINIICOREIRS Wl e 25 (£ TV HBE D) 2 &b
»b,

G.3 The Proof

TIEEREIC AL, KD LI 3 >OBBEERL L5,

F(k) = [ e (0lo(2)o(0) 0}, (G.6a)
Fu(h) = [ e (0] @)0(0)]0) (G.60)
Fu(h) = [ @ac*(0 ()1, (0)]0). (G.60)

(G KB & RAV Y MEFHNCEY, KDL HITkD,
KME, (k) = 0, (G.7)
ZOBRICED,
Fu(k) = okud(k*)0(ko) + ek’ p(k*)0(ko) , (G.8)

LB ENNIPB, 2T o 13D L EW (Nambu-Goldstone theorem TW) FIEER) TH V. p 1Z0HHEEK
T2, ZOMREMND & MR & 550X

(0166(0)[0) = i<0|J[d1h,Uo($o,$1), $(0)]10)

, (G.9)

55

DEDITRY, RIEERTRT ZLMNTES, 22T (G.8) OF 2 HIT 2, IOV THBBZROTEHE LA,
BT 2 N h(z) RO o, b ZHVTIRAE

/de h(x)[ajo(x) + bp(0)]] 0)
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FIEEETRThER SRy, Zhid Fyy & F BEORHTH Y,

~ ~ ~ 2
[ [errwmmr) [ [ermwmer) = | [esnemor] (G.10)
PEIMEMNH LI L EENRT S, ST hIET A MEK L © Fourier BIATH 5.
ZOTANHE L BRDOEIITBZ D,
h(k) = f(\e)g(hy) + F(Mey)g(ko) - (G.11)

ZZT fiF(G.3) TERLZHIMKRVEBE L, ¢ 2. GIC¥amz 20T A MK E T2, b BT
HLHDT, (G.8) DarHBERMIRD BRI T- L,

/ Pk F(R) K = olf(0)2 / dhey g(ks)[? (G.12)

CHIE N ITHKIEL TRz ICHEREL £,

S A PENCRERBURTIE, (G.11) @ 2 DOIITIE B IFRHIET 2 GBFEEL R, L72At> T (G.10)
DREVOFEME 2 2OHOFNINMRE NG, ML g DAEDIEIC LY. BYIOFME A DIEBRRIAT MR T
¥alliesd, —J Fypo BWEOAMTH DL DT, " HODHOBAMUIRD 2T, 2hicky,

o=0, (G.13)

WEPND, ZHEBEERA . D O ERNICEN RV E T D 2 L 2EKT 5,
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H Realization of Symmetries in Two Dimensions

Appendix F THI/ L 72 Gross-Neveu model 1&. 1/N JBHICE > TT7 =)V I A VVHEBEZERL 272012, B
BN 72 chiral U(1) SFFMEANTL £ 5T s, ZhEMEFENZ chiral SFREZFFSOBIUCBMN T 2 &0 S
Z 2137267, appendix G IC& 5 & D =2 TlElefFREIZARNICHEN S Z 23Ry, 22 TEHIEnL
T chiral U(1) SR % [0l T 5 FBe% % 2 70 < Cide 67220 [36][37](38][39]

H.1 Two Point Function

£ 5 SRR TR DB ORI B 2 S ERIEATR T £ 0 & 5 1R ov kAT 5.
LHEAR AR D T — B0 U1) MO VWTRTHE S,

L = 000" 0"¢— g* (0" — a®)”. (H.1)
D #2 Tl&, HFREMHFEDRBN S MBFEEL. T D 2 KBBUIRD & 5 I1TiRES,

lim (¢*(2)$(0)) # 0. (H.2)

|z]— o0
PPN Cden, 2 U CHRE R S 72T 2 BB IR T 5.

|z| =00
~Y

(6" (2)9(0)) ™m0, (1.3)

D = 2 i@ T3 appendix G TR & 5 Il BRMEDSh Zn, Z20729 2 IS (H.3) @ & 5 1RS> M
ULMAHEL W e ifFShd, L, 2o “EiREMT [T, 32 A CAFRMIOFMEDgh. A BB

(0% (2)9(0)) ~ [z[7%, (H.4)

D IR MMWFET 5 Z L WETH 5., Z DMIT Kosterlitz-Thouless type TV “{RIEEZM” 1T
5260CH5, ZOMTIE HIAIE chiral WMEEFFOEERTY 7 =)V I 4 V13 Dirac HRZEET 52 8T
&, LAY chiral 0TEMEIZBN 2 OBERFEI I N TS,

H.2  Soluble Model
Tl chiral U(1) XFMEZFFD Lagrangian 2L TH & D,
L = Wy Om) + %(%O’)Q - %A{@(l +3)ve’* + (1 — vs)we_”/“} : (H.5)
chiral PIFRHEIZRD & D122 5T 5,
v — €Yy, o — o—20a. (H.6)
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Z O H RN ICHN TR WES, ZONRED 729127 =)V I 4 1 Dirac HRZFF> Z e %S hiz
wkoiilbng, L UERBECE Dirac HRZFFH A5, chiral MFEIZEN RN & 51295 2 L ASu]HET
5,

Z @ Lagrangian IS TNERLZ &N TEL, THRDO LT = )VIA Y ERY ELTHFLWERY &~
c ZEAL &I,

WOt = L (Ome) (H.7a)
D1+ )Y = exp(xiviare), Yy™p = _ L e™O,c. (H.7b)

S

Zh % MHWT Lagrangian (H.5) 2k L2BZ 5,

L = %(8,”0)2 + %(8,”0)2 - %)\{ exp (i{a/a + \/Ec}) +exp ( —i{o/a+ \/Ec})} . (H.8)
IBIFLWRY Y ¢ 7 2 ERT S,
- \/Ec—i-a/a, = _ —c/a + iro (1.9)
Vi +1/a? Vi +1/a?
ZhickV., ¢ 7 ZHOT (H5) WERIcEESRASNS,
c = %(ama%r%(am&)?—mos(ﬁa, 8= JVInrija. (HL10)

CZIK o BERHRAMAA T -G LTEREL TWa, £72¢ 13 sine-Gordon ¥3TdH 5. sine-Gordon ¥ D A
N7 MUVEERICAIS N TS, 22Tl g0 Vir KO REVWDOT, HERICEEHR 7 = VI F DBV Y
e LTFEL T3, Zhidd7b b Lagrangian (H.5) TEHL TV ¢, ) THDH, 2FV 7=V IF4
FHREEEL 0D,

Tld chiral STHMEMFET HICHEDLET LD LIS L THREZERLLOTHA S0, Hike chiral B
DORE RS 729010, chiral NIEREQEIVER L N Ty, BRKRL & 5. £ (H.5) 5 Noether current & LT
XY 5.

J3m = VYmy3Y — 2600 . (H.11)

1
Jzm = —4/ = + 4ma? 0,0 . (H.12)

WA LY MCBET 20135 BT TH L, ¢ l3ahLTuwin, $hbb, &1 chiral REMEICH L TAZETH
%, SNEY. EPSHMKEND 7 =)V IF Y chiral FTPEICHT L TRETH 5, SRR F L L THAS
N7z o1& chiral SIS L T (H6) TERLZEDICAETIIRVDOTH LA ORI NPT =
WIFVEIAERDTH D, TN T =)V IA > o ZHERL &9,

Zh# ¢ o THKLREBT,

EMY,T . (H.13)



Lagrangian (H.10) % Z ® ¢ CHMIKRT 5.

L = iEy’"&mJ — )\Elz-i- % (m) (E’lez)Q + %(6,”5)2 . (H.14>

(H.14) 2*6bh 5 £ 912, 7 =34 ¢ 13 Dirac BURIA Moo 2MEL T2, $725 Y0 HRAY S — 15
LLTELL TN,

Lagrangian (H.5), (H.14) ZhZhoEHEEIHZ 52 CH L >, BEEMHGRKE L GRBENE T X-F1T 1/a
Thod, Hlald 1 KV+AKREVETE, (H5) % 1/a TREBHTILZOZNZNOIHTT =)V IA Y ¢ IF
Dirac BRI Ny 2H#ETL2 0025, o IMEDLSLTEYREHRTHL, 22 Ta— oo &5 LHERITAM
BHGRE 2ed, LA L. ZORER%EITS & chiral SIS DWTARETRNT =)V I 4 ¢ DY Dirac HE%Z D
7291 chiral MFESBNTL £ 545 Zhidk D = 2 2GR & L CiddFrs iy, L7255 TZ @ Lagrangian
X 1/a DIEH & WS T TOEERGDBHEL Td, LAL (H14) % 1/a TEL TYH. Dirac HEIAZ > T
57 = )VIF Y o) HKIRE LT chiral fIFFEICHI L TRZETCH L L, 5 bYREROEFETHS, 2L Ta— o
£§ 52 LTI D Lagrangian b HHIBHERZ LR T 5 2 e C&E 5, Liedt>T (H14) 3G e L OERIC
ROVEE 27200 ThHs, ZOBRTLH] ¢ 2WHE 7 =V I4 Y LIFAEOTH S,

J AR, chiral STEREIRRIN Tz DD D TERVO», TH S,

(H.5) TD 1/a ISk 2EERRTIE T =V I AV ¢ 1d Dirac HREBEHL TS, LT 7=V 34 2 Ok
B D 5B chiral SRMEICH L TR TR WEMIE T 5> Ty, D% Y Dirac RS TICR S Tz
WS ZETHD, LLIhiE, 7=V A2 ¢ B8 chiral RIFFHEICHTL TRETH BV, chirality 27
INTHARVLBS Z 22T LHEKLAY, Zhud (HL14) TREZLB0THS, LA L appendix G 75,
FERRZRE NI T Thn e b, b LE¥R TRV S, chiral SRR NITBENTLEI bnH 2
LIZRBIPHTHS, TIEZ I T, BRI LIRS Z e 2/ KD,

Yy, v_ BZNZH chirality WIE, ATHEL T =)V IA VB L L LD, ZOTNI — MY EFKT S, chiral
B ) — B ICHL TENZTHIRD LD ITEME NG,

vy — Py ot — e Py (H.15a)
I I R Ul T (H.15b)

chiral ZEHRITHT L CTARZE T2 A B BB
G(z,y) = (W (@)W (y)) , (H.16)

ThHb, ChEFHETLEDIC, T=V3IA Y &, HAZRIIT—H G L T7=V3IA Y ¢ 2> TRBL 2B
T, WYRRY MEERITD Z e TRD LD ICERE S,

™
b= ViTama (H.172)
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vy = ML, WL = e (H.17b)

Yo = e My gt = Ty (H.17c)
ZHUT & 5T chiral ZHIHT L TAZETROMBBE Gz, y) 13KD &I I1THESBD 2,
Gla,y) = (Wo(2)p=(y)) = (7Od, ()70 (y)) | (H.18)
G &P IFAVICHAFEH LR TRD LS ICTNZhENHET 52 LT 5,
Gla,y) = (7D () (@) () - (H.19)

ZD & EMEFE (T @)eibFW)) = (0 272 B DT, 4fk& LC chiral JENFMBIBEE G (x, ) 1F¥ B L2 2 [37).
LD UKRICERL TR LD, iRz & o1 (Hs) 2EEIe LTkD & &, EBIIE 1/a b L 3R
Mo b TITI, ZDE &G RIBETEEMIRD L H1ck s & TREND,

(€PF@ WY = 14 O(b?). (H.20)

L, CaHBAH T —HTHLDOT, FARMOPET, ZhI¥alicz-sTLEINTHS,
chiral ZHCH RSN 2 5HE T 5 = & DB 2n 5, ZHISH U TR Z2H B BB Il X 1 EER S
na,

(1 ()05 (0)) = (PO (2)97(0)) . (H.21)
L L a B2 T — Bk
(€@ =BT = |g|~b/Am (H.22)
o052, —fi7 =V IA VNG AHETH S ZIIFRICHEN e 25T
(s (@)97(0) = eIl (H.23)
LB, SZTm IFHETHL, Lh> T (H21) OEHENCOIREWIE
(W (@3 (0)) = fa| ™/ Hmemiel, (H.24)

Lleb, FERIEBINICIKET % b DICRFEOMIENNMD 2 DIE, o 231 R ekl e U CEET 2 DTl
CUMTe LTHG T2 L 2BHKL Twb, TR o A chiral RETRO—FTT ¢ »8chiral FETHLHHT
HDH., THIOSEEHRTY ¢ 2HAMNLIFY, 2PN LIEALOTHS.

WM HDE B NT A =5, FIZITTHRAFEBLIRI A - T2,
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OO FZERORR L LT, 7=V IA YD IR (1 +73)0(x) (1 —73)1(0)) OMBIZHNEL S, appendix
GITENIFEZ NITRBEENIS T e TR IR 5y, ERRIC,

P(1E3)p(z) = (1 £y3)(x)e> 7@ (H.25)

ThoroT, HMEREEMKT S L.

@1+ 73) (@) P(1 = 73)1(0)) = (W(1+3)tb()ih(1 — 73)1(0)) (€725 ()) | (H.26)
LB, 7=V I VEBMNIIEFITRE W 2] TERITE DA, YR N S —H oM 2|0/ 0k
WIS 5, L7adss T2 oMBBIBuI ke L TRFETIRET 5, ZOREVIZIIUDICHRAZ, (H4) TH
LEORMMEBEMTHLZLERL TS,

Z DREETIRT BB AW U C, MHRTFMED B R 2 v S ERE chiral JESRRMHBE BB Y 0225 2
L&A, ZhiE D=2 METIE NG boson MFELRNWE & 2FEMKT 5, Wt FRE 2 s M B E 0
T Y., Ward HENITH L CRRZ2F 52752 2T, MIZD ST Ward HEAN Rz END X D12l
DM, NG boson THb, D=2 HEHTIIZHITERY, LELENS LS TEOERAN T —HMBEFEET
ERNEETESoTHRY, ZoBUTER L ¥ HBA LT~ 5 13 NG boson Tldwy, Zo¥uaBHERS
T —BFRT RV X - ECHET 5 2 e RS THS., 22 Tl chiral B TARETRWLENMIERIC
iRolz, TDBMFIT NG boson 7% Ward MHFENICH G-I LEMIFIEL R R DTH 5.

Z OBTUE chiral NFREICBIL T o — P13 EEMIND T )V I A UBEAIN TS, Eifl, chiral
SRR N 20 613, PN 7 = VIA VI HETHL O TH LS, HETIEZINFIELVWOTH
W, boYIFHICE Y L2 THD, THHUELN T, £/27 =)V 34 v 2 sAEBICHMFET 258, 20
T2 NVIA VIR HETHS, ) bLOWHIN 7 2 VI A UDERN T = VI 4V e CRFEEREZT. 20
721 2 RIS 1 KFIER 72 b o Tl huid, BIdR chiral WARESPIFEN 7 = VI 4 v O HBREZ ¥ RICT 5
PEERTERN,

FeOEITI. 2 & Py OMBBRBREBIISZTF> Tk LT, RIETHRET S 2 ABEBYE
ET 205010, KNI E RO NABERE S 2 L noThEL KA KL, 2o NFEe A SRR
OIREEV & AT Ly MBERICE. YaBER FoFENLETH S,

S TCEFNCESBITEZIBINT 52 2T, bIEPEBICIIMT CER0MEROBENEZ o T b
Gross-Neveu model ZFfXTE 5, LN >TINDHI1EZ D Gross-Neveu model ZEZL k9.

H.3 Chiral Gross-Neveu Model
N {#ld Dirac 7=V IA Y oy, k=1,---, N ZHEL TKD Gross-Neveu model ZH k9,

L = iy Oy, + %{@kwkf + (Yrivs)?} - (H.27)
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Z ORI chiral U (1) WM o — €024y, 8BS, Z ZTHIIIYE o, 7 ZIKO LD ITEFRL THAL L9,

o= Py, T = Uit - (H.28)

Zh#zMHWT Lagrangian (H.27) ZH X ET,

L = Zakzymam’lpk — %(0-2 + 7'('2) + \/%Ek(a + i’yP,?T)wk . (H29>

chiral ZIRTHHIRD & 5 ICEIRT 5,
Y — PPy otir — 2P(o4in) . (H.30)
1/N B % FATT 572012 Dirac 7 =)V I 4 ¥ RS TIBOW T U CHAITEH 2 kT 2.,

Set = iNTrlog (ig?? + \/%(a + mm) - %/d% {o*(x) + 7*(z)} . (H.31)

OB (H.31) S HMRT Vv VERRL. 1/N EBHTRT ¥y VORI Z MR 2 &, @i o
PWEZEWFHEZFF2 DT Dirac 7 =)V I A4 VAYHEEZEE L. chiral ZFMEZ->TL E D LHICRA LM, Zhid
KiLF L oulfEEHIT oD (H.5) 1ICH 725, Tk lEd 5 T7EEIERICHETSH 5. 2% Y Kosterlitz-Thouless
B ez s¥ 5, HAEMIZITRD &9 IHoBERZITAITLG, (ZhUILon BN ToRY AR Zhic
£27=V3I4 Y oMK CuBERAH T8 5 OWMAICHED, )

o(z) +in(x) = p(x)e?® . (H.32)

Z DL p(x), 0(x) BHVD, p(z) OEZERIFFHEOR Y CRIITIIE ZHud chiral HHEZBS 20D
K5 Tnd, ZITERBLARTNIZRSRODIE, () ITRE > HZEIFHE (FIAITER) &2 [HxZzwn) 2
LTHBH, bLHFATLEI &, 22 &b e L TN TLE S,

FLOY p(x) & 0(x) ZWTHYER (H.31) 2 HKL & 9.

1 , 1
Seg = iNTrlog (zg??—i— 3 %p6”39> ~5 /de p*(z) . (H.33)

TN DIRFECZIRIT L 7202 6. p(x) ZIEYS ¢ BOICE SBANIT IO, SOIRA D 2. p(x) BIRIMED
WCITEERG G2 RIES RO THRICHZEFETESMATO P EDRNL WS 22 Th D, FINE THEE
R E R T 0RO HRD §(z) THDL, LY D (x) DEFGTIEND D B (9,,0)2 DIEBHDBHGRIN
HET 5. 2 IRV BTG k915,
St = = [ @2 (0,0()° (H34)
S, RN ORF & AR, WRRME 2 e MBI 7 o BRIMMIRE Z2 L Lo, AT e[k (0, (1+
1)U () (1 — )1 (0)) RS, Zh &Y,

B )y = oFir = peFi, (.35)
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EHGD & (p(x)e 0@ p(0)e? ) ZEFRELZTIITRS RN 21Tk d, 2 TREHNIR. > VRN % A
HLDTC, p FHAEMNFHECESRA D, LA TRENSERT 201, ¥u i (H.34) ZH07z (e70(@)e0(0)
THL, i |z ~VN THEFT S, Lo THEBBIIREMAICIIRD LS 0Bz L 5,

(@ (1 +73)0 (@)1 (1 = 43)1(0)) ~ clz|~H/N . (H.36)

Z OMBBE (H.36) 1IZIEFICH 0 B eDREVEZRL TS, N —oo & L&, ZoMBBEBILEBICT
DL OT RIS # s WM Z L, SRS 0T 2o N iFFHRIce 2, ARIC. Ll
FEFICRE L RoTBL &, ZOMBIEEIL |2| — 0o TIEFICW S D ClIH B ERICRSE, 2F0 NELA
RN OIREEV R O O MREEAM ) A% 1/N EBHTERBE N TWS, ZoEHAETIET =)V I 4 %% Dirac
HEZFFO L LTORWZ 2225 (W (H21) THz &I, 72V IA v o HENEYT %), £
1/N BT, RERSIROF G IR ER Y HRAD T -GN T 52 L 2IELL AL Z e T&E 5, 0¥
Do ThHbd, ZHiE NG boson TiFewy, Zo¥aBEEY 0 25 k> 2 & T 1/N B L 2MImMIIER
ISR WM R 5 2 e N TE D,
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I Notations of ' = 1 Supersymmetry in Four Dimensions

Z @ appendix T, appendix J, K TD D =2, N = 2 #ifEoMRE RAH0IC. £ D=4, N =1
IFRMED & K B EE %Y. 2 2 THDNSBIL Ref. [7] 10k 5, > TEMIE [7] 2Bz, 22
TIRFZEDFR % 77, = diag.(— + ++) TERLTHSH. D appendix TIEZIUINED 2,

Weyl ZAE ) =) o, 9° 15 &, Majorana A J —)b oM 13KD & S ICEH SN D,

o — _

wM = (—d) ) wM = (_waa_wd) . (11)
Y

7272 L Dirac (T 0FREZ ZTIELITO LI L TH B,

0 (oM, -1 0 —i 0
o= _ Pl e = , o= PR = : (1.2)
R 0 0 -1 0 i

ZZTC o' 1E2x 2Pauli TTITH S, BARITI 60, 7 T2 LI

TEHREINTWS, 20 Pauli {THlZHVS 2. Weyl A& —)VICIZROBGRIBIN S,
Yotx = X', P = Pt (L4)
HEWY D,y TEFRKES NS chiral superfield 1ZKD & S 12785 T3,

d(y,0) = A(y) + V200 (y) + 00F(y),

ﬁeeauw(x)aua +00F(x),  (L5)

#(2,0,0) = A(z) +i00"00, A(z) + %995@314(:1:) + V200 (x) —

ZZT, yt =t +iford TH 5B,
vector superfield HIKD & 917> T b,

V(z,0,0) = C(x)+i0x(z) — i0x(z) + %GG[M(x) +iN(z)] — s00[M(z) — iN(z)] — 000V, ()

v
2
iz [+ i_ s ) _ | Rp— 1
+ 000 [)\(:c) + 50“8“)((95)} — 096 [)\(a:) + 50“0“)((:6)} + 59999[1)(95) + 550(95)} . (L6)
fHL . Wess-Zumino gauge IC[HET 5 &, Z D vector superfield 13K & S It h s,
V(2,0,8) = —00"GV, + 00N (x) — i00A () + %99991)(95) . (L.7)

Dimensional reduction ®¥fi& LT, Majorana AE ) —)L & Weyl AE ) —)VOBFRENZEL THZ I,

W%M = —ihs — ;1 (I.8a)
23appendix J, K TIXIFZEOEHR Y RS ¥ 5,
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PMAyspM =
PP ArpM =
YpMypysypM =
szv“auiﬂzM =

oM A0 =

= DR 4 YOTHS /d4x DHCOREYT LTS, F O EYLEFCBAMA ET-> T,

ik — i

— ot — g = 0,

_7;1/11'0'“@1' + Z‘Eiﬁuwi =
— 0" Oth; — ;7" O

15 ot 5;@1- - i@ﬁ“ auwi
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200"

= _QEZ'EM auwi )

0.

(.8b)
(L.8c)
(1.8d)
(.8e)

(L.8f)



J Dimensional Reduction to Two Dimensions
FFZEati %, R4 DT 24T > TS EHRICEIRL X 9,
N = diag.(— +++) = —diag.(+ ——=) = 7w, (J.1)
& 51T appendix I TEE; L T /= Dirac 175 4* 2T 5,
yro= T iy = ity = DI = Ty, (J.2a)
Y = 2 = 2 = {T TV (J.2b)

ARCRELZAEC 2 v N nh, BIT. D =4 To Dirac 179l% I ©,. D =2 T® Dirac 175l % ™ T3
L&D, TNThoRREZ ZTERLTEL,

0 ™
' = y"®o; = , m=0,1, (J.3a)
o0
0 i 0 1
I = o = B 2 1900y = , (1.3b)
iy 0 -1 0
0
I's = 103, Cy = iT'T? = %®1 = = —(L®1, (J.3¢)
0 70
/70 = 02, 71 = iO’l, Y3 = 7071 = 03, (J3d)
Cy = —Y, (J.3¢)
Cy, = —CF = —c; =) =5t (J.3f)
Cy'AtCy = =", CylysCy = —v3 . (J.3g)

D = 4 Majorana AYJ — )V M 1% appendix I T M = (:ﬁ/) THABNTWE, 22Ty, ¢ 1T Weyl AE
J =)V T¥H 5, Majorana FKff M = C4w_MT &, ko Dirac T OEREZH VDL RKD LS8 > T D,

—Cyp'T _
(”:( 021;T>:(w>’><=czwzw*. (3.4)
) —X

D = 4 Majorana AEJ —)UMSIRZED 2 & 23 [ITUKFL T2, & Dk b #7722 dimensional reduction %
FEAED, 20L& YM 1F D =2 Dirac A =V EZHWTHSETZ LN TES, HARNICIE D =4 Weyl A
¥ =)V D =2 Dirac A/ —)V&ix->TWwWbh, £ZT. D =4 Majorana A/ —J)L¥ D = 2 Dirac A&
)= VORBERTEFTBII (1=0,1,2,3;m=0,1).

szij = U5 — Y5, (J.5a)
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PMTspM = —f; + 95 (J.5b)

PITmYM = pMTHM = pMTIYM = 0, (J.5¢)
GMTMTspM = 20,4 (1.5d)
PMTAspM = 20 (J.5¢)
OMTTs0) = 2.4 (J.5£)
G700 = 2y Ot (J.58)
OMT2000) = 273050 (1.5h)
OMT3030M = —20,050 , (J.50)

SPTT50,0M = 0. (J.5))

ZOBHRAY 4 KT /d% DN TCORRYT B, $/2. T2 TEBE L D = 2 TOMEILBEIIIRT
HFzehns,

P = Cp = % = ¢*, P¢ = 9T, (J.6)
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K Extended N = 2 Supersymmetry in Two Dimensions

Appendix I X% @ reduction T 56 N7z appendix J 13T, D =2, N = 2 O L o FREL
EREKL & O. ETIIERTH S,

K.1 Definitions

K.1.1 Metric and Spinors

D = 2 Minkowski metric: 7, = diag.(+, =) ,  Emn = —€nm = —€™" =" | g =¥ =1.
D = 2 Clifford algebra: {y™, 4"} = 2n™" .
Majorana representations of Dirac gamma matrices: 7/ =09, ' =io;, 3 =94 =o03.

Charge conjugation: Cy = —1° .

1
i) L YNEC, Y=Y, P =—YTCp .
Hermite conjugate: ¥® = (y*1 1*2) .

Dirac spinor: ¢v* = (

K.1.2 Lorentz Transformations

D = 2 Minkowski Lorentz transformation: ¢'® = U%z¢)" .
Spinor representation of U%g : U%g = [exp(—%wmnSm")]ag ,  Smn = jl—'hm,q"] )

SO SO = Loy, wor =0, U%s = [exp(1003)] "5 .

K.1.3 Lorentz Scalar, Vector

Dirac conjugate: ¢, = [1(7%)]a = ¥T7(1°)pa = (ip*?, —ig*!) |
P = (=72)PY5 = (—1°)°F(=1°) o (—7°) ] = (—7°)* o] .
Upper and lower index: 9o = %7 (7%)ga = (—7")apt? , ¥ = (—7°)*P4s .
Lorentz scalar: gih — 1 ¢ = e~ 10735073 = 3y .
Scalar, vector: Px = Pax® = Xa¥ = XU, Xa¥h® = Yax® =X ,

Xa (™) 507 = = (v™)PAXY = =Py x© .

Hermite conjugate: (ax®)! = xT*l, = ¥, 0" = ¥, xX* .

97



K.2 Supersymmetry

PkoEFRZHCT 2hipd D=2, N =2 o2 KT 5. D =2 Dirac A& —)ViE D = 4 Weyl
A )= NVTholzl e Br2be. TOMRITIFZEAY D=4, N =1 @Mk EETSH 5,

K.2.1 Supersymmetry Algebra

Fermionic generator Q, Q & W THYTFMEN L EFRT 5,

{Q%, Q) = 2™ 6P, {Q%Q"} = {Qu.Qs} = 0, (K.1a)

[Q*,Pn] = [Qu,Pn] = [Pn,Pu] = 0. (K.1b)

K.2.2 Super-Poincaré Translation

Z Z TCl& super-Poincaré/Lorentz EX T P,,, Q, Q PTEMZEFKT 5., 22T Q, Q 1% Dirac A/ =)L TH
%, KD & 51T super-Poincaré/Lorentz group element Q(x,0,0), G(y, e, &) ZEFRL &I,

Q(z,0,0) = exp [iz™ P+ Q0 —0Q], G(y,e,€) = exp [iy" Py + Q¢ — Q)] . (K.2)

0,0, ¢, e 134T Dirac AL =W NRFGRXA—=FTHb, £72Z D group element KD B h%E G727
Q(—z,-0,-0) = Qf(2,0,0) = Q (z,0,0) . (K.3)

ST, RDEDITEDS group element G ZE] & T super-Poincar’e translation Z EFL & 9.

G<y7 67 E)Q(SC’ 97 9)

exp [iyum + Qe — GQ] exp [imum + Q0 — OQ]

exp [i(z™ + y™ + (@0 — 07" €)) P + Q0 +€) — (0 + €)Q]

-/

= Q(,0,0), (K.4a)

—/

2" = a4y im0 —0y"e), 0 = 0+e, O = O+¢. (K.4b)

K.2.3 Differential Representations

SRR T P, Q, Q DWANRBELHEIKT 5.,

CWAr) = Qa+y) — 3 S Pa)"0) = 3 (4" 0)"0)
P = —idh . (K.5)
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GO0z, 0) :SNM”—MV%ﬁ+f)—agzéﬁQWQ@ﬁ)—-;;%ﬂq%+wwm%%]9@ﬂ%
QY = Q%>a+a¢@w&n: ao 0 o (Q%)azz—§%>. (K.6)
(Xaﬂwﬁ):xﬂﬂ”+@fmﬁ+z)—»§2%ﬂ@j%ﬂ@9)::gzgﬂgf—wﬁﬂa%]Q@ﬁ%
. Q, = Q%)a—n%mh&nz —é%—%wfﬂﬁ%, (2%)a5 é%). (K.7)

20 5 ORBUTHIFAENNI 2 W72 T

K.2.4 Super-Covariant Derivative

HICTMERIR 2R § & A ) = VIZHRETRv T, HEWO 2 ERT 5.

0 _ — 0
D = — —i(ymf)® Do = ——2 +i(07™ )00 - K.
20, i(Y"0) O, , o 7 +4(64™) 00, (K.8)

ZorE, DToRGRA»ESNS,

{Da,ﬁg} = 2i(7’")a56m, (K9a)
(D, D% = {Da, Dy} =0, {D°,Q°} = {Da,Qs} =0, (K.9b)
{D*,Qs} = {Q*,Dg} = 0. (K.9¢)

K.3 Superfield

T Z Z T 7 superfield ZHXL & 9. superfield I& superspace (z™,0,0) OB E L TERIhD,
Grassmann odd OMWEHZFFD 0, § TZ @ superfield ZEHEL & 5.

F(2,0,0) = A(x) +0[¢n(2) +v392(x) + 7" 03 (x)] + 8[X; () + 73X (@) + 7" 0mXs ()]
+ 00X (z) + 00Y (z) + [ M(z) + 13N ()]0 4+ 67" 0V, (2)
+000[ M (2) +v3h2 (@) + 7" As(2)] + 000 [ (x) + 13hs(2) + 7" Oy ()]
+ 0600 D(z) , (K.10)

¥i(2), X; (), Ni(z), ¢;(x) 134T Dirac A =V THD, 22T, KOBFENZHNTNS (Fierz 1HZN),

v xp

S ()5 — 2 (cw)(36)° — 3 OeamB (™) s (K 112)

m . n mn mn

YA ="t =™y, Yy = €M (K.11b)
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Dirac A¥ ) —VEHERL T, PITDOED general superfield 233615,

F(2,0,0) = A(x) + 0¢(z) + Ox(z)
+ 00X (x) + 00Y (x) + [ M(2) + 13N ()]0 4 04" 0Vpn (2)

+ 000\ () + 0009 (x) + 0000D(x) .

K.3.1 Chiral Superfield

Chiral superfield 13RO KM 20727 superfield & L TEFRKSI NS,

D,®(x,0,0) = 0.
I TCROBEREMHAL TBZ D,

Do =0, Doy™ =0, y™ = 2™+i6y"0.

HEWY D, & chiral superfield ® % (y, 0) superspace % N TH EE T LIEFICRHICR S,

)

—Q )

o0
D(y,0) = A(y) + V200 (y) + 00F (y) .

Z @ chiral superfield % (x,0,) superspace THZEY &, (KD KI5,

_ _ 1
O(,0,0) = A(x) + 07" 00, Alw) — 799900A(x)
i

+V200(x) — %

00(6~" Ot (x)) + 00F () .
anti-chiral superfield B /KD & I ITEFK S5,

De®t(x,0,0) = 0,

_ _ 1
®(2,0,0) = A"(2) — 7700, A" () — 706060A" (x)

7

+\/§@(CC)+\/§

00 (0 (x)y™0) + 00F*(x) .

K.3.2 Real Superfield

Real superfield 1ZT)V I — M2 superfield & L TEFRE N5,

100

(K.12)

(K.13)

(K.14)

(K.15)

(K.16a)

(K.16b)

(K.17)

(K.18a)

(K.18b)

(K.19)



0,0 CEHINE LIRD LI 5,
V(2,0,0) = C(z)+i0x(z) — Ox(z) + %OH[M(x) +iN(z)] - %@[M(x) — iN(z)]
+ 0™ OV, () + 00X (x) — i0v30Y ()
+ 166 [ﬁ(m) — %?7’" mx(x)} — 00 [9)\(.%‘) + %8my(x)7m9}
+ 50090 D(x) — L0C()] (K.20)

Wess-Zumino gauge Z[HE T 5 L RD L1275,

Vivz (2,0,0) = G0V (x) + 00X (2) — B30 (2) + 060X (x) — iB00N(z) + %99991)(95) . (K.21)
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L Kahler Potential

AL TCIHELEE T SFIH 3w HiRZEHT 2 & SICIFRICEER b OTHH DT, 2 2T Kihler
potential DEFI DT ANEITD (7).
Kihler potential K (6,0) W35-2 67z & &, Lagrangian 3L T kS ITEFR SN D,

L = /d46 K(6,0) . (L.1)

Z @ Kihler potential % FFTIER L COIERIERIDIERZ 5A5DTHLM. IRDLIITHFATHELD,

K(0,0) = ) Cyy@m@". . &N ieRt. .ot = 3" Oy y Ky (®) Ky (91), (L.2a)
N,M N,M
Ky(®) = ®1d2...0 | K (0T) = @ifgil...ginT, (L.2b)

D =2, N =2 O chiral superfield ®(y, ), ®'(y',0) % component field TEHT 2 LLITD LD IR TE S,
(y™ = 2™ +ifym0 TH 5, )

D(y,0) = Aly) + V204(y) +00F(y)
— A(x) + 0y 00, Alx) — iee@@m@) V200 () — %99 [y 0(x)] + 00F(x),  (L3a)

(y",0) = A*(y") + V200 (y") + 00F* (y7)

= A*(x) — 10700, A*(z) — %9959514* () + V200(x) + %@[amﬂ(x)vme] +00F*(x), (L.3b)

o 1 . 1. 1 . , i R . o
ieIT] _ — A AT* — Y E igm g% Jom i Y=d om i i gk
't 4ADA 4DA A +26mA6A 2am¢7w+2w7 )" + F'F
= DA™ AT +i@j7m im0t + F'F7* + ( total derivative terms ) . (L.3c)
IhE Ky(®), Ky (®h) It d 5.
N
Kn(®) = ]'[ y) + V2045 (y) + 00F (y)]
_ zaKN( ) iOKN(A) iy KN (A)
M i o
Kn (@) = J] [A** (") + V200" (y1) + 06 F* (y7)]
k=1
= Ky(A )+f9w7+99{F R Ea U yrev y et O (L.4b)
0K OK pr(A* : g . o
Kl = PN i g+ i)

GQKN(A> aKM(A*) 1 i,k g% . k79 m i
DAOAF DA {_51“” F" 4 i0n ATy w}

| OKn(A) 0K (A7) {—%FWE’“} | PEn(A) Py (A) {i(wiw’“)@j@é)} . (Lic)

QAT JAI*DAk* QAIQAF DAI*QAL
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Z 2T ToRFRNEZHTHhS,

_ 7 * _ VE
OmKn(A) O A AT Om K (A7) O A D47 (L.5)
2T Oyy ETEDR K(0, 1) DA BRENELITTERT 5.
D?K(A, A¥)
agi-*
Gij=k = aAjk = géj*réik = Gkj*i (L.6b)
a 5% *
Gij k= = 3194,1* = giTY jope = Ginejr (L.6c)
« 0Qip*
k.. _  ker99j¢
F ) — g aAZ ’ (L6d)
Rij*ké* = gim*Rm*]‘*Id* = Gke~ij* _gmn*gmf*vj*gk"*’i' (L6e)
ZDOERNE WS &, Kihler potential IZIHAAMITIKD & 5 REFNGZ 605,
K(®, 1),y = gij*{amAj*amAi—i-iEjvm mwi+Fﬂ’*Fi}
+ 90Tk {—;WCFJ + i0m A Y™y }+gmrf e {—§F V'Y }
1, . —j—t
+ Gij ke {Z(wzwk)(ij )} : (L.7)
fliphes FP 2 EEL &9,
i Lo ik i Lo ik
Lagrangian \Z{\AT %,
* j*x m Al . I m I3 1 * 3 —j—+
L = gij- (A A AT O A +igij- (A, AV Y™ (D))’ + 1 Rijere- (A, A7) (10°) (070) - (L.9)
HLIROIZEH O 2 WAL T3,
(me)i = mwi + amAjFijkwk . (LlO)
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M N =2 Supersymmetric QY Model in Two Dimensions

Z ZCUE Table 2 IZHIZEEN TV LMD I BD 1 5, QV-2(C) = SO(N)/SO(N —2) x U(1) IZ2\T,
D = 2 1T dimensional reduction L CRJHICHHITT 5 [23].

M.1 Lagrangian and Symmetries
D =2 IRfZETD N = 2 #XFR Lagrangian 2K CE&RT 2.
Liinear = /d%(@j@iew — V) + (/cﬁeq)oq)% + he ). (M.1)
Z @ Lagrangian 1& QV=2(C) = SO(N)/SO(N —2) x U(1) OMIGEIECH 5. #WilGE o0, o), V 2T XTHY

L 7=FERIEZ Lagrangian 13K & 91272 5T 5,

1
Lyonlinear = /d49 c log {1 + oo+ 7 (@l)Q(%)Q} : (M.2)

vector superfield V 2 2L 72 b DAL THA SN TS N =2, O(N) B strong coupling theory &
HoTn5,
(M.1) % component field THEEZ 9,
L = FF;4 0nA;0"A; + iy Oty
+ Vi [iAFO A, — i0™ AT - A+ 9] + M () — N (i)
A (AF +9,0) + A7 (X%, + 97N
+ (D +V,, V™ — M? — N?)AF A, — %CD
+{F)A? + FF A} + {F,A A+ FFATAG)
L N (U B
—4; (wﬁwi + wfwo) — A} (wowic + wiwé) - 5140%%1' - 5140%%' . (M.3)
AT D 7=, Wess-Zumino gauge ICIHEL TR L T 5,
Z ORRUIIRD 3 RO U(1) 2> Tws, BHRICHZEL TBL,
1. Local U(1) symmetry
0 parameter & RNEIZLRD FFTH U(1) HFFRIEE,
B;(2,0,0) — @OND,(2.0,0), Bo(z,0,0) — e 2@0DG (2, 0.9). (M.4)
2. Global U(1) symmetry

D = 41283 % R-symmetry ASEEJRD U (1) HFFRIE,

®i(x,0,0) — ®;(x,e0,e70), Bo(x,0,0) — *D(x,e*0,e"0), (M.5a)
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Mz) — e“A\(z) . (M.5b)

3. Global chiral U(1) symmetry
D = 4 Lorentz ZiR%Z L 5 chiral U(1) XIFRHE,

i(x,0,0) — Bi(x,e720,0e3%) | Do(z,0,0) — Bo(z, 20,072 (M.6a)

Mz) — N\ (z), M(z)—ivsN(z) — e 2% (M(x) —ivsN(2)) . (M.6b)

¥ LT Table 10 IZFZELTBL,

symmetries b, A v, F, | &9 Ay W9 Fo |V Vo, M—ivysN X D |6
local U(1) 1 1 1 1 1-2 -2 -2 =210 0 0 0 010
global U(1) 0o 0 -1 -=-2| 2 2 1 0|0 O 0 1 011
global chiral U(1) 0 0 1 0 0 0 1 0|0 O -2 1 011
global + local U(1) || 1 1 0 —=1] 0 0 -1 =20 0 0 1 0|1

Table 10: U(1) symmetries and their charges.

The last line denotes the mixed U (1) symmetry of the global U(1) and the local U (1), which we will consider below.

M.2 Effective Potential
BN TERT 5,

Z

/ DI DP, DI DD DV exp (z / 2z Ehnear) , (M.7)

D, = DA;DY;,DF,, D = DA*DY,DF},

K2

DO, = DADYDF,, Dd = DAD),DF;

DV = DV,,DMDNDIDD .

ZIFERNBEBTCH S, ZZTld ON) B Ay, o WINRTER T2 2 213200 T, HMEEEIKL TH 5,
O(N) ¥ A;, ¢y, F; & 2o OEFEREGE LN T 5 2 & THAMER e BRIRT Vv » VRSN 5. BUIF
%o b DIIZ B2 0o T #ifhE TN TE2ERGICE SRR L5,

Ag(z) = ¢¢, Aj(x) = ¢, Folx) = F., Fjx) = F7,
Yo(x) = Po(z) = Az) = Xz) = 0,
M(z) = M., N(z) = N., D(z) = D., Vpy(x) =0. (M.8)



O(N) B2 HANT 5,

(8%
(8%

Z = / D,DBDV exp (iSet) , (M.9a)
N N
Set = %Trlog det [D'] — %Trlog det [S7'] + / d*xLo . (M.9b)

(M.9b) ICEW§ ZH4 DITHNFIRTEFR SN TN 5,

0+ ¢5pg — De + M2 + N7 —2F;
D7t = Po%o (M.10a)
—2F, & + ¢3¢0 — De + MZ + NZ
iV O + M, - 1 — iy3N, —pr-1
sto= | i % , (M.10b)
—¢p- 1 i7" O + M- 1+ i3 N,
N
EO = Fc¢12 + Fc*(b;d - ¢8¢0¢:¢1 + (Dc - MCQ - Ng)(b:(bz - ?Dc . (MlOC)
ARIC, Fayet-Iliopoulous E ¢ ZIRD LI ICEEIRZ 5.
2N
HIHRT ¥ ¥ VRO LI L TRLZ LN TE D,
Seff|constant fields —Vest /dQ‘T' (M'12)
ZHITEoT, IS ZITOBRT oy AMESNS,
2 2
_ N / 'k (—k*+ X2+ Y2~ D.)? — 4F§FC} N /d—k_log [(—kQ + X2+ Y2)? - 4X2Y2
2 ) (2m)%
N
— F.07 - F§¢2‘2 +(X?+Y? = Do)oio; + —De . (M.13)
g
AL X2 & Y2 BIKOE SRR THA6h T3,
Y2 = M2+ N?, X2 =¢io, - (M.14)

M.3 Gap Equations and Vacua

FRIRT V¥ ¥ ) (MA3) BT XTCOERY D, F., F*, ¢;, ¢*, X, Y, TN E LV, ZOBUMEPEAE aIc
B nd, HZEZETER-FMFILTo LB,

k2+X2+Y2_Dc
_ N M.1
0 — 079 — / —k24+X24Y2-D,)?2 —4F*F, ’ ( %)

F*
0 = — 2N M.15b
/ K2+ X2+Y2—D.)? —4F:F,’ ( )
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F
_ *2 c
0= 2N/ “K2+ X2+ Y2 —D,)? —AF:F,’ (M.15¢)

0 = ¢ {4F; )(2+Y2 D.)*}, (M.15d)
0 = ¢j{4FIF,— (X*+Y? - D.)*}, (M.15¢)
0= { N / e +_f(22i)3(/22) Y24X2Y2} ’ (M.151)
= { Aﬁ/ k2+uX2+§Z;_Y1XQY2}' (M-15¢)

AT E FROTFFED A TOIRWEZEZ T, b LM TOROEZERROP S RWGEE, 5k
P2 BOTEEIE LY, LA L ZoREIRy, HOFMEZ RO HZEHBMFET 2056 TH S,

HCTRPE DS R D RAIFIZRD b DTH B,
F,.=F =D, =0. (M.16)

C C C

ZhZzid & LRI R b DIk D,

G[XPHY] =0, G[X*+Y?] =0, ¢f =¢° =0, (M.17a)
QEQ = 9idit N/(zdjf% —k2 +)1(2 Ty2 (M.17Db)
0= QX{gEQ _N/(def (—k2 _i__f;zif/; Y24x2y2} ; (M.17c¢)
’ { N/ —k2 + X2 Jr)x(/z)Jr Y24X2y2} : (M.174d)

D 2 DD gap equation 1 H1E. X & Y BELLENTEOTRNVERSERNI L EZRLTWS, DE) LD
5H ¥R TROLIFEL R, TIHID 2 20T A2 DBEDITEHERL LI,

1. X =0 o%H
ZOE. FNFERZ BT 5 7-0ICIRMNIC Y £ 0 BRI h 5, ZORR gap equation 23272 0 BRE S
ns,

. N &2k 1
¢i:¢i:0a F:N/WW (MlS)

Z D gap equation l&. O(N) XIEMEAN T, O(N) BWWHE m? = Y2 25> Z L 2FkL Tnd, £k
BZETE, TSR Tnad 2 e 8bh 5

Vet = 0. (M.19)

HZETIE ON) BwWHRZES 5, 708NN R RO T2DICHZ AN Z—1 A; & Dirac 7=V 3
Ay MECHBEEZFFD, 22T, Dirac 7 =)V I A & Dirac HRIAZEEH L /-2 L1c b DT, MG
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WHIFF > CTua/z chiral U(1) SFMEE S 2 21725, LA L it TE %, Schwinger Béi% T,
= VBT chiral U(1) iDL 5 < % NG boson & WIS T, #EEAVIRAED &5 NG boson ZiHZE
THZENTED,
FiFZ DHZEE CPY~! model &[i]—TH 5 [21][40][41]. k%1% Z DM % “Schwinger Phase” &IE5Z
LITY 5 42,

2.Y =0 oG

ZOWHEFSEIE X £ 0 TRINITR S0, £72Z DFRMHFIC K 5 T gap equation WRD K 12725,

. N 2k 1
¢; = ¢; =0, 9—2 = N/(27T)2i e ol (M.20)

Z DEE ORISR N T 5 Z e MREEE N 5,

Vg = 0. (M.21)

ZZTH O(N) MM N TR nZ 2% h 5, $722 2Tl X WHRE Y, O(N) BIdH R EE
T2, ZOBE. Dirac 7 =)V I A VIS Majorana FURIAZEE T 5. 24Uk Y. chiral U(1) 0FRE
IS TOAS SRR U (1) xR & RFTI U (1) tEDS i 5, 2 Tld &k {RSh Higes
FERBIC & > T HERICEY 95 NG boson 27— VHICIRINE T, Coleman’s theorem 25 [ETE 5,
COHZEZIZINETITHSN TR > 72T LVLEZETIKA1EZ OM % “Higgs Phase” LIESZ 21275,

3.X =Y =0 &I FRFIFIFEREHZ Tz Shinn,

M.4 Schwinger Phase

Schwinger phase D% A F I 7 ZITOWTHEET L, Z 2 TERD LD ICEZEIFENF A 5N TH 5,

” (M.22a)
Ne= D= () = (W) = (Vi) = 0, (M.22b)
M, = -Y #£0. (M.22¢)

Zh#ZANAL 7z Lagrangian KD L S 1ICH-A 6515,
£:_A:[aQ_‘_YQ]Ai_i_%(Ei’w—ic)(i’ymam—y 0 )(¢z>
0 N O — Y e
Vi ((A7O A, = 07 AT A+ B ™) + ViV AT A,
+ A (R +T0) + A7 (s + TEN) — A (T + T ) — A7 (v +T.05)

- ( oYM+ M+ N’Q) AXA, + M @iwi) - N (%ivswi)
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_ N
— AL A AL A, Aow Py — Agwiwf + DAA, — g—2D + FyA? + FF A . (M.23)

ON) Bild m = |Y| OHBREZHERL T 525 fliligd m =2V | oHRZEE T2 RTAR LI, Tk
WIT, FRERD 6 WifiE O 2 SR Z KT 2,

s = [ dQQZf P, ()G (p) + -+ - (M.24)

Z DR % chiral superfield D r% Table 11 IZ. vector superfield D#Br% Table 12 IZH|ZET 5, ZZTY
N T oBBuC
N [t 1
R(p?) = — - - . M.2
(") 21 Jo d Y2 — (1 —2x)p? (M.25)
MONTNEDTHLMN, KiLOMWE E. HIKL TH D, F/=. Table 12 IEHT 5 Levi-Civita 7> VY NVR E

ZIRCERLTH D,

0 = - =1, M= —"m, (M.264)
YmVn = Nmn T €mnV3 5  Emn€kl = —NmkNnl + MmiNnk - (M26b)

(FG) (F Ao) (FAG) (F o) (FYG)  (Flo) (FF)

(A5G) || 2(p* —4Y?) 0 0 0 0 0

(Ao G) 0 L(p? — 4Y?) 0 0 0 0

(00 G) 0 0 Lp+2v 0 0 0

(Y5 G) 0 0 0 Lp+2v) 0 0

(F;G) 0 0 0 0 1 0

(F;G) 0 0 0 0 0 1

Table 11: Two point functions of component fields in the chiral superfield ®.

F and G denote arbitrary fields. The multiplications by the coefficient R(p?) defined by Eq. (M.25) are omitted in all components.

Table 12 IZIFIES AR BAET 5, ZHABHOREGWEZ > TSN TH Y., TOERGZNALT 5720
WK OBRERETD.

D'(p) = D(p) —2YM'(p), (M.27a)

k
N"(p) = N’(p)+2z‘Y€";“2p V™ (p) . (M.27b)

2O LTt a iz 2 % Table 13 1IHIFEL THL,
FiF N’ 1& chiral U(1) SFRMEQBAICH > TEH L7z NG boson TdH 5, LA L T —TVHIcikilE b
ZET, F-VERHBEERER L 2 N IR IIRAEIC R 5> Tnd, 2D N'-V, mixing Z Z A% Schwinger
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(FG) (FX) (F %) (FD) (FM’") (FN'") (FVn)
(AG) || 3(p+2Y) 0 0 0 0 0

(XNgG) 0 Lp+2y) 0 0 0 0

(DG) 0 0 3 3Y 0 0

M'G) 0 3Y 1p? 0 0

(N'G) 0 0 0 0 1p? 1Y epppF
(VinG) 0 0 0 0 —3Yenp*  —1(map® — pmpn)

Table 12: Two point functions of component fields in the vector superfield V.

Note that the multiplications by the coefficient R(p?) defined by Eq. (M.25) are omitted in all components.

(FG) (FA) (FA)  (FD')y (FM') (FN") (F V)

(NG) || 3(p+2Y) 0 0 0 0 0

(XG) 0 Lp+2y) 0 0 0 0

(D'G) 0 i 0 0 0

(M'G) 0 0 Lp* —4v?) 0 0

(N"G) 0 0 0 0 1p? 0
Wm0 0 0 0 0 AP — AV — 2282)

Table 13: Diagonal two point functions of component fields in the vector superfield V.

Note again that the multiplications by the coefficient R(p?) defined by Eq. (M.25) are omitted in all components.
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WECTH 5, —/5. D-M mixing & chiral U(1) SO > TEREL 72 NG boson N’ @€ r B HIXf
e M 2 HEENC L CHBTFRED R e 288 L 72 5> T B,

NS 2 O THNODIFCIREER O TH DM, =BT ONWTIIS — VEER{THhR & ARRREE
MEFRTEROOT, WY —VEEHZPEAT S, /- HBOHERCL> UFoKRE S2HBLL TBL,

1 1

Dy, (p) = p2 —4Y?2 » Sy (p) = ﬁ Loy Dp, (p) =1, (M.QS&)

= D ’ = — D ’ = D 1 = — M28b

S)\(p) ¢ +2vY ) D (p) L, M (p) pg —4y2’ N (p) p2 ) ( )
mn i mn prpt

Z ORI S T O(N) BoIRBENE N fishs., 2hid, #lilEomEEELE o) BickkRT 1N
DF—=F—EnSTHb, £z D=2 FELDT, 7=VIF VY HRHAOFFIT OO UIFHCEERERE -
TWRVDOT, ZUTLZ2LTY &y,

Feynman 72 7 2 0T Z OB ZILART 2 &, #iliEB LD O(N) BoEE% R0 B—HIKR %o
T, JIZELTBZ S,

i
A;
4 v . el
_______ — AOQ A
Ao Ap U
U b
11[}0 \\1-—"/ d)O A - A
A; A;
Az wi Az
A; ! > P
4 ¥ /"\
. M . M M NS M M D
M M A; i A;
i
A;
4 v
N N : : N
N N i
. A; Ui Ui
Ai N A
P
’\/\/\/\/\N\/\N\\/\IV\/\/\/\NV\NV\' Vin Vin Vin Vin Vin N
Vin Vin A; i i

Figure: Feynman diagrams for two point functions of auxiliary fields in the Schwinger phase.
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M.5 Higgs Phase
Higgs phase 1% X # 0 ODHZERDTZNIHE ST Ay 2 HERT 5.
Ap(z) = X+ Ag(x) +iAr(x), Aj(x) = X+ Ar(z) —iAr(z) . (M.29)

Z T & 5 T Lagrangian 2%KD L D152 605,
L= —Ar[0? +X2]Ai+%(% 07 ( O _ - ) ( vi )
“X im0 )\ v
Vi (1407 A, — O™ AT A+ D) + ViV AT A,
+ A (R + Bx) + Ar (3, + )
— MPATA; + M (D) — N2 AT A, = N (Brinas,) — A, (Fgw + 05w ) — A7 (Bovs + 05
— (2XAp + A3+ A7) A7 A, — (Ap+id, ) TF0, — (Ag — iA; ) D05
+ DAA, — %D + FyA? + FFAL?. (M.30)
CZTUHIIGED 2 RBBZIZEL & (Table 14), F[KLOHEG b IROBBIT X TUTDD > T L 3EIE
95,

R(p?) = N 1d ! (M.31a)
P =0 0 xXQ—x(l—x)pQ’ o

Qmn(p) = {X277mn - i(nmnPQ — pmpn)} R(p?) = Qun(p)R(1?) . (M.31b)

Table 14 % BN idbH5 & 51T Higgs phase Tld chiral superfield & vector superfield 23K TRGL T 5
(Schwinger phase TIFRZITRG L Tve), ZHhENAT 5 7-DIHOBEREZITD.

%@=AMH%%ZMM,U@=D@—MM@, (M.32a)
Yo(p) = to(p) +A°(p), N(p) = Ap) —¥5(p) - (M.32b)

ZOHEROMRESNS 2 RAIBEZ Table 15 & Table 16 1T 2,

GoRGOMFEATD. Ar-V,, 1 Higgs BN S < 5. Ay 3KIRN U (1) 0IRRYE & AT U (1) X fi
hird <5 NG boson TH Y. RN UQ) WHEME»SEHT 27 —V8 v, KRIKE&hTnb, £/ Ag-D
mixing & 1p-A mixing 1&. & BICEEHRE S 2%, HNRERZ RO OICHHRICT S TH 5,

Higgs phase TO MBI EZ ERL &5, WHIHOBERL Y — VHEHOWAZIT) 2L T, RO LD1TH
Abhs,

Dyi(p) =
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€Il

(FG) || (FAr) (FAr) (Foo) (Fui) (FFg) (Fro) (FD) (FA) (FAX) (FM") (FN') (FVa)
(ARG) 1p? 0 0 0 0 0 -iX 0 0 0 0 0
(A1G) 0 10 0 0 0 0 0 0 0 0 0 —ipnX
(Yo G) 0 0 1p 0 0 0 0 0 -X 0 0 0
(Y6 G) 0 0 0 1p 0 0 0 -X 0 0 0 0
(FyG) 0 0 0 0 1 0 0 0 0 0 0 0
(FyG) 0 0 0 0 0 1 0 0 0 0 0 0
(DG) -1x 0 0 0 0 0 1 0 0 0 0 0
(AG) 0 0 0 -X 0 0 0 ip 0 0 0 0
(X¢G) 0 0 -X 0 0 0 0 0 ip 0 0 0
(M'G) 0 0 0 0 0 0 0 0 0 1(p® —4X?) 0 0
(N'G) 0 0 0 0 0 0 0 0 0 0 1(p? —4X?) 0
(Vi G) 0 ipmX 0 0 0 0 0 0 0 0 0 Qumn(p)

Table 14: Two point functions in the Higgs phase.

The multiplications of the coefficient R(p?) defined by Eq. (M.31a) are omitted in all components.



(FG) (FAR) (FD") (FA7) (FVa)
(ArG) || p*—4X%) 0 0 0
(D'G) 0 1 0 0
(A79) 0 0 i’ 0
(VnG) 0 0 0 40— 4X) i — P}
Table 15: The two point functions of Agr, D', Ay, V,,.
(FG) (F o) (Fx7) (FYg) (FX)
(BoG) || 3G +2X) 0 0 0
(X'G) 0 Lp—2X) 0 0
(U5 G) 0 0 L(p+2X) 0
(NG) 0 0 0 ~1p—2X)
Table 16: The two point functions of {, and .
) )

’ = - ’ = - M
Sy (p) J_ox Sx(p) Joox (M.33Db)
mngy i mn p"p" . o

Dy (p) = —m{n -(1-a) 2 }a Dpi(p) = i, Dr(p) = i, (M.33c)
ZhBD Feynman 777052615,
AL wi AL
Ai h »> »>
4 M
--------- < e mmmmeeeag
____________ N AR el Agr Agr Q Agr Agr - D
AR Agr A; (o5 A
wz wi
A; !
4 A N
____________ N Ar Q Ag Ar ::: Vin
Ar Ar (45 (o5
wz wi wz
o - o o ‘\\~<._—"l A A - A
A; A; A;
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A; ! "
' ¥
N N U
- A; U
A; A
P
'\/\/\/\/\N\/\N\\/\f(/\/\/\/\NV\NV\' Vin Vin Vin Vin
Vm Vm A’L u)l

Figure: Feynman diagrams for two point functions of auxiliary fields in the Higgs phase.

M.6 Asymptotic Freedom

RERIC Z OB OWTIT I H ik % 389 5. Schwinger phase T® Higgs phase T EHH5TH[E L THL D
C. Higgs phase CaamL & 9.
gap equation IZBWT, SESFERIRT A ZHAL &5,

1 d’k 1 1 A2
7= Jomoee — w (M 342)
1 1 1 A2 1 w2
= g = —log . M.34
e 2 I log 2z p log e (M.34b)
L7278 CHIBIC B BT B(gr) 2EHHT A Z 28 TE 5,
o 3
ﬁ(gR) = —— gr = _9r < 0. (M.35)

Olog 1
ZhzATbhrs Lo, HETImEahmTth 5,
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