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$1E Large N ¥—J1E

‘%'t';

ZIUTIHENBFIZASTHTE WA TTN . TTIHROIT large N 77— BF&, 't Hooft ™
large N 7 —VEIREWVWOIDEE IV I L DONEWVIFEEL LI E BV ET,

5'6*%50 TARERTIS . QCD WS b DD H 501 TIA, QCD I S AMEEFH
DI SUQB) DT =Vt a ooy —VHERmTT, £ T, 2O 3%, NITL
FL XL,

QCD: SU(3) —  SU(N) N — o

SU(3) » 7 —VHEEHIIEF IR EEL VO TIN . 2% SUN)ICLT, N&K
ELTHENIDON large N 77—V HFmR A TT, —It action ZZENTEL &
=V EEROBEIYL D action TI,

_ 1 2 74
S = . /tr(Fu,,) dx. (1.1)

2OV action IZ7 5TV 5, £NT, ZOHGL, ZH HHOHEGHD —BERYIC
RBDHFETT N, gauge coupling gym(p) W9 DL, < VIAKZFIZKAET 5, running
coupling constant &\ 9 4'E A F#->, running coupling constatnt 23 < ¥ jAZ & & 3
EDLINEDLDLDN, EWVWIHIBEEZRDLON FEAKEMHINDIGE, BLIZD gym(p)
(YM: Yang-Mills) &5 DI < ViAA s p OB T2, BB E WV H DL
VIAFA S 2 £ 5 running coupling constant 23 u & 2 E HEDL BN E WD B DI
T, QCD OHFEIZIE, B E5D SU(N) OF —T HigOHFETIN,

dgym 11

_ I N
ﬁ@%ﬁtw = 3Nwﬁ+0@3 (1.2)

BERERAOFE1IHB LW O DIIZOLIIZEXONET, bHAAZNIZITERD
SILBEOENEEN DT TN b, EEROIE, QCDIZBEL TiE fEEEN &
ThHhdHEWVWIE, ZOBTHOHEBORINCRDHFELOT, AL HoTND &
BWETRH, 20 BBEHMCTHEFICRERAN2EADLYET, —ORNABIELE LI
BBEEMNATHIE, 57T, ZOL VIAARBEOFEXEZENTRH L | running
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coupling constant 23 yu OB E L TED X O REHTH L), 5 IRUELZEBET L L
ZHUIFHHICS BN TE D, ENEMRNTRD L

, . 24r? 1
gym(p) = TIN n(ji/A)’ (1.3)

TRRT AL VWIBERTICED, 520 N LEENTWADIL., ZOMSHFRAE ML
RFOFEDERTT, a7 77 TECLE (K1) X527k 9,

2
%Y

1.1: running coupling constant

FEEHIC 1 &2 B> C . fiEflZ 4 @ running coupling constant ZH > CRb % 975
EZD AVDbWWD QCD D scale # 52 TWADITTTA, ALV scale NIEFIZ K
& {725 TV, high energy |Z4T7< 2. coupling constant [Z/NS <725, TITMD,
high energy (24T < 2. coupling 2355< 72 5 &V 9 asymptotic free DPEE 2 FF > TV
T, WIZIEFIT low energy 1297< & coupling 2358< 72 5, TT 225, coupling 2354
72D LW ) EHET quark & quark & OBICIEFITTRW A2MENN T, 25 < BT IADA
FZATHAH, TIMDH, 2O AEWVIONREALIADD scale, quark & anti-quark
EDOMITITFACIADBEZ T, Whbwwb 7 —r  J1TIE7 < T, linear 2R 7T v
BB OTIEARWD, LN OR DL TRIND,

Znnb b 99—, SEFEVWL FEBORXTEERANHY EL T, FL., £b. &
V72 running coupling constant A R THWVWATTA | N 253 HAIZENTH
DEFTTNE, ZNE gy’ N & FEOTESENTE S,

GrulN = A 't Hooft coupling

Z9TBHE, gymPN A 32—/ BZ NITES W, TThb ., £7T gym’N &
WIHFETELEDHTRD L, gy IBIFHEEWHI DIV T Z O B x—2 3 TLMH
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TEFEHA, 52 2Tl 1-loop LB W TW WA TT N, FEiLd - & higher order
FTIT L ZIIC s MERMD 2 TTNR . gym PIEFHEITZLT gyu®N OFETL H»
A>T, Z1T, 't Hooft WE-7=DIE. gymN. ZHLE A &EEUWT 't Hooft
coupling & FFONE T8, Z D ’t Hooft coupling ZEEL T, N ZERKIZFF-> TITX
REV, EWVHIDR . INNBBEET D 't Hooft MBIRE W HFETT,

ZNT, SEHNICZ OV OHBEEZR - TLO2bITTHThE b, EREIOL D E
HAHEE S EDOLOIZLTQCD NS U7 LW )i A B DN E W I §EE Z
b 2 OB Lo e B Ed,

1.1 BF7F—IBEROREE R

1OBIE, 77 —VHEROBESRHALE VW OFEEL L 7T, K77 —VHEROBES
RBEALVWIFELR-TRDHE, FEL QCD OHFITANU G BIREED & D & VD DA
HIZRL2ENTE LT,

I —VBERE VD L XA N a2 d mass &R D AOMIMEE L B o
TWAANRZNEEHIATTN, EIEF7r—TVHEHmE VN IDITY - L IEFITHOE
FROEMC D L O MIBNEZ F o TWET, TINHHLEIAINDD string
Hima o0 20 E BN TWb 51T, BIFET7—VHEROEMIL 5V BIOFTT
IR T\ X =0T,

BFT7r—VEERE W) DIFARTIOBY | REEEZEFRICE S TR T, 2ZOKKT
B EICHEESEND D, BZEO EOEFE W) DITRFEO LOEOELZFHESLOLH
L, TN B EHET A7 —UHE VIO link B, BT EEESBROZ L% link &
W, 2D link RIS EATWS,

ZHTHE, AT —VEHRIE Ar) PV OBOBREL o TV ZOTTR, K
F—VHBROBEITIE Ay (r) 2V OR link BHE VWD O TRESLET, link
E¥h U EEBENT, Uy, EEBNEDLOIE n LW DD g &) FRASHR TN S
link EIZEATWAEEH, 1T, ZIULEROFEET5En EWVIENb n+p b
VW ) RA S Wilson line, n &V 9 RO —V T u FHEIZEWTWT, ZILTEHEE
FHEfREEZ a ELET L,

U, = e, (1.4)

ZDO X 957 Wilson line & U, ,, &EFENTWET,
FNMH L O —ORFERET, IS F, ZEV WD TIN, F, % 1E5%
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WCRFEREE L T—FERLRDORTF . —FBNSWIETDZ & % plaquette (X4 1.2) &
BEONE T,

n+ 1

\ .
link

plaquette
1.2: plaquette

F,° &£\ 9 D34 plaquette B ERSNDATTN, 52D n b n+pu~7o7TC,
n+pu+v ATOTENTE 9 1E n+vIZIToTHEIZ nlZRED &V 9 2O plaquette
DJEY %< %o L lal>7z Wilson loop ik L £9°, LRI D U &5 DiE Wilson
line 725 7=0F TI2, S EIZFAL 7=, plaquette DJE Y &< 5 - & [B1D Wilson loop
BEZET,

HHE Tl exponential ™ Wilson line & Z @ plaquette D J& Y {2 path order L 72 &%
BEZDANTIN, ZNaEFr —VHERTIE U, LFNT,
Wilson loop: Pt =U, =U,, Upip Up

n—+v,

Ul . (1.5)

nEWIENLET n4+ p ETIT2T (Upy) RIS n+pDENE v FRACEALT
(Untpw)s A n+u+l/kb\ﬁﬁbi%n%—u’\ﬁ<bf’(ﬁ"75\ ZNIERER n+ v
Mo —v jir'_J’\ﬁOﬁkb\ﬁ@kl_JLET‘“ﬁ‘@'@\ HLrol HH— (1) IiZroTn%

DT ( n+uu) . B2 U, T Z D plaquette @ Wilson loop (272 5T
WHDIT T, %9@‘§)k\ INEMS T =0 action ZEHZFNTEXDHATT
N, 4. &5 plaquette DJFE Y 2< 5o & E- 7 Wilson loop &9 D, QED O3
H PH:'.L‘C%%Z.:I&#%JZO NIV NN

tr U, ~ '] Hiwde” (1.6)

EWIHTET, ZHUE AN—7 ZADEENL ZOFY %2 %o &7 Wilson loop &
WODIFZDOFEEL flux (F,) ZFHDFEICRD,
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FNT, INEFESTH 7 —VHEZRO action &9 DX, complex conjugate L
bDxEL EF72ET
= 2_—92 (tr U, + tr UJ) ~ /dxtr(F )2 (1.7)
DT —VHEERD action (2720 T, REZ 2R -oTNDENEVNET L
trlU, & trUf #BL EFET L& Hr oL 1ROET iF, & —iF, T, bk 5L
F, D1ROETHELD, Z200T, BHRL 2 2IROED AT > T, fERm G5
(F)? &2 LT, 2, EEmELE IS & | tr(F,)? OS> TS, LWV HE
TY, 2D (Fu)2 oW TO/FES &V D DI, /\WFEEJ Ob\f@ﬁ PTIME, R
Z @ plaquette @ summation &9 DT F-> TV 52T plaquette (2T
DRELEEZERL 2T U WT EFHA,

TI M5 | plaquette action & % ? conjugate &L EiF 726D L5 DY | EFHE
BE'(%E&%)E@‘ CHEROIERIZR D, FNT, BT S—VEER T, b, K<
free factor 53 D2 &% fLESENZNATTR, ZTEFTY % =B &&EL

@kﬂbf? .

Z® action ZESTED X HIZL 72 string 72 #BRIHIONEWVWIFEE L -
WATIN, 4. ZOXH 72 E/J5m T 2 #A TR LETER T D X 97
%o LEDKRE AL 72 Wilson loop (X 1.3) #& 2 5,

L

Ty A

1.3: Wilson loop
Z® path C DJE Y %4 [E]% Wilson loop DfEIX
C)=tr [[ Unu (1.9)

(n,p)cC
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COLEITEREINFET, ZOKlnk 2 link BN TS TWEDITTTNS ., FEE
IZK& 72 Wilson loop ® M L —Z2 L) DIE, & link BHE 20 ZDOFVITH-
THIT T, FL—2% L 5, &9 D7 Wilson loop DIETT,

INDWBHEL WO Z O Wilson loop DEZEHARFETT, Z O Wilson loop &
W DIEIE NI WNET L BRRRE K DI link B E VO DI U, , = e,
EWVOET, TEHEICRSEMATRD ET L AN & 2 B2 £ o 7oL 128
FEOTWT, M IXH OB Z FF o TR T3 ESTWND, DX 72K FOMOR
T ¥ /b free energy(® exponential) Z FHETDH LD D3 Z D Wilson loop D
HFHEZFE T DHICR D,

ZiiE, QED AT, FlxiE QED TETFLHET L OMOMEFALZFEL
Lo LB ooz diuvinmn b v o & | path integral TEX L EEF LT —V8
EDHAEERE VD DT,

/:AMJ“d%, (1.10)

EWIOTBAE L TWT, current j#(z) N FOHAT (BFABLAKFTHD &
T5HL)

JH(z) = 2t (t) & (x(t) — z), (1.11)

EWVHJRUZT VX BB RTEL TW T, B O EBETOEBBOMIEIFICEx bz &
IR IV current ZFFo TS, TING, INEET & ERSGOMAEER (1.10)
IRALTRAE ., 22 THELALZ Wilson line D HONHTL A, TInGH, &F
CGETOHMBERZHET AL WVOIDIE, b H5E 20 (T FRD)Wilson line 2 A
OHFHEZHET HADOLFRILEICR D, TTHbH, 20X H572FT 72 Wilson loop @
MFELZHETH L VI HEIT, R, 8T 2EFICRE BT ETNL ., EHRA
IZESTUVWD quark &R X ZESTUV D anti-quark ODIORT v V2 FHET S
HIRD,

FNT, INMHEHELZWATTY, FTEEREZENTRBE 7L,

(W(0)) = I (Hfdll_f[)d;;[/i?g . (1.12)

Z @ Wilson loop O#IFHEE (FF7 —Y EET)HETHL VO DIEE S0 HFE,
EEIL A BT VHEHRTINSG, BYT S EIIA link (TEZ RO link 2K
TIZHOWTORES, TR configuration (IZOWTORL EFICHAHL £7, Th
T weight (X625 -2 72 action (1.7) 2> T e ®, Zi% Z T normalize L TH<,
ZNNZ @ Wilson loop OEZEEARFED E 7.
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INEHET DO —2ODMHERTFIEN S A MLV TEW AR L W I FE A
TR, BEETI DD, gBNEFICKEVDT, gBREVEWVIFET, 22 (1.8) T
N BREEITNEIN, £2TDHL et LWV IOIDiE, BREIZ B ERF-THETD
T, e &% STREALTRUZLALY,

eszi(_j)n:1+BZD+ﬂ22<ﬁ pD)+ (1.13)

n=0 p,p’

ZOESICBAL TRV ET, 4, 20 S On RO LV O DITMIFEEL TV
HnEWH L BIZIXZD SEENHIDIE, B D 2OD plaquette Z A THEL T/,
S3 L) DX plaquette & 3EEL 72, &9 BEIZHE L TL 5 plaquette DAEE W
IDMWn 'ENIHEDERL TWND,

F T, SHELEZWEITRE C DOEY %< % - L a2 Wilson loop DHIFFHEA #HE
LWbiFcd, 20 (1.12) ® dU R L WO b 0ORH 0 30T, 7— U S0
BICHENT D L EHNER 0 DS ERLO EFL TTR, 42 0% link B CHENT
e 2O lnk BHE VI DL SUN) DBEZARED EOEEZFF>TWET DT, o
T2 LEDLDIXEDORED LD singlet DIRAETZ 1T T, BEZARIAED ET singlet T2
B &) DIFFES LIZFRRC Y bSn THE B TL £ 9, LW oEHEE, 420 Wilson
loop DEAFHEZFHEL I2WATTR . Z 2V IH AT (K 1.3 O KBRS 1L2H link &
BN 1LET ST BD T, £ % non-zero TETAIZITFED action 7> 5 AHRED
7® link %% 9 £ ATHIEL T2 link T singlet 1272 % XL 5 72 configuration
ZNE S THID T Z OFESTD non-zero 12725,

BIZIXZDO—FN~>Z (M 14D a) /5L, linkBEDR 1 HDA->TWD, £h

2 (®14Db)I2h, linkZBEN 1 HOA->TVETDOT, 2 ZDOFFT singlet % 1
L2137 < & B T DD plaquette (X 1.4 D pl) % (action 72H) & & LTI
& singlet 23MEFLZRVN,

link 228503 2 [ HAUL . ZD 2{EN G singlet ZEDZFENTEX S, 2D (K 14D a) &
(K 14D plIZA>TW5 a') ZMABDLELFIC LT, singlet #1EN 5, & Z AN
SEIXZOWVIFT (M 14D plIZ A>T 5 ¢ X d) 28 singlet 1272572 {72>TL &
I, TIMNS, —FDLRVKEETETO link ZEIZHOWTHESNES AI2IE., £ link
ZHEAZHOWT singlet TRITFIUTWT2W0DITTTA, 2O BIITFHF. 2@ Wilson
loop (2B EN7=HNE D plaquette £ TIZOWT plaquette action Z7% & L CZ 2 Th
EWT R, EWOFITRY T,

EWVWIOEHT e S YL L CE 2T, Wilson loop OEIFHET B DIRELE VW 5 DILTE
& L C& 7= plaquette DETT 206 . Z @ Wilson loop TIESILAEDF THRH D720
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1.4: plaquette action % 7& &

HOKEIZ 2D, FHUF ot nWo & TxL, ZOmEMVP L THELATLEY &
TxL X0 REQREHEI/R->TLED, TIND O TLEEW IIKFMEL LT FO,
Z1% exponential TEL & T8 C3nn | BB L 720 B 7 quark & anti-quark
EDOBDRT VX VEXAX—% V(L) ELETE, 4, FEEFMAIC T T #EAT
WETDOTHR, ATy Vg X —XxT LWOFUZR STV AITT7RATTD,
TIMOIERE LIZTRENTZRT vy V(X —L W IHIDIX V(L) = -LIn g, &%
BIZEFIZ/NZINDT, —logB CTIEOETT, LW HHET, quark & anti-quark O
DFE linear 78R T vy NV EFSTNEEWVIER NI L > THY 9,

<W(C)> ~ BTL — eTLlnﬁ — e—V(L)~T (1‘14)
V(L) ~ (~Inp)- L. (1.15)

I large N 77—V BEEan 6 | string 2 75 1 DEDOFERATTN, TZTETIE
VBN H Y 302

B : Y, @ summation [ZIEDFH T ERDA T2 ~ A F ZAHERKA
HEERRETIMOATTN?

Z ® summation(1.7) TI M ? Z @ summation (¥4, BT7 —VEFRLO T,
FROBUTFRE & BT, FIATAPMNRERREEROKRFIZLE Y, £975
& plaquette ODEIIHFRTTE, TTTERHENTWS pDOFiLE W9 OIXHRED %
plaquette {2 DWW TOFITI,
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1.2 ’t Hooft ® Large N B4

ZL7=BRIT large N 7 — VBN D string BB A2 R5 2 DBOFEE LTZWAT
TN, Z1’t Hooft @ large N BB E W HEETT,

't Hooft @ large N BB LW 9 DIX, b OITHIERZECHIEFICEE R X
356D T, DUTEZRTWHWE WO TT A, 't Hooft @ large N B E V5 E 2
FHix, T bBEEL ET, SUWN) 07—V EFHSED Feynman diagram &V 9
DR LDITFTTINE S £ Feynman diagram 73 33 string @ world sheet (2
2o TNDHEWVWIEETT, BEIEMAZ T 50T propagator TH 5 &>, vertex 3L 9
WOTEZ L TWDMRRNEWTRWATTN | SEIFE T, —VHERTIER ST
BD continual D7 —VHEHTT,

L7 —VB%, SUN) THWWATTAR, lHOBICUN) ELET, 25758,
A, LV DIE N x NOTAI—MIFITRBRINET, A, L0 SOEF =I5
adjoint RELTT DT, Nx NDOT/LI—MTFITRESNDATIN, F@ET 4, &
WIHDIEWb DD Gell-Mann 175 & {#F - 7T,

A, = ALt

CEBRTA2ONEEIZLEEOATTN, b5 large N BEZ L5 HHZIT Gell-
Mann 1780%E 5 KV T L A A, BEDITHIDORS) i, j T E VI TEL, TINb,
LiEWOIDIT LN NETHLHET D, £oTDL . 7F—VHEFRD action (1.1) 126 |
t, B A propagator Th 5 &7, vertex & Gir D HFEN TE 5, £ T propagator
TEITFNITT NG 4,j LWV 2ODREFFSTND LN I DONRIEFICEELRF[T, 2K
DREEZFFSTWVWETDOT, £TCO Feynman X% " EHHETEXET,

2
(A1) A (=) = 300" (1.16)

i W) index &, j &£V index ZFFo TV 5, T D propagator [TE H W IHE
&) & EERERRTS L, L, R ERO%L kLIRS EFO%, ZO/RO
propagator &\ 9 Dt FTEBREFIET Feynman 77—V 2Mb L | 51D,
ZNND gym PDIRTFMEIZ., action BAED g%M tr(F,,)? TL 72 b | propagator R&IC
Gy MDEND EF, ENDE pv OR S Feynman 77— 72 DT phv,

HEMBLE IR DD A4, j, kI DRDOIEL 7oA TR UN) OHEICEH L L
§UGIk, ZD XS T VHEEICIR B, TN D vertex [LIERHRS — VRTINS |
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3R EAED vertex B D, 3HE 48D vertex HOIL Y ZEHHE TEVTS & index
WCBAL T P L —RIZ72 5 TW T, action ®HT tr A3 <‘:7§> trA* LW O TEAE L T
FTOT, index D line [ LZ DX 91T (1.17), LTI > THAL THETHL TW T
UTWNTF NV S REIZ A>TV 5,

- L ~ o
S

k“?ﬁﬁ%ﬁof%ibtﬁ% h

T LT vertex DFREUT action &K%
D DIRELIT (BT B,

Dk 72 Feynman V=V & fFE ST Feynman 77 7 &#ED0DIT TN, £957 5
& Bz X vacuume, free energy ZFHHEL L O L T2LBI2E, 2L H>%7 T 7 (K
1.5) BET £,

planar non-planar
1.5: large N BB ® Feynman

T BT 3 Avertex Y 4 D A- TV D Feynman X, & Z AN, 207 7 73 E&EIC
— AP TECLEWMAG 7/ r ALRNE DT A2DIZRL T, ZEMRTE L, TxiT
MR Y —WICRIC A AT DT T 7 ThHhoTH7rALTLEIZ 77 () &)
DI Do

ZDIRATEHET T 7L AL TWRWT Z7T7E0WIDIE, b EEET 5 pla-
nar 7 7 7 & mnon-planar 77 7 LW I EERATEN, planar 777 L) DXk
Feynman 77 7 % ZEWFHZ —EHRP L EROLTICELENTEX S, THoWVWH T 7
7D L& planar 77 7 W5, “plane’r TTH , SEEO EIZETBH LWV D BERT
J, —7F. non-planar 7' 7 7 L WO DI “EHRAEFEICEZ DL THEMTEINT

16



RELTLEILIRT T 7LV H D% non-planar 77 7 &\ ) AU FES,

Zi T, LD, 25 ® planar 77 7 & non-planar 777 73, —— &
0 N DIRIFER — KL 5focofu\>:>®73>é:b\ 5 OISR ATIH, 25 LETL
Feynman # A7 7 7 AaENTRDH L, £ 21T vertex D3, propagator ¥, & &
X ZDEAL 72 index loop, € 9V H L DT 77 EWVODITREINET, 4. vertex
DEITFI X 24 (K 1.5 OLEM]) ThiT . vertex OEIL 4 K, £ T, vertex DI
Z Ny L LET, D propagator DA Ny & L F9, H&%ZIZ index loop TI
RN, ELET,

index loop DE L E > TWDHDIIBIZIL 4L (K 1.5 DEM) ThIuLX, FAL 7= line
DETITNHLEFTARICR LT TY, 2HH607 77 (K 1.5 D4 1AL 72 loop
DEHERTRDE ., ZANRT 2o LML 1 KO TE S TWETOT, FAL - index
loop DEUZZNiX 2 TT,

ZIOLET L. vertex DEDY Ny . propagator DE2% Ny . index loop 73 Ny A&
» 5 X 97 weight 1T 5ﬁ%i0’@/\5753 EEWVWET L, T 2D vertex VDO DT
interaction TI 73, vertex 7> H 1% g LWV DNRIHTL %, EIH B propagator 1% g2y
BT %, H&&IZ index loop I Ao TR, index loop (Z&H N@Y HY £ DT,
A== NeWd, TTPL, iy & NOFT—F —2FNTLDHL

1

A (vertex) — —— (1.18)
Ivym

#* (propagator) — g (1.19)

i (index loop) — N (1.20)

Z 99 5HE, Feynman ¥ A 77 7 LD ZNHD giy & NICXHT AEGHEE WO D
1% weight 238 9725V NET L | 2D weight 1%

weight = (g%M)Nl_NONNﬂ (1.21)

TEAbNS,

ZNT, BEMEBmNREZOLND L, TNHNE 2RTLDT T 7R TE LT TT
TnEd, I<HHNTNS X IIZ2RITDE &V D DIE Euler £, genus g THFET
&%, Euler & W95 Dl

X = No— N+ Ny
= 2-2g, (1.22)
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TERINTWD, EWVIHFIT weight ZEZIEL TRDHE
weight = (g2,)" “NX, (1.23)

EWVVI DN Feynman ¥ A 7 7 T LD weight 12725, —ERAONAEENREREO B B O
FICbBRELZATIN, gyuN LVIDEEEL TRD L, gy PRFFEL VIO
T9 gymN TLIAS TRV, & EIXENLINE £ OBERFNTL HE N H b
JTI, brok BERAICEREN 202507 7 7 (4 1.5) @ weight 2 LTV
F9& . planar 7 7 7 D HIx

N() - 4
N, =6 p = (¢°N)’N?, (1.24)
N2 - 4

Tj—ﬁ)% N (gYMN)2N2 G:fcﬁofl/\éo
—7 . non-planar 7 7 7 O Fi%k

No=4
Ny =6 p = (¢°N)> (1.25)
N2 =2

No, Ny [Z—HETT3 ., & DIT Ny OFTFET T, WIS 2EREA - 72 —ARD loop T
FTHOEWNEESMIT2 LB Y THADTHRZDS 7 7 DIRFEMEE WD DI (gymN)?
RFhsTnD, LWIEIZDS T Zidplanar 77 7L T 75 200, NAK
X UWERIZIE suppress AL TV 5,

ZINTZ D Euler Ftl v o Dl
QWITHILI R HEHDO L HIZERE F—F A, H LT genus W 2DHE, ZDEHIZ

FReY IV EINET, BRO Euler # v 132, h—F A® Euler #1030 T,
genus 2% 2 DEO Euler #3 —2, 44 7 —# &9 DIF genus B2 5T 12 232/
S 5TV, ZNT, 2D N OEFHITI N LW I JRUZAS>TWETNL, #/
genus 23 1 E28 25 2 &1 -5 721F suppress £ 5,

TI 25t Hooft RO large N 7 —VHim &V 9 DIFANE NI & gym® DIR
FMET gyv®N ZEEL TRD LRI, & ZADE D DITE genus & FF-o 7
Feynman # A7 7 7 5 &9 DI 35 T suppress 8412, EWVHDNR, 20 + EEO
BELATT, TTH ., HlxiEX QCD T planar Z A 77 7 LAI2F 2 L B 5FEN
TEUL, ENTED large N 77—V B LW O OIFART HA T, FEiX planar &

18



1.6: Euler #2 L % 2 ot @D 7548

AT 7T LIBELTHETD Feynman ¥ A 77 7 %L EIFH5E WO DFFA
RICHEARETIED Y A,

ZZTRZEDIC Feynman # A7 7 7 LA CTIEDHEIE VY D DL E ST string D world
sheet & EX 55, £ world sheet @ relative 72 weight &9 DA o TA-T
EETDOT, broL o EBELV DD string coupling constant (& & 2 FEBRIZHH
HLTWET, EMET, 20X 2L THELAZ QCD 2B 5 string Y724
B VOIS LDORHoTZDITTTINE S, Ledb o720y QCD @ string & V9 DI
E DV string 2D, E WO HET, FLIEFICHLVWHEETT, Thus RIS
HEROFEZ T HATID, QCD > TV I DITWb D 5B BORHEG & 1L 7R ViES T
world sheet DIEIEZFF>TWET, TTH QCD BHNE 99 string BFRIZ/2 -
TWNDINEWN D DITFIZfFE S TR,

FNINH ZOWINTEH 9 1 OHBEIZR5D1E, CedHZD QCD 28 string & H 5
TOTHIUL, HEBEBDOWDOW D critical string & W9 DI, HH7 — TV BHEGD
world sheet @ dynamics #FbHOL TWDHE W JRUIZ RNV E | Znsy —V
Fw & string iR duality EFRT 26O T, FLEZORBEICEL TXERRMEIT
LHAABLILTWERA,

UERFEIETY, SOL ZATHPER, ITHLEALWVDOTHY I TL X Hn?
B : index loop WEIZKHIET 5 & W9 DIFEMALENTITE SV IFETTN?
Z—& | FlIZIXZ 0 (K 1.5 O[] ZERmIZHW e 5, ZHUNEO EiZE-
TWBLEESTLEEY, ZOKES T 7088 TlE-T2EEBEX T, £H2T5L . %
N IE T index loop N —ARL o DNWTWET, KALWTYT?
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B : non-planar OFERIE 972 5D TT 0 ?

& & . non-planar DRHZITIEE < DN RELR AT -, ZomE (X 1.5 D41
EWVIDIT P =T ADEELERVEIRELIENTE D, EEIORZREL TND
propagator & L& FIZE w Do L EFCHEL 9 L0, £H5TH6L N—F 2D L
(CRRER LT D WD FNMED 97,

F =T 2LV DIFERITANY RV E DT DFICHISL TWD, N RALEDTDHE
HLEOET U wTUMPNDEIZ, Feynman ¥ A7 7 7 5O T OB AN RAVD T @S
TEDOBBAV RO EEEDL, LWVWOIFELZLTRNDE, 2OV T77F =720k
[CIIZRERCHSERTE D, TR BEIL 5 ODHMER DN TN L ELFELCHEC
725,

LEALWTL X 970,

20



F£28F REFRAM

Z L 72 BRI string (ZBAL TZ < fHIZ, critical string & non-critical string OEW
TN E WD FEE LTV, 2T THREIZR DR/NREOFEL AL EHAD | string (2
DNTOI S APREEEZ L £,

string & WO DL, bHAURKFDILGRIZL > TV D, ZHNLEEELZWDIT
string BERO Wb WD 5 1 %%ﬂﬁiﬁ/u“@?‘?ﬁ RRLFOHEENOIDIE, TEETES
MTEOEEREZE 5 bl TR, HOHR kb\ﬁ@iﬁﬂ%@%25¥ﬂ£f%é S
TP L ARKFOE 1 EF Lo TV D DIFFIRAR v BonEd 0T, <
R TFOFE L& W OFEE L £7,

2.1 BAFOE1I=FI

FNT, ZORKTFOHEITELIEFALE VNI DITXET DK 1OZTH 5 ot
IIRREAZ AR L £, £ T, _ﬂ%:%“z;_%ﬂzbf_%)@#wb@é%oﬁf!imo
D> TV H D] ;tf*)%' BiF-DES n B2 52 W O ZHRET RO 5O B

DITTIN, ZTORT, F1ETLEFE2EHLOBEKRE WD DITARLTF & Eiff!in
WEFEFICRELSEIENDH Y £9, TIULH% T string ZFETRHCEEL 908,

BRLFDOF 1 EFE WD DI ALV D & FEXFRAIR SR F T O TRZED H
E),'f—i\ initial 72 57225 final 72 5~ amplitude W9 L OEFHEL £9, H 5 initial
2R E o . TG final ROMERZE o 0O RICEZ LT L ZDM%Z propagate
T HRFAHE HDFRIRT HMNEWND & | _ZIVL75> Feynman OREHEFESTHX LD,

xf & ool OREFESETO path [ZOWTRL BT, path @ weight &9 DI,
Z DD path OFEREA weight (2L 72 SV,

o = P e ™I (2.1)

i—f
= KGHBOT a5 —4. (2.2)
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2.1: RRIFDREFEFE Y

ZNT, AU ZE 52X TWDNRATEA -+, ZHUF initial 205 final (22 9
R A 72T - FERRR B2 KL T B O BRR TV 2T Klein-Gordon %5 T97% . Klein-
Gordon ¥5® propagator (2725, FEESIZ 23728 Klein-Gordon $5 propagator |2
ROHMEND DR EHHRICHENL £,

ZD ds £V DI initial D ES final D o~ 1D path 52 7-FEOZ DM D
HEECTOT, L -2 OO pathz 7 EWHRNT A—FEFoT, 78005 1
FTO path & z#(r) LWORICENELET, 29T 5&, TORD initial 725
final ~MT<EHEE W OIDIT, ZHIEHEBAAL T EWVNWINT A—=FEHST

/ds:/ol,/<%“>2m. (2.3)

IoEzonET, ToFEEELE . ZO path integral Z EITT D DOIFIEFICHEET
T, 2L TV — R TASTWETNSL, 2O FEE T path integral #FEITT HF
FTERVATIN, ZNEMBBEEZHE-THEEMATOVET, ZZTel WO
B a8 AT A TTN,

o [ 2 o
rep

ZD e WO DIE1IRIEED einbein [ZAHHE L TWAMBISERA TTMN, T path
RliZ e EWORBIGAEAT DL | EREEFVZ Z D path integral(2.2) & . 2 path
integral (2.4) IZFBRIZEMTH 2FNEATE 5, ZIUIEFRINT L FRFOFE
FRRICEATE ZATTR . T2 TIEHERAICAZIZFELWLNE 9L 0z A
TRV ET, TN (24) % e TEHL TRV ET, £9T 5L, e TEHL CEE AR
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XERDDH &

I m?
5.2 = 5 (2.5)
TIME, 2D e BET T, e EWVVHI DL,
e= @ (2.6)
m

ZOFAE ZIL (22) ITRAL TR E | BEE -T2 (24) IR DIFNR IS, FE
BRIZ Z DO RKIFOHBEIT I OmMFITITRICEMTHLENEHATE S, bror
DORISIE T BB (2.2) 28 Nambu-Goto # 47T, ZT5H5 (2.4) 1% Polyakov & A 7' IZHH
LI HATTN,

ZDOWIZRDHHEL, 2D action |, JEfE e 28 einbein 2 EFWEL 720, 1IRIED
ERTO—REERLEM 1 RITD 7 LW EEEZNRT AN T AL BT L H7e—
IREEAEREENFEL £9°, 2O action DFF> TWAHRERLE WO DIX, 1IRTTOE
BT D reparametrization NPT, ZIUEE SWOIEHNMLEWVWI L HLrHE 7 %
LV F EWHIEHEEZEAL T, ORI e & 2 ZEBRSEDLDITTTN, 2 OF
1% 1R reparametrization \ZX3 5 AN 7 —i5L L TOER, Tnb e &9 DX
einbein T3 DT,

(7)
(7)

TOF oL TRRTONWEMY £928, B2HET e(r)dr LW HBTA-TND
DT ZOPFHFIAE, ZNNLHEIEBE L 2ATTR, & ZANZ O 2 EDH
DEFTOT, BrIEZDOEWTHEIEE S ZORBIKHL THREICL D, THITH
TR THTHRL VA TIN,

FAING, T (2.4) TS E Viep CEISTWAEMIT, 2D action |Z13 reparametriza-
tion "EMDH D T DT, HBrHIEZDHOEHBETH STRLARWEWTRNE
WIHETT, RIZ. Z D reparametrization R Z 77—V BEEL £,

ZOEWEFESTRDE e £V ) einbein OEHUFTIZEAEHFEEL L TLESFNT
THATTIN, L L Te(r) EWVIHD% constant FTHRFOTWSENTE S, &2
AR, e(r) B LILEIL, ZEH X 98 path O ZTT 7256 reparametrization
WXL BB WVWETTOT, 2O ee—ROF%2 t LEXFT L, Zotn
EF=ROHETR e LVWOIEHOP T —VEETERVVERIZR>THWET, TF
DTUK, e(r), ZOEKEt LEFESFITL £7,

xz(Te)(T) dr 2.7)

D
Rl

T — T = f(7) {

ISH
Rl

e(r) — EK L /1 e(r) dr =1. (2.8)
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ZOtIFBOHEBTHTL 2W\bw 5 singular parameter (2RS35 LA T
N, £ 9L FET LD path integral T ‘f:p EWVIOEDIIAER t 2T O 1 EROE I
WL ITENTED,

/ Je _ /dt (open path). (2.9)
Viep

I THEIs L FEENMERATTN, EIZ HET DD path BNV TV HEEOH;
BT, ZHUX open path D&, EFEZIITLA D EE D EAREITEZ HA L measure
EHEL THUZ t DL SOV IREREB A>T 20020 %E BN EWNWTRNVAT
9%, open path DEFEITHENI N TELWEZ A 52X DLW I FENRREY £,

—J% . FAU 7z path OFE, ZHIFETH 2 1EFEHAL £928, AL 7= path ©HE
DBFEIITEL dt TlER< T Lz £,

/5?:3 :/% (closed path). (2.10)

A% propagator DBEI open path 72D T ED 7 —RA&FEIDITTTN, 927D
EL. 2D action EWVODORFER, T D e tIZRD ELEN, t OFEZ 105> T,

0

TORDET, FNT, LA TI IOt EHELIEVDOT, tXT BRI T BB
BEHL £,
tr — . (2.12)

THEZOMDIT, broEIo + Lt EAT, FLEHAIZ 7 OMONBA->TE
ThE, B HOEMAHEAT, MO 0~t 2T, THT,

s = /@x/ dte_f(’t(é;erTz)dT. (2.13)
0

Z ®D X 972 path integral Z ETFTIUT DV WEWIEIIRVET, 4, Zo I L E
WD - SV HDIE T ey = B T,

ZOWEKE RS L ZHUTBHIGAOFEFEXFRAIRLIT D path integral & &< [T
272> T35, A% Euclidian T77%, Euclidian ¢ mass m % B OIEM*IERATHI T D
path integral, W) FEiX, 5% 2 TEWZRERES &V O Ok, IEMXTERAN7Z: path
integral ™ analogy Zff->CR5 L&, 2Ot EHITHEIZEL TBW T, 20 initial 72
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D final D E~® path integral Z5GIZETT 5, &V O FEIXER, FEHBERFHIOZ
Hamiltonian (272 %, FEfREIRELY ¢ T Hamiltonian 23 p* + m?

= /g dt(x;|e—%uﬂ+4n%|xg). (2.14)

EFhHieL AZZ (2.13) 7D 2 Z (2.14) 1247 < ITI1FE# path integral TS X D12
initial Z2FT° 5 final ZRFT~D, Dt L WO D% KA ¢ Al < 2EIL TRoTH
DEILT-FICnbw b 1 O fRE AN DT TF, path integral 2K 500 5L
9 O1% Hamiltonian:- e "t LW 5 DN H o722 . BEZ] ¢ 20> < EIL T, fi)s
KRBT EREFE-T1IODBERSD, TNT, £D 1 OFHFEE ANTZH D
ZFM9 5 & path integral 2345405 &V 9 path integral & & < FFD0 Y J5 4 Hu
HLUTERLWATED, 297 5& 5B 9E D operater (2.14) @ path integral &~
EWVOIDONRHEHEIN(213) 127D,

T, &I (2.14) Dt FHZ &V D DIFFHHEICFEITTE T, initial 221225 final 72
F~D propagator £EWVNO HLONHTX E7,

o0 t (a2 2 1
/0 dt (e STty (g

ZiUE F X2 Klein-Gordon #H @ propagator (272 > TV 5, initial 72 57225 final 72
RO amplitude ZFEL 72 W20 9 & | 5/ Klein-Gordon @ propagator C i f7
? action BFERDONTND LWV FEEERL TV 5,

T, THHBAVZ path DFE T, AL 72 path OHEICIE, T2 (2.15) D t 14
G0 LT D, TN LT b L ZOMSVMEROESH propagator TlE72 < T
Lxexp(tx ) DEATTOT, BxrH&logllV E7,

log(p® +m?) (2.16)

ZiuE E X2, Klein-Gordon 35 partition function ZFHE L TAHAHFEIZ/R Y 77,

TSR SR FDOFE 1 BEFLE VD Dl Klein-Gordon B0 1 ki FIkES
E L TWAEREIIKINT D, TN SR TOEL &L, 2B 20V EETZ
DEZFEZRIGHTHETT,

Hrobt—oa Ay bLTHLE, BE2EHETEHEVIDIL, SR TFOHEIT
1K FIRREZR ZRIFIRFEIZ T DT TTIMN D | KF R SATRATWD DT TED
MICHBEERNAS, HOBERCTIHEFICEEROIFHAEERE ARSI FE, HEA
TERZ ARV D ERIFD 202020 2ODRFNEELL -0, OV HENE D
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5, ZILH O interaction & systematic (2 9 HiE, ENNIGZOER T, T, M
K DHEIZIL interaction EWVW O DX 3 A TH4 R THLEBERHIZ, bBAALTF —Y

HERCTOHNIE ¥ —U REMLE WD principle 12H D £33, £ TH. interaction O
RN FEWIDITBAENEL, LIANINNDLBHET HAEEROBAICIZTZIN
BRI ERELEBSTWVDELATTN . ZIUIRICHBAL £9,

2.2 String W% 1 EF1t — Nambu-Goto action

PLER SR DOE 1 &L > TobiF T2, SE I string DFE 1 &LV HEE
ZLET,

string DF 1 EFLE WO DL, BRLF % string (ZIRTIVULWWDIT TN, &
FEDEATT string 75)&)0’(%&7?5#73% propagate L TW5, £H5WIH L DA FHET
E W, 2T, 2 b I 22 D D13F 21X Z @ string @ propagation 73 E 9
VN9 propagator & 5-% 67%&75\ #BITPAT 72 loop DFFAEIZIT string D7 BELREEN &
DIRDIN, EWV ot FEEHEwRL TVWE ET,

FRRO BT OBEICIIHEERZ AN SHI2IEE 5L THE2EFHITITNE 5%
Bau, % 1 %%1[:71 & AR E WD DIZIHEFIHR O OBEL o7, &2 AN,
string DGE iZC DIEFIZ BT & REEIFTT, string DHEALER LW H DI
string 73 2 DTS T OV I B O (1K 2.2) 23 string DAHANERICR > TV D,

2.2: string DAHAANEM — Lorentz 214

ZD1AERD string 3, 2 KD string (257005 L D 72BAEERAEZ RNV, ZIT,
ZOWFERTHEBIIRESEIDIT, REFOBFEL WO DIIMHAEERHDOHRE WD
DITIFFZED H 5H 1 R CHAE/EHNEZ O'Cl/\%)o & AN Z O string OEEITIT—IK
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EZTHEERANEZ 50>, —R., $HZOUTHAEERANEZ > TWAEHICh A
ZHDITTIN, LZANR, 4. Lorentz REMNRH Y T 0, FIZIXRREEIE VD
DIE, To5WHEI0 5 (K 2.2) bHRETL, HcZDk o572 (K22, HOBEEXE
ZC) OMEEMERL TWDFTE W ORI 9F 50 TIR, H DR EEC
ET 5B EOEZZOPEOMAEEREZTERL TS, BrO9EZZDOFRTIA
O string 23 2RI DI TWD, &2 AN, BEEORY F2 b L ExF3L, 5F
ITHEERL TWAELE W) DONREDL LI T,

TG string 128 > CTERITMBEIER &V 5 DX string @ propagation & FEHFIZX
FLIZKWEWSIHEERH Y £77,

string THILILTWD DI, BB FDOEAIZITRRTFDOHE 1 B FbE2{Te>T, i
MO ILIZHOHGR~F> TV THAEEAEZ A2 E oW, ZOMAEEHD
HEHELWODIIIEEIZIELS SAFVEDIDITTY, & IANFTHERBOHEITILED
FHROFIETILEZLTLEY &, ERXLO2F2EHbETHEBEICBNTAND
HHENRELI R, BRICEL1EHLET R IT TE2EHLOERB R E-TL
FOLVOMENDY £T, SKTOBEICITHEAEEREREMEERAOREEL VD
DR &HS>TeDOTIN | FHEHmOGEIIFHAEROERIZ T TRE->TL £ 9,

ZNT, BIISHICHAERERE W O b OITEEROSAIEZHE IS N TV
% dilaton & FEEIL ARIFDOEZEEFEIZ - T shift THFENTEHEWVHIFEND, A
SBNTVWETOT, RIFHEBROHSITHAEERAERT O AL INNG EZ H/3T A—
A TEBRNEWVWIFEICRY £9, 2 IEARTEROFIFEFICRERBVT, TOEKE
THEBFOBRBIBOHBNETNITZ L Z IS E~EED RS- T
T, BEIFHEEGRE WV OOITLL AHOHEGRE WO DIIHHERBET AN H D,
VT L b OGO B EER &V O OFEM TS TE b T,

NG, EOROELIETFLEVNIDEFHARTNETZNWATTR, LBAERFD
HAL initial 72 505 final 72 5~ path DEX &5 DT, action 2352 H i
HEVWIFEEZRBFELILATTD, ZEROHE LTI OIEFIC BRRILEIZ 2> T
%, initial 72 string 7> final 72 string ZEEN TE D207 T2, ZO@EIT OV
TETRL BFsnwe | 2T, ZOomfExL weight IZLTREL BFEL x2&0 9
DN, Wb % Nambu-Goto action (FER-#EE 1EH) Sng & MEINTWNDH DT,

AN /EQXe—%GWL (2.17)

Zo2woemE (X 2.1) EOEESY | i@ (1,0) EEBATIN, £EHT,. ok db
EBXFET, ZOEDEIZ (1,0) EWVWINT A—=FRHST, XA(1,0) &5, (1,0) D
HEFZED XH LW H~D mapping 52 5 & | 10 2IRILHE % b HRFZEIZHEDIA
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(r,0)=0

# 2.1: string # 2.2 HEED2ODXT fL

el WOFEICRD T, TINDH ., world sheet DFEEIZ XHEWHEREZ BT
W5,

(7_ 0) o R~ IA TR
= _—
9

XH(,0). (2.18)

FNT, ZOXFLEWIHEREZONT-HFICZO®ED BT, 1 HMaE o FEEWHD
NHDHOITTTNS, BZEOFRTIDOEEED 2507 ML, XED 1 FBEOHSS
L. oo HROMAEWDH 2o0R7 kL (1K 2.2) b Y £7,

ZD2ODMINIRRY FIVDIRDE, X WD DIFRFZECHDIAFEN TV E TN,
Z OMEIZ induce ATz metric hgy EWVODONEED £, £ 2ODOT ML E
fif~> T,

hay = 0.X"9,X,. (2.19)

(a,b=rT,0)

HDHNE, LITHLKESBLVDIE2O0ORY MLVOEDHHEETT NG, 2007 K
IVOINEE TS TR T, TV HEEIC/R Y £, TR ERMMCHELYL THhaHnen
9 &, Z® induce EAL7z metric @ determinant Z B> T/L—h ZEo7=2H D, LW
DDONEDHEFEZ/R D, BroE ., Wb volume factor V5 DI /g THIF 2K
FTTTNE, ZN2 induce ST metric O VA 25, Z OEOEE (=2 KITD volume
factor) 1272 0 £7,

TI 16, 2 Nambu-Goto action & VD D,

Sxa = ! d’o /det(hg), (2.20)

2ral

28



EWV D H O Nambu-Goto action, HfEZ 52 2R Y 9, Z® Nambu-Goto
action [T FeFE SR F DA SR F D path DRI TREFEI L2 IVNENS HDD—
BALIZZ2 > TV D DI TTIINE &, RITV ZOHED XF EWIERDNL—MIR-5
TWETOT, ZNEZOEEREFEST 2 FIIIEFICHEETT, £ Z T, Nambu-Goto
action TI72 < TE®BE < b DD, Polyakov action & FHEN 5 H DT,

TG | string O path integral Z R T HiE, @Y 1 H LA TI N, Tha 318
DEBNA LW EBWET, HEIIXZ D Nambu-Goto action, T2 OHN ZINDHE
759 5 Polyakov action &9 FE72A T, SERBAERLFDHEITIX e £ D einbein,
BN E % B L TR path integral N EITTEX2DIF TTITNE | string DHE
IZHR01E Y B A% A EAL £9°, Nambu-Goto action &9 D% X* 721 OBET,
ZHUZ 2T TN D 2RITCE D metric &V O FBNEHZEAL T, b &L
ZITWET, Ziund, Polyakov @& AL 72 Polyakov action & FHEIL A H DT,

2.3 Polyakov action

Polyakov action |% Nambu-Goto action &i&E-> T, Z%tt L C world sheet ® _ED
Xt EWHIEHE, 2 bH 9 —D world sheet @D _ED 2 IRFTD metric gy &V HE
BAEOHERTYT, T, T® action EWVWHDIZZ DI HIT,

Spot(X, gab) = yw—" / do \/g 9" 0. X X ., (2.21)
Hr oL, 2RITDO—REERERL I AN 7 —HEILL T DD TT,

Z @ Polyakov action & Nambu-Goto action DZEMME L W 9 DL, D SRLFO
BRI TR ETFRNICEMTCH L2FNFEHTE A TIN, 50 string DIHFEIT
BRI FMES WO DIFFERATE EEA, 7272, THRAICFEMTH S &0 5 FiT
FTSRTENRTETC, £9T25&, g TEREZMD L, MRZNL2RITD AT T —
HD action TTING | gop PETEV D DT 2IRTED AT 7 —3D energy-momentum
tensor =0 LW HRUZR B DI T,

2 IRILD energy-momentum tensor 1%, g9, X 0, X, DZELZNE | 0, X X, &V D

HRAHTE T, Thnb, 20O \JgDEZERSTRD & gop | P 5 K 5 2R EN
£7

1
T = 0.X"0,X, — =gap (0.X"0,X,,6°) . 2.22
12 9 K

DY 2 IRIED energy-momentum tensor T, traceless (272 5 & 91T DLREA Ik
FoTWET,
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ZIT, Ty = 0DREBRNTRD L | gy &V DIL 9, X1, X, ITHBIL TV
EWTRWERDNS, ZHERS EFER. gw &V OIX ), —EIZIX local IZ o
\ZARTET D BellfeEs & - T,

GJab = f(a)@aX"@qu. (223)

ZD gy % action [ZRAL TRDE ., 2469 <2, Nambu-Goto action (2725 &
WIOFER DM 3,

i, 2D flo) EVWIDITEITRELRVWEKTT, £V IDIXZ O FERE KR
UMD EEET H X DT, T D action (213 local scale REMEE WD DR H DA TTAS,
Z® local scale RZEMEE VY D symmetry DBIZ, 2O f(o) &9 OIFTEE) HFER)
SIFREL VB STV D, £ T, 2D Polyakov action 23> TV 5 RN
LTI BRR, BRI F O EITIIHMEIS e £V O DEZEAL - action 1$ 1 RITTD—
IRIEEIEALEMZFFOTVDLEWVWIFELRFEL L2, 40HEbTh & FRRICS EX
2 RITED —REEFEAREEZFF > TV ET, TTND action DFF> TWDHREMELE WD
DIL,

o 2 RIT—ARIEIEARZNE

e local scale "M (Weyl R H)

FITE LI 2RITO —REEREMNET, 2, XEEWIOIBFIE2RTD A D T —1
TLEDD, XERADT—FE L TEBLR IV, ZILD g 13 2BED tensor 5 &
L CEBLAR IV, EW ) BHMED ) & C Polyakov action &9 DX ARZEIZ/2 > T
EJEaN

%212 29—, Polyakov action {213 classical 72 symmetry 28& D £ L T, i
local scale "ML FHIN TV HHDTY, b L <IT Weyl REMEL FHIN TWHAT
ER/AN

ga(0) — €”Vga (o). (2.24)

ZOERITE DV D EHD LN D & metric gq & 2IRTED LD local 72 & ¢(o) &0
IO EE M > THERIT scale T B L TEALWE | ZO X HIREHRTT,

FHE. g DY f(0) DT IRI 2N E BT E ST OREMD B2 AT,
ERINTRETHLZEEZRTHDE, Jg LI DITTHED gg O determinant D

30



=R, BIE2RTTING, BrHEZZDEFED g% & TRE D gy D determinant
DN—HFDFFTTASTND gD factor 3 L& TFTTHFy o LU T, BERZDOLHIRE
B2 (Weyl Z£#t) 2L TH ¢(0) OELSE VI DIFEL HEWERD) S, TTND
Z @ action &V 9 D classical I local scale REMEZ H > T\ 5,

E AN, EXZ D local scale REMEE W 5 DIFEF#HICITS & —f%IZIX anomaly
ZHLET, anomalykb‘5@&i1ﬂ7§>ﬁﬁﬁ’ﬂf£7f<%’f$75§§)of‘6\ EIXHO R 1/‘9
Difaction 2 25X TERINDHLOTILZ2 K T, action #5-2T, THIZEBHIZ
75>L ultra violet @ cut off Z ANV 5 E WV O W HFZ2 GHOE THD THOHERE VD @li

F#SD, bLLITD I ELBIDEWVWEEZT S E | action 52T, & 512 measure
%5@;5m&wéw IOty FTRVWEBOHERIZERT IRV,

ZAUT, ultra violet ® cut off & AL 5 — 2D FIEIIHK 7 —VHEHwmTTIINE b |
A% path integral T2 & measure £ 2R D D57, 2 RITTDO—REIEREMEE WD

DIFEEL 72 < 2D T, measure BHIF—REEFRETHLIIICERLET, £97
% & E5R measure D FUZ gy EVV D metric/NA-STECLED Z L2V T, £ 9
T 5 &, metric A TL HDTE 9L TH local scale REMZRDOZ LN TX7<
725, TTNG, 2RIE—EEAETHLLIICETILET DL ﬁﬁﬁﬁfiTﬁfif
Holzh 9D local scale REMEE W) OB —RKITITENTL EWET, ZE
NIETFENENEN) e E b R TNE ET,

2T 5 & Weyl RAEMEIZ anomaly 28 1 5%, £ % Weyl anomaly & FEA TUvE
T, ENZ Weyl anomaly S H 570y, ZIUTENTWS EFEREL DT, 22
TIHZEZTZTENTL VWA TE 2 B Polyakov action D 9 BT gy &0 9
DEBHLIRWCTHIGIE LB TEWE EET, X OFSTZITLARIWE, Polyakov
path integral &\ D DX XH# & g, E TR T HATTN, 45 ko & Weyl anomaly
Z LD %\ XH DRERTIZ T 2 FETL £75

Z[g] = /@Xg e~ oPal(Xo9) (2.25)
Zly') = Zlglexo (5= 5.06.9)) (2.20

Polyakov action % & % background ® % & T Xt THESLARIWVWE, £97T5L X
® measure O FIZ metric DARIFENR A > TWETOT, TNEHEDICTHAHIZZ I
PX, LENTVET,

T, ML DD Z]g,e?]. TiL% local scale BHaL 7= & |2, X7 L CZhM T
Zlg) & ENTET D B, classical IZ1E Polyakov action (%2 OZEHIZ XL TRE
TLZ”DL, B HAAZ D action DEFITAE, BEE 225 DIE T O measure D & &
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AIRATTH | measure D & ZAITEIIRETIEH Y FHA, RETRWVWEBHED O
SN, T BEET D Liouville action & Wb TWAHH D TERIEIN DA TIN,
Liouville action LW 5 DIE, ¢ LW HIEHZ L EL DT ¢ &ZND D metric g D
BT,

THDBFERE SV HBEETH 50, ZORES DICHAIL TWDHDE, X O L
WODIT DA, DIRFTTOZERITIDIAENT-ERTEL L TWETOT X OffR)S DE
BHEDTHEHE DESNTVDHENS ZETT, ZIT 8y &EFENZHOA Liouville
action & FHENTWVWD HDRATIN | ZORIT 2 DOENL2>TWEL T,

5.(00) = [ V5 (500u00,0+ R¥6). (2.27)

% 1 B IZEEV /1 Polyakov action, —fREEIEARZ 72 A BT —5FD action & 2 <
—FECTT, KD X % QICBXBRZ 22T O —REERE /2 A H T —D action T
T, & TANENLSMZEERTEN 2 IRTTO MR L O coupling, Z D 2RTDOHZETL D
coupling ZFF-> TV D LWV I DH | Z D Liouville action DIEFIZ KX 72 fH T4, =
DEIT, BfiR A DT~ L TES T, £ HHEIIETLTE R0,

& Jm Z O factor [ E BRIz E VD & T D measure X, &I FIINSARE TR
Molzt WV IDITTING | THITHRICEZMAIZEE AN, T measure DFF
% . background % ge? L EEL TR5B L,

D
9, = X0 (- 50(6.9)) (225)

LW HETT,

FNT, INEHET S, ZOXREHET 20X BARFHEDMLESNHHATT
N, —FBBELROIIWbDWD BFENDFIEE WD DEfE->TZ O measure, Jacobian M
HEEZL TOMUTVWVATIN, HrobBDRIQRLZOTI I TIIHRIETZFHEL T
WETZWATTA, b 9 1[E Polyakov @ path integral (IZRE > TE X £,

Polyakov @ string &9 D, X OfFm &2t g &5 O dynamical 25k L
LCHESSNDHETT,

X
7 = / —9‘/ 79 =Sva(Xa), (2.29)
gauge

28 Polyakov D string D& 1 & T{L7E~7cbiF cHigneE b, %7, 220
REMD & > T=D T metric 25 1 ORENETH 5 2 IRTLO — R NEVEZ i > T
F—VEEZLET,
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R, FRLTFOHE D 1 RITO —EEREMZ#E 5T, einbein e EWVVI D% ¢
EVIHIEHE TR > TS ERHEREZDITTY, 2RIEOGEL L FARET, SE 2K
FTEDOHED metric DEHEILZ3 BHEH D 9, 1 RITEOBEIFTZRIC L EWVWHEBR
TN LSMNIEEE L B ATIN, 2IRIEDHEIEL., TA2RITOMIHT Y L TT
Mo BHEEN3EHH->T, €O 3EONT, 2IRTO—REFEREMLE VO OITHHE
D2EHY ET DT, BHEN TEZZFIEIHRDITEY £9, TTHH 2RITO metric
RS> T —VEEE T HAATIN, F—VEEZLTRNDLE,
HAEPED /ST A—2 e Fr o - A O EE S 72 metricg, O 12720 £3, £HZDOH
FRAEDO BHEDOEN TS F Y BETIIZRWVWATTN, genus g & 35L 3g— 3D
BHREDEY 27 A4 EMEHIN D/3T A—H uaFo 2O REE S 72 metric, £
#MT % . conformal factor (@),

0
Gab — g((zb)

x 9, (2.30)
FTRR2WITTOGEIZIT I BHELETRDIELIEEVELLEN, TN BLHEZ D
conformal factor T. conformal factor &£\ 9 DX . Z OEE S 7~ metric |Z local 72
scale RO HHBEEAKXL TS, TINOLIOHGOABE (LEV 27 4) 20N —
IREEREAREETY —VEEL SNV > TV ET,

ENND, F—VEETHEXIZTIREDHEITT AN EEZIRITHLEN- T
ATEN BE2RTOHEICILE B o & %D Faddeev-Popov & — & | (7 —T [EE
TORICHER S TRERT — AN Z ARV EWTERA,

TImD, LIS —VEELEE T, ETECH L0 dy LV HIEY 2T A
DFEDE, HDEZD pLWVHIDONR 1 EHEKRSTEY ETOT, #NF 5 D¢, M
& &Y 9 —>, Faddeev-Popov determinant ZHLH b HAA g ITIRFEL TV 5,

Z
V;‘ep.

= du9¢ Arplg), (2.31)

EWVIOFTET2RIED 2L L) DITFF-> TS ERHEKET, £ 9T 5 & . 2D Polyakov
@ path integral, = O/3ELRAER L VD DI,

X (2.29) = / du D DX, App e PaX9), (2.32)

ZOVIOIEETEFSTWSENTE S, 5Z0F T metric g lZIEKFL TWDHDITL,
£T 72X, LD measure DEST, THIETH X HE Weyl BT 5 & |

D
9, = X0 (1= 51(6.9)) (233)
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TV EHMEE L T D,

t 9 —DEE/R DN Faddeev-Popov determinant T, Zi1 % metric g (ZIRFFL TV
£9, ZHA Weyl ZH#L 7= & X2 Faddeev-Popov determinant 28 & 5\ 5 I5& %95
MEVIFEZHLRNE VT ETA, BXETEPE TV & FT IO Faddeev-
Popov determinant M FT% local scale 242l TAHAE 9 & | FEFEH T X 7= Liouville action
ZES TRV FBSERTEDHATIN ., £ ZOREOFTBFERIT D & S RE0S
TEEATTN, ZALEEFIT—ARTIOT, HbroXZo 26V HIADMEEHL
£9,

Arplge?] = Applg] exp (;TQ;S SL> ) (2.34)

TIND, 2L (233) BB L HIERY Y OFNGRD ZX, D local scale ZE#HZ x4
LHIFT|NT, —FH I H5 (2.34) 28 Faddeev-Popov determinant 73 local scale Z5#2(Z Xt
LTE S RE DD,

EWVWOHITZD20% R TRD L5525 X 51T, bosonic string @ measure 725 < %
local scale RZEMEDREIL & . Z @ Faddeev-Popov determinant 725 < 5 local scale RZ
PO (Z @ Faddeev-Popov D Hl1E g DETFALN LR THETOTE 99 matter
DHDHMNENIDEFESERR) LWVWODITHEHE D260 L XITTTEICK Y
>/ LT Liouville action &) DIIEHBTL FWVET,

EWIOIETIINERTRND LMD X DICHER ¢ DIRGFMEIZE ZICA-TL B0 e
WL, ZOENEND local NEMEDTEND & ZAE LDy ¢ DRIFHEDIAL &V 9
DIZAS TR ST,

R metric 282 9 (2.30) BETEHLF oA TN, b L local scale FETHI
X, 2D @ &9 Did local scale NED T — VU EHAEES>TERIZEL L TLEIE
NTED, & ZANEDEE Weyl anomaly 283 5 D T—HRIZIZE L R WVATIN,
& Z AN 26 IRTEDKFIZ R T bosonic string TIX Z @ local scale 2572 Z @ conformal
mode o DN ERIZEHN D decouple L TL FWVET,

TIMD 26 RITDBZE LV D DR FEFITFEE T, bosonic string TIE D 2% 26 DR
IZ1E conformal mode (@) &V 5 DITEFHD O 5T decouple LTLE D, ZTD LD
72 string BRERO Z & % critical string (BR5a%) &0 9 JBUTFEA TWET,

ZI T, 2D conformal mode 7% decouple §~2 3R & WY 9 DILZERRIT string D A
R MNVERDODI D ETDHE (FEIZZOEZERY FEAN), FIZIE, 7F—V B
DFIE negative norm OIREEL VI DR HTEXTL £o72, string D & T HFEEET,
string Z &L L X 9 & 95 & negative norm OJIRFED HC & T, positive 72 Hilbert
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Z2f], =2 )= BEEMEN <o TLE D,

E AN, DA 26 DL D FVENEZ o THERIZAD /L L& FEORREN BEim)»
5 decouple L TL F 9, Z4UiE no-ghost theorem & FEHIENTWDHA TTA, DD 26
O)Hif- 21X % @ no-ghost theorem 2FEATE 5, TINHLHFRE L CHEAICESAIE

FOMEILD, EWHET, DA 26 &9 OB EBZEFLT DITITMIETT, £ T,
D75> 26 T72\> string O Z & VIIEER L & FFOVE T,

ERSOVENTZATTN, ZOFEIID X 58 %0 Virasoro RELD central charge
EMEENTND HDIZ72 > TS, (Virasoro fREE W H DI, Z #2455 L THTEE
energy momentum tensor = 0 & VY9 constraint 3% Y L 72T E &, D constraint
DME D AREY Virasoro 1435, )

TIH AAT7 =81 2% L Tl Virasoro @ central charge (£ 1 ZHL TWT,
[ — % LT central charge D ZHL T\ 5, —JF ., Z® Faddeev-Popov & — A& | &1
IDF gEETFILL THTEX T —ANR2ATTA ., bosonic 72 Z D= — & I @ central
charge IZ -26 T9, F4#L T, h—X/L® central charge 7% 0 {272 D 72 S & H DA
B L & ML TV DT,

TT M5B AL, matter @ central charge 7% 26 72 A T3 23, FEEERZLE VD DI
matter @ central charge 7% 26 LV H/NSWE 5722 W), FRZED, TN HBEX WD
IZ central charge 2% 0 DIFERA TT 05, central charge 73 0 &\ 9 FH(E matter 75—
A>T RNE NI FET, EHOVHIHEHGHREL TEFLTE L0 E, TN Eim
SNT=DWES 10 FEMLETR A TTH . EiLZ O Liouville g & W\ 5 DI EREEW
2 RITD I couple L TV D & W S IEFICHEMER BRI A TT I E IS matter
® central charge 78 1 XD &/hSWHRE, DD D231 LY H/hSWIHEIC hi%&iIE
LLEHMETEDLE W OERAED £9, 21T T matrix model & DEYRDERHZ FV
TWATTITNE S, RE e 1ORNUTHH 5000 9 EED matrix model ODE#‘L:}S
FELET,

ZIVT, I string @ path integral O —->H @ formulation T, ZDIKRIZEE
ERED3HSHEL T, HFY ZHIFBIRSNPENE B SATTN, Wb Schild
action LW O FE&E L £,

B/ : central charge LI TT 0?2 & OV WNFRESL 72O TEN

LR L TR WA TN, string DEFILEZL L O &T5&, T@ES D DI con-
formal gauge &\ 57 —Z & - T, Polyakov action ® 2 KITD metric 2 EHEL CTE
FAbETHATTH, conformal gauge & VD DIFANEVD & | g EVVD 2IRITD
metric & 7 7 v b 72 metric #MF 2175 conformal factor &£\ 5 X 92— EET D
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EWV I DN conformal gauge EWVVIHIATITR, ZHOWIHF—VEEEZT HEOETH
—OFRITFERRD Polyakov action & A TH L&, ZDexpd &I FDILTEEIC /g
L gw THHBHELAIOT, ZOWMHIIELTLENET, £ 995 L ZD Polyakov
action |Z Z @ conformal metric # AL TR D & 2IRITTD A H T —H L\ 5 DIFFERIC
2IRTED EDT V) =2 2B T —=HITe V£, ZZOFITINWTL & 9,

LA, EFD string BimE W ODIE L HBEAALT V=72 AT —5 L\ H 72T T
72T, b O —OIEFEICEERDMN, JtxPolyakov action 1 gg EVD HHEZ FF-
TWT, £ % Z D conformal gauge [ZEEL 72017 T, 2477 A constraint
B0 ET,

TF=VHEROBETILED oL BOVHL THHLWEWATTN, fIIX7 —V 8T
A =07 =YLV I0E|Y TR, A4g=07—VERD L Ay OESTERIER
MOBFELLR IDITTTITNE S, ZNUUIMNZZED | Gauss law D constraint & FHIIL
TWD Ay ZFE7 L THITKL % constraint (+E = j &9 D73 Gauss law constraint) %
L CTEFLL 2N EWT R, £ T, 7F—YEROSGEIZIE Gauss law constraint
MIEL < first class @ constraint & L TESFEN TEIUXAD /L L EFFoTREEIX
HZTLEIEWVIENTEASIN TV DEDITTYT, QED OERHZIZZE 572572, QED H
B3 negative norm OIREEE FF-> T \=biF T E &, Gauss law constraint 73 &
HHENWTHZTWA,

Z @ string DA HFEIHE T, conformal gauge % Ht -7z & FFZ Gauss law constraint
IZFE 95 b DAY Virasoro constraint & FEEAL D, ZAUIE gup. #G /M conformal gauge
EAREICT B LD RERIIKT HAREMWN E12H > T, ZHIZXT 5 constraint Z &
MR ZE LW, Z3H & 9L energy momentum tensor = 0 & VY9 constraint,
% @ constraint 7% Viraoro constraint & FHIIL TV E T,

Z#L T, central charge & (I A& V9 & 2 D energy momentum tensor T, &Y
IDIX2WITLDFRDT o ITKFEL TWDH, TNT, o TTZ—UVZREL 72 DN
&, L, tENCHILETT,

T =0 & W) DOIFEF NN traceless symmetric tensor 72D T, 220D constraint
272 B, D250 constraint ¥ ZFNFNT7— U EBEL-LONL, L L, L\WH bk
9 & holomorphic & anti-holomorphic @ Virasoro X ® generator {272 > T\ %A T
TR, FNT, 2D L, & L, DFFHBEL VS DIE,  classical IZEHET 5 &

[Lna Lm] = (n - m)Ln-l—m (235)

TN ZFD classical IZFHE X172 Virasoro 4D A2 #2 B4R,
&2 AN FRREF o 72 Weyl anomaly 8% 5 & EITZNIZHEHY OENFFWNTL 5,
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ZI T, ZOEE OIED central charge EFHEN TV D H DA TT A,

C
[Lny Lin) = (0 — m) Lypyn + E(nf” — 1) m0- (2.36)

ZDe& W) DONEREZ ST AR, ZOHD Z & % Virasoro fAED central charge &
WWET, Z3 T, Z O central charge 2% matter & 5 — A N TREBIZHELTWNDH LW
IO, IELWEFER TE HREOEMETT,

2.4 Schild Action

Z L 72 HIRIE string @ 3-2H @ action To 5, Schild action (22T, Z @ Schild
action £V ) DI, BTHL WX A 7 OITHIEEI 2 EH 3 DRI MBI 5D T,

Schild action &9 DILH F W FHEEEIZIZENTRWVIIT2ZATTR, R0FX0, 2
1t Nambu-Goto =° Polyakov action & B9 IE B2 1T E b EFFmAIT XA
PEIXEERA XU TUV 20 action T9, JefE. induced metric A @ determinant /L — b
73 Numbu-Goto action (Z A>T 5 EWVWIFEEZESTEDITTTITFNE S| dethy &V
IDEHL IS LEXELTEEET,

h = dethg
= hithey — higho, (2.37)

ZD determinant D E .
hap &V DIIAATZ 5720380y 9 & | induced metric &V 9 DI,

hay = 0, X"0, X, (2.38)

TINH, ZNEE-STdethy EWVWHIDOEEXETE, FTTERBICKE-TINERA
T5L

- (alX”alXu)(GQX”@QX,,) - (81XM62X#)2. (239)

ZNT, Iz Lot BHATEZEL TR ERIZ SV HIFIEANTE HHEN
DN ET,

- %(al)(ﬂaQXV XX XD Xy — B X Xy),  (2.40)
EWVIOTEIZ, Bro b ATRNEZ OV IHIBICEZEE L LWV OIFENDLNY 7,
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Z#1 T, Schild action & WO DILE SV H LD EF O L . Nambu-Goto 7»
5 Polyakov (24T < BRIZIZ 2 RTTD gop & W D HIBNE$ A B A L T Polyakov action %
EN=DIFTI N, 2@ Schild action &9 DX S EIIMEIE S E L T2kt ED
scalar density A ZE AL 7,

T35 Schild action & WO DIFEEIL X 2N N Z2EAL T,

SSchild(X, )\) = %/d%’ <a7h + B)\) . (241)
al fEVODITHERLBERATTN, TORBIIRTRO TR £, h& )
DIZFEBENTZ det hgyo

FILT, ZONXNEWVOIDONRE X HEGRTTFIZASTWDEDITTT, ZTHUNERIC
% ® Nambu-Goto Ll TH DAL, a L BOBREE ORICH 5 BRSNS NER AT
TUNE LEBEZFNEZRDITIINTES L ThHET, £9T5¢ .,

h
i_? _ 5, (2.42)
TIMNH, Znb
A — ﬁﬁ AT, (2.43)
% action IZfCAL TR,
1
Ve = (2.44)

ToHiuX, Nambu-Goto action |IZ—E L £¥, N T, ZOHREDOIHZH & 5 & Schild
action |£Z @ lambda &\ D BVER A FE5+ % & Nambu-Goto action & f#LAJIZ I
Lfffi7e action (2720 £9, ZHUT L BAABTRRESMMEIIE S RERVATT A,
Wi LB HHMIZIZIZOBAITIIEMTH B,

2T, ZD2WIT EO—REFEARZS 7 Poisson bracket E WO HDEEFRL WA
TIM. 2D lambda L5 DIE, scalar density TL7n D, + & W0 5 HREE (41T T
b S1ANGN

1
LX%XQ::XH%%XW&X”. (2.45)
D e BIRE WD DT —REERETIFRNOT, Z0 + #fHF 5FCL>T,
Z @ Poisson bracket &9 DL 2 RITD b T—REFERZ 7 Poisson bracket % 5-x
TWAEIZRD £7,
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% 94 % & Schild action &9 DX, A D Poisson bracket ZfE->TR5HE . 2D
h &9 DN | Poisson bracket TEIF 5D T, Z O—REEFERZE 72 Poisson bracket @
B3l 2005 ERIEE V9 O Schild action 1272 0 F17,

:ﬁl/lﬁfA(%{xwxvf-%ﬁ). (2.46)

Ss 5

Z @ Schild action 23> TWDHRZEMIL, FEFED Polyakov action & [FIEEIZ 2 IRITD
—RFEAE RIS LN ) D E S TWD, S OBE1E metric 23 VD T local scale A28
MWD DI ENATTN, 2RITO—REEARZEEITFF > TV D,

TIMD, 2RO —REIERENEEE O FIC LT, MG E L TEALZN LW
IGEHIBL 77, 2RTTO—MREEREMEE WO DITHBE 22> CNLDT, o
DNEEELTZTETTIEILHAL 2RTO —REERNENZ 2 CEET D HIIH KR
WATTN, TONDO—EDZBEET D,

ZITHE. MNo) EWVWIDOR, A, KEOBAELFEL TREDIELIER/E VD DI
BZDENHREFADT, ZIULT—REIERETTND, 2D MNo) EW0HDEHD
T AL, ZNFINBEENErE—R &L Cdynamical 2/ eblF CTiFnE b,
ALV olITEKLRNERE—RNIZE T REBERAEEEZ > TI ZETRE-oTWL
ENTX D,

AMo) = A. (o IZKB720) (2.47)

TIND, —REEREMED2OHBHEONO—>GEHo7-bIF TINn, £
99 % & Schild action £ W) DL, 4, Xt E ATEL L,
A

S(X,A) =5 / P (S{XXY 4 5). (2.48)

Z DL 7% action FEFALTIULT L ALV E,

—MREREARZEMED 2 BHEORND 1 BRELTE-720T, £726 95 1 BHEK-
TWADITTIN, FROREMEE W HIDIL, Z D Poisson bracket 7217 TEiF T
HEWIENGAED X 51T, Pisson bracket DFf > TWAREM L W HI DT 2kt ET
local area RZEZ T H\\op HIEHEZHL | Area Preserving Diffeomorphism, (41 % &
i@ APD L=< ATTHR)

Area Preserving Diffeomorphism (= HfERIFAH#)
RO EMEFF-> TN D, HEZRETOEBRL VD OIFEELHLTO L D72
AT, TAUTTEEEHIZ T A REMZ E12FF> T b, £ 909 action 1272 > T
ij‘o
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ERRIT string ZARBICETFLL T, FIZIZ AT MLERD L H LWV HEFIC
F V. Z® Schild action &9 DIFRITILIZ/2WATTN . T D string %?:IZ;'JT%
BaffEo TEREL X9 LW ORI, 2D action ZfEVWET,

2.5 String DER

%iokﬁféus‘cringiﬁ?ﬁ@ & LT, ZBERCMDAES TV T RS TV
WD, EWV D DERBEIZIE > TAZWE BnET,

FHEEREWODIT L BEAVBERICITZ D 2 L ENICHWATTN, Wb 5 —H

e L TCOZHERDE I REMEMINDILOBLI 572DOW | 1984 F H VAT
Tﬁ)\ ZDEIZEDOEE GG . VNS T2DN 1984 FE)x 6 1987 F:4r, Z DO KRIE 3~ 4
FED ) bLICHHEROE R k@iﬂh%ﬂb@ IFERCETH->TLENEL 7,

Z DR, RS DON 2.3 TE o2 ER5L, critical string £V D H O TN,
Rz odiE, B X 9E Weyl anomaly 23{HZ TV 5, TH 75, bosonic DA
D267 TTINE L, £b, FEMIIBEETXRWA TT N, supersymmetry %
AT A L FET 10T, 2.3 1D 26 RITDORD VIZ 10 IRTTDOEFHE VD DY critical
string 1272 %, FAUTE DOV FENE VD DOEHRICEFEL £7°,

Z Z FTT bosonic string & W) EEE L 72T T IFE H ., bosonic string D
BlI7eE D=26 L WO EFRHTRIZDOMNESWVET L | metric DFEDZ 7 — /IE
L THT3*k7=. Faddeev-Popov determinant &\ 95 & DB H 7201 72 ATT DY,
® Faddeev-Popov determinant W\ wp 5 bed—A ~ L FbHHDTEX Tﬁ&ii
T, TTD metric DEBHEDOFHNGHTE be T— AN EMEHINAET, 2O
Virasoro f#® central charge ~D%& 5., 5% Y Weyl anomary & H bl THirn e
t . £ D& X2 Liouville action DRIDOFREL L VN 5 & D7 bosonic 78— A b DFF 573
26 ZHL TV e, TIH D, 2O matter DF523-26 4T HIET X 512426 ffl . matter
DA TWIUE 2RO Weyl anomary 23VHZ TWN 5,

ZN T, 2k super b7 5 & 5 EIL 2 KRITD metric LIFMZ . 2 IkRIT_E T super-
symmetry Z EiEL £9O T 2RILD gravitino NHTHEK DL, N T, THLHLDOHFHR
TS —VEEEZLLRNEWNT RO T, bed —AFSMIWDW S fyA—ZX M LF
DIARIOFEEOT — A MNHTRLDTTA, T H 5D central charge &V 9 DA
11 EWOEEZFSFERHMOLNTVWET, TING, ZhHEmAFRLTRHET—A
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@ central charge &\ 9 DX e = —151272 > T 5,

(b, c)ghost  + (3,7)
c=-26 c=11 =c¢=-15

TIMH ., ¢ = —15 L9 central charge 2 matter O HFNL DHEETH HH X7
ToWT Wb T E . matter @ central charge &\ 95 DIX4 DA matter
HE H=013 0 supersymmetric (ZFA TWETOT, MEHOFIL, 4 DKL, X+ &
WODN DEHDETDHEZID central charge D EWH D& HT, —FH., ZhiZ
world sheet C supersymmetric 72 7 = /L X F 2 LW DITRIFD p bW IH BEF-T
WELT, 72V IAVDORTEVIDIE L TT, TTRDH, DRTEThIUE c=2
EWVODNRHET, LW IHET DIRILO matter DFH-& V9 DI central charge 73
3Dz %,

3
Xt:ie=D, YN :c=L2 =c¢=-D

ZI T, 2D 22D central charge 25T HIH L TEIAD Weyl R TET LT WT 72
WEWHTFENRH D T OT, Zhnnd D=10ThH DL N0 £7,

superstring @ critical string W9 D, EHTF 2T NATE LN I FN, T D 1984
ﬁtﬁ LfREST-DI TN, BEMON TS, 10 IRTTTH X4 O superstring
tachyon free 72 superstring [IEH THTEEH H L W HOFERNHMONTWET, £b,
T S AETFEmMTZ LB O ATT N, Type I, Type ITA, Type IIB. heterotic,
heterotic string (2127 — Y HOBE W K-> T2/ EH 2D T2, SO(32) D7 —I
EEOLDOE FND By x Eg O —VBEEOLD, ZOAF 5 FEED tachyon
free 72 10 IRITD superstring 238 5 & W D BRI S TWVET,

tachyon DINE W IFHIRZST L I0RTTH EEBAENDATIN, Lk
?6 1984 FENHH 1R strmg B & M D RFIC AR o 7o FEIT | string BRERA(ESD & W
IR, 2 RO LR C matter DFRHL L HIEZD ec=-15L1HT—R
I\ D central charge # T HIHET X 5 72 conformal field theory % {E> Tt L AL VY,
TIND, 2 TUTHFZED B %2 £7/-8 Cstring 2 /EAUE . RITid 10 RT/2blil TTiTh
Eb, bHBAA—EIET ZRFZEORITIZL T, 20 2o matter iZLCLE D, £ 9
WIHIBELELTHTXADITTT, TTNL I0KRITETITIZOSEEL N ENLE NS E
FEolzATIN, ZNLSMIH 10 RTL Y HIEWIRIT T, b 9 RGO string 73
EGN B EWVNIFEN DD £T,

7212 FERIITFEEA SN TEIWRWA TN JERIIZIEZ 5> TELNLZ 10 IR
LD ?Bﬁil/\/kjt@ string g & WV O OITRERL <. T D string Z =37 MEL

41



TELNLWIE L BbinET, TIG, —FEARIVR string £ 72 5DI1F 10 RoTdD Z
D 5 FEFAD string THA I EWVIERZZ HILET,

string HIROENL TV O EWVWOIDITEAAHLIATTIINE b, FTHE I, —&
string HERNE B 2O -0, TN ECTHRENER TOL ENEBART 7 u—F TH
HaegEFAELTEWE B TWEA TN, & ANEITE WD DITHETFEEDREIZ
DIABNTX W bIT TN, FEiL strmgﬁ ILTHIOHTEITE WD D ONEERIIC
anomaly b < FEE S O ERIZ & IRAYIC %/\E’Jiﬁfﬁ% ELTEREHRZ, &
DD ET string BFROFE—D |, FFEFICEEXT o7,

FNNH 208X, string iR E WV OO L bAAFK—EHwmARbITTL T, EhHL,
ZNDLLENZT TERLS TWES LIERICHRERETR—L TWD, T6Z 9
WOMEDH—BIRE VI TETTRETTAT 4T ICEAL TH A ETRVWEER S
T3z Kaluza-Klein T3 & 2y, supersymmetry THDHEN, THEZDFOHHLWDHT
AT AT ENIDORZZT—DEHILTWD, ZIONIT AT 47 OfE—Eime »
JEbHATZDIT T, £ IV IERTIORZHER L VO DITFEFITHEZ RO
DT, & AN, 1987TENMIZ T, HENR L Io & T TITWIDA DO TIX /W)
ERWE LD TY, ZAUEFEIT string DEZE-- | FHFD ., 10RTHHHFEL T
ARTTOHFREANED L VN OIDITTTITINE &, strlng@,g\ééﬁ4=k‘/\5@7f)§\ FITHRIZ
fEIEL T\ A, Lvs 4 2T superstring TT O T, BN H LB, ZhH0
HZEDHHE L V) OB EHBNAIAT 20, FEAERT R, LW HELHOLNT
WET,

Bl 2 1L SEEE, —FBH SR BB A R 72172 DI heterotic string ® Eg x Eg &9
M7e A TTN, EREZ DBy x By OF —V AL T, 4 RTOF x DET R % 5ok
T 5 X D7 string ZFBL L 9 & WO RANIEFIC 47<7‘£éznib7ﬁ_75> k*%ﬁ‘i%
D, HENMZFEFICEFT L WHERE ZATWVWAATTN, KRYBIZZOHBENELWVWEZE
ECHDIZAIMME, DEVTEERALEVIEDOBHHDINE 9,

MEMRIZEZED MR L TWAD &I, string BER &V O b O &2 RYBIZHE OB L Eo
TERRCRT D 230 L WEBR R EZ FEL WD TTR, HHWIE, FHLW
PHEBES TR THLEETHLIHLOTHEV VDT TTIINE &, FlxiXeE s — 8
23 SU(3) x SU(2) x U(1) 7ediy, b, & D UIRIEIZRFTCE X, e~
DEFZEN A IRTEIE DI, LWV HIFET L, O string Highd HESRIZL TFETHEN
HISRZ2 N, & WD DY, 1987 L, D L BYENED IEHICERE L 2L 72biF T,

ZHT, R string BEmA ALIEREL Lo & Leb b 9L IEEER
R E D £ AND L O mERYE B N E L L oL LD by,

TN, %1 Rstring =L EbN 5. RIFZOMORHUIER SN HFE Tt

42



TIN, Z0%., F2 R string & FSHOND OV Z 7= DD KK 1994 £~ 1997
FEMORTIN, ZOEIHFESTZFE LW S OIFHEBNROH 5 —oDflE, Zh
L. ®DIEFIZRONTMAEISIET VA TTRN, —2OMIEE VI DONRREX Y |
NS E LT,

F—U—RLLTUEI22oH DD TTH ., —DiF D-brane & LiX#L 5 string @ soliton
fif, string &9 DX, ZEREBIZIE 1 IRITANZIAD > TWDH DI TTH . FEiX string

21X LSMZ & membrane TH D &2y, & 2 L IRTEDIRDS - T2 L TE 72 d AR & U
ILDHEET D, VIO D D-brane 72 A T9, D-brane (ZIX 2 2D Bz dH
DA TID, — 2 string BFHO soliton fE &L W5 G, b b 99—, FEFEITK
FR DL string 23 D-brane ([Zma FiO L W 9 FE | D-brane 73 & 5 & % 25 string 2 ¥
ZRC D,

TIN5, BlZE string @ world sheet ® B 5TE 9 & D-brane ® & % T string
@ propagation ZFtikL £ 9 L o726 | 4 F Tlid world sheet 2 TEL _EFUTW
WEE->TWEbIFTTITNE L. D-brane & 5 & string 2354 £F - C D-brane (2
CoODLENTEET DT, ZD world sheet [Z/RBBFHANTN D,

world sheet D7V Ay

O

IR O
' Hiey ] & [ E

N (DT AEFELTND)

Z D L HIT string @ world sheet (2784 BAIT T conformal RNZEMEA AL S F7IZ
BT AN HERET, & WVWHDAR . Z D D-brane T,

Z @ D-brane & > T SA7Z 0N duality & MEEN 24E CT9, D-brane &\
IDIE, B ro L AENTFEEARWVATTN, Wb BPS E WS HEEFEF->TNEL
T, BFRAINCIHERICLERMBETT, TIND, BEFRICEEL LWV IFELHEST
duality & FEHEN D, & 5 string EFRO TGS & BID string RO IFFE SN FMTH 5
EWVOMEAZFEAT AFD - FEA L W O 0RINEEILE a2 2T D FES R E T,
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T EHERLSEDNDERATTN, 520 string Higl® duality TED L H 12
RLTWDD, Bro LBRIEFENTAHET,

m SIT\SV%Q T s

y A AT 1 By X BEe———> 71 S0(32)

0B type U

T

2.3: duality

M-BEFa L <IN A DR HHATTN, ZOM-BEimeE W bDITEL, &Hbo
EERILEINTNDHEDTIELZRWA TN, Type ITA @ superstring Eim D 5#fE 5%
Bﬁ%ﬁékﬁmn RITEHR RN HTL 2O TIHEOW A EBbhiTnd, 2’ M-

Hime WIFHINATWD DO TY, £AT, M-EERE S 12 (F— 2 RIiZ) 237 b
b9 % & ITA @ string (2725, Z10nE Type I[TA & Type IIB @ string Biim & v 9

DL, 1k 737 MET 5 & AVNZ T-duality, Tduahty EWVH DT T RITL= N
7 MELTZRHZ, FEEDL LD EV <K WBLTZ, RE £ ICT2EBARATIN, £
® T-duality Z# T, IIA L IIBAZELWEWIER | HENLLHMONTWEL T,

Zi b Type 1B BERILEIZ I BH T, S-duality IZBJL T self-dual, S-duality
EWV D DIFTRFES L IR AV ERL TWb, ZiuEfFl 21X Ising model CEiEfE &K
BABD RIS R 2 BEIC L T2l dual OBERICH 2D L [T | 1IB #im &\ ) D35
fEE L FfEA O string EFGHN SL(2-Z) L MHIN AEWTHREOR DV TN D,

Zinb M-Fia%a S; TidZe< T, 2L izar "7 Me (b x 9Bz Rk
) LTR% L Eg x Eg D7 — /ﬁ%ﬁot heterotic string 1272 ¥ £ 7,

ZIT, heterotic ® Eg x Eg W o DX, ZHIEENLSMONTWZATTN, 11K
gty MET % L heterotic string @ SO(32) & T-dual THDHEWIFERFLN
TWET,

B#BIZZ D Type I 7oA TE2Y, Type I &9 DT Z D heterotic string @ SO(32)
DOHFFG & S-duality TREORDWTUWN S,

ZD & DIZ, 10 RIET tachyon free 72 5 -2 superstring Eig & V5 DL, FEide
F'ag%b'fl/\to TID, ZOstringEHime WO DT 10 RILTHEEH-T-D 7“('5—
TnEs, 420 duahty WO BfREZBL T, Z 05 fEFED tachyon free 72 B2
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(& tachyon 23 &2 X DB EITZ I RATIN), ETHKLTLE-TVD,

bHé, M-EIREWV O DX 1 RIT, WD EHWHER TN, EHRTNE N LWV D
HT, INOLERIETD, IV EROREGRTHIEEBEZDANLWVDATTN, 47 L
HENZRIEDENNH E NS TEVERBHTHL LWV DT TIERNDT, EHRADL
KZENLIX, D, LVEKRNLREROH 2MEHEZNETN R TV A 720, &
WOERDNRSTETWNET, TIND, BEERDLIDILIZORITIZR D ZHDER

28 D ERRHEERIT VD S T2 WDMAl7e Dy E WO FRMBEICR D, TNT, Enizn
qow%$~wwﬁu;_ﬂ%@$ﬂ#%mﬁb<%%éhtbﬁ??ﬁh£%\k
AN, ZhD OIEFE R LV D OITIEEEIN R ROIEEICRO N —HE T
HoT, REFIVIHLELDEFESTH I D string BFR2S HIRIZHEIEL T\ T, FEERIC
BaxDHRNR2EA4RT, THDHOMNEW D FIIXHL TEZ D FEIIHFKLWDITTT,

LWVWOHDT, ZDEHIz %Q/j(strmgﬁ NN &S T, RII D 2 D string Biw & W
DD, ERE N, u\otw\ BRIMADRH DD E NI DR LSRN,
TIMMH, TIOVIHIEKRT, 54— %*w%hfwé$&wo® I REER R ERYE
2K 5 720 string BRER D formulation ZE5H T,

Z OB ERLITEL 2 WERI(LE W) D E 2B AES T RITIUI W
F720nbIFTTioneE s, 2T oW oML CTHIAIE AN K-> CEIEBER 2 EZXUL
EEWVWETL ., BRI IR ERILE F OATTN | string BEEROBEAHYE
FALZAED 2T AUT N T 7220,

) string BEROERMIRERLE W IDIE, SFETOF—VHEHHEEREY B> THh
i@‘k X QCD LW IH DI, —FBERINCIFEL 72 L D IZFIEFIT low energy ~1T

ﬁ<ﬁﬁﬁ%¢éﬁ T?#%(XD®FQK%HmRKiOT§%%@\W

;’C< DIABFIREMEE WO L ON ETIEAINTEEZ, b X 9L string BigDOEEH
DEEINTZE W) FLHEIEIEHICTHE, Z20% QCD T Em SN e
Wo L FIZIEA AX L R THDEN, T/ R—NLTHDIEN, TOX O, FE
BENLRIROH AHE T, D-brane (IZFHE TS, ZOoOWVWO AR MR Y L g,

NG | duality IS T AL 008000, br H)EFRUE, 1970 FRUTEAIZE
AT

EZAM RIFTVZONIA L AZ L S U BRI D EESTHEER., BlIRAIE AR
B DANT MVERDIRIVWEEDbILS &, 2RO DIFEN KR, FNT, &k
FINZ AR B DAY FVE RO DTN BB STz s & ENRET7 —
CHE, TT0H QCD OGE LW O OIXEEERIIR ERILITE DS W EY 72 B
bW o0 BF7 — M i,

TIT, T —VHEROEBIC R AFEFICEERFEHRIKFLEWVWIFET, TAD
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0—L Y REE R TOWERFZEEZ S TIZU > T L £ 9, £ T, ETFIZULFIC
FoTYHHKu—L VY HHMEIIFTHR-TLE Y, ZORbUVKRTF/F—VHEHBT—F
BEIRLZ0FME L WD O 7 —U B, TS, v—L YT ->TH
WOT, ST —UrFEE BERL THEREZIED 230 g,

ZTNT, ENF-a—L U Y REHEEWVIDOR, LoHE HEETINE NI DI, W
D HEFWB L FHIN DO TTR, S ERMBELZR-TLDH L, 1S
0—L Y RERLE N DIXERICEET S, ENT, ZOHERICHHDIEL VAL
BETH D &N, universality £V 9 F 2 H,

T, 2O WilsoniZ X HZ 9V H < WIARFETH 5 &>, universality &V 9B 2
FNERIZHDND 2, ZOBT7 — VRSV D OITFEFITATNE B S 5 HE)N
Hk7z, Ud ., string HimD%Ha . B2 EXYbiZ— M2 o0, £&H, Tkt
L AT E ST A8BITH A 9 Loy, k72 conjecture N & D01 T, BB CIE
FEERILINEWETEZLLDOIEHY FHA, 12, ThrLEFEET DA TTN, 1781%
ESTHEEIE N ) LONR—2DIEFICHEERERYLTH 2 FEIXFHENRWE RS AT
TN, LML, UedbZFOKE 17 —VHEEROBERIZH ST < ViAKREELE >, universality
EWVIORES, FIUCHET LD, o7 —VHERO & XIc—%F
KETHDHEEDONTZZOF —URFRETTN . ZIUCKHET D RFRER A7 D0 &
WO RIT VBB TIEI L <D0 A,

string R & WO DIZENOHEGRTT 0 b HAARIMES U THI AL — MR R
WTHD LN, RITT—VHZEDNLERT IV RERL VNI DR H D, LD
Z string HER DG ELE 9 WV O REZEOMIREL ZA TR < b o & IEFIT R E A
MNRFRIZHDE L DNIEZLTWDBATTI, EEE 50V 9 54 respect L 72
SV, FIHANFERE ISRV, Z O universality A7 W7 BEEICBIL CTiE,
QCD ¥+ 7 —VHER > TV ) DIFFRFZENFEE SN TWT, ENEHKFIZE > TEDE
EINTHET O ETHmEZEL DI TTN ., SOHEICIIRZERK Y dynamical 72 &
TIMND ., BFBEHE D dynamical IZ/ES 72V EWNT 72V, Z 975 & | universality #
TN BEENE DA SN DD E N I FT LSS 20,

TIND, INHDOERIZHDFMETH L ENFETHLIE NI FLZNNGHE
FEL TODRNEWT 2R, EHICH 9D LFE DL AF o7 L IT string BRFmILRFZE
% dynamical IZIES 2217 AUZWT WD T3, & 2 AN 4SO formulation O string
HEmE WO DL, HAREESINTRZED £V TO string @ propagation & W9 6D %
FLIRCE DDA TH - T, FFZE B K136 213 string @ condensation THRFZEA 5. % 70 X
WEWIREFITEL, FREHRTWZRY, TTb, &b < string BEH A L ITHERK
ICERYETEH0 2T, FTELICHEEL VORI ELZLEINOH D
LOTHSTUIWT 2V, ZT, [MZD, H5HON condense L T, BFZEL NS
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HDEEST, 2T, RIVEFHIWESL BIED, o509, bo b RENLEZE
TROBRFLALLAWVEWNT U,

ENNDH, T 9V 9H D-brane TH D LH>, duality 2 EDNDEZ FIND | FFZELE VD
FEESTDT, brobk—FFWET L, ZDD-brane THLNTZ1DORF, T
1 ODOBNTBEE RNATIN, BZECHTD1IOORGLEN I EDONRH L, £hid,
A D-brane N2 9> T, FIZHBE -7 L H T string 2 Z H WA FF TS (X 2.4),

flux

2.4: D-brane E® flux

Dp & ENWTH HDIE D-brane DIRITLHS p+ 1 RILE W D BT Dp-brane & 5 9 D
TIM . D-brane2’dh % & string /N E ZITWiaEFFCH, & 2 A, D-brane kiZid7 —
VBB EATWEL T, string 23 ma £F2 & 7 — 50 charge % Z @ string O ¥ 2755
FOFENRDLNY £9, U(l) U %72 < T, D-brane 23Mi#7 % 5 & non-Abelian (272 5
ATTN, 22122 9, charge =D,

%99 %&, D-brane ® _EIZT —TE03MFEATWT, 2D D-brane ®7 — V50 dy-
namics I confine AL TWEFA DT, I D charge DENZ 7 —1 > F1HMEI < DI T,
TIM5 | charge BN IEEIZIEN o 72, lux BTRA TS, ZnE R5HE | D-brane
O _ETIE Y7 —r 2 3T 6ER (Electric flux) 23, D-brane @ _ETlE deconfine &4 T
VW%, deconfine &\ 9 DX confinment DT, FALIAD HIL TV LW ) T T,
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22958, ENEEDOEES oL —AESTRTAHAET L D-brane ® L THE
7% deconfine SILTWAHATITE & WA E string D FITHRIFTRDHE, oL A
string &V 9 D% D-brane @ T decofine &1 TV 7z Electric flux 2% confine 3172 %
DELTRLIFIITERWEA DD, £ T, #IZ D-brane & FiBED ZERH & W 5 itk
THRE3 &, D-brane &\ 9 DILHEEF Electric flux {Z%9 % deconfinement phase (Z &
HDTHD, RAMZEINILOIRAFTHETE D,

FdH. 7277 2L TIXFEAIT consistent (22 9V 9 BIFMENR Db TlidZan
ATTHN, D-brane 55 1 DRI E LT, i) D-brane & BFZ2 &9 3 D & 45K
FFBOHEENOIDONRZ 9EZEZLND, EHIIIE, T —FlRATTR, 1T,
string BEROERIZH DFFZEL TN ST NE SN D D720, b < string Bina
AN ERALT D L | string WO BDOBEES, HOIBRIRRFTHTLS 521204
7V MCRE R T, D brane AN ERERNVNEICHDI L > THDH L
WOENREZ LD,

W ZHANERERBEIC > TV 5 string BRI O EEREL WV D2, T b EE
L2 UE W 220 R, 20 C. 2 TR string DFEE KX TZWATIN, £D
WICBEFEL 2O OIXATHIRRL, £H . Z 90 9 string DIEREHY 72 ERAIZ T T —1&
EONIHITTu—=FRNHY ) ENENIELZELX TCNE Wb TTINE L, £7
BAONZBREL 203D LW A 7 OITFIIERIC T,
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F£3EFE 1THEE (old type)

TWH AT LWIBHRIE, £, SRYICLEL L TN, xORESE N
LR T DEEAGL, critical string (2R 2ATFHERISBRL WHIT T2y, T /RN
fHE 7B & L CIERE R 5%. non-critical string DITFIERL L W 9 3% L 9,

FERRLZLENIDITE IV EDTHo7=mEFT D &L 2RITTD metric ZEFALL
7o & EZ. 2IRITD metric £ WO DIFEF T3 OO HBHEZF > TWizbiF TTiFhe
b, FDO3IOOEHEDOHN2 OO B HEIT—MREERNEMIC Lo THHTENTE HIT0
EhL 5D 1920 conformal mode &9 DIFFE-7-0 L £4, TI25 . conformal
mode 73 decouple §°% . FE2IZ Liouville action DF&ES 01272 > T decouple L TL
% 9 O critical string 72> 7201 TI28, FEEERZLE V9 DL, conformal mode 73
HoTW\Wb, TTHbH Liouville {ZO EFLE L 720 EWNT 7220,

A BRICE Z 70 DT matter MWERIZEWNG S, DB 0DHFAETT A, matter 23
NG AE LW D DOIFFER. dynamical 72 BHEEIX 2 RTTE DA, FiL T, TO2KIT
BHEWIDIT2RITDT X AEETIZOWTEL BRI ntns o, 2RTTD
metric 2OV TIRARLE VI FL, 2IRIED T X LEEETCEL EF 5L 0o =
W20 ET, EZAN, I DLEBRETAHEIIC, 2IRTET X LAEDOREL BT L)
DIFFEFICEHERATIIERZ > TEXRTEN T 5,

Hro E BBIZEEEL 90, FEIX matter OFF&E WO DIXRTA 1 L0 H /S WHE
DTIEZ DX ORIFEFEPNEN D E VI FRMEHATTHN ., ZNICHEL TE—F &K
BIZBEEL T, RE DR 1 LS EITAT<ERTERVLNLEWVWIEEEZ L £,

FNT, 26 EZ A matter BB BV 2IRTENZEBIT/THIER L VW DX
action 73 .

_ 1.5 A 3
S—N<2tr¢ 3tr¢>. (3.1)

LB xrok N WO DOIE action DFEIZ . ZHAUTHEIZ convention 72 A T2, HL T
BLEILET, 22T o EENVTWVAEDIE, N x NDxT)LI—MNTHIT, ZHITxt
T 5 action E LT, tro? &, ZTNNnD trdd DEDINH 5D, TTNG ., trd? OERDN
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free 72 propagator & 5-2 T, tr¢® ®HEHAY, interaction & 525, £ H\H R/ -
TW5b, TN T, ZNOHEBEE Z(¢) LWV O DT, N x N DTV — MMTHIETIZ
DWTREL R %,

ZIL T, 2IROIEX free action 72 £ o> T, 3IROE AR L BTN TESH)
BETOEWVOIFLELET L.,

Z = /dgbe_s

— /d¢ e e’ Z% <A?N tr ¢3)n. (3.2)

n=0

FNT, ZOITHIOEBENREIN 72A T, 2IRITD T X LAEHOEL EF IR L TS
DINEWIFEEZ NS EHEICRTITE 7,

3.1 Feynman Diagram

IR HEBEIEMR L VO DOIL 1.281T, 't Hooft @ large N 7 — Y B D5 %
LEDEIEEAL —FETT, HOBAEITLLAAY —VHGRIZST-ATIN, 508
BIEX LW HHAEZEATOHEEA, TINH, S EBHLE VI BERTIERL ST
JCETTHENTE HATTN,

£, propagator, ZD ¢lE, ZDOT/NI— MTIET < U ATHITHIRT H DT
72< T, N x N17¥l%

X (i,j =1~ N)
EVIHRICEL, FRT, TAI—FTIND, (6;) = ¢ &V I REEFESTND
DIFTTN, 25T 5L, tre? HHHEHILSH propagator &9 DI,

e — o (Gim) = %&'l(sjk- (3.3)

THE.AZZIENEWHIRFEZHL TWETOT, brod 1.28i& %, conven-
tion 2VE D ATTH, BIZ N LW HEFEZHL TWETOT, propagator i£ + T,
CZOFT12BOM VIR LIZAR DA TTN, 248 TEL L. 2D X 9 7 propagator
ZFRFoTWV5,
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ZHD vertex DEGY, vertex DEIIE ¢ TIND | A LW S {RH BT tr phi®
TIH ., ML —ZAT summation 28&H 5D T, index DED., i, j. k &, TIEh
FAL 72 index ® @R WAL TV D E WS BUZ/e > TWET,

ZI T, 2B D Feynman diagram 2~ T, BEIEAL CTW<bIFTINR, £ 952
ZIF 1280 L &< — RO THBEITE WA TTN . Za)2 5 Feynman diagram
rEXFET, BHlRIE.

3.1: dual X

Feynman diagram ®—#T., ZDO X HRWHNH -1~ LET, £9T5L. Zh
1% vertex 7% 6 fEfHVNTUW T, propagator 238 £, FEFTCAN TV S, ZHIZHL T
dual 77 7 WO L DEMEDATTN, dual 77 7 LW HDIL, TR OED H s
OEF A BN T, FEOPLOMAERTHEA TR S,

Z O RBEO diagram O Z & & dual [EFEATHWNETN, £ 95T 5 & dual KiZET
SR THERINTWET, ZRERENESH L., trphi® EWIHFEEERL »
ASTWEHADT, JE4 D diagram O vertex & V9 DIFMT 3 DI L TWAHD
T, EWIHIETZOSEEZFT dual KIOE E W D OIFMT ZAFTRITIUT VT 72
VW, TI0G, JEORTIESDN Ny fl@dH->T, @0 N l@dH->T, TN N @b e, Z
M dual 75 7 TRDE | TTOTEADE Ny IZEIIIEL T Ny @O Ny 13331
ST HDT Ny, WE TN A ATICHIET 5, 2Rt TTOEDOE N, 1%, TEA
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IZKET D Noo #9725 L . ZOEEHERA S > T Feynman diagram #{E5 & . =
® dual 72 diagram THRAUX, 2 TOREER =ZAFR2EOFMIZ/R>TN5, TITNHHZE
DEWRT, TR L WO DIZ 2R T T VX LAEHETEEL EIFTnaE W) HF I
D E9,

dual weight

THA Ny Ny AN
2 NN +
m Ny, N, N

T T, DT T 7D weight IZEHL CTIiE 1.2 81D QCD DL o1 W &< [FkE, T8
FERBHLHE HEEW DI vertex NHRTETNE , AN £V weight ZHL £7,
Zih D propagator, 73 & % & propagator TI Y, L + 2 HT, ThrbE
WhHHE, FEICHAEL CRALTAV—TBHY £TOT, #2206 N AHLET, =
NHE2TREL BT T, Feynman diagram @ weight Z 58 L £9 & . Ny BOTESN
AN T, Ny fH® propagator 72d & + AT, &I Ny BOENS N &9 FF%
Hd, TNaEEXELTRNLE, AN NNo-N+N Ly 5 1 5 8 Buler #1272 > T
5, BZD Ny EWVWIHDIEH X 5L dual 72 diagram TR5 &, N, T, Ny &9 Dl
=AROKE, TN TZAFRORIE WO DILZ=AF T2 RITOE L E-> RO HEE
IZRIELTCWBEEZLND, TITNH, AL, ZNEELATTN, A\OAFEIZ, N
@ Euler R & W) BRICZR > TN D,

N-
e A gpra—

N
= MNX, (3.5)
A -+t Hooft coupling
A=N, - ZABOKK
X=No— N1+ Ny
=2-2g cee o AAT K

genus TH 9 & Euler &V 9 DX 2 — 29, 24034 Feynmandiagram @ weight %
BEZTWAHATIN, ZLELRIZ, RO SEBEEZFHEL TAET,

SRR A . eV L ECE . W 2 W) DI connected 727 T T DEFEE LW D) FEITA
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nET,

logZ= W =Y NXW,. (3.6)
X

(3.7)

ZRT, 2OW EWIDIIERILOICHT T 7D FAR v Y — (Euler ) TR S
NLDOT, ZDOFEuler D7 77 OFHFSGZ W, LW HEIZELS, TN T, SHIZAD
WH (=EBEBOKE) LV IHIDIRD LS EEHIEL VDT, ZOW, LI Lo
FEATFORER A CSOICEBRTIENTE 5,

Wy = A ny(A). (3.8)

ZDOEHE n (A) EEEXET, 2O n(4) LI DIIMERLTVENE NS L&
4 Buler ¥ x DE% AMDZATEIEY ADETESTH Y £F0T,

T ATy DEE AFKD 3AWTIELEY GHhEDHK

LW DRZ ZTENTH S n(A) EIEEN B E D,

O HEFEEED weight 28 AD AFE NI HLOTEBIN T, 5122 D Euler $i&(C
EOT T 7D weight EWVIDONREEIND yF, DFV genus g NI HEIT, #
EHBELTHDITTT,

ZITHEROIL, QCDOHZELZE I oTcATTIINE S, 2O & 57 mdERH
EWIHDIE, 5 EZMD . 't Hooft coupling A @ double expansion (278 > TV 2
DIFTT, string TEI L. BLIE genus VR DI DLV IDT, 5 &
WD D) string D coupling constant ([ZBAFRL TV 5,

ZNT, 2D n,(A) LEW Euler B x DIz AMO=ATLTIELILY ¥,
&N D DIFFEITFERIT combinatrics DETTNOH AL R FETHETE HA TN,
FHIITEHT 7=y 7 OFMIAKRSIETLL T, ZraeEEET L.

1\" by
Ny (A) ~ W ATaX (3.9)
ny(A) EWVOBDIE, HDH N EFHIND, ZHUTE D X DIT lattice T D E VD
FEICKTFE T 2 EHRA TN, - O AROEFE2F>, ZhiF ARO=AFEHE-

THREY EOEDHD T, ADNRKELBRNUL7 A1FE exponential THEZ 5 D1T T, 2D
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exponential Tz 5 factor N EHFE—, TNLUIMNIARFOENHHATIN, 5b
WOREZE->TEZXET L, 2THHDEADXFOIE) universal 7278,

HI® exponential DIEE VD DX, ZHUL non-universal 72TE T, non-universal &\
IEMRIT, ED L HIT lattice BI D E WD X O ZREEM, 7T 7 OFED BLOFEMIZ K
HEDE, LZAN, BORETFILT T 7 OIEY FOFEMITHKS 720 universal 72 & T
T ZDbEWVIMREIIDL —RENZENTEBETZWATTN,

25— c+/(1-¢)(25—0)
N 12

b (3.10)

matter @ central charge & ¢ L L E£TL ., ZOR IR TEZLND LWV I FERH
HILTWD, FFIZ matter 2XNEEVEE | matter NEENGH LWV I DL ¢ 23 0 DEHAET
T 20 bOME TR D,

matter @ central charge 2% 0 TRWIGEDIEY H & LT, 2 2 TIE—&ME1TS
1 OZFEST2RTD T VX LAFHZEES T oTbiF THineE b, flziE., 175012
EROTCRT, 2IRTEDT ¥ LAEEIEY L X ), #TEHIIITINOIELCN D DT
THTNE S, 2MEITHIN & D &I vertex, DXV dual IOEDIED FL LT, 5
m2E B O BADOITHITIELN TS EW D 28 OFREMELH D, TINE, mH
boT, ZTOENRAIZEDTITINTWD, £H, £OVDI KO T & LEN, 1T
FI2MBOGEIFZIEN D, ZNEH X 9L 2tmE® kT, Ising spin 285> T\ 5 X 9
IREICKIIS L TWHD T, 2 O5D1THI%E 5 E7 /L (24 % two matrix model & W 9
DTTHR) E eR 312785,

oL FIERIZ Y » LITHIOHAER L T < & FEIL Varasoro fUEORELT | unitary
series £V D H DOV H DA TT M, central charge 723 1 L U /NEVY minimal model (2 B
LTIk, AR A ADE A EIC L THERTHIENTEE L0 OIFERNALNT
Wb,

Z @ minimal model &5 DX ¢23 0,1, LIAE ST, BT ¢ B 1 ~EAL
AESWWTWL B S DA TTN, e LIZATSTEBIROEIZIL b DfEL WD D& RLT

BHBHE, BEIEDIT2IToTWVD,

Z U7 minimal series & FEEZAIL TN A series 72 A T3, b OfEIX 375)% L2 ~[A]
Mo THRLZIZEBDOLTWET, HE, e 1TDOERHZ N 2125 0o DN, EFZ Z
MIEFERFLED 1 ODNRY TN o>THVT, e 1T EDHEREVETFZZD L H72L0 HFT
VEAFITTEE VA, TOEAICEL TUIEIHICHTREL £,
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FIoT 5L FEENW connected 777 W ORBTI N, ZIHWIHEUTA D 4,
A A
_ —tx—1
WQ—ZJ<Z> Abe, (3.11)

SERUWVDOITEGIRI R T 4 AERO TN, BIREO =AF4 > Tz E>TH
ZHEH L ETHEBAOZREICITRZZ2WDITTIR . ZAROKENIEFIZKE N
X ORMBIR, 2NN H X 9 EEFGBRICXINT 201 T, ZAFOKEDR RIS
EHOXF XN R 2 72<72-oT, 2IRTOERHI2T X LEPMENDLTHA D &,

ZTNT, 2O AZERKOWREZELEWVIFT, ST AICOVTREINLTY
FIE ., ADHBENIEFICREL R DDFE NV L Zo XN BN KREIFHIE
WY, BERN LW DIE N KD H/ASWETL 2 EBEESIEL CTHhWEHADT, A
T HAA N ﬁ: DN BRITFIUTWIT 2 WA TTN . AR N K0 iZanic/hEidhn
.20 (£) £V factor 2B HOT, BROKEVEE V) ORFEFHICKE <
suppress SV CLEWVWET, TTNLFEHDO =AROKEBNIEFICKRE 2 HMmE L
VWO DX, 't Hooft coupling A & A\, ~ T2 62T 5 X 9 2 BRIZXIN L TW 5,

A— oo\ — . (3.12)

TIME, TR EBRHREZRATTIN, BbrHIERFIr—VHERTEHI>IEZIAD,
lattice BEH % 0 12Hf > TW L WRIBIZ KIS L TWET,

3.2 Double Scaling Limit

ZHT, AAENAEST ETOT, broLIm Ak e LEXET,

Ae— A
X

€. (3.13)

A
LHLETE, 20 (2) LOSORNTE A - A+ A LHOTRD & 2 I ORI
(1—e) DAFIZRDETNG, Gl ODIFIFFIT/NINOT, THL exponential

THEMTEET,
AN\ <&+A—ACA
N) e

= (1 —e)A
~ A (3.14)
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TIDT, Wy WO HDE, ZOEGBRTE DL S RELZRLNLE VD &

b
Wy = > e 4!
A

= e”%/ do e @ - g 3X1, (3.15)
0

ADZ D summation L eA % x EEEHEZ THESTHLUL TR 9L, R e
BRI, bLiFZoaEHTTINE S, 20 BRI ERCTTOT, Ihik
/:I\\ kal/\OH;E<O

Z ZTEV 2 connected diagram @ summation LW O DEEHE LD TLDHE . W
EWVWOEIT, ex b D 1@%0%@@%’%’6‘&—?6KL’C@O’C\

bx
A=A\ 2
> N¥e, (A—> . (3.16)
X C

VD LTI TND, 171%6;“67‘97)/1/ N EHERRIZ A& A\ AT Tn &)
N ff*—*’ﬁﬁﬁ%%ﬂ&o’(%ék WIRZZIZ H5 D suppression factor NHYETOT, genus
DEVVEIIEE 57 T suppress éh’(b\ 5, ZNIEE ., EEO 't Hooft BEAIC/225D0F
ESERPEATSR R 9%1__’(35% CEERMRORY G TELH, ZITAZ A ADED
5 ERERFIC, 9 FEL correlate ST, N ZHERRAF->TWERIW, Tha e
DT, b oEMmHEEuler EORFPFTNTWVWETDOT, ZIHINIFICEXEL TR
LD TY,

wo= e <A0A_ AN%> - (3.17)

Nt = fix. (3.18)

FNT, FOLETE, ZONENATESITAALETE b Z ZIcEBqNW - Filo g i
tEBEWZL Xt —TBILHELLOIC, ix LT, AZ N ACIESIT R3S . N 2[R
KIZEFE-TW, 2D LH7 limit%ﬂiof%ﬂék

FEFRIEZ D D fine tuning & L2 AUE H@OREEE VD DI 7 BEATL 72/
5. ERHIR A ELD & | sphere D7 T 73— dominate L T, ZDIKIZ torus D 7
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7. genus D& 72 HFE, suppression NIEFIZKRE S RofebiF THITFNE L, &
KOt ZREIZT D limit ZE->TRDHE ., 2O t 1% Euler #DiE 9 D weight 72
DI T. £ Euler 20003 9 H D weight W5 D& —EIZE D 72 SV E W H b T
75 | sphere, torus, ©*, WO HBHWDH genus DU —~ AN FERIZFL weight T,
t 2L L 1OF——ZFhE. FL weight THNTL 5, TOXIRMROZ L %
double scaling limit &9,

~ BB STV DDA | string @ coupling constant 23 FEF 2/ S WREIRIZ 72 5T
bi 9/1/71 e S, EZANIT 509 double scaling limit & B A FEIZ L - T, string
@ coupling constant % 1 DA —X —IZHIZ 2FE N TX 5, &9 DA double scaling
limit 9,
ZAUCBEL T, ERICEZ DT 7 =y IR SN TW T, FIZIE, SEEEL W
5 M free energy O BT HEXNTHD L, ZNOOHEE LWV D OIEMNe 0 FEIIZ#
NCND, FIZIZFREREDBRTH DL LN, EHHEFEICY v FEENRH LA T
Tﬁ) . FHUZ OV TE Introduction TZEF 72 Ginsparg @ P. Di Francesco, P. Ginsparg
and J. Zinn-Justin, &\ 9 reference & DD T, FiLx BTV =72 < LanZe D EEMIC
FENTHY EFIhE, e RTLEEIN,

3.3 ¢c=1DN\Y7

Iz, S ifEiF EolZD e, FT 0TI Ho7-, £ T, two matrix model
EAEDE e L IFMEN D, EHIC, 20 e 1OMBRE VY 5 DI matrix chain (2725
ATTN, ZO X 972 matrix chain OBEE WS DIF, B xHE bA 212725, EIX
Z @ non-critical string EW I DIE, BLRID ¢ 1 DRI T ENI DN H T,
FEiE e 1 LD HREAR central charge ~FFo> TWSFENTEERHA, TN T, 2D
HHANZRENL W OIDIE, NS TSICHEOIATTR, cN 1 ~DBREZED &, 2
KITENPAELEELL TLE D, EWVWIFERDLND £,

ZD2WITEENANEZEILT AREENDI DN, ZZTE N b LW HIREN 2 £T
AL TLED LW EITHIGT HATTN, ZIUTE SV I FNLVWET L 5
¥ElZ Buler 2028 2, DX VEROGAEEZEZXET, TOoLET L, 2O Euler B8 2 D
connected diagram O & VNS DI,

Wy(A) ~ A A™! (3.19)

ny(A) BN DR, RER AL THEZ 5TV b ﬁf‘ﬁ“#% X =2%&RAT
Bl —b—1IcRVET, 52T LRHHATTR, TEMICEEL2BL T,

57



AT 1THDLELET,

ZOTHE AMEBI-VNENI L ERHoTL SITHRE —EHHTF 2y &
FOEORFEZLET, bbb bAA (MREY—MI) ERebIF T, 20 AKD
SAREFESTHIY GOEEENR S IDITTIN, TOREAEAF T 2V vobDF
ATRD (® 3.1), £ T, DEDRHCAROEROEREN ZAFROKEN A' T, £ 9
THEEMEN ATTOLOEMTIA-A, Zhnd, ZOXIRBEAFESEATTERE
ZDOARDETIEDIED TS, JTa D ARET 2> TEHEBRORZELIED FITH~R
T, EDMD weight 2 EDHTNDENE NI EEFHICHD,

2OFBE . ZOBDIEN F LD DIRAER A, AR A— A THEANESE DI
T

D FATZRED combinatrics D E WO DX, T EMO A O =ZAFEE - CTEREZE
BIED HHE Wa(A)e 2T, SHIC A BIRoTHNEOE A DERAFBONOE = %
DEALTVDN, LWIOIBEOHTT, £ T, HMLEET, A— A D=AFDIE
DHMWy(A—A) T, ZZDEZEZDELNT A- A, THEBEICEHL TV £
T L. THEESFICEL CRHMET 2720720 T, MA™2 2, & @425 % o n
DNDATEIN, ZOXIBRIEFEEEF-TWD

_ A%A@M%mm«A—Aﬂ%M—A%

AJA&MJM/ﬂM(ﬂ1—@) (3.20)
% 3.1: "

FREE NS DITZ OB T DR BB O THRDZERTTN, 292754,
Wa(A) & ZRns ZOED FA L Th L,

= Wy(A) (3.21)
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ZDADREFOFNL, Wo(A) DFIZAD —b—1T, BAFTOEAZFITAD
1—2b, EWVOFFT, BLID —b—1&, 1-20T, 2D 120 DFRKREVGAE,
ZOBGAEIXEN KON FREEO FRENE W IR D, ZHIEZEDHITE D
ELOM2ED LIV EWVWIEITRD FT,

—b—1<1-20 <= b<?2 (3.22)

ZORZIFBEAFRTLONTEFOBZBEDOENZNEWN-ST Db TG, miiy
IMEALLSTN TV TLE ), —EIICKONET LT, RAIZHLWPDHPT
EOFENTWSTe X D77 T 7NEEOFTIEFICKE 72 weight 5D TLEH, T
THHE STV IDIE, ZOBEITIT 2 RTHEHITEED A L—ARETIERL T, T
LAZO, bZbZ &, BRANZ OHFBRLUMFNTND L H7%, K32DK 57, 2
RETEEITETHELARWVWE IR, ZOTEIELEALE A DEA TN FHD weight
NRELBRDDITTTIND, BRZANED, IFEAE L YEEV D XD IFHATZN
72 >TCLE 9,

D

3.2: branched polymer

Z 99 D% branched polymer & FEA TUNAHA T9 725, branched polymer phase (Z
7o TLE D, TINH, central charge 78 1 iz 5L mNEALEAEAE ADIEL
TLE-T, 2ICAEE VD DITAL—A72ETIE72 < T, Z 99 branched polymer
phase (272> TCL £ 95, ZOREEMD non-critical string 28 ¢23 1 XV H#ix TIES
FENTERVWKRERER,

ZILT, ZOITFMERITE 9 L E OV IO FERA TN, ZTHAUTXIET 5 non-critical
string \Zx9 % Liouville Big & WO DL EFLINAATTN, RNIVELLDFHT
HeBN1DNRYT =LV IDRMHNTND,

ZDOADFEILAE 10 FALRNTEANCHE SN TZA TN R, ALGIZERL W
critical string, D 235 21T superstring T&HAUX 10 TI L, bosonic 7Z2>726 26 | £
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D X 972 critical string (27X 72V EZL D ANTEZTZATTN, 2OV FTIEE 9
HOEL VDRV, EZTRVWH, ZOTFHER LW S EX FITEHL TWZATT
. 223 AT, FIETH 2D LBIOE X JFT critical string &V 9 H OHE
NHEDTIERWNEESDEZBZLNTWVWHATITN, DLIKEEZ AN TEDE, B
LW EBNET,

(ER) Buler 5i TN ED LV DDIFE SV ) EBRTT ) ?
Euler 83 FIUC CTHLEDED VT 71L°?

QIRFTHIFZRICHETHIENTE T, o< b bRy —IZBL TiE, Euler #
P THETES, 2T, b EEWVIFIZITERTHIUL., EREIBLZY ., 5loik-oTz
DE. Zo2VODELHEAALDLLDLITFTTIINE L, FARrY— 2WTHEICEIL TV
IL . bRy —X Euler #7210 Tk £97,

(BR) 2012 L &C, AWM 3K R a LIROHELEZE T O KE
W BABE CVEFAN?

AR3IR? 2—& WRORENIZZ DX HFiLbrok |, ik over counting L T\ 5
& HATTN ., ZOBUOFEMIT -, ZARFEEZ-ST, TobOFE (DEALH)
LM S oh (BTEED. We(A) DF)ICEENEDITTT, Fhb = »bon
ZL DT TIERVWAT, ZOBIXERICIIFES TWHAZITAE L, 22T
SO0 TVNDHEDIET 9V O T T INIEFITRENR weight ZFFO L W9 D& MREHIZ L2
ZICFEFITHOWEHEL L TAIZATTN, BERIIRNAIELELBLHAA, Ebot
combinatrics Z5H L T, O TIER TRICOWTETT S, 9T HEHKR, 2
DBEAEDOEIIMRT Z N 28z 513 T 13 20VWbiT T, ZHIEEeTEEATWVADITT
T, EED, ZOWVIFHMENSEX5D1F, BEAHE pinch TAHEWIEESLHST
D E, ZF IV weight WIEFIZRELRD, EWVOIFIZHOWVWI T I7RFETR S
HINTE D,

(BR) 1720158 & 523  RR O B X< BES WA TN,

ITHERL L 5ZBERG ORBMR? 2 — & . T2 TR ATARERL L W 5 DX 2.3 B CHREEL
T2IERE L L WV 9 52T, FERRS R S I b v D & — B E 2 FIE matter 23 &<
< T, 2RITD metric IZOWTREL RFETZETLIE LW D ONFEFZEO—F
ERFITT, T, 2RICO metric IZOWTERTREL FF AL Wo=HE T, fER2 K
TEDOFRERERETIZOWTEL B 5LV HE 2IRTORIERTETIZOWTEL £
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FHEWHDIE, 2R tHE% discretize, HEEUELL TOD L 2IRITLD T 4 Ll =
ARz EDETHY LHOLWDLAREREEZEV RSVE, T, ZOHEHEZETREL
b DO 2IWTCENIHIEL TWDHTL LS E, EWIERXFTY,

(&) matter NN e =000, cZENT LV IDITE SV IFETTN?

ZIZTESTWDHITAIERNL, e 0DFZHL7ZATIN, 24T ¢ Z2 0 Tid/e<

TWbwp 2 Virasoro @ minimal series & FHINLD ¢73 0,1,--- Vo T, TIZPOET
% series D, & 9V 9 matter NPEHLTWNDH K H 7 2@(75@%?‘?%@@“(‘@6%2)3‘“(“%
<. %@ﬁﬁ"rﬁﬂz” ITABREL AT A LR L 7 b D, E QYRR T DN EF O &
R 5 DHERITIT. AT % 2EFf > T< 2, SHICHLRL & 9 & o b175% S{EHE?O
TE7D 41@1’#0’(%71 D, ZI T, e 1D > TV D DIFATH]% chain (237
X ORERITT, ZOWVIITIIMERIG R K 572 FiEEF > TS ENTEHATT
N, FOFERNZ

(BR) £ 29 25& ¢ 0 TRV string (xS 2D T2

Z Ao ¢ OTRWEZIT, FIZIT e L DRDFEIC 27§YT—EEODJ: i =1
7= Ising spin 23F > T\ 5 X 572 string ﬁnmao U\Eb@é WD string EFHE WO D
1 2WRTED EIZ X ) matter RFES TS, XH LW IDITH B AA central
charge 28 1,2,3,4,--- EEBELIES 2V, L 2ARZTNLSMNCE . 4 BROICEEE
L7k oz EK@TEEZJJ LWV O DT AT 2WItHE _EOD conformal field theory TFEIRT
&5, %DTék Xt Ly WhHREIMEZF O L DR 2T, oL
WRNZEZLD, XPFEWIRFETH DN ZFHFZE% propagate L TV 5 string &
WOHBRHHATTITE, EZTHIoETV Y 7L TRST, b9 &IZH< string
HimE WO O&E 2RITE ST, 2 RITHE EIZ ) central charge 23> T 54 & B
FL X oL, EnSZNIEE Z2v% propagate 75 string & WV I BT HITRPENA
TIA, CFT &V 9 EBRTIE string BFmO—FIZe > T\ 5,

ZIT, 1984 M BRI, HEFICEZERINTDIT, LT <ZEOEERHE W
9 DILEHID Polyakov string & 22 S0 9H %0)7%%%‘@2}%“(1/?0“(\ Elzn< World
sheet @ LT superstring TdAUE . central charge 10 Z{EV 72 W& | ARG
2 OER, T 0T 5 & HENITEZES propagate L TV 5 string & ) BN S i75>
TBENL D% 9ATITD, BFERRNIENDE 9 & T string Z1ED LWV 9 BBRTIX
57,

FNT, eN g EVIDE, LodbE 50V ) BMERRERD string eV H & %
TVER<SELZ2VWATTNR, 2ITE2TWAHDITE 9 KFZE% propagate 75 string
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EWVIOFTID | 2IRTEOIFEHEHHE W OFTECTC—E—KLL TR\ T, ZO—FkL
72 TO—FMEREE LT, e¢230 & % *H# 9\ 9 minimal series 7 2 R ICH
IZESTWVND, ZHOVIHBEEZEILEL L OEWVWIETT,
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]

E4E  FHER (HL LA A F)

3 EEC., non-critical string Z R IATHIERIDFELZ L7z A TTN, ZBIELE5EX critical
string K7, EEZZX LN TWAITHIERIDFEZ L7z & B ET,

non-critical string @7 7 0 —F TIEHFER c B 1OV T L NI ORE H L THiEx

LENTERDSTZ, EHVLiESTEZFTITIRRZES> TN E 525780
ATID, T272, T b BEET DA AR Y| critical string DITFIER N E W H
WAL T EREZERIWABFONTWDIDITTIES Y A, 7272, B xR REE
WA o>T, ZARBEETOWVWATEAS LWV ETEHHATIN, BHige LTI E
CEML TS HDOTIHRNDOT, DLAINNLEAEERLIENRDH D LV I EER
AT,

2 BT string DERAL E LT, 3FE%H . Nambu-Goto type & . Polyakov type &
Schild type & . BEEL 72T TI23, Z ® Schild action Z1TFIIERHLT B L1900
HIZ X -7, critical string R FTATHIERZ (Eo>TWE £,

4.1 Schild action ®{T5|1E A4k
Schild action EWH DIZE YWNOIEDTH-TZnEV D &,

SSchild = é/d% (%{X”XV}Q + 5) . (4.1)

ZOal pEVIREIT. VaB s tension T = 1 IZ22 5 KX O ERTT, 2Dk

9 7% action 2B HFET B L D7 < & B EHEAYICIE Nambu-Goto X° Polyakov & %54l
REFRSEND &V D DT T,

IHEATHIEANEL £L X 5 E WO FERATTN, 2IRITEDHTZ 72 XF % N x N
ITHANCEESRA T, BEFNFORED 2 RTONFABZEROT F oy —nG | ZiUEET
H oD LEEL < BFEL £33, Poisson bracket & ZHEGETEEZ T, Znbd,
ZO2RTHE LD E WD DIITHIO ML —RIZ, ZHRFEETHEHE | 2RIED
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world sheet Z FER#7: world sheet |2 L TWABEIZKIST HAATIN, 2D X 9717
FIERNLZ TR > TR D bIiFTI,

{XEXY} — d[XFXY) (4.2)
A / doc — Tr (4.3)

Z 93 %E, Z? Schild action EWVIDIFXE H7e b hENIE L TD X LD
N x N 175153 dynamical 72272 > T, commutator O BEDIELE | ZANDEH 2
HIZML—ATI0NDH, Trl EWHIDIFE N TTMD,

BN

S = —% TR XX + . (4.4)

EWV D XD £,

Schild action &9 DITEAEE & H £72 dynamical 7228 E L THE-TWELEZD
T, TAEBIZOWVWTOREL EFZ2L TWZATTRN, ZHUCXSL T N IZOW T
LEFEZTH, mEENDOBITHIOY A X NIZR LT TN, EmEIZ OV TO R
L EFZTHENIFIFER, TFOV A XNIZOWTREL B2 E&nEnoE, £
T, HEREET. 4D action ZfFEST XA IZHOWTOFES E N IZ-OW T O summation
ThHEXbN 5,

7 = i /dX e ?. (4.5)

ZILT, 4 action DF2HA R THLE, 203 LV IEHIEL NIZxHd 5 chemical
potential D L D 72f@x 2L T\ 5, TTNnbH ., £DFEFE Schild action & 175IERIL
TBHE XK LSBT OV path integral LT, & 52 N IZOWTRL EiF7e &
WEWISATTN, 2T BLET NICHL CEEEL -EmesE4A£7, ik, #
HOFET, W)=V T TR =0 OGO X S, NIZHOWTRL RFT
chemical potential # AILHE WO DE | NEZBEEL T TNE IEFIT KX 72 fE% B
HEWVIHOIE, M50 T,

TINH NiFIEOTBWTC, ZOIEHIENORTEZET, 7272, N2 Wo DLk
FICRERMEZIS WV E#EGMRIRITIEL WO T, NIZFEFRREREELTSEL
F9, £H. FEBIE NIZOWTRLEFDRVWELH TS 208N 0WATT
N, FH, LELGLKIENIZOWTIHEREIR2WEWH HRAEEZEZL T,
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4.1.1 FTHIERED ERK

ZZTATHIEAHE E WO FEE S STZATTN, ZHNRE YWV IHIFEEERL TWDH)
LWIOIEL L IHIDL R TEHIEZWVWATTN, N x N{T4l%E 2 RITD world sheet D
EEZDEOEWRATTIINE b,

N x NATHID base DEY &, WAAREY HFnd 5 TEHR, —EMHEZR base
DEY J7, Ziid ’t Hooft ATHI & FHIN TV DATHIZE-> TRET HA TN,

IZITCweE->TWDELDF 1 ONFEIRTT, 20 ULV ORI BEENIT.
UV =w WU, b, ZHUE N X NFFITToT, UN, VN 20 LDl h &
IE L LIZ Y F9,

W= eQm/N

UV=w'VvUu , UN=VVN=1

AVNXNOTI—=MMTF A LW RHSTRIC, ULV OfEE->T,
N x NATHIDZEREELFENTE ET DT,

N
A= a(n)emmemINym Y (4.7)

NNy

ZOLIOBREBREIToTRD, 45 Xo & 2D phase factor IZHZOHEE EANTE
TET, TN L BEAAL AN I —MTHITT NG, 2D a, &5 OIXHIFED
WTEET,

ZHUEIE DOV IHIFEEEBERL TWENEWI L B xHE 2RITDFEEED R
JGLTCWB, ZOEEEEEWIFEELL OB Io LMD TKRBAAIZ,. ULV %2,

U=¢ht | | = ¢ihod (4.8)

EWVWIOIRT, RICETEEBELET, BXZTHERITHITIE, 406FELS 2 &7
EWVIDITIFELZRZVWATTN, £H., BbIotBWEAZIEA DI EWIHIFELEITRDOT,
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FNT, ZOXHIBRFTENWEIFC, UV =w WU L0 BRRE - A100%,
D il g onIBRENLIIERV DO E W ET L | Hausdorff DA T,
eteP LI DT A & B ® commutator 28 -3 THILL

eAeB — 6A+B€§[A,B]
EWVWOHBEBRERH Y ETOT, UVENTLHE, bL & & g BRI ERMMTHIUL, HZ
TAWZEWE w BV O factor ZHITERTEDE WO ERESL, THiEH L oL,
5] = —ir
:C,y - ZN(k0)2

= —if (4.9)

FUDOIN%E 0 EEXFETHN, ORI RRHEGRE 2 &g NEZLTHnD L,
HLroL, UV AT eElo, BEREOZHBEBROE ST MHENRAY T
UV =w WU WO BRARELNET,

o5&, REARIL,
A=Y "a(n)etoln=ttnad) (4.10)

FNT, ZNTESIC 2 &g VI LONIERHR 2R THEZFRL TV T, Dk
DEEEIC>TWND, bbhAA T E ) DIOKHEERE VD DX, ARITHITILR
LTCERERVWEDTI NS, ZH2FNZDIEFHLSETH, T*DO U EV ENIHLDE
B ro CEEICEET AL WO BRTENTNAET T,

FNT, 20O ADREBT, Z ZIZ phase factor # ANV/ZEHEWIDIL, 2 &9 T
BNTO-2IC B X 9 &, phase factor BB x H9EF v AL LT, 22 TELE O
FN OB BDO T, AN LT,

—WIZ N X NATBA Z O X D IZFEr a2 S CRI SN 2D TIR, 2D A L
WIFTHNZHIGEL T, 2IRITTEEDE a(x) ZIRO L DICEREL T, A — a(x)

a(z) =) d(n) etolrrtmy) (4.11)

ZDO7— U =0 BRI IE O FEmE O BRI a(n) ZZDEEHE-T
RoTERBO CHOFPHEFICESBRA TSV ET, TTHL, 202, y EE->TW
HDIEH TR CET, AT N X NITFIN G 2IRTEDOENITELE N TWVWE, Tk
HLoT, fTAINLE~D~ e 7 LT,

ZFoThHE ATHOREIZE 2R A5D0, ZDO X AT A~y T EHE Y
PATHIOFEITIERTHL T TG | ST ALEOFEE VO O & IERTHIC 70 & 72 1T Huid B
LW T, EBEZIIIEAH Moyal L FHIN D H D2 £,
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AB E WO THIDOFENR B o T2 FFIT . 2SN T 28%% . SFEFHIZ &V ) F2Hlb
IZELBIT, « (RAY—) VO bDEENTEBNT,

() AB — (axb)(x) (4.12)
EWVWHI=o BT Rbolt b LET, £ Zhaz 77—V ZBmLEbDERD DT
WEEZROT, &GS D —E7— U ZfZH#MLUETHFICL T, (axd)(k) ZRDET,
FPT. AL BEZEZNETNFEETREMLZ OO/,
k= ko’n s l = k’om

AB = Z&(n)l;(m)eik'ﬁ’e“'ﬁ’. (4.13)

.2t g FEEOT, @ EELCHFILT, EEWVODIEED k) 2 FE-T,
k=kon, TNNHTLEWV I HEDIEREY 1 = kg, IRIC ADFTTHE KD IEFH S H
WL, BOFNLRDLIEFMBEREEENREIC > T Db TTiohees, Zhiaxx
EOTRIZE->TWE T, £99 5L —D2D exponential (ZF & 8 HFFD phase 73
HET,

EoEENRIPSTEATIN, & L gOmFEELd T, &2t =2, =g, &
EFEL T, & & g ORWBEGRE

it (u=1,2) (4.14)

[, 3Y] = —if™ = —ieMp (4.15)

LEX FEFL | —O0 exponential 17 F & 7B HIT < % phase factor 73 ez?kuly
EETT, FRIC, MAFELDT k+ 1 OIERTHRSEEREDN H 5,

AB = Y a(n)b(m)er”" ki, e, (4.16)

TING, BrHOEZZOFN MEO 7 — U 2B >TWAHDITTT, TThD

(axD)(k) E\WH HDITHER.
(axb)(k) =" a(l)b(k — ez t=Dr (4.17)
ZOWVORIZR Y £, T ONMAHE factor NHTWAE WO FINIEFICEET, Zh

ZHH)1ET7—ZBHBMLET L I EWVOOREHET,. k-1l EWVHI DR 25HD
EFETINDL, br )X WMoEEFICESHD S,

(axb)(z) = e 3" a0 o(2)b(x)

— a(@)b(x) - %9’“’8“@ O b(@) + -+ . (4.18)
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T, D ANT Db EWIHIFEL T TIE AR T, ZDOFEIZ., exponential @
FiZ alz®T 285 E . BIZXHT MO END bOBRNpo7oX o7, 290 HFEIC
25, INEREALTAETE, FE1EBITHEALRLIETTN, FE2HEOFNL, WM
ERETAEAIEERE- T, BIEEROELEENLTWD,

TINE, EBEZO a b bNRIERTHH-T, 2FV a b b O FEHT 5, sHEE
fRIZ, s A L B OFTH|0 commutator IZXFIG L T D01 T2, 2L leading
DI AR b DI/ FL T,

[a,b], = —6™8,a0,b+ -
~ —if{a,b}. (4.19)

DO ENIDIL e TLTZMD . B X 9E ., Poisson bracket (2720 £9°, T
N ZAUH Poisson bracket & AHABMRICE X #LZ D& WD BEDEKRTT,

FL—=ZZOWTH, ALY F L —ABFERTIET D &V D DITFEFITEH ST,
ML —R WS OISR, FERTHL LR O N TEEIEN 0 OED7Z 1 20 Hi &
WODN L —RALWHEET, —FH, 2IRTTTHESTHE WV IFEIFIREFY, FHEET
EEVEN 0 DWW DT ERY T ENIETTNS, N — AR 2 RITOFEZITHKIE
LTWBENIDEFTAESD, BIFBEIZRDTRUUT ALY,

ZITCOEERAIT, 4. NXNITFITTNL . Zhux NMEOBEBRET, T4, 2
DEICLTCEHEEED L BOBEHES L CUIAEK N LrEL ST 72 AT,
ZDONXNATIIE NS DL, 2O LT N2 HOBHRELZF TS, TIMH N %
KELTHEEBOBZOEGBO BHEICLT, HHENIEFICREL2>TLF I,
TINH, ZOVIREVEHEDBICIENHR EOGZOHERE VO DI, BxE@ED
ORI EVEHRAMEE 2B, Bl2IXF0—o0n 08B &3 3EF 2 non-local
I > T L EIHFE, %L, ultra violet & infrared N EEICEBRL TWA L, Bx7R
EBOZOBEIZIT W, REFERMEENH Y 7,

#%BHI—DIT AL FLTEIXEVWATTITNE L, 208N LEHE~D~ T
EWVIHIHDIES ., ERHROFEEE CTEBLZOT, b oE ZIITHIOZER LW D
DIZ2WIED F—F A~y T END, & AN, Nx NITFHIOZER L WS DI, 2k
TTD bk —F ZATIEAR < T, 2RITED sphere DI~ v 7T EHHEEL TEX 5, Th a2 iR
WCBFELTZWATIN, N x NITHIDFEELFREL T, T2 TENW L R ULV E
WIOITHITIEZ2R S T, ol K2 T5FEHTEL, ZOU & VoRbviz, SUQ2)
DERIT N RTEORITIEF>TL b, £OD Ly, Ly, L, L HOVETH, Zho Nk
TEDORBUTINZFE-> TRERT 5,

68



RIZ N IRTTEBEER O AESHEEAMELZ LETHEZON EWVWHDIE N =2L+1,
zme LD VWHIoi SUQ) 0By 37 TFoT, S L =L(L+1)T. NT
EoLbror, Ko

W HREEORBEAES ) LESTD . E DN IEERINE D L a2 = 1
L BRI MR SN B EH - TR T, 2ha - CHESERZ BTV, o,
Y. 2D RHSIERE F T DL S TR AED LV S FET, #5R 2
KIEO B AIEE F > T SHCIET 5, RO fERR L % %820 LT
BHxo b scale BT, AL 2 L WHEETFEZEAL £7,

i L 2 \
= =1 E
& T — (BRmH)

LEHVITOL—FTCESTRAETHLLEHIEZNITFERERL, 2= 1 DEREIC S
HlF 9,

FERCN X NITAZ Z D & TED & |
A= apdmymam (4.20)

HEHAALZIULN X NATHITI O BIRED B HEL 320372 E 7RO T, ng.y ny.
n, ZXFRCE ST, 3 2% R L7EHDOD ERE N—1&F4UX, 2D L 572 constraint
EEWVWEXMEZEAEELWHIOT, brolInT N2 EOBBEEICRD, T
AEHEIN 02026 N—-1FT, EAEHNEBITHEREN 2041 TT06, Thate
HEL BT TR5E N2 WO 2EOBHEEICEL o,

N-1
(20 +1) = N2 (4.21)
=0

299 %& . Nx NITFIOTEERE SUQ2) DRBATIITHER T HFENTE DL )
FER DN £,

FRRIX F—7 2D world sheet Z{E->7T=biF THiIFnE &, EIIFEL N x N 175
MHMFEL T, EKED FAR e P —%2 KoL 572 world sheet ZIELHENTELHE VI EHE
T7,

Jt 4, sphere TH torus ThH, HHWA AR —0V—~vrmaEgl Hfhant
VN9 D string DRBATE 7D T 5036 Schild action DITHIEANEZ L T
L&, FFCRERIATZDOLODRE ST AR =L WO DN |, HHEKRTHE
BNZE2TA->TWD, DF Y Schild action DITFIIEANLL 72 FIZ L > T, hARBrY—
DREL EFENSDONR, S LNLTES BEIRNZE ATV DS FILZRW,
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U %&. double counting ELIZE 59> TZ H\HiE H world sheet D h AR —
ERBITH0ENIDIFIEFICHEL VBT, EELMEOLRVATIN, b, 4
Eo0lXORENSL, EIOHZD genus DREL EFEWVWIDREENTHDHDTIEZ
WEBZ BN TWVET,

be . ED genus D weight 1ZE H72>TNDHDOMN, L INNAL THIUL., genus
? weight &9 DL string @ coupling constant TT, ZNHRE DX HITHEZ B
TWDHDD, TTHD string @ coupling constant & VY9 DXV STV MAlZe Dy, Z 5
WO FERDPUTIEFICEHAVWATTZ . L ZOFNEAL TEX X< D> T E
A,

FnnHH 9 —2, TN L FEOFIHIZ OV T, Schild action &9 DEH < &
TH 12D string @ world sheet 72572, & Z A, 178> TW I DL, FTfElIT Nx N
1T T Z A>T torus 72 & 7> sphere Z{E->7- DI TTIINE & . N x N1TFIE B
1L 2202731 TRe- T,

1 KcH WS

(4.22)

2B WS

ZZ (L) OESTIHE D world sheet Z{E~>T, ZH6 (A F) ZfE->T2HAED
world sheet Z1EV £L £ 9, L HBAAZDIEMAOKRTHLBEBRESL L THELIDT, &
SLIRTHIEWNT RV O T, ZOX R F2T 5 & 1HH D world sheet & 28H D
world sheet 23&% > T, ZDIEFADERS T, il 2 DD world sheet DD interaction
DEIR SN TWBDDTIE W E | WOENREZ <725, multi string £ TEHD TIT
FIEAULZ L7 W) FETRBINTWVDIOTIEHRVNEWVWSBIFELRETCET, 22
HUDFTE S 9V L & H ok formulate TEAUTHAWATTN, ZHIZOWWTHA
BIZZ OV RFBELWVDMNE SNEVNIFIZHONTT LS broTHVERA,

4.2 IIB matrix model

4 ¥ TILE7 bosonic 72 action 721 & EWZATT N, SGEILS D% superfbL T
0 F9, HFED bosonic 72 action % super {LL T 10 RITD critical string % Foik 3"
5HEEZ LN DITIIERZED £7,
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Z 3 1IB matrix model & L < 1%, IKKT matrix model & MHIAL TV ET, super-
string {Z1% Ramond-Noveu-Schwarz F6=& | Green-Schwarz FE= & V9 DR H H AT
TH . Z D Green-Schwarz IR 6 HFEL £7°,

%31, Green-Schwarz FZ=UA <12 ¥ . Schild B EW TR T, £ A2 1THIIER
b3 LW H1Ex#% L T, Type IIB superstring 23 L T\ 5 & E X L H1TFHIEA %
EV 9, Hro L Z ZTIHZEDT uk AFEKL T, action & EiIcEXET L, 1IB
matrix model @ action &9 DI,

Sy = ;—Qtr (—%[A“A”]Q _ %@Z_}F“[Auq,[;]) | (4.23)

Z ® bosonic part (XL 2L —FE, SoX XK LEEWTWELEN, 22 TiEHr—
DL OEHAGFEL VO T, XEL 2R T A EEXETD, RILETY, 104Kk
@ Type IIB superstring "5 HFEL TWETOT, 20O pld 175 10 ETT, A% 1%
10 RTTDZ T, ZTNnb ., 2D ¢ £V D H DI 10 IRTED Majorana-Weyl fermion
TEDH 16 A7 D grassmann B, ZHiEmAE H Nx N O/ I — MTHITT,
N x N =)L X — 75

Al‘ ’uzl-..lo (424)
¢ 10T MW 7= 34y (16 BAY) '

Z Type IIB £ 7213 IKKT matrix model & FEHIIL TV action 72ATI28, &
NOMWEIZOWTEONBEEL £9, £TORT, ZOEM L Z) 5 reduced model
EMHIN TV D HDDBERIZHONT, FELIZWATTR, EWoDiE, ZOHRETE
EREEVIDIT, TTTRTHLIEIICHFELNI LONRENEWHIFETY, 7272
SO(10) ODARZEMITH 5D T, W B2 10 IRITED 7 T > N 72 FEZE DT D I
INCRZDATTN, bHLAVEZOLOIFIE ZIZHEN, TTNH I 50 )P
HE IR TRZEL WV OMNBLON TRLONE NI ONIFFICEERFIZRY 7,

4.2.1 SUSY

ZNTET, ZOBEBOWE TN, FTEICEHEER AT Z ORI 10 KD
N =1® super Yang-Mills EFGOREZEZ 1 SUZ L7 X 5 RBE®HIIR->TWHE, £
% reduced model & S HATTA, 10RTTD N =1 % reduce L TWAHDT, HK10
RITED N =1 B3> TWEBHFEL WO DT 5, TOBHFRE oW 138 HET 5
MEF I L, THIFEDE E 10 RIEOBEXFMEE reduce L TWAHTZIFTTTOT, &
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SECEZL £,

W) An — N (2) A —
{ 51 A jeTHap | { 5 A 0 (4.25)

5(1)1/, = %[A“A”]I‘u,,e 5(2)¢ = ¢

ZOEH IV I L T, ZOTIERII L ARE, TG, ZhUSMCE H—o
FERTAERL 6@ b0 £ LT, ZIUTIEFIT trivial 72 BB A TTR, BV v OFIX
0T, 7=x/bIA & H|T constant shift 5 X 27 EH, Z DX 5722 DO %S
L T action [FR~ETT,

ZNT, ZO12EOER (SV) B 10KRTEON =1 DBIHERRE L S A TT
M. 9T D EBIFRERD commutator & V9D DX 10 IRITD translation (2785,
EZAM, AOBFAIT 10 RTHZELE V) DITERIZ L RICELE LTS TOT, Zh
DR E VD DX, upto F—VEHT 012725 TV 5, TIND, HIZINE
BEH-oT, BEOBMHERE S OFILTERL LD, TRb 2OHDEHR (5P)
H, AU S ENTE T TIHRFEOBIFRER L FESFITTX 20,

EIAN, FBICHAVWEIE TN ZMAEGDLETRLL . HOLEWT., Zh
MO BFET DRFEDORIK LD TR, RZEOBIMERLFHIN L L 57 bD
AR TE 5, 200 E RLALFIEHETHAGDETRLATT N,

{5m — 5 4 5@

5O = (oW = 6@) (4.26)

SO LLCHAERELELD, b9 —20 D FBIW=bd, ZDOXHTEREL TR
5HE . ZOEHD commutator ZEETSH L

@%%ﬂw -0 (4.27)

[S@, ng)] AM = v, (4.28)

(22T j=1,2)

PIERT 5L 0T, AV UBIERASE TR L, B o8 2Ry VO trans-
lation IZ72 5 TND E WO FER LMD £F, EWOHEL, L ZORY VHEFZ R
DJEIEZ LARZEZ AFENTEUL, ZOBMHELIT E I (N =2 0) BFZEDO#EXT
MEHLL IR T AEN XS, TTNG . ZOFEN AF HE L2 REOREIER L& %2 HiRHL
272 %, TR —2HDORKERME,
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4.2.2 A" @ background HSEFZE

ZNNDH, 2O action 1 XA THEEL L 2, AP ICEHL TO4ROENLIGE > TV
Do 2IROIEND N &N D FHT JEUDTE@%E%#’C%@L‘ZOT’C?‘ WIS HETAL
fRHT S TE WD T L, ARG . £ SIRL TOWONESL RV, £Z T,
L AF BRRZEOREET L B o T, AR LW DR Y Y | A)y classical 723 & o T
ZCU)H‘Q I BHWNWTWAHEL T,

AP = AR 4 AR, (4.29)

ZOXDICEIEANHFHRANLRE T, FE2HENEZOEY DD LE &) R R
Liztd2L, Z2OEBZXHFIEEST200FNLIEFICEET LV, 12BIXZhn g
HAREFZETH D & FHUE 2 D super Bl VD O F TEFZED super BHUZ/2 D,
Zbh 9 1ok, 0K DI H A background 2 AT 98, EBEAL -
R, 2IROENHTL 5, TINDH, TOEY O L XL TE, 2IROIED DI
% %182 propagator O X O RGOHERICR D £,

FNT, ZOEBMERE DXL HITIAD > TWNDH0E WV D HEN | 1IB matrix model @D
222 R L CWADTIHRWVDNEWIER, 5—FbHY 25, Bb < —FBRLHHR
A TETNEERYBICFNANIELWNE W) ETIFFEL2TIT I LY T84,

4.2.3 g: RT—ILERDDIEH

ENMHH O —OOMEE LT, HRRO action IZ1E g LWV H/XT A—H AT
oo 2D g EWVIDIEIRYIZNRT A—=HENE IMENVIFERATTN, Edgbn)
DIFEFRIFENTNENRT A—=FTIEH Y £HA, £ TEHRITLLAZDOHEG
D scale D HEI BT, FHUIE YW IHIFENEVWET L ZOHEBOEE

1/2
{A — 9A (4.30)

vo— g

LWV Kol ﬁﬁ?%b“(’?’ék TIRED L DIT, RO action ORIOLREL g &
WO DIFFERIZIICELSEFENTE D, TTNH, aﬁé DGR AE DTS scale T
H-oT, H%L“Cff% @D dynamics Z RO 53T A—Z TlL7eWblF T4, 7272, 22T
HHBRBEOR VIZEAL 2 ZWVWEWIELFoTCA TN, —E A2 RF2E 4 &
FELTLEIE, 2D g EWVWHIDIXZ OHMAYRERZE FIZIZHEELNE SV ) O
HHELITFTTINE L, FNEDBDEE NI DIFRT A—=F T/ 95, TIMD
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ARG EARD H LWV O FEN D X 9 E M HERIC dimensionless 72/37 A —X & &
AT DHEVWIFEIHINL 7,

4.2.4 D-brane

D | string (21 D-brane NFEET DLWV O FERMLA TV D DI TTiTNRE
H. FFXZ ORI BPS 72fifE LT D-brane NFEET D E VI FRN Y F9, KB
M END T EAHIZEE THAN ., D-brane DFENTFEEL T, L2xh . D-brane ®
M@ interaction # FET HHENTE 5,

ZOTDHEBUXFMOEINTWVWADHEZ, D-brane & ZUIZWAT72B]D D-brane % £f->
TL 5L, ZOMITBPS TI2 6 . £DOMIZIZ @iy, & 2 A7 D-brane & |
W7z, D ULEIT 72 D-brane @ configuration &9 @ BPS TiddH Y FHA DT,
ZDBAITITHE IR 10 IRTTD supergravity @ massless 512 X % interaction N AEL 5%
TThD,

EREZ OFAT D-brane #{E->TCX°> T, D-brane & anti-D-brane & 7>, £ HMEN
7= D-brane & OFOHAMEREZHET 2 L | £ X2 10 RITD supergravity TTFHEIN
HE D7, graviton TH B LN, KRFRT I NVETH D EN, T 9 572 massless
P2 & B exchange 753K % interaction #5ZRICHET H2HENTE 5, TIhb, £
DEKRTEH . TORB LD OIEH 10 IRITTDTTD string 2R L TWHDTILRNAH
IMMENVIFENEZILND,

4.3 reduced model &L T® IIB matrix model

ZIL T, Y OFFE T reduced model & L T® matrix model DME %2 IBFEL 72\
ATTH, ZD reduced model EVVIDIEE HWVHIEDMNEWVDS & T d DR
ICHWEERATTD, b ro LfMEENENTLENWEL R, &, large N 7 —VH
ALV O ONRFEFITREAN WM SIVZEIC, £D N ZIFFIcRE LicT@mos —v
HEGE WO DL, EZZFORFZEL 1 SIZ255 L TLE-TH, planar Z2MHEIT R
BHHETEXS5, ELWOEBLRLEOBNILAOIAEIINEGSARATTN, ZUT large N
reduction & W9 EUZFHEAL TWE T,

T, ZdDlarge N reduction &9 DL, £ FiEim SN 7-DlT QCD DiG&E7%
ATINR, A2 2 TIHHEALE L TE 10 Re® SU(N) super Yang-Mills Hig, < 9
9% & action |ZEFEEV7Z Type 1IB matrix model & £< FUEEZL TWAE5DIFT
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T,

t/dQMK<—%Q%Q2—%&F%LM¢>. (4.31)
Au(x)a 1/1(33) — A/u (%

ZD X D7 action ZFFOTWHDITTY, ZD A* Lo, Znb ¢ W OHFITY
HAAI0RITEEDHTT NG | 10RO 2 IKGFE L EEFF-> TV A b ey
%, large N reduction W9 DX, TN H D x ITIKFL T2 AM(z) THD L Y(x) &
W HDOETERICL RIZT D, £4T, planar 22 MRE B> TR 5 & (FEiT large N &
VN9 DI planar ZRABRZ B DI/ 5D TIN), SBRICHFZED Hx 1 RIS L - B
ETUDOEERN FEMTH D,

FNME IVIFENLENIDEDLBFHELIZWVATTN, ETRANICHED HIZ ¢
DAAT—=HZDEE, 5 IIUIT =V ST ATTNR, F—VHE05RITHLIo L X
BT =BT ENE LB AVIEER H D5 TN, EORNCHER AN T —5TRT
TRTZNN,

4.3.1 RAHDF—1F® reduced model

O DMENERE -7 DIRTT AN 7 —FDEHEIL. reduce L72% D action &)
DI,

1 2 A
S = Ntr (5 [P, o] + m7¢2 + Z¢4> . (4.32)

ZdD X 97 action,

ZNT, 2D ¢ EWHIDIE N NATHI, £ninb T 2T P, LW OITFI A>TV D
ATTN . ZOTFINIRARRELZ S N x N{TAI T, FOXNAREN D IRTD
ZERNC —ARIZ 7 L TV B,

¢ : N x NA175l (4.33)
P, : (NxN) (4.34)
P,
P, = - (4.35)
i
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IO P, D i FROBEAMES DRTHICARCHML T0D, £ X957
P EWOREEINTATINES, FTEALL, BT —VHEHBOSHEIIZIZDOL O

175 NBHNEANT DBEITENE WO FERELATIN, AW 75055121
i’(&p]\bi'ﬁ Z 995 & ., action [T TENTLD ETE, 5L —ATT)
5. 4, j IZOWT O summation 72017 T, ZHD P, & ¢ ® commutator &9 DI
P, 3 AITHITT O T, commutator O i, j K531E (P, — Phu)gy; &720 £4, £hn
. ¢y VD DIE ¢y D complex conjugate TT DT, |gy]? &V 5 BUZHEXHE TE
o £2F2%&,

m? NA
S = NZ ( P] %|is)* + |¢ij|2) + Tz¢z’j¢jk¢kl¢li- (4.36)

I g, ) v Oﬁkﬁj\'@%b\fc action ,

AUXTHED K D12, £7 ¢y D propagator (¢ijom) 1. i & 1. & ERFELW,

S - (Dij Or1) Sudik

1
i PP TmIN (4.37)

vertex (ZBIL ClE., 4,4, k, 1 £ index D=7 73TV T, £ D weight X N,

N

4.1: vertex

IhERDE Wb DGO propagator MIFFHIRTE TV DL ENMREDS & B
IANTTN, 2 b FlzIE propagator IZXT 5 1 V—7HELZFHEL LH LB -7
HRIZIZZDOX ORI 7 7 EHETL LW,

OV IIV—TRERH DD TTINE L, ¢' D vertex 2 1HZ ZIZ¥EE L T,
Z 2T 12 internal loop @ summation 23& %, Z® k 2OV T summation & V9
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4.2: 1 loop

DRFER, 220 ph LW O DOWR | DIRTTZ—EATAL TOEIND, LW H5FHIIN
(22T D index loop @ summation 2%, F SN OEBEDREZICHE TS, b
2L T 2O E BEIC, BB E SBEIN O E WV O FTE DL BEERIC
RCHET,

Z ® Feynman /L—/L )06 | BATICRTIEL 7-AHEERE S 2 — (AL S BB TX 200, &
ZOATFERL LN D DIXE ZIZ HHRFZE L W O BEEN )N o 7o, BFEZE & 5 BEEY ) o
7ZDIZ, Z O index @ pl, £\ H index 2OV TP summation & V9D D73 EHEFE
T > TWT, 2D propagator DEFNEN PP — P/ 272> T05h, ZI0b oK
79 HHBEEEA TR B DOEFEBTE 57, TILT, ZOHIEN, Parisi DLTTE L
MEEN A S DA TEN, TAMERN o7 2 ITIKGFET HTHENI LDEERL £
T EIOEFRTDIHNENI & QIZHFL T P LW L OEMEIN LT TR0 7,

~

b — o) = eivP ge=ie P (4.38)

TS Parisi DT ELMFHIN TS, 290V EDEEHREL TRV ET L., il
XD, j T E NI DX, ERD PS> T, HNS —PI 233k T
(8(x)) =" =Py, (4.39)
1)
EWVWI LD D, ELT, [THHERICZ O KL 972 Parisi O AL — & —OFABIES

B(OPML—R)EBFHELTHETE . 20T o) D i, j Y E . oly) D j,i sy % B
DHIL T, 4,7 122V TO summation & BAUL WD TINGEZ 978 -> T,

Tr(d(x) d(y)) = Y Gy 65) (4.40)

BT ¢y OHIFEAFHEITIUIRY, ZOMFELHET IR, ETE1HE
IZHLIZ propagator TORWETZIT T, m EWVIELDONASTL HDT, L@

7



D tree DLFOEFHD propagator & FERIZ—FHL TW5DH, ZA0D 1V —7 ORIEX
T OINIT T T (4.2) ZRHETIUIERL .

1\2 A - 1 2 1
il i(z—y)(P'—P7)
<N>WMZ% <W—Mywﬁ>wupw+w (4.41)

ijk

Z® k @ summation X H L P* O43ARNY D RITIZ—HED A L TV . RO ES)
BfES L EMICR 5, TIND, N TRAEBIZHGOHBNHFHR TXZATIN, Led,
2 large N BWLBEIZ ST ATEA 970 EF 9 &L 2D propagator T i, j D propagator
DIEENEIL, 5P — P CEXHBAZIWEEoTz, BEIZIICRA IR H £77,

4. Feynman diagram % " Eff (FE) TEX 7, 4 S vertex 22 I WA TND,
FlZIXZ 59 X 972 Feynman diagram A& ->72& L £,

L L L
il _
| _

I I

A

C

4.3: planar diagram £ ® dual 77 7

A ZHUTbE L EEIZET 5 planar diagram & EUW\ A TN, 2O XK 972 planar
diagram OFE ., 4 AR T 99 dual diagram (dual &5 DL, propagator % 1#
o XoaELS, )OHALTLMEZZ 5, TN T, T ZOMAL LU 5 EHE
DRFUNTEDIZ RS> TN DN EER D, THTDHE, RTOEBEIT P'— P v, =
BHROZNZENOBRIFES>TWVD index DETENND, TTINL, FlziEitwvd
index DN A-T=LT5L . < BolEloT-EHIVT dual 727 T 7 &80 3005
Piis—EREY - 7= 6 . BED propagator T —P 35, dual 722 T 71X 2 L—
7 TIM 0 index 134T 2 [B], HHREICHEY D, TIND EBEN P'— P LWV OFE
EHEL, SOOI RNV 25 EBEORTNINT 01275,

EEE, Z D planar 727 7 7 OEGEIZIE, planar & WD OIXER (O LICHIT 57 7 7)
mOT, ZDLES BoL[ES dual 77 7 D closed loop #1815 (35O ER D) HEE)
BOMRFNI0IZ220T, MEITEI b2RVATIN,
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non-planar @7 7 7 L9 DL, non-trivial 72/ —7 B H D507 TT, b—F 2%
Blicd 2L, b= 2DOWEZHEUL L SREBHEL VD OOILTLE 0TIERIT
VA

4.4: planar & non-planar M\

EZAN, EHELET index DETETLEWVOHIRY FZLTLEI L, HLNTE
NEFFETHOITTT, F—TF AD_ED Feynman diagram & 9 D, closed loop
% MY 5 EE Bl non-zero THHO THWWITRDIC, 5OEXFHE2THLE 0 LnE
VY, 728 Z OFEEG) planar diagram (U 2MEATE RN EW SO T H0 HEE
T, non-planar OEHZITEBESL PP — P7 LW ) ETEL L, BRI ESHESL
RETER, £V EBERTHOMEBOEBEREMZBH IR,

4.3.2 45— B0 reduced model

ZZFETADT—HBOBETE>T-ATTN, SEX7Fr—VEROBE., 77—V Hin
DOBEIZIE reduced model @ action &= 9 DL, TRICHEZEAZ 1 Sl ELTLEW
FTE, OO £T,

S = g—NQTr (—E[Au, Al,]2> . (4.42)

SOHZEITITHITR P, LW O ITH 2 FTAN D LEITENATTN, TOHEEIT
BREMNENS LA, BERH DO T, fiH dynamical IZHL P, &9 classical 72
background 23 FATIUIL

Ay — P+ Ay (4.43)
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L shift LCRAUE, SefRE &< —#T, P AAAST,

N 1
S:?ﬁ(jmﬁAmR+mﬂ (4.44)

Z D & 572 covariant derivative OFIZ/2 Y 5, BRITPLDFIIERDO AL T —5HD
Ha Lt e2<FLT, I EHEELAZFEL | propagator HbIEL S BETX 5, H&r—
VHERTEOVPEHWEEN L DA TN, B, Jox ZIUTFRFZEDN BN S 7-D T,
XL T —VHERABFHL R, local 27—V REMIIE 572500, £
nNbbHrosE8 20 P, L9 background B3&HSDT P, &=V EWDINT A—2 L
@ commutator LW DN ASTHET, bk HELRED Parisi DILFEDEMT 2 &
WO JEIZEZ ANID L, TTAFFS TV UN) D=4 U —REMHLE WD O local 72
T REMEIC I D E WO FER DN FT,

FND Y O —DBERON  AF ST L IC P, LWV I DA D IRITEZERIZ—ERIC
DT HDTHIUL ., dynamical |2 planar D7 —V O ERE FHHR T 5D TAT
TnE L, L ZARBBEROIEL P, © dynamics ., 2D P, &V OB O —FRIZ D
WL TE DN EN D HE,

bosonic 27—V EEROBZFEITIL. FEX P, DIEFADEDOIEDZ T D FECXHARTD
dynamics ZFHHEL TLHE | P, DEFEOMIZ loghy7251 125 . (RITA 2 L0 6 K&
WIGETTN)BNTLED, TI6, ZOBEBEEVIDIFEFERIC 1T RICENLTL
FODLITTT, o705 L b, HBOEFHD Feynman diagram & FHHRT A FHITX
R, TI D, BREEEEIWVD 1 RICEILRNEIICT HAICBALRTRESHD
I, BlZE, b OBEAEMESAE VD DIE quench L TL F 95, quench T75&19H
BIRL, POEEREBEAEL —RAT TEB LWV IFERLD, THEH H—D2D
FHEF twist 5L WO FERHDHATID, 2 EL twist THRIZ LT, BERELIA
FTEO2ETH, £V KON FENRSH D, £ T, £ bosonic DIFETZ -
TATTIRE S, &AM, supersymmetric |2 L 72354, supersymmetric (2 L 7235
EHoTWVHDIEH X 9E Type IIB matrix model &% 972 A T3 A3, supersymmetric
IZTBLEREIRS T 2405 log DB HOBRERZEEICF Yy B LT, 2
OEBEMEMIZIX log FIZRBI NN BN E W D FERfESD, TT 25 supersymmetric
DALY 94 L dynamical [IZEHMEN DT D &V D AIEEENS HTWET,

FTNT, ., KHES -7 Type IIB matrix model DRI background & V9 D
BFZE L L CHREIR T A ONR—FBHETH DL ESTLATTN, 5O D, reduced model
ELTOfIRTIE, 2D P, &V )5 DILEEE, TI22 56, reduced model & L TOfE
REFFZEL L TOMRE NS DITE DA TTD, TR ZOERBIZE L OERE LS
RERONEVIFTY, FETLSHELRY, LA LTES | T-duality 722 d O
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HDLONHLHEINIENATIITNE S, Z 2O ES RV, 7272, supersymmetry
MHTHE, RNLD ZIVUIRFZE L IR T D OBRIEFICERLRATTIN, ZLELHEH
A reduced model DFEIRTIE 72 < 72 D,

4.4 IIB matrix model OEE

FNND . D% O IIB matrix model DR A TT A, A* @ background %
2L LCEZD, £o7T5HL . b LALBICZN string DERAIERILTH 726,
4IRITCEVIDORHELD, HERWD)N, £5FT5HEL 20 g, DEFESAHD
dynamics 73 E 2R o TWVWDINEHITHIVTRNTHA S &, TNT, FTHRANC
ROTEHIT E VO DL, ZORAL LAY DPLIIZREAL TR-T, ZOPHE
[ZDOWTHES \'Té/u’C‘TZ’P ZIOTHEFEFICEAVEID, FFZEOHBRLE L TRO X
VIR AL,

SRS L VNIDIFRY e TV I AL EEHHDT, T, T//&7Iw
AU OXART L T, IEAEEST D, TOWRIZT =)V I F 2 DOXFAD
oL T, R OEBEMEOHEFFHNIFEERD IO LWV I FIZ %5&??ﬁ\%5
THE, FTHELVOON NEOEOEST., NEDOEL W IITRY v Ot ARS
DETTNS, B TCNEH L, FNT, 7o IFVORARDEVNIDITH L
EZDORY DO NEOBESEZBES L H0@BE 275, LVWOFERDLNY £, L
t. 7 =L 2 AU D path integral BSVHZ 72V E WD FRENDS | N EDOIFZEI T 1T
W72 B EHT 72 T, T OEFLEEVITR>TORITIURTWNT 2V, EWVWIELES
ATTH, T2 TRIEINTZAE VDI DIFIEFICTFNATTOT, 272 0iE ETER
LENTED,

ZN T, ZOBEFEZMO dynamics 1T FEITH 580 E2TH L Wb D branched
polymer & FHENDHFERELEMTH D EWVHIFENES, £ T, branched polymer
EWVWODIE, bBAALT T 7 HNATTAY, branched polymer @ Hausdorff XTI
A THLIENMONTND, bHAALT T 7 HV7e 4 IRTERFZEIR A TIN | Ai7» ZH
TB U B A LUTRHCER L 72HAZ AN TR D E 7T v b 72 4 IRIT)S TR

D, LWV DEFRSTRHCHIFFL TRAXL S TWIZATTN, FRERN L L DRI
WIARBIZA RTINS D2 HTHITE RN o7,

bl IO T, 1 2DHEAWVDOIL, TREEEHEEN, bIokn/ Wi
T, EZETOVWNRRLRNATTN, & &b & TIB matrix model &9 DT 2
ﬁ@@ﬁ&wokw% PRSP 2 RO IEA AT CTRBWT, D% T artificial (2117
72 2 ROTEIZEHIGPR S 20N E W D EEENS B HMESAADILN D T 5 & 2§
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T LI ORARS

— RV OXAKD

X 4.5: B2 S DES

BaXoltATIR, HoDOFHEITZEOR, NEISARADD ., b O 1IRERETEH
HL T, 2207 V—7 Ofm&E O OIIA) 4 IRTTHIZR RN O 3 B2 TV 5 DTl
W, EWVWIEEZFSTND, TIMD, TNARERYIE S LIEFICHEAVATTD,
EFHEL, FIULR LSS TR,

ZNNE, b ORI, KTEb ok FAIZRSTLESTZATTN, 20
ITHIERLD background & LT, Z 9\ 5 H@D AT REZE ClL 72 < T, FERTHRIREE
2L W) DONIEFICBRIZHEOIAD LN D EWVIENRESL, Wi HIERTHL T &
IFERATITD, £ 9T 5 LAUNIERHEE T O I string 972 ONEENTNHD
TIERMNAINENIDT, Zh 2~ SFERDENINHARONTZATTIN, EHZ
HLHDOF LS. string & DEFREWVWIFCHONWTIE, brot B @bk £, H
EEH ro & TAIZR>TWET,

TG, £ A BlZE Schwinger-Dyson ORIREE 7>, 4 K& 7o AN K-
TWABATTA, KK Type IIB matrix model DHERER L VD DT T AZREL

H ORI > TL £ TIN TR 308, BRIEATZWEL W S DI string
HigEWODIE, SHENMICE T L2, FEEBET VWi TY, 4% T
RO TWDDIIEEBRFATH D &0 FBENROE IOV TIIF-> TN DA T
D3, AT string EIIA72 D FADHREZEL (X string D condensation TE 9 K
ZERTONEVIRIZOWTLELETLEMORNVWERHHOT, BIFEZTNNLES
AHBSINL CTHEES TUWNEE & 720,
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