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o= ¢r(2) + or(?) (42)

15



co W

S|

/=€
6: Radial ordering
QSL(:):g—zZln +i (;: 27"
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- 7§d~7§dw (2)6(w) =" w™
J‘l B |>|u

- (=) fdzfdw 0o(z)0¢(w)z"w™ (49)
2m ¢ ¢zl
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R FET, ZHITERIFEENZBERAY D OPE #A TR0 £93° &
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T()T(w) = % 1 00(2)00(2) = 1 0o(w)do(w) :
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o dz—w)t 4 (r—w)? ?
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(z — w)2q)(u’) + Z—w
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dz
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S(w, z) = (63)

P C
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C
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EWVOEWNTONET, T2 THUICEND ¢/24 LW O HIFEZEDE
DT X — LR TE 5 H DT, Casimir FE72 8 CRELREZEZ BT~
FTIEIERYET,

ZNT, TONATHREICL L9 L BWET,

Lol "IN bh=72T7, &b & CFT % complex plane ETEH
L CWe bl T2, plane BT, ERICIADN > 72 ERITENDHEZED T
FNFX—mEr bt LUETIIZHL ., cylinder ETIIZERM A RN AFRTT
5. TOZOMENRSDTT,

(ER) TTraZExlb, BEOTRLX—HZBD5DTTN?

(FZ) cylinder EOFZOHEGHTOEZED T R/LF —) plane L TDH;
ENHLTNTND LN ) Z&iF, Pl FORBERTHRL X 5 726l
ML TWET, ZORFOMIEIX EORKRELE—ZHL TWET, LT
L7 Z &%, ZOMED X D72 HFRVRMEED | geometric 72 HEE T
THIFLEWHZETT,

AT, H&WIZ Sine-Gordon HFREKXOFHATH TE 72, soliton |2
WTRTWZ 5 & BEnET,

(EM) EZET XX —ORIED string theory & DB
(&%) BlZIE bosonic string DHEZEE 2 £77, bosonic string 13, trans-
verse D FAIZBHELZF > TV ET,

X' (i=1,---,24) (65)

TInD, ZOLEOEZEOT AT =L, ¢=2472DT-1{272 0 7,
9% & | string theory (23T % mass formula |ZIRD X H1272 0 £77,

M*=N -1 (66)

=0&9 5L tachyon NENDZ ENGND FET, DEVEZEDOT R
NFX—=NdHDHEVH T LIE, bosonic string Tl tachyon NEAN 5 &9
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MR 72 IR RSO & £97, superstring OFAITIE, XIS 8fE, ' &
A% fe1’11110n75)81lﬁl§30“f ZOBEORMIEX — LRV ET, Thu
NS-sector D EEARFED tachyon THDHEWI Z L ARL TWET, L
L Z OIRBEIL GSO projection |IZ L > THELDHDO T, IROMERETH D
massless mode NEDIEEIRREIZ>TWNET, 2D X IHIT, BZEZ X)L
X —OMIETEIT, string theory |2 T < 2888072 factor & 5 £ RHEL
TWET,

MEEZBIOFETHET 2L bAEETT, 482 TV 5 OILER
f# @ harmonic oscillator % TY, NIV =7 &

Z a_py, + Z — (67)
n= 1

EWVIORIZI > TWVET, AIUFE 2THTIEZEDOT RLX—TC, Koscillator a,
(ZRL 2 FoMmb Y £, ZOEITINSERRETOMROT, HRFE
L iT Z 2T BEEERANRIC K> THREAE B & £, ( function &

< 1
=2 (68)
CEZRTHE, T > 1L X TERIRBEETT, Ik
T CHNTEERET D & CBIEIE Rer < 0 TIXIERICT DT
1) = 1 69
C(— )__E (69)

L7220 %{ﬂiﬁﬁfﬁgﬁﬁ>%@ﬁ‘*%k—ﬁbi@'o ZOMATIE, ER
REBYIZAUFET 5 EMEENPHD EWVIFBICRY, HEVIFEL L
iﬁl/\@“(‘\ ETlT anomaly & WO SIS BERBAL £ LT,

(ER) ¢ BEEIERMEZ AV 2RI 2

(%) NT—EHTH0LTT (), L0 FINLPBVENT
RINoST=NE EWVWHI T ETL k9,
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3.3 Soliton

Sine-Gordon FREEXZE M L 72 & X T soliton ENHTEELZD, Z
NZoxHHET2r 2 THTLEWVWIMBTLIE, ZORBIIIST H1EH
TN EBLZTHET, RFEVBITT D, vertex operator &9 & D
EEXET,
iad(z) (70)

Le
“¥ normal ordering & L TWE T, T e KT D boson & @ OPE
EoTHETEL, BRIFRDL DT £,

O:QS(Z)ei(‘d’('“') ~ 2 piad(e) (71)

Z—w

N EEBEHRL TWHONE R57-DI2, wdDEDLY T IO\ THE
DL THAET, T4 LEMTEMD T, AL residue ZHEWET DT,

f 20,000 = (o(we™) = o(w))e )

= 2maiap(w)) (72)

LN
6(26*™) = 6(2) = 270 (73)

L7209 (LA TlE. normal ordering DFEEFHITAEWL £7), DX 0,
vertex operator 3 % & | z = w T branch point AT, ZOFHH T
o LD field S TlZ2 572 <720 £9, TIND, o Z2ma 72T H
TYERZE (70) 23V U k@ vertex operator &\ 9 Z &2V FT, H
72 AT Z D vertex operator & energy-momentum tensor & ® OPE % & -
THET L,

a?

L plad(w) 2 iag(w)
T(z)e = w‘)Qe + P

awe'ia(/)('w) (74)

LIV ET, DY (70) 1FRE & OHTT, ZoWEEENET L,
Bl 2T fermion 23 E S FBERIND DR OND £,
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3.4 Free fermion
2IRTEDHEITIE, 47, &V D operator AT AL T E 9 DT, fermion
D bRsy & TR DIMIAZ 72 Y £, FERRIZ action ZEFENTHD &
S = [ o (T,001 +Tpd0n) (75)

L7 F9, T D action H»HE)FL A fermion D OPE 13,

, — 1
V()P () ~

Z—w
— 1

Un(Z)Tp() ~ ——— (77)

T T OFEBFHFERN 0 =0 TT D, o X2 72O E LT
WET, Y BERTT

ZIFEHIO K 91T fermion [ X ZEFEERIZ XL T 1MMHEEZFF> TWWEH A,
2WITEDOHE BFEERT, FEHRIZH L THRELETOREENH Y £3, £ 2
T, ZAUTKHS U CERSA EHIRINC & D0 EHIENZ & 27T fermion
D mode BHIZ 28V H Y £4, O&DITHFEH moding T mode EFFT
HRV F T, Tivak NS-sector & FFONE T,

br(z)= 3 (78)
reZ+3
H 9 OEDIFEH moding T mode BT 50 5T, 2H 5% R-sector
EFEONE T,
vu(z) =3 v (79)

n€ez
TIT, 2DOREIIHD % X fermion DR ITHFRL TWET, Tk b,
NS-sector 1% 2 & 2™ [ZL CHHFEREDLLRNDIZRIL . R-sector 1%
TR EDDEND RN ET,
EiE, mode BEAZHMT 2L 1T 1 Z ANRVOT, 5055 LT
B DGR HNT72 0 £, OPE(76) 23t/ 2 ZZHBIRITIR D L H 1T
Y E9,

{¢r7 lf/b} = 57'-1—5,0 (80)

23



fermion @ energy-momentum tensor [XIRD X 1272V 17,
1—
Tr(2) = 50, (2)0.04(2) (81)

Tr(z)ldc =10 OPE Zi7z L £, Dirac fermion (&, Majorana fermion
D2fEDBHEZLZEFF>TWETH, Dirac fermion DFED ¢ =1 TT DT,
Majorana fermion ®#&1E ¢ = L1272 0 £F, DE V| central charge &
"2 & EiJ free boson 1l & Dirac fermion 1 & (£ 721% Majorana fermion
2ME) IXFEFE L WD Z &RV EF, (UUTFTIERC ¢, OHZEEZ, L
RIFAML £7)

Tp(z) & ¥(z) DOPEZ & % &

1 O (w
(z _2’11))2@&(117) + z@—( w)
D FET, DFEV . () ITRIT L D field T, (T4) & (82) Z L
HELa=1&ET25E vertex operator & fermion NX S L TWDH Z Evbd
M0 FF, FIZ, vertex operator [Al =D OPE % &L > ThET L

1

Z—w

Tr () (w) ~ (82)

pi6(2) g—id(w)

(83)

L0 (76) LEKFEIL LD £, ZD X DIZ, fermion 7% boson
THEETLE I &V I DOMN boson-fermion X-Td, 22T, YHEAEH
& ¥ T boson & & fermion DR T—EHL TWAHDNEWH Z L3fE
WZRVETH, TNEBR L5720, LT TIEHOEREEEEZELX THET,

(EM) bHE&bE&EZX TV Sine-Gordon DFHIFHAEIEHN & - 7=
25 . boson-fermion XS THANERIZE 272 25DTH 1?2
(B %) T EToOEMmI free field DA TL 72, 2L Sine-Gordon
DEHETIE, HAEHEZ
iBé 4 ,—iBé
cos B¢ = % (84)

V4]

LEEMZTHL L fermion IZRZTEET, ZOXIREFEEHEX T,
energy-momentum tensor Dxfnax R5Z & HTEET,
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4

T T+1

-

0 1

X 7:

NV AATOWT DR Z R 2 7o DI R T & R IR L %
T, ZORD FIITWANWARFRERH Y £9, 2oLt K
TDE D RFATIAED ETHOMiwmEEZ D Z LITIGL ThET, 2
DR Sy B BT

Z(T) T,r(e%rirLo—?m'*rfo)

_ T,r(e2w(rg(Lo+fo)+in(Lo—fo))) (85)
T=17+ ’[TQ

L7200 FF, ZHUE, string state & 72T BRI, 7 T RS
mAIEEL 7%, BLOHITAZE2ERL TWET, ZTRETHMEE—
REEMEE—RORBIZENTWELZN, TOmGE RV Ly+ Ly
IMERDO NIV =T 2 i(Ly— Lo) BDEBEIZ/RY £§, T THTE
72 Ly & Ly & cylinder EOHDOTT, Zivz plane LO L DICEEH X
L.
Z(r) = (qq) 5 Trq" Trq"™ (q=¢"")

L BmE L EME TR/ > THWES, ZUNbAERE D
MO OREEZFHAL FI08, ARIICOVWTHELS FRRICHAETE £7,
BASHYR B RITR D X 1272 b £,

r2

ET‘EZ qT
?1021(1 - qn)

F 9. boson @ Fock space ® 9B a_; TEGIN D state DEFH-% B TH
i—g—‘o

Trq™ = (86)

Lo(a—1)"10) = m(a—1)"0) (87)
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X V| partition function ~DZF 5%
1

l4+g+¢3+- = (88)
1—g¢
a_, DFHHREEEIZL T,
n 2n 1
I+¢"+¢"+- = (89)
1—q"

LRV ET, T IV, (86) DAEEHT oscillator DFEEHEFZL W) Z Ry
Mo FET,

a-1/0) ———

X 8:

—J. (86) DAFITEIFE E R L 7= soliton sector D&HEE542F L T\ F
9, ETEBL 72 “meson” @ fock space (Z1Z soliton 28 A> TWEH A,
vertex operator e [ZIRILA § 125720 T, |0) & a_1]0) DRIT soliton
state | £ 1) RN A->TEET (KQ), Zhid ¢z ODFEEEEZET, soliton
sector 13 | 4 2), | £ 3),--- L DT TR, TRENITRE Y #DOT
(T OBEEGZ . HFOEEMOWAEHL T 5Lk THE
o DED L (86) 1T meson 721F TZ < soliton &~ TR L ZARERIZIR -
TWET,

KIZ fermion @ partition function %% % 9, NS-sector (DWW TE X
o

oo

Tr¢™ = [[(1+4¢")? (90)

—L
=3

L FF, fermionlZiX o, 0, O 2FEENR H - T, v ITFNEN LESE
Lo TWVWET, fermion (X 2ENF D EE a2 30T, FlxiX @/J_%
DHFEIT

1+q¢2 (91)
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E_% HEEETT, Mo oscillator DFH-H AL & (90) DX ST/ D *F
ER

(‘Ef) boson @ partition function ® & Z AT meson &9 FW\5F %
LIZEBRIE?

(B x) meson & F27-DlE boson @ oscillator (Z X532 IRAET T,
£, boson 72726 meson & F D DI TTN (KR), 72720 fock space 72
LE-oTLIZS N,

(86) & (90) 1%, MEERFnL MRFEL VD K OICRZBIZE2<EI DT
73, Jacobi ® 3 AN

Y47 = ﬁ 1—¢")(1+¢" %) (92)
reZ n=1

MNE, STEONRFEL LOIEEWND Z &3m0 £, BARBIIC fock space
THR% &, fermion TD ¢ |O) ~1]0) A% soliton | £ 1) IZXHEL TWET
Flo, D levellZH B ¢_E¢«’_%|O> 753 a0V IZHISLTWET, 2D XD
(2, soliton & & A72 boson @ Hilbert space & fermion @ Hilbert space I %
TR —HLTVET,

ZIVET, kink DIEN 27a T, a =+1 DFEZiFEmL CxELT7-, =
AU fermion (2R L TWE L7223, JE4 D action(75)121L ¢ — d+a D
SPEDR D D DT, ZORIATENENEEA, LTI T, aBSHOED

G EBEXTHET,

ETa=V2OHETT, ToLx,

JE(z) = V0 (93)
T(z) = —0 &(2) (94)

i
BEZET, JE2) 1T a = V2 DL E D vertex operator(70) T, T b
DOPE# L > THET L,

JE(w)

L —w

Jg(z)Ji(w) ~ =+
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1 2.3 (w)
+
(z—w)?  z—-w

LR ET, ZHULSU(2) D current algebra (272 > TWET, JU(2) &
Ji(z) = 3 Jeaned (97)

& mode BT 5 L, (95)(96) IO X HIZEFET £7,

JH(2) ] (w) ~ (96)

7:

n?

Jo] =i T 4 knd g (98)

L0 9, ZUEEFE L Kac-Moody W& &E W2 10T, 505 EE
k=17T9, ZTDX ST, bosonn>H non-Abelian gauge BEDHEIEDEIL
£9, ZiE Heterotic string DFERICISWTEEIZ/ Y £7°, Heterotic
string CTIIEM & & A& TIHEXFRT boson & fermion Z ANV 52T, /&
M X 13 bosonic string(24 & boson), £ A & X superstring(boson, fermion
FNENE) Lo TWVET, I TEME D boson A’ 16 HER > TV E
TR, IO ED X HIZ L THZED gauge {FRMEZED £9°, ETiX
boson 1 {E T rank 1 @ gauge B SU(2) 23MEiLE L7278, Heterotic string
DEEIT L rank 16 D gauge HENENE T, B THEMm T o0 b Lk Y
A3, consistent 782 rank 16 @ gauge B & L TlL, Es x Eg & SO(32) @ 2
LN EWV ) T ERGno TVET,

X 9:

boson 1 T fermion BNEN D017 T 06, BIFMEEZFF-72 R BI1E
NET, FNa=/3DHEETT,

T(:) = 5(00(:)) (99)
GE(z) = FV30) (100)
J(:z) = 0.0(2) (101)
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GE(z) 1% a = V3 7D TIRIE % D field T, ZiUlE gravitino (IZxf 45
Vertex operator T, energy-momentum tensor7'(z) I% graviton {Z %5
LT, KumE2TY, ZLTRIELID J2) 2Nz b &, KID KD etk
BN TEET, ZIUT2KRITLO N = 2 superconformal field theory (2720
E

PLED X 512, parameter a ZE AT B EWVANALIERD T LD
DET, ZAUCEEL T, B THTL b T-duality # Z Z TEALZW &
BNET,

3.5 T-duality
F9°, parameter « DEMHEE X THET, FLIFTL | soliton 5 &

O(ze¥™) — &(2) = 27a (102)
LD LERLELZ, DED, ¢lX2MTH S (branch cut 3% %)
LWHZETY, TNIE. o

S' =R/2wdZ (103)
IZEZ & D Z L ZERL TWET, DE D, target space(boson 2MEA &
522 M EIT R TIE7Z2 < ST compact fLSN TV B EWH Z & T,
boson M mode BEHZ EWHL TH D & |
¢(z,2) = or(2) + ¢or(?)
Qn

= :c—ileogz—ipRlogE—l-iZ(—z_"—i-(Ilf_") (104)
o n n

TL7z, 22T, 2> 2™ LT DL, log DEIME 2mi BERTITHD

¢(fce2ﬂ) — &(z) =2n(pr — pr) (105)

L7 ET, 4. target space £ R T compact (kSN TWH LT %
PN gV =

6~ &+ 27R (106)
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EVIR—MRET DL LIZHEL CTWET DT, 27(pr, — pr) DS 27R D
BEETHIETINZENDbY T, oF0,

pr—pr=wnR (107)

R0 ET, wiX winding number & FHIN 2EE T, —FH. ObDE
LAERE 2 12k %5 momentum pld, target space 73 compact /b S 4L T
LOTEAHMbESNE T, WENRIEL o2 23 2 122 T periodic TH D &\
IEFEND

n

R0 ET, (107) L (108) 73 pp & pril OWTHEL 2 &M TEET,
INEFESTZINFX—%2EZITHET, TRLFX—X Ly OBEFETT
DT,

1

1
enerqgy = 51)% + 51)% + (oscillator part)
1 v
= ((Rw) (;)2) + (oscillator part) (109)

EWVWIRIFIZ/R D £, ALREETIN. ZHEHFNNSASCHRIFS AN
BRINT-TEH ,

) — 11
n<w, R(—)R (110)

WXL TAREIZRS>TWE T, DF D, boson DILIGFNE R D & target
space DHEFEN R THHH L £ ThHH I LBRARNE NS Z L TT,
F. Ik op & oopl Ob\“CODT#ﬁ&tk%%ZE%Li‘? (110)1X pg &
PrIZOWVT pr o pry pr > —pr &V I EBRIIHIET HDT

oL O (111)
OR > —On (112)

EWVWIHIEHEL TWAZ LI F£9°, OF D AME mode & A X mode
TRAREDEHEZTHOTT, ZHMT-dual BHTT,
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RIZ ., BIRTTD target space TOH T -duality (ZDOVWTEAL £77, target
space N A RITTEV D DI, boson N dElH HLHEDZ & TT,

o (i=1,---,d) (113)
a7 MAEEEZHOCTRO L IIZEETET,
$=Z¢i€,¢ (114)
i=1

Z 2T EIT dRITZER D 1 IR 72 FEJERTT, boson 23 1 fHOHEIT ¢ &
O+27R ERI—HRL L2, dIRTOHAEIL

b~G o+ n’F’, (n' € Z) (115)

SM&

LW RI—HEL £, 753_% BT & TERSND lattice LD RAEFE
LTWET, 2F0h 2oz \:%onlﬁlaﬁxéﬁf:a%a:gmﬁmm%
TN LDOTTHR, O lattice EDORDORTEFOFTIUTERT D L1009
ZEEEHRLTVWET, 2 kD, dKILTO winding number |E

= Z n'e; (116)
L ET, —JF. BEOEED momentum (3,
v +]7R:Zm-i€i (117)
L ET, T2 T E D dual basis &£ FEHIN D H DT,
(&,8) =d; (118)

ZW-THOTYT, DF Y momentum i dual lattice IZfEZ & B VNV
ZEEBEWRLTWET, (116)(117) 226 FEIZED L =¥ —D
zero mode ZFET 5 &,

_ %(ni,mi)M( " ) (119)



DESC2EFRCTETET, 22T M LV IFAFROL I b0
<

u:(ﬁ%m _O“):Q@ (120)
0 (&)
Q= ( -0 ) €)= (e1); (121)
0 ‘e

I CHTE AT QTR &L £97

(01), (01)
Q Q= (122)
10 10

S2FV, QI O(d,d) DITTT,
(119 IZFR DR TAREIZ I > TET,

(n,m) — (n,m)g (123)
Q - g7'Q (124)

I TglxO(d,d) DIt TY, 72720 nym 3T DT, Bk b B
W27 D72 DITiE
g e0(d.d: 7) (125)

TRITIULR 0 FHA, ZOFO(d,d: 7)), target space D> d IR IT torus
T DD T-dual ZH T,

d =1 OFFITIL parameter E LT RBHV EL7ZHA, d > 1 T
AUSHIET 201ZQ T, Ll WEBICEWRN S 5013 Q Tid7e<
M 72D T,

Q= Qh, heO(d) xO(d) (126)

EWOEMTEY A& O bORLITIWHMICFEE T, 2 &b, d&kio
torus compact {t. moduli space IZIRDF 4 72 coset space DIEIE % £F -
TWBZ NN £7,

O(d,d : Z)\O(d,d)/]O(d) x O(d) (127)
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(2R  O(d,d:Z) &1%?

(BZ) (124) DX IITENLEEATHENT D WO EHREEZ £1L
23, ZRTBYE S bOIIMEIICFEL b OROTEEZ & > TVET,
TR LENSBINT 22V ) BERTEMIZENTHET, Tl O(d

) x O(d)IE (126) D L STHENEDLD > TVDHDOTHANZENTWD D
T7,

OEDERRNO D ETD, TNETEXLTET MITHAEZOHRD
T2 DT, QUEE—MD O(d,d) DT TIEDH Y A, ZOREIT anti-
symmetrictensor By # AILD Z EIZ K> THRLET, 20L& D QIL,

0 = Q0. (128)

0 B
Qp = eap (129)
0 0

LRV ET, QLIE B Rk E 0o (121) TT,

(‘BR1)  moduli space DEFR & I1L?

(BEx) d=1DHEICIE boson IZKLTod— o+ 2aR LWV I A
—WELELER. 2O RPEIFOHRIZ > TWELE, Flx
R=1 ®& X|Lfermion. R=V2D & =T currnt (DR, R=V3 T
X supersymmetric 7252 CL 72, 2% 0, i)’ R IZ L - T parametrize
SNTVWHDTY, 2D XD, Biak ke D parameter DZERZ moduli
space & WO ET,
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3.6 Orbifold

boson % compact LT 5 ZEM & L T orbifold EW 5 0N H Y £3, Z
AU DWW TEBAL £,

ZIVE T, target space 3 ST &\ o7z regular 78 ZEM D HE %
ML CE E L722Y, target space 28 singular 7236152 5 2 & b A[EE
T9, ZZTidboson? R/ZyITHEATWLHEELZERX£T, B TK 3%
I~ compact {bZFEim L £ 328, DL X LK 572 orbifold 2%
X ET,

target space 75 R/Zy &9 DI, boson (Zxf L TRD L 9 72 [E—7%
T 5 EITHRIGL TWET,

¢~ =0 (130)

DED, b L EIREEMIESTLLDE | JRAIZOW TR K& F
— ML 72 ZEfEIN target space [Z72 > TWE T,

N

0

10:

CAUTEEHICITR S A A S LTS T, 2 OEAIZIE. boson D
BARASLSMHLE L TROSETZODOVREZ LN E T,

o(ze*™) = &(2) (131)
O(ze*™) = —o(2) (132)

2 7 [BlEE T 0 72 W) 7 & untwisted sector, 550 H 5 7% twisted
sector EFENE T, ZH LV, twisted sector TIZRD K 9 72 mode BB
W70 £,

o)=Y T (133)
re€Z+1
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ZD & 51T, fermion D R-sector & [FIU £ 2 REHIC/RY £,

B CHEm T OK 3 ZEMIIIFEFITEMHR L O TN, FkZ moduli & &
HZLICRoTCTYZERTZERTEET, UL, £ T~ compact
fLL 7211

(21, 29) ~ (—21,—22) 21,22 € C (134)
EVWIORE—RELTELDTT, 2,0 X T OEELZEFZHIHATL LD
TY, ZOZEBICIEEETL 6 HOFRANHY £9, I TRRERL
%, R (134) (2x59 5 fixed point D Z & T,

11:

EO-DIZT? |2 5B 25 L KO X DI 4 #O singular point 73 &
DET, RRUSNADETE, KERIC K > TH -7 KA torus ETIXFRIC A
ThHGENDY . TMho 3O singular point (272> TWET, K

ZERNZ DWW T HREBRIZL T 1 6 8D singular point NEINLE T, Z D

BIZOWTII R THEmL £

4 String DEFH

4.1 World sheet ® modular ~Z %

FHIF OFEFR T, target space O moduli ZH#2 &V 5 2> T EH#IZ DWW T
ERLELL, string HimE SV E T L | world sheet @512 % modular
REMENHY T, £ IOV 725ETT DT, world sheet OBV $/\WNFF ¢
BIbHWLTBEET,

35



EBEZXDHPNEL T, =BT NIRFEND T LT, Majorana fermion
DNALNWARGREBEEZATHEL L), FBROBEVELIZ LT,
Fermion [Z% U CIL “FEEOERSLMHNH Y £, Ramond 2! & Neveu-
Schwarz BIOBERFMHETT, ENENOREEKEZEFEZTL THET,

F7 Ramond RO SEEIHIL, “HEEEXONET, AL, RiEfnz
EHLEIT, BIZEALLT ¢ 2225850 E | Fermion (289 25 231%
fTe(—1)'¢ho Z2LnbDETT, 727 L, 22T F i fermion D Z &
T,

RO ZEZ 5L I, R M E ZZ/- G moEEENSEEIZRY
F 9, Fermion (Zxt9 A2H0% & 5 2 &R H st L CR#MRIER R
St & A Z LICRHE L ET, WA ORI T rAlc it A K
R R L D Z LT

ZERIA N T DR EZ RSO TV D Ramond & Neveu-Schwarz &
D ZOD sector (ZxF L TEAVEILRFHE 7 RIS & JE IR & SR IR o —FE
HOBERFHENBZZ 6N ETOT, S CTHEROSEREN &V £7,

% 9" Ramond sector /&,

(P.P)=¢7 [[(1—¢") (135)

n=1
(P,A) = ¢ [T(1+4¢") (136)

n=1

F 72 . Neveu-Schwarz sector I,

(A A)=¢ 5 [[(1+¢"") (137)

n=1
(AP) =g # T[(1 - ) (138)

n=1

ZZ TP, AL, FNEN periodic, anti-periodic 5L TW\WE T, —
FEHDOP(or A)IXZ=EMAFMOELIME, ZFEBO Por A) IZFFEF M D E
HipEAZFRL TWET, 121X Ramond sector IXZERAICBEHA TH A 7=
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DEEFELT moding SAVTWE T, 2 NS sector (T A moding TJ, D
F 0 = F OB ML moding 12 K> TRB SN TWET, WICKE/EFH
MOBEEMEORREE 2 £9, fermion DEEEEIZIZ, 2FIT (1+¢")
DERENH E T, TN REAFERAZETHISL £77, 15T fermion
MHOFL (=) Nd 5 & fermion N —{HLS 52 LI12, FEHRU-LD
RDHDOT, ¢" DETOFFED minus (2720 £,

L)

12: EEARTHIE O AT MO

S Cqxhqg=eT L HRT A—%—L L £7, world sheet £ mod-
ular Z2#2 L (TR OB AR L E£7, £9 SEHRTTHN

1
T —— (139)
T

LEFRLFET, ZOLEHDOILT Fermion DS ELEIEDOIZRD XL 912 B A
WIZRBDEDY £7, (%,

—2mifr (140)

e
Il
[

EERTDLL,
Ha) = hia), f(0) = Ffsa), —f2(q) = fulg) (141)

TOLE, TE TIZEBT DLV IEILE 90 )RR E A
OPPAL £3, ETHEDIC, T TEZ L TR EE X ET (X12),

ZOVATIAED 0 — 7 O EFEEIZ, 0—100% EFRTFEICAD K
NG EELDY, FEEL TRV 9, FL T, bEbED0—7 DT
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-1/t

1 1
13: S ZEHAIT X 2 EARTEB D LT

(R R R

14: JEHME

DREEIN IR D I DTscale LET[K13], £ 975 E&EHL /24T
AFO modulilx, —1/712720 £,

AL AT OREERIC I3 ZE M H M OB & 2 | it LR/ m)
DERFMEE L >TEBEET (M14), £O L & SEHIIR L TILHEE
2Oo0FMICEAL CTRIUERFHEEZFOLDITRMAFKEOEERH VD %
A, —FHFAELEPHRRI S TNDHHDICELTIE, (AP) « (PA) W
INNEBDLYREZ D 7,

HERFEICET 5 20 & 9 BT, FEFIZ non-trivial T%, ARXA
K, EHRLoTHEMPNLZONPAL £9, FlxiX, fi2d fi OREHIX
Jacobi @ o) 8%k & Dedekind @ 5 BE A FHWNT,

fo = \/‘j? fy = \/E fi= "4 (142)

ERTENTEET, TITT, 5id Dedekind @ 5 B%EL, 91X Jacobi ®
VEEET. T o0 BEBBEERITERMTROBRICETZ ENTE ET,

oo 5 [e] [e] 5

V3= 3 ¢7, = U 9 = Y (-1)"T (143)

L7278 > T, Jacobi ® ¥ BEIZ %I L C modular Z#atEZ FEH I UL B
WZ Lz £9, FDEERAIE Poisson @ resummation formula 2 IV C
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ToOZEeMTEET,
z f(nr) = %_Z f()ﬁ) (144)

n=—oo n=-—oo

fly) = /_O; d;’re_%myf(;r) (145)

fly) &%, f @ Fourier Z#ad = & T,

ZORNIT, ZOFEBO—FRINCH TE 7, Gauss 210708 Fourier 22
CEDREEZR, LWV OIMWEEIEFITETWET, DD o B
X Gauss BHAATZNREDTHY | 7LD/ > TWET, Gauss
DHOBITIX, wk 1w ERBYVESTWEDITTTR, 505EF 1
N =1/ ICEDLEHI R > TWET,

A

T T  T+]

[/

1 1

¥

15: T 28412 L 5 BRI D 22T

FIERIC, TAH#RE, K120 X JIZFA—RAEERL T HATINLR A |
15D K IO L ST T FATIATAC IR W B2 22T, T OAHAT
R—ROITWHEEZ TS TTOTHEOERIILED D FHA,

TEHDOS LTI, f3 & i ANDY ET, ZHIEFEILTRHES
WETELB0-1%, BlZIE. anti-periodic, 0—7 % periodic & L £,
T5 & BRBROREOBER S22 RO TUIRERWDITTT, 0
MNB 72V & periodic, 5T, 75 7+ 1120 < & anti-periodic T
TB, 0— (1 +7) OBEFFMAETEML T anti-periodic (2720 97, F
725 Neveu-Schwarz sector (2B L T, R F RO R LMD AN ED
nET,

INETO#EFBCIMEED SL2,Z) EHis R CEx£L1,
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=

A
X 16: T Z#uZ L 5 B804k

1. world sheet @ modular <24

2. target space @ T-duality

3. Yang-Mills B§& D coupling constant, 7 = /27 + 4wi/g* \ZXT %
duality

INBIEELSEZXD L RRED & ZATE VTV DEBIETT, L
L. &THWMHDS SL2,Z) THHEWOIHBENH D £7, AL RFTIC
TRAZ Z O modular REMITBEN 2D TTIINE L, REZ I WD
BENHLON, TNEERTHZ LN, HHREZHGROIEEH R
B RS 2 Lok s EBbnEd,

4.2 ZEHROIESH

WIZ, ZEROBEGwREIIMH, LI EEEEHEL TCRBETEVWER
WET, TREIMETRVASLAETATNE b B IAITHERD
FBHPIHEEOMEELRA ) LWV DI TTNG . ZORIC, B8 &
W%, EICBEHVNL TE ZEIFENI L TERWTL X 9,

FP. AT ANCKRIFOEIRNCHOWTHOLEFHL EL & 9, HRED
W R & &k ds EEXFET (HBRFE), mIFEETETHEERHZE,. kO X

5 L;El Ti#o
S=m /ds

Z DRIFAZ Yang-Mills 5, FIxIZ UQ1) O —VEREEL D ET
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~

17: R O SR

e /A’u_(l."lf'u

L F¥, ;KL L T,

L L. TOMAEREIL,

S=m /(Is +e /AN(I:L'“ (146)

ERVET, ZOERIZE, —EOF—IURFMERH Y T, OF D, E
FTLIRINT A= =%t LET L, ZONT A—F—DOHFERITK
L CHRIIEDY FHA, DFED ., gauge BHULE — f(t) TT,

FlIZIXZ OBEFHT Green A2 E25HBEL Lo LETE, DA
M o FTOTRTOpath [IZBEEL TREBUHUL B WERTT,

Glr.o')= Y exp (—m / (ls) (147)

(path)

X

18: FEHEFE ST D path

IND . REFOBEOHATTN | KHEROHEITILTNE 2kt
WCHEBRL £97, DEVEEICEREZ &> TBWT, (FAm L ERICHES L
TWADOREFIZRADITTT, ). ZOREROE-CEET 2 HEBEEEK
ENWIBLDEBEZET, DEVINOLOERERFHFOL O 2 RoTHEIZD
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WTETHEZ & 50T TY,
Ge)=)> exp(-T [ dA (148)
(%':) < 0¥=c )

ZZTT EEWZH OI8 string tension & FHIN D DT, KiT-O5GE
DEEIZHEL TWEHENT A—F—TF, Fl dATINEBEER T,
FL T, EEHFERL., SRAFOL O L T-FEEs-ER/ERANHE
NILT,

Ou(ph™ 0, XH) =0 (149)
L7 FEI, ZD hiX world sheet E® induced metric C.
h’ub = auéxrﬂab“xyy (150)

Fix, ZTEER/DOEE RO 5T 70 b ) i o R
R EA, ETHT, ROBBED & O OIXETOMEIZOVTRE
LEFDLENSZL2THoDITTIN, ZoFERNEEKITLDOFFIZX
D2FNASTNDD TR T, LN TLRPMEL R 7,
Tl D FELRHTZDN, Polyakov DFREEFET T, WIS g WML T
Lagrangian # ZFE# X £,

1

—— aby X 9, XH 2
W — / V790, X, 0, X" d%E (151)

1

_ 52
T - (152)
HEbEIFZETO, XIZHETAME T 2EZ2 CWEbib ey, 4%
X2 TO2RTHEOHESE XICEL T2 22 &2 £9, HEIZ

R BRE L HBORBIETEAICMA D A,
VR (152) 70 B WAL 2 EB R E LT, 3HE g OEMICET 5
BREEL CHET,

0 (/99" 0, X*") = 0 (153)
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gap EVNO DL, world sheet EOFHETT DT, world sheet E® energy
momentum tensor &AL TWET,

1
T‘(,,b = aaXHab‘X'u - 5gabgcdatr){uad){# =0 (154)

PO g RS ZENRTEET, TNER (153) ITRAT D&
TR MBS OHERTL I OEI-REONICLLE 2D T, L,
ZOROVICGIZETOIEDEFEITT LI LN ARETHLIFELEH L -
D Polyakov DIEFETT, ZDZ Lid. 2RIt ED metric g, (2T 5 2
WIEDBEFENEERIZHENTLE D Z L2 ERL TBYIEFITRER
T=FE T,

Z DL ED gauge FFMEIX 2 IRotHE EO—MREAEZHRIZ 20 £,

0&" = f"(&) (n=0.1) (155)

LT —VEHHREZZOHY T, b b LEEITMIZREHEN 3
EHCH =V dFRER 2 SBHEZRF > TWET DT, 1 OHBENRRY
EFT, TNE2HAWTHEZS —VEET LD TTITE L, Kol BH
FEOFTEL TEBAWDDIXL, ds’? = gudo‘de’ = e?dzdz T conformal
HELMEHINE T, oL Liouville 0 H B E & ML TV E T,

WOl AT—VEELTCLE I EF—VEMOBHETHITOERL R
WEEBZLNETN, ZOHA S HIT conformal FHE%ZE X720 WD
FFEL THE Y (residual gauge symmetry & FEOVET) | Virasoro FFRPEIC
o TVWET, DFEV w=f(z) LW I TBOEBEEHRTT,

Liouwvill 350D ¢ TI 8, detg = 2 Z{UAT 5 & | Lagrangian 705 58
BITHAD LT TVET, ZAUTHH#GHLE L TUIEL VDT T
2, BETERAINCEZ TR0 £9 & conformal anomaly D729 ¢ 3{E X
RNEWD ZERGND T, TN EAR Polyakov DIEETT, 20
Liouville part @ action 75

s=S5 [ (G008 +ie)
ZAUZ bosonic string DEFETT, ZD ¢ D HHENFK- TS EFEAEIEH
MIRL NS 2L H Y EL T, BV E I ONREELVOTYA, D =26
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DFFZIZZDOIEITEZ TL EFWET, ZDRILA critical dimension & W
WET,

superstring DHEITIL 2 RIC LOBE/NHGRTERZ DT LI £7,
IO EFImIICEY % O L FEERIC L TEXIFME 417 Liouville 35
DIERAHTE T, AEIEX D =10 THA £,

HHEROBERRE WO DI, E OV IOIBEIIR>TWNDHNEN I & &
loop T 1 {32 diagram 23 & W £3, ZiL% tree, 1-loop, ... & EL7=
HONEEROIRIEIZR D 3, (K19) —7 O EBENO REIZ 3G
LTWET,

+ +

19: tree+1-loop+...

80 MU — ST SN LOBEHEIR L 1ZE SV O FEELTHNL W
ESC ARSI 3¢ BN

1. % Riemann i FC2RdD CFT & £,
2. % order £ genus T moduli (IZEHT 2R 21TV E T,
3. ZIZ, £ topology #7- L &I 213 T,

LW BEAT T THEINET, ZhaWnbnbFETI LR
T D, VWO T EITEd, LaL, 22 CTREROEEGROK
MR RN PO kD> TE £,

critical dimension % cenrtal charge TV XX, bosonic string T ¢ = 26,
superstring TIX, ¢ =10 &£72 0 £73, ZD X 972 central charge Z£f->T
V% conformal field theory T&HIUX T T Z D process & ~T, BEIRE
FZERTELIFICRVET, ERc=1D0HAICHHALE LI LI,
cZEELTZ CFT &9 DX, target space moduli (22T DERER 72
BHENDHY £7, £7-. T 2 Tl toroidal compact {LZFREHL 727217
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TLMN, b o &M Calabi-Yau compact {LENZE 9V 9 DL
THERICEZSDOCFTRHY £9, DEVEZERRELRNENH T L
2720 £,

FiL, FRFOMARD SR L E O FRFEIRRTRELDN, Lo &
CFTZA20h&E 0, 3RO LERL L, 4RO bDOBIENL L L |
SO LD BIEND, LWV TENBREVOMNROLNETA, F
oy e xIF 10T 6FHA2 D 4RTET D HL TS HFRZ, 6 RTD
compact L E W IEEALIT O DT TTN, 2 4R BIN T, I
DRFTEL R ETVONEZTHIENDNY XA, ZOBRTIE, %R
LIEZNOOBBEIZOWTOTERADENE NS Z LT £, K
ZEDIRTERFRLF O HAE L & 135/ b AN R BEIRO /NN T A—4—Th
DZNORRE SR E WD A TCIEEEROBHRIIERLE L TEET
RNEVIFEEZERL TVWET,

(ER) p > TR T

(ZZ2) FEEICHET2BHET, EFMETHTSLEZOND
K+ T9, Einstein TERINEFL T, HoTHR THHENEEA, TT
WO INEL CHERABZADLDELFARET, £H2T2LHHBIIRV ETO
TRV BNFREREFREEDLIZENTEET, ZOHEITIFTc=267T
72 TCUIBREZ E WS Z LiTiFR 0 £ A, 80 FRER YT, target space
DRFTB 1T RITTEV/INENEE (e < 1) FEGRIMRIT S, LW O FENHE
fRSNTEI=OTT N, 4L Liouville BFRMAET 2L WD Z L &2F&
L CWET, DX 5 72HAI T central charge ¢ 23 ERRKRIT 26 TH
LV ENES D T, TTND

(‘ER) £ 9D parameter THREAL TWDH D TT N

(& Z) world sheet @ Riemann M D /RO (=FE%L g) 235D Fiw D Feyn-
mann X loop KL £7, % Tdilaton &V 5 BHENHTEET
AL ZAUL 2 RITD scalar B L | L [ORP 0 L\ I FETHREAL TV
7, O ZEZEHIEE (T & TEEXHILE & [RYPe 720 %
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To &£ [RPdP0 =2 —2g TTOTTE action D Z DI 5 Loop EEHD
BEGEOL I REORRATEET, DEV, 2™ LW HOEFEE
EHMELTERBEAE 2D 7,

4.3 moduli space DFERITDULNVT

IR Loop BEAOBROFHE TN HMEAIIZIEL Riemann H D mod-
uli ZRICET 2R ZITHO 2 IRV EF, 220 T 54D LEEL
<I~ET,

HEHEFEHEGRE WV IIL2WILENT RO HLETO Riemann D72 L
HITFZIToTWLERTY, 2FV &b EORBESOHBEEITHE
EolzblFTY,

LA DOHBE @ dyg

—FTEES LW BBEED Liouville DBHEE L | (gauge BEL TL
FOOTEELESLRVDITTIN,) EEEHROBHRELNH D £,

BOLEWBEBEE © do,dét, de?

dglZIZRFZIN O OMICARBBEOFGFNH Y £,

dgap = ddgay + Via(dépj) + Z dm'g’, (156)

dg DEZFOFT, Vi (dé;) &V O HITEEEZMOBBETH Y S
Btz 7 — VU HERRIZOWTHID & A £ 77, doga DERSIIX Liouville
BOHBETHY, BRRTTITHAE T, &HEIFKSTWD Ydn'g,
ITHERKTTOES % 5% £9, 245 moduli space T,

1-loop TiZ world sheet |3 torus TN 5 | 120X 21271 V9 pa-
rameter 2% W £ L7223, moduli ® BHEIZZOBEICITr DEHBHEZ
DHLDTE, ZO 72 BXLEMI, 128 LTEFEHRTERIAL L H &
9% & linear 70 25 #

0z = puz (157)
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TEZ b ET, Hx TRBEICZ 2 D1E = O FEEZS D B4 B 673 torus
TR B > TWRWETT, DF D — R moduli DZ 5y b ERE
BHDOEFIAS>TNDEICARZETNE I R->TERHA, 2D
A0 B BEEOEEIT

(1. 7) (158)

EWVWH T LT, ERTHRZ DL 2 parameter (T2 0 £, —RICTERK ¢
® moduli ZEMILEE TERZ T69—6 (¢ > 2) DRITLEFFOZ LITRY
EJSpN

Z AL T Z @ parameter [FIFOBFH TIFAIZ 72 > TWDHO0, OB
L OFIGEREZ X THET,

HOMETORK 20 D L 572 tree graph DFHEZE 2 CTHE T, propagator

1/{p*+ m)

20: JOHEGHIZIIT D tree graph

1/(p? + m?) &9 & D% AFLT Feynman parameter O FE57 % VT A
AR

1 S |
= [ dte ) (159)
pe+m 0

72N WK 20 DEFOBMOEEIN t T, HBOHEGROENREEIT, =
DN 0DEZATHENAIEHEDOZ E2EL TWVET,

T~ 0 AT (160)
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—F ZEFROLA . propagator DFROE A 21 O X 5 e mEIAbIT
9

)

21: string amplitude

propagator £ 1/Ly TZNEZIRD L HIZEZHZ 7,

1 /(]TE’_TLO (161)

Lo
(162)

ZZITHTLS D 7iER (159) o1 LR A, 2O KiFD%
DEFHD Feynman parameter 75 5352EFHO moduli 7 IZXISL TV 5 &0
2 BRI £,

ZOXIETWL & BOBEGRDOEINFEBIIKIET 2857 Imr ~ 0 D &
ATEBPAELDEIICEAFET, BEFVELLL IICKHERTIT
world sheet @ modular REMD & 2 DO TRUIFIKE S BENVES, 22T
modular Z#1%

ar +b
= p— (163)

LEXFET, 1 OV EHMEIX complex plane O _ETIXX 22 £ EDfk
72 EEEEIC 220 £9, X (161) (X2 ofEEO rIZBEL T2 \EE L
HLDOTY,

EZANT = T OEWIIE ST r OEFEIZL - CTHRE Sy BEIIZ L
LEEANG, SEREEOBESIIFECES ZME YIRS Z IR
redundant T9, L7223 > THIRDEZ H T 72 OICITE 2 3 E modular
EHROEBECONTE > TRL R TUMTIT ERA, ZOE-THDL
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N2 220 2 FARRESE & FEOV £, 1-loop DIBA EEATERILX 22 F Ok
EI/2 D Z by £9,

222

) e \

\%7

T~-1/t

22: torus moduli O FEAGEI

Fix ﬁﬂ%ﬁﬁﬁ#ébékb\ot

DX Imr ~ 0 DETTTA ., HERY2
FEomEgs BT £9 &,

SRS TOVET, DF D LR
X2 D & D 7RSI B “C%Z)kb\ﬁ;k#bﬁ)@i*f 2F

DX 23 D& DIZESEROIEFITIEDOE N X © 2RI

HELLOI LT
5L

moduli ZBHZ L - T, FRAMEO FIZE > TV bdbi) T,

=2

B 23: SL(2,Z) ZE#Z X % string amplitude O D BE£R
80 FARUTITFLEFR OB 2 FIEIRIE—2 L bV FHATLI,
Wihip % String Field Theory T9, K24 AT 7230y,
T OEERIZEARMIT vertex & propagator ZfHAEDOETETHEL D
T, String Field Theory &9 D%, FIL L 92FEZFHT

D propagator & vertex, ZAUT/X Y ATZNRE O TN
HEDLETNLZ LT

. string

b ai
. string DMEERHZES LN TELLEVIE
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FT. SET.
Y — p o

24: vertex & propagator

2 HFTT, BIzIXK 25 DX 5 7eE ThiuX, Z 27 propagator, Z TN
vertex, WO X OITHTH T ENHRET,

vertex

4

vertex

propagator propadator
25: vertex & propagator |Z & 5 world sheet D435

SR DGO ROGE . K (161) O X 5 72 parameter F850 1L — H
Lagrangian & 2 52 TL £ 21X Fenymann [z & Z &Ik BEIRIIZ
BATLEIZENTEET, 25 R FOERCTITHOHERmEZ V> T2
AERRL TL £ AE, T OERIBHEROETOHRE H 5 ERTHAE
THIENTEDHZ LRV ET, /-, offshell DFREETe &V 5 T
b, IHICEATIHEINBIRMEEE CER CEDHLL IRV ET, A
CEOZLzZHRmTHITADLLIICT D 2 LBRKRDOHOHERD AR
TY, bLEZNNTENTZHEGROIFEIRILEE LT I NHHTL

HITT T, LITAN, AETOL ZAZDOHATORFEITTRITITAL
DL TWEHA, DF D ERED moduli ZFDOES DRED AT v 7 TH
REEBIZFE IR A HIRT 2 B A B NE L2, ROGOHEGE
FZDOX D RBIREHT ZERHEL NI ERMONTVET,

KT OEFHDO LA Feynman parameter OFEELE VW 9 DO1E 2 FEFEX 26 T
9D T, parameter (ZBIL TO0 ~ oo THEOL TRNUIZENTEBL ENT

>
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7. (X26)

>

Do
X 26: BHOFFED 4 SFEENEH

—HTREED Z & % string TRLA I ELETE . ZTHITHET S dia-
gram (XX 27T D X DT 5 DTF T,

27: string @ 4 SFEAEAEH

HEDESZ 0~ o0l T HEMBHDWVIIFEDERS % 0 ~ 00 I2T 5 &
WHZ LT ZDO2RITEMRKTIEH EVERRH Y FHA, DFV HH
WO BLDONRH LD, RATENEREL T—KELTWT, ED LD

IHEITIURREVON—BHITIEH Y £HA,

wﬁﬁ@%@ IXER TR ERROEE I a0 bl —HE
FERBELRAN R TEL W) T TIHFFIZUHL TLENELT,

RITIZ 72 5T, ZOHEL W& B T o KB RR O FEE BRI 22 Bhid s
D-brane & W O THRIZEEZFHWTER T 5 Z & 03 450 D RS K=
KEP->TEELL, TOHLWERIZOWTHHRRZW & BV ET,



5 String Spectrum & VU kY

5.1 bosonic closed string

A HOEFROBTHIE ., String EFHD Spectrum X° Y U k X D-brane
ZEICHEEL T, BRIV OO duality OFIZHOWTHERL £7,
Duality O fFlIW<2bH LD TTN | JRKES LV —2DFZFEL <7
Nl E BWET,

F7°. fEEZR B, Bosonic string # & 2 F£7, Z DEHE D mass shell 5
&N 5 DOIIREH EFE L 7= Virasoro operator Z{# > T

M? = —ppy

1 & v
= ;( Z (mNE +mNE) —2) (164)
Y=t

LTEFRTEET, Spectrum L EF-THE XL, RATVSD String DHg2s
TWwoLifEE > T, KIFORICARZ DL EDEEXERL TWET, OF
D 26 WITHRFZEIZHLIL T < DRI OE & spectrum T9, EORD NE <
NEIZm#EBOREOET, 20F5IL, BEDOTRXALF—1bLDHE
T,
Physical state [ZE 9V DR H B EW D L | oscillator 2 H D% 5-
DTS WSS
lp >: mr=_2 (165)

a,l

T, 2428 tachyon T, RIT, massless IRE&IZ
Nij(p)=a’alp> M*=0 (166)

T9, ZZTiX, light cone gauge @ transverse ® 5% R TWET DT
i=1,....24CF, SED. 2655 2P FRVEKRECRTHNET, =

D state & N EEL & 22 {HOHBENRH Y £TH, RO 3DOES
WD ENTEET,

N,;j = G.,'J' + Bij + P (167)
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::VC“\ G,J hﬁdfx’]‘“( ]* I/“_‘X]/Z, B,’j &i}i;ﬁﬁ:\ ‘I) ﬁ: SC&]OI’VC“‘T)‘—O ﬁ
HEZEIET D &,

2425 2423
(%-2?:( 9”—4>+< : >+1 (168)

V4

L 720 & & Gravito, anti-symmetric tensor, dilaton ® HHEZFER L F
7, HHEOEE TTNHIAIX Graviton (IZDOWTIZIRO X 212700 77,
%&mfiﬁﬁf//w@ﬁm;i%%—lvfottb%ﬁ%ﬁmﬁ
EE D & &I, graviton @ gauge XFMEDOBHELZF|E £3, gauge H
HEN12HDH L, ZIZE > T, HOMERLRBHBEET2 OBV £
T ZOHE LT 2. 26 IR A B EE T 72 Lightcone gauge THi7Z
flE 22 1 & ﬁ(biﬁ“

(Ef)gauge BHE THHAMBBEOENE LD LIZE H>WNHZ LT
FI?
(B2 hofciR_EI L, QED Tl ¥ —VEESH divA =0 T—
EEBENREY ., Soiz2hicd 2 NEEE] OFBBREN S HITE-
BE2OOBEBHENEY £7, QEDOHZHIITFL O L HIZIHAD
F=VBI3 4 BHELZFo CWETRYENRBHETH HHEEE—
NIZBEHRE?2TT,

5.2 Bosonic open string

RIZ . open string ZFH XTI E T, open string @ action I%,
1

dwa’ Jm
Lo TWET, 22T, o IZBVWTWVWAREZBEEMIT L TWET, 2
D action DEZHE->THDE ., bulk OE D EEFROE S OFINT2 D
e

S = i?00,X"9,X, 0<o' <7 (169)

0S = bulk +

/ dodX"0,X,, (170)
oM

o



2T, 9, EEWVWTZDIX, open string @ world sheet DHFEFIZIIT 5L
ﬁﬁﬁ@ﬁ > ¢,

(&) bulk &1Z72 A TT9?
(& Z)bulk & IIEEFLS D world sheet DFEY 2IEDFHFEDZ & TT,
J:O)/]I‘ﬁéj\ wﬁj\ O( j (120'())(#62)(# k fot D ji‘d‘o

5y OAND open string DHFEFUT T LML 2 BEH L LV D
ZENbnyFET, OFD ., LD Poincare REM A 1D Neumann 3%
FEEE (b))

0,X, =0 :Neumann p=0,...,p (171)
L by —oODFEEEE L UL, X, OETEEN0THD LWV D
0X, =0 :Dirichlet p=p+1,...,25 (172)

NV £, ZiE, Dirichlet b.c. T4, 1980 4 E TlX Open string O
BEFRGAFIZ Poincare REMZRTHAEDOHLEZZ X TNz, H—0
fi#1X Neumann b.c. TL7, 2% Y Dirichlet b.c. & x5 &\ D Bk
NHEVIRINSTEOTY, &EZAD, string DEFRDO Y U U Z2EiwT 5
& XX Dirichlet b.c. ZZBX 5 +0 28T T 2H D £ 0O T, &bl
Dirichlet b.e. HEFBIZEBEZ LN TWET, GFANEZZTCWDH DL, Fig
28 & W RPLUTR > TWVET,

(&) 0 X+ L3 arTd
(BEZ) XrOESTY, EOFITIE, Xr =0 EEmERLET, D
ESUIN
0X, =0 & 9,X, =0 (173)
Z 2T, 9 1L open string 12Xk L CTHAT 2 FRIA~OH ST,

TlX. Neumann b.c. DFEZFEMLEL X 9, ERHEEL -

=M <ol < (174)



Dirichket direction

open string
Vil
hypersurface

»
Neumann direction

28: Open string D&% fixed hypersurface [Z[EE LTV 5,

EWVWIOJEZE S LY £7, Closed string DHAIL0 < o <27 L LTV
72D TFN, open string DHFAIT TDF50< ot <r&LFET, O
F V. open string DHEIT, BHRE L FECERAMERL £, RS,
time ordering 1% E¥m7CITTEHZ &I 9,

Z DJEFEZ{FE - 7= mode EBAIX

o ot
XH(2,2) = o — ia' In(23) +iy) % 3 2o (o 4z (175)
2 m=70 m

L E3, T, closed string DHEDRTa — a & LTEHAEIC
fHYE L £9, Mass shell condition |X
. 1 s
M? = —p'p = ~ (Z mN,, — 1) (176)

m=1

DE DT £, spectrum ZFZTZL TROLH L, —FTOIRAEIL, (165)
Tp LB N CWEZDE EEENT,
. 1 —-
tachyon k> @ M =-—— (177)
a
L7 £9, RIZ massless 1
photon k> 0 M*P=0 (178)

L7020 E3, - T, open string OFFHITIT tachyon & 77— VN HFTE
L CWET, BHEICE D L. closed string |ZE /I OEFH. open string (X
Yang-Mills g2 €& L £7, ZH2F&ET &, U(l) Lok TEwn
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/\j/j/\/k T i/\/k

29: Open string OFHAEVEH,

L ORI ETN., open string DEEFIZ color L »DIFAHZ LItk -
T, non-abelian DEFHAFTLBTHZ LN TEE T, T D open string D
Bl % color & (i, j) & FE £ 975, Chan-Paton factor & FHIN 2 %
DT,

5.2.1 Chan-Paton factor

Chan-Paton factor ® DWW fREER /7~ F TEL &

|kia >= zN: ks ij > A (179)
ij=1

DE IRV ET, DEVIHIZEEZDITIORETERL TV ET, Open
string OFHAEAERAIX, 220 open string 25 1 D272 % & XX, Fig 29 ©
Ko, jDcolor ZRL BT HMENHY £, 2V EHEKNDF
ETENTRD L

Z /\?j/\f/)’k = Ak (180)

j
LR ET, 22, color L WO HHENHTEZOT, RBET LB LU
FHEAN, L TD-brane WO B EEZTHE ZIUIBEARICEBETET 3,
Chan-Paton factor 3% 2 &7 — V84 U(1) 6 UN) IZFLHIT 5 Z
EMTEERT, 2D,

X = (UANU™Y)y (181)



(/}HQ

open string closed string

30: Open string x 3 — closed string,

time
“«

open string, 1-loop graph closed string tree graph

time

31: Cylinder = open string 1 loop < (dual) closed string tree ,

DEHIT, WED color #EES HRFME EHETEXET, ZOBHOTF
T (180) HRZEE o TV T, ELwDE.

CP72L — CP®Y
A, (Ap)ij (182)
U(1) U(N)

L7 9,

5.2.2 Effective action for open string

open string & BIZ 7 — VO HOME & B 2 D OILEEVTT, open
string (XFENTZTET TIHFAL IR E2 o< 52 L3 TE T, Closed string
ZHRICEATLENE T, XX, Fig 30 X° Fig 31 ® L 5 72k z %
ZFET, ZTDOXIT, WIDND open string DX FE & F HHES. loop
amlitude & % 5 & | open string 23 ZAL721T TRAL 72V T, closed string
23 spectrum (A D FIR D £, ZAm6 | open string DHEMEMZZE

—
{

5



g L ‘: O J closed string
\ closed string & en firing
(a) (b)

32: (a) closed string DA TPAL T %, (b) open string (&, B &L closed
string ETe,

2B AN, closed string spectrum & F DRV E | B JE7 BRI
nEHA,

(&) 728 closed string 7213 72 o726, AL D Z LB TE DA TI N

(BR) 2L 2E. Fig 32D X 5 7RIta B2 3, Fig 32(a) DAL,
closed string 7217 C. open string &z A M E R H Y FHA, —7F ., Fig
32(b) OHAE L. open string 72 TPAL L 9 L E-TH, WEICTHKRE
closed string NEHANTL > TWET,

Open string OHZWER X

S = / d*x { e (R 4 4(9¢)? — ll—Q(H,,,,,))?) — %e‘éT':"(F,L,,)2}+O(a')
(183)

WO £¥, 22T, ol dilaton, H,, = 9J,B,,) T¥, ZD

action Tl tachyon Z R L TWET, FFEHLDIE, 72 L e DA

T, REEAL & dilaton 12D X D RIET, e\ponentldl DBIZAY %
T ZAUE, ROBRIZL THH00 £7°, graviton DERSITREEEO E
Tl Fig 33(a) D2 AR ZEHETLIZ LI Lo THELNET, ZhiT

HEFRIED D Y closed string S A - CTX T, FR|EREEICHKIT TV &
VN9 graviton @ 2 mBAETY, —JF ., open string 2E VS —VHO L X
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h—>+—>h L A,

\d' k
@) sphere ®) 18

33: (a)graviton @ 2 KB, (b) 7= 5D 2 HEIEK

T, RO X7 Fig 33(b) @ X 5 72 disk amplitude &% 5017 T, #E
HigfmL72& 212, & &b & world sheet action @ HIZ dilaton factor 23

L:Ritlhlhe
Suitaton = % [ #o/geR®(o) (184)

DE I AS>TRTWET, dilaton & & = Oy(const) + oscillator & 7§ 5%
ELTVIRP T AA T —H L TEET, graviton ® & X sphere
DAAT—Fy=2, F—VHOLX T diskOF A T7—Fy=1%2FKW
T4, KEE o7 exponetial OFFIZZ DO L D ITFRIATE £77,

(&M BEIix, £ OV A THEN D DT

(& Z2) Bl zIE . graviton O FF T DS,

/[d‘x']e—(f GH 0o X 1 0p Xunap+Saitaton) (185)

ZG~1+hh<<1 & U TREEUE L72%IC, BREEDEZETT D
ZLIZE o ThOESNE (183) DD \/GRPY & 5 OB 31315
SILET, T E X5 topological term T D e~ Sditaron (D L Z AN |
e PHTET, (JgRY T > TV D DI T,

5.3 D-brane

L EIE. Neumann b.c. @EETL =28, Z 27235 Dirichlet b.c. % 2
9, 2FD, AFETLOLX =02EZZXTCWVWEDOTTN, ZI0bit,
X =0 WVWIBEREHEEZEZET, (6% 0!) oI, (2,2) TENHNTR



O = 0.+0. (186)
9y = (0. — 0:) (187)

LEFET, X = Xp(2)+ X, (5) LEBELTELEOT, ZRHOEHT

01— 0.Xp(2)+0:X1(2) = 0 Neumann (188)
Oy —  0.X,(2)—0:X;, = 0 Dirichlet (189)

720 EF, mode BEHIXZ OBEREHZWMIT Lo bIFTT, T-
duality 2L OBGREZE X TAHAEL £ 9, ERERLIZL 212,

./X' R — ./X' R

XL — —;YL

Z T-duality 2 L FEACTWE LTz, 2hvg BTAH 5 & Neumann b.c.(188)
% X, ORIOFFFR O < VA2 - T Dirichlet b.c.(189) (272 513 T,
Z X, PolchinskilZ X > CTHRAINE L7, T-dulaity Z2H#ii3

Neumann b.c. < Dirichlet b.c (190)

ZE|IEEZTER DN £T, b b E Neumann b.c. DFHITILU(N)
F=UENFEEL CWE LT, diagonal iZiX, U)N BFFEL TWE LT
NH . Z 22 Wilson line 3 EAT 252 LN TEET, Z4UE. compact

fbLizt & STo¥REE REEL L,
A, = diag(by,...,0y)/2rR = —iA"'O,A (191)
DEITELZERTEET, AL,
A= diag(ez‘X”Hl/%rR eiX”ﬁN/'Zﬂ-R) (192)

PICICIRIRY

LV DS VTR,
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(‘&) Wilson line & LA C4 /7?2
(B Z) &% compact L SN T %M & — B £ o115 C ISHL T,
fc Apdaz# CLEEINELDOT, F—UREEIZRY £97,

e TIRREBIZ X T 57— U &8 #1 T

lp = % i) >— e Xulti=6;) /2”R|p 21] > (193)

R FET, TITnIEEORETT, ZORNIMIE X, OHER
EEE p, IIRT L FATBEERL TWET, 1Eo T, EHRIIEFERN
(2mn+0; — 6;)2eRICTNES, AFTEIBEO ST THEmL CEELE
25, T-duality &V 9 OIFEFRSEM% Dirichlet b.c. ICE X T, S HIZES)
B% winding IZZEZX 5L WVWH 2L TLZDOT, winding 23 fractional (228
B 2L 05 2 &I1272 0 £97, momentum (2746, —0;)/27 R % T-duality
BT DL

(X" (m) = (X)V(0) = (2mn + 6; — ;) R’ (194)

Z 2T, "X T-duality TR EOEZELAFRL £9, Zait, Fig3d D
LRI AERL TWET, Fig 34(a) £ THHATLE, X, =6,R &
0;R D & Z AIZ{i)> hypersurface 73 & - T open string 28 % @ hypersurface
ZOIRWTWET, 2O hypersurface D Z & % | D(irichlet)—brane A
F9, 4 compact RZEMEEX TNWHDT, Fig3d(b) DL iz, <5H-
LBWT | D-brane [Z[EE AL TV 5 open string HFEL £9°, BIH T-
duality THREZREFRAZ D<A 9 LT 5 LT D-brane & B35 S 72 &
REIRNEN S ZERDY T,

TlE. D-brane 8% % & X @ string @ spectrum ZEX £7, 2 DDHE
73+ momentum part & oscillator part (2370 TV E T,

20 + (0 — 0;) R\ | 1 ~ |
Mﬂz(r” é ) )-+J@V—U (195)

HOE IHR oscillator part T3, H—IEIZ (momentum)® 23 T-duality
T (winding)® & 72> TWET, —#IC 2 5D D-brane BSEEIL TV 5 & |
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open siring

/

0 2=R

&R 6‘jR

"\//v
D-brane

D-brane

(@) (k)
34: & % hypersurface (255 % [EE S 4172 open string,

TR EENEA ET, T, D-brane Z-272< string DENITER
SENTTEbDERSTVWET, DFEV | —fiRIZ D-brane ML TV %
& Z DD string |TEE A FF-OD T massless L X H TR WDIT T,
X, TEADOUN)F—=VEERUL)Y s EDRFEE72->TW
F9, JLAND brane NE7ZL > T\ 5 & &, brane 27X T
O string 7% massless & 72 > TWETA | BEL TV, 20K 1Ok
IZHSTWND HDDAH) massless & L TFEDHNH T,

5.4 Unoriented String
5.4.1 unoriented open string

open string Z#&im 1 5 & & . unoriented string DFEFwm I T T2 &1T
TEXRVWOT, ZZTHNTEHEEEL X 9, £713 open string DITEIT
DWTER E T, EREFERLIZE 21T, open string @ 1-loop 1T cylinder
I272 5> TWT, Fig35(a) LW IORI—HEZ L TWELL, Zhud, BAEW

WZEHRET 5 & XTI,
Tre'® (196)

EEHELET, HiXstringD NIV F=72T9, LML, ZOXIHIZ
METARETH L LT HMEILIHY FHA, LoT, MEFHTAIEET
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time time

(a) (b)

35: (a)oriented string M & Z DEERD[E—1H, (b)unoriented string O & X
. AT 20EZ S SR bH Y 2 D,

720N (unoriented) &35 & | Fig 35(a) @ cylinder EASMZ, Fig 35(b) d X
U AOELRRICEZ D MERHY £, Ziud, ATEH &

TrQett (197)

Db Z &i27ev £9, Z 2T Q1% World Sheet Parity Operator ©
7T, €5 T, unoriented string #Zx 5L F5ZL1F, 202250 FL E
T OVEDN G DO THERRIRABIC & HFED projection 3B £97,

\
/

(ER)Unoriented @ ERRIZZ0 A TI 0?7

(& Z) string @ world sheet @D I & % HIER O A 2 FF JEIC & 720
EWIHZLTY, CDHoL—ALTELEIT, BERNKEL TWD
EWVDH LTI TVET,

z=e" O I LT, QI

Q:0'l 57 —0', 25 -2 (198)
TEZRINET, H-oT, X(2,2) TENTND L,

XM (z,2) = X (=2, —2) (199)
Lo TnHo0T, BEAXEZ AT L

1

xrt

— (200)
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36: color ~® Q OIEH

pro—= Pt (201)
ak— ol (=1)™ (202)

m

ELTRDLZEICHEELET,
D-brane 7’ —HDGEZE 2 TR % & tachyon I&

Tachyon Qlk >= |k >— 447 (203)
LRV ETN, UL)F—vHiE, iRl THAET,
U(l) 7 =% Qo = —ao’ |k >— project out (204)

— I =S U(N) O5EIZIT R (4,7) £V 9 color BN =D T
TR, QICE-oTFig36 DX 20 -< ViRY £9°, WERHIIZ 0%
=4 D QN

QAjjlksij >= Nj|kyij > (205)
ZIZT,
N =MNM"" MeUN) (206)
TY, P=1%X0., MiF2@EL,rEN< T,
0 Iy
M=1Iy or i N/ ] (207)
—Inp 0

LRV ET, TADT =V U(N) IL project out ST, HIEDHE .
O(N) &7 BEFDOEE., USp(2N) L7220 £3, #FFERT7—VHIT
bosonic string D ETL O(8192) TRWEZRBRWI ENH BN TWVET,
superstring DA 1E O(32) T critical dimension 2 D &35 & O(2P/?) &
ZANUNE 35 2
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5.4.2 Closed string
Closed string (2% L T Q &9 operator 3 E HSTERT 200 &5 & |
Q: ok —ak (208)
DE DT> TWET, ZHUZ, state (ZxL T,
Q> — |k > (209)

Qo a” k> — a'a” k> (210)

PE- T, (210) X0, (p,v) DRFIFRR & DL project out 4D Z &30
MY ET, DED | graviton & dilaton [FEXFERY 53, B, (TFHITE
T 2LV | unoriented string 1% B, DR WEERAZFTIRL TWH T &
o0 £,

5.5 Superstring
5.5.1 Open superstring
RIZ ., superstring & 2 £7°, £7 ., open string @ world sheet action (%

= 2o (Loxrax 1O, + PO > 2
5= s /Md 7 (a,,‘))‘ OXy + MOy, + M0y, (211)

LR FET, b 1T X O super partner T3, o, 0 KT AEER ST,
BERCEEIN EKE#MNO 2/ EL 52 TEET, AL LO
X Ramond sector & FHIN TWEL T,
R:  ¢*(c",0) =" (0",0)

(o w) = (%, 7)
EWNWIFHERSTVET, REMRZ S OIX, NS sector & FEEILT
ANGN

NS:  ¢#(0"0) = —*(a",0)
W0 7m) = (0", 7)
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EWIHBTEZLNET,

Superstring DHEIE S 512 GSO projection & W) FJHFEEZRL £, &
INIBDONEND L BEOT VI A VIRIEOHREZ R ISk
IHDOTT, DFED, 1+ (1) TEZEDILDODRIEEEEH L TT
N TN BWRT 508 F 9 & MERFE L 72 modular RZEMEA 2
FELTVD Z LY L TWET, NS sector @ vacuum energy 13 — 57 X
8 — % X 8= —% L7205 TUWT, spectrum 1 level 023

. 1
0 >— M? = —50/ (212)

R FTA, RLIOWRREL T =L S AU EFE DT, Z D tachyon
state |d project out SAVET, T DISHNF T super string |3 tachyon 7372
WEZTERBGR & 72> TUVWET, RiZlevel 1/2 TTA, massless (2720 £,

C’ﬁﬁk >— massless (213)
2

ZHE, 10 RITDNT b AFaERL THVET,
KIZ, Ramond sector ® 5L, vacuum energy (X 012720 £3, ZDOFF
7 )b I AT zero mode WFAEL TWT, 2O zero mode W\ < HE
M TH energy 1L ENHRWOTEZENHERL TWAHZ LI F
“9’_0 zero mode O ZZHEBIRIZIRD L 91272 > TN T

{ut.vgt =" (214)

ZiuZ, SO(1,9)Lorentz #0 Clifford R T 16 IRITRILUT/2 D 3, Al
H 16 2@ vacuum 23 7 =)L 2 AL D zero mode DFRIAZEM & L CTHgEL
TWHEFEHIZ LTV ET, BEENICZHE D DX, 7=/
F U DERIEBRER T2 ERL £7,

dF =

2

(Ui & i)

&l'*

df)t = —(¢0i¢0)

§|
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83

8y
&c

37: SO8) DF 1 F ¥

TR i j=1,...,4TF, TIHD oscillator 137 =L I A DERK
TEBD AR Z T - L £,

{df &7} =6 (215)

J

ZIZTEL i, =0,1,...,4 L TCWVET, FiOREICHLT2@Y D
BREDRHLDOT2 =32a20REPHLD L0 T ERDNY ET,
72720 . 2D 32FKEBUL, Lorentz BEOEENERI CTIEH Y £H A, Lorentz
ZEAHHRT DIRET T 320D 5 LA LT, BERIUL 16 RFL 20 %
T IHIC, ERIITERL B HBEIX SO(1,9) Tid7e < | light cone gauge
T transverse 72 7 A D Lorentz # SO(8) IZ% HE 3, 2F V| physical
condition T 16 F453 D 9 BN O THER 8 B D WERIIRAE L W H =
L2720 £9, AL TV 5 transverse 5 A O Lorentz #1% SO(8) T
N, THOBRMEBULISEBN 3 2H->T, T 4 F UKL Fig 37 £ 720
F9°, NS sector X7 hLiEIL, 8, REICEBL 9. 5% 2 7- Ramond
sector @ ground state ® 8 RELL 8, & L <X 8. KEUZRDH E WO DI T
T, 8, & 8, DE VT, 32FKIND 16 REUTE L T & ZOBENERHTROEY
FOBENILNTE LA, §BRELICE &, 8. AL LICLEETT,

5.5.2 Closed super string

KIZ closed string 235 2 £, Closed superstring (213 2 FEFEHH > T,
ZNEI type ITAIIB & FEEZ TV E T, Open string D& & LES T
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closed string @ & Z L right mover & left mover ® 2 D3 H D £ L7172, &
LE U NS sector & R(amond) sector DFRFLA Y £, 1€-> T,

type IIA (8, & 8,) @ (8, = 8,) (216)

type IIB (8, &5 8,) @ (8, & &) (217)

WD 2TEEOEY FRH HDITFTTT, R sector & right mover & left
mover CTHE72 5 chirality Z & 5724 D% type IIA, [FU chirality & & -
726 D% type [IB & MEATVET,

INHLDOERIZEENTWVABRY VD spectrum 5 2 F7, ETH
ZONTEREZEMTHML 3, NS sector & NS sector 2535 & D
% NS-NS sector E EVVETH, £ 22OV TIE type I[TA & TIB TIH@E T,

g, o8,= 0 2% F (218)
o Bi; Gij
L7 Y, o1 dilaton, By 1% 2 BERGHFRT Vv & Gy 13 graviton &
o TCWET, L, i.j=1,...,8 TT,
RIZ ., R-sector & R-sector 775 < 5 & D% R-R sector & WWET, =
. type ITA @ & =%

8 & 36
type ITIA 8, @8, = (219)
A; Cijk
ERVET, 22T AR MR G i 3 BERFRT v Y T,

type IIB @ & Z121%

1 o 28 @& 35
type [IB 8, @ 8 = . - (220)
scalar Cij Ciim
L7 FEY, TIT, scalar 28 axion, Cy; 28 2BERCHTRT > Vb Cfyy 13
self dual 4 BERCHFRT >V LT, 4BED self dual &9 DIE, 10 Rz
[l C® Hodge dual Z T
1

deﬁ:gwymAW%o (221)
TEZINTVET,
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5.5.3 Typel &£#ET 5 closed string

KIZ type I super string #& 2 £7, ZOHEEITH closed super string
MEEL TWETA, type I &9 & XL, string ITERERLZQT
projection 237237 HAVTUVVET, NS-NS sector (IZEL T,

NS—-NS 1428435 (222)

L7 o TWEDTEN, 2BERRFRT > VLD 28 RELL Q projection T
bosonic D & & L[ET <EMSNET, R-Rsector TT23, QTHLZ0H
\Z1E. R sector @ chirality NF U CeW e EnEHA, Lo T, type IIB
LEILZ N TEEREA, R-R sector 13

R—R 1+28+35 (223)

D 9B 1 & 357D project out SV T 28 DA AEXFEY £, NS-NS &
RREZGOELE, 1428435 L7420 2 HIE N =10 supergravity @
bosonic part & —EHL £,

(‘ERT)NS-NS sector @ 2 BEECHFRT > YV VDM END T string 23 LV I
ICRAETH 7

(B Z)RR sector 225 < % 2 BEFOFRT > JUAZ string 23 fEA L TV E
R

F LD L super string (213 5 FEEHH o T (heterotic string 1E°4 F
A TL72DY) massless @ boson FHXLL T D X 127> TWvET,

IIB ITA I HetE8®E8 Hetgo(gg)
1+28+4+35 1428435 1+28+35 1+28+435 1+28+435

1428435 8 + 56 SO(32) vector Eg @ Egvector  SO(32) vector
(224)
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5.6 D-brane

TiX, FEERIZIIN 2720 E 90 9 p-brane WIFET HDINEZ THE
L X 92. RIFRT > VNV D & ZHUTHIST 5 p-brane(p IRITZEMIZIA
MOTR) ISFET D VO EERH Y £F,

F 9 particle DA action [ZLARTZEVV -2 K 912

S = m/ds +e /44;L(1117” (225)

LRV FET, DFEOVRT MERH B EENITHES LTz particle 3 0 F
. ZAUE. particle @ world line ® EIZ A4, 735> TW5H LW HARFET
9, RIT string DHE

S:T/ﬁpum)+e/BW¢wwx" (226)

EROTWET, DFV, 2BRIHT VYL ERFBEL TVET, 5% T
e X912, string BEFRICIE 2 BECRFRT > Y AR FEEL TV E L 7=, ¥
WCEZIE string HImThH 576 2 BEIFRT » VY AARFIEL T2 < TE
WF RN EWN D Z T,

TiE, ZhE—{EL TRV £9, p-brane &\ 5 DL, (p+1) KITD
FEZEIZIRDY > TWDHDIT T,

SN/AHMXMAWA¢ww (227)

DEORFEEELET, EoT. (p+1)-form((p+1) BEFCH#HT > V)
DD L p-brane NFEETHZ L7280 £, IIBEGHRE R T L. 0-
form, 2-form, 4-form723d % DT, (-1)-brane, 1-brane, 3-brane23& ¥ |
ITA #EHIZ 13 1-form, 3-form A& -7 DT, 0-brane, 2-brane3®H 5 Z &
W20 FET, R, AU — VBT L Telectric IZHEAEL TV 535
BTT, D EITRNCEBHIERRO & & O X 972 magnetic monopole D L
IRBDEZEZ DL ENTEET, EOXITEZDHMNEVD & p-brane



IA 0-brane 2-brane i 4-brane 6-brane
|
|
|
l
|
IIB -l-bran 1-brane 3-brane 5-brane 7-brane
|
'\V\CI-:’D//
T »
electric maghetic

38: TTIAIIB |27 £4 TV % brane O Bf%
DFEET D (p+1)-form APFY 2% LT 10 IRITEHFZETIT,

Hodge dual

AR+ Pt = g AR+ —  FST =40 o 40
p-brane (6-p)-brane
electric magnetic

(228)

& magnetic 7 —IHAE T ENTE T, #EF p-brane (23 L T (6-p)-
brane NFEEL TWHEWI T ENbD 4, £L2H5H L Fig 38D X
N2> TWET,

5.7 D-brane & RR-charge

FFRE AL 72 D-brane |34 @ Z ® RR-fields (Zx}9 % p-brane # 52 %
LEOSZEERLET, £7 Fig39 O L 22 Y IETBEN 7= AT/ p-brane
MN2KBHHEEEEZEZET, WIZZO2/OMIZEL hEFHLDTT
23, ZOMIZIZ2 DO ABENTWET, —DiF, NS-NS sector 725 <
LENT, 5N >TWET, & 9 —21ERR sector B < 5K/ T
T RiE, 202203 F v AL THRBO TRV EAmbA T
FT, ZNHDOHTE BB G closed string TORFTT, DFE V. closed
string A —FH D p-brane P HH I T, & 9 —HIZRINENDHEWD T &
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R i i -l

0

bl

Foomay et interaction

p-brane

39: HHBEY 7217 BN 7= p-brane & DO AEEH

ZEML CTWEF, Fig 39 @ cylinder % closed string @ tree 72 & & 95
T T9, —J5. D-brane IR FZ T 5 &, ZD cylinder & open string O
IHoop 72t O Z b TEET, TAHLIRBANFETET
A=2V,, / ;l (8rat) e tae /3 2;15 1
LRV FET, ZIT fim1 934 1 FFEAER L 72 modular function TY —f5 +
= =0LVORBRARHLDOT, IIB@NRNEFT DI INLD
MY FET, Ttk closed string D7) 5 O NS-NS & R-R sector D 71D
YA EWI RGFZLIZWVOTT N, EIL, fo, f31F NS-NS sector 72 6 |
f2lZR-Rsector O DEFE L >T0ET, 2T XV, A= Ays+Ar =0
LT BHENTET, 2D low energy limit Gi?ﬁt%fiﬁi <&

(229)

1., dt IS _
Ays=—-Ap = 5Vt / ; —(2mt)” (4"m Yl e
= Vodn(dr?a ) PGy, (Y?) (230)

LRV ET, T T, Gyp l& 9-p RITD massless propagator TI,
#& R D-brane ® 5> RR-charge | X

/.le) = 27(4na’)? P (231)

THZ LN ET, JHE p-brane @ magnetic dual I% (6-p)-brane TH 5 &
SWELZN, 200 charge Z0 T HHETRD &

Hphe—p = 27]n=1 (232)

=1
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L7 oTVWET, T n D-brane [FEBEALER (Bffi) 2o TW\W5HF
NHonry £LT1-,

(‘Ef)D-brane @ charge (3 E 9o THAID DT ?

(& 2)(230) I string BRER O FHEDOFFERTL 722, — 75T supergravity
DL B bulk & D-brane @ world volume @ low energy effective action
# T RR sector D7 — VB[ ORZHIC L HIRBAZFHREL . (230) & Hig
THZ LIk THELNET,

6 String Duality

SFEFED string 8 dH Y F L7, type IIB, type [IA, ~7T 1D Ey x Fg,
AT D SO32), TND type I, ESABTHFHO I I b OHE
i & VD DITETBAWCE#ELRERYN H D, 10RO~V TEZ LD
duality Z#2 & U CTIEHI 213 type [IB @ self-duality 35 0 £, H &7 —
VEENFE L CRUBSFEZ RO OO, type [ &~T7 1D SO(32)
1L S BHHETEBAEWIZERESIT b s & B TnET,

SEIGHEVER T OBRDENSTOTTITFEL, 1I1KRTICM &V HH
MR DHHENI T ENERSINTVWET, MBAITHDLEND Z ETdH
FO ISP OTER, MEGwIZIZAR< & membrane, DF Y
2-brane & EAUZKT 5 magnetic dual, 5-brane?3® %, supermembrane
DOHEFGIZAD 5-brane N ASTWNDH X HRZEISWVWOHFHET, 2D ERXL
THRAELTELDITENDOTTITE L, type ITA T coupling constant
ZRELS BTN E, MEGRIZED EXD £,

heterotic string ® Ey x Ex HRILTT, T HITERENEI 11 KRIE
ZStars Ry MeLTebo L SV Z, Tay Ry MELTZ b DL 97,

LA FORITICATST, 2FYD Star 7 MELTIRTIZL ET L,
T-duality T o T type ITA & type IBNBHEWVIHE D EH->TLENE
o 2T T-dual & FHIIL TV ET, 2-D0 heterotic string & 9 IRITIZ



IT<ERTCICARD EL T, Y T-dual THBEWIED £9°,
FEODLEZDXOBRENBET ET,

11d M

O Sl/ \Sl/zz S-dual

10d >[B IIA Hg Hp<—>1
S-dual U U O
od T-dual T-dual

40: Duality map

INBLARETTHIR, WANWAR duality P DHDOTH £910NE L,
ENENNDSNWARKRBGELA H Y £9°, Zbidd < £ TR T
TRZEORT ZENEFICIFARARZ S ODREL EHLETOTIEFIC
LHHLNEZEZLNTOET,

FERNANALL O string Bim & SN TWNAHZ E0NH 50T TN
ZNHITE, —FESNTVnL BN IEFENERONANAA
MRETEZONDHEEZ BN TWVET,

LU TIEHE & EHERW S OOBNIZK > T, 3E5L < duality R ED K 9
272> TCWDEDONE R TNnE e BnET,

(ER) F £V b ODLARIEBWZZERNHLOTTN, E¥2bHil
IZWADDTT)N?
(BEx)APBIBE&ERT A2DTTN, ZOBIZWET, (L F-7TFig.

E40 O EIZ/NE <712 FPEELS, FELELER I, ) /ha<ENWES
LICHEIZ R WTTITE B



6.1 S-duality in IIB Superstring

&OIOBE LT, type IIB ® U-duality IZ DWW TEZET, type [IB &
WIODITHEBOEVELZL I, NSNSIZWET 4+ 7 b &7 70 4 b
Y& B, o T, RRICIFL D TEALT—L b 5 1{E 2 BESCHFRT
YINEABEB ORI T VYNV L, B, 320050 THEHH LD
T, KT 57202 FEFTE DT TBEET,

NS—NS (b G;u/ (I)B/ll/
R-R X 2) B y1i7% 44#1/)\;7

B AT TR 2{EH D0 TTHN, —20F7 47 k2 Tstring D cou-

pling constant T3, & 2 1D AL T —ENH 5007 TH ., T cou-

pling constant & B> TWNBH EEX LN ET,
INHDAN T =2 1 OOERBIZELDET,

T=yx4ie? (233)

ZOLEXRENRTEYICSL(2,Z) OEBNFET 2O TRV E
Zx bbb TT, 2FED,
ar +b

"= 234
T = T p—— (234)
. a b
( (1)B;uz (Z)B;u/ ) - ( (1)B/w (l)B;u/ ) ( ¢ d ) (235)
a b
( p ) € SL(2,7) (236)
¢

BB ZOEBIIKIL T, G & A, ITRETT,
FRFEDPVIFNHTOWELETE S 520 T 50RO PIC
2T > TENDR B2 S 2RI b — T AD moduli D X 5 72 Bz
FoTWEY, 2%V 2RILKRTE b =7 A2V THLL TR, £0
= 2O moduli % 7 & F X AHAENFETT, ZOKRILE 2HEEFDL LS
TRRERTICLTTELHBP FERTT, MbRERICEZX DI ENTE

v d
{
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T, type HA OBEHICEAL TI AN T =R LT 47 R LRV D T,
ZOT 4T Mo EHRGTR S O¥RE L Z D moduli XT A—H—LEZ
T1OREEFHFL LT bORn MBERERD £
4 Z OFERIZIL F(undamental)-string & D-string 28 & > 72017 TS
Eb, ZO20FREIHICTLHIEEERXET, DF V., F-string &
D-string Z{8HE T (p, q)-string LW I bDE/ENET, T2 T (p,q) ILF-
string charge & D-string charge &R T HE TJ, £ D magnetic dual T
(p.q)-5-brane &\ 2 b DO LIEN £9, FIERIC (p, ¢)-(-1)-brane &\ 5 D
bLdHOEL, (p,g)-T-brane E WO DBIENES, L7 ->T, (-1),1,5,7-
brane lICH L T, p, g £V ) 20D RBEFH-7=Y U hUMERE T, 727
L 3-brane (ZBIL TIL, self-dual T3, ZALHH D electric TF L, mag-
netic T,
F-string

magnetic dual
—

} — (p, q)-string (p, q)-5-brane

D-string
(p, ¢)-(-1)-brane — (p,q)-T-brane

(p, q)-3-brane : self-dual

3 OXK
EREELIHL AT V= s b Th S 30ROV TIL £

(])25 q2)
3

3
(p1. @) Spi=>g=0
=1

i=1

(p?n (13)

REHEEL 72 L 2122 O3 FNF 4 3-brane D _EIZER A>TV EL
T, FLWEEHEROBEIZ /> TWE T, 3-brane EOFZOHGGE L TH
Z 5 & string junction X 4 IRIT D N=2 @3 F4% % £ monopole % —fi%
BLIZHLWE AT DYV P EEREL TND I ERMBNTHNET,



6.1.1 U-duality

T* =237 MMEL 7= type 1T string {22V T U-duality REMZ H7 5
SFIZEBAL £, type IIB & type ITA (X T-duality TV G&->TL E W
FTOT, A, BIIMCHET 2LEIH Y FRAN, A7 bz B
NZEX5TETTOT, UTIHAZE X E T, 10 KILTT & self-dual
2D T type IIBIZT ol THIFESL, h—F Az 37 MELTL
F 9 & type IA b BAA self-dual IZ/2 5 DIFTY, h—F Rar /7”7
MELETEMHOER CEATLE 27 A EMNRHY EL T, TV
T ANIRD K 572 coset THZHNET,

Moduli space Gij, Bij (i,j=6,...,9)
Moduli O(4.4: Z)\O(4,4)/0(4) x O(4)
FEHDEERZD £ &,
M = QQ' (M X mass matrix) (237)
0 = Q0. (238)
0 B
Qp = exp (239)
0 0
v 0
Q. = exp ‘ (G =ele) (240)
0 (te)fl
QO € 0(4.4) (241)
QI = J (242)
0 I
J = ! (243)
I, 0
ZH T, fundamental string D A7 k7 NIE S 7ol nNnNET &
. : n;
Mass® = e®(n;, m?) M ( ) ) (244)
m’

Zolzbll T, 2208 97 T-duality ICOWTRELREEBEARNH 0 |
S HIZ type ITOHGH E W 9 DT strong-weak D SL(2,Z) HHF>TWE T,
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ZOXOBRERT, ZD2O00FMIKTT HDAREMENH T, Ziidkk

HUNZHEFHETT O TR Y RERBETKT 5 REMITLIT £,
SL(2,7)
O(4,4; 7)

ZOZEITONTH oL BEMIZRTAHAEL X 9.

} — 0(5,5:Z) : U-duality (245)

(ER) SL(2,Z)1ZE D RIZBEBVWOTL £ 972 ?

(BR) ZOBEBARERET L. 747 PR AoTET LR, 7+
SR LD DIESL(2,Z) TERT 535 A—4TF, LER-TIO
mass formula H #1515 £9725, LV KX multiplet (A ZE &R
A& VED EARNEWEPRIZND LWV D FIZRYD 7,

Ramond-Ramond 7 4 —/V RZ&E 972 5T H0nE W9 & | type TIA
TIMD,
R-R

cO, C'g), C’}f,i, — 8 fE @ component (i, k,l =6,...,9) (246)

War: cospinor rep. of 0(4’4)

T EHT8EH L, T nIFEIZE E V2 Ramond-Ramond 7 ¢ —
VR OEBIHBEEF THEL TPV oTTE b ZHIREER
¥ L9 cospinor T,

ZI T, WE enhancement & 2 72O T, Q% O(5,5) ©_EIZHEHDIA
DYERBHY T, 2F 0, QEKIFE EV - Ramond-Ramond 7 1 —
VRO T 47 by BT Y0 vielbein, 20 4 DO % [FRIFFIC
ANVDHVENDY £, 5, BERTENTLZETOAT T =505 H 5082
EFsLel B 16, 747 brind 1E, RRAN T =5 8 {H

e, B — 16
‘ N lilaton - 1
7Einn . BERT25ETT, ‘
R-R scalar - 8
0(5,5)/0(5) x O(5) « 25 = 52
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DEV5D2FET, T O(5,5)/O05) x OB)DEY 2T A O &
KR L CWET, BETFIOQNR IO ZHANTE YETH0hEND &

Z Z Tdilaton & ¢ (ZD2WTiX

o®
e ?® !
Qo = (248)
0 I3
—¥5 —%s —Yr —s
L R S o
— 15
—
0, = | 7
—Us
Uy
e
(U
Uy
(249)
I,
— A
Hon = Re(Qe.p) 250

Q.5 ICOWTIE, 81T8FIDE ZAIC Qg 2 ZDEEH-TL ZDOTIE
BKE T, A/ —VREZEITVENOD £, ZITEERBELL TV,
S, CHHHOTTIFESL, CZVICEITEELZL THET,
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F ¥ —TU RN OB ENERTRON ET L,

Giy & KK momentum (251)

B;, <+  winding number (252)
Cv@)

@ O(4,4) D 8, B (253)
C'ijk;t

W TI6EHY £I, ZNRTE SOBG,S) DAY ) —LRBFIZITED
7
U-duality ~ZE7¢ mass formula | %
Gy
B

-
T
[V

M? ='N(R,(QQ)N N, = " (254)

a folt)

P
)

R, (Q'Q) 1% SO(5,5) DAY/ —/RKETY, RRF ¥ —VRE T,
Green-Schwarz @ mass formula iZ— L F94, T2 714 DOBEELET
A>TWET, K 9T 522 D mass formula??’ strong-weak duality, ¥
bbT 4T RN OBFEEDSL VIRL THEERE L THEERAREICHR
N TLEVET, BRAARITIECFEL RIS L TELLNLR) -T2 RR
BT 47 FUMET—20 multiplet IZE Y X VIRE-STLE H I LN
E42F7, EOAKXOIEA TIL spinor RELA & 51T cospinor R TEX
iz 5L BT IFAMREENZEENTEY, 2FLLTIEIES
TWLZ L@y RERZEEEDIVET, ISR E W 5 FET
THRZOX I 7RIFAAMIC LY U-duality (F1EL 6 TWET,

6.2 K3a iU ki

KICK3ZBZTVOTTTEL, HFEVRODESRTWVWERTIED
DEFAL, K3ITONWTIE, WSO ERRoEEFRH - T,
(A) orbifold
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(B) A%

(C) elliptic fibration

EHDHOTTHN, 22T (A) D orbifold (IZ DWW TR E T,
K3 % orbifold TFIRT 5 HEFINW OnHLOTTITFE L, WTHUZ
LTHEVa T A EROBHRRRTHERT D2 LRV ET, —2Dfl
X, ObDOEBNARITTD N —TF A% Zy TEl-T2H 0D EIZEATWVD
BATY, DFEV b —F ADJEEE (21,2) & T5H &

Zy: (21, 29) ~ (=21, —22) (255)

EWVWIHRE—1RE L £9, fixed pointiL 16 fHH Y £, CFTZES & X
. FEREZEL 72 X 012 untwisted sector 23 & - T, twisted sector 2° 16
EHrHmEEZEZLFE T,

untwisted sector
CFT-..
twisted sector (16 f&)

orbifold £\ 5 OIF, BIZIE 2 Ktli% 2, TEIZ L T5 & ThbE
2OV EMOMAREFR—RLRSNEV I DT TTRE . ZhET
DTSR > T, FRTS 2208 BNTLEI ZENTEET,
FOTHE, LANSTZERNTEETMN, I 21T singularity 286 5 b
Y, FEEREE, Z5VI AN 16EHD LV L TT,
FICRAOREY THERLIZWVWOTTITE S, F—T7 ZADEFEITFEAD
O Tl LI k> TEEEZZTETOT, ZIC Lo TEREEZIF 20
JEREIZ R - 7213 O MER T, BARENTIZRD 3 28 (u, v, w) ZE AT
LT TEDR u,o,w T TIEH Y £HA,

Zy N TR AR R
(u,v,w) = (5129, 212, 2%)  w? = vw (256)
B0, wEBROREMIZT R OICEHEL TR, v 0 ZH L WEK
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LERET,
W+ 0w =0 (257)

ZOEDITEC L 2RIEKED D SNIABRPHNATND LD T EN
PN ET, K3IZEME WD DIEZ D singular 72555 % blow-up & W 9 {E
ETHLoTHELNCTHENIZLZTHZLICLoTEHELNET, 1
T L0MEVNET L ZOOERERICRL T, FIREREEZ 52T
RN FEF, 2F0, K (D7) OFLDO0% a*(a#0) TEXHZ DL, FF
RENELDICR > T2RTKEN BN E T, ZOREOREAZEY
DEET A BORESLEFRET,

—MIZIX Zy orbifold 238 2 £9°, Zy OHEEZRO L HIZ—BIbLL £7,

oo w2y (258)
2 = wly (259)
w o= v (260)
= oY =ow (261)
— ﬁ(u — ;) =vw = —0* — @? (262)

B DFRANZ blow-up Z7RL CTWET, £D2DODNRT A—HF —q; & a;
NREICHEITIL. A B singularity £ 720 £,

—MKIT 21, 29 WIS T, discrete HETHIA O &+ 5 & =X, SU(2) D
discrete R EE7/R HRIBETT, Z D discrete BEE W9 DX, A-D-E THHE
ENTWTC, Dynkin BICKHSEL TWAHZ ERRBAWE ZATT,

su%gfélelt]:)e of | o singularity @ Dynkin
SU(2) S¥E diagram

CHIFER2RIEDBELENPGEADL I LT, T XD ZERORTHE K
LR ERBROGEIRS 3o TWEEA,

K3Daktny—f



K3DamEn Y —fLWoDid, BEFLHIZ A3 ETERSIN TS
harmonic form ® 2 & T3, K3DETEZXHD/X, L VWOTEST b—
FADETEZFET, LT, b—7 X E® harmonic form DT, Z,
THEISTL L ETARERBDE L S THUT RN E3bnh £9, B
D]t =

1
CZZI A LlZQ, dfl A (15'2, dZi AN LZEJ(I.] = 1, 2)
d:l A dZQ A (151 A d£2

N TERIRE TN DH DT TIERS T, RO blow-up THEWEL 2
FEL. 1 6HORERSDEZ AT 2-cycle 23 blow-up /X7 A — X & Ff -
TWETOTEINLOLBND 2-form D H Y 77,

INE K3IOBEICEHIT L TR0 ETE, AL K30 akEn
U—BENHTEET,

1 H
0 0 HY H"
1 20 1 | =dim | H?* H!! H" (263)
0 0 Hl(] H(]l
1 F00

ZOaARER Y —DENE duality DB TH ) —EEZ THET, type
MEFHTWANA brane NHTEE LR, HIZIXZENOLREHEE O
EMNTE 2 2WICEREATE K3 DHI(EA TN DML NS ZLa D
EILFEIR L TWET, ZOBEZDNTWND cycle B3D540%5 & | brane ®
FEAEN BT 5729, massless FIF-NHTE F£9°, ZAFHICIT K3
DEY 2T AZE/E WD DI,

S0(19,3; Z)\SO(19,3)/50(19) x SO(3) x R*
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EWIORHEEFF - TWVWET, TNEE IV DISIITHEINEWNNET L
harmonic form 2% T 22 H72 DT, H2(K3, Z) 13 22 IRJC lattice & &
ZLTWES, AMEEROIIICERTEET,

<oz,ﬁ>:/moz/\ﬂ (264)

TAUIARES L IR E T, SO B (19, 3) IX 19BN IED /v A 31#
MBAD )NV LZFESTND LW DRPUSKHIEL TWET, Zi% string B
FCc S L D EE O & EXINIZT TIXENSPAL ¥ A, string B
RITIE By, EVIERH Y FT0E, BV 2 T A ZERR

SO(20, 4; Z)\SO(20,4)/SO(20) x SO(4)

R D B2 £,

ZDOEY 2T AEMIEROF LD LESTHWES, EWHDIE, %
BRI (5,5 C) FADEFEOENFLEsTeoTHITE L, SEIL1672
TP TWET, 1 6RILOEILFET heterotic string O 1 6 IRILDORSY
ARV OBRHEEZFEL TWET, DF Y heterotic string &V 9 DI,
left. mover 73 bodonic T 26 RJt. right mover 23 supersymmetric C 10 ¥
JEC, left O FITRITH 16 fHS > T E T, heterotic string & T* =228
JMELETE, WA 4T o5 HL TSSO T, FEHD#ER L2
LT, left mover \IZBL T 20 IkKJT, right mover (ZBIL T 4 Rjt72b
FCH, Lo T, ZOFY =27 AZEME VD DX heterotic string %
T2 X7 MELTEBEE 2SRRI > Tn5, LoT, RO duality
PESLL TS EBEZ BN TWET,

ITA/K3 = Het/T*

6.3 Hilbert scheme

%12 . Hilbert scheme (ZDOWTik_FET, Z 2 TZ - TV 5 Hilbet
scheme & W9 DIE, FNCESIAEND ERDO T, Z 2 CTlHE
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(2 matrix theory D&Y 27 A ZEM L EZ TITZEV, RIFENL X —T >
F AN=ZANARTEDOEEEFZ X TNDHDTT A singularity D53EENS |
4RITTDOEGAETT L | Dynkin KIZ £ 5 ADE 753812 L > TEFIIICIEFIC
< hroTWNDH E WS Z LI L T, matrix theory DEY =7 A£IZ
BL THRITY matrix DFEATWDHRITEN 4 THLIHZEEXER D LIFF
IR ERBGEN R I D £, BET DHDIL, p+4-brane EIZ p-brane 23
IO ENPNTWVDIRI T, TNEFLIRT D matrix model OIER HFERIT

[Bi, Ba] =0 (265)

By, By [ FEAT%)CJ, matrix theory &\ 9 DX, FEF 52 Yang-Mills
DEFH2OTEIHHFERN (LW LV IFENLY S HITEOWEEL 5 X
TV 5 self-dual THEINTIN) I F; = §€z‘jk1Fk1 T9, WEIKKT % 4
Jtil reduce L7z X O REBIZZ X TWET O TAODEHE L TWET,
(‘ER) By, By D BARHY72IIL 2
(BA)FIZITA4RTE X ~ Xy TRRBL7ZEE, 20X 212720 £,

B = X +iX, (266)
BQ = _X-3+Z‘X4 (267)

Z @ complex DATHIT, FEI (265) 2/ & EOBEFEENE 572 -
TWNDOMEEFWVWET L By, By DEFENETER HHEITIT.
Jordan fEYER

21 wy

(ziyw;) 13 i F B D p-brane OEETT, ZHILFEFICAF ¥ — N 7REH
T, matrix theory TIZTHEZ DL I ICFELF>TWVEET, bobtHEHA
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WL, W< DD p-brane 23— RICOSN DG T, FHT (2, w;) =0
EWVWIOIBBEEEZAET, ZOL IR HITHIORTIL

0 a1 anN_1 01
(R 0 -
B, = By = (269)
Lo a1
0 0

LR 4 ~ayy EWVOREFBRBHENAVET, TNHDNRT A—

—3 SR K3 @ singularity @ blow-up @2 T X 7= blow up ® /37
A—H—|ZHETHELOTT, T2 THEZ TV B orbifold 1F complex 2 %
TEDZEM (C?)N ZBHEE Sy CTEI-7-H DT, orbifold DR ST EH
ERFRCHEICHNE T, DFV EFED D-brane DfiiEZRL TV E
T DT, SylED-brane RN ANEDL> THEEDLLRNEWV I REE
RLE7, ZODORPHEEL TWD L Sy O trivial 1272 V) K S ms
B TLEVET,

C? O _EIZ 0-brane N A-> TWDIBEDEY = 7 A ZZM D AR EIHUT

Eng"[(C*)" /S0 (27

o
=1
o
~

“hoRETa Y —E T Poincaréd ZIERXAZHWTEELEDHEL TRH L,

A X
fan n ‘12 n — . .ZH
W PACY8) =] f s (G627
P,(X)=> dim(H,(X))w" (Poincaré ZHE=N) (272)

A CTE WV DEIL trivial 2B A ZEZ TWZO T E | —#%D complex
2 WIEDHE
lo_o[ (14 g w1y (1 4 gra2nthybs
AL 2 (1= g (1 = graw?ni2)es
b; 1X complex2 IRTLERIED betti 2T, ZOARKITT 7 v 7 FH—1LD
T hrE—OHEREITKREMIZEDN TWET,
HHEGOFLB THE >TTRADEOFLOER T LN, HRICH TS
Kb HEFEBGONEREEIC > TLEVELE, HEICHTEAHR

(273)
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