Closed String Tachyon U 0O O [0 [

00 o

goooogood



010

020
2.1

2.2

2.3

2.4

2.5

030
3.1

3.2

Introduction

Boundary State

Boundary State DO . . . . . . . ..
2.1.1 Bosonic string DO O . .o o000 000000
2.1.2 SuperstringD OO .. 0.0 00 o
00 stated Cardy OO0 0O OO boundary stateD OO . . . .. .o o .. L.
2.2.1 Virasoro OO . . . . . 0 0 e
222 OO state . .. o0 o o o
223 Cardy OO ..o e
224 Cardy OO .. .o
225 FlatOOODO D-brane. . . . . .. .. .. . ..
Orbifold C/Z y O O boundary state . . . . . .. ... ... ... ... ....
231 0O000OO0OD0OO orbifoldDODOO ..o v v 0o oo oo oo
2.3.2  Cylinder amplitude --- bosonic string00 OO . .. . ... ... ..
2.3.3 00 stated OO character . . . . . . .. . ... ... .. .. .....
2.3.4 Bosonic fractional brane. . . . . .. ... .. 0oL L
2.3.5 SuperstringD OO .. 0000000
C*/T'ODD00OO0 fractional brane . . . . . .. ... . .
241 OrbifoldOOO0 . . .. 0o e
2.4.2  Bosonic fractional brane. . . . . .. ... .o 0L L
243 SuperstringD OO .. 0.0 00 o
SUSY ALE O fractional brane . . . . . . . . .. ... ... L.
25.1 Orbifold000000O0O0O0O .« . o000 oo
2.5.2 Wittenindex . . . . . . ..
2.5.3 SUSY ALE orbifold 0 O fractional brane 0O O OQOO . . . . .. ...

D-brane probe ] 00 O closed tachyon 00 00O [

OO e
5 T P T
3.2 00000000 ... e e
Tachyon 0000 C/Zy orbifold . . . . .. .. oo .
3.2.1 Twist 00O OO closed string spectrum . . . .. .. ... .. .. ..
3.2.2  D-brane probe 0 [0 open string spectrum . . . . . . .. .. ... ...
3.2.3 Quiver diagram . . . . ... Lo Lo
3.2.4  Open string 0 action . . . . ... .. L Lo

11
16
16
19
21
23
24
36
36
37
41
43
45
48
48
49
51
33
33
35
38



O

O

3.3 Substring 0000 C/Zyy1 O tachyon OO . 0 000000000000
3.3.1 Open-closed000000DO scalar potential DO O . . .. .. .. ..
332 A, 0000000000 .. .. e e
333 AM0000000000 .. .. s e e

34 CHZNOOO oo e e
3.4.1 O0O00000 ... . e s s e s
3.42 000000 ... . s e
343 CLyyz—yO deform(D0000O0) . ... ..o
3.44 DODOO0O0O ... e e

0 40 Conclusion

0O A ROOODOO ground state

AL SO O T OO .
All TOOOOOOOODODO ... e e e
Al2 OD0O0O0OO0O00O00DO00 .+ ... e e

A2 ROODOO ground state . . . . . . . oo oo 000 o e
A21 RRODODOODODOO .. .. e s s s s e
A22 |A)DDOOOOOO .. e

0 B Character 00000

B.1 Virasoro character D OO OO . . . . . .. .. ..
B.1.1 Bosonic character . . . . .. . . . ... ... . .
B.1.2 Fermionic character . . . . . . . . .. .. ... ...

B.2 00 character DOOOO .. .. .0 o0 00 0 e e e
B.2.1 BosonO OO ... . . . e e
B.2.2 FermionOODO .. .. .. . e e e e

B.3 Modular OO0 S-matrix . . . . . . . . . . e

OC Ooooon

C.1 000 .. e e

C.2 000000 . ... e e e e e s s e

C.3 00000 . .. e e e e

3.2.5  D-brane probe OO DO . . . .. .. . o

89

92
92
92
93
94
94
96

101
101
101
103
106
106
110
112



(110 Introduction

O000000000000000000 (standard mode )OO OO OO0OO0OO0OOOOOOO
00000000000 000000000dO000oooooooooooooooDooOon
000000000000 0000000000000O00000O0O0OOO O (Planck
0000)0o00000O0O000Oo0000o0o0o0oooOO0oUooOooOOoULooOoOooooo
00 0000000000000000000 (string theory) O O O O String theory 0 O
locop0 000000000 ODODOODOOOOODODOOOODDODODODODOODODOOOOO
OO00000D0000O000ooooooon
0000 string theory O OOD0OO0O0O00O0OD0OOO0OODOOODOOOOOOOODOO
000000 100000000000000000000000 0000 (super string
theory) DO O OO0 DOO00OO0O (super symmetry --- SUSY)OD OO OO0O 500 (Type 1TA
, Type IIB | Type I, het SO(32) , het Es x Es) 000 0000OSUSYOOOOOOOOO
Type 00000 0O0O0OO0OODODOODODOODOOOOOOODOOOOODOODOOOOO
200000000000 of shelODDODDOOOODODOODDOODODOOOODOOOOOO
00 string theory O string 0 00 Feynman diagram OO0 O 000 00000 OO Ooff shell
000000 string theoryd weyl OO0 (000000 O0)00000O onshellDOOO
O00000000000000D0000 string0 000 0D0OODOOOODOODO0O
100000000000 string theoryDOOOOO0O00O0DOO0O0OODO (duality)00O
00000 100000000000000000000000000000 soliton (D-
brane J NS5-brane 0 )0 000000000 SUSYOOO 500000000000000O
0000000000000 00000n 3]~ [7ooo0Osusyooo 1ooog (MO
O B)0OoooOoOoOoo0ooo0oOoC0000oooooo“cooooooooooooo
Oo0O000O0O0”000000000000000DOODO00DO000DOO000DOoOODOO
O000D0D00000000000 stringtheoryOOODOO0O0O0OO0OO0ODOOODOODOO
2000000000000000000000000D00000O000O00 solitonO 00O
0000 Ostring theory DO O D000 D00DOO0O0OO00OO0O0ODOOOODOOOOO D-brane [§]
000 (closed string) 0 0 O (charge) D0 00000000 soliton 000000000 OO
O (open string) D00 000000000000 0OOO openstring0 000000000
O000000Osoliton0 00000000 DODOO D-brane0 0000000000000
OO0 off shelOOOODODODOOOODOO tachyonOOOOOOOODODOOODO SUSY
00000 tachyon (OO0 20000 string) 000000000 0Otachyond OO (Higgs
mechanismO 00 )0 000000000000 00COCODOO0OO tachyon OOODOOO
O000000000000000SUSYODOooooooooooD deadityDOOOOODO
O0000000000000000000000 tachyonOOOO0OO0OO0OO0OOOO
O00000000D0D0000 off shellODO O string theory DO OO0 OO O Tachyon O OO
tachyon 0 open string 0 00 0 O closed string 0 0 00O O open tachyon 0 O O closed tachyon

'T-duality[1],S-duality [2], T-dual O S-dual 0 0 00O U-duality [2] O O
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0002000000000 Oopen tachyon 0000000000000 0000000
gbgboogbobbooooooboo

o

Dp Dp

open tachyon 0 O |

closed string vacuum
open string tachyon

0 1.1: Brane-antibrane [0 [0 open tachyon O [

00 Type IODOODOOOOO 1.1000 Dp-brane (Dp) O anti Dp-brane (Dp)*0 100
000000000000 (100000 non-BPSO SUSYDOODODODOOOOODDOO
000000200 brane0 00000000000 DOODODOODOO open stringd tachyon
0000000000000 DODO0ODODOO0O0000 tachyonOODODOOOOODOOOO
O00000000D0DO0 RR chargeD 0000000 tachyonO OO 200 braned OO0
0 0 closed string vacoum ‘0 0 000000000 (O 1.H)ODODDODODOODODOOOOO

“brane 0 tention0 0 =00 00 0000000000 OO0OOOOOOOO”

000 Sen0000000000O0O00OOO OOSET(open string field theory - -+ open string
0000000) 0000000000000 oO0oo0ooooooooooooUooDOoo
000000 OSFTO 10000 Witten OO cubie-SFT [12] 0 0 O O Obosonic D25-brane
10000 tachyon potential ‘U 000 D0 00000000000 OOOOOOOOYD25-
brane 0 tention0 0000000000 OSen 00000000000 O00O 1470000
OSFTO 10000 BSFT(boundary SFT) [16|0 000 Sen0 0000000000 DORD
0000 1.1 00000000000000 open tachyon 0000 OO OO open string [
000 (D-brane0)0000000OO

OO00000D0000O0D0O000DObOboO0O0DOoO stringtheoryl OODOOODOODOO
OO00O0O0O0D0O0O0O0ODODO0O0DO0OOD0ODOODStringtheoryDOOOODOODOOODODO
open stringd 0000000 closed string0 000 00000 0O00OO0ODOOODOOOOOO

2A8en 000 [9)000000000000000O0OO00OO (100000

SDp0 00 RR charge 0000 braned

Open string0 00D OO0 OO0O0O0O0DOOO

"Braned 0000 O open string 0 00 potential 0 0000000000 O[13]00 tachyon potential O
000 (D-brane00 0000 boundary state 0 000000 00000000 tachyon potential 0 D-brane
0000000 D-brane00000000O00)000000O0OOO

Scubic-SFTOO DD DO0DOOODODOODOODOOOOODOOOOD (level truncation) 000000 OO0
gooooo

"Cubic-SFTO 00O open tachyon 000000 review 00 00 [15/ 00000 000000000000

8000 [17]00 bosonic D25-brane 0 0, [18]0 0 Dp-Dp 00 Sen 00000000000 OOBSFTO
00000 Ocubic SFTOODO level truncation 0 0 0000000000000 ODOOOOOOO
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00 closed string0 00000000000 0O0O0O0O00OO closedstring0 0000000
0000000000000 open string0 00000 (D-braned )0 000000000
0000000000000D0 openstring0 000000000000 O0OOOCDOOO
00000000000 00000000000000000 Oclosed string0 00000
000000000000 0000000D0000000000000 Oclosed string 00
Oo00o00ooOoOO00OO0oOOoOooODO00oOO0oO“CoObOO0o0oD0OoroDoDoDoOOOn
000000000 0O0000D000000000A0 closed tachyon 00O O0OO0ODOO
000000000000 00000DO00oooOo00ooooo

1. Open tachyon 0 00 open string0 0 000000000000 O0OOOOOOOOO
closed tachyon 0 00 “closed string0 00070 000000000O0O0O0OO0OOpen
stringd D-brane J 00 boundary D 000000000 OOO boundaryd OO0 OO
O00Oclosed string0 000 bulkDOODODOOOODOOODOOO bukOOOOO
0000000000000 000DO000DbOO00DO00D0oDoobOoOOoDooOooOooOOon
O0000000000bO000obOo0ooooooooag

2. Open string 0 0 O O tachyon potential 0 OO0 0 0000 O closed string 00 00 0O 0O
O000000000 potential DD OO0 DO00DO0O0O0O0ODODODOODOOOODO Oopen
tachyon OO0 Sen0 0000000000 O0OO0OOODOODOODODOOOOODOOO
Oo00o0oOOoboooO

3. Closed string field theory O OO0 OO0OO0O0DOOOOOOSFTOOODOOOODODOODO
OO0 loop 000000 anomaly 0 OO0 OO0 OO0OOOOO

OO0 1~300000closed tachyon OO DO OO0OOO closed string00 OO0 O0O00OODO
O00bulkOOO SUSYODODOO (Type 0O OO )0 SUSYODOODO (Type lIO)O OO O
000000000000 DO00000DO0000Oo0000oDoDOoooDoooooooo
OO0000DoD0o0ooooood

O000000000000Oopen string0 000000000 closed tachyon O 00O
00000000000 0000000000O000ooOOo0oDOoOoooooDoDSsusYyoood
00 closed tachyon 0 OO0 OO0 0000000 O00OOCODODOOOOOOOODOOOODOOOO
0000000000000 00000D0000000000000 0O orbifoldd O closed
tachyon O OO Oorbifold OO D-brane0 DO 00000 O0O0OOOOODO Polchinski OO
00000000 [19000000000000 orbifold 00O closed tachyon 00O 00 O
O000000000 orbifold0000000O0OODOOY

O0000000000000000D000000O02000 boundary state0 00000
0 O Boundary stated D-brane 0 O soliton 0 CFTOODOODODOOOODOOODOOODOO
O Oorbifold 00 D-brane 00 00000000 O00ODOOODODOOODO30000000O00O
0000000 orbifold C/Z OO closed tachyon 000 D-brane0 0000000000
4000000000000000 A~COODO 200000000000 DO00O00O00O00O
Oo0o00ooooooood

‘000000000 followD DOO OO0 Oclosed tachyon 0000000000 O (1900000000
0 [20] ~[25) 00000 00World sheet 0 CFTOOUOODOODUOODOOIROOO tachyon 00000000
00000 [22]00 Ospacetime SUSY O OO OO0OO world sheet SUSYOODODOOODOOOOOD OO
0000000000000 00000000000000000 0[19]~[24 00 localized tachyon(closed
tachyon 00D 0000O000)00000000R5 0000000 tachyonOOOODOOOOOODOOO
g
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[0 200 Boundary State

000000 string theory OO OO D-brane0 000000000000 0OC0ODOODODOO
closed string tachyon 00 000000000 O0O0DO0O0O D-braned0 0000000000
ooooo

OO0 D-brane 0000000 Dopen string0 0000000000 closed string 00O O
00000 (boundary state) D000 000000000000 OOOorbifoldD0O0O0O
O00000D0OD0O0OO00DO00ODO0o0oOO

000000000 boundary stated 000 OO O O OOrbifold 0O D-brane [0 boundary
state 00 00000OD0OOOO0OOOODODOODOOOOO

2.1 Boundary State[] [

00 boundary state D0 0000000000000 0000O0O0OOOOO Disc(Open
stringd NeumannO OO OO0 O00O)0O D-brane(Dirichlet 000 0)000000000O0O0O
boundary state 0 0 00 000 0O [26]0

2.1.1 Bosonic string [ [0 [

00 bosonic string 0 0 O Notationd [27]0 00000000000

World sheet action

Euclid 0 O world sheet (¢',0%) 000 0 O Oworld sheet boson X* [0 action [

1
g —

4ol

/ d20' (alXMalXM —|— aQXMaQXM) (21)

000 O Minkovski O O world sheet (r,0)=(00,00)0000000

c=oc'" |, T=—i0 (2.2)

gdoooooooddw, 000000
w=o'+io? | w=o'—ic? | z=e ™M =eFT | sz =71 (23)
5, = %(al —idy) 0= %(al Lidy) . 0= aa—:‘faw o= aa—:‘faw (2.4)

gogogoo



Closed string 0 0 00O OO

Closed string0 000 0O0OX*0O
Xt o' +2m,0%) = X¥(o', 07) (2.5)
000000000008 =0,,0=0.000

,o/%ooozfn S '\ = Al
aXW@):—w<§> > el aXW@):—w<§> > 5 (2.6)

m=—00 m=—00

g obbidtdwb0ObOOoog

axwwy:_<%>2 ST e ax%w):<%>2 S ane (2.7)

m=—00 m=—00

Do00o0o00'oooooo (2700d=4,,0=0,000000009,00000000
OooboooogoboboobobbooobobobooboXx~oboboobo

' N3 1 1 o
xwgp”wq%wmpﬁﬁ<%>§:—C%+%Q (2.8)

m \ 2 zm
m#£0

gogoobgon

1 1
2\ 2 2\7
pt = (J) ap = (J) al (2.9)
000000000
oy, an] = [an,, &y ) = méy, ™ (2.10)
[2#, p"] = in™ (2.10)

00000000000 0000 (28)0 wOOODODODODODO (23)00

o o : 1 : i
X*(w,w) = a" — 3pﬂ(w — W) 41 <?> ﬂ; — (ak ™™ + ake™") (2.11)
000000000 (eh,er)ODOOODO
'\ 7 1 L L,
X“(Ul, 02) =" —idprot +i <§> %:0 — <ozjjle””(g +io®) &fne_””(g e )> (2.12)

goooboo

Lconformal weight 0 (1,0) 0 (0,1) 000 O 9y X*(w) = a—zﬁzX“(z),&jX“(w) = ﬂ@,gX“(E) ooo

— dw

2X# 0 conformal weight 0 (0,0)000 000 2000000 OK
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Open string 00 00 OO

Open string0 00000 ¢! =0,70 X*OOOUOOODOOOe! =000 Neumann O [
O00Dirichlet 00000 O0OO0OODOOO

Neumann : & X*(0,0%) =0

2.13
Dirichlet X#(0,0%) =y* (0D) (2.13)
cl=7r00000000000 (213)0w0000000
Neumann : OXH(w) = —0X*(w) Re(w) =0 (2.14)
Dirichlet : X*(w,w) =y* Re(w) =0 '

000 O 0Neumann--- N, Dirichlet---DOOOOO0—7x0 N-N,D-D ,N-D.D-NO 400
000000000 X*(w,w)O

Xh(w, @) = X*(w) + X*() (2.15)

gogdbot400babuoobobbobbobbuooooubbooog

N-NOODO

N\ 1 .
X (w) =d" + (ﬁ) —apw + 1 E Eafnemw (2.16)
meZ
m#£0

000000000000 X#(w)d X#(w) 000

XH(w) = X*(21 — ) (2.17)
000000000000 7 <Re(w)<2r 0000 X*(w,w)0000000000000

0000000000 200000000000 “double trick’D 000000 Re(w)=0,7
00000 (2.14) 0 Neumann O OO OOOOO0OO0O00O0O00O00 X*(w,w)O

N 2 1 . -
XH(w,w) = a" — o'p'(w —w) +1 (%) EE:Z Eafn (emw + e_mw> (2.18)
m#£0

oo obobgdes,pr0ddbgooon

1
et =2d" — 27 (%)2 ag
_1
Pt= (207 g (2.19)
= MOy, —nn™”

= @'77“”

O0000000000000000000000 (218)0000<Re(w)<70O00000O

O openstringd 000 ODOOO0OOOOO
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D-DOOO

0 (216)00000
Xtw)=c"— X"(2r —w) 2"=00 (2.20)
0000 D-DO0OOODDOODOODOOOOODONO

T—

_ Yy — - O/ % 1 Tmw —ima
X*¥w,w) = a" + 5 (w4 w)+1 <§> Z —at, (e —e ) (2.21)

m
meZ
m#£0

0000000y 0 2*0 o 000000000000000 ¢'=00 a*o! =x0 y*O
D-bOoboooobobooogd

N-DO D-NOOO

gb 20000000000

XH(w) = i (%) 3 %aﬁe”w (2.22)

T
N 2.23
D—-—N X*¥w) =a" + X* (21 — w) ( )
DDDDDDDX“(U),HJ)DDDD gog
% 1 . o
N-—-D X*w,w) =a" +1 ( ) Z —at (e”w + _”w> (2.24)
reZ+2
D_N X#(w, w) = 2" + i ﬁ/ : Z lau <€w’w —ir@) (2.25)
2 . r "
retd+s

0 (2.24),(2.25)0000000000string0 000000000 OCOOOOOOOOO p*O
gobbdb00000000000D00000O000O00O0O0DOO

[alf, o] = rd, 0™ (2.26)

OO0oooobooooooboboboobOoboo
0000000 Obosonic string [ boundary state D 0 00 000 0000 ONeumann
boundary state 0 OO O



boundary (open string)
or
boundary state (closed string)

0 2.1: open string O 1-loop

Neumann boudary state

0 2.1000 open stringd 1-loop0 D00 O00O00 ¢'0e*0 000000 Oopen string
OO0 (D000)0 closed stringd 0 00O (boundary state) 0 0 0 00O O O closed string O
tree level DO OO0 O

O0000100 00000000 boundary state0 000 O0OO

00 ONeumann boundary conditiond 0 (2.14)0 0000000 Dw' =iw = —0? 4 ic?
O conformal 0 00 000 O0X#(w)O conformal weight 0 (1,0)0 000000000

ow' - ow’

DX (w) = ai OX*(w') = i0X"(w') . OX'(w)= 7;”0
Oo0o0o00oooO (2.14)0

OXH(w') = —idX (@) (2.27)

OX*(w') — X" (w') =0 , Im(w')=0 (2.28)

00000000 wOoe?*— —c?0000°% 0w =c*+4c'0000002100000 o
O«2000000000000000000

OX*(w") — dX*(w") =0 , Im(w")=0 (2.29)

00000«"000000000000000 (2299 000000000000 Re(w”)
O02r0000000000000000 (2.29)0 closed string0 000 |Bx)yOOO0OOO
0000 Oclosed string0 000 0000 (2.7)00 x=Re(w”") 00000000 xO

[0X"(2) = 0X"(2)] |Bx)v =0 & Y (o +d8",) ™ |By)y =0 (2.30)

00000 (000 NO NenmannOOO)OOOODO

(@ +a&" V|Bx)n=0 0 for "meZ (2.31)

300000 left-moving w' O right-movingw’ 0 00 0000000000000

4Closed string 0 X*(v/,@') 00 (215) 000000000 Oleft : X# | right : X* 0000000
00000000000« 0w 000000000 boundary state 10000 000000000000
(2.28),(2.29) O closed string O tree level 0 0 00 Oworld sheet 00000 Re(w’) 00000000000
00000000 o0oooooooooooooooooooogg leftd mghtD0O00O0OODOOOOO
000000000000 (heterotic string0)00 0000000000000 O0O boundary state 000
ooooleftd mght 00000000000 OOO0OO
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0 Neumann boundary state 0 000 D000 O0O00OO0O0O (231)0000

o0

|Bx)n = Co [ [ e =105 b = 0) (2.32)

n=1

O0000oooo ¢, 000000 b0o00oooooboobooboDOooobooooo
O0000000000|0;k* =0)0 closed string 0 ground state 0 D000 k* =0000
00000000 (23)0 m=0000000000p»00000000COOOOOOO
gl1oobboooboooobob pepbobobboon

Dirichlet boundary state

02100000000000 Dirichlet boundary state 0 O 0O O O O Closed string 0 O O
ooooog

X*w,w)=y" , Re(w)=0 = X", 0"y =y" , Im(w")=0 (2.33)

00000 (2.33)00000 closed string0 000 0000 (2.11)000000 Oboundary
state |Bx)p OO OO

JA}M|BX>D:yM|BX>D 5 (Ozfn—&im)|BX>D:0 for Vm;«é() (234)
000000000000 operator ##0 hat D000 OO0 w0 cO0ODODOODO (2.34)0

gd

|Bx)p = Dod(i" — y*) [] ex®=n®=|0; k" = 0) (2.35)

n=1

00000D,0000000000000000000000 0Operator §(2# — y#) 0
BHE(E — ) |0; K = 0) = yHa (2" — y*)|0; K = 0) (2.36)

000000 operator 0000 &0 pr000000 200000|Bx)p0pr00000
gogooooooooo

000 OD-braned boundary state 0 0 00 OO0 00 ONeumann 00O |Bx )y, Dirichlet
000 |Bx)pOOOOOODOOOOOODOOOOOOOODOO

2.1.2 Super string 0 0 O

000000000 super string (Type 100 Type 00 00 0%)000000OONS-R
formalismO 00 00O

D00000000 leftD right 0000000000000
11



World sheet action

Action O bosonic O action O (2.1) 0 world sheet fermion ¢* (left), e (right) O action O
goooooo

5= i / P (%ax#axM O, + ;ZM@;ZO (2.37)

00000000 02detde? = d*w~ dwdoO 0000

Closed string 0 0 00O OO

Closed string0 000 00OX*0O 211 0000000009000

Ramond (R): ¢*(w 4 27) = +¢p*(w)

2.38
Neveu-Schwarz (NS) 1 ¢*(w + 27) = —p*(w) (2.38)
0 QDDDDDDDDDDDD?J)MDDDDDDDDDDDD
I — 2TV [y 1h
¢ (U)+'2W) € ¢ (uo (2‘39)

PHw 4 2m) = e ()

00000000000v=0---Ry=1L1...NSODO,OO00000OLeftD right 000
000000000000 O0(eft, right)=(NS, NS), (NS, R), (R,NS),(R,R)0 40
00000000000000000

0ooooo

Prw) =i Y T ) = ir Yy e (2.40)

reZ+v reZ+ov

0000000000 20000000040 ¢*0 conformal weight 0 0000 (1,0),(0,1)
0000000000

= > W_ E:W% (2.41)

rEZ—I—u rEZ—I—u

000000000000 7000000000ag
{r Y = {08 0l = 6, _s {9 =0 (2.42)

gogooooo

dw  Bw .
‘oooO dwdw—det(%zj fz;:j) dotdo? =det (1 %;) do'do? = —2ide'de? 000 —i 000000
20l oo

D000 conformal OO0 OOOOOODOOOOOOOOODOOOOO

1

Tyr(z) = (32)* pi(w) = ifz e () DO OO

t\J

12



Open string 00 00 OO

X+0211000000000000%*000 consistent 0 boundary condition 80 0 O
o000
000 (2370 fermion0 00 (¢,0?) 0000000

S ~ / dot do? {w(al i), + (O, —@'92);24 (2.43)

gbobdboougbobood

=T

S ~2 / do' do” Ww(al +102), + 39 (0y —z'@z)@/?u} + / do* [WMHZ“WM ;:0
(2.44)

00000 (244) 0000 (D00 20)0 000000 consistent 0 boundary condition
0000 Oopen string(left O right 0 000 00000 string) D000

P(0,0%) = ig*(0,0?)
¢M(7T702) :“72@[)#(7“02)
0000000 0m,,=+£100000000X*0000000000 (string000)0O
000000 NeumannO DirichletO OO0 O Q00000 0OO0OO0OOOOO0OOOOOOO

(2.45)

N-NOODO

0 0O ON-N boundary condition [

VH(0,0%) = —ini (0, 07)

PH(m,0?) = —ima#(m,0?) (240)
000000000 07 < Re(w) <2r0000 ¢#, ¢ O
i () = (27 — ) (2.47)
000000 0¢#(2r,02) = —ind#(0,02) = L4#(0,0%) 00 O
R: for m=n , NS: for m=—n (2.48)

0000000000000 ooo»+0RNSODDOODDOOOO (240)000000
Ooooooto

8houndary 0 conformal 0000000000000

Hermion 0O DO O0D0D0D0 (Y6 = -dyy) 000000000

10000000000 00000000000000000000000

00 boundary state 000000 o' =0,700000000 Oy #0000 (OPEDDDODO
0)000»*=1000000000000000 000000
20000000000 (246)000000 n,7»000000000000000000O

13



D-DOOO

T-duality 0 Neumann boundary condition 0 Dirichlet boundary condition 0 O 0O 0O O O
O0000YB0T-dualityd right 0000 —10000000000000000O0OCOOO

) TR ) ) TSN i) ay)

0000000000 (2.46),(2.47) O (2.49) O

(0,07 = im;%“((),az)
Yi(m o?) =it (m,o?) (2.50)
mat(w) = Pr(2m — w)

gogbbooboboooboogoaan

R: for nm=mn ) NS: for m=—m (2.51)

000000M0yH(2r,0%) = ingh#(0,0%) = L¢#(0,0°) 00000 0¢#(w) 0000 00
00 (240) 000000

N-D,D-NO O[O

N-NOOOOOOO DOOOO00O0OO0O0O0DOOO0OO000000000 (2.46),(2.47)0
Ooboboobooooobboboon b-NODDOO

= inlqzﬂi(ov 0-2)
= im0 (2.52)
—imppt(w) =P (2T — w)

OooOoobooN-DOOOO nmOOD0O0OD n,0000D00-10000000RO NSODO
guobuoguoobooubobobougbbobobdooogn

R: for nm=mn ) NS: for m=—m (2.53)

O000000D0O00O0ooooooon ;/)“(2%,02):—2—?;/)“(0,02)DDD Oy (w)0 000
00 (240)0 RO NSOOOOO (ROOOOOOCO NSOOOODOODOOO)ODOOOOO
O0o0o0o0OoOOoo0oo0100 pOd W# p* 0 boundary state 1 00 O O

" [0 boudary state

000000000000000de' =00 boundary condition [J

P (w) = —iﬂmg/;“(w) ., Re(w)=0 (2.54)

BT duality 0 000 [27]Vol 1,sec 80000
MRONSOOODDOOODOODOODDODODODODOOOOOODDOODODODOODODODOOOOOO0O0O0O
ooooooog

14



guobdoobboobobn

1 --- Neumann
O = 2.55
{ —1 --- Dirichlet ( )

000021100000 1-loop (OO T) amplitude0 0000 O0O0O0O0OOODOOOO

7{)#(0-17 0) = 7737{)#(0-17 T)
(ot 0) =gt (oh,T)
Ooooooooon Dn3,774::|:1DDD15DDDD 0
;/)“(0,0) = _Z.QUI@ZM(()?O) = _iinn}@ZM(OvT)
$#(0,0) = nayp"(0. 1) = ns(—i) (0, T)

O00n;=n0000 consistent OO OO0O0O0O00ns=n0000000
w =0 00000 closed string O tree level 0 00 0 00

(2.56)

(2.57)

(2.58)

0000 (2.54),(2.56) O

Yrw') = Quit(w’) . Im(w') =0
(') = s (w' + 27) (2.59)
P (w') = nspt(w' + 2m)

0000000 «000000000Y02:0000000 (259000000000
closed string 000000000 R-ROOODO (nps=1)0 NS-NSOOOO (ngs=-1)00
000000000 Oboundary state 0 closed string [0 [0 O spacetime boson O couple O [
oo0ooogo

0 (2.59)0 closed string0 000 000 (240)0 00000

Y (=it ) € Buma, =0 for Yo € R (2.60)

reZ+v

gogoobgon

2.61
ns =—1 - NS—NS (2.61)

1%
1%

Il
Wi O

O00000000000000 |By,n)a, O 0000 boundary state 1 0000 000
0000000000 00O000C00O00O0000oooo0Do0O |vy,nedODoOO0OO Q,vO0
00000 NDORNSOOOOOOOOODO (2.60)0

<;/)ff — iﬂm/;f,,> v,ma=0 for Yr € Z+v (2.62)

Bworld sheet fermion 0 00000000 000000000000 0O0OX*0000 bosonO0OOOONO
000000000000 ooooooooooooQ

Yleft 0 right 0000000000« 000000000000

"0pooooooo0o000000 (2590000

15



0000000 boundary state 00000000 (2.62) DO00OONSODOO

|NS? 77>Q = Cy H emgd’irdh,_r

_1
r=s3

0) (2.63)

0000000 Ce00000000(0)0 NS-NSO ground state0 00 O
ROODOODOOOODODOODO Do

|R, 77>Q — Dg H emmim%,—m |R, 77>§20) (2.64)
m=1

000000OROOODOOO0O0000 |Ry)Y0000000000000(R,»)YD

(et = it ) 1R, m) = 0 (2.65)

gboogobogbbbooobbuoobooboobagdg

2.2 00O stated Cardyd 00 OO O boundary stated [ [

OO0O0D0D00O0OO0 boundary stateD 0 OO0 00000 OOOOODOOOOOOOOOOO
gboggobooboboggobuoguoboobboobbobboooooboobaa
O state [28]0 Cardy OO0 [29] 000000000000 O0DO0OOOOOODOOOOO
(00D00000)0 boundary state 0 00 0000000000000 OOOOODOOOO
0000 (30)]000000000000oood

2.2.1 Virasoro[l[

OO00O0OstateD 000000 OOOOOO0ODOODOOOOOOOODOAO VirasoroO O O
O00o0oboboood Virassoro OO OOoooooooooooon

Flat 0 bosonic string [0 0 [

OO0 21000000 lat0D00000O0O0O 100 0O X#OOODO VirasoroO OO OO
O 0O O Closed string 0 0 O

1 ! -
LnX = 5 Z o/imozwﬂ_m for n 75 0 , Lé(: %p“pu + Z O/inau,n (2'66)
meZ n=1
N 1 . ! -
Ly =5 > 6 Gupam for m£0 L= %p“pu +) At (2.667)
meZ n=1

00000001 00000000000000 (2.66), (266)00 00000 0OOOO
00000000 VirasoroD OO DODOODODOOO00OOO0D0OO0ODOOO (2.66), (2.66)00
gooooobooooo

BOooooDooo0o00o0o00ooooon

16



Open string0 000 ON-N.D-DO OO

1 [oe]
N-N: Y= 5 Z o ppym for m£0 LY =ap'p, + Zoz*_bno%n (2.67)

meZ n=1

1 AzHA
D—D: LnX:§Za5mamn+m for n#0 | Lé(— Zﬁax“ Zoz WO (2.68)
meZ

O000000000D0Ax¢=2—yr0000000 0000000 OOOOODOOO
N-DO D-NODOOODOOOOODOODODDOODOD “O00000 VirasoroOO”700000
oooo

00000 closed ,open DO O OOO

LY LX) = (m—n)L) ., + 12(m3 —m)pm—p , €=1 (2.69)
[LX LX) = (m—n)LX,, + %(mS )b, E=1 (2.69)

O00000O¢,ed X*O central charge 000000 100000000 ¢,e0D00O00O0O
00 VirasoroO OO O OOOOO (2.69),(2.69) 00000000 000C0O00O0O0O0O0O0OO

Flat 0 super string (0 00 0

OO0 flat00 00 super string0 0000000 0X#*O0000O VirasoroOOODOODO
D00000O0DO0¢*,*0000 Virasoro O OO O closed string 0 0 0O O

1
Ly = 4 Z (n+2r)l by for n#0 L= b, +ap  (2.70)
reZ+v r>0
.1 L N L
L= Y 42 g for n A0 L= r b bae (270)
rcZ+o r>0

R: ay=— , NS: ay=0 (2.71)

O0aq0000000000O0Openstring0 000 2120000000000000000
00000 double trick 0000000 2,000 ¢*(w)0000000000O00O0OOO
VirasoroO O (2.70) 00000000000 (0000000000 OO)N-DODO R:OO
ONS:ODODOODODOO0O0O00O000bO0bObO0oOog epon

1
periodic :  ag = I ) antiperiodic:  ag =0 (2.72)

O0000VirasoroOOOODODOOOO (2.69),(2.69) O c:E:%DDDDDDDDDDD

e UO0DOOOO0OODODOO

LI o LngDDDaODDDDDDDDDD e U0 0O0O0O00O0O0OO0OOOO0O0OO0OO

gooboobobgd
17



0 O O world sheet boson O OO O

1 1
periodic boson :  fo = —— , antiperiodic boson :  fo = — (2.73)
24 48
00000 Oworld sheet fermion 0 00 O
1 1
periodic fermion :  fy = 2 \ antiperiodic fermion : fy = —18 (2.74)

O0000D0000 a0 central charge cO 0 OO

< 2.75
fo-l-24 ( )

OD00O00Right0000 000000000000
000 open stringd N-NO OO X#0O periodicd c=1000 Oag = 4—|—L4—ODDD
00 (267)000000000¢*0 ROOO periodicd e=20000a0=5+5x49 =15

goobgodagd

000000 Virasoro OO

0000 AOOOQO VirasoroOOOO (269)000000000000000O00O0O0OO
O00000000000000 000 construction([27],Vol2,sec 11.500)000000
O00000D000000DOoOlet0b000O00D0ODOnght00D00O0O0O0O0O0ODOOO

00 A0D0OO0O0O0O00O0O conformal weight (1,0) 0 current J*O0 00000000 J*
googoooboboooboooood

[J2, J2) = mbkd®6,, ., +if® . J (2.76)

m¥n c m—l—n

oooooooogo m,nDDDDDfabCDDDD G(generator 0 0 0 OO 00000
ooo ;/))DDDDDDDDMD]C:;—EDDDDDDleVGIDDDDDDDDDD (2.76) O
level kO G current 00 (OO affine Lie00 )0 000000000000OO0O (2.76)00
0000000000 d® =é*,¢2=2000000000000000000 k= A0
00000 levelDOOODOO

o0 J:O0000 VirasoroU O L, 000000000

L, = Y EE h el Z JeJge o for n#0 (2.77)

m=—00

1 a ja - a a )

n=1

000 a000000000000W(G)O
J " = —h(G)ga (2.78)
00000000 (2.77) 00000 Virasoro D 00 central charge
 kdim(@)
k4 h(G)

10 (2.76) 0000000 Ocurrent J*0000000000000000O0O0O0OOOO
18
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000000000000000 symply-laced 2°000 A(G) + 1 = dim(G) /rank(G) 00 O
0 (2.79)0

_ Edim(G)rank(G)
“T dm(G) + (k — rank(G) (280)
goooobon
000000 Oc=10 free boson X(w,w)(p#00 100)0000000J%w)0O
2\
J(w) =1 (—/) 0X(w) (2.81)
a

0000 00X(w)d periodic000000000O0OO0OO0O J,=0,00000000
0 (2.10)00 level 10 U(1) current 000000002 Dky? = 2k =200 (2.77),(2.77)
0000000000 (2660000000000 (279)0 dim(U(1)=1000000 c=1
00000 00 Antiperiodic boson(N-D O X#O0)O OO0 J(w+2r)=—J(w) 00000
000000000000 000000DO0wistOOOO0OO00O0 00 twisted affine Lied O
(0O (276)0000000)00000000O0O0O0OCOCOOOOOOOOOOO
00000000 L,0Ooooooooooboboooo AgOoaoano LOAD

L[}=0000 (0000 A20000000)+ ) 7N, +af (2.82)

r>0

0000000000 N,OAODOOOO A,0000A_, (r>0000000 number
operator 1 1 O [

000 open stringd N-DO D-NO X*[O antiperiodic boson 000 ay = é—I—L: 0
Oo0oad

0000220

2.2.2 00U state

00 2120000000 Oconsistent 000 0O O boundary O conformal OO0 OO OO
000000000000 00000000 boundary stated 0000 Virasoro OO O
00

(Lf—zén> BY=0 , for "n € Z (2.84)

0000000000000 C0 (284)0000000000C0O0O0OOOOOOOODODOOO
OO000000O0000000000000 boundary stateD 0000 0O0DOOOOOOO
gbobgbobooboobboogubgoooabobooon

29Dinkin diagram 0 1 0000000000000

2U(1)00000000 0000 level 0 0000000000000 O0k=1000000000000
00000 level 10000

ZN-DO D-NOOODOOOO (2.24),(225)00 0000000000 A2000000000000000O
oooooooo
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000 free boson X* OO 0O Oboundary state condition (2.31), (2.34) 000000

1 for Neumann

2.85
—1 for Dirichlet ( )

(o, —Q&", ) |Bx)a=0 "m € Z , Q:{
D0DO00D00D0D (2.66),(2.66)0000000 (285) 0000 [By)eDDOOOOD
(2.84)0 00 00O Oconsistent 0 boundary state d 1 0 (Neumann O Dirichlet) 0 00O
goooooooooooooodonoo

000 free fermion #0000 000 (2.62)0

<¢¢ _ mmz?ir> e =0 for Yr € Z4uv (2.86)

00000000000 (2.70),(2.70)00000000000 (2.84)00000
0000 WOoOOO A,WODO0OO A,00000

W, — (—=1)°QW_,) |Bw) =0 (2.87)
( )

0000000000 0Q0 A0 AgR000 automorphism 2°0 sO0 WO OOO 00
000 (2870 “00000000’000000000000s=10000 (2850000
S:%DDDD (—1)%::|:iDD (286) 000 O0WOO0O0OO0OO0O0OOOODOOOOOO
current 00O J*0O s=1000 0O

(J;; n jSn> 1By) =0 (2.88)

000000 boundary state 0 00 000000000000 0O0O0O (2870000000
gdg
00 WO A, 000 ,;000000000000 highest weight stated [7;0)0 0000

P

Dooo [, W_,,|5;:0)0 00000000 |j;N)0OOOOOODD WoD [j;N0oOo
0020
00 j000 state |[j) O

P

S 15 Ny @ QU N) (2.89)

1)

ooooooboobooo ud

e — o~

Ul7;0) = |7;0) : UW_,, U™ = (=1)°W_,, (2.90)

000000 anti-unitary operator 00000000y 00 (28000000000
0000 [28)0

BO0po00000000000 K,K'0000D0000 K —-K'000000K'D KOOOOODODOOOO
0000000000 Neumann(Q =1)0 Dirichlet(Q =-1)000000000000000000000
oooo

“O0OoOoo00 WO conformal weight 0000000000

%A, 0 Agp O automorphismO 00000000 WO WOOOOD ;0000000

%o BeCO00 U(a®+0Y) = Ud+AUVY0000 (0D00D0DDD0ODO0000)0000 (US,U¥) =
(@, ¥)* 000 operator 00 000 OO [31]Vol 1 ,sec2000000
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0000000000000 000000000000000 00Freeboson X* O Dirichlet
boundary state 0 0 000 (2.35)0 Tayloo D0 00000000 OO0O0O

)0 =11 [NZ v (ﬁ) 05k) & —— (‘%”)N |o;k“>] (2.91)

0000000000 |k),008e"—y) 0000000 0000000000 0]0; k#)
00000 k0 ground state D D0 00 (2.91) 0000

N
ks N = ( ) |0; k) (2.92)
w1l
0000000000000%¥0Q0UDn00on
Qa", Q7' = —a" : vat U™ =—a" (2.93)

—m

0000000000000 0000 |k)p00(289) 000000000

2.2.3 Cardy [

O0 state0 00000 conformal DO OO0 OO OO boundary state D OO O OO O OO
OO000000000000 stringd00000ODO boundary state 0 000000000
0000000000 boundary state 000000 (Cardy D 0)[29)0 00000

Open-closed [ [

String [0 cylinder amplitude 0 O 0 O O open string J 1-loop 0 O closed string 0 treed [
O00000000000000000000WeylOOOODODO 220000000000

a
a 0O m B B oo m/t
o — (o i
,: o' ,: o’
0o 2t Open 1-loop o0 27 Closed tree

0 2.2: Open-closed 00 0

ODO00DO0D000000DO0DOO00 open stringd HamiltonianO H OO O O Virasoro
character x,(¢) O

Xalq) = TraqH = TraqLO_i \ q 2T , T=1l (2.94)

g+ NYD |0;k*) 000000000000
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0000000000000 v.(¢)00000BO00000000vl(q)00000 a(0)—
f(m)D00000000 27000 open 1-loop amplitude (0 220)7,;, 0000000
0do

Zag = _nlsXalq) (2.95)

000 n,,000000000O1-loop amplitude 0000 «00000000000 (multi-
plicities) D00 0g=e?"000000002rt0000000000000000O0OOO
gooooo

00000 boundary state|3) 00 |o) D00 200000000 closed tree amplitude
(0220)00000000000O

=+

Zop = (algzoomR)g) L g=er =T (2.96)

000000 Closed string 0 Hamiltonian A 0

C—I_CZLO—|—Z/0—i (297)

H=1Ly+ Lo — 5

O00000Oclosed string0 00 Z000000000000O000O00O
OO00000000000Z,3=23,000

(a|gzFottom2)|8) = (B|gzTotlo12)|a) (2.98)

000000002200 7"000000000 #A%?0000000000000000OO
O0000000left0D right 0000000 0O0O0ODOOO p.l0O0D0DO400000000
OO00000O000000oooooOogoood

OO000D 0000000000 Z,,00000000000 closed tree amplitude
0000000000000 00000000002200000000000000 (2.96)
0000 e,p00000D000COC0O0OC00OOODO0O

Cardy O O

00 Oboundary state |o) 0 0 O state 7)) D 000

o) = 3 Blj) (299)

00000000 BO0000000000000000 (2.96)0

Zop =Y _(BL) Bix;(d) (2.100)

J

guogbboboobgobistated g

NL(LO.|.L0—§)|J~>> = \,(9) (2.101)
(gt Dy =0 for £ (2.102)



O0000000Oy(¢)000 character 00000000
00 OS-matrix S7 0

9) = Sivild)
J
00000000 (2.95)0
Zap = ZnZﬁSZXj(C])
a.j
00000000 (210000000000

Zsa nty=(Bl) B}

(2.103)

(2.104)

(2.105)

OO0O00OOoooopoooooobobooOoboboooD “CardyO 0”000 000DOOOODO
O0000Cady00DO0O0O R, 00000000000000000000O CardyOO
000000 B,O000000000000000000000 CadyOOOOOOOO (O
goo nZﬁDDD)QSDDDDDD Cady JOODOODOOO0OOOODOOODOOOO boundary

stateD soliton 0 (10 20000000)00000000O0OOOOO

2.2.4 Cardy [

00 Cardy 00 (2.105) 0000 B,0000 string 0 00 00 O boundary state 0 0 0

goooo
(1) 0O nd, = 4300 Oboundary state |0) O

Zon = volg) = (Olg2 o) O o) =Y Bgli)

O000000Cardy OO (2.105) 00

Sy=IBP = Bi=y\/S5 = [00=>)_1/Sili)
J

O 0)0000*0
(2) 00O ng, =46200 Oboundary state |a) [

Zoo = Xalq) = (0]gzF+ 0~ E)a) o)=Y BIlj)
DDDDDDDDDDCardyDDDD

, - , S Si

SI=\/SB, = Bi=-"%= = |a)=> )

ooooseg

®si000state 0000000000000
0000 S)00000o0o0ooooo

000008, =+/S erRODDODO

=
R
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VerlindeO OQOQO QO QOGO

000000 |oy00000]«),|F) 00 amplitude Z,5 0
(algz "t 2 18) = Zus = Y nisvala) (2.110)

000000 R,0000000000000000Cardy00 (2.105)00 (2.109)000
0B 0000000

(84)" 53 S5
jg:Asa nty = (2.111)
S5
000n2,0
(S3)755(57Y);
n’, = = : , S hbss = g 2.112
af z]: S(]J z]:( )] a a ( )
DO0o0o0o0o0
00 |o)0O0O0 D,00000(e/ 000 D, 0000 (2.110)0
D, Dg=Y nlD, (2.113)

OfusionO0 0000000000 0OOO0O0OO nZﬁD fusionO0 OO OOOODO0O
00 D,@Dg=3_, n’;ﬁDa O fusion 000000 fusion O O n’ﬁaaD Verlinde O O O

5989 (571
/a ap
iy = :____75?___1 (2.114)

J

000000000 § — (S)°00(2112)0 »%,0000000000000000000

2.2.5 Flat O OO D-brane

CaedyODOODOODOOO0O flatO00 00O D-braned 000 O boundary state 0 0 00 OO
00000 Obosonic stringd 00000000

Bosonic D-brane

OoboodlbddooROUO0D00bO0Oo0oboD00oU0 R—=ooooooong
gooogobod

a/
5
0000000000 winding number w 000 0*0n,w € 200000 |(n,w))0

}5 = (Oéo + ONéo)/ 20! 5 w = Qg — ONéo)/R (2115)

pl(n, w)) = §%|017u0> ;o Wl(n,w)) = wl(n, w)) (2.116)

oooooooad
0000000000000 00000
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Dirichlet boundary state

0000000000 dDirichlet 00O O stated O Dirichlet 0 boundary stete 0 O OO O
000000 0ODirichletD0 00000 stated O (291)000

|
- S iy | |(n, 2.11
|(n,0)))p = exp (; — Q@ ) |(n,0)) (2.117)
000000000000 character xp..(¢)0 0 (2.101) 0 O
i) = (((n,0)|pgzTotlo=)|(n, 0))p = g 2.118
Xp,x(G) = ((1,0)|pg |(n,0))p = e (2.118)

00000000000 DO B220000000000w000O0DOO C1O00O0O0O0D0OO0O
00 Az0000000 D-DOO Virasoro character 0 O (B.17)00

2Ter+A.r

Q)p.aw = Z K (2.119)

W=—00

D000®00000 %8s’ 0 700000 (28200)000000000 (2.68) 0
L0 000000000000 000000000000000000 winding number
w00 2rRw 00 effectived Az 0 000 00O O Poisson resummation formula (C.45)0 n

000SO00(C260)00000 (2119000000

2Ter+A.r) o Na/n2 o
q T anZal \/J ‘A £q4R2 \/J ‘A »
q)D,Ar = R —— = e’ “’Rxpn q) (2.120
w_z_:oo CTYET Zoo na) V2R Zoo )
oooogooogoono (2.103)DDDD 0000 SmatrixOOO O OO
o
§m = VO o (2.121)
V2R
00000000 2240000 boundary state |x)p O
1
\/& 2 oo o
R ¢ | (n, 0 2.122
|2)p <\/§R n;m [(7,0))p (2.122)
O000000Amplitude0 DOOODOOO
1 [ <
(2[pg? "t D y)p = \(q)p,e—y (2.123)

000000 2«0 Dirichlet boundary 0000000000000 (2.122)0 R— oo
D0D0000f=Kk0O00)00000

W)p ~ / dke™ |k p ~ 8(F — y)0)p (2.124)

0000000000 (23/) 0000000000000

200000 x(¢)pa, 000000 x,y0OOOOOO Az00000000 0Az0 a000 xu(q)00
00000

330 (2.123) 0000000000000 x(¢)py-.00020 y0OOOOO0O0OO0O0O00O000000O
00000D0000000000 fusionruled D, ® Dy =D,_, 0000000
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Neumann boundary state

00000 NeumannO O OO OOOOOOOOO DirichletOOO OO T-duald Neumann
0000000000000 stated

%) 1 )
(0, w)h = exp (— 3 —a_ma_m) (0, 0)) (2.125)
m=1 m
O0000000000**0000000 character O
NR2w2
. L Totlo—< B g 4o
Xvw(@) = ((0,w0)| gzt (0, w)) v = n(q) (2.126)

000000000 oooo B22000000000
00 N-NOO Virasoro character 0 O Wilson line 60000000

(2.127)

0000000000 0<0<2r00000 (2.127)000000 Poisson resummation
formulad0 000000000

E 9)2 R2w2
R R

q zﬁwq 4af
Q)ns = Z o \/_ Z e \/_ Z (@) (2.128)

n=—0o0 W=—00 W=—00

00000 0Smatrixd

wo_ 10w
5§ = e (2.129)
0 00 00 boundary state |8)n O
R % - 10w
0)n = 5o > (0, w)) N (2.130)

OOoO0oOoooocoood

D0000 (2130)0 R—»0o00000000D0DO0D00O ;4 —000000 (2.127)
O0é0DO0O0DD0O0O0OD0O0O0D0O0ODOD0ODOO0UOOR =000 Wilson line0 OO0 6=0
000000000000 R— ool winding number w # 00000 O decouple 0 000
000000 ONeumann boundary state [

m=1

0Yn ~ [(0,0)) 5 ~ exp (— > %oz_mo?_m> 0; & = 0) (2.131)

00000000 (232) 000000

¥Q0 -1—-100000 a_p,a_,0000-100000T-dvalld n0 wD0O00O00O000O

35 Dirichlet 0000 Az 0O Wilsonhneﬁl] Tduall]l]l]l]l]l]l]l]l] goooboogoobgooooon

3%Wilson line0 000000 A = 0000000 §— 7 — oooooonD LyoobOooono
gboooobooooo

ZR
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Dp-brane 00 0000

dO0 00 stringd OO bosonic Dp-braned boundary state] NumannO OO o =0,1,--- ,p
O000Dirichlet000 1 =p+1,---,d—10000 N,OOOOOO

o0

p—lgni 1 .
|Bxy) = Npd ™07 (@ =y exp(= D —al, 5.6, n)[0:0) (2.132)

m=1

00oooo0*oo0oo0 0s/0
SM/ = (naﬁv —(Sij) s Nuw = diag(—l, 1, ce ,1) (2133)

00000000 (2132) 000N, 0000000000000 O0OOOOOOR6OOO0
(2.132) 00000 open-closed 0000000 N, OOOOOOODOOOOOOOOOOO
OO0 ROOO boundary state 0 OO0 DOOODOOOODOOOOOON,O0DO0DOO0O00O
OO00000000D0O000O00000000ooooooooooooooagn

O000000000000000000 ROOOODODOOODp-braned boundary stete
00 (2.122),(2.130)000/=p+ 1000

d—1¢

RN (Vo N7
) ( m) S e mool0.0)y (213

nel

000000*®0000 y,nOd—-(000 vector OO0 n00000000O0O0O0O0O
0000000000 R—-ocO0DOO 0,wOOOODDOOOODODOOODOOOOO

=k = dn = Rdk = At = R ATk (2.135)

==

00000000 (2.134)0 R— oo O

B = B (Va) Ty

e

[ k1 01)ol(0,0))
<\/J>5 52—%(27T)d—€5d—é(i,i _ yi)|(070)>>D|(070)>>N

d gy, d §—¢ : 4 2.136
= miat (V) 8@ = ) R) 0,000 ](0,0)) (2130
gy . . <]
d_pgy-4 2 d—L/ ~t 7 v .
= (em)f2t (V)T ot _y)exp(—zﬁaim@ Gyrmn)|0: 0)
Ny -
0000000 ooooonD ROODODODOODOOOO0OOOd
0:0) = Var (0, 0)) (2.137)
000000000000 |Bx,).000000 N]/)D
d d g_é
Ny = (2m)fr2t (V) (2.138)

3"Bosonic string 1 00 d=26 00 000 super string (d=10) 000000000000 d000OOOOO
¥0000 (p=0)00000000000000000000000000O000O00OOOOOOOO00
Cardy OO OOOOOOOO cOOO0OO
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000000000 |Bxy O |Bx,).000OO0DO00000%000 N,#N 000000
OO0ooooooOooooooood

00000 open-closed O OO cylinder 0 modulousd 0O OO0 O total O amplitude d O O
0000000000 O0Open 1-loopd modulous t 00 00O closed tree [ modulous s = 7/t
oooooood

dt - < dt
ds = —m— = / ds = 7T/ — (2.139)
12 . , 12
O00000000 Oclosed string O propagator [
1 poo . 1poo .
A= ﬁ/ dse—sLotLo—15) _ 3/ dsgz Lotlo=13) (2.140)
2 Jo 2 Jo

000000%*00000/20000000000000Oghost0000OOOOOO
0000000 Ghost(200)0 open 1-loop amplitude O

n(it)? (2.141)
000000%0»000 800 (C.26)00
n(it) = tY2(i /1) (2.142)

goodgoogbobooboo
00000000000 modulousO0O 00O ghost 00 00O (2.136) 00

2 /OOO gn(m? :/0 fjn( J1y? = i/ooo dsn(i /1)’ (2.143)

00000000 0000 open 1-loop 0 measure+ghost 1 0 0000000000000 ¢
0000000000000 000000000000000Ost0000ooooood
O00000000000000000 factor 200000 0Ghost 000 dOO OO open
lloopO0ODODODOO Z(q)DODODODOOODOODODOO

Z(q) = (Bx pleg? "t 07| By ). (2.144)

00000 open-closed D000 (2.140) 00000

<t [ : 53 (Lo+Lo—15
9 x/ 502 () = _/ dsn(i/t)*(Bx p|eqz "ot 0712 By ).
0 0

T
o &Y

_ Bxu!/ dsn(ift) Sghborio=5) | By ).

2 (2.145)

effective J propagator Aofr

= <BX,p|Aeff|BX7p>
00000000000 |By,)0OOODODOOO (2.138),(2.145) 00 O

m=<2yﬂ=fhwwMﬂ '§”W%W¥p2 (2.146)

o'

O00oooooo*# 00000

39Closed propagator 0 D 00000000 ghost 00000000000 total amplitudeD 00000
000oo0ooDoon

OPropagator0 E=? ~o/ (E0DO0O000000)0 order 000 0o/ =20 limit000000 1000
000000000000

40000 [27Vol 1, sec 7000

2000 01026], p36 00
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Super string D-brane

00000000 super string (Type O or INOOOOOOO0O0OO GSO projection O O
Oo0O0ooooooog

Dp-brane 0 00 00 OO0 world sheet boson 00 OO0 OO0 OO0 bosonic string [0 0
0d=100000000000000 000 world sheet fermion » 00000000000
000 light cone0 000000000000 O00O0DODOO super ghost 0000 OO0
0000000« 00000000000 (2.86),(2.133)00

<L/Jff — inS“ﬁ/?i,,) losn, phie =0 ) c=NS,R , np==I1 (2.147)
00000000000 state |o;n).0

oy, phie = [ [ exp (m 3 wrsmy,_r) YN (2.148)

r>0 =2

00000 (2148)0 p,v»0000 0,1000000 light-cone0 000000000000
DD|0;77,p>>§S)D NSOOOOODO ground state DO ORODOOO 0000 ODOOOOODO
000002120 000000000|R7,p) Y 000000 ADC0DDDDODOOO
0O0O0O0|R g, p) O

(= in9, %) 1B p) =0 (2.149)
gdooon
R, p)Y = Mg |A, B) (2.150)

00000000 |A, B)YO spin SO(1,9 0000 (BO OO right)0 M,z 0

1+P L4iglyy (1P
My = [(FE o ol (2.151)
2 1+ 2 AB

0000000000 I'“0 S0(1,90Tr000gr, =I°---1"0000000C0 charge
conjugation 000 O (EX)0 0-1 000000 so=+10000000000*%00000
000000 AQ0O0OOO0O0OO000000 Dp-brane20000000 000000000
0 (A.64) 00

O NS 71, pIN S5 0, I = 1

(2.152)
DRy, pl Ri o, p)Y) = 168,
0000000000 0000000000000
NS00, IN S, e = @ F TL2a (4 mmd S = Trys (1) #5905
(B 1, LR 2y phie = 1685,0,407 2 T2, (1 + mneq”)® = Trg {(—1)”15”2 )FCYL()_i}
(2.153)

oooooooboboboob B220000000bO0000oOoboboooboD

BLight cone0 00 0000000000000 DO0O0O0OOD OLeftd rightd 0-1 000 projection O
000000000 physical 0000 000000000000 OOOOD ADDOODOOOOOOO
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GSO projection
00 GSO projection00 000000000 SO(2n) O open string 1-loop O Virasoro

characterD 0O 0O O O GSO projection0 D OO0 O000O0OOOO0O
NS(+) 1 XW(g) = =Trys [(1 = (=1)F )k~ 5] = xu(q % K ) (94(0|)>>”]
SCIRE L
BOH: )= 5T (14 (-5 =~ = - | () (<200
(=

RO ) = 5T [ - (7)) = vl = - [ (20 t )

000000000 (B23)0v=/=000000 5020 00000000000 OR(+)
000000000000000 (B.30),(B.31)00000000000000000 RO
0000 factor —10 0000000 spacetime 1000 (000000000000 -0
000)000000000000 light cone0 000 SOR) (n=4)000000000
O00r=40000000000

[\')

DO |

NS(+): xi@)zxn@)z% (aig?>4—<?ﬁﬂp>4 (2.154)
NS(=): XK@:XJ@:%_<%$:)4+<%$:0{ (2.154D)
R(+) : XKQ):'—XJQ):'—%<??£:)>4 (2.154c)
R(-) : XKQ):'—XJQ):'—%<??£:)>4 (2.154d)

0000000 6,(0jr)=0000000000000
00 boundary state J 000 GSO projection 0 0000000 NSOODODOOODOO

world sheet fermion number F'0J
NS : F=> gt —1  F=>Y 444, —1 (2.155)
r=1/2 r=1/2

0000%0000 “1”’0 NSOOOODO ground stated —10000000000000
0400000 (2.148),(2.155) O O

(=D INS e = =INS; =, phie . (=DF|INS;m phe = —|[NS;—n,phe  (2.156)
00000000000 —10 FFO0O0 1000000000 ROODOOOOO0O

R: (—)7 =g (=D)Em= mben (1) = iy (= 1) et Vo (2,157)

“Boundary state 0 light cone0 0000000000 0,1000000000000000 (2.155)0 p
oooo1gooooooooooogon
BSuper ghost 00 0 O
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0000000000 ¢y,¢y0 My0000000000
Y= 20900y 2Ty oy = 200 2Ty (2.158)

00000000 (00 ADD0)00 (2157)0 (=1)F0 factor —10 00000000 super
ghost 0 0 0000 *0Dp-braned 000000 (2.150),(2.151),(A.21),(A.21) 000000
00

(=D Ry m, e = (= 17|Bs —mplie » (=DF Ry phie = —|Rs —mupie (2.159)

ooooYo

Type 00 O 0O D-brane

0000000 Type 0000 D-brane 0 boundary stated O 0 O O OGSO projection [

0A : (NS+,NS+),(NS— NS—),(R+,R—),(R—, R+)

0B : (NS4+,NS+),(NS—, NS—),(R+, R+),(R—, R—) (2.162)

OO000000obo0ooogoooop000bODOO0Ob0DOO0OODOnDOGSO projection
000000 stated pOOOOODO*®

0, p) = [NS+, NS+, p)) = %(|N5;+,p>> — [NS; =, p)) (2.163)
l0,p)) = [INS—=, NS—,p)) = %(|N5;+,p>> + NS = p)) (2.164)
|s,p)) = [R—, B—,p)) = %(IR;Jr,p» + [B;—.p)) (2.165)
e, p) = |B+, B+, p)) = %(IR;Jr,p» — [B;—.p)) (2.166)

¥0000000AO00D060D0000D00DORODOOOD boundary state D left 0 right 0 picture number
010000000 lft0 FOOOO 1000000000
Y'00p0D0oo00oooOo

1+ P 14l 1-P ~
1/)11|R;77,P>>1(2) = [(T) ... rro— U ( 7 )] Y11]A, B)
AB

141
- [Fn (ﬂ) FO...pp(jl'i'i".FH (1_P)] A, B)
2 1+ 2 AB
:(_1V+2[(lj:E)I@.HIwCIH1+fU(1—-P)] A, B) (2.160)
2 1+ 2 AB

= (=1) K#) 0. ol 1_177;“ (1_2P)] |A, B)
n AB

= (=1)"|R; —n, p).”

T e () 1+P) 0 1+ inl'yy (1—P) ] 5
Rin, _ re...re¢ ; r A B
YR m, pye [( 9 1 +in 2 H AB| ) (2.161)
= |R;—n.p))

0000 ONonzeroDOOO NSOOO pO0O0000000000O
¥y 000000 ROOOOO GSO projection 000000 state 0 00000000 0ADDDOD pO
0D00O000 ROOOOOOO state0 00000
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OO00000O0O0bobObObOOoo0bobODstateODOODOO B.2200

O Virasoro character y, ~ .0 0000000 openclosed 000000000 0OODODO0O

x»O0OOOy,000000000000(R;n0000000O0O00OCO0OO0OOOOO
00000 (Ryp|COC0OO0ODOOOCOO

|[R;n) 00000000000 DOODO —-1000
gogboooogogod

Lo+Lo— i5)

<<m,p|q~é( n, Y = Omn X (4) m,n =uv,0,8,¢ (2.168)

000000000*®0000000000000
000000 characterO Virasoro character y;, OO0 000 OS-matrix0 000000
0 B30000000SE0

(@) =) SEx(@) (2.169)
000000000000 v,0,s,c0000 (B.119)00
11 1 1
11 1 =1 =1
Sl == 2.170
79l 1 -1 1 =1 ( )
1 -1 —1 1

00000000 CardyO O (2.109) 0000 O boundary state0 D00 0000 S&”)U:%
00000000000 (2.107) 0 boundary state (0)0 0000000

1
|0) = Xm: Seplmh = ZZ v +loh + lsh + le))

; (2.171)
- 7§(|NS; +.p) + |+, p))
0000000000000
o) = S&H)Om_iv 0)) —1|8) — |C
o) zm: 5{§Su| ) \/5(| )+ lo) —ls) = leh)
_ %(ws, +.p) = 1B +.0)
BEDY (?) m)) = —= (o) = o) + Is}) — Ie)
- Jsm V2 (2.172)
- %(_ws; —.p) + 8= p))
c) = &H)sziv—o—s (&
©) Em: 5{§3U| ) \/5(| ) —lo) —ls) +leh)
_ %st; —.p) = R =p))

Y0000000000000000 (R;n0 |R;H)0D0O00000O000O0O0O0OODODOOOOO
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gogbogobgd

Type 0 Dp-brane [ [0 [

0 (2.171),(2.172)0 O O O boundary state [v) ~ [¢)D0000000000000 |R;+,p)
ooon

(R +,plgz T+~ Ry 4, p)) = App (2.173)

O Dp-brane 00 RR charge 000000000000 OOOODO |R;+,py00000O0O
Dp-brane 000 RR charge 0000 000000000000 Ow)0O Jo)O braneO anti
brane0 000000000000 |s)0 |¢)0 braned anti brane0 0000000000
O0000|R;n,py0n00000 |v),lop0 000000 D-brane0 00O

O000 Type0OOOO 2000 D-brane anti D-brane 000 0000000000
goo

|v) : electric Dp-brane o) : electric anti Dp-brane

|
2.174
|s) : magnetic Dp-brane |¢) : magnetic anti Dp-brane ( )

gooooooo

Fusion rule

000 v~cO000 D, ~ D.00 Fusion rule0 00000 VerlindeO OO (2.114)00

Dy ® Z Mk s M = Z S/j ’ Z( (8) )j &)n = n

J (8)v J

(2.175)
0k, 0000000000 (2170)00 S, 00000000000000000000

D,, =D, [ Sgg)lzsgg)mmmmDDDDDDDDDDD
Dy @Dy =Y nk Dp _QZS’J StynSihy (2.176)
k

O00000O0O0o00oOoooOo0D (2170000000000 OO

Dv®Dm:Dm 5 Dm®Dm:Dv 5 DO®DS:DC

(2.177)
DO®DC:DS 5 DS®DC:DO

oogoooooooo p,0ooboobboobbooboDob0ob0oU xy,0OOODO
000000 B3000O0ODO0OO SO SO000000»Oo000000D0OC0O0ODOOOO
02170 00 o0000O0O0O0DODODO

Type II 0 OO D-brane

Spacetime boson 000 0000 Type IO OO Type 00000 OO0 boson O OO0
O0000OType I1OOO D-braned Type 0000 O GSO projection 00000000

0000 elosed string0 00000000
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OoooobooboboboobooobobbooboboobDoo TypelIBOODDODODOOODO
Oo0oo Type IOOODOOODO 4000000

[TA : (NS+,NS+),(R+,NS+),(NS+, R—),(R+, R—)
[IB : (NS4, NS+),(R+,NS+),(NS+, R+),(R+, R+) (2.178)
[TA" © (NS+,NS+),(R—, NS+),(NS+, R+),(R—, R+)
[IB'" : (NS+,NS+),(R—, NS+),(NS+, R—),(R—, R—)

000 prime0 0000000000 world sheet fermion 1*, ¢ [

S (2179)
000000000000 0000000000000 Type [IB000O0DDOODO (2.166)
00 GSO projection0 000000 stated |o), |s) 0000000000 character00 O

O Xy =W, X)) 000000020000 00000000000 Virasoro character
XA(A_Ov 73)D

Na = (0 4 X X0+ X0 X — X Xo — X0 (2.180)
00000000000000000000000 S-matrix 50 GSO projection PO
Z SMRM@) 5 N = Y PV R(@) (2.181)
M
OooO0oDoogoo
1 1 0 0 1 000
A 1 -1 1
G = ov S (2.182)
0 0 1 1 00 00
0 0 1 —1 00 00

00000000 x,y=(,-x:,0,00000000000000 (2.182)0 §'02x200
00000000000 ooO0o0oooooo0oooooooono Y4, 0ooooooo x40
000000y, 0000000000000 Oopen 1-loopd Trdd0O0Oddonog x4y
0000000000 0000000 (29)00000000000DOO0OOOOO
O000 open string0 00 A=1,200000 Oclosed string0 00 M =wv,s0000
0000000000 (00000 openclosed 000 00000)0000O0OO
000 Type IIB’000 D-brane 0 OO state D |M)) (M =v,s)00 0

0) = S \/S ) = 1) + 1)
= SONS; - p) — INS; = p) + B p) + 1R =)
H=-Y -
TRV

= SNS:+.p) — INS:—p) — [ +.p) — |R:—.p)

(2.183)

M) = o)) — |s)

oood boundarystate|121>(A:(),I)DDDDDDDDDDD Type 0BOOOOOOOO
O000000000TypelIBOOO Dp-braned pO 0000000 OO0DOOOOOOO

000000 Type IAODOO Dpbraned p0 000000000000
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Type II Dp-brane 00 0 O

0 (2.183)00000000 0)0 [1)0 |Ry,p) 0000000000000000
|0) : Dp-brane |1) : anti Dp-brane (2.184)

OO000000Type0OODOOO Type IODODO O Dp-brane ,anti Dp-brane 0 00 100
Ooo0o0Ooooooooo

Fusion rule

000000 fusionruleJ OO0 OO

A/]\Z_ 1 1 A/—IAA_l
SA_<1—1 = (570N = 3

0S&M-100000

1 1
() e

DyoDg=Y n4De 0y = D MM (2.186)
¢ M

gobogbgoboboobd

O0000 mod?20 A—I—BD fusion0 0 O0ODO00ODODODODO open string0 0000000
opoooono (C.Z4)DDDDD

Zoo=Z1=X0(0) =X, +Xa =0 . Zo=Z1o=11(q) =\, + . (2.188)

O000000000000000000 brane-brane 0O anti brane- anti brane 0 0O O
00000 open string [0 massless mode J 0 0 Damplituded 000000000000
brane-anti brane D00 0000 OO open string0 tachyon 00 (/' 00)0000000
oooooood
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2.3 Orbifold C/Z 0O O boundary state

O000000000D0000000 stated Cardy 0000 O boundary state 0 0 O
0000000000000000 RY-1=22x C*/T'00 “brane” *'0 0000 boundary
state 0 0 000 [30]0

0000000000000 00000000000000000 C/Zy>»®000000
OO000000o0OO0ooOoOo0o00DooooooOoDooo0o0boOoooooooooon
OooDOooOooOoogod

2.3.1 0000000 orbifoldd OO0

covering space

0 2.3: C/Zn(N=8)0O0O D-brane 0 O O image

00 C/zx00O0OO00000023000000000000N=S80000000000
O0000D0O0NODODOOOOO orbifold00 100 D-braned 100000000000
000000 [33)J000000000000000 D-brane0 00 OO O O Covering space
0000000000 NOODO (D-brane 1000000 N—-10)00000000 2.30
ooooodooool,-- .N-1O000D00D0000000000 Chan PatonO OO OOO0O
0000000 ab0000000000 a(c'=0),b (¢! =)0 open stringd 0 0
,4,6) 00000000 00 2.30 open striingD 000000000 O]A4%0,2)00000

00 orbifold 0 ZyOO R(300)0 00000 open string [¢,a,b)0 00 O

W,a.b) D R R, d WY R O, Ray = Sasis (2.189)
DDDDDDD;/;DDDDDDDDDDDDDDDDDDDDDDDDDDDDDD]%D
DDDDDDDE)DDDDDDDDDDDDDDDDDDD%DDDDaD1DDDDD
o0oo0oo0ooooooonD R,.00000000

'000 “brane” 00 000 D000 boundary stated 2.250000 Type IDOO0O0OO0O0O0O00O0 D-
brane 00 0O 0O “fractional brane”[32](0 0 00 O tension O RR-charge 0 000 brane) 00000 OO0
gooooood

“OpoOooooooooo RY-1=220O0000000000000O0O
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Open string 0 0 1 0 [1) = hap|tb, ¢, )0 0000000 (2.189)0 ROOOOOOD (R-
invariant 0 )y 0 orbifold 00000000000 (2.189)00 R,O00000000O000
00000000000O0O0O

[, 1, J) = U |, a,b) Uy : Ur,0 Unitary O O (2.190)

0 (2.190)0 0D-brane0 00000 00000000000 DODOOODODODODOOO RO
000000000 (2.189)00

|77Z)7[7 J> E} UIaRaa’R{;;Ug:]1|¢7a/7b/> (2191)

0000000000 UD UpReUsk =66 10000000)0 ROODOOO0O00OO
000 (0000000000000)0 (2.190),(2.191)00

w10y B gt )y LJOoO00O0O00 (2.192)

000000000000 00000R,00 (2193) 000 Nx NOOOOOOOU, O
gogboodagd

10
Ry = 1 0 ) Ut =U! = (vo,vi, - v+ vn_1)  (2.193)
0 10
goon
1
w-!
1 _ 2m

(NI

00000000000, =-+*00000000R0O0O0OO0O0OOO00000

VN
word) B WR L) L) = e ) (2195)
goooooo
2.3.2 Cylinder amplitude --- bosonic string [ [0 [

00 bosonic string 0 00 OO O open string O cylinder amplitude 0 000000 OO0
OO00oooOooooood
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Complex boson 0 0 [

O000 complex boson OO0 0000000000 DODOO0OODODOOOOODOOODOO
B1.1O00O0O00D0OO00O0O0O0OO00ODODOOODODO00DO0O0O 890000000 complex
boson X, X [

1 - 1
X = —(X®+:X? , XN = —(X®—iX? 2.196
\/5( ) \/5( ) (2.196)
O000000R (k=0,---,N —1) twisted sector 0 X, X [
X € Hpr: Xw—|—27T:27” WX (w , wze%ﬁi
X € Hus Xw+om (1) = X ) o
X € Hpr: X(w+2m)= —2migy N X (w) = _kX(w)
00000000 (2.197)00 R* twisted sector 0 X, X0 v, = £000
N 7 1 , 1 :
X(w) =i (%) > a ( > ;&re”w (2.198)
7’EZ—|—1/Z'C _
0 anp, a0y (n€Z2)000000000000DOODODOODODOODO
[yt s Q] = (R4 1)80 . o, as] = [a, a5l =0 (2.199)
Oo00o0oooooo
(Ozn+y2)T = @_n_yé , (@n_yé)T = Q_pqy! (2.200)
DO00O00D00 R* 000D |X) ~ al|0), | X) ~afj0)000 0
B x) B iRy = wbX) X)) B e R X)) = wk X)) (2.201)
0000000 R* twisted sector O Virasoro 0 O [
Li = Z O, Ol , for m#0
nez
oo oo (2.202)
Lé( = Z(n + Vllc)]\/vn-l-l/{€ + Z(n - Vllc)Nn—u; + aé(
n=0 n=1

Dooooboogd Ny O (an+yl/€)TDDDDD Nn—ulgD (o’zn_,,;ﬂ)TDDDDDDDDDDDD
X
ay U

1
ay = 51/,;(1 — 1) (2.203)

googd
000 untwisted sector (k =0)0 000 0000000000000 0OO0OOOOOO
guobggobobboboboobouoooobooobobbbooboonbn

5?’ClosedstringlilIZIIZIIZIIZIIZIIZIIZI|:|7|:|IZIIZIIZIIZIIZIIZI right 0 O )N(,):(EIEIEIEI Oopen string 0000000
O double trick D00 2r 000 X, X0O0O0ODOODODDOOODO
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cylinder amplitude J O O

000000000 (2.195)000000 open string |1, 1, J) O cylinder amplitude Z;;(q)
0000000000 cylinderamplituded 00000000 OO

Z1i(q |F| Z Tris(R O—ﬂ) - Z<¢7[7J|quLo—§|¢7[7 J) (2.204)
v

ooo IO ZNDDDD:NDDE¢DDDD openstring0 000000000000
0000000 (2204) 00000000 Tr0O untwisted sector 000000000000
00 0O open stringd O twisted sector 0 0 00 00000000000 2400000000

-
=" -~

-
.

closed string [J twisted sector open string

0 2.4: C/Z OO closed string (twisted sector) O open string

000 open string0 00 00 O0O0ODOOOO Oclosed string O twisted sector 0 O O fixed
point (0 2400 00000)000000000O00O0O0O0ODOOOODOOOOOOOO

0ooo
000 (2204)00 (2190) 0000000

N-—
ZIJ Z Z UIa UIC dJ <¢7avb|Rk Fo= 24|77Z) c d> (2205)
k=0 ,a,b,c

000000000 Y, (¢.a,b/Rfq 5|, c,d)0 0 (2.189) 00

k
Sac/ de/X(GX) " (q)

Z@/), a, b|quL0_i |, e, d) = Z RfC,R;,S Z@/}, a, b|fA€qu°_i |4, ', d") (2.206)

W o d!
= RL B <X>R’“<q>

0000000000 R*O00O (2201) 00000000000 OChan Paton0 00000
13 A~
ooano ;géX)R (¢) O untwisted sector 0 insertion 0 R* 0 Virasoro character 00 00 OO

0 (2.204)00 0000 0000000000000000 Dirichlet 0000000 brane a0 00 2,
gbobooboboooobboobooboooooobobobboobobo
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goooobogboood

A(X)Rk [ - . 2miE N1 . —omiE a1 Tk 77(7—)

Xe q)=q 12 1 —e™Ng 1l —e g 281H< 2.207

Ooobooboo0obObooobo Bl11O0000O0D0ODODODO0OO0ODU0O0O0oDDOoOoooOoooDo
(b, a,b| Rg™ 755 )p, ¢ d') o 8ucsBpa (2.208)

0 open string 0 000 000000000000000000000000000000
00000000
0 (2.206)00 (220500000000 (2194000000 v;0000

Z11(q Z Y Un U UrlUz) BE R 99" (q)
=0 a

,b,c,d

= > (trp, RY)(trp, RO (g) (2.209)

0000000000 p50 trp, RAO
Pk =trp, R* = viR v, ., trp, RN = viTRR v = ph* (2.210)
gogooooo
Rivi=w'v;, = vy e D, Rvi=wMyv; = vy e D (2211

O0000000000000000 (22090000000 [,JO000000O00O0O (2.98)
OO00O0O0O000oooOOoboObOOoooDoOon fusonruleJ000O0ODOODOOODOODODO
00000000,A0000000000000 (2211)00

ph =M (2.212)
0000000000000000 (220900000000 50000

Z1a(q Z nyx(g (2.213)

0000000000000 (22090 [=00000000pF =1005%

Zoi(q) = Z )= 2 8 w(a) = vala) (2.214)

5Dy 0 Zy 0 trivial 000000 ¢rp,RF =1000000000 (2212)00000000000
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000000% y(q)0
O (g) (2.215)

goooooobodaod

2.3.3 00 stated O 0 character

00 C/Zxy000 state0 0000 [34]0 Dirichlet 00000 0000 stated |By, B*)
00000000000 R*sectord complexboson 000000000 stateD 00000
000 Untwisted sector 0000 0000 0000DO0OO0OOODOOOODOOOOOO
O twisted sector 000 0 00O

ood (k=1,---,N-1)000000O00 |Bx, RO flat00 00000
(X(k)(w) + )N((k)(w)ﬂBX, Rk» = x(k)|BX, Rk» , for Im(w) =10 (2.216)
(XD (w) + XP(w))|Bx, BY) = 2P|Bx, BY) . for Im(w) =0 |

020000000000000000X®MO0000 kO R* twisted sector 0 complex
boson 0000000000000 O00D0OO0DO W 2®0 |By,R*YODODDODODDOOO
0000000000000

W =z® =0 fork=1,---,N—1 (2.217)

00000000 twisted sector O closed stringd fixed point (x =0)0 00000000
00000 coupleD 000 stated fixed point 000 0000000000000
0 (2216) 000000000

(o, —&_)|Bx, R") = (as —a_,)|Bx, ") =0  “rcZ+uv,,scZ—1v, (2218
ODoooo%®000

1 1 -
|Bx, R*Y) = exp (Z ;&_r&_r + Z gOé—sOé—s> |0) reZ+v,seZ—v, (2.219)

r>0 s>0

OD0000000 untwisted sector DO 0000 290000000
|Bx, 6,2 = 8%(& — «)|0;p = 0) @ |Bx, R°) (2.220)

000000000000 |Bx,R°)ODO (22190 k=000000000000

560 (2.214) 0 néﬂ:é}(DDDDDDDDDDDD Zor(q) O 10Y0O |1H)O0D0O amplitude 00000000
goon

T0 00 twisted sector 00 0000 000000000 operator 1 0000000000000 operator
x000000ooooognooDn

BreROODO

re€Z4v
N5 ~ e ~
= a’\ ? o ; a’\ ? a_,
X(l‘) - (?) 2 : s —isw — i (_) § T ire
S
SEZ—vy reZ+v]

gboooboobbooooo



00 character 00 O

0 (2.219) 0

IR 1
|Bx, R*)) = exp (Z —ozlozl—l—Z—l&l) |0) reZ+v,s€Z—uy, (2.221)
r s

r>0 s>0

000000000000
[ap, ] = ré - (2.222)

gogbboooggoibd e=2000

(Bx, B2t hom )| By, RY) = 0ot 0=075 [T (10— grd) = (1 — gt i)
n=0
S (@) k#0
Sk (@) k=0
(2.223)

OO00000O0O0O0000 B2200000000000D0OO00DOODUOODODODE=0
googoudgboood

Tra 2

A = (0:p = 0[6%(2 — y)e T8 (@ — 2)]0;p = 0)

/ 1y(© — 22 (2.224)
= exp | —————1 , T =1l
! 2ral

272

0%0 (2223)0000000000000%)9§)00000000 (B.15)0000

Rk
@) = iq—gﬁﬂ for k#0 (2.225)
R 0,(7|7) ’
X @ =5, F=-1r (2.226)

gogobooo

59

dle sz e L - S () AN ﬂ-a 52
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:/(dQ)zeiQ.(yw)_x(o))e_%Qz
2
220! 2ma’

000000 0{(p=Q'p=0Q)=(27)%*(Q' -Q)00 (C440000D0
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2.3.4 Bosonic fractional brane

O00O000000 open-closed O 00O O fractional brane 00 boundary state 0 0O 0O OO
O000000000bOO000000 ooboobbobobooboog

ooOoOOOO
O 0O fractional brane [0 boundary state D OO0 OO OO0OO0 /O000000O0O0OO =00
00 |[[,-yOOOO
1,2) = BY,|Bx.e,a 4-2{313 | Bx, R (2.227)

DDDDDDDB}“@D open-closed 0000000000000 DOOOOOOOOO |/,z)0O
000 operator : 0 00000 (2.217)00

$|[,$> = i’|[,$> = Bl,x‘% BX7 671,(0)» = B?,xx(0)|BX7 671,(0)» (2228)

00000000 :=2©=000000000000000
#ll,x) =0 , 0O0OoooO0 =000 (2.229)
0000 fractional braned O 0O fixed point 000000000000 x=0000000
00000 xO0000 flactional brane O |1)O O OO
0000000 fractional brane0 00 OO (¢ =0)0 0000 Ofractional brane |I),|.J)
00 open string 0 1-loop amplitude Z;; 0 0 open string 0000 00O (brane0 0000

O0000000000)000000000000000 (2.211)0 open string 0000 O
gbogbbogbooudobistatedggn

(Bx, R*|gzFotho= )| By R = \D(q) for k#£0

) e 1 (2.230)
{(Bx. e, 0] 7| Bx, €, 0) = X)) =

(X)es ~
2m2al 92l \e (9)
0000000000000000000 90000000000 3900000

1Bx,0) = V272a/|By,e,0) . |Bx.k) =|By,R) for k%0 (2.231)
opoOooo%noog

(B, K|

k) = S (@) (2.232)
0000000000000000000 SO000

K () = o(el B (@) (2.233)
DO0000D0O0000 (B.103),(C.26)00
2sinmy;, for k#0
RF) = k 2.234
U(€| ) { 1 for k=0 ( )

00000006(elRY)>000000000000

1Bx,0) 0000000000000 0fat00 00 Dirichlet 000 0 open-closed 000 000 |Bx,e,0)
000000 v2r2e/00000000000000 fractional brane O boundary state 0000 OO |Bx,0)
000000 pO0000Ofractional brane 0 untwisted sector DO 00 00 flat 00 OO D-brane 00 OO
gO0oDO00oooooOon
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Fractional brane [0 boundary state [ O [

0000000 fractional brane 0 boundary state O DO OO0 O00000O0OOOOO0O
ood

N-1
1 b
Zi(a) = = > Py i (g) (2.235)
| |k:0
N-1 1 N-1
I 13
Z1i(q) = Z nLXK(C]) , xilg) = ﬁ P];XéX)R (9) (2.236)
K=0 k=0
(Bx, kg7 T+l | By kY = S (4) (2.237)
KO (g) = o (e| RN () (2.238)
00000000 0S-matrix S§O
0= S (2.239)
k
0000000 (2.236),(2.238) 00
ok
Sk = ﬁa(eﬂ%k) (2.240)

0000000000007=0000 Sf>00000000000000 (0)00000
00 O0Cardy0O0O00O0OO0O fractional brane |I) O

N-1 N—
Sk
1) = | Bx, k) = —fz piv/o(e|R¥)| By, k) (2.241)
k=0 SO | | k=0
0ooooooo
1 N-1
~L [ £ * A k
(1]gzrottomi2)|) = 2P P (g) = Z1s(q) (2.242)
k=0

O000000000d amplitude000000OO0OO

D-brane0 0 OO

Fractional brane OO0 00O [DYDO |D)=>,[H0000000

N-—

,_.

-1

1= AT szmsx, b= VTBe)  22m)
\/|?5ko

0000 twistedsector 000 00000000 O0OO0O0OCO |D)0 0000000000
O00000000|D)0 D-brane0 0000000 |Bx,0) 000000 /|I'|000O flat
0000 D-brane0 000 /|00 000OOOCOOCO
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Fusion rule

DmmﬁmmHMDDDDDDDDDDDDDDDngDDDDDDD

1 SZ*SZ(S * *
oty = 3 U S (2200
J4

00000000000%000000 ¢4=w000000
niy = NZW R Y (2.247)

000000000000000000O0D;0 D;0 fusionruleD 0000000
w_kl kaJ:wk(J_I) A= D[@DJ:DJ_[ (2248)

000000050 D;0 D,0 fusion 0 000000000000000000 00 (2.244)
000000 o(e|RHOO0O0O0000000000000state00000000 (2.231)0
00000D000000000000 (90 0000000000000000000
00000000000000000 |Bx,0)00000000000000000000
0000000000000

2.3.5 Super string 00 O

Super string 0 0 00 world sheet fermion0 000 0000000000 0OCOOOODOO
O00000000000000 ROODDOOODODODO (light cone0O00)d—-2=8000
00000000000000000000%000000000 TypeOBOOOOOOO
000000000 (22090 Z;;0 m=w,0,5,c00 00000000000

* k —2—
Zram(9) “T2 Zp’“ PR (@) () (@) % Zi ) (2.249)

00 Zrp(q)0 flat boson 00 0000000000000 O000O0DODOOODOOO
Orbifold0 0000 d—2—-2000000000000000 world sheet boson O O OO
77 )0 0000000 (x,)F ()0 00000000 world sheet fermion 0 0000 O
00 B.1.200000000000000000000000

flyt0o00o
ifl zpf*pf; (2.245)
ooooo

(S‘Uf’:(ﬂgﬁﬂ) (2.246)

0000000000000 o(elRY) € ROOOOOD »50000000
$2RO0000 SO(8) 0000000000000 —100000000000000
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vy oot =3 (5557) () - (557) (5) | o
vttt =3 (S5E7) (50) + (50) (507) | e
s oot = |(5E7) (5) + (545 (4505
] (2.?50c)
o oo =5 | (%) () - (o) (45
(2.250d)

000000000000000 (B.112)0000 untwisted sector 0 SOO00 000 in-
sertion g D00 0000000000000000 (v,) ()0 SO00flat000000
000

(D () = S ()5 (0) (2.251)

gobodogooo S{g)mDD (2.170)0 00000

2.252
-1 1 -1 ( )

-1 -1 1

N
2
|
|
— = s

0000000 world sheet fermion0 000 flat 00000000 O0OO0O0OODOO
00000 Oworld sheet fermiond 0 O stated |k;o;p)y 000000008 -9000
complex fermion «,» 0 000000000000000O

(G + D k5 T30 = (Perps + i )3 03 = 0 (2.253)

1
rkr €24V . rens €L+ S 4 (2.254)

0000000000 flat0000O00O00O0O

i) = 3 (ks NS;-4) — s NS: ) (2.255)
o) = 5 (Jks NS ) + [k NS ) (2.256)
) = 5 (Iks B4 + [k =) (2257)
sl = o (ks B4 — s B =) (2.255)

638 — 9000 Dirichlet 0000000000000 O0OD 4000000002~ 7000000 flat
gbobooobooboboboobon
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000000000000 ROUODDODOOOUOO —1o0oo4god
(K m') g2 o+ o=t s m)) = GpunGmm (X4 )5 (@) (2.259)

gogobooo
DDDDDDDDDZ%;_Q(Q)DDDDDDDDDDDDDDDDDDDDDDDDDD
0000000000000 00000000 yim(q)DOODOOOO
N-1

1 .
Ninl@) = g > o (@) () (a) (2.260)
k=0
0000000000000 SO00
X1m(q §:5} St e (D ()50 (@) (2.261)

DDDDDDDDDDDDDDDDDDDDstate|k;m>>totD

o = | Bs k) @ s ) (2262)
000000 Type 0B fractional brane |1, m) O
SkS/n
om) =y — ) (2.263)
s,

000000000000000 fusion ruled nhil ;O
Dl,m ) Djm = R?Tﬁ JnDIX ¢ (2264)
K
0000000 000o0OO -0, 0000000
?Tﬁ Jin T n?Jnfnn (2265)

gobooobbboooouoooboo nﬁij;nDDDDDDDDDDDDDDDDDDDDD
O00 /[,mO00000000 fusionODO00O000OO0OO0OODOOO
O0O0|/,mO0000000000 fusion ruled O

* k k
(I,m|gzorto=5) | ] n) = = 1] Z 1 P X (@) () (g) (2.266)

0000000000 (21770000 %%, 0000 4(£,0000
nt =34, (2.267)

mn

Oo0ooooooooooooo
<[7m|q%(LO+EO_%)|J7n> = ZIJ;ZO(Q) (2-268)

0000000000000000 (2249)00000 Z1yum(q)00 mO fusion 00 000
00000000000000000000000 |,m)~3Y, pklkm)e 000

N-1

|D,m)y =Y |1.m) (2.269)

I=0
O twisted sector 00000000 O0000D-brane0 0000000000 [k;m))e: 00

O000000000flat000O0O D-braned0 000 /00000000
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2.4 C'/TO0DOD0O fractional brane

00000 2300000000000000CYI'0DO00O00O0OO0

2.4.1 Orbifold0000O

00 orbifold 0 I'0 complex boson X* ({ =1 ~n)0000 n0000 vector 000 00
000 UnODO00000000000O0 A,e0 I'ODO0O0OD0O twistd A0 insertionOd ¢ 0O
O00000O0D0O000O0B30000O AhO gO0O0O0OO0OOOODOOOODOOOOOOO
0000000000000 O00000D0O0o0o00 ARgO0OD0OOO0OO0OODODOOOODOO
witary 000 X‘000000000000YOOOO

X eHy: Xw+2r)=e""Xw) , v eR
T (2.270)
g XY S XY oy EeR

O00000000000000000%0000 OO0 Chan-Paton factor 00000 OO0
000¢0000000000000X000000000000complex fermion 9, °
0 X4X‘0000O00000000000000%0

0(2270)00000000/00000000000O0O0O00O0O0O0OY, »v,,0000
00000 23000000000000000000000DO0DODO0O0O AR£e000O
v 7000 000000wm,=000000 untwisted sector 0000000000000
ddodoooooooooon

Chan-Paton factor 00 O

0000 Chan-Paton factor O D00 g0 00000000 OOOOOODOOODOTIOO
dooooooooodooooooooonoooooodg 230000000 000a0d
00000 Noo0oo0op,0I'c0000 (¢;00)0000000 TI'000 conjugacy
class C*0 0000 (C°00000 conjugacy class000)OC*000000 », 00000
DDC“DDDDDDDIDDDDDDDDDDDDDDg(a)DDDDDDDD p; 000 Dy
00 ¢0 traceD 00O

Py = trp, g (2.272)
gooobobooobobooooooooo r=Zyogdg ae=0,---,N—-10

n®=1 , di=1, Dy:g®=uw | pr=wt | w=er (2.273)

g hO wnitary 000 00000000000
00000 X'00000 (¢,h)00000000000000000000 (¢,h)00000O(g,h)00
00 X4 (¢,h)D0000 X*000000000000 unitary 00 Upy O

Xt =3 " Uwx" (2.271)
ZI

Ouwitary 00000 0000000000000 0000000 wnitary0OD0DO0ODO0O (trace)0000O0O
000000 (¢, 00000000 (2270)0000 X'00ooD0OOoOoOooooOooooooooo
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OO0000o0ob00bOo0oOo 2300000000ps00000D0DODODO C20000O
gobogoooggoobgd
OO000000D00D0 D-brane 100 C*O0O000OO0ODODDOO 2500000

covering space

Q.
%
4
(=3

0 2.5: C*/I'O00 D-brane 0 O O image

00 Chan-Paton factor D D OO0 I'O0O00 ROOODOOOODO
R=&5dD, (2.274)
i
O00000000DO0O0 ;000 ;000000000000000000T =2Zy0
UR® ! = diag(1,w”, - ,w(N_l)a) , U0 unitary O O (2.275)

gogobbogooboboob 230b0b0gbogobobooobogoooboon

2.4.2 Bosonic fractional brane

O000000000 bosonic string 00 OO fractional brane 0 0000000000
(2.274)0 00000 Ofractional brane0 00 /0000000000 0O0O fractional brane
I[-J 00 open string O 1-loop amplitude Z;;(¢) 0 O (2.209) oood

o (e BN 'L NS )
Z11(q) |F| Zn trp, g trp, g X |F| Zn PPN (q) (2.276)

N
o= [0 2.277

Z1(q Z¢ “q) (2.278)

0000000000%0000 ¢y 0

gooogod

00 ¢c*000000 ¢000D0 trace (p0 x\)000DO00D0000D0D000000 «000000 Ong
goboobobooobboobooooobn
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oooooooooooooo™Y (oo (2.207)0

n

n(7)
01 (Vo 0|7)

|:281H7T1/ag

/=1

Doooooouiooil vyed v, 000000
00000 stated o) 0000000000

lO~O_L . Xe, ~
(algsotho)|8) = 6.0 1) (@)

OOo0Oooooogoo soog

goggo

1 for a=0

o(elg) = { [[—,(2sinmr,,) for a#0

Ooo0ooooooooggog
Z11(q ZWUXI

0000000000y (¢)00 (2.215)DDDD

XI q |F| ZnapIXe )

Oo0oooososoon

o X)es ~ o Olp
=2 SGE@ S =Teleld™)

gobogoobbobogd
00000000 fractional brane |I) 0

1 e
D=3 Shle) = <= Ysifuurtele o) = Y v

(2.279)

(2.280)

(2.281)

(2.282)

(2.283)

(2.284)

(2.285)

(2.286)

0000000000 0OO000ooDbbO Iob0g pf00obobboobbobooobo c2o

000 py =D, 000000000 Ofractional brane |I) O
|1y = Dy
Oo0oon0o D, 00000000000 00b0O0b0000bDoo
(1lgt 1) = 3wk g) = Zile)

O0000000 amplitude0 0000 OO

67

oc ko (@) 1 a o~ (e)
= Zor = MZ %ng)szmmwg@

O00D000py*=1(00C200)00000
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D-brane0 0 OO

O00D-brane00000000000000d;=p%0p00000000000
=Y _di|I) = /]1]|0)) (2.289)
I

O000000000|D)0 D-brane0 00000000000 COOOO
D) = R (2.290)
O D-brane0 0000 ROOOOOOO QO Untwisted sector D000 flat 0O OO D-brane

0000 /00000000000

Fusion rule

0000 (2.283)0 ok O

i< Sa*Sa(S ax o ax —1I\K PK
niy = Zg—g i Znam PIPK , (STHE = —E— (2.291)

[}

0000000000D;0 Dy0O fusion O

D@ Dy = Z nty Dk, nly, €7 (2.292)
K

OoOooooboOocc20000
npy = |F| Z aPDI@)DJPK*

= nisy m N napioil =ty € Z
L o

Spx

(2.293)

D0000000 p40l000ADD ¢®0 traced0 00 p4 =tryg® 00000000
Oni0 D;@D;0 fusion 0000000000000 D0O0000OOOOO

2.4.3 Super string 0 0 O

0000000 Ountwisted sector 0 00 OO O OO world sheet fermion [0 Virasoro char-
acterJ SO OO insertion ¢ 0 00 0000 Oworld sheet fermion 0 0 00 flat 00 00O O
O0000000000 superstring0 00000000000 OOO0OO Type0BOOO
o00oo0oog Zp; O

a

ax a ) (@) _9_9n
Z17:m(q) =T Znam P (@) () (9) x ZE T (q) (2.294)
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0000000000000(,)!" ()0

()

/9@ 1 93(0|T)>4_n - 93(Vaé|7)>
oo (a) =3 (7 : + :

e =5 1 Gm ) U o ) U —e)

e 1 92(0|T)>4 " (92(W|T ) ( 0y )4—” - ( ,el(wh))'
oo (g)=—5 (7 + —l—
=31 Ge ) LT H(==5)

@ 1 92(0|T)>4 L (92(VM|T ) ( )4—” - ( ,el(wh))'
X)? (q)=—5 ( —l— "
=31 G ) L5 U ==57))

(2.295)
OO0000O0SsSO000 flat0O0OOO
) Im ! e ~
q) = ZS(S)m(Xm)g(a)(Q) (2.296)
000 O world sheet fermion0 0 O stated |o;m) 000000 0000
(o mgzFotEo= )| 8 = SerOrmm (Xon ) gt (@) (2.297)
000000000000 stated
;)i = [a)) @ | m)) (2.298)
000000 OType 0B fractional brane |1, m) 0
|[7m Zpl \/ |g \/7
(2.299)

—Z@bm/ elgt*) \/—

OO0O000obD p,00b000boobonn fusiond I,bmmOD00O000DOOOD-brane O

|Dym) =Y d|I,m) (2.300)

000000000000 Ountwisted sector 000000 flat0000 /|00 000O

Type II fractional brane [0 0 [J

0 (2.299) 0000 bosonxfermion 000 000000000000 OTypellB'OODO
fractional braned lat D000 00000000 OOOODOOOCO (2183) 00000000

|11,0) Z%\/ N(as o)) + s s)h)
17,1) Z%\/ (e o)) = |as s))
52

(2.301)



D000 0000 Type IIB'0 00O fractional brane0 00 0000 flat 00 OO OO brane
O anti braned 1000000000 OO0 world sheet fermion0 000 flat0 000 OO0
00000000000 bosonicO0 0000000 fermion0000000O0DOOO

2.5 SUSY ALEI fractional brane

OO0 ALE®OO0O0O0OO CH/IT00 Type 1D OOODOOOOOOODODOOOOD space
time SUSYO OO OOOOOODOOO fractional brane 000 0000000000000
00000000000 CHYIrooood blowupO ODOOOK300O00 2-cycle 000
0000000000 Ofractional Dp-brane 0 00 2-cycle0 00000 D(p + 2)-brane 0
0000000000000 3000000000000 00000oooooooaO

2.5.1 Orbifold00000OOOODOO

00 target space X', X?0000T'00 ¢ 00000XLX?0000 unitaryd 00

X! g(e) N X! 627ri1/a71 0 !
(Xz ) — Q(g( )) ( X2 ) = ( 0 £2Tiva ) (Xz ) (2.302)

00000000 QO I'020000000000700000000Type10O0DO0O
0000000 Q(¢'™) 00 space time SUSYD OO ODOO00O0Q(¢™) € SU2)DODO
0 space time SUSYOD OO OO OOOO™00000O000OO Va1 = —Va2=1,00000
00000 orbifoldd '

I'= Zn for N >2

Dy for N >2 ... dihedral groups

T .- tetrahedral groups (2.303)
O .- octahedral groups

I ... icosahedral groups

0000007 000000000000 orbifoldD000000000OOOOOO

I'=Zns — AN oyt 4N =0 for N>1
Dn_s — DN o2l yte 4N =0 for N >4
T — EG oyt =0 (2.304)
O — E7 Pyt +yt =0
I — Eg : :1;2—|—y3—|—25 =0

000000 Ay, Dy, Es, E-, Es 0 orbifold 00000 blow up0 000000 2-cycled O
0oOoO00o00O

58 Asymptotically Locally Euclidean --- 000000000 RYO0OO0D0O0O0O0OO

0000000000000 00000 200000000000000000

000 ve1=—va2=1,0000000000000 340 twistD k=-1000000000000
0SuUSYOoOoOoOOOOOOOOOO0OO000000000000000000000000000000000

7,0000000000000000000000

33



0 0
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SOTTERRE 3 OO% 008000 o000

0 2.6: ADEODODODO DinkinO0O 2-cycle0 0O

O000002600000000000000000000D000O0D0OOODOOO
DinkinO0OOO00O0O (0260)00000 orbifold00 000 brow upd 000 2-cycled O
00000000000000000000 DnkinOOOD0OOO0O0OO0OO0OO (O02.60)70

McKay [0 [

000000000 SU(2)000OorbifoldD I'OOO DinkinODOOOOODOOOOOO
0000000000000 0000000000000000 “McKayO O” [36)000
ooboodobdboooooobobbooo roboobooobobobbo p;,oooooDy
OO0 r-+10000000 DnkmOOO0OO0OO0OO0DODOODOODOOO DinkimOO00ODO
oo O~ D, 000000000 OODODODODOOODOOOObO10b0 by ooOo
oobo I'=Zy0000oooob Dy~ Dydoooog27000ooobooonoog

O271I'=Zy,00000 D;0O AyODODO

0000 D, 0000000 DinkinO0OOO /O000000O0OO
0000000 QO D;0d fusion rule

QoD = @ ArsDy (2.305)
J

200 Dinkin 00000000000 41000000000000000AyO00 N4+100000
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O00000000000D00 DinkinO0O Cartan OO CA'UDDDD
Cry =205 — Agy (2.306)

0000000000000000 (2306)0000 “McKayOO?”OOODOOOOO
0000 O0Cartan 00 ¢;; 000 DinkinOO0 /0000000 ;00000

OIJ = Q5 Qg (2307)

0D000000000000000000000000 v2000000Dinkin00 100
gooooboooonb 12c0000bguougbgbogbboboobobooogon
e ouuoonogn

V2x\V2=2 .. ]=J]
Cry={ 2cosZ=—1 .../0JO0O0O0OOOOOO (2.308)

3

2cos 7 =0 ---I0JO0O0O0O0O0OOOOO

00000 (2308) 00000 DinkinOODO 100000 2-cycled ¢; 0000 —Cyy0

9 =]
—Cpy = 1 ---¢;0¢;000000000 =¢r-¢y (2.309)
0 ---¢;0 ¢;0000000000

D000 O2cyclee;d ;0000 ¢;-¢;, 0000000000000
000 ZyO0OOOOO000 »Ofusion ruled

diag(w®, w™) x w = diag(wI*+D), wU=1) = Q@ Dr=Dr1+ Dy (2.310)

0000
0 1 1
10 1
Ay = EPTT = Sra1 + 811 (2.311)
0 1 0
1 10

OO0000000b00d0 MckayDOooooonoog

2.5.2 Witten index

OO0 Witten index Z;; 0 I-J 00 open stringd ROODOOO0OOOO

1

C\F
Iy = ZFJ( ! [Zgr 7t = I

N Trisr(g(—1)F b~ %) Z2i (2.312)
gel

OO0O000DOO00O0O0000 -10000b0Db000bUuU0Zp0 flat00bb0O0

ZFL(q)::ZFB(q)(—491«”T)>5 (2.313)

n(7)
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0000000 Zy0orbifold 0000000000000 O™0Z,, 000000

Try = — Y 509" ()2 Z¢ b5 [[2sin7ra)

" = (2.314)

2

(X )0 e . n(r O (vaglT -
(a2 <q>=H[2smW@1 T (-inted T | T2t

e (Val7) n() i

000000 ¢00000 (topological) 10 OO 0O ™0
00 SUSYC*/roooo0 7,0 000000000Z, 0000 (2312) 0000

chiralityd 10 fermionO0 00O  —  chiralityd —10 fermion O 00O (2.315)

OO000D0O0DO00O000 Ospace time SUSYD OOO0O ground state d OO non-chiral
O00000ROODOD open string d ground state 0 massless 0 0 0 70 massive 0 00
00000000 massless000000000000¢°=1000 massless000 000
string 0 chirality 0 0000000000000 OZ;,;0

Iy =Ny —N_ € Z ., N,O0 (=) =50 I-J 00 massless fermion 00 (2.316)

0000 Witten index D00 0000000000000000 7,0 ¢000000000
000000000000000000000blowup (0000)0000Z,00000
000000000000000000blewuwp 000 Z,00000000000000
0000000 SUSYCHronoon 2314)0 vy = —1v,=v,000000

Ir;=— Z VI T4sin® T, (2.317)

gooboboobgoobod

McKay O OO QOod

SUSY ALEO OO0 7,00000000000000000 [37,33)0000 (2.317) 0
p3000000

Tis = — Y U2 - 2cos 2m) = —2015 + 3 UG (2.318)

poooobuooobuuooddpgd

N N 627rwa 0
Py = trQ(g( )) =1T1r ( 0 o 2mive ) (2.319)

BZr(¢)=00000000000000000fat0000000000 Z,,00000000000 0
ooooooooooooooon

“0poO0o0oo v»,,0000000000000000 C3/rO00000000000

" QOpen string 0 untwisted sector 0 00000000000
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0000000000 Q00 ¢0 trace0 00000000 Q® Dy O fusion rule O

Q© D= @ ApsDy (2.320)
7

Oo0oOooDbOocc20000

a  ja Ny a To oz
POUT = \/mepI 1/ N IOQ®D1 Z IRV |F ZAIJ¢J (2.321)

000000000000 0oooo (2.318)0

Iy =—2815+ Z VP A gy = =205 + Agr (2.322)

00000Z,000((C0O)0000000 (2310000000000 Z,000000
DDDDDDDDDDDAUDDDDDDDDDDDDDDDD(2.322)D

Tpg = =261+ Ay (2.323)
00000000000000 O0McKayO OO0
I =—Ciy (2.324)

gobodooobogd

“O0000000000ROOOOD 000000 ¢»Oo00 g 0o00B12000800

(o) _ e—?TiVa)l 0 6_7”1/0"2 0
g - ( 0 eT™WVa,1 ) ® ( 0 eTWa,2

000000 Oground state 0 0 00O trace O

tr(ﬁ(o‘)) — o~ Ti(Va,14Va,2) + e~ TiVa,1=Va,2) + eTi(Va,1—Va,2) + eTiVa,1tva,2)
=2+ 2co82nve = 2+ pj)

OOO000O0OODOO0OO0O0O0 msertiong0 ROODOOOOODOOOOOOOOOOOOODOO

|F|£IZE;T7QUR ) |g=0 = Zl/) "5 Tr(g Zl/) "5 (2 4+ 2cos27ry)
:26IJ+21/)I
goooooogd

1 1+ (=D)F e
m ZT?“IJ;R [g (%) gt 2“] lg=0 = 201
1 1-— (_I)F LD a o A
il > Trisg g — | Jg=0 = 21/) "ipg = A
g

O000000DO0oooooooOO0 @ esSU(2)00n chirality +0 fermion0 00 (D00DO0)000 00O
gooobogoboooooo
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2.5.3 SUSY ALE orbifold 000 fractional braneO0 OO0 0O 00O

O0000000SUSY ALE orbifold 0O fractional brane0 0000000000000
SUSY ALE orbifold0 C*/I'0 blow vp0 0000 0000000000 OOOOOO K3
0000 2¢cycle0 0000000000 O0ODO0OODOOODOO 2-cycle ¢;0 D(p+2)-brane
O000000200 2-cycle ef,e; 000000 space time fermion 0 00 00 00O 2.80
Oooooooo

massive massless !
K3

oo o

0 2.8 K30000 2-cycle ¢7,e; 0000 OO space time fermion

O000¢ 0 ¢, 00000000000 massless000000000000O0O000O O¢y
O, 0000000000 massless fermiond 00O chirality O OO O0O0OO00OO0OO0O

Type Il --- chirality + O 20 = K3 --- chirality + 0 10
0000000070000 e,e;00 fermiond O 0 O witten index Ty DO ODO0O0
Lrgieycle = €T CJ (2.325)
0o0oOo™000o000
Tig=—Cry=cr-cy=Tryuyue (2.326)

0000 Zry0 Zrye. D00 00000000 00000000000 witten indexOd blow
wpUOoooobooooobooooooooon

“2-cycle c; 0 00000 D(p+2)-brane O orbifold limit "0 000000
fractional Dp-brane |[)O OO 7

oooooooooooooooooooooboogooodooooooooooon
000 2-cycleD0 00000 D(p4+2)-brane 00000000000 DOOONO orbifold limit
00000 fractional brane 0 000 (tentiond RR charge D)0 000000000000
0000 brane0 00 charge 000000000000 O0OODODODOODOOODOODODODOO
oood

TC’Oo0o00oOoRLM--YOOODOOOOOODOO

ey ;00000000000 chirality 40 massless fermion0 10000000 O

K3000 blow downO orbifold 0000000000000 2cycle0 00000000 DOO0OOOO
opoood
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D-brane [0 tention [0 RR charge

00 flat 00O OO Type II Dp-brane O boundary state 0 DO O OO0 OOOO N, OO
(2.146) 0 O

pgjzzléleﬁd(zwx/&ﬁg—p—2 (2.327)
00000000 0Dp-brane O tention 7, 0 0000
T _
=2 | T,=2N,= a2 7 (2r/a): "’ (2.328)

K

000000000000 d000000000O0O0O0O0 RR charge p, O
1, = V2T, = 2v/2N, (2.329)

oooooog
00 orbifold C*/I'O fractional brane0 00 0000 (2.286)0 000000 O fermionO
N0000000000000000O00oO N0

mﬂWMW+ZM%?dwww (2.330)
a#0
0000000000 |0)YO flat00000 (2.132)0000
0) = 5471 (3 — y') exp(— Z .-)]0; 0) (2.331)

r>0

00000 000ooo®00oonooooog 23000600000 NZSO):NPDDDDDD
0 (2.231) 00 twisted sector 000000 100000 untwisted sector 0 00 O (27‘[‘20/)_%
Jdodooooogoooggogo

NO =N, | N =(2r%)" 2N, for a#0 (2.332)

P P

0000000000 7,,,,,00000 7", ,000000000 untwisted sector 0 O
00

1 1
O = e o 2.333
NI SN (2:333)

O000000Flat0000 —000000000000000000

VIl
000 C/Iroo00n0dg D-brane O effective action 00 000000000 O0O0O
L= (/ dx(a¢)2> +7% (2.334)
o T

000000000000 040 dilatenD =22 0000000000

(L qw96)?) + 2O
o . )

= ( / dx(aqb’)”) + 70

8000000 (2.231)0 |Bx,e,0) 00000000000000OO
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O covering space 0 [ effective action 0 00 0000000 O

¢'z—¢ , O = /00 (2.336)

O000Flat000O0000 amplitude0 000000 covering space 100000000
nooooooooNYo0o0ooooooD A 000000000000000

1 T,
70 = /O O —oNO =7 = O = 70— P 2.337
’ ’ ’ r VAN IRV 2330
DDDDDﬂatDDDD\/HDDDDDDDD/,L;)DDDDDDDDDDD
00 (2.333) O O O fractional brane |I) O untwisted sector O charge T7,, Q7,0
Typ = WL Q= eyl (2.338)
V |F| Tl
gooooood
1 dy
p= L= (2339)
VI VI
goooooooood
d[ dI
17, = =T, = — 2.340
Lp |F| P ) QLP |F|/“Lp ( )

O0000000000000 D-braned >, d;|H)O0000000O0OO
tention : Z|FI|T =1, , RR charge : Z|F|Mp_ (2.341)

000000 Oflat00O00 D-brane0 00 chargeD 000000000 DO OO (2.340),(2.341)
O000000000 fractional brane O untwisted charge [ D-brane 000 0000 OO
O0O000Ooood

000 O Twisted sector 0 O OO
T =272 N =T, @ =2722V2N =y, (2.342)

0000000 Twisted sector O closed string O fixed point 0 0 00 OO OO O orbifold O
00 kineticteem D D0 000000 O00000O0O Ountwisted sector 000 ——= 00 OO

VIl
0000
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gobooo

2-cycle ;000000 D(p+2)-brane 000000000000 OOOOOOOOOO
0000000 2-cyclec; 0000O00O0O0DOODO0O0O 2-cycled ¢; ~¢, 007000000
Oo0oooooodg .oood Dcoz—zidiciDDDDDDSID

O000000000000000 D(p+2)-braned couple 0 O RR (p+43)-form A,30

Ayys = jgjz4p+1/\u% (2.343)

0000000000 Ow; 0 2-cycle ¢; O Poincaré dual O 2 form O O Mrp O orbifold (O
blow up0 0)0 00000

/ Wy /\wj == / W; =€+ ¢ = _Cij (2344)
Mrp Cqy

0000000000000 Kaluza-Klein OO Ap-l—ID MrOOOooooooD As000
00000000000 D(p+2)-brane O Wess-Zumino coupling [J

/~Lp+2/ Aprs = /~Lp-l—2Z/ A;]JL/ W = _/~Lp+2zcij/ A;]JL (2.345)
D(p+2) 5/ Dp c ; Dp

000000000000000000 AY), O orbifold limit 0 twisted RR (p+1)-form

A% (a #mDDDDDDDDDDDDDD&Da¢OD@)_MHDDDDDDDDD
0o o
==Y N (s Ver AL, L o = a(elg™) (2.346)
7 a0
Y0 [ A=y [ A, (2.347)
J a#0

0000 fractional brane [7) O twisted RRO charge0 00000 (O (2.330)00000)0

@LDkmmmﬂmDDDDDDDDDDDZJDDDDDDDDD
1 * xa\ T /o / )
5/}1@1 p+2 : CZ] p+2 B /]1%15 Z 1¢ ce” 1¢ﬁ g Fp+2 p-l—2
o7 (2.348)
=305 [ A e
220 R1.5

gbooodubd «gbgbobodouobbobodgn canomcal( )yooooooood
0000000000 (2347)0000 A;H_)lDDDDDDDDDDDDDDDDDD(2.348)
googod

ba
(CH1¢M3T¢5::¢qacgl¢f::;g. . for a,3#0 (2.349)

81000 orbifold 0000 blow wp0 DD DDODDOODDODODODODDDDODODODODOOOOOOD
S, drer 000000000 orbifold J0 Dp-brane 00000000 ,dre;=000000000000
0 D-brane 00000 000000000000000¢=-Y,de0000000000000000

82Untwisted RRO 0O 00 00O OUntwisted RRO orbifold 000 0000000000000 OOOOONO
DDDDDDDDDDDDDAﬁ4DDDDDDDDDDDDDDDDDDtMﬁMRRDom%MDDDDD
goooooooAYgoooOo0oO0oDoOoDOoDOo
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00000000 ¢o=->,die; 000000 D(p+2)-brane 0 Wess-Zumino coupling [

Z 0> ks \/_/ = Zup \/%\/U_CY/DPA;?1 (2.350)

a#0

00000000 %0 fractional brane |0) 0 twisted RROOD OO OO O
0O untwisted RR O D-brane 0 Chern-Simons O O action O

Lpt2 / exp(2ra’F + B) A Z A, (2.352)
D(p+2) g
OO0 1000000 Wess-Zumino coupling

Mp+2/ Ayt A 2rd' F+ B) = Mp+2/ Apty / (27’ F + B) (2.353)
D(p+2) Dp ci

00000000000 00000F000000 field stress0 OBO NS 2-form (B0 )0
O00F,B0O configuration 00 O

F=0

| Z di(C™i5w; (2.354)

/~Lp+2 |F

ooooao
’ dl
Hp+2 Apyr | 2’ F + B) = 7=11p Apa (2.355)
Dp ci |F| Dp

0000 [7)0 untwisted RR charge 0 O 00000000 (0)0D00000000OOO

d; 1
- Zdi_ﬂp/ Appr = <_ - 1) /~‘p/ Apa (2.356)
Ay ), T by

0000000000000 chargeO |0)0000000 ¢, 0000000000FO flux
0w, 0000000000000 O0000C000000 FO £00000000000
good

Mp+2/ 2ra’F = p, :>/ F=1 (2.357)

OfluxOD000000FwxOOOOO0OOO0OO0O0000OI0)0 untwisted RR charge O
gooodn

0000 fractional brane [) 0 2-cycle0D 00000 D(p+2)-braned BOOOOOO OO
O000B0O0 4£0000000000000000D0OO (j0)DOO0O0O00O0OOOO)O

8d, =p;°0000000a#00

D odipg = o1t —pins =1 (2.351)
i I
———’
0

000000000000
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(130 D-brane probel] [ [ closed
tachyon( [0 0 O [

closed tachyon 0000000 10000000 0OD-brane probe[33) D0 ODD0DODOOOO
(9000000000000 00OO0OODOO

3.1 0UO0O

gbobgogubbobooobooougooobooboobboooboooob oo
guodgogbbogbobon

3.1.1 OO

000000 OIntroductiond 0000 OO closed tachyon OO OO OOOOOOOODO
O00000000D000D00000000000Db0 00 31000 TypellDDODO orbifold
ClZw 000000 3.1000 closed tachyon O orbifold O fixed point 0 000 00 OO
O Otachyon OO 00O fixed pont 000 0000000000000 O0OOOO0OOOOO
O00000Otachyon 0000000 ODOOODOODOOopen string tachyon 0000 OO
O00 non-SUSYO DO SUSYO OO OOODOOOODOODO

closed tachyon [ ClZ ., ClZ,.,
fixed point0 O O (r - ) (r » )
closed tachyon
closed tachyon r "OpoQgt g closed tachyon
—_— — — 0 0 0 —
D"DD"DDD/ oOoog T
C/Z, (smooth)
Ciz,.
C/ZZI+1 (r _fl 6) (r - 0)
Non-SUSY SUSY

0 3.1: C/Z2[+1 — (C/lej 00
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3.1.2 OOO0OO0OOO0OO

O00000b0DO0O00obObO0ODbODO 32000 Oorbifold 10 PO D-braned probe
OO00D0O0O0O0 D-brane0 0000000 OD0O0ODOOOOODODODO metricODODOOOO
0000000000000 0000 (00000 probe)D0 PO metric00 000000
OO0 D-brane0000D00O0OD0DOOODODOOODODOOODODDODOOOOOPOODOODO
Oooooboob phObObOO0ObOOODDOODOODDOOO meticDOOOOODOO
gbooogobobogoo

D-brane

closed tachyon
T

O 3.2: orbifold O O D-brane O 3.3: open-closed coupling

0000 33000 open string (probe D00 ¢) O closed string(tachyon 0 T)O 00O O
O Oclosed tachyon 00O OO0 o0 0000

T'op = Todo

0000 masstermd probe 000 00000 O00OODOOOOOOOOODOOOOOOODO
00000000000 metricO00O0O00O0OO Oclosed tachyon OO0O0O0O0O0O0O0O0OONO
OO00oO0ooooooooood

gboooobbobooboooboboooobn

3.2 TachyonO O OO C/Zy orbifold

00 Otachyon 0000 C/Zy orbifold 00 0000000000000 0OODOODOOO
god

3.2.1 TwistJ O OO closed string spectrum

Type IOOOODOODOO~DODOOROOOODOODOONO ZyO twist(R---%DD)D
OOoROOOOOODODOO 200000000

211 211
R = exp ( W]Z\;]E;g) 0 or R = exp (2miJsg) X exp ( W]Z\;]E;g) (3.1)
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OO000JgO 9000000000

00 -+ - spacetime boson
OO0 ---spacetime fermion
000000000 spacetime fermion numberd FOOOODOODODOD OO RO
RN = exp (2miJsg) = (—1)F or RN = (—1)(N+1)F (3.3)

00000000 (spacetimeboson) 0000 RY =10000000000 RO ZyOOO
0000000 space time fermion0 0000 RY =1000000000 (0D0000)0
000 (3.3) 000000 ROON=OOOOOOOOOOOOOOOOOO

00 RYN =100000 (RN =(-1)f00000)0000000000000

00 RN =(-1)f000000 1000000 ORN-invariant 000000 00 spacetime
fermiond project out D0 000 00000000000 ORY twisted sector0 0000
(RN #4100000000)0000 world sheet boson X* 0O 00 00

X“(Ul +27) = RNX“(Ul) = X“(Ul)

0000000000 000000 00000 spacetime boson 20 fixed point 0 0000 O
O0bulkOO0OO0O00000000000O00O bosonO tackyond O OO0 *Otackyond bulk
0000000000000 00000000000od

Oo0ooooad

N+1
R:exp<27ri ];I; Jgg) ) N=2(+1 , (=0,1,--- (3.4)

000000000000 Oclosed string 0 RF sector (0 < k<N —1)00000 Oground
state [

a —% -+ k=even
&2 3.5
4" { BN k=odd (3:5)

00000000 (3.5) 00 Ountwisted sector (k=0)0 0 tackyon 0 000000 twisted
sector(k # 0)0 tackyon0 0000000000000 O0O0OO0OODOOO0O tackyonO
fixedpont OO OO OO00O00O0O0DO3.1000000000000000000

000 world sheet complex boson X 0 00 O

exp (%) X (w) for R =-exp (—2”5\‘,189)
RX(w+2m) = exp (ZM(N&) X(w) for R =exp(2miJgy) X exp (%)
ODOtwist D000 D0DO000000000000 JgeO 100000 XT,1/)T|:| 10 Hilbert spaced 00000
000 00Jge O %DDDDD 1 [0 bosonize 0 0 0O 00O cH/20000000000000000000DOO

Zspacetime fermion O project out 0000 00
3mass spectrum D000 00000 000 sector O spacetime fermion 0 000 000000000000
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Closed string [0 mass spectrum [ 0 [

00000 (5000000000000 000000 GSO projection0 000000
O0000000000000000 RF twisted sector O twist vy O Vk:%kDDDDD
000 Ocomplex boson X 100 ¢y 000 BODO (B.13)00

1 N+1 k
& =ghi-) L = S =5 (3.6)
DDDDDDDDDDcomplexfermion¢1DDDDDagDDDBDD(B.ZO)DD
1 . 1
ag = 57+ = 5)° (3.7)
ODoooooooooooo ¢
0 ---R
"= 3.8
¢ { e (33)

oooooopbo<y+(¢<1000000 y»O000OQDODOOOOOOOODOOODOO
guobobobguooooboobobuooooon

(1) 0<k<(000O

o000 a ag’ flat O O | ghost total
NS (OB 1GF | o |t [t0-4
T 91 T =
2)(+1<k<2r000
o000 a ag’ flat O O | ghost | total
I
TR O ) il =

O00000000 ROODOOO ground stated twist 0 OO O mass lessd 0 00O OONS
OO000o0o0oo0o 3400000000000

total a

IIN (I+1)/N
ol VI o1
11 -
a= -1/2(1-kIN) . ‘L

/,\/ a=-k/I2N
-1/2

k/N

O 3.4: NSOODOOD ground state

O000a=—1/2(1 —k/N),—k/2N 0 200 state00 00000 OO ground state O

O00000000DO0OD closed string 0 mass spectrumJ 000 OO
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Type 00 [

OO0 Type 0000 spacetime boson 0 00 OO O fermion [ projected out 00 O 00O O
OORRODOODODO masslessO 00O NSNSODO DO OO

B

(3.9)

) {—_]y_% for 0<k<(
k=N

O{/
—m- = -
4 y oN 0T for £—|—1§k§2£

2|

O mass spectrumO 00000000

Type OO 0O

Type 00000 GSO projection O spacetime fermion (NS-R) 0 00000000000
twisted sector 0 O NSO ground stated massO 000000000 OOOO NS-RO level
matchingD OO0 Ofermion0 000000000000 DODOOODOO tachyonOODOOO
O00000000O0ORROODOON massless00 000 tachyonO OO Otachyon 0 NSNS
OO00O000ooooooooooooo

NSNSO OO 00 mass spectrum 0 O (3.9)0 GSO projection0 00000000000
(3.5) 000000 GSO projection O

NS+ | NS—

% =N

k=even ;? 2—]\2
k=odd N | Taw

O00000000000GSO projectiond flat 0000 O0OOOODOOOOODOOOO
00000000000000000000000000000000O00000 (3.5)0
NS-R formalism 0 0 0 00 OO O Green-Schwarz (GS) formalism * (GSO projection 0 00 [J
000)0000000000000

O000000 GSO projection00 00000000 OO0 NS-R formalismO 0000
O OGS formalism O world sheet spinor 0 OO0 00000000 NS-ROOOOOOOO
O00000000 NS-RformalismO0O0000000000D00O0O0OOOOOOOO0O
oooo

‘{0000 (39000000 5000000
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3.2.2 D-brane probe [ open string spectrum

232000000 C/Zy 00 Dp-brane0 1008900000000 (0 3.5)00 (2.195)
00000000 (34)00

e (A S I S e (3.10)
oooood
R-inv & J—K+(N+1)Jsgg=0 (mod N) (3.11)

O R-nvOOOOoono

covering space

0 3.5: C/Zn(8-900)

Dp-brane 0 O Open string 00O 0

Al p=0~p ...0000 e Jge =0
X7 m=p+1~7 ~-brane000 (8-90000) ---Jgg=0

Zik = (XP+iX%) ...89000 braned OO s dgg =1 (3.12)
&k €8CSO(1,9)0 16 ---16000 gy = 50 8 g =1 '
ZiK -+ Z [0 conjugate s Jge = —1

£k -+ &0 conjugate R N

0000000 (3.11)000000 spectrum
Ay XS Ziaw s Caa—e s Zygor o, Cpape N=20+41 (3.13)

000000 (3.13)00 UMY 00000 (U()D000 A%, 0NOODOO)O00000O
0000000 ¢0U(1); 0041, U(1)x00-10000000

3.2.3 Quiver diagram

03.13)000000000007quiverdiagram”0 0000000000000 0O0O0O

gooboobgd
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N=5((=2)000000000quiver diagramO0 0 3.60 0000 3.60000000
00000000000 00000000000000 quiver”(00)000000000OO
gobobogoogbobobobobboobooogn

0000000000000 00000 (1)0Ooo0 1000200000000 1000
ooooooo Ul 0041, 0(1),00-107Z0 100000000000 0O0O00O0OO
7,0 1000000000000000 (2)D00000030000 10000 &0 1
O000000000-2=-2=3(mod 5)0 0000000000 (3.13) 00000000

0 quiver
.

0
@)
4 DAy
0‘4 1@

3 ) 3 2 O O

O 3.6: N=50 quiver diagram

03.60000000000quiver0O000 cyclicOOO (0—1,1—2,---)00000
O0000 orbifold 00 Zxy OO OOO0DODOO 7quantum Zy symmetry” O OO0 000 OO
O00000000 Dopen string 0 lagrangian 0 000 £, 0O FEUJJDDDDDDDDDD
>, Fr,, 000000000

3.2.4 Open string [ action

0 (3.13) 000 lagrangian 0 0000000000

Scalar potential

00 Oscalar potential D 00O O OO0OOO0O

1 1
V=35 S (XS = X)) N 2 [P+ B > (12l - Zs-14?)° (3.14)

J,m J

ogno |:||ZJ7J_|_1|2:ZJ7J+1ZJ+17JDDDDDDD D-brane0 0 00 00O O OHiggs branch( X7}
O JDDDDD)DDDDDDDD (3.14)DD 200000ooooboooobbooboXy0Jo
000000234000 00000000 fractional brane0 0000000
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OO0 term

goobogod

Ly =Y &rmiocrasiZisi (3.15)
7

00000000 (3.14),3.15) 000 0N 000000000000°00000000
quantum Zy symmetry D 00000000000

3.2.5 D-brane probe [ [J

O0O00000 D-brane probe 0000 O00O0ONO

000 moduli

O (3.14)0 Higgs branch 00000 0OVOOO |Zyy| = (JO0O0DD0D)0O000O0
000 flat direction O Zj y44 =re 000000000000 000 moduli (89000
D-brane0 0000000 D0)000000000000O0 U(H)NOODODODOODOOOO
000000000000 0000000000000000

00000000 Zyy4, =2(J00000)000000000000O00O0OU(1);00
0000 Q,0000Q=exp(—%>,JQ,)00000Q000000Zy000000
0oooooag

27

2m 2m
QZJ7J_|_1 = exp <—W¢]> exXp (W(J + 1)) ZJ7J_|_1 == GTZJ7J+1 (316)

O0000Z~eF 20000000 modulid C/Zzy0DO00O0D0O0O0o0 C/Zx00 D-brane
goobobobobogodgobbobogd

Metric

D-brane probe DO OO0 OO0 metric0 00000000000 Zjy41 0 kinetic term
O Zyym=re”000000

N=1
Ly = Z ‘(au — 1AL, + iA5+1,J+1> 27741 ‘2
J=0
N=1 (317)
= [(@LT)Z + TQ(au(gJ - BM,J)Z]
J=0
00000000 oBYOo
N-1
B = A5+17J+1 — A, = B} =0 (3.18)
J=0

000000000000 00000O00D0DOODO0O0OO0
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00000000000 B/0000000000000O0O00OOUOOOOO0 (3.170
0 B,0000000

=z

Ok

0

. o1
BY=0"0,-0) , O=—
N K

(3.19)

Ly = N[(9,r)* +1*(9,0)]

000000000000 Z54 ®e*2;;,, 00000 6,00000<6;<20040
0000<f<Z00000000<0<2r000000

=N ., 0<6<2r (3.20)
0400000000 (3.19)0
7“2
Lk:nNQLﬂ2+?V@L®2 (3.21)
000000000000 metricO
7“2
ds? = Ndr? + ¥ d6? (3.22)

000000000009« 270000000000 C/ZNDO metricO00O 00O
OO00000o0ob0o0ooooooboooOooo oo

0 = arg(Z01Z12 tee ZN—I,O) (323)

gob0o0dbooboobobooboobooouobbooobobobboobobbbOn metricd
0000000000000000000000000000070000 L0 open string

‘0000 A 0000 LyO

N-1
L =Y [(0ur)* + r*(0u0s = Bua)® = 22 BY] (A)
J=0

ooooB,;00000000

0L

OZW

=20%(8,05 — Bug) =2\, = A=

goooooad
BY =0F(0;—0) , (9,05 — Buy)=0,0
Oo000o000o0ooooooo0ooD (A)Dooooo

N-1

Ly = Z [(0ur)? + rz(ﬁué)z — 2r26u§6“ (0 — é)]
J=0 N—
>,00
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goooo
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0 massivemodeJ 000 O0000|Z|=r0000000 A*0O0 (3.17)00 mass My ~ 5
O0000%00000000 massive moded mass M, ~o/~Y2000000000000
Ooodooood «Od

1—1/2

L/ <« & r<al? (3.24)
(8%

000 (substringy regime [40))0 000000000000

3.3 Substring0 000 C/Zs1 0 tachyon O O

000000000 320000000000000 (34)0 twist0D OO0 C/Zgeys O
closed tachyon 00000000000 DOOOO0OOO0OOO0N=2/+100000 NDO
goggogd

3.3.1 Open-closed 0000000 scalar potential 0 O [

closed tachyon
T

Z ;. vertex

O 3.7 Z;;x0T0O0O00O0OO0

O03.1000000003.70000000 probed O open string Zj y+1 0 closed tachyon
rad Z; 00000

Vi=T|Zj0) (3.25)

0000000000000 0bO000o0oooogoooooon 312000000000
O00000000 000 D-braned 0 open string [0 vertex operator] 20 000 amplitude
0000000000000 (000000 3300 D-brane d00 closed tachyon 00O
000000 open string0 00000 (3.25)000000)0 Closed tachyon OO0 00O
070 VEV T, 000000 (3.25)000000000 probe 00 open string 0 scalar
potential (3.14) 0

N-1

AV =Y Mj|Zysl (3.26)

J=0

0000000000000 (3.17)0 «000000000000000000M,000 «~'000
ocoooooog
9Vacuum Expectation Value --- 00000000
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gobouoooobodgod

00 M30 openclosed 000000000000 DO0OO0O0O JOODODOODDOODOOOO
ooboooobooooogobboobooooobooooooD My0b0obOoboog
gooooo

M:OOO0O0O00

000000 TZ54175:,, 000000000 D-brane probe |D), O fractional brane
|/) O bound state

D)y =) 1) (3.27)

N

Z F1J

A-type B-type
0 3.8: TZJ7J+1ZJ+17J oooooon

0000 380000 fractional brane0 0O OOO00O J,J4+ 100000000000

fractional brane0 0 000 0 00000 tachyon OO vertex operator 0 000000 |70
T) = culk) . =0 (3.28)

00000000 |k)O R* twisted sector O closed string0 0000000, =0000 3.2.1
00O untwisted sector 0 O closed tachyon 0 D00 0000000 0O0OO |JyOO (2.241)00

[y =p5lk) =W (3.29)

000000000 |k)yDO0O state0000000 R* twisted sector O closed string [
couple 00 state 0D DO OO OOOODODOOOODOO

(k|K") = Cydpp (3.30)
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00o00o0oo0ob0oooooc, 0000000000000 o0000oooooooon
Oo0oooooooooooooboon
O0 Atype0O0O0D0 Zyyp 0 mass termO0 0000000

M3 Zs031 254010 = (T|ZZ|J) = (T|INZZ) }:%CW; Z)
_Ak

= Awt(27)

O00000000000000(3.31)0oo0ooooooooJo0ooooooooood
00000000000 JOOOO fractional brane [/) 0000000000000 0OOO
00000 open string Z;,4, 0000 J,J+100 O fractional brane0 D00 00000
000000000 00O000O000O0 JODODOoOo0oooooooon

ERERE MZLJD JOoOoooooooao

(3.31)

M3, =(T|J) = ZZAW (3.32)

0000000000
DML =D A W Y A=A =0 (3.33)

OO0O000O0bO00bOOob0o0ooboOg B-typeld M]%JD JOoOoooooood

Mp,=(T|J+1) = Y Mj,=0 (3.34)
J

00000000000000M?2=M;,+M3;,0000

N-1
M2 =0 (3.35)
J=0
DDDDDDDDDDDDM?DDD(3.35)DDDDDDDDDDDDDDDDDD(3.26)
OAVODODODOO

i

N-1
AV == Ml Zsal’ =120 As=0 (3.36)
J=0

0

-
Il

00000000000000000 (3.36)0 Flterm 00000000000 closed
tachyon 00 O O O scalar potential V. [

N-1
1
V.=V +AV = 5; <|ZJJ-|—1| — |74 J| JZ; N1 Zg 001 =1 Z5-1.07) (3.37)

oooono (3.37) O potential 0 OO0 OO
\Zygml? = Zsig? =M\ (3.38)

OO0000OMN,0000 tachyonOO00O0OD0OO0OD0OO0O0OOOODDODODO

10Fayet Tliopoulos term O O O
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3.3.2 N000000000O0O

oo )\JDDDDDDDDDDDDDDDDDDD(3.38)DD |ZJ7J+1|DDDDDD J O
Ooo0oooooono Jo |ZJ7J+1|DDDDDDDDDDDD JO cyclicD OO0 |Zp|O O
00000000000 000000D00000 |Zn|000000000000000O0
00 |Zyn|0 #000000000000(1)N0D00000000000 C/Zy0000
| Zo1| = -+ = |ZNn-10| =00 tachyon 0 OO
oo
=

|Z01| == |ZN_170| =0 |Z01| =0 5 |ZJ7J_|_1| 7£ 0 fOf J 7£ 0 (339)

0000000000000 NOOOON-10OmassiveDOOOY0OOO0O0O00OO U(l)N
00 U(1) (diagonal) 0 00 000 OZy singularity O closed tachyon 0 O 0 Z; (smooth) O
0000000000 00000 tachyon OOOOOOOOOOONDO super symmetricd O
goooooooo

dooooooooodoooooooooooooooooooo

p35p3_1+)\J s ,OOEO 5 ZJJ_H ETJGMJ (340)
O000000M,00000p,00000000000000000000000O0O0O (3.38)0
rp=rt4ps , ro=v (3.41)

00000 (341)00000 A, 00000000 000000 +0000000000
000000000 |Z,|000000000000000 |Z,y4|000 |Zy|000000

A,=0 Z. A, 20
o e le
// N . . .
' r z o
I” Q\l o1 . ,/ : *ZOl
\ : /, o
\.\ ’* Zyo o\\_,/ Lo
AN /9/ R
| e-- .
probe O OO 0O
JJ/UDDDD) {)/DDDD
ZOl 1 ZlZ 1 ’ZN-l,o o Z
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| - 1 e

00 3.9: Closed tachyon 00O OO0 Z; 54, 0 VEVODOO

OO00DOO0000000 39000000 tachyonOODO Ay, =00003900000
07,y 0VEVOOOr0OOODOODOOO®O0,000000 probe0000000OOO

UDiagonal U(1) 000 21}72—01 AY ;00 massless0 000 Z O kinetic teem 00 (3.17)0 Z0O VEVOO
00000000 A4, 0 massmatrix000000000000000000000O0O00O000OO0OOO
0pgpoo0oo0o0000000oooooon
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000000r#£000000 Zyn0 £00 VEVOOOOOOOOO VEVOODOODO
Doooooo YAy, 0000000000000000%000000000000
0 U(1) (diagonal) 00000 0000000000000000000 »=000000
Z;; 0 VEVO 0000000000000000000 U(1)Y002Zy singularity 0 O
000000000 C/Zy00 probe 0 0000000000000

00 tachyon D00 A, #00003900000000000000»£000000
Zy0£00000000000 U(1) (diagona) D0 0000000000000000
O0r=000 Zy 0O VEVO 00000000000000 VEVOOOOOOOOOOO
0000 diagonal /(1) 00000000 r=0000000000000 tachyon O [
000000000000000000

MetricO ?

000 metricd 00000 00Kinetic term 0 0 (3.17) 0 0 (3.40),(3.41) 000000 O

N-1
Ly = Z[(@MTJ)Q + r?j(aﬂj - BMJ)Q] : Z B,;=0 (3.42)
J=0 7
Oo0ooooooooobboooD B,,000000
T2 N-1 N-1 rz
L. = N(r)(0,)* d,0)* 0= 0 N(r) = 3.43
k (T)( M) + N(T)( Iz ) ) Jz_; J (T) 2 r2—|-p3 ( )
00000 metricO
2
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Y g0 gon 0 A, 0000 41,45 5, 0000 =10 charge 00000000 OVEV Zy, .41 #0
00000000000D00000 ¢;0000

pr_ A p o
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MOopoo VEVOOOOOOODOOOOOODODOOOoDOoOooo
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0000000000000 0D Gy,=C, 000000000000
50000 A, 0000 Ly O

N—1
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0 3.10: A, 000000000000 C/ZyO tachyon 00O

OO0O000O0O00DDboOoO0ObD 3.1 00b0b0o0ob0oooobos310000 pbO py;00000O
O00D00000Ocosed tachyonOOOOO VEVOOOOODOOOOODOOODODOODO
Ooboob0o0or=00000000000D000O00OO0ODODDODDOOOOOODOODOOODO
O substring 00 r < «200000000000000000O0000O0000 tachyon
OvVEvVOOOODOOUOOoOooOoooobooooboooooooboboobooogoo
00 closed tachyon D00 000000000000 O000OOOO O[19100 dilaton pulse
000000000000 000O0O00oo0ooooOo(@3lloo)oooooooood
O000000000000000000 world sheet 00000000000 DO tachyon O
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O tachyon 0000000000000 OOODOO gravitonO dilaton 00000000

ooooB,;00000000

2 2
=00 = A=

| 3
-~
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goobobooobodgaod

uv
p Oa 2
RG flow
\ dilaton pulse
S
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RG flow

dilaton pulse
> e o o

000 Oopen string tachyon D00 0 OO O tachyon potential 0 00 00O DO0OOO O
tachyonO VEVODO OO ODODOO0OODOOOOODDODOOOOOODODOOOOODOOOO
(pO0000DO0)O0O0DOOOO

3.3.3 0000000000
OO0 ,000000D00000000D0O0O0O0ODODODOOO
)\0:—)\1>0 y )\2:"':)\]\7_1:0 (346)

00000000 (O,A,=0000)0000 closed tachyon 0000000000000
O00000000000000000000000 tachyon 00 “C/Zy — smooth” 00
gbobogobooboogbobod

o1 Z2 Za rpgpoo -
N 01
r_7 °
M ’IZN—I,O /
*o-” Zoor o Zyno r=0
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000 (3.38)00
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0000000000000 31200000 312000000 (r=0)00 Apy— Aj,00
massive 00 0000000000000 UMNDODO uM)V-'000000000000O0
00000 r=00 Zy_singularity 0 0000 000000000000 p2>0,p1=---=
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/
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000 3320000000000000
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massive] 0 00 decouple D 000000 quiver 0,170 0000 10000000
OO000dodo 1oooooooood

(3) OO0 fermion £0 quiver 0,10 0000000000000 (3.15)0 Z,,O VEVOO
0000 Ziofosés O mass term 0 00 o3, €31 O massived 0 0 O Pdecouple 0 0 O

O0000Z,00 massless000000 quiver diagramO 0000000 3.14000 2
0000000000000 quiver diagram O OO0 quiver diagram OO0 0000000
000 €0 quiver diagram 0 cyclic0 000000000000 O0OOODOOODOOODOO
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metric0 00000000000 C/Zy,000000000000000OC0O0O0O0OOO
O00 Z,:sO0 VEVOODOOOD MO turnon 00000 3.150000 200000
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177 0 scalar potential 0 20000
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oooooo
1870 kinetic term 00 (3.17) 000000 44,0 mass matrix 00 0000000000000

2 1 -1 Ago
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0000000000000 000000000DooooD Ofermion0000OO0ODOO
0000000000000 0000000000000000000%*00 3.15000
0200 C/Z;000000000000000000C/Zs — C/Z30 tachyon 0 00O
O0000000000000 Z0O quiver diagramd ¢000000000000OO super
symmetric0 000 0000000000000 OOOOOOOOOOOO0OOOOO0OO0
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000 (031500)00000000*0000000
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000000000 0M,O00000 turnon000 (tachyonOOOOOOODOOOO)OO
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O000Zs,0 turn on0 00 massive 000000 0 mass0 000000000
210 31500000000 C/Z, 0 super symmetric orbifold 0 0 0000000000 Z0O £0 chiral
super multiplet (10)0000000000000O0O0
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34 C*/zyO0OO

C/Zy0O N =100 super symmetric0 00 Otachyon 000 000000000000
0000000000000 000000000000000 C*/Zy0 super symmetric
O orbifold0 N #A#10000000000000000O0COO0OOO0OOOOOODOOOOO
0000000000000 D-brane probe 0000 C/ZxyOOOODODOODOOOODOO
Oood

3.4.1 O0O0O0OOOO

(r - )

(super symmetric) C1Z y)
C1Z py

marginal deformation
(blow up)

Z 4.,y Singularity
ooooo g

O 3.17: SUSY ALE O marginal deformation

00 C/Zy—yD0DOOOO0O0O0*2000 SUSY ALEDD OO 0000 blow up (marginal
deformation)0 0 0000 Ligg(—1y singularity 0 Zo_yy singularity /00000000000
0000 (0317000000 non-SUSY ALEODDOOOOOOODOOODOOODOOO

(non-SUSY) smooth
C2/22|(2|-1) CZ/Z|(-1) CZ/ZZ(l)
closed string

mass |less mode

margina
o0 VEV. / deformation
! ‘45 SRRy tachyon
(marginal) 00
closed tachyon Z ) Singularity
o ..8 SUSY ALE

O 3.18: Non-SUSY ALE O marginal deformation

000000000000000000000 non-SUSY orbifold 0 0 O C*/Zyae—1) 0
OO0 00 Oclosed string 0 massless OO0 OO0 VEVOUOOODOOODO “marginal defor-
22000 2(-1)00 2¥00000000000000 (D0000000000)000 (-1)00000

20000000000 wist0000O00O0CODO0OO0ODOOOO000O0DOO00OOODODDODODOOODODOO
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mation” 0 Z, 000 /000000000000 0Z, 0000000000 bulkkO0OO
00 space time fermion0 OO0 00000 (0 3.1800)0000 local DO SUSYD O OO O
global 00 SUSYO OOOOOODOOOOOOODOO*OODOO/000000O0/—-100
00000000 (margina)O0O O 100 blow up (marginal 4 closed tachyon 0 0 )0 00O
00 smoothd C*/Z,0000000000000000

3.4.2 0O0O0OOOO

gobobboobbboodobbobobbooboboboobobobbobod

Twist

O0C*06-78—-90000000000000000000 0O twistO
2m1
RZGXP |:W<J67+k{]89):| 5 kO mod 2N O OO (348)

O000ON,EO0000O0twistOOOD0OODOODODODOO CQ/ZN O0oOoooobooon
O O closed tachyon O fixed point 0 OO0 OO0 RN—1DDDDDJ67,J89DDDD :I:%
O0o0oo0ooooooon

1 2
A Sg7 = Sgg = :|:§ = R=exp {ZN (k + 1)} (3.49)
B: —sg=se=tr = Re=exp|o(k—1) (3.50)
. Sg7— Sg9 — 5 = exp N .

000000 RY =10000000000000000 k=0odd0000000D0OOO
O00000 E=0oddDOOOOODDODOO

00000000000 2000000 1000 E=4£100000000000 (3.50)
O A BO00D0OODOO0 R=100000000O

k=1--- BOO0OO R=1 , k=-1.-.- ADODOO R=1 (3.51)

OO00o0o0oogologbdspmor 000000 DOOOOODODOODOODOO Jsr, Jse
godgoo

OO000b0oO0o0o0O0ob0o0obobbbO0obob0DbO0 k=+41000SUSYODODOOOO
OO000OF=10 k=—-100000 multipletC0000000O0O0ODOOO 3170000

C?/Zsy0 000 SUSY ALEDDOD2000 2 €Z0 2 €z000000000

2N

1 €Z = R0 AD spinor0 00 = (R%)Z sector 0 massless 0 00O O O
2N 2n

1 €Z = Ri-0BO spinor0 00 = (R* ) sector 0 massless 0 00 OO

(3.53)

23Closed tachyon 0000000 00 0000 marginal deformation 0 00000000000 ---
Z4Marginal deformation 10 D0 0000 Onon-SUSY D OO SUSYO OO OOOOOOOO
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0000000000000000(353) 00000000000 %EZDDDD Jor = Js9
0000000 RR=R%+010000000000 LR R?, .- 0 R"* twisted sector 0 [
Oo0OO0oooooo CQ/Zk_;_l(_l)DDDDDD%D(C?/Z%Q(_DD E=—-1000 SUSY ALE
0 O closed string 0 massless 000 00 0000000 R sector 00 closed tachyon O O
DOmassless 000 000000000002 €eZ0000000000000000
O0k+#£10000000000000 closed tachyonO0 OO OO0O0O0O0OO non-SUSY

gogobooo

Probe 00 quiverJ OO OO

O O Dp-brane probe O [0 open string [J

A coou=0~p ---goOooo (Jo7, J39) = (0,0)
XV ~om=p4+1~5 ~~-brane0 00 (6~90000) (Joz, Js9) = (0,0)
Zhe = (X0 +iX7)x --6-7000 braned 0O O (Jo7, Js9) = (1,0)
Z3 = (XP 40Xk ---89000 braned O O (Jo7, Js9) = (0,1)
AT .-+ Z'J conjugate (Jo7, Js9) = (—1,0)
72 -+ Z*[0 conjugate - (Jor, Jzo) = (0, —1)
Xsk €4CSO(1,9)0 16 - Jgr = Jgg=—30 4 (Jor, Js9) = (—3,—3)
. €4 CSO(1,9)0 16 - Jor = —Jgg = —30 4 (Jor, Js0) = (=5 3)
NJIK -+« xO conjugate (Je7, Jso) = (%7 %)
NnIK ---n0 conjugate (Jor, Jso) = (£, -1
(3.54)
0000000000 R-invO00O00O (3.11)000O
J— K+ (Jor + kJso) =0 (mod N) (3.55)

0ooooodooodod spectrum [
AgJ . X7 Z},J-H ) Z3,J+k y X J—g=1 11 J+4q k=2q+1 (3-56)

goboboobobobobobobod

BRAE - 100 Z%DDDDDDR’DDDD Jor=Jso 00000000 —Jg7 = Jgo D0 OO projected
ot 00 OO0 (-HODODODOOO

R sector 1000000 ROODODODODDOOO0OO0ODODOOODODOOOOOOOOOROODOO R
sector OO0 100 project out OO OO0 OO0 OO Oclosed tachyon 0 OO0 O spectrum [0 tachyon O O
ooooooo
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3.4.3 C°/Zyyp—1y0 deform(0 0000 0)

00000000 31800000 orbifold C?/Zyya1y0 deform0 0000000000
00000000000 000000000000000000000000000
000000000000000000 C/Zyya-10 non-SUSY ALEDD DO O

N 2(20)
— —92c7 3.57
Fel 2141 °F (3.57)

00 (3.53)0000 1, R* RY,--- sector 0 closed stringJ massless 000 00000000
OO0D0D00OD0O sector O closed string0 00 VEVOOUOOOOODODOO “marginal defor-
mation” 0000 O000O00ODO0ODODOOOOO0ODODOOOODODOOOODODOOOO?000
000 quantum Zg symmetryd OO0 00 O deform 000 OO0 O

0000000000000 quiverD O |J)O R twisted sector O closed string O O O
) 000 (320)000

1)y =3" e a) = o) =Co Y e E])) (3.58)

1o J

00000000 (C,000000)0quantum Zg symmetry |J) — [J4+ ) 000 |a) O

o) = Co Y ePTE|T 40y = Co Y e FTEIT 4 0) x TE = (<1)°|a) (3.59)
J J
000000 ooooooobobood ea=even0000O0O0O0OO0OOquantum Zy symmetry
O00000000 1,R*:,RY,--- sector00 VEVOOOUOODODOOOOOOO
00330000000 closedstringd VEVOO OO quantum symmetry 000 0O 2] ;4|
OJO00000VEVOODUOOOOODDODoODODODDOODOD 0000 quantum Z, symmetryd O 0
oooogg |Z}7J+1|:|Z}+Z7J+Z+1|DDDD OO0 VEVODOOO

IiDo0ooooon

0 3.19: Z},,, 0 VEV

0000000 A (deform parameter) 000 3.19000/000000000010000

00000002000 Z'0000Probe0 00000000000 OOOOOZ'O VEV
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0000000000200 Z'0 VEVoOOOOOOOOOOO Z, 000000 O0oooo
0000000/00000000%000000 SUSY ALE D OO marginal deformation
0 Z,,00O0OO Z,000/¢00000000O (O 3.1800)0
gb35000ddobooooboobobooobo (CQ/ZZ(_DDDDDDDDDDDDDD
gob 3.1 8u0o0u0oogood
000000 Z,,yO kOO0ODO0OO0O0O000O0000000000000000000
O0O0D000D0OO0O0ODOO SUSy ALEO (CQ/Z%(_DDDDDD 3.17000 deformation[

R =exp[2mi(Jor — Jso)/20] 2 Ry =exp[2mi(Jor — Jso)/2] (3.60)
000o00ooR0 Z, 00000 twistDOOO0OO0O0O0O0O0 Zy-yOOOOODOOOO
U (CQ/Z%(%_DDDDDDDDDDDDDDDDDDDDDDDDDDD twist 0 0 (3.48)0

R = exp[2mi(Jor — Jso)/20)(—1)" (3.61)
O0000oOoO0oboo0oDo0féf—10000
Ry = exp[2mi(Jer — Jso)/2](— 1) = exp[2mi(Jer + Jso)/2] (3.62)

0000 Z,yDoooooooooood

0000000 zZ,yooooo (CQ/ZZ(_l)DDDD sSUsYoOooooooo (DooooO
+1000)00000000000000 multipletDC 0000000 (DO0OOOO0OO)O
O000 non-SUSYODOOOODOODOOODO

3.4.4 0O0O0O0OO

O00000000000000000000000 deformO00000O000OOOOO0OO
000 probed O open stringd action0 000 O0O00O0OOO

Scalar potential (Higgs branch)

00 Higgs branch O scalar potential VO 7}, 0000000000
1 - 1 ~ _
V= 1r (G20 2P 4 G2 2 42 20 + (12,207 (3.63)

O0000000 Jacobi identityD OO0 00O

Vo (%GZ%ZI] — (2 22+ 2|[2522”2>

) (3.64)
= 1r (J(2.2)+ (2. 2207 422 27
0000000000000 C/Zye-nyD00000 (3.64)0000 (3.56) 00
1 20—1 20—1
V=SS D423 12 D — 2l (3.65)
J=0 J=0
Dy = |Z},J+1|2 - |Z3-|—1,J|2 - |Z}—1,J|2 + |Z3,J—1|2 (3-66)

0Dp0000000 000000 ¢00
86



0000%0D,0 D-temI000000000000000000 potential 100000
(JOOoooo) (3.67)

O0000000C/Zy00ODODOO00O0O0O0Ooooooo Zlge%Zl,ZQQeé_?ZQDDDD
Ooooooo C*/Z,000o0ooo0ooood

1 _ 1 2 _ 2
Zigm =2 Ziga,=72

OO0 term

gooooooood
Ly =Tr ([Z',X]n+[Z*,X]n) + h.c. (3.68)

gogobooo

Deform 00 [
00 closed string 0 massless0 00 0 VEVO OOOO defomO00000OC/Zy000O0O

000 scalar potential VO Flteem O OO OO DOOOOOO

20—1
AV == M\D, (3.69)
J=0

Oo0oO0o0OoOOoboooo 00000000000

Untwisted sector 0 OO0 OO
Quantum Z, symmetryd O O

= 2342_01 Ay =0
= A= Ajqe

0000000000000 twisted sector 0 masslessd 00 OO0 VEVOOOOO deform
DO0000D0000Opotential 00O 0 OO

Dy =A; A |Z},J+1Z3+1,J - Z}—I,JZ3,J—1| =0 (3.70)
gooooooooood
=pj_ A =0
pr=pij-1tAr 5 po (3.71)

|Z},J+1|2 - |Z3-|—1,J|2 =pstx )

O0O0000D0000 modulil x e R,acCOODODO
0000 B.7)00000000000000000000 «=00000 Z'#£0AZ?#£0

gogboubooogobogdbiblde=00000000000b0b00n 000

ooooo J,0000 r=—p, 0000
|Z}0,J0-|—1|2 - |Z30-|—1,J0|2 =0 A Z}O,J0+1Z30+1,J0 =0 < Z}O,JO-H = Z30-|—1,J0 =0 (3-72)

*¥(356)00000 Z',2*°0 0000000 Z3,,,,%43,,00000000000

[Zl,Zl]JK = (Z},J+1Z}+1,J - Z},J—1Z}—1,J)5JK = (|Z},J+1|2 - |Z},J—1|2)6JK
[ZzaZZ]JK = (Zg,J—123—1,J - Z?,J+1Z}+1,J)6JK = (|Z3,J—1|2 - |Zg+1,J|)5JK
[Zla ZZ]JK = (Z},J+123+1,J - Z?,J—lz}—l,J)éJK

gboooooboobooon
87



O0000O000o0ooon
000 quantum Zg symmetry D O 0O 00O Z}o-I—Z,Jo-I—ZH :Z30+€+1,JO+ZZODDDDDDD
Oo00o0ooooooooo (Z}J_'_l,Z}_I_LJ)DD 200 VEV (0,000 00000000 Z,

gbbgooobboooboobd

Jo-l—f JO
Af= > Ay, 0 A= ) Ay, (3.73)
J=Jo+1 J=Jo+{+1

00000000000000000000000z=—p, 000(1)*000000000
000000000 -00000%®/000000Z,0000/¢000000000

gooogdg

000 Z,,yO k0000000000 Z, 00000

1 _ 2 _ 1 _ 2 _
ZJOJo-I-l - ZJo-I-LJo - ZJo-I-f,Jo-I-f-I-l - ZJo-I-f-I-LJo-I-f =0 (374)

00000000 term (3.68) 0 mass term 0 000 0 00 14100465 Note41,0, 0 200 0
0000 200 fermiond A7, A0 0000000000000 adjoint0 0000000
0000(3.56)00 n0 adjoint0 0000 ¢g=00000000 k=1000000000
Oooo DZQ(I)DDDDDDDDDDDDD

O0O0000 mod(0 p; 000000000000 00O00O0OQuantum Zs symmetry D 0000 PI =PIt
goooooooood

88



(1400 Conclusion

0000000000000 O0OO0O0OOO00ooOon

00200000 stated Cardy 000 000 orbifold RY=1=27 x C* /T'0 orbifold O O
O000000000 brane0 0000000 Oorbifold 0000000000 O D-braned O
O Oorbifoldd fixed pomt DO O OO0 OO0 'O000O0O D, 00000 [-type fractional
brane0 000000 OO OO O Fractional brane O untwisted closed string [0 charge [0 D-
brane 000000000 ODOODDOODODODO SUSY ALEODODOO 2-cycled0 00000
D-braned BOO fluxOOODOOO0OO0ODOOO0O0ODOOODOOO fractional brane 0 O
O00000000000000000 fixed point 00 D-braned 'O 0000000
00000 Ofractional brane 000000000000 OOOOO

00 3000 orbifold C/Z 4, 0000 twist 0 000 tachyonO fixed point 0 00000
00O closed tachyon OO 0O 0O OO D-brane probe OO0 OOO0OO0O0OOOODOOOODOODOO
O probe 00 open string0 000 00 000000000000 OODOOODODOOOODOO
open string 0 [ closed string0 0000 0000000000000 OOODOO probeld
fractional braneJ 0 00 0O 0O 00O Oprobe O open string 0 fractional brane 0 0 OO open
string0 000000000000 0OO00O0O0O closed tachyon O probe O O open string 0 [
coupling0 0000000 DOOO0OOOOOODOODOOOOOOOOOOOOOOOODO
0000 closed tachyonO O OO0 fixed point 00000000000 O0OODOODOOO
OoOsuUSYOOOOOODOOODDODODODDODOoOooOoDOooooooooooo closed tachyon
O00 openstring0 00 0000000000000 000O0OO0O0OO0O0OOO Oclosed
tachyon fixed point 0 000 OO0 0000000 DOO0OOOOO0OODOOO closed tachyon
O000000000000000000 closed tachyon0OOO0O000O0D0O0OO0OO0O0O
oooo

300000000000000000000000 1000 ZamolodchikovO ¢O 0O [41]
OO0 “00”0000c000 200 CFT(0O00O world sheetO CFT)0 00O OO off shell
0000 central charge c0 00000000000 Oclosed tachyon 00 C/Zgpy — C/Z4
000 000 critical dimension (¢=15)000 000000000000 cOO0OD0OO
O00000000000000000000000[YODo00D0ooDooooOooooOO0
O closed tachyon O fixed point 0 O OO OO O O untwisted closed string 0 non-compact [J
00 C/Z,, 0000000000 00000000000 tachyonODOOODOODOODOOO
00000 Ountwisted closed string0 00000000000 DOODODO O twisted sector O
0000 0000000000000 00000 24]0000000000000000
O00D000 cO0000D00cO000OooffshellDOOOODODO 2000000000
000000 COOO target space0 000 V(OO co000)00 D00 untwisted sector O
Ou,00000000000

(Uy---U,) = ~%:1 (4.1)



00000000 4.1)bo0oooO

/[dX]exp(—S)Ul---Un:/dxo[da]exp(—S)Ul---UnN/de:V (4.2)

O0000000000000 untwistedsector0 0000000 O0O0O0OOOO Duntwisted
sector U0 0O0O0O0 2000000 targetD OO0 VO OOOOOOOOODODOO twisted sector
;0000000000

1
(U UsTye T ~ (4.3)

o000V —eccO00O00O00O0O0O0OOOOO
/[dX]exp(—S)U1---UnTI---Tm = (T4 |Uy - U, Ty Ty |T,) ~ 1 (4.4)

0000000000000 440000000 m>2000000000000 twisted
sector U0 00000000 O0OO0O0ONO twisted sector0 200000000000000O
OO0 o00b0DO0bO0ODDDOODO000O0DOOOO orbifoldd covering space 0 00 O
O 7,0 hj twisted sector 00 0000041 0000000000000000000

0,=0

0,=0

2T

0,

O 4.1: twisted sector OO0 O OQOO

000 Ohg twisted sector 0 string00 00 000000000000 OOOODODO twisted
sector0 000000000 untwisted sector 0000000 0OO0OOOOOYO

[[h=e (4.5)

0000000000 000000000 [42)(000 orbifold 00 abelian0 0000 O )0
0 (4500000000 twisted sector 1 00 20000000000
0000 (4.4)00 twisted sector 73,7, 000000000 |7,)0000 |7)0000
000 (2000000000000 fixed point 0 0000 00000000000000
g (44)0000000000 untwisted sector 00 DO0O000O0DO0O00OOOOOO Th ~T,00

O vertex operator 0 000 OO0 Otwisted sector D 00 0 OO O untwisted sector 00 0000000
untwisted 00000000

90



0000 measure [dX]00 deo 0000000000000 0O00OV =000 (ThT2) =0
O000000C/Zyy 0 tachyon 0000 ¢c0000000000O000O0ODO cOOOOO
0000000[24)00 C/Zgy O tachyon 0000000 ¢gq000000000000
0 0g.q 0 twisted sector 0000000000 Oclosed tachyon 000 000 OO (tachyon
0000000000000 0O0oO0)oooooooo

2000 closed tachyon 0 00000000000 OO0OOOCOOOODOOOOOOOOO
00000000000 (240000 c0000D000000000%000000 closed
tachyon 000 non-critical 0 0000000000000 OOOODOODOOOOOOOOO
00002 0000000000 closed tachyon 000 00000000

Acknowledgments

gbbgobogbboboubgbooooouoboboobbboooougobo
guogboboooouboooooboboboboboobobooouboooobobo
O000 closed tachyon D00 00000000 O0O0ODOOOO00O0OOO00OO0OOOO0ODOO
gbogobboobboboobbbobobbobbobboboooooobuoooobuooo g
gooboobbooodouogbooobobbboudbbooobobooooobobon
goobbgouboobobgbobbbobbbbbuobooogbobooouoboobog
gobooobbogobooobooobooobooobooogooobooooon
gooobod

20 (4.1)00 (hU,)0 000000000000
91



0 OA ROOOOO ground state

A1 SO(1,9)0T00

000000000 So(L,9)O rogooooooooooosSo9)oIr* (p=0~9)
0 32x32000000 0Clifferd 0O

(07,17} = 2 (A1)

ooooooooobbobooboboobobobobbobooboboboobobooooboobo ro
goobobgogao

All T'oDOooOoDOoOOODOO

SO(1,9)0 TO0000PanliDO ¢*0 SOR)D OO0~ 0000000000000

1
o — _01 0):@'02@@1 (A2)
i 0 A 1 i -
I = N ® v fori=1,---,8 (A.3)
i
0 AR
"= O =@y (A1)

OO0 O0PauidOO

L (01 , (0 =i , (1 0
U‘<10>’U_<@' 0>’U_<0—1> (4.3)

000000040 SO8) O Clifford 0 O
{77} = 209 (A.6)

gogbobbogobood
00 "0 40 Hermite 0 0O 0000000000 0OM0O HermiteDOOOOOODO O
goodobobo

ot = v ' =1" fori= 1.9 (A7)

Y

92



O000000'0000 charge conjugation matrix C' 0

C = ( 0 - ) =i’ =c’01 (A.8)

i1 0
000000000000000000
ct=c , c'=-C (A.9)
000000000000000000 0000
(rm? = —crHc! (A.10)

000000000 ooo?2d

Al2 0J00O0O0OOOOOOOO

ooooo m»oobobboobbbooboboboobooo
1

ImiEE#iFO+FU (A.11)
Wiz%@%inmﬂ), a=1,---,4 (A117)
000000000000000000000000000
a+ b— _ Sab
e e ey o (A12)
oooos,O
S, = petpi- _ L (A.13)

2

00000000 (A12),(A.13)0000005,0000 s, =+10000 s = (so, 81, - , 54)
00000000000000 ¢G00000000000

(5 = (DM )t /2(D3)se1/2 (0o +l/2¢ (A.14)
Po=¢ = 0 . Y (A.147)

OO000¢0000 «O sa:—%DDDDDDDDDDDDDDDFHD
— 10 9 5 1 0 2

O000dooooo I'y,0o0000 chiraityODDODODOOOOOODOOOOO
oo o

8t . 8 1 8

It _ .8 1 (_1)(8+7+~~+1)71...7 =~y

goood
00004 0000000000000000

93



A.2 ROUOOOO ground state

Flat OO OO OOOOO0OROOOOO world sheet fermion * 0 0000 «f 00 0O Oy
OO00O00oOoooood

{vo. ot =" (A.16)

000000 Clifford0000000O0 factor 200000000000 SO(1,9)0 o™
O =2/ 0000000000000Right000 I'* =2 000000000
000

OO00000000 A1000DD T roogoOg clesed stringd RROO O OO ground
state 00000000 0CO0OOO0OO0OOLft0 rightD000000O00OO0OOODODOO
00000000 left0000D000000ODOO0

A.2.1 RROOOOOOO
O00A=1~32000 ROOOOO ground stateJ 00 |A)DODO0O0O0O0O0OOO

|4)

12

es ., (es)g=904m (A.17)
D000e,0 ADDODOD 1000000000000000Oe,0000 0000

ey = Xapep = Xup=-egnl"es=3pc(I")epdpa = (I")Ba (A.18)
D00A00D0¢,0000

[ea=(I")paes = Ugld) = —=(1")5alB) (A.19)

1
V2
0000000 right O ground state 00 00 |B)0 0 O Oeclosed string 0 RRO DO OO O
god

A4, B) = [4)]B) (A.20)

000000 (A19)000|4, 80000 ¢4 0000 {4 ¢y} =0000000

" Ay 1 B N

77Z)0|Av B> - \/§(F )CA(I)DB|07 D> (AZl)
T R\ 1 43 a 9
UVolA, B) = \/§(F11)OA(F Jpe|C, D) (A.21)

00000

00000000000000000000000000
440 ¢y000000000000000000000000000000000 ()40 ([#)ap O
000000000000 (), 000000000 Glassman 000 D0O)

VLA, B) = %(r“m(l)ma p)

1A, B) = %<1>CA<f“>DB|C, D)

00000000000 0000000000000000000000000000000 (A.21),(A21)
000 4000 (M), (¢0)000000000000 (A21)0 T, 00000000000

94



00O :Dp-brane 0 boundary state [ [ [

OO0D0O00O0Dp-braned RODO DO OO ground state |R;p) Q000000 [43)000 O
IR;n)©O D00 |A,BDODOODOODODO

R = Myap| A, B) (A.22)
00 |R;)® 000000000
(0 = ins,08) 1Rin)® =0 (A.23)

000000000 (A21),(A21),(A22)00000000000000000

1
V2
D000M,s000000

Myas [(1*)ea(D)ps — inS (Tin)ea(I)ps] |C, D) = 0 (A.24)

M, —inS" 'y M, I =0 (A.25)
D000000000000000

(A.26)

M, = [FO---FPC%]
AB

1+
0000000 (144000 openclosed 000 0000000000000 0OOO

00 light cone0 000000000 Ose0 $o0000 projector0 000000 OOse =
+10 3, =+100 projectiond P =25, P=250000

(S0 = (150 (1wl D) (A-21)
(#) 4.B) = (1)ea (#) _je.b) (A.28)

ogogooogno
<1i§fi>AB - [%(1j:F0FU]AB (A.29)

000000 0O(Ee gooouguogoooibbobgioibid se = 5,50 =500
2 /AB 27

projection [

<1+;di><1tfﬁ>|AJ%::<1t;P>OA<1tfP>DBKLD> )

000000000000 light coneD 000000 |R)Y 00000000 a,60

l4+aP\ (14 aP
|R;n>>§f>=( 5 )( 5 )|R;n>><0>

= MyaB (1 +2aP> (1 ‘|‘25415> A, B) A

= M7/7AB|A7 B>
95

[}




00000000 oO0000O0M,,z0

14+ aP 14+aP 14+ aP 14+aP
= (75), (F57),, e = [P ()], o
AC BD AB

00000000 (A260)00000 M,,00000000 a=-a0000 M,y %00
000000000°0a=-6=1000°0000000

) (59)),  ow

IR\ = M, 5| A B, Mg

gogobooo

A22 |AADDO0ODOOOO

Open-closed 00000000 boundary state 0000 000000000 O(AIODOO
00000000000 (AlB)=04g000000000000|ADO0DODODOODOOOO
O00000 dual000 (A|DCODDOOO0DOOODOOOODOO (AB)#604s0000000
goooooooooooooon

|A)0 00

¢*(z) 0 bosonize 0 O fieldd H*(z)00 0 7004(2)0

Os(z) = Csexp [z Z SaHa(Z)] (A.34)

a=0

DDDDDDDDDDSa:i%D s s, 000000000000 CgO “cocycle” 0 OO
0000000 060,00000 spacetime fermion00 00 00000 OOOO®0 operator

00000000000 p>10000 OD-instanton 0 D-particle 0000000000

SLeft 0 right 0 0-1 000 projection 00000000 D00 physical 000000 DOO0DO00OO [26]0
000 covariant 0 00 0O 0O Oleft O right 0 picture number 0 00 0 O —%,—%DDDDDD 100o0o0oo
O Oleft O right O projection 0 00000 000 physical DO O0O0ODODOO

“Yr(z) O OPED

v (0) ~ L
D0000000%(z) (a=0,1,---,4)0
UO(z) = 271240 (2) + 41 (2)) , U(z) = 27 (=0 () + 0 (2))
Ve (z) = 2712(%9(2) + it (2)) ,UO(2) = 27 2R (2) — it (z)) , fora=1,2,--- .4

goooboboooon
H*(z)H"(0) ~ =0 1In z

0000 conformal weight 1 0 bosonic field H*(z) D000
W () = (HO )

;o Wh(z) = e ()

00000000000000000 [27]0 Vol 2sec 103000000000

Sright movingD 0 0000000 ©,000000000000
96



0000000000 O0oo0O0oooooooooO0oO0 e, 0000 ¢ (0 (A14)DDO)H)DOO
0000000 (s)000000000000ODOO

5) = lim ©,(2)[0) = ¢* (A.35)
O0000)0 NSvacunmO OO OOOOO0O KO
eq = Kal® (A.36)
Oo0o0ooO0OO0|A0DDO0OO00O0OooOoooUooooo
A) = lim Sa(:)[0) . Sa(2) = Ka04(2) (A.37)

000 004(z),54(2) 00 conformal weight [J gDDD9DDDDDDDDDDDDDDDD

(A|l00Ooooooo
0000000 (A|lD0000ooooooo
=1 t
(A = lim(0]57 (=) (A.38)
000 S(2)0 comformal weight 0 h=20000 (A38)0 0000000000
(Al = Hm (0[i 2228, (2) = lim i7%25(0|54(2) (A.39)
Z—00 Z—r 00

00 Sa(z)0 OPEO OO operator 0000000000000

SA(Z)SB(O) :Z_%CAB—I-"' (A40)
goooooood
(A|B) = lim i~ %27 (0S4 (2)SB(0)]0) = i~F lim 2727 7C 45 =i 1C4p (A.41)
200 Z—>00

‘000000000000NS vacuum 00 RO ground state 0 0 0 operator 0 0 000000000

00000 L0000 e 000 30000000000 (271)00 10x &==2000 OKO

Y0Conformal weight 0 hO O ¥(z)00000000000000000D000O00O0ODO

=i Z =i Z
- Zr+h ) Zr+h

000 ¢l=+_, 00000000002 =1/2000

_ —h _ —2h h —2h h 2h 1/)7‘ _ —2h 2h
Y L= S S = =)

gooooooon

(W] = L (O[W!(2) = Jim (0}i (=) w(2) (4)

00000
97



0000000000000 closed string0 000000
A4, B) = lim Sa(2)Sp(2)|0) . (A, B = lim (0]55(2)S}4(2) (A.42)

2,70

0000000000

(A, B|C, D) =i 3C4cChp (A.43)
00000000 super ghost 0000000000 100000200000000 3 — 4
D0000000D00 (A43)0

(A, B|C, D) = —=CcCrp (A.44)
0000000000 000000
000 (A, Blv°|C, D), (A, Bl¢°|C, D)0 0O (A.21),(A.21),(A44) 00000000000
1
V2

1 ~ uT )
7§<C, DI(L11)ac (I )BD (A.457)

oooooooooboobooborpobobobooooooobboobO

(A, Blgy = ——=(C, D|(I'"") ac(1) 5D (A.45)

(A, By =

000:O¢R;» 00000000

00000000000 O(Ry000000000000000 [44)000 (R;y|0D0
000000 |Ry)00000000000000000 (R;y|O

«Rﬂﬂ<¢i~%m5ﬁ@ﬁ==0 (A.46)
0000000000000
(Rin| = (Rsn| T e™momsi v (A.47)
m=1
D0000O(R;y O
@«EUN¢K+m9ﬁ%>=O (A.48)
000000
O R;n| = Nyap(A, Bl (A.49)

00000 Nus0O0O0O0O0D00D0000D0 (A45),(A45)00000
1

NnABﬁ [— (") ac(V)gp + 0, (Tin) ac (T ) 5] (C, D = 0 (A.50)
OO0000D0ODODODONwpsO0O0O0O0O00O00
—T*N, 4 S T N,I"" =0 (A.51)

000000000 (A2)0 M - NOODOOOOOOOOOOON . x M,4g000
0000000000000 Nup#My,00000000M0000 (A,B|O |A,B)O
O0000000000000000000000 (A,B|O |AB)DO00D0OOCODOOODOO
OO0 NapOOOOOOOOO

"MrO0O (A51)000000000000

98



N,,p000000O
00 0(A, B|O

(A, B|C, D) = §ac68D

(A.52)

00000000000¢A,B|0 |A,BO0000D000000000000 (A44)0C

(A, B| = =C4cCp(C, D)

(A.53)

00000000000 00000 W) =yup|/A,B) 0000000000000 (¥|O

(W] = 35(A, Bl = dan(A, Bl = =¢apCacCrp((C, D|
Ooooooogn
0= —CTC o b= —CTPC = TOT T
OO0000O000000000000 NyupO
1+ il

L—un |5
000000 (A56)00000 N,«M, 000000000000
noo O¢ryDOO0OOO

NnAB = [FOTM;FO]AB = (_1)p+1 re...rec¢

OR;n| = N 5(A, B

0N,, 0000000 (A55)00

. 1—P o [1+P
o, - (5 e (57,

00000000000 OooooopPO 000000 OOOOOOQO

Dp-braned ROOOOOOOOOO
000 Dp-braned ROODODO 000000000
DR Ry
000000 (5000000000000
QWWWWMLWMB cp(A, B|C, D)
(

= —N, 45 DM'T) o(CT)ea

e[ (5E ) e (e ()
e[ ; ]

— P
:Tr< MTMﬂ

—_
[\D"—[\D
“U

[\')

99

(

1+ P

2

(A.54)

(A.55)

(A.56)

(A.57)

(A.58)

(A.59)

)]

(A.60)



OooooboooooooboooooogoooopPO MO COODODOODOODDOD

1 —
Mr o= —10...pror_hu (A.61)
m 1— i
e _%CFZDT...FOT (A.62)
2 1+,
. :1 .
MM, _ Ll n G porpe e Ll
L+ L= O (A.63)
_ (L +anl1) (1 — i Tyy) _ (L+min2) + t(ne — m )T
(1 +am)(1 — ) (1 +am)(1 —am)
opooooooogono (A.60)DDDDDD
O u R 1R 1 o T T
le << 7771| 7772>>lc (1 _I_ “72)(1 _ “71) r 2 [( —I_ 771772) —I_ Z(le 771) 11]
| (A.64)

RREETATE T

= 165771772

000000000000007r000000¢(0(A.14)00)00000000000
(55)00 s =-i00000(160)00000007-000 1700160000000
0000160007, =+100008000000007r000T,0000000
0000000 Dp-braned Dp-brane0 00 0000000004500 covariantd O O
Op—p|=0 mod 800000 #£00000000000000000000p=1,p'=9
00D00000000000000000

=rfi=rn p
MT M = ! 1+ in,Dy)C T .7 rort o1 — im0
n2,p'=9"n1,p=1 — (1 + i772)(1 — “71)( + 2 11) ( — 11)
1 (A.65)

B (1 +an2)(1 —am) (Lt L) Uil = imPo) P
1 .
:(1+mgu—4mﬂ“+nmﬁnl+dm—nmP

(0) . _ . o oy _ 1 .
O = Usne! =9 = s [0+ )+ G = 0l
1 .
=~ |1 i =l
16 1)
L im)(T—m) "

= _1657717—772

—_
[\D‘|
~
~—
—_ 1

—_
[\D‘|
~
~—
—_ 1

(A.66)

000000000000000 07000 projector (122)0 0000000000 00
0000000450000 100000000000 00000 Osuper ghost 0100 oo
0000000000000000000000000000

100



(1 OB Characterd 0O [

00000 Virasoro character 0 0 0O character 000000000000 (S-matrix)0 00
0000 Virasoro character 00O boson OO0 OO OOOOOOO

B.1 Virasoro characterd 00 OO

B.1.1 Bosonic character

00000 boson 20 X* X?0 000 O complex boson X, X (c=2)0

1 - 1
X = (X% 44X X = (X —iX? B.1
7! ) 7! ) (B.1)
O0000D0O00Otwist A0
X € Hy: X(w+2r)=h-X(w) =" X(w) , vV eR (B.2)

X € Hy: Xw+2r)=h-X(w) =7 X(w)

00000'00 (B.2)O0O h twisted sector 0 X, X O

o=

X(w):@'(%/)% > Lopeir : X(w):i(%/) > %oz,,em” (B.3)

r
reZ+u’ reZ—u!

O sy Qe (nEZ)DDDDDDD goooboooooooooon
[Qptiry Q] = (R 4+ 1")00 . las, o) = oy, a5 =0 (B.4)
Oooogogogn

T

(i) Z sy (Gesr) = Qs (B.5)

000000000000 Hilbert OO |X),|X)0O
X) ~ ()T 0) LX) ~ (@nmu)T]0) (B.6)
O0000g0 |X),|X)O0O0O0O
g: |X) L XY C X)) S X , v eR (B.7)

gogdbogboogoobobon

1 27ri1/(

g(an-l—u’)Tg_ =e t,-1 _ e—?wiy(—

an+u')T 9 g(@n—u’) g an—V/)T (B8)

LClosed string 0 0 00 00000 Oopen string 0 0O double trick 0 00 220000
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00000000 X(w),X(w)0OOO ¢g0000
GX(w)g™ = X)L gX(w)g™ = X () (B.9)
0000000 factor0 0 (B.)DOOOOOOODOOODOODO
00 ¢g,~h00000 O Virasoro character XELX)g(q) 0
; =2 (B.10)

N\ q) = Trygq 5
00000000 (B.10)00000000000000 (0000 00000 hgDOO

noooooo)oooo x\Mgooooooo

Twisted sector 00 O
Dth1stedsector(h7E )DDDDDDDDDDDD e O00O0O0O0O00O0O0OO nOOOO

i e
00 XO00O0o0Oo0o0oo0o0d ey 0000X0O0000 a,,0000000000 LX0O
for m#0 (B.11)

= E Oén+u’65—n—u’+m 5

nez
00000LX D
(n-l—l/) ntv! (n U)Nn !
e N Y e N
Lé( - Za—n v Oyt + Z Q! Oyt ‘I’ao
n=0 n=1 (B12)
- (n‘I’V n—I—l/"I’Zn_V nu"l’ao
n=0
00000000 Nppw O (angy)' 00000 Ny O (a,)' 0000000000 oX 0
1
ay = =1 =) (B.13)
ooooooo2oyM?(g)o
X —Lylya—y . miv ntvi\— —27iv _n -\ —
v ) = i O T = @) (L e ) (B.14)
n=0
000000 (B.14)0 000000 -XOO XO0O0OO0oOoooooooooooo (C.12)
oo
(X)g — — T —ﬁ 77(7—) B 15
Xhn (q) =1c ? 0.(v + 71/|7) (B.15)

goobob-gggbuogboogbuobbeybbbogubub o<y <1gonon

oooOoooad
2L, 10X, 1000000000000 00 [27]Vol 1 ,sec 2.7, p5900000000000000 »'O

000000000 0<yY <10000

3000000000000D00000000000 v—v+7m/0 22—z 00000000000

_im/e—iﬂ'ﬂ/' _ 271'1/ 271'7'1/ H 1 _ q qm+u')(1 _ Z—lqm—u )
m=1

ﬁH (1—q¢™
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Untwisted sectord 0 O

Untwisted sector (h =)0 000 o0 a0 0000 00000000000 OOO0ODDOO
goobobobboboobobboooobbobboooobo Virasorocharacter)%g)g(q)
gogod

)A(éX)g(Q) — q—% H(l o e?wiuqn)—l(l . e—27ri1/qn)—1 — QSiHﬂ'I/&T/(T) (B16)

n=1

00000000 (B16)D v=000000

e

wl"'

H (1—q¢") 2 =n(r)? (B.17)

000000000 XO complex boson 000 Oreal boson 2000 yOOOOODOOOO
O0000O0Oreal boson 1000 xO p(r)' 000000000

00000000 B14)0v=/=0000000000000000 0000 (n=0)
O0000000000000000000D00000000DOD0OO0O0untwisted sector
OO0o0OoooooooOooOon

B.1.2 Fermionic character

000 complex fermion ¢ (c=1)100000 0000 B.1.10 ¢,h0 ¢, |)y0OODOOOODO

e Mt w2 = hep(w) = (o)
g o ) & ey
00000040000 h,g0 ;/;,|;/;> (yOOOOO)oOooooooOo e_QWi”/,e_QWi”DDD
0000 world sheet fermion numberd F OO O

0 ---R 0 - (-0 XOOD0O
- - B.19
‘ { ... NS ¢ { (=10 TOO00OO (B.19)

(B.18)

B =
B =

000000000 O Virasoro character [ Xg;f]h ‘0000000000 NS(-nHfoooo
0% 0000000000LY0000 000
27

rot 1 . 1
aé@ ) _ 5(,/ . 5)2 (B.20)

DO000000DoOoo 007y +(¢<1000000/O0D0O0O0O0O0ODODODOODOODO
god

O(v+ 7). 1
— = ¢T3
n(7)

l\J|>—A

_V_
2

|

co
1_ Zq H 1_ qu+1/ _ Z—lqm—u')

m=1

— % —"7 lo_o[ 271'21/ n+1/ )(1 _ 6—27Tillqn+(1_y’))

00000 OKO
‘000 X000 factor 000000000000
‘00000000000 (¥)000000
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ogbobooobOoon

OO0000000D00O0o0bO0O0ooboboO besonODOOoOoOoOOO

, 0 1—2C/:| (]/—I—I;/T|T)
Co _ B ami(( =) -y 1T ol
Xep =92 ¢ 2 2 ‘
o n(7) (B.21)
O0o0oo0o0000oo
22 6 [0 7 22 () ~
NS: )3 =q7 ol (v 4 77lr) _ o2 Os(v + P'7ir) (B.22)
7 n(7) n(r)
2 [0] (1/ + 1}’7—|7-) o2 (94(,/ T 177'|T)
NSEDT: X =47 — =q7 —— B.22b
(=1 1/2,h () (7 ( )
52 . Q¢ v 2 P ~
R: X(lJ/hlg = qTe””’ [0] (V v T|T> =qz QWVM (BQQC)
7 n(7) n(r)
22 . Q! v 22 . P ~7
R(=1)": xgf = —ig7e™ Ll £ 77)7) _ o m ilv £ 7'71T) (B.22d)
7 n(7) n(r)

O0000000D0000000000 GSO projectiond OO0 Virasoro character [
2 04+ P'7[r) = Ba(w + 7))

NS(H): (xwi=¢ onr) (B.23)
NS(—): (w) =47 boly + DlT'g;{j“(V + i) (B.23b)
R+): () = g5 em P t? /T|T;n_(jfl(” + o'rir) (B.23c)
R (o = g om T S P (B.234)

000000000 So2)000000000006, 000000000000 NS vacuum
O (-H)0000-10000000000070

ogbboooogn

000000000 (RO Y =00000NSO D’:%DD)D ground state ] 20000 O

ooo00oo0oo (-n)f,¢000000000000000000000000O0000OO0
00 0 real fermion 1,20 » = +?0 000000000000

I PR L e Lo

It = sk ) = st 1T = s i) = (B.24)
goooooooooood

{p =67 = {1 p=1, {I" 10t} ={r".1"}=0 (B.25)

0000000I*00000 ground state [

TR =0, 1) =T%)) (B.26)

‘000000000 0<v<1000000000
“super ghost 01 0 0 0
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020000000000 12000000 J,000[1),|)00000

1 1 10
=Tt 17| ==6° 3 =
he=g [T =507 o (0—1)

0000000 Oground stateD0 000 ¢(00 2rv00)0000

§ = exp(—2mivJyy) = exp(—mive’) = cos Tl — isin Tvo’

(B.27)

(B.28)

000000000 (BY)OOODODODODUDODOODODODOOODODOODODOODODOODOO®*000

00(-1)F0

(—1)F = —iexp(miJig) = o

(B.29)

0000°00000000000 RO ¥ =000 (h=¢)0000000000O0 Virasoro

character OO0 0O OO O

R: X1/279 _ % 1_|_€27rw n 1_|_ —2miv n)

n=1

— %QCOSTFI/H 1_|_€27rw n)(1_|_€—27rw n)

n=1
_bvlr)
n(7)
R(-1)T: 02 = = Tr(g(~1)") JJ( - gy (1 — e )
n=1
L? —217) sin 7TI/H e2mw q")(1 — €—2m'uqn)
(v|T)
= —
n(7)

(B.30)

(B.31)

0000000 TrO ground state0 000 trace0 0000 (B.22) 0000 ¢/ =0000

000000000~ 0000000000

ST+~ 40000 (B.9)OD
gT"'g_l — pm2mivpt
gobobobooboon
Jghy=zll) = gt =gT57gll) = ze ™| 1)

0000000000000 e=e™ 0000000 |1),|4)00

—miv
~ € 0 .. 3
g = ; = cos vl — isin tvo

0 e?TZl/

gboooooooo

“Factor —i [ ground state 0 0 00 super ghost 000000 00 [27] Vol 2 ,sec 10000000
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B.2 00 characterd 0O O
00 character x;(¢) 0 OO state () OO0 OO

{(ilg=" i) = Gl (B.32)
000000000000000000000000 (000000000000

B.2.1 BosonUOUO[O

0000 RODOUOOOOOODO flatO00OO0O0O world sheet boson X*OOOOOOOO
state 0 O (2.117),(2.125),(2.133) 0 O

o0

[(n,w)) = [ e (n, w)) (13.33)

m=1

00000000000 (B32)0booooO

o0

<<(n/7W/)|q~%(Lo+Eo—£)|(n7W)>> = (0| He—%a;’s; pap,p_ Ly+Ly—5 H o
(=1

m=1

oSG 10) A i ()

SIH

(B.34)

0000000000000 L0 L,OO 0000 0000000000 0Ay wmwe(g)O0
gogooo

Aprina(@) = (0, w')]§7EotEo=200) | w)) = G5R 5T GG (B.35)

0000000 e LeOOODODOOODODOOODODOOoODODDbOOO00oooooooon
gogogbooboboogobooo
000 (B35 00000000state100000000OOO0OO0OO

o0

<<(n,w)|g%(Lo+io—f2)| 0|H —7ofS apz~—(L’+L6 13) H e~ Ot m S B, “0) A winw(q)
m=1
EXS(@)
(B.36)
000 v,(¢) 00000000000 LiODO (282)00
=N
(o]
=Y mN, +aq (B.37)

000000 0oob0oboboOo NOO 00000000
Netmy=N = ol , N|0)=0 (B.38)
0000000000000 (igt OOO0O00O0OO0OOOOO)O

o0

Xo(d) = ¢ 5 OIH RN | e ¥ (B.39)

m=1

ooooooooooo
YO0OoO0OOs0 8700000000

106



Bosonic coherent state 0 0 0O 0O

BosonicU OO OOOOOOOO 200000000000

1 =la.all =1
[0,a"] = [a,4]] (B.40)
[a, a] :[aT,aT]:---ZO
ooooooooogon
F(x,y) = (0]emmeve'®0) (B.41)
000000000 wD e’ 000000
ot A at + aataat — ot Tot “taata
aa,a'a a,a'|a'+aa'aa’ —a' la'ala—a'aad'a
i ] =a [ ' ] .
=aa' +dla=1+n+n=N
O0000D00000 n,n0 number operator 0 On [
n=daa |, [n,aT]:aT . [nyal=—a (B.43)
O000000-O0000000000O0 tldeOD0OO0OO0ODOODODOOODOOOOOO
ai=A , daf=At
(A, At] = NV
N, AT] = 24T
v, AT (B.44)
[N,A] = —2A = AN =(N"+2)A
N0y =10) , (O[N" = (0]
Al0y=0 , (0]AT=0
ooo
Fay) = (0le™ e |0) (B.45)

O00D0OD00O00DDODODODOD0O00 20 TaylorOODOOO

o0 o0

fey) = Y0 om0 = 3T ) s faly) = 0047V 0) (BA6)

m=0 m=0
0000000000 ((B44)DoO0OO <O|AmATm|O>DDDDDDD 000000000
00 0f.(y) xy" 00000000 ¢, 000000 fu(y)=c.y™00000000 (B.46)
0ooodyoooooon

=Y %;T (0] A™ Afev4" |0) (B.AT)
m=0
0000000000
[A, AT = N
[A%, AT] = A A, AT + [4, 4T A
— AN+ N'A=2(N' + 1)A
(A2, AT] = A[A2 AT] + [A, AT] A2 (B.48)
— 2A(N' + 1)A 4+ N'A? = 3(N + 2)A>

[Am, AT] =m(N +m — 1)Am_1
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O0o0oooooYm=00000000000000000000)

(0]A™ ATer4T|0) = (0] [A™, AT] e*4"|0)
= m(0|(N" 4+ m — 1) A" 1evA'|0)

T (B.49)
= m?(0|A™ " e? |0)
= mzfm—l(y)
000000 000ooO (B4n)oooooO
=, gt = g™t m
%ﬂ%@szm!W+UﬁMU=Z:m!W+U%y (B.50)

Ouf(e) =3 il = > Domeny™ ™ = 3 ey (B.51)

Oooogobooogooogooo
Cmt1 = (M + 1)ey, (B.52)

gogbbugbboobibboobbbiol coUbobobuoobbdbtbe=00000

o0

FO0.0) = 3 T fuly) = fol) = (.53

m=0

00000000 f(z,y)000000
£(0,y) = (0]e*'0) = (0]0) = 1 (B.54)
00000000006 =1000000000 (B52)000000
e = m! (B.55)
00O0o0o0oooO

1

fley)=> (mﬁnZE:@wmzl_xy (B.56)

m=0 m=0

B

=

000000000000000 |ay|<10000000000
gooobbobod

. . 1
<0|€xaaeyaTaT |0> _
1 — 2y

. a,d] =[a,a] =1 (B.57)

gogobooo

Hoooo
[AB,C)= ABC — CAB = A[B,C]+ ACB - CAB = A[B,C]+[A,C] B

ooooo
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O (B57)0O00OO0O00O (B39O ()00 00000 O0O0OOODODOO 10000000
ot ot 00000
1
u7 g — = o , —— o= t B.58
[am a—m] m \/Eam a \/Eam a ( )
DDDDDDDDIQDx:—Sﬂ“,y:—Sﬂ“(}mDDDDDDDD(MDDDDDDD)DSM“SM“:
1000 ooooooon

1

B.59
= (B.59)
DDDDDtotalDDdDDDDDDaO:ODDDDDD1ightconeDDDDD
. d—2 |
(@ =la= J[a-d)" = —r (B.60)
[ ﬂgl n(q)*?

gogdoobogd

Orbifold 00O O

000000 orbifold C/I'ODO0O0O0O00ODOOComplex boson X 100000 twist h
X € Hy,: X(w+27 — 2™ X (
. we X ) 2,,() (B.61)
X € Hp: X(w+2m)=e""" X(w)

00000 h twisted sector (¢ # 0) O closed string0 0000 0000 Dirichlet 0000
O state | By, ) 00 (2.221)00

1T ,. 1
|Bx, /) = exp (Z —afal +)° —a1&1> 0 reZ+v,seZ—1 (B.62)
r>0 " 5>0 s
00000000 NODOO (B33)ODOOO0OOOOOe=2000
<<BX, V/|q%(L0+E0—%)|BX7 I//>> — q%l//(l—l//)—i<0| H e%ar/&r/eias/ds/ e%alozzl(jreial&l(js |0>
r!,s'>0 >0
(B.63)

gooboobooboboooo
[, all = réu,. .- (B.64)

r

000000 Oflatd boson 0000 mO rsO000000000O0O (e,ad 200000
OoO0)oooo

~1 0 ~0—L Lo 1—— < 1 1
(B, /|8 By, ) = b0 A [T =]

r>0 s>0 1 _(‘75
< T NN (1) B.65
= g2 (1 )24H(1_q+)1(1_q+(1 ))1 ( )
n=0

0000 Virasoro character D DO 00O QOO0 OO

PLight cone0 0000000000 p£000000000
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B.2.2 Fermion [ [0 []

O00 fermion0 000000000000 flatO0 00O world sheet fermion0 0000 O
Dp-brane O O 0O state 0 light cone0 OO0 0 00O O

9
|UHLP»MZZIIGNO<“7§£:¢ﬁr$f¢brr>|UHLP»$) , o=NS R n==+1 (B.66)

r>0 =2

O00000 000000000
OUNS; 1, pI NS o, ) =1

le

Ry, pl Ry o, )Y =166, (B.67)

le le
OUNS; 1, plRyma, )Y =0
O00000000000000000®B00000000 000000000

X = (0] H e—muﬂfsc%p,tqg(LngLg—g) H eV S
>0 r>0
_ rag—= —inh? S, ¢ ino” S ¥y —rd”
= g 24<0|H€ g S, wp,Henww , |0>
>0 r>0
000000000000 00000 Ofermiond000O (B.38)D ao—p0000000O
O0ooooooooogn

0)
(B.68)

Fermionic coherent state 0 0 O O

0000000000 fermionic0 0000000 20000000000000
{b.61} = {001} =1

by ={p b =---=0 (B.69)
000000000
gl y) = (0] e ™ |0) (B.70)
D00DO000oookoMoooooa
@@mﬁ}:z@ﬁwﬁ_@m@r_m@nab+m%m B
—1-bb—bb=1—-n—n=N'
000000-O00O00O
n=0b , [0, =b" | [n,0]=—b (B.72)
0000000000000 0
B=bb , Bf=blt
{B,BY =N ., B?=Bt=y

[N, Bt = —2Bt | [N',B]=2B (B.73)
N[0y =0) —, (O[N" = (0]
Bl0OY=0 , (0|B'=0

Bworld sheet fermion 0000 Lo OO0 0000 000000000000 C0O00O0O00O0OO00OOO
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oooggo
g(x,y) = (0]e"Per™'0) (B.74)

O000000D00D0O0 «,y000O0 10D00O0O00OO besonOOOOOODOODOOODO
goooooo

glw,y) = (0]0) + 2y(0| BB'|0) =1 4 2y(0[N"|0) = 1 + xy (B.75)
Ooo0oooooooooooogod
0?10y =1+ 2y, {b,b1} = {b,b1} =1 (B.76)
00000 ((B.6) 00 1000 10000000y, 000000000000
ety =1 = wr=b, " =0t (B.77)
00000000 ¢=—-inSty=impS ¢ 0000000
L+ mnzq" (B.78)

gogdaogobogd

Xsmime — qao—i H(l + 771772@7’)8 (B79)

r>0

gogbobboobobbooobbbouooogn

NS00, IN S, e = @ F TL2a (4 mmd S = Trys (1) #5905
ZC<<R§ 7717P|R§ 7727p>>lc = 165771772@10_i H:i1(1 + 771772(7)8 =Trr {(_1)(7“;7]2 )FqLo_i}
(B.80)

000000 o*“oo (B.Ro)O OO

0.0) = 5 (INS: 4.1 — INS:—.p) (B.81)
0.0) = 5 (INS: +.8) + [NS: —.p) (.52)
5.0 = 3 (1B +p) + 1R~ ) (B.83)
e = £ (1R, — | =) (B.84)
0o0oodoon stated 0000
(ol Do, p) = ST [(1 = (D)8 = (@) NS(+) (B.S)
(o pla2 oo~ o,p) = STrws[(1+ (-1)7)iF] = (@) NS(-) (B30
oo pla? B s p) = STre [0+ (DR = vl R (BT
fe.plat o5 e, p) = L Tra [(1— (~1))3" 5] = (@ CR(=) (BSS)

1O (BRO)DDODODODOONSOODODODDOOODDOODORODOODODODODO mm=-n00000000
gbooobobooogoo
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O Virasoro character y, ~x. 0 0000000000000 ODODODO0OODOODODOOOO

Lo+Lo— 1=

<<m,p|q~5( )|n,p>> = OmnXm(q) m,n =uv,0,8,¢ (B.89)

gooboboobgoobod

B.3 Modular OO S-matrix
Rational CFTO D OOOO

0000 rational CFT 0 Virasoro characterd S : 7 — —1/r,T:7—=74+10 200
modular0 OO OO O

S -1
xXi = alhlg) xg (B.90)
X% 1} e—m’% T XZg (Bgl)

000000000000 0000Oo(hlg),n00000000000OO0DODOOODODOO
googd

em’f U(h|h)_1 — Te(Th)2 — 627riA6647riAh 7 T = eZm’Ah (B92)

00000000000 A,00AR00000 LeOOOO a000 O “conformal dimension”
O0o0o0oDooog

goooodg

00 (B.90) ~ (B.92)00 00 [46] ,sec 14BO0000000000000000000O
0000000000
000000AO0000 yi(q)0

Alw+2m) =h-Alw)

Alw+2r7) =g A(w) (BB.93)

O0000000000000000000000000000 [27] Vol 1 ,Sec850000
0000 SO0000000 (B.93)0O

(B.94)

000000 w =w/r000

Alw' +21) =g- Aw)

A(w’ + 2%) =h- A(w’) — A(w’ . 2T7r) — -l A(w’) (B.95)

YBPrimary field 000 0000 CFTOODO
00000000000 AQ conformal weight 000 000000000000 factor000000
00000000 (¢,h0000000000O0DOOD)O
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DDDDDDDDXg_l(QN)DDDDDDDDDDDDDDDDDDDDDCyhnderDDDT:it
000000000 «'00000000000000000000 Oopen-closedd0 00
guobbogouoboboobogd

ToDoogoog

Alw+2m) =h-Alw)

Alw+27(r 4+ 1)) =g A(w+27) = hg - A(w) (B.96)

00 (r+ 1)~ (10000700 (BY)DOO e 5>0000000000000
X%(T + 1) — Trhg€27ri(7'—|—1)(L0—i) — e—wi%TrhgewriT(Lo—i)GQWiLO (B97)

000 factor e™2 0 0000000000000
00000 (BY2) 00000000 D0O0UODODOOOOODOOODOOOOOOOO™O

Complex boson , fermion 0 0 [

OO00000000000000000000000000000 0 complex boson O
fermion0 0 000000000

Complex boson 0 0 [

OO0 complex boson X O O0OOOOOODODO rational CFTOOOOODOODODODOO
0 (B.90) ~(B.92)0 000000000000 Ox0000O00OOODODOODODOODOO

"00O0 g0 A0DDODO00O00DDODO0DO00D00000O00 consistent 000000000000000

DDDDDDDDD)&:ODDDDDDDDDDDDDD
18

X5 (T1)

= lw 119

(et
gboobooboboobnd 0000

T4

1
T1:T2—|—1:—_+1:_

1= B
T3 T4+ 1 + T4+ 1 (B)
0000 (A)O
X (=) = (77 8) () (hh) G (m2) (©)
Pl h
gooood (C)DDDD SOooooono
1 1
00 £ o(hle) 7 (=T
T4
S e 2 -1 T +1 T a3 -1 T +1
00 = (e7™12)" (m) a(hl|h)a(hle) x? (_47—4 +1) = (e7™12)" (m)*rea(hlh)a(hle) XL (_47—4)
godoo0d =00o0o0ogo
(e_m%)?) ()2 reo(hlh) =1 & ™ ia(hlh)™ = 7(m)? (D)

ooooDo
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gogbodabobbobobobboobobgooboon

Twisted sector

Twisted sector (h # )0 00000 SOO0D0D0000O§= ¢ = 2/70000 (B.15)
HEN

~ - =Ty miv? n /T
XELX)g(q) — e e T w(_y/ /7)
O (= = 1/7)
_ ;T miv'? (_iT)l/ZU(T)
e —i(—iT)V2exp(mi(ty — )2/ T)0 (v + Tv|T) (B.98)
_ Z.g?wi(uu'—%) x Z-e—wi(—y’)e—wiﬂ'(—u')2 77(7—)

O1(—v' + Tv|T)

.2 yu'—ﬂ -1

Z€2 < 2 >X§]X)h (q)
0000000000 (C.20),(C.260) 000000 (B.98)00 o(klg)000000D
o(hlg) = ie%i(””'—ﬂ%) — 2 =3 =3) (B.99)

00000000 TO0000000 =7+1,¢=e>"000

(X)g, 1 — — iy —7ri(7'—|—1)1/'2 U(T—I_ 1)
i lg) =ieTe (v 4+ v+ 7T+ 1)
— ie—wiye—wi(ﬂ'—l—l)u& 6Xp(l7T/12)77(T)
exp(im/4)01(v 4+ v/ + T1/|T) (B.100)
— e—wiéewiu'(l—u') > ie—wi(u—l—u')e—wiﬂ/& 77(7—)
Or(v+ v+ T|T)
— e—wigewiu'(l—u') XELX)hQ(q)

0000000000 (C.16),(C.26)0 000 0Complex bosond ¢=2000000000
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