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e [0 > massless tensor (spin 2) = 00O (graviton)
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2 BRST 1st-quantization of bosonic string
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SN-G = — /dT/ dO’\/ —det hab
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with

OXH(r,0) 0X"(T,0)
do? o

0

" = (0% 0') = (1,0)

hab = N (Induced metric on 00O )

Reparametrization O [ [J :

XH(r,0) = XF (f(1,0),9(7,0))
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Polyakov [ [
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SPolyakoy = —
ERERE
gw(T,0): 0000000
9“ g = 0%
g = det gq
4000000000000 Spolyakov 0 Sne 00000 (OODODO)O
Reparametrization 000 (000000000 00)(00000: 0* — 0%+ €*(7,0))
0 XM = —€e 0, X"

5egab = _8CLEC Geb — abEc Jac — € aCgab
5€gab — acea gcb + ach gac — € acgab
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e Light-cone gauge 0 0O [
e Old covariant 0 O O

e BRST 00O (Kato-Ogawa '83)

2.2 Yang-Mills 0 00O BRST 00O

Polyakov action 0 BRSTO OO OO OOSU(2) Yang-Mills 000 BRSTOOOOOOOOOO

1 a 1a a a a b pc
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Lyy00000000000000:
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Nilpotency of dg
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0000000 total lagrangian 0

‘Ctotal = £YM + 'CGF—i-ghost
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00000000 O00=000000000)
Ly O0O0O0O00O0ODOODOOOODOODOODODODOOOOBRSTOOOODOO:

(5B)2 =0 = Lliota = OBLyMm + (5B)2 ( e ) =0
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0O Polyakov action:
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SPolyakov = -

/dT/ do/=g g™ 0. X" 0, X" 1 = /dT/ do Lpolyakov
0 0

Reparametrization 000 Weyl 000 (<00000)0000O

-1 0
conformal gauge: ¢* = n? = ( . 1)

OO0O0O0OBRSTOODOODOO:

£tota1 = »CPolyakov + EGF-{-ghost

with
)
*CGF—&-ghost = _5 5B [bab (gab - Wab)]
oo
BRST OO
IpX* = —c"0, X" (reparametrization OO0 O €* — ¢%)
68g™ = 0. g% + 0.c" ¢ — 0,9 —cw g™ (OO0 4+ WeyleDO O ¢ — cw)
Opc® = —c Dyc®
6BCW = —CaaaCW
5Bbab = iBab
0gBay = 0
oono
¢* . reparemetrization ghost (20 0; a=0,1)
cw @ Weyl ghost (10 0)
bap (= byg) = anti-ghost (0 0)300)
Bab(:Bba) SERERN (SD D)
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Equations of motion
Stotal = Spolyakov T SGF4ghoss 1 00 OO0 O0O0O0O0O0O00O0O0O0OOO:

1 T
5XSPolyakov = - /dT/ do 8aX“ 8“(5Xu
0

gab=77ab 271-0/

1 x ™
_ w _ a
e ( / dr [aJX 5Xu] . / dr /0 do 6X,, 0,0°X )

g
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ERERE

d

%X“(T,O'):O at 0=0,7 (Neumann O0O)
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0X*(r,0)=0 at o=0,7  (Dirichlet 0O ) = D-brane
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Xt 0,0, X" = (=07 +97) X =0 (¢*=n"DDO0)

Bu: g% =nt

g 2w By =Ty +T5

ew: NP =0 (000 by = byy)

bap 1 10+ 00" =0 ew =0 (¢ =n"*000D0)
Nap(0 0)% = ¢y = Dpc”
000000000 ¢ 7%8.® + 7 8, — n™9uc = 0

¢t " Opbae =0

OD0007X 0 T8 0 matter(=X) 000 ghost O (00000 )energy-momentum tensor:

a‘E olyakov
73 = —an v
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1 1 .
T (&LX“@;,XM — §nabé?cX“6 XM)
ga :na
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aLghost

Tag; = —dn 8gab = 2mi (bac abcc + bbc aacc + ac<bab CC) - bab CW)
= 21 (B Db b 0 + (0cbur) )
cyw=0.c¢

O000000000Otraceless 000 (EOMOODO):

N0, T2 =0, TS =0 (a=X, ghost)

Tfl? O traceless O 0O 0O :

nabegl = 2mi (2n“bbacabcc + 8, (n%byp) cc> =0
———
0
ooo
0 = bap(EOM of bab)ab = bap (Uac ch + ,'7bc Oec® — nabaccc) =2 nabbacabcc
ogoogad

0000 ato=0and 7

0xS=0 = 0, X"=0 (Neumann OO O0OD0O)

5BSPolyakov = - /dT/ do aa(caﬁPolyakov> =0 = Cl (7_7 0 = Oa 7T> =0
0
O XH = —c*9,X* 0 Neumann OO = =0
(DDDDEOM: Bt — 8 =000000 01:ODDDDD>

™

05 =0 = /dT[ba15Ca] =0 = by(r,0=0,m)=0 (. &' =0)

o=0

Kato-Ogawa O 0 0O O

boo = b1 =¢1, bor = bip =70

ct00
00000 light-cone 0 O o*

oct=0"+ol=7+0¢

ggbooboboogoobobod:

EOM : 8_C+ = 8+c_ = O, 3_b++ = 8+b__ = O, b+_ =0
0000 : (d"=0=)c"=c, (bp=0=)b,y=b__ (atc=0, 7)
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— — 12 12 — _ / v
PN(T’ U) 6(8TX“(T, 0')) 27TO/ 8TX ) [PM(Tv U)aX (7-7 U)] 15(0- o ) 5M
. al][' _ b / I o b
M. = D Ooc) iboa, {lea(T,0),¢(1,0)} = —id(0 — 0')da
gooog

0000000000000 (0)ODooooooooooooo:

o0
1 , :
XHM(1,0) = 2" + 2 p'T + iV 20/ g — (ake™™ — o, €"7) cosno
n
n=1

1 1 > ) ) 1 0
P,(r,0)=— + —= ale ™ + ot ") cosno | = oy, e " cosno
= (e A3 o) = e 3 o
with
[, p"] = i, [od, an] = mOminon,  ohT=al,  af = V2 p"
oooo
0000, p#:/ do P,(r,0): 00000
0
Ghost 0 O OO
- :
+ _ 0 1 _ —in(tt0)
- + - .
c(r,0)=c(r,0) £ c (1,0) ﬁnzzwc e
2b.s (7 J)IiHo:Eil_Il:l(b 4 by £2b ) L i by, = in(r%0)
y c c 9 00 11 01 \/7—1_”_700 n
boo B
with
{Crm bn} = 6m+n,07 CL = C_p, bjl = bfn
BRST charge
BRST O OO O Noether current DO 0 O oscillator OO0 OO0 0O
Qp =: ic LX—i-ngh—a(S :
B * - —-n n 2 n TL,O M
= i c_,LX — ! i (m—mn):c_mC_pnbpin: —acy
n=—o0o " 2 m,n=-—o0
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1

LY =: 5 2_: QA Oy
LEh = — f: (m —n)bmanCom :
U energy-momentum tensor J 0 0 [J
2T, =T + Ty £2T5) = i Ly eminr=o)

(00 (T = Ty) OO traceless (p®7,, =0) 0000000000000000)

Nilpotency of Qg
00 Q00000000 (cLX, el ace) 00000 (ODODODO)

o0

Q% - %{QB; QB} = % Z ([Lm; Ln] - (m - n>Lm+n> C_mC—_n

m,n=—00

oooQ
L, ={Qg,b,} = LX + L&" —ad,,

0 LX000 VirasoroOOOODODO:

(Lo, L] = (m —n) Ly

m-+n

+ A%(m) dmyno (=X, gh)
with centers given by

AX(m) = Zm? — ), A () = é(m — 13m?)

12

(L, [Lim, Ln]| + [Lms [Ln, Le]] + [Ln, [Le, L]l =0 ({+m+n=0)

o
(m — n)A(L) + (n — O)A(m) + (£ —m)A(n) = 0

(=1,n=-m—-1000
(m—1)A(m+1)=(m+2)A(m) — (2m + 1)A(1)

googoon
A(m) = cym + cgm?
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gooooo
[Lma Ln] = (m - n)Lm—l—n + Atotal(m> 5m+n,0

with

D -2 D—2
Atotal(m) - AX(m) + Agh<m> —+ 2am - 12 6 m3 + 2 (CL — T) m

000000Q3=00000(00)000

[ D=26 and a=1 I

00 Q%=0000
(L, Qs = [{Q8B,bn}, Qp] = [bm, Q3] =0

ggboogoboooo

[Lim, Ln) = [Lin, {@B, bn}] Jaibi —{@8, [bn, Lin] } + {bn, [Lm, @8]} = (m — 1) Lyppn

(1 —m)byin 0
oooobD=200=10000

Ghost-zero-mode expansion of Qg
@p O (anti-)ghost zeroomode 000000 OOO:

Qp = coL + Qp + bgM

with
L=1Ly= O/pi + Z (ainamu +n [C—nbn + b—ncn]) -1
n=1
~ =1 m-—n
- — I
QB - QB bo—cy—0 - Z C_n Z 5 O_nOn,p + Z 2 Cmcnb—m—n
n#0 m=—00 n#0,m#0
n+m=£0
M=-2 Z N C_pCp,
n=1
ogogooogd:

0= (Qr)* = (coL + Qp + boM)* = ¢o [L, Qg] +bo [M, Qg] + (Qr)* + LM +byco [M, L]

oooooo
(Qp)?=—-ML=—LM
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Physical states
ooooooogo

Qp|phys) =0
gooogogoogood

[phys) — |phys) + @plany)
ooooooon

Siegel gauge: bo|phys) =0
00000000k 0000 (cg = 9/0by) 00 O 0O Siegel gauge O state 0 by 000 OO
((bo)? = 0):

Iphys) = —bo |¢
~—
by 0O OO

0040000

Qulphys) = (coL + @ +boM ) (=bold))  (co = 0/o)

= —L|¢) + by Qp|¢)
goo
L|¢) =0
QB|¢> =0

000 Fock state
lp) = Ha’fmi Hc_n]. Hb_gk|0>, |0) : Fock vacuum; (a4, ¢,,b,)]0) =0 (n > 1)
i j k
gooo
Lig) =0 = o/pi—i—Zmi—i-anﬁLZék—l:O
i j k

v~

o/ (mass)” = —1,0,1,2,. ..

1
0:p) :  (mass)® = = (Tachyon)

!/

Cha1,0;p) :  (mass)®> =0 (massless vector=photon)
Qn (CPa—1,]0;p)) = V2 puCtc1|0;p) =0 = p, (" =0 (transversality)
4

v
C_10 Oy
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3 Free SFT

open string 0 O 3 photon=U(1) 000 00O (Chan-Paton factor=-Yang-Mills 0 O )
closed string O [0 > graviton

goooog

(open) String Field Theory (SFT)= stringy 000 00O

3.1 String field (SFTOOO0OD0)

O00(000)000000000000 «00000=000000000:¢(x)=¢(x,t)

000000 (String Field Theory=SFT) 0000 O (string field) 000 (000)0000
00: ¢[X(0),t]?

D000 Lorentz 000000000 ®X*0)] (00 X4(o)0OODOODO0OO0O0OOO
o[ XH(o)DDODO)

000000 XA(o)0OOODOO00 (anti-)ghost 00 (o) b(o) D0 DO :

O[X*(0), c(0), b(o)]
000 Ostringd 0 (X#(0),c(0),b(0))0 ¢ 00000 (r000000)00000

0000000000 =0000 (m?=(1/d)n—1),n=0,1,2,---)000
000000000000000000000

(0)000 (XH(o),e(0),blo) 0O
X"(o)

d
X*(o)=X"(t=0,0) with d—X“(U) =0

g

o=0,7

Ghost 00 (00OOOOODODO)
000 BRSTO-00O000O

{He(r,0),(1,0)} = —id(0 — 0")0," (a,b=0,1)
goooooooo
c(o) =c'(r=0,0), blo)=illo(r=0,0),

ggobobodogd

clo) = ib(cr) =0 ato=0,7
do
oo 5 5
1 =i Or=0,0)=
a(r=0,0) 5e(0)’ c(tr=0,0) 50(0)



googoooooogoengonoogn:

1. X¥(o) O
XH(o) =at + Za:ﬁcosna (' = zfy)
n=1
goodoood
O[XH(0)] = Plat, 2, 2ly,---] (D0 00)

2. Fock space 0 [0 :

=1
XH(o) =o' +iv20a/ E — (ak — ") cosno
n
n=1

.6 1 1 p
P,(o) = _ZéXﬂ(a) = (pu + 5 Z (anp +ar,) cos na)

al n=1
oo
5 1 - +ino
5oy T == n;oo n €
5 1 - +ino
bo) ¥ oc(o)  Jm n:zoo bue

000 Fock vacuum |0),

0000
[XH(0), c(0), b(0)] = [®(2", b)) = Y Hnom}) o emy (@, o)

[{n,¢,m})eFock space
|{n7 f, m}> = H O/iana H C—yy H b—mc 0>
a b c

0000000000000 Fock space O states [{n,¢,m}) 000 O O zero-modes
(a,bo) (p = —i0/02*, co = 8/db) DO DO D00 @y 000000000

OO0000OFock space OO OOOO

Ghost number

g ‘O>7 <O| Oég Cn bn QB fdbO
N 0 Jo]1|=1]1] 1

Nen[AB] = Negn[A] + Ngn|B]

- 0
Ngh = Z (C—nbn — b—ncn> - b() 8_b0
n=1 N~~~

Co
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3.2 Free SFT action

O000000D00DOODOfreeSFTOOODOOO

Stree[P] = —% P Qpd = —% /d%m/dbo (®(x,b0)|Qp|P(z,bo))

_ _é / éTp / dby (B(—p, bo)| Q| D(p, bo))

with

B(p,bo)) = / @1 Pz, b))
00000 (“r—¢”00000)

Stree = —% /DX“ Dc|DbO[X(m— o), —c(m — 0),b(r — 0)|QP[X (0), c(0),b(0)]

e Grassmann [l b OO OO:

(b0)2:(), /dbozo, /dbobozlz—/bodbo

o Na[0]=—-1000:

Nen[S] = Neu[ [ dbo] + Ngn[(2[] + Ngn[@] + Nan[|®)] = 0

+1 -1 +1 -1

e Hermiticity of &:
String field o D0 00000 O0OOOO0OOO0ODOOO:

2(®(2)] = / L (R(L,2)[B(1),

oon
/15 /d26x1 /db(()l) or /%/dbém
12(R(1,2)] = 1(0]2(0] exp {— i(—l)” (%%(11) calP 4 p@ cg)b?(ll)) }
n=1
@) xS0 — B
&t — x’;;) in z-rep.  p{) - b
U
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by

T 0

godobDd 2-string vertex U 0O 00

(B(1,2)] (o) + (=170, ol + (=17, o) — (—1)52)) =0
(B(1,2)] (QF +QF)

gogoooo

I
o

(¢0DDD0000=000000photonD, etc 0000000 |

Sree JOOOOOO
Stee 0 O stringy 00000

0@ = QuA, 0x|®) = QalA)  (3a(® = (A|Qs)

gogoooo:
07Shee =0 (" (QB)* =0)
O000A OO0 NglA] = —20 Grassmann-even 0 O anti-hermitian O :

AMM=—[AMW@%MMM = Qp|A) O hermitian

0000Osting0 000000000000
(000000006, OOphoton 0 U(1)000000000)
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3.3 b-00
® O anti-ghost zero-mode b 0000000000

|[© (2, bo) = =bolo(2)) + [¢())
0000

Ngh[q)] = Ngh[¢] =0, Ng [@b] =-1

¢ : Grassmann-even, 1 : Grassmann-odd
00000 Sree DO DOOOODOO

Qul®) = (i’fL + Qo+ boM) (=bolo) + 1))
8/ 0b;
= —L|6) + Qul) + bo (Qslé) + Mlw))

aod
Siwe =5 [ @2 [ by (<@l + () [~Li0) + Gule) + o (Galo) + M0 )]
=5 [ {l (Lie) - Qulw)) - (wl (@ule) + 1)) }
=5 [ (16l210) = (01l — (wI@le) — (wim1o))
00000000 functional O

[A) = o A) + [1)

Nl = =2 = Ng[Al= -1, Nyfu = -2

A Grassmann-odd, p: Grassmann-even
ooooooo

QulA) = —bo (@slA) = Mlu}) + LIN) + Qslp)
ooo

Sal) = Qp|\) — M|u)
Oalt) = LIN) + Qglu)
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3.4 00000

String field 0 0 O gauge 0 O functional O Fock space 000000 OO

e 0000 Ny =0 (Grassmann-even) 000000 = 00000000000000

e JOO0OOLevel 0O 10O Fock states D OO0

0ooooo
|6(2)) = [0)t(z) + o4 ]0)Ay(z) + ...

¥ (x)) = 7

hermiticity O 00 ¢(x), A,(z), B(x) O real (hermite) D00 00O

b_1]|0) B(z) + ...

V2
) =

) = ——=b_1|0)e(z) + ...

U000 Sgee DO ODOODO:

L=-0*+ (mass)® (o' =1)

@B 3 cojapap = —ivV2c_1af0,
M > —20_101
00000
BO"A,
1 [ ——
Siwe = 5 [ #o( @ILI0) ~2 (WIGalo) - (v1M14)
—— ——
t(=0% = 1)t + A, (0% A" - B?

:}é/f%@ey—nuﬁuﬂwy+wymfu3_wgy}

1 1, 1 1
— d26 _ - t2 _t2__F2__B_ ,LLA 2
e - Jeuar 4 e - L FL - B2
Bredeﬁned

0000 tachyon O ¢(x) O photonO A, (z) O free action 00 OO
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ggobooooood

dal¢) = @B|>\> — M), Qp 3 cla_jag = —i 2c10”,0,
a”,10)0,e
6alY) = L) +Qsln)

—(i/V2)b_1]0)d%
o

oAt =20
SaA, =08, (U(1)DODDODO)
5AB = 826 = 5A(B — OMAM) =0

Free SFT O U(1)OODOOOODOOOOOO
Higher mass field sector 0 000000000000
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3.5 Free SFT OOUOUOODOO BRSTOOO

SFTOOOQ o |Striney000O00DDOHDOODDO
& Faddeev-Popov ghosts 0 O 0

0 O O gauge-invariant action Sgee U
Z5]3|CI)> = QB|(I)> = 5BSfree =0 ( (QB)2 = O)
O00®0 hermiticity D 0 OO0 OO

i05(®| = (®|Qs

[DD “BRSTO 0760000 BRSTDDDDDDDDDDDDDDD@

b-000000:

g

i 0]0) = Qpl) + M)
i pJY) = —L|¢) + Qplv)

f Siegel gauge: 1 =0 (bo|P) = 0) \
OO000D00D00BRSTOODODODODOOODO

1

Gauge-fixed action: Sgee[] = Stree|® = —bo + m‘w:o =—3 /d%x(¢(x)|L|¢(a:))

BRST OO : i dp|) = (i05]¢)),_o = Onlé)

00o0000000|¢)000000000 Ny, ODOOOOOODOoOO0oo

/

00 Spee D 0000000000

BRST 0 00 : 0pSgee[d)] = 0

(On-shell) nilpotency: (3\3)2\@ =0 (using EOM L|¢) =0)
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[O0]

i08]0) = Qg|9)

T g __1 26 ~ _
i5\8<¢|=—(¢|€23}$ i 0B Stree = 5 /d x(9|[L, Qs]| o) . 0

[L7 @B] = O
(08)%l¢) = (QB)*|¢) - —~ML|¢)
000 EOM:Lo=0

=l

[Doooo]

O0OO0O0OOlevel0and 1 00000
[6(x)) = 10) t(x) + a40) Ay(2) = b-1]0) C(x) — i c-1]0) C(x)
with
C: FP-ghost 0 Ng[C]=+1, CT=C
C : FP-anti-ghost 0  Ng[C] = —1, c'=C

000 Spee 000000
—~ 1 1 _
Smyz——/b% @umm::—/ﬁ%x{éﬂ—a?—np+§AA—a%Aﬂ—iO¢0%c}
BRST OO 65 00

On]@) = |0) ot + ¥ 1|0) oA, (x) 4+ b_1]0) 05C (x) + i ¢_1|0) 65C ()

ﬂQM¢ (1M8C—cﬂmWA>
(1o +c_ 1a1) Qo
—V/2i0,
000
Spt =0
oA, = V20,C
o5C =0

oC = V2i0"A,

0000 Skee 0 0 00 Feynman gauge 000000000000 (50 v20000)0

Gauge invariant action 0 0 gauge-fixed DO OO OO0 OO0 0O OO0 DO O OBatalin-Vilkovisky
00000000ooooooO0 (DooooDoooooOooo)o
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4 Open SFT with interactions

4.1 O0000O00O0O0O0OSFTOOOOOOO
e Light-cone gauge SFT (Kaku-Kikkawa '74)
Open+Closed SFT, O Closed SET, Super 0 O O (Green-Schwarz)

e Covariant Open SF'T

00000 open string 00O OOO O closed string [ open string loop 0 0O 0O OO
oogd
Super 00000

— CSFT (Witten ’86)
— HIKKO SFT (Hata-Itoh-Kugo-Kunitomo-Ogawa '86)

e Covariant OO Closed SFT

— HIKKO SFT (Hata-Itoh-Kugo-Kunitomo-Ogawa '86)
— Non-Polynomial SFT (Zwiebach ’89, Kugo-Kunitomo-Suehiro ’89)

00000 =00000 (Hata'89, Zwiebach '93)

[ 000 SFT< world-sheet O O propagator+0 000000000000 J

Light—cone, HIKKO Witten
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4.2 Cubic SFT (CSFT) of Witten

CSFT O action O

1 /1 1
S:_E (§¢QB¢+§(I)((I)*(D))

Joooooooogd g, O open-string coupling constant 0 D 00«0 000000000
oooboboooooood

AP =QpA+DP*xA—AxP

:>{%S:O (0ooooo)
{(5/\176/\2] = 5A1*A2—A2*A1 (D D I:] D |:| )

*(star)-0J
«000000000000 string fields @0 ¥ (Ng, = -100000)00000 string
fieldDODOOOOO

O U —-DOxVU

OO000N,O200000:
Ngn[®@ # U] = Ngp[®] + N [V] + 2
x*-0 00000 string fields ®, ¥, X 0000000000 0O0O0O:

Qp(® * ) = (Qpd®) * ¥ + (—1)I*1® x (Qp¥) (Leibniz 0)
Ox (V)= (PxV)xX (associativity=000)

goog
| = 0 (&0 Grassmann-evens Ny, [P] = even)
1 (® 0 Grassmann-odd < Ng,|[®] = odd)
-(dot)-0O0
-0 0

= / / (R(L,2)|9(1)|¥(2))

0000000000 stringfields 00 CO00000000000N,0 100000
Nen[® - W] = Ngn[®] + Ngn[V] + 1
~-000000 string fields ®0 ¥ 000000000000

O =(-1)*"y. o
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@ (Qp¥) = —(-1)*(Qp®) - ¥
DDDDDDDDDDDDDDDDDDQ%:O,LibnizDDDDDD--DDDDDDDDDD

O (VX)) = (- 1)\¢>| [+ . (X * @)
(cyclic symmetry)
(B x W) -2 = (—DIEFHE) (g« %) . @

ooooooo
[Do0000000]

5a(—92S) = 0a® - (Qp® + © x D)
=(QA+P+xA—AxD)- (QpdP + D x D)
=QpA-Qp® = —A-(Qp)’®=0

+ QuA- (25@) + (@A) Qp® —(A<9)- Qs
“A-Qu(®5®) ((Qs®)x @) A (PxQpd) A

P) *
A-}Qﬂ¢*®+%Q§®*®  + Qpd] = 0
+£<I>*A) (O x @) — D) - (O ) 0
P)

(A
[(D* D)« D — (ID*(CIJ* ]-A
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4.3 *x0000

CSFT O 000

(@ + W) //‘ 2|V (1,2,3))
//// (L V)RE 2V, 2,3) 1)) (00000)

00000000000V (1,2,3)0000 strings 1, 2, 3 0 symmetric 0 00

0 ™
string 2
/2 0
string 3 =/2
/2 ™
string 1

o 3-string vertex WU UOOO0O0OOODOOO0O0OODOOOO0O:

X (o) = Xim = o) |
(o) 4+ V(1 — o)
b (o) — b V(1 — o)
) )
5X (o) + 5X;(LT_1(;(7T — o) V(1,2,3)) =0 (0<o<m/2) (r=1,2,3)
50(’";(0) 50(7—1)g7r —0)
500 (a)  obD(x —0) |

ggboooogd

w/2

V(1,2,3) H 526( X®) (r — 0)) 526 (X@)(a) — XW(r - a)) 528 (X<3> (0) = XD (r — 0))
(b, ¢ 00 part)

gogd
@i =0, (545 ) o0 -



ggoooo

Leinbiz 0 0 0O 0O

Leibniz <« (QS) + Qg) + QS)) 1V(1,2,3)) =0

0000000 (BSRTOOO)O

B! 5 \° 50 , 5 0 d o
QB_/OdU{(Sb [2 <_<6X> +(X)>+Z<Cb+6b5> +zc<X5X+ e +<d 5b> )}
0V(1,2,3) 0000000000 naive 00000000
(0000000000000, QYIV)=00 D=26&a=1000)

Associativity O O O

O (T+X) || » (2xP)*xX|| »
= r
P v D xW P v
T
D)
000000

/a/b< (@,B)|V (1L a, )|V (52,3 // (e, )|V (1,2, )|V (d,3,4))
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4.4 Batalin-Vilkovisky 0 00 BRST O [0 [
00000000 CSFTOOOO BRSTOODO (in Siegel gauge) 0 O dg O
g = Qpd + @ * ©

OO0ODOFree SFTODOOODODOOO OK:

Siegel gauge by|®) =00000
Gauge-fixed action: §[gb] = S[® = —byop + V] .
=0
BRST 0 O : i 0g|¢) = (i05]6)),_,

O000|p)000000000 Ny OODOOOODD0OO0Oo00Do

)

BRST OO O: d55[¢] =0

(On-shell) nilpotency: (65)%]¢) %

0 0O 0 0O O Batalin-Vilkovisky formalism OO0 OO0 00O0O00O0O0O0O0O0OO

«00--00000000000CSFTO action 00O Batalin-Vilkovisky(BV) O OO O OO
oooooo:

i 65
00 6
ooooo
// (1,2) 5y
N&(N
CSFT action OO O GOO0O 5<
—905@’—@13’@ D+ D)

BvOoOoOoOO “00obooboboo’"boooobbooboooboooobooobooooboooBvOOO
ggooboogoboo

[%TmzmmnmBVDDDDDDDDDDDDDDDDD]
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stringd 00 index /0000BVOOOO
SR g, =
ralr 0P, 09,

0000y, Y, R0 Grassmann-odd 00 000(00000000000000000)0
O00000000RY 0“0070000000Einstein0000000

05 05 _
00, 0d;
00o0o0oo
000000 ,
825
oy =—"_A
W= 55,05,
00000 ,
8S 928 10 ([0S 85
TN Py g —— Ay=
A= 5, 00,05, 28¢J<a¢10¢1) =0
0
BRSTO OO

anti-ghost zero-mode by 000000000000 (I = (bo,1))

O; = —by ¢ +
g 0 0

55, ~ 90 T

P fax

ogoooooBvOoooOoO
05 9S

O
“Pre-BRST 0 0 765 O o
S, = —
On®r 0d;
000004 00000
a8
5 . =
B¢Z 82@
“000”BRSTOO0O
~ a8
dpd; =

30



e BRSTO OO

~ o~ ~ oS oS 0S 05
o6S[9] = 0516, = 0] = 57 o D)y ( 90, (9@)“ =0
e (On-shell) Nipotency
Grama(2] )= 2| e -[L(E2) 28]
ily=0 ily=0 YPi9Vily=0 NS SAC LY T L y=o
s . 95(9] :
00 |,y 005

4.5 Feynman diagrams in CSFT

A

Siegel gauge propagator O 1/L
Strings A BOOODOO loop 00O = Closed string
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4.6 Oscillator representaion of V

3-string vertex V' O oscillator O 0 (p,,bp-000)000000000O:

V(1,2,3)) :)\exp{z ( Z Nl a —iZX“ ‘T)Lbil)}|o> ®]0)2®|0)5

r,s=1 n,m=0 n=1 m=0

x (2m)*°6% (py + p2 + ps)
gooo
= V2a'p,
39/2
)\ —
96
NS 000 X7, 0 Newmann DOODODOO “0”00000N 00000000000
godno:

/ /
N = 7{ dz h(z) 7{ d_@hs(w) 1 = (m 1)
nm J 2w 2" 2 w™ (h,(2) — hg(w))

dw h’ -1
N’I"S NST’ — > 1
om 0 j{ 21 wm h (0) — hs(w) (m=1)

N {mwon (r=s)
Infh, (0) = hs(0)| (r # 5)

00 —
0000h(z) (r=1,2,3) 0

RN

2/3
hy(z) = (1 +ZZ) o(27i/3)(r—1)

1—1z

gogooobobbooooooboo

1=

-----
‘‘‘‘
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NegOOoOoooooboboooooogoo:

3

i 2 1. /33 1
S Ng ool —Nwd (o) (NOO _ _5111(?) _ —gm>
r,s=1 r=1
3
> af’ =0
r=1

Nt 0000

Nom = Nomr Nop" M= Npm o N2 = Nt = Non, (1) N (=)™ = N

mn? nm’ nm?

Nt 0000

11 _i 12 _ E
11 o7’ 1= 5

vE=0 ng=20
243
goog

Gross-Jevicki, Nucl. Phys. B283(1987)1, B287(1987)225
Itoh-Ogawa-Suehiro, Nucl. Phys. B289(1987)127.
Leclair-Peskin-Preitshopf, Nucl. Phys. B317(1989)411, B317(1989)454.

33



5 Tachyon condensation in CSFT

5.1 Sen’s conjecture (in bosonic open string theory) (’98 ’99)

/N
/ \

D25-brane [ [ [
Odo0o0doooooogn

l
1o00o0o0d g
o be o (0DOD0O0)
—Tog | e
AN

—O000o0oggd —
D25-branel] U [J
U(pc) +Tos =0

Y
Do0doobooood
KDDDDDDD
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5.2 Tachyon potential in CSFT

0000 (p, =0)0 string field ® = —by¢ (in Siegel gauge) 00000000000 U(p) O

s (/d%)ww), () = 5W(0)

go
Vas

with

1 1 ~

VW@Z?@%@+§MW@W>
(mass)?
V(1,2,3) —Aexp{Z ) ( Nyl ol — X7 _nb@n)}ro>1®|o>2®|o>3
r,s=1nm=1

OooOooooo

D25-brane 000 (000000000000) Ty O (o =1, see Polchinski 000 0)

1
Ty = g
0000
0
SmDDD:—liU@J:%%W@)
Tos

5.3 Level truncation
DDDDDDDDDDDDDCSFTD(DD)DDDDD

Qed+D+d=0 = L|d)s+1(da(d|V)125 =0
Siegel gauge

0000 (000)000000000 (D000ooooOoooOo)™
O00Olevel trancation OO0 “OOO00000000

Ha 0 Hc_ Hb—nk|0

O level 00O Y 6+ > my+ 3, ng, 00000 (mass)* +1 0000

O O Fock space state
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level (M, N)-000O0O

e String field O level M OO0 state 0O OO0

)= D la)ea

level(a)<M
e WDODDOOOO F 00000

¢3 = Z ?aﬁ'y ¢a¢ﬁ¢’y

level(a)+level(8)+level(v) <N

U00000 o 00000OLorentzOOODDO0OOtwist DODOODOOO0OO00ODOtwistDODO OO
gdbbebbO0O0O0O00e —-mr—oU0OO0OO0OOO

O, — (-1)"0, (0O=a"cb)

0ooQ
(0,0)-0 0
¢) = 10)¢
1 27v/3
WO () = —— 2 4 === 3
0 =-3 64
A/3
d 64 21272
ZWOD) =0 = ¢ = T 22 (00 (¢, :—3—17; = —0.6846...
(2,6)-0 0
1
[¢) =10}t + c_1b-1]0) u + Ea‘ilml,ulow
1 27v/3 1 1 33V/3 151/39
W(276>(t,u,v):—§t2+6—ft3—§u2+§v2+6—{t2u—G—\Q_t%
19 e 55 13 581,
— U — — —1luv v
64v/3 96V 3 192v/3
1, 95 [13, 6391  , 20951

+ u° — u'v+ ———uvt — — .
64+/3 1728V 3 5184+/3 5184+/39
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g 0 0
(——,-—3-——)‘w/@ﬁ>@,u,v)=:0 = (te, Ue, ve) = (0.5442,0.1902, 0.2018)
= 22WE (¢, u,,v.) = —0.959..
oooooon
(ts, us, vs) = (—8.902,14.31, —6.074) = 27*WEO (¢, u,, v,) = —813 Il

O00000000000BRSTOOOOOODODODO (Hata-Shinohara hep-th/0009105)0

Higher level calculations

(M, N) | 20°W () |

(4,12) | —0.9878
(6,18) | —0.9952
(8,24) | —0.9979

(10,30) | —0.99918
(12,36) | —0.999828

(18,54) | —1.0004937

D. Gaiotto and L. Rastelli, hep-th/0211012
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