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Why OSp invariant SFT?
       In OSp invariant closed bosonic SFT, 
       we can construct D-brane states.
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2. OSp Invariant String Field Theory

✴ Light-cone gauge String Field Theory

• action

3

W. Siegel

1.2.3 String field action

S =

∫
dt

[
−1

2
ΦKΦ +

2g

3
(Φ)3

]
, (1.32)

(
i ∂
∂t −

L
(1)
0 +L̃

(1)
0 −2

α1

)

S =

∫
dt

[
1

2

∫
d1 1〈Φ|

(
i
∂

∂t
− L(1)

0 + L̃(1)
0 − 2

α1

)
|Φ〉1

+
2g

3

∫
d1d2d3 〈V 0

3 (1, 2, 3)|Φ〉1|Φ〉2|Φ〉3
]

, (1.33)

where t denotes the proper time and g > 0 denotes the coupling constant for strings. The

string field |Φ〉 is taken to be Grassmann even and subject to the level matching condition

P|Φ〉 = |Φ〉 and the reality condition

(|Φ〉)† = 〈Φ| , (1.34)

where (|Φ〉)† denotes the hermitian conjugate of |Φ〉, and 〈Φ| denotes the BPZ conjugate of

|Φ〉 defined in eq.(??).

∼ 1

2

∫
dt dα

d26p

(2π)26

[
φ̄

(
iα∂t − p2 −M2

)
φ− φ̄φ̄ + . . .

]
(1.35)

1.2.4 BRST invariance

In the ≡ MC− ∈ OSp(27, 1|2) invariant string field theory, the ”Lorentz transformation”

MC− can be identified with the BRST transformation δB [?][?]:

δB|Φ〉4 = MC−|Φ〉4 = QB|Φ〉4 + g

∫
d1d2d3〈V3(1, 2, 3)|Φ〉1Φ〉2 , (1.36)

where the BRST charge QB is defined as

QB = MC− =
C0

2α
(L0 + L̃0 − 2)− iπ0

∂

∂α

− i

α

∞∑

n=1

(
αC
−nLn − L−nαC

n

n
+

α̃C
−nL̃n − L̃−nα̃C

n

n

)
, (1.37)

and the ∗-product Φ ∗Ψ of two arbitrary closed string fields Φ and Ψ is defined as

|Φ ∗Ψ〉4 =

∫
d1d2d3 〈V3(1, 2, 3)|Φ〉1|Ψ〉2|R(3, 4)〉 . (1.38)
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1.1.1 The three-string vertex

LC〈V 0
3 (1, 2, 3)| = LC〈v0

3(1, 2, 3)|PLC
123 ,

LC〈v0
3(1, 2, 3)| = δLC(1, 2, 3)LC

123〈0|eELC(1,2,3) |µ(1, 2, 3)|2

α1α2α3
, (1.6)

where

LC
123〈0| = LC

1〈0| LC
2〈0| LC

3〈0| ,

PLC
123 = PLC

1 PLC
2 PLC

3 , PLC
r =

∫ 2π

0

dθ

2π
e

iθ
“
L

LC(r)
0 −L̃

LC(r)
0

”

,

δLC(1, 2, 3) = 2δ

(
3∑

s=1

αs

)
(2π)25δ24

(
3∑

r=1

pr

)
,

ELC(1, 2, 3) =
1

2

∑

n,m≥0

∑

r,s

24∑

i=1

(
N̄ rs

nmαi(r)
n αi(s)

m + (N̄ rs
nm)∗ α̃i(r)

n α̃i(s)
m

)
,

µ(1, 2, 3) = exp

(
−τ̂0

3∑

r=1

1

αr

)
, τ̂0 =

3∑

r=1

αr ln |αr| . (1.7)

N̄ rs
nm = −α1α2α3

(αr

n
+

αs

m

)−1

N̄ r
nN̄ s

m (n,m ≥ 1) ,

N̄ rs
n0 = −cs

α1α2

αs
N̄ r

n (c1 = 1, c2 = −1, c3 = 0) (n ≥ 1) ,

N̄ rs
00 = τ̂0

(
δrs

αr
− δr3

α3
− δs3

α3

)
,

N̄ r
n =

1

αr
fn

(
−αr+1

αr

)
e

nτ̂0
αr (α4 = α1)

fn(x) =
Γ(nx)

n!Γ(nx− n + 1)
. (1.8)

1.1.2 String field action

α1 α2 α3

The action of the light-cone gauge string field theory is

SLC =

∫
dt

[
− 1

2
ΦLC KLC ΦLC +

2g

3
(ΦLC)3

]
, (1.9)

K =
1

α

(
−iα

∂

∂t
+ L0 + L̃0 − 2

)
=

1

α

(
−iα

∂

∂t
+

24∑

i=1

pipi + M2

)
(1.10)
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∫
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KLC =
1

α

(
−iα

∂

∂t
+

24∑

i=1

pipi + NLC + ÑLC − 2

)
(1.9)
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Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X i(τ, σ) = xi − 2ipiτ + i
∑

n"=0

1

n

(
αi

ne
−n(τ+iσ) + α̃i

ne
−n(τ−iσ)

)
. (1.1)

|0〉LC satisfies

αi
n|0〉LC = α̃i

n|0〉LC = xi|0〉LC = i
∂

∂pi
|0〉LC =

∂

∂α
|0〉LC = 0 for n > 0 . (1.2)

The integration measure for the zero modes of the r-th string is defined as

drLC ≡ αrdαr
d24pr

(2π)25
. (1.3)

We treat the string field |Φ(t)〉LC as a state in the closed string Hilbert space:

|Φ〉LC
r = | 〉LC

r ⊗ fr(t, p
i
r, αr)

= |0〉LC
r T (t, pi

r, αr) + αi(r)
−1 α̃j(r)

−1 |0〉LC
r hij(t, p

i
r, αr) + . . . , (1.4)

where t denotes the proper time.

3

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





t,α

X+, X−, X i, (i = 2, . . . , 25)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.32)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.33)
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O(9, 1) −→ OSp(10, 2|2)

(+′′,−′′, C, C̄)

(+′′,−′′, C, C̄, +′,−′, C ′, C̄ ′)

X+′
, X−′

, XC′
, X C̄′

, (1.5)

ψ+′
, ψ−′

, ψC′
, ψC̄′

, (1.6)

ψ̃+′
, ψ̃−′

, ψ̃C′
, ψ̃C̄′

(1.7)

X+′′
, X−′′

, XC , X C̄ , (1.8)

ψ+′′
, ψ−′′

, ψC , ψC̄ , (1.9)

ψ̃+′′
, ψ̃−′′

, ψ̃C , ψ̃C̄ (1.10)

X+(τ,σ) = x+ − 2ip+τ

X+(τ,σ) = x+ − 2ip+τ , ψ+(τ,σ) = 0 , ψ̃+(τ,σ) = 0

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X i(τ, σ) = xi − 2ipiτ + i
∑

n#=0

1

n

(
αi

ne
−n(τ+iσ) + α̃i

ne
−n(τ−iσ)

)
. (1.11)

XM(τ,σ) = xM − 2ipMτ + i
∑

n#=0

1

n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.12)

ψM(τ,σ) =
∑

k

ψM
k e−k(τ+iσ) . (1.13)

Φ

|0〉LC satisfies

αi
n|0〉LC = α̃i

n|0〉LC = xi|0〉LC = i
∂

∂pi
|0〉 =

∂

∂α
|0〉 = 0 for n > 0 . (1.14)

The integration measure for the zero modes of the r-th string is defined as

dr ≡ αrdαr
d24pr

(2π)25
. (1.15)

4

:string field
:string coupling
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[Mi−,Mj−] = 0 . (1.20)

1.1.4 Canonical quantization

We can decompose the string field as

|Φ〉LC = |ψ〉LC +
∣∣ψ̄

〉LC
, (1.21)

where |ψ〉LC is the part with positive α and |ψ̄〉LC is the one with negative α.

[
|ψ〉LC

r , LC
s〈ψ̄|

]
= ILC(r, s) , (1.22)

ILC(r, s) serves as the identity operator.

|ψ〉LC|0〉〉LC = 0 , LC〈〈0|LC〈ψ̄| = 0 . (1.23)
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coordinates
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−→ X+, X−, X i, X25, X26, C, C̄

”Lorentz symmetry” O(25, 1) −→ OSp(27, 1|2)

linear symmetry O(24) −→ OSp(26|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



δµν

0 −i

i 0





t,α

X25, X26, C, C̄ ∼ topological

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.24)

5

Light-cone gauge SFT
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OSp extension
         (Adding topological sector)

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





t,α

X+, X−, X i, (i = 2, . . . , 25)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.32)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.33)

10

[Mi−,Mj−] = 0 . (1.20)

1.1.4 Canonical quantization

We can decompose the string field as

|Φ〉LC = |ψ〉LC +
∣∣ψ̄

〉LC
, (1.21)

where |ψ〉LC is the part with positive α and |ψ̄〉LC is the one with negative α.

[
|ψ〉LC

r , LC
s〈ψ̄|

]
= ILC(r, s) , (1.22)

ILC(r, s) serves as the identity operator.

|ψ〉LC|0〉〉LC = 0 , LC〈〈0|LC〈ψ̄| = 0 . (1.23)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 1, 2, . . . , 24)
−→ X+, X−, X i, X25, X26, C, C̄

”Lorentz symmetry” O(25, 1) −→ OSp(27, 1|2)

linear symmetry O(24) −→ OSp(26|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



δµν

0 −i

i 0





t,α

X25, X26, C, C̄ ∼ topological

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.24)

5

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





t,α

X+, X−, X i, (i = 2, . . . , 25)

X+, X−, X i, X+′′
, X−′′

, XC , X C̄

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.32)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.33)
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topological　
  BRST ～　

Light-cone gauge SFT

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





O(25, 1) −→ OSp(26, 2|2)

O(24) −→ OSp(25, 1|2)

δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





(1.32)

t,α

X+, X−, X i, (i = 2, . . . , 25)

10

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





O(25, 1) −→ OSp(26, 2|2)

O(24) −→ OSp(25, 1|2)

δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





(1.32)

t,α

X+, X−, X i, (i = 2, . . . , 25)
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Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





O(25, 1) −→ OSp(26, 2|2)

O(24) −→ OSp(25, 1|2)

δij −→

C

C̄

C C̄



ηµν

0 −i

i 0





(1.32)

µ = +′′,−′′, 2, . . . , 25

t,α

10

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





O(25, 1) −→ OSp(26, 2|2)

O(24) −→ OSp(25, 1|2)

δij −→

C

C̄

C C̄



ηµν

0 −i

i 0





(1.32)

µ = +′′,−′′, 2, . . . , 25

t,α

10

X+, X−, X i, (i = 2, . . . , 25)

X+, X−, X i, X+′′
, X−′′

, XC , X C̄

X+, X−, XM

δB =
1

2
MC− (1.33)

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.34)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.35)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.36)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.37)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.38)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.39)

1.2.2 The three string vertex

The three string vertex in the OSp invariant string field theory is given by

〈V3(1, 2, 3)| = δ(1, 2, 3) 123〈0|eE(1,2,3)P123
|µ(1, 2, 3)|2

α1α2α3
, (1.40)

11
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OSp extension
         (Adding topological sector)

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





t,α

X+, X−, X i, (i = 2, . . . , 25)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.32)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.33)

10

[Mi−,Mj−] = 0 . (1.20)

1.1.4 Canonical quantization

We can decompose the string field as

|Φ〉LC = |ψ〉LC +
∣∣ψ̄

〉LC
, (1.21)

where |ψ〉LC is the part with positive α and |ψ̄〉LC is the one with negative α.

[
|ψ〉LC

r , LC
s〈ψ̄|

]
= ILC(r, s) , (1.22)

ILC(r, s) serves as the identity operator.

|ψ〉LC|0〉〉LC = 0 , LC〈〈0|LC〈ψ̄| = 0 . (1.23)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 1, 2, . . . , 24)
−→ X+, X−, X i, X25, X26, C, C̄

”Lorentz symmetry” O(25, 1) −→ OSp(27, 1|2)

linear symmetry O(24) −→ OSp(26|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



δµν

0 −i

i 0





t,α

X25, X26, C, C̄ ∼ topological

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.24)

5

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





t,α

X+, X−, X i, (i = 2, . . . , 25)

X+, X−, X i, X+′′
, X−′′

, XC , X C̄

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.32)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.33)

10

topological　
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Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





t,α

X+, X−, X i, (i = 2, . . . , 25)

X+, X−, X i, X+′′
, X−′′

, XC , X C̄

X+, X−, XM

δB =
1

2
MC− (1.32)

MC−′′

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

10

Light-cone gauge SFT

OSp invariant SFT

“Lorentz transformation”

where the BRST charge QB is defined as

QB =
xC

2α
(L0 + L̃0 − 2) + ipC ∂

∂α

− i

α

∞∑

n=1

(
αC
−nLn − L−nαC

n

n
+

α̃C
−nL̃n − L̃−nα̃C

n

n

)
, (1.49)

and the ∗-product Φ ∗Ψ of two arbitrary closed string fields Φ and Ψ is defined as

|Φ ∗Ψ〉4 =

∫
d1d2d3 〈V3(1, 2, 3)|Φ〉1|Ψ〉2|R(3, 4)〉 . (1.50)

Here the vertex 〈V3(1, 2, 3)| is defined as

〈V3(1, 2, 3)| = 〈v0
3(1, 2, 3)|C(ρI , ρ̄I)P123 , (1.51)

where ρI denotes the interaction point of the three strings and the vertex 〈v0
3(1, 2, 3)| is

defined in (1.39).

αC
n = −inαcn , α̃C

n = −inαc̃n ; αC̄
n =

1

α
bn , α̃C̄

n =
1

α
b̃n ,

xC = 2αc+
0 , pC̄ =

1

2α
b+
0 , (1.52)

QB = QKO
B +

ipC

α

(
α

∂

∂α

∣∣∣∣
b,c

+ 1

)
. (1.53)

(+,−) ↔ (+′′,−′′)

δ2
B|Φ〉 = 0

δBS = 0 (1.54)

δB|Φ〉 = QB|Φ〉+ g|Φ ∗ Φ〉 (1.55)

δB

(
eC〈B|Φ〉

)
&= 0 (1.56)

C, C̄ b, c ghost (1.57)
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Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





O(25, 1) −→ OSp(26, 2|2)

O(24) −→ OSp(25, 1|2)

δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





(1.32)

t,α

X+, X−, X i, (i = 2, . . . , 25)
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Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





O(25, 1) −→ OSp(26, 2|2)

O(24) −→ OSp(25, 1|2)

δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





(1.32)

t,α

X+, X−, X i, (i = 2, . . . , 25)
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Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





O(25, 1) −→ OSp(26, 2|2)

O(24) −→ OSp(25, 1|2)

δij −→

C

C̄

C C̄



ηµν

0 −i

i 0





(1.32)

µ = +′′,−′′, 2, . . . , 25

t,α

10

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





O(25, 1) −→ OSp(26, 2|2)

O(24) −→ OSp(25, 1|2)

δij −→

C

C̄

C C̄



ηµν

0 −i

i 0





(1.32)

µ = +′′,−′′, 2, . . . , 25

t,α

10

X+, X−, X i, (i = 2, . . . , 25)

X+, X−, X i, X+′′
, X−′′

, XC , X C̄

X+, X−, XM

δB =
1

2
MC− (1.33)

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.34)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.35)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.36)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.37)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.38)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.39)

1.2.2 The three string vertex

The three string vertex in the OSp invariant string field theory is given by

〈V3(1, 2, 3)| = δ(1, 2, 3) 123〈0|eE(1,2,3)P123
|µ(1, 2, 3)|2

α1α2α3
, (1.40)

11

X+, X−, X i, (i = 2, . . . , 25)

X+, X−, X i, X+′′
, X−′′

, XC , X C̄

X+, X−, Xµ, XC , X C̄

δB =
1

2
MC− (1.33)

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.34)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.35)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.36)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.37)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.38)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.39)

1.2.2 The three string vertex

The three string vertex in the OSp invariant string field theory is given by

〈V3(1, 2, 3)| = δ(1, 2, 3) 123〈0|eE(1,2,3)P123
|µ(1, 2, 3)|2

α1α2α3
, (1.40)
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5

X+, X−, X i, (i = 2, . . . , 25)

X+, X−, X i, X+′′
, X−′′

, XC , X C̄

X+, X−, Xµ, XC , X C̄

δB =
1

2
MC− (1.33)

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.34)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.35)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.36)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.37)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.38)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.39)

1.2.2 The three string vertex

The three string vertex in the OSp invariant string field theory is given by

〈V3(1, 2, 3)| = δ(1, 2, 3) 123〈0|eE(1,2,3)P123
|µ(1, 2, 3)|2

α1α2α3
, (1.40)

11

X+, X−, X i, (i = 2, . . . , 25)

X+, X−, X i, X+′′
, X−′′

, XC , X C̄

X+, X−, Xµ, XC , X C̄

δB =
1

2
MC− (1.33)

| 〉 ⊗ f(p+′′
, p−

′′
, pC , pC̄) (1.34)

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.35)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.36)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.37)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.38)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.39)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.40)

11

general states in this sector

cohomology class

| 〉 ⊗ f(p+′′
, p−

′′
, pC , pC̄) (1.44)

|0〉 ⊗ F (p+′′
p−

′′
+ ipCpC̄) ∼ |0〉 ⊗ 1 (1.45)

=
{
MC−′′

, p+′′
pC̄

}

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.46)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.47)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.48)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.49)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.50)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.51)

1.2.2 The three string vertex

The three string vertex in the OSp invariant string field theory is given by

〈V3(1, 2, 3)| = δ(1, 2, 3) 123〈0|eE(1,2,3)P123
|µ(1, 2, 3)|2

α1α2α3
, (1.52)
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| 〉 ⊗ f(p+′′
, p−

′′
, pC , pC̄) (1.44)

|0〉 ⊗ F (p+′′
p−

′′
+ ipCpC̄) ∼ |0〉 ⊗ 1 (1.45)

=
{
MC−′′

, p+′′
pC̄

}

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.46)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.47)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.48)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.49)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.50)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.51)

1.2.2 The three string vertex

The three string vertex in the OSp invariant string field theory is given by

〈V3(1, 2, 3)| = δ(1, 2, 3) 123〈0|eE(1,2,3)P123
|µ(1, 2, 3)|2

α1α2α3
, (1.52)

9

| 〉 ⊗ f(p+′′
, p−

′′
, pC , pC̄) (1.44)

|0〉 ⊗ F (p+′′
p−

′′
+ ipCpC̄) ∼ |0〉 ⊗ 1 (1.45)

p+′′
p−

′′
+ ipCpC̄ =

{
MC−′′

, p+′′
pC̄

}

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.46)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.47)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.48)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.49)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.50)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.51)

1.2.2 The three string vertex

The three string vertex in the OSp invariant string field theory is given by

〈V3(1, 2, 3)| = δ(1, 2, 3) 123〈0|eE(1,2,3)P123
|µ(1, 2, 3)|2

α1α2α3
, (1.52)

9

| 〉 ⊗ f(p+′′
, p−

′′
, pC , pC̄) (1.44)

|0〉 ⊗ F (p+′′
p−

′′
+ ipCpC̄) ∼ |0〉 ⊗ 1 (1.45)

p+′′
p−

′′
+ ipCpC̄ =

{
MC−′′ , p+′′

pC̄
}

=

∫
dp+′′

dp−
′′
dpCdpC̄

2π
〈0|0〉 e

−i T
α

“
−2p+′′

p−
′′−2ipCpC̄

”

= 1

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.46)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.47)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.48)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.49)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.50)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.51)
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〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.41)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





O(25, 1) −→ OSp(26, 2|2)

O(24) −→ OSp(25, 1|2)

δij −→

C

C̄

C C̄



ηµν

0 −i

i 0





(1.42)

µ = +′′,−′′, 2, . . . , 25

t,α

X+, X−, X i, (i = 2, . . . , 25)

X+, X−, X i, X+′′
, X−′′

, XC , X C̄

X+, X−, Xµ, XC , X C̄

δB =
1

2
MC− (1.43)

8

| 〉 ⊗ f(p+′′
, p−

′′
, pC , pC̄) (1.44)

|0〉 ⊗ F (p+′′
p−

′′
+ ipCpC̄) ∼ |0〉 ⊗ 1 (1.45)

T

p+′′
p−

′′
+ ipCpC̄ =

{
MC−′′ , p+′′

pC̄
}

=

∫
dp+′′

dp−
′′
dpCdpC̄

2π
〈0|0〉 e

−i T
α

“
−2p+′′

p−
′′−2ipCpC̄

”

= 1

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.46)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.47)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.48)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.49)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.50)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.51)

9

| 〉 ⊗ f(p+′′
, p−

′′
, pC , pC̄) (1.44)

|0〉 ⊗ F (p+′′
p−

′′
+ ipCpC̄) ∼ |0〉 ⊗ 1 (1.45)

T

p+′′
p−

′′
+ ipCpC̄ =

{
MC−′′ , p+′′

pC̄
}

=

∫
dp+′′

dp−
′′
dpCdpC̄

2π
〈0|0〉 e

−i T
α

“
−2p+′′

p−
′′−2ipCpC̄

”

= 1

∫
dp+′′

dp−
′′
dpCdpC̄

2π
F (p+′′

p−
′′

+ ipCpC̄) = F (0)

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.46)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.47)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.48)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.49)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.50)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.51)
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6

OSp extension
         (Adding topological sector)

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





t,α

X+, X−, X i, (i = 2, . . . , 25)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.32)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.33)

10

[Mi−,Mj−] = 0 . (1.20)

1.1.4 Canonical quantization

We can decompose the string field as

|Φ〉LC = |ψ〉LC +
∣∣ψ̄

〉LC
, (1.21)

where |ψ〉LC is the part with positive α and |ψ̄〉LC is the one with negative α.

[
|ψ〉LC

r , LC
s〈ψ̄|

]
= ILC(r, s) , (1.22)

ILC(r, s) serves as the identity operator.

|ψ〉LC|0〉〉LC = 0 , LC〈〈0|LC〈ψ̄| = 0 . (1.23)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 1, 2, . . . , 24)
−→ X+, X−, X i, X25, X26, C, C̄

”Lorentz symmetry” O(25, 1) −→ OSp(27, 1|2)

linear symmetry O(24) −→ OSp(26|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



δµν

0 −i

i 0





t,α

X25, X26, C, C̄ ∼ topological

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.24)

5

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





t,α

X+, X−, X i, (i = 2, . . . , 25)

X+, X−, X i, X+′′
, X−′′

, XC , X C̄

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.32)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.33)
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topological　
  BRST ～　

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





t,α

X+, X−, X i, (i = 2, . . . , 25)

X+, X−, X i, X+′′
, X−′′

, XC , X C̄

X+, X−, XM

δB =
1

2
MC− (1.32)

MC−′′

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

10

Light-cone gauge SFT

OSp invariant SFT

“Lorentz transformation”

where the BRST charge QB is defined as

QB =
xC

2α
(L0 + L̃0 − 2) + ipC ∂

∂α

− i

α

∞∑

n=1

(
αC
−nLn − L−nαC

n

n
+

α̃C
−nL̃n − L̃−nα̃C

n

n

)
, (1.49)

and the ∗-product Φ ∗Ψ of two arbitrary closed string fields Φ and Ψ is defined as

|Φ ∗Ψ〉4 =

∫
d1d2d3 〈V3(1, 2, 3)|Φ〉1|Ψ〉2|R(3, 4)〉 . (1.50)

Here the vertex 〈V3(1, 2, 3)| is defined as

〈V3(1, 2, 3)| = 〈v0
3(1, 2, 3)|C(ρI , ρ̄I)P123 , (1.51)

where ρI denotes the interaction point of the three strings and the vertex 〈v0
3(1, 2, 3)| is

defined in (1.39).

αC
n = −inαcn , α̃C

n = −inαc̃n ; αC̄
n =

1

α
bn , α̃C̄

n =
1

α
b̃n ,

xC = 2αc+
0 , pC̄ =

1

2α
b+
0 , (1.52)

QB = QKO
B +

ipC

α

(
α

∂

∂α

∣∣∣∣
b,c

+ 1

)
. (1.53)

(+,−) ↔ (+′′,−′′)

δ2
B|Φ〉 = 0

δBS = 0 (1.54)

δB|Φ〉 = QB|Φ〉+ g|Φ ∗ Φ〉 (1.55)

δB

(
eC〈B|Φ〉

)
&= 0 (1.56)

C, C̄ b, c ghost (1.57)
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Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





O(25, 1) −→ OSp(26, 2|2)

O(24) −→ OSp(25, 1|2)

δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





(1.32)

t,α

X+, X−, X i, (i = 2, . . . , 25)

10

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





O(25, 1) −→ OSp(26, 2|2)

O(24) −→ OSp(25, 1|2)

δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





(1.32)

t,α

X+, X−, X i, (i = 2, . . . , 25)

10

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





O(25, 1) −→ OSp(26, 2|2)

O(24) −→ OSp(25, 1|2)

δij −→

C

C̄

C C̄



ηµν

0 −i

i 0





(1.32)

µ = +′′,−′′, 2, . . . , 25

t,α

10

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





O(25, 1) −→ OSp(26, 2|2)

O(24) −→ OSp(25, 1|2)

δij −→

C

C̄

C C̄



ηµν

0 −i

i 0





(1.32)

µ = +′′,−′′, 2, . . . , 25

t,α

10

X+, X−, X i, (i = 2, . . . , 25)

X+, X−, X i, X+′′
, X−′′

, XC , X C̄

X+, X−, XM

δB =
1

2
MC− (1.33)

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.34)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.35)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.36)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.37)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.38)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.39)

1.2.2 The three string vertex

The three string vertex in the OSp invariant string field theory is given by

〈V3(1, 2, 3)| = δ(1, 2, 3) 123〈0|eE(1,2,3)P123
|µ(1, 2, 3)|2

α1α2α3
, (1.40)

11

X+, X−, X i, (i = 2, . . . , 25)

X+, X−, X i, X+′′
, X−′′

, XC , X C̄

X+, X−, Xµ, XC , X C̄

δB =
1

2
MC− (1.33)

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.34)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.35)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.36)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.37)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.38)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.39)

1.2.2 The three string vertex

The three string vertex in the OSp invariant string field theory is given by

〈V3(1, 2, 3)| = δ(1, 2, 3) 123〈0|eE(1,2,3)P123
|µ(1, 2, 3)|2

α1α2α3
, (1.40)
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spacetime



• BRST symmetry

• BRST invariant observable 

• Free propagator

7

|Φ〉 = |0〉φ̄(t,α, pµ) + iπ0|0〉χ̄(t,α, pµ)

+π̄0|0〉χ(t,α, pµ) + iπ0π̄0|0〉φ(t,α, pµ) + . . . (1.43)

S =

∫
dt

[
1

2

∫
d1 1〈Φ|

(
i
∂

∂t
− L(1)

0 + L̃(1)
0 − 2

α1

)
|Φ〉1

+
2g

3

∫
d1d2d3 〈V 0

3 (1, 2, 3)|Φ〉1|Φ〉2|Φ〉3
]

, (1.44)

where t denotes the proper time and g > 0 denotes the coupling constant for strings. The

string field |Φ〉 is taken to be Grassmann even and subject to the level matching condition

P|Φ〉 = |Φ〉 and the reality condition

(|Φ〉)† = 〈Φ| , (1.45)

where (|Φ〉)† denotes the hermitian conjugate of |Φ〉, and 〈Φ| denotes the BPZ conjugate of

|Φ〉 defined in eq.(??).

∼ −1

2

∫
dt dαd26x

[
φ̄

(
−iα∂t + p2 + M2

)
φ + φ̄φ̄ + χ̄

(
−iα∂t + p2 + M2

)
χ + . . .

]

1.2.4 BRST invariance

In the ≡ MC− ∈ OSp(27, 1|2) invariant string field theory, the ”Lorentz transformation”

MC− can be identified with the BRST transformation δB [?][?]:

δB|Φ〉 =
1

2
MC−|Φ〉 = QB|Φ〉+ g|Φ XC

∗ Φ〉 (1.46)

where the BRST charge QB is defined as

QB = MC− =
C0

2α
(L0 + L̃0 − 2)− iπ0

∂

∂α

− i

α

∞∑

n=1

(
αC
−nLn − L−nαC

n

n
+

α̃C
−nL̃n − L̃−nα̃C

n

n

)
, (1.47)

and the ∗-product Φ ∗Ψ of two arbitrary closed string fields Φ and Ψ is defined as

|Φ ∗Ψ〉4 =

∫
d1d2d3 〈V3(1, 2, 3)|Φ〉1|Ψ〉2|R(3, 4)〉 . (1.48)
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S = Φ Q Φ + g Φ3 + C〈B|Φ〉 (1)

t,α, π0, C̄0

〈Φ|
〈Ψ|

ψ(l), ψ̄(l) (2)
[
ψ(l), ψ̄(l′)

]
= δ(l − l′) (3)

∫
dζV±(ζ) (4)

V±(ζ) = exp

(
±gs

∫ ∞

0

dl e−ζlψ̄(l)

)
exp

(
∓ 2

gs

∫ ∞

0

dl

l
eζlψ(l)

)
(5)

l1 l2 l1 + l2

∫
dζ exp

(
±gs

∫ ∞

0

dl e−ζlψ̄(l)

)
exp

(
∓ 2

gs

∫ ∞

0

dl

l
eζlψ(l)

)
(6)

{
D(−1)-brane

ghost D-brane

|D+〉〉
|D−〉〉

}

D-brane

ghost D-brane
p + 1

Dp-brane

D25-brane

tachyon vacuum

VSFT

closed string

T (x)

V (T )

T25

|B ∗B〉 ∝ |B〉
C〈B|
|B〉C

1

S = Φ Q Φ + g Φ3 + C〈B|Φ〉 (1)

t,α, π0, C̄0

〈Φ|
〈Ψ|

ψ(l), ψ̄(l) (2)
[
ψ(l), ψ̄(l′)

]
= δ(l − l′) (3)

∫
dζV±(ζ) (4)

V±(ζ) = exp

(
±gs

∫ ∞

0

dl e−ζlψ̄(l)

)
exp

(
∓ 2

gs

∫ ∞

0

dl

l
eζlψ(l)

)
(5)

l1 l2 l1 + l2

∫
dζ exp

(
±gs

∫ ∞

0

dl e−ζlψ̄(l)

)
exp

(
∓ 2

gs

∫ ∞

0

dl

l
eζlψ(l)

)
(6)

{
D(−1)-brane

ghost D-brane

|D+〉〉
|D−〉〉

}

D-brane

ghost D-brane
p + 1

Dp-brane

D25-brane

tachyon vacuum

VSFT

closed string

T (x)

V (T )

T25

|B ∗B〉 ∝ |B〉
C〈B|
|B〉C

1

|Φ〉 = |0〉φ̄(t,α, pµ) + iπ0|0〉χ̄(t,α, pµ)

+π̄0|0〉χ(t,α, pµ) + iπ0π̄0|0〉φ(t,α, pµ) + . . . (1.43)

S =

∫
dt

[
1

2

∫
d1 1〈Φ|

(
i
∂

∂t
− L(1)

0 + L̃(1)
0 − 2

α1

)
|Φ〉1

+
2g

3

∫
d1d2d3 〈V 0

3 (1, 2, 3)|Φ〉1|Φ〉2|Φ〉3
]

, (1.44)

where t denotes the proper time and g > 0 denotes the coupling constant for strings. The

string field |Φ〉 is taken to be Grassmann even and subject to the level matching condition

P|Φ〉 = |Φ〉 and the reality condition

(|Φ〉)† = 〈Φ| , (1.45)

where (|Φ〉)† denotes the hermitian conjugate of |Φ〉, and 〈Φ| denotes the BPZ conjugate of

|Φ〉 defined in eq.(??).

∼ −1

2

∫
dt dαd26x

[
φ̄

(
−iα∂t + p2 + M2

)
φ + φ̄φ̄ + χ̄

(
−iα∂t + p2 + M2

)
χ + . . .

]

1.2.4 BRST invariance

XC(ρI , ρ̄I)

In the ≡MC− ∈ OSp(26, 2|2) invariant string field theory, the ”Lorentz transformation”

MC− can be identified with the BRST transformation δB [?][?]:

δB|Φ〉 =
1

2
MC−|Φ〉 = QB|Φ〉+ g|Φ XC

∗ Φ〉 (1.46)

where the BRST charge QB is defined as

QB = MC− =
C0

2α
(L0 + L̃0 − 2)− iπ0

∂

∂α

− i

α

∞∑

n=1

(
αC
−nLn − L−nαC

n

n
+

α̃C
−nL̃n − L̃−nα̃C

n

n

)
, (1.47)

and the ∗-product Φ ∗Ψ of two arbitrary closed string fields Φ and Ψ is defined as

|Φ ∗Ψ〉4 =

∫
d1d2d3 〈V3(1, 2, 3)|Φ〉1|Ψ〉2|R(3, 4)〉 . (1.48)
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and the ∗-product Φ ∗ Ψ of two arbitrary closed string fields Φ and Ψ is defined as

|Φ ∗ Ψ〉4 =

∫
d1d2d3 〈V3(1, 2, 3)|Φ〉1|Ψ〉2|R(3, 4)〉 . (1.49)

Here the vertex 〈V3(1, 2, 3)| is defined as

〈V3(1, 2, 3)| = 〈v0
3(1, 2, 3)|C(ρI , ρ̄I)P123 , (1.50)

where ρI denotes the interaction point of the three strings and the vertex 〈v0
3(1, 2, 3)| is

defined in (1.38).

αC
n = −inαcn , α̃C

n = −inαc̃n ; αC̄
n =

1

α
bn , α̃C̄

n =
1

α
b̃n ,

xC = 2αc+
0 , pC̄ = − 1

2α
b+
0 , (1.51)

QB = QKO
B +

ipC

α

(
α

∂

∂α

∣∣∣∣
b,c

+ 1

)
. (1.52)

δ2
B|Φ〉 = 0

δBS = 0 (1.53)

δB|Φ〉 = QB|Φ〉 + g|Φ ∗ Φ〉 (1.54)

δB

(
eC〈B|Φ〉

)
%= 0 (1.55)

C, C̄ b, c ghost (1.56)

S =

∫
dt

[
1

2
〈Φ|i∂t|Φ〉 + δB

(
〈Φ|π̄0|Φ〉

)]
(1.57)

S =

∫
dt

[
1

2
〈Φ|i∂t|Φ〉 + δB

(
〈Φ|π̄0|Φ〉

)]

=

∫
dt

[
−1

2
ΦKΦ +

2g

3
(Φ)3

]
(1.58)
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where the BRST charge QB is defined as

QB =
xC

2α
(L0 + L̃0 − 2) + ipC ∂

∂α

− i

α

∞∑

n=1

(
αC
−nLn − L−nαC

n

n
+

α̃C
−nL̃n − L̃−nα̃C

n

n

)
, (1.49)

and the ∗-product Φ ∗ Ψ of two arbitrary closed string fields Φ and Ψ is defined as

|Φ ∗ Ψ〉4 =

∫
d1d2d3 〈V3(1, 2, 3)|Φ〉1|Ψ〉2|R(3, 4)〉 . (1.50)

Here the vertex 〈V3(1, 2, 3)| is defined as

〈V3(1, 2, 3)| = 〈v0
3(1, 2, 3)|C(ρI , ρ̄I)P123 , (1.51)

where ρI denotes the interaction point of the three strings and the vertex 〈v0
3(1, 2, 3)| is

defined in (1.39).

αC
n = −inαcn , α̃C

n = −inαc̃n ; αC̄
n =

1

α
bn , α̃C̄

n =
1

α
b̃n ,

xC = 2αc+
0 , pC̄ =

1

2α
b+
0 , (1.52)

QB = QKO
B +

ipC

α

(
α

∂

∂α

∣∣∣∣
b,c

+ 1

)
. (1.53)

δ2
B|Φ〉 = 0

δBS = 0 (1.54)

δB|Φ〉 = QB|Φ〉 + g|Φ ∗ Φ〉 (1.55)

δB

(
eC〈B|Φ〉

)
%= 0 (1.56)

C, C̄ b, c ghost (1.57)
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gh:
m:

X+, X−, X i, (i = 2, . . . , 25)

X+, X−, X i, X+′′
, X−′′

, XC , X C̄

X+, X−, Xµ, XC , X C̄

δB =
1

2
MC− (1.33)

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.34)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.35)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.36)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.37)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.38)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.39)

1.2.2 The three string vertex

The three string vertex in the OSp invariant string field theory is given by

〈V3(1, 2, 3)| = δ(1, 2, 3) 123〈0|eE(1,2,3)P123
|µ(1, 2, 3)|2

α1α2α3
, (1.40)
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XM(τ,σ) = xM − 2ipMτ + i
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1
n

(
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n e−n(τ+iσ) + α̃M
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. (1.34)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
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m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.35)

We also use
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n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.38)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.39)

1.2.2 The three string vertex

The three string vertex in the OSp invariant string field theory is given by

〈V3(1, 2, 3)| = δ(1, 2, 3) 123〈0|eE(1,2,3)P123
|µ(1, 2, 3)|2

α1α2α3
, (1.40)
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O(t, p) ∼ O(t + δt, p) (2.8)

α, π0, π̄0 (2.9)

where C,C̄〈0| and X〈primary; k| denote the BPZ conjugates of the Fock vacuum |0〉C,C̄ in

the (C, C̄) sector and a Virasoro primary state |primary; k〉X in the Xµ sector (µ = 1, . . . , 26)

of the Hilbert space for the worldsheet theory, respectively. Here kµ is the momentum

eigenvalue of the state |primary; k〉X :

|primary; k〉X = |primary〉X(2π)26δ26(p− k) ,

X〈primary; k| = (2π)26δ26(p + k) X〈primary| . (2.10)

|primary〉X denotes the non-zero mode part of |primary; k〉X , and we normalize it as

m〈primary|primary〉m = 1 . (2.11)

The mass M of the particle corresponding to the operator O(t, k) can be read off from the

relation
(
L0 + L̃0 − 2

)
|primary; k〉X ⊗ |0〉C,C̄ =

(
k2 + 2iπ0π̄0 + M2

)
|primary; k〉X ⊗ |0〉C,C̄ . (2.12)

O(t, k) is BRST exact unless k2 + M2 = 0.

2.1.3 Free propagator

As we can see from the expression eq.(??), L0+L̃0−2
α is the Hamiltonian on the worldsheet.

Since this is a BRST exact operator, O(t + δt, p) and O(t, p) are BRST equivalent and only

the constant mode with E = 0 survives.

Let us consider the observables Or(tr, pr) (r = 1, 2) which are of the form eq.(2.6) cor-

responding to a common primary state, i.e. |primary〉X ≡ |primary1〉X = |primary2〉X and

M ≡ M1 = M2. We define the two-point function

〈〈O1(t1, p1)O2(t2, p2)〉〉 ≡ 〈〈0|TO1(t1, p1)O2(t2, p2)|0〉〉 , (2.13)

where |0〉〉 denotes the vacuum in the second quantization and T denotes the time ordering

of the operator. We consider the case t1 > t2. The lowest order contribution can be written

as

〈〈O1(t1, p1)O2(t2, p2)〉〉free
=

∫ ∞

0

dα1

2α1

∫
dpC

1 dpC̄
1 e−i

t1−t2
α1

(pµ
1 p1,µ−2ipC

1 pC̄
1 +M2)(2π)26δ26(p1 + p2)

=
−i

p2
1 + M2

(2π)26δ26(p1 + p2) (2.14)
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Chapter 2

Correlation functions

2.1 BRST Invariant Observables

2.1.1 BRST cohomology of QB

QB = QKO
B − i

π0

α

(
α

∂

∂α

∣∣∣∣
b,c

+ 1

)
(2.1)

αC
n = −inαcn , α̃C

n = −inαc̃n , αC̄
n =

1

α
bn , α̃C̄

n =
1

α
b̃n , (2.2)

C0 = 2αc+
0 , π̄0 =

1

2α
b+
0 (2.3)

O = 〈 |Φ〉 (2.4)

δBO ∼ 〈 |QB|Φ〉 (2.5)

2.1.2 Observables

Thus for constructing the observables, we discard the case when 〈 |Φ〉 is an auxiliary mode.

Then | 〉 should be of the form eq.(??). Making the zero-mode integral explicit, one can

describe the observables constructed above as

O(t, p) =

∫ ∞

−∞

dα

2

∫
dpCdpC̄

gh〈0|⊗ m〈DDF|Φ(t,α, pµ, pC , pC̄)〉 (2.6)

δBO(t, p) ∼ 0 (2.7)
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O(t, p) ∼ O(t + δt, p) (2.8)

α, π0, π̄0 (2.9)

O(t, p) =

∫ ∞

−∞
dα

|α| 12
2

∫
dpgh gh〈0|⊗ m〈DDF|Φ(t,α, p)〉 (2.10)

dpgh =
dp+′

dp−
′
dpCdpC̄dpC′

dpC̄′
dψC′

0 dψC̄
0 dψ+′

0

2
5
2 π2

(C, C̄, C ′, C̄ ′, +′,−′) µ

where C,C̄〈0| and X〈primary; k| denote the BPZ conjugates of the Fock vacuum |0〉C,C̄ in

the (C, C̄) sector and a Virasoro primary state |primary; k〉X in the Xµ sector (µ = 1, . . . , 26)

of the Hilbert space for the worldsheet theory, respectively. Here kµ is the momentum

eigenvalue of the state |primary; k〉X :

|primary; k〉X = |primary〉X(2π)26δ26(p− k) ,

X〈primary; k| = (2π)26δ26(p + k) X〈primary| . (2.11)

|primary〉X denotes the non-zero mode part of |primary; k〉X , and we normalize it as

m〈DDF|DDF〉m = 1 . (2.12)

The mass M of the particle corresponding to the operator O(t, k) can be read off from the

relation

(
L0 + L̃0 − 2

)
|primary; k〉X ⊗ |0〉C,C̄ =

(
k2 + 2iπ0π̄0 + M2

)
|primary; k〉X ⊗ |0〉C,C̄ . (2.13)

O(t, k) is BRST exact unless k2 + M2 = 0.

2.1.3 Free propagator

As we can see from the expression eq.(??), L0+L̃0−2
α is the Hamiltonian on the worldsheet.

Since this is a BRST exact operator, O(t + δt, p) and O(t, p) are BRST equivalent and only

the constant mode with E = 0 survives.

Let us consider the observables Or(tr, pr) (r = 1, 2) which are of the form eq.(2.10)

corresponding to a common primary state, i.e. |primary〉X ≡ |primary1〉X = |primary2〉X
and M ≡ M1 = M2. We define the two-point function

〈〈O1(t1, p1)O2(t2, p2)〉〉 ≡ 〈〈0|TO1(t1, p1)O2(t2, p2)|0〉〉 , (2.14)
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3. OSp Invariant Superstring Field Theory
✴ Light-cone gauge (NSR formalism)
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Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

X+, X−, X i (1.1)

ψ+, ψ−, ψi (i = 2, . . . 9) (1.2)

ψ̃+, ψ̃−, ψ̃i (1.3)

X+(τ,σ) = x+ − 2ip+τ

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X+, X−, XM , ψ+, ψ−, ψM , ψ̃+, ψ̃−, ψ̃M (M = 1, . . . , 10, C, C̄)

X+(τ,σ) = x+ − 2ip+τ

X+(τ,σ) = x+ − 2ip+τ , ψ+(τ,σ) = 0 , ψ̃+(τ,σ) = 0

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X i(τ, σ) = xi − 2ipiτ + i
∑

n"=0

1

n

(
αi

ne
−n(τ+iσ) + α̃i

ne
−n(τ−iσ)

)
. (1.4)

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0

1

n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.5)

6

The Euclidean OSp(10|2) invariant worldsheet action for XM , ψM , ψ̃M is

S =
1

4π

∫
dτdσ

[
1

2
∂aXM∂aXM + ψM(∂τ + i∂σ)ψM + ψ̃M(∂τ − i∂σ)ψ̃M

]
, (1.5)

where (τ,σ) denote the coordinates on the cylinder worldsheet. This action is invariant

under the two dimensional super transformation1

δXM = ψMε(τ + iσ) + ψ̃M ε̃(τ − iσ) ,

δψM = (∂XM)ε(τ + iσ) , δψ̃M = (∂̄XM)ε̃(τ − iσ) , (1.6)

where the parameters ε, ε̃ are Grassmann odd.

One has the mode expansion

XM(τ,σ) = xM − 2iαM
0 τ + i

∑

n!=0

1

n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
,

ψM(τ,σ) =
∑

k

ψM
k e−k(τ+iσ) , ψ̃M(τ,σ) =

∑

k

ψ̃M
k e−k(τ−iσ) , (1.7)

where the index k runs over the half-integers for NS-sector and over the integers for R-sector.

We also use

xM = (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM = (pµ,−π0, π̄0) . (1.8)

The nonvanishing canonical (anti)commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = [α̃N
n , α̃M

m } = nηNMδn+m,0 ,

[ψN
k , ψM

l } = [ψ̃N
k , ψ̃M

l } = ηMNδk+l,0 (1.9)

for n "= 0. Here the graded commutator [A, B} denotes the anti-commutator when A and B

are both Grassmann odd operators and the commutator otherwise.

2 Light-cone gauge of OSp(11, 1|2) invariant theory

light-cone gauge

X+ = x+ − 2iατ , ψ+ = ψ̃+ = 0 , (2.1)

where A± = 1√
2
(A0 ± A11).

1The action (1.5) is also invariant under δXM = −εψM − ε̃ψ̃M , δψM = ε(∂XM ) , δψ̃M = ε̃(∂̄XM ). But,
this transformation breaks OSp(10|2) covariance.

2

R-sector : integer
NS-sector : half integer

Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

X+, X−, X i (1.1)

ψ+, ψ−, ψi (i = 2, . . . 9) (1.2)

ψ̃+, ψ̃−, ψ̃i (1.3)

p+′′
, p−

′′
, pC , pC̄ , ψ−

′′

0 , ψC̄
0

(
ψ+′′

0 = − ∂

∂ψ−
′′

0

, ψC
0 = i

∂

∂ψC̄
0

)

p+′
, p−

′
, pC′

, pC̄′
, ψ+′

0 , ψC′

0

(
ψ−

′

0 = − ∂

∂ψ+′
0

, ψC̄′

0 = −i
∂

∂ψC′
0

)

δB =
1

2

(
MC−′′

+MC′−′
)

(1.4)

X+(τ,σ) = t− iατ

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X+, X−, XM , ψ+, ψ−, ψM , ψ̃+, ψ̃−, ψ̃M (M = 1, . . . , 10, C, C̄)

O(8) −→ OSp(9, 1|2)

3

O(9, 1) −→ OSp(10, 2|2)

(+′′,−′′, C, C̄)

(+′′,−′′, C, C̄, +′,−′, C ′, C̄ ′)
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The integration measure for the zero modes of the r-th string is defined as

dr ≡ αrdαr
d24pr

(2π)25
. (1.15)

We treat the string field |Φ(t)〉LC as a state in the closed string Hilbert space:

|Φ〉r = | 〉r ⊗ fr(t, p
i
r, αr)

= |0〉rT (t, pi
r, αr) + αi(r)

−1 α̃j(r)
−1 |0〉rhij(t, p

i
r, αr) + . . . , (1.16)
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BRST

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





t,α

X+, X−, X i, (i = 2, . . . , 25)

X+, X−, X i, X+′′
, X−′′

, XC , X C̄

X+, X−, XM

δB =
1

2
MC− (1.32)

MC−′′

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

10

|0〉 ⊗ F (p+′′
p−

′′
+ ipCpC̄) ∼ |0〉 ⊗ 1 (1.45)

=
{
MC−′′

, p+′′
pC̄

}

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.46)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.47)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.48)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.49)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.50)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.51)

1.2.2 The three string vertex

The three string vertex in the OSp invariant string field theory is given by

〈V3(1, 2, 3)| = δ(1, 2, 3) 123〈0|eE(1,2,3)P123
|µ(1, 2, 3)|2

α1α2α3
, (1.52)
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Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

X+, X−, X i (1.1)

ψ+, ψ−, ψi (i = 2, . . . 9) (1.2)

ψ̃+, ψ̃−, ψ̃i (1.3)

p+′′
, p−

′′
, pC , pC̄ , ψ−′′

0 , ψC̄
0

(
ψ+′′

0 = − ∂

∂ψ−′′
0

, ψC
0 = i

∂

∂ψC̄
0

)

p+′
, p−

′
, pC′

, pC̄′
, ψ+′

0 , ψC′

0

(
ψ−′

0 = − ∂

∂ψ+′
0

, ψC̄′

0 = −i
∂

∂ψC′
0

)

δB =
1

2

(
MC−′′

+MC′−′
)

(1.4)

X+(τ,σ) = x+ − 2ip+τ

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X+, X−, XM , ψ+, ψ−, ψM , ψ̃+, ψ̃−, ψ̃M (M = 1, . . . , 10, C, C̄)

(+′′,−′′, C, C̄)
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(+′′,−′′, C, C̄, +′,−′, C ′, C̄ ′)

X+′
, X−′

, XC′
, X C̄′

, (1.5)

ψ+′
, ψ−′

, ψC′
, ψC̄′

, (1.6)

ψ̃+′
, ψ̃−′

, ψ̃C′
, ψ̃C̄′

(1.7)

X+′′
, X−′′

, XC , X C̄ , (1.8)

ψ+′′
, ψ−′′

, ψC , ψC̄ , (1.9)

ψ̃+′′
, ψ̃−′′

, ψ̃C , ψ̃C̄ (1.10)

X+(τ,σ) = x+ − 2ip+τ

X+(τ,σ) = x+ − 2ip+τ , ψ+(τ, σ) = 0 , ψ̃+(τ,σ) = 0

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X i(τ, σ) = xi − 2ipiτ + i
∑

n#=0

1

n

(
αi

ne
−n(τ+iσ) + α̃i

ne
−n(τ−iσ)

)
. (1.11)

XM(τ,σ) = xM − 2ipMτ + i
∑

n#=0

1

n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.12)

ψM(τ,σ) =
∑

k

ψM
k e−k(τ+iσ) . (1.13)

|0〉LC satisfies

αi
n|0〉LC = α̃i

n|0〉LC = xi|0〉LC = i
∂

∂pi
|0〉 =

∂

∂α
|0〉 = 0 for n > 0 . (1.14)

The integration measure for the zero modes of the r-th string is defined as

dr ≡ αrdαr
d24pr

(2π)25
. (1.15)

We treat the string field |Φ(t)〉LC as a state in the closed string Hilbert space:

|Φ〉r = | 〉r ⊗ fr(t, p
i
r, αr)

= |0〉rT (t, pi
r, αr) + αi(r)

−1 α̃j(r)
−1 |0〉rhij(t, p

i
r, αr) + . . . , (1.16)

where t denotes the proper time.

|Φ〉 = | 〉 ⊗ f(t, pi, α)

= |0〉T (t, pi, α) + αi
−1α̃

j
−1|0〉hij(t, p

i, α) + . . . , (1.17)
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“Lorentz transformation”

cancel

OSp invariant SFT 

cancel

where the BRST charge QB is defined as

QB =
xC

2α
(L0 + L̃0 − 2) + ipC ∂

∂α

− i

α

∞∑

n=1

(
αC
−nLn − L−nαC

n

n
+

α̃C
−nL̃n − L̃−nα̃C

n

n

)
, (1.49)

and the ∗-product Φ ∗Ψ of two arbitrary closed string fields Φ and Ψ is defined as

|Φ ∗Ψ〉4 =

∫
d1d2d3 〈V3(1, 2, 3)|Φ〉1|Ψ〉2|R(3, 4)〉 . (1.50)

Here the vertex 〈V3(1, 2, 3)| is defined as

〈V3(1, 2, 3)| = 〈v0
3(1, 2, 3)|C(ρI , ρ̄I)P123 , (1.51)

where ρI denotes the interaction point of the three strings and the vertex 〈v0
3(1, 2, 3)| is

defined in (1.39).

αC
n = −inαcn , α̃C

n = −inαc̃n ; αC̄
n =

1

α
bn , α̃C̄

n =
1

α
b̃n ,

xC = 2αc+
0 , pC̄ =

1

2α
b+
0 , (1.52)

QB = QKO
B +

ipC

α

(
α

∂

∂α

∣∣∣∣
b,c

+ 1

)
. (1.53)

(+,−) ↔ (+′′,−′′)

δ2
B|Φ〉 = 0

δBS = 0 (1.54)

δB|Φ〉 = QB|Φ〉+ g|Φ ∗ Φ〉 (1.55)

δB

(
eC〈B|Φ〉

)
&= 0 (1.56)

C, C̄ b, c ghost (1.57)
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− i

α

∞∑

k>0

(
ψC
−kGk + G−kψ

C
k + ψ̃C

−kG̃k + G̃−kψ̃
C
k

)

+

(
− i

2α
{ψC

0 , G0}−
i

2α
{ψ̃C

0 , G̃0} for R-sector

)
. (3.1)

This is nilpotent. Indeed with the following identifications

αC
n = −inαcn , α̃C

n = −inαc̃n , αC̄
n =

1

α
bn , α̃C̄

n =
1

α
b̃n , C0 = 2αc+

0 ,

π̄0 =
1

2α
b+
0 , ψC

k = iαγk , ψ̃C
k = iαγ̃k , ψC̄

k =
1

α
βk , ψ̃C̄

k =
1

α
β̃k , (3.2)

for n "= 0, QB becomes

QB = Q′super
B − i

π0

α

(
α

∂

∂α

∣∣∣∣
αC ,ψC

+ NFP

)
, (3.3)

where NFP is defined as

NFP =
∞∑

n=1

(
c−nbn − b−ncn + c̃−nb̃n − b̃−nc̃n

)
−

∞∑

k>0

(
γ−kβk + β−kγk + γ̃−kβ̃k + β̃−kγ̃k

)

−π̄0
∂

∂π̄0
+ 1 +

(
−γ0β0 +

1

2
− γ̃0β̃0 +

1

2
for R-sector

)
, (3.4)

and ∂
∂α

∣∣
αC ,ψC denotes the α-derivative with αC

n , αC̄
n , α̃C

n , α̃C̄
n , ψC

k , ψC̄
k , ψ̃C

k , ψ̃C̄
k kept fixed. Q′super

B

denotes the usual first quantized BRST operator Qsuper
B

Qsuper
B =

∑

n

(
c−nL

matter
n + c̃−nL̃

matter
n

)
+

∑

k

(
γ−kG

matter
k + γ̃−kG̃

matter
k

)

−
∑

n,m

1

2
(n−m)

(
◦
◦b−n−mcmcn

◦
◦ + ◦

◦b̃−n−mc̃mc̃n
◦
◦

)

+
1

2

∑

m,k

(2k −m)
(
◦
◦β−m−kcmγk

◦
◦ + ◦

◦β̃−m−kc̃mγ̃k
◦
◦

)

−
∑

m,k

(
◦
◦b−mγm−kγk

◦
◦ + ◦

◦b̃−mγ̃m−kγ̃k
◦
◦

)
+ 2ac+

0 (3.5)

with c−0 omitted. By using ∂
∂α

∣∣
b,c,β,γ

, which denotes the α-derivative with bn, cn, b̃n, c̃n, βk, γk, β̃k, γ̃k

kept fixed, we can rewrite QB as

QB = Q′super
B − i

π0

α

(
α

∂

∂α

∣∣∣∣
b,c,β,γ

+ A

)
. (3.6)

Here A is a constant which depends on the definition of the vacuum. In this form, one can

easily check that the BRST operator QB is nilpotent.

4

α−n =
2

α

(
Ln −

1

2
δn,0

)
(25)

ψ−k =
2

α
Gk (26)

QB =
C0

2α
(L0 + L̃0 − 1)− iπ0

∂

∂α

− i

α

∞∑

n=1

(
αC
−nLn − L−nαC

n

n
+

α̃C
−nL̃n − L̃−nα̃C

n

n

)

+
i

α

∞∑

k>0

(
ψC
−kGk + G−kψ

C
k + ψ̃C

−kG̃k + G̃−kψ̃
C
k

)

+

(
+

i

2α
{ψC

0 , G0} +
i

2α
{ψ̃C

0 , G̃0} for R-sector

)
(27)

= Q + Q̃− iπ0
∂

∂α
(28)

Q =
1

α

∮
dζ

2πi

{
(c(ζ)− iπ0ζ)TB(ζ) + iψC(ζ)TF (ζ)

}
− i

2α
π0 (29)

A = 1

4

(Φ)3 =

∫
d1d2d3 〈V3(1, 2, 3)|Φ〉1|Φ〉2|Φ〉3 (1.11)

level matching condition

P|Φ〉 = |Φ〉 , (1.12)

the reality condition ∫
drLC

LC
r〈Ψ|Φ〉LC

r (1.13)

By using the expansion of the string field, the action eq.() becomes to

=
1

2

∫
d26x

(
T (x)(∂2 + 2)T (x) + hij(x)∂2hij(x) + . . .

)
(1.14)

1.1.3 Lorentz invariance

The nontrivial Lorentz transformation of the string field |Φ〉LC is given in [?][?] as

Mi−Φ = M i−Φ + g Φ
Xi

∗ Φ (1.15)

where M i− denotes the Lorentz generator for free string theory

M i− =
xi

2α
(L0 + L̃0 − 2) + ipi ∂

∂α

− i

α

∞∑

n=1

(
αi
−nLn − L−nαi

n

n
+

α̃i
−nL̃n − L̃−nα̃i

n

n

)
(1.16)

= M i−
L + M̃ i−

R +
i

2

(
αi

0 + α̃i
0

) ∂

∂α
(1.17)

M i−
L =

1

α

∮

C

dζ

2πi

(
X i

L(ζ) + iαi
0ζ

)
T (ζ) +

i

2α
αi

0

X i
L(ζ = τ + iσ) = xi

L − iαi
0ζ + i

∑

n#=0

1

n
αi

ne
−nζ (1.18)

and

1〈Φ
Xi

∗ Ψ| =
∫

d2d3〈V3(1, 2, 3); X i|Φ〉2|Ψ〉3 (1.19)

Here ρI denotes the ρ coordinate for the interaction point of the three strings.

Φ

Ψ

Mi−SLC = 0 . (1.20)
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(Φ)3 =

∫
d1d2d3 〈V3(1, 2, 3)|Φ〉1|Φ〉2|Φ〉3 (1.11)

level matching condition

P|Φ〉 = |Φ〉 , (1.12)

the reality condition ∫
drLC

LC
r〈Ψ|Φ〉LC

r (1.13)

By using the expansion of the string field, the action eq.() becomes to

=
1

2

∫
d26x

(
T (x)(∂2 + 2)T (x) + hij(x)∂2hij(x) + . . .

)
(1.14)
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Xi

∗ Φ (1.15)
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QB = Qsuper
B +

ipC

α

(
α

∂

∂α

∣∣∣∣
b,c,β,γ

+ A

)
. (1.66)

QB = QKO
B +

ipC

α

(
α

∂

∂α

∣∣∣∣
b,c

+ 1

)
. (1.67)

(+,−) ↔ (+′′,−′′)

δ2
B|Φ〉 = 0

δBS = 0 (1.68)

δB|Φ〉 = QB|Φ〉+ g|Φ ∗ Φ〉 (1.69)

δB

(
eC〈B|Φ〉

)
%= 0 (1.70)

C, C̄ b, c ghost (1.71)

S =

∫
dt

[
1

2
〈Φ|i∂t|Φ〉+ δB

(
〈Φ|π̄0|Φ〉

)]
(1.72)

S =

∫
dt

[
1

2
〈Φ|i∂t|Φ〉+ δB

(
〈Φ|π̄0|Φ〉

)]

=

∫
dt

[
−1

2
ΦKΦ +

2g

3
(Φ)3

]
(1.73)

1.2.5 canonical quantization

|Φ〉 = |ψ〉+
∣∣ψ̄

〉
, (1.74)

|ψ〉 : annihilation mode (α > 0)

|ψ̄〉 : creation mode (α < 0)

From the kinetic term of eq.(1.58), we can see that they satisfy the canonical commutation

relation
[
|ψ〉r , s〈ψ̄|

]
= I(r, s) . (1.75)

|ψ〉|0〉〉 = 0 , 〈〈0|〈ψ̄| = 0 . (1.76)
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αC
n = −inαcn , α̃C

n = −inαc̃n , αC̄
n =

1

α
bn , α̃C̄

n =
1

α
b̃n , xC = 2αc+

0 , (1.66)

pC̄ =
1

2α
b+
0 , ψC

k = iαγk , ψ̃C
k = iαγ̃k , ψC̄

k =
1

α
βk , ψ̃C̄

k =
1

α
β̃k , (1.67)
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: constant
for NS-NS sector

where we introduced t ≡ t1−t2
α1

Therefore we obtain

〈〈O1(t1, p1)O2(t2, p2)〉〉free =
(2π)26δ26(p1 + p2)

p2
1 + M2

(2.15)

〈OO〉 (2.16)

〈〈O1(t1, p1)O2(t2, p2)〉〉free =
−i

p2
1 + M2

(2π)26δ26(p1 + p2) (2.17)

This coincides with the Euclidean propagator for a particle with mass M . Thus we have

shown that although the string field action possesses an unusual form, modes corresponding

to the operators O(t, p) yield usual propagators. O(t, p) corresponds to a particle included

in string theory.

Wick rotating as x26 → x0 = −ix26, we can canonically quantize the theory considering

x0 as time.
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where t denotes the proper time and g > 0 denotes the coupling constant for strings. The

string field |Φ〉 is taken to be Grassmann even and subject to the level matching condition

P|Φ〉 = |Φ〉 and the reality condition

(|Φ〉)† = 〈Φ| , (1.59)

where (|Φ〉)† denotes the hermitian conjugate of |Φ〉, and 〈Φ| denotes the BPZ conjugate of

|Φ〉 defined in eq.(??).

1.2.4 BRST invariance

XC(ρI , ρ̄I)

δB
2 = 0 δBS = 0 (1.60)

In the ≡MC− ∈ OSp(26, 2|2) invariant string field theory, the ”Lorentz transformation”

MC− can be identified with the BRST transformation δB [?][?]:

δB|Φ〉 =
1

2
MC−|Φ〉 = QB|Φ〉+ g|Φ XC

∗ Φ〉 (1.61)

where the BRST charge QB is defined as

QB =
xC

2α
(L0 + L̃0 − 2) + ipC ∂

∂α

− i

α

∞∑

n=1

(
αC
−nLn − L−nαC

n

n
+

α̃C
−nL̃n − L̃−nα̃C

n

n

)
, (1.62)

δB|Φ〉 =
1

2
MC−|Φ〉 = QB|Φ〉+ g|Φ G∗ Φ〉 (1.63)

and the ∗-product Φ ∗Ψ of two arbitrary closed string fields Φ and Ψ is defined as

|Φ ∗Ψ〉4 =

∫
d1d2d3 〈V3(1, 2, 3)|Φ〉1|Ψ〉2|R(3, 4)〉 . (1.64)

Here the vertex 〈V3(1, 2, 3)| is defined as

〈V3(1, 2, 3)| = 〈v0
3(1, 2, 3)|C(ρI , ρ̄I)P123 , (1.65)

where ρI denotes the interaction point of the three strings and the vertex 〈v0
3(1, 2, 3)| is

defined in (1.52).
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cf. HIKKO

Chapter 2

Correlation functions

2.1 BRST Invariant Observables

2.1.1 BRST cohomology of QB

QB = QKO
B − i

π0

α

(
α

∂

∂α

∣∣∣∣
b,c

+ 1

)
(2.1)

αC
n = −inαcn , α̃C

n = −inαc̃n , αC̄
n =

1

α
bn , α̃C̄

n =
1

α
b̃n , (2.2)

C0 = 2αc+
0 , π̄0 =

1

2α
b+
0 (2.3)

O = 〈 |Φ〉 (2.4)

δBO ∼ 〈 |QB|Φ〉 (2.5)

2.1.2 Observables

Thus for constructing the observables, we discard the case when 〈 |Φ〉 is an auxiliary mode.

Then | 〉 should be of the form eq.(??). Making the zero-mode integral explicit, one can

describe the observables constructed above as

O(t, p) =

∫ ∞

−∞

dα

2

∫
dpCdpC̄

gh〈0|⊗ m〈DDF|Φ(t,α, pµ, pC , pC̄)〉 (2.6)

δBO(t, p) ∼ 0 (2.7)
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✴ R-NS sector (NS-R sector)

11

Light-cone gauge SFT

OSp extension

Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

X+, X−, X i (1.1)

ψ+, ψ−, ψi (i = 2, . . . 9) (1.2)

ψ̃+, ψ̃−, ψ̃i (1.3)

p+′′
, p−

′′
, pC , pC̄ , ψ−′′

0 , ψC̄
0

(
ψ+′′

0 = − ∂

∂ψ−′′
0

, ψC
0 = i

∂

∂ψC̄
0

)

p+′
, p−

′
, pC′

, pC̄′
, ψ+′

0 , ψC′

0

(
ψ−′

0 = − ∂

∂ψ+′
0

, ψC̄′

0 = −i
∂

∂ψC′
0

)

δB =
1

2

(
MC−′′

+MC′−′
)

(1.4)

X+(τ,σ) = x+ − 2ip+τ

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X+, X−, XM , ψ+, ψ−, ψM , ψ̃+, ψ̃−, ψ̃M (M = 1, . . . , 10, C, C̄)

(+′′,−′′, C, C̄)
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(+′′,−′′, C, C̄, +′,−′, C ′, C̄ ′)

X+′
, X−′

, XC′
, X C̄′

, (1.5)

ψ+′
, ψ−′

, ψC′
, ψC̄′

, (1.6)

ψ̃+′
, ψ̃−′

, ψ̃C′
, ψ̃C̄′

(1.7)

X+′′
, X−′′

, XC , X C̄ , (1.8)

ψ+′′
, ψ−′′

, ψC , ψC̄ , (1.9)

ψ̃+′′
, ψ̃−′′

, ψ̃C , ψ̃C̄ (1.10)

X+(τ,σ) = x+ − 2ip+τ

X+(τ,σ) = x+ − 2ip+τ , ψ+(τ, σ) = 0 , ψ̃+(τ,σ) = 0

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X i(τ, σ) = xi − 2ipiτ + i
∑

n#=0

1

n

(
αi

ne
−n(τ+iσ) + α̃i

ne
−n(τ−iσ)

)
. (1.11)

XM(τ,σ) = xM − 2ipMτ + i
∑

n#=0

1

n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.12)

ψM(τ,σ) =
∑

k

ψM
k e−k(τ+iσ) . (1.13)

|0〉LC satisfies

αi
n|0〉LC = α̃i

n|0〉LC = xi|0〉LC = i
∂

∂pi
|0〉 =

∂

∂α
|0〉 = 0 for n > 0 . (1.14)

The integration measure for the zero modes of the r-th string is defined as

dr ≡ αrdαr
d24pr

(2π)25
. (1.15)

We treat the string field |Φ(t)〉LC as a state in the closed string Hilbert space:

|Φ〉r = | 〉r ⊗ fr(t, p
i
r, αr)

= |0〉rT (t, pi
r, αr) + αi(r)

−1 α̃j(r)
−1 |0〉rhij(t, p

i
r, αr) + . . . , (1.16)

where t denotes the proper time.

|Φ〉 = | 〉 ⊗ f(t, pi, α)

= |0〉T (t, pi, α) + αi
−1α̃
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BRST

Q2
B = 0 . (1.29)

Φ
?∗

(
Ψ

?∗ Λ
)

+ Λ
?∗

(
Φ

?∗ Ψ
)

+ Ψ
?∗

(
Λ

?∗ Φ
)

= 0 (1.30)

〈V3(1, 2, 3); ?|
3∑

r=1

Q(r)
B = 0 , (1.31)

1.2 OSp invariant string field theory

1.2.1 OSp extension

coordinates
X+, X−, X i

(i = 2, . . . , 25) −→
X+, X−, Xµ, XC , X C̄

(µ = 0, 1, 2, . . . , 25)

”Lorentz symmetry” O(25, 1) −→ OSp(26, 2|2)

linear symmetry O(24) −→ OSp(25, 1|2)

metric for transverse directions δij −→ ηMN =

C

C̄

C C̄



ηµν

0 −i

i 0





t,α

X+, X−, X i, (i = 2, . . . , 25)

X+, X−, X i, X+′′
, X−′′

, XC , X C̄

X+, X−, XM

δB =
1

2
MC− (1.32)

MC−′′

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

10

|0〉 ⊗ F (p+′′
p−

′′
+ ipCpC̄) ∼ |0〉 ⊗ 1 (1.45)

=
{
MC−′′

, p+′′
pC̄

}

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.46)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.47)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.48)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.49)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.50)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.51)

1.2.2 The three string vertex

The three string vertex in the OSp invariant string field theory is given by

〈V3(1, 2, 3)| = δ(1, 2, 3) 123〈0|eE(1,2,3)P123
|µ(1, 2, 3)|2

α1α2α3
, (1.52)
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j
−1|0〉hij(t, p

i, α) + . . . , (1.17)
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where the BRST charge QB is defined as

QB =
xC

2α
(L0 + L̃0 − 2) + ipC ∂

∂α

− i

α

∞∑

n=1

(
αC
−nLn − L−nαC

n

n
+

α̃C
−nL̃n − L̃−nα̃C

n

n

)
, (1.49)

and the ∗-product Φ ∗Ψ of two arbitrary closed string fields Φ and Ψ is defined as

|Φ ∗Ψ〉4 =

∫
d1d2d3 〈V3(1, 2, 3)|Φ〉1|Ψ〉2|R(3, 4)〉 . (1.50)

Here the vertex 〈V3(1, 2, 3)| is defined as

〈V3(1, 2, 3)| = 〈v0
3(1, 2, 3)|C(ρI , ρ̄I)P123 , (1.51)

where ρI denotes the interaction point of the three strings and the vertex 〈v0
3(1, 2, 3)| is

defined in (1.39).

αC
n = −inαcn , α̃C

n = −inαc̃n ; αC̄
n =

1

α
bn , α̃C̄

n =
1

α
b̃n ,

xC = 2αc+
0 , pC̄ =

1

2α
b+
0 , (1.52)

QB = QKO
B +

ipC

α

(
α

∂

∂α

∣∣∣∣
b,c

+ 1

)
. (1.53)

(+,−) ↔ (+′′,−′′)

δ2
B|Φ〉 = 0

δBS = 0 (1.54)

δB|Φ〉 = QB|Φ〉+ g|Φ ∗ Φ〉 (1.55)

δB

(
eC〈B|Φ〉

)
&= 0 (1.56)

C, C̄ b, c ghost (1.57)

13



•              sector

12

zero mode

Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

X+, X−, X i (1.1)

ψ+, ψ−, ψi (i = 2, . . . 9) (1.2)

ψ̃+, ψ̃−, ψ̃i (1.3)

p+′′
, p−

′′
, pC , pC̄ , ψ−

′′

0 , ψC̄
0

(
ψ+′′

0 = − ∂

∂ψ−
′′

0

, ψC
0 = i

∂

∂ψC̄
0

)

X+(τ,σ) = x+ − 2ip+τ

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X+, X−, XM , ψ+, ψ−, ψM , ψ̃+, ψ̃−, ψ̃M (M = 1, . . . , 10, C, C̄)

X+(τ,σ) = x+ − 2ip+τ

X+(τ,σ) = x+ − 2ip+τ , ψ+(τ,σ) = 0 , ψ̃+(τ,σ) = 0

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X i(τ, σ) = xi − 2ipiτ + i
∑

n"=0

1

n

(
αi

ne
−n(τ+iσ) + α̃i

ne
−n(τ−iσ)

)
. (1.4)

6

Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

X+, X−, X i (1.1)

ψ+, ψ−, ψi (i = 2, . . . 9) (1.2)

ψ̃+, ψ̃−, ψ̃i (1.3)

p+′′
, p−

′′
, pC , pC̄ , ψ−′′

0 , ψC̄
0

(
ψ+′′

0 = − ∂

∂ψ−′′
0

, ψC
0 = i

∂

∂ψC̄
0

)

X+(τ,σ) = x+ − 2ip+τ

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X+, X−, XM , ψ+, ψ−, ψM , ψ̃+, ψ̃−, ψ̃M (M = 1, . . . , 10, C, C̄)

(+′′,−′′, C, C̄)

(+′′,−′′, C, C̄, +′,−′, C ′, C̄ ′)

X+′
, X−′

, XC′
, X C̄′

, (1.4)

ψ+′
, ψ−′

, ψC′
, ψC̄′

, (1.5)

ψ̃+′
, ψ̃−′

, ψ̃C′
, ψ̃C̄′

(1.6)

6



•              sector

12

zero mode

Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

X+, X−, X i (1.1)

ψ+, ψ−, ψi (i = 2, . . . 9) (1.2)

ψ̃+, ψ̃−, ψ̃i (1.3)

p+′′
, p−

′′
, pC , pC̄ , ψ−

′′

0 , ψC̄
0

(
ψ+′′

0 = − ∂

∂ψ−
′′

0

, ψC
0 = i

∂

∂ψC̄
0

)

X+(τ,σ) = x+ − 2ip+τ

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X+, X−, XM , ψ+, ψ−, ψM , ψ̃+, ψ̃−, ψ̃M (M = 1, . . . , 10, C, C̄)

X+(τ,σ) = x+ − 2ip+τ

X+(τ,σ) = x+ − 2ip+τ , ψ+(τ,σ) = 0 , ψ̃+(τ,σ) = 0

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X i(τ, σ) = xi − 2ipiτ + i
∑

n"=0

1

n

(
αi

ne
−n(τ+iσ) + α̃i

ne
−n(τ−iσ)

)
. (1.4)

6

Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

X+, X−, X i (1.1)

ψ+, ψ−, ψi (i = 2, . . . 9) (1.2)

ψ̃+, ψ̃−, ψ̃i (1.3)

p+′′
, p−

′′
, pC , pC̄ , ψ−′′

0 , ψC̄
0

(
ψ+′′

0 = − ∂

∂ψ−′′
0

, ψC
0 = i

∂

∂ψC̄
0

)

X+(τ,σ) = x+ − 2ip+τ

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X+, X−, XM , ψ+, ψ−, ψM , ψ̃+, ψ̃−, ψ̃M (M = 1, . . . , 10, C, C̄)

(+′′,−′′, C, C̄)

(+′′,−′′, C, C̄, +′,−′, C ′, C̄ ′)

X+′
, X−′

, XC′
, X C̄′

, (1.4)

ψ+′
, ψ−′

, ψC′
, ψC̄′

, (1.5)

ψ̃+′
, ψ̃−′

, ψ̃C′
, ψ̃C̄′

(1.6)

6

Parisi-Sourlas mechanism



•              sector

12

zero mode

Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

X+, X−, X i (1.1)

ψ+, ψ−, ψi (i = 2, . . . 9) (1.2)

ψ̃+, ψ̃−, ψ̃i (1.3)

p+′′
, p−

′′
, pC , pC̄ , ψ−

′′

0 , ψC̄
0

(
ψ+′′

0 = − ∂

∂ψ−
′′

0

, ψC
0 = i

∂

∂ψC̄
0

)

X+(τ,σ) = x+ − 2ip+τ

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X+, X−, XM , ψ+, ψ−, ψM , ψ̃+, ψ̃−, ψ̃M (M = 1, . . . , 10, C, C̄)

X+(τ,σ) = x+ − 2ip+τ

X+(τ,σ) = x+ − 2ip+τ , ψ+(τ,σ) = 0 , ψ̃+(τ,σ) = 0

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X i(τ, σ) = xi − 2ipiτ + i
∑

n"=0

1

n

(
αi

ne
−n(τ+iσ) + α̃i

ne
−n(τ−iσ)

)
. (1.4)

6

Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

X+, X−, X i (1.1)

ψ+, ψ−, ψi (i = 2, . . . 9) (1.2)

ψ̃+, ψ̃−, ψ̃i (1.3)

p+′′
, p−

′′
, pC , pC̄ , ψ−′′

0 , ψC̄
0

(
ψ+′′

0 = − ∂

∂ψ−′′
0

, ψC
0 = i

∂

∂ψC̄
0

)

X+(τ,σ) = x+ − 2ip+τ

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X+, X−, XM , ψ+, ψ−, ψM , ψ̃+, ψ̃−, ψ̃M (M = 1, . . . , 10, C, C̄)

(+′′,−′′, C, C̄)

(+′′,−′′, C, C̄, +′,−′, C ′, C̄ ′)

X+′
, X−′

, XC′
, X C̄′

, (1.4)

ψ+′
, ψ−′

, ψC′
, ψC̄′

, (1.5)

ψ̃+′
, ψ̃−′

, ψ̃C′
, ψ̃C̄′

(1.6)

6

Parisi-Sourlas mechanism

?



•              sector

12

zero mode

Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

X+, X−, X i (1.1)

ψ+, ψ−, ψi (i = 2, . . . 9) (1.2)

ψ̃+, ψ̃−, ψ̃i (1.3)

p+′′
, p−

′′
, pC , pC̄ , ψ−

′′

0 , ψC̄
0

(
ψ+′′

0 = − ∂

∂ψ−
′′

0

, ψC
0 = i

∂

∂ψC̄
0

)

X+(τ,σ) = x+ − 2ip+τ

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X+, X−, XM , ψ+, ψ−, ψM , ψ̃+, ψ̃−, ψ̃M (M = 1, . . . , 10, C, C̄)

X+(τ,σ) = x+ − 2ip+τ

X+(τ,σ) = x+ − 2ip+τ , ψ+(τ,σ) = 0 , ψ̃+(τ,σ) = 0

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X i(τ, σ) = xi − 2ipiτ + i
∑

n"=0

1

n

(
αi

ne
−n(τ+iσ) + α̃i

ne
−n(τ−iσ)

)
. (1.4)

6

Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

X+, X−, X i (1.1)

ψ+, ψ−, ψi (i = 2, . . . 9) (1.2)

ψ̃+, ψ̃−, ψ̃i (1.3)

p+′′
, p−

′′
, pC , pC̄ , ψ−′′

0 , ψC̄
0

(
ψ+′′

0 = − ∂

∂ψ−′′
0

, ψC
0 = i

∂

∂ψC̄
0

)

X+(τ,σ) = x+ − 2ip+τ

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X+, X−, XM , ψ+, ψ−, ψM , ψ̃+, ψ̃−, ψ̃M (M = 1, . . . , 10, C, C̄)

(+′′,−′′, C, C̄)

(+′′,−′′, C, C̄, +′,−′, C ′, C̄ ′)

X+′
, X−′

, XC′
, X C̄′

, (1.4)

ψ+′
, ψ−′

, ψC′
, ψC̄′

, (1.5)

ψ̃+′
, ψ̃−′

, ψ̃C′
, ψ̃C̄′

(1.6)

6

Parisi-Sourlas mechanism

?

Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

X+, X−, X i (1.1)

ψ+, ψ−, ψi (i = 2, . . . 9) (1.2)

ψ̃+, ψ̃−, ψ̃i (1.3)

p+′′
, p−

′′
, pC , pC̄ , ψ−′′

0 , ψC̄
0

(
ψ+′′

0 = − ∂

∂ψ−′′
0

, ψC
0 = i

∂

∂ψC̄
0

)

X+(τ,σ) = x+ − 2ip+τ

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X+, X−, XM , ψ+, ψ−, ψM , ψ̃+, ψ̃−, ψ̃M (M = 1, . . . , 10, C, C̄)

(+′′,−′′, C, C̄)

(+′′,−′′, C, C̄, +′,−′, C ′, C̄ ′)

X+′
, X−′

, XC′
, X C̄′

, (1.4)

ψ+′
, ψ−′

, ψC′
, ψC̄′

, (1.5)

ψ̃+′
, ψ̃−′

, ψ̃C′
, ψ̃C̄′

(1.6)

6

Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

X+, X−, X i (1.1)

ψ+, ψ−, ψi (i = 2, . . . 9) (1.2)

ψ̃+, ψ̃−, ψ̃i (1.3)

p+′′
, p−

′′
, pC , pC̄ , ψ−

′′

0 , ψC̄
0

(
ψ+′′

0 = − ∂

∂ψ−
′′

0

, ψC
0 = i

∂

∂ψC̄
0

)

X+(τ,σ) = x+ − 2ip+τ

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X+, X−, XM , ψ+, ψ−, ψM , ψ̃+, ψ̃−, ψ̃M (M = 1, . . . , 10, C, C̄)

X+(τ,σ) = x+ − 2ip+τ

X+(τ,σ) = x+ − 2ip+τ , ψ+(τ,σ) = 0 , ψ̃+(τ,σ) = 0

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X i(τ, σ) = xi − 2ipiτ + i
∑

n"=0

1

n

(
αi

ne
−n(τ+iσ) + α̃i

ne
−n(τ−iσ)

)
. (1.4)

6

Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

X+, X−, X i (1.1)

ψ+, ψ−, ψi (i = 2, . . . 9) (1.2)

ψ̃+, ψ̃−, ψ̃i (1.3)

p+′′
, p−

′′
, pC , pC̄ , ψ−′′

0 , ψC̄
0

(
ψ+′′

0 = − ∂

∂ψ−′′
0

, ψC
0 = i

∂

∂ψC̄
0

)

p+′
, p−

′
, pC′

, pC̄′
, ψ+′

0 , ψC′

0

(
ψ−′

0 = − ∂

∂ψ+′
0

, ψC̄′

0 = −i
∂

∂ψC′
0

)

X+(τ,σ) = x+ − 2ip+τ

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X+, X−, XM , ψ+, ψ−, ψM , ψ̃+, ψ̃−, ψ̃M (M = 1, . . . , 10, C, C̄)

(+′′,−′′, C, C̄)

(+′′,−′′, C, C̄, +′,−′, C ′, C̄ ′)

6

•  Adding 4+4 directions 



12

Chapter 1

OSp Invariant String Field Theory

1.1 Light-cone gauge string field theory

X+, X−, X i (i = 1, . . . 24)

X+, X−, X i (1.1)

ψ+, ψ−, ψi (i = 2, . . . 9) (1.2)

ψ̃+, ψ̃−, ψ̃i (1.3)

p+′′
, p−

′′
, pC , pC̄ , ψ−′′

0 , ψC̄
0

(
ψ+′′

0 = − ∂

∂ψ−′′
0

, ψC
0 = i

∂

∂ψC̄
0

)

p+′
, p−

′
, pC′

, pC̄′
, ψ+′

0 , ψC′

0

(
ψ−′

0 = − ∂

∂ψ+′
0

, ψC̄′

0 = −i
∂

∂ψC′
0

)

δB =
1

2

(
MC−′′

+MC′−′
)

(1.4)

X+(τ,σ) = x+ − 2ip+τ

t = x+, α = 2p+

X i(τ, σ) (i = 1, . . . , 24):

X+, X−, XM , ψ+, ψ−, ψM , ψ̃+, ψ̃−, ψ̃M (M = 1, . . . , 10, C, C̄)

(+′′,−′′, C, C̄)

6

cohomology

| 〉 ⊗ f(p+′′
, p−

′′
, pC , pC̄) (1.44)

|0〉 ⊗ F (p+′′
p−

′′
+ ipCpC̄) ∼ |0〉 ⊗ 1 (1.45)

=
{
MC−′′

, p+′′
pC̄

}

MC−′′ ∈ OSp(25, 1|2)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.46)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.47)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.48)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.49)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.50)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.51)

1.2.2 The three string vertex

The three string vertex in the OSp invariant string field theory is given by

〈V3(1, 2, 3)| = δ(1, 2, 3) 123〈0|eE(1,2,3)P123
|µ(1, 2, 3)|2

α1α2α3
, (1.52)
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|0〉LC satisfies
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n|0〉LC = xi|0〉LC = i
∂

∂pi
|0〉 =

∂

∂α
|0〉 = 0 for n > 0 . (1.14)

The integration measure for the zero modes of the r-th string is defined as

dr ≡ αrdαr
d24pr

(2π)25
. (1.15)

We treat the string field |Φ(t)〉LC as a state in the closed string Hilbert space:

|Φ〉r = | 〉r ⊗ fr(t, p
i
r, αr)

= |0〉rT (t, pi
r, αr) + αi(r)

−1 α̃j(r)
−1 |0〉rhij(t, p

i
r, αr) + . . . , (1.16)

where t denotes the proper time.

|Φ〉 = | 〉 ⊗ f(t, pi, α)

= |0〉T (t, pi, α) + αi
−1α̃

j
−1|0〉hij(t, p

i, α) + . . . , (1.17)
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where the BRST charge QB is defined as

QB =
xC

2α
(L0 + L̃0 − 2) + ipC ∂

∂α

− i

α

∞∑

n=1

(
αC
−nLn − L−nαC

n

n
+

α̃C
−nL̃n − L̃−nα̃C

n

n

)
, (1.49)

and the ∗-product Φ ∗Ψ of two arbitrary closed string fields Φ and Ψ is defined as

|Φ ∗Ψ〉4 =

∫
d1d2d3 〈V3(1, 2, 3)|Φ〉1|Ψ〉2|R(3, 4)〉 . (1.50)

Here the vertex 〈V3(1, 2, 3)| is defined as

〈V3(1, 2, 3)| = 〈v0
3(1, 2, 3)|C(ρI , ρ̄I)P123 , (1.51)

where ρI denotes the interaction point of the three strings and the vertex 〈v0
3(1, 2, 3)| is

defined in (1.39).

αC
n = −inαcn , α̃C

n = −inαc̃n ; αC̄
n =

1

α
bn , α̃C̄

n =
1

α
b̃n ,

xC = 2αc+
0 , pC̄ =

1

2α
b+
0 , (1.52)

QB = QKO
B +

ipC

α

(
α

∂

∂α

∣∣∣∣
b,c

+ 1

)
. (1.53)

(+,−) ↔ (+′′,−′′)

δ2
B|Φ〉 = 0

δBS = 0 (1.54)

δB|Φ〉 = QB|Φ〉+ g|Φ ∗ Φ〉 (1.55)

δB

(
eC〈B|Φ〉

)
&= 0 (1.56)

C, C̄ b, c ghost (1.57)
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| 〉 ⊗ f(p+′′
, p−

′′
, pC , pC̄) (1.44)

|0〉 ⊗ F (p+′′
p−

′′
+ ipCpC̄) ∼ |0〉 ⊗ 1 (1.45)

T

p+′′
p−

′′
+ ipCpC̄ =

{
MC−′′ , p+′′

pC̄
}

=

∫
dp+′′

dp−
′′
dpCdpC̄

2π
〈0|0〉 e

−i T
α

“
−2p+′′

p−
′′−2ipCpC̄

”

= 1

∫
dp+′′

dp−
′′
dpCdpC̄

2π
F (p+′′

p−
′′

+ ipCpC̄) = F (0)

MC−′′ ∈ OSp(25, 1|2)

1

2
(MC−′′ +MC′−′)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.46)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.47)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.48)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.49)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.50)

The integration measure for the zero modes of the r-th string is now defined as

dr ≡ αrdαr

2

d26pr

(2π)26
idπ̄(r)

0 dπ(r)
0 . (1.51)

9

| 〉 ⊗ f(p+′′
, p−

′′
, pC , pC̄) (1.44)

|0〉 ⊗ F (p+′′
p−

′′
+ ipCpC̄) ∼ |0〉 ⊗ 1 (1.45)

T

p+′′
p−

′′
+ ipCpC̄ =

{
MC−′′ , p+′′

pC̄
}

=

∫
dp+′′

dp−
′′
dpCdpC̄

2π
〈0|0〉 e

−i T
α

“
−2p+′′

p−
′′−2ipCpC̄

”

= 1

∫
dp+′′

dp−
′′
dpCdpC̄

2π
F (p+′′

p−
′′

+ ipCpC̄) = F (0)

MC−′′ ∈ OSp(25, 1|2)

1

2
(MC−′′ +MC′−′)

δB =
1

2
(MC− +MC′−′)

X0, X25, XC , X C̄ ∼ topological

X±, XC , X C̄

Xµ

XM(τ,σ) = xM − 2ipMτ + i
∑

n"=0
1
n

(
αM

n e−n(τ+iσ) + α̃M
n e−n(τ−iσ)

)
. (1.46)

The nonvanishing canonical commutation relations are

[xN , pM} = iηNM , [αN
n , αM

m } = nηNMδn+m,0 , [α̃N
n , α̃M

m } = nηNMδn+m,0 (1.47)

We also use

xM ≡ (xµ, C0, C̄0) , αM
0 = α̃M

0 = pM ≡ (pµ,−π0, π̄0) . (1.48)

xM ≡ (xµ, C0, C̄0) , pM ≡ (pµ,−π0, π̄0) . (1.49)

(α, pµ, π0, π̄0). The vacuum state |0〉 in the first quantization is defined by

αM
n |0〉 = α̃M

n |0〉 = 0 , for n > 0 ,

xM |0〉 = iηMN ∂

∂pN
|0〉 = 0 ,

∂

∂α
|0〉 = 0 . (1.50)
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gh:
m:

O(t, p) ∼ O(t + δt, p) (2.8)

α, π0, π̄0 (2.9)

O(t, p) =

∫ ∞

−∞
dα

|α| 12
2

∫
dpgh gh〈0|⊗ m〈primary|Φ(t,α, p)〉 (2.10)

dpgh =
dp+′

dp−
′
dpCdpC̄dpC′

dpC̄′
dψC′

0 dψC̄
0 dψ+′

0

(2π)2

(C, C̄, C ′, C̄ ′, +′,−′)

where C,C̄〈0| and X〈primary; k| denote the BPZ conjugates of the Fock vacuum |0〉C,C̄ in

the (C, C̄) sector and a Virasoro primary state |primary; k〉X in the Xµ sector (µ = 1, . . . , 26)

of the Hilbert space for the worldsheet theory, respectively. Here kµ is the momentum

eigenvalue of the state |primary; k〉X :

|primary; k〉X = |primary〉X(2π)26δ26(p− k) ,

X〈primary; k| = (2π)26δ26(p + k) X〈primary| . (2.11)

|primary〉X denotes the non-zero mode part of |primary; k〉X , and we normalize it as

m〈primary|primary〉m = 1 . (2.12)

The mass M of the particle corresponding to the operator O(t, k) can be read off from the

relation

(
L0 + L̃0 − 2

)
|primary; k〉X ⊗ |0〉C,C̄ =

(
k2 + 2iπ0π̄0 + M2

)
|primary; k〉X ⊗ |0〉C,C̄ . (2.13)

O(t, k) is BRST exact unless k2 + M2 = 0.

2.1.3 Free propagator

As we can see from the expression eq.(??), L0+L̃0−2
α is the Hamiltonian on the worldsheet.

Since this is a BRST exact operator, O(t + δt, p) and O(t, p) are BRST equivalent and only

the constant mode with E = 0 survives.

Let us consider the observables Or(tr, pr) (r = 1, 2) which are of the form eq.(2.10)

corresponding to a common primary state, i.e. |primary〉X ≡ |primary1〉X = |primary2〉X
and M ≡ M1 = M2. We define the two-point function

〈〈O1(t1, p1)O2(t2, p2)〉〉 ≡ 〈〈0|TO1(t1, p1)O2(t2, p2)|0〉〉 , (2.14)

15

O(t, p) ∼ O(t + δt, p) (2.8)

α, π0, π̄0 (2.9)

O(t, p) =

∫ ∞

−∞
dα

|α| 12
2

∫
dpgh gh〈0|⊗ m〈primary|Φ(t,α, p)〉 (2.10)

dpgh =
dp+′

dp−
′
dpCdpC̄dpC′

dpC̄′
dψC′

0 dψC̄
0 dψ+′

0

(2π)2

(C, C̄, C ′, C̄ ′, +′,−′) µ

where C,C̄〈0| and X〈primary; k| denote the BPZ conjugates of the Fock vacuum |0〉C,C̄ in

the (C, C̄) sector and a Virasoro primary state |primary; k〉X in the Xµ sector (µ = 1, . . . , 26)

of the Hilbert space for the worldsheet theory, respectively. Here kµ is the momentum

eigenvalue of the state |primary; k〉X :

|primary; k〉X = |primary〉X(2π)26δ26(p− k) ,

X〈primary; k| = (2π)26δ26(p + k) X〈primary| . (2.11)

|primary〉X denotes the non-zero mode part of |primary; k〉X , and we normalize it as

m〈primary|primary〉m = 1 . (2.12)

The mass M of the particle corresponding to the operator O(t, k) can be read off from the

relation

(
L0 + L̃0 − 2

)
|primary; k〉X ⊗ |0〉C,C̄ =

(
k2 + 2iπ0π̄0 + M2

)
|primary; k〉X ⊗ |0〉C,C̄ . (2.13)

O(t, k) is BRST exact unless k2 + M2 = 0.

2.1.3 Free propagator

As we can see from the expression eq.(??), L0+L̃0−2
α is the Hamiltonian on the worldsheet.

Since this is a BRST exact operator, O(t + δt, p) and O(t, p) are BRST equivalent and only

the constant mode with E = 0 survives.

Let us consider the observables Or(tr, pr) (r = 1, 2) which are of the form eq.(2.10)

corresponding to a common primary state, i.e. |primary〉X ≡ |primary1〉X = |primary2〉X
and M ≡ M1 = M2. We define the two-point function

〈〈O1(t1, p1)O2(t2, p2)〉〉 ≡ 〈〈0|TO1(t1, p1)O2(t2, p2)|0〉〉 , (2.14)

15

where |0〉〉 denotes the vacuum in the second quantization and T denotes the time ordering

of the operator. We consider the case t1 > t2. The lowest order contribution can be written

as

〈〈O1(t1, p1)O2(t2, p2)〉〉free
=

∫ ∞

0

dα1

2α1

∫
dpC

1 dpC̄
1 e−i

t1−t2
α1

(pµ
1 p1,µ−2ipC

1 pC̄
1 +M2)(2π)26δ26(p1 + p2)

=
−i

p2
1 + M2

(2π)26δ26(p1 + p2) (2.15)

where we introduced t ≡ t1−t2
α1

Therefore we obtain

〈〈O1(t1, p1)O2(t2, p2)〉〉free =
(2π)26δ26(p1 + p2)

p2
1 + M2

(2.16)

〈OO〉 (2.17)

〈〈O1(t1, p1)O2(t2, p2)〉〉free =
−i

p2
1 + M2

(2π)26δ26(p1 + p2) (2.18)

∫
dψC′

0 dψC̄
0 dψ+′

0

2
3
2 π

〈〈O1(t1, p1)O2(t2, p2)〉〉free =
−i
√

2Gm
0

p2
1 + M2

(2π)26δ26(p1 + p2) (2.19)

√
2Gm

0

This coincides with the Euclidean propagator for a particle with mass M . Thus we have

shown that although the string field action possesses an unusual form, modes corresponding

to the operators O(t, p) yield usual propagators. O(t, p) corresponds to a particle included

in string theory.

Wick rotating as x26 → x0 = −ix26, we can canonically quantize the theory considering

x0 as time.
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:Dirac operator

where |0〉〉 denotes the vacuum in the second quantization and T denotes the time ordering

of the operator. We consider the case t1 > t2. The lowest order contribution can be written

as

〈〈O1(t1, p1)O2(t2, p2)〉〉free
=

∫ ∞

0

dα1

2α1

∫
dpC

1 dpC̄
1 e−i

t1−t2
α1

(pµ
1 p1,µ−2ipC

1 pC̄
1 +M2)(2π)26δ26(p1 + p2)

=
−i

p2
1 + M2

(2π)26δ26(p1 + p2) (2.15)

where we introduced t ≡ t1−t2
α1

Therefore we obtain

〈〈O1(t1, p1)O2(t2, p2)〉〉free =
(2π)26δ26(p1 + p2)

p2
1 + M2

(2.16)

〈OO〉 (2.17)

〈〈O1(t1, p1)O2(t2, p2)〉〉free =
−i

p2
1 + M2

(2π)26δ26(p1 + p2) (2.18)

∫
dψC′

0 dψC̄
0 dψ+′

0

2
3
2 π

〈〈O1(t1, p1)O2(t2, p2)〉〉free =
−i
√

2Gm
0

p2
1 + M2

(2π)26δ26(p1 + p2) (2.19)

√
2Gm

0

This coincides with the Euclidean propagator for a particle with mass M . Thus we have

shown that although the string field action possesses an unusual form, modes corresponding

to the operators O(t, p) yield usual propagators. O(t, p) corresponds to a particle included

in string theory.

Wick rotating as x26 → x0 = −ix26, we can canonically quantize the theory considering

x0 as time.
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O(t, p) ∼ O(t + δt, p) (2.8)

α, π0, π̄0 (2.9)

O(t, p) =

∫ ∞

−∞
dα

|α| 12
2

∫
dpgh gh〈0|⊗ m〈primary|Φ(t,α, p)〉 (2.10)

dpgh =
dp+′

dp−
′
dpCdpC̄dpC′

dpC̄′
dψC′

0 dψC̄
0 dψ+′

0

2
5
2 π2

(C, C̄, C ′, C̄ ′, +′,−′) µ

where C,C̄〈0| and X〈primary; k| denote the BPZ conjugates of the Fock vacuum |0〉C,C̄ in

the (C, C̄) sector and a Virasoro primary state |primary; k〉X in the Xµ sector (µ = 1, . . . , 26)

of the Hilbert space for the worldsheet theory, respectively. Here kµ is the momentum

eigenvalue of the state |primary; k〉X :

|primary; k〉X = |primary〉X(2π)26δ26(p− k) ,

X〈primary; k| = (2π)26δ26(p + k) X〈primary| . (2.11)

|primary〉X denotes the non-zero mode part of |primary; k〉X , and we normalize it as

m〈primary|primary〉m = 1 . (2.12)

The mass M of the particle corresponding to the operator O(t, k) can be read off from the

relation

(
L0 + L̃0 − 2

)
|primary; k〉X ⊗ |0〉C,C̄ =

(
k2 + 2iπ0π̄0 + M2

)
|primary; k〉X ⊗ |0〉C,C̄ . (2.13)

O(t, k) is BRST exact unless k2 + M2 = 0.

2.1.3 Free propagator

As we can see from the expression eq.(??), L0+L̃0−2
α is the Hamiltonian on the worldsheet.

Since this is a BRST exact operator, O(t + δt, p) and O(t, p) are BRST equivalent and only

the constant mode with E = 0 survives.

Let us consider the observables Or(tr, pr) (r = 1, 2) which are of the form eq.(2.10)

corresponding to a common primary state, i.e. |primary〉X ≡ |primary1〉X = |primary2〉X
and M ≡ M1 = M2. We define the two-point function

〈〈O1(t1, p1)O2(t2, p2)〉〉 ≡ 〈〈0|TO1(t1, p1)O2(t2, p2)|0〉〉 , (2.14)

15

O(t, p) ∼ O(t + δt, p) (2.8)

α, π0, π̄0 (2.9)

O(t, p) =

∫ ∞

−∞
dα

α
1
2

2

∫
dpgh gh〈0|⊗ m〈DDF|Φ(t,α, p)〉 (2.10)

dpgh =
dp+′

dp−
′
dpCdpC̄dpC′

dpC̄′
dψC′

0 dψC̄
0 dψ+′

0

2
5
2 π2

(C, C̄, C ′, C̄ ′, +′,−′) µ

where C,C̄〈0| and X〈primary; k| denote the BPZ conjugates of the Fock vacuum |0〉C,C̄ in

the (C, C̄) sector and a Virasoro primary state |primary; k〉X in the Xµ sector (µ = 1, . . . , 26)

of the Hilbert space for the worldsheet theory, respectively. Here kµ is the momentum

eigenvalue of the state |primary; k〉X :

|primary; k〉X = |primary〉X(2π)26δ26(p− k) ,

X〈primary; k| = (2π)26δ26(p + k) X〈primary| . (2.11)

|primary〉X denotes the non-zero mode part of |primary; k〉X , and we normalize it as

m〈DDF|DDF〉m = 1 . (2.12)

The mass M of the particle corresponding to the operator O(t, k) can be read off from the

relation

(
L0 + L̃0 − 2

)
|primary; k〉X ⊗ |0〉C,C̄ =

(
k2 + 2iπ0π̄0 + M2

)
|primary; k〉X ⊗ |0〉C,C̄ . (2.13)

O(t, k) is BRST exact unless k2 + M2 = 0.

2.1.3 Free propagator

As we can see from the expression eq.(??), L0+L̃0−2
α is the Hamiltonian on the worldsheet.

Since this is a BRST exact operator, O(t + δt, p) and O(t, p) are BRST equivalent and only

the constant mode with E = 0 survives.

Let us consider the observables Or(tr, pr) (r = 1, 2) which are of the form eq.(2.10)

corresponding to a common primary state, i.e. |primary〉X ≡ |primary1〉X = |primary2〉X
and M ≡ M1 = M2. We define the two-point function

〈〈O1(t1, p1)O2(t2, p2)〉〉 ≡ 〈〈0|TO1(t1, p1)O2(t2, p2)|0〉〉 , (2.14)

15

where |0〉〉 denotes the vacuum in the second quantization and T denotes the time ordering

of the operator. We consider the case t1 > t2. The lowest order contribution can be written

as

〈〈O1(t1, p1)O2(t2, p2)〉〉free
=

∫ ∞

0

dα1

2α1

∫
dpC

1 dpC̄
1 e−i

t1−t2
α1

(pµ
1 p1,µ−2ipC

1 pC̄
1 +M2)(2π)26δ26(p1 + p2)

=
−i

p2
1 + M2

(2π)26δ26(p1 + p2) (2.15)

where we introduced t ≡ t1−t2
α1

Therefore we obtain

〈〈O1(t1, p1)O2(t2, p2)〉〉free =
(2π)26δ26(p1 + p2)

p2
1 + M2

(2.16)

〈OO〉 (2.17)

〈〈O1(t1, p1)O2(t2, p2)〉〉free =
−i

p2
1 + M2

(2π)26δ26(p1 + p2) (2.18)

∫
dψC′

0 dψC̄
0 dψ+′

0

2
3
2 π

〈〈O1(t1, p1)O2(t2, p2)〉〉free =
−i
√

2Gm
0

p2
1 + M2

(2π)26δ26(p1 + p2) (2.19)

e
iT ′

“
ψC′

0 ψC̄
0 + 2i

α ψ+′
0 Gm

0 +...
”

∫
dψC′

0 dψC̄
0 dψ+′

0

2
3
2 π

e
iT ′

“
ψC′

0 ψC̄
0 + 2i

α ψ+′
0 Gm

0 +...
”

=

√
2Gm

0

α

√
2Gm

0

T ′ → 0

T ′ →∞
1

∼ 4π

α
δ(ψC′

0 )δ(ψC̄
0 )Gm

0 ψ+′

0
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gh:
m:

O(t, p) ∼ O(t + δt, p) (2.8)

α, π0, π̄0 (2.9)

O(t, p) =

∫ ∞

−∞
dα

|α| 12
2

∫
dpgh gh〈0|⊗ m〈primary|Φ(t,α, p)〉 (2.10)

dpgh =
dp+′

dp−
′
dpCdpC̄dpC′

dpC̄′
dψC′

0 dψC̄
0 dψ+′

0

(2π)2

(C, C̄, C ′, C̄ ′, +′,−′)

where C,C̄〈0| and X〈primary; k| denote the BPZ conjugates of the Fock vacuum |0〉C,C̄ in

the (C, C̄) sector and a Virasoro primary state |primary; k〉X in the Xµ sector (µ = 1, . . . , 26)

of the Hilbert space for the worldsheet theory, respectively. Here kµ is the momentum

eigenvalue of the state |primary; k〉X :

|primary; k〉X = |primary〉X(2π)26δ26(p− k) ,

X〈primary; k| = (2π)26δ26(p + k) X〈primary| . (2.11)

|primary〉X denotes the non-zero mode part of |primary; k〉X , and we normalize it as

m〈primary|primary〉m = 1 . (2.12)

The mass M of the particle corresponding to the operator O(t, k) can be read off from the

relation

(
L0 + L̃0 − 2

)
|primary; k〉X ⊗ |0〉C,C̄ =

(
k2 + 2iπ0π̄0 + M2

)
|primary; k〉X ⊗ |0〉C,C̄ . (2.13)

O(t, k) is BRST exact unless k2 + M2 = 0.

2.1.3 Free propagator

As we can see from the expression eq.(??), L0+L̃0−2
α is the Hamiltonian on the worldsheet.

Since this is a BRST exact operator, O(t + δt, p) and O(t, p) are BRST equivalent and only

the constant mode with E = 0 survives.

Let us consider the observables Or(tr, pr) (r = 1, 2) which are of the form eq.(2.10)

corresponding to a common primary state, i.e. |primary〉X ≡ |primary1〉X = |primary2〉X
and M ≡ M1 = M2. We define the two-point function

〈〈O1(t1, p1)O2(t2, p2)〉〉 ≡ 〈〈0|TO1(t1, p1)O2(t2, p2)|0〉〉 , (2.14)
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O(t, p) ∼ O(t + δt, p) (2.8)

α, π0, π̄0 (2.9)

O(t, p) =

∫ ∞

−∞
dα

|α| 12
2

∫
dpgh gh〈0|⊗ m〈primary|Φ(t,α, p)〉 (2.10)

dpgh =
dp+′

dp−
′
dpCdpC̄dpC′

dpC̄′
dψC′

0 dψC̄
0 dψ+′

0

(2π)2

(C, C̄, C ′, C̄ ′, +′,−′) µ

where C,C̄〈0| and X〈primary; k| denote the BPZ conjugates of the Fock vacuum |0〉C,C̄ in

the (C, C̄) sector and a Virasoro primary state |primary; k〉X in the Xµ sector (µ = 1, . . . , 26)

of the Hilbert space for the worldsheet theory, respectively. Here kµ is the momentum

eigenvalue of the state |primary; k〉X :

|primary; k〉X = |primary〉X(2π)26δ26(p− k) ,

X〈primary; k| = (2π)26δ26(p + k) X〈primary| . (2.11)

|primary〉X denotes the non-zero mode part of |primary; k〉X , and we normalize it as

m〈primary|primary〉m = 1 . (2.12)

The mass M of the particle corresponding to the operator O(t, k) can be read off from the

relation

(
L0 + L̃0 − 2

)
|primary; k〉X ⊗ |0〉C,C̄ =

(
k2 + 2iπ0π̄0 + M2

)
|primary; k〉X ⊗ |0〉C,C̄ . (2.13)

O(t, k) is BRST exact unless k2 + M2 = 0.

2.1.3 Free propagator

As we can see from the expression eq.(??), L0+L̃0−2
α is the Hamiltonian on the worldsheet.

Since this is a BRST exact operator, O(t + δt, p) and O(t, p) are BRST equivalent and only

the constant mode with E = 0 survives.

Let us consider the observables Or(tr, pr) (r = 1, 2) which are of the form eq.(2.10)

corresponding to a common primary state, i.e. |primary〉X ≡ |primary1〉X = |primary2〉X
and M ≡ M1 = M2. We define the two-point function

〈〈O1(t1, p1)O2(t2, p2)〉〉 ≡ 〈〈0|TO1(t1, p1)O2(t2, p2)|0〉〉 , (2.14)

15

where |0〉〉 denotes the vacuum in the second quantization and T denotes the time ordering

of the operator. We consider the case t1 > t2. The lowest order contribution can be written

as

〈〈O1(t1, p1)O2(t2, p2)〉〉free
=

∫ ∞

0

dα1

2α1

∫
dpC

1 dpC̄
1 e−i

t1−t2
α1

(pµ
1 p1,µ−2ipC

1 pC̄
1 +M2)(2π)26δ26(p1 + p2)
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This coincides with the Euclidean propagator for a particle with mass M . Thus we have

shown that although the string field action possesses an unusual form, modes corresponding

to the operators O(t, p) yield usual propagators. O(t, p) corresponds to a particle included
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Wick rotating as x26 → x0 = −ix26, we can canonically quantize the theory considering

x0 as time.
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|primary〉X denotes the non-zero mode part of |primary; k〉X , and we normalize it as
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The mass M of the particle corresponding to the operator O(t, k) can be read off from the
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)
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O(t, k) is BRST exact unless k2 + M2 = 0.

2.1.3 Free propagator
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α is the Hamiltonian on the worldsheet.
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the constant mode with E = 0 survives.
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and M ≡ M1 = M2. We define the two-point function
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4. Conclusions
✴ OSp invariant Superstring Field Theory 

              ～　Light-cone  +  (4+4)-directions

• correct two-point functions

• “picture changing operator”　～　1

• R-R sector ?

• N-point amplitude ?

• regularization ?  

• D-brane states ?
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