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1. Introduction

D-branes have been playing a central role in string theory for a number of years. They can
be considered as soliton solutions of open string field theory. For example, in bosonic open
string field theory, Sen conjectured that Dp-branes with p < 25 are described as unstable
lump solutions [[[] and this was tested in many papers starting with [J-H]. What we would
like to study in this paper is how one can realize D-branes in closed string field theory.

The closed string field theory that we consider here is the OSp invariant string field
theory [[j] for bosonic strings. (See also [§—[].) The OSp invariant string field theory is a
covariantized version of the light-cone gauge string field theory [[J-[[J]. It is constructed
so that the S-matrix elements of the light-cone theory are reproduced by using this for-
mulation. However an extra time variable exists in the formulation, and the action of this
theory looks different from that of the usual field theory. Therefore, the OSp invariant
string field theory should be considered as something like stochastic or Parisi-Sourlas type
formulation of field theory [[3, [4]. In our previous work [[L[], treating the theory in such
a manner, we constructed BRST invariant observables in the OSp invariant string field
theory, from which one can calculate the S-matrix elements of string theory.

In [15], only on-shell asymptotic states are considered and the observables are BRST
invariant up to the nonlinear terms. In order to construct off-shell BRST invariant states,



we should take the nonlinear terms into account. What we would like to do in this paper is
to construct such states using boundary states for D-branes. We consider states which act
as source terms in the string field theory and have the effect of generating boundaries in
the worldsheet. Imposing the condition that the states are BRST invariant in the leading
order of regularization parameter ¢, we can fix the form of the states. These states can
be considered as states in which there exist solitons corresponding to D-branes and ghost
D-branes [[[. We can construct states with an arbitrary number of such solitons. We
calculate the disk amplitudes using these states and show that the disk amplitudes of
bosonic string theory in the presence of D-branes and ghost D-branes are reproduced.

In [[[], solitonic states corresponding to even number of D-branes or ghost D-branes
were constructed by using the similarity between the string field theory for noncritical
strings [[[§] and the OSp invariant string field theory. Although our construction in this
paper is essentially the same as that in [[[]], we get different results because of several
reasons. Firstly, in [[[7), we considered the solitonic operators in analogy to noncritical
string theory [[[9, and postulated the form of the vacuum amplitude using this analogy.
We checked that the vacuum amplitude coincide with that for even number of D-branes in
string theory. However, the vacuum amplitude is a constant which may be changed at will
by changing the definition. In this paper, we rather calculate the disk amplitudes, which
can be defined without such ambiguities. We show that the treatment of the solitonic
states in [[[7] corresponds to considering even number of solitons. Secondly, in [[[q], we
defined the creation and the annihilation operators corresponding to normalized boundary
states and performed calculations using these operators, which made the calculations rather
indirect. In this paper, we do not introduce the artificial “normalized boundary states”,
and calculate the BRST transformation of the solitonic states directly. We find that a
factor of 2 was overlooked in the calculations of [I7].

The organization of this paper is as follows. In section [}, we construct solitonic states
in the OSp invariant string field theory. Imposing the condition that the states are BRST
invariant in the leading order of regularization parameter €, we can fix the form of the
states. In section [J, we calculate disk amplitudes using our solitonic states and show that
disk amplitudes in the presence of D-branes and ghost D-branes are reproduced including
the normalizations. Thus we identify the solitons with D-branes and ghost D-branes.
Section [ is devoted to discussions. In appendix [], we summarize the formulation of
the OSp invariant string field theory. In appendices J and [J, we present the details of
calculations needed to show the BRST invariance of the solitonic states.

2. BRST invariant solitonic states

In this paper, the notations for the variables of the OSp invariant string field theory are

the same as those used in [17], otherwise stated. Those are summarized in appendix [A]
Let us consider a Dp-brane (or a ghost Dp-brane) that extends in the X* (u =

26,1,...,p) directions and is located at X’ = 0 (i = p+ 1,...,25).! We denote these

n this paper, we consider a flat noncompact space-time. We do not need any infrared regularization
in the calculations here, in contrast to those in ||



directions by X* (1 € N) and X' (i € D), respectively.
In the OSp invariant string field theory, the boundary state |By) corresponding to the
Dp-brane can be constructed as follows [[7]. The matter fields X#(7,c), X*(7,0) and the

ghost fields C'(,0), C(1,0) satisfy the following boundary conditions at 7 = 0,
a7')(#‘(0’ U)|BO> =0, XZ(Oa U)|BO> =0, C(Oa U)|BO> = C(O?J)|B0> =0. (21)

It follows that the state |By) is expressed in terms of the oscillation modes as
— 1
By = exp | =3 0,6, D | 10} 2mP 65 v), (22)
n=1

where 5§+1(p) denotes the delta function of the momentum in the directions along the
Dp-brane defined as 5§+1(p) = [I,en 0(pu), and Dy denotes

c ¢
S
Dyuy = DVNM = . —0ij 0 with p,v €N, i,j€D. (2.3)
c —i 0

Since the norm of the boundary state |By) diverges, we need to regularize it. In order
to do so, we introduce
— L (Lo+Lo—2
|Bo)T = e~ Tar ot to=2) g (2.4)

for ' > 0, and consider |By)¢ with 0 < € < 1 as a regularized version of |By). Notice that

—l(L()-i-f/()—Q) .
the operator e Iel commutes with the BRST operator Qp.

2.1 States with one soliton

Using the regularized boundary state |Bp)€¢, let us construct a state in the following form
in the Hilbert space of the OSp invariant string field theory,

D) = A / dc Op(0)]0) (2.5)

where

0 ar
On(0)=exp[a [ ar = s(ofe), + FO)] 20)
oo Qap
Here A and a are constants, F'(¢) is a function of ¢ and the limits of the zero-mode in-
tegration dr in the exponent of Op(¢) denotes the integration region of the string length
«,. Since the integration is over —oo < «, < 0, only the creation operators contribute
to Op(¢). Assuming that the integration over o is convergent with Re( > 0 sufficiently
large, we define Op(¢) by analytic continuation.
Expanding the exponential in terms of the string field, it is easy to see that the state
| D)) has the effect of generating boundaries in the worldsheet, with a weight which depends
on a and F(¢). Let us impose the condition that the state |D)) is BRST invariant in the

leading order of €. As we will see, we can determine a and F'(¢) from this condition.



BRST transformation. In order to evaluate dg|D)), we should calculate the BRST

transformation of the operator in the exponent of Op(¢):

0 GCOW 0 Cozr (r)
o [ sl = [ ar S mlQf o),

—00 Qp —00

o0 efcc“S
0

o (4180°) =0, 3)

one can recast the first term on the right hand side of eq. (E) into

/_OOO L (BolQY |<1>r—</

Let us here introduce shorthand notations

By using

(Bolim” 1), - (2.9)

_ 0 Car
3(¢) = / dr © < (Bola),

— 0 Qe

0 Car _
0= [ el (210)

—00 T

in terms of which eq. (R.) can be expressed as
Op(¢) = exp (ag(¢) + F(C)) (2.11)

and eq. (B.9) can be written as

0 Car
e
[ ar =il ), = cxio) (212
oo Qp
Notice that ¢ and y are made only from the creation modes and commute with each other.

For the second term on the right hand side of eq. (R.7), we decompose |®) into the
creation and annihilation parts as |®) = [¢) + |t), and obtain

o efca?)
g [ a3 S [ v, )en e 80s
0

() e—Cas 0 o0 _ .
_ /O B [/ o /O d2 (Vs(1,2,3)[)1 [12)2| Bo)s

00 0
n /0 d1 / 21,2, )90l Bo)

0 0
[ at [ ema2mnmamg) - e

It follows from the relation (V3(1,2,3)| = (V53(2,1,3)| that the first and the second terms
on the right hand side of this equation are equal to each other.
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Figure 1: The string diagram corresponding Figure 2: The string diagram corresponding
to the vertex (Va(1,2); 7). to the vertex (V4(3); T

In this form, it is straightforward to calculate the BRST transformation of |D)). Using
the commutation relation ([A.22), we have

o|D)) —)\/dCexp ap(¢) + F(())

0 [e'¢) [e'¢)
X [a(x —i—ga2 dl d2/ d3
0 0

—00

ebal

V(L2300 | Bo)s | Bol

C(ar+a2) o
+“’a/mdl/md?/o 43— (Va(1,2,3)[)1[)s| Bo)s | [0) - (2.14)

as

This tells us that in order to evaluate the BRST transformation of the state |D)) we need
to obtain

(Va(1,2):T| = / 4’3 (Va(1,2.3)| Bo)] (2.15)

and
(Vi(3):T)| = / 21’2 (Vi (1,2,3)  Bo)T | Bo)¥ (2.16)

for T = e. Here ajas > 0 in both cases. The integration measure d'r is defined in eq. ([A.4).
These vertices respectively correspond to the string diagrams depicted in figures [I] and P.
By using these vertices, eq. (B.14) can be rewritten as

55/D)) = A / d¢ exp (ad(C) + F(O))

2 o) 0o 0
X [a(x(()—i—%/o da1/0 doy /Ood3eCas<V1(3);6\¢>3

0 0 00 B )

In appendices [§ and [J, these vertices are computed in the leading order of €. The results
are

(Va(1,2): €| ~ 26(a1 + as + as) x Cs x $(Bo| $(By| (—1@()1) + a—27r(()2)> Pia, (2.18)

<V1(3); 6| ~ —2(5(0[1 + oo + 043) x Cp X §<Bo|a—71'((]3)733, (2.19)
3



where -
1 4 (4m3) = 4
Cy = ptl o Cr= ptl

(1671')%1 2(—Ilne) = (2m)% ¢ 2(—Ilne) =
These are the idempotency equations [P]] satisfied by the boundary states in the OSp

(2.20)

invariant string field theory. Substituting these into eq. (.17), we obtain

05|D) = A / d¢ |aCX(C) + ga*CracX(€) +29aCaX(Q)DH(Q) | e O 0y - (2.21)

Here we have used the following identity

/ dll/ dl 67C1l1 Cglgf(l —|—l ) f(Cl) f(CQ) , (222)
G =G
where -
(o) = / dle=t £ (1) . (2.23)
0
Now, in order to make |D)) BRST invariant, we choose F(¢) to be of the form
F(¢) =bC%. (2.24)
Then the right hand side of eq. (R.21) becomes
3 [ dc o [ 5:3(0) exp (ad(6) + 8¢%)] 10). (2.25)
provided the constants a, b satisfy
2 a’
= = - =9 . 2.2
55 = 9¢ Cy, 55 gaCy (2.26)
These equations have the solutions (a,b) = +(A, B), where
13 13,2/ ptl
(2m) B (2m)e*(—1Ine) = (2.97)

o oL ptl
(872)F v 16(3) Vg
Therefore, by choosing (a,b) as +(A, B) and taking the integration contour for ¢ appro-

priately, we can obtain a state BRST invariant in the leading order of €. Let us define

D) = e [ dCOp.(OI0), (229)
with
- (2m)8 [0 elor L @mPe-Ing SR
Op. () =exp |£——2— [ dr S e(Bold), = 2| . (22)
"’ ACEE ﬁ/oo ar 16 (2)"% /g

These states are considered as states in which one D-brane or one ghost D-brane
is excited. We will show that |D.)) generate the worldsheets with boundaries with the
right weight and disk amplitudes are reproduced. In this paper, we take g > 0. In this
convention, as we will see later, |D,)) corresponds to the D-brane and |D_)) corresponds
to the ghost D-brane.

One comment is in order. Here and in the following, we construct BRST invariant ket
vectors in the second quantized Hilbert space. It is obvious that the hermitian conjugates of
these ket vectors are also BRST invariant. Therefore the states (D4 | are BRST invariant.



2.2 States with N solitons

We can construct BRST invariant states with N solitons in a similar way. Let us consider
a state in the following form

N
D) = Aws [ T[6: Oy (G- 0] (2.30)
=1
where N
@DN+(<17"'7CN —eXp Z A¢ Cl +BCZ) +FN(C177<N)] : (231)

Here the coefficients A and B are given in eq. (:27), and the function Fy ({1, -+, (n) is to
be determined.
It is now straightforward to evaluate the BRST variation of this state:

N N
0B|DN+)) = >\N+/Hd4z exp | Y (A6(G) + BE) +FN(C1,---,CN)]

i=1 =1
N

X |3 (AGR(G) + 942Cra6 x(G) + 20AC (6, 6(6) )
=1
+gA2C’12>M] 0 . (2.32)

= GG

Using eq. (B.24), one can easily deduce that the right hand side of eq. (2.33) can be recast

into the form

N
AN+ / Hdczzacj 2‘2 <<])exp{Z(A¢3<<@->+B<E)+FN<<1,---,<N>H 0%, (2.33)
i=1 i=1

provided Fn((1,- -+, () satisfies

0 FN (Gl CN) =) (2.34)
G — C]
JF#i
Thus we get
Fn(CryCn) =2 (G —¢), (2.35)
1>]
and
N
Dns) = Ans / Hdcz A (G o) exp | (AB(G) + BE) | 0) . (2:36)
=1
Here Ay is the Vandermonde determinant.
Notice that the integration measure
N
i=1



coincides with that of the matrix models. This is natural if we regard { as the constant
mode of tachyon on the D-brane. Since a can be considered as the length of the string, ¢
may be identified with a constant tachyon mode on the boundary [[7]. When there exist N
D-branes, the tachyon field becomes a matrix and we should consider (; as its eigenvalues.
Therefore we here encounter a matrix model of constant tachyons.

|Dn+)) can be considered as a state with N D-branes. We can also construct a state
with N D-branes and M ghost D-branes as

N M
|IDN4.0m—)) = AN+ M- / IS ES N CEOE | CROR | (RO
i=1 7=l )

N JZ\;j i>jN M
X exp |A (Z #(Gi) — qz‘m)) +B (Z ¢ - c?)] 0) . (2.38)
i=1 =1 i=1 =1

This time the integration measure is that of the supermatrix model.
Before closing this section, one comment is in order. It is possible to express the state
|Dn+.ar-)) as

D) < K VD+<<)>N ( JES vD_<c’>)M 0) (2.39)

Here Vp, (¢) are of the form

Vo (¢) = Op.(Q)Op.((), (2.40)

where Op., (¢) are the operators given in eq. (2:29) and Op_ (¢) are defined as

Car

Op, (¢) =exp [i /000 dr r(vl), |, (2.41)

T

with |v) satisfying
4
/d’rr<v\Bo>f, =7 (2.42)

Vb (€) look like vertex operators and may be considered as creation operators of D-branes
and ghost D-branes. |v) can be any state as long as it satisfies eq. (P.43). For example, |v)
can be taken to be proportional to |Bo)¢ as in [L7).

3. Disk amplitudes

Now that we have BRST invariant observables made from the boundary states, we would
like to calculate the scattering amplitudes involving these operators and show that the
amplitudes involving D-branes are reproduced. In particular, we would like to calculate
the disk amplitudes in this paper.



3.1 Three-point S-matrix elements

Before going into the calculation of the disk amplitudes, it is instructive to recall how usual
three-point S-matrix elements can be calculated in the OSp invariant string field theory [[[5].
Actually the calculation of the disk amplitudes goes in the same way as that for the three-
point amplitudes. We also write down the space-time low energy effective action of the
OSp invariant string field theory, which will be used to check the normalization and the
sign of the amplitudes involving D-branes.

The S-matrix elements can be deduced from the correlation functions of the BRST
invariant observables of the form [[[f]

0(t.0) = [ dr (.00 x{primary: ) (1) (3.)

where ¢, #(0] and x (primary; k| denote the BPZ conjugates of the Fock vacuum |0) & in the
(C, C) sector and a Virasoro primary state |primary; k)x in the X* sector (u =1,...,26)
of the Hilbert space for the worldsheet theory, respectively. Here k, is the momentum
eigenvalue of the state |primary; k) x:

|primary; k) x = |[primary) y (27)%66%(p — k),
x(primary; k| = (27)%96%%(p + k) x (primary] . (3.2)

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

x (primary|primary)x =1 . (3.3)

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

<L0 + Lo — 2) [primary; k) x ®1[0)c o = (k* + 2imomo + M2) [primary; k) x ®[0)cc - (3.4)

Since we consider correlation functions, the primary states introduced here are off-shell
in general, i.e. k> + M? # 0. For later use, we introduce the on-shell primary states
|primary; k) x = |primary; k) x |2 y/2—q , Wwhere k denotes the spatial 25-momentum.

By using the canonical commutation relation ((A.29), the lowest order contribution of
the three-point correlation function for the observables O, (t,, k) (r = 1,2,3) (t1 > ta > t3)
with mass M, is evaluated as

<<(91(t1, k1)Ox(ta, k2)Os(ts, k‘3)>>

AL L G

3 Tty (1) ()
(23] [el Totel (24 M242in V7)) (Iprimary, ; k) x ® \0>C7C)J.(3.5)



(3) ~(3)

We can readily integrate over ag,m; ", 7, ,p1 and pa, using the delta functions. In order
to obtain the S-matrix elements, we need to look for the on-shell poles for the external
momenta. The singular behavior at k3 + M3 = 0 comes from the region as ~ 0 in the
integration over oy [[[J. Therefore we should consider the limit ap — 0 in the three-string
vertex <V30(1, 2, 3)‘ In this limit, the complicated expression (B.J) involving three Hilbert
spaces for strings 1, 2 and 3 can be simply described in terms of the vertex operator as

follows:
<< Ol(tl,kl)(’)g(tz,kz)os(ts,k3)>>

1 t1 0 d 1 _it1i=T (2 2 0 (D =(D)
~ﬁ4¢g/ dT/ ﬂ/idﬂéndﬂél)_e ST (424 2in )
k2 + M2 t3 —00 201 a1

o it (Mg 2im A / d*%p
s X
(271.)26

(primary,; k1[Va(ke)|primarys; k3) x , (3.6)

where Vs(ks) denotes the vertex operator corresponding to the primary state
|primary,; ko) x on the mass-shell associated with the observable O,. After the integration
over 71(()1) and 7’781), eq. (B-Q) becomes

1 < [ —iT" (k24 M2) —iT" (k2 +M2)
= ﬁ(—zlg)/ dT / dT e 1 1/e 3 3
k5 + Mj 0 0

26
></ﬁX(primaryl;kl\Vg(kg)]primaryg;k3>X

3
1 d*p . .
~ H <m> 4g/WX(prlmaryl;kl\Vg(kg)]prlmaryg;k3>X . (3.7)
r=1 r r

Here we have changed the integration variables from T and oy to 7' and T”, where T =
% and T" = T_;Off’ Carrying out the Wick rotation to make the space-time signature
Lorentzian, we can see that the lowest order contribution to the S-matrix element for this

process is

. d* . .
S = 41g/ ﬁ x (primary;; ki [Va(ko)|primarys; ks) x . (3.8)

In following subsections, we will discuss the normalization and the sign of the disk
amplitudes. In doing so, we need the space-time low energy effective action for the tachyon
T'(x) and the graviton hy, (x). Let us calculate the S-matrix elements for processes involving

only tachyons and gravitons. The primary states corresponding to these particles are

|0} x (27)%6%5 (p — k) for the tachyon

3.9
er (k) 167 110) x (2m)%96%% (p — k) for the graviton ’ (39)

|primary,.; kr) x = {

where |0) x denotes the Fock vacuum for the X* sector and e, ., (k) denotes the polar-
ization of the asymptotic graviton state with momentum £, ,. The polarization e, ., (k)
satisfies the following relations:

v %
Cryw = Crpps Nerw =0, ke =0, e el =1. (3.10)

,10,



The vertex operators appearing in eq. (B.6) are
V, (k) = setfraX"(0) ¢ (3.11)
for the tachyon and

VoK) = —ep (k) s 0XHOXY 2 X2(0) 5

= eruw(kr) 8 (p“ +) aﬁ) (p" + ) dyn) ethraX*(0) ¢ (3.12)

n#0 m#£0

for the graviton. In these equations, ¢ ¢ denotes the normal ordering of the oscillators and

0 in the arguments of the operators indicates the origin (7,0) = (0,0) of the worldsheet.

Plugging egs. (B.9), (B-11]) and (B.12) into eq. (B.§), we obtain three-point S-matrix

elements for tachyons and gravitons:

Strr = 4ig (271')26526(/€1 + ko + kg) ,
Strn = ig es kil (2m)206%0 (ky + ko + k3) |
Shhh = 19 €1,ur€2,a3€3,~v5 THey VB (271')26526(/{31 + ko + kg) , (3.13)

where the subscripts T" and h denote the tachyon and the graviton respectively and
B = kR

1
THYY = Ky + ks + M kS) + Zkgsk:?lk;{z . (3.14)

Eq. (B.13)) coincide with the results in the light-cone gauge string field theory.
We can reproduce the results obtained in eq. (B.13) from the following space-time
effective action for the metric G, (x) and the tachyon field T'(x),

_ 1
T 2K2

5 3

+higher derivative terms, (3.15)

1 P
/ 42/ —GR + / PR ae] <—§G"”8MT&,T +T2 4 —gT3>

by expanding the metric G, (x) around the flat metric 7, as
G () = Nuw + 260y () . (3.16)
We find that the gravitational coupling constant « is related to the string coupling g as
k=2g . (3.17)

3.2 Disk amplitudes

Now let us turn to the disk amplitudes. We evaluate the disk amplitude with two exter-
nal closed string tachyons in the presence of one soliton, as an example. We show that
our results coincide with those for a (ghost) D-brane in string theory. Using these disk
amplitudes, we determine which of the states | D)) corresponds to the D-brane.

— 11 -



Since |D4)) is a BRST invariant state, we may be able to calculate the amplitudes
involving D-branes by starting from the correlation function

(O[TO1(t1) - On(tn)|Dx)) - (3.18)

Indeed, from |Dy)) we get insertions of the boundary states and the worldsheets with
boundaries are generated. However, because the formulation of the theory is similar to
the light-cone field theory, we cannot generate the worldsheets without any external line
insertions by considering

{0[Dx) - (3.19)

Such vacuum amplitudes are constants. Especially the cylinder amplitudes are constants
which do not depend even on the coupling constant g. Therefore they can be considered
to be included in the definition of the unknown constant Ay. If we replace the bra (0]
by (D+| in eq. (B.19), we get worldsheets without any external line insertions. This is
calculated in [[[7]. But the result is a constant and cannot be distinguished from ..

In order to normalize the correlation function (B.1§), we divide it by the vacuum
amplitude as in the usual field theory, and consider

<<01(t1)---ON(tN)>>D = <<0|T01(tléé{b(zg(m)mi» . (3.20)

Therefore, starting from this normalized correlation function, we can calculate the ampli-

tudes in the usual way.

Now let us calculate correlation functions for two closed string tachyons in the presence
of the soliton, to obtain the S-matrix elements. The correlation function to be calculated
is

T T
<<(91T(161,lq)OgT(tQ,kz)>>Di _ {0io; (tl’zlo)%i(;%k2)|Di>> . (3.21)

Here O is the observable corresponding to the tachyon state, and t; > t5. The lowest
order contributions to this correlation function give the propagator and tadpole for the
tachyon. The O(g) term is what we should look at.

In perturbation theory, |[Dy)) can be recast into a more tractable form as follows. In

the integrand (R:29) of the integration (R.2§), the factor

(27)13e2 (—In e)%1 9

16(3)" Vg
2

becomes the most dominant perturbatively. Therefore, we carry out the saddle point

exp (3.22)

approximation to obtain

D)) = Xy exp 0) (3.23)

(2m)13 O dr, -
im /OO a_rr<BO|71Z)>r

- 12 —
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Figure 3: (a) The worldsheet diagram of the two-tachyon disk amplitudes. (b) The worldsheet
diagram that contributes to the pole of intermediate closed string states.

where A, is given as

16(5)" no
)\;: =4\ F P At . (3.24)
(2m)Be?(—1ne) 2

Notice that for |[D,)) the exponent of the Gaussian factor (B.22) has the wrong sign, which
makes the factor in front of A, in eq. (B.24) pure imaginary. This is a sign of instability.

Then the O(g) term can be given as

Grrp, (K1, k2)

L (L () [ (ST

+dig(2m)3 dp, oy
Srezay=g | et ast ) (50.2.9)
T T =1
_ T =tr] (r) —(r)

2
IT=tr| (12, g0 ()= (r) _ i T=t3 (13 5 _
(e o P2 o, om0, ) e O s,

(3.25)

where t3 (< t1,t9) is the proper time of the solitonic state. In what follows, we will show
that this correctly provides the contribution of the disk attached to the (ghost) D-brane
corresponding to our solitonic states |Dy)). The worldsheet diagram of this process is
depicted in figure f(a).

Eq. (B.25) is quite similar to eq. (B.§) and can be calculated in the same way. Looking

,13,



for the singular behavior at k3 — 2 = 0, we can get
Grrp. (k1,k2)

1 j:4zg 27r 13 / / dal/ i (1 dwé>ie Lt (3420700 —2)
(k’Q - 2) t3 aq

d26 A . Tty (X FX o (1) -(1)
/ ; <2w>26526<p+k1>x<oze“W‘ ()8 ¢ 5ot (W 2im 5 2)

(2 )26
— (k21 2) (:l:47/.g 27T 13 / dTI/ dT// —iT’ k;2 2)
2 —
d*p 26 26 ik, XH —iT" (LE+LE —2)
X/(27T)26(27T) 0°°(p+ k1) x (0] se™+2"(0) 2 e 0750 79| By) x

1 1 +dig(2n)t3
k3 —2k3 —2 (8772)p+1\/7_r

26

—1
L+ L -

Zkg HX'U‘ (0)

\BO>X ) (3.26)

where L and ié( are the zero-modes of the Virasoro generators and | By) x is the boundary
state in the X* sector, respectively:

Lé(:—p + Z Zafnozw, L :—p + Z Za nnp s

peEN,D n=1 peN,Dn=1
|Bo)x =exp [— > Z —a* @, Dy | 0)x (20)PHa T (p) (3.27)
w,veEN,D n= 1

Carrying out the Wick rotation, we find that the S-matrix element for this process is

+4ig(2m)13 d*°p 26 26 ko . XH 1
Sty = / 2m)70% (p + k1) x (02177 (0) 8 ———=5——
RIS e (27T)26( JRO e+ k)X (0 (0 LE + LY —

|BO>X 3

(3.28)
where the momenta k, , (r = 1,2) are subject to the on-shell condition for the tachyon:
k2 = 2. It is clear that the amplitude is proportional to the usual disk amplitude.

It is straightforward to generalize the above calculations for other closed string states,
just by replacing the state and the vertex operator. Also it is quite obvious that we can
reproduce the disk amplitudes with more than two external lines. In order to consider the
situation in which there are more than one solitons, we should replace |D4.)) by |Dyy ar—)).
The leading order contribution in perturbation theory is from ¢; = (; = 0 in eq. (2.3§) and
we obtain the S-matrix element as Srrp, in eq. (B.2§) multiplied by N — M.

We can also replace the bra (0] in eq. (B-2I)) by the solitonic states. By doing so, we
introduce more solitons and it is easy to see that the disk amplitudes are multiplied by the
total number of D-branes minus that of ghost D-branes. Therefore, it is now clear that
we considered situations with even number of solitons in [[7], by taking the bra and the
ket to be hermitian conjugate to each other. In this paper, considering that the vacuum
amplitudes are included in the definitions of A1, we can realize more general situations.

- 14 —



3.3 D-brane and ghost D-brane states

Let us check if the disk amplitude (B.2§) has the correct normalization. At the on-shell
pole of an intermediate closed string state |primary; k) x, it is factorized as

S d*°k 4 d*%p/ 27126526 (1) & ke 0l 2 et*2uX" (0) 2 Ipri i
TTDx ™~ W g W( ) (P +k1)x(0se (0)¢ )x

+i(2m)'3 d*6p _
(8 ())\F/ (oryeo X (primesy: =kl Bo)x
T 2 ™

where M denotes the mass of the state. Since the D-brane can be considered as a source of

—1

xkj2+M2 X

, (3.29)

closed string states, the low energy effective action should have source terms at z° = 0 (i €
D) due to the presence of solitons. From eq. (B.29), we can read off the source terms as

S, = : (272113 / dz [[o(") | T(@) =2 > hulam™ +-- |, (3.30)

( 7T2) €D w,veEN

where the ellipsis denotes the contribution from the states other than the tachyon T'(x)
and the graviton hy,(x). This can be compared with the DBI action for a flat Dp-brane
located at ' =0 (i € D):

S, = —Tp/d%‘xﬂé — det G (z), (3.31)

,ZLVEN
€D "

where 7, is the Dp-brane tension in bosonic string theory defined as B3, 3

v

"~ 16r

11—-p

(872 . (3.32)

Using eq. (B.16) we can expand S, in terms of h,,(z), and obtain the source term for
hyu () which coincides with that in S’ in eq. (B.30). Therefore the disk amplitude Sprp,
coincides with that for a D-brane and Sprp_ coincides with that for a ghost D-brane.

Hence we should identify |Dy)) with the state with one D-brane and |D_)) with the
state with one ghost D-brane. This identification is quite consistent. D-branes in bosonic
string theory are unstable due to the lack of the RR-charge and the soliton corresponding
to the state | D)) is also unstable, as was mentioned below eq. (B.24).

4. Discussion

In this paper, we construct solitonic states corresponding to D-branes and ghost D-branes
and check that the disk amplitudes coincide with the usual string theory results. These
solitonic states are BRST invariant in the leading order of €. Since the BRST variation
in eq. (R-29) is of order e 2(—1In 6)7%1, higher order corrections do not go to 0 in the
limit € — 0. For p # —1, the correction terms are of order e 2(—In 6)7%1711 (n > 0) and

2In this paper, we use the units in which o/ = 2.
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0

for p = —1, the next leading term is of order €. It might be possible to prove that by

modifying the exponent of Op+(¢) as
exp [£A4¢(¢) £ B¢ + (terms higher order in €)] | (4.1)

it becomes BRST invariant. As is clear from the calculation of the disk amplitudes, the
higher order terms do not contribute to the amplitudes in the limit ¢ — 0. Of course, we
need to examine the form of the BRST transformation to show that this actually happens.
We do not try doing so, because here we are dealing with bosonic strings and we are
destined to have insurmountable divergences any way. Hopefully, we may be able to show
the BRST invariance more completely in the superstring case.

The calculation of the disk amplitudes goes in the same way as that in the usual
amplitudes. Open string external lines may be introduced by deforming the boundary
state by the marginal operators corresponding to the open string vertex operators. It is an
intriguing problem to examine if the higher order open string amplitudes are reproduced
correctly. Another problem is to calculate the open string amplitudes without closed string
insertions.

The variables ¢ in the definition of the solitonic states can be regarded as constant
tachyon. They are conjugate to the « in the OSp invariant string field theory. Therefore
somehow a part of the open string modes is incorporated in the formulation of the closed
string field theory. It may be possible to generalize this to other modes of open strings.
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A. OSp invariant string field theory
In this appendix, we summarize the formulation of the O.Sp invariant string field theory.

variables. The coordinate variables on the worldsheet in the OSp invariant string field
theory are the OSp(26]2) vector XM = (X“,C, C’), where X# (u=1,...,26) are Grass-
mann even and the ghost fields C' and C are Grassmann odd. The metric of the O.Sp(26]2)

vector space is

NMN = =n >

Qi
~.
(@}
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where we have taken the Euclidean signature for the physical space-time. X™ are Fourier

expanded in the usual way and we obtain the non-zero oscillation modes

aM = (alé?_’)/naﬁn) )

and the zero modes

M = (2, Cy, Cp) ,
a(])W = déw = pM = (pﬂ’ _770’7?0) . (A3)

They satisfy the canonical commutation relations

N, pMY ="M o oy =N e, ()

dn]\;[} = nnNM5n+m,0 (A4)

for n,m # 0, where the graded commutator [A, B} denotes the anti-commutator when A
and B are both fermionic operators and the commutator otherwise.

We define the Fock vacuum |0) in the usual way and take the momentum representation
for the wave functions for the zero modes. The integration measure for the zero-modes of
the r-th string is defined as

aydoy, d26pr

dr = =5 Gy ida\Ddr" . (A.5)
It is convenient to define the measure d'r for p¥, Wér),ﬁ'(()r) as
d26 T T T
dr = (27T§926idﬁé Vx| (A.6)

action. The action of the OSp invariant string field theory takes the form

5= [

1 o LP+iP -2
§/d1d2 (R(1,2) |®), <25 B — |©),

2
+§‘q/d1d2d3 (V9(1,2,3)] c1>>1|c1>>2|<1>>3} . (A7)
Here (R(1,2)| is the reflector given as

(R(1,2)] = 6(1,2) 120] P00 L (A.8)

a1

where
120] = 1(0[(0],

0. ] 1 ~ ~
E(1,2) =) - <%]zv(1)04ﬁ4(2) +%N(1)047]‘f(2)) NNM
n=1

5(1,2) = 26(c + 2)(2m)256% (py + pa)i(alY + 7 (&Y + 7P . (A.9)
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(V(1,2,3)] is the three-string vertex given as

1,2,3)?
(V5(1,2,3)] =4(1,2,3) 123(0!€E(1’2’3)7’123u, (A.10)

Q1a03

where

123(0] = 1(0] 2(0] 5(0[
27rd_9 ie(L(()r)iiéT)>

Pias = P1P2Ps, Pp 2/ e ;
0o 27
: - D\ (S ()
§(1,2,3) = 26 5 ) (2m)%65%6 )i Ty P
(oot (S () (5 )
3
B(1,2,3) = % S > N (e Oad ) + GO )
n,m>0r,s=1
3.4 3
1(1,2,3) = exp (—%OZ a_> , To= Zar In|ay| . (A.11)
r=1 " r=1

Here N'$ denote the Neumann coefficients associated with the joining-splitting type of
three-string interaction [Ef@] g is the coupling constant for strings. In this paper, we
take g > 0.

The string field ® is taken to be Grassmann even and subject to the level matching

condition PP = ® and the reality condition
(Phe| = (2] - (A.12)

Here (®ne| = (|®))" denotes the hermitian conjugate of |®), and (®| denotes the BPZ
conjugate of |®) defined as

A{P| = /dl (R(1,2)|®); . (A.13)
We also define 1
IR(1,2)) = 6(1,2)—eZ 1|0), | (A.14)
(e31
so that
/d11<<I>|R(1,2)> = [P)s . (A.15)

BRST transformation. The action (A7) is invariant under the BRST transformation
P =Qd+gdxd. (A.16)

The BRST operator Qg is defined [R4, ] as

G, - 9
QB = %(LO‘FLO —2) —imo g

B o0 ~ jad jod ~

v Yenln — L_pvn = Y—nLln — L_nn

— E . A.17
" a n=1 < ! ( )

n n
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Here L,, and L, (n € Z) are the Virasoro generators given by

~ 1 - ~
Ly, =5 Z SanN+mOé]l/Im77NM3, Ly = 5 Z ganN-i—ma]l/[mnNMg’ (A18)
meZ meL

where the symbol ¢ ¢ denotes the normal ordering of the oscillators in which the non-negative
modes should be placed to the right of the negative modes.
The *-product ® x ¥ of two arbitrary closed string fields ® and ¥ is given as

|+ W), = /d1d2d3 (V3(1,2,3) | D), |¥), |R(3,4)) (A.19)

where

1,2 2
(V3(1,2,3)] = 6(1,2,3) 123<0|€E(1’2’3)C(PI)P123M )

(63N ePe%]

(A.20)

pr denotes the interaction point.

canonical quantization. Since the action (A.7) and the formulation of the OSp invari-
ant string field theory are quite similar to those of the light-cone gauge string field theory,
we can perform the canonical quantization in an analogous way. We can decompose the
string field as

@) = [¥) + |4) , (A.21)

where [¢) is the part with positive o and |¢) is the one with negative o. From the kinetic
term of eq. (A7), we can see that they satisfy the canonical commutation relation

1), [9),] = IR(r,s)) . (A.22)

From the hermiticity defined in eq. (A.13), one can deduce that (1| and (¢)| are hermitian
conjugate to [¢) and |¢), respectively. We identify |¢)) with the annihilation mode and
|¥) with the creation mode. Accordingly we define the vacuum state |0)) in the second
quantization as

[)0) =0, (Ol[=0. (A.23)

B. Overlap of three-string vertex with one boundary state

In this appendix, we evaluate the string vertex (Va(1,2);T| introduced in eq. (R.15) for
T =e. (V5(1,2);T| can be expressed as

(Va(1,2); T| = (V3 (1,2); T|C (pr) Paa, (B.1)
where
2

1,2,3
(V2 (1,2); 7| = /d/35(172,3) 123(0!eE(172’3)]Bo>;{M

B.2
1003 ( )

Here we present the calculations for the case aq,as < 0.
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Figure 4: The p-plane corresponding to the Figure 5: The upper half z-plane.

string diagram depicted in figurel.

Mandelstam mapping. The vertex (Vy(1,2);T| is proportional to the one that is de-
termined by the prescription of LeClair, Peskin and Preitschopf (LPP) [2€]. We refer to
the latter as the LPP vertex. As we will see, we can calculate it by using the Mandelstam
mapping which maps the upper half plane to the worldsheet in figure [l.

Let us introduce a complex coordinate p on the worldsheet so that the string diagram
in figure [l can be identified with the region depicted in figure f on the p-plane. FEach
portion of the p-plane corresponding to the r-th external string (r = 1, 2) is identified with
the unit disk |w,| < 1 of string r by the relation

p=0c;G+T+if, Br= _04277_047"0'Y)7
¢r(=7 +io,) =Inw,, <0, —-7w<o.<m. (B.3)

(r)

Here p; = T — imap is the interaction point on the p-plane and o}’ is the value of the o,
1) (2) _

coordinate where the r-th string interacts. We set o;” = 7 and o;” = —m. Therefore we
have

ﬁl = —(041 + 062)7'(', ﬁg =0. (B.4)

The string diagram described by figure [I| has one hole and two punctures at infinity
corresponding to the two external strings, strings 1 and 2. Since the topology of this
diagram is a disk with two punctures, the p-plane (figure f) can be mapped to the complex
upper half z-plane (figure ) with two punctures. These two surfaces are related by the

Mandelstam mapping

Z—Zl Z—ZQ
=aql = 1 _
p(z) = nz_Zl+a2DZ_Z2a

(B.5)

where the point z = Z, (r = 1,2) is the puncture corresponding to the origin of the unit
disk |w,| < 1 of string r. We can set Z; = iy and Zy = i, where y is a real parameter
with 0 < y < 1. The interaction point z; on the z-plane is determined by %(2’[) = 0. This
yields

i (o1 + a2y)y

. B.6
a1y + oo ( )

zZf =
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Here we have used a1,a2 < 0, 0 <y < 1 and Imz; > 0. Eq. (B.§) leads to

— z'y Zr —1
T =Rep(z —aln + a9 In - B.7
pler) = antn |2 oy |21 (B
From this relation, we find that in the small T" limit, T'= ¢ <« 1, we have
~ 1 e+ 0(eh) . (B.8)
160[10[2
For later use, we consider the limit 7" — oo as well. In this limit, y ~ 1. In fact,
T~7— (1 +a)In2+ (ag + o) In(1 —y) + O(1 —y), (B.9)
where
70 = ar1ln|ag| + azln|as| — (a1 + a2) In|ag + asl . (B.10)

Neumann coefficients. The real axis of the z-plane corresponds to the worldsheet
boundary attached to |Bp)s. Because of the boundary conditions (R.1]) satisfied by the
worldsheet variables XV = (X* X¢ C,C) on the boundary state |By), the two-point func-
tions of X™V(z, %) on the z-plane become

G (2,2,2,7) = (XN (2, 2) XM (2, Z)) = ="M In|z — 2/ = D" n|z — 7, (B.11)

where DVM is the tensor introduced in eq. (2-3).
The vertex (V,)(1,2); T| introduced in eq. (B.J) takes the form

(V2 (1,2); T| = 28(cr + az + az)(2m)P 68 (p1 + p2) K2(L. 23 T) (Vapp(1,2): 7], (B.12)

where <V2(3LPP(17 2); T| is the LPP vertex, and the factor Kq(1,2;7T) depends only on the
zero-modes and the moduli. The LPP vertex has the structure

<V20LPP(1= 2)§ T‘

= 12(0] exp Z 3 { (N@n’;i aN @) M) . N7 d,fX(”)d%(s))nNM

n,m=0rs=1,2

3 (Ve + N YO0l Dy (812

for Wick’s theorem to hold. The Neumann coefficients N (27)””, N (2,)f5
mined by requiring that the following equation should hold [24],

nd N (27)”” are deter-

/ d'1d'2 <V2(?LPP(1= 2); T‘XN(T) (wr, wr)XM(S) (wls7 wls)‘0>12

X H (27T)26526(pr’)iﬁ(()r )ﬂ—ér = GUHP(ZT’v Zr; st s) ) (B 14)
r'=1,2

where z, and z, are the points on the z-plane corresponding to the points w, and w/ on
the unit disks of strings r and s, respectively.
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Using eq. (B.14), one can show that the Neumann coefficients are given as

~\ * dz e nCT(z mCs(Z)
N nmj{ 2772% 27 z’)2 ’

* dz efncr(z mCs(Z)
_nm% 2772%2772 (z=2)% 7

1 dz e~ (2)

n 7, 2mi 2 — g
* 1 dz e_nCr(z)

(V)

(V)

(Vo)
W= (Y =L f
e (v

(V%)

(V&)

(

)

n Jyz 2w z— Zs

=In(Z, - Zs) (r#s),

=Wn(Z, ~Z;) (r#s),

V@ _ (@) 7 o T+ib,

N (N Zw(z, - 2,) - Z {1 (Zy — Zs) —In(Z, — Zs)} + —
s;ér T

= (2)r7 =(2)r\* -

N( (%O - N( 30 > = ln(Zr - Zr) ) (B.15)

for n,m > 1. Here we have used the convention for the orientation of the Z integration
such that ¢, 1 _

2mi 2

K2(1,2;T). The central charge of the worldsheet CFT of the OSp invariant string theory
is 24 and not 0. Therefore the Generalized Gluing and Resmoothing Theorem [R7] does
not hold in this case and thus Ka(1,2;T) # 1. Since the three-string vertex (V@ (1,2,3)| is
defined assuming that the p-plane is endowed with the metric

ds®> = dpdp, (B.16)

the oscillator independent part Ko(1,2;T) is the partition function of the CFT on the p-
plane (figure f|) with the metric given in eq. (B.14). As explained in [RJ], its dependence
on ajp, ag and the moduli T' can be determined through CFT technique by evaluating the
Liouville action associated with the conformal mapping (B.H) between the p-plane and the
upper half z-plane with small circles around z7, Z, (r = 1,2) and oo excised. Collecting

)

L oy 0= a(e)ra(sn) i
a0 a1 +agy (1Y + a2)16y?

the contributions from these holes, we obtain

i (292 )> 1T ('“r”

Therefore we can see that Ka(1,2;T) is expressed as

2p, |!
sz( 21)

dw,

(B.17)

)

ICZ(L 27 T) - ICO
(B.18)
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where g is a constant independent of a1, g and T'. Ky can be determined by comparing
the left and right hand sides of the equation

/ d'1d'2d'3 (V(1,2,3)| B 0)12 [ 2m)%6% ()i
r=1,2

— /d’ld'Q 20(aq + ag + ag)(27r)p+15§+1(p1 +p2) K2(1,2;T)

< (Vipp(1,2):TI0)12 [T (2m)06% (po)ing =", (B.19)
r=1,2

in the T' — oo limit. One can readily evaluate the left hand side of the above equation
because the non-zero oscillation modes do not contribute in this limit. Using eq. (B.9), we
find that o = —1.

C(pr). The effect of inserting C'(ps) can be described as follows:

(Vorpp(1,2); 7| = <V2?LPP(1=2)§T‘C(pI)

= (Varpp(1,2); T Z Z (MUHPZZ'%(LT) +MUHPQW1(1T)) -(B.20)
n=0r=1,2

The coefficients Myyp;, and MUHPZ can be determined by the LPP prescription, i.e. we

require that

/d/ldI2<V2,LPP(172)§T’C’(T)(wrawr)‘0>12 H (27T)26526(Pr)ﬁ(()r)”(()r)
r=1,2

= Gggp(zj, ZI3 2y Zr) = i[ln(zl —z)+In(zr — z) —In(zr — 2z,) — In(z7 — zr)] (B.21)

This yields

- 7 dz 7 7
M T — (M Tk Zer o —nGr(zr) — B.22
vipn = (Mynpn,) - j{ZT 97 € P —- ( )
for n > 1 and
Mypph + Mygps = In(zr — Z.) + In(z; — Z,) — In(z; — Z,) — In(Z; — Z,) . (B.23)

(Va(1,2);¢€|. Collecting the results obtained in the above, we eventually get the vertex
(V2(1,2); T|. Now that we obtain the complete expression of the vertex (Va(1,2); T, let us
consider the T' = € — 0 limit. It is intuitively obvious that <V2?LPP(1, 2); €| is proportional
to a product of boundary states in this limit. It is straightforward to show that

1 1 € €
@288 (1 + po) (VidLpp(1,2); ¢ ~ TR )Ll1<Bor2<Bo\, (B.24)
Y 2 — 1ne 2

in the leading order. Therefore, in evaluating (Va(1,2);¢e| = (VY(1,2);¢|C (pr) P12 , only
the term proportional to 7T(()T) from C(py) survives the level matching condition and we
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obtain

(27T)p+15§+1(1?1 + p2)(VaLpp(1,2); €[ P12

1 O N (2))
~ (By| 5({B T+ — P1o . B.25
(16#)%(—ln6)%11< ol & 0‘(@1 0y ? 2 (B:25)

Evaluating K2(1,2;€), we finally obtain

1 4

p+1 p+1

(16m) 2 €2(—Ine) 2

i i
X1 (Bo| $(Bol (a—lwé” + a—27r((]2)> P . (B.26)

(Va(1,2); e[ ~ 20(c1 + a2 + a3)

The case ag,ae > 0 can be treated in the same way and one can show that eq. (B.24)
holds also in this case.

C. Overlap of three-string vertex with two boundary states

In this appendix, we investigate the vertex (V1(3);¢| introduced in eq. (R.1§). The cal-
culation proceeds in the same way as the one above. We begin by expressing (V1(3); 7|
as

(Vi3);T| = (VY (3); T|C(pr)Ps, (C.1)
where

1,2,3)|?
Wit = [aiazsn,2.) 50”0123 By T By L 23T g

(63N ePIe%]

Here we present the calculations for the case aq, s > 0.

Mandelstam mapping. The complex p-plane indicating the string diagram figure [ is
described by figure . The region of the p-plane corresponding to the external string, string
3, is identified with the unit disk |ws| < 1 of this string through the relation

p=a3@z3+T+ifl3, [3=oqm —0430?),
(3(= 73 +i03) = Inws, <0, —7m<o3<m. (C.3)

Here p; = T + imay (and py) is the interaction point on the p-plane and O'§3) denotes the

value of the o3 coordinate of the interaction point of string 3. We set a§3) = may/ag so

that
P3=0. (C.4)
The topology of the string diagram figure [l is an annulus with a puncture corresponding
to string 3. Therefore the p-plane can be mapped to a rectangle with a puncture on the

complex v-plane (figure ). We take this rectangle to be the region defined by —% < Rev <
0 and -7 < Imv < 3. Here 7 (7 € iR) is the moduli parameter and the identification

— 24 —



. P Y 1/2
I Tt \

I
2
i 1
ITta, AqD /,\[3 2
1 I Py N
o T ° -2 70 N
-iTta, —q)
2 | [
-iTTa v -1/2

Figure 6: The p-plane corresponding to the Figure 7: The rectangle on the v-plane.
string diagram depicted by figure2.

v = v + 7 should be made. These two surfaces are related by the Mandelstam mapping®

V1 (v + V3|7)
v)=aln —=—= C.5
p(v) T = VAl (C.5)
where o = a1 + a3 = —ag > 0, V3 = =gt and J;(v|7) (i = 1,...,4) are the theta

functions. The point v = V3 is the puncture corresponding to the origin w3 = 0 of the unit
disk |ws| < 1 of string 3. We may parametrize the interaction points v; and v] on the

v-plane corresponding to p; and p; on the p-plane as I/}t =-—yF5withyeR, 0<y< %
These are determined by %(V}t) = 0. This yields
a1 (65}

g4<%+y‘7)+g4(%—y‘7'>—07 (C.6)

where g;(v|7) = 0, In9;(v|7). The relation Re p(v;") = T leads to
94 (54 +y]|7)
da (35 —v[7)

It follows from egs. (C.6) and ([C.7) that in the small T' limit, T' = € < 1, the parameters
7 and y behave as follows 29, BI]):

T =aln (C.7)

i € 3 1 1 ( oq) 1 3
~——— 10 ~ - = — O . C.8
e Tasin (720) +0(€), y 1 o\ ) e+ (q2) (C.8)

LS
N[
Il

Therefore we find that in this limit the moduli parameter —i7 becomes infinity. For later
use, we consider the behavior of 7 and y in the T — oo limit as well. In this limit, the
moduli parameter 7 tends to 0. In fact, we have

g A S LN S V. SIS Mt 9 (C.9)
T 200 2 o)

(07

3The Mandelstam mapping (@) is essentially the same as the one in @] The rectangle on the v-plane
introduced here is the dual annulus of the rectangle on the u-plane considered in [@] These are related by
v =% where ¥ = —1. See also [E,@]
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Neumann coefficients. The part —ma; < Imp < mag of the boundary Re p = 0 of the
p-plane where the p-plane is attached to |By); corresponds to the side Rev = —% of the
rectangle on the v-plane. The remaining part of the boundary of the p-plane where the p-
plane is attached to |By)2 corresponds to the the other side Rerv = 0 of the rectangle on the
v-plane. Therefore, on the v-plane the worldsheet variables X (v, 7) satisfy the Neumann
and the Dirichlet boundary conditions according to eq. (R.1]) on the two sides, Rev = —%
and Rev = 0, of the rectangle and the periodic boundary condition X wv+m,v—1)=
XN (v,7) along the imaginary axis. It follows that the two-point functions of X (v,7) on
the v-plane become
Gleatan. 0, 730, 7') = (XN (v, 2) XM (V' 7))
= — ™M ny, (V—V/|T) — MM n v, (17—17"7')

— D"y (v+ 7' |7) = D"MInvy (4| 7) + M (v, 750/, ), (C.10)

where fNM (v, ;1| ') are the terms necessary for the periodicity of the two-point functions
GNM (v, p;1/,7') along the imaginary axis of the v-plane, defined as
A — !~/ )\772 / _ N2
Mo/ vy = - — (v -V -+ 1) (C.11)
T

for u, A € N, and 0 otherwise. In eq. (), we have used the relation
191(V’T) = 791(17‘7’) (C.12)

for 7 € iR.
The vertex (V(3);T| can be expressed as

(VP(3): T| = 20(cn + a + a3) (2m)P 0K (p3) K1 (3: D) (VilLpp (3): 71 (C.13)
where (VSLPP(?)); T| is the LPP vertex, which is of the form

<V10,LPP (3); T‘

= 3(0[exp | Y {

n,m=0

<NT]Z:Z,NM al®) M) 4 N Nm ah B aMe)

DO =

SN g X OGHO N N }] (e

and the remaining factor K;(3;7T) is independent of the non-zero oscillation modes.
The Neumann coefficients ]\_fffgb NM> ]\_fﬁﬁﬂ NM> N,’;ﬁl NM> ]\_fﬁgb N are determined by
the equation
_ _ _(3)_(3
/ d'3(Vpp (3): TIXN®) (w, w3) X MO (wh, 5)|0)5(2m)%06% (py )i

= Gl{\ef(]:‘t/lan.(y?)’ljfi;yé,ﬁé)a (015)
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where v3 and v4 are the points on the v-plane corresponding to the points ws and w4 on
the unit disk of string 3 respectively. We obtain

Nhh M= (NggnNM - nm % 27TZ % 27TZ _nCS(V ng( )8 8 Grectan (V, 77; V,a ’7,) ’

NhaNM _ <Nah NM j{ 2772% e G W)-mE g 5, GNM () 5 5
% (Nhh NM +NhaNM) _ % (Naa NM | fah, NM)

= 50§ g O 0G 713, 15),
(R R 4 R g

= (G 0hB Ve V) + GO 4 G@) (€10

KC1(3;T). The prefactor K1(3;T) can be determined through the method in [2d] again.
We excise small semi-circles around the interaction points v = V;E and a small circle around
the puncture v = V3 on the v-plane. This time, besides the contributions from these holes,
we should include the moduli dependence of the partition function, and we find

dw e -
K1(8:T) (\ = ) ) erl =" (), (©17)
where 7(7) is the Dedekind eta function and ¢y is defined by
dp, _
Cr —= W(VI ) . (018)
Thus we obtain oy
2m)%e’a
K1(3:,T) = K} (2m)"e (C.19)

(—i7) "% n(7)8a2erdy (2 | 7)°

where K, is a numerical factor which cannot be determined by this method. The factor
K{, can be fixed by comparing the behaviors in the T'— oo limit of the left and right hand
sides of the following equation,

[ 123 1,2.3) B 1831002 52 )i )
_ / '3 26(c + az + az) (20)PH 68 (p3) K1 (3; T)
x (V21 (3); T[0)3(2m)26% (ps)ims (C-20)
By making use of eq. ([C.9), we find that

)P+l
Ki = ((2272)25 : (C.21)
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C(pr). Let us consider the effect of the insertion of the ghost field C at the interaction
point. In the same way as eq. (B.2(]), this can be described by

Vipp(3);T| = <V10LPP( )'T’C(PI)

Vl LPP T’ Z ( rectan n ZVn ) + Mrectan n Z’Yr(z )> : (C22)
The coefficients M, ., and M, .,% can be determined through the LPP prescription

by requiring that

/ d'3(VyLpp (3); T|C® (w3, w3)[0)3(2m) 26626 (pg)in) m i
= Grceg;an (V;a 77;; Vs, 773)

- z'[ln 91 (vy — vslr) + In v (77 — s]7) — Iy (vy + s|7) — In b (5 + y3|7)].(c.23)

It follows that the coefficient of the zero mode 763) = 163) = 71'((]3) is

Mrectan.hé + M rectan. 0
=Ind(v; — V3|7) +Ind (7, — V3|7) —Ind (v, + V3|7) — Ind (7, + Vs|T)

:2lnw, (C.24)
Vi (52 +v][7)

and those of the non-zero modes are

. 1 dv _ __
Mrectan.h;z = (Mrectanfln) = __% 2 |:gl( - V’T) + gl(yl + V’T)] (C25)
n Vs T

for n > 1.

(V1(3);€|. Collecting all the results obtained in the above, we eventually get the complete
expression of the vertex (V1(3);T|. Let us take T = ¢ — 0 limit. Again it is intuitively
obvious and straightforward to show that

(2m)P L% (p3) (VRLpp (3); €] ~ §(Bol . (C.26)

in the leading order. It follows that only the 7783) from C(py) survives the level matching
projection and thus

2i
(2m)P T % (ps) (Vi Lpp (3); € Ps ~ (Boy—;wogbg : (C.27)

Evaluating (3, €), we eventually get

(Vi(3);¢| ~ —28(a1 + a2 + )(4”3)%1 4 (B |ﬁ G)p (C.28)
e arTaRTes (2m)% 62(—1116)%3 00437T0 ’ .

One can treat the case aj,as < 0 in the same way and show that eq. (C.2§) also holds
in this case.
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We would like to comment on the calculations in [[7. In [[7], essentially a quantity
such as

[z (1, 2.3)/w 1Bo)s ol ol (C.29)

is calculated to express the BRST transformation of the solitonic operators in terms of the
string fields expanded by the normalized boundary state. Here let us consider the situation
ajay > 0. This quantity can be calculated using either (V5(1,2);¢| or (V1(3); €| by taking
overlaps with |Bg)¢’s.* Here let us devote our attention to the effect of the insertion of
C(pr) in (V3(1,2,3)]. From eq. (B.25) we can see that with e small,

G 1 (2

C(pr) ~ <a—17r(() ) 4 a—27r(() )> . (C.30)

On the other hand, from eq. (C.27) one can see that

2i (3
C(p]) ~ —Tqy . (C.?)l)

a3

Therefore the effect of inserting C'(py) is a bit asymmetric among 1st, 2nd and 3rd strings
depending on the sign of a,. These effects were overlooked in [[[7], and we took C(ps) ~

0%37783) instead of eq. (C.31)), to calculate eq. (C.29). With these effects taken into account,
the results in [[7] are consistent with the ones here.
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