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ABSTRACT: In the previous paper, the authors pointed out correspondence of a supersym-
metric double-well matrix model with two-dimensional type IIA superstring theory on a
nontrivial Ramond-Ramond background from the viewpoint of symmetries and spectrum.
In this paper we further investigate the correspondence from dynamical aspects by com-
paring scattering amplitudes in the matrix model and those in the type IIA theory. In
the latter, cocycle factors are introduced to vertex operators in order to reproduce cor-
rect transformation laws and target-space statistics. By a perturbative treatment of the
Ramond-Ramond background as insertions of the corresponding vertex operators, various
ITA amplitudes are explicitly computed including quantitatively precise numerical factors.
We show that several kinds of amplitudes in both sides indeed have exactly the same de-
pendence on parameters of the theory. Moreover, we have a number of relations among
coeflicients which connect quantities in the type IIA theory and those in the matrix model.
Consistency of the relations convinces us of the validity of the correspondence.
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1 Introduction

Although matrix models [1-3] have been proposed as nonperturbative formulations of su-
perstring/M theory, it is still difficult to compute perturbative string amplitudes from
these models. Regarding two of them [1, 3|, since the models are formulated relying on
nonperturbative objects (D-branes), it is not straightforward to see perturbative aspects of
fundamental strings. The remaining one [2] is based on the Schild gauge formulation of the
type IIB superstring theory. It is a fully interacting theory, and its analytical treatment to
carry out the computation of a perturbative S-matrix has not been found yet.

In this situation, it will be an interesting direction to make correspondence between a
supersymmetric matrix model and simpler noncritical superstring theory, in both of which
perturbative scattering amplitudes are computable and the correspondence is explicitly
confirmed. In fact, we pointed out in the previous paper [4] correspondence of a super-
symmetric double-well matrix model to two-dimensional type IIA superstring theory on a
nontrivial Ramond-Ramond (RR) background from the viewpoint of symmetries and spec-
trum. In this paper, we further investigate dynamical aspects of the correspondence. We
compute various amplitudes in the type IIA theory, and compare with the calculation of
matrix-model correlators obtained in [4]. We carefully introduce cocycle factors to vertex
operators in the ITA theory in order to realize correct transformation laws and target-space
statistics. In the calculation of amplitudes, the RR background is treated in a perturbative
manner by insertions of the corresponding RR vertex operators. Amplitudes evaluated at
the on-shell momenta are often indefinite or divergent, for which we find a reasonable reg-
ularization scheme preserving mutual locality of physical vertex operators. We thus obtain
several kinds of regularized amplitudes in the type IIA theory including precise numerical
factors, which allows direct comparison with the corresponding correlators in the matrix
model at the quantitative level. As a result, we find that they indeed have exactly the same
dependence on parameters of the theory. Furthermore, we obtain a number of relations
among coefficients that connect quantities in the type ITA theory to those in the matrix
model. Remarkably, all of them are consistent with each other, which provides strong
evidence for the validity of the correspondence.

The rest of this paper is organized as follows. In the next section, we present some
results for amplitudes of the supersymmetric double-well matrix model computed in [4].



In section 3, a brief review of two-dimensional type ITA superstring theory is given, to-
gether with discussion of cocycle factors in detail that is important for precise evaluation
of amplitudes. We also explain how to take into account an RR background of the ITA
theory. In section 4, we compute basic amplitudes among vertex operators in the type
ITA theory on the trivial background. In section 5, the results of the basic amplitudes are
transcribed to amplitudes in the type IIA theory on the RR background, that are com-
pared with the matrix-model results presented in section 2. As a result of the comparison,
they agree with each other as functions of parameters in the theory, and various relations
are obtained among coefficients which link quantities in the type IIA theory with those in
the matrix model. The (R—, R+) vertex operators representing the background contain
nonlocal vertex operators which violate the Seiberg bound [5]. They do not satisfy the
Dirac equation constraint. It would be acceptable in the sense that they do not describe
on-shell particles but represent the background. However, since the nonlocal operators
turn out not to be BRST-closed, we discuss consistency of amplitudes in the presence of
them in section 6. The results obtained so far are summarized and some future directions
are discussed in section 7. An identity concerning matrix-model amplitudes is proved in
appendix A. We give a brief summary of the worldsheet superconformal symmetry in the
type IIA theory in appendix B, and discuss cocycle factors for O-picture NS vertex opera-
tors in appendix C. Integral formulas needed to evaluate ITA string amplitudes in the text
are presented in appendix D. Appendix E is devoted to a note on the picture changing
manipulation of Friedan-Martinec-Shenker [6] in a certain amplitude in the presence of the
nonlocal operator.

2 Results of the supersymmetric matrix model

In the previous paper [4], we investigated the supersymmetric matrix model:
1 . _
S = Ntr | B +iB(&" — 1) + $(¢0 + 9) |, (2.1)

where B, ¢ are Grassmann even, and v, 1) are Grassmann-odd N x N Hermitian matrices,
respectively. The action S is invariant under supersymmetry transformations generated by
Q and Q:
Qp=1v, Qb=0, QY=—iB, QB=0, (2.2)
and
Qp=—9p, Qb=0, Qp=—iB, QB=0, (2.3)
which lead to the nilpotency: Q% = Q? = {Q,Q} = 0. Various correlation functions were
computed, and correspondence of the matrix model to two-dimensional type IIA superstring
theory was pointed out from symmetry properties and spectrum. Let us present results in

the matrix model for later comparison with the type ITA theory. We express the connected
correlation function among n single-trace operators %tr O; (i=1,---,n) as

| > 1 1
<H i Oi> = N2h+2n—2 <H N > ) (2.4)
i=1 c  h=0 =1 C,h



where <'>C,h denotes the connected correlator on a handle-h random surface with the
N-dependence factored out. When p? > 2, the planar limit of the matrix model has
an infinitely degenerate supersymmetric vacua parametrized by filling fractions (v4,v_),
which represent configurations that v+ N of the eigenvalues of ¢ are around the minimum
x = £|p| of the double-well potential %(xQ — p?)2. p? = 2 is a critical point at which the
matrix model exhibits the third-order phase transition between a supersymmetric phase
(u? > 2) and a nonsupersymmetric phase (u? < 2) [7]. In the limit y?> — 2 + 0 from the
supersymmetric phase, the operators of the scalar matrix ¢:

1
o1 = 5t % 4 (mixing)  (k=0,1,2,---) (2.5)

( “mixing” represents lower power operators of ¢ introduced in order to remove nonuniversal
singular terms in p? — 2 4+ 0)! show critical behavior as power of logarithm:

2842 (2% + 1)!!
{®okt1)0lging. = (V4 —¥-) [W((k:l’——Z))' W2 Inw + (less singular)} , (2.6)
(Pok+1 @2e+1>(;,0’ -
= vy —v )22k+ L okim z’”: (2p+ 2k — DI (2m — 2p + 2k — 1)
T = @tk (m—p+k+1)
(26— 1)1 2m + 2%k — D] peirirn o
2 m+1]
AR (m + k)] (Inw)
+(less singular), (2.7)
where

w=(p*-2)/4 (2.8)

and £ = k +m. The symbol |, means that entire functions of w are removed from the
expression.? Also, for fermionic operators?

1 -
N tr?* 1 4 (mixing), (2.9)

2k+1w2k+1 Inw + (

1 _
N tr " + (mixing), Vok+1 =

<\I’2k+1\ij22+1>070 .

Wor+1

less singular). (2.10)

= Opevp (Vg — V)
ng.

The coefficient v, has been computed for £k = 0,1 as vg = % and v; = %

According to appendix A, the sum with respect to m in (2.7) is reduced to a simple

expression:
(vy —v_)? 1 QE+D!20+1)! 1 9
d P = — 1
(Poker Pater)col o klr1 (e (e ¢ e
+(less singular). (2.11)

!The explicit form of the “mixing” for the first few ®ax 1 is presented in eqs. (4.40) in [4].

2In general, matrix models can be regarded as a sort of lattice models for string theory. Then, entire
functions are analogous to lattice artifacts that are irrelevant to continuum physics.

3, and ¥y have no “mixing” term. The “mixing” terms for W3 and W3 are given in egs. (6.29), (6.30)
in [4].



Some genus-one amplitudes are presented in appendix A in [4]. Among them,

<]1[trB>1 —0 (2.12)

means that the torus free energy is a constant independent of ;2. It is reasonable to expect
that the constant vanishes. Actually, from the result of eq. (3.42) in [7], the partition
function in the sector of the filling fraction (v4,v_) becomes

Zy oy = (=1 N, (2.13)

It is valid in all order in 1/N expansion, indicating that the free energy defined by
—In|Z(,, . )| is zero at each topology, and that the expectation is correct. (The sign
factor (—1)”- could not be seen from the conventional string perturbation theory.)

3 Two-dimensional type ITA superstring

In this section, we explain the two-dimensional type ITA superstring theory, which is dis-
cussed in [8-12]. Then, we mention correspondence of physical vertex operators in the type
ITA theory with operators in the matrix model [4].

The target space is (p,z) € (Liouville direction) x (S* with self-dual radius), and the
holomorphic energy-momentum tensor on the string worldsheet is given by

T = Ty + Tyn, (3.1)
I P O R S
Tw = 2(ax) 2¢xa¢x 2(630) + 92 9 ¥ 2%0451%
Ten = —2b0c — dbc — ;6’87 = %8,87 (3.2)

with @ = 2. Here, 1, and 1)y are superpartners of x and ¢, respectively and b,c (3,7)
represent conformal (superconformal) ghosts. OPEs for the fields are

z(z)z(w) ~ —In(z —w),  @(2)p(w) ~ —In(z —w),

o)~ ) ~
e(2)b(w) ~ ——, Y(2)B(w) ~ ——, (3.3)

Z—w Z—w

and the others are regular.
In order to treat the Ramond sector in the RNS formalism, it is convenient to bosonize

Vu, Yr, B and v as
U=y +ihy = V2, T =4y —inp, = V2 (3.4)
v=en, B=0ce?

with

H(z)H(w) ~ —=In(z —w),  ¢(z)¢(w) ~ —In(z —w),  n(z)§(w) ~ :

z2—w’

(3.6)

Some properties of worldsheet superconformal generators are summarized in appendix B.



Vertex operators are constructed by combining the NS “tachyon” vertex operator (in
the (—1) picture):
Ti(z) = e @Fhmime(z), () = e PHRTIIR(z) (3.7)
and the R vertex operator (in the (—3) picture):

Vio(z) = e 30T RHTITIR (), W () = RS (38)
with €, = 1. Here the local scale invariance on the worldsheet imposes py = 1 £ k for
Tk, Vi,e and p, = 1 £ k for T, V,;yg. We consider a branch of py = 1 — |k|, pr = 1 — |k
satisfying the locality bound (py < Q/2) [5] for a while. Target-space supercurrents are

Clg_iH_; o — _ 1G4 Htiz -

Gh(2) = Vog, a(s) = e 80800y g (3) = Uy () = e BOHEIHE() (39
As discussed in [8-12], physical vertex operators should satisfy locality with the supercur-
rents, mutual locality, superconformal invariance (including the Dirac equation constraint)
and the level matching condition. Two consistent sets of physical vertex operators are found
in ref. [11], which are called as “momentum background” and “winding background”. As
considered in [4], we focus on the “winding background”. It is given by

(NS, NS) : Te Tk <k €Z+ ;) :

_ 1
(R—I—, R—) : Vk7+1 V_k7_1 (k‘ cZ+ 2) ,
R RE):  VoorViw (b EeZ |k =k).

_ 1
(NS, R—) : Ty Vi, -1 <k €Z+ 2) ,

- 1
(R+, NS) : Vk7+1 T (k eZ+ 2) (310)

before imposing the Dirac equation constraint. It requires the states corresponding to the

Ramond vertex operators to be annihilated by the zero-mode of worldsheet superconformal

generator Ty, p: G = L(G(T + G ) (see appendix B). Consequently,

V2
k= e|k|, k= élk|. (3.11)

Then, imposing the Dirac equation constraint amounts to

_ 1
(NS, NS) : T Ty (kz €Z+ 2) :

N
|
DN | =

R+, R—): Vis1 Vg 1 (
R— R+): Vo Vi1 (k=0

—_

(NS, R—): T x Vg 1 (

(3.12)

[\

oyl
I
— N
W N|W o N W
N~ N~ —

(R+, NS) : Vi, +1 T (k =,

Note that the spectrum (3.12) is invariant under not only the A/ =1 but also the N’ = 2
superconformal symmetry. In particular, each of Gar and G|, annihilates the Ramond
states in (3.12).



3.1 Cocycle factors

Here, we introduce cocycle factors to realize correct transformation laws and target-space
statistics for vertex operators.*
Vertex operators without cocycle factors have the following two problems. First, the

OPE between ¢ and T (k € Z + 3):

@) = e (ITiw): (313)

implies that the radial ordering should be defined as

q+(2) Ti(w) (2] > [wl)
R(g+(2) T(w)) = { i (3.14)

(=172 Th(w) g+ (2) (2] < |w]).
The factor (—1)7%4C ensures continuity at |z| = |w|. Then, the target-space supercharge

Qs+ = % q+(z) acts on Ty in a manner
1
QTulw) = (<1 FFTL)Qs = § 5% R(e(2) Ti(w)
dz

-4 B T @)

so that the transformation law can be given by the contour integral. The k-dependent sign
factor is due to the fact that the supercurrents (3.9) carry x, z-momenta, which is peculiar
to noncritical superstring theory [8-10]. On the other hand, target-space statistics suggests
that Q. should act on an (NS, NS) field T}, T, in the form of a commutator. It will become
consistent with (3.15), if we make T__; and ¢, noncommuting such as

T (@) g4 (2) = (1) 7 g (2) Ty (@) (3.16)

by introducing cocycle factors. If this condition is met, it automatically follows that Q)
transformation of Vk,+1Tk is given by an anticommutator in accordance with the target-
space statistics. (See the first formula in (3.17).)

For other vertex operators, we have the radial orderings:

R(01 () Vie(w) = {‘W) Vi, (o) (1 > lu)

(3.17)

4The argument in this subsection also holds for vertex operators of the nonlocal branch p, = 1 + |k|.



Second, the OPE between an (NS, NS) field T}, T_j and an (NS, R—) field T}, Vi, _;
(kK € Z+1):

Tk(z)T,k(E) Ty (w)Vk/’ _1(’1D)
= 2 2pepy i0(— 5 H2RK) Ti(2) T (w) o : T (2) Vi, —1 (@) : (3.18)

)

with z —w =re?,z — w = re " leads to the radial ordering

_ {Taz)T_k(z)Tk/(w) .1 () (12 > |wl) (319)
(w)V '

It is consistent with the target-space statistics when —% + 2kK' is even, but not otherwise.
Similar is the situation for the radial ordering of other fields.

Let us introduce cocycle factors to resolve these problems. We put the hat (*) on
vertex operators with cocycle factors. For the target-space supercurrents,

>

G (2) = PEPaTiom=iv) g (2) () = e TPEReTIMTR) g (3),  (3.20)

where 3 is a constant to be determined. pg, p, and p, (p(g, pj, and pz) are momentum
modes of holomorphic part (anti-holomorphic part) of free bosons:

P(z)=¢o—ipgImz+---,  ¢(2)=do—ipgInz4---,
H(z)=ho—ipp nz+---, H(Z)=ho—ip;nz+---,
x(z) =x0—ipy Inz+ -+, Z(z2) =Zg—ipz Inz + - (3.21)
with - - representing oscillator modes. From the commutation relations
[¢07p¢>] = [(50717(5] = Z.7 etc, (322)
we see noncommuting properties
g+ (2) o~ B3Py tigpntips) _ ,—inB o~mB(5pg+izPhtipa) g4 (2), (3.23)
e™P(2Pa—iaPh=ipz) §_ () = ¢=P g_ () e™P(2Ps—izPAiPE) (3.24)
which lead to
G+(2) G- (w) = e §_() G+ (2) (3.25)
The target-space statistics requires
1
Bel+ . (3.26)

2

Hereafter we assume that 3 satisfies this condition. Modified target-space supercharges are

Q) = 74 L), O = 74 L i ). (3.27)

21

given by



For vertex operators, we introduce cocycle factors as

A~ . [y

Tio(z) = e™PPatikez) Ty (2, L (2) = e ™Plpotikpe) T (),

Vie(2) = o™B(5p5+i5 P, +ikps) Vi.e(2), i e(2) = o~ ™B(5Pg+ispn+ikps) _’276(2)' (3.28)

i

It turns out to be a choice resolving the above problems.
In the first problem, since

T () o™B(5p—igPa—ipz) _ imB(—5+k) ;mB(5p5—igph—ipa) T (@),

e_ﬂﬁ(pd)_;,_i]}pz) q+(2’) _ eiﬂﬁ(—%-ﬁ%) Q+(Z) e—ﬂﬁ(p¢+i15pz) (3.29)
hold, we have
Tk( ) (2) = 2340 5 (4 )Tk( ) (3.30)

that realizes (3.16) for (3.26). Then, Q. acts on a hatted (NS, NS) field in the form of a
commutator:

Qs Te(w)Tslo)] = § 5% R T(w) Tal@) (331)
with
R(qs (2)Ti(w)) = ™ (po=iapi=ive) (mAestihoe) R(q, ()T} (w)). (3.32)

In (3.32), the cocycle factors do not include any modes in the holomorphic sector and can
be treated as constants in the radial ordering.

For other cases, owing to the noncommuting properties

k,e(w) 5—(2)7 (3'33)



In the second problem, due to the cocycle factors, we have the following noncommuting
relations:

(%) Ak/ w) = 6i27rﬁ(—1—l_ck') Tk,(w) T ()
— i2mB(—5—kK') Vk/,e(w) L (2),
V. o

ei2ﬂ'6(—%—fck’)fk,(w) he z)

Let us see the OPE considered in (3.18) in the presence of the cocycle factors. By us-
ing (3.35),

To(2) T4 (2) T (w) Vi, 1) = 20D =5 =200rf (10(= 57201

X Ti(2) Thy (w) =2 Ty (2) Vi, _1() : (3.39)
is obtained when |z| > |w|. In the normal ordering of holomorphic fields : Tio(2) Tp (w) -,
the cocycle factors can be treated as constants. It is similar for : T_g(2) Vi _1(w) :. On
the other hand, when |z| < |w|, we use (3.37) to have

Tio (1) Vi 1(8) Tu(2)Tp(2) = @7 328K (2B 5K o §=2pup; i3 +28)
X 2 Ti(2) Tir (w) =2 T (2) Vi, 1 () : (3.40)
Note that (3.39) has the same form as (3.40) since
oi2mB(=1+kk") _ eiw(—%—f—%k’) eiQWB(—%—kk’) (3.41)

holds for (3.26) and k, k" € Z + 5. Thus, the radial ordering of the hatted fields becomes
consistent with the target-space statistics:
R(T(2)T—1(2) Ty (w) Vi, —1 (D))

_ {Tuz)ik(z) Tio (w)Vie,1(@) (2] > [w])

. ~ N A (3.42)
Tk/(’u})Vk/’,l(’U_ﬁ Tk(Z)T_k(Z) (‘Z‘ < "IUD

Similarly, we can show that the radial ordering of all other hatted vertex operators is
consistent. Cocycle factors for O-picture NS fields are discussed in appendix C.

3.2 Correspondence to matrix model operators

In order to make correspondence to the matrix model, we first note that the vertex operators

1>

V%Heri%’il, Tf% 7%771, V%’Jrl %, Tf% % (3.43)
form a quartet under Q+ and é,:
N e & U CAL LA L
{Quvy WTy} =71y, QT Ty =0, (344)
[Q—’ 1+ ‘7—% —1} - Vis 7%7 {Q—’ 1,41 7%} =0,
{Q T4V, } =TT, QT T] =0, (3.45)
2 27 2 2 2 2



which are isomorphic to (2.2) and (2.3) in the matrix model under identification between
supercharges in both sides. It leads to the correspondence of single-trace operators in the
matrix model to integrated vertex operators in the type ITA theory:

1 ’ Y z
= Strg & Vy(0) = g?/sz Vi) Vg a(2),

1 . o
Uy = —try & Vy(0) Egz/szT_ (2) V_%7_1(2),

N

1
2

_ 1 - ' I\ (z
Uy = e & Vy(0) = g2 / P2V () Ty ),

%tr (—iB) & Vp(0) = gg/d2z Tf%(z) (2), (3.46)

1
2

where the bare string coupling ¢, is put in the r.h.s. to count the number of external lines
of amplitudes in the ITA theory. Furthermore, it can be naturally extended as

1 o ~ 2 _
Dopq = Ntr ¢** ! 4 (mixing) & Vy(k) = g?/d?z Vk+%7+1(z) V_k_%’_l(z),

1 N ~
Uopy1 = Ntr w%"'l + (mixing) < Vy(k) = gg/d2z Tfkfé(z) Vo

= - i ~ 2
Wop i1 = Ntr PR 4 (mixing) & Vi(k) = g?/dQZ Vk+%7+1(z) Tk+%(z) (3.47)

for higher k(= 1,2,---). As discussed in [4], if we regard 1 (¢)) as a target space fermion
in the (NS, R) sector (the (R, NS) sector) in the corresponding type IIA theory, ¢ and
B are interpreted as an operator in the (R, R) sector and that in the (NS, NS) sector,
respectively. Then, (v4 — v_) represents the RR charge (up to a proportional constant).
The correspondence (3.46) and (3.47) are consistent with this interpretation.

A~

The (R—, R+) vertex operators behave as singlets under ()4 and Q_. Actually,

Qis Vo1 (2) Vi1 (8)] = @, Vo 1(2) Vi ()] =0 (3.48)

for k=0,1,2,--- is shown by taking the OPEs. The vertex operators can be expressed as
Q+— and Q_-exact forms:

Vo) = Qo gy 007002
V() = Qs @) (3.49)
where the homotopy operators
g;l(z) — (= 5pg+ispytips) qul(z)’ qul(z) — e%¢+%H+im(z),
i} (z) =PI 1), () = e e (350)

give the inverses of the supercurrents in the sense that

frmn@ite =1 @@ =1 (3.51)

21 = 271

,10,



However, : (0%q; YWV.h 1(2) : and : (5k§:1)‘7k7+1(5) : appearing in the r.h.s. of (3.49)
are not physical operators, because they belong to the NS sector but have integer z- and

5 Thus, we conclude that the (R—, R+) vertex operators are singlets under

T-momenta.
the target-space supersymmetry.

In the correspondence (3.46) and (3.47), the (R—, R+) vertex operators seem to have no
counterparts in the matrix model. The result of the amplitudes (2.6) and (2.10) implies that
correlators of operators with nonzero Ramond charges do not vanish from the viewpoint
of the correspondence. Hence it is anticipated that the matrix model represents the type

ITA theory on a nontrivial background of (R—, R+) operators.

3.3 Type ITA theory on RR background

The worldsheet action of the type IIA theory consists of the free CFT part and the Liouville-
like interaction part:

Sua = Scrr + Sint, (3.52)

1 _ . _ _
Scrr = 2/d22 [a%otaﬂot—i‘Q\/§R¢tot+8$tot8$tot+8HtotaHtot +(ghosts), (3.53)

St = 11 V(0 /szT T4 (%), (3.54)

2

where d?2 = d(Re z)d(Im z), each boson with the suffix “tot” represents the sum of its
holomorphic and anti-holomorphic parts, and the O-picture NS fields 7T’ iol) (z) and Tio) (2)
2 2

do not have the e = —1 and € = +1 parts in (C.6):

)

7O)(z) = 70

1 +1(z) — omBlipg—izps) A eiH—iéx-i-%w(z)
2

v2

)
_1

27
]%(0) (2) = ]%(0) 1(2) _ efﬂﬁ(*iPthi%pz)

2 3 V2

Here and in what follows, superscripts indicating the picture numbers are put on vertex

e iHtisTH5%(5). (3.55)

operators except that they have the natural pictures ((—1) for NS fields and (—3) for R
fields). The form of Siy corresponds to the term Ntr(—iu?B) in the matrix model action
via (3.46) (up to a choice of the picture under identification of 1/N and g¢s). The Liouville
coupling ju; is related to 2 in the matrix model, which is clarified in section 5.

In the trivial background, the genus-zero amplitude with insertion of integrated vertex
operators V; = [ d?2 Vi(z, Z) reads m (I'L; Vi) with

<H V@> = /DgxtotDQgOtOtDQHtoth(ghOStS) G_SHA HVl (356)
) 7

Dividing by the conformal Killing group of the sphere is equivalent to fixing the positions
of three vertex operators with cc¢ inserted at each of the fixed positions:

v01c1<c;52<HV> <HccV HV> (3.57)

j>4

5Although they are in the O-picture, the same conclusion holds after the picture is changed to —1,
because the values of z- and p-momenta are intact in the picture changing operation.
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We take a usual choice of (z1, 22, 23) = (00,1,0). As the amplitude on a nontrivial (R—,
R+) background, we consider®

(1) = ({0 )
:<(Hv>< - Wan & (Wi)? + )> (3.59

where the background is incorporated as a linear combination of vertex operators in the
(R—, R+) sector with numerical coefficients ay:

WRR = ¢rR Z ay, i TVER, (3.59)
kEZ
AR {fd%f/k () Vi, 11(2) (k=0,-1,-2,--+) (3.60)
k nonlocal = (nonlocal) , _ :
[d22V vz (k=1,2,-).

grr is an RR charge related to (v; —v_) in the matrix model. V,?R (k=0,—-1,-2,---) are
the (R—, R+) vertex operators in (3.12). On the other hand, for VE® (K =1,2,---), we
choose (R—, R+) vertex operators of the nonlocal branch (p; = 1+ |k|). Since the nonlocal
vertex operators are invariant under Q+ and @_ as well as the local ones, Wrp consists of
the maximal set of (R—, R+) vertex operators preserving the target-space supersymmetry.”
Notice that we do not regard the (R—, R+) operators as particles in asymptotic states, but
as a background. From this point of view it will be natural to include nonlocal operators
in addition to the local ones in Wrgr.® Actually, as we will see later, the inclusion of
nonlocal operators is crucial to match the matrix-model amplitudes with the type ITA
ones. It should be pointed out that the nonlocal operators do not satisfy the Dirac equation
constraint. More precisely, they are invariant under a half of the worldsheet supersymmetry
transformations (Ggy,G¢) but not under the other half (Gg,Gy). This point will be
discussed in some detail in section 6. It seems somewhat similar to a boundary operator,
and tempts us to interpret it as a certain brane-like object, which however preserves linear
combinations of holomorphic and anti-holomorphic generators (for example, Gar +i@a and
Gy +iG¢ for an A-brane configuration [16]). Such a brane could exist without breaking
the target-space supersymmetry in our case, since the supersymmetry does not induce
translations in the target space. It would be interesting to proceed analysis from the
viewpoint of this interpretation.

The treatment of the background (3.58) is a perturbation from the trivial background,
and valid for small |grgr|. We exactly compute the path-integral with respect to the constant

fSimilar treatment of an RR flux background is discussed in ref. [13].

"Ref. [11] considers different nonlocal RR, vertex operators with ¢, € flipped in addition to pe = 1 + |k]|.
They satisfy the Dirac equation constraint, but do not preserve the target-space supersymmetry.

8 According to ref. [14], we find some similarity in the ¢ = 1 Liouville theory. Nonlocal W, operators
(forbidden by the Seiberg bound) there deform the linear dilaton background to a two-dimensional black-
hole one [15] with an infinitesimally small mass.
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mode of the Liouville coordinate ¢io as performed in refs. [17, 18] to obtain

<H vi> = 20(—s) 3 VlL < (H v,) vg)’(’)(())s> : (3.61)
i i CFT

where s = =23 pp;+Q x(S?) (x(M) denotes the Euler number of the manifold M), V, is
the volume of the Liouville direction, and the suffix “CFT” means the correlator computed
under the free CFT action Scpr in (3.54). Calculation of the amplitude (3.61) can be
explicitly carried out only when s is a nonnegative integer. Then, according to [19], the
divergent factor I'(—s) is regularized as
P(-s) > gy L (3.62)
S M1
As usual in computations in the RNS formalism, the total picture in each of holomor-
phic and anti-holomorphic sectors should be adjusted to 2h — 2 for a handle-h Riemann
surface. Although cocycle factors in (3.54) and (3.60) might seem to induce nonlocal in-
teractions, we will see in the following that they merely give phase factors to amplitudes
reflecting target-space statistics.

4 Basic amplitudes

As a preparation to obtain IIA amplitudes on the RR background, we compute some basic
CFT amplitudes in the form (3.61). We will consider various amplitudes which contain RR
fields and are relevant to comparison with the matrix model results. The nonlocal branch
(pe = 1+ |k|) as well as the local one (py = 1 — |k|) are considered for (R—, R+) vertex
operators. Amplitudes which consist only of “tachyons” are briefly mentioned at the end
of this section.

Before computation, we notice that in the spectrum (3.12) the target-space bosons
coming from the (NS, NS) and (R+, RF) sectors are “winding-like” k = —k, while the
target-space fermions from the (NS, R—) and (R+, NS) sectors are “momentum-like”
k = k. Then it immediately follows that momentum /winding in the z-direction is conserved
separately in the bosons and fermions. As a corollary, we conclude that if we have a fermion
in the (NS, R—) sector, there must be a one in the (R+, NS) sector and vice versa to obtain
a nontrivial amplitude.

4.1 (NS, NS)-(R+, R—)-(R—, R+)

We first compute the three-point amplitude among the fields of (NS, NS), (R+, R—) and
(R—, R+):

Di(21,21) = T (1) T (51) (kl c Z+>,

. . ~ 1 3
Va(z2, 22) = Viy, +1(22) Vi, —1(Z2) <k2 =55 ) ;
1

Va(23,723) = Vi, —1(23) ‘77163,“(23) (k3 =0,-1,-2,--+), (4.1)
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which is compared to the matrix model amplitude (2.6) in section 5.1. From the con-
servation of H and H charges (or equivalently, integrals over the zero-modes hy and hq
in (3.61)), only the s = 0 case is possibly nonvanishing. The s = 0 amplitude reads

3
<H Vi(zi, Zz)>
1=1 s=0

s (01T, (21) Ty (21) Vi, 41(22) Vigy, —1(22) Vg, —1(23) Vg 11(23)[0).  (4.2)

Here, the bra vacuum (0| has the background charge (+2,+2) for the bosonized super-
conformal ghost (¢, ¢) and the background charge —% x(5?%) = —2 for the Liouville field,
while the ket vacuum |0) is neutral for both of these charges. By using (3.36) and (3.38),
the last line in (4.2) becomes

2SR KR (01T, (21) Vig, 1(22) Vi, 1 (23)
X Ty (21) Vey, —1(22) Vg, 41(23)]0). (4.3)

We move the three cocycle factors in the last line to act on |0). Since |0) is annihilated by
D¢, pr and p,, the cocycle factors do not work anymore:

Ty (21) Vorg, —1(22) Vg, 41(23)[0) = Ty (21) Vopg, —1(22) Vg, 1(23)[0). (4.4)

Similarly, by moving the three cocycle factors in the first line to act on (0|, the phase factor
€78 arises picking up the background charge for ¢. However, because of 5 € Z + % the
phase is trivial. Thus,

(01T ky (21) Vis, +1(22) Vig, ~1(23) = (0|Ty (21) Vi, 11(22) Vg, —1(23)- (4.5)

Now, the amplitude is factorized into the holomorphic and the anti-holomorphic part as

— (2 In 1> b 12mB(=3+50 . kikj)
0 K1 L

1
X (0| Ty (21) Viy, 41(22) Vig, ~1(23)|0) (O]T, (21) Vopy, ~1(Z2) Vo, 41(23)0).

(4.6)
The last line in (4.6) is computed by the Wick contraction. We end up with
2 1 , 3_1 2
<H V%(Zi,iz')> = 05, ki, 005, py 2 <2 111) e P
- . L H1
=1 s=0
x|z — 29 a1 — 23] ap — za T [ la — 2| ki Pape) (4.7)

1<j

where the factor V—IL in (4.6) is canceled with V7, from the delta-function of the conservation
of the Liouville momentum:

) (szl - 2) = VL 621‘1747;72’ (48)
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and the phase factor in (4.6) was recast by using the xz-winding conservation ), k; = 0.
We fix three positions as (z1,22,23) = (00, 1,0) with inserting c¢ at each of them. The
result is

3
<H CEVi(Zi, Zl)>
=1

1 )
= 522‘]%70521.]7@_72 <2ln ) EZQW’B(_%_%Eikz?).

=0, (21,22,23)=(c0,1,0) i
(4.9)
The kinematical constraints (), k; = 0 and ), p;, = 2) are met by
11 11
=|—=, = ==, =1 4.1
(k17k27 k3) < 27 270)7 (pfupfzup@g) (27 27 > ( 0)
for the local branch of V3, and by
1 1 1 1
(kl) k?y k;3) - <_27 k + 57 _k> ) (pép Doy pfg) = <27 —k + 55 k + 1> (411)
with £ = 1,2,--- for the nonlocal branch. Notice that if we did not allow the nonlocal
branch, ks could not take values in N + %
4.2 2(R+, R—)-2(R—, R+)
Let us compute the four-point amplitude of two (R+, R—) and two (R—, R+) fields:
. - . - B 13
Va(zay Za) - Vka,—l-l(za) V—ka,—l(za) <ka = 57 5) e > s
Vi(26, 2) = Viey,—1(26) Vg, +1(2) (ky=0,-1,-2,---) (4.12)

with @ = 1,2 and b = 3,4. It gives the counterpart of the matrix model result (2.7) or (2.11)
as we see in section 5.2. Only the s = 0 case in the amplitude (3.61) can be nontrivial from
the conservation of H and H charges. A parallel argument to (4.2)—(4.7) leads to

4
N 1 . 2
<HVZ'(Z“21)> = 05, ki,0 05, py, 2 (21n> eIk
L - i 1
i=1 s=0
_ _ _ _ kik;i—po.py.
x|21 — 28] 7|21 = 24| T zo — 28| Hap — 2| T[] e — 2 PP (4.13)
1<J

The corresponding string amplitude on the trivial background is obtained from (4.13) by
fixing the first three positions as (z1, 22, 23) = (00, 1,0) and integrating the rest (z4). Then,
we have

3
cVi(zi z) | d®24Vi(za, 2 )>
<E / 4 V4\ <4, <4

1 —im k2
= 521 ki, 0 521 péi72 <2 ln > e BZZ kz I(170)7 (414)

=0, (Z17Z2723):(OO71»O)

M1
where Z(; o) is the integral I(; 5y defined by (D.1) with

1

a=a = ksks — pe,pe,, B =B = kaoks — prype, — 7 (4.15)



The kinematics restricts k; and py, as follows. For both of Vi belonging to the local branch,

11 11
— (= =0 -1 S | 4.1
(kla k?a k37 k4) <27 9’ 07 ) or (27 9’ 3 0) ( 6)

with the corresponding Liouville momenta

11 11
(pﬁlv Peys Pess pf4) = (27 5) 17 O) or (27 57 07 1) ; (417)

respectively. For one of V;, (say, V3) local and the rest (V) nonlocal,

1
(k1, ko, k3, ks) = (711 + =,

1
2 n2+§7 _17 —n1 _n2>7

1 1
(pfp Doy Piss p&;) =|—n1+z 9’ —n2 ‘|‘ 0 niy +ng + 1 (418)

with ny,ne = 0,1,2,--- but (ny,n2) # (0,0). The case of both of V4 nonlocal is not allowed.
If we try to plug these on-shell values into I(; o) in (D.12) (or (D.14)) directly to get
Z(1,0), it becomes indefinite or divergent. Thus we adopt the following prescription as a
regularization. All the powers of the integrand in /(; o) are uniformly shifted, i.e. o, &, 3, 8
are shifted by the same small quantity . Note that the uniform shift preserves the mutual
locality of vertex operators and thus the equality between (D.12) and (D.14) (see (D.15)).
In the regularized result, we take 1 - proportional to the volume of the Liouville direction:

1 1
-=cL <2 In ) (4.19)
€ M1

with ¢y, being a proportional constant. Since the divergence can be interpreted as a reso-
nance in string theory, it seems plausible to regard % as the Liouville volume. Namely, it
essentially has the same origin as in (3.62). Similar treatment is found in ¢ = 1 noncritical
bosonic string theory [20].

4.2.1 Case of both of ‘71, local
For the case of both of V; local, « =@ =0 and § = § = —1 at (4.16) and (4.17). Then,

T +¢)T(e) I'(—2¢) 7wl
Lao =" F(1+2) I(—e)T(1—¢) 2¢ +0o)
- ch <21n:1> +0O(1). (4.20)

Plugging (4.20) into (4.14), we have

3
<H céf/i(zi, Zi) / d2Z4‘741(Z47 Z4)>

=1 8:09 (Z].:ZZaZS):(OO71,O)
1 2 _”rBZ k2 T
- 621-]%,0621-1747;,2 2111; o ECL (421)
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4.2.2 Case of one of f/}, local

For the case of one of V, (say, \73) local and the rest (V4) nonlocal, @« = & = n1 + no and
B=p3=-n1—1at (4.18). As a result of the regularization with (4.19),

I I'(ni+ne+1+¢e)T(—ni +¢) ['(—ng — 2¢)
1o =7
[(ng + 1+ 2¢) I'(—ny —n2g—e)T(n1 +1—¢)
o ((n1+ng)! 2 1
=3 ( il ) cr, (2In o +O(1). (4.22)

Then, the amplitude finally becomes

3
<H65Vi(2i,§i) /d224V4(Z4,54)>
i=1 s=0, (z1,22,23)=(c0,1,0)

1\? _ 1 2
:6Zikiv062ipf'72 (2111) e—mﬂzik%g <(n1+712)> cr. (4.23)

1251 Tll!’rlg!

As a consistency check, we can see that the case of Vi local and V3 nonlocal gives the
identical result. It should be so, since V), are target-space bosons.

4.3 (NS, R—)-(R+, NS)-(R—, R+)

Next we turn to the amplitude including the target-space fermions. We consider the three-
point amplitude of (NS, R—) and (R+, NS) fermions and an (R—, R+) field:

N ~ ~ 1 3

Vi(z1, 21) = T, (21) Viy, —1(Z1) <k1 =—5 5" ) ;

. . 13

Vo(22,22) = Vi, 11(22) Ty (22) (kz =33 > )

Vi(23, 23) = Vi, —1(23) Vi, +1(23) (ks =0,-1,-2,--), (4.24)

which corresponds to the matrix-model amplitude (2.10) with & = ¢ = 0 as is seen in
section 5.3. The s = 0 case alone satisfies the conservation of H and H charges in (3.61).
After a similar calculation as in the previous one, we have

3
<Hvi<zi,zi>>
=1

1 ,
= (5k1+k2, 0 5k37 0 (52”74.’ 9 (2 n > eZQTFﬂ(—l—i-kf)

H1
s=0
><|21 o 22’—1‘Z1 o 23‘_1|2’2 - Z3|_1 H(Zz o Zj)kikjfpliplj (51 _ zj) iRj—De;Pe;
1<J
(4.25)
with k1 = ki1, ko = ko, ks = —ks. Here as we mentioned at the beginning of this section,

Oky+ko,0 and O, o represent the conservations of z-momentum and of z-winding, respec-
tively. The string amplitude is obtained as

3
<H CEVZ'(ZZ‘, Zz)>
=1

1 .
- 5k1+k2,06k3,0 52'?5- 2 (2111 ) elZﬂB(*lJrk%).
i Pl 1

=0, (Zl »22 723):(007170)

(4.26)
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The kinematics allows only the possibility

11 11
(kla kQa k3) — (_27 57 0> ) (pﬁu Doy, pég) - (27 57 1> (427)

with the local branch of ‘73 Its nonlocal branch is not allowed.

4.4 (NS, R—)-(R+, NS)-3(R—, R+)

In order to obtain the counterpart of (2.10) with k = ¢ = 1, we consider the five-point
amplitude of (NS, R—) and (R+, NS) fermions and three (R—, R+) fields:

. ) . 1 3

Vi(z1,21) = T;E?)(Z1)Vk1,—1(51) </€1 =5 Ty ) )

. . . 13

Va(22,22) = Vi 11(22) Ty, (22) (k2 = 2,2,--~> ,

ValzarZa) = Vi, -1(2a) Vo +1(Za) (ko =0,-1,-2,--) (4.28)

with a = 3,4,5. From the conservation of H and H charges, the case other than s = 0,2
in (3.61) vanishes. Furthermore, the conservation of z-winding (>_, ks — 5 = 0) singles out
the s = 0 case as the nontrivial one and then k, = 0 for all a.?

From the Wick contraction,
-1
= 5 (e = k1) (Pez + F2) O1+42,0 05, k0,005, i, 2

5
<H Vi(2, 5@)>
i=1 s=0

X (2 In 1) et 2mB(=3+5 T2y kiki) |21 — 22|

M1
2 5 -
% (H H ‘Zz o Za’_l> H(zz B zj)kikjfpéipéj (21 o Ej)kikjipeiplj7 (4.29)
i=1a=3 i<j

where 121 =k, ,12:2 = ko, but l;:a = —k,. Note that the e = —1 part of Té?) or the € = +1
part of TkQ does not contribute to the amplitude, which ensures the correct target-space

statistics as discussed in appendix C.
The kinematics restricts k; and py, as

3 3 1 1
(kh k27 ka) - <_2> 57 O> 5 (pflv Deys péa) = (_2a _55 1) (430)

and all of V, local. It leads to the string amplitude

3 ~ A~
<H05Vi(2i,fi) H /dzzjv}‘(zjvzj)>
=1

]:475 =0, (21722723):(007170)

-1

1 . 2
5 Okikz, 0 Okgka-ths, 0 05, py, 2 <21n> PRI Ty (4.31)

K1

9The fact that s = 0 and k, = 0 for all a is also the case with general k = £ # 0,1, where we have a
(2k + 3)-point amplitude with (NS, R—) and (R+, NS) fermions and 2k + 1 (R—, R+) fields.
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Here, Z(; 1y is the integral I(; 1y given by (D.2) with

a=0a= k3k4 — DesPey s O/ - d/ — k3k5 — DesPes
1 1
B = k2k4 — DesPey — 57 6, = k2k5 — DesPes — 57

1 . 1
57 B, = 7k2k5 — PeyPes — 55

20 = kaks — Pespes- (432)

B = *k2k4 — PesPey —

To evaluate Z(; ;) at the on-shell momenta (4.30) by (D.31), we use the regularization
mentioned above. Namely, all the powers of the integrand in Iy 1) (o, B, &, B, &, B, &
', 20) are uniformly shifted by e. Then, v and 4 given by (D. 27) become

9

v =y — 3e, v =5 - 3e. (4.33)
Under the shift, we have
e, af] = Clal, o = —> +O(1),
C%[ay, ] = C*[al, i) = - + o(1) (4.34)

from the expressions (D.32) and (D.33). Here, the formula
FE+D)lez-y+)I'z-2+ )G -y —2+1)
Fe+)IG -—y+1)IE -2+ )z —y—2+1)

(4.35)
is useful. The factors s(53), s(f'), s(8+20) and s('+20) in (D.31) become O(e) quantities,
which absorb the divergent factors from C'?’s and C?*’s. Thus, the final result of L1 is
finite:

sFh(z,y,z;e—y+ 1Lz —z+1;1) =

L1,1) = 67°. (4.36)
From (4.31) and (4.36), we end up with

<HCCV Ziy Zi) H V zj,z] >

= 4 > 5:07 (Z17227Z3):(007170)

1\ .
= Oky+ka,0 Okg+katks, 005 py 2 <2 In ) 2B (372 (4.37)
7 77 /"Ll

4.5 (NS, NS)-(NS, R—)-(R+, NS)-(R+, R—)

Let us compute the four-point amplitude of (NS, NS), (R4, R—) bosons and (NS, R—),
(R+, NS) fermions:

- N a 1

‘/1(21,21) = Tlg?)(zl)TS(;gl (21) (k?l cZ+ 2) )
. 13

Va(z2, 22) = Thy(22) Viy, —1(Z2) </€2 =5 g ) ;

. . 13

Va(z2,22) = Vig, +1(23) Thy (Z3) (ks =590 ) ,

S . . 13

Vi(za, 24) = Viey, +1(24) Vg, —1(Z4) <k4 =55 > . (4.38)
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The conservation of H and H charges shows that the amplitude (3.61) for s = 0, —2 can be
nontrivial. Although the s = —2 case is not calculable by the standard CFT technique, the
kinematical constraint from the Liouville momentum leads to ), |k;| = 1, which however
is not met because of |k;| > % for all 7. Thus, the s = —2 amplitude should vanish, and the

s = 0 case alone remains to be considered.!® The Wick contraction leads to
1 )
- (pg1 + k1)2 5k1+k4,05k2+k’3,0 521,1)4“2 (2 In > eﬂﬂﬁ(‘%—k%-&-k%)

2
< =1 s=0 M1

x|z1 — 24|71|Z2 — 23| M (21— 23) T2 (22 — 2a) VA2 — 2) VP25 — 20) Y2

y H k: ikj—Dpe;pe; i (5 — Zj)kikj_péipéj (4.39)
1<j
with 12:1 = —kq, 1%2 = ko, 12:3 = ks, 1234 = —ky. The kinematical constraints allow
ki =ko = L k—k—l ! for all 7 (4.40)
1=Re="5, F3=F =75, be; =5 forallt. :

Then, the corresponding string amplitude is expressed as
3
<Hcav;<zi,zi> / d%4v4(z4,z4>>
i=1

1 1 .
=3 (pﬁl + kl)Q (5k1+k470 6k‘2+k370 (SziPEHQ (2 In > e 3mf I(Lo), (441)

5=0, (21,22,23)=(00,1,0)

2 M1
where Z(; o) is given by Iy o) in (D.1) with
1
o = k3k4 — PisPey = _k3k4 PesPey — 57
1
ﬁ = k2k4 — PesyPey — 57 B _k2k4 — PesPey - (442)

We calculate Z(; gy at the on-shell value (4.40) by the regularization method to obtain
™l 7 1
Ihngy==—-== 2In— ). 4.43
(10) = 5 ¢ 20L< an) (4.43)

However, since the factor (pg, + k1)? vanishes for (4.40), we conclude that the amplitude

3
<H céf/i(zi, Zi) /d22’4 ‘74(247 Z4)>

i=1

is trivial:

= 0. (4.44)

5=0, (21,22,23)=(00,1,0)
The result (4.44) can be intuitively understood. From the H and H charge conserva-
tion, only the (e,€) = (—1,+1) part of

=119 = S 1Y 1 (4.45)
e,e==+1

is allowed to contribute to the amplitude. But, that part disappears at the on-shell (4.40)

from (C.2), and the amplitude must vanish. It supports the validity of the regulariza-

tion method.

Note that arguments based on the charge or momentum/winding conservation can be applied even in
the case of negative s, since it concerns solely the corresponding zero-modes.
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4.6 2(NS, NS)-2(R+, R—)
The four-point amplitude of

~ A~ fay

|4 (21, Zl) = T/ﬂ (Zl) T—k1 (21)’

- . 2 1
VQ(ZQ, 22) = TIES)(ZQ) TE(L)Q(ZQ) </€1, ko € Z + 2) ,

M\w

~ B ~ B 1

Vi 2) = Vi 11 (20) V1 (20) (kb 3 ) (4.46)
with b = 3,4 can be computed by following the same lines as in section 4.5. H and
H charges conserve only for s = 0, —2, and the kinematical constraint for the Liouville
momentum allows only the s = 0 case. From the result

o

-1 1 ;
- ? (pfg T kz)z 521 kivo(sziprQ <2 lnlu’l) e_“r/BZi kf
s=0

<\ TT TI tza =27 ) T 1z = 250770, (a.a7)

a=1,2b=3,4 1<J

we have the expression of the string amplitude

3
<H 65‘71'(2,', Z‘) / d2Z4 ‘74(2'47 Z4)>

i=1 =0, (21,22,23)=(c0,1,0)
_ 1 —im
=5 (Pey + k2)? 05 k.0 05, pe;»2 <2 In Ml) Bk Za1,0)- (4.48)

Here, Z(; o) is (D.1) with

1

a=q= k3k4 — PiesPey, B = /B = k2k4 — PPy — 5 (449)
Z(1,0) evaluated at the on-shell value
1 1 1 .
kl = kQ = —5, kg = k4 = 5, Pe; = 5 for all 4 (450)
by the regularization becomes
Too = Fer (2~ (4.51)
(1,00 = 9 Cr, n i . .
Since the factor (pg, + k2)? vanishes at the on-shell, we find
3 A A
<HccVi(zi,zi) / d224V4(z4,z4)> =0. (4.52)
=1 =0, (21,22,23)=(00,1,0)
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4.7 4(NS, NS)

For readers who are interested in “tachyon” amplitudes, we present the s = 0 amplitude
of four (NS, NS) “tachyons”!!

. 1
Va(za, Za) = Tk, (2a) T—1, (Za) (ka cZ+ 2 a=1, 2> ,

) . 1
Vi, 2) = T (2) T (2) (kb €Z+5.b= 3,4> (4.53)

as

3
<H &Vi(zi, i) /d224 ‘74(24,54)>
i=1 s=0, (21722,23):(00’170)

1 —im - k?
— (p£3p£4 — k3k4)2 521 ki, O 521'1%:2 (2 In m) e B2 kz2 I(I,O)a (4.54)
where Z(; o) is (D.1) with
a = a = k3ky — pepe, — 1, B =B = koks — pe,pe,.- (4.55)

From (D.12) or (D.14), we can formally rewrite (4.54) to the form:

3
CEVZ‘(ZZ‘,EZ') a2z, V, (Z ) 2 )>
<E / 4 V4\<4, <4

s=0, (Zl 322 7Z3):(OO7170)

3
1 . 2 F(kzk4—pgpg —l—l)
=05 & 005 2In — | e ALK (—p it
i ki, 003, pe,, 2 ( ,ul) ( )1:1 I'(—Fkika + pe;pey)

. (4.56)

The factors of the gamma functions are common in “tachyon” amplitudes in two-
dimensional (super)string theory, for example eq. (3.14) in [19].
However, at the on-shell momenta

1 1 1
kl k2 2 ; k3 k4 2 ’ De; 2 or all 7, ( 57)
our regularization scheme gives
1
7 =mcr [ 2In— | . 4.58
(1,0) L < M) (4.58)

Then we obtain the vanishing amplitude!?

3
ciVi(zi, %) | d?z4 Vi(za, 2 )>
<g / 4 V4\ <4, <4

The result (4.59) immediately implies that the three-point function of “tachyons” for

= 0. (4.59)

=0, (Zl »22 723):(007170)

s = 1 also vanishes from (3.61) and (3.62). Together with the conservation of H, H charges
and the Liouville momentum, we conclude that it vanishes for any s.

"Since it is not used to check the correspondence with the matrix model in this paper, readers who want
to see the correspondence quickly can skip this subsection.

12 Although in (4.56) we have included contributions from the 0-picture tachyons with ¢ = € which have
incorrect target-space statistics as shown in appendix C, it is easy to check that they themselves vanish at
the on-shell value (4.57).
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5 Check of the correspondence

In this section, we compute various amplitudes in the IIA theory on the RR background
based on the result in the previous section, and show that the correspondence (3.46)
and (3.47) hold at the level of the amplitudes.

Here we consider leading nontrivial contributions in the perturbation by Wrgr. Then,
the RR charge qrg will be identified with the quantity (v, — v_) in the matrix model:*?

Vi — V— = GRR; (5.1)

where a proportional constant is absorbed into a in (3.59). By a constant shift of the

Liouville field ¢t = ¢ + @, we can adjust the value of u; to be equal to w, where w is

the parameter in the matrix model (2.8).* Then, the w-dependence of the matrix model

action (2.1) and the p;-dependence of the Liouville-like interaction term (3.54) suggest the
identification!®

N tr(—iB) = y09 g 5.2

H(-iB) = TV o). (5.2)

It is consistent with the last line in (3.46) up to the choice of the picture with
1

N

Il

gs- (5.3)

To make (3.46) and (3.47) more precise, we introduce numerical coefficients ¢, dj, and dj,
and write

DPor11 = V¢(k:), Vo1 = dy, Vw(k}), @2k+1 =y VTZ’(k) (5.4)

As we will see later, these coefficients appear to contain no divergence. It is contrast to
the correspondence of two-dimensional bosonic string theory to the ¢ = 1 matrix model
or the Penner model, where momentum-dependent divergent factors, the so-called leg fac-
tors, should be put to connect quantities in the string theory with those in the matrix
model [20, 22].

5.1 (N tI'(—’l,B) (I)2k+1>C,0

The matrix-model amplitude (N tr(—iB) ®ax41) o is obtained by differentiating (2.6) with
respect to w:

‘ 10
(N tr(—iB) Pag+1)c g g, 40w (P2k+1)0]sing.
1 2k2 (2% + 1)
— (vy —v_) — ((k—i—i—_l))' W Inw + (less singular). (5.5)
T !

13A similar observation is made in a matrix model for noncritical type 0B string theory [21], where
eigenvalues asymmetrically filled in two potential wells are interpreted as an RR field.
Here we have implicitly assumed that p; > 0.

5The additional term —i aimWRR could appear in the r.h.s. of (5.2) due to the ui-dependence of the

RR background. It gives small corrections of the order (v4 — v_) compared to the leading %VJ(BO‘O)(O). In
this section, we focus on contributions from the leading and neglect these corrections.
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Note that this is equal to the leading contribution to (Ntr(—iB) ®oy1)- at large N as seen

from (2.4). The corresponding IIA amplitude is N g2 <<%ng’0) ckV¢(k:)>>, where we put

an overall normalization constant N independent of fields, and the bare string coupling g; 2
due to the sphere topology (a string tree amplitude).'® The leading nontrivial contribution
in the small (v; — v_)-expansion comes from the linear order of Wgrg in (3.58). Under an
appropriate choice of the picture, it reads

Nz (AP0 a0 ) = Lt -0 e (0 vt V)
leZ

1 .
=71 vy — v_) 2N epap W (Inw) 2 (K —zk+T),

(5.6)

(4.9)—(4.11) were used in the last equality. We find that dependence on w as well as vy
completely coincides in (5.5) and (5.6) for any k. In particular, as we have noticed at the
end of section 4.1, the existence of the nonlocal branch enables this agreement to hold for
any k € N. Furthermore by identifying their coefficients, we have a relation

o ompd 2 2k 1)
N ety e = ]
with

~ i 152 ~ o 2
& = cp e mBk+3)” ay = ay, e Tk (5.8)

5.2 (Pop,+1 ‘I>2k2+1)c,o

The large-N leading part of the two-point function (®ox, 11 Pog,+1) in the matrix model
reads from (2.11) as

2 (P2kr+1 Parar1) g

sing.

N? 22 kit ket 1l (kD)2 (ko)

+ (less singular) } (5.9)

The corresponding ITA amplitude is N g5 %((ck, Vo (k1) ¢k, Vi (k2))), whose leading nontrivial
contribution comes from the quadratic order of Wgrg as
_ 1 _
N g5 (er Vo (k1) eny Vo (k2))) = 3N s 2 ek ony (V4 — )’

X Z ag, gy whttat? <V¢(k1) Ve (k2) Vg}R V2R> . (5.10)
U1 l2EZ

161 general, g2"~2 is put for a string h-loop amplitude.
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From the result in section 4.2, we have

(Vi (k1) Vo (k2) VIR VERY = g2 (80, ks 620, —1 + (G 45 £2))

2
X (2Inw)? e S kit )T, ) T (ka k)N (5.11)
2 Flko!
There appears the square of the Liouville volume (21Inw)?. One of them is from the integral
over the Liouville constant mode as in (3.62) as usual, while the other from the resonance
of on-shell particles and the background as mentioned in (4.19). Thus we obtain

N g5 % (ery Vo (k1) cry Vo (2))

ki + ko)l
(b + )l ;Ik;)> R (W) (5.12)

= (V+ — 1/_)2/\/'92 Cr, éklékgakl—&-kg&—l 2w <
(5.9) and (5.12) indeed have the same dependence on vy and w for any ky and ky. Moreover,
the dependence on k; and kg of the coefficient in (5.12) is written in a factorized form as
f(k1) f(k2) g(k1 + k2), where f and g are some functions. It serves as a nontrivial check
to see that the matrix model result exhibits the same factorization as well. It is not
manifest at all in the original expression (2.7), but (2.11) and therefore (5.9) are indeed so.
Identifying (5.9) with (5.12) leads to

1 1

ékl ék‘g ~ N
((le + 1)|> <(2k32 + 1),) (ak1+k2 (kl + k2)' (kl + kz + 1)') = 173 NCL &71 . (5.13)

Notice that the r.h.s. is independent of k1 and ko, and thus that the product of the first
two factors in the Lh.s. must give a function of k; 4+ ko. It determines the k-dependence of

¢, and g as

“ .~k N &0 €_7k
C, —Cpe (2k+1)‘, ak:m (k:0,1,2,) (514)

with v being a numerical constant and

Y. 1 1

= 5.15
o 47T3 NCL d_l ( )

As another nontrivial check, we can see that (5.14) correctly reproduces the
k-dependence of (5.7) which is obtained from a separate amplitude. Then, we have

; 2
N égag ™ = =, (5.16)
™
From (5.15) and (5.16), ¢y and ag are expressed as
~ 1 1 i7r,8§ 1 1
= —_—— 4 [
0 872 cr a1 © 0= 32 cra_1’
. 16m . 51 167 —inBL
ag =0y = —cra_1€e™2 = —cpa_ye "2, 5.17
0= o=~ CL a1 N CLa- (5.17)

(Note that e?™ = —1 due to (3.26).)
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53 (T1%1)c,

The large-N leading part of <\I»'1 \I11> ¢» Which is given by the k = £ = 0 case of the matrix-
model amplitude (2.10),

1

1 _
N2 <\I’1 \P1>C,o - N2

1
{(V+ —v_)—wlnw + (less singular)} , (5.18)
T

sing.

is compared with " g5 (doVy(0) doV;5(0))). Its leading nontrivial contribution with respect
to small (v4 — v_) comes from the linear order of Wgrpg in (3.58):

N g2 (doVi(0) doV(0)) = N g5 % dodo (v —v-) D agw™ (V4 (0) V(0) V™)
LEZ

= N g2 dody (—2ap) (v3 — v_) w(lnw) e imBs (5.19)

In the last line, we used (4.26) and (4.27). This takes the same form as in (5.18) as a
function of v+ and w. From the further comparison of their coefficients, we have

1

Ndo Jo ap 6”’8% = —. (5.20)
21
This and (5.16) give a relation of dy, dy to co:
- 1
d() do = Z Co, (5.21)

which is relevant to the target-space supersymmetry as is seen later.
54 (¥3%3).,
The large-N leading of (U3 @3>C reads from the k = ¢ = 1 case of (2.10) as

1
:m

{(V+ —v_)? 6 wilnw + (less singular)} . (5.22)
T

It corresponds to the ITA amplitude N g;2 (d1Vy(1) Jﬂ/@(l)», whose leading nontrivial
contribution in the (v; — v_)-expansion arises from the cubic order of Wgg:
_ = 1 _ =
N g (Vs () V(1)) = 5 N g2 didy (vy — v )

X Z ag, Gy Qg whitbettsts <V¢(1) Vd;(l) VER VEF;R V2R> . (5.23)
AN OREISY/

By making use of (4.30) and (4.37), the final expression becomes
N g2 (di V(1) diV; (1)) = (vy — v )3 N g2 dy dy af 7w (Inw) e imh3. (5.24)

We again find that (5.22) and (5.24) have exactly the same dependence on vy and w.
Comparing their coeflicients gives

Ndydyad ™y = —E. (5.25)

T3
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Together with (5.20) and (5.21), the relation (5.25) leads to

- 12 1 - ¢

dl dl = <_7r2 a%> dOdOZ_% CT% (526)

As we have seen so far, it is remarkable that the single choice of the RR back-

ground (3.59) and (3.60) realizes the agreement between several kinds of IIA amplitudes

((5.6), (5.12), (5.19) and (5.24)) and the corresponding matrix-model correlators, with re-

spect not only to the dependence of vy and w but also to prefactors (depending on z,
Z-momenta/powers of matrices).

5.5 Target-space supersymmetry

Corresponding to (5.4), let us identify the supercharges in the matrix model @ and Q with
those in the ITA theory as

[12
I

Q=aQy, Q=aQ- (5.27)
by putting the coefficients «, a.

From (5.2) and (5.4), each of the quartet (®1, Uy, Wy, +tr(—iB)) with respect to Q,
Q should be precisely mapped to each of (coV,(0), doVy(0), JOVJ, (0), 1V5(0)) with respect

to Q+, (Q)_. This assertion implies
do = acg, JOZ@CQ, aqcy = — (528)

from which we obtain (5.21) again. Note that the argument here does not refer to any
amplitudes. Nevertheless, it reproduces the relation (5.21) which was derived from ampli-
tudes in the previous subsection. This also shows consistency of the correspondence, in
particular, the identification of the supercharges in both sides.

5.6 (Ntr(—iB) ¥, ¥, ‘I>1>070 and ((tr(—iB))? ‘I’%>c,o

The matrix model correlator ﬁ <Ntr(—z’B) VARVA (I)1>C,0 is computed as

1 _ 10 1 /1 1
1 (Ntr(=iB) Wy Uy @) = =25~ 5 ( otro™! <t ?
N4< r(—iB) ¥ ¥, 1>c,o S 0w N4 <N ro N lr¢>C,07 529

which is proportional to (v —v_)? as discussed in appendix B.2 in [4]. Here %tr ¢! arises
by the contraction of ¥; and Wy [4]. Thus, there is no contribution of the order (v —v_)?,
which corresponds to the ITA amplitude

g, <ivg)’°>(o) doVy(0) oV (0) 00V¢(0)> (5.30)

without insertions of Wrgr. According to (4.40) and (4.44), it vanishes, and we see that
the correspondence holds at the order (v, — v_)°. To check the correspondence up to the

2

order of (vy — v_)*, we have to compute a six-point CFT amplitude. We leave it as a

future subject.
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Similarly, ﬁ ((tr(—iB))? (I)%>CO in the matrix model vanishes at the order (v —v_)°.
It corresponds to the ITA amplitude

o5 (18(0) V5 V0) {eav(0))?) (5.31)

that is proportional to (4.52) with (4.50). The result is also zero, showing the validity of
the correspondence.

5.7 Torus partition function

In this subsection we confirm that the ITA theory on the RR background is a consistent

superstring theory by checking that it has a modular invariant torus partition function.

We also see that the result is consistent with the torus free energy of the matrix model.
The genus-one amplitude among vertex operators V; is

d’r _
/}'VOI(CKG(TZ)) <CE(0) BB HV2> (5'32)

Here, the volume of the conformal Killing group of 72 is nothing but the area of the torus of
the worldsheet. The corresponding ¢, ¢-ghost zero-modes are fixed by the insertion c¢(0).
B, B are b, b-ghost insertions associated with the integration with respect to the torus
moduli 7. The integration is over the fundamental region F.

In a similar manner as in section 3.3, the torus partition function under the RR back-
ground is expressed as

(1) = (e"mx)

d%r 1 s 1 /7 _ — n15(0,0) /s
= |, Voakam) 2w X g (O BB VO 0r) 639

with s = =23, ps, due to x(7?) = 0. Note that every vertex operator in Wrg has non-
positive z-winding from (3.60). For s > 0, the s = 0 case alone possibly give nonvanishing
contribution to (1)), and only V,E{:RO remains in Wrgr. Furthermore, the conservation of the
Liouville momentum ), ps, = 0 tells us that even the remaining VE:RO gives no effect. Thus,
just the first term of n = 0 in the sum > o° ;L (Wgg)™ can contribute to the partition
function. Because this argument relies only on the conservation of the x-winding and the
Liouville momentum, it holds irrespective of a way to distribute the picture charges.

Next, let us consider the s < 0 case. Although the computation cannot be carried out
by the standard CFT technique, we can argue that the partition function should be nil
from the conservation of the picture and H charges. Since the z-winding of V};{R is k € Z,
its conservation law means

s=-2-4,-6,---. (5.34)

The total picture must be (0, 0) to provide a nontrivial amplitude of the torus topology. We
consider contribution from (Wgrg)™ (n =0,1,2,---) to (5.33). Any RR field there has the
(=3, —3)-picture originally as in (3.8), (3.59) and (3.60). Hence n should be even and there

— 28 —



must be insertion of § picture raising operators (@BrsT(2¢ - )) in the holomorphic sector so

that the total picture will be zero: (—%) xn+1x %5 = 0. (Similarly in the anti-holomorphic

sector.) Then let us see what happens to its H charge. Every RR field in (Wgg)™ has the
€ 1

H charge § = —35 as in (3.60), and each of the picture raising operators increases the H

charge at most by one as seen from (B.8)~(B.10) and (B.15).!” Thus the total H charge of

(Wrr)"™ with the § picture raising operators will be at most (—%) xn+1x g =0, while

that of Vg)’o)(())s is s. Recalling (5.34), we see that the total H charge of the amplitude
cannot be conserved, and the contribution from (Wrg)"™ to the partition function should
be zero.

Now we conclude that the torus partition function becomes

1) 1 d*r _
W=0|_,=(2In— | — | ————— (c¢(0) BB . 5.36
<< >> < >’s_0 < an) VL /].‘VOI(CKG(T2)) <CC( ) >CFT ( )
As expected from the fact that the two-dimensional string has no dynamical degrees of
freedom of oscillator modes, contributions from oscillators cancel leaving those from z-

winding/momentum [23]:

1 d’r _ _ _ _
Vi |» Vol(CKG(T2)) (cc(0) BB) ooy = /f(dT) [Znsns) (T T) + Zipey my (T3 7)
+Znsr—) (T, 7) + Zmyns) (1,7)] (5.37)

with (d7) o d?7/(Im7)? modular invariant. On the integrand in the r.h.s., neither the
level matching condition!® nor the Dirac equation constraint is imposed [10, 11]. Holomor-
phic and anti-holomorphic z-momenta (k, k) in the (NS, NS) state sum are restricted as
follows.!9 k,k € Z + § for the corresponding vertex operator (e~ Féhe+pee e~ OHkTTPP) o
be local with the target-space supercurrents ¢y and g_. Also, from the locality between
two (NS, NS) vertex operators with the momenta (k, k) and (k’, k'), we have kk’ — kk' € Z.
These two conditions lead to

k—ke2Z or k+kec?2Z. (5.38)

(Then %k2—%]_€2 € Zis satisfied and Z(ys ng)(T+1,7+1) = Znsns) (7, 7).) The former con-
tains the “momentum background”, while the latter does the “winding background” (3.10)
that we are considering. The restriction is an analog of the GSO projection in critical

""For example, the explicit form of the (+3)-picture R vertex operator (pe = 1 — |k|, k = €|k|) reads

Qurst (26()Vi, (2)) = O(26Vi, 0)(2) — —= (pe — ek + 1) 3o TieBHtikstmie )

V2
+ %8(@ —iex + 2ieH) e3¢~ B Tk pee ()
1 3 .1 .
+ Shyed iRk (), (5.35)

8The level matching condition is taken into account by performing the integral of Re 7.
19A similar argument is presented in [9].
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string theory [8]. Thus,

1

= n 2 m— TL—*
Znsns) (7, 7) g2t g2 |92< )2, (5.39)
n,meZ

where ¢ = €™ and 6,(7) is one of Jacobi’s theta functions: (7) = Zrez+1 q% The
identical condition (5.38) also arises for the other three sectors. The latter of (5.38) is
taken in the (R4, R—) sector, while the former is in the (NS, R—) and (R+, NS) sectors,
in such a way to contain the “winding background” (3.10). The result is

Zryr—)(T,T) = Z(nsNs) (T, T),
Zr+N9)(T,7) = Z(ns,r—) (T, T)
_ Y g g
n,meZ
= _Z(NS,NS) (7’, 7_'). (540)

(5.39) and (5.40) give the vanishing torus partition function:2°

(1) = 0. (5.41)

This is consistent with the matrix model results (2.12) and (2.13) which mean the zero
torus free energy.

We obtain the same result even if the integrand is assumed to be slightly generalized
to linear combinations as

ZnsNs) (15 T) + aZry r—)(7,7) + b Z(xg R (T, T) + ¢ Z(r4 Ns) (75 T), (5.42)

where coefficients a, b and ¢ are fixed so that (5.42) is modular invariant. From (5.39)

and (5.40),

l+a-b—-c
—— ()P, (5.43)

for which to be modular invariant there is no other possibility than the prefactor 1+a—b—c

(5.42) =

being null. Then the torus partition function vanishes.

Note that our conclusion of the vanishing torus partition function is not usually ex-
pected from the supercurrents (3.9) carrying x, z-momenta [8-10]. However, in our case
where the (R—, R+) vertex operators represent the fixed RR background and does not
take part in the torus partition sum, contributions from the remaining three sectors are
balanced as seen in the above. Furthermore, the RR background itself does not spoil the
supersymmetry, which is consistent with the fact that the (R—, R+) fields are singlets
under the supersymmetries, as shown in section 3.2. As a result, we obtain what is naively
expected from a supersymmetric theory.

20The result of the torus partition sum is different from that on the trivial background computed in [9, 10].
The partition sums in the (NS, R—) and (R+, NS) sectors obtained there are the half of our result, and
cancellation with the (NS, NS) sector is observed (See eqgs. (3.14), (3.15) in [9] and appendix B.1 in [10].).
We guess that the Dirac equation constraint is imposed in the (NS, R) and (R, NS) sectors but not in the
(R, R) sector in [9, 10]. In contrast, we do not consider the Dirac equation constraint for any R sectors
n (5.37). Their result is modular invariant as well as ours.
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6 Remarks on nonlocal RR vertex operators

The nonlocal vertex operators appearing in the background Wrgr do not satisfy the Dirac
equation constraint as we have pointed out below (3.60). It would be acceptable from the
point of view of representing a background and not on-shell particles. As a consequence,
however they are not BRST-closed:

OBt (Vk(fli)llﬂocal)(z)) -9 (Cvlf,ngrlﬂocal)) (2) — ;W(pe —k-1) ne%fb—l-i%H-l—ik:c—i-pﬂP(Z)’

Opnst <cvk(’ni)rlﬂocal)(z)) _ (pe —k—1) Cne%ch%HHkarpM(z). (6.1)

i
2v/2
Nevertheless, we can formally see that this violation of the BRST invariance

does not contribute to amplitudes among BRST-closed physical vertex operators
(QBRsT(cV;, phys(2)) = 0). For example,

3
<H c(2i) Vi phys(20) | | / d2; Vj phys(25) / dz QBRsT (V;f,mflocal)(Z))> -0 (6.2)
=1

Jj=4

by deforming the contour of the BRST current.?! Actually in relevant amplitudes in the
previous sections, no more than one nonlocal operator is inserted.

We emphasize that (6.1) does not immediately mean inconsistency of the theory. In-
deed, the nonlocal vertex operators have the conformal weight (1, 1) preserving the world-
sheet conformal symmetry. Namely, they are marginal perturbations around the flat back-
ground given by Scpr in (3.53),2? under which the theory should make sense as a string
theory. We have also seen in section 5.7 that the theory is modular invariant. Furthermore,
the breaking (6.1) solely comes from the breaking of the global worldsheet supersymmetry
Gar . Thus we can construct a BRST-like charge Qo + )7, where

QF == § 52 )TE 1) = - § 5 O TE L(2) (63)
with (B.8) and (B.17). This charge is nilpotent and annihilates the physical vertex op-
erators (3.12) as well as the nonlocal vertex operators. This situation is reminiscent of
boundary states as mentioned in section 3.3. For amplitudes containing boundary states
in that case, physical vertex operators inserted in the bulk are invariant under each of
the holomorphic and anti-holomorphic BRST operators, while the boundary states break

21We might also give somewhat similar but more formal argument by assuming the existence of the CFT
state even corresponding to the nonlocal operator. As mentioned below (3.60), G ‘Vk(,nfr{local)> # 0, but

_ local
we could see Gy G Vk("f? ocal)

> = 0, which implies that the breaking of the BRST invariance would have

Zero norm HG(J{ )V,C(f]f“llocal) > H =0 in the matter CFT sector and would be decoupled in our case where the

matter CFT is unitary. However, that is not always true as we see that the integrand in B of (E.9) is not
zero at z4 = 0.

22Note that we treat the RR background as a perturbation around the flat background (recall Sin¢ in (3.54)
is also regarded as a perturbation) as shown in (3.58) and (5.33).
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the invariance under a half of them and preserve the other half (a certain linear combi-
nation of them). As discussed in [24, 25], it requires intricate examinations to confirm
the BRST invariance for such amplitudes due to b-ghost insertions associated with the
boundary states and to continuation to off-shell momenta as a regularization. Although
it is not easy to prove decoupling of the BRST-exact operators and independence of the
way to distribute the picture charges in a generic amplitude, the literature investigates this
issue by taking some concrete amplitudes and gets affirmative consequences. Similarly, let
us see evidences supporting that (6.1) does not ruin consistency of the theory at least for
amplitudes discussed in the previous sections.

6.1 Target-space gauge symmetry

(6.1) may imply that BRST-exact operators potentially do not decouple from amplitudes
in the presence of the nonlocal operators. In general, decoupling of BRST-exact opera-
tors guarantees gauge symmetry in target space, and its breaking would run into serious
inconsistency of theory.

Note that in the two-dimensional superstring we are considering, only the RR vertex
operators concern gauge particles, and they do not couple to its gauge potential, but directly
to gauge invariant U(1) RR field strength. Thus there must be no gauge transformation
in the target space expressed by BRST-exact operators. Actually, as is shown in the
following, we cannot construct any BRST-exact shift to the (—1)-picture NS field ¢Tj(z) =
c e dtiketpep (1),

CTk(Z) — CTk(Z> + QBRST(U(Z)) (6.4)

in a consistent manner. U(z) should have the ghost number zero, the picture (—1) and the
weight zero. Moreover, it should have the term e?**+P¢% of the weight % which is common to
cT},. Hence the prefactor of e’**+P¢# appearing in U(z) has the weight (—3). As discussed
in [25], let us consider the operators consisting of b, ¢, £, n and ¢ with the ghost number
zero and the picture P given by??

Ay = M0 (an) - (0" ) b (D) - (0"'h) (n=10,1,2---),
A = I (9g) (9%¢) -+ - (M) e (8e) - - (0™Ye)  (n=0,-1,-2,---) (6.5)

with their weights
1 1
[A4] =5 {-P*—2n+1)P+n(n+2)}, [A_] =5 {—P*+2(In| —1)P +n*}. (6.6)

The prefactor of e**+P¢¢ in U(z) has the form of A, or A_ with P = —1 multiplied by
polynomials of derivatives of x, ¢, H and ¢. It may also be multiplied by factors of a form
: 0Fbdle :or 1 (OPTYE)D : (k, L, p,q > 0) that do not change the ghost number or the
picture number. Note that such multiplicative fields increase or keep the weight, but never
decrease it. Thus, the weight must be

Ad<—3 o [A]<—g (6.7)

ZNote that ¢ and 7 have the picture charges (4+1) and (—1), respectively.
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for P = —1. However, any integer n does not satisfy this condition, meaning that such

U(z) does not exist. Similar argument is possible for other vertex operators.?*

6.2 Picture changing operation

Since the picture changing operation discussed in [6] relies on the BRST invariance of
vertex operators, one may wonder if (6.1) prevents it. Here we concretely demonstrate the
picture changing operation in the presence of the nonlocal operators. Relevant amplitudes
investigated in this paper are in sections 4.1 and 4.2.

Let us consider the holomorphic part of the amplitude in section 4.1:2

(0cTi, (21) €Viy, +1(22) V0 (23)[0). (6.8)

We change the picture assignment of the NS and R+ fields from the (—1) and (—1) pictures
to the 0 and (—3) pictures by use of

(Ti) ) (21) = Qprst (26(21) €Ty (21))
= () - g metthEe(s) (6.9)

cViy, +1(22) = @BRsT (2§(2’2) (Vg +1) 72 (22)> , (6.10)

where T, kEo) (z) is given by (C.2). Note that the picture changing operation does not commute
with the multiplication of the ¢ ghost. The (—%)—picture field is obtained by the inverse
picture changing operator Y (z) = 2¢ (0¢) e=2?(2) as

(Vi 4+1) TP (2) = lim Y (w) Vi, 41(2) = 2¢(0c)(9€) e~ 20T tiketpee () - (6.11)

w—rz

We introduce the ¢ zero-mode to move to the large Hilbert space:

(0[€0€Ti, (1) Vi, 11(22) V" (z5)[0)) . (6.12)

large

Here, o can be replaced with {(21) = >_,,cz&n 21 " because (0] |0)] 4. = 0 when ---
does not contain £. Plugging (6.10) into (6.12) and manipulating the contour of the BRST

current leads to

(6.12) = —(0] (cT1i, ) (21) €(22) (Vig, 11) %2 (22) V" (23)]0)

large

~2(0[€(=0)h (21) €(22) (Vi 41) /2 (22) Qusr (Vi1 (23)) [0)

(6.13)

large

The first and second terms come from the BRST currents encircling the points z; and
z3, respectively. We move £(z2) to the bra vacuum in the first term, and go back to the
expression on the small Hilbert space:

(01 (eTry)® (21) (Vig, +1) ) (22) eV, (23)0), (6.14)

24We have explicitly seen that no BRST-exact shift is allowed for the O-picture NS field and R fields with
the pictures (—3), (+3) and (—32).
25 A parallel argument can be applied to the anti-holomorphic part.
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that is the realization of the picture changing operation. Although the second term would
seem to remain due to (6.1), a closer look shows that this is not the case. Actually, it reads

—iV2(pe, — ks — 1) (0[ce™ PHRIPIPUL (1) €(0€)c(Dc) e 30T T iRT Py ()

che%¢+i%H+ik3w+pe3<ﬂ(Z3)‘0> _ (6.15)
arge

Notice (6.15) does not conserve any of the (£, ) fermion number, the ¢ ghost number, the
¢ charge and the H charge. Thus, we see that (6.15) vanishes, and that the usual result of
picture changing

(01T iy (21) Vg, 41(22) VI (23)]0)
= (0] (T3, )@ (21) (Vig,+1) 2 (22) VY (23) 0) (6.16)

is obtained.
A similar argument for the amplitude in section 4.2 again leads to the usual result

CVEy, +1\21) CVEy, +1(22) CVig —1(23 24 Vi, 4 24
016V, +1(21) Vg, 41(22) Vg, —1(23) [ dza VIO (24)]0)
= (0] (Vi +1) T (21) (Vg 1) T2 (22) Vg, —1(23) / dzg VP (24)|0)

= (01 (Vi +0) 1 (a1) Vi 1(22) (€Yo, 1) ) [ VU l0) (617)

in spite of the presence of the nonlocal operator. (6.16) and the first equality of (6.17) can
be regarded as evidence that the correspondence (3.46) and (3.47) holds independently of
the choice of the picture in the ITA theory.

We should notice that the usual result of picture changing does not hold for every
amplitude in the presence of the nonlocal operators. Appendix E presents an amplitude
where the picture changing operation induces a nonvanishing term containing the BRST
transformation of nonlocal operators. Since we have not identified the matrix-model coun-
terpart to the positive-winding “tachyons” (Vl, Va with kq, ko = %, %, -+ in (E.1)), it is not
clear which amplitude in the matrix model corresponds to the amplitude discussed there.
In general, the BRST charge acting on b ghosts in higher-genus amplitudes amounts to
picking up contribution from boundaries of the moduli space [26]. It could give a hint to
understand the nonvanishing effect from the nonlocal operators in a geometrical manner.

As far as ITA string amplitudes whose correspondence to matrix-model amplitudes is
given in this paper, we have seen in the above that the picture changing manipulation
works as usual around the natural pictures.

7 Discussions

In this paper, we computed various amplitudes in two-dimensional type IIA superstring
theory on a nontrivial (R—, R+) background, where the background is expressed by vertex
operators as a small perturbation. By comparing the results with correlators in the matrix
model calculated in [4], we checked the correspondence of the type ITA theory to the super-
symmetric double-well matrix model, which was previously discussed from the viewpoint
of symmetries and spectrum in [4].
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To enable the comparison at the quantitative level, we explicitly constructed cocycle
factors to vertex operators in such a way that the target-space statistics is respected. The
evaluation of ITA string amplitudes at the on-shell momenta often needs to be regularized.
We found a certain regularization scheme which seems reasonable from the viewpoint of
resonance structure in the amplitudes. As a result of the comparison, there arise various
relations among coefficients that connect quantities of the matrix model to those of the
type ITA theory. Remarkably, all of such relations obtained so far are consistent with each
other, which convinces us of the validity of the correspondence.

We mainly investigated two-point amplitudes of the ITA theory on the nontrivial (R—,
R+) background. By taking into account the background in the perturbation theory, how-
ever they amount to the computation of three-, four- and five-point functions on the trivial
background. Since the analysis of spectrum in the previous paper [4] is based on the ver-
tex operators (3.12) on the trivial background, the computation here is important to see
the effect of the RR background. Some amplitudes have the factor of the square of the
Liouville volume. Its physical interpretation is as follows. One of the volume factors is
from the integral over the Liouville constant mode as usual, while the other factor is due
to the resonance of external particles and the background. Although it increases technical
complexity, it will be meaningful to examine the correspondence for higher-point or higher-
genus amplitudes. Also, we considered leading nontrivial contributions to the amplitudes
in the perturbation of the background Wgrr. It is interesting to analyze subleading con-
tributions. Then, we would have to take into account deformation of the BRST charge as
backreaction from the background, and the relation (5.1) would be renormalized as

o0
Vy —V_ = QRR <1 + Z unq%{%{> (7.1)

n=1
with w,, coefficients.

So far we have not yet clarified the matrix-model counterpart to the positive winding
“tachyons” g2 [ d*z T,H%(z) f,k,%(f) (k = 0,1,2---), while the negative winding ones
(k = —1,-2,--+) would correspond to {+tr(—iB)*™1} up to some mixing terms. We
expect to make it clear by introducing source terms of an external matrix to the matrix
model as discussed in the case of the Penner model in [22, 27]. If it succeeds, it will be
interesting to investigate the correspondence for amplitudes concerning the “tachyons” (for
example, what we presented in section 4.7 and appendix E.1). Then it would become clear
how the picture changing issue of the type IIA theory on the (R—, R+) background in
appendix E is understood in the matrix model.

The investigation here and in the previous paper [4] focuses on massless degrees of
freedom in the type ITA string theory. As discussed in the two-dimensional NSR string [28—
30], the type ITA theory also has massive states at fixed momenta called “discrete states”.
In the matrix model, it seems natural that such massive states correspond to single-trace
operators involving several kinds of matrices like %tr (@F ap2+1), %tr (¢F ap* B™4p™) and so
on. It is intriguing to extend the correspondence to include the massive excitations.

The correspondence we have discussed concerns fundamental string degrees of freedom
in the type ITA theory. If we push forward this interpretation, each element of the matrix
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variables in the matrix model could be regarded as a sort of short string or string bit
carrying a unit of winding or momentum along the S' direction, which is somewhat similar
to the matrix string theory [3]. We could also consider the correspondence from another
direction based on a relation of solitonic objects (D-branes) in the ITA theory with the
matrix model as in [21, 31-34], where matrix elements are interpreted as open string
degrees of freedom on a bunch of D-branes, and the matrix models describe closed string
dynamics via open-closed string duality. The single-trace operators could be regarded as
sources of closed strings rather than the strings themselves. It would be worth considering
both of the interpretations in a complementary manner to obtain deeper correspondence
between the matrix model and the type IIA superstring theory.
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A Summation of m in (2.7)

In this appendix, we show the equality between the r.h.s. of (2.7) and of (2.11). Note that
it is equivalent to prove that S(k,m) = Z(k,m) with

m

. 11 13

kom)=S Bp+k+=, =) Blk+m—p+=, 2 Al
S(k,m) 2 <p+ +2, 2) < +m p+2, 2), (A1)
. m 11 11
7 =" p .2 ) B = o). A2
(k) = ST <k+2’2> <k+m+2’2> (4.2)

We see that both of S(k,m) and Z(k,m) obey the same recursion relation. For (A.1)

- ~ 31 1 3
S(k+1,m—2)—5(k,m)—B<k+2, 2) B(k+m—2, 2>

1 3 11
_B -2\ B -
<k+2,2> <k+m+2,2>

i 2% + m 11 11
= S(k,m)— Blk+=, =) Blk+ = =1,

(k,m) 2k + 1)(k+m+ 1) < *y 2) ( mtg 2)
(A.3)
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and for (A.2)

~ ~ 2k+m 11 11
T(k+1,m—2) = Z(k,m) — B(k+= =) B(k+tm+=,=). (A4
(bt m=2) = 20 m) = S D Gt ) (b3 g) B(remegg) . Ao
Since S and 7 satisfy the same initial conditions:
S(k,0) = Z(k,0) = 0,
~ ~ 1 11 31
S(k,1)=Z(k,1)= ———=B|k+=, =) Blk+ =, = A5
(1) =20 1) = gy B (kb g ) B (K45 5) (A5)
for k=10,1,---, we can conclude that g(k:,m) = f(k, m).
B Worldsheet superconformal symmetry
Superconformal generators
Tr = TmyF + Tgh,F7 (B.l)
Tmr = §¢x3$ + 51/)!3@ - 5@81/% (B.2)
1 3
Ten, r = §bfy — 0fc — iﬁﬁc (B.3)
and the energy-momentum tensors (3.2) have the OPEs:
[ /2 2 1
T Talw) ~ dua | 2o+ ) + L oTa(w)] .
Ta(2) T 0 (0) ~ x| — L2 Ty () + —— T p(w)
a(2)1B, F AB Z—w)y B, F B, F )
[ cp/6 1 1
T p() o, p(w) ~ G (2 E/w)?’ z— szB(w)} (B-4)

with A,B = m, gh. The central charges for the matter sector ((z,,) and (¢,1y)) and the
ghost sector ((b,c) and (8,7)) are

3 3
Cm =5+ <2 - 3Q2> =3+3Q%  cgn=-26+11=—15. (B.5)
Thus the total central charge ¢ = ¢y, + ¢g, vanishes by using @ = 2. In terms of modes
e 1 e
Ta(z) = ;ZLQZ "2 Typ(z) = QEGﬁz e (B.6)
n

(r € Z+ 1 for the NS sector, r € Z for the R sector), the OPEs (B.4) represent the A/ = 1
superconformal algebra

r c
[Lﬁw L?n] = Oap (n —m) Ly tm + %(n?’ - n)5n+m,0} )
T/n
[Lﬁw GE] = 0np (5 - T) Gi+r:| ]
[ 1
(G162 =dua 222+ 2 (1= 1) brvan (B.7)
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The matter part has an enlarged symmetry, namely the N' = 2 superconformal sym-

metry. By dividing the superconformal generator as
T, F = TnJ;,F +Tx;,Fa

[\I’T8(<p +iz) — Qa\pq :'Q\Z@

v
1

+
T‘m7 F

T, = W0lp i) = Q0] = 5o [ ol — ia) - Qoe ],

4 2\/5

and defining the U(1) current as
1
J == WUl +iQor = i0H +iQox,

one can see the OPEs for the A/ = 2 superconformal algebra:

To(e)Tm(w) ~ 202 2 Tt + 0T (w),
To()T5 pl0) ~ 2oy T () + 2 OTE p(w),
T2 (w) ~ g ) + —— 0T (w),
T p(2) T p(w) ~ (Sm/ ;2)3 E lw)2 i J(w) + ~ . -~ (i Tn(w) + < 0T (w)
TETE plw) ~ = T (),
I@)Iw) ~

T p(2)T p(w) ~ 0.
In terms of modes

1
T;fF(z) = Wi ZG;‘EZT_?’/Q, J(z) = Z Jpz L

(B.12) are recast as

7m(n3 - n)5n+m,07

m m m C

L GE = (5 - ) Gha

[Lﬁa Jm] = _mJn+ma

m 1
(GF.Gh =2 = et 5 (12 = 1) o

+ +
[JTH Gr ] = :th-i—r?
Cm
[Jn, Jm] = ? 7’L(57L+m’0,
{Gr.ayy=o.
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(B.9)
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The BRST charge

Qonst = § 2 s (2),
s () = (2) (Tl + 5T (2)) = 9(:) (T p(2) + 5Tunr(2)) (B39
is decomposed into the three pieces
QprsT = Qo+ Q1 + Q2 (B.16)
Qo = § o [e2) (Tn(2) + Ty () + bede(2)],
Q1E—7{2d;7( f(hed)nTmF()
Q=1 L=t 74 2 ammb(z) (B.17)

according to the superconformal ghost charges. Here, Tg, = —%Bf)'y — %857 is the Svy-part
of Tyn. One can check the nilpotency of the BRST charge (Q&ggr = 0).

Although we discussed only the holomorphic part, we can repeat a parallel argument
for the anti-holomorphic part.

C Cocycle factors for 0-picture NS fields

The 0-picture holomorphic NS field T ]go) is obtained by the picture changing operation

Qorsr (26(2)T 74 U Jomsr () 26(2)Ti(2) = D2eT)(2) + TV (), (C)

where the first term does not contribute upon the z integration and can be neglected. The
second term represents

i i€ ik
TIEO)( ) = T’gO)H( )+ T,g?ll(z), T,g?z(z) = 7 (pe — ek) et +ikatpes ). (C.2)
The anti-holomorphic field is similarly given by
7 5 7 > 7(0) (- i =1\ pieH+ikz+pep (5
L0() =T, @+ TG, TR = 5 (- ) @), (03)
The OPEs
1

q+(z) T;ﬁ?ﬁ(w) = m g+ (2) T,E,Oz(w) ) (C.4)

_ (0, 1 _ _

g (5) T\ (w) = oy ) O (w) - (C5)

show that the degree of the poles differs by one depending on the values of €, €. It suggests
that the e = +1 parts of T}go) have different target-space statistics. Similar is the case
of TV

e
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In the same manner as in section 3.1, we introduce the cocycle factor to the 0-picture

NS fields:26

0(2) = T () + 10, (), T0(z) = e Pliantiben) 70 (),
e =10, @+ T3, I =i T0E).(Co)
Then, we find
[19(2) 4 (w) = 2GR g, (w) TO)(2), (C.7)
i (2) T, (w) = 2P T (w) - (2), (C.8)
and
TO(2) T (w) = 2 Ty, () T (2), (C.9)
275702(2) Vk/,g(w) 2mB(—1ée —kk)vk/7€/( )21—5702(2), (C.10)
[ (2) T (w) = 2R D) () Ty (2), (C.11)
Vi, () T, (w) = 253 T ) V7 (2), (C.12)
[0 (2) T (w) = 2P 10 () TO(2). (C.13)

(NS(O) NS(O)) sector. From the above result, we see that the target-space supercharges
Q.+, Q_ act on the (¢,&) = (+1,—1), (—1,+1) parts of the (NS(O, NS©)) field

T T0E = Y 1019 () (C.14)
e,e=*+1

in the form of a commutator, but on the (e¢,€) = (+1,+1),(—1,—1) parts in the form of
an anti-commutator, so that they can be expressed as the contour integral of the radial
ordering. Moreover, among fields in the natural picture ((—1)-picture for NS, (—1/2)-
picture for R), target-space fermions ((NS, R—), (R+, NS)) commute with the (e, €) =
(+1,-1),(—1,41) parts, but anti-commute with the (e,€) = (+1,41),(—1,—1) parts.
Target-space bosons ((NS, NS), (R+, R—), (R—, R+)) commute with the all parts of (e, €).
Thus, we conclude that the (¢,€) = (+1,—1),(—1,+1) parts have the correct target-space
statistics, while the (¢,€) = (4+1,+1), (—1,—1) parts do not.

Interestingly, the (¢, €) = (+1,+1), (=1, —1) parts do not contribute to any amplitudes
computed in this paper. It is likely that the target-space statistics is correctly realized at
the level of the amplitudes.

26Note that the cocycle factor for T,g?z (z) is different from the one for T (z) in (3.28). If we put appropriate
cocycle factors to the BRST charge (B.17) corresponding to exponential operators appearing there and
similarly to the anti-holomorphic BRST charge, the result (C.6) will be directly obtained from the picture
changing operation.

— 40 —



(NS(®, R—) sector. Similarly, we see that the e = +1 part of the (NS, R—) field

702 Vi) = S T0(2) Vi 1) (C.15)
e==+1
has the correct target-space statistics, but the e = —1 part does not.

The ¢ = —1 part does not contribute to the amplitudes in this paper, and the target-
space statistics is correct in the amplitudes.

(R+, NS() sector. In the (R+, NS(O)) field

Vi, 11(2 Z Vi 11(2 ( ); (C.16)

the € = —1 part obeys the correct statistics, while the € = +1 part does not.
We see that the € = +1 part gives no contribution to the computed amplitudes. The
correct statistics is realized in the amplitudes.

D Integral formulas

In this appendix, we present formulas for the two integrals

Ing = /dzz 227 (1-2)P (1 - %), (D.1)

Iny = /d% Pwzz2(1—2) (1 -2 w” o (1—w)? (1-8)% |z —w|*, (D.2)

where z = x4y, 2 =2 — iy, w = u + v, © = u — v, d*z = de dy and d*w = dudv. The
powers appearing in the integrands «, @, --- , 8, f', o are independent.

More general integrals including (D.1), (D.2) are computed in [35]. However, in order
to make this paper reasonably self-contained and to remark on the conventions for complex
phases in integrands that is not mentioned in [35], we give computational details.

D.1 Iy,
As discussed in [35, 36], we rotate the integration contour of y by almost —90 degrees as
y— e Gy = —i(1+ie)y, (D.3)
and the real axis by —e, so x — (1 —i€e)x, 1 —x — (1 —ie)(1 — x). Then, in terms of
n=x+y,x =z —vy, (D.1) becomes
[e.9]

o= [ dudx(n=ie)" (v en)® (1= = ie(1 = ))° (1= x~ie(t = n))". (D1

We assumed no contribution from the infinity in the contour deformation (D.3), which is
justified when
Re(a+a+p+p8) < —1. (D.5)
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The complex phase in the integrand should be carefully treated. We consider the following
two phase conventions. The one (I) is

{(n—iex)Ox —ien)}* (x —ien)* ™ )
< {(1 =g —ie(1 =X)L = x —ie(L =)}’ (1= x—ie(1=n)"",  (D.6)

and the other (II) is

a o

{(n —iex) (x — ien)}* (n —iex)™” ) )
< {(1 =g —ie(l=x)(L = x —ie(L =)}’ (1 —n—ie(l=x)*". (D7)

For example, {(n —iex)(x — ien)}“ means

x| (nx >0)

—iTQ a 0 (DS)
e nx|* (nx <0).

{(n —iex)(x —ien)}* = (nx —ie)* = {

By noting the phase in the case (II), we see that (D.4) can be divided into the three parts
according to integration regions of x:

_Z 0 > . o . a .
lno =5 [ dx [ dntnrio® (=it (1 -n-i0f (1-x)°
—1 o ee CNa . A . \3 . B
+2/ dx/ dn(n—ie)*x* (1 —n+ie)” (1 — x — ie)
1 —00
—i ! 00 _ _
T, /0 d [ anr—io® (1 -n =i (1= ) (D.9)

Since the integrand of the first line (the second line) in (D.9) is regular with respect to the
upper (lower) half plane of 7, the n-integral vanishes by closing the contour with a large
semi-circle there. Contribution from the large semi-circle can be neglected when

Re (o +B) < —1. (D.10)

The y-integral in the last line gives B(a+ 1,3+ 1), and the n-integral can be computed as

/_ dn (n— i0)* (1 —n — ie)® = —2isin(xp) / dnn®(n—1)°
= —2isin(nB)B(B+1,—a—pB—1), (D.11)

where the first equality holds in the region (D.10). Thus, we end up with

I = —sin(mf)B(@a+1,8+1)B(B+1,—a—5—1)
_ Lt DT(B+1) T(-a—pF-1)
T T@+5+2)  T(a)T(-H) (D-12)

for the case (II). The derivation of (D.12) is valid for

- 1
— 1< Rea, Rea, Ref3, Ref < —5 (D.13)
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We define Iy o) for generic o, @, 3, by analytic continuation from (D.13).
On the other hand, the result for the case (I) is obtained from (D.12) by the replacement
X <1, a< aand < B

a+1)T(B+1) T'(-a—pF-1)

I = = D.14
GO " Tlat5+2) T(-a)I(-p)’ (b14)
which is obtained in ref. [35].
(D.12) and (D.14) are different in general, but become coincident when
s()s(8) _ sa) s(B) with s(z) = sin(mx). (D.15)

s(fa+p)  s(a+p)

For amplitudes among mutually local vertex operators as we discuss in the text, the pa-
rameters satisfy a — a, 3 — 3 € Z, and thus (D.15).

D.2 I,
Similar contour deformation as in the previous subsection for y as well as for v leads to
—i\2 [ _
Iy = <2> /_OO dny dx dng dxi (m —iex1)® (x1 — deny)® (1 —m — ie(1 — x1))”
x (1= x1 —ie(1 = m))” (g —iexq)® (xq — ien;)
x(1—=ng —ie(1 = x3))” (1= x5 —ie(1 —my))”
x (m —m —icka —x1))™ (x1 —xq —ie(m —ny))™ . (D.16)

6/

where we put 91 =z 4y, x1 =2 — ¥y, 7 = u+v, xj = u — v. The phase convention of (I)
for the integrand is

{(m —iex1)(xa — den)}* (xa — deny)®™ {(1 —n1 —de(1 — x1))(1 — x1 — ie(1 —m))}’

X(l - X1 — 16(1 — 771))5—5 {(ni _ iﬁXi)(Xi . ieni)}a/ (Xi B ’ieni)&/_o‘,_
x {1 = —ie = xi) (1= xg = el =)} (1= x — el — )
20

x {(m —ng —ie(x1 — xq))(x1 — xg —ielm —my))} (D.17)
and that of (II) is

{(m —iex1) O —dem)}® (m —iexa)®™* {(1—m —ie(1 = x1))(1 = x1 — de(1 —m))}’
X (1= = ie(1 = x1)*~7 {(n —iexy) (g — demy) }* (ng = iex) ™

{1 = m = e = xi)) (1 =g —de(t =)} (1= — el = xp)”

< {m =y —ieCa = xq)0u = xg — delm —n) (D.18)

Similarly to the previous subsection, (D.16) in the case (II) can be divided into twelve
parts according to integration regions of x1, x;. Among them, only two parts corresponding
to 0 < x3 < x1 <landto0< x1 <x; <1 are nonvanishing. Then, we have

N\ 2
Iny = <2Z) {Ca&, &) PP[ay, of] + C*May, &) P*[ay, o]}, (D.19)
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where
12 / ! X A 3. a 2
C e, oy :/0 Xm/O dxi xT (1 —x)2 X8 1= x1)" a —x)%,
1 1 .
C*Mau, ay) = /0 Xm/ dxi X7 (1= x1)"x& (1 =x9)” (g —x1)%,
X
P2lag, f] = / dny dng (m — ie)* (1= my — ie)® (ng — i) (1 — g — ie)”
x(m —mny — €)™
PMa, af] = / dny dn (m —i€)™ (1= my — ie)? (ny —ie)™ (1 — g — ie)”
x(n; —m —ie)*. (D.20)

In P2 (P?1), —ie in the last factor indicates that the contour of 7; avoids that of 7; upward
(downward). We have used the notation in [35], where oy = «, g = 3, o} = o/, oy, = [/,
etc. Since integration variables are dummy, we see

C’Ql[al, al) = C’m[a ail, PQI[ai, af] = Pm[a;, a;l. (D.21)

7

Next, we obtain a relation between C'? and P'? by introducing

Q" [ay, af] = / dx1dxi x5 (1= x1)°x§ (1= x1)% (x1 — xq — €)% (D.22)

Splitting the integration region [0,1] x [0,1] into the part of x; > xj and that of x1 < xj
yields
QVay, &) = C¥ay, al] + e C?[al, &) (D.23)

On the other hand, we deform the integration contours of P'%[a;, ]| to surround the
cut [1,00):

1
PPy, of] = —2is(B) [—e“rﬁ / diy dni n? (m =170 (ny = 1) (im0 — g + i)
o0

1
+e P / dnydng 0 (m — 1) 08" (g = 1P (m —my —ie)z"} :
o0

(D.24)
Changing variables 71 = 1/¢, and 7; = 1/&;, we have
PP2a;, of) = ~2is(8) {7 QP[of, ] - ¢ GPay, ol (D.25)
where
QPay, o] = / derde; € (1- )€ (1-&)” (61— & — i), (D.26)

Y= —a—f—20—2(= a3), v =—-d - B —20—-2(=d), (D.27)
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and Q*? [, o] is obtained by B8 <> 3', v «» 9/ in (D.26). Changing variables & = 1 — Xis
& =1—x1 in (D.26) means

Q%[ai, of) = Q%[of, eil,  QP[af, ai] = Q% ey, o). (D.28)
Together with (D.23), (D.25) and (D.28), we obtain

PP[a, oj) = (=20)*s(8) {s(8') C*|ov, ai] + s(8' + 20) C¥[a, ] } (D.29)

(3

and
P21[ozi, a;]:Pu[a;, aﬂz(—?i)%(ﬁ') {s(ﬁ) C’23[a;, a;l+s(6 + 20) C23[ai, aﬂ}. (D.30)
Plugging (D.29) and (D.30) into (D.19) expresses (1 1) in terms of C'*’s and C?*’s:

L1y = s(B) s(8) {C[au, &) C%[ai, of] + C2[a, o] CF o, o]}
+s(B) s(B' + 20) 012[@-, all 023[(1;, ;]
+5(8') s(B + 20) C*?[al, a;] C*ay, o). (D.31)

Once we know C'?[a;, of], all of the C1?’s and C?%’s appearing in (D.31) are obtained by
replacing parameters. For example, the change (a, o/, 3,8) — (8,8',7,7') in C*2?[ay, o]

7
/

'] is represented by

gives C*[a;, ol]. As a result of the direct computation, C'?[ay;, o

(2
hypergeometric functions:

T +1)T(20 +1
I/ 420+ 2)

CY2[oy, of] =

7

1
) / Xm thlJra +20+1 (1 o Xl)ﬁ
0

x F(=p',d +1,a' +20+2; x1)
~ T(a+d'+20+2)T(B+1)T(a'+1) T (2041)
INa+do/++2043) (/' +20+2)
x3 Fy(=f,d/+1,a+a’+20+2; o/ +20+2,a+a'+8+20+3; 1), (D.32)

from which
Do, o] = L(B+B8'4+20+2)T'(y+1) T(B'+1) (20 +1)
v L(B+p'+v+20+3) (B +20+2)
x3 Fo(—, B’ +1, B+ B +20+2; B/ +20+2, +B +~v+20+3; 1).  (D.33)

We get the result in the phase convention (I) from that in (II) by the replacement
(0470/7/87/8/7777/) A (da@/7578/77y?ﬁ/)‘ (D34)

It can be checked that string amplitudes in the text that are expressed by I(; 1) give the
same results irrespective of the conventions (I) and (II).

— 45 —



E 2(NS, NS)-2(R—, R+) amplitude and its picture changing

In this appendix, we compute the four-point genus-zero amplitude of two (NS, NS) and
two (R—, R+) fields:

Vi(z1,21) = T, (21) Ty (21),
VQ(ZQ,?Q):T]g)( ) (k)( ) (kl,kgez-l-;),
Vo2 2) = Viep1(20) Vi 41(2) (b =0,—1,-2,- ) (E.1)

with b = 3,4. Although the matrix-model counterpart of the (NS, NS) fields V; and V5 has
not been found, we consider this amplitude because it exhibits nontrivial behavior in the
picture changing operation when Vs or Vj is nonlocal.

E.1 The amplitude

From the conservation of H and H charges, s = 0,2 cases can give a nontrivial result. We
here consider the s = 0 case. Following the same procedure as in section 4 yields

)

The corresponding string amplitude reads

3
<H cEVZ‘(Zz‘, Zi) / d2Z4V4(Z4, 24)>

—1 1 —im
= 7(})@2 — k‘g)z 521 ki, 0 5Z¢P£i72 (2 In /“) Bk} I(l 0)> (E3)

where Z(1 o) is the same form as what appears in (4.14), i.e. the integral I10) in (D.1)

—! 1\ . ,
= 7(p€2 - k‘2)2 5Zi ki705zi Pe;,2 <2 In Ml) e inBy, k:
s=0

<\ TI II lea ==l ) [T 1 — 2™ (E2)

a=1,2b=3,4 1<j

=0, (z1,22,23)=(00,1,0)

with (4.15). The kinematical condition is satisfied by the same momenta as in (4.16)-
(4.18). The case of both of V4 nonlocal is forbidden. Thus, we use the result of the
regularization (4.20) and (4.22), and end up with

3
<H céf/i(zi, Zi) / d22’4f/4(24, Z4)>

=1

=0 (E.4)

=0, (21722723):(00’170)

for both of V}, local, and

3
<H CE‘A/i(zi, Zi) / d22’4‘74(24a Z4)>

i=1

s=0, (21722,23):(0071,0)

1\ _, 1 2

241 nl!ngl

for Vg local and ‘74 nonlocal. The result is also identical for 174 local and 173 nonlocal.
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E.2 Picture changing operation

(E.5) is not symmetric under ny <> ng corresponding to Vl <> VQ Since Vl and Vg are
(NS, NS) fields with the pictures (—1,—1) and (0,0) respectively, the amplitude would
be symmetric if the picture changing operation worked as usual. Let us see the situation
explicitly focusing on the holomorphic part:

([T, (1) T (22) Vg, 1 (25) / dzg Vi (24)[0), (E-6)

Here, cT,ES)(ZQ) can be replaced with (¢T},)?(22) defined in (6.9), because the difference
of them (the second term in the r.h.s. of (6.9) with changing (k1,z1) to (k2,22)) does
not contribute to the amplitude from the conservation of various charges. After the same
procedure as in section 6.2, we have

(01T, (21) TR (22) Vg, —1(23) / dza VP (24)[0)

= (01T (21) €Ty (22) Viey, -1 (23) / VI o) + B, (BT
where BB remains, because Vk(foﬂocal)(zzl) is not BRST-closed:

7(2954 | {506“’5“’“““’% (za)} ce 30 HkaT P ()
a=1,2

x / dzy n e2¢ it Fikairtpe e (41)|0) (E.8)

large

This satisfies charge conservations, and the Wick contraction leads to a nonvanishing result

—1
B = —
\/i(p&

4
d kk —Pe;Pe; ikiz+
X || I :||e“zp3i9"zi:0. E.9

— Z
2 4 1<j

— ks —1) (21 — 22) (21 — 23) Y2 (29 — 23)/?

This should be nonzero because (E.5) is not symmetric under Vi & Va.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] T. Banks, W. Fischler, S. Shenker and L. Susskind, M theory as a matriz model: A
conjecture, Phys. Rev. D 55 (1997) 5112 [hep-th/9610043] [INSPIRE].

[2] N. Ishibashi, H. Kawai, Y. Kitazawa and A. Tsuchiya, A large-N reduced model as
superstring, Nucl. Phys. B 498 (1997) 467 [hep-th/9612115] [InSPIRE].

— 47 —


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1103/PhysRevD.55.5112
http://arxiv.org/abs/hep-th/9610043
http://inspirehep.net/search?p=find+EPRINT+hep-th/9610043
http://dx.doi.org/10.1016/S0550-3213(97)00290-3
http://arxiv.org/abs/hep-th/9612115
http://inspirehep.net/search?p=find+EPRINT+hep-th/9612115

3]

R. Dijkgraaf, E.P. Verlinde and H.L. Verlinde, Matrix string theory,
Nucl. Phys. B 500 (1997) 43 [hep-th/9703030] [inSPIRE].

T. Kuroki and F. Sugino, New critical behavior in a supersymmetric double-well matriz
model, Nucl. Phys. B 867 (2013) 448 [arXiv:1208.3263] [INSPIRE].

N. Seiberg, Notes on quantum Liouville theory and quantum gravity,
Prog. Theor. Phys. Suppl. 102 (1990) 319 [INSPIRE].

D. Friedan, E.J. Martinec and S.H. Shenker, Conformal Invariance, Supersymmetry and
String Theory, Nucl. Phys. B 271 (1986) 93 [INSPIRE].

T. Kuroki and F. Sugino, Spontaneous supersymmetry breaking in matriz models from the
viewpoints of localization and Nicolai mapping, Nucl. Phys. B 844 (2011) 409
[arXiv:1009.6097] [INSPIRE].

D. Kutasov and N. Seiberg, Noncritical superstrings, Phys. Lett. B 251 (1990) 67 [INSPIRE].
D. Kutasov, Some properties of (non)critical strings, hep~th/9110041 [INSPIRE].

S. Murthy, Notes on noncritical superstrings in various dimensions, JHEP 11 (2003) 056
[hep-th/0305197] [INSPIRE].

H. Tta, H. Nieder and Y. Oz, On type-1I strings in two dimensions, JHEP 06 (2005) 055
[hep-th/0502187] [INSPIRE].

P.A. Grassi and Y. Oz, Non-critical covariant superstrings, hep-th/0507168 [INSPIRE].

T. Takayanagi, Comments on 2-D type IIA string and matriz model, JHEP 11 (2004) 030
[hep-th/0408086] [INSPIRE].

A. Jevicki and T. Yoneya, A deformed matriz model and the black hole background in
two-dimensional string theory, Nucl. Phys. B 411 (1994) 64 [hep-th/9305109] [INSPIRE].

E. Witten, On string theory and black holes, Phys. Rev. D 44 (1991) 314 [INSPIRE].

H. Ooguri, Y. Oz and Z. Yin, D-branes on Calabi-Yau spaces and their mirrors,
Nucl. Phys. B 477 (1996) 407 [hep-th/9606112] [INSPIRE].

A. Gupta, S.P. Trivedi and M.B. Wise, Random Surfaces in Conformal Gauge,
Nucl. Phys. B 340 (1990) 475 [INSPIRE].

M. Goulian and M. Li, Correlation functions in Liouville theory,
Phys. Rev. Lett. 66 (1991) 2051 INSPIRE].

P. Di Francesco and D. Kutasov, World sheet and space-time physics in two-dimensional
(Super)string theory, Nucl. Phys. B 375 (1992) 119 [hep-th/9109005] [iINSPIRE].

L.R. Klebanov, String theory in two-dimensions, hep-th/9108019 [INSPIRE].

M.R. Douglas, I.R. Klebanov, D. Kutasov, J.M. Maldacena, E.J. Martinec and N. Seiberg, A
new hat for the ¢ = 1 matriz model, in From fields to strings. Volume 3, M. Shifman et al.
eds., pg. 17581827, [hep-th/0307195] [INSPIRE].

S. Mukhi, Topological matriz models, Liouville matriz model and ¢ = 1 string theory,
hep-th/0310287 [INSPIRE].

M. Bershadsky and I.R. Klebanov, Partition functions and physical states in
two-dimensional quantum gravity and supergravity, Nucl. Phys. B 360 (1991) 559 [INSPIRE].

— 48 —


http://dx.doi.org/10.1016/S0550-3213(97)00326-X
http://arxiv.org/abs/hep-th/9703030
http://inspirehep.net/search?p=find+EPRINT+hep-th/9703030
http://dx.doi.org/10.1016/j.nuclphysb.2012.09.020
http://arxiv.org/abs/1208.3263
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.3263
http://dx.doi.org/10.1143/PTPS.102.319
http://inspirehep.net/search?p=find+J+Prog.Theor.Phys.Suppl.,102,319
http://dx.doi.org/10.1016/S0550-3213(86)80006-2
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B271,93
http://dx.doi.org/10.1016/j.nuclphysb.2010.11.015
http://arxiv.org/abs/1009.6097
http://inspirehep.net/search?p=find+EPRINT+arXiv:1009.6097
http://dx.doi.org/10.1016/0370-2693(90)90233-V
http://inspirehep.net/search?p=find+J+Phys.Lett.,B251,67
http://arxiv.org/abs/hep-th/9110041
http://inspirehep.net/search?p=find+EPRINT+hep-th/9110041
http://dx.doi.org/10.1088/1126-6708/2003/11/056
http://arxiv.org/abs/hep-th/0305197
http://inspirehep.net/search?p=find+EPRINT+hep-th/0305197
http://dx.doi.org/10.1088/1126-6708/2005/06/055
http://arxiv.org/abs/hep-th/0502187
http://inspirehep.net/search?p=find+EPRINT+hep-th/0502187
http://arxiv.org/abs/hep-th/0507168
http://inspirehep.net/search?p=find+EPRINT+hep-th/0507168
http://dx.doi.org/10.1088/1126-6708/2004/11/030
http://arxiv.org/abs/hep-th/0408086
http://inspirehep.net/search?p=find+EPRINT+hep-th/0408086
http://dx.doi.org/10.1016/0550-3213(94)90054-X
http://arxiv.org/abs/hep-th/9305109
http://inspirehep.net/search?p=find+EPRINT+hep-th/9305109
http://dx.doi.org/10.1103/PhysRevD.44.314
http://inspirehep.net/search?p=find+J+Phys.Rev.,D44,314
http://dx.doi.org/10.1016/0550-3213(96)00379-3
http://arxiv.org/abs/hep-th/9606112
http://inspirehep.net/search?p=find+EPRINT+hep-th/9606112
http://dx.doi.org/10.1016/0550-3213(90)90455-M
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B340,475
http://dx.doi.org/10.1103/PhysRevLett.66.2051
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,66,2051
http://dx.doi.org/10.1016/0550-3213(92)90337-B
http://arxiv.org/abs/hep-th/9109005
http://inspirehep.net/search?p=find+EPRINT+hep-th/9109005
http://arxiv.org/abs/hep-th/9108019
http://inspirehep.net/search?p=find+EPRINT+hep-th/9108019
http://arxiv.org/abs/hep-th/0307195
http://inspirehep.net/search?p=find+EPRINT+hep-th/0307195
http://arxiv.org/abs/hep-th/0310287
http://inspirehep.net/search?p=find+EPRINT+hep-th/0310287
http://dx.doi.org/10.1016/0550-3213(91)90416-U
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B360,559

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

C.G. Callan Jr., C. Lovelace, C. Nappi and S. Yost, Loop Corrections to Superstring
Equations of Motion, Nucl. Phys. B 308 (1988) 221 [NSPIRE].

K. Becker, G.-Y. Guo and D. Robbins, Disc amplitudes, picture changing and space-time
actions, JHEP 01 (2012) 127 [arXiv:1106.3307] [INSPIRE].

J.J. Atick, J.M. Rabin and A. Sen, An Ambiguity in Fermionic String Perturbation Theory,
Nucl. Phys. B 299 (1988) 279 [iInSPIRE].

C. Imbimbo and S. Mukhi, The topological matriz model of ¢ = 1 string,
Nucl. Phys. B 449 (1995) 553 [hep-th/9505127] [INSPIRE].

K. Ttoh and N. Ohta, BRST Cohomology and Physical States in 2D Supergravity Coupled to
¢ <1 Matter, Nucl. Phys. B 377 (1992) 113 [hep-th/9110013] [INSPIRE].

K. Ttoh and N. Ohta, Spectrum of two-dimensional (super)gravity,
Prog. Theor. Phys. Suppl. 110 (1992) 97 [hep-th/9201034] [INSPIRE].

P. Bouwknegt, J.G. McCarthy and K. Pilch, Ground ring for the 2-D NSR string,
Nucl. Phys. B 377 (1992) 541 [hep-th/9112036] [INSPIRE].

J. McGreevy and H.L. Verlinde, Strings from tachyons: The ¢ = 1 matriz reloaded,
JHEP 12 (2003) 054 [hep-th/0304224] [nSPIRE].

L.R. Klebanov, J.M. Maldacena and N. Seiberg, D-brane decay in two-dimensional string
theory, JHEP 07 (2003) 045 [hep-th/0305159] [INSPIRE].

J. McGreevy, J. Teschner and H.L. Verlinde, Classical and quantum D-branes in 2 — D string
theory, JHEP 01 (2004) 039 [hep-th/0305194] [INSPIRE].

T. Takayanagi and N. Toumbas, A matriz model dual of type 0B string theory in
two-dimensions, JHEP 07 (2003) 064 [hep-th/0307083] InSPIRE].

T. Fukuda and K. Hosomichi, Three point functions in sine-Liouville theory,
JHEP 09 (2001) 003 [hep-th/0105217] [INSPIRE].

H. Kawai, D. Lewellen and S. Tye, A Relation Between Tree Amplitudes of Closed and Open
Strings, Nucl. Phys. B 269 (1986) 1 [INSPIRE].

— 49 —


http://dx.doi.org/10.1016/0550-3213(88)90565-2
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B308,221
http://dx.doi.org/10.1007/JHEP01(2012)127
http://arxiv.org/abs/1106.3307
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.3307
http://dx.doi.org/10.1016/0550-3213(88)90285-4
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B299,279
http://dx.doi.org/10.1016/0550-3213(95)00334-O
http://arxiv.org/abs/hep-th/9505127
http://inspirehep.net/search?p=find+EPRINT+hep-th/9505127
http://dx.doi.org/10.1016/0550-3213(92)90019-8
http://arxiv.org/abs/hep-th/9110013
http://inspirehep.net/search?p=find+EPRINT+hep-th/9110013
http://dx.doi.org/10.1143/PTPS.110.97
http://arxiv.org/abs/hep-th/9201034
http://inspirehep.net/search?p=find+EPRINT+hep-th/9201034
http://dx.doi.org/10.1016/0550-3213(92)90301-Q
http://arxiv.org/abs/hep-th/9112036
http://inspirehep.net/search?p=find+EPRINT+hep-th/9112036
http://dx.doi.org/10.1088/1126-6708/2003/12/054
http://arxiv.org/abs/hep-th/0304224
http://inspirehep.net/search?p=find+EPRINT+hep-th/0304224
http://dx.doi.org/10.1088/1126-6708/2003/07/045
http://arxiv.org/abs/hep-th/0305159
http://inspirehep.net/search?p=find+EPRINT+hep-th/0305159
http://dx.doi.org/10.1088/1126-6708/2004/01/039
http://arxiv.org/abs/hep-th/0305194
http://inspirehep.net/search?p=find+EPRINT+hep-th/0305194
http://dx.doi.org/10.1088/1126-6708/2003/07/064
http://arxiv.org/abs/hep-th/0307083
http://inspirehep.net/search?p=find+EPRINT+hep-th/0307083
http://dx.doi.org/10.1088/1126-6708/2001/09/003
http://arxiv.org/abs/hep-th/0105217
http://inspirehep.net/search?p=find+EPRINT+hep-th/0105217
http://dx.doi.org/10.1016/0550-3213(86)90362-7
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B269,1

	Introduction
	Results of the supersymmetric matrix model
	Two-dimensional type IIA superstring
	Cocycle factors
	Correspondence to matrix model operators
	Type IIA theory on RR background

	Basic amplitudes
	(NS, NS)-(R+, R-)-(R-, R+)
	2(R+, R-)-2(R-, R+)
	Case of both of hat(V)(b) local
	Case of one of hat(V)(b) local

	(NS, R-)-(R+, NS)-(R-, R+)
	(NS, R-)-(R+, NS)-3(R-, R+)
	(NS, NS)-(NS, R-)-(R+, NS)-(R+, R-)
	2(NS, NS)-2(R+, R-)
	4(NS, NS)

	Check of the correspondence
	<N tr(-iB) Phi(2k+1)>(C,0)
	<Phi(2k(1)+1) Phi(2k(2)+1)>(C,0)
	<Psi(1) bar(Psi)(1)>(C,0)
	<Psi(3) bar(Psi(3))>(C,0)
	Target-space supersymmetry
	<N tr(-iB) Psi(1) bar(Psi)(1) Phi(1)>(C,0) and <(tr(-iB))**2 Phi(1)**2>(C,0)
	Torus partition function

	Remarks on nonlocal RR vertex operators
	Target-space gauge symmetry
	Picture changing operation

	Discussions
	Summation of m in (2.7)
	Worldsheet superconformal symmetry
	Cocycle factors for 0-picture NS fields
	Integral formulas
	I((1,0))
	I((1,1))

	2(NS, NS)-2(R-, R+) amplitude and its picture changing
	The amplitude
	Picture changing operation


