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The Feynman amplitudes of light-cone gauge superstring field theory suffer from various
divergences. In order to regularize them, we study the theory in a linear dilaton background
® = —iQX' with the number of spacetime dimensions fixed. We show that the theory with the
Feynman ie (¢ > 0) and Q* > 10 yields finite results.

Subject Index B28

1. Introduction

Light-cone gauge superstring field theory (Refs. [1-6]) was proposed to give a nonperturbative
definition of closed superstring theory with only three-string interaction terms. However it is known
that the Feynman amplitudes of the theory are plagued with various divergences. Even the tree
amplitudes are ill defined because of the so-called contact term divergences (Refs. [7-10]) caused
by the insertions of world sheet supercurrents at the interaction points.

In our previous works Refs. [11-19], we have proposed dimensional regularization to deal with
the contact term divergences of the light-cone gauge superstring field theory in the RNS formalism.
Since the light-cone gauge theory is a completely gauge fixed theory, it is possible to formulate it
in d-dimensional Minkowski space with d # 10. Although Lorentz invariance is broken, the theory
corresponds to a conformal gauge world sheet theory with nonstandard longitudinal part. The world
sheet theory for the longitudinal variables turns out to be a superconformal field theory with the
right central charge so that we can construct nilpotent BRST charge. The contributions from the
longitudinal part of the world sheet theory, or equivalently the anomaly factors that appear in the
light-cone gauge Feynman amplitudes, have the effect of taming the contact term divergences and
the tree amplitudes become finite when —d is large enough. It is possible to define the amplitudes
as analytic functions of d and take the limit d — 10 to get the amplitudes for critical strings. The
results coincide with those of the first quantized formalism.

We expect that the dimensional regularization or its variant also works as a regularization of the
multiloop amplitudes. In order to generalize our results to the multiloop case, there are several things
to be done. We need to study how divergences of multiloop amplitudes arise in light-cone gauge
perturbation theory and check whether they are regularized by considering the theory in noncritical
dimension. Another problem to be considered is how to deal with the spacetime fermions. Naive
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dimensional regularization causes problems with spacetime fermions because the number of gamma
matrices is modified in the regularization.

In this paper, we propose superstring field theory in a linear dilaton background to regularize the
divergences of the multiloop amplitudes. With the linear dilaton background keeping the number of
transverse coordinates at eight, we can tame the divergences without having problems with fermions.
A Feynman amplitude is given as an integral over moduli parameters and the integrand is written in
terms of quantities defined on the light-cone diagram. The divergences originate from degenerations
of the world sheet and collisions of interaction points. We prove that with the Feynman i¢ (¢ > 0)
and the background charge Q satisfying Q*> > 10, the amplitudes become finite. It should be
possible to define the amplitudes as analytic functions of Q for 0> > 10 and take the limit 0 —
0 to obtain those in the critical dimension. What happens in the limit is the subject of another
paper (Ref. [20]).

The organization of this paper is as follows. In Sect. 2, we construct the superstring theory in a linear
dilaton background and present the perturbative amplitudes obtained from the theory. In Sect. 3, we
study the light-cone diagrams that contain divergences. Divergences originate from degeneration of
the world sheet and collisions of interaction points. We study what light-cone diagrams corresponding
to degenerate Riemann surfaces look like. In Sect. 4, we examine the singular contributions to the
amplitudes from the light-cone diagrams in which degenerations and collisions of interaction points
occur. In Sect. 5, we show that the amplitudes are finite for the theory with the Feynman ie (¢ > 0)
and the background charge Q satisfying 0% > 10. Section 6 is devoted to discussions.

2. Superstring field theory in a linear dilaton background
2.1.  Light-cone gauge superstring field theory
In light-cone gauge closed superstring field theory, the string field

|© (1, )

is taken to be an element of the Hilbert space of the transverse variables on the world sheet and a
function of

In this paper, we consider superstring theory in the RNS formalism; |® (¢, «)) should be GSO even
and satisfy the level matching condition

(Lo — Lo) |® (1,@)) = 0, 2.1

where L, Lo are the Virasoro generators of the world sheet theory.

In type II superstring theory, the Hilbert space consists of (NS,NS), (NS,R), (R,NS), and (R,R)
sectors and the string fields in the (NS,NS) and (R,R) sectors are bosonic and those in the (NS,R) and
(R,NS) sectors are fermionic. In the heterotic case, there are NS and R sectors of the right-moving
modes, which correspond to bosonic and fermionic fields respectively. In the following, we will
consider the case of type II theory based on a world sheet theory for the transverse variables with
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central charge
c=3(d-2).

The heterotic case can be dealt with in a similar way.
The action of the string field theory is given by (Refs. [11,21])

_ 1 * ada ) Lo+i0—d%2—is
—/dt [EXB:/_OO - (@B (—a>|<zat— - >|<I>B (@)
1 * do . Lo+Lo— %2 —ie
+§Z/_ @ o)l i, - bk (@)

o

Z /l_[ (arddr> § ('é ar) (V3 | @B, (1)) | @B, (e2)) | B, (23))

B[ ,B2,B3

Z /H(a’dar) (Za) Vs |®p, (@1))a; 2 | ®F, (@) ay /7 @, (@3)) |-

B] Fo F3 r=1

2.2)

The first and second terms are the kinetic terms with the Feynman ie, and (®(—«)| denotes the BPZ
conjugate of |®(—a«)). The third and fourth terms are the three-string vertices and g is the string
coupling constant. The sums over bosonic and fermionic string fields are denoted by > ' and >
respectively.

By the state-operator correspondence of the world sheet conformal field theory, there exists a
local operator Og(£,&) corresponding to any state |®). We define (V3| ® (1)) |P(a2)) |P(a3))
with 3°7_ @, = 0'to be

(V3] @ (1) [P(a2)) [P(a3))

=<p1gr/1)0|p—po|3/2 () T¢ (5) h 0 O (0, 0>h2o0¢<a2><o,0>h3oo¢(a3)<o,0)> :
by
(2.3)

in terms of a correlation function on ¥ which is the world sheet describing the three-string interaction
depicted in Fig. 1. On each cylinder corresponding to an external line, one can introduce a complex
coordinate

p=71-+io,

whose real part t coincides with the Wick rotated light-cone time it and imaginary parto ~ o +2mwa;,
parametrizes the closed string at each time. The p’s on the cylinders are smoothly connected except
at the interaction point pg and we get a complex coordinate p on X. The correlation function (-)y is
defined with the metric

ds®> =dpdp,
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Fig. 1. The three-string vertex for superstrings. Here we consider the case oy, ap > 0, a3 < 0.

/

on the world sheet. The map 4,-(£) is from a unit disk |£| < 1 to the cylinder corresponding to the
rth external line so that

1
§ =exp (a—(hr(é) - po)) ;

and T, FLC, T, FLC are the supercurrents of the transverse world sheet theory.
It is convenient to express the right-hand side of Eq. (2.3) in terms of a correlation function on the
sphere as

(V3] D(a1)) [D(2)) [P (a3))
d—2 _ _
= exp (‘TF) (10%0 )| TE o) TEC o)

X p 7 1 0 Oa,(01)(0,0)0 1y 0 Oy (4 (0,00 h3 0 Oy as) (O, 0)> : (2.4)

CUoo

Here p(z) is given by

3
p@) =) orlni -2,
r=1

which maps the complex plane to X, and zy denotes the z-coordinate of the interaction point, which
satisfies

dp(z0) = 0.
The correlation function (-)cye 15 defined with the metric
ds* = d= dz,

on the world sheet. The salient feature of light-cone gauge string field theory is that the central charge
of the world sheet theory is nonvanishing even in the critical case. The term exp (—511;62F> is the
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anomaly factor associated to the conformal map z — p(z) and its explicit form is given as

LN (d=2)/16
exp (—2 > 572)

oo

where

3
70 = Za, In|a,|.
r=1

2.2.  Linear dilaton background

The Feynman amplitudes of light-cone gauge superstring field theory suffer from contact term
divergences. As we pointed out in Ref. [11], these divergences are regularized by formulating the
theory ind # 10 dimensions. However, if one simply considers superstring field theory in noncritical
dimensions, fermionic string fields cannot satisfy Eq. (2.1) (Ref. [15]). In type I superstring theory,
naive dimensional continuation implies that the level-matching condition for the (NS,R) sector
becomes

N+ =N,

16

where N and AV denote the left and right mode numbers of the light-cone gauge string state. For
generic d, there exists no state satisfying it. The same argument applies to the (R,NS) sector. We
have the same problem in the R sector of the heterotic string theory. Therefore we cannot use the
naive dimensional regularization to regularize superstring amplitudes, although it may be used to
deal with the type 0 theories. Another drawback of the naive dimensional regularization is that there
is difficulty in dealing with odd spin structure,' as anticipated from the problems with y° in the
dimensional regularization in field theory.

It is possible to regularize the divergences by formulating the theory based on world sheet theory
with a large negative central charge, instead of changing the number of spacetime dimensions.
Therefore, in order to have a theory without the aforementioned problems, we need a world sheet
theory in which we can change the central charge keeping the number of the world sheet fermions
fixed. A convenient way to obtain such a theory is to take the dilaton background to be & = —iQX!,
proportional to one of the transverse target space coordinates X '. Then the world sheet action of X!
and its fermionic partners !, w_ ! on a world sheet with metric ds> = 28.: dz dz becomes

_ 1 ~
SxL ! vt es] = E/dmd%z\@ (6"0.x apx" — 2i0Rx")

1 - -
+G/dmdzz(wlawl+wlawl), (2.5)

! The world sheet theory proposed in Ref. [15] has this problem.
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and the energy—momentum tensor and the supercurrent are given as

™) = —1@x")? —i00 — dIngzax' — Ly'ay!,

1 i N
T8 ()= —Lax'y!' + 03 — Lol gy,

In this paper, we take Q to be a real constant.

In order to construct string field theory and calculate amplitudes we need the correlation functions
of'the linear dilaton conformal field theory. Since the fermionic part is just a free theory we concentrate
on the bosonic part. Let us consider the correlation function of operators exp (ip,X 1) r=1,...,N)
on a Riemann surface of genus g with metric ds® = 2g.z dz dz, which is given as

N
/ [Xm]gZE exp (=5 [X';gzz]) [ [ exp (ip:X") (2. Z0), (2.6)

r=1

where

1
S[x'g:] = o / dz NdZi /g <g“baaX18bX1 — 2iQRX1) .

We would like to express Eq. (2.6) in terms of the correlation function on the world sheet with a
fiducial metric ds* = 28, dz dz. It is straightforward to show

N
/ [ax'],_ exp (=S [X':g::]) [ [ exp (ipX") (21, 2)
r=1
_ 2 N A
= €xp (_%F [G;ng]) / |:Xm]ng exXp <_S I:Xl;ézi])

N

A Z _Qpr -
<TT [exp (ier1> (g—) } Z2,),
r=1 8z

where

o=lIng;:—1Ing;:,
1 N
r [O’;ézg] =i / dz ANdz i\/§ (g“baaoabo + 2R0>,
T

X'=x'-igo. (2.7)

2
The anomaly factor exp (— F;ZQ r [a ; gzg]) is exactly what we expect for a theory with the central

charge
c=1-120?

of the linear dilaton conformal field theory. The correlation functions with the fiducial metric ds? =
28.= dz dz can be calculated by introducing the Arakelov Green’s function G* (z, w) (Ref. [22]) which
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satisfies

QZZ&

3,0:G2(z,w) = -8 (z —w) — =2,
4g—-1

/ dz A dz ivJERG™ (z,w) = 0,
and the result is
/ [d)?l]éﬁ exp (—S [f(l;gzg]) 1_[ exp (zpif() (Z-,Z,)
=278 (Y pr +200 - ) ¥ 2]

< [ [exp (=pr2sG* (Zr, Z)) [ [ exp (—% ; lim (G*(z,Z) +1In |z - Zr|2)).

r>s r

Here Z¥ [gzz] denotes the partition function of a free scalar on the world sheet with metric ds®> =
28,5 dz dz. Taking the fiducial metric to be the Arakelov metric g;“; (Ref. [22]), for which the Arakelov
Green’s function G2 (z, w) satisfies

lim (GA(w,z) +In |z — w|?) = —In (2g2),

w—z

the correlation function becomes

2

215 (Y pr +200 ) 2 [¢8] [Texp (-p0e6 2 20) [T (2655) -

r>s r

From these calculations, we can see that it is convenient to define
X'=x'-i0n2g:),

so that the correlation function of exp (ipr)N( 1) Z,Z,)(r=1,...,N)is expressed as

N
/ [ax"],_exp (=5 [X'sg]) [T exp (i k") 2. Z0)
r=1

1 — 1202
— 278 (Zp, +20(1 — g)) exp (—TQF [U;ngz]) z¥ [g4]

x [Texp (-ps6* 2. 20) [ ] (22,

r>s r

(1/2)p7+0pr
) . (2.8)
On the sphere, this becomes

N

/ [Xm]gz- exp (=S [Xl;gzg]) 1—[ exp <ip,)~(1> (Zr,Z,)

Z
r=1

1 - 1207
=278 (Zpr + 2Q) exp (—TQF [o;gg]> [ 112 -z (2.9)
r>s
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The operator exp (ipf( 1) thus defined turns out to be a primary field with conformal dimension

1

2 1 2_Q2
7P +Qp—2(p+Q) :

5 (2.10)
Notice that X! satisfies
30X =0

if there are no source terms and idX ! (z), id.X!(Z) can be expanded as
i0X'2) =) a7, 0X'@ =) aE
n n

where o} and @) satisfy the canonical commutation relations. The states in the CFT can be expressed
as linear combinations of the Fock space states

al, ---al,aly aly ip). 2.11)

It is straightforward to show
(p1lp2) = 278(p1 + p2 + 20),
()" = (=1 @, +208,0),
@) = (=" @k, + 2080,

where (p|, (oz,i)*, (&1)* are the BPZ conjugates of |p), o}, &) respectively.

n

2.3. Light-cone gauge superstring field theory in a linear dilaton background

Now let us construct the light-cone gauge superstring field theory based on the world sheet theory
with the variables

XL,y (i=1,...,8),

where the action for X!, ¢!, ! is taken to be Eq. (2.5) and that for other variables is the free one.
The world sheet theory of the transverse variables turns out to be a superconformal field theory with
central charge

c=12—-120°

Therefore we can make —c arbitrarily large, keeping the number of the transverse fermionic variables
fixed. From the correlation functions (2.9) of the conformal field theory, it is straightforward to
construct the light-cone gauge string field action Eq. (2.2) with

d—2=28—80%

The Feynman amplitudes are calculated by the old-fashioned perturbation theory starting from the
action Eq. (2.2). Each term in the expansion corresponds to a light-cone gauge Feynman diagram for
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propagator vertex

Fig. 2. Propagator and vertex.

Fig. 3. A string diagram with 3 incoming strings, 2 outgoing strings and 3 loops.

strings that is constructed from the propagator and the vertex presented in Fig. 2. A typical diagram
is depicted in Fig. 3.

A Wick rotated g-loop N-string diagram is conformally equivalent to an N-punctured genus g
Riemann surface X ]\(,g). A light-cone diagram consists of cylinders that correspond to propagators
of the closed string. On each cylinder, one can introduce a complex coordinate p as we did for the
three-string vertex. The p’s on the cylinders are smoothly connected except at the interaction points
and we get a complex coordinate p on X ](\;g). Note that p is not a good coordinate at the punctures
and the interaction points.

The coordinate p can be given as a function of a local coordinate z on X z(vg) as (Ref. [16])

N z 1 Z N
p@) =) a |:1nE(z,Zr) — 2m'/PO wr—Im ., w] : 21:05,, =0, (2.12)
r=

r=1

up to an additive constant independent of z. Here £ (z, w) is the prime form, w is the canonical basis
of the holomorphic abelian differentials, and 2 is the period matrix of the surface.” The base point
Py is arbitrary. There are 2g — 2 4+ N zeros of dp and we denote thembyz; (/ = 1,...,2g —2+ N).
They correspond to the interaction points of the light-cone diagram.

A g-loop N-string amplitude is given as an integral over the moduli space of the string diagram as

N N
A% = @2n)?s (Z pj> 8 (Z p;) (ig)s~>Ne Y / [dT][ad0][da] FE,  (2.13)
r=1 r=1

channels

where f [dT ][ dO][d ] denotes integration over the moduli parameters and C is the combinatorial
factor. In each channel, the integration measure is given as (Ref. [24])

2g—3+N . g dets 3g—3+N 7 oy
/[dT][adQ][da] = |1 <—i/ dTa) ]_[/4— <|aI|/ 2—) (2.14)
a=1 0 A=1 T 0 T

2 For the mathematical background relevant for string perturbation theory, we refer the reader to Ref. [23].

9/39



PTEP 2017, 033B01 N. Ishibashi

Here T, denotes the height of a cylinder corresponding to an internal line,> oy denotes the width of
a cylinder corresponding to the + component of a loop momentum, and o7 and 67 are respectively
the string-lengths and the twist angles of the internal propagators. Summing over channels, with the
natural range of these coordinates, the moduli space* of the Riemann surface is covered exactly once
(Ref. [31]).

The integrand F' 1E/g) in Eq. (2.13) is given as

AP = [ laxiayiain), oo (s [x. v 9552)

2g—2+N s N
x TT (10Peenl” i en 1t en) [ @ 2.
=1 r=1

Here V,,LC (Z,, Z,) denotes the vertex operator (Ref. [11]) for the rth external line and the insertions
of the world sheet supercharges T, }I:C ), T %‘C (zr) originate from those in the three-string vertex
Eq. (2.4). The path integral is defined with the world sheet metric

ds* =2g.:dzdz = dp dp dz dz. (2.15)

Since g; is singular at z = z;, Z,, we need to rewrite the path integral in terms of that defined
with a metric which is regular everywhere on the world sheet. Taking the world sheet metric to be
the Arakelov metric, we get

1 - 0?  gori g7 SRR
P = e (<5 rfosed]) [ [axay'ai) e (- [t v' )

2g—2+N 3 N
x [T (l*oen| ™" 1Een 1 en) [TV @ 2. (2.16)
=1 r=1

It is possible to calculate the quantities that appear on the right-hand side of Eq. (2.16). Substituting
Eq. (2.15) into Eq. (2.7) yields a divergent result for I' [a; gg]. We can obtain exp (—F [o; gg]) up
to a divergent numerical factor by regularizing it as was done in Ref. [32]. The divergent factor can be
absorbed in a redefinition of g; and the vertex operator. For higher genus surfaces, exp (—F [0 ; g;“;])
is calculated in Ref. [16] to be

exp (T [a;g;“;]) x exp (—W) l_[exp (—2Re Njj) 1_[ ’32,0 (Zl)r3 )
r 1

3 Heights of the cylinders in a light-cone diagram are constrained so that only 2g — 3 + N of them can be
varied independently.

4 The amplitude Eq. (2.13) for d = 10 can formally be recast into an integral over the supermoduli space
(Refs. [25-30)).
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up to a numerical constant that can be fixed by imposing the factorization condition (Ref. [16]).

Here,
W =-23 Gz -2 GMNZiZ) +2) G ez
I<J r<s Lr
A A
_ Z In (2ng2) +3 Z In (2g2121),
r 1
NI = lim [P(zl(r>) —p(2) +inGz — Zr)]
z—>Z (079
p(zr») o omi (%1 ¢ &
_ PEw) _Z_SmE(Zr,ZS)jL / a)—ZasIm w,
Oy s r ar Jp, Im @ —1 Py

and z;¢ denotes the coordinate of the interaction point at which the rth external line interacts. The
correlation functions of X! that appear in Eq. (2.16) can be derived from Eq. (2.8), and Z¥ [gf;] and
the correlation functions involving other variables have been calculated on higher genus Riemann
surfaces in Refs. [33-37].

From the explicit form of these quantities, we can see that F° IE}g ) could become singular if and only
if either or both of the following things happen:

(1) Some of the interaction points collide with each other.
(2) The Riemann surface corresponding to the world sheet degenerates.’

When the interaction points collide, F ](f ) could become singular because 32 p’s at these points become
0 and 7F’s have singular OPEs. Since all the quantities that appear in F ](\;g ) can be expressed explicitly
in terms of the theta functions defined on X ](\‘,g), possible singularities of F’ ](\,g) also originate from
degenerations of the surface. The singularities of 7 ]i,g ) arise only from these phenomena, because the
world sheet theory does not involve variables like superconformal ghost.

Therefore, in order to study the possible divergences of the amplitude A(]f?’) , we need to investigate
the light-cone diagrams in which (1) and/or (2) above happen. Light-cone diagrams with collisions
of interaction points are easily visualized. We shall study how light-cone diagrams corresponding to
degenerate Riemann surfaces look in the next section.

3. Light-cone diagrams in the degeneration limits

There are two types of degeneration, i.e., separating and nonseparating. The expressions of various
quantities in these limits are given in Refs. [39—42] from which that of p(z) can be obtained. The
shape of the light-cone diagrams can be deduced from the form of p(z).

3.1. Separating degeneration

Let us first consider the separating degeneration in which a Riemann surface M degenerates into
two surfaces M and M, with genera g; and g, respectively. We assume that M corresponds to a

5 The case in which a puncture and an interaction point collide is included in this category, because of the
identity (Ref. [38])

|, |* = exp [— Y GreZ)+ ) GMNZsZ) + c}.
1 SFEF
With «, fixed, z; — Z, implies that there exist some punctures coming close to each other.
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light-cone diagram with N external lines, and N; of them belong to M and N, of them belong
to M.

3.1.1. gig#0
Let us first consider the case when both g1 and g, are positive. The degeneration can be described
by a model M; constructed as follows:

© Choose points p; € M; and a neighborhood U; of p; for j = 1,2. Let D be the unit disk in C
and define z; : U; — D to be the coordinate of U; such that z;(p;) = 0.
© For0 <7 < 1,letrU; be

rUjE{pe Uj;

zj(p)| < r} .
For ¢t € D, glue together the surfaces M;/|t|U; (j = 1,2) by the identification
zZ1zp = L.
The surface obtained is denoted by M,. The degeneration limit corresponds to ¢t — 0.

The complex coordinate p;(z) on the light-cone diagram corresponding to M, is given by

N z Zy
1 ¥
pt(z) = E oy |:111Et(Z, Zr) — 27Ti/ on Im a)t:| )

r=1 Py Imf2 Py

where E;(z, w), wy;, 2; denote the prime form, the canonical basis of the holomorphic abelian differen-
tials, and the period matrix of M, respectively. The base point P is taken to be included in M; //[¢|U;.
We take the punctures Zi,...,Zy, to belong to M;//]t]U; and the punctures Zy,+1,...,Zy to
belong to M, /+/]t]U,. Using the formulas of various quantities for |t| < 1 given in Refs. [39-42],
it is possible to show that p;(x1), p;(x2) for x; € M;/ VIt U; become

N
o
p) = p Ve + Y I Eapa, Zry) — S In(=0) + -
r=N1+1
N o
pi) = pP () + Y @ INE1(p1, Z) — 2 In(—1)
ri=l1
N
P2 1 Zrz P2
—i—2m’/ w? Im Z arZ/ w?® +ap2/ w?
P(/] Im Qz r=N1+1 p2 P(/)
Np 7
Pl 1 | P1
—2711'/ o Im Zam/ a)(l)—l—ap]/ M
Py Im €2 r=1 Py Py
e (3.1)
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ji)

2may, O

- >

_ T —

Fig.4. Light-cone diagram corresponding to a separating degeneration with o, # 0.

for || < 1. Here the ellipses denote the terms of higher order in ¢, and

N
pVe) =Y o INE1(x1,Z,) + e, INE1 (x1,p1)
ri=l1
Np 7
X1 1 " P1
—27'[1'/ o Im o / oV 4+« / oV R
Po Ile ”221 7 P P1 Py
N
pP(2) = > anInEr(x2.Z,) + ap, In Ex(x2,p2)
r=N1+1
N
X2 1 Zy, P2
—2m'f w® Im Z arZ/ a)(z)—i-ozpz/ w? |,
/ Il’an P! P
0 r=N1+1 0 0
N Np
Upy = Z Opy = —Upy, = — Zarls
rp=N1+1 ri=l1

with P6 € M,//|t|Us. In these formulas, Ej(z,w), o¥, 2; denote the prime form, the canonical
basis of the holomorphic abelian differentials, and the period matrix of M; (j = 1,2).

From Eq. (3.1), we can see how the light-cone diagrams corresponding to the separating
degeneration should look. They are classified according to the values of o, , N1, N; as follows:

°ap #0
If oy, # 0, then oD, p@ can be considered as the coordinates defined on light-cone diagrams
with NU 4 1, N® 4 1 external lines respectively. Equation (3.1) implies that the limit # — 0
corresponds to the one in which the length of an internal line with « = «,,, becomes infinite in
the light-cone diagram. A light-cone diagram of this type is presented in Fig. 4. The surfaces
M and M, correspond to light-cone diagrams with the coordinates o) and p® respectively.

oy = 0, MM, #0
When o), = 0, N1N; # 0, higher-order terms in Eq. (3.1) with respect to # become important.
We get

dpr(x1) ~ 8pV(x1) — 18, 8 I E1 (1, p1)3p P (p2) + -, (3.2)
3pi(x2) ~ 3p® (x2) = 13, 0, In Ex(x2, p2)0pV (p1) + -+, (3.3)
where p, p@ in this case are given by those above with ap, = ap, = 0. Since N1N, # 0,

neither of p and p®@ is identically 0. For x; ~ p1, xo ~ p2, the coordinates z; = z;(x1),
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T~\t—0 )

I — )

Fig. 5. Light-cone diagram corresponding to a separating degeneration with a,, = 0.

73 = z2(xp) can be used to describe the region and we get

oot
dpi(z) = 1 — T A, (3.4)
21
cit
) =cr— 5 +--, (3.5
2
where
c1 = 9pWM () , ¢ = 3p?(z)
z1=0 =
Defining
z =1z, (3.6)

which is a good coordinate of the region z; ~ zp ~ Jt,
2
pt(z) ~ constant + Vi (clz + —) .
z

A degeneration of this type can be represented by the light-cone diagram depicted in Fig. 5.
There are two interaction points in the light-cone diagram corresponding to M, that come close
to each other and the surface develops a narrow neck in the limit # — 0. They are included in
a region that has coordinate size of order /7 in the light-cone diagram and shrinks to a point
in the limit # — 0. The case cjc2 = 0 corresponds to the case where some of the interaction
points on My, M, come close to pi, py respectively.

°© NiN; =0
For example, when N, = 0, Egs. (3.2) and (3.3) become

api(x) ~ pV ) + -,
3pr(x2) ~ —18py 0, I E2(x2,p2)p D (1) + - - - . (3.7)

Therefore M, /+/|t|Us corresponds to a tiny region in the light-cone diagram corresponding to
M;, which shrinks to a point in the limit # — 0 and the collapsing neck has coordinate size of
order ¢ on the light-cone diagram. An example of such a situation is shown in Fig. 6. In this
case dpV (p1) = 0 can be regarded as the situation in which some of the interaction points on
M come close to pj.
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T~a—0
T

"~ collapsing neck

Fig. 6. Light-cone diagram corresponding to a separating degeneration with N, = 0.

3.1.2. g122=0

The case where g1 or g» vanishes corresponds to the situation in which some of the punctures
Z1,...,Zy come close to each other. Let us consider the separating degeneration in which a Riemann
surface M degenerates into two surfaces M and M, with genera g1, g» = 0 respectively. We assume
that the punctures Zi, . .., Zy, belong to M; and Zy, +1,. .., Zy belong to M>. Such a degeneration
can be described as follows. Choose a point p € M and a neighborhood U of p such that the
punctures Zy,+1,. .., Zy are included in U. Let D be the unit disk in C and definez; : U — D to
be the coordinate of U such that z; (p) = 0. We take

ZI(ZV2)=tZV2 (7’2=N1+1,...,N),

and consider the limit # — 0 with z,, fixed. When |¢| < 1, p(x)) for x| € M //]t]U becomes

N
px1) ~ Y INE(x1,Z) + op, I E(x1,p1)

ri=1

A S L
_2711/ a)mlm Zam/ w +(xp1/P w

Py

= pP ).

For x, € U such that zi (x2) = O([t]), defining z = 282,

p(2) ~ pP(22) = Pt + lim (0 (x) — ap, Inx — p1)),
2 x—pi

N
2
pP@) = ) anl(—azy),
r=N1+1
where
N Ny
Upy = D Uy =—0p=— ) 0.
r=Ni1+1 ri=l1

If @, # 0, these formulas suggest that the limit corresponds to the one in which the length of an
internal line with circumference 27 o, becomes infinite in the light-cone diagram. If a,, = 0, the
collapsing neck can be described by a local coordinate z = /7z; and

p(z) ~ constant + Vi (clz + c—2>,
z
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where

c1 = apP(z) 0’ o2 = =200 (22)

zZ1= 2p=00

Namely the light-cone diagrams are locally the same as those we encountered in the case where g1,
2> are both positive.

3.2.  Nonseparating degeneration

Next let us consider the nonseparating degeneration in which a Riemann surface of genus g + 1
degenerates into a surface M of genus g. The degeneration can be described by a model M; constructed
as follows:

© Choose points p1, p» € M and their disjoint neighborhoods Uy, Us. Let z; : U; — D be the
coordinate of U; such that z;(p;) = 0.
© Fort € D, glue together the surfaces M;/|t|U; (j = 1,2) by the identification

zZ1zp = 1.
The surface obtained is denoted by M;. The degeneration limit corresponds to ¢ — 0.

The coordinate p;(z) on the light-cone diagram corresponding to M, is given by

N z 1 Zy
pi() =Y o |:lnE,(z, Z,) — 2mi f wr Im wt]
r=1 Po I

m Qt Py

Using the formulas given in Refs. [39-42], it is straightforward to deduce that p;(z) can be
expressed as

pi(z) = p(2)

o [F 1 P
+ ap, [lnE(z,pl) —2711/1;0 a)m Im N w]

z 1 P2
+ oy, [INE(z, —2mi owo——Im wl,
2 |: Gp2) »/I;o Im €2 Py ]

+ constant + O(), (3.8)
for |f] <« 1. Here
N z 1 Z
0(z) = ;ar [lnE(z, Z,) — 2mi /PO wr—Im ., a)i|
gives the coordinate of the light-cone diagram corresponding to M and

i  Ofng Im [ ot

ln\t’ (Im P1 wImQIm p1 )

ln\t’ Im

1
Ap, = —0p, = ERe(p(pz) - p(p1))

b

1n|t | 4

with

t
 E@1,p)E@2.p1)’
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ap, —+ 0
27‘(’0&;01 O—
-
T

Fig.7. Nonseparating degeneration with Re(p(p,) — p(p1)) # 0.

Using Eq. (3.8), we can classify the light-cone diagrams corresponding to the nonseparating
degeneration according to the value of Re(p (p2) — p(p1)) as follows:®

° Re(p(p2) — p(p1)) #0
IfRe(p(p2) — p(p1)) # 0, we can see from Eq. (3.8) that this kind of degeneration corresponds
to a limit of light-cone diagram in which the circumference of an internal line tends to zero, as
depicted in Fig. 7.

° Re(p(p2) — p(p1)) =0
When Re(p(p2) — p(p1)) = 0, p:(x) becomes

p1(x) = p(x) + 1 [8p, N E(x, p1)dp (p2) + 8p, ME(x, p2)dp ()] + - - .

Therefore, for x ~ py,

p:(x) = constant + c1z1 + czilt +---, 3.9)
where z; = z;(x) and
c1 = 9pED|z=0, 2= 9p(22)|z,=0 -
Similarly, for x ~ p,
0¢(x) = constant + ¢z + %t + -, (3.10)

where zo = z;(x). Hence the p; has the same expression as Egs. (3.4) and (3.5). When cicy # 0,
degenerations of this type can be represented by the light-cone diagrams depicted in Figs. 8
and 9. There are two interaction points in the light-cone diagram corresponding to M; that come
close to each other and the surface develops a narrow neck in the limit # — 0. They are included
in a region that has coordinate size of order /7 on the light-cone diagram and shrinks to a point
in the limit # — 0. The condition cjc; = 0 corresponds to the case in which some interaction
points on M come close to p; or p;.

¢ Here we assume that Re(o (p2) — p(p1)) is fixed in the limit # — 0.
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T—0

Fig. 8. An example of nonseparating degeneration with Re(p(p,) — p(p1)) = 0.

T—0

Fig.9. Another example of nonseparating degeneration with Re(p (p,) — p(p1)) = 0.

T — oo

Fig.10. A combination of degeneration limits.

3.3. Combined limits

In the discussions above, we have implicitly assumed that the parameters «,, = ) o, orRe(p (p2) —
p(p1)) are fixed in taking the degeneration limit # — 0. This is true if the degeneration considered
is the only one that occurs on the surface. If we consider the situation where several degenerations
happen simultaneously, these parameters are not necessarily fixed and we encounter new classes of
light-cone diagrams corresponding to degeneration.

Taking such situations into account, the light-cone diagram in the degeneration limits are classified
by the behavior of the parameter o), = —a,, in the limit # — 0. Forz1,z2 < 1, ¢ < 1, we have

o

dpi(z) ~ L + higher-order terms in ¢,
Z1
Op, . .

0p¢(z2) ~ —= + higher-order terms in ¢,
¥}

irrespective of whether the degeneration is separating or nonseparating. If «,, tends to a finite
nonvanishing value in the limit # — 0, these imply that the light-cone diagram develops an infinitely
long cylinder with finite width. The diagrams depicted in Figs. 4 and 10 are in this class. If a),, tends
to 0 as t — 0, the light-cone diagram develops a cylinder with vanishing width, provided az%, 0%
dominate the higher-order terms in ¢. For example, if 9p; (p1)9p02(p2) # 0, defining z = 112z, asin
Eq. (3.6) we have

pi(2) ~ ap, Inz 42 (clz—i—(;—z) + .- (3.11)
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Therefore if o, goes to 0 slower than t'/2 in the limit # — 0, the surface develops a cylinder with
vanishing width. If #~1/2a,,, tends to a finite value in the limit # — 0, we have

c
pi(z) ~ t1/2 (clz + =2 + alnz) + constant,
z

where @ = lim, ¢~/ Zapl . Degeneration of this type can be represented by the light-cone diagrams
depicted in Figs. 5, 8, and 9, but this time

7{ dz dp; ~ 2wit'?a # 0,
neck

namely the coordinate o can be multivalued around the neck. If ), goes to 0 faster than t1/2, the
first term in Eq. (3.11) can be ignored and we have p single valued around the neck. The case
dp1(p1) 9p2(p2) = 0 corresponds to the situation in which some interaction points come close to p,

p2.

3.4. Classification of the light-cone diagrams in the degeneration limits

To summarize, what happens to a light-cone diagram in the degeneration limit can be classified by
the behavior of the degenerating cycle as follows:

(1) The light-cone diagram develops an infinitely long cylinder with nonvanishing width.
The diagrams in Figs. 4 and 10 belong to this class.

(2) The light-cone diagram develops an infinitely thin cylinder.
The diagram in Fig. 7 belongs to this class.

(3) The light-cone diagram develops a narrow neck included in a region which shrinks to a point.
The diagrams in Figs. 5, 6, 8, and 9 belong to this class.

A diagram of the first type includes a long cylinder and can definitely be considered as corresponding
to the infrared region of the integration over the moduli space. The divergent contributions from such
diagrams can be made finite by the Feynman ie as will be shown in the next section. On the other
hand, that of the third type appears to correspond to the ultraviolet region with respect to the world
sheet metric ds® = dp d 5, although the collapsing neck is conformally equivalent to a long cylinder.
We need to introduce a linear dilaton background to regularize the divergences coming from the
diagrams in this category and the Feynman ie plays no role in this case. The second type is something
in between and we need both ie and a linear dilaton background to deal with the divergence coming
from such a configuration.

4. Divergences of the amplitudes

Divergences of the amplitudes arise from the diagrams in which degenerations and/or collisions of
interaction points occur. In this section, we examine the divergences of the amplitude Eq. (2.13)
corresponding to these configurations.

4.1. Diagrams that involve cylinders with infinite length and nonvanishing width

Let us first consider the first type of degeneration limit in the classification in Sect. 3.4, in which
the diagram develops a cylinder with height 7 — oo and nonvanishing circumference. In the light-
cone gauge perturbation theory, such cylinders appear as follows. Let us order the interaction points
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L J=1
P(ZI)‘.'
J=2 i
,‘='\‘ P(ZIH)
j=3 i
17

Fig.11. Cylinders in a light-cone diagram.

zz(I=1,...,2¢g =2+ N) so that
Rep(z1) <Rep(z2) < --- < Rep(zg—24n),
and define the moduli parameters corresponding to the heights as
Tr =Rep(zi+1) —Rep(z;) (U =1,...,2¢ =3 +N).

Long cylinders appear in the limit 7; — oo. In studying the divergence from this region of the
moduli space, the relevant part of the amplitude is of the form

0 L+ LY —1+0%—ie :
/ dTrexp | —T; E 0 0 5 — E )2 4.1)
0 : 'j
J r

where j labels the cylinders that include the region Re p(z7) < Rep < Re p(zr+1) (see Fig. 11)
and a;, Lg ), Zg ) denote the a, Lo, Ly defined on the Jjth cylinder respectively. The external lines are
labeled by r, and Y denotes the sum over those with p~ > 0. The degeneration limit corresponds
to the one in which 77 goes to infinity. Since the lowest eigenvalue of Lg ) 4 Zg Vis1— 0? for the
GSO even sector, the integral Eq. (4.1) could diverge because of the contribution from the limit.

The divergence coming from this kind of degeneration can be dealt with by deforming the contour
of integration over 77 (Refs. [43—45]). As is suggested in Ref. [43], we take the contour to be

< /O K + /T :0+,-00) dTy, (4.2)

with Tp > 1. Since

0L 7M 2
. Ly +Ly —14+Q°—is ro_
exp | —(To+ia) [ ) ——"0—r - p
Jj o r
A0 2. 7]
Ly + Ly — 1407 —ie r 1
= |exp | —To Z : : o _Zpr eXp _agzoe_j s
j : i J

the second integral in Eq. (4.2) yields a finite result for ¢ > 0. Thus the integral over 77 is essentially
cut off at 7 = T and the degeneration becomes harmless.

In order to get the amplitudes, we need to take the limit ¢ — 0. Notice that the divergences asso-
ciated with the tadpole graphs correspond to the separating degeneration with N{N, = 0 described
in Sect. 3.1.1. As we will see in the following subsections, they are regularized by taking Q? large
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enough and the Feynman i¢ is irrelevant. The modified momentum conservation law of p! for a
g-loop two point function is given by

pl+pi 42001 —g) =0.

Therefore if plf is on-shell, pg is generically off-shell, for g # 0. This implies that the divergences
associated with mass renormalization are also regularized by taking O # 0. Therefore the procedures
given in Refs. [46—49] will be relevant in taking the limit 9 — 0 rather than ¢ — 0. Possible
divergences in the limit ¢ — 0 can be analyzed as in the usual field theory and we expect that they
cancel each other if one calculates physical quantities.

4.2.  Singular behavior ofF](\,g)

Since the first type of degeneration in the classification in Sect. 3.4 is taken care of, what we
should grapple with are other types of singularities, namely the degenerations of types 2 and 3 and
the collisions of interaction points. The integration variables in the expression (2.13) are given by
differences of the coordinates p, p of the interaction points and magnitudes of jump discontinuities
of p, p.Letx¥’ € R (j = 1,...,n) denote these integration variables. The calculation of the amplitude
boils down to that of an integral

/ d"xF& ), (4.3)

where F ]E}g) (¥) denotes the F/ 1(\,g) as functions of the variables x',...,x". The singularities we are
dealing with occur when interaction points collide and/or cylinders become infinitely thin. Therefore
a necessary and sufficient condition for X to correspond to such singularities can be expressed as

VX =0, (4.4)

for some v; € R" (k = 1,...). In order to study the behavior of F ]i,g) (X) at these singularities, it is
convenient to express F' ](\,g ) (%) as

- 1—Q?
F®) = exp (— 2Q r [o;gg]) <O§Vg)),

where

(O) = / [dX'dyidP’] s exp (=S [X, ', ¥';g2]) O,

23
2¢-24N ’ N
of'= T1 (JPecnl”" it en T en) [T
=1 r=1

The integrals over the lengths of cylinders are essentially cut off by taking ¢ > 0. Therefore we
should worry about the singularity of ' 1(vg ) (%) at finite values of the coordinates »/. Such singularities
can be studied by calculating the derivatives of F ](vg) (¥) with respect to x!,...,x", which can be
expressed by contour integrals of the correlation functions with energy—momentum tensor insertions:

2

1-0? 1 — i
exp (— 2Q r [G;ngg]) <T(,0)(91(§)>’ exp (— 2Q r [o;gfg]) <T(,5)O](§)>‘
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p(215)

T~ao~e—= 0

Fig.12. Fig. 6 embedded in a light-cone diagram.

CRCRNT
N

Fig.13. Contours C;, C;.

As we will see in the following, these correlation functions become singular when p, o coincide with
those of the interaction points. Therefore the contour integrals diverge when the interaction points
pinch the contour. This is exactly what happens in the situations we are dealing with. Away from the
singularities, F ](\,g ) (X) is a differentiable function of the parameters /.

4.2.1.  Singular behavior of F ](\,g ) (X) associated with the configuration depicted in Fig. 6
As an example, let us study the singular behavior of F ](\,g) (X) in the limit illustrated in Fig. 6. We here
consider the situation where the tiny cylinder is embedded in a light-cone diagram as depicted in
Fig. 12.

We would like to calculate the variation of £ ](Vg ) (¥) under a change of the shape of the tiny cylinder
fixing the other part of the diagram. Such a change corresponds to a change of the moduli parameters
and it induces a variation

p(z) = p(2) +3p(2),

of the function p(z) in Eq. (2.12). The change is parametrized by the variation of the circumference
of the cylinder, i.e., 27 S, and §71, §7; defined by

871 = dz' 38p(Z), 8T :/ dz' 38p(z),
C 6)

where the contours C1, C; are those shown in Fig. 13. It is also possible to express S« as

dz dz
Sa = S—00p(z) = — =—038p(2),
Cri 2mi Cra 2mi

where the contours Cr1, Cr, are those depicted in Fig. 14.
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Fig. 14. Contours CTI: CTZ, Ca, CR, CL.

The variation §F ](\,g) (¥) is given by

. d 1 —0?
SF® ) = —o7T,; ) ﬁ@(p)o‘ﬁ))exp (— 2Q F)
T1

dp @ 1-0?
57, fcm 7l <T(p)(9N >exp( 5 r
. dp © 1-Q?
+2ﬂ18aﬁa%<T(p)ON >6Xp (— ) r

+c.c, 4.5)

where the contours C71, Cr2, C, are those indicated in Fig. 14. By using the transformation formula

_ _ Y
TP = o (10 = 1= 0)0.2),
(2] = A (32,0)2
P,z —g B % >

contour integrals of the energy—momentum tensor are expressed as

dp .~ [ dz 1 o _
fc SET0) = s (16 = (1= 0 .2,

dp - _ _ N
—Tp) =P — Tz —(1— .
?gé 5 1P i 95G) (T -1 -0 {p.2})
Taking the local coordinates z, z convenient for calculation, one can evaluate the right-hand side of

Eq. (4.5).
Decomposing the diagram into two pants-shaped regions and cutting them open as in Fig. 15, it is
straightforward to show that the right hand side of Eq. (4.5) is equal to

_ 2
E(S,O(Z) dp(zr) <(T(Z) — (- QZ) {,O,Z}) (9](5)>exp (_1 0 F)

p 2mi p(2) 2
dz 5p(z) — 5p(zr) ) © -
+/PR %W((T(Z)_(I_Q){paz})oj\/ >exp<— 5 F)
+ c.c. (4.6)

The paths P, Pr are depicted in Fig. 15. We define §p(z) — §p(zy ) and 6p(z) — dp(zrz) as

8p(2) — 8p(zp) = / d'38p(Z'),  Sp(2) —dp(zr) = / dz'38p(2), 4.7
Z]L ZIR
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CYT 1 CT 1

CL
Cra Cr2

Ur

P —— R

Fig. 15. Two pants and the paths R (E~>B > C—->D—->D > C—>B > E)andPL(A - B - C —
D—->D—-C—B—A).

Fig. 16. Contour C.

where the paths of integration are taken to be within the regions Up and UR respectively in Fig. 15.
Deforming the contours, we can show

— Y
SFE 3) = _% dz 8p(2) — ép(zr) <(T(Z) (1= 0Y){p.2)) O(]\‘,g)>exp (_1 0 F)

. 2mi ap(z) >
— ﬁM 12 (2) (_1 - 0? )
?g,R i p() (1@ = (1= 0 (p.2)) OFF ) exp 5T
dz p(z) —op(zr ) 5 © -2
+7€;%W<(T(Z) — (1 -0 {p.2}) Oy >exp (—T[‘>

E 1 2 @) 1-0°
— 8T, fCR 271 9p() <(T(z) — (1 =09 {p,z}) Oy >exp (_TF)

+ c.c., (4.8)

where C is the contour surrounding the tiny cylinder depicted in Fig. 16.

In this expression, the right-hand side can be evaluated once we know the behaviors of p(z), T(z)
near the cylinder. Taking a good local coordinate z around the cylinder, the coordinate p(z) of the
light-cone diagram is expressed as

p(z) = €p(z) + constant,
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and the limit to be considered is € — 0. In order to get the singular behavior of F ](\f” ) (X) in the limit

€ — 0, we consider the variation §F ]E,g ) (¥) under € — € +8¢€. For e < 1 and z close to an interaction
point z;,

de 5. 2
dp(z) —ép(zr) ~ 78 p(z)(z —z1)7,

Ip(2) ~ €dp(z)(z — 21),

3

T(Z)O]Cvg) ~ ((z _221)2 T+ ) Oz(\‘;g)’

2

{p,z} ~

and

dz 8p(z) — 8p(zr) 2 @ 1-¢
- 7§ i W= (1= 0Y10.2) OF e (‘ 7

3 ) .
~—ZC- Qz)fFff) ®). (4.9)

Equation (3.7) implies that p(z) has a simple pole at the degenerating puncture and C is a contour
around it. Using these facts, we obtain

dz 8p(z) — 8p(zp,) 2 © -0
i e ((T<z> —(1—-0%1{p,z}) OF )exp (— 5 F)

Se [ dz @ 1-0?
: v 2_7.”Z<T(Z)ON >6Xp (— > r

~0, (4.10)

because the momentum flowing through the collapsing neck is zero. The fourth term on the right-hand
side of Eq. (4.8) is of order d¢. Therefore we get

N de -
SFE @) ~ (—6 +30%) :F}V@ @),

from which we can deduce that F' I(f) (X) is expressed as
F ](Vg) x) ~ 04307 o constant, 4.11)

fore ~ 0.

In general, the behavior of F' ]E,g ) (X) in the limit where subregions of the diagram shrink to points
can be studied in the same way. The variation § F' ](\,g) under a change of the shape of the diagram can
be expressed as the sum of contour integrals of correlation functions with energy—momentum tensor
insertions. Decomposing the diagram into pants, expressing the integrals in terms of those around
the pants and deforming the contours of the integrations, §F ](\‘,g) (X) can be expressed by contour
integrals in the shrinking subregions. It is possible to evaluate them taking coordinates convenient
for describing those regions and deduce the singular behavior of F ](\‘,g ) (X) in the limit.
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Fig. 17. Fig. 7 embedded in a light-cone diagram.

P (’\ZIL) CT P (TIR)
\ Ay \
Cry Chre Cr2 Cri

Fig. 18. Contours.

4.2.2.  Singular behavior of F ](Vg) (X) associated with the configuration depicted in Fig. 7
As another example, let us consider the degeneration in which the light-cone diagram develops a
cylinder with vanishing width. Suppose that the cylinder is embedded in the diagram as illustrated
in Fig. 17. We take the limit o« — 0 with T fixed.

In order to get the singular behavior of F z(vg) (%) in the limit « — 0, we evaluate the variation of
F ]i,g) under « — « + Sa which is given by

© 2y — 9o dz 1 12 © _
S (x)_zmaaygca e (T - Q){p,z})(’)N>eXp(

1—-0?
r
> >+cc

(4.12)
where the contour Cy, which either closes or ends in punctures, is shown in Fig. 18. We decompose
the relevant part of the diagram into two pants which are the regions bounded by the curves Ct 1,
CL2, Cr and Crj, Cra, Cr respectively and a cylindrical region bounded by Cy,, Cry in Fig. 18.
We also introduce a local coordinate z;, around the interaction point p(z, ) such that

p(zL) ~azL — 1 —1Inzp) + p(zp),
and similarly zr around p(zp,) such that
p(zr) ~ a(—zr + 1 +Inzr) + p(z),

for o < 1. We take the contour C7 to be along the curve
IL TR
Ll ~exp( —— -1}, |lzr| ~exp| —— — 1),
o o
with
Ih+Tr=T.
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Fig.19. Contours Cr, Cg, Cey.

Proceeding as in Egs. (4.6) and (4.8), we get

@ _ [ dzdp(a) —3pCn) : © -
SFy (X) = — fi i 3p (L) <(T(Z) -(1-0 ){,O,Z}) Oy >exp (— 3 ]">

dz 8p(zL) — 3p(z,)
+/C£ ZL Z[(
(

2
7@~ (1= 0% 1p.21) Of Jewp (-2 )

1 — 2
TG~ (1= 0% {p,2)) O )exp (— C F)

;270 ap(zr)
dzp 8p(zL) — ép(zr)
a 2mi dp(zL)

B ?g dzr 8p(zr) — 8p (21
1 2mi dp(zr)

2
((T(>—(1—Q>{p,z})0(g>>exp( =~ F)

B / dzr 8p(zr) — 8p(21p)
cr 2mi dp(zr)

/ dzr 8p(zr) — p(2rR)
+ P
Cr 2mi dp(zr)

(T@) -1 =0 1p.2) OF ) (

(T@) -1 =0 1p.2) OF ) (

)

; dz 1 2 © 1 — Q2
+ 27Tl Sa ﬁcut Eap(z) <(T(Z) - (1 - Q ){p,Z}) ON >eXp (—TF)

+c.c,, (4.13)

where Cg¢ denotes parts of the contour C,, presented in Fig. 19, together with Cr, Cr. The first term
on the right-hand side of Eq. (4.13) can be evaluated in the same way as Eq. (4.9) and we get

dzi, 8p(z1) — 8p(z1,) > © 1-0?
- f o ap(ZL) ((T<z> — (1= 0%1{p,2}) OF )exp (— 3 F)

.3 0 ig)
4(2 Q) F

The second term is evaluated to be

_ N2
| e (ZIL)((T(z)—(l—Q%{p,z})OEvg))exp(—l r)
C

; 2mi 0p(zL) 2
Pdoda 2 (T .\ 1 ® 1-Q?
o A e |p| +0p' + Q exp (- r
0 2m —« o zL 2
Déa . .
~ T + imaginary part, (4.14)
o

where we have used the fact that the states propagating through C7 are projected to be GSO even and
the dominant contributions in the limita — 0 come from the states with the momentum p’ = —Q6; ;.

27/39



PTEP 2017, 033B01 N. Ishibashi

The number of noncompact bosons in the world sheet theory is denoted by D, and %%‘"

line originates from the momentum integral. For o < 1, taking the contour Ct, to be along the curve
|zL] = @77 (0 < y < 1), the third term on the right-hand side of Eq. (4.13) is evaluated as

ES,O(ZL) — 8p(Z]L) B e © _1 _ Q2
/CL 2mi dp(zL) <(T(Z) (1=09{p.2}) Oy )exp( 5 F)

in the last

8 d 1 —0?
0% LL.ZL <T(Z)(9(I§)>exp (— 0 F) + constant x §(a’)
o Jo 2mi 2

~ —%Qz%“Fﬁf), (4.15)
where we have ignored the term of order §(«?). The states propagating through Cp, are GSO odd
and the dominant contributions to the contour integral come from the states with the momentum
p' = —06; 1. The fourth to the sixth terms are evaluated in the same way, taking the contour CR to
be along the curve |zr| = 7. The singular contributions of the integration along Cg,¢ can come
from the regions near the contours Cr, Cp and

. dz 1 2 @ 1-0°
2n18aﬁcmz—mm<(T(z)—(l—Q){/O,Z})ON >exp<— 3 F)

omise [ 4] : (@) -
2maaf e (1) = (1 = 0 (0.2)) OF Jexp (— =T

, dzg 1 5 @ 1-0?
+27i S /w EEer e (1) = (1 = 0 (0.2)) OF )exp (— =T
~ constant x §(a??), (4.16)

which can be ignored in the limit « — 0. Putting these together, the right-hand side is evaluated
to be

D\ Sa N
(—6 L0+ 5) R,

From this, we can deduce that F’ 1E/g) () is expressed as

F](Vg) (x) ~ @ 6HOHD/D) o constant, 4.17)

fora « 1.

4.2.3.  Collisions of interaction points

The technique developed above is applicable to the situation in which the interaction points come
close to each other but no degeneration occurs. When two of the interaction points come close to
each other as shown in Fig. 20, it is possible to take a local coordinate z around the interaction points
so that p(z) can be expressed as

p(z) ~ 6(23 — 3z) + constant, (4.18)

where the limit we should consider is € — 0.
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Fig. 20. Two interaction points come close to each other without degeneration. The coordinate size of the neck
does not go to zero in the limit p(z;) — p(z)).

Zr ZJ

C

Fig.21. z,z,, C.

The variation of F' N@ (X) under € — € + §e can be given as
= 8p(2) = 8pCan)
2z 27 0p(2)

dz 8p(2) = 3p(zy)
2, 27 0p(2)

# SE2D (1)~ (10 1.1) OF Yoo (-1 52 F)

SF () ~ (r@) = (1= 0) (p.2)) OFF ) ex (

(7@ = (1= 0% (0,2)) OF ) ex (

c 2midp(z) 2
+c.c, (4.19)

where z7, z7, C are depicted in Fig. 21. The terms in the first and the second lines can be evaluated
as in Eq. (4.9) and we obtain ~ —%(2 — Qz)‘i—eF](vg). With Eq. (4.18), we get

(p.2] ~ 4 8p(2) de
~ _Z,
P2 Ip(z) 3e

forz >> 1 and the term in the third line is evaluated to be ~ %‘(1 ) %F ](Vg ). Therefore we eventually
get

F](\}g)()_c') ~ =10+ o constant. (4.20)

The case in which » interaction points come close to each other can be treated in the same way.
With a good local coordinate z, p(z) can be expressed as

n+1

p(z) ~ e +---) 4 constant,

and we get

F]%,g) (x) ~ (/D) (=202 =nt 1/ =M% constant. 4.21)
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4.3. Divergences of the amplitudes

Using Egs. (4.11), (4.17), (4.20), and (4.21), we can check whether the integrations around the
singularities studied in the previous subsections give divergent contributions to the amplitude AE\?).
For example, in the case of the configuration presented in Fig. 12, the relevant part of the integration

/deez,

for ¢ <« 1, and with Eq. (4.11) the contribution to the amplitude from the neighborhood of the

singularity goes as
f dee 43 Qz.

This integral diverges when Q = 0 but converges if O is large enough. The same happens for other
configurations discussed in the previous subsection. Notice that the infinitely thin cylinder in Fig. 17
leads to a divergence in spite of the Feynman ie, because of the contributions from the tiny regions
at the ends.

Therefore the amplitudes diverge in the superstring field theory with O = 0, which is the theory

measure is expressed as

in the critical dimension. The Feynman ie is not enough to make them finite, partly because some
of the configurations correspond to the ultraviolet region with respect to the world sheet metric
ds?> = dp dp. The divergences are also due to the presence of Tf and T at the interaction points. In
order to make sense out of the string field theory, we need to regularize the divergences. As we have
seen in the examples discussed here, it seems that we can do so by taking Q7 large enough.

5. Regularization of divergences

In this section, we would like to show that by taking ¢ > 0 and 0? > 10 the amplitude Eq. (2.13)
becomes finite. The singularities coming from cylinders with infinite length and nonvanishing width
are taken care of by taking ¢ > 0. Other types of singularities correspond to light-cone diagrams that
involve infinitely thin cylinders and/or colliding interaction points. As we have seen in the previous
section, the singularities of F ]i,g) can be deduced from the behavior of p(z), p(2) in tiny regions
around the relevant interaction points. The singular configuration corresponds to the limit where
these regions shrink to points.
General singular configurations we should deal with can be realized in the following way:

© Let G be a subregion of a regular light-cone diagram that consists of regions R, (a = 1,2,...)
connected by propagators L, (b =1,2,...).

© The singular configuration corresponds to the limit in which the regions R, shrink to points and
the cylinders L; become infinitely thin, as illustrated in Fig. 22.

In order to study the singular behavior of ' ](\,g ) (¥) in such a limit, it is convenient to take the integration
variables ¥ = (x',x%,...,x") € R" in the following way. Let x!,...,x"G be the independent linear
combinations of differences of coordinates p, p of the interaction points and magnitudes of jump
discontinuities of p, p in the regions R, so that the limit where they shrink to points and the cylinders
Ly, become infinitely thin is represented by ¥ — 0 (j = 1,...,n5). We take X6t X to
represent the shape of the light-cone diagram outside G and the positions of R,.
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() N
1

R4

L4 @

Fig. 22. Regions shrinking to points connected by infinitely thin tubes.

R

Then the singularity in question is at

where

)—; = (yl’lG+1’ o ’yn)'
In order to study the behavior of ' Ii;g ) (X) at the singularity, we estimate
F® (ew,p)
in the limit € — 0 with

12

W= w0 (W= (W) + WHE 4+ w0)?) 1),

(5.1)

fixed. We can do so, as in the previous section, if (ew,y) itself does not correspond to a singular

configuration, i.e.,

?)k : (EVV,J_;) ;é 0

for any k. This happens for a generic choice of w. We would like to first analyze F ](\,g) (ew,y) for

such w in the limit e — 0.

5.1. F¥ (ew,y) in the limit e — 0

For € « 1, with a good local coordinate z on R,, the p(z) is approximated as

p(z) ~ €py(z) + constant,

where p,(z) is a multivalued meromorphic function on R,. Suppose that the region R, has genus g,

and &, + [, boundaries, where [, of the boundaries are associated with the thin cylinders attached
to R,, and k, of them are around the necks that connect R, with the rest of the surface. Also, /,

boundaries associated with the thin cylinders correspond to simple poles of dp,(z) and the other &,

31/39



PTEP 2017, 033B01 N. Ishibashi

boundaries correspond to higher-order poles at z = zi(a) (i=1,...,k;). We assume that forz ~ zi(a)
004(z) behaves as

b

@

0pq(2) ~ W +--- (nga) > 2).
(z )i

Since the degree of the differential dp,(z) dz should be 2g, — 2, we get
ka
N =" — 1y = 2g4 -2, (5.2)
i=1

where N, I(a) is the number of the interaction points included in R,. In order for the statement that R,
shrinks to a point to make sense, V. 1(“) > 1.

Now let us calculate the behavior of F ](\‘,g) (ew,y) in the limit € — 0. The variation of F ](\‘,g) (ew,¥)
under € — € + ¢ can be evaluated as in the examples discussed in the previous section. Expressing
the variation §F ](\‘,g) as a sum of contour integrals of correlation functions with energy-momentum
tensor insertions and deforming the contours, we eventually get

SEE (e, 5)

~— Az 9p() = 0 C1g) _
;75,6 i 9p(2) <(T(Z) (1-0%1{p,z}) O

oo (+H55)
“r)
“r)

dz 8p(Z) ) (g)
+ZZ/@ 27 3p(2) (T(Z) (1 =09 {p.z}) Oy (

dz 5/0(2) (g)
+ZZ/(a)27‘r18p(z) ( ()_(I_Q){/O,Z}O (

& A(Sp 2 ©) 1-0?
+Z/ccut2ﬂl3p(z) (Tz) — (1 =0 {p,z}) Oy >exp(— . r

+ c.c. (5.3)

Here z = z;; (I = 1,2,...) correspond to the interaction points included in G, the contour Clga)
denotes the one along the boundary of R, around Lp, and Ci(a) denotes a contour along the ith

boundary of R,, which corresponds to the pole z(a)

of dp,. The terms in the fourth line come from
the possible multivaluedness of §p and we take §p to have a jump A§p along the contour Cgy¢. There
can be contributions from integrations along contours outside G, but they correspond to the terms in
F Ii,g ) that vanish in the limit € — 0.

The right-hand side of Eq. (5.3) can be evaluated as in the previous section. Each term in the first

line can be evaluated as in Eq. (4.9):

dz 8p(z) — 8p(z1) ) © 1 -
ZI%W«T(Z)_H_Q){IO’Z})ON >exp<— b F)

N_E (g)
4(2 0 ) F
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The terms in the second line can be estimated as in Eq. (4.14):

dz § 1—0?
) / o 828 (T) ~ (1 = 09 (p.2)) OF ) exp (— 2 F)

Ddéa . .
~ —— + 1maginary part.
4 o

The terms in the third line can be calculated by using

8pa(z) Sz — z@

0paz) €@ 1

b

1@ — 1% —1

(o2} ~ - M
2 (z — Zi(a))z

(r@0f)exp (— : _2Q2 F)

1 1. 1 — Q2
o <“>)z<<5'p'2+Qpl+"'>Of(vg)>eXp(_ > F)’ C
z—z

forz ~ zl.(a). The factor that appears on the right-hand side of Eq. (5.4) can be estimated by using

b

1, Lo kt=1,
Slpl"+0p =
2 —L k=2

As in the examples in the previous section, the terms in the fourth line of Eq. (5.3) can give only
negligible contributions to ¥’ }(vg). From these, we can see that fore < 1, F ](\‘,g) (ew,¥) behaves as

FIE,g) (ew,y) ~ €6 x constant, (5.3)

where

Y6 =Y YR,
a

v

yRa

k. k.
: 1 3 ? 8
_an@ § : (C) 2| 2@ } : (@ 1 Ckatlal
3NI + — (ni 1 n(a) _ 1) + Q 2N] (ni 1 n(a) _ 1) s
i= i i

i=1
(5.6)

if (ew,y) does not correspond to a singular configuration.

5.2, Proof of finiteness of Al(f)

If yg < 0, then F ](\}g) (X) is singular at X = (0,y). Let us show that we can make y, > 0 by choosing
0? large enough.
When k, + 1, > 2, we have

k.
2 1 3
(a) Z (@ 2 (@) Z (@)
)/Ra > —3N] + - (I’li —-1- m) + Q EN[ — : <}’ll- — 1) . (57)
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From Eq. (5.2), we get

k
3 d I
N =Y (n 1) = SN ko + Lo+ 28— 2> 0.

i=1
Substituting 9* = 6 into Eq. (5.7) yields

ka ka

1
)/Ra Z6N[(a) —52(111(&) - 1) —ZT

i=1 i=1 " 1
kg kq 1
] S SCRT N POV paan

i=1 i=1 "
> 5 (ko + Lo+ 280 —2) + N — kg

Since Eq. (5.2) implies

ka
N =30 41y + 280 — 2> 2o+ la+ 280 — 2 = ko + 280 > ka,

i=1

we obtain yg, > 0 for Q> = 6. From Eq. (5.8) we can see that yg, > 0 holds if 9* > 6.

When k, + I, = 1, the only possibility is k, = 1, [, = 0. Eq. (5.6) becomes

1

(@) (@)
YR, = —3N;" +n _l_n(a)_l
1

If g, > 1, we can prove

3 1 1
SN = 1 O SN 28— 1> 0,
O
1

and for Q2 =6,

1
)/RaZ6N1(a)—5 nga)—l—T
ny’ —1

> 6N =5 ("~ 1)

=5Q2g,— 1)+ N
> 0.

Therefore yg, > 0 for 0? > 6.1f g, = 0, Eq. (5.2) becomes
N — @ o,

and yp, is given by
! @ @ L (@ @
VR, = ——— —<2n1 —3) <n1 —2>+—Q (nl —2) <n1 —3) :
nga) -1 2
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In this case, in order for the statement that R, shrinks to a point to make sense, N, ](a) > 2. Since
nga) = Nl(a) +2 > 4, we get

(nga) — 2) (nia) — 3) > 0.

For Q% = 10, we obtain

3
VR, > (nﬁ"’ - 2) (nﬁ“) - 4) > 0.

nga) —1

Therefore yg, > 0 for Q> > 10.
Thus we have proven that yg = Y y&, > 0 holds for any G, if we take Q> > 10. Since

F Iifg ) (ew,¥) ~ €76 x constant,

for generic w, the fact that yg > 0 for any G seems to suggest that ,(\,g) (X) does not have any
singularities and the amplitude is finite. We would like to prove that this is the case in the following.

Let us first prove that putting F/ ](\,g ) (0, y)=0,F ](\‘,g ) (¥) becomes continuous atx = (6,)7), if 0 > 10.
For generic w, then F/ zi;g) (ew,y) behaves in the limit € — 0 as

F 1E}g ) (€,7) ~ €79 x constant,

with y6 > 0. Hence as a function of € = €6, F Ii,g) (ew,y) is differentiable at € = 0. It is smooth
with respect to w, y when € # 0. Therefore we can find a constant M > 0 such that

F® (eG4 8W),7 + 67)| < €7M, (5.9)

for any 8w, 8y with [8w|, |8y, € sufficiently small. If this holds for any w, then F' ](\,g (%) is continuous
atx = (6, 7). Therefore we need to study the case where w is not generic in the sense that (ew,y)
corresponds to a singular configuration, in order to prove the continuity of F' ](\‘,g ) (x).

Suppose that (ewy, y) corresponds to a singular configuration. It should correspond to the limit in
which a subregion G’ of G shrinks to a point. With a rearrangement of the integration variables, wo
can be expressed as

ng times

- PP, -
WOZ(O,"'aan)-

The value of fvg) (¥) in the neighborhood of the point X = (ewy, y) can be studied by estimating

F¥ (eolg + €'#),7), (5.10)
where
W=, W 0...0),
W] =1,

‘GO(VVO + G/VV/)‘ =€,
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and 0 < € K 1. If X = (eg(wy + €'W),¥) corresponds to a light-cone diagram without any
degenerations or collisions of interaction points, it is straightforward to estimate Eq. (5.10) by
computing the variation §F ](vg) under €’ — €’ + 8¢’ using the techniques presented in the previous
section and we obtain

FI(\,g) (e0(vo + €'W),7) ~ €} (¢')"%" x constant. (5.11)
If Eq. (5.11) holds for any w’, we will be able to find a constant M” > 0 such that
FE (et + €7).5)| < 4 (€)7o

which implies we can find M > 0 satisfying the inequality (5.9) also in the neighborhood of
w = wy. Therefore we need to study the case in which (eo(Wwy + €'Ww’), y) corresponds to a singular
configuration, in order to prove the continuity of ¥ ﬁ,g )(%). The behavior of F I(f ) (e0(wo + €'W),¥) at
a possible singularity W = w; corresponding to G” C G’ can be studied by estimating

(2 - - o=
F)? (eoWo + o€ + eoer€ W, 3),

for €’ « 1 with €g, €1, w” defined in the same way.
After repeating this procedure a finite number of times, we end up with

N N N N Ygm)
F](\‘,g) (eowo + €oe1wr + -+ + €p€q - - - e(”)w(”),y) ~ €9 (e1)Yd - <e(”)) ™ X constant,

which holds for any w, because G involves only a finite number of collapsing necks and interaction
points. Applying this procedure to all possible singularities in the neighborhood of (6,)7), we can
show that Eq. (5.9) holds for any w and therefore F ](\‘,g) (¥) is continuous at ¥ = (0, 7).

Thus we have shown that F %) (%) is continuous at possible singularities. Since F Iifg) (x) is a dif-
ferentiable function of X away from these points, F ](\,g ) (X) is a continuous function of X without any
singularities. Therefore the amplitude A]%’) becomes finite if we choose 9% > 10 and & > 0, because
the parameters 77 are cut off by the i prescription.

6. Discussions

In this paper, we have studied the divergences we encounter in perturbative expansion of the ampli-
tudes in the light-cone gauge superstring field theory. From the point of view of light-cone gauge
string field theory, they originate from both infrared and ultraviolet regions with respect to the
world sheet metric ds> = dp dp and collisions of interaction points. The contributions from the
infrared region can be dealt with by introducing the Feynman i¢. In order to regularize other kinds
of divergences, we formulate the theory in a linear dilaton background. We have shown that the
light-cone gauge superstring field theory with Q? > 10 and & > 0 is free from divergences at least
perturbatively.

The theory with O # 0 with eight transverse directions is not a theory in the critical dimension
and the Lorentz invariance should be broken. However it corresponds to a conformal gauge world
sheet theory with nonstandard longitudinal part (Refs. [12,13,16,17]) which obviously breaks the
Lorentz invariance. Including the ghosts, the total central charge of the world sheet theory is zero
and it is possible to construct nilpotent BRST charge. Therefore the gauge invariance of superstring
theory is not broken by making Q # 0 for regularization.
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It should be possible to obtain the amplitudes in the critical dimension by defining them as analytic
functions of Q in the region Q> > 10 and analytically continuing them to Q = 0 as is usually done
in dimensional regularization. In a recent paper (Ref. [20]), we have compared the results with those
(Refs. [50-52]) obtained by the first quantized formalism and shown that they coincide exactly, in
the case of the amplitudes for even spin structure with external lines in the (NS,NS) sector.

In this paper, we have dealt with superstring theory in Minkowski spacetime. The results in this
paper hold also for the case where besides X! for the linear dilaton background the world sheet
theory consists of nontrivial conformal field theories, provided possible singularities of F° ]E‘,g) arise
only from degenerations and collisions of interaction points. We expect that this is the case for
reasonable unitary world sheet theory. It is known that F ](\,g) can become singular’ at some regular
point in the interior of the moduli space because the correlation functions involve theta functions in
the denominator (Ref. [57]), if the world sheet theory involves nonunitary conformal field theory like
superconformal ghost. Therefore it seems difficult to formulate a Lorentz covariant generalization
of the results in this paper.

The regularization discussed in this paper looks similar to the dimensional regularization in field
theory but there are several crucial differences. First, the number of transverse directions, and accord-
ingly those of spacetime momenta and gamma matrices, is fixed in our formulation. The divergences
are regularized not by reducing the number of integration variables. We do not encounter problems
with spacetime fermions, like those in the dimensional regularization in field theory. There are no
difficulties in dealing with the amplitudes corresponding to world sheets with odd spin structure.
Since the world sheet theory involves 16 or 8 fermionic variables, it is possible to recast the string
field theory into that in the Green—Schwarz formalism (Ref. [2]). Second, we have a concrete Hamil-
tonian or action describing the theory with Q, contrary to the case of dimensional regularization in
which there does not exist any concrete theory in fractional dimensions. Hence the regularization
proposed in this paper will be useful in discussing nonperturbative questions in superstring theory,
although the Hamiltonian is complex because of the dilaton background.
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