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Abstract

We systematically study the factorization and recursion relations in
higher genus correlation functions of Berenstein—-Maldacena—Nastase
(BMN) operators in free N' = 4 super Yang-Mills theory. These proper-
ties were found in a previous paper by the author, and were conjectured to
result from the correspondence with type IIB string theory on the infin-
itely curved pp-wave background, where the strings become effectively
infinitely long. Here we push the calculations to higher genus, provide
more clarifications and verifications of the factorization and recursion
relations. Our calculations provide conjectural indirect tests of the AdS/
CFT correspondence for multi-loop superstring amplitudes of stringy
modes.

CONTENTS

1 Introduction 423

2 Reviews of the pp-wave geometry and BMN operators 425

e-print archive: http://lanl.arXiv.org/abs/1009.5447v2



422 MIN-XIN HUANG

3 Planar correlators of multi-trace BMN operators 430

3.1 Correlators between a single-trace and

a triple-trace operator 432
3.1.1 Case one: (O‘im’mOglngOJf") 432
3.1.2 Case two: (Oim’mOfn,nOhOh) 440

3.2 Correlators between two double-trace operators 442

3.2.1 Case one: (0107:072073) 442
3.2.2 Case two: (O‘Iléi“m’mngOb]s)
(J1 > J2 > J3 > Jy) 445
3.2.3 Case three: (Oi%,m(_)‘]‘*Ofn’nOJ?')
(J1 > J2 > J3 > Ja) 446
4 Factorizations and recursion relations: the precise
rules 448
4.1 Constructing the field theory diagrams 449
4.2 Constructing the string diagrams 450
4.3 Determine the multiplicity and factorization
relations 452
5 Higher genus BMN correlators 455

5.1 Torus correlator between two single trace
operators 455

5.2 One-loop string calculations with integral form
of the vertex 458

5.3 Torus correlators between a single trace

operator and a double-trace operator 464
5.3.1 Case one: the vacuum diagrams 464
5.3.2 Case two: (O{m’mO{)}l 0612)t0rus 468

5.3.3 Case three: (Oim’mOJl O07?) torus 472

—n,n



HIGHER GENUS BMN CORRELATORS 423

5.4 Genus two correlators between two single
trace operators 477

5.4.1 The vacuum diagrams and multiplicity 477
5.4.2 The stringy BMN operators 479
5.5 Genus three: a test 485

6 Correlators of BMN operators with more stringy

modes 488

6.1 The operator and vertices 489

6.2 The case of (O{ml,m2,m3)OE”&)‘{O(woz)‘;OE"S)‘D 490

6.3 One-loop string propagation 492

7 Conclusion 497
Appendix A Some useful summation formulae 498

Appendix B Field theory calculations for
(07 O ) 500

—m,m

References 501

1 Introduction

The Anti de Sitter (AdS)/Conformal Field Theory (CFT) correspondence
[1-3] has been a main direction of research in string theory for more than
a decade. The original correspondence relates maximally supersymmetric
string theories with gauge theories, for example the type IIB string theory
on the AdSs x S° background with N'= 4 SU(N) super Yang-Mills theory
in four dimensions. By now the correspondence has been applied many less
symmetric cases, as well as other research areas such as Quantum Chromo-
dynamics (QCD) physics and condensed matter physics. The hope is that
gravity in the AdS space can provide useful effective descriptions for strong
coupling dynamics which is difficult to deal with theoretically but can be
observed experimentally in QCD physics or condensed matter physics.

In this paper we pursue the opposite direction, namely we try to study
difficult string dynamics using gauge theory. This was made possible in
a pp-wave limit of the AdS space, corresponding to the BMN (Berenstein—
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Maldacena—Nastase [4]) sector in the N' = 4 SU(N) super Yang-Mills theory.
We will further restrict ourself to the case where the pp-wave background
is infinitely curved comparing with the string scale, which corresponds to
the case that the N' = 4 super Yang-Mills theory is free. One may wonder
how a free gauge theory could describe non-trivial dynamics. We note that
it is quite common in string dualities that a weakly coupled theory on one
side is equivalent to a strongly coupled theory on the other side, as well
as that a free theory on one side is equivalent to an interacting theory on
the other side. In fact it is well known that the free string spectrum in
the pp-wave background is described by perturbative planar gauge inter-
actions of the BMN operators. So we should not immediately dismiss the
notion that the free gauge theory can describe non-trivial string interac-
tions. Since we don’t have supports of experiments as in the case of QCD
physics or condensed matter physics, and string theory in highly curved
Ramond-Ramond backgrounds is not well understood, we will use an indi-
rect approach in our study of the duality. We conjecture that the string
theory on the infinitely curved pp-wave background is extremely simpli-
fied, and the string interaction amplitudes can be computed by a diagram-
matic approach, similar to those in string field theory, which we call the
string diagrams. These string diagrams compose of three point couplings
of the BMN operators, therefore the correspondence between string theory
and gauge theory induces certain factorization and recursion relations [6]
for the correlation functions of the BMN operators in gauge theory at
higher genus.

One may wonder whether these factorization and recursion relations are
just properties of the gauge theory with no relation to string theory. But the
string theory perspective helps to derive these relations, so it is useful. Fur-
thermore, even if it may be possible to systematically prove these relations
within gauge theory, as we mentioned we still expect free gauge theory to
describe non-trivial string dynamics if the AdS/CFT correspondence is cor-
rect. The natural physical observable of string theory in the pp-wave limit
would be described by the correlation functions of the BMN operators.

The main purpose of this paper is to precisely formulate the factoriza-
tion relation (4.2) and test it systematically in many examples. The paper
is organized as the followings. In Section 2, we review the basic ideas of
the pp-wave limit, and also try to clarify some puzzling issues in the lit-
erature. In Section 3, we study some simple examples of the factoriza-
tion and recursion relations for planar correlation functions of multi-trace
BMN operators. In Section 4, we state the precise rules for factorization
and recursion relations, which we conjecture to result from the correspon-
dence with string theory on pp-wave. In Section 5, we test the factorization
and recursion relation properties for BMN correlators at higher genus. In
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Section 6, we consider general type of BMN operators with more string
excitations.

2 Reviews of the pp-wave geometry and BMN operators

We should review some basic terminologies of the pp-wave geometry and the
corresponding BMN operators in N’ = 4 super Yang—Mills theory to refresh
the memory of the readers, and we also clarity some confusing points in the
literature from our perspective. A long time ago, Penrose pointed out when
one zooms in a null geodesics of any geometry, one finds a pp-wave type
of geometry [7]. This procedure is applied to the well-known AdSs x S°
background of the type IIB string theory to obtain the corresponding pp-
wave geometry [4,8]. This is known as the pp-wave limit, or BMN limit.
In this paper, we use the notation “pp-wave geometry” to refer solely to
the pp-wave geometry from the Penrose limit of AdSs x S° background.
The pp-wave geometry is rather special because it is the only maximally
supersymmetric background of the type IIB string theory besides the flat
ten-dimensional Minkowski space and the AdSs x S° space. The metric of
the pp-wave geometry is

ds? = —ddaaz™ — p2(7 2 + § 2)(da)? + di 2 + di 2, (2.1)

where the x1, = are the light cone coordinates and the 7 and  parame-
terize points in the two R*’s coming from AdSs and S°. The mass param-
eter p parameterizes the curvature, or the inverse of the length scale of
the geometry. There is also a five form Ramond-Ramond background flux

Fi1234 = Fysers ~ p.

The pp-wave background has the nice property that the free string spec-
trum is easily solved, which is a difficult problem in the AdSs x S®. This
can be achieved using the Green—Schwarz formalism in the light cone gauge.
The vacuum string state is denoted by |0,p™) where p* is the light cone
momentum. Here we consider the vacuum state with only the light cone
momentum p™ and zero momenta in all other eight directions, because the
BMN operators are constructed for these states. We can then construct
a general excited string state by acting on it the string creation operators
denoted (al)" for bosonic excitations and (S2)T for fermionic excitations.
Here I,b=1,2,...,8 label the spacetime directions other than the light
cone directions, and n is the excitation level number. We use the nota-
tion that positive n’s denote the left-moving excitations of the type IIB
closed string, negative n’s denote the right-moving excitations and n =0
denotes supergravity mode. The string states have to satisfy the level
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matching conditions with equal number of left-moving and right moving
excitations. So with one creation operator we only have the supergravity
modes (al)?|0,p*), and with two creation operators we can create string
modes such as (o) (a2)1]0, p™).

The mass of these string states have been studied using the Green—
Schwarz formalism [4,9]. The vacuum state |0,p*) have a mass propor-
tional to p™, and a creation operator of level n acting on the vacuum state
contributes to the string mass

n2

where o/ = 2 is the string length square. There are two limits one can take.
One is pa/p™ > 1, which means the spacetime curvature parameterized by
p is very large comparing with the string scale. In this limit the stringy
modes are almost degenerate for all excitations, so this is highly stringy
regime. The other limit is uo/pt < 1, which approach the flat space limit,
and there is a clear mass gap between stringy modes.

Now we turn to the BMN operators in N’ =4 SU(N) super Yang—Mills
corresponding to the string states. The N' = 4 super Yang—Mills has six real
scalar fields in the adjoint representation of SU (V) gauge group and can be
written in terms of three complex scalars

¢51+i(;52 v ¢3 1¢4 P ¢5+i¢6

v R Y S NG

(2.3)

The light cone direction corresponds to one of the complex scalar fields
which is picked as Z. The vacuum string state corresponds to the operator
Tr(Z”7), which we call the vacuum operator. Here J is an integer equal
to the R-charge of the vacuum operator in the Z-direction of the SO(6)
R-symmetry group. The AdS/CFT dictionary in the pp-wave/BMN limit
relates the parameters of the two theories as

J
I+ 2
pa'pt = ————=, 4mgs = gym, (2.4)
gymMV N ’

where gs and gy are the string coupling constant and the Yang—Mills cou-
pling constant. In the BMN limit, J ~ v N ~ 400, and we can define two
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finite dimensionless parameters A’ and g as the followings:

) N

2y (2.5)

The stringy excitations correspond to inserting the operators ¢°, D;, (i =
1,2, 3, 4) for the bosonic excitations and eight components of the gaugino for
the fermionic excitation. In this paper, we mostly study bosonic modes with
¢" insertions for simplicity. The level number of the string states are encoded
by a complex phase. For example, the BMN operator for one excitation and
two excitations are:

J-1

(@))1[0.9%) s Y Te(Z167 27 e,
=0
J—1J-1 | |
(a,llll)f(a%ﬁl(),pﬂ — Z Z Tr(Zl1¢I1Zlg—l1¢IQZJ_12)e%ew‘
11=012=0

(2.6)

We see the BMN operators nicely take into account of the level-matching
conditions. Due to the cyclicality of the trace, the operator with one excita-
tion at level n vanishes if n # 0, and the operators with two excitations level
numbers ni,ne vanishes if ny + no # 0. In this paper we will mostly con-
sider the BMN operators with two different ¢t, $2 (I; # I) insertions, and
discuss some general types of operators with more excitations in Section 6.
We use the properly normalized BMN operators for up to two excitations
as the following:

1

0’ = Tz,

JN7
1
J _ I r7J

Oy = 7NJ+1TY(¢ zZ7),

O Se%}m’ Tr(ph Z'¢" 2771 (2.7)
-m,m \/W — . .

These operators are normalized such that their free planar two point cor-
relation functions are orthonormal to each others. The vacuum operator
O7 and the operator Of with one supergravity mode are half-Bogomol nyi-
Prasad-Sommerfield (BPS) operators whose conformal dimensions receive
no quantum correction and are simply the number of fields in the operators.
The operator O/ m,m With stringy modes are not BPS, but the quantum
correction to its conformal dimension can be computed perturbatively for
small ).
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It is well known that the field theory diagrams can be drawn in the t’Hooft
double line notation, and it is generally assumed that in large N duality such
as the AdS/CFT correspondence, and the genus of the field theory diagrams
correspond to the genus of the string worldsheet. We mentioned there are
two dimensionless parameters (2.5) in the BMN limit. It turns out that in
the BMN limit, the genus of the field theory diagrams is counted by the
power of the parameter g = JWQ There are two limits one can take. Firstly,
one can take a planar limit, set ¢ = 0 and ) finite. This suppresses higher
genus diagrams and we have a free string theory and a planar interacting
gauge theory. The string spectrum (2.2) can be reproduced by the calcula-
tions of the conformal dimensions of the BMN operators, which was done at
one loop in [4] and exactly to all loops using a N/ = 1 superspace formalism
n [10]. Secondly, one can also take the limit A’ = 0 and keep the parameter
g= JWQ finite. This makes the gauge theory free, but we have string interac-
tions because of the higher genus diagrams. The second limit would be the
focus of this paper.

The free field limit A’ = 0 corresponds to ua/pt = +00, so on the string
theory side, this is an infinitely curved space. The excited string states are
tensionless, infinitely long and have degenerate mass. This raises a puzzling
question of what the correct basis of physical states is. In the planar limit,
one can see that the BMN operators (2.7) are orthogonal to each other when
one computes the two point functions at one loop

(O (£)0_n.n(0)) = |f’;f,+) (1-2Xnlog(alA)),  (28)

where z is the 4d spacetime coordinate. The one loop piece is proportional
to X and gives rise to the anomalous conformal dimensions of the operators.
Since the one loop pieces are different for different level numbers n (except
4n, which correspond to the left-moving and right-moving string modes of
level |n|), an unitary transformation of the BMN basis is not allowed. So we
see in the planar limit, the BMN operators form the correct physical basis
that have well-defined conformal dimensions, or well-defined mass for the
corresponding string states. However, once we turn on finite g = JWQ, the
two point functions are no longer orthogonal at free field or one loop level,

(On@)O-nl0)) = [tz (CHh(0) + O (@)X ox((al0) . (29

Since the one loop contribution depends on the space time coordinate x, but
a transformation of the BMN basis should be independent of the spacetime

coordinate, we must simultaneously diagonalize two matrices ,(,9)” and C’T(,})n
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One would need to simultaneously diagonalize more matrices at higher loop
levels. It is not clear how to do this systematically to all orders both in )\
and g, or whether it is possible to do so.

Here we will not provide an answer to this puzzling question, but instead
go to the free field limit \' = 0 with finite g, where a nice situation emerges.
Here the BMN operators are already orthogonal to each others at planar
level, so we can use the BMN basis as physical basis and interpret the higher-
order corrections in g = ‘% as string loop corrections. One may ask why not
diagonalize the free field two point functions to higher orders in g, and use
the diagonalized basis as the physical basis of states. There are several
reasons against doing this. Firstly, we don’t know how to find a diagonal
basis for finite \’ and g, so there is no compelling reason to change the BMN
basis for A’ = 0 either. Of course the planar free two point functions would
still be orthonormal if we apply any unitary transformation to the BMN
basis. But since at the planar limit we know that the BMN operators form
the correct physical basis of states, it is possible that this remains the correct
physical basis in the different limit of A’ = 0 and finite g, and we conjecture
this is indeed the case. Secondly, general insights of large N duality tell us
that non-planar diagrams in field theory should correspond to string loop
interactions. It is not very helpful to simply diagonalize away the higher
genus contributions, but it would be natural to study them as string loop
contributions. Furthermore, as we see there is a natural interpretation of a
single trace operators as a single string state, and we can multiply several
single trace BMN operators into a multi-trace operator which corresponds
to a multiple-string state. The correlation functions between a single trace
BMN operator and a multi-trace BMN operator naturally represent the
interaction processes of a single string splitting into several strings, or the
reverse processes of several strings joining into one. Diagonalizing the single
trace BMN operators at non-planar level would lose these nice features.
Including multi-trace operators for the diagonalization does not help.

We can compare the situation to those studied in [11,12], where they
consider BPS operators of very large R-charge of order IV, which is much
larger than the J ~ v/ N in the BMN limit. These operators are interpreted
in the string theory side as D-branes, or giant gravitons in AdS space. The
two point functions of the BPS operators receive no quantum correction,
so here one simply can not rely on conformal dimension to find the correct
physical basis of states. Actually, it was found that the Schur polynomials
in terms of the scalar field Z diagonalize the free two functions at finite
N, not just in the planar limit [12]. This is possible in this case because
these are BPS operators. Since they are D-branes we do not need the higher
genus corrections which correspond more naturally to string loop corrections,
instead we can describe open strings attached to D-brane by attaching some
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small operators to the D-brane operator [13-15]. For some constructions
with sophisticated group theoretic aspects see [16]. So, it is good that a
diagonal basis is available for the D-brane operators at finite N, however we
should not try this to the BMN operators because as we mentioned, they are
not BPS and we need the higher genus contributions that can be naturally
interpreted in string perturbation theory.

3 Planar correlators of multi-trace BMN operators

A nice property in the BMN sector is that there are essentially only two point
functions, and no higher point functions. This is because the BMN operator
have a large number of Z fields, and in the gauge theory to compute the
Feynman diagrams we contract Z with Z, so there must be equal numbers of
Z and Z. The string states corresponding the operators composed of Z have
the same light cone momentum direction, which is opposite to that of the Z
operators. String interactions are described by splitting or joining the trace
of the Z fields, and it is quite unnatural to contract the string excitation
insertions in the BMN operators within the same light cone momentum
direction, since the number of these insertions are very small comparing to
the number of Z fields. So in this paper we will only consider two point
correlators, and represent the multiple string states by multi-trace BMN
operators, which are just products of single trace BMN operators. We also
conjecture that there is no contact interaction in the case we consider here,
and the only interactions are cubic interactions, which represent a closed
string splitting into two closed strings, or two closed strings joining into a
closed string. We should note this is in general not true in closed string
theory and there are indeed quartic and higher interactions [20], but it is
only possible here because we are in the free field limit and the corresponding
strings are infinitely long. The space time dependence of the two functions
in conformal field theory always takes the form |z; — xQI*QA. In this paper,
we are mostly interested in the coefficients of the two functions and for
simplicity we will omit the spacetime dependence in the two point functions.

The basic ingredients of the string interaction are the 3-string interactions,
which is described by the planar correlators of a single trace BMN operator
with a double trace operator. The correlators were firstly computed e.g.,
in [17], are listed below for BMN operators up to two insertions:

<OJOJ1 OJ2> —

(0g07 0%y = Lz (1 —w),
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o’ o’ o’

—m,m —m,m

Ji 1 1 2
0 o’ 0%, , o Oy 0;

Figure 1: The 3-string vertices are represented by the correlators of a single
trace operator with a double-trace operator. We draw arrows at each edge
of the vertex to represent the incoming or outgoing strings. These diagrams
represent a long string splits into two short strings. We can also simply
reverse the directions of the arrows to obtain the reverse processes of joining
two strings into one.

A g
(0050 = “=a(1 - )
~ g 3 1
(05005 07) = —=a2(1 - x)2,
Vo
.2
~J Jide g sin®(mmz)
O3 O = =5
.2
~J 2 Jon 9 3. 1 sin (mmzx)

Here g = JWQ, T = %, and it is implicit that J = J; + Jo. We will always

assume z is of a generic value so that mz — n is not an integer. It is known
that these correlators (3.1) can be derived from the interaction vertex of the
Green—Schwarz light cone string field theory on pp-wave backgrounds [5,19].
They will be the building blocks of string diagrams. In figure 1, we depict
some examples of the 3-string vertices.

It turns out that sometimes it is more convenient to use the integral
form of the 3-string vertex when we later sum over intermediate states in
string diagrams. The 3-string vertices in (3.1) are computed by inserting the
scalar insertions into the vacuum operator with the BMN complex phases
in figure 2. We can write the 3-string vertices of the stringy mode in the

integral form
x 1
< / dy1 e2’”my1> < / dys e2”imy2> ,
0 T

<O£m,m

o) =

Sl
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OJ1 OJz

Figure 2: The field theory diagrams for calculating the planar vacuum
correlator (O70710”2).

1
<O{m moiln nOJ2 = % (1 — l’) ’ (/ dyl GQm =2 )
x </ dyg e~ 2m M=)z ) , (3.2)
where © = %

To understand the factorization and recursion relations, in this section
we first consider two simple cases to exemplify the idea. The two examples
are the planar correlators between a single-trace and a triple-trace operator,
and the planar correlators between two double-trace operators.

3.1 Correlators between a single-trace and a triple-trace operator

There are two interesting cases to consider, namely the cases of
(07, mO'O20%) and (07,07, . 07207%), where J = Ji + Jo+ J.
We will discuss them respectively. We discuss the first case in more details
and the second case is similar. The factorization relations we will discuss
here also work for the non-stringy cases (07 0710720”3) and (O] OJ* 072073),
but these cases are too trivial and we skip them to focus on the interesting
cases that there is at least one non-zero stringy mode in the correlator.

3.1.1 Case one: (0’

—m,m

06]1 06]2 OJ3>

are ¢, ¢, and the

scalar insertions in OO1 and OO‘]2 are ¢! and ¢?, respectively. The field
theory diagrams are depicted in figure 3, and we denote their contributions

Fl(l), F2(1) and Fg(l) respectively. We will always denote the field theory

Here, we assume the two scalar insertions in O{mm
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J
Oinl,"n, Oim,”ﬂ O—mﬁm,
1 2 3 4 1 2 3 4 1 2 3 4
1 3 2 4 1 3 2 4 1 3 2 4
0671 0672 OJ“ 06]2 06]1 OJJ OJ3 OOJz OJ1
(1) (1) (1)
Fy F; Fy

Figure 3: The field theory diagrams for (O’

—m,m

OJ'O2073). We denote the
contributions of three diagrams Fl(l), FQ(I), Fél).

diagram contributions by the letter F' with indices to indicate they are field
theory contributions. Here the red lines represent the cyclic traces of Z or Z
fields, and the black lines connecting them represent the Wick contractions
between fields. We draw the operators with traces of Z on the top and the
operators with traces of Z at the bottom. We divide the black lines from a
operator into segments, and each segment represent a large number of Wick
contractions between the scalar fields. The Wick contraction is actually a
double line in t’Hooft double line notation since the fields are in the adjoint
representation of SU(N) and are N x N matrices. The genus of a diagram
is the minimal of the genus of a Riemann surface where the diagram can be
put on the Riemann surface without intersecting itself, but this is hard to
visualize and it is more convenient to just count the power of N with the
double-line notation in the fat graphs.

We also label each segment by a number. For convenience we label the
segments of the operators on the top by numerical order. The labels of
the segments of the the bottom operators are the same as the label of the
corresponding segment on the top connected by Wick contraction. If two
segments are both adjacent to each other in the same order in a top operator
and in a bottom operator, we can always combine them into one segment.
We remind the readers as an example that the segments 4 and 1 in the
operator O/ m,m 1 the diagrams in figure 3 are considered adjacent because
of the cyclicality of the trace operator. So, we will always combine segments
that are both adjacent on the top and the bottom in the same order into
one segments and use the minimal number of labels for a diagram. With the
labels we can denote the field theory diagram by a process. For example,
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we can denote three diagrams figure 3 as

Y ¢ (1234) — (13)5(2)2(4)1. (3.3)

Here each trace operator is denoted by a chain of numbers, and because
of the cyclicality of the trace operator, the chain of (1,2,...,n) is equiva-
lent to (n,1,2,...,n—1). We also use a subscript to denote the operator
when confusions may arise, for example the subscripts 1, 2,3 above denote
the operators o, 06]2, O73. We call the processes above (3.3) the “short
processes” which consist of a initial and final state. We will discuss in a
moment how to extend a short process into a “long process”.

These diagrams in figure 3 look non-planar but they are actually planar, or
leading order contributions in the BMN limit J ~ VN ~ +00. To see this for
example for the first diagram whose contribution is Fl(l)7 we can pull the read
line represented by the operator OO‘]2 above O’ m,m- Here for convenience
we draw the incoming operators on the top and outgoing operators at the
bottom . Of course the diagram would be also planar if we do not divide the
operator OO‘]1 into two segments. The reason for the division is because the
division into two segments make the diagram combinatorially dominant over
the one without the division. Moreover, this is because each operator has
a large number of fields proportional to J ~ v/ N, we get to count an extra
factor of J if we divide the operator into two segments. We note this is the
most we can do. If we further divide the operator O(‘)] ! into three segments,
or divide another operator O({Q or 0”3 into two segments. The diagram
would become non-planar and has less power of N, which is not sufficiently
compensated by the extra combinatoric power of J ~ +v/N. We will also
explain another approach to determine the genus the field theory diagrams
from the corresponding string diagrams, which we find more convenient.

To compute the contributions Fl(l), F2(1) and F:,El) in figure 3, we first

count the combinatorics without the scalar insertions. Let us look at Fl(l)
for example. We need to choose the initial field in the traces of Z or Z for
the beginning of segments (1), (1), (2), (4) in the operators O7,, ., O(‘)]l,
0672 and 073, so this contribute a factor JJ;JoJ3. We also need to choose
the beginning field for segment (3) in operator O(‘)] ! which would contribute
an extra factor of J;. We note that there is an alternative diagram that we
Wick contract O(‘]] 2 with the segment (4) in O/ and O73 with the segment

(2) in O7 :

Z m,m>» however this is identical to the original diagram if we cyclically
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rotate the segments (1) to (3). So we have already accounted for this case
when we choose the beginning field in OE)] ! toin one of Jy Z’s, and do not need
to consider it further. Next, we put in the scalar insertions ¢' and ¢2. The
scalar field ¢! can be inserted into any position in O[‘)] !, and the corresponding
position of ¢! in O7 m,m 18 fixed because we do not want the Wick contraction
of the two ¢! fields to introduce negative powers of N. Similarly we can put
$? into any position in O(‘)IQ. Suppose the length of the segment (1) is [, we
put the ¢! field in position {1 in O J1and ¢? field in position Iy in 0612, then
the complex phase factor from O/, . would be exp(Z(ly — 1 —ly)) if ¢
is in the segment (1), or exp(Z%2(ly + Jo — | — lp)) if ¢' is in the segment
(3). We also note there are an extra factor of 1/J, 1/J; and 1/J5 for the
normalization of the operators O_mm, Obh and O(‘]]2 comparing with the
normalization in (2.7) because we have allowed the ¢! fields to be at any
position instead of fixing ¢! to be at the initial position of the trace using
the cyclicality of trace in (2.7). Finally, we also count the power of N. Since
there is triple-trace operator here, we should have an extra factor of 1/N?
comparing with two point functions of two single-trace operators for planar

diagrams. Putting things together, we find

) 1 J %J*l l Jo—1 ,
_ mim (g
A= () X [ e
=0 [11=012=0
Ji1—1 Jo—1
+ Z Z e (li+J2—1—12) (3 4)
l1=Il+1 12=0

We take the BMN limit J ~ .J; ~ /N ~ oo, and the sum become an integral
in the BMN limit

J11
—>J1/ dy, Z—>J1/ dyl,

Jo—1

Z — Jz/ dyg, (3.5)

where we denote [ = Jyy, l1 = Jiy1, and o = Joys. Denoting z; = % so that

r14+2x2+x3=1and g = N, we can compute

1 g9 L Y i '
Fl( ) = 7.%’%.%23332 / dy (/ dyy + e27r1ma:2/ dy1>
0 0 Y

1
“ / diyp <2l (1 —1)=222]
0
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2 o
= 74%337713 [2mmz (cos(2mrmaxs) — 1)
+ sin(2mmx1) + sin(2mmrx2) + sin(2mrxs)). (3.6)
Similarly, we find
F2(1) = 1(1)(.731 — :EQ). (37)

The computation of Fél) is simpler because there is only one integral, and
we find

1
2 2
Fél) _ 79747r33m3 [sin(2mmx) + sin(2mrxsy) + sin(2mras)]. (3.8)

Now we turn to the string diagram calculations. We mentioned that for
each field theory diagram we associate a short process with it. The short
process consists of an initial and final state. To extend the short process to
a long process, we fill in the intermediate steps. In each step, we can cut
one string into two strings, or join two strings into one string. For example,
(1,2,...,n) — (1,2,...,))(i+1,...,n) is a process of cutting a string into
two. We call the process a long process after we fill in the intermediate steps.
For a short process there may be many long processed associated with it,
and we will need to find all of them. For example, the short processes in
(3.3) which represent the field theory diagrams in figure 3 can be extended
to long processes as the following:

FV: (1234) — (123)(4); — (31)1(2)2(4)s,
(1234) — (341)(2)2 — (13)1(4)3(2)2,
FY s (1234) — (123)(4)5 — (31)2(2)1(4)s,
(1234) — (341)(2)1 — (13)2(4)3(2)1,
F{V (1234) — (123)(4)1 — (31)3(2)2(4)1,
(1234) — (341)(2)2 — (13)3(2)2(4)1 (3.9)

We note the ordering of the 3 strings in the final state are not important, also
we have freely used the cyclicality in the cut and join processes (for example
(13) = (31)). We see that for each short process there are two ways to fill
in the intermediate steps and so there are two long processes associated to
each short process. We also write the subscript for the string when it has
reached the final state and no longer change in the subsequent steps.



HIGHER GENUS BMN CORRELATORS 437

OJ

—m,m

J—J1
OO

Jy
OU

o o’
s SV SV

,mymObh 06,20‘]3). We denote the con-
tributions of the three diagrams Sil), Sél), Si(,)l).

Figure 4: The string diagrams for (O

Now for each long process we can draw a diagram for it which we call
the string diagram. We represent the cut or join process by a 3-string
vertex exemplified in figure 1. The string diagram is constructed by pasting
together the 3-string vertices. We notice that different long processes can
map to the same string diagram. For example, the second long process in
Fg(l) and the first long process in Fél) map to the same string diagram,
the first diagram Sg) in figure 4. Here it is the subscript that denotes
the specific string and the labelling of segments is no longer distinguishable
in the string diagrams. The string diagrams are depicted in figure 4. We
want to make two further points: 1. The long process only tells us how the
strings split and join, but contains no information about the scalar insertions
that represent string excitations. When we draw the string diagram for
a long process, we will need to look for all possible ways to put in the
sting excitations consistent with the 3-string vertices in (3.1). 2. There are
other more complicated ways to fill in the intermediate steps, but we only
consider string diagrams of the lowest order. For example, we see here
that the string diagrams are tree level, which means that the corresponding
field theory diagrams are planar, and we will not need to consider one-loop
string diagrams here. This also give a convenient way to count the genus
of the field theory diagrams by simply looking at the number of loops in
the corresponding string diagrams, which turns out to be much easier at
higher genus.

We denote the contributions of the three diagrams in figure 4 as SF), Sél),

Sz())l). We see from (3.9) that Sfl) represents the second long process of Fg(l)
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and the first long process of F3(1), Sél) represents the second long process of

Fl(l) and the second long process of F. 3(1), and finally S:,(’l)

long process of Fl(l) and the first long process of Fz(l).

represents the first

The string diagrams are computed by simply multiplying the 3-string
vertices in (3.1), and sum up all possible intermediate states. Here the
string theory is extremely simple and we do not need propagators between

the vertices. For example, we can compute S{l) as the following;:

51 = (0,00~ 031 )0y~ 020
2 1

g Lcos(2mmxy) — 1

= 71‘23532 ( 27r2m2) (3.10)
Similarly for Sél),
2 1

1 _ 9 1 cos(2mmxe) — 1

52 = 71’11'?? 27‘(2m2 (311)

The calculation of S:gl) is a little more complicated as we need to sum over

all possible O{;:’vf’ intermediate state

sV = 3" (07,0007 (07 o o). (3.12)

The sum is convergent and the summation formulae (A.1) and their deriva-
tives in Appendix A are useful for doing the summation.

We are now ready to state the factorization rule. For a string diagram S
we count the number of its appearance in long processes associated with the
short process of each field theory diagram F', and we call it the multiplicity
of the string diagram S with respect to the field theory diagram F'. For

example, the multiplicity of Sfl) is 0 with respect to F 1(1), and 1 with respect

to F2(1) and Fg(l). Then the contribution of a string diagram is the sum of
all field theory diagrams contributions weighted by the multiplicities. So for

SP the factorization relation is

s = Y+ Y, (3.13)
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This is easily verified using (3.10, 3.7, 3.8). Similarly we also verify the

factorization for Sél), Sél)

Sél) _ F(l) +F(1)
sV = FY 4 Y. (3.14)
We can then write the total contributions to the correlator as

<O£m mOJ1 OE)]QOJ3>P13H3Y = Fl(l) + FZ(I) + F3(1)
1

=2 (stV+sP+s0). (315)

It may be illuminating to perform the sum in (3.12) with the integral form
of the 3-string vertex (3.2), and we can use the summation formula involving
the delta function (A.4) to perform the sum first before the integrals. We
find (3.12) becomes

1
S5 = 7961332373? 1 —x3) / dyl/ dy2/ dy3/ dy, e*™m=es)(v2—v1)

T T
S|y — —k
X[Z (yl y2+1_xys+1_$3y4 )

k=—o0 3

(3.16)

The delta function should be treated with cares. Since x1 + zo + z3 = 1, we

X1 T2
see 0 < el U2 Bl g

tion domain

oIfO<y2<1 244, then —1<y2—1my3—1x3y4<0
The delta functlon fixes Y1 =y2 — f23y4 +1 with k=11in
the sum.

o If 133 Ys + 123
delta function fixes y; = y2 —

X1 _
T2393 1

1
1—z3

1
1—x3

We plug in the values of y; fixed by the delta function and also integrate
the yo variable which no longer appears in the integrand. We find

2

g 1 1 1 .
J 0 0

X [emem(lfxg)(xlyg + woya) + 21(1 — y3) + 22(1 — y4)} . (3.17)

S =

This integral can be identified with those of Fl(l), F2(1) in (3.6) and (3.7)

without evaluating them completely explicitly. To see this we first need to
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change the integration variables in (3.6) to y4 = 1 — y2, and y3 = y; —y if

yr >yorys =14y —yify; <y. We also integrate the remaining variable
(1)

which does not appear in the integrand. The integral for F}’ becomes
2 1 1
AV = 937%902963%/ dy3/ dyy > 1y
J 0 0
—2mim(1—x3) _
X [e ys + (1 ya)] . (3.18)
Similarly,
(1) gjl, l’2l‘3 / dyg/ dy4 eQmm (r1ys+z2ya)
x [e_%lm(l_x3)y4 +(1- y4)] . (3.19)

Now we can see the factorization relation S(l) Fl(l) + F2(1) without the
need to evaluating the integrals. In Section 5. 2 we will study in more details
this method of summing over intermediate string modes using (A.4) with
the integral form (3.2) of 3-string vertex in the case of torus correlator of
two single trace operators. We will see that the dissection of the integration
domain is quite tricky in higher genus. In most parts of the paper, we will
use the more straightforward methods of direct computations to check the
factorization relation.

3.1.2 Case two: (07 ON

—-—m,m= —n,n

0%20%)

The computations for (07, Oiln ,072073) are similar to the previous case
but a little more complicated since there are two stringy operators. The field

theory diagrams are listed in figure 5. Again we denote z; = {] , and we find

5 1 1

F(2) . g° rixyws sin(2mrmay) + sin(2rmas) + sin(2wrmas)
L T 2r2(n — ma)? w(n —mxy)
+ 2 — cos(2mmxg) — cos(27rmx3)} , (3.20)
2 3 3 1
2 g° & 8 11— cos(2mmm)
F,” = 790%935335 272 (n — man)? (3.21)
2 3 1 3
2 g9° % 1 31— cos(2mmm)
F¥ = jxfxfng 272 (n — may)? (3.22)
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J J J
Ofm m Ofm,m Ofm m
1 2 3 4 1 2 3 4 1 2 3 4
1 3 2 4 1 3 2 4 1 3 2 4
ol . o’z 0 072 ol 0% 07 o’ o .
(2) (2) (2)
Fl F2 F3

Figure 5: The field theory diagrams for (07 . 07  07073). We denote

—-mm~ —nmn

the contributions of the three diagrams F1(2), 2(2), F3(2).

The string diagrams for <O£m7m0fn7n0‘720‘]3> is depicted in figure 6.
We can compute the contribution of each diagram

St = (07,,,,07%,,07"1) (07~ 10"0%)
9> 3 1
= Traf (223)? (22 + 23)

1 — cos(2mmay)

2
272(n — mxy)2’ (3:23)

s = 307, 020" 0720, 0%, (3.24)
k=—0o0

s = (07, 0 0" 0 0%, 0%, (3.25)

k=—o00

The derivation of the multiplicity of the string diagrams with respect to
the field theory diagrams is the same as in the previous case. For (3.24)
and (3.25), we need to perform the sum using the summation formulae in
Appendix A. Similar to the previous case, one can perform the sum either
directly using the derivatives of (A.1), or using (A.4) with the integral form
(3.2) of 3-string vertex. We verify the factorization relations

SF) _ F2(2) n F?EQ)’
S0 = R 4 R
S = F? + . (3.26)
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OJ

—m,m

Figure 6: The string diagrams for <O{mmO£1n ,072073). We denote the

contributions of the three diagrams ng), 552), S{gz).

Similarly, in the previous case, we can write the correlator as

(07 O L0207 e = FP + B 4 B

—m,m

1
= (s{” + 88+ 50). (3.27)

3.2 Correlators between two double-trace operators

This correlator is very similar to the 2 — 2 scattering process familiar in the
collider physics. The tree level string diagrams can be similarly classified
as the S, T, U channels. Surprisingly, we discover a subtlety for the fac-
torization rule. We will find that the factorization breaks down for the S
channel, while still holds for the T, U channels. To illustrate the point, let
us consider three cases.

3.2.1 Case one: (071071072073)

This is the correlator of the vacuum operators, and it is implicit that J; +
J1 = Jo + J3. Without loss of generality we assume Jy > Jo > J3 > Jy. At
planar level there are two field theory diagrams, depicted in figure 7. Again
similar to previous cases, these diagrams look non-planar but are actually
planar if we rearrange the operators. We have divided the operators into
a maximal number of segments without violating planarity to obtain the
combinatorially most dominant diagrams. We will also see the corresponding
string diagrams are tree level.
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o” o’ o” o’
1 2 3 4 1 2 3 4
1 3 2 4 1 3 2 4
OJ2 OJ3 OJ3 OJz
(3) (3)
Fl F2

Figure 7: The field theory diagrams for (O7107*072073). We denote the

)

contributions of the two diagrams F1(3 , F2(3) respectively.

We denote J = J; + Jy = Jy + J3, and z; = % To count the combina-
torics of the diagrams in figure 7, we need to choose the beginning point
for each of the operators, which contributes a factor of JyJoJ3Js. Then for
the longest operator 07! we also need to fix a beginning point for segment
(3), which contribute a factor J; — Js for the first diagram, and a factor of
J1 — Js for the second one. We use the normalization for operators in (2.7),
and since each double-trace operator contributes a negative power of N, we
should have a total power of 1/N? for each diagram. So the contributions
of the diagrams are

73 _ JiJoJ3Jy(Jy — Jo) _ f
! N2/ T Ja T3y J
_ J1JoJzJy(J1 — J3) _ ﬁ

N2\/J1JaJ3Js J

1
(x1222374)2 (11 — T2), (3.28)

F2(3) (331952563334)%(561 — x3). (3.29)

The string diagrams are depicted in figure 8. It is simple to compute
them using the 3-string vertex in (3.1). We find

1
(x1w21324)2 (11 — T2), (3.30)

N|=

92
J
3) 92 1
Sé = 7(3311’2:63334)2(561 — :L’3), (331)
g2
7(1’11’21‘31’4) . (3.32)



444 MIN-XIN HUANG

OJ1 OJ4 OJ1 OJ4 OJl OJ4
OJl_J2 OJl—Jg
OJ1+J4
0’ o’ 0% o’
0" 0’
(3) (3) (3)
Sl 52 S3

Figure 8: The string diagrams for (010710720”3). We denote the con-
tributions of the three diagrams Sf’), Ség), Ség), respectively. The three

diagrams represent the T, U, S channels in 2 — 2 scattering.

To count the multiplicity of the string diagrams. We expend the short
process of the field theory diagrams into long processes as the following:

FO o (123)1(4)0 — (1)2(23)(4)1 — (1)2(324)3,
(123)1(4)s — (3124) — (1)2(243)3, (3.33)

FY o (123)1(4)1 — (1)3(23)(4)a — (1)3(324)s,
(123)1(4)4 — (3124) — (1)3(243)2, (3.34)

We find the string diagram Sig) has a multiplicity of 1 with respect to Fl(g),

the string diagram Sg)’) has a multiplicity of 1 with respect to F2(3), and the

string diagram Sé?’) has the multiplicities of 1 with respect to both F1(3) and

F2(3). We find that for S§3) and S , which represent the T" and U channels
of the 2 — 2 scattering, the factorization relation holds, namely

s = p® (3.35)

However, we find that the factorization breaks down for the S-channel pro-
cess Ség). It is easy to see

O+ F® 4+ B (3.36)
The total contribution to the correlator is

(010710%0%) = FY) + FY) = 5% 4 5§ (3.37)
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J J. J J.
o’ 0% m o’ 0% m
1 2 3 4 1 2 3 4
1 3 2 4 1 3 2 4
J. J. J. J.
0y 0y 0y 0y
(4) (4)
Fl F2

Figure 9: The field theory diagrams for (OJ10£%7mO(‘)]2OOJS> (J1 > Ja >

J3 > Jy). We denote the contributions of the two diagrams F’ 1(4), F2(4) respec-
tively. These diagrams turn out to give vanishing contributions.

3.2.2 Case two: (O‘Iloi‘;n7m0(‘)]206]3> (J1> J2> J3> Jy)

We discuss an example where the S-channel factorization breaks down quite
dramatically. We draw the field theory diagrams for <Ojloiﬁn7m06]206]3>
in figure 9. These diagrams are structurally the same as those of vacuum
operators in figure 7, and we only need to insert scalar excitations into the
trace operators. But since we assume the stringy operator with two scaler
insertions Oi“mm is the shortest, either 06]2 or 06]3 has no Wick contraction
with O{“mm. So it is impossible to put in the scalar insertions without
violating planarity and these diagrams actually vanish

Y =0, FY=0 (3.38)
Consequently the correlator also vanishes (O7 10{“7”’7”0(‘)]2 OF) = 0.

We look at the string diagrams. The longest operator is O71, but it has
no scalar insertion so it cannot decay to 06]2 or 06]3. So the T, U channels
are impossible and we are left only with the S-channel contribution S
depicted in figure 10. The vanishing of the 7', U channels is consistent with
the factorization rules since the field theory diagram contributions vanish
(3.38). The factorization rules would require the S-channel contribution also
vanish. But this is not true, as we can calculate

+oo
S0 = 37 (0"0%, ,ONTINONG OO (3:39)

—m,m
k=—00
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o’ 0% m
s@. Oyl
Oy? oy°

Figure 10: The string diagram for (O‘Jloi‘;ﬂmOabOb]ﬂ (J1 > Ja > J3 > Jg).
This is the only non-vanishing S-channel diagram, which we denote S®).

But the 3-string vertices have definite signs (OJlOi‘*m mOZIICTkJ“) >0,

<Oi1k+k‘]406]206]3> < 0, and these vertices are not zero for k # 0. So it must

be S™ < 0, and we see quite explicitly the factorization does not hold for
the S-channel string diagram.

3.2.3 Case three: (O{%mO‘]‘*Oan’nO‘]i‘) (J1 > J2> J3> Jy)

Finally, let us consider an example where the T', U channels factorization are
less trivial than the previous cases. The field theory diagrams are depicted
in figure 11. The counting of the combinatorics is the same as that of the
vacuum operators depicted in figure 7, and we just need to put in scalar
insertions. Denoting again J = J; + J4 = Jo + J3, and x; = %, we compute
the diagrams as the following:

2 1 2 1 ! —2omi( B22 _p
F1(5) = gj(azl)_iajg (r314)2 (27 —:UQ)/O diyre 2 ( @1 )yl

1 x
y dyy ¢ 1( 112 —n) Y2
0
g2 5 ) 1 — cos <27r (w — n))
=L 2 2 — . 4
J (2122)2 (w324)% (21 = 22) 272 (mxzy — nap)? (3.40)

For F2(5) the calculations are more involved

9 1
F2(5) = gj(mxz)_%(%u)%(ﬂﬂl — a3)° / dy

<2ﬂ1n / dy1+/ dy) 2771 xl 13)(**%)311

2

X
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J J. J. J
0% 0’ o 0%
1 2 3 4 1 2 3 4
1 3 2 4 1 3 2 4
Js J: J. Js
O—%m 0’3 073 O—%m
(5) (5)
Fl F2

Figure 11: The field theory diagrams for (O{lm,mOJ‘lOfanh) (J1 > Jo >

J3 > Jy). We denote the contributions of the 2 diagrams F1(5), FQ(S),
respectively.

3 1
_g? (z1m2)2 (w3wa)2

g 213 (nwy — may)

X [2 — cos <2m7rx3> — cos <2n7rx1 — x3>]
T Z2

+ x129 [Sin <2n7rx1 — x3> + sin <2m7rx?’>
o x1

~ sin (%ml(zl —23) + mx?x‘”’)} } . (3.41)

172

5 {m(na1 — mao)(21 — x3)

Now we consider the string diagrams, depicted in figure 12. Since we have

learned the S-channel factorization does not hold, here we only compute the

T,U channels contributions denoted by Sf’), 5’55). The computation of S§5)

is quite simple
S§5) _ <OJ1 Oi?n’nOJ1*J2><OJ1*J20J4OJ3>' (342)

—m,m

So using the 3-string vertex formulae (3.1) we can easily see

S = p®) (3.43)
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o

—m,m

SES) 555) S§5)

Figure 12: The string diagrams for (O{lmymOJ‘lO@anJ‘"’) (J1 > Jp > J3 >
Jy).  We denote the contributions of the 2 diagrams S{S), 555) , S§5),
respectively.

consistent with the factorization rules. We perform the sum in 555) and

check the agreement with (3.41) required by the factorization rules

+oo
S5’ = 3 (0%, 070 (00 B0"0%, ) = Y (3.44)
k=—o00
The total contributions to the correlator is
(01,.,0710%, 0% = FP + FY = 5 1 5. (3.45)

The lesson of these exercises is that the factorization rules break down
for the S-channel, but hold for the T, U channels. This happens probably
due to the fact that both initial and final states are multi-string states, and
the combining of the strings in the intermediate steps is not captured by
the field theory calculations. From now on, to avoid this subtlety we will
without loss of generality focus on the cases that the initial state is a single
string, or a single trace operator in the field theory side.

4 Factorizations and recursion relations: the precise rules

We have seen how the factorization worked in some examples, and we find
that the factorization relations are non-trivial even for the tree level pro-
cesses. We should now give some precise descriptions on the terminologies
and the rules of the factorization property for general correlators at any
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genus level. To avoid the problem for the S-channel of 2 — 2 process, we
should consider only two-point correlators where at least one operator is a
single trace operator, or a single string state. We consider a general correla-
tor <0102) where O1 is a single trace BMN operator, and Oz could be single
trace or multi-trace. The operators Op, O are constructed by inserting
scalar fields ¢’ in the strings of Z’s with corresponding BMN phases. We
denote the corresponding vacuum operators O™ = Tr(Z7), Oyacuum —
Tr(Z)Tr(Z72) - Tr(Z77) and it is implicit that J = J; 4+ Jo +--- + Jp,.
The derivations of the factorization rules for the correlator at genus h follow
three steps.

4.1 Constructing the field theory diagrams

First we should construct the field theory diagrams for the correlator of the
vacuum operators (OycuumQyacuum) e should divide each strings of Z’s in
the traces into several parts which we call segments. A segment consists of a
large number of Z’s. There should be equal number of segments in O7*“*"™"
and in Oy*""™ The Wick contraction connects the Z’s in O}*""™ with the
Z’s in Oy*“"m - and connects each segment in O™ with a segment in
Oy2euum - Tf two segments are adjacent to each others in O™ and their
Wick contracted counterparts in O3*“""™ are also adjacent in the same order,
then we can combine them into one segment. We will always combine these
unnecessary adjacent segments and we call the resulting diagram irreducible.
Each segment in an irreducible diagram generates a combinatorial factor of
J ~ /N ~ 00, so we will only need to consider those diagrams with maximal
numbers of segments at genus h. Since it is well known in large N field
theory that each additional genus generates a power of 1/N?2, and non-planar
diagrams in the BMN sector are perturbative in the powers of g = JW2, we
should expect to introduce 4 more segments for each additional genus.

For each diagram we can write a short process as the followings. We label
the segments in O7*""™ by numerical order as 1,2,...,l. Then we also put
the same label on the segment in O3*“""™ connected to O7*""™ by Wick
contraction. Then each trace operator becomes a finite chain of numbers
(araz...);, where i = 1,2,...,n denote the trace operators in Oy*“"™"™  So
a short process can be written as

(12, ceey l) — (al,laLQ . .)1(&271(1272 . .)2 e (amlan’g .. )n (41)

for O32°""™ a n-trace operator. Here the a; ;’s is a permutation of 12,...,1,
and each chain of numbers is considered to cyclic. As we mention we always
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combine unnecessary adjacent segments. The short processes are in one to
one correspondence with the field theory diagrams.

Now we can put the scalar insertions into the trace operators. The scalars
are inserted by pairs into both O7**""™ and O3*“""™ and along the lines of
the Wick contraction to preserve the genus of the diagrams. We sum over all
these insertions with appropriate BMN phases to compute the contribution
of a diagram to the correlator (O102). We denote the contribution Fj, where
j labels the field theory diagram, or a short process.

4.2 Constructing the string diagrams

Similar to the field theory case, we first construct the string diagrams for the
correlator of the vacuum operators (O}2€UUmOyactum) 'which for convenience
we call the vacuum diagram. The string diagrams are constructed by pasting
the 3-string vertices, and for the vacuum operators we only need the first
vertex in (3.1). The first diagram in figure 1 depicts the vacuum string
splitting vertex, and the string joining vertex is obtained by just reversing
the arrows. We note the light cone momentum of the string states (which
is proportional to the number of Z fields in the BMN operators, and which
we sometimes refer to as the length of the operator or the corresponding
string and it goes like v/N ~ oo in the BMN limit) is conserved by the
string vertex. Each edge in a string diagram is represented by an operator
propagating from one vertex to another, and we draw an arrow to denote
the direction of propagation. We will draw an incoming arrow for Oy*“*"™
and outgoing arrows for each trace in O3*“""™, which are external edges of
the string diagrams. We will distinguish between diagrams with different
arrow directions on the edges. For a correlator at genus h, we will consider
string diagrams with A loops. The number of string loops is h = % + 1,
where V, E are the numbers of vertices and external edges. Since there are
only cubic vertices in the string diagrams, we also have the formula for the
number of vertices 3V = E + 21, where [ is the number of internal edges.

We note that we only consider connected string diagrams, however unlike
the calculations of Feynman diagrams in conventional quantum field theory,
we will need to calculate the un-amputated diagrams as well, i.e., the string
diagrams do not need to be “one-particle irreducible”. One special point to
note is that in any parts of the string diagrams, we do not allow the arrow
directions to form a closed loop. This kind of diagrams might not violate
momentum conservation, but the operators propagating in the closed loop
can have arbitrarily large number of Z fields and make the contribution of
diagram diverge. For example, the situations depicted in figure 13 are not
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t t

Figure 13: Examples of string diagrams not allowed because the arrows form
a close loop. The diagram in lower left has a “tadpole” part so it also violates
momentum conservation.

allowed. We also note that a string diagram must have at least two external
edges with both incoming and outgoing arrows, i.e., the “vacuum bubble”
and “tadpole” diagrams are not possible. To see this point, we first note the
conservation of light cone momentum of the string states rules out string
diagrams with only incoming (or outgoing) external edges. For the vacuum
bubble diagram, we can start from a vertex and move around the diagram
following the arrow direction. This is always possible since there are only
two types of string vertices, namely the joining vertex with two incoming
and one outgoing arrows, and the splitting vertex with two outgoing and
one incoming arrows. The path will eventually intersects itself and forms a
closed loop if the string diagram is finite with no outgoing external edge, and
as we mentioned a closed loop of arrows is not allowed. Another consequence
of the light cone momentum conservation and the rule of no closed loop of
arrows is that no operator in the internal edges of a string diagram can be
longer than the sum of the lengths of all outgoing operators (or equivalently
all incoming operators). Otherwise this operator must have some numbers
of Z fields in the trace which are not present in the outgoing operators.
We start from this longest operator and move around the string diagrams
following the arrow direction that keeps those Z fields which are not in the
outgoing operators. Since we can always keep some of these Z fields, which
can not go to an outgoing external edge, the path must eventually intersects
itself and form a closed loop. It is reassuring that we will see later this kind of
situations will not appear in the correspondence with field theory diagrams.

The next step is to decorate the vacuum diagrams with scalar excitations.
When decorating the vacuum operators on the edge of the diagram with
scalars, we make sure the vertices are still valid. The string vertices up to
two scalar insertions are described in (3.1), and we will only need to use
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these vertices if the operator O; has no more than two scalar insertions.
The same vacuum diagram could have many different decorations. The
contribution of a string diagram is then computed by simply multiplying
the vertices and summing over all possible ways of distributing the lengths
of the intermediate trace operators.

We note that a string state is characterized only by its length and string
modes, in terms of the number of Z fields and scalar insertions in the cor-
responding BMN operator. When we compute the contribution of a string
diagram, we need to be careful in summing only different processes. For
example, when we consider the one-loop string propagation diagram in fig-
ure 16 in the next section, we see that in the undecorated vacuum string
diagram, the string O” can split into O*/ O~/ while the excited state can

split like O{m,m — Og‘]Oél*x)J or 0% kO(l_m)J. For the vacuum diagram,

1
we only need to sum over states with the integral [ Jdz, since the switch
x — 1 — x gives the same process. But for the decorated string diagrams, we
need to integrate fol Jdx, since the two smaller operators are distinguished
by their scalar insertions.

Two string diagrams are said to be the same shape if they are the deco-
rations of the same vacuum diagram. We group the string diagrams of the
same shape together. We denote their total contribution .S; where ¢ labels
the undecorated diagram of vacuum operators, or a group of string diagrams
with the same shape.

4.3 Determine the multiplicity and factorization relations

A short process consists of only an initial and a final state. We can extend
a short process into a long process by filling in the intermediate steps.
In each step we can either split a string into two strings or joining two
strings into one. If the final state is a multi-string state, we use a sub-
script to denote the string once it has reached the final state and no longer
changes. Since each step is a string splitting or joining process, we see
that for a long process we can draw a string diagram of vacuum oper-
ators, or an undecorated string diagram. We note that the string dia-
grams no longer contain information about the labelling of the segments
of strings, so different long processes can map to the same string diagram.
For example, in our calculations of the correlator (O m,mO()J ! 06]2OJ3> in Sec-
tion 3, we find two long processes (1234) — (341)(2); — (13)2(4)3(2)1 and
(1234) — (123)(4)1 — (31)3(2)2(4)1 correspond to the same string diagram,
the first diagram in figure 4.
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A genus h field theory diagram can be always extended into a long process
that maps to an undecorated vacuum string diagram of A loops. We will only
consider string diagrams of minimal number of loops. This is an alternative
ways of determining the genus of a field theory diagram by counting the min-
imal number of loops in the corresponding long process and (undecorated)
string diagram, which seems less cumbersome than counting the power of
N in t’Hoof double line notation in field theory.

It is easy to see the forbidden examples of string diagrams depicted in
figure 13 can not appear when we extend a short process into a long process,
because we can only combine and split strings already in the process. The
first operator among a hypothetical closed loop of arrows to appear in a long
process would have no where to come from.

Each short process may be extended into many long processes. We denote
as m;; the number of appearance of an undecorated vacuum string diagram
7 in the long processes associated with a short process j, and we call it the
multiplicity of string diagrams of shape 7 with respect to field theory diagram
7, which is a non-negative integer by definition. Then the statement of the
factorization is the relation

Si = Zmiij, for any ¢ (4.2)
J

We call it the factorization relation because in matrix form, the right hand
side of the above equation is a product of two matrices. The factoriza-
tion relation expresses the contributions of the string diagrams of the same
shapes in terms of field theory diagrams. The reverse is not necessarily true.
However, we find the total contributions are always proportional, namely,

i J

where m =) . m;; for any j. We can write the total contributions to the
correlator at genus h as

= 1
<0102>genus h — ZF] = E ZSZ (44)
J i

Since the string diagrams are constructed by 3-string vertices, which are
correlators of a single trace BMN operator with a double trace BMN oper-
ator, we see that the factorization induces recursion relations among the
BMN correlators. We depict the logic between various components in the
construction in figure 14.
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Figure 14: The logic between various components in the construction of
factorization rules. Here the bidirectional arrow denotes the one-to-one cor-
respondence between field theory diagrams and the short processes. The
extension of short processes to long processes and the decoration are one-to-
many operations, while the map from long processes to undecorated string
diagrams is a many-to-one operation.

In the above constructions, we derive the multiplicity of string diagrams
starting from field theory diagrams. One can also do this in reverse, and
constructs the long processes associated with a string diagram to determine
the multiplicity. To do this, we start with a string (1,2, ...,n) and perform
the splitting and joining operations according to a string diagram, and keep
those long processes whose end states are irreducible from combining seg-
ments. Actually this is much more convenient at higher genus as we will see
that the number of field theory diagrams becomes much larger than that
of the string diagrams at large genus. But we need to be careful of some
redundant counting when the final state is a multi-string state. To illus-
trate, we consider the first string diagram S}l) in figure 4 in Section 3, as
an example. Denoting the initial state as (1234), we can actually produce
eight long processes according to the string diagrams as the following:
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1. (1234) — (234)(1)1 — (24)2(3)3(1)1,
2. (1234) — (234)(1)1 — (24)3(3)2(1)1,
3. (1234) — (134)(2)1 — (13)2(4)3(2)1,
4. (1234) — (134)(2)1 — (13)3(4)2(2)1,
5. (1234) — (124)(3)1 — (24)2(1)3(3)1,
6. (1234) — (124)(3)1 — (24)3(1)2(3)1,
7. (1234) — (123)(4)1 — (13)

8. (1234) — (123)(4)1 — (13)
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We note that a process such as (1234) — (234)(1); — (23)2(4)3(1)1 is
reducible because we can combine segments (23) together, so it is not admis-
sible. But out of the above eight irreducible processes (4.5), we find only the
final states of the 3rd and 8th processes can be identified with those of the
field theory diagrams F2(1) and Fg(l) in figure 3. What about the other pro-
cesses? The final states of the other processes could be also identified with
those of F2(1) or F?El) if we cyclically rotate the initial state. For example,
the final state of the first process in (4.5) above could be identified with that

of F2(1) if we relabelling the initial state as (2341) instead of (1234). There
are n cyclic rotations for a n-segment initial state, but they are really the
same state. We actually have already taken account for these contributions
when we compute the field theory diagrams so we do not have to count them
again. So in this example we only need to look at the 3rd and 8th processes
whose final states can be exactly identified with the field theory diagrams

Fz(l) and Fg(l), and disregard the other processes. Of course this issue will
not appear when the final state is also a single string state because a cyclic
rotation of the initial state has the same effect as that of the final state in
opposite direction.

5 Higher genus BMN correlators

We now test the factorization relation (4.2) for higher genus BMN correla-
tors. We discuss several cases.

5.1 Torus correlator between two single trace operators

This case describes the one loop string propagation process, and has been
considered in [6]. We include it here for completeness. We consider the
correlator between two BMN operators (O mij{ n.n)torus- FOr genus one
the single trace operator can be divided into at most 4 segments. The
field theory diagram is depicted in figure 15, and the corresponding short
process

(1234) — (2143) (5.1)

This is the only short process for the correlator. We note that one may also
write e.g., a short process (1234) — (1432), but it is equivalent to (5.1) due
to the cyclicality of the trace. The calculations of the correlator are first
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—m,m

Figure 15: The torus correlator of (07, 07, iorus. This is the only dia-
gram and we denote its contribution F(©).

done e.g., in [17], and results are

F(G) = <O£m7m0£n’n>torus (5.2)
2
g—, m=n = 0;
24
0, m=0,n 7’é 0,
orn =0,m # 0;

(). menso

60 2472m2 ' 16mimi

- 2 1 35
() n= 0

16m2m2 \3  8m2m?2

g° 1 1 N 1
42(m —n)2 \3  7w2n?2  m2m?

1
3 23 ~ 3 2( )2> all other cases
m™mn m2(m—n

One can also calculate this result using matrix model method [21]. Some
contributions from the connected diagrams in matrix models can be orga-
nized into generating functions known as resolvents in matrix models, which
can be computed using loop equations in matrix model [23]. The loop equa-
tions provide recursion relations for the resolvents in matrix models, but
they seem very different from the factorization relations studied here in this
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paper. Nevertheless it would be interesting to investigate whether there are
some connections between these relations.

The string diagrams are drawn in figure 16. There is only one undecorated
diagram of vacuum operators, from which we generate two decorated string
diagrams of the same shape. To derive its multiplicity, we extend the short
process into long processes, and we find there are two ways of extension

(1234) — (12)(34) — (2143),
(1234) — (41)(23) — (1432), (5.3)

where we have freely used the cyclicality of the strings. So, we find the
multiplicity of the only (undecorated) string diagram is 2. We also note
that in the first decorated diagram S%G) the two operators 06]1 and O({Q have
different scalar insertions ¢! and ¢?, so the range .J; can go from 0 to .J.
Using the vertex formulae (3.1), the contributions of decorated diagrams are
computed as

J
6 _
Si ) = E : <O£m mOéjl OE)] N >planar<0J1 OJ N Oin n>p1anar
J1=0
9 /1 P sin?(mmz) sin?(nmx)
= x
g 0 m2m2 n2m2

)

S(G) Z Z —m moilk,kOJ2>planar<O OJ2 O—n n)planar (5'4>

=0 k=—o00

2 .2
_ g Z / d sin®(mmx)  sin®(nmx)

7T2(7TL:L' — k)2 n2(nx — k)2

k=—o00

Performing the sums and integrals, we check the factorization relation

S© = 5 1 5 — 21, (5.5)

Surprisingly, two additional identities similar to the factorization relation
(5.5) were pointed out in [18], and one of which involves field theory one-loop
corrections to the correlator (O{m,mOfnmﬂorus. These two identities involve
only the second decorated diagram in figure 16, and amount to putting a

2
weight of % or (%) to the propagating edge of the operator Oflkyk. It is

clearly interesting to see whether it is possible to generalize these additional
relations to higher genus, and to generalize the factorization rules we propose
in Section 4 to include them.
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(6) .
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— —— —>
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Figure 16: The string diagrams of <O£m,m0£n,n>t0rus- We start with dia-

gram of vacuum operators and decorate it with scalar excitations. We denote
the contributions of the two decorated diagrams S%G) and 556) and their total
contributions S,

5.2 One-loop string calculations with integral form of the vertex

In the previous section, we check the factorization relation for one-loop string
propagation by direct computations. But it seems a little mysterious how
the factorization works, and it is not quite satisfying that we have to check
each of the five cases in (5.2) separately. Here we provide a more illuminating
and more unifying derivation by reducing the integrals into sums of some
standard integrals (B.1), which were used in [17] to calculate the higher
genus correlators of 2 single trace operators. We provide some descriptions
of the approach in Appendix B.

For the genus one case, the correlator can be written as a sum of 5 stan-
dard integrals (B.1) as the followings

F6) — g2[I(1’5)(27ri(m —n),0) + I 5 (—27i(m — n),0)
+ L(2,2,2)(2mim, 27in, 0) + I (2 9 2)(—27im, —27in, 0)
+ Ii21,1,2)(2mi(m — n), 2wim, —27in, 0)]. (5.6)

We note that the integral (B.1) is invariant if we add an integer multiple
of 2mi to the all the arguments. When some arguments in the standard
integrals are identical, we need to combine them according to (B.2) before
we can use (B.4, B.5) to compute them. Here the degeneracy happens when
some of the m, n, m — n or m + n vanish.

We then calculate the string diagram contributions (5.4) using the integral
form of the vertices (3.2). To reduce the contributions to the standard
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integrals (B.1), we need to carefully dissect the multi-dimensional integration
domain and perform some tricky changes the integration variables, so that in
each sector, the integration domain can be identified with that of a standard
integral. For the first diagram, we find

1 T
s\ = ¢ / da < / dy1df e%i(myl—"ﬂﬂ)
0 0

1
X < / dyadis e—%i(mw—”ﬂz)) . (5.7)

We discuss several situations separately in the following.

1) y1 <91, y2 < 2. We change variables as z1 = y1,22 = 1 — Y1, 23 =
T—Yl, Z4=Y2— T, 25 =1Y2 — Y2, 26 = 1 —yo. Then the contribu-
tion becomes

1 6
S’ﬁ) = / dz1 ...dzgd (Z 2 — 1) e2mil(m—n)(z1+26) —nza+mzs)]
i=1

= ¢*I(2.11.2) (2mi(m — n), 2wim, —2min, 0). (5.8)

2) y1 <91, Y2 < y2. We change variables as z1 = y1,20 = 41 — Y1, 23 =
T—1Y1, 24=1Ys— X, 25 =Yo — Y2, 26 =1 —1y2. Then the contribu-
tion becomes

1 6
56 = ¢? / dor .. deed | 3z — 1 | @2miltm=mitao)-n(eatz)]
12 =9 | dadd | )

=1
= g°I(22,9) (2mi(m — n), —2min, 0)
= g°I(2,2,2)(2mim, 27in, 0). (5.9)

3) 91 < w1, Y2 < y2. We change variables as z; = ¢1,20 = y1 — J1,23 =
T—Yl, Z4=Y2— X, 25 =Y2 — Y2, 26 = 1 —yo. Then the contribu-
tion becomes

1 3 =g / le d266 (Z Zi — 1) 6271'1[(771—71)(Z1+Z6)+m(z2+z5)]

=g 1(2’2,2) (2mi(m — n), 2wim, 0)
= 921(2’272)(—27rim, —27in, 0). (5.10)
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4) 71 < y1, Y2 < y2. We change variables as z1 = 1,20 = y1 — U1, 23 =
T—Y1, 24 =Yo— X, 25 =Y2 — Y2, 26 =1 —ys. Then the contribu-
tion becomes

1 6
Sﬂ = g2/ dzi...dzgd (Z 2z — 1) 2mil(m—n)(z1+26)+mzo—nzs]
0 i=1
= ¢°I(2,1,1,2) (2mi(m — n), 2wim, —2min, 0). (5.11)

Summing up together the contributions, we find

6 6 6 6
S =510 + 89 + 5% + 819
= ¢*[I(2,2,2)(2mim, 2min, 0) + I (9 9 9)(—2mim, —2min, 0)
+2L(9.11,2)(2mi(m — n), 2mim, —2min, 0)]. (5.12)

For the second diagram 5’56), we write the formula in (5.4) using the
integral form of the vertices and perform the summation over string mode
using the summation formula (A.4). The result is

1 x
556) :92/0 (1- x)dx/O dy1dyadysdys o2milm(y1—y2)+n(ys—ya)]

X Z 6(y1 — Y2 +ys — ya — kx). (5.13)

k=—o00

We should integrate y; to cancel the delta function. Since —x < yo — y3 +
y4 < 2x, we discuss several cases as the following.

1) —x <wys—y3+wys <0. The integral of y; over the delta function
fixes y1 = y2 — y3 + y4 + x. We change variables z1 = yo, 20 = y4, 23 =
x — y3, such that 0 < 21, 29, 23, 21 + 22 + 23 < 2. Then we can also fur-
ther change variable z4 = x — 21 — 29 — 23 such that 0 < z4 < x. Fur-
thermore, we can write 1 — z = fol_x dzs, and zg =1 —x — z5. The
contribution becomes

1 6
Sé,Gl) _ 92/ le . dZ65 (Z 2z — 1) eQwi[m(z2+23)+n(z1+Z4)}
0 i=1
= g*1(9,9.9)(2mim, 27in, 0). (5.14)

2) © < y2 — ys + ya < 2x. The integral of y; over the delta function fixes
Y1 = Y2 — ys +ys —x. We change variables 21 = x — y2, 20 = = — y4,
z3 = ys3, such that 0 < 21,29, 23,21 + 22 + 23 < x. Then we can also
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further change variable z4y = x — 21 — 20 — 23 such that 0 < z4 < x.
Furthermore, we can write 1 — x = folf‘r dzs,and z¢ =1 — x — z5. The
contribution becomes

Sé?z) / dzy . ..dz0 (Z 2 — 1) 2i[—m(z2+23)—n(z1+24)]

= gQI(2’272)(—27nm, —27in, 0). (5.15)

0 <ys —ys+ys4 < x. The integral of y; over the delta function fixes

y1 = y2 — y3 + y4. The range of ys3 is yo + y4 — = < y3 < y2 + y4. This

does not quite fit into the integration domain of ys which is [0, z]

so makes this case more complicated. We further discuss several

situations.

a) y2 +ys <, y3 <ys. Then we can change integration variables
Z1 = Y3, 22 = Y4 — Y3, 23 = y2 such that the integration domain of
21, 29,23 18 0 < 21, 22, 23, 21 + 29 + 23 < x. The rests are similar to
previouscase zy =x — 21 — 29 — 23, 1 —x = folfx dzs,and zg = 1 —
x — z5. The contributions in this case is

55,6?2 / le d265 (Z 2 — 1) 27i(m—mn)z2

= ¢*1(1 5) (2mi(m —n),0) (5.16)

b) yo +ya <z, y3 > ys. Then we can change integration variables
21 = Y4, 22 = Y3 — Y4, 23 = Y2 — Y3 + y4 such that the integration
domain of 21, 29, 23 18 0 < 21, 29, 23,21 + 29 + 23 < x. The rests are
similar to previous case zy =x — 21 —20 — 23, 1l —x = 0 T dzs,
and zg = 1 — x — z5. The contributions in this case is

1 6
55’64) =g /0 dzl ... dz6(5 (Z Zi — 1> e_Qﬂ'l(m—n)zQ
=1

= ¢*1(1 5)(—2mi(m — n),0). (5.17)

c) y2+ys >z, y3 <ys. Then we can change integration variables
21 =T — Y4, Z2 = Y4 — Y3, 23 = T — Y2 + y3 — y4 such that the inte-
gration domain of z1, 20,23 is 0 < 21,29, 23,21 + 22 + 23 < . The
rests are similar to previous case z4=1x — 2z — 22 — 23,
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l—ax= fol_m dzs, and zg = 1 — x — z5. The contributions in this case is

6
55765) / le dZ66 <Z 2 — 1> 2mi(m—n)za
=g 1(1,5) (27i(m —n),0). (5.18)

d) y2 +ys >z, y3 > ys. Then we can change integration variables
21 =X —Y3, Z2 =Y3 — Y4, 23 = — Yy such that the integration
domain of 21, 20, z3 is 0 < 21, 22, 23, 21 + 29 + 23 < x. The rests are
similar to previous case z4 =x — 21 — 29— 23, 1 —x = 01—:;: dzs,
and zg = 1 — x — z5. The contributions in this case is

1 6
Sé?g — gz/ le ce . dZﬁ(S (Z 2 — 1) e-?ﬂ'l(m—n)ZQ
0 i=1
= g2[(175) (—=27i(m —n),0). (5.19)
Putting together the contributions

S = g?[21 11 5 (2mi(m — n),0) + 211 5)(—2wi(m — n),0)
+ 1(2’272) (27rim, 27rin, 0) + 1(2’272) (—27Tim, —27Tin, 0)] (520)

Having written both the field theory diagram and string diagram contribu-
tions in terms of the standard integrals, we can easily check the factorization
5©) = 2F©) using (5.6), (5.12) and (5.20).

We can also derive the additional identities pointed out in [18] in this
way. These identities modify the sum 556) in (5.4) by a factor of % and ];—;

We denote the modified sums as Sg(,ﬁ) and Siﬁ), and they are

1 +o0
557 = / Jar Y2 H07,,,07L,007 (0,000, ). (521)
0 ke —o0
6 1 T g2 _ _
sy = / Jdz Y~ (07,07, 00N 000, ). (5.22)
0 k:—oox 7 ’ 7

Then the identities are the following:

S = (m +n)F©, (5.23)

1
S = (m? +n2)FO 4 + 13 B (5.24)
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where B, , comes from the torus one-loop field theory correlator of BMN
operators O_m m and 07 nne 10 this paper, we discuss mostly free field the-
ory, and the hlgher genus correlators correspond to string loop amplitudes.
But the last identity involves higher order contributions of both genus and
loop in field theory. It was shown that the one-loop field theory contribu-
tions to the correlator <O£m7m05n,n> at higher genus can be also written in
terms of the standard integrals (B.1).

To derive these identities, we perform the sum over string modes with the
derivatives of summation formula (A.4). The results involve derivatives of
the Dirac delta function

1 T .
sy = g / (1 —x)de / dyrdyadysdys ™1 —v2)En(ys =y
0 0

1 =,
o _ — _ 2
X < 27ri> k—Eoo(S (y1 —y2 + y3 — ya — kx), (5.25)
1 x
SiG) _ g2/ (1— :):)dx/ dyrdyadysdys e2milm(y1—y2)+n(ys—ya)]
0 0
1 &
X 5 k:E_OOfS (y1 —y2 + y3 — ya — kx) (5.26)

We can use integration by part for one of the variables y; to eliminate
the derivatives in the delta function. It turn out the boundary terms of the

integration by part also contribute. For the case of Sg(,ﬁ) in (5.25), we find

o)

1 T
0 0 k=—00

27i
_ e2ﬂi[m(:p*y2)+”(y3*y4)l)5(y3 — Y2 — ya — kx)

+m / dyy 2=y tnus vl 5 () — gy +ys — gy — ka)|. (5.27)
0

where the third line is exactly as we have done for 556) before, and the
second line comes from the boundary term of integration by part and can
be computed similarly. The result of the computations are

S = g?{2mI 5 (2mi(m — n),0) + 2mI 5 (~2mi(m — n),0)
+ml(92,9)(27im, 2min, 0) + ml (o 5 9y (—27im, —27in, 0)
1 .
+ %[I( 4)(=2mi(m —n),0) — I 4)(27i(m — n),0)
+ I(2,1,2)(—27im, —2min, 0) I(31,2)(2mim, 27in, 0)]}. (5.28)
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Using the recursion relation (B.3) for the standard integral one can easily
check the identity (5.23). This derivation is also valid regardless whether
there are degeneracies in the parameters m,n since the recursion relation
(B.3) is valid in the degenerate cases as well. In this way, one can also
derive the last identity (5.24) by performing the integration by part twice
for (5.26) and noting that the torus one-loop field theory contribution By, ,
can be also written in terms of the standard integrals.

Comparing to direct computations, this approach to the factorization rela-
tion is independent of whether there are some degeneracies when some of
the m, n, m — n or m + n vanish, so we do not have to check each case sep-
arately. In this respect, this approach of calculations using the integral form
of vertices looks more promising for a systematic proof of the factorization
at higher genus and for BMN operators with more string modes. However,
we have seen that the dissections of the integration domains are very tricky
when we compute the string diagrams. In most of the paper, we still use the
more straightforward and explicit method of direct computations of both
string and field theory diagrams to check the factorization relation.

5.3 Torus correlators between a single trace operator and a
double-trace operator

The first two cases have been studied in [6]. Here, we include them for
completeness.

5.3.1 Case one: the vacuum diagrams

We first the case of vacuum operator (O7071072) (where J = J; + J3) on
the torus. There are five diagrams and they are depicted in figure 17. This
correlator is calculated in [21] using matrix model technique. Here, we cal-
culate the five diagrams separately to derive the multiplicity factors for the
string diagrams. The short processes of the five diagrams are the following;:

F7 o (123456) — (153)1(426),,
F{7 ¢ (123456) — (1542)1(36)s,
F{7 ¢ (123456) — (1542)5(36)1,
F{7 . (123456) — (14325)1(6)s,
D1 (123456) — (14325)(6)1. (5.29)
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OJ OJ O[
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
te 8 ¢ j e 15 4 2 s 6 15 4 2 s 6
OJl (7) 07’2 OJ1 (7) 0(72 OJz (7) OJ1
Fl § F2 F3
O J
1 2 3 4 5 6 1 2 3 0 4 5 6
14 3 2 5 6 14 3 2 5 6
OJ1 O’Z OJz OJl
(7) 7
Fy F5( )

Figure 17: There are five diagrams contribute to the torus correlator
(O7071072). We denote their contributions by Flm, F2(7), F3(7), F4(7) and
F5(7), respectively. F2(7), F4(7) are related to F?f?), Féﬂ by exchanging the
operators O71 and O72. Here, we use a single line to denote a segment of
string consisting of a large number of Z fields. We have checked these are
the only torus diagrams.

We count the combinatorics to compute the contribution of these dia-
grams. We first pick the initial positions for segments in the three operators

which contribute a factor of JJiJy. Then for Flm we divide both small
operators 071 and 072 into 3 segments, so we have another factor of %
However we have over-counted by a factor of 3. To see the overcounting,
we look at the short process for F1(7) which is (123456) — (153)1(426)2. By
cyclicality this is equivalent to (345612) — (315)1(642)2, and if we relabel
the initial operator by numerical order, we see this is the same as before
we do the cyclic rotation. The same is true for the cyclic rotations to
(561236) — (531)1(264)2. Putting together we find

F1(7) = —2_/x(1 - 2)[2*(1 — )], (5.30)
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where we denote x = J1/J. Similarly for the other contributions

3

F2(7) = E% z(1 —x)z3(1 — x),

RO — 112\9/3? 20 —2)2(l — 2)?,

B = L et

7 = 214\9/33 2(1—z)(1—2)% (5.31)

We also draw the one-loop string diagrams in figure 18 and compute them
as the followings

557) = 2<OJOJ>t0rus <OJOJ1 OJ2>Planar

= 333112 z(1—z),
87 = 2(07 0707 p1anar (07 0™ o
= 533112 z(1 — x)zt,
S§7) = Sg) (x = 1—2x), (5.32)

where the factor of 2 is the multiplicity of one-loop string propagation with
respect to the field theory torus correlator of two single trace operators

discussed in (5.3). And the diagrams Sf) and Séﬂ are constructed only out
of tree level 3-string vertices

54(17) - / de<OJOyJO(1_y)J>P1anar <OyJO(x_y)JOIJ>planar
0

x (0w ole=v)J ol=2)]y

planar
3
g 1 .
= NEEL (1 —z)23(2 — 2),
SV =80z —1-2). (5.33)

Now we count the multiplicity for the string diagrams. We extend the
short processes (5.29) into long processes, then determine the corresponding
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OJ OJ OJ
o o”
OJ
Oh OJ2 OJ1 OJ2
OJ1 OJ2
(7) (7)
g™ S5 53

OJl OJZ

Figure 18: There are five one-loop string diagrams for correlator
(07071072). We denote their contributions by 557), 557), Sg), Sd(j) and
540 , respectively. S40 ) Sf) are related to S§7), Sén by exchanging the
operators 07! and O”2.

string diagrams of the long processes. This is done in table 2, and we write
the multiplicity matrix in table 1. We check that (5.30, 5.31, 5.32, 5.33)
satisfy the factorization relations according to the multiplicity matrix

st =6F" + 4 (A" + F") +2 (F" + "),
S = 2r

S = 2k(",

S\ = 2R 4 2F(",

S0 =2 2R,
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Table 1: The multiplicity matrix of string diagrams in figure 18 with respect
to the short processes (5.29).

mij S %7)
F7

£

6
1
F" 4
2
2

F{"
F{7

5.3.2 Case two: (O mO()]lO{)]Q}toms

For simplicity we discuss the generic case of m # 0 and also assume z = %
is a generic value. The special case of m = 0 is much simpler and can be
considered separately. The field theory diagrams are the same as in the case
of vacuum operators, except we will insert scalar fields with phases into the
trace operators. Similarly, we denote the contributions of the 5 diagrams

F.(8)7 where i = 1,2,3,4,5. Denoting the number of Z’s in the segment (i)

K3
to be x;J, where 1 = 1,2,...6, we find the contributions

(8 193
x5x2+x4+:v6—(1—33))

r1+tr2+T3 T1+x2+r3tTstT5 o
</ / / ) e Timy1 dyl
r1+x2 r1+x2+T3+T4

1+ x1+zo+a3+ay 1 9
X (/ —|—/ —|—/ )e Y2 dyyg
x1 r1+z2+T3 T1+x2+23+T4+25

drydxodrsdrydrsdred(xy + x3 + x5 — )

3
1
N %WH’ +(1+ 2z — 22 mPn? — 20%(1 — x)*m'r?)
+B3-(1- 2x)2m2772) cos(2mmzx) — 3(1 — 2z)mm sin(2mmz)],
(5.34)
® 14 [!
F2 = - —= dxldxgdx3d$4dx5dx65(x1 + Zo + x4 + 5 — l‘)

27 Jo

T1+T2 T1+x2+T3+T4+2T5 i
X d(xg + 26 — (1 —x)) (/ +/ )emmyldyl
0 T1+Ta+x3

T1+x2+7T3 1 .
X </ +/ > e_%lmy?dyg
T1+x2 r1t+x2+x3+rs+2as5
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Table 2: The extension of the short processes in (5.29) into long processes.
We also determine the corresponding string diagrams.

F7' 1. (123456) — (123)(456) — (312645) — (531)1(264)s e stV
2. (123456) — (123)(456) — (231564) — (315)1(264)s e st
3. (123456) — (234)(561) — (342615) — (315)1(426)s e st
4. (123456) — (234)(561) — (423156) — (315)1(426), e st
5. (123456) — (345)(126) — (534261) — (531)1(426)s e st
6. (123456) — (345)(126) — (453126) — (531)1(426)s e st
F{7 1. (123456) — (234)(156) — (423615) — (36)2(4215); e st
2. (123456) — (234)(156) — (342156) — (36)2(4215); e st
3. (123456) — (12)(3456) — (215634) — (63)2(2154); e st
4. (123456) — (12)(3456) — (12)(45)(36)2 — (36)2(2154); € S\”
5. (123456) — (45)(1236) — (542361) — (36)2(5421); e st
6. (123456) — (45)(1236) — (45)(12)(36)2 — (36)2(5421); € 51"
{7 1. (123456) — (234)(156) — (423615) — (36)1(4215), e stV
2. (123456) — (234)(156) — (342156) — (36)1(4215), e st
3. (123456) — (12)(3456) — (215634) — (63)1(2154)s e 5"
4. (123456) — (12)(3456) — (12)(45)(36)1 — (36)1(2154), € SL”
5. (123456) — (45)(1236) — (542361) — (36)1(5421)s e st
6. (123456) — (45)(1236) — (45)(12)(36)1 — (36)1(5421); € S
FD 1. (123456) — (23)(4561) — (325614) — (14325)1(6)s e st
2. (123456) — (34)(5612) — (432561) — (14325)1(6)2 e st
3. (123456) — (12345)(6)y — (23)(451)(6)y — (51432)1(6); € S
4. (123456) — (12345)(6)2 — (34)(512)(6)2 — (43251)1(6)y € SS”
5. (123456) — (34)(5612) — (34)(125)(6)2 — (43251)1(6); € S\
6. (123456) — (23)(4561) — (23)(145)(6)3 — (51432)1(6)y € S\
P 1. (123456) — (23)(4561) — (325614) — (14325)5(6); e st
2. (123456) — (34)(5612) — (432561) — (14325)2(6) e st
3. (123456) — (12345)(6); — (23)(451)(6); — (51432)(6); € S{”
4. (123456) — (12345)(6); — (34)(512)(6); — (43251)2(6); € S
5. (123456) — (34)(5612) — (34)(125)(6); — (43251)5(6); € S7
6. (123456) — (23)(4561) — (23)(145)(6); — (51432)5(6); € S
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3
1
- %WB = 3m’rle(l —z) - 2m'nt (1 — 2)a’®
— (34 3z(1 — 2)m?n?) cos(2mmnz)
+ (3(1 = 2z)mm — m37323) sin(2mmz)),
F® = F®@ - 1- ), (5.35)
3l
F4(8) — % / dxidrodrsdrsdrsdred(xy + xo + x3 + T4 + 5 — T)
0
x 1
) (1’6 — (1 — 1‘))/ dyl e27r1my1 / dyg e—27r1my2
0 x
3
g° cos(2mmzx) —1 , 4 A
=7 fmme @ =),
B = FP @ —1-a). (5.36)

The string diagrams are constructed by decorating the vacuum diagrams
in figure 18 with scalar excitations, and we denote the corresponding

contributions here S’i(g), 1=1,2,3,4,5 accordingly. For the un-amputated
diagrams 5’57), Sg) and S§7), we find there is only one way to decorate the

diagrams (without concerning the details of the one-loop string propagations
in the diagrams). We draw these decorated diagrams in figure 19. For the
diagrams Sf) and Sé7), there are 2 ways to decorate for each of them, and

we draw the decorated diagrams of S £7) in figure 20. The ones for Sg) are

OJ

—m,m

J1
OO

J2
OO

5(8) 558) 53()8)

Figure 19: The decorated string diagrams of Sp, Sg) and S?()7) in figure 18.
We denote these contributions S§8), Ség), S?()S), respectively.
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OJ

—m,m

Figure 20: The decorated string diagrams of Sg) in figure 18. There are

(8)

two diagrams and we denote the total contributions by 548 .

obtained from those of S y) by simply exchanging the two operators O(‘)] ! and
OF.

We compute these diagrams similarly

o0

Sgg) = Z 2<O{m’moik7k>toru5<O£k,kOOJl06]2>Planar’
k=—o00

SéS) == 2<O{m’m0({l06]2>planar<06]10£)]1>tOI‘uS7

S =5z —1-a),

5P = [ Jayl(07,,,04" 05"y (0) 0t 0 )

o0

< (0§70 057y + 3 (02,0000 1Y)

k=—0o0
~(1—y)J ~(x—y)J —x)J\ /A ~(z—y)J A~z
x (O Y o= of =y ov o o),
SE()S) = Zis)(szr—>1—az). (5.37)

Using the vertex formulae (3.1) one can perform the sums and integrals to
check the factorization relations

st =6 + 4 (FY + FY) +2 (FY + Y.
S = 2r®)
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S =21
S —2F® 1 2F®)
S® —2F® 1 2F®),

5.3.3 Case three: (Ofm,mO‘h O072)¢orus

—n,n

As in the previous case, we discuss the generic case of m # 0 and n # 0,
and also assume x = % is a generic value such that mxz — n and mx + n are
not zero. The special cases of m = 0 or n = 0 are much simpler and can be
considered separately. The field theory diagram contributions are basically
computed by looking at the diagrams for vacuum operators in figure 17,
and inserting the scalar excitations and summing them with phases. We
denote the corresponding contributions Fi(g) where ¢ = 1,2, 3,4,5. Denoting
the number of Z’s in the 6 segments in the single trace operator O{mm by
x;J where 1 =1,2,3,4,5,6, the calculations go as the following:

3 Lo
© 9 1—33)2/
F === dridxs ... dred(x1 + 23+ 25 —
1 3\/j< . ; 1022 60(x1 3 5 )

T1 . T1+T2+2x3
><5(x2+x4+336—(1—:c))'</ dy—|—e2m” z / dy
0 x

1+z2

2
: (5.38)

1—z¢

. xotwz3ztTy .
+ e27rmz/ dy) eQm(m—%)y
r1+ro+r3+Iy

3 1— 2 1
F(g) g (CC) / dzidzs . .. dl‘6(5($1 + X9+ T4+ x5 — ‘T)
0

NI
o —2min rq4tay x1+x2
X(5($3+$6—(1_1,)) dy_|_e . dy
0 "
+ ezﬂi”w%% /Il+x2+13+x4 "
T1+r2+x3

z+x3

. xotx3z+tx .

+ e27rm2z34/ dy> e27r1(m—%)y
r1t+x2+r3+Tg

3 Lo
© 9 1—:E>2/
Fy = 2 — dzidzs . ..dz

X0(r1+x2+aa+a5—(1—2))0(x3+ 26 — )

z1+watu3  wgtw 1 ) n
</ dy + e?ﬂ'ln 4x 5 / dy) eQﬂl(mf;)y
xr1+x2 1—x¢

2
(5.39)

2
. (5.40)

X
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3 /11— 3 ol
Ff”:jj( xx) /delde...de
X0(x1+xo+a3+aa+ a5 —2)0 (6 — (1 — 1))

x1 . watm, [T1TT2 N r1+r2+x3
</ dy + ef2mn p / dy + e27rm ps / dy
0 T1 142

2

X

§ 2min®E / T+ / dy) o2mi(m=2)y| (5.41)
r1+x2+T3 T—T5
1

© ¢ [(1—z\2 /1
F5 ﬁ( T ) . d$1d$2...dx6
X0 (r1+ w2+ 23+ 24+ 25 — (1 —2))
T 2
X §(zg — ) </ dy) e2mi(m=73)y (5.42)
0

We calculate these integrals, respectively. We find the case of Fég) is the

simplest and the case of Fig) is the most difficult. The results are the
following;:

3 3 1
PO _ 9 r2(1 —x)2
F ~ /T 1675mAn(n — ma)
—2m?*z%(n — ma)[(m*m%(1 — )2 + 2) sin® (7max)
+ mm(1 — x) sin(2rma)] + max(n — max)?[2miriz? (1 — 2)?

—2m?n?z(1l — ) — 14 (2m2n*(x — 1)z + 1) cos(2mmaz)

1 {—2m2m®(1 — z)%23 sin®(mmaz)

— mn(z + 1) sin(2rmz)] + (n — maz)3[1 + 2minrtz? (1 — z)?
+ 2m*n?(z — 1)z — 1) cos(2mrma) — mm(2z — 1) sin(2rma)]},
(5.43)

6sin?(mmz)  6mx?[2rm(z — 1) + sin(2mma)]
m>(n + mzx) m3n?

D=

22 (1—2x)
4876
271(1 — x)x[dm3m3x3 + 3rma — 3sin(2rma) + 3mma cos(2mma)]
m3(n — mzx)?
12721 —2)z  6m(1 — 2)z? sin(27ma)
m3n m?(n — mx)3
3[dn?m?(z — 1)z + 1 — cos(2mmaz)]
+ 5
md(n — mx)
1272(z — 1)z* 6w (x — 1)z* sin(2rma)
X + )
(n — max)* (n — mx)®

Y =

(5.44)
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x%(l — x)%

) _ 4, 4, 4 4, 4,3 4.4 2 4, 4
F;7 = 247r6m3(mx—n)3{_27r m x® + 6m m x® — 6n m x4+ 2 mtw
+ 2ntmBna® — 6xim3na? + 6rtmPne — 2rtm3n — 3n%m22?
+ 3n%m?z + 3r mnx — 3n°mn — 3+ w[r?m3(z — 1)3
+m(6x — 3) — 3n]sin(2rmx) + [-37*m*(z — 1)z
+ 3m?mn(x — 1) + 3] cos(2mrma)}, (5.45)
©) 22 (1-— a:)% 24sin?(mmx) 6z sin®(mmax)
F4 —
9676 m?(mz +n)  m*(mz+n)?

6rx[2mma + 3sin(2rma)]  24nz?[rmax + sin(2rma)]
min * m3n?
623[—5m2m22? + 3(n?m22? + 1) cos(2mrmz) — 3]
m2(n — max)*
6[2m2m22? + 3mma sin(2rma) — 2 cos(2rma) + 2]
m®(max — n)
z[10m*miat + (15 — 2ntm*a?) cos(2rma) + 1272m2a?
+ 187mma sin(2mrma) — 15]
m*(n —mx)?
4z [rma(2m2m22? + 3) sin(2rmx) + 6 cos(2rma) — 6]
m3(mz —n)3

_l’_

60x° sin?(rma)  24mwx® sin(2wma) (5.46)
(Tl — ml‘)6 (n _ mm)f) ? .
©_ g 3 o sin(mmz)?
FV = —=xz2(1—x)2 (5.47)

2472 (n — max)?’

Now we consider the string diagrams, which are obtained as decoration of
the vacuum diagrams in figure 18 with stringy excitations. For the diagrams

S]E?), 557), §7) and Sé7), there is only one way to decoration, while for the

case of and S y) there are 3 decorated diagrams. We depicted these diagrams
in figures 21, 22, 23. The contributions for diagrams in figure 21 are

—m,m —n,n

S](_g) == 2 Z<OJ Ozk’k>torus<oik7kojl OJ2>,
k

Ség) = QZ@J Oilk,kOJ2><Oilk,kOJ1 Jtorus,
k

S5 =2(07,, ,,0%, ,072)(0”2 0% ygrus, (5.48)
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—m,m

0

OJ1 OJ2 Oil’n N3 OJZ

—n,n

S§9) 559) S(9)

Figure 21: The decorated string diagrams of Sp, Sé ) and Sa (M i figure 18.
We denote these contributions S%g), Ség), S:gg), respectively.

(D in figure 18. There are

three diagrams and we denote their contributions Si 1), Sfl ) 51(19?3, respec-

9)

Figure 22: The decorated string diagrams of S,

tively and the total contributions by S,

where the factor of 2 comes from the multiplicity of the one-loop string
propagation diagram. Denoting the length of the intermediate operator in
the loop J3 = yJ and also J; = xJ, we find the contributions of the diagrams
in figures 22, 23 as the followings

S0 = s+ s + s 549

s =2 | Jay(0?,,,08"0f ") o)~ ol o0
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Figure 23: The decorated string diagrams of Sén in figure 18. There only

one diagram and we denote the contribution by Ség).

s —m,m

Sﬁ):/o deZ<OJ Og{f’ko(lfy)zf)<O(1fy)Jo(xfy)Jo(1*x)J>
k

—n,n

’ 9 -\ A=) J ~(x—y)J —x
s = /0 Jay 3 307, OH OO ol gy
k1

A(z— ~AyJ x
x (0w ov 0" ),

~(z—y)J A x
X (O(—z,zy) Og{c,kO )

—n,n

—n,n>

1
S = / Jdy (07, ,,07; 00707y (0v oI o]
z k

« <O(1—y)JO(y—z)JO(1—:v)J>’ (550)

where the factor of 2 in Sfl) is because there are two scalar insertion fields
in the BMN operator O’ and we are using a slightly sloppy notation

—m,m>
for not distinguishing the different scalar insertions in the operators. We
can choose any one for the operator Ogj and the other one for O(()l_y)‘],
and these two choices give the same contribution. We perform the sums
and integrals for the string diagrams contributions with the helps of the
summation formulae in Appendix A. The calculations for S fg is the most
difficult as it involves two sums over integers k and [, besides the integral of
fox dy, and we find it best to do the sum over k first, then the sum over [

and the integral. We succeed in calculating the string diagrams analytically
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and check the factorization relation
s =6F" + 4 (A + 7)) +2 (FY + ),
0 -2
S$ = 2r)
S = 2r? y2r),
S = oF® 1 2R

5.4 Genus two correlators between two single trace operators

5.4.1 The vacuum diagrams and multiplicity

There are 3 string diagrams for the correlator (OJ oZ )genus 2, and we depict
them in figure 24. These diagrams are easy to calculate

Silo) = ( < >genus 1)2
g4
144°

1 4 2
5510):/ Jdl@lg <OJOxJO(1—x)J><O:vJO(1—:c)JOJ>
0

g4

~ 5047
1 T
5510) _J2/ d:c/ dy<OJOa:JO(17:U)J><OyJO(1fy)JOJ>
0 0

< 0= 0¥’ Ole— y)J><O(1 z)J (x=y)J (1-y)J )

g4

= o (5.51)

For the calculations in field theory diagrams, we need to divide the single
trace into 8 segments, and there are 21 different diagrams, i.e., short pro-
cesses, which are just permutations of (12...8). Here we will not draw
the diagrams again and simply use a permutation (ajas...ag) to repre-

sent the field theory diagram, and denote their contributions Fj(lo) with
j=1,2,...,21. To derive the multiplicity of the string diagrams in figure 24,
we can start with a string (12...8), and perform the splitting and joining
operations according the string diagram. We keep the resulting long pro-
cesses whose final states are irreducible from combining segments. Using
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o’ o’ o’

Sém) :

Figure 24: The string diagrams for vacuum operators at genus 2. There are
three diagrams and we denote their contributions 5’%10), 5’510) and Sélo).

a computer, we can count the multiplicities of string diagrams, and we list
them in table 3. We do not list all the long processes here because that would
take too much space. The multiplicity matrix is m;; where ¢ = 1,2, 3 denote
the string diagrams and j = 1,2,...,21 denote the field theory diagrams.
The factorization relation (4.2) is

21
=Y " myF'Y, fori=1,2,3 (5.52)

For the vacuum operator, each field diagram contribute Fj(m) = % for any

j due to choices of dividing the single string into eight segments. We see
the contributions of the string diagrams in (5.51) agree with their respective
total multiplicities with respects to the 21 field theory diagrams times gg,
consistent with the factorization relation. The total contribution to the
correlator (0707 )genus 2 Of the string diagrams is proportional that of the
field theory diagrams with a factor of 24. So, we can write the correlator as

21

AT AT _ Ja.
<O O >genus2 —j . j 2425 1920 (5'53)
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Table 3: The multiplicity matrix of string diagrams in figure 24 with respect
to the 21 short processes. These short processes are permutations of
(1,2,...,8), and we have used the cyclicality of the string to put the segment
(1) in the first position.

10)

i S£10) Sé S§10) Total
F19: (1,4,7,6,5,83,2) 8 8 8 24
" (1,5,8,3,7,6,4,2) 12 4 8 94
F{": (1,6,4,8,3,7,5,2) 16 P 6 924
FM: (1,754,83,6.2) 12 4 8 94
A (1,8,3,6,54,7,2) 8 3 o4
F': (1,4,3,2,5,8,7,6) 8 3 94
P19 (1,4,87,5,3,.2,6) 12 4 8 94
A (1,4,8,6,3,2,7,5) 16 2 6 24
F{'": (1,4,7,3,2,8,6,5) 12 4 8 94
FQ9: (1,8,7,2,5.4,3,6) 8 8 8 94
FU9.(1,8,6,4,3,7,2,5) 12 4 8 94
FU9: (1,7,4,3,8,6,2,5) 16 2 6 94
FLY: (1,7,6,2,5,8,4,3) 12 4 g 04
FU9.(1,7,3,6,2,8,5,4) 16 2 6 94
FUY: (1,5,4,2,8,7,3,6) 12 4 8 24
FiV: (1,6,5,2,84,7,3) 16 2 6 94
F9: (1,84,7,2,65,3) 12 4 8 94
F9: (1584,27,6.3) 16 2 6 94
FO0: (1,5,3.8,7,4,2,6) 16 2 6 94
FO: (1,85,3,7,2,6.,4) 16 P 6 24
F9: (1,6,3.8,5.2,74) 24 0 0 94
Total 280 80 144
5.4.2 The stringy BMN operators
We consider the stringy case <O£m7m0£n7n>genus 9. A systematic way to do

the field theory diagram calculations for higher genus single trace operators
were described in [17]. We summarize the details in Appendix B. Basi-
cally the calculations of summing over BMN phases of the scalar insertions
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OJ

—n,n

S£11)

Figure 25: The decorated string diagrams for the first vacuum diagram S%lo)

in figure 24. This diagram is the paste of two torus diagrams and we denote

the contribution Sin).

can be expressed in terms of some standardized integrals, which can be cal-
culated recursively. We denote the contribution of a genus 2 field theory
(1)

diagram by F i where 7 =1,2,...,21, and we calculate the contribution

Fj(n) respectively for all the j’s in computer using the formula (B.6).

For the string diagrams, we decorate the vacuum string diagrams in
figure 24 with scalar insertions. We depict the decorations of the three

)

string diagrams in figures 25, 26, 27, and denote their contributions S§H )

Sén) and Sén), respectively.

We discuss the calculations of the string diagrams. The diagram in fig-
ure 25 can be calculated using the one-loop string propagation amplitude in
(5.2) or (5.4), and we find

+oo
5511) — Z 4<O£m1m01k7k>torus<O£k,k’O£’rL7n>t0ruS (554)
k=—o00
4
g f— P .
144° m=mn=0;
07 m = 0’ n # 07
orn=0,m 7& 0;
4 451 145 7
g - +
25678m8  9670mb | 407mim4
- 1 71
 25272m?2 * 45,360) ’ m =n # 0;
94 31185 1197 111 1 _ L0
14472m2 \ 12876m8  S1dmd ' 812m2 , m=-—-n ;
4
g P
11 oth .
36078mOnS(m — n)8(m + n)4’ all other cases;
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O(lf:t)J 0(1717)‘]
Oin n
(11) R
5271 . >
OJ
(1), "
8272 . >
OJ
(11) o
S5,3 "

: o-2)J

Figure 26: The decorated string diagrams for the first vacuum diagram 5’510)
in figure 24. We use a dash line in the third diagram to represent it as the
paste of one-loop cubic diagram with a tree level cubic vertex, where we
can use results from previous Section 5.3 without the need for the details of
the one-loop cubic part of the diagram. We denote the contributions of the

three diagrams 5’5’111), 5’51121) and S;l;).
where the numerator in the last case is

Py = m'(107%n° + 427%n* — 2107202 + 315) — m'Pn(207°n8 + 15374n?
— 795m%n% + 1260) — 3m'n?(107%n°® + 177%n* + 1257202 — 210)
+ mn3(807%n8 + 4597*n* — 22057202 + 3780) + m 2n* (207%n°
— 1747 n* + 32257202 — 5310) — 3m*n®(407%n® + 102740
— 7957°n? + 855) + m!'%n®(2075n5 + 36671n? — 26407702 + 8865)
+ mn7(8075n8 — 3067int — 195072n? — 4815) — 6mSn®(57%n®
+ 297 n* 4 4407°n? + 4080) + m n(—207%nS + 459740
+ 23857202 — 4815) + mSn'0(107%n°® — 5174n? + 322572n? 4 8865)
— 9m Mt (1774 n* + 2457202 + 285) + 3m*n'? (1470 — 1257202
— 1770) 4 15m3n'3(537%n? + 252) — 210m>*n!'* (7?n? — 3)
— 1260mn* + 315016, (5.55)
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Figure 27: The decorated string diagrams for the first vacuum diagram S:glo)

in figure 24. These diagrams can be obtained by pasting a one-loop cubic
diagram with a tree level cubic vertex. We do not need to draw the details
in the one-loop cubic part of the diagram but simply use the results from
the previous Section 5.3. We denote the contributions of the two diagrams

S?E}ll) and S§’121).

For the three diagrams in figure 26, the first two are easy to handle because
the one-loop propagation of the non-stringy operator just contributes a fac-

tor of (13 )4, and the calculations are
2 1 00 - -
sii’ =15 | G =a)te 37 (02,,,07,00797)(07,0077 02, ),

k=—o00

o’ of v og’of o’ ) (5.56)

—m,m

2 1
sy =% [ (- a)an(©?
0

where there is an extra factor of 2 in front of the second diagram S§121 )

because there are two choices for the scalar insertion in the operator O(()l_w)‘]

that undergoes one-loop propagation. For the third diagram 55131 ) in fig-
ure 26, it is much easier to use our previous results on one-loop cubic inter-
actions. We divide the diagram into two part by a dash line and treat the

one-loop cubic part on the left as a black box, which we have calculated
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previously in the second equation in (5.48). We find

—n,n

1 oo
Sis :/ Jdz Y S5 (m,k,2)(0%, 009707, . (5.57)
0

k=—o00

Putting the three contributions together we find the total contribution

Sén) _ 55,111) i 55}21) 4 557131) (5.58)
(4
g
9 =n=0;
504’ meneE
07 m = 0, n 7é O,
or n=0,m # 0;
L 1023 21 31
- +
256m8m8  16m%mS = 240mim4
1 1
= T 2160> ’ m=n#0

gt 76,923 12,789
50472m?2 \ 51276m6  64mim

4072m?
9'Py
10, 08078 mSnb(m — n)8(m + n)*’

—|—987—|—1>7 m=—n # 0;

all other cases;

where the numerator in the last case is

Py = m*(8075n% + 54671n? — 48307°n? 4 2520) — m'5n(1607°n°
+ 18487tn? — 15,750m%n? + 2835) — 15mn?(1675n° + 2874n?
— 2107202 + 945) + m3n?(6407°n8 + 554474 n* — 59,2207%n>
+17,955) + m'2nt(16075n° — 323474n* + 32,550m%n? + 19,215)
— 3mMn® (3207508 + 12327%n* — 314307202 + 5565)
+ m!n% (1607508 + 62167 n* — 30,8707?n? — 7875)
+ mn7(6407°n5 — 36967 n? — 10,16407%n? — 71,505)
— 6mSn®(407°n® 4 5397 n* 4 51457°n? + 51,135)
+ m"n?(=1607°n° + 5544740t + 94,2907%n% — 71,505)
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+ 5mSn10(1675n° — 84ntnt + 65107202 — 1575)

— 21mPnt(887int 4 28207202 + 795) + 21mIn'?(267nt

+ 1507202 4+ 915) + 315m3n '3 (507%n? 4 57)

— 105m?n'* (467%n? + 135) — 2835mn'® + 2520n'°. (5.59)

For the two diagrams in figure 27, we also consider them as the pastings of
two diagrams that we separate by a dash line. The left parts of the diagrams
have been computed before in the last two equations of (5.37) and in (5.49,
5.50), so we can treat them as a black box and simply use the previous
results. We note that in Section 5.3.3 we present the results for generic
case k # 0, but here we also need to sum over the intermediate state with
k = 0 in the second diagram 55’121 )
calculations go as the followings

, which we have calculated separately. The

1
S = [ o [sPma) + 5P ma)] (05°0F 07,
0

1 [o@)
s = [ ade Y [800m k) + 80 (m k)] (07,0007, )
0 k=—o00
(5.60)
We find the total contribution
11 11 11
s§ = s + 55 (5.61)
4
9 W — 0
980" m=mn = 0;
O, m = 07 n 7é 07
orn =0,m #0;
4 1045 25 7
— — -+
25678m8  487OmSb = 48mimd
- ! + ol m=n #0;
= 21072m? | 45,360 )’ AR
gt 199,815 7665
28072 m? 5127%mb  64mim4
147
+87T27TL2+1>’ m:—n;«éO;
4
9°P3
11 oth :

33608 mbnb(m — n)8(m + n)*’ ol OUlieL cases;
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where the numerator in the last case is

Py = 2m!9(247%n5 + 133710t — 7357%n% — 1890) + m!S(—967°n”
— 8967405 + 4970m%n® 4 12,705n) + m**(—1447%n® — 30871n®
+ 770720t 4 1365n2) + 3m3n3(12875n8 + 8967n? — 6580m2n?
—15,855) + m'2n*(967°n5 — 11627*n* + 11,9707%n? 4 31,815)
+ mMnd(=57675n5 — 1792710 4 36,19072n? + 72,345)
+ m10n0(967°n°8 4 2408710t — 11,2707%n% — 75,075) + m®n" (3847°n°
— 17927 n* — 42,8407°n? — 68,565) — 2m®n8(727%n° + 58171nt
+ 563572n% 4+ 12,285) + m n?(—9675n® 4 268871n? + 36,1907%n>
— 68,565) + mSn'0(4875n°® — 3087%nt + 11,9707%n? — 75,075)
— 7mPnt (128710t 4 28207%n? — 10,335) + TmIn'? (3870t
+ 1107202 + 4545) + 35m>n'3(1427%n? — 1359)
— 105m2n! (147202 — 13) + 12,705mn'® — 3780n6. (5.62)

We check the factorization relation for the three groups of string diagrams
in a computer

21
S =S " my FMY, fori=1,2,3. (5.63)
j=1

where the results of Si(u) are written in (5.54, 5.58, 5.61), the multiplicity

matrix m;; can be found in table 3, and we have also computed the Fj(ll)
(j=1,2,...,21) in computer according to the formula (B.6) but there are

too many expressions (21 of them) to write down here. Again we can write
the total contributions to the genus two correlator as

21

3
~J J _ an 1 (11)
(07 1O 1 ) genus 2 = ; F = ;_1 SHY. (5.64)

5.5 Genus three: a test

We consider the BMN correlator (07, O’ )genus 3- Lhere are L — 1485

—m,m~ —n,n 7

different field diagrams represented by permutations of (1,2,...,12). We
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calculate these 1485 diagrams in computer using the formula (B.6) simi-

larly as in the previous section Denoting the contributions as Fj(m), j=
1,2,...,1485, the total contribution to the correlator is
1485
~ 12
<O£m,m01n,n>genus 3= Z Fj( ) (5.65)
j=1
6
g
_— = = O
322560’ men=
0, m=0,n#0,
orn =0,m # 0;
g° 8,856,072,225  10,877,691,825
— m=mn # 0;
518,918,400 \ 256712m12 128710m 10
1,949,592,645 26,042,445
6478 m8 8m6mb
- 927,355 5239
; — 251
Srimt  dnZm? T > ’
g° 2,807,805 35,315 n 155,281 m= —n £ 0;
215,04072m? 51210m10  1678m8 = 3276m6 N ’
5461 4151 n
8mim?  21672m?2 ’
6
g°Py(m;n) ,
| 7R (i — )2 (m £ )® all other cases;

where Py(m,n) is a polynomial of m, n which is too long to write down here.

We test the factorization relation for a 3-loop string diagrams shown in
figure 28. This diagram is one of simplest among 3-loop string diagrams and
can be calculated as the following;:

+oo 400
12 ~ ~ ~
S£ ) = 8 Z <O£m,mO£k,k>torus<O{k,k0£l,l>torus<O£l,lO£n,n>torus
k=—o0l=—00
+o00 B
=2 Z <O£m,m0£kz,k>t0rus Sgl) (kv n)a (566)
k=—oc0

where the formula for the torus two point function can be found in (5.2),

and we can utilize the previous result S%ll)(k, n) in (5.54) of two-loop string

propagation for parts of the calculations.
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Figure 28: A 3-loop string diagram for <O£m7m01njn>genus 3. We denote its
)

contribution by S%u . We test the factorization relation for this diagram.

Table 4: The multiplicities of the string diagram in figure 28 with respect
to some samples of the 1485 short processes, which are permutations of
(1,2,...,12), and we have used the cyclicality of the string to put the
segment (1) in the first position.

j=1,2,...,1485 my; for 5%
(1,4,7,6,5,8,11,10,0,12,3,2) 48
(1,4,7,11,10,8,6,5,9,12.3,2) 72
(1,4,7,11,9,6,5,10,8,12,3,2) 96
(1,4,7,10,6,5,11,9,8,12,3.2) 72
(1,4,7,10,9,8,11,6,5,12,3,2) 48
(1,4,11,10,5,8,7,6,9,12,3.,2) 48
(1,4,11,9,7,6,10,5,8,12,3,2) 72
(1,4,10,7,6,11,9,5,8,12,3,2) 96
(1,4,10,9,5,8,11,7,6,12,3,2) 72
(1,4,11,6,9,8,7,10,5,12.,3,2) 48
Total 977,200

We also use a computer to find the multiplicities of the string diagram in
figure 28 with respect to the 1485 field theory diagrams, similarly as in the
previous case of genus 2. It turns out the multiplicity is non-vanishing with
respect to all 1485 diagrams. Obviously we can not list all the multiplicities
here. We provide a small sample in table 4.

Denoting the contribution of a field theory diagram by F ;12) where j =
1,2,...,1485, the factorization relation for the string diagram in figure 28
states that

85
S1% =3 myF?. (5.67)
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We calculate both the left hand side and the right hand side analytically,
and check the factorization relation with the following result

1485
592) = Z mlij(m) (5.68)
7j=1
96
1728’ m=mn = 0;
0, m=0,n # 0,
orn =0,m # 0;
g% [73,345,119,705  1,955,422,755
926,640 < 102472m12 ~  64ni0m10 m=n#0;
397,910,799 33,182,721
6473ms  56mOmO
= 176,891 5109
Srimd  287%m? 83) ’
g8 90,781,119 4,409,493 486,819
115272m? <10247T10m10 " 12875m8 T sorbms T F 0
147,149 34,583
 280mimA T 2520m2m? > ’
5Ps(m,n
mlonlo(gm —S(n)m()m ) all other cases;

where P5(m,n) is a polynomial of m,n too long to write down here.

The sums and integrals in both the string diagrams and the field theory
diagrams become more and more difficult to do analytically as we go up in
genus and also include multi-trace operators. But it is certainly possible
to check the factorization relation further numerically since all sums and
integrals are convergent in this paper.

6 Correlators of BMN operators with more stringy modes

In the previous sections we considered correlators of BMN operators with
at most two excitations, where the first stringy mode can appear due to the
closed string level matching condition. One can certainly add more stringy
modes to the BMN operators, which corresponds to more field insertions in
the trace operators with phases. One can also consider the case that some
of the scalar insertions are identical, which we do not expect to make a qual-
itative change to the factorization rules. To illustrate that the factorization
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relation also works for these cases, in this section we study some correlators
involving BMN operators with three different scalar insertions.

6.1 The operator and vertices

We use three different scalar fields ¢!, ¢? and ¢3 to insert into the single
trace operator O7 = Tr(Z”) with phases. The resulting properly normalized
BMN operator is

J—-1

1 2mwimgly  2mimgly
o/ = Z e” J e J Tr
(m1,ma2,m3) /
NI+2] l1,l2=0
% (lele ¢22l2—11 ¢3zJ—12) , (61)

where the integers m;’s satisfy the level matching condition mq + me + mg =
0, and we have used the cyclicality of the trace to put the scalar ¢! in the
first positions. Similar to the case of two excitations, the summing over
the position of ¢! make the operator vanish if the level matching condition
m1 + mo +ms = 0 is not satisfied. From now on we use a subscript to
denote the string modes when confusion may arise. For example, we denote

the BMN operator with two excited modes as O(J_n n)1s) with the scalar

insertions of modes —n and n from ¢' and ¢3. For the BMN operator with
three string modes this is not necessary since there is no confusion.

It is straightforward to compute the vertices with the operator (6.1) by
summing over the scalar insertions into diagram in figure 2 with phases. We
find the vertices

~J xJ (1—z)J
<O(m1,m2,m3)0(—n7n)(1,2) (0)3 )
9 3 sin(mmyx) sin(rmeox) sin(rmgx)
vai mmg(miz +n)(mex —n)
A xJ 1—z)J
<O(m1,mz,mg)o(m,nz,n:s)O( ) )

sin(mmqz) sin(mmaz) sin(mmsz)

w3 (mix — ny)(mex — ng)(msx — ng)’

The above correlators are valid as long as the denominator is not zero.
For the special cases when the denominator vanishes, we have the
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J J J
O(m1,7n2,m3) O(ml,mzvms) O(mummms)
1 2 3 4 ! 2 3 4 1 2 3 4
1 3 2 4 1 3 2 4 ; 1 3 2 4
zJ T2J r3J zoJ z1J 3 . ToJ x1J
0w, 90 90 0%,  Ow, o ol ogl O
(13) (13) (13)
Iy Fy Fy
Figure 29: The field theor diagrams  for the correlators
Y & (13) (13)
AN z1J ~xod Hx3J . .
<O(m1,m2’m3)0(0)10(0)20(0)3>. We denote the contributions F} ™, F,
and F§13).

following correlators:

.2
~J xJ (1-z)J, _ 9 3 sin”(mme)
<O(fm,m,0)0(fn,n)(l,2)0(0)3 > - 7w2 (1 - x) 2 (mx _ n)zv
2
~J zJ (1-z)7, g _1sin®(mmzx)
<O(07_m7m)0(070)(1,2)0(0)3 > - _\/sz 7r2m2
~J xJ (1-z)yJy 9 2
<O(0,0,0)O(0,0)(1,2)O(o)3 ) = \/sz (1—u=),
)
~J xJ (1-z)Jy _ 9 2, 1 Sl (mma)
<O(fm,m,0)0(fn,n,0)0 > - \/jx (1 $)2 7r2(m:z — n)27
9 x —x g 1
(00000007 = ﬁxQ(l — )2, (6.3)
A J J J
6.2 The case of <O{ml,m2,m3)0?6)10?3)20?()3)3>

x1J nxod nxsJ
mymama) (01 90, O(0) 10
illustrate the factorization relation with more than 2 stringy mode exci-
tations. It is implicit that the parameters satisfy mj + mo + ms3 =0 and
x1 + x9 + x3 = 1. The field theory diagrams are basically the same as the

case of two string modes in figures 3, 5 and we draw them in figure 29.

We study a simple case of the correlator <OE]
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7 J J
O(7TL1,T7L2,T”3) O(7n1,m2,n13) O(ml,mz,ms)

O(l—xg)J

(1—z1)J o2 (—=n,n)(1,2)

(=n,m)(2,3)

O(l—zg)J

OZCOI){ (=n.n) (1,3

x3J
O([;)z

To. T x1J xzJ x1J xoJ
el Oy, KON 08 Oty O
(13) (13) (13)
Sl S5 S5

Figure 30: The string diagrams for the correlators (O/

(m1,m2,m3)

O 0737 O7a7). We denote the contributions S{', ${'” and S{'.

We calculate the contributions by summing over the three scalar insertions
with phases.

2 rr 1 x1+x2 . Yy1t+z2 .
F1(13) _ g/ dyl (/ +/ > dy2 e27r1m1y2/ dyg ef2fr1m2y3
J 0 0 y1+x2 Y1

. /1 gy o-2mmsvs _ sin(meoxem) sin(msxzsm)
T

s 2mtmimim?
x {my cos[m(maxzs — max3)],
+ (—=1)™2mg cos[m(mixs + mox1)]
+ (=1)"3mg cos[m(mixza + msx1)]}
Fy" = F{" (@1« 22,m1 < ma),

F3(13) = F1(13) (x1 <> x3,m1 < ms3). (6.4)

For the string diagrams, we draw them in figure 30. we calculate the
diagrams using the vertices and summing over intermediate states

o0

S =D (001 mams) O nmas, Q00 O mmya sy Ot O5a)

(_nvn)(2,3)
n=—oo

5513) = 593) (1‘1 — T2, M1 <> mg),

S§13) = S§13) (z1 < x3, M1 < m3). (6.5)
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We perform the sum and check the factorization relation

$U3) _ p(13) | p1d),
U3 = pl13) | pl1d),
R e (6.6)

6.3 One-loop string propagation

We study one more example of <O{m1,m2,m3)O{n1,n2,n3)>
implicit that mi + mo +m3 =n; +ns +n3 =0 due to the closed string
level matching condition. First we consider the generic case that none of m;,
ni, m; —nj, m; +n; (i,j =1,2,3) is zero. There is only one field theory
diagram as depicted in figure 15. We sum over three scalar insertions into
the diagram with phases

torus Where it is

~7 J
<O(m1 ,ma2,m3) O(n1 n2,n3) >t0rus

1 X1 )
= / dridxodrsdrsd(ry + o + 23+ 24 — 1) / dys e2mi(na—ma)ys
0 0

2 x1 . xr1+x2 . 1—x4
« H </ +e27rmi(x3+m4)/ +627rmi(:p4—x2)
i=1 0 x

1 r1+x2

1
+ 6727rin¢(x2+zg) > dyieQWi(mfmi)yiA (67)
1—x4

This is a seven-dimensional integral. The integration variables x1, xs, x3, T4
are the lengths of 4 segments in the single trace operator, and the integration
variables y1,y2,ys are the positions of the scalar insertion where we have
used the cyclic symmetry to put ys in the first segment. The integration
variables y1,y2,ys further divide the 4 segments into 7 segments and the
integral can be reduced into sums of the standard integrals (B.1) but it
is more complicated than the case of two scalar insertions. We find the
expression in terms of the standard integral (B.1) as the followings

4 — <OJ o/ )>torus = F1(14) + F2(14) + F?SM) + F4(14), (6.8)

(m1,m2,m3)~" (n1,n2,n3
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where
FM = 3" 115 (2ri(mi — ), —2mi(m; — ), 0),
i#]
14) 21(1222 (2mi(m; — ng), —2mwi(m; — ny), —2wim;, 0),
i#]

+ I(1 2,2 2)(271’1(7’)12‘ - nz) —27Ti(mj - nj), 27rinj, O),
Fy"™ =37 101002y (2mi(mi — ng), —2mimy, 2xing, —2mi(m; — ny),0),

]
Fy™ =37 10 100,00 (2mimg, 2ming, —2mimy, —2ring,
i7j
x 2mi(m; — ny), —2mi(m; —n;),0). (6.9)

For the generic case of m;,n;, it turns out that F2(14) = F3(14) = FiM) = 0.
There seems to be some hidden symmetries which are not obvious the inte-
gral expression (B.1). The contribution vanishes for each term in F, 4(14), but
only the total contributions vanish in the cases F2(14) and F?EM). So the only
14)

and we find the correlator

Z?:l(mi - ni)2
3274 H?:1(mi —n;)?

non-vanishing contribution is F1(

~J
<O(m1 ,m2,m3) O(n1 n2,n3) >torus =

(6.10)

We consider the string diagrams. The two diagrams are drawn in figure 31
and we denote the contributions 5514) and 5514). The computations are
carried out by summing over the intermediate states

(14) _ (07 x.J (1—z)J
Si Z/ Jdx (m17m27m3)0(—k7k)<i1,i2)O(O)ig )
iz3=1 k——oo
AA=2)J ~J
<Ok k)i Ot0rs~ Olsmaina))
(14) AJ xJ 1-z)J
SQ —/ Jdx Z <O(m1,m2,m3)O(k17k27k3)0( : >
0 k1+ka+k3=0
<O(k‘1,k2,k3)0(1 x)JO(’fL17TL2,nd)> (611)

We perform the the sums and integrals for the contributions. It turns out for
the generic case of m;, n;, the first diagram vanishes S§14) = 0. The vanishing
is due to an antisymmetry x — 1 — x of the integrand, which is not present
at the vertex level, but only appears after summing over the string modes
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OzJ
(=k.K) (iq ig)

J J
S(14) ) (m1,m2,m3) O(”l;"zans)
1 . _’_ +

xJ
O(khkz,ks)

J J
O(ml,mmms) O(nlmzms)

5514) :

Figure 31: The string diagrams for the correlators <O{m1,m2,m3)
E]nl - m)>torus, where there are 3 cases for the first diagrams
(1,42,13) = (1,2,3),(2,3,1),(3,1,2).  We denote the contributions of

these 2 diagrams S§14) and 5514).

k of the intermediate states. So the total contribution S(14) = S;M) + 5514)

only come from the second diagram 5’514). We do the calculations and check
the factorization relation with the field theory contribution (6.10),

3
(14) _ 5/A7J J o 2ima(mi — i)
SV = 2<O(m17m2,m3)O(nl,n27n3)>t°rus 1674 H3,1(mi —n;)?

2

(6.12)

The formulae (6.10) for the correlator is valid for the generic case when
the arguments in the (6.9) are not degenerate. When some arguments are
identical, we need to combine them according to (B.2) before we can use
(B.4, B.5) to compute them. It can be easily checked that the degener-
acy only happens when some of the m;, n;, m; —nj, m; +n; (i,j =1,2,3)
vanish. We discuss these various cases in the followings. Needless to say,
one can check that the factorization relation S04 = 2F(4) is fulfilled for all
these cases.

1) mi =0, n; #0 or m; # 0, n; =0 for some i € {1,2,3}. We find the
correlator vanish F(14) = 0 regardless whether there are further degen-
eracies in the other parameters. The vanishing can be directly seen
from the integral (6.7). For example, if n; = 0 and my # 0, then one

integral contributes a factor fol dyie= 2™y = (). For the string dia-

grams, we find both S§14) and 5’514) no longer vanish but their contri-

butions cancel each others.
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2) m; =n; = 0for somei € {1,2,3}. The correlator reduces to the case of
correlator with 2 scalar insertions (5.2) studied before, since there is no
phase factor in summing over the scalar insertion ¢ and it contributes
just a constant factor which is properly cancelled.

3) n3 = ms (without loss of generality) and everything else generic. The
level matching conditions are ms = —m; — ms, ng = —n; — ng, and
we can express the correlator using three parameters mq,ny,mg. In
this case we find all Fi(M) (i=1,2,3,4) in (6.9) are non-vanishing, and
the answer looks more complicated than the generic case

1 1
4872 (my — nq)? + 1674 (mq — nq)*
2.2

B m§ + (m1 + nl)mg + mlnlmg —myni(my + ni)ms —ming

p(14) _

1674 (m1 — n1)2manym3(ms + m1)(ms + ny)
1

1674 (m1 — n1)?m3nim3(ms + m1)%(ms + n1)

+ 2m3(ming +mind +m$ +nd) + mi(dming + 2m3n?

+ dmynd + mi 4 n) + 2m3ming (m3 + nd) — 8mEm3n?

3 {ms(m? +ni)

— dmgm3n3(my 4+ ny) — 2mint}. (6.13)

4) n3 = my (without loss of generality) and everything else generic. It
turns out in this case the generic formula (6.10) is still valid even
though some arguments in (6.9) are degenerate. One can simply plug
in the parameters with ng = mao.

5) nz = —ms3 (without loss of generality) and everything else generic. It
turns out in this case the generic formula (6.10) is also still valid even
though some arguments in (6.9) are degenerate.

6) n3 = —mgy (without loss of generality) and everything else generic. The
correlator is different from the generic formula. We find

(14) _ 2m? — 3myng + 2n?

~16m4m2n3(my —ng)?’

(6.14)

We note that there are three free parameters after taking into account
the level matching conditions, but the correlator only depends on two
parameters.

7) n3 =ms, ny = meg (without loss of generality) and everything else
generic. The level match conditions also require ny = my. We find
the correlator

15 (1 1 1 m3 +m3 +m3)’
FMW = ot (gt — + i 5 232)- (6.15)
120 167* \m{  m3 m3 19272mimsms3



496 MIN-XIN HUANG

8) ng = ms, ny =m; (without loss of generality) and everything else
generic. The level match conditions also require ny = mo. We find
the correlator

1
F(14) — 9 6 6\ 12 4 4
4874 m3n(my — n1)*(my + m)z[ (mi +ny) = 12many (my +ny)
—9mAnt(m? +n?) + 36mint — w*mini(my —n1)?]. (6.16)

We note that we would get an incorrect result by simply setting ms =
—my1 —mg = —mj —nq in (6.13), though there is no apparent singu-
larity in doing so. In other words, the condition ng = m; generates
more degeneracies and further modifies the result.

9) ng = may, ny =m; (without loss of generality) and everything else
generic. The level match conditions also require my = m3. In this
case, the generic formula (6.10) is valid.

10) n3 = —mg, ng = —my (without loss of generality) and everything else
generic. The level match conditions also require n; = —mj. In this
case, the generic formula (6.10) is valid.

11) ng = —ma, ne = —mg (without loss of generality) and everything else
generic. The level match conditions also force ny = —my. In this case,
the generic formula (6.10) is not valid, and we find

a1
F = Gt (6.17)
We note that this can not be obtained from the more generic formula
(6.14) for the case of n3 = —mgy by further setting ny = —m;.
12) ng = —mg, ne = —my (without loss of generality) and everything else
generic. The level match conditions also force n; = —mg. In this case
the generic formula (6.10) is not valid, and we find

ﬂw:7ﬁ;?m+@. (6.18)
dmtming(my — ny)?
This is also different from the more generic formula (6.14).
13) ng = ms, ng = —my (without loss of generality) and everything else
generic. In this case the correlator can be obtained from the case
of n3 = mgs discussed above by further setting no = —mgo in (6.13).
In other words, the condition no = —ms does not further change the
correlator through degeneracies.
14) ng = ms, na = —my (without loss of generality) and everything else

generic. In this case the correlator can not be obtained from the pre-
vious case of ng = msg by further setting no = —m;. In other words,



HIGHER GENUS BMN CORRELATORS 497

the condition ng = —my changes the correlator through more degen-
eracies in the integral. We find the correlator

) _ 3m$ + 3miImj + 6m$ + mimIm? (m% — m%)2

(6.19)
48m4m3m} (m? — m§)2

15) ng = —mg, n2 = mq (without loss of generality) and everything else
generic. In this case the generic formula (6.10) is valid.

16) ng = —ma, ny = mg or ng = my (without loss of generality) and every-
thing else generic. In this case the correlator can be obtained from the
more generic previous case of ng = —mgy (6.14). In fact, the condition
ng = mg or ng = my does not change the correlator at all, since the
formula (6.14) only depends on two parameters m and nq.

One general pattern in these discussions is that the degeneracies m; =
—n; and m; =n; (i # j) are more benign than the other cases of m; = n;
and m; = —n; (i # j), and one can often obtain the correlator by directly
plugging these benign conditions in the formula of a more generic case.
There is only one exception to this pattern encountered in case 8 where the
condition ny = m; does modify the formula for the correlator from a more
generic situation.

It is also possible to derive the factorization relation SU1% = 2F(4) yging
the integral form of the vertices as we did in Section 5.2 for BMN operators
with two stringy modes. This would be much more complicated than the
previous case but the derivation would apply to all the degenerate cases
without the need to discuss each case separately.

7 Conclusion

In this paper, we check the factorization relation (4.2) in many examples
where the initial state is a single string state. However, we expect the
factorization to also work for certain string diagrams in the cases where
both initial and final states are multi-string states, so long as no string in the
intermediate steps of the string diagram is longer than all the external initial
and final strings in terms of the number of Z fields in the corresponding
trace operator. This is supported by the study of tree level 2 — 2 process
in Section 3.2, where we find the factorization works for T, U channels, but
fails for the S channel because the string propagating in the S channel is
the longest string.

It is well known that in flat Minkowski space, the string amplitude at
h-loop level goes like (2h)!g2" for large h, while the Yang-Mills field theory
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amplitude goes like h!g%w, where gs and gy s are the coupling constants
of the string theory and field theory. The perturbation theory is divergent
but is Borel summable. There is an ambiguity in performing the Borel
summation of asymptotic series, which is of the order e=4/9 for string theory
and e‘A/Q%M, where A represents a positive number. These ambiguities
come from non-perturbative effects not captured by the perturbation theory,
and they come from D-branes in the case of string theory and instantons
in the case of gauge theory. In our case, the effective coupling constant is
g= JWQ At genus h level, there are (th +11)” field theory diagrams [22]. For
the vacuum operator each diagram contributes 1/(4h)!, so the perturbation
series is actually convergent and can be summed up

_ w (4h—1) _ 2sinh(g/2)
(0’0" = hZ:% (2h + 1)(4h)!92h N g ‘ (7.1)

We do not expect a qualitative change to convergence property for the cor-
relators of general stringy BMN operators. To explain the convergence, we
note that in the free field limit A’ = 0, we effectively “zoom in” an infinites-
imal patch of the spacetime where the corresponding string theory lives, so
that the spacetime becomes infinitely curved and the strings are infinitely
long. We conjecture that in this limit we have decoupled the D-branes and
their non-perturbative effects, so the string perturbation theory is complete
and convergent.

Appendix A Some useful summation formulae

Some useful summation formulae for many of the calculations of string dia-
grams is

= 1 B _Wcot(aﬂr) — cot(agm)
p;oo (p—a)(p—a2) ap — oy ’
S sin?(pr3) B v sin(ay(1 — 3)) sin(ay7)3)
p;oo (p—o1)(p—a2) (a1 — ) [ sin(ay)
_ Sin(aw(;;(iii:;in(awﬁ) ’ (A1)
i sin(2p73) _ T [sin(ozlﬂ'(l —2p)) sin(agm(1—23))
(p—a1)(p—a2) (a1 —as) sin(aq7) sin(ag) ’

p=—00
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Here, we assume a7, ag are not integers, and 0 < 8 < 1 in the second and
third equations. Since the series is absolute convergent, we can take deriva-
tive with respect to a1 or ae and generate more formula with higher power
of p — «; in the denominator. Sometime we need to take the limit where one
of the a;’s is an integer, in this case the summation formulae are still valid
but we need to exclude p = o; in the summation on both sides carefully.
We can also subtract the formulae with each others to generate summation
formulae with more factors in the denominator. For example, we can see

1

(p—a1)(p — az)(p — as)

1 1 1
") G- G-aD@-an| MY

which can generate a summation formula with three factors in the denomi-
nator from formulae in (A.1).

The formulae in (A.1) can be also thought of as coming from the following
simpler formulae:

— 1
Z = —mcot(am),
p=—oo P ¢
eQﬂ'ipﬂ efﬂ'ia(172ﬂ)
= —r1———, (0< 8 <1). (A.3)
W ! sin(a)

However, the sums in these formulae are not by themselves convergent,
though they are Borel summable. They should be only thought of as “seed
formulae” for formal manipulations to generate convergent summation for-
mulae such as (A.1). All the sums in the string diagrams are absolute
convergent without the need for regularization.

Another useful formula is about the Dirac delta function,

[e%e] —+o00
Yo =N Gz — k). (A.4)
p=—00 k=—00

This is special case of the Poisson resummation formula. This formula would
be useful for performing the sum over intermediate string states in string
diagrams with the integral form of the 3-string vertex.
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Appendix B Field theory calculations for (O 0O7 ),

m,m ~ —n,m

Here we recapitulate the methods in [17] for computing free field corre-
lator (O7, . O7 nn) at genus h. At genus h there are (42};1;_&” cyclically
different dlagrams [22]. Each diagram can be represented by a permu-
tation o : (1,2,...,4h) — (0(1),0(2),...,0(4h)). In our terminology this
is an irreducible short process, extendable into long processes and string
diagrams.

To compute the contributions of a field theory diagram, one defines the
following standardized integral:

1
I(u17u27"'7u7‘) = / dwl dl‘r(s(l’l + +x7” . 1)eu1$1+-..’u/p"ﬂr‘ (Bl)
0

It is clear that the integral is unchanged if we add an integer multiple of 27i
to all the arguments. If some of the w;’s are identical, one uses the following
notation:

Lay oy (Ui, ug,  oue) = 1(ug, oo ut,ug, e U2y e Uy ey Uy), (BL2)

where a;’s are integers representing the numbers of the u;’s in the right hand
side, and for a; = 0 we can just eliminate the corresponding argument. The
integral can be calculated by the following recursion relation:

(ui - uj)I(al,...,ar) (ul7 Uy« .., u?”)

= I(al,...,aj—l,..‘,ar) (ula U2, ..., u?“) - I(al,...,ai—l,...,ar) (u17 U2, - - - ur)a

If u; # w; then this equation can be used to reduce the number of arguments,
but the relation is also valid and both sides are zero when w; = u;. From
the recursion relation one can obtain the formulae for the integral:

I(uy,ug,. .. u, Z “11_[ i — i) (B.4)

=1 J#i
= (D) 0u;)%
I(al+17~~-7ar+1) (ula cee 7“7“) = H (/a.l)l(ul’ cee 7u1“)a (B5)
i=1 v

where the wu;’s are different.

Now the contribution of a field theory diagram of permutation o € Sy
can be expressed in terms of the integrals (B.1). First one adds a fixed point
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4h 4 1 to the permutation ¢ to obtain another permutation & € Syp,41, and
for 1 <1i < 4h+ 1 one defines the following numbers:

ll;(c) = number of {j | j < i,5(j) < (i)},
Iri(c) =number of {j | j <i,6(5) > (i)},
rli(0) = number of {j | j > i,6(j) < &(i)},
rri(o) = number of {j | j > i,6(j) > (i)},

then the contribution of a field theory diagram represented by permutation

o to the correlator (07, .07, ), can be expressed as

4h+1
Fo(m7n) = Z I(lli(0’)+1,l1”i(U),Tli(o'),TT’i(O')+1)
=1
X (2mi(m — n), 2mim, —27in, 0). (B.6)

To understand this formula, we note that since ll;(c) + Ir;(o) + rl;(0) +
rri(o) = 4h, this is a 4h + 2 dimensional integral with r» = 4h 4 2 in terms
of (B.1). The integration variables come from the division of the single
trace into 4h segments, and also there are two scalar insertions in the BMN
operators which further add 2 integration variables when we sum over the
positions of the scalar insertions. The exponential factor in (B.1) corre-
sponds to the BMN phases in the operators. For single traces operators, we
can use the cyclicality to fix one scalar insertion in one of the 4h segments,
then the other scalar insertion can run in any of the resulting 4h + 1 seg-
ments, generating a sum over 4h + 1 terms in (B.6). If one of operators are
multi-trace, we can no longer use the cyclicality and the integrals would be
more complicated.
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