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Abstract

Berenstein, Maldacena, and Nastase have recently discovered a particular limit of
AdS/CFT correspondence where string theory in a plane wave background is dual
to a sector of ' =4 SYM in a double scaling limit. It is based on the observation
that a plane wave background can be obtained by taking Penrose limit of Anti de
Sitter background. The corresponding gauge theory limit is identified via AdS/CFT
dictionary. This proposal is especially exciting because string worldsheet theory in
a plane wave background is exactly solvable, thereby opening a possibility that one
can go beyond supergravity approximation. In the absence of string interactions,
the duality made a remarkable prediction for anomalous dimension of gauge theory
operators from exact free string spectrum, which was soon verified.

In this thesis, we attempt to extend the duality to the interacting theory level. We
propose that the correct holographic recipe is to identify the full string field theory
Hamiltonian with the dilatation operator of gauge theory. In practice, we must find an
identification map between string theory and gauge theory Hilbert spaces and evaluate
matrix elements of the two operators accordingly. The requirement that the inner
product should be preserved determines a unique identification map assuming that
it is hermitian. We show that transition amplitudes of string field theory agree with
matrix elements of dilatation operator under this preferred identification for states
with two different impurities. We later extend it to states with arbitrary impurities.
In doing so, we find a diagrammatic correspondence between string field theory and
gauge theory Feynman diagrams thereby providing direct handles on the duality. Our
proposal is universal in the sense that it is applicable to any interaction type such
as the open-closed interaction, and to all orders in go and \. Hopefully, this thesis
will be a key step towards proving the novel duality and a beginning of an exciting

journey to the stringy regime of string/gauge duality.
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Chapter 1

Introduction

String theory was originally born as a theory of hadrons. Strings were a dynamical
realization of Faraday flux lines between quarks with a length of about 107! cm.
The theory successfully explained many properties of hadrons including linear Regge
trajectories. However, the theory had the unusual feature that it inevitably contained
a spin-2 massless particle, which came from the closed string spectrum. It was a
mystery at the time because the only consistent way to couple such particles is to
treat them as “gravitons,” and definitely we were not dealing with gravity. In the
early 1970s, it was discovered that hadrons and mesons are made of quarks which
are described by Quantum Chromodynamics (QCD), and string theory soon lost its
original motivation of describing the strong interaction. Shortly after, string theory
was reborn in a more ambitious fashion, as a unified theory of all interactions in
nature, particularly, a quantum theory of gravity [1, 2, 3]. Previous attempts to
quantize gravity based on point particles were not successful due to divergent short-
distance behavior. String theory naturally spreads out the interactions over spacetime
in a consistent manner, thereby cutting off the divergences. Presently, string theory
is the only known consistent quantum theory of gravity. It is hoped that string theory
can address all the important problems in quantum gravity such as Hawking radiation
and spacetime singularities. Much progress has been made in this direction, but our
understanding is yet far from complete.

Perturbative study of QCD, a non-Abelian gauge theory (also known as Yang-



Mills theory) with SU(3) gauge group, has deepened our understanding of the strong
interaction since its discovery. QCD is however strongly coupled at low-energy, and
therefore perturbative analysis no longer applies. A full understanding of the theory
in this regime is not available to date even though partial success has been achieved in
supersymmetric analogues. In particular, quark confinement remains as a challenging
problem in theoretical physics. In 1974, 't Hooft conjectured that in the strong
coupling regime, the gauge theory should have a dual string theory description [4].
Let us summarize his argument. Assume that we have a gauge theory with U(N)
gauge group and that all fields in this theory transform in the adjoint representation
of U(N). An adjoint field ®*, where a is an index in the adjoint representation, can be
written as a matrix acting on the fundamental representation, i.e., ® = 3, ®¢[T%]]
where T%’s are the generators of U(N) in the fundamental representation and i, j
run from 1 to N.!' Hence, we can think of ® as carrying two indices, one in the
fundamental and the other in the anti-fundamental representation. The propagator
for @ is

(BIDL) o 6107 (1.0.1)

On drawing Feynman diagrams in this theory, it is natural to represent the propagator
for ® as a double line (or a “fat” line) with each line denoting the fundamental or anti-
fundamental index (See figure 1.1). Then any Feynman diagram looks like a web of
double lines. We further assume that all cubic interaction vertices are proportional to
the Yang-Mills coupling gy s, and all quartic vertices to g¥,,.2 We are interested in NV,
gy dependence of Feynman diagrams. Let us consider a diagram with V = V3 + V}
vertices, E edges, and F' faces. From the interaction vertices, we get gyﬂw“. Each

face is bounded by a index loop, which gives a factor of N from summing over colors

running around the loop. By counting the number of edges in two independent ways,

'More precisely, sub-index and super-index denote fundamental and anti-fundamental represen-

tations, respectively.
2This is the case for N = 4 Super Yang-Mills theory, which will be our main interest in this

thesis.
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Figure 1.1: The double line representation of adjoint fields and a typical vacuum

diagram with genus 0.

we can get a relation 3V3 4+ 4V, = 2F. Altogether, this Feynman diagram gives
NP = NFGE = NV G NP = N, (10

where y is the Euler number of the underlying two-dimensional surface triangulated
by this Feynman diagram and A\ = ¢&,,N is the so-called 't Hooft coupling. The
surface is oriented since the double lines have an orientation and can be compactified
by adding one point at infinity. Then the Euler number is completely determined by
the genus (the number of handles) of the surface, x = 2 — 2g. Hence, the ordinary
perturbative expansion of the gauge theory can be rearranged into a double expansion

in terms of genus and quantum loops:

SONTN Oy A (1.0.3)
g=0 n=0

This sum over the genus or topology of two-dimensional surface is strongly reminis-
cent of the perturbative string expansion if 1/N is identified with the string coupling
constant. This double expansion is valid only if N is large and A is small. When A
becomes large, the string worldsheet emerges from a “fat” Feynman diagram of gauge

theory, and the dual string theory takes over. The string theory is still perturbative



as long as we keep N large. Therefore, this string/gauge duality is more manifest
in the large N limit. From this heuristic argument, we can learn that gauge theory
is linked to string theory, and it is not surprising that string theory was originally
designed for describing the strong interaction. However, little had been known about
whether this argument holds beyond perturbation theory and exactly what the dual
string theory is until the recent discovery of the AdS/CFT correspondence.

The AdS/CFT correspondence is a particular realization of 't Hooft’s idea [5, 6, 7]
(For an extensive review on the subject, see [8]). It is based on consideration of a
stack of large number N of parallel D3-branes in type IIB string theory. Dp-branes are
special non-perturbative objects in string theory with mass of order 1/g, * which are
sources of closed strings, in particular, carrying Ramond-Ramond (RR) charges. They
are also defined as p-dimensional surfaces where open strings can end on [9]. These
two alternative viewpoints provide two equivalent descriptions of the large N D3-
brane system. On the one hand, they deform the closed string background, i.e., curve
the spacetime and generate RR-flux. We can study the system by considering closed
string theory on the resulting background which is a higher dimensional analogue of
extremal black holes. On the other hand, we can consider open strings on the D3-
branes and their interaction with closed strings in the bulk flat spacetime. Now let
us take the low-energy limit with respect to an observer far from the D-brane system.
From the first point of view, we have low-energy supergravity modes propagating
in the asymptotically flat region of the spacetime and arbitrary modes in the near
horizon region. In the limit, these two two types of modes decouple from each other.
From the second point of view, we have a four-dimensional N' = 4 SU(N) Super
Yang-Mills (SYM) theory from open strings on the D-branes and supergravity in the
bulk flat spacetime. Again, in the limit, they decouple. After cancelling out the
common bulk supergravity in the flat spacetime, we come to conjecture that the four-
dimensional N’ =4 SU(N) Super Yang-Mills theory is dual to type IIB string theory
on the near horizon geometry which is AdSs x S° with N units of self-dual RR-flux
through S°. This AdS/CFT correspondence has been the focus of much research since

3¢, is the string coupling constant in string perturbation theory.



its discovery. One crucial relation between string theory and gauge theory parameters
in this duality is
R 9

o2
where R is the common radius of AdSs and S°, and Va! is the fundamental string
length scale. In practice, we take the supergravity approximation of string theory
because string theory on AdS5 x S® is hard to quantize due to the notorious difficulty
of dealing with RR-flux. This approximation is valid only if the curvature of spacetime

is small compared with the string scale, i.e.,

R4
whereas perturbative SYM computation applies only if the 't Hooft coupling is small,
ie.,

R4
H=A<L (1.0.6)

Therefore, the regimes where we can analyze each side of the duality are mutually
exclusive. This fact has been a source of excitement, as well as frustration in the past
years. We can make interesting predictions for strongly coupled gauge theory from
classical geometry using the duality, for example, but we are not able to prove them.
Nevertheless, AdS/CFT has provided us many conceptual advances. It is an explicit
realization of the holographic principle of quantum gravity [10, 11], which states that
a quantum theory of gravity in a region can be described by a theory at the boundary
of the region with at most one degree of freedom per Planck area. This is deduced
from the fact that the entropy of a black hole is proportional to the area of its horizon
and from the subsequent argument of Bekenstein [12] that the entropy of a system
surrounded by a surface should be bounded by the area of the surface. Otherwise, we
can think of a process of formation of a black hole having the surface as its horizon,
and then the entropy would decrease during the process. AdS/CFT could also give
us a non-perturbative definition of quantum gravity or string theory at least on a
particular background since we know how to define SYM non-perturbatively.

The aforementioned difficulty of studying strings propagating in an RR back-

ground has been a challenge for string theorists. There have been many attempts to



overcome it, leading finally to a breakthrough. The idea is that we can take a limit
of the original AdSs x S® background to simplify the situation. The limit actually
taken is the so-called Penrose limit [13, 14, 15, 16]. The Penrose limit is, roughly
speaking, to zoom in on the vicinity of a null geodesic in the original spacetime. It
results in a background that an imaginary observer travelling along the null geodesic
would observe. In general, one obtains a plane wave (or pp-wave) geometry in this
limit. The limit has the nice property that the number of symmetries including su-
persymmetry of the background never decreases in the limit. In this way, we can
obtain a maximally supersymmetric plane wave background of type IIB supergravity
or string theory from the AdSs x S° background. This background is much simpler
but still has an interesting light-like RR-flux inherited from the original background.
Another important input came from [17], which showed that free string theory in
the plane wave background can be exactly solvable* despite the presence of RR-flux.
In the seminal paper [18], Berenstein, Maldacena, and Nastase (BMN) identified the
corresponding limit in the dual gauge theory via AdS/CFT correspondence. The
limit of gauge theory turns out to be a double scaling limit where N, J, A are taken
to infinity while \/J? and J?/N are kept fixed. Here J is the charge for U(1) inside
SO(6) R-symmetry which corresponds to the direction along which the null geodesic
winds around S°. In this limit, the gauge theory truncates to a subset of operators
with large R-charge J but finite A — J. One would think that 't Hooft’s expansion of
gauge theory (1.0.3) might not make sense because A goes to infinity, and that, even
if so, only planar diagrams (diagrams with g = 0) might contribute since 1/N goes
to zero. In fact, both expectations are too naive and one finds a well defined double
expansion in terms of g, and A’ [19, 20],
go = i\i N = ;\2, (1.0.7)
Now go counts the genus of diagrams and A\’ measures quantum loops instead of 1/N

and A,
g5 Y Con, (1.0.8)
g=0 n=0

4One should use Green-Schwarz strings in the light-cone gauge.



The reason why we have a sensible expansion in strong 't Hooft coupling limit is that
the class of operators we are looking at in this limit nearly satisfies the BPS condition
A = J, thereby leaving the nonrenormalization theorem partially intact. Therefore,
there are quantum corrections, but they are actually controllable in the limit. All the
non-planar diagrams do contribute in the N — oo limit because a growing number
of Feynman diagrams at a given genus can compete with the suppressing factor of
N2-29

Hence, we have an exciting possibility that we can check AdS/CFT beyond su-
pergravity approximation and also that both sides of the duality may be calculable in
the same regime. A crucial step in making the correspondence precise is to identify
the charges of string states in spacetime with the charges carried by gauge theory

operators. The identification is given by

1
= A—J (1.0.9)

where H is the light-cone Hamiltonian corresponding to a light-cone time of the plane
wave background, and p is a mass scale introduced while taking the Penrose limit
of AdSs x S°. The details will be explained later. The first check of the duality is
to compare the free string spectrum with anomalous dimensions of operators in the
planar limit via (1.0.9). Remarkable agreement is shown perturbatively in [18, 21],
and to all orders in )" using superconformal invariance in [22].

The next question we should address is how to go beyond free string theory.
Once we turn on the string coupling, strings start joining and splitting and the free

Hamiltonian receives corrections of all orders in the string coupling,

Splitting/joining transition amplitudes via the interaction Hamiltonian should be
captured by the dual gauge theory. On the string side, investigation of interacting
string theory in plane wave backgrounds was initiated by [23] and soon followed by
many authors using light-cone string field theory [24, 25, 26, 27, 28, 29, 30, 31, 32, 33,
34, 35] or using string bit model [36, 37, 38, 39]. The main interest in this direction is



construction of the cubic Hamitonian and evaluation of its matrix elements between
single- and two-string states. On the other hand, many computations have been done
in the BMN limit of gauge theory [40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52,
53, 54, 55, 56]. However, it is not clear how to match both sides of the duality at the
interaction level.

In the original AdS/CFT, we have a general holographic description [6, 7], where
gauge theory operators inserted on the boundary of AdSs give boundary conditions for
the corresponding fields in AdSs. In this way, we can extract, in principle, bulk inter-
actions from boundary gauge theory correlators. Notice that, however, the boundary
of AdSj5 is pushed to infinity and eventually lost in the Penrose limit because we are
focusing on a trajectory lying deep inside AdSs;. Therefore, we do not have a holo-
graphic map of a plane wave background directly inherited from that of AdS/CFT.
In fact, it is shown that the conformal boundary of a plane wave geometry is a one-
dimensional null line [57]. Therefore, one expects the holographic dual theory to be
a quantum mechanical system, but such a system has not yet been found?®.

In this thesis, we attempt to answer this important problem: “How can we describe
string interactions in a plane wave from gauge theory?’ Our guiding principle is simply
to take the relation (1.0.9) as the holographic map for all orders in the string coupling.
This philosophy was first put forward by [40]. In order to use the relation (1.0.9), we
need to sandwich the operators on both sides of the equation by states in string and
gauge theory. Therefore, we first have to find an explicit map between the Hilbert

space of string states and the Hilbert space of states in the gauge theory,
[54) = [Oa), (1.0.11)

where |s4) is a string state and |O4) the corresponding gauge theory state (or equiva-
lently operators via state/operator correspondence of conformal field theory). More-

over, in order for the comparison to be meaningful, such a map must preserve inner

5Tt is plausible that the double scaling limit of the subset of operators that we consider here may

effectively give rise to a quantum mechanical system. See [58, 59] for development along this line.



products of the two Hilbert spaces,
(salsp) = (04|O). (1.0.12)

In string theory, there exists a canonical diagonal inner product, namely, states with
different number of strings are orthogonal. In gauge theory, a natural inner product is
given by mixing of two operators, but operators with different number of traces tend
to mix to all orders in go. Therefore, we need to diagonalize the gauge theory inner
product order by order. After finding this identification, we can test our proposal by
checking

;<sA|H|sB> — (04l(A — 1)|O). (1.0.13)

We emphasize that this remarkably simple recipe is universal. First, it applies to
any tn- and out- states no matter what they are, two-string states, three-string states,
or even open string states if any. Computations on both sides are well defined, and
we need not find a separate recipe for each interaction type. Furthermore, it can
be used for all orders in g, and A\’ without modification. We know how to compute
corrections in go and A to both sides of (1.0.9) and we just have to compare order
by order. Throughout this thesis, however, we restrict ourselves to first order in N
and leave higher loop analysis for future study. Also, we are mostly interested in
calculations to first order in go, the so-called cubic Hamiltonian, but we will perform
some order g5 contact term analysis.

The rest of the thesis is organized as follows. In the subsequent sections, we
explain in detail the Penrose limit of AdS/CFT. In Chapter 2 which is based on [60],
we formulate our proposal more precisely and apply it to the simplest class of string
and gauge theory states. This will be generalized to arbitrary states in Chapter 3
based on [61] and we complete a proof of agreement of string and gauge theories via
our proposal to first order in g, and ). We also show some agreement to order g5 and
A. In so doing, we find a correspondence between gauge theory Feynman diagrams
and string field theory Feynman diagrams®. This tells us that the agreement is not

a numerical coincidence, but a physically meaningful duality. In the Penrose limit of

6We will define string field theory Feynman diagrams in Chapter 3.
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AdS/CFT, we will see explicitly each elementary gauge theory field forming string bits
and string worldsheets emerging from gauge theory Feynman diagrams. We conclude

the thesis in Chapter 4. Many details of analysis are presented in the appendix.

1.1 AdS/CFT correspondence and Penrose limit

Let us explain AdS/CFT in more detail. In the global coordinate system where the

duality is the most conveniently formulated, the metric of AdSs x S® is given as
ds* = R? {—dt2 cosh? p 4 dp* + sinh? p dQ2| + R?dO2, (1.1.14)

where R, the common radius of AdSs and S°, is given by R* = ¢%,,Na?, and dQ2
is the round metric of an n-sphere. The background is also equipped with a self-dual
RR-flux,

/35 F, = N. (1.1.15)

The Yang-Mills coupling and the string coupling are related by
Go oy = 4mgs. (1.1.16)

The SYM lives on R; x S which is the conformal boundary of AdS5 located at
p = oo. Here R; is the direction along the global time ¢. The four-dimensional
N =4 SYM is known to have a conformal symmetry group including ordinary Lorentz
symmetry. In a conformal field theory, there are no asymptotic states or S-matrix,
and natural objects are operators and correlation functions among them. That said,
it is convenient to radially quantize the SYM, meaning that we map R, of R; x S3
to the radial direction of R* as we do in quantizing the worldsheet theory of strings.
Then states on S in the SYM on R; x S® are mapped to local operators in the SYM
on R*.

The duality implies matching of the global symmetries of the two theories. The
string theory has as a global symmetry the isometries of AdSs x S® which is SO(4,2) x
SO(6). The SYM has the four-dimensional conformal symmetry group SO(4,2) and
also the extended N' = 4 supersymmetry which includes SO(6) R-symmetry. Using
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this identification, we can match symmetry generators on both sides. In particular,
the Hamiltonian H; of the string theory associated with the global time ¢ is identified
with the scaling operator A of the SYM on R*. Also the rotation symmetry generator
along a great circle in S® corresponds to the generator of a U(1) subgroup of the SO(6)
R-symmetry group.

On taking the Penrose limit of AdSs x S, it is convenient to express S° part of

the metric as follows :

ds* = R? [—dt2 cosh? p 4 dp* + sinh? p dQ2 + dyp? cos? p + dp?* + sin’ ¢ dQﬂ ,
(1.1.17)
where 1) ~ ¢ + 27 and ¢ ~ ¢ + 27. Translation in ¥ amount to rotation along a
great circle of S°. We introduce light-cone coordinates
t

A ;, v = puR3(t —1p), = Rp, 7T = RO, (1.1.18)

where p is a free mass scale that can be introduced, and we take the Penrose limit,
i.e., R — oo with g, o fixed. Then the metric and the RR flux reduce to the form

of a plane wave background :
ds® = 2dxtda™ — (P2 + 7y )dat? + di? + diy, (1.1.19)
Fi1934 = Flysers = p, (1.1.20)

where 71,7, € R* and we denote 7, = (21, ..., 2%), 7| = (2%, ..., 2%). Now let us consider

the corresponding limit of the dual gauge theory. As explained above, we identify
i — A, —idy o J, (1.1.21)

where A is the generator of dilatation and J is a U(1) generator in SO(6)g. Hence,
one finds that
1

7
CH = Lo —i@40y) = A,
. M+(t )

pR*PY = ipR*0,- = —idy = J, (1.1.22)

where H is the generator of x™ translations, and P* is the generator of z~ trans-

lations. In the Penrose limit, we keep the light-cone energy and momentum finite.



12

Therefore, the gauge theory is restricted to operators with large R-charge J ~ v N
and finite A — J in the limit N — oo with gy, fixed. The true dimensionless param-
eters of string theory in the plane wave background are up*a’ and g, while those of

gauge theory are X' and g, as explained before. They are related as follows

1
r_ - _ + \2
A= o T dmgs(up*a’)®. (1.1.23)
In the plane wave background, the Green-Schwarz string action reduces to the

following form in the light-cone gauge

S:

! /dT /m/p+ do {122 Ll lpa, <1S 9,81 + 28,05y — pS T4 ﬂ
2ra’ 0 27 2 2 g I g ! 2)1
(1.1.24)
where S; are positive chirality SO(8) spinors. Upon quantization, the Green-Schwarz
string gives rise to towers of massive bosonic and fermionic harmonic oscillators, a’,

and 0% (i,a =1,---,8) with frequency

(1.1.25)

The light-cone Hamiltonian is given as

00 oo n2
H= Nywyp, = 1 Noy| 1+ —+, 1.1.26
nz::o nzz:o \  (upta’)? ( )

where N, denotes the total occupation number of that mode for both bosonic and
fermionic oscillators with frequency w,. Notice that we have vanishing zero-point
energy due to cancellation between bosons and fermions. Using the identification
(1.1.22) and (1.1.23), we can rewrite (1.1.26) in variables better suited for the dual
gauge theory,

A—J=Y N.,V1+Xn2 (1.1.27)
n=0

Now our first task is to find a class of gauge theory operators with anomalous dimen-

sions predicted by (1.1.27).
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In the next section, we review identification of string states and gauge theory
operators in the absence of string interactions, which is done in the original paper

[18] by BMN. Those operators are named in the literature as “BMN operators”.

1.2 Free strings from BMN operators

Let us briefly review the four-dimensional N' = 4 SYM. In terms of N/ = 1 superfields,
this theory contains one vector superfield V' and three chiral superfields Z,®,¥ in
the adjoint representation whose lowest components are complex scalar fields named
with the same symbols Z,®,W. The potential of those complex scalars come from two
origins, F-terms and D-terms :

Ve = gy (I2,9]° + |2, V] + |[@, ¥]])

Vo = gin (12.2]+ (0,8 + [V, 7)), (1.2.28)

We can decompose each complex scalar into two real scalars as

_ ¢1+ i \I,_¢3+i¢4 Z_¢5+i¢6
x> Y a YA

These six scalars actually represent the six transverse directions of the original D3-

) (1.2.29)

branes. Without loss of generality, let us set J to be the generator of rotations on
the ¢s-¢¢ plane. Then, Z and Z have U(1); charge +1 and —1, respectively, while
the other complex scalars are neutral.

We consider first the gauge theory operator dual to the light-cone ground state
|0,p™). The dual operator must be a chiral primary operator with A — J = 0. The
unique solution to this requirement is TrZ”. With a proper normalization factor in

the planar limit, we identify

1
JN/

0,p) « O7 = TrZ’. (1.2.30)

This operator has classical dimension A = J and it does not receive quantum cor-
rections. Hence A — J = 0 remains true in the full quantum theory as predicted by

the duality. Next, consider zero-mode excitations of the ground state, i.e., afﬂ(), p).
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The ground state breaks 8 out of 16 bosonic symmetries of the background, and
these states are Goldstone bosons corresponding to the broken symmetries. Using
the AdS/CFT dictionary, we can find corresponding symmetries in the gauge theory,
and the dual operators are obtained by the action of those symmetry generators on
O7. This process is explained in Appendix A and we summarize the result here. The
dual operators are obtained by inserting D;Z or ¢; (i = 1,2,3,4) inside the string of

J 7Z’s and subsequently symmetrizing over all possible positions, i.e.,

, 1 . 1
alf0,pt) & 0 = ZZ¢ZJ‘Z> = Tr (¢:27) (1.2.31)

J—1
Ao et (257 =
similarly for D;Z insertions. This operator is also a protected operator and its di-
mension is given as the classical value J + 1. It agrees with the fact that the state
ai'|0,pT) has H/p = 1. Tt is convenient to think of each insertion as carrying a nor-
malization factor 1/1/.J since each insertion generates a sum over J positions. In the
last equality of (1.2.31), we use the cyclic property of trace. Here, we are beginning
to see the intuitive picture that a Z is representing an unexcited string bit and a
¢ an excitation or impurity on the string. The cyclic property of trace amounts to
translational invariance along the string (i.e., o-direction).

Now, let us think about non-zero modes aif|0, p*). Since n denotes worldsheet mo-
mentum, we assign a worldsheet momentum n to the corresponding impurity meaning

that the sum over position [ is now weighted by a phase exp(2mwinl/J),

) 1 J—1 ' :
alf0,p*) < Of,,) = VINT S ety (Zl\%ZH) : (1.2.32)
=0

In fact, the state a’’|0, pT) is not a physical state since we should impose the level-
matching condition >, n/V,, = 0 coming from the translational invariance along the
string. Consistently, the dual operator is identically zero due to the cyclic property

of trace,

J-1 J—-1
eQm'nl/JTr (Zl gbl ZJ—Z) — Tr ¢ZZJ e27rinl/J =0. 1.2.33
> Vi #2) % e
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This is a nice consistency check for the duality. Therefore, we need at least two
insertions to talk about non-zero modes. Anyway, this illustrates the general rule
of constructing dual operators; for each string oscillator, we insert a corresponding
impurity and sum over all possible positions along the string of Z’s with a proper
phase.

Following the rule, we construct the dual operator of the on-shell string state

aitaif]0, pt) as

L ) It et b b;
it ato,pty - 0f = SN et/ <Z~--Z . Z---Z]Z---Z>
a*naj’n 7p — 17, - € r
) ” VIN’ (25 vai Ve
1 ! 2minl
— minl/J AP AR
- = e Tr (@Z 07 ) : (1.2.34)

N
Il
o

where [; and [; are the positions of ¢; and ¢;, respectively. In the last equality, we
use the cyclic property again. In general, we can either sum over the positions of
all impurities reserving the use of the cyclic property, or we can fix the position of
one impurity and sum over the positions of the remaining impurities. We call the
two representations of BMN operators as “off-shell”” and “on-shell” representaions
respectively, which are elaborated in Appendix B.

This identification should be justified by computing all two-point functions among
those two-impurity operators and by showing that they diagonalize A in the planar
limit, because the corresponding string states are eigenstates of the light-cone Hamil-
tonian in the absence of string interactions. Such an analysis was first performed in
[18] by BMN. It is crucial that those operators are nearly BPS and so that we can use
a partial nonrenormalization theorem. D-term interaction, gauge boson exchange,
and self-energy diagrams cancel among themselves, and we have only to take F-term
interaction diagrams into account. The form of F-term interactions and the planar
limit allow only interactions between neighboring impurities and thereby imposing
locality on the string worldsheet. BMN have obtained the first-order correction to

the classical dimension and shown that the above identification is indeed correct.

"Here, shell means the level-matching shell.
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The second-order analysis is done in [21], and the full square root of the frequency
is recovered from the gauge theory in [22] using a clever superconformal symmetry
argument.

In the next chapter, we start to explore the string/gauge theory duality at the

interaction level.
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Chapter 2

Gauge theory description of string
interaction in a plane wave

background: two impurities

2.1 Introduction

In this chapter, we present our proposal of how gauge theory describes string inter-
actions in a plane wave background, and apply it to the simplest class of string and
gauge theory states with two scalar! impurities.

The first concrete proposal to this problem was made in [19], which relates these
string theory transition amplitudes with three-point functions of BMN operators in
the gauge theory. Their proposal is therefore the first attempt to construct a holo-
graphic map at the interacting level between string theory in a plane wave and gauge
theory. This interesting proposal? was put to an explicit test by Spradlin and Volovich
in [26], where some Hamiltonian matrix elements were computed using the string field
theory vertex constructed previously in [23]. Exact agreement with the proposal given
in [19] was reported. Unfortunately both the field theory and string theory computa-

tions suffer from errors which, when taken into account, invalidate the proposal. On

!By this, we mean ¢; (i = 1,2,3,4).
2Various aspects of this proposal were considered in [24, 41, 43, 25, 44, 27, 45, 46, 28, 31, 62, 50].
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the field theory side, operator mixing is more important than initially contemplated
in [20, 19]. Three-point functions of single trace operators with order )" interactions
are not conformally invariant, but the correct form is restored after operator mixing
is incorporated, as shown in [47, 48]. On the string field theory side, the prefactor
acting on the delta functional overlap of three strings that enters the Hamiltonian Hj
[23] has a minus sign error, which was first reported by Pankiewicz [30]. Once matrix
elements are recomputed with the corrected Hamiltonian Hs, which we calculate in
Section 2.2, agreement with field theory is lost. Therefore, what is the correct holo-
graphic map between string theory in the plane wave [15] and NV = 4 SYM at the
interacting level?

The most straightforward way to proceed, which was first advocated in a paper
by Gross, Mikhailov and Roiban [21], is to take the identification (1.0.9) between
the string field theory Hamiltonian H and the generator of scale transformations
A — Jin N = 4 SYM as the holographic map for all g,. This holographic map
therefore identifies Hamiltonian matrix elements in string field theory with those of
the dilatation operator in gauge theory. In order to test this identification one must
find an explicit map between the Hilbert space of string states and the Hilbert space
of states in the gauge theory. Moreover, in order for the comparison to be meaningful
one must compute the matrix elements of these operators in a basis in which the
Hilbert space inner product in gauge theory is the same as that in string field theory.
The obvious inner product in the Hilbert space of string theory is the familiar inner
product where, for example, the one-string states are orthogonal to two-string states.

In gauge theory, the Hilbert space inner product is induced by the matrix of

two-point functions of BMN operators?
|2[*2°(040p) = Gap + TapIn(a®A*) ™", (2.1.1)

where GG 4p is the Hilbert space inner product and I'4p is the matrix of anomalous

dimensions. Unlike with the usual Hilbert space inner product in string field theory,

3In this formula the various rows and columns describe single trace, double trace, etc components.

A more complete characterization of this matrix is given in Section 2.3.



19

which remains diagonal to all orders in g9, perturbative corrections in gauge theory
induce operator mixing at each order in g in perturbation theory and the Hilbert
space inner product is no longer diagonal. Direct comparison with string field theory
calculations requires correcting for operator mixing systematically, order by order in
the go, expansion by making G 4p orthonormal via a change of basis.

In order to relate string theory to gauge theory calculations via (1.0.9) we must
calculate the matrix elements of the dilatation operator. It is straightforward to show
that the matrix elements of the dilatation operator between states created by BMN

operators are given by the matrix of anomalous dimensions?

(Oa|(A = J)|0g) = (A° — J)Gap +Tap = nGap + Lag, (2.1.2)

where n is the number of impurities. Comparison of matrix elements of H and A
requires first making the gauge theory inner product orthonormal order by order in
perturbation theory. We can accomplish this by finding a new basis of operators

0) A = UupOp such that they are orthonormal
UGUT = 1. (2.1.3)

When g, = 0, the correct identification between string states and gauge theory op-
erators was given by BMN. Namely, an n-string state is described by an n-trace
operator. Once gy corrections are taken into account this identification has to be
modified. Therefore, the precise mapping between string field theory states |s4) and
gauge theory states |O 4) when gy # 0 is given by®

|s4) = |0a) = UaplOB),  (salsg) = (Oa|Op) = das. (2.1.4)

4Since BMN operators are BPS or nearly BPS, the contribution from the action of A coming

from the bare dimension of the operator is almost cancelled by the contribution from the R-charge

and thereby giving n in (2.1.2).
°In light-cone string field theory the canonical normalization of states is the usual delta function

normalization (sy|s’s) = pié(ph — p5) = Jads, ups, s0 that [s4) = /Ja|sa). Therefore, when
comparing string field theory results with gauge theory results we will have to take into account this

normalization factor, since gauge theory states have unit norm [57, 19].
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In Section 2.3 we give an expression for the change of basis to order g3. Once the

right basis is found, the holographic map reads

1 ~ .
ﬁ<sA|H|sB> = (O4|(A — J)|0OB) = ndap + (UTU) 4. (2.1.5)

An important subtlety in the holographic map (2.1.5) is that the orthonormaliza-
tion procedure of the gauge theory inner product is not unique, namely, the trans-

formation matrix U that makes G4p orthonormal is not unique®

. We uniquely fix
the form U to order g; by demanding that the dilatation operator matrix elements
agree with the matrix elements of the corrected string field theory Hamiltonian that
we calculate in Section 2.2. We then evaluate U to order g3 which via (2.1.5) makes
a non-trivial prediction for string field theory Hamiltonian matrix elements to order
g3 which have not yet been evaluated. Remarkably, this purely gauge theory result
we present is reproduced by the order g string field theory contact term calculation
in [35].7

The rest of the chapter is organized as follows. In Section 2.2 we revisit the string
field theory Hamiltonian Hj3 and point out that there is an incorrect relative minus
sign in [26]8. We recompute Hamiltonian matrix elements with the corrected sign,
which we will use in Section 2.3. In Section 2.3 we fix the form of the change of basis in
gauge theory to order g, by demanding that (2.1.5) holds when the string field theory
matrix elements in Section 2.2 are used. We also evaluate the dilatation operator
matrix elements to order g5 by making a particular choice of basis to order g3 which
allows us to make a calculable prediction by using (2.1.5) about the string field theory

Hamiltonian matrix elements to that order. We note that the final answer agrees with

the recent string field theory result in [35]. A discussion is added in Section 2.4.

6This ambiguity was first pointed out in [21].

It also agrees with the order g3 string bit Hamiltonian [36, 38] matrix elements computed in
[39].

8This sign has been corrected in a recent revision.
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2.2 SFT computation revisited

Before going into our gauge theory computation, let us perform the correct string
field theory calculation that we will compare it to. This also corrects some errors in
the previous literature. In string field theory, the Hilbert space is a direct product of

(-string states,

H = @M. (2.2.6)

All these states are orthogonal with respect to each other and they have an orthonor-
mal inner product. The full Hamiltonian H, representing infinitesimal evolution along

xT, can be expanded in g5 :

H = Hy+ goHs + g3 HY - - - (2.2.7)

In the plane wave background the freely propagating part H, is simply the energy of
an infinite collection of harmonic oscillators «,. The three-string interaction part Hj
is the leading interaction coupling an n-string state to an (n 4 1)-string state, and H}
is a contact term. Following the flat space results in [67, 66] the plane wave vertex
Hj3 has been studied in [23, 26, 30, 32, 33]. The properly normalized cubic interaction
term in the case of purely bosonic excitations along R* in the exponential (BMN)

basis of oscillators is given by?
] (2:28)

where p?;) is the length of string r and P is the prefactor

3 00 "
_ n T‘ (3 7
9We take without loss of generality o p(d) -1« p(l) =y and « p(2) =1—y, where 0 <y < 1.

Therefore, X' = 1/pu?. The large u normalization was fixed in [39, 60] by comparison with a field
theory amplitude.
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with wy,) = \/(,upi;)o/)2 +n? and*®

V) = eXp( Z Z al o Niagl, ) |vac). (2.2.10)
r,s=1m,n=—00
|V} represents the delta functional overlap of three strings in the oscillator basis, and
the prefactor P is necessary to appropriately realize the supersymmetry algebra.
The string states, which are dual to a certain class of two impurity BMN operators

when g, = 0, are given by

n) = alfa?]0,1) (2.2.11)
n,y) = ayfa®]0,y) @1[0,1—1y) (2.2.12)
9)) = a'l0,y) ®ag'0,1 - ), (2.2.13)

where the first state represents a single-string and the other two represent two-string
states. Here |0,y) is the one-string vacuum state carrying a fraction 0 < y < 1 of the
total longitudinal momentum p* of the multi-string state. The Hamiltonian matrix

elements of these states are given by

(13) (13) .

(nl Halm. )~ (g Fypat + F iyt Fiypot) N o = N s i mn > 0
S (13) (13) -

(nlHslm,y)) ~  (F G E sy = FopmE @) Mo T Njmp—pa)s 1 mn <0

23 13
(n|Hsly)) ~ F o (Fh NS + N ), for ¥n 0 (2.2.14)

where F),) comes from the prefactor and the Neumann matrices N[ come from
the delta functional overlap. The negative modes are related to the positive modes

by (here m,n > 0)

N = —Un N i) (2.2.15)
Fio = iU Fgy)ims (2.2.16)

with (U ) = (5myn(\/m2 + (upgya’)? — up%o/)/m. Note that in (2.2.16) we have

an extra factor of i compared to the original literature [26]'!, which was first pointed

0Here we omit the overall p* conservation factor, \p(?) \5( (T p(2) + p(s))
"More explicitly, formulas (3.15) and (3.21) in the original version of [26] should have an extra

factor of i. This invalidates the evaluation of (4.4) [26].
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out in [30]. Using (2.2.15) and (2.2.16), we can show that both (2.2.14) and (2.2.14)
reduce to the same expression.

In order to compare these answers with perturbative gauge theory we must analyze
the p — oo limit of (2.2.14), (2.2.14) and (2.2.14). The u — oo behavior of both
the prefactor and the Neumann matrices was evaluated in [26]. In the y — oo limit,

(2.2.14), (2.2.14) and (2.2.14) yield!?

;<n|H3|m,y>) = 2)7\;2(1—y)sin2(n7ry), (2.2.17)
L) = 5 u(1 — psin o). (22.18)

These corrected results invalidate the agreement previously found in the literature!s.
In the next section we will use these results to test the holographic proposal in (2.1.5)

and will show that agreement is found for a particular choice of basis.

2.3 Orthonormalization and comparison with SFT

In this section, we make a change of operator basis such that the gauge theory inner
product is orthonormal order by order in go. We then compute the matrix elements of
the operator A — J in this basis. An important subtlety in this procedure is that the
basis change that makes the Hilbert space inner product GG orthonormal is not unique.
The leading term at go = 0 is uniquely fixed by the original correspondence explained
in [18] between single/double-string states and single/double-trace operators. When
g2 # 0 the field theory operators start mixing and the matrix with which we make
the inner product orthonormal is not unique, due to the familiar ambiguity when
diagonalizing a matrix. We propose to fix this ambiguity in the change of basis by

taking seriously the proposal in (2.1.5) and demanding that exact agreement with

12The precise overall numerical factor of the cubic string field theory Hamiltonian is not known.

It is fixed by comparing with the gauge theory calculation in the next section.
13 Also due to this extra i, the result proven in [31] that the prefactor reduces to energy difference

between incoming and outgoing states should be modified. Instead it reduces to the energy difference

in cos modes minus that in sin modes that appear in the worldsheet Fourier decomposition.
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the corrected string field theory results computed in the previous section is obtained.
Exact agreement is obtained for a unique choice of basis. This particular choice
is the unique choice for which the transformation matrix is hermitian to order gs.
We then proceed to calculate to next-to-leading order, i.e., to order g3. Here there
is also an ambiguity in the orthonormalization procedure. If we make the strong
assumption that the transformation matrix is still hermitian to this order, we can
uniquely determine the transformation matrix to order g3.'* Given these assumptions
we can calculate explicitly the order g2 matrix element between the orthonormal
basis states which reduce when g, = 0 to single trace operators. This result gives a
prediction using the proposal (2.1.5) for light-cone string field theory matrix elements
to order g5 involving single-string states, which has been confirmed in [35].'5

The particular set of gauge theory operators that we are interested in are the

following single trace and double trace operators'®

1

o7 = Trz”, (2.3.19)
JN7
1

J _ 7d

ol = \/WTr((bZZ), (2.3.20)

o) = 1ie%il"/‘]Tr(qﬁlZlgng‘]_l), (2.3.21)
JNT+2 =

Jy . Jmy(1=y)-J .

T = ov’otvT (2.3.22)
Ty (1—y)-J

T = oo (2.3.23)

We need to make the inner product G appearing in the matrix of two-point functions
in (2.1.1) orthonormal and eventually compute the matrix elements of I" in the or-

thonormal basis (2.1.5). Both matrices G 45 and I' 45 have a systematic expansion in

4This choice is compatible with the proposal in [39].
5the matrix elements we predict from the gauge theory computation also match the order g3

matrix elements computed in [39] using the string bit formalism [36, 38]. It would be very desirable
to understand more precisely the relation between light-cone string field theory and the string bit

formalism.

6Here we are using the notation in [47].
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powers of go

G = 1+ gGY +gG® +0(g), (2.3.24)

— 17O + gzr(l) + ggF(Q) + (’)(gg) (2.3.25)

In the following we split these matrices into 3 x 3 blocks representing matrix ele-
ments involving O;, T;*¥ and 7%, respectively. The indices (n,m,---) denote the
worldsheet momentum of the single trace BMN operators like, for example, O7. The
double indices (py, gz, - - ) represent for example the worldsheet momentum and light-
cone momentum fraction of the double trace operators ’];;]’y, while (y, z, - - -) represent
the fraction of momentum carried by the operator 7“¥. These matrices have been

computed in [47, 48]. They are given by :

0 Cug: Chnn M, 0 0
G=1+¢g|Cpm O 0 [+g]| 0 () (], (2.3.26)
Cym 00 0 (7
om0 0 0 T, T
r )
v 0 Bdpgdy. 0| +ga|TH), O 0
0 0 0 riho 00
ani’m + #D}%m 0 0
+ 9 0 (M. (2.3.27)

0 )

The explicit form of the matrix elements are summarized in Appendix C and we
denote by (7) matrix elements that have not yet been computed. Luckily, we will not
need them for our computations. Finding them is, however, an important enterprise
since via the holographic map (2.1.5) they predict yet unknown matrix elements
in string field theory, like the order g2 Hamiltonian matrix element of a two-string

statel”.

170One should also compute, however, the mixing between double and triple trace operators to get

this result.
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Let us now apply a linear transformation U to make the inner product orthonor-
mal. We require that

UGUT =1 (2.3.28)

and solve this equation order by order. We can expand U in a power series in g, and
express it as

U=1+gUW +g2U® + 0(g3). (2.3.29)

As explained in the beginning of this section, we restrict our attention to hermitian
matrices. This is motivated in part by the fact that the hermitian choice uniquely
leads to exact agreement with string field theory via (2.1.5) to order g, as we will
see below. Clearly, having a better understanding of why this choice works is very
desirable. Therefore, by assuming that U is a hermitian matrix, we need to solve

(2.3.28). Solving this equation order by order we get

1
U = —§G(1), (2.3.30)

U® = —;G@) + S(GW)2 (2.3.31)
In the new orthonormal basis, I' is transformed to
I'=Urut. (2.3.32)
We can determine I' order by order in g, by expanding
[ =TO 4 g,TW + ¢2I'® 1+ O(g3). (2.3.33)
The matrix of anomalous dimensions in the new basis is therefore

r® —=ro (2.3.34)

~ 1
PO 1 _ Liam po 2.3.35
2{ ? }7 ( )

~ 1 1 3 1
[ — 1@ _ 2ra@ 70y _ Zra® py 4 2@ 7O 4 L aMpo)a)
(2.3.36)
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Using (2.3.26) and (2.3.27) we can evaluate (2.3.35) to be

0 TR, T
— | o=
I — F;?,m 0 0o |, (2.3.37)
réh, 0 0
where
L2
P pe VL ysin(mny) (2.3.38)
n, N3 \/J_y 27_(_2
- - 1 sin?(mny)
) —pW — v 22 2.3.

We note that after using the proposed holographic map (2.1.5) that the gauge theory
results (2.3.38), (2.3.39) match with the string field theory results (2.2.17), (2.2.18).

We can now make a prediction about the order g2 matrix elements in string field
theory by using (2.1.5). In order to do that we must calculate the matrix of anomalous
dimensions in the new basis to order g3. By using (2.3.26), (2.3.27) we can perform

the sums in (2.3.36) to get!?

re. o 0
=1 o0 ( @], (2.3.40)
0 (™ ™

where?0

35\;4(i+ 12) if n £m,—m

nm (n—m)
f‘gﬂ)n = 1(?7;2 (% + gﬂgn2> ifn=m R (2.3.41)
— sz it n=—m

18 As explained in footnote 5, in order to compare the string field theory answer with the gauge
theory answer, one must divide the string result by /Jy(1 — y) so that both string field theory

states and gauge theory states have unit norm.
19The formulas we need to compute the required sums are summarized in Appendix D.
20Numerically, this expression is the same as the one in [19] for the non-nearest neighbor genus 1

single-trace two-point function.
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and (7) are quantities that we cannot determine since the full matrix of two-point
functions has not been computed to order g3. We can nevertheless make the following

prediction

1 ~
—(n|H|m)| , =T
u 9 7

(2.3.42)

The corresponding string field theory computation of order g3 contact term was re-

cently done in [35], and it precisely agrees with our prediction (2.3.42).

2.4 Discussion

In this chapter we have studied the gauge theory realization of string field theory
Hamiltonian matrix elements. The answer, which was already anticipated in [21], is
that these matrix elements correspond to matrix elements of the dilatation operator.
Using the corrected string field theory results in Section 2.2 we find a preferred basis
of states which yields agreement between gauge theory and string theory calculations.
Moreover, we make a prediction using a gauge theory computation for the Hamilto-
nian matrix elements of single-string states to order g2, which precisely agrees with
a recent string field theory computation of order g3 contact term in [35] 2!. An out-
come of the corrected string field theory calculation in Section 2.2 is that the proposal
of [19] no longer holds. This paper gives evidence that the correct correspondence
is between matrix elements of the string Hamiltonian and the dilatation operator
in the gauge theory. This proposal suggests that the only observables that can be
holographically computed in the plane wave string theory are gauge theory two-point
functions [36, 21]. Nevertheless, operator mixing between multi-trace operators con-
tains information about higher point functions in gauge theory. In string field theory,
the Hamiltonian matrix elements compute the matrix of anomalous dimensions in
the orthonormal basis via (2.1.5), which can be read from the gauge theory two-point
functions.

The mapping between the string field theory and gauge theory Hilbert spaces is

non-unique. By comparing the calculation of the dilatation operator matrix elements

21Tt also agrees with the recent string bit [36, 38] Hamiltonian calculation presented in [39].
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with the corrected string field theory Hamiltonian matrix elements in Section 2.2 we
fixed the ambiguity, which picks a particular basis of states in the gauge theory to
be identified with string states. The unique transformation matrix U is hermitian.
Notice that just assuming U is hermitian is enough to find the unique gauge theory
basis. However, it would be very desirable to have a first principle explanation of why
this choice is the correct one. In [39], the authors motivate this choice by proving
that the string bit Hamiltonian simplifies in this basis, that is, it truncates at finite
order in go. It would be desirable to understand the uniqueness of the basis choice
more directly. In this choice of basis the gauge theory computation we present in
Section 2.3 exactly agrees with the calculation [39] performed at order g3 using the
string bit [36, 38] Hamiltonian.

A fascinating open problem is to understand more precisely the relation between
light-cone string field theory and the string bit formalism. The advantage of the string
bit formalism is, as shown in [39], that the Hamiltonian truncates at order g3. This
however seems to raise a puzzle. The Hamiltonian matrix elements truncate at order
g3, which via the map (2.1.5) predicts that matrix elements of the dilatation operator
in some basis truncate at order g5 even though the Hilbert space inner product G4p
and the matrix of anomalous dimensions I' 45 have corrections to all orders in go. It
would be very interesting to study this prediction in detail.

The light-cone string field theory and the string bit model have some complemen-
tary features. In the string bit formalism it is easier to compute the g3 corrections,
while the same problem is notoriously difficult in light-cone string field theory. On
the other hand, in light-cone string field theory we can systematically evaluate 1/u
corrections, which are hard to obtain in the string bit model. Computing these correc-
tions is crucial in extending the duality beyond leading order in A’ in the gauge theory.
In particular, the results in (2.2.14) make non-trivial predictions about \’-corrections
to the matrix of anomalous dimensions via (2.1.5). The complete string field theory
formulas to all orders in 1/ is recently found in [33] using the factorization theorems
29, 30]. It would be very desirable to compute these corrections directly in gauge

theory.
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Chapter 3

Generalization to abitrary

impurities

3.1 Introduction

In the previous chapter and also in [39, 60, 21], a basis of operators in N' = 4 SYM was
found such that the O(g2) matrix elements of the string Hamiltonian were reproduced
using (1.0.9) from gauge theory computations. The analysis in the previous chapter
and in [39, 60, 21] was restricted to string states with two different scalar impurities
along an R? plane in the transverse R® directions of the plane wave.

In this chapter we compute the O(gy) and O(g3) Hamiltonian matrix elements
for string states with two identical scalar impurities along R* and reproduce them
from gauge theory computations. We find that the matrix elements of the dilata-
tion operator in the basis described in Chapter 2 exactly reproduce the string theory
answer. When considering string states with identical impurities we find that there
are new classes of Feynman diagrams that contribute to the string theory and gauge
theory computations. In this work we find a direct connection between the Feynman
diagrams that appear in the string calculation and the Feynman diagrams that con-
tribute to the gauge theory matrix elements. Roughly, the action of the prefactor
in string field theory is captured by the interaction vertex in gauge theory while the

Neumann matrices are captured by the sum over all free contractions in gauge the-
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ory. This correspondence could be an important step in deriving the duality. We then
compute the O(gy) Hamiltonian matrix elements for string states with an arbitrary
number of impurities along R* and exactly reproduce them using gauge theory using
(1.0.9) and the basis of states in Chapter 2, after identifying gauge theory Feynman
diagrams with corresponding diagrams in string theory. These results give strong
supporting evidence of the holographic map (1.0.9) and of the basis of gauge theory
states proposed in Chapter 2 as a dual description of string states.

The rest of the chapter is organized as follows. In Section 3.2 we consider the string
states and gauge theory operators with two identical scalar impurities. We perform
computations up to O(g3) of the string Hamiltonian matrix elements, emphasizing
the extra diagrams that contribute beyond those that appear when considering string
states with two different scalar impurities. Using the basis change proposed in Chap-
ter 2, we exactly reproduce the string theory results from a gauge theory analysis. In
Section 3.3 we show equivalence between string theory and gauge theory computa-
tions for arbitrary string states by identifying string theory Feynman diagrams with
gauge theory Feynman diagrams. Appendix J, which is outside the main focus of the
paper, contains the O(gy) calculation of a two-impurity p-string state transition into
a p + l-string state. We find precise agreement with the gauge theory calculation in

[52] once we change to the basis in Chapter 2.

3.2 Correspondence in two impurity singlet sector

In this section, we study string states and BMN operators with two real scalar impu-
rities along the same direction in R*. Since SO(4) is a symmetry, we can decompose
two scalar impurity states into 4®4 = 1$ 6@ 9 irreducible representations of SO(4),
with two repeated impurities belonging to the singlet. We will consider states with
two impurities in one direction i € {1,2,3,4} instead of looking at the singlet state
and later on extend the analysis to arbitrary number of impurities.

The single-string states we will consider are given by (no sum over i):

lii,n) = aoifa’l, |vac),
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1
ii,0) = —=aialf|vac). (3.2.1)

V2

As shown by [64, 47], the corresponding gauge theory operators when go = 0 are

given respectively by

1 J . - -
O;’]m - JNJ+2 (g e Ty (sz‘Zl(biZ‘] l) —Tr (ZZJ+1)> ,

J —
\/W <§ Tr (¢iZl¢iZJ_l) —Tr (ZZJ+1)> , (3.2.2)

without summing over i. The extra contribution involving Z is crucial [64, 47] for the
existence of the BMN limit, where N,J — oo, with g, g» = J?/N and X = ¢?N/J?
fixed and as we will see leads to interesting new effects.

The interaction term Hj couples single-string states to two-string states. These

are given by

lid,m, y)) = Oé”&ifmlvac y) ® [vac,1 —y),
1
11, 0, = —alall|vac ® |vac, 1 —y),
147,0,)) /300 o [vac, y) @ | y)
lii,y)) = agl[vac,y) @ ayf[vac, 1 —y), (3.2.3)

where 0 < y < 1 is the fraction of the total momentum carried by the first string in
the two-string state. These states are represented when gs = 0 by the following gauge

theory operators

T = 04 ot
T = ool (3.2.4)

where y = J;/J and 1 —y = Jy/J and

o’ = \/%Tr (ZJ) ,

1
o/ = \/WTr (6:27) . (3.2.5)

We now proceed to describe string interactions among these states using string

field theory and reproduce the results from a gauge theory analysis.
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3.2.1 SFT computations

e The O(g2) Computation

We now compute the matrix elements between single-string and two-string states.
It is convenient to introduce Feynman rules to evaluate these amplitudes, specially
in later sections when we consider arbitrary impurities. They are given by

(r,m) —— (s,n) — NS

m,n’

e | N (3.2.6)
Np )& ,up(s)

where r, s € {1,2, 3} label the string and m,n label the worldsheet momentum of the
oscillator. Then, the Neumann matrix Ng‘jl) introduced in (2.2.10) is the propagator
between oscillators -y and ay). We can eliminate the prefactor P in (2.2.8) by
sequentially commuting it through the external states oscillators, which has the effect
of reversing the sign of the worldsheet momentum of the oscillator which P is acting
on. After elimination of the prefactor, we are left with contractions between external
states oscillators. The x symbol in the vertex (3.2.6) signifies the total effect of
commuting the prefactor P in (2.2.8) through both oscillators and their contraction.

Using these Feynman rules and the following symmetry relations satisfied by the
Neumann matrices

N9 = NG Nis) = N (3.2.7)

m,n n,m? m,n —m,—n>

we can now evaluate any Hamiltonian matrix element using combinatorics of Feynman

diagrams. In the case of two identical impurities, the amplitudes are given by

1 1 — . . . ’
—(ii,n|Hs|jj,m,y)) = _y(y){‘sij‘lNr(nli)Nﬁ?’_)n(w o w (3))
1 2 ’ 1y 1
Jr2N(33) N(n) Wm(1) 2N(33)N(11) wn(3):|,
1y It

1 1 .

L nlHyljgy)) =~ [ anpE (1 - 9w

u 2 J 0,n 0,n M
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+2N\2) NG — 2N Né}f)wz?’) . (328

We note that there are Feynman diagrams in which the identical impurities in a
given string are connected via Neumann matrices involving only that string. Such
contributions are absent when considering strings with different impurities due to
the SO(8) invariance of the Neumann matrices. We can evaluate the expression
in the large! u limit, which corresponds to the perturbative gauge theory regime.
Even though N, N2 and N®3) are suppressed by 1/u as compared to N3 the
self-contraction contributions are of the same order as the contractions between differ-
ent strings due to cancellations in the contribution of contractions between different

strings. The large p expressions are given by

1, - = =1 1
ﬁ<227 n‘H3‘]j7 m, ?/>> = 5%’3‘ (Fany + F(—zz,my) - irgl,g)y’
1 .. .. =(1) (1) 1 (1)
Sl mlHeljgoy)) = 8y (T +T0y) = 5100, (3.2.9)
where
O )\,\/1 —y sin®(mny)
ey Nam 272
- 1 sin?(mny)
o — = 2.1
my \/j 272 (3 0)
F;{%y and FSL are defined in Appendix C and as we shall see have a direct gauge

theory origin. The splitting of the first term in (3.2.9) into two identical contributions
is convenient when comparing with the gauge theory analysis in the next subsection.

The first contribution in (3.2.9) is twice as large as compared to the answer one
gets when considering string states with two different impurities [39, 60] . The reason
is that there are twice as many ways of contracting impurities among different strings.
This is reproduced in the gauge theory computation because the scalar impurities have
two ways of contracting when they are both the same. The last terms in (3.2.9) are

due to self-contractions and only appear when two impurities are repeated. In the

'We summarize the large p expansion of the Neumann matrices in Appendix E.
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gauge theory computation in the next subsection these extra contractions are due
to the extra diagrams that one gets when considering the operators (3.2.2)(3.2.4).
The new contractions in string field theory correspond to gauge theory diagrams
involving Z and diagrams coupling all four scalar impurities. In Section 3.3 the
connection between gauge theory diagrams and string field theory diagrams will be

made explicit.

e The O(g3) Computation

We now consider the O(g3) matrix elements between single string states, that is,
the contact term contribution. We will also reproduce this result from gauge theory
considerations.

The single-string contact term in the plane wave geometry has been recently ana-
lyzed in [35]. It is constructed from the plane wave dynamical supersymmetry genera-
tors via Hy = {Qs, Q3}, where Qs is the leading g, correction to the free supercharge.
In [35] it was shown that by considering the contact term contribution for two different
impurity string states the gauge theory results in the orthonormal basis of [39, 60, 21]
could be reproduced if one truncated the intermediate states to the two impurity
sector. We will perform a similar calculation for string states with two identical im-
purities using the same truncation and reproduce these results from gauge theory in
the next subsection. Understanding more precisely why the truncation works is an
important open problem.

The intermediate two impurity states that contribute are given by

w1
‘ja m,y, 1>> = aﬂ—(bfi - ie(m>bcﬁm)‘vaca y> ® ’V3C7 I- y>7

"2

5:0,5,1)) = ag'tg|vac, y) ® [vac, 1 - y),
17,0,4, 1)) = offlvac,y) @ bl |vac, 1 —y), (3.2.11)

and |j,m,y,2))(") defined by changing the string on which the operators act. The b
oscillators are the fermionic oscillators. Using the expression in [32] for the super-

symmetry charge Q we can calculate its matrix elements in the large p limit?(see

2The zero mode contribution vanishes in the large u regime.
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Appendix F for details)

Q?’L,m(s) = <Zl,n|Qa|j,m Yy,s >>
Ym s s
~ 1+ pakdijul,,, 5050 \/; [Fiay o NG3) + Fig , N2 ] (3.212)

for s = 1,2. Therefore the O(g3) Hamiltonian matrix element in the case of two
impurities in the same direction is given by
o0

1
(id, nl H3jg, m) = b; | Z Z Qi) Qi 1(s)- (3.2.13)

s*ll —

Performing the relevant sums and integral one arrives at the final result(see Appendix
G):

g - 1
(it,n|Hy|j7,m) = 5@‘@(371,7;1 + Bp—m)- (3.2.14)

The result in (3.2.14) has an extra term as compared to the calculation for two
different impurities, which is identical to the first one except for the sign of the
worldsheet momentum.

In this subsection we have calculated the Hamiltonian matrix elements using string

field theory up to O(g3). We now turn to the gauge theory analysis.

3.2.2 Gauge theory computations

The BMN operators with two identical scalar impurities (3.2.2)(3.2.4) are insensitive

to the sign of the worldsheet momentum since Oy, = O] _, and ’Z;;] Y= ’Z;ZJ Y s SO

we will consider without loss of generality n,m > 0. Moreover, the BPS double trace
operator ’];;]y is invariant under y — 1 — y, so we can restrict to 0 <y < 1/2.
As explained in Section 2.1, in order to compute string interactions from gauge the-

T

ory we must compute the matrix of two-point functions of BMN operators (’)u n Lii

T . . .
and 7;7Y. The relevant inner product metric and matrix of anomalous dimensions



37

can be extracted from [47]. They are given by?3

O Cn,qz + Cfn,qz 2Cn,z
G=1 + gz 61‘]‘ Op%m + pr,—m 0 0
2Cy.m 0 0
My, +M_, 0 0
+ g5 8 0 (7 (], (3.2.15)

and
Nn128,m 0 0
2
D=0y | 0 NEgu0,. 0
0 0 0
+02 | 05T, + TS ) — 306, 0 0
1
20150 — 5T 0 0

502, + T8, )~ Dl 0 0
+g3 0 7 (N, (3.2.16)

0 7 (M

where (?7) denotes matrix elements that have not yet been computed. We note that
whenever the worldsheet momentum index in (3.2.15), (3.2.16) vanishes, that we must
divide the matrix element by v/2. Likewise, when both operators have vanishing
momentum, we must divide that matrix element by 2. These extra factors arise from
our normalization of the operators in (3.2.2), (3.2.4) which differ from those in [47].
In this way we get an orthonormal inner product for n,m > 0.

The inner product metric can be computed in the free theory while the matrix of

anomalous dimensions comes with a power of A’ from evaluating one loop graphs. In

3We have summarized in Appendix C the explicit expressions for the matrix elements.
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the free theory the Z portion of the gauge theory operators (3.2.2), (3.2.4) does not
couple to the terms in (3.2.2), (3.2.4) without the Z. Moreover, the diagrams involving
only Z are suppressed by a power of 1/.J with respect to the leading contribution,
which only involves the part of the operator with the two impurities(terms without 7).
Therefore, in the computation of the mixing matrix the extra term in the operators
(3.2.2), (3.2.4) does not contribute in the BMN limit, so that at any order in go
the inner product metric can be calculated neglecting the Z term. It then follows
that there are twice as many contributions in the inner product of (3.2.2), (3.2.4) as
compared to the case of two different impurities. This is easy to understand since
there are now twice as many ways of contracting the impurities and they come with
the opposite sign of the worldsheet momentum. An analogous phenomenon occurs
when extending the analysis to arbitrary number of impurities.

The matrix of anomalous dimensions also has twice as many contributions of
the type appearing for different impurities. These gauge theory Feynman diagrams
can be identified in the string field theory calculation with contractions involving
impurities living in different strings. However, there is an extra term arising from
vertices involving Z in (3.2.2)(3.2.4) and the coupling of all scalar impurities* (see
Fig. 1).

These extra Feynman diagrams can be identified in the string field theory calcu-
lation with contractions of impurities living on the same string as can be inferred by
looking at (3.2.9).

We can now test the holographic correspondence (2.1.5). Using the formula for

the matrix of anomalous dimensions in the orthonormal basis in terms of G and I" we

find:

(1) _ ~(1 =(1) 1 (1)
Diingjmy = Oij (ng}ny + F—n,my) = 5w
- - 1
Fingi = 0 (O +T5,) = 5T, (3.2.17)

where terms with T' on the right hand side come from the usual Feynman diagrams

4The quartic scalar coupling denotes the effective interaction after taking into account self-energy

and gluon exchange diagrams [47].
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Figure 3.1: The new diagrams. The thick lines represent the impurities or Z while
the thin lines denote Z. The first line is for diagrams involving 7.7% while the second

1,m

is for diagrams with 7,V

present also for two different impurities and the last term comes from new diagrams
only present when two impurities are the same. By comparing with the string field
theory calculation (3.2.9) we find precise agreement.

We now proceed to computing the matrix elements of the mostly single trace

operators® to order g3. Using (2.3.36) we find after some computation®

=~ (2 = ~ (2 =~ (2
FEi;)n,jj;m = 5ij (Fg}n + Fgl,)fm> + 61—‘2('2';)7L,jj;m7 (3218)
where
- 1
| O — . 3.2.19
e 162 Y ( )

(2

is the result obtained for different impurity operators [60] and 5f‘iim’jj;m are the new

5In order to compute the matrix elements of the mostly double trace operators to this order, we

would need to know the expressions for (7).
SFor the detailed computation, see Appendix H.
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contributions only arising for identical impurity operators. They are given by’

) 1
6o gim = tingim = 5{GY, 6T i jjm, (3.2.20)

15n,J7;m 1in,JJ;m

since as explained above only the matrix of anomalous dimensions receives genuine
new contributions while the inner product contributions have the same form as in the

case of different impurities. From (3.2.16) we read

(2) _ L
6Fii;n,jj;m - 1672 n,m»
(1) _ sp(D) _ Lo
5Fiz’;n,jj;my - 5Pii;my,jj;n - _irn,o‘w
W _ sp _ Ll
After some computation one finds (see Appendix H for details)
1
{GWY, 6T WY i om = —@D}ma (3.2.22)
™
giving us the simple result:
oT) = 0. (3.2.23)
Hence, the final expression is
~(2) _

which exactly matches the O(g3) contact term contribution in the string field theory
calculation (3.2.14).

We now turn to the analysis of arbitrary string states.

3.3 (Generalization to arbitrary impurities

Thus far we have analyzed the correspondence for string states with two impurities.
In this section we construct a proof that shows the equivalence between the string

theory and gauge theory computations for an arbitrary number of impurities. The

"We use the notation JA for the new contributions to A due to having identical impurities.
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idea is to find a direct link between the Feynman diagrams of string theory and the
Feynman diagrams of gauge theory, so that the equality between string theory and
gauge theory for arbitrary states follows diagram by diagram. We first outline the
strategy of the proof and then give the explicit details of the string theory and gauge
theory computation.

Let’s first consider which diagrams in string theory contribute to leading order
in the 1/p expansion, which is of O(1/u?). These diagrams will have correspond-
ing contributions in the one loop — which is of O(\') — gauge theory computation.
We consider matrix elements between single-string states and two-string states with
n impurities each, that is impurity preserving® processes. The impurities can be
distributed at will among the four directions in R*.

As explained in Section 3, in order to compute O(g,) Hamiltonian matrix elements,
we must commute the prefactor (2.2.9) of the cubic vertex (2.2.8) through all the
impurities. This gives us a sum of 2n terms with 2n oscillators each in which the
sign of the worldsheet momentum of one of the oscillators is reserved. Each term now
can be calculated using the Feynman rules (3.2.6). Each diagram is multiplied by the
frequency of the oscillator whose worldsheet momentum is reversed when commuting
through the prefactor. Now, given the SO(8) invariance of the string field theory
vertex (2.2.10), the oscillators in different directions in R* completely decouple, so
we can concentrate on the case in which all the impurities are in one direction. The
final answer for arbitrary string states is just the product of the contribution along
each of the R* directions.

We can now classify Feynman diagrams in terms of the number of self-contractions
(propagators) in the single-string state, that is the number of NG Tt is clear
that to O(1/u?) there can be at most one self-contraction. Since we are looking at
impurity preserving processes, a self-contraction NG3) always is accompanied by a
self-contraction in the two-string state of the type N¢), where r, s is either 1 or 2.
Since N®3 and N(®) are of O(1/u), we can have at most one self-contraction to

leading order in the 1/u expansion. This simple observation greatly diminishes the

8Impurity non-preserving processes are inherently non-perturbative [19] .
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Feynman diagrams that need to be considered. We now study the two possibilities.

Let us consider first the case in which there are no self-contractions. In this case all
impurities in the single-string are contracted with impurities of the two-string state,
so the result is the product of Neumann matrices of the type N3, (r =1,2), where
N3 ~ O(1). In any of the 2n terms one gets after commuting the prefactor through
the oscillators there is precisely one oscillator with reversed worldsheet momentum.
This oscillator can now contract with any oscillator in the single-string state or two-
string state depending on whether the reversed oscillator belongs to the two-string or
single-string state. For each such contraction there is a corresponding one in which
the sign of the worldsheet momentum of the two oscillators involved in the contraction
is reversed?. The combination of these two contractions we represent by the vertex
(r,m) ——=—— (3,1) in (3.2.6), where X signifies the action of the prefactor on
the oscillators a,y and 3. These two terms combine to yield an expression of
O(1/p?) due to the leading cancellation of the energy difference (W — wif’)) of
these two oscillators in the large p limit. Therefore, this class of diaggms yields an
expression given by the product of n Neumann matrices of the type N3) for r = 1
or 2 times the energy difference between one oscillator in the single-string state and
one oscillator in the two-string state.

We now consider the case with one self-contraction on the single string state. As
mentioned above, and due to the impurity conservation condition, this self-contraction
is always accompanied by a self-contraction on the two-string state. Therefore we
have a contribution of the form N®3) . N) where r,s is 1 or 2, which is already
of order O(1/u?). There are now two possibilities to be considered. Either any
of the oscillators involved in the self-contraction have their worldsheet momentum
reversed due to action of the prefactor or they don’t. If they do not, then there is a
contraction connecting the single-string state with the two-string state involving the
oscillator with the worldsheet momentum reversed. Just as in the previous case of no
self-contractions, such diagram always comes accompanied with another one in which

the sign of the worldsheet momentum is reversed on both oscillators involved in the

9This appears from the term one gets after commuting the prefactor through the other oscillator.
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contraction, yielding the vertex (r,m) ———x—— (3,1) for r = 1 or 2. Therefore, in
this case, the diagram is proportional to (C;mf) - wllf’)> NG NES) ~ O(1 /), so
it does not contribute to the leading order regzllt. Therefore, in the case of one self-
contraction the only possibility left is the case in which the self-contractions involve
one oscillator which has the worldsheet momentum reversed due to the prefactor, so
that only diagrams with the vertex (3, m) ——=———(3,1) or (r,m) ——<——(s,1)
for r,s = 1 or 2 contribute to the leading order result.

From now on, let us focus on a particular Feynman diagram and show agreement

between the string field theory and gauge theory computation. The string states with

n impurities that we need to consider are given by'°

vac),

o t
(diymi)) = 1 521712,01_[@21

(e, i) Th, Iosy)) = inézjezlpj,o‘szkEIka,o H a;;*|vac,y> ® H a;’;*|vac,1 - Y),
Jj€IY kelo

(3.3.25)

where the )-functions impose the familiar level matching condition. The correspond-

ing level-matched gauge theory operators are given by!!

1 Pa ba G ) L
Ol ny = —F——— Tr(Z...Z L7 . 72777 7 ]t
e \/Wogh,-z-,lng v v v z=Hl
+terms involving Z with Y n; =0,
=1
J, _ . -J A=y)-J : _ _

T g, = O, O with Ypy= Y =0,  (3.3.26)

Jj€IY ke€Zs

The labels d;, e; € {1,2,3,4} denote the direction along R* of a string oscillator and
the corresponding gauge theory impurity, and n;, p; € Z are their worldsheet momenta

where t; = exp(2min;/J), and s; = exp(2mip;/J1) for j € I; and s, = exp(2mipy/J2)

10The arbitrary phase of the state is determined by comparison with gauge theory.
"Here are using a simplified notation for the operators, their precise description is given in

Appendix A and B.
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for k € Z,. Also we explicitly assign a factor of 1/v/J to each impurity which aids in
keeping track of factors of J during the computation. Z; and Z, is a partition of the
index set {1,---,n}, which describes a particular way of distributing the n impurities
among string/trace 1 and 2, respectively.

Let us explain the gauge theory computation of the two-point function of single-
trace and double-trace BMN operators defined above and exhibit analogies with the
string theory computation. At one loop order, that is to O(\'), we can have at most
a quartic interaction'? vertex, coupling four fields, with two of them contracted with
the in-operator and the other two with the out-operator. There are three kinds of

interaction vertices depending on how far the two fields in the same operator are

separated:
nearest neighbor semi-nearest neighbor non-nearest neighbor

Figure 3.2: The three classes of interaction vertices.

e The nearest neighbor interaction!® vertex, where two fields on each operator coupled
by the interaction sit next to each other, involves one impurity in the in-operator,
and the same impurity and Z in the out-operator. This interaction can occur at O(.J)
sites along the smaller trace operator and we have to sum over the position of the
interaction in the trace.

e The semi-nearest neighbor interaction vertex has two fields on one side sitting next
to each other but the two fields on the other side are separated by O(J) sites. The
vertex can be inserted only at a particular place along the trace and so we do not

sum over the position of the vertex.

12As shown in [65, 19, 47] the other possible interactions cancel among themselves due to super-

symimetry.

13This terminology was first introduced in [19].
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e The non-nearest neighbor interaction vertex has the two fields on each side of the
interaction point separated by O(J) sites. In this vertex, two impurities or Z are
involved in the two operators and this is possible only when we have two identical
impurities in each operator. This interaction can also occur at a specific location in
the trace, so we do not sum over the position of the vertex.

The contribution of each interaction vertex is given as

nearest( ) 1 92N(1 t )(1 = )(t - )l- f . c T

i) = <5 = 7)(L —83)(Tis:)" or e )

T4,Pi /T, 872 1
1 ¢°N

S\+J1 (4 =\l .
/_JJQW(l — ;) (1 — 5t (¢:8;) for i € Zp, (3.3.27)

g*°N
semi—nearest __

T5,Di - \/J_Jl 871-2

g*N
V JJQ 82

T _((1—-t)+(1-5)1—-t") foried,

T —t)+(1—5)]1—t;") forie Iy (3.3.28)

Inon—nearest — _ 1 g 2N
Mg Pibs JJJy Jy 8m?
or
1 g*N
VvV JJJ2J2 87'('2
or
1 g*N
VI JJyJy 872
where I; in I;;%**(1;) denotes the position of the nearest neighbor interaction vertex

to be summed over. Here each factor of 1/v/J or 1/y/J, (r = 1,2) comes from each

(1=t —tl)  fori,jeT,
(1=t —tl)  fori,j e,

(1=t —tl)  foriedy,j€ T (3.3.29)

impurity participating in the interaction. The rest of impurities in the in-operator
are freely contracted with the remaining impurities in the out-operator and each free
contraction contributes

! (t;5,)" for i € T or !
VI ! NaBE

Now we have to multiply all the different contributions, coming from the interaction

1 (t:5)" for i € I,. (3.3.30)

vertex and the free contractions and sum over all possible positions of the impurities.
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However, the whole summation is simply factorized in the large J limit into sums
over each contribution since each contribution is independent of the positions of the

rest of impurities:

Figure 3.3: The factorization property of gauge theory amplitudes.

The computation of each contribution then essentially reduces to the one or two-
impurity cases. This factorization property, which as we have seen earlier has an
analog in the string field theory computation, will turn out to be useful in comparing
the gauge theory and string theory expressions for Feynman diagrams. As we will
see, the effect of the prefactor interaction (r,m) ——=——  (s,[) in string field
theory is essentially captured by the interaction vertex in gauge theory while the sum
over free contractions in gauge theory capture the Neumann matrices.

Now, let us start to compute the string field theory amplitudes and compare
them with the gauge theory results. As discussed earlier, there are two cases to be
considered.

1) Case 1: Diagrams without self-contraction

First, let us consider a particular way of contracting the oscillators without self-
contractions. In this case, without loss of generality, we can assume that d; = e¢; and
take the d;-th oscillator to contract with e;-th oscillator for all i € {1,---,n}. More
specifically, the j-th oscillator in string 3 contracts with the j-th oscillator in string
1 for j € Z; and the k-th oscillator in string 3 contracts with the k-th oscillator in
string 2 for k € Z,. On the string field theory side, using the Feynman rules in (3.2.6)

we can compute the matrix elements between these states as in the previous section:

1
;((dz‘, ni)|H3|(di7pi);IlaIQ§ y))
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Y1 —y) Wp(1)  Wn(3) | 7(13)
- _(_]‘) T {Z [( - - : ngzv—nl H Pg;”] H sz?’zk

leTy Ky K jeTi {1} keTs

>

€Ty

(e =), g, T wn ) eas

(1-y) K JET keT,—{l}

Now let us explain how to match each term above with specific Feynman diagrams

in gauge theory.

ol c
3
2 3 3 5
1 ‘ N ‘
‘ [/
- 1
3
SFT diagrams Gauge theory diagrams

Figure 3.4: Diagrams without self-contractions, | € Z;. The numbers represent the

direction of the SF'T oscillators and the corresponding gauge theory impurities.

For each [ € Z;, the particular term

YA —Y) (Wne)  wWa) ) 503 Y Y
=0 ( ol IS | (RN | L I CE £2)
K Ky JeT1—{1} keIs

arises when the [-th oscillator in string 1 and string 3 go through the prefactor and
contract while the rest of the oscillators get contracted among themselves. The pair

of [-th oscillators produce

2
L fwn@ W) 503 1 P\ 53
5 (/; - ﬁ Nph*nl ~ rluz nl - g Npl7nl’ (3333)
where we have used the large u relation
. n—2=2._
8~ YNCH o —1or2. (3.3.34)

n_’_% p,n
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The other pairs of oscillators bring down one Neumann coefficient ]\712]1,73,2], or N3 .

Therefore the contribution to the Hamiltonian matrix element due to this diagram

ist4

/1i<(d¢, )| 3| (di, pi); T, Zo; y>>’l

2
1 [y )
~ (—1)"— y(y)<nl—pl> NG T N TT NP, (3.3.35)
y b

442 J jeT, {1} keIz P

We claim that this particular term corresponds to the interaction Feynman dia-
grams where two ¢;’s are involved in the interaction vertex and the rest of the im-
purities are freely contracted. The contributions come from two classes of diagrams.

The nearest neighbor diagrams give

(1) nearest y(l — y) g2N ) 1 Ji—1 )
{ni}{pisT1, 22}y | = 7 X { — _ L }

whereas the semi-nearest neighbor diagrams contribute

(1) semi—nearest . y(]_—y) 1 gzN _ J1
{n:} o Ty, =\ _\/t]_le[(l — )+ (1 =38)(1-#")
Ji—1 Jo—1
| e | /_Ztk (t51)",
JjeTL—{1} JI a5 ’ kE€Zs J Iz

(3.3.37)

where the phases are defined as t; = exp(2min;/J), and s; = exp(2mwip;/J1) for j € I,
and s = exp(2mipy/Je) for k € Z,. The subscript [ means that only Feynman

1 After going to the unit norm basis.
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diagrams with ¢;’s involved in the interaction vertex are included. The first factor in
(3.3.36) and (3.3.48) comes from the interaction vertices involving ¢; and the rest of
the expression comes from free contraction of the other impurities. We can compute
each factor and express it in terms of purely string field theory quantities and show
that the interaction essentially captures the energy difference factor in the string
theory computation while the free contractions yield the Neumann matrices. For

7 €1y and k € I, the free contraction contribution is

Jl 1 . ~
TﬂZt% ~ (1))
Jo—1 B
n iTn 23
sz Zotk thS)" = (=1 HlemY NS (3.3.38)

while the interaction vertex contribution is

1 2N ~ Ji1—1 . . i )\/ np; s
/JJ1 {72 (1 — tl)(l - Sl) ;}(tlsl) ~ ( 1) itptl gy 5 <> N( )

1 g2N A / n 2
- (0=t + A=l e7) = (apemnem s (=2 g,

Altogether, we obtain

(1) ‘
{ni}{pisT1.Z2}y |,

~ (—U"gvy(lj_y) [(m—];l) +an;

7 (13 7 (13 \7(23
ngz,n)z H Nilgjﬂ'zj H ngka'f)lk
JET1—{l} keZs

(3.3.40)

Notice that all the phase factors except (—1)" disappear upon imposing the level-
matching conditions. In order to compare with the string theory result, we must

evaluate these expressions in the string field theory basis (2.3.36). In order to compute

~ 1
PO} =TW), = S{GW, T} (3.3.41)
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we also need to compute GV and I'¥)|,. They are given by'®

GF{ln)i},{pi;Il,Iz}y = jgl\/J—JlJlthsj kg2m%1tk th5k)"
~ (=1 J 20 N TT N
j€h ke,
Py omh = 2/”12 ]
FE{(I)D)i;Il7I2}yv{Qi§ILIQ}Z|l - );(2)251/@1;[5@,%- (3.3.42)

Hence,

2
(1) ~ WAyl —y) Di (13 13 (23)
F{ni},{pi;z-l,IQ}y‘l - (_1) Z J’ n— g nglvn)l H N H Npk7nk

JET {1} ' kel

(3.3.43)
which precisely reproduces the string field theory result (3.3.35).
elc,

13 4 ‘ 3 |y

1

-

SFT diagrams Gauge theory diagrams

Figure 3.5: Diagrams without self-contractions, [ € Z,.

Now we consider the other type of contraction in the string field theory compu-

tation, where the prefactor acts on the [-th oscillator in string 2 and string 3. The

5Here we use the large y relation (3.3.38) to rewrite G in terms of string field theory quantities.
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expression for this diagram is

y(1—y) [(wne) Wy, (2) (23) (13) (23)
(=1)" ( — N NS N (3.3.44)
2 ILL //6(1 _ y) DPis ljgl Dy, kEIQH_{l} PNk "

As before, it is convenient to express the contribution from the prefactor as

2
Liwne  Wne ) g 1 P (23
5 - Ny 2y o | — N 3.3.45
2 < Iz p(i—y)) T g2\ 1=y T ( )

where we have used the large p relation (3.3.34). Therefore, the contribution of this

diagram to the Hamiltonian matrix element of unit normalized states is

/1i<(di, ni) | Hs|(ds, pi); Tv, To; y>>’z

n 1 y(1 —y) (23 (13 23
= <_1) 4“2 J n— 17 pl n)l H NPJ 727 H Nng 7)”“

j€Ih keZo—{l}
(3.3.46)

The corresponding gauge theory diagrams are again classified into two classes.

The nearest neighbor diagrams yields

Fggi},{pi;zl,IQ}y ?eareSt = y(lj— v) X [9827;];[(1 —t)(1— JIT fz; tl (t151) }
Ji—1 Jo—1
<M 00 I g 3 e
(3.3.47)
whereas the semi-nearest neighbor diagrams contribute
N i [ﬁ%ﬁiﬁw—tz>+<l—8l>]<1—tfl>}

Jl]- J2].

M R L g 2

Jj€hL keTo—{l}
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(3.3.48)

We can also express the various contributions in terms of string field theory quantities.

The interaction vertex contribution is given by

2 Jo—1

N n i )\, ipi \
Tl - \/J_JZ Z tl(t5)" ~ (=1)mFe ™Y x B ( NiE

1—y

1 ¢°N

VJJy 8m?

- n iTn N b \
TR ammla =) = areemcy (- ) R,

(3.3.49)

whereas the free contraction (3.3.38) yields the product of Neumann matrix after
imposing the level matching constraint.

In order to compute the matrix of anomalous dimensions in the string field theory
basis we need also GY) and I’(O)’l. It is easy to show that these quantities are the
same as in (3.3.42) except for the last formula which can be correctly obtained by

replacing y — 1 — y. Therefore, using (3.3.41), we obtain

2
~(1) ~ WAyl —y) by \7(23) 7 (13) (23)
F{m},{pi;fufz}y‘l ~ (1) 4 J = 1—y Npvm H ij,nj H Npk,nk

Jj€Ty keZo—{l}

(3.3.50)

and again we find agreement with the string theory result (3.3.46).

2) Terms with self-contractions

As explained in the beginning of this section, to leading order in the 1/u expansion
we can have at most one self-contraction in string 3 and the prefactor has to go through
any of the oscillators involved in the self-contraction.

Without loss of generality, we can assume that d; = do, e; = ey, d; = ¢; for
i € {3, --,n} and we will consider contractions between d; —ds, e; —ez, and d; —e; for
i € {3,---,n}. There are three cases depending on how the 1st and the 2nd impurities
are distributed on the two-string state and the double-trace operator: 1,2 € 7,
1,2€Zyand 1 € 74, 2 € I,.

o1, 2¢cl
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1 3 4M1 L

SFT diagrams Gauge theory diagrams

Figure 3.6: Diagrams with self-contractions, 1,2 € Z;.

The string theory computation of this particular Feynman diagram is

1
;((dia ni)|H3|(€iapi)311,I2; y>>

ni,n2” "P1,—pP2 ni,—n2= "p1,p2

_ _(_1>ny(1 - ) Kwpl(lﬁwm(l)) FO gy (wn1(3>+wn2(3>> 789) N(n)]

2 1y 7
\7(13 7 (23
< I0 N T v (3.3.51)
j€I1*{172} keZo

The first line in (3.3.51) is due to the self-contractions while the rest is due to the
contraction between oscillators in the single string state with the two-string state.

The self-contraction contribution is to the leading order in 1/u:

1 K‘W%Qw> NGB8 pD (W) A33) N(n)]

ni,n2” "P1,—p2 ni,—n2" "pi1,p2
2 1y %

~ —2NG3 NI (3.3.52)

ni,n2” "p1,p2°

Therefore, the matrix element of unit normalized states is given by
1-2;1-2

1
;((di, ni)|Hs|(€i, pi); Th, Lo; y))‘

~ oMY e jan T N0 T N (33.53)

J ni,n2” " p1,p2 PksNk
jGIl—{l,Q} kelo
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We now show that the corresponding gauge theory diagrams are those with an

7y
and Geyy ey OF 7 in ’T VI T

interaction vertex involving ¢, ¢g, or Z in (9 (erpi

TG

In this case, only non-nearest interaction diagrams Contribute and the result is

(1) non—nearest ’y(]_ — y) |:_ 1 gzN

g B JTT T, 8 (1)1~ tﬂ

{ni}ApiTi, T2}y 01 o

Ji1—1 Jo—1
x ]I \/J_Jths] Hmztk tiSk)"

jeI—{1,2} k€L

(3.3.54)

The interaction contribution reduces in the BMN limit to

2 . .
1 g N(l — tJl)(l _ tgl) _ em(nl"rn2)y)\181n<ﬂ'nly) Sln<7Tn2y)

VITI, 8w ! 212y

_o(_1\ni+n2+pi+p2 jmi(ni+n2)y A7(33) ar(11)
2( 1) € Nn17n2 p1,p2’

(3.3.55)

12

while the rest can be rewritten in string field theory language using (3.3.38). Again
the various phase factors disappear after imposing the level matching condition on
each trace.

In order to compare with string field theory we must go to the string field theory
basis. However, the particular class of Feynman diagrams we are considering, which
are those with an interaction vertex involving ¢gq,, ¢4, or Z in OE]di/ni) and ¢, , e, OF

7 in Tef’pz) .7, 7, do not contribute to F(O)‘l. Therefore, in this case (3.3.41) yields

=(1) non—nearest n YA —Y) cesy o (13 (23
{nitApisiT1 o}y |1 _9.1—9 - _2(_1) J N72177)12N]§17p)2 H ngjﬁzj ngk,)lk’
jEIlf{l,Q} keZs

(3.3.56)
which agrees with the SFT result (3.3.51).
L4 ]., 2 e Ig

The string theory computation of this particular Feynman diagram is similar to
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S~ “

3
SFT diagrams Gauge theory diagrams

Figure 3.7: Diagrams with self-contractions, 1,2 € Z, .

the previous one:

1
;((dz‘, ni) | Hs|(ei, pi); I1, Las y))

YL =) [ Wpr2)FWh2) | < ~(22) Wny(3) TWny(3) | (33)
- _(_1) 9 [( p,;(l ;; Nfl?i)mNzgh—pz - % N7(ll7zn2NI§f72p)2
13) \7(23
X H Ig_j:n] H N}Sknzk (3357)
JEIY keZo—{1,2}

The self-contraction contribution is to the leading order in 1/u:

Ll (W2 +Wpa2) \ wr(33) 7r(22) Wni(3) T Wna3) | ©33)  Rr(22
_5 [( : (1 _ )2 NT(LI»T)LQNPL_ID - . : va—mNzgl,z?z
w(l—y v

~ (33
~ —2N) N2 (3.3.58)
Therefore, the matrix element of unit normalized states is given by

1-2:1-2

1
() Hal(es,p): T2, i)

1 .
~ (/1Y) . Wy ven TR [ N2 (3.359)

ni,m2” " pi1,p2 Dj,nj PE,nk "
JEL keTo—{1,2}

We now show that the corresponding gauge theory diagrams are those with an inter-

action vertex involving ¢4, , ¢4, or Z in O{di ngy and @c,; @e, Or ZinT, e’ypz 7,.7,- In this



o6

case, only non-nearest interaction diagrams contribute and the result is

(1) non—nearest - y(l — y) 1 g2N J Ji
{ni},{pi;zl,Iz}y 1-2:1-2 - J X | = JJJ2J2 W(l - tll)(l — t2 )
1 Al 1 2! ;
x [ =Y. 5)" I —==> titse)
j€n Vv S i " keZ—{1,2} V L

(3.3.60)

The interaction contribution reduces in the BMN limit to

1 N 7”.(erm)y)\,sin(mhy) sin(7nay)

(1t —t) =
TThT, sz LT =) = e om2(1 — )

12

ni+ns mwi(ni+n \7(33) aT(22
_2(_1) e (rm Q)yN7g1,7)12 I§1,p)2’

(3.3.61)

while the rest can be rewritten in string field theory language using (3.3.38). Again
the various phase factors disappear after imposing the level matching condition on
each trace.

In order to compare with string field theory we must go to the string field theory
basis. However, the particular class of Feynman diagrams we are considering, which
are those with an interaction vertex involving ¢gq,, ¢4, or Z in ijdi,m) and ¢, , ¢, OF

7 in ,Z-(g—:':l,/pi);j«-l 1,» do not contribute to I (0)‘1' Therefore, in this case (3.3.41) yields

(1) non-—nearest n (VA —Y) Ss) e (13 (23
F{ni},{pi;Il,b}y 1-2,1—2 - _2(_1) T N7g1,7)12N1§1,p)2 H ngj,n)j H ngkﬂ)%,
jeT kETs—{1,2}
(3.3.62)

which agrees with the SF'T result (3.3.57).
el c Il, 2 € IQ

The string field theory computation of this particular contraction term is

1
;((du ni)|Hs| (e, pi); T, Loy y))
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3
SFT diagrams Gauge theory diagrams

Figure 3.8: Diagrams with self-contractions, 1 € Z;, 2 € Z,.

ni,n2- "P1,—p2 ni,—n2+ "pi1,p2

_ oy [(wplu) ) > 63§02 _(wm<3>+wn2<3>> 63 Fa2)

2 py (1 —vy) M
< I Ng2 11 N (3.3.63)
jeTi—{1} keTr—{2}

The first factor which is the result of the self-contraction between the single and

two-string state, is to the leading order in 1/u:

Lifwpi) | W |\ x33) w(12) Wni(3) T Wna(3)\ 533)  mr(12
2 K uy +u(1p2—y) Nosa o2 = (=5 W Nor =,

~ —2NB3) N2 (3.3.64)

ni,n2” PL,p2°
Therefore, the contribution of this Feynman diagram to the matrix element of unit

normalized states is given by

1-2:1-2

1
()| Hal(es,po): T, Tos )

1— ) ~ . . .
~ (1) MN(?’?’) N2 NS T N (3.3.65)

n1,n2° " P1,p2 pj,mj Pk,Nk”
JET1—{1} keZr—{2}

Now let us compute the corresponding gauge theory diagrams with an interaction

vertex involving ¢4, , ¢q, or Z in O{di,n,—) and ¢, , ¢e, Or Z in T(Z;ypi);zl 7,- The result is
(1) semi—nearest B y(]_ — y) 1 g2N ; J
Dine o 221y 1-2;1-2 J X TT T Ty 82 (1 —=21") (1 —t5")

|
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1 Ji1—1 Jo—1

X — t:5;)° t (txS
1 v 0 L 5 e

JEL —{1}

(3.3.66)

The interaction part of the diagram reduces to

2 ‘ '
1 g N(l — tJl)(l o t?) — _eﬂi(n1+n2)y>\/ Sln(wnly) Sln(ﬂ'n2y)

VI Iy Jy 82 ! 2%\ Jy(1 —y)

12

ni+ns+ wi(n1+n \7(33) ar(12
_2(_1) TThe (m Q)yN7S1,712NZ§17P)2’

(3.3.67)

while the rest of the diagram, the free contraction contribution, can be computed using
(3.3.38) making the phase disappear after imposing the level matching condition on
each trace.

Just as in the previous case, the Feynman diagrams we are considering do not
contribute to F(O)‘l so that their contribution to the matrix of anomalous dimensions

in the string field theory basis is given by

(1) semifneares}v n y(l — y) (33 ~ (19 <13 (23)
F{ni}’{piQIhIZ}y 1-21-2 —2(-1) fN7(1177)12NISl,P)2 H{ 'i\]p(jﬂzj H{ ‘]}Vpk,nk’
JeT;—{1 kelo 2
(3.3.68)

which agrees with the string theory result (3.3.65).
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Chapter 4

Conclusion

In this thesis, we have attempted to extend the duality between string theory in a
plane wave background and a sector of N'=4 SYM in a double scaling limit, which
is derived from the Penrose limit of AdS/CFT, to the interacting theory level. In
Chapter 2, we have proposed that the correct holographic map is simply (1.0.9). In
practice, in order to test our proposal, we need to evaluate (1.0.9) with a particular
basis of states. In the string field theory, there exists a canonical basis in the string
Fock space where states with different numbers of strings are orthogonal to all orders
in go. In the gauge theory, a natural and computationally convenient basis is BMN
basis, the set of operators with a definite number of traces, i.e., single-trace opera-
tors, double-trace operators, and so on. The gauge theory inner product is given by
the mixing matrix of two-point function, and BMN operators mix to all orders in gs.
By orthonormalizing the gauge theory inner product, we find another basis, “string
basis,” where the holographic map (1.0.9) can be directly tested. In doing so, we
needed an assumption that the transformation matrix U from BMN basis to string
basis is hermitian in order to fix an ambiguity in orthonormalization. It is neces-
sary to understand the hermiticity of U from a first principle. We have shown that
this proposal works in the two-impurity sector at O(gs) and produces a non-trivial
prediction for O(g3) contact term, which is verified in [35].

Using the holographic map and the basis of gauge theory states proposed in Chap-

ter 2, we have extended our argument to states with arbitrary impurities in Chapter
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3. We have exactly reproduced all string amplitudes from gauge theory considera-
tions. The calculations have been carried up to O(g3) for the case of two identical
impurities and to O(gs) for arbitrary impurities. The precise agreement found here
gives strong support to the validity of the holographic map (1.0.9) and the basis of
gauge theory states in Chapter 2. The O(g2) computation has been performed in the
string field theory by truncating by hand the allowed intermediate states [35]. With
this truncation, we get precise agreement with the gauge theory calculation. It is
desirable to understand whether the truncation is necessary.

While considering arbitrary string states, we have found that there is a direct
correspondence between the Feynman diagrams of gauge theory and the string field
theory Feynman diagrams that contribute to a given amplitude. This diagrammatic
correspondence is specially powerful when we consider general string states, in which
new classes of Feynman diagrams appear as compared to the case with two different
impurities. In particular, we have shown which interaction vertex in gauge theory
corresponds to which string field theory vertex arising from the action of the prefactor.
Likewise, the various Neumann matrices in string theory have been derived from
purely field theoretic considerations as arising from various free contractions in gauge
theory. The diagrammatic equivalence between gauge theory one loop diagrams and
string theory diagrams shows explicitly the picture that each gauge field plays the
role of a string bit and a string of gauge fields realizes a physical string. Also, it may
be useful in extending the correspondence to higher orders in \. In fact, the string
side computation is already done to all orders in A’ or equivalently in 1/up™a’ in [33].
It would be interesting to reproduce it from gauge theory. An argument analogous
to [22] might be helpful to do so without order by order consideration.

Our proposal seems to suggest that only two-point functions of the gauge theory
are relevant in this duality. This is because, from the original AdS/CFT viewpoint,
we are probing the vicinity of a null geodesic which lies deep inside AdS;. There-
fore, the only string worldsheet configurations in AdSs, which survive in the Penrose
limit, are those that are stretched along the null geodesic without probing near the

AdSs5 boundary. Relevant observables are quantum mechanical transition amplitudes



61

between in and out states. Hence, it is natural to consider two-point functions of the
corresponding in and out operators in the gauge theory. Nevertheless, higher-point
functions can be deformed to two-point functions in a pinching limit, which actually
takes place in the Penrose limit. Consequently, the information about higher-point
functions is encoded in operator mixing between operators with a different number
of trace.

Eventually, it would also be very desirable to represent the degrees of freedom of
the BMN sector of ' =4 SYM as a complete theory, without any truncation. It is
shown that the conformal boundary of the plane wave geometry is a one-dimensional
null line[57]. Together with the fact that only two-point functions are relevant, holog-
raphy strongly suggests that there should be an effective quantum mechanical model
which describes the BMN sector of N/ = 4 SYM and at the same time captures all
the physics of string theory in the plane wave geometry!.

The universality of our proposal allows one to apply it to other dualities. For
example, we can introduce D-branes in a plane wave background [68, 69], and study
open-closed string transition or splitting/joining process of open strings. The dual
gauge theories have been studied in [70, 71, 69, 72]. Using the same holographic map
and following the same procedure to find “string basis” in dual gauge theories, the
string amplitudes can be reproduced from the gauge theories. This would be a severe
test and a strong evidence for the proposal. A work along this line is in progress [73].

Throughout this thesis, we consider only the regime of small \' and small go, in
which both the string theory and the gauge theory admit perturbations. There are
other interesting regimes. If X’ > 1 and g, < 1, the perturbation in the gauge theory
breaks down. However, on the string theory side, we know the exact answer in X' due
to [33]. Therefore, this will give us non-trivial predictions for the gauge theory in the
strong ) region. Another important regime is when X' < 1, go > 1 with g2\ > 1.
This is the regime that the size of giant gravitons [74] is bigger than that of strings,
and giant gravitons become essential [18]. In gauge theory, nonplanar quantum loop

corrections as well as free nonplanar diagrams are important, and both G and I" need

1See [58, 59] for recent attempts along this line
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to be exactly treated or resumed. The exact treatment of G may be achieved along
the line of [75]. In this case, we may have to find “giant graviton basis” rather than
string basis which is presumably better suited for resummation. However, how to
resume gauge theory diagrams in this regime is not yet clear. One may speculate
that a physical three-dimensional volume of a giant graviton can be reconstructed
from proper gauge theory fields in a similar way as a string emerges from elementary
gauge fields.

So far we have limited our discussion to scalar impurities which corresponds to
one SO(4) directions among SO(4) x SO(4) transverse directions of the plane wave
background. The anomalous dimensions of BMN operators with vector impurities
D;Z have been calculated in [46, 55] to give agreement with string theory predictions.
It would be desirable to apply our analysis to vector impurities also.

Finally, finding black hole solutions in a plane wave or asymptotic plane wave
solutions would be intriguing[76, 77]. Then, the dual gauge theory description would
be a thermalization of the BMN sector. Hence, it is important to see if the truncation
to the BMN sector in the double scaling limit also arises under thermalization.

The duality between a pp-wave string theory and a certain limit of a gauge the-
ory discussed in this thesis is the first example of string/gauge duality in which we
can explore a “stringy” regime explicitly. This is just beginning of a new avenue
for studying string theory and gauge theory. Understanding obtained here may be
useful to understand holography in a flat spacetime or in a more general situation.
Eventually, we would like to address interesting problems in quantum gravity such as
black holes and Hawking radiations in this context. Hopefully, the development in

this thesis will shed new light on these subjects.
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Appendix A

BMN operators in complex scalar

notation

In the main text, we have used real scalar field notation to define BMN operators
with arbitrary combination of impurities. In this case, we have four kinds of scalar
impurities ¢1, @2, @3, ¢4 which can be inserted, and a subtlety arises when two identical
impurities collide. In this appendix, we study the same problem in the complex
scalar field formulation. In this formulation, there are also four kinds of impurities
®,®, U, V. First, we want to see if BMN operators with anti-holomorphic insertions

are well defined in the BMN limit. For example, let us consider ® and W insertions:

1 I _
J_ 2miln/J l J—l1
O = 5 }lzoj e Tr (0210 277). (A.0.1)

From the original Lagrangian of N’ = 4 SYM theory, it is easy to see that there is
a symmetry which maps ¢, to —¢4, thereby transforming ¥ to ¥ without changing
Z and ®. From the ten-dimensional A’ = 1 SYM viewpoint, it is just the reflection
along one of the internal directions. In terms of an N = 1 superfield formulation
of N' = 4 SYM, it is equivalent to treating Z,®, ¥ as chiral superfields instead of
Z,®, V. (The original D-term potential and F-term potential should regroup to give
the same form of D-term and F-term potential in terms of Z, ®, ¥.) Therefore, the

Feynman diagram computation is identical to that for BMN operators with ® and ¥
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insertions, as it should be because in terms of the real scalar representation the four
impurities are equivalent as far as same impurities do not collide. Hence, we conclude
that the four complex impurities are equivalent in the dilute gas approximation.
Now let us think about the subtlety arising when two impurities collide. In the
real scalar representation, only when two same impurities collide we had to add an
extra term with Z insertion. In the complex scalar representation, this extra term
is necessary only when ® and @ collide or ¥ and ¥ collide. This can be understood
from the action of R-symmetry generators on the BMN operators. (See also [64].) Let
us denote the R-symmetry generator of the rotation on ¢;-¢; plane by R;; = —Rj;.

More precisely,

Rij - &5 = ¢, Rij - ¢ = —9;. (A.0.2)
Then define
1 ) ) 1 ) )
R’IDZ = 5 <R15 + R26 + ZR25 — ZRlG) 5 R&)Z - 5 (R15 - R26 - ZRZS - 2R16) .
(A.0.3)

Their actions are given as

R@Z'Z:(I), R@Z'(I):—Z, R¢Z-Z:R¢Z~<I>:0,
R@2Z:é7 R@2¢:—Z, RézZ:Réz¢:0

and likewise for Ryz and Rg,;. BPS BMN operators can be obtained by acting these
generators successively on the vacuum operator Tr(Z”7). For example, if we want to

insert ® and ¥, we act with Rgz and Ry, on Tr(Z7+?),

Ryz - (R@Z . Tr(ZM)) = Ryz - <J§ Tr(Z’q>ZJ+1’)> =(J+2) zJjTr(cbZquzJ*’).

1=0 1=0
(A.0.5)
Since Ryz - ® = 0, we don’t have any extra term arising when Ry acts on ®. It is
also the case when we insert two ®’s because Rz - ® = 0. Now let us consider & and
® insertions.

J+1
Raz - (RozTe(27%) = Ray (Z Tr(Zl<I>ZJ+1_l)>
=0
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= (J+2) (i Tr(®Z'®Z77") — Tr(ZZJ“)) . (A.0.6)

=0

The Z term arises when Rz, acts on ®, in other words, when ® and ® “collide”.
We conclude that only when holomorphic and antiholomorphic insertions of the same
kind collide, we need to add an extra Z term. From this consideration, we can also
learn that no extra term is necessary when Z collides with the four impurities because

all the four generators annihilate Z. For example, when Rgz acts on Tr(ZZ7+1),

J
Roz - Te(ZZ7T) =3 Te(ZZ'®Z77H). (A.0.7)

1=0
This implies that we don’t have to worry about collision of more than two impurities.
In general, we have only to take care of holomorphic and antiholomorphic impurities

of the same kind pairwise.
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Appendix B

Off-shell representation of BMN

operators

In this appendix, we carefully define “on-shell” and “off-shell” representations of
BMN operators which are introduced in the main text. (See also [19].) Here by
shell we mean the level matching condition shell, which states that the sum of all
worldsheet momentum vanishes. In the on-shell representation, we fix the position of
one scalar impurity and sum over positions of the rest of the impurities. To explain

more explicitly, let us consider the case of three impurities. In this case, we have

Ol= > T(paZ  Z¢aZ  Zda,Z - Z) 5555, (B.0.1)
0<la,l3<J
where d; € {1,2,3,4} is the direction of the i-th impurity, I; is the number! of Z
in front of ¢4, and s; = €2/ is the phase assigned to ¢q,. This definition gets
ambiguous when two impurities sit next to each other. Therefore, we need a rigorous
definition:
ol =0! +0!

on,c on,a’

(B.0.2)
with

o/ = SN Tr(¢a, 2 ¢a, 2% e, 27 %) 552852,

on,c
0<az<a3z<J

n [64], I; is argued to include the number of other impurities in front of it, but the difference is

only subleading in 1/J and inconsequential throughout this paper.
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ol = > Tr(¢pg, 2% ¢a, 27 B ha, 277 ) 557852 (B.0.3)

on,a
0<az<a2<J

To normalize this operator canonically, let us compute its free two-point function:

(0ol =(0 Ol \+{0! O V= (J+1)(J+2)N'3 (B.0.4)

on,c >~ on,c on,a >’ on,a

Here we have counted the number of pairs (ag, as) such that 0 < ay < az < J, which

is (‘] _QF 2). Hence, in the BMN limit, the correct normalization is

;@J
JVNT o

Now let us move on to the off-shell representation. In the off-shell representation,

Ofain = (B.0.5)

we do not fix the position of any scalar impurity and treat them on equal footing
by summing over all possible positions of all impurities. For our present case of 3

impurities, we define

O= Y T(Z-Z¢poZ Zbs, 2+ Z¢a,Z -+ Z) s s5 55, (B.0.6)

0<ly,l2,l3<J

where [; is defined in the same way as above. Again, a rigorous definition is given by

Oz)lff = OE)]H(L 27 3)+OE>]H(27 37 1>+O£)]ff(37 17 2>+00Jff(17 3? 2)_'_01;]&(37 27 1)+O:)Iff(27 17 3)7

(B.0.7)
with
ngf(l’ 2,3) = Z Ty (Zm Ga, 272"y, Za3_a2¢d3ZJ_a3) 591592583
0<ai<az<az<J
OgH(Q, 3, 1) = Z Tr (Zaz by Za3—az ba, Za1—as ba, ZJ*CLl) 8(1” ng 8;37
0<az<az<a1<J
, (B.0.8)

where the other operators are defined likewise. Now the claim is that OZ; is non-

vanishing if and only if ny + ns +ng = 0:

Ol #0 <= ny +ny+n3=0. (B.0.9)
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Note that this condition is exactly the level-matching condition in string field theory.

Furthermore, if this condition holds, we have

Oz)]ff<17273>+O£)]ff(27371)+0({ff(37172> = JOJ

on,c’

Oojﬂ(17372)+Ogﬁ(37271)+oojﬂ(271a3) - JOJ

on,a’

(B.0.10)
and the off-shell representation (B.0.7) is reduced to the on-shell one (B.0.2):
Ole = JOI . (B.0.11)

This explains the terminology of “on-shell/off-shell” representation. Consequently,
the correct normalization of the off-shell operator is

! O
VIV I3 NI+ °

This argument can be immediately generalized to n impurities assuming all of

(B.0.12)

J —
OBMN -

them are different. The on-shell operator is

n

(’)an: Z T (¢, Z - Zpay Z -+ - - - Zcban"'Z)HSﬁi, (B.0.13)

0<lg,+ln<J 1=2

with [; being the number of Z’s in front of ¢; as before. Or more rigorously the
definition of it is given as the sum of (n—1)! operators corresponding to permutations
after fixing the position of one impurity:

O = > 0. (B.0.14)

o€Perm{2,---,n}

with
n
7 oy — J— i
OOH,O’ — Z Tr <¢d1 Zaa(Q) ¢dg(2> Zao'<3) A (2) ¢do‘(3) o o ¢da(n)Z ao‘(n)) H 5;1 .
0§a0(2)§“'§ao’(n)§t} 1=2
(B.0.15)

_ n—1
Each (9;{;{}0 is composed of (J—Ti;ﬁ 1 1) o~ ﬁ terms, where the combinatoric
number comes from the number of (n —1)-tuple (ag, as, - - -, a,) satisfying 0 < a2y <

-+ < ag(n) < J. Hence, the normalization is

1
J _ J
O = =t e O (B.0.16)
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Similarly, the off-shell operator with n impurities is

n

(’)gﬁz Z T (Z- Zg,Z -+ Zpgy, Z -+ - - - Zéban"'Z>H52i, (B.0.17)

0<ly, - In<J 1=1

with a rigorous definition given by a sum over n! terms. As in 3-impurity case, we
have
OLOIH — JOJ

on?

(B.0.18)
if and only if the level-matching (on-shell) condition holds for the off-shell operator.
Hence the normalization for the off-shell operator is

1 J

OéMN = Ooff'
VIVI/NT

(B.0.19)

Here we can think of each impurity as carrying a normalization factor 1/ V' J, since
we sum over J possible positions for each impurity. The leftover factor 1/v/.J is the
original normalization of the vacuum operator and it originates in the cyclic property
of Tr.

So far, we have defined on-shell and off-shell operators assuming that all impurities
are distinct. However, we have to deal with same impurities eventually since there
are only 4 directions. When two impurities, say ¢4, and ¢g4,, are the same, we have to
insert —Z when they collide as discussed in Appendix A. Then the correct definition
is in the off-shell representation,

n

Oy = 3 T(Z 2o 2 2,2+ Zpa,Z -+ Z¢a, 7 2) [[ 8"
0<l1 Il ln<J =1

_ 3 Tr(Z-~ZZZ-~-Z¢d3Z ...... Z<Z5an"‘Z> (s1s9)la I s%,
0<l (1.2l rbn <J+1 i=3

(B.0.20)

where /(1 9) is the number of Z’s in front of 7 arising when ¢q, and ¢g4, collide. Now
we have to do this modification whenever we have a pair (i,j) such that d; = d;.

However, as argued in Appendix A, we do not have to worry about collision of more
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than two impurities. The normalization is not changed since the number of Z terms
is subleading in 1/.J compared with the original terms because Z terms arise only
when two impurities collide.
As an example, let us consider a BMN operator with 4 same impurities, i.e.,
di = dy = d3 = d4. In this case the BMN operator should be modified by —Z as
4

Ohi= Y (22642 ZéwZZuZ - ZoaZ - 2)[] s

0<ly,l2,l3,l4<J =1

_ 3 Tr(Z~--ZZZ---Z¢d3Z---Z¢d4Z--~Z) (5150)102) gl3 gla

0<i(1,2),l3,la<J+1
_ S Tr(Z---ZZZ---Z¢d2Z---Z¢d4Z---Z) (s183)109) st2 gla

0§l(1’3)712,l4§J+1

+ 3 Tr (Z- L ITT 7T, --Z) (5182)102) (53541

0<l(1,2),l(3,4)<J+2

(B.0.21)
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Appendix C

Matrix elements

The definition of various matrices appearing in G' and I' on the gauge theory calcu-
lation are given as follows.
2-impurity matrix elements (|m| # |n|,m #0,n#0,p€ Z,0 <y < 1)

y*/2/T =y sin?(mny)
Vir?  (p—ny)?

d Crpy = Cpyn =

1 sin?(mny)
NAL:: n?
1 1 7

Moo=
¢ nn =60 24m2n? | 16nind

Cn,y = Oy,n =

1 35
M! =
W A82n? + 1287m4n4

1 1 1 1

M = —
e 12r2(n —m)?2 8wt (n —m)? * Amin2m? * 8minm(n —m)?

1) 1) _ y7,.2
) =Tl = XNn*C,,
F,(fzn = )\'anﬁhm + WD}WL



(et
* Bon = ; * 2W§n2

B = s

Bom = 27?23mn * 27r2(ml— n)?

n-impurity matrix elements

(1) (1)
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(C.0.1)

° {nid v, oty = T {piTi T}y {ni}
= ( )n+ZkEI n1+1V n2+1 H sin any) H Sin(ﬂ-nk(l _y))
JET m(pj — nyy) ke, m(pr — (1 —y))’
e8] _ (@
° {ni} {ps;T1, T2}y — F{pi§21712}y:{ni}
N i\’ o\ Pk
= 3 > (n]—]> + Y (n — >+nk1_
= Yy y keTs Y Y
(1)
X G} oty Tahy- (C.0.2)
where ny = |Zy|, ng = |Zs|.
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Appendix D

Useful summation formulas

When one multiplies two matrices in (2.3.36), the following formulae are useful:

1 1 s 1
¢ > CopyCrym = —J/ dyy®(1 — y) sin®(7ny) sin®(rmy) >
o py—rY Jrt o o (p—nr)2(p — mr)?

1 1 1 1 :
6m2(n—m)? + 4min2m?2 + minm(n—m)? 47t (n—m)4 if n 7& m

1

1 1 e
30 " 12202 T 2nind if n=m

(mny) sin®(Tmy)

n2 m?2

1 1 sin?
i ch,ycy,m = ﬁj/o dy
)

3

Py lfn:m,—m

[e.9]

p L . . p
« > ngpyC’py,m = ﬁj/o dyy®(1 — y) sin®(7ny) sin®(7my) >
Py

poo (p = nr)*(p — mr)?

(n + m) {lng(i,m)z + 471'47127)12 + 87r4nm%nfm)2 - 87r4(n17m)4} ifn 7é m

3~ T T s itn=m
szC C 1J/1d (1 = y)sin?(eny) sin?(wmy) > “
° —Un, m = T 1 gyl — y)sm\mny) s (mmy

ISimilar identities can also be found in the Appendix of [48].



n?4+m?2

n84+mb—2nm(nt+m*)+n3m3

1272 (n—m)?

4r4n2m?2(n—m)*
n? 3
30 2min?

if n#m

ifn=m

74
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Appendix E

Asymptotic behavior of Neumann

matrices

In this appendix we present the asymptotic large © behavior of all Neumann matrices

in the exponential basis. These can be obtained from (m,n # 0)

. 1 - - 1 - - _
rs) __ (rs) _ (rs) (rs) (rs) (rs) (rs)
= 2(N|m|,‘n‘ e(mn)NZ 0 ), Npg = 7§N|m|70’ 00 = Noo
(E.0.1)

where e(m) = sign(m) and the asymptotic behavior of Neumann matrices in the

cos/sin basis in [33]:

A (=1)m*

~

m,n 477',“3./
N(12) o (—1)m+!

T A Jy(1—y)
@2 1

T Amp(l — )

caz) _ (=)™ sinnry

S g = m]y)

R (—1)"sinnmy
T =y(n—m/(1 - y))
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(—1)™ "+ sin mry sin nry
o ‘

(E.0.2)

For the computation of the contact term, we also need F* in the exponential basis

(n#0)
(E.0.3)

and the scalar quantity k and fermionic Neumann matrices Y. Using again the results

in [33], we have

F, = 7 : (E.0.4)

2 (=)™ n(1 —y)

F(I) ~
! 2y/1y
F_ ~ L
O 2 fu(t—y)
F@)n ~ 2./py(1 — y)(—1)" " sin ny. (E.0.5)
1
- 1 _ 1-— _
7 ~ Lyt Yy~ [ (B0
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Appendix F

Calculation of supersymmetry

charge matrix elements

In this appendix we shall show explicitly how to reduce the supersymmetry vertex in
[32] to our simple formula (3.2.12) when we assume the external state to have two
bosonic impurities and the intermediate state to have one bosonic and one fermionic
impurity. See also [35].

The Hamiltonian and supersymmetry charge vertices in [32] are given by

[Hs) = c((1+ pok)(K\ — K*) (KL + K7) = 106 )vi;(Y) Ea By Eio|0),

Qsa) = c(1+ pak) (K — K')sh(Y)E,EyEy|0),

Qs) = 1+ pak) (KL + KU )3 (V) Ly Fiol0). (F0.1)
Various constituents of the prefactor, K, v/ s, = —iy/2(ns}, + 7sb,) and &, =

iV/2(7sk, + nsh, ) are given as

3 )
K:— = Z _Z m(r :71(7‘)7

3 00

K'Y = 3 > Fopom, (F.0.2)

r=1m=—o0

g g 1,
v = 5”+mtajbch“YbYch+W6 €avedefgnY “ - Y
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1
+ TfyabYaYb

ij ab h
21613 fyabea CdefghYC Y )

i

) a 1 7 abc
ﬁsld = YY"+ 3151g2 abea® esgnY e YT

\}533& = _3!105 UlpeaY Y PY €+ 7,13%”6 bedefgnY Y (F.0.3)
where Y* reads
ye — \/53/6(04(1))‘?2) - 0‘(2))‘?1)) + 23:1 i1 Ym(r)bgj(ﬂ, (F.0.4)
with
a Qr baTr . 1 (b8
() = ;) (sz) (r=1,2), A3y = 7 (bzg) : (F.0.5)
and

Yo =Y ! LY F.0.6
SR —

_ 1 _ 1

Note that in the matrix representation of (F.0.5) (F.0.6) (F.0.7), the upper(left)
entries denote the components with spinor indices a = 1, - - - , 4, while the lower(right)
ones denote a = 5,---,8. Also E,, E, and E,y come from the overlapping condition

of bosonic modes, fermionic non-zero modes and fermionic zero modes, respectively,

exp< Z Z azi)mN,S:fL)ag)n), (F.0.8)

r,s=1m,n=—o00

1 4 8
_ af at a b b b
Fin = oz LLGVawbiy + vaeh + ) g(x/@ﬂ)b(l) + VAR + b)), (F.0.9)
and the explicit expression of Fj, is not necessary in our analysis. Finally the “ground”

state |0) is related to the “vacuum” state with the lowest energy by

H bl beT HbaT |vac). (F.0.10)
a=> c=
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Now we would like to calculate the supersymmetry charge matrix elements

Qn,m(s) = <Vac|an(3)a—n(3)afn(s)ﬁ(bgn(s) —ie(m)b?,,)|Qa), (F.0.11)

where we assume the external states to be two bosonic impurity states and the in-
termediate states to be states with one bosonic and one fermionic impurity. The
supersymmetry charge matrix elements under this assumption will be greatly simpli-
fied. We find the (Y)! and (V)7 terms in (F.0.3) vanish and the (Y)? and (Y)° terms
reduce to (3.2.12).

The typical matrix element of the supersymmetry charge (F.0.11) is

o 1 ,
<VaC’CY:L(3)OéZ_n(3)Oé7’:,L(S) ﬁ (bgn,(s) — Ze(m)bd_m(s))KiYKEaEbEbo‘()) s (FO 12)

where ¢ denotes the number of fermions in the expression » First of all, let us con-
centrate on the zero mode by operators. Since we only have by in Eyp and |0),
all the by(3) operators should cancel out to obtain a non-vanishing contribution. The
only possibility is that bf,) (@ = 1,---,4) in Ejy cancels those in |0) and we never

use b8(3) (b=05,---,8) in Eyg. Using this fact, our typical matrix elements become

o 1 . e
<Vacla;(3)al—n(3)aﬁz(s)ﬁ(bg@(s) — le(m)b‘im(s))KinEaEbo H 602172) |VaC>, (FOlS)
a=>

with 05, o) meaning 0fy or b,. Next, let us concentrate on the zero mode by(,2)
operators. In case of £ = 1, we will not have enough annihilation operators to cancel
all the leftover zero modes in |0). In case £ = 7, we use four of b(Y)” to cancel the zero
modes. But the rest must all be the creation operators and now we have too many of
them. If ¢ = 3, exactly four operators in b(Y')? are used to cancel the leftover in |0).
If ¢ =5, four in b(Y)® are used to cancel. Since Y does not have both the creation
operators and annihilation ones for the same operator, two of the Y’s cannot cancel
each other. Therefore we have to choose four operators in Y to cancel the creation
operators in |0) and let the remaining Y’s be cancelled by the b of the intermediate
state.

For the (Y)? term, only the zero modes contribute:

~ Yo E NP, + Eif NG, + i NG, (F.0.14)

n
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For the (Y)® term, besides the zero modes contribution, the non-zero modes also

contribute as:

~ <F(1)mN(33) i F(3)nN(13) I Fé)_nN(l?’)). (F.0.15)

m,n

\/5

Using the large p behavior of various Neumann coefficients in Appendix A, we find
that F(g)]\? (13) gives the leading contribution. Besides, from the symmetry of the

Neumann coefficients, we have
Fl N2, + Fgy NG =~ 0. (F.0.16)

Therefore the only relevant matrix element of the supersymmetry charge comes from
m # 0.
For the analysis of the normalization of the contact term, let us be careful about

the overall factor. Since

(1) v/ A@) b2y — 2y /A b)) (VA b1 + /A by b3 Doty [VaC) = —/amage)|vac),

(F.0.17)
for a = 5,---,8, from the cancellation of the fermionic zero modes we have an extra
factor of

04(1)%))4
= ~ . F.0.18
o= (o5 (F.0.18)

Taking it into account, we find that the only non-trivial contribution is

2ec Vo), = _
Qn,m(s “77 1 + Makuabcaé(llggi \/_ (F N( ) F( 3)n 7(n )n) (F()lg)

To fix the overall normalization, let us compare the supersymmetry charge matrix
element with the Hamiltonian. If we restrict the external states to be purely bosonic
ones, we also have the same fermionic zero mode factor ¢y in the Hamiltonian matrix

element:

CCo i i j i\ 4iJ
[Hy) = 51+ pak) (KL = KL)(KL + K Jtggrs Ealvac)

2ccy 3.0 X Wn(r) ;
_ ( )Z > = J(r v Balvac).  (F.0.20)

2
«Q r=1n=—o0
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In the final step, we have used the formula derived in [31]. Comparing our final
expression with (2.2.8) whose normalization factor was determined in Chapter 2 and
[39] by comparing the string field theory result with a gauge theory computation, we

find that
2ccy

=1 (F.0.21)

o
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Appendix G

Formulas for calculating the

contact term

The necessary summation and integration we need to calculate the contact term are

the following ones:

i Nz(il?)) Nﬁf) _ (=)™ sin(n — m)wy
= ’ m(n —m)
0o B B : . 1 —
S yegen - s mrl —y) ©o1)
= ’ m(n —m)

Also,

(Sl )

/01 dy(—1)"*"

(sinﬁ(m —n)(1—y) sina(m+n)(l— y)) }

w(m —n) m(m+n)

1 1
 4ri(m —n)? * 474 (m + n)?’

/01 dysin2 7my{<y B Sin27my>(1 )+ <(1 ) sin 27n(1 — y))y}

2 2mn 2mn

BN (€02

2m2\3  8m2n?
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Appendix H

~

e computation in singlet sector

In this appendix, we explain the details of the computation of I'® matrix elements
for the operators with two impurities in the same direction, as discussed in Section

3. The following identity will be useful throughout the computation:
Crpy = Cn—py- (H.0.1)
As in (2.3.36), I'® is given by
7@ —pe _ Lige poy - Ligm poy 4 Srqme poy 4 Loorogo g10.9)
2 ’ 2 ’ 8 ’ 4

Here we shall compute all the terms and show that I'® reduces to (3.2.24).
Our strategy is to split each matrix element in (3.2.16) into a part proportional

to 0;; and a part coming from extra diagrams. More precisely, we have

Fz(ilvzb,jjqz = 5ij (Fv(ll,éz + F(—IT)MIZ) + 5F7(11:éz’
Cigim = (T, + T ) + 000, (H.0.3)
with
1
1 1)
5F7(1,21z - _irn,Ozv
s = T,
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T — L pt (H.0.4)

)
n,m 167T2 n,m

As a preliminary computation let us consider (G1))?:

1 o}
(G(l))z = J/o dy (Z(Cm,py + Cn,—py)(pr,m + C—py,m) + 20n,0y00y,m>
p=1
1/2
+J / dy2C, ,2C,
0

1 o 1
—J /0 dy > (CusyCoyan + CopyCrym) +2J /0 dyCrayCopm

p=—00

(H.0.5)

—m)-

1

Here we have to be careful about the extra normalization factor 1/v/2 for zero modes
as explained around (3.2.16). Note that originally in the first line we sum only over
positive integers the product of two terms. One of the terms is the product of two
contributions with opposite worldsheet momentum. But with the help of (H.0.1), we
can rewrite these cross terms into the summation of two terms over all the integers,
with still one of them carrying the reversed external worldsheet momentum as in the
second equation in (H.0.5). Since one of two terms is identical to the one arising for
operators with two impurities in different directions, we can perform the summation
and integration easily and add the other term by reversing the external worldsheet
momentum. This kind of mechanism happens everywhere, also in the computation
of T Therefore, the naive expectation of I'® is obtained by adding a term with
the external worldsheet momentum reversed:

_ L - 1
D) i =050 + T ) =4

iin,jjm n, , ij 1672

(Bum + Bu—m)- (H.0.6)

The only point we have to be careful with is whether (H.0.4) will give a non-trivial
contribution.

Let us postpone the effect of (H.0.4) and concentrate on the dominant contribution
to see whether the results have an additional contribution of reversing the worldsheet

momentum, as compared to the case of operators with two impurities in different
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directions. Now it is quite trivial to calculate terms involving I'® in (H.0.2) such as
{( G2 1O GOTOGH) and {GP, T}, They are given by

n? 4+ m?

{(G(l))Q’F(O)} :

(M, + M,

7—m)7

2

GOTOGM)  — J/O dy Z(Cn,py + On,—m)?(@wm + Cpym)
p=0

1 [e%¢) p2 p2
= J/ dy Z (Cn7py70py,m+Cn,py70py7—m)v
0 p——oo Yy Y
{G(2),F(O)} — (n2+m2)(M;7m+Mi’im), (H.0.7)

Let us turn to the term involving '™ in (H.0.2), but ignoring the effect of (H.0.4).

It is given by

{G’(l), (F(l) _ 61“(1))}
1 oo 1
= ‘]/0 dy Z(On,py + C”%—Py)(rzl)y,m + Flfpy,m) + 5(0”1’0!} + Cn@y)(r(l]y,m + 1_‘(l]y,m)
p=1

1 & 1
+J/0 dy Z(F}l,py + F%L,—py)(cpyym + Cfpy,m) + 5(]‘_‘;,011 + F;,Oy)(co%m + COy,m)
p=1
1/2 1 1

1 e e}
= J /0 dy{ > (Copylhym + Ty Cpym) + (Cn,yFi’err}%ycy’m)}

p=—00
(o)

1
17 [ 0] 3 (Comlhy 4 Tl Coon) 4 (CoTh T, ) 109

p=—00

Also if we ignore the effect of (H.0.4), T® also has the same additional contribution,
as seen in (H.0.3). As promised, all the results come paired with (n,m) and (n, —m),
where the first group of terms adds up to give the same result as for the case of two
different impurities.

Now let us consider the contribution of 5I'’s to I'?)

SEO — s7@ _ ;{Gm, ST, (H.0.9)
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that we have not taken into account so far. We can compute the second term as

before:

{G(l) ) 5F(1) }iin,jjm

1 ol 1 1
= J/O dy {Z(Cn,py + Cn,wy) (_2F(()71J)1m) + Ch oy <_2F(()2m>}
p=1
1 00
+J/ dy
0

1 1
E (—QFS})y) (Coym + Cpyim) + <_2F5L{%y> Col/:m}
p=1

! 1 1
) /0 dy(QCw)(—QF;{)n) + (—QFSD (2Cyn)

J [t > n? +m? 1
= =5 [y X (ConTlyn+ Ty Conan) = = [ dyCry CRL010)
p=—o00
Using the formula,
J 1 3 Crpy Lo = ! 3
/0 dyp:Z:OO RS Oum o (1 * 7r2m2)’ (H0.11)

and the summation formula in the appendix of [60], we obtain

L

g2

(GO TW Y i = — (H.0.12)

which precisely cancels 6T'®):

6@ = . (H.0.13)

Therefore we find that (H.0.6) is exact. In Section 3.2 and Appendix F, we saw that
this result is correctly reproduced from the contact term calculation in string field

theory.
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Appendix 1

Anomalous dimension of the

singlet operators

In this appendix we shall calculate the anomalous dimension of the operator with two
impurities in the same direction, using the perturbation theory. This calculation has
essentially been done in [47] by diagonalizing the matrix of two-point functions in the
BMN basis. Here, we perform the calculation using the string field theory basis and
it serves as a consistency check of the evaluation of T'® in the previous appendix.

In perturbation theory the eigenvalue at O(g3) is given by

1 (1
o 1 (ng)n]]y)

[ 1/2
J/ dyZZ umgp/yy _|_J/ dyZTJrr;Lm (L.0.1)

pOJI Jj=1

Using the following relations

i 1
o _ oo
Pn,py - §Fn,0y>
=(1) L
oy, = 5r, (L.0.2)

(I.0.1) can be rewritten as

(1) 2 (1)y2
FnO ) J rl (Fn ) (2
=3 X et e M (L0.3)

p—foo



38

Now let us proceed to evaluate each term. The first term is

1 o 1- o 1
i [y int(emy) Y- 5 (1.0.4)

2 _ . 2/,2 4,27
e M2 =Dy 647in

and the second term is simply reduced to the integration of (C,,,)?, whose result can

be found in [60]:

n? 1 3
[ ayez, = . 105
2 Jo Yony 1674n?2 ( )
Consequently, the anomalous dimension of the singlet operator is
3 3 1 1 /1 35
A®) = By + Bay) = ( ) 1.0.6
64m4n? + 1674n?2 * 167?2( nF Bun) 16m2\3 = 87w2n2)’ ( )

which as explained in [47, 48] is the same as the operators transforming in the 6 and

9 representations of SO(4).



89

Appendix J

The O(g9) coupling a p-th string
state to a p + 1-th string state

In a recent paper Gursoy [52] has analyzed the two-point function of multi-trace
BMN operators with two different impurities. The class of operators that the author
considers are

7;;{731,y2,...,yp = OT!{LrJ Lovd v 5y1+...+yp,1. (J.0.1)
The O(gy) result for the mixing of the p-th trace with the p 4+ 1 trace BMN operator

is given by [52]

p,p+1(1) _ ,3/2
Gnyl...yp;mzl...zp = U Cnymzl/yl Z 5@/2,219(2) et 6yp:ZP(p)5y17ZP(p) 6y1721+zP(i+1)+
P
L Onm O 0 ) 0 J.0.2
g mmtyna Z YP(2),2pP/(2) " " VYP(p—1)2P! (p—1) yP(p>:ZP'(p>+ZP’<x(+1‘> 2)

PP’

The contribution in the first line is due to contractions in which the two impurities
in the p-trace operator contract with the two impurities and any vacuum operator in
the p + 1-trace operator. Therefore, the quantity C), .., /y, is the mixing between a
single trace and double trace two-impurity BMN operator. The contribution in the
second line comes from Wick contractions where the operators with the impurities
just connect among themselves and the vacuum operators in the p-th trace BMN

operator contract with the vacuum operator in the p + 1-th trace BMN operator.
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The contribution to the matrix of anomalous dimensions is given by [52]

Ppt+i(D) _ (”2 + 22 _ m”) Gpri1) , (J.0.3)

NY1...Yp;M21...2 2 2 NY1...Yp;M21...2
p P Y7 23 Y121 P P

Using the holographic proposal we can calculate these matrix elements in the or-

thonormal basis

[ppt1(1) — epti(d) 1 {Gp,erl 1) [pp+1(0) }
2

NY1...Yp;M21...2p NY1...Yp;M21.-2p NY1...YpiMZ1...2p7 =~ NY1...Yp;MZ1...2p
1(n m\°
- -2 _ T p:p+1(1)
- 9 (yl Zl) Gnyl...yp;mzl...zp' (J04)
We note that, in the orthonormal basis, the second term in (J.0.2) does not contribute

due to the 0 function constraints and the prefactor in (J.0.4). Therefore, the final

answer can be written as

1 -
p+1 _
ngi‘..gsp;)mzl...zp - ﬁrn,mﬁ/m X Z (51/2,21:(2) T 63/1712}3(1))6y112P(p)5y1731+ZP(i+1)‘ (J~0~5)
P
We now perform the relevant string field theory calculation. The string states

dual to the BMN operators (J.0.1 are given by

7,91, Y2, - Yp) = Al |vac, y1) ® |vac, g) ® ... ® |vac, yp) Oy, 4 4y1 (J.0.6)

It follows from the expression for the cubic Hamiltonian vertex (2.2.8) (2.2.9) that
any contraction coupling only vacua is zero. The only possible non-zero contributions
are those in which the string carrying the two impurities contracts with the string
carrying two-impurities and a vacuum string state. Therefore, the matrix elements

of the unitly normalized states are

1
(N, y1 .. yplHslm, 21 ... 2p)

=

1
= ;(nv hn |H3 |mv Zl Z 5y27zp(2) y:l??ZP(p) 5y172p<p) 5y1,21+zp(1+1)

1

- /?/_1 n mzl/yl Z 6@/2 Zp(2) yp ZP(p) 5y17zp(p)5

(J.0.7)

y17z1+ZP('L+1) ?

which match the gauge theory computation.
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