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Chapter 1

Introduction

The Physics phenomena that we observe in the domain of elementary particles and
their interactions through vector particles are described by the gauge theory of quan-
tum fields. The quantum gauge theory lies at the core of our current understanding of
the strong, weak and electromagnetic interactions that is described by the standard

model of particle physics, to excellent accuracy.

String theory, on the other hand, is generally accepted as the strongest candidate
for a quantum theory that includes gravitational interactions. There are various
interesting phenomena in string theory that has the possibility of being realized in
nature. Among them is the realization of a long suspected correspondence between
the gauge and gravity theories. This correspondence renders string theory also as a
theoretical laboratory that allows one to study various aspects of gauge theories from
an alternative point of view. For example, it becomes possible to explore the strong
coupling dynamics of various gauge theories by mapping specific phenomena in the
gauge theory to its counterpart in the string theory side. In most cases the treatment
in the string theory side is much easier to tackle with, or it at least provides an
alternative description of the phenomena in terms of a completely different language.
This new window into the non-perturbative physics of QCD-like gauge theories, for
instance, may provide the key for an elegant solution of the long-standing problem of

understanding confinement.
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1.1 Early ideas

Since the seminal paper of 't Hooft [1] in 1974 people long suspected a correspondence
between string theory and gauge theories. 't Hooft considered a gauge theory with
or without matter in the large color limit, N — oo. In this limit he showed that the
effective coupling constant of the theory that governs the perturbative expansion of
the correlators becomes

A= ¢*N = fized, (1.1)

where ¢ is the original bare coupling constant of the gauge interactions. In addition,
the correlation functions admit a well defined “genus expansion” in powers of 1/N?
in this limit. The reason for the term “genus expansion” is that the contributions
to the correlation function from various Feynman diagrams can neatly be classified
according to their topology, i.e. number of genera, and the power of 1/N? corresponds
to this number: If one can draw a Feynman graph only on a genus-g surface so as to
avoid intersections of the propagator lines (apart from the interaction vertices), then

the Feynman diagram is called a non-planar graph with genus g.

On the other hand, closed string theory — in striking similarity with the aforemen-
tioned genus expansion in t’ Hooft limit - is perturbatively defined again by a similar
topological expansion, but this time various topologies in question is that of the
two-dimensional string world-sheets embedded in the space-time. [2]. For example,
comparison of the aforementioned perturbative expansions, leads to the identifica-
tion of the inverse color parameter in gauge theory with the closed string coupling

constant:
1

gs ~ —-

N

Indeed 't hooft [1] argued that the gauge theory in this regime of parameters is
described by some kind of string theory. However, these general considerations do
not allow one to specify the candidate string theory that is conjectured to govern the
gauge theory dvnamics. In particular, more detailed questions, e.g. the spectrum of

the candidate string theory, the geometry of background space-time that the strings
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propagate in, etc., goes unanswered in this framework.

1.2 The Maldacena Conjecture

A big step toward the realization of this idea came with the conjecture of Maldacena
in 1997 [3] where a concrete duality between the supersymmetric N/ = 4 gauge theory
in four dimensional Minkowski space-time with gauge group U(N) and type 1IB
closed string theory on a particular 10D manifold, namely the AdSs x S° space-
time was conjectured. This is called the AdS/CFT correspondence. Here, Anti-de
Sitter space is a maximally symmetric solution to Einstein’s equations with a negative
cosmological constant. We describe the geometry of this space in section 2.1. S® is
a 5D sphere. There is a well-defined and detailed prescription that matches the
parameters, operators and the interactions on the two sides of the correspondence.
At first sight, it may seem rather surprising that these theories that are completely
different in nature ( one a very specific gauge theory, other a gravitational theory on a
very particular background ) possess exactly the same physics content. However, there
is a slick argument ( that was in fact the original motivation behind the conjecture )
that relates the two theories through the use of the D-brane physics. In what follows,
we will review this argument [4] without getting into much detail. This will also serve

to introduce various definitions that shall appear frequently in the next chapters.

1.3 D-Branes as Gravitational Objects

Just as an electron in the presence of an electromagnetic field can be viewed as
a source particle whose world-line couples to the electromagnetic field though the
following particle action,

S = /dmuA“,

there exist in the superstring theory, some p-dimensional space-time defects, Dp-
branes, whose p + 1 dimensional world-volume couple to various generalized p + 1

form fields that appear at the massless level of the string spectrum. Let us specify to
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the case of N D3 branes in IIB string theory that are located at the same point in 10
dimensional Minkovski space-time. These space-time defects viewed as a background

solution to Einstein’s equations, have the following properties:

They carry N units of charge under the 4-form gauge field A,,,, of IIB closed

string theory.

e They preserve SO(1, 3) Lorentz symmetry along their world-volume and SO(6)

rotational symmetry in the six dimensional transverse space.

e They preserve half of the supersymmetries, namely 16 supercharges of the IIB

string theory.

e The solution becomes asymptotically flat as one approaches infinity in the radial

direction.

Space-time backgrounds with these properties resemble charged black-holes. So-
lutions to Einstein’s equations with these properties were discovered in 1991 [5] where
they were called “Black 3-branes”. The curvature scale that measures how much this

massive object curves the space-time around it is given by

(M

R=(g,N)ia'?, (1.2)

where o/ = [? is the string length scale square. As shown in fig. 1-1, the solution has
two asymptotic regions, the “throat” and the “flat space” that are separated by the
curvature scale.

Maldacena observed the following [3]: in a double scaling limit where I, — 0
( so that the total energy of the solution is much smaller than the string energy
scale) together with the limit where the radial coordinate, r — 0 (so that one scales
the coordinate system to focus on the throat region ), in such a way that the wave
excitations in the throat region has constant energy, i.e. E ~ r/I> = const., the
geometry of the throat region becomes AdSs x S° and the dynamics of closed strings

in the flat space completely decouples from the dynamics of closed strings in the throat
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Flat space Throat region

>R r——-:R r=0

Figure 1-1: Two asymptotic regions of the D-brane.

region. ! It is also well-known that in this low energy limit, IIB closed string theory
effectively reduces to IIB Supergravity theory (SG). Therefore, in this limit, the entire
theory reduces to two decoupled systems: IIB supergravity in 10D Minkowski space

(flat region) plus IIB supergravity on the geometry AdSs x S° (throat region).

1.4 Gauge Theory on the D-Branes

On the other hand, as shown by Polchinski in 1995 [7], D-branes in string theory
admit an alternative description as space-time defects that open strings can end on.
One can carry out the above decoupling limit analysis in this “open string picture”
as follows. Consider separating one of the D3-branes from the stack of N — 1 D3
branes by a distance r. Now, one takes the double scaling limit, [, — 0, r — 0.
As Iy — 0, only the massless string excitations survive in the string spectrum. In
the open string sector these massless fields are the massless excitations confined to
the world-volume of the branes. They consist of U(N) gauge fields, 6 scalar fields
in the adjoint representation of U(N) (we denote them as X*) and their fermionic
superpartners. Together, they form an N/ = 4 supersymmetric U(N) gauge theory
living on the D3 brane. We shall refer to this quantum gauge theory as (Super Yang-

!For example the absorption cross section of an S-wave that is sent from infinity vanishes at the
throat region in this limit [6].
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Mills) “SYM, ” for short. Details of this theory shall be described in section 2.4. In
the closed string sector, that lives on the flat Minkowski space that is transverse to the
branes, the massless excitations consist of the massless IIB supergravity (SG) fields
(the graviton, two gravitinos, 4-form gauge field etc). Furthermore, the zero modes
of the open string that stretches between the stack of NV — 1 D-branes and the one
that is separated from the rest provide an energy scale for the SYM theory, £ ~ r/I2
that is kept constant in this limit. Maldacena further showed that the dynamics of
the closed string sector completely decouples from the open string sector in this limit.
Therefore, the total system is again described by two completely decoupled systems:
a supersymmetric gauge theory (M = 4 supersymmetric U(N) gauge theory in 4D
Minkowski space) and IIB SG on 10 dimensional Minkowski space. Comparison of
this result with that of the gravitational description given in the previous paragraph
yields the conclusion that IIB SG on AdSs x S° is the same theory as SYM theory

in 4D Minkowski space.

1.5 Weak and Strong Forms of the Conjecture

Comparison of two different descriptions that we described above, yields important
relations between various parameters that appear in the field theory (SYM) side and
the supergravity side: By studying the effective field theory action on the D-branes
and by comparing it with the action of SYM theory one learns that the string coupling

constant and the SYM coupling constant is related in the following way:
4gs = g°. (1.3)

The only other parameter in SYM, namely the number of colors, IV, is related to the
curvature of the SG solution in the gravitational description by the formula, (1.2). By

using the definition of the 't Hooft coupling in eq. (1.1), it is very useful to summarize
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these relations in the following way:

4
1 g,
R _ 9 (1.4)

A= NT

It is instructive to write the relation in the above form because it points out dif-
ferent regimes of validity of the conjecture. The D-brane argument that we presented
above strongly relies on two facts: that the curvature scale of the solution is much
larger than the string scale (hence low energy) R >> [, namely, A very large but
constant, and that one can ignore string interactions, i.e. g, — 0 which, by (1.4), is
equivalent to the large color limit: NV — oo. Therefore, one can view above argument
as a “proof” of the Maldacena conjecture, only in the classical SG limit. It is clear
from (1.4) that, in this regime of parameters, one has a SYM theory with infinite
number of colors and with large 't Hooft coupling constant, A >> 1. In short one has
a SYM theory with infinite colors and in the strong coupling. On the gravity side this
limit yields classical (tree level) SG theory on AdSs x S°. In fact, only in this regime
of parameters, most of the tests of the AdS/CFT duality has been performed and
succeeded. We shall refer to this regime of validity as the weak form of the AdS/CFT

correspondence.

However, Maldecana conjecture goes beyond the low energy limit that we de-
scribed above and further states that IIB closed string theory on AdSs x S° is dual
to N = 4 Super Yang-Mills (SYM) theory for all values of N and g,. It states that
the relations between the parameters of two theories, eq, (1.4) is always valid. This

is why it is termed a “conjecture”:

Type IIB String theory on AdSs x S° with N units of flur of the 4-form field is
dual to N' = 4 super Yang-Mills theory with gauge group U(N) on 4D Minkowski
space-time.

Since 1997, many checks has been performed and the correspondence has been ex-
tended to other geometries, different number of supersymmetries and different matter
contents. A crucial development by the authors of [8] and [9] put the weak form of

the AdS/CFT correspondence in a very firm footing. In particular, the correspond-
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ing observables on the two sides is made clear and methods of computation of the
correlation functions in SYM theory using the SG quantities on the gravity side has

been outlined. It shall be useful to briefly discuss these aspects of the duality.

1.6 Some Aspects of the Duality

A necessary ingredient for duality to hold is the matching of various symmetries on
both sides. Let us consider the gravity side first. As we briefly mentioned, in the
decoupling limit, the gravity side of the correspondence is described by SG theory
on AdSs x S°. The isometries of AdSs (space-time transformations that leave the
background invariant) form the group SO(2,4). Similarly the five dimensional sphere
is left invariant under SO(6) rotations. In addition to these symmetries there are
supersymmetric transformations that are preserved by the background. It turns out
that the maximally symmetric AdS; x S° background preserve 32 supercharges.

Let us now consider the symmetries on the gauge theory side of the correspon-
dence, namely SYM, in four dimensional Minkowski space. An ordinary quantum
field theory on 4D Minkowski space has Poincare symmetry that includes 4 trahsla—
tions and 6 Lorentz rotations. However, there is an extremely important property
of the special N'=4 SYM theory: there is no mass scale in the theory even at the
quantum level. This is because of the fact that the B-function of the theory vanishes
as there is no UV divergences from the loop diagrams that enter into the computation
of the correlation functions of the canonical fields. As a result:

N =4 SYM theory in 4D is conformal invariant at the quantum level.

Therefore the group of space-time symmetries in this theory is enhanced to that of
conformal group in 4D, which in addition to the 10 usual Poincare symmetries includes
the scale transformation z# — pz* and 4 special conformal transformations. All in
all, they form a 15 dimensional algebra of SO(2,4). The theory is also maximally
supersymmetric, namely, there are 32 real supercharges that form 4 different types of
Majarona spinors: Q*, @Q¢, St, St. The first two supercharges are Poincare supercharges

and the latter two are called conformal supercharges. They all carry the index i =
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1,2, 3,4 that indexes 4 different types. They are Lorentz spinors of definite chirality,
hence each has two real d.o.f. Thus, in total there are 32 real supercharges. There
is also the so-called R-symmetry which is a global symmetry that rotates the index
i above. This gives rise to the R-symmetry group of SU(4) ~ SO(6). We therefore
conclude that, the total amount of bosonic and fermionic symmetries on the gauge
theory side is exactly the same as the amount of symmetry on the gravity side. The
entire symmetry group on both sides that contain both the bosonic and fermionic

symmetry generators form a supergroup that is denoted as SU(2, 2|4).

This observation is not only a necessary condition for the duality but also a practi-
cal guide in the classification of corresponding observables on two sides of the duality.
The Hilbert space of the composite gauge invariant operators that are formed by
the canonical fields of the N= 4 SYM theory carry representations of the symmetry
group SU(2,2|4). Similarly the string states of IIB string theory on AdSs x S®, when
Kaluza-Klein reduced on S%, can be classified according to their representations un-
der the same symmetry group. For example, the so called simplest chiral primary

multiplet of N= 4 operators are obtained from the scalar operators of the following

form

O =trX? (1.5)

by acting on them with various supercharges in the theory.? These class of operators
play an extremely important role in the correspondence. Their counterparts in the
gravity side turns out to be the supergravity multiplet that is obtained by acting with
the supercharges on the scalar excitations A + Aypys. Here, the first field is the trace
of metric excitation on S° and the second is the components of the 4-form field on

S°. One concludes:

The operators of the form, trX?, and their supersymmetric descendants are dual

to the supergravity multiplet that contain various massless supergravity fields.

2Here, we write the operator schematically. More precisely it is given as, str[X X?2], where X
are 6 scalar fields that are in the adjoint representation of the U(/N) gauge group and transform as
vectors under the internal symmetry group SO(6). “str” denotes the symmetrized trace over the
U(N) matrices with the condition that the trace part over the SO(6) representations is subtracted
away.
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However, the correspondence goes beyond mere kinematic identification of various
operators of N= 4 SYM theory and dual fields on the gravity side. It further asserts
that the dynamics of these dual partners also match! In particular, there is a by now
well-established method [8][9], to compute the correlation functions of the composite
operators on the SYM side from the propagators of their dual fields on the gravity
side. Very non-trivial checks by using this idea has been performed and the conjecture
was confirmed. See e.g. [10] for one of the first non-trivial checks where three and

four point functions in SYM, theory is computed by means of the SG dual.

1.7 Limitations of the Original Conjecture

Despite the enormous success of the original formulation of the AdS/CFT correspon-
dence, most of the progress has been made in the weak form of the duality that we
described above. Beyond the supergravity regime, one faces serious obstacles. Among

them, there are the following:

e The gravity method for computing the correlation functions is established only
for the massless supergravity excitations. In fact, the operators in the SYM
that are dual to string ezcitations have anomalous dimensions that diverge as

A7 in the strong coupling limit.

e We do not know how to quantize and study the interactions of IIB string theory
on the AdS; x S°background. Therefore, use of gravitational theory on this
background to study the corresponding gauge theory is amenable only in the

supergravity limit, namely the weak form of the conjecture, at the moment.

1.8 The BMN Conjecture

Both of these obstacles have been circumvented to some extent by the discovery of the
BMN correspondence [11] by Berenstein, Maldacena and Nastase. The idea behind

this new duality is as follows. One begins with the AdS/CFT duality as explained
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above in the strong form. Namely that, IIB closed string theory on AdS; x S° with
N units of flux being the same theory as N= 4 SYM of gauge group U(NN). Then,
one performs a special limit of this duality so as to decouple the supergravity and the
massive string excitations from each other and focus on the latter. On the gravity
side, this is accomplished by the so called Penrose limit of AdSs x S®: One blows up
the neighborhood of a null trajectory along the equator of S°. This is established by
focusing on the geometry that is seen by a particle rotating along the equator with
infinite angular momentum, J. The technical aspects of this limit will be discussed
in section 2.3. At the same time N is taken to infinity such that J?/N is fixed. The

resulting geometry is known as a ten dimensional PP-wave.

Of course, the Penrose limit has a dual on the gauge theory side: The correspond-
ing limit in the gauge theory sweeps out all of the operators in the Hilbert space of
N= 4 SYM, except the ones which carry infinite R-charge J, and (A — J)/J — 0
where A is the anomalous dimension of the operator. These operators are called
BMN operators and are conjectured to be dual to the string excitations in the PP-
wave geometry. Details of this identification will be discussed in the next chapter.
The rationale of defining a modified 't Hooft limit in this way, is to focus on the
operators dual to the string excitations. Note that the operators dual to the massless
supergravity excitations (trX? operators of eq. (1.5)) satisfy A = .J hence their scale
dimension is protected. On the other hand, the operators dual to the string excita-
tions had divergent scale dimensions in the original theory. Having introduced the
Penrose limit, hence a new divergent parameter .J, the dimensions of these operators
become A = J + finite. In this controlled way of taking the limit, one can compute
the finite part in the desired order in the gauge coupling constant and the in the

genus expansion parameter.

A crucial fact which makes this limit attractive is that we know how to quantize
and study interactions of string theory on the PP-wave. Further research in the field

showed that the effective gauge coupling constant, A of eq. (1.1) is modified to
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and the genus expansion parameter - which was A/N in the original theory - now

becomes,

(1.7)

Both parameters are finite and tunable. In order to compute the mass of a string
excitation in the dual prescription, one considers the two-point function of the BMN
operator that corresponds to this excitation and computes the anomalous dimension
A to a desired order in X' and g,. Higher order corrections in g, are dual to higher
string loop corrections. Corrections to the anomalous dimensions beyond the planar
limit (7.e. g2 # 0) are dual to corrections to the mass of string excitations from string
interactions. This quantity can also be computed directly in the string theory side,
thanks to the solvability of IIB string theory on the PP-wave background. Comparison
yields exact match. It should be stressed that the new feature that this new limit of
the AdS/CFT correspondence achieves is the possibility to study string excitations

and their interactions in the gauge theory side.

Therefore one can think of the PP-wave/CFT correspondence as the first ezample
of the strong form of the AdS/CFT correspondence.

In the next chapter we describe the details of the BMN correspondence. The
Penrose limit is explained and the resulting geometry of the PP-wave is studied. We
briefly discuss the string spectrum on the PP-wave and basic results concerning their
interactions. The emphasis however is on the gauge theory side. We describe the
BMN operators as duals of string excitations and outline the computation of their
anomalous dimensions. Some subtle features as operator mixing beyond the planar

limnit is also described.

The third chapter is devoted to a detailed study of our first example of the BMN
correspondence, namely the computations of the anomalous dimensions of a partic-
ular class of BMN operators: the vector operators [12]. They transform as vectors
under the Lorentz symmetry of the 4D Minkowski space and they are dual to string
excitations along 7 = 5,6, 7, 8 transverse directions of the PP-wave. String theory tells

us that these operators should carry the same anomalous dimensions as the scalar
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BMN operators to first order in A’. We confirm this expectation and extend this result
to first order in non-planar corrections in g». The equality of anomalous dimensions
of the scalar and vector BMN operators are also shown by the use of supersymmetry
that relates the two.

Chapter four investigates the role of the multi-trace BMN operators in the duality
[13]. These operators are conjectured to be dual to multi-string states. In particular
we extend the recent progress in this direction to the triple-trace operators. A careful
study of the multi-trace anomalous dimensions led to [14] a precise identification
between the matrix of anomalous dimensions A in the multi-trace BMN Hilbert space
with the matrix of light-cone energy operator P~ in the space of multi-string states.
We compute the anomalous dimension of a scalar BMN operator to order g5 and A\
with arbitrary number of traces and related it to the dimension of the single-trace
operator. Based on the gauge-theory computations we also make a prediction for the
single-string/three-string and double-string/double-string matrix elements of P~.

The eigenvalues of A are in fact degenerate among single and triple-trace BMN
operators. In order to study this degeneracy appropriately [15] we use an effective
time-dependent QM perturbation theory and compute the real and imaginary parts
of A in this sector. Imaginary part is conjectured to be dual to the decay rate
of single-string states into triple string states hence it provides a prediction for the
string perturbation theory. This computation is the subject of chapter 5. Each
chapter contains a separate discussion section. Finally, six appendices detail our

computations.
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Chapter 2

The BMN Correspondence

As discussed in the Introduction, the AdS/CFT correspondence, as an explicit re-
alization of string/gauge duality, passed many tests performed in the supergravity
approximation over the last eight years. Yet, this correspondence suffers, at least
quantitatively, from the obstacles in extending it into a full string theory/gauge the-
ory duality. This is mainly due to the lack of a clear dictionary between massive
string modes of IIB on AdSs x S° and gauge invariant operators in the dual N' = 4
SYM at strong coupling. Specifically, the massive modes are dual to operators in
long supersymmetry multiplets of SYM and have divergent anomalous dimensions as
A = ¢g2,,N — oo. This fact, among others, hinders our understanding of strongly
coupled gauge theory as a string theory.

However, Berenstein, Maldacena and Nastase has taken an important step in this
direction [11]. BMN focused on a particular sector of the Hilbert space of gauge theory
in which the observables themselves also scale with A, such that they remain nearly
BPS, namely their anomalous conformal dimension acquire only finite corrections.
They identified a class of operators in the Hilbert space of SYM, the operators which
carry large R-charge, J, under a U(1) subgroup of SU(4)— the full R-symmetry of
SYM, —and this R-charge is subject to a scaling law as, J ~ v/N. As described in
section 2.7 in detail, these are essentially single trace operators that involve a chain
of J fields which are +1 charged under U(1) with a few U(1)-neutral impurity fields

inserted in the chain and the number of these impurities corresponds to the number
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of string excitations on the world-sheet.

The conjecture is that, BMN operators of SYM are in one-to-one correspondence
with the string states which carry large angular momentum, J, along the equator
of S°. Below, we shall demonstrate the well-known relation between the states in
the bulk of AdS and the operators on the boundary. This requires a discussion of
the geometry of AdS. Then we discuss the so-called Penrose limit of the geometry
AdSs x S5 geometry and investigate the related scaling in the Hilbert space of the
dual SYM, . The analysis of the scaling in SYM, provides us with conditions that
are satisfied by the operators dual to the string excitations on the pp-wave. Then
we discuss the precise dictionary between the parameters of the gauge theory and
the string theory on the pp-wave. Finally we shall move on to discuss various new

features that arise in this duality.

2.1 The Geometry and Symmetries of AdS;

Lorentzian Anti-de-Sitter space is a maximally symmetric solution to Einstein’s equa-
tions with negative cosmological constant A. In five dimensions, the space is a 5D
hyperboloid with radius R that is embedded in flat 6D space with (—, —, +, 4+, +, +)

signature:

4
—yo —ye + Yyl = —R%. (2.1)

1=1

The radius of the hyperboloid is related to the cosmological constant by,

12

(2.2)

It is easy to see from (2.1) that the topology of this space is R x S! x S* where S!
corresponds to a compact “time” direction. In order to define particle dynamics on
this space in a meaningful way, one works with the “universal cover” of AdS where
one simply decompactifies S'. We shall refer to the universal cover also as AdS
for simplicity. Then, the topology becomes, R x R x S3. This space can best be

parametrized by globally well-defined coordinates as a solid cylinder in the following
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way:
R’Z
cos? p

ds® = (—dt2 + dp? + sin? deg) (2.3)

The geometry is depicted in fig. 2-1. One imagines that, at every point on this figure

there sits a three dimensional sphere, S3. Ranges of the coordinates are,

—00 < t < 00, 0<p< (2.4)

N |

The boundary of AdSs, as seen from fig. 2-1 is located at p = 7/2 and has the
geometry of R x S3.

The symmetries of AdSs is most easily seen from the defining equation (2.1):
The geometry is invariant under rotations of the non-compact group of SO(2,4). In
particular, the rotations in the yo — ys plane corresponds (after decompactification)
to time translations. This isometry can also directly be seen from (2.3) as the metric
is invariant under shifts of ¢£. The corresponding generator defines the energy of the

particle states that propagate on AdS:

E = if,. (2.5)

2.2 Energies of States vs. Conformal Dimensions

of Operators

As we mentioned in the Introduction, there is a very clean definition of the AdS/CFT
correspondence — in the weak form — that is given by the map of states in the bulk
of AdS and the operators of the QFT that are inserted in the boundary of AdS [8, 9].
For every state of the bulk theory one associates an operator in the boundary QFT.
This matching is possible essentially because one can define the quantization of the
QFT on the boundary of AdS through the so-called “radial quantization”. Here, we
describe this procedure without getting in much detail.

The QFT that lives on the boundary in the AdS/CFT correspondence is SYMy ,

which is conformally invariant, hence it can couple to a background metric in a Weyl
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invariant manner. Therefore the quantization of SYM, on R x S? is equivalent to

quantization in a different geometry if the two are related by a Weyl transformation:

G — Ux) G- (2.6)

Of course, the corresponding physical quantities will have different interpretations.
Specifically, one can map R x S* onto flat four dimensional space, R* by the following

Weyl transformation:
ds® = dr* + r2dQZ = %" (dr? + dQ2). (2.7)

Here, LHS is R* and RHS is a Weyl scaling of R x S% where the scaling factor is given
by, 7 = log(r). In a conformal field theory, all of the observables carry eigenvalues of

the scaling operator. This is an operation that scales all of the coordinates on R* as,
Tt — Az’

This operation is also referred to as the Dilatation and the eigenvalues of the operators
under this symmetry is denoted as A. From (2.7) we clearly see that, dilatations

(r = Ar in the parametrization of (2.7)) correspond to time translations in R x S3:
r—=Ar & 1o 7+log). (2.8)

(In order to define Lorentzian time, one needs to Wick rotate as t = i7.) Since the
time translations in the boundary is equivalent to time translations in the bulk (as
clearly seen from fig. 2-1) we have just demonstrated the crucial fact that, the time

translations in AdS is equal to dilatations on the boundary QFT.

Now, the idea of radial quantization is (see [16] for details) to use the relationship
in (2.7) to introduce the Hamiltonian quantization on R* (or 4D Minkowski) by
defining the Hilbert space of the theory at constant radius slices. They correspond to

the constant time slices in R x S®. A crucial property is that for every state |) that
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is defined on R x S® there is a one-to-one correspondence with an operator, O, that is
inserted at the origin of R*. By the argument that we gave above—see eq. (2.8)—the

dilatation eigenvalue of O is equal to the energy of the corresponding state:
ERX53 = AR“' (29)

This relation is at the core of our investigation of the relation between the states in
the gravitational theory and the corresponding operators in the gauge theory on R*:

For every state in the bulk of AdSs one can associate a state at the boundary by,
¢oe(Z) = lim ¢5(p, Z). (2.10)
3

This state corresponds in a one-to-one manner with a gauge-invariant operator of
SYM, on R* (or Minkowski space after the Wick rotation) where the energy of the
bulk state £ and the conformal dimension of the operator, O are related as in (2.9).

The real problem is, of course, to find the explicit form of a gauge invariant
operator in SYM, that is dual to a given specific state in the gravitational theory
in AdS;. As we discussed in the Introduction, the high degree of supersymmetry
allows one to associate particular BPS operators — that are protected from quantum
corrections by supersymmetry, hence have the same form at the weak and strong
coupling — to excitations of the fields in the supergravity multiplet of the IIB SG
theory. However, the real challenge is to find the operators that are dual to string
excitations. The only known way of accopmlishing this is in a particular limit of the

original correspondence that is called the PP-wave (or Penrose) limit.

2.3 The PP-wave Limit

The systematic way of taking this particular limit in the gravity side is to consider a
null geodesic along the equator and blow up the neighborhood of the geodesic through
constant scaling of the metric [17][18]. The homogeneity property of Einstein-Hilbert

action guarantees that end-product is also a solution of the Einstein equations, and in
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fact it is a plane-wave geometry supported by the RR 5-form. To discuss the pp-wave

limit, it is convenient to make the following coordinate transformation in (2.7):

tan p = sinhr.

Then the metric of AdSs x S® can be written as,

ds® = R? (~d1§2 cosh® 7 + dr? + sinh® rdQ23 + d6* + cos® fdy® + sin® 0dY §) . (2.11)

Consider an excitation, e.g. a beat wave propagating on the geodesic that is shown

in fig. 2-1 with the speed of light. This geodesic is parametrized by,

The pp-wave limit is obtained by scaling the coordinates of (2.11) in such a way to

focus on the geometry that is seen by this particle:
R — oc. (2.12)

2 s _t+y 022_
R’

__ R
:c—pQ(t VY), T o

T
7T=’R_7

Here we introduced a parameter y with the dimension of mass in order to make the
units right. When one affects this coordinate transformation in (2.11) and takes the

limit R — oo it is easy to see that the following PP-wave geometry follows:
(2.13)

ds? = —4dztdz™ — p?22dz? + d2?,

Here, d2? is the 8 dimensional flat space that is transverse to the pp-wave. It follows

from the original coordinates as follows:

dz* = df? + 6%dQ5 + dF® + 72dQ2.
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The original geometry also had constant RR. field flux on S°:
Fy = 16w N (vol(S°) + vol(AdSs))

where vol is the 5-dimensional volume element on the denoted space. /N is the number
of flux that is related to the common radius, R, of AdSs and S by the Einstein’s
equations in IIB SG as in (1.2). The method of taking the pp-wave limit of this

quantity is explained in [19] and one obtains the following result:

7

—_— 2.14
47(3‘95&/2 Y ( )

F+1234 - F+5678 -

Let us briefly discuss the isometries of the pp-wave solution (2.13),(2.14). Both
the metric and the RR form are obviously invariant under the two translations along
T and z7:

2
—P7 = —p, =10; =i(0; + 0y), (2.15)
L
? 1
2,uP+ = —p_ = -]%—28_ = ﬁ((?t — aw) (216)
There are also the obvious rotational symmetries as seperate SO(4) rotations along

the 1234 and 5678 transverse directions:
Jijs Jab (2.17)

where 7, 5 take values in the 1234 and a,b in 5678 directions. For completeness let
us also mention the less obvious boost symmetries, under which one shifts one of the

transverse coordinates simultaneously with either z* or z7:

Jre, i (2.18)

where I stands for a combined transverse index, I = 7,a. In addition there is the
obvious discrete Z, symmetry under the exchange of 1234 and 5678 indices. We shall

say more about the implications of this symmetry in the dual gauge theory in the
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next chapter. In addition to these bosonic symmetries, 32 supercharges are preserved
by this geometry, just as in the case of AdSs x S°. This is the maximum amount of

supersymmetry that one can have in 10 dimensions.

Figure 2-1: Five dimensional Anti-de-Sitter times 5 dimensional sphere. The geodesic
that the PP-wave limit blows up is obtained by identifying the the thick solid lines.

One can easily work out the algebra that is satisfied by these bosonic and fermionic
generators, see for example [20]. However, it will suffice for us to mention one im-
portant fact: P* in (2.16) commutes with all of the other generators, hence is a
central charge. In other words its eigenvalue, the light-cone momentum p*, is just a
parameter of the theory. It is called a kinematical generator. On the other hand, the
light-cone energy, P, satisfies non-trivial commutation relations with other genera-
tors: it is called a dynamical generator.

What makes the background (2.13)(2.14) very attractive for string theory is that
quantization of strings on the pp-wave background is known [21]. RR 5-form field
strength curves the space-time in such a way that oscillator modes of the 8 transverse
world sheet fields (and their fermionic partners) in the light-cone gauge acquire a

mass proportional to F'. In turn, light-cone energy of string modes read,

° n?
T = Nyl + —m— 2.19
P un:Z_OO NS o) (2.19)

where N, is the occupation number of n-th oscillator mode. The detailed derivation
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of (2.19) can be found elsewhere, see for example [20].

2.4 SYM, theory in Components

The Lagrangian of SYMy in the A/ = 1 component notation is given as follows:

1 15 n 7 1 1 0 7
L = Z_Fm? + §um +D,7'D, 7" + 59 ¥

+iV2g [ (N ZyLO: - G,RZiA.) — %f“bc(eijkéiLZi;j@f + €ju0L RZ]0F)

1 L 2 ) o
-5 G (frZi71)? + 92— febefodee, veamZl 28 ZL 2T (2.20)

where D,Z = 0, + i9[A,, Z] and L, R are the chirality operators. The component

fields that appear in this Lagrangian are as follows:

e The vector potential of U(N) gauge theory, AS. Here a is the adjoint index of

the gauge group running from 1 to N2.

e Sixreal scalar fields, X?. These six fields transform as a vector (the vector index
being 4) under the internal R — symmetry group of SO(6). They also transform
in the adjoint representation of the gauge group, U(NN). For convenience we

define three complex combinations of them as,

Z1§ZE \/§ s ZQE(ZSE \/5 y 3:1/):7. (‘.

e The fermions in the theory consist of the gluino field, A%, and four fermions
¢ both in the adjoint of U(N). In addition the 6’s transform under the four

dimensional spinor representation of internal SO(6).

Let us briefly describe the nature of interactions that appear in (2.20). First of
all there are the gauge interactions between the “matter” scalar and fermion fields,
with the gauge potential. These are contained in the kinetic terms of the fields. They
are represented by gluon exchange diagrams (see appendix A). Then there are the

Yukawa type cubic interactions between the scalar fields and the fermions, A and

39



0’s. They are given by the second line in (2.20). Finally there is the scalar potential
energy that is given in the last line of (2.20). The interactions that follow from this
potential are quartic and of two different type: The first term in the last line of (2.20)
is called D-term interactions and the last one is called F-term interactions. We shall
mostly be concerned with the Feynman graph calculations that involve these scalar

quartic vertices. The Feynman rules that follow from (2.20) are derived in Appendix

A.

2.5 BMN sector of the SYM, Hilbert Space

The Hilbert space of SYM, consists of all gauge invariant operators in the theory that
can be made out of the component fields that we listed above. !

The most important class of operators are the BPS operators that are annihi-
lated by one of the supercharges in the theory and as a consequence protected from
radiative corrections. In other words, their conformal dimension A does not receive
anomalous corrections and it is equal to the engineering dimension. As mentioned in
the Introduction, these operators are dual to the fields in the supergravity multiplet

of the dual gravitational theory. The simplest example is the following BPS operator

that is composed of £ scalar fields in a gauge invariant way:

Oy = tr (2*) (2.22)

1
VENE
The normalization is chosen is such a way that the two point function (0;0;) is
finite as one takes N — oo or K — oco. The reason for this requirement will be clear
below. One can obtain other scalar, fermionic or vector BPS operators by acting on
(2.22) with SO(6), conformal or supersymmetry lowering operators. This procedure
is detailed in the section 2.7.

Here, we would like to discuss how the PP-wave limit that we discussed above is

realized in the dual gauge theory Hilbert space. Let us single out a particular U(1)

'The term “Hilbert space” is not loosely used here. One can make the notion of Hilbert space
precise by using the one-to-one correspondence of operators on R* with the states on R x S3.
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subgroup of the internal R-symmetry group SO(6). Take this as the rotations in the
i,j = 5,6 plane. According to (2.21), the complex scalar Z carries charge +1 under
this U(1). For example, the BPS operator in (2.22) has U(1) charge +k. Berenstein,
Maldacena and Nastase [11] identified this U(1) symmetry with the rotations along
the 1 direction of the S°. Denoting the U(1) R-charge as J, the precise identification
between these operators is:

J = —idy.

The idea of [11]is that, the pp-wave limit in the Hilbert space of the gauge theory
is realized by sweeping out all of the operators from the Hilbert space, retaining only
the ones that satisfy,

— — 0. (2.23)

This is the exact analog of “focusing on the geodesic” 1) —t — 0 in the geometry side,
that was achieved by the redefinition of the coordinates and the infinite radius limit as
in eq. (2.12). Then, the precise identification of the energy and R-charge operators,

in the language of light-cone momentum of the pp-wave, (2.15)(2.16) becomes,

2

;P’ = (0, + 0y) = (A = J), (2.24)
npt = g e gy Bt
20/pP* = R23_~R2(8t 8¢)—\/E/\%. (2.25)

In the last step of the bottom equation, we used the AdSs x S® relation, (1.2). For
fixed J, the only operators in the spectrum that retains finite conformal dimension as
N — oo, are the BPS operators that we discussed above. However in this modified
version of taking the ’t Hooft limit where one also scales J (hence changing the form
of the operators themselves!) one obtains additional operators that receive only finite
radiative corrections to their anomalous dimensions, that also satisfy (2.23). In order
to keep the light-cone momentum, p* in (2.25) finite, we see that from (1.1) that J
should scale as Nz as N — oo. BMN constructed these operators and conjectured
that they are dual to string excitations in the pp-wave geometry. Their construction

is discussed in section 2.7.

41



We shall refer to the subspace of the original Hilbert space of SYM, that is com-
posed of the only operators that satisfy (2.23) as the BMN sector of the Hilbert space.
This sector only consists of the BPS operators and the BMN operators of section
2.7. These are single trace operators that are composed of J Z fields and a small
number of other component fields. In the limit J — oo the engineering dimension

of these operators is given by adding up the classic dimensions of these component

fields which gives J.

2.6 Map of the parameters

Here we summarize the identification of the parameters in both sides of the corre-
spondence. We begin with what we already discussed above. As mentioned in section
2.3, P* is a parameter of the string theory that is fixed. It is the light-cone momen-
tum that is carried by the string vacuum state. This is dual to the U(1) R-charge of
SYM, in the BMN sector of the Hilbert space: In this sector, by (2.23), A — J as

J — oo and from (2.16) we learn that P* is J. In summary,

J 2p~
wpha = —, =N, 2 = 4mgs. 2.26
HP NGy y 9y m s ( )
Utilizing the AdS/CFT correspondence BMN found a relation between the anomalous
dimensions of the BMN operators and the oscillation number of the corresponding
string states. From eq. (2.19) and using (2.26) we learn that the anomalous dimen-

sions of the string operators are*:

2, N 2
(A = oy, = Nay/1 + %42" (2.27)

We see that in the large N limit, only the operators whose R-charge scale as J =~ v N

stays in the spectrum (along with chiral primaries) as the other observables decouple.

“The term “anomalous dimension” refers to the difference of the total quantum corrected con-

formal dimension, A, and the engineering dimension of the classical operator, which equals J in the
BMN sector.
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Therefore the BMN limit in detail is,

J
N — oo, with —= and gy fixed. 2.28
3 JN gy M ( )
This limit differs from the usual large N limit of gauge theory in that the ob-
servables are also scaled as J is not fixed. Therefore neither A — oo implies infinite
coupling in SYM nor 1/N — 0 implies planarity. In fact, a detailed study of free and
coupled correlation functions in the BMN sector of SYM revealed that [22][23][24]

theory develops a different effective coupling constant,

2
GyuN 1
N = = =, 2.29
J? (up*a’)? (2.29)
and a different genus expansion parameter,
2 J2\ 2 2 4
y /
92 = (‘ﬁ) = 16m"g; (up™a')". (2.30)

As a result, in the modified large N limit, (2.28), one has an interacting gauge theory
with a tunable coupling constant \'. However non-planar diagrams are not ignorable
necessarily. A direct consequence of this non-planarity in SYM interactions can be
observed as mass renormalization of string states[24]. In [24], O()\’) contribution to
the string state mass was related to torus level contribution to A — J and this value
was computed. They observed that the effective string coupling (which appears in
the physical quantities like A — J is not identical to the genus counting parameter g,

but modified with O()\') SYM interactions as®
g = gV V. (2.31)

Now, we observe a very significant fact about the BMN limit. Since X and g, are
independent and both can be made arbitrarily small, in that regime one has a duality

between weakly coupled gauge theory and interacting perturbative string theory. This

3In [25], a generalization of g/ to arbitrary values of X’ was proposed.
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provides not only a duality between observables in SYM and string states on pp-wave

background but also an explicit map between gauge and string interactions.

2.7 Construction of BMN operators

In this section we shall first review the BMN state/operator map between first few
bosonic excitations of IIB string on the pp-wave background and corresponding oper-
ators in SYM on R x S3. First of all, string vacuum corresponds to the BPS operator

(with appropriate normalization) 4,

1
0! = ————Tr(Z’) +— |0,p"). (2.32)
J(N/2)?
To discuss the excitations it is convenient to form complex combinations of the 6

scalars of SYM as,

_ XP4iX®
=

X' +14X?

X 4axt
V2 oo '

AR A 73— =
Y="2

Z’=¢= (2.33)

Operators corresponding to the supergravity modes, n = 0, are obtained from O7*!

by the action of SO(6), conformal or SUSY lowering operations. For example, the
particular SO(6) operation §3Z = ¢ acting on O/*! yields (by the cyclicity of trace),

s_ Lo _ L J
0F = 7=8,07 = (N/2)J+1Tr(d>Z ). (2.34)

This is in correspondence with the supergravity mode o' |0, p*) where of (ol -

0~ /2
ia?). Similarly dyZ = 1 and the translation D, yields other bosonic supergravity
modes,

0l = ——~ _T(p2’) «— of'0,p*)

/(N/Q)J-H

*We use the common convention Tr(T°T?) = 14§9°.
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1
OZ:WTI'(D#ZZJ) s a0, ph) (2.35)

where © = 5,6,7,8 and ag’ = %(a3 —ia*). To find the operator dual to a supergravity

state with Ny excitations one simply acts on O/*™° with N, lowering operators.

Turning now to the string excitations n # 0, we see that momentum conserva-
tion on the world-sheet prohibits creation of a single-excitation state with nonzero
n. Therefore the next non-trivial string state involves two creation operators. Corre-
sponding nearly BPS operators are introduced in [11] and discussed in detail in the
later literature but we would like to present here a slightly different approach with a
more compact notation. This will prove very useful when we discuss interactions of
BMN operators. To generalize from supergravity to string modes let us introduce a

“quantized” version of the derivation rule and define a g-variation by

U fi(x) fo(z) ... filz)) = Ufi(x)falz) ... fulz) + qfi(2)d falz) ... fir()
+ ...+ qk"lfl(;n) oo fe—1(2)0? fr () (2.36)

where f; are arbitrary operators and ¢ is an arbitrary complex number to be deter-
mined below. With this notation, the operator dual to single-excitation state, say
a?'|0,p*), can be obtained by acting on O/ with g-variation o3 with ¢ depending

on n. By cyclicity of trace one gets,

Lﬂ} J+1 1 ! l T J
\/j%o T (§q>T (927).

As mentioned above, this should vanish by momentum conservation for n # 0 and

should reduce to (2.34) for n = 0. This determines ¢ at once,

q = eQﬂin/(J+1).

Let us now determine the operator dual to the two-excitation state, a¥'a®'|0, p™).

This is obtained by action of 7’4" on O7+2 with ¢ and ¢, depending on n,m re-
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spectively. A single g-variation should vanish as above, hence fixing ¢, = e?™"/(/+2),

g2 = e2™/(U+2) Double g-variation does not vanish in general because g-variation

do not commute with cyclicity of trace. Trivial algebra gives,

1 g2 59 J4+2 1 4 } : ; ( J-
J 26 6 O QZ (J 2)3/2(N/2)J 2 ; 0: QIQ2 q r )

The first sum vanishes unless ¢;g2 = 1. Thus we reach at momentum conservation
on the world-sheet, m = —n. Also, one can simply omit the phase factor ¢; in front
since the corresponding state is defined only up to a phase. Therefore one gets the

BMN operator with two scalar impurities,

1 1 J 21r1.n
O}, = ——6261 0" = ——o Te(¢ZPpZ7 P 2.37
o= T g% %0 (N/2)J+2,;)e r(@ZPHZ " P) (2.37)
where we omitted 1/J corrections in large J approximation. In what follows, we will

refer to the specific scalar impurity operator, (2.37) as the “BMN operator”.

Generalization to N string states in any transverse direction is obvious: Take
corresponding N g¢;-variations (which might be SO(6) transformation, translation or
2wing

SUSY variation) of O/*" where ¢; are fixed as ¢; = e7#¥ , and momentum conserva-

tion Y nN, = 0 will be automatic.

2.8 Operator Mixing

As emphasized above, a striking aspect of PP-wave/SYM correspondence is that, in a
regime where both the effective GT coupling X’ and string coupling g, are small, one
has a duality between effectively weakly coupled gauge theory and perturbative string
theory. This goes beyond the aforementioned duality between observables in SYM and
string states on pp-wave background in the free string theory and provides an explicit
map between gauge and string interactions. However, a clear understanding of the
correspondence at the level of interactions still remains as an interesting challenge.

One essential reason which hinders a complete understanding is the fact that, while
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states with different number of strings are orthogonal in SFT Hilbert space at all
orders in g,, one gets a non-trivial mixing between BMN operators of different number

of traces when one turns on the genus-counting parameter of SYM,

which correspond to g, on the string side. Namely,
(0]0f)g ~ b7, i#5
This is true even in the free theory, i.e. for ' = 0.

Therefore, although it is true that when g, is set to zero, a single-trace BMN
operator corresponds to a single string state, the identification of multi-string states
with multi-trace BMN operators is plagued by this mixing between BMN operators of
different trace number. To overcome this problem, a basis transformation was found
[26, 27] that takes the multi-trace BMN operators (this is called the BMN basis) to a

different basis (that is called the string basis) in which the operators are disentangled.

The idea of [27] is simple: To find the transformation U which diagonalizes the
matrix of inner products between BMN operators, order by order in g,. In the free

theory, we define the following matrix,
Gi; = (0,0;).

Here n is a collective index for a generic n-trace BMN operator. One identifies the

basis transformation, U by requiring that G is diagonal in the new, “string basis”:
1» ~
UikalUlj = dij, Oz = UijOj.

The basis change U is specified only up to an arbitrary unitary transformation. One

can fix this freedom by requiring that U is real and symmetric. Call this transforma-
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tion, Ug. Then the solution of the above equation up to O(g3) reads,
Loy 4 22— Lg@ 4 3y
Us =1+ ¢(5G7) +63(=56 + 2(G)) + - (2.38)

where G® denotes O(g3) piece of the metric.

The requirement of reality and symmetry completely fixes the freedom in the
choice of the transformation. It was independently shown in [26] and [27] that this
simple choice leads to an agreement with string theory calculations. In particular
the inner product of a single and double trace operator in the interacting theory in
this basis, agrees with the cubic string vertex. Recently, [28] also gives evidence for
an agreement between the O(g2)') eigenvalue of A — J and the matrix element of
light cone Hamiltonian in single string sector. However, despite the agreement at
this order, there is no reason to believe that this simple choice should hold at higher

orders in g, or for higher trace multi-trace operators.

2.9 Anomalous dimensions of BMN operators

Viewed purely as a field theory problem, our task is to obtain the anomalous dimen-
sions, A — J of the BMN operators. As discussed in the precious section, when the
mixing parameter g, is turned on, one faces a harder problem of first identifying the
true eigenstates of the operator A — J and then to find its eigenvalue.

For the simplest case of single-trace operators, the mixing is between single and
double-trace BMN operators. In order to compute the anomalous dimension of the
single-trace BMN operator (2.37), at the torus level, we need the following data: The
two-point funcion of the single trace operator at order O(g2), the two point function
of the single-and double trace operator that it mixes with at O(g,) and the two-point
function of the double-trace operator only at O(g,). The combined result of these
computations for the case of (2.37) is as follows [29][30]:

2
_ 9o G5 1 35
A——J—2+)\’[n +m(1—2+m>] (239)
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In the next chapter we compute the same quantity (more precisely the two-point
function of the single-trace operator) for the case of the more complicated vector
operator, eq. (3.3) and show that it gives rise to the same result as (2.39).

Finally, we would like to show here the result for the anomalous dimension of a
general i-trace BMN operator that is formed out of one single-trace BMN operator and
i—1 BPS type operators of section 2.7. This computation also requires entangling the
mixing with lower and higner trace operators. This analysis is the subject of chapter
4 and the result for the anomalous dimension turns out to be surprisingly simple:

2 2.2
A—J:2+/\’[Z—%+%(l—12—+§%)] (2.40)
where s = Jy/J is the ratio of the length of the single trace BMN to the total length

of the multi-trace operator.

2.10 Identification of String Hamiltonian with the

Dilatation Operator

Several important steps were taken in relation to the aforementioned mixing problem.
In order to unddestand the implications of the mixing for the correspondence between
field theory and string theory quantities, one needs a precise identification of the
corresponding quantities at the interacting level. A natural route to take is to identify
the dynamical generators P~ and A — J as,
2 =A—-J
1

also for non-zero values of g, and gs [14]. Since these operators act on completely
different Hilbert spaces, an unambiguous identification is achieved only by equating
the eigenvalues of P~ and A — J in the corresponding sectors of the Hilbert spaces.

In case of one-string states this problem was considered in a number of papers. On

the gauge theory (GT) side, O(g3) eigenvalue of BMN operators that correspond
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to single-string states was obtained in [14][30][29]. On the string theory side, one-
string eigenvalue of P~ at O(g?) was first addressed in [26] where a computation that
partially uses the language of String Bit Formalism (SBF) [31] was performed and
exact agreement with the GT result was reported. As noted in that paper however,
an ultimate check of the correspondence requires a purely string field theory (SFT)
computation [32]. This calculation was carried out in [28] and also perfect agreement
with GT eigenvalue was established.5

Apart from the correspondence of eigenvalues, it is also desirable to have an iden-
tification of the matriz elements of P~ and A — J. This, of course requires, first to
establish an isomorphism between the complete bases that these elements are evalu-

ated in. We shall discuss this and related problems in chapter 4.

>Up to an ambiguity which arise from a particular truncation of the intermediate string-states.
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Chapter 3

The Analysis of Vector Operators

3.1 Vector BMN Operators and Conformal Sym-

metry

In this chapter, we will mainly be concerned with the vector operator which involves
two impurity fields and constructed in analogy with the BMN operator (2.37) but
with ¢ impurity replaced with D,Z = 0,Z + ig[A,, Z]. It should be defined such
that it reduces to a descendant of the chiral primary operator, 8, Tr[Z7+?], when the
phases are set to zero and it should be a conformal primary when the phases are
present. Below, we will show that our general prescription for constructing BMN

operators will do the job.

Before that, let us recall that two-point function of conformal primary vector
operators O,(z) and O,(y) should have a specific transformation law under conformal
transformations—particularly under inversion z, — 4. The only possible tensorial

dependence on z and y can be through the determinant of inversion,

T — YT~ y)u'

o
T =) = 8 — 22

(3.1)
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Therefore the two-point function is restricted to the form,

Jl“/ ($7 y)

(Ou@)0)) ~ T2

where A is the scale dimension. On the other hand, translation descendants of scalar

conformal primaries O,(z) = 8,0(z), will have the following correlator,

(0u(@)0,(y)) ~ mﬁm
2(A-1) _ (z —ylulz — )
- 2] ((s,w aa e ) |

We would like to see whether the vector operator constructed with our prescription
obeys these restrictions. We will not assume large J until we discuss correlators at
the torus level and our construction will hold for any J. Therefore our prescription

gives an analog of (2.37),

" 1
T J42

1 J
DQ25010J+2 — { qlTI' ¢ZID ZzJ—l +qJ+1Tr D ¢ZJ+1 }
ue \/(J+2)(N/2)J+2 lz:% 2 ( K ) 2 ( B )
where D] is the gauge covariant “g-derivative” obeying the quantized derivation rule,
(2.36). For ¢ = 1, g-derivation coincides with ordinary derivation. We will use the

following two forms of vector operator interchangeably,

— 1 q J+1
% = Joramm i) 32
= \/(J - 2)1(N/2)J+2 {g ¢'Tr (¢ZleZZJ“’) + ¢ Ty (DM¢ZJ+1) }(3_3)
where,

qg= e27rin/(.7+2) (34)

Note that in (3.2) the position of ¢ would matter generally since the trace looses
its cyclicity property under g-derivation. However one can easily check that only for

the particular value (3.4), the cyclicity is regained: under an arbitrary shift, say by m
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units, in the position of ¢, O} changes only by an overall phase ¢™ which is irrelevant

to physics.

Having fixed the definition, it is now a straightforward exercise to compute the
planar, tree level contribution to the two-point function (O%(z)O(y)) directly from
(3.3) (or the one with ¢ shifted arbitrarily). Note that one can drop the commutator
term in D), since it gives a g%, correction to tree level. Denoting the scalar propagator

by G(2,9) = oy

Ll the result is

Jm,(z: — ?ZI)G(-'”: y)J+2 (3.5)

(OZ (z)O7(v)) = 25nm_(m—_—y_)‘—'

for arbitrary nonzero m, n. The appearance of inversion determinant J,,, (3.1) clearly
shows that vector operator is a conformal primary for arbitrary J, not necessarily large
(at the tree level). In fact, a slight change in the definition of ¢ (for example ¢’ = 1)
would generate terms like O(1/J)d,, which spoils conformal covariance for small J.
Conformal covariance will be a helpful guide in the following calculations, therefore

we shall stick to the definition, (3.4).

We also note that momentum on the world sheet is conserved at the planar level,
but we will see an explicit violation at the torus-level just like in the case of BMN
operators. At this point we want to point out an alternative way to obtain above

result directly by using (3.2) with r = e2mm/(J+2),

(O"(@)0m(y)) = ! O (Te(Z7H ) Tx (271 §)

V(N/2)742(T +2)

1 .. 1 1
= J+ 939, ((z _y)2(J+2)> (472)7+2

2
2%&@6;(33, y)?+2

(z —y)?
using the planar tree level two-point function of chiral primaries and the definition
of g-derivation, (2.36). This curious alternative way is a consequence of the fact that
g-derivation and contraction operations commute with each other. We will use this

fact to greatly simplify the calculations in the following sections. We also note that
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when the phases are absent above result trivially reduces to two-point function of

translation descendants since g-derivation reduces to ordinary derivation for ¢ = 1.

3.2 Free Two-point Function at Torus Level

Torus contribution to free two-point function of BMN operators was calculated in
[24]. Analogous calculation for vector operators is achieved simply by replacing one
of the scalar impurities, say v field with the vector impurity D,Z. Since our aim
in this section is to obtain the free contribution, we can drop the commutator term
in the covariant derivative which is O(g) and take the impurity as d,Z. Consider
the generic torus diagram in fig. 3-1 where we show the ¢-line together with 0,7
impurity of the upper operator, Ol‘f, inserted at an arbitrary position and denoted by
an arrow on a Z-line. This arbitrary position is to be supplied with the phase ¢! and
summed from | =0 to !l = .J+ 1. To obtain (O;{O;f)mrus one simply takes 7-derivative

of this diagram. One should consider the following two cases separately.

C : |

i J | L |
J1 J4 J3 J2 J5

Figure 3-1: A typical torus digram. Dashed line represents ¢ and arrow on a solid
line is ,Z. The derivative 9, can be placed on any line.

First consider the case when r-derivative hits the same Z-line as with d,. Then
the phase summation will be identical to the phase sum for BMN operators, which
was outlined in section 3.3 of [24] with a O(1/J) modification coming from the fact

that double derivative line can also coincide with the ¢-line for vector operators. Here
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we will summarize the calculation of [24] for completeness. For simplicity let us first
consider operators of same momentum, i.e. ¢ = r. The double derivative line may be
in any of the five groups containing J; 4+ --- + J; = J + 2 lines. If it is in the first or
the last group of J; + J; possibilities, then there is no net phase associated with the
diagram. If it is in any of the other three groups there will be a non-trivial phase,
e.g. ¢’272 for the case shown in fig. 3-1. Combining all possibilities the associated
phase becomes J; + Jog2 74 + Jyq?4772 + Jyq=72772 + J5. One should sum this phase

over all possible ways of dividing J + 2 lines in five groups,

1
TP, 2

Ji+.. +Is=J+2

(Jl + Jog" T - Jyqm T2 g2t J5)

1
— Novoo /Odjl"'dj55(j1+---+j5—1)
x (Jl + er—QWin(]'3+j4) + j3627rin(~j4+j2) + j462ﬂi7t(j2+j3) + ]5)

1 —
24> Tl—O,

- 1 1 7 (3.6)
60  6(27n)? + (2mn)4 n 7£ 0.
In taking the limit N — oo the fractions j; = J;/(J + 2) go over to continuous

variables. Apart from this phase factor there is the obvious space-time dependence

1
(z — y)2I+D) X S

where f,, = 8u8V(~Z_17)2.
Now consider the second case when g-derivative hits on a different Z-line than 9,.

For a fixed position of 0, say [, 7-derivative generates the phase sum

J+1

Z qll = _qg(l)7

I'=0; lI'£0(l)

where we defined o(l) as the position at which 8,7 connects the bottom operator,
e.g. o(l) = l—(J3+.Jy) for the case shown in fig. 3-1, and used the definition §’*2 = 1

to evaluate the sum over /’. Including the summation over [ the total associated phase
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factor becomes,

-3 d? (3.7)

which is obviously the same as (3.6) up to a minus sign. The associated space-time

dependence is different however,

W X fufv

where f, = 8#ﬁ. It is now easy to see that the torus phase factor of the vector
and BMN operators will exactly be the same also for generic momenta m, n, not
necessarily equal. This general phase factor was computed in [24] and we merely

quote the final result,

21_47 m=mn =0
0, m=0,n%#0or, n=0,m# 0
A= -+ & m=n#0,
e (3 5) m=—n#0;
{ (uju)z (%%—f;-%-;—z—%—@%?), all other cases

(3.8)
where u = 2mm,u = 27n. Note also that space-time dependences of two separate

cases that were considered above nicely combine into the conformal factor, (3.1), as
(3.9)

Combining above results, free two-point function of the vector operators including

genus one corrections can now be summarized as

2']pu(x7 y)

<Ozfn(y)02($)>ﬁreetorus - ((571771 + g‘gAnm) (1_ — y)z

G(z,y)’ (3.10)

This result clearly shows the mixing of O, operators at the torus level since the
correlator is non-zero for n # m (unless either n or m is zero). This operator mixing

is described by the O(g3) matrix g3A,,,. This particular momenta mixing issue of
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the BMN operators was first addressed in [22]. The eigenoperators corresponding to
the true string eigenstates can be obtained diagonalizing the light cone Hamiltonian
at g2 order. We will not need this diagonalization explicitly for our purposes. There
is another type of mixing of the BMN operators at the torus level: single trace
operators mix with the multitrace operators at O(g2) [29]. Roughly, this corresponds
to the fact that single string states are no longer the true eigenstates of the light-
cone Hamiltonian when one considers string interactions but mixing with multi-string
states should be taken into account. As in [24] we shall ignore these mixing issues in

this paper.

3.3 Planar interactions of the two-point function

One of the main results of this manuscript is that vector operators possess the same
anomalous dimension with the BMN operators. In this section we prove this result
at the planar level and develop the techniques necessary to handle the interactions of
vector operators which will also be used in the next section when we consider O(\)
interactions at genus one. These techniques can easily be used for O()\') interactions
at higher genera as well. However higher loop corrections would require non-trivial
modifications.

Interactions of the vector operators are far more complicated than BMN operators
because there are three new type of interactions that has to be taken into account. Re-
call V' =4 SYM Lagrangian (with Euclidean signature) written in A/ = 1 component

notation [33],

1 p 1< N 7 7 l‘i z
L = gFuf + §>\]D/\ + DuZ Dy Z" + 50 J)

+iv2g (A ZiLO — B RZIN.) — % £ (esx0i LZIOF + €008 RZ10Y)

1 =i i 2 N
. §92(fachlz)Z;)2 + g)ZM fabcfadefijkeilmZngZfiZgn (311)

where D, Z = 0, +1ig[A,, Z] and L, R are the chirality operators. For convenience we

use complex combinations of the six scalar and fermionic fields in adjoint representa-
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tion,

_X5+z‘X6

. o XU 4ix?

2 _ 4
’ Z—'d)_ \/i ’

with analogous definitions for fermions, 6°.

Recall the result of [24], (also see [33]) that, the only interactions involved in
correlators of BMN operators were coming from F-terms since D-term and self-energy
contributions exactly cancels each other out. That was due to a non-renormalization
theorem for two-point functions of chiral primary operators and unfortunately, this
simplification will no longer hold for the correlators involving vector operators because
of the covariant derivatives. It will be convenient to group interactions in three main
classes because the calculation techniques that we use will differ for each separate

class:
1. D-term and self energies

2. Interactions of external gluons in O}

3. F-terms

In the following subsection we will show that interactions in the first class can be

rewritten as a correlator of the non-conserved current, (Tr(J,J,)) where
And
J,=20,7. (3.12)

This will be a consequence of the non-renormalization theorem mentioned above.
Second class of interactions which are coming from the commutator term in the
covariant derivative will then promote the ordinary derivative in J, to a covariant
derivative, hence total contribution of the interactions in first and second class will
be represented as the correlator of a gauge-covariant (but non-conserved) current
U, =2 BM Z. Computation of this correlator by differential renormalization method
[34] is given in Appendix A. Last class of interactions originating from F-term in (3.11)

are easlest to compute. This quartic vertex is only possible between a scalar impurity,
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¢ and an adjacent Z-field (at planar level), and its contribution to the anomalous
dimension of BMN operators was already computed in [24]. We can confidently
conclude that F-term contribution to vector anomalous dimension is half the BMN
anomalous dimension because the BMN operator involves two scalar impurities which
contribute equally whereas the vector operator involves only one scalar impurity.
However, a rigorous calculation for vector operators is provided in Appendix B for

completeness.

3.3.1 Non-renormalization of chiral primary correlator

Let us begin with recalling the non-renormalization theorem of the chiral primary

correlator,

(Tr(¢Z ™) Tr(¢Z7*)). (3.13)

For our purposes it will suffice to confine ourselves to planar graphs. D-term part of
(3.11) includes the quartic interaction Tr([Z, Z]?) (or Tr([#, #][Z, Z])) and the gluon

exchange between two adjacent Z-lines,

(3.14)
where a,d’,b, b’ indicate adjoint color indices, G(z,y) = 1/(4n?(x — y)?) is the free
scalar propagator and B(z,y) is a function which arise from the integration over
vertex positions and contains information about the anomalous dimension. self-energy
corrections to Z and ¢ propagators arise from a gluon exchange, chiral-chiral and

chiral-gaugino fermion loops. We represent this total self-energy contribution as,

2 @—2 =6""NA(z,y)G(z,y) (3.15)

where A(z,y) again contains O(g?,,) contribution to anomalous dimension.
Planar contributions to (3.13) are obtained by inserting (3.14) in between all
adjacent Z-Z and ¢-Z pairs and summing over self energies on all .J lines including

¢. Since every term in (3.11) is flavor blind except than the F-term, eqs. (3.14) and
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(3.15) also hold for ¢. Therefore, from now on we do not distinguish interactions of
¢ and Z fields and in all of the following figures a solid line represents either ¢ or Z

(unless ¢ is explicitly shown by a dashed line).

A convenient way to represent sum of all these interactions is to define a total
vertex as shown in fig. 3-2 and sum over J + 2 possible insertions of this vertex in

between all adjacent lines. Note that in Fig. 3-2 the self-energy contributions on each

a a
A2 A2
+ + + =
b b

Figure 3-2: Combination of ¢g%,, corrections under a total vertex.

>

a a

b b

line are taken as half the original value, A(x,y)/2, to compensate the double-counting
of self energies by this method. One of the J + 2 possible contributions is shown in
Fig. 3-3. Using the trace identities given in Appendix B. it is straightforward to
compute the amplitude represented by Fig. 3-3. One obtains,

1 ’ / X ’ ’
Fig3 =3 = Gla,u)’ { G(N/2)/*Te(TT TT)(f72 77 & fro ) Ba, ) + (V/2) A,y

= G(z,y) (N/2)7+! {B(x,y)(l + 7\%) + A(z, y)}

= G(z,y)"(N/2)" {B(z,y) + A(z,9)} .

O(1/N?) term in second line is coming from the second permutation in (3.14) and
is at torus order hence negligible in the BMN limit taken in the last line. Clearly,

insertions in all other spots give equal contributions and the final answer becomes,

(Te(Z’ ) Te($Z'")) = Gla,y) (T + 2)(N/2)" {Bla,y) + Alw, )} (3.16)
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Then, the non-renormalization theorem of this correlator [35][33] tells that,

433 Tr (XOC) o« (B + A)=0. (3.17)

This identity greatly simplifies the following calculations.

b b

Figure 3-3: Planar interactions of chiral primaries can be obtained by placing the total
vertex between all adjacent pairs. To find the vector correlator one simply dresses
this figure by 07 and 0.

3.3.2 D-term and self-energies

Now, consider the D-term and self-energy contributions to planar two-point function

of vector operators,
(O™(z)0, (y)) = 819L(Tr(¢ 2 ) Te(6Z”)) (3.18)

where we used the fact that ¢-derivation and commutation operations commute with
each other to take g-derivatives out of the correlator. Once again, we note that
minimal coupling in the covariant derivative can be dropped as its contribution will
be of order O(g®). Now it is clear that calculation is reduced to taking 9197 of Fig.
3-3 and summing over all possible locations of the total vertex in Fig. 3-3. In taking
070] of Fig. 3-3, one encounters three possibilities.

If both of the derivatives hit lines other than the four legs coming into the total

61



vertex, than graph is proportional to (B + A)0,G(z,vy)0,G(z,y) hence vanishes by
(3.17). Second possibility is when one of the g-derivatives hit the vertex and other
outside. Supposing 97 hits the vertex, trivial algebraic manipulations show that the

graph will be proportional to,

0.6 AT { T} = 506Gy - 9T { 00 - 7T )
+ (1 +q)8,LTr{3Q:}}
= 1060 - O(TUZ2) + (1 + 08, (B + GG}

where J, was defined in (3.12). The second term in the last line again vanishes
by (3.17) whereas the first term is the self energy and D-term corrected two point
function of a vector operator J, with a scalar operator Z%. Now, it is immediate to
see that by the antisymmetry of derivative in J,, both D-term quartic vertex and self
ebergy corrections to (J,Z2) vanishes. With a little more afford one can also see that
the gluon exchange contribution is identically zero as well and the second possibility

givevs no contribution.

Therefore we are only left with the third possibility where both 0 and 0] are
acting on the vertex in Fig. 3-3. With similar algebraic manipulations of this graph

and the use of (3.17) one obtains,

%%ﬂﬁjﬁjzﬁu—@u~m@mum1@m. (3.19)

Recall that there is a phase factor depending on the position of the vertex in Fig.3-3.
If this position is [ then this factor equals (¢7)! and one should sum over the vertex
position from [ = 0 to [ = J+1 to obtain the total contribution. Using our definition
of the vector phase, (3.4), this phase summation generates the multiplicative factor
(J + 2)0;mn. Furthermore, use of the trace identities of Appendix B one squeezes
the whole trace down to the trace of interacting part with a multiplicative factor of

$(N/2)7=" (See Appendix B for a similar application of the trace identities). The
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final answer can be written as,

OMz)OL () = HO(Te(¢Z7 ) Te($Z7 ),

= Gl SN/ + 2y (L= ) (1= T (@) T )
(3.20)

Radiative corrections to this current correlator arise form three sources: D-term quar-
tic vertex, gluon exchange and self energies. It is easy to see that D-term contribution
vanishes identically by the antisymmetry of J, under exchange of two incoming Z
particles. This is shown in Appendix A. self-energy contributions are straightfor-
ward to calculate with Differential Renormalization method [34] and calculations are

explicitly shown in Appendix A.

However, gluon exchange contribution to (.J.J) is notoriously difficult to evaluate
by direct methods. Fortunately, there is the following trick !: Suppose that one
computes the true flavor-current correlator of scalar QED, (jj) with j = Z 3 Z
instead. Feynman rules treat these two correlators equivalently except than an overall
minus sign (J and j differs only by replacement of a Z with a Z then color factors
at external vertices give rise to a minus sign) and the appropriate color factors at
the vertices. Hence one can obtain the anomalous dimension which arise from gluon
exchange graph by considering the vacuum polarization graphs of scalar QED at two-
loop order as we exlain below. There are four Feynman diagrams that are shown in
Fig. 3-4. Note that, the anomalous dimension arises from the sub-divergent pieces
of the gluon exchange graph (when the internal vertices come close to z or y.) Now,
the Ward identity of scalar QED requires that the sub-divergent logaritmic pieces
of graph I, II and III cancels each other out (IV do not contribute to anomalous
dimension.) This fact allows us to compute gluon exchange in terms of I and II which
are easy enough to evaluate directly as shown in Appendix A. When the smoke clears

one obtains the total anomalous dimension arising from D-term and self-energy part

!'We are grateful to Dan Freedman for pointing out this idea.
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of the Lagrangian as,

J,“,(:L',y)

(oo G(z,y)’*? (3.21)

(O3 @O (W) = — g N bmn 0 (= — 1)7A7)

with the correct normalization of the vector operators.

035 ¢

I I I 1Y

Figure 3-4: Two-loop diagrams of vacuum polarization in scalar QCD. Treatment
of other four diagrams obtained by replacing the scalar lines with gluons can be
separately and do not affect our argument.

3.3.3 External gluons

There are two topologically different classes of planar diagrams which involve external
gluons at O(g%,,) order. First class, shown in Fig. 3-5, which arise from contracting
external gluons of O} and 5:," do not involve any internal vertex to be integrated over,
hence do not give rise to log terms. By considering all possible Wick contractions and
employing the trace identities of Appendix B, sum over all of these diagrams yield

(in Feynman gauge),

(O3(2)0, (¥)2 = g3ar(l — @) (1 — f)5uu(x—5fm—2(=] +2)(N/2)"G(z,y)"*2. (3.22)

Y)

Therefore this class does not contribute to the anomalous dimension.
Second class of diagrams which involve one external gluon and one internal cubic

vertex are depicted in Fig. 3-6. Diagrams where external gluon belongs to O, will give
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Figure 3-5: First class of O(g%,,) diagrams involving external gluons. These do not
yield anomalous dimension as there are no internal vertices.

identical contributions to those in fig. 3-6, hence need not be considered separately.
Minimal coupling in the covariant derivative in —Oﬁyn can again be dropped since we
are interested in O(g%,,). Let us first consider graph I in Fig. 3-6. Total contribution
to correlator is obtained by taking 07 of this diagram and performing the phase sum

over all possible positions I € {0,...,J + 1}. Define,

a b

e NogpClu(z,y). (3.23)
Using the identity, #/72 = 1 one easily obtains the 87 of Graph I with the result,
()G la, 5 (/2 N {0,C,(5,4) Gla,9) ~ 0,6, 0)Cula, )}
where we again used the trace identities of Appendix B. Summation over [ yields,
Gz, y)J%(N/Q)JNi‘(J + )6 {G(x, W) 5, cu} | (3.24)

Graph II gives identical contribution except than a factor of ¢7. In Appendix A, we
compute C,(z,y) and conclude that graphs I and II give the following contribution to
the anomalous dimension (including the equal contribution from the reflected graph

where external gluon belongs to O, ),

g%]ﬂ‘?\[(s ‘]HV($7 y)

3 _
Graph I+ 11 — —g(l + q7) dr? T (g — y)?

log ((:l‘ - y)2A2> G(z,y)" ™. (3.25)
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Figure 3-6: Second class of diagrams which involve one external gluon. Derivative of
the O/ can be placed at any position. Integration over the internal vertex yields a
contribution to anomalous dimension.

To handle graph III in Fig. 3-6, let us write,

T = (Y 4 Y C (0, ) G, ). (3.26)

a

By the same token, 0] of graph III can be written as (at planar level),

4

-5 W26 () ) (o0 e nCute G -

~(1+M9,G(z, 96, 1)Cula.v) |

= SN2 G ) () {G ) B Culan)

where Ngﬁ comes from the the color factor, fPefPe'¥ Tr(T°T%TYT?). Second color
combination in (3.26) gives torus level contribution hence negligible at planar level.
Summing over [ and using the expression for C), which is evaluated in Appendix A,

one gets the following contribution,

2N
Graph III — —§gY M . J;w(x» 3/)
8 4rx? o

log ((z — y)*A?) G(z,y)"+* (3.27)

where we included the equal contribution coming from the horizontal reflection of

graph IV. Graph IV and horizontal reflection of III gives (3.27) with 7 is replaced by
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q, giving all in all,

T, 393N _ 2n2\ T (T Y) o ge
(Oi(m,z)()y(n, y)>2 = —g A2 (1 —q—T+ qr)(smn IOg ((.’L’ - y) A ) (fl? _ y)g G(‘IH I/)
39)2’MN - ‘ N2 A2 Juu(l"v@/) J+2
- —g—zl—ﬂ—g—(l — q)(1 = 7)0pmn log ((x —y)°A ) wou? G(z,y)
3., . S (7, Y)
= —ZA\'n26,,1 —y)2A?) ST G, ) P 3.28

as the total contribution to anomalous dimension from external gluons, after normal-

izing according to (3.2).

As an aside let us make an important observation which will be used in section
4. In the previous section we concluded that D-term and self-energy contributions
to the vector correlator can be organized in terms of the current two-point function
(J,J,) where J, = Z 3u Z. Curiously enough, the external gluons result, eq. (3.28)
can exactly be reproduced (in order O(g%,,)) by promoting the ordinary derivative
of J, in (3.20) to the covariant derivative. Therefore, one can neatly represent the
contributions of D-term, self-energy and external gluons to the anomalous dimension
in terms of radiative corrections to the current correlator (Tr(U,(z)U,(y))) where
U, is the gauge-covariant but non-conserved current, U, = Z B” Z. Had U, been
conserved there would not be any radiative corrections to the correlator and the corre-
sponding non-F' term contributions to anomalous dimension would vanish identically.
By using the equations of motion one can easily see that the “non-conservation” of
U, is of O(gy ) hence one expects first order corrections to (UU) be O()). Indeed,
combining (3.21) and (3.28) one obtains,

OO, Wz = Gl ban (1= (1= NIUTow)  (329)

Jw/(xa y)

- —=Mn%S,, log ((z — y)2A2) (r— )

G(z,y)’™ (3.30)

Notice that anomalous dimension is in units of the correct effective ‘t Hooft coupling
associated with the BMN limit i.e. \' = g¢%,,N/J?, and tensorial form of the corre-

lator indicates that conformal primary nature of O;{ operators is preserved by planar
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radiative corrections.

This result proves our previous claim that F-term contribution (which is calculated
in Appendix B) and the rest (D-term, self-energy and external gluons) are equal
hence the total planar two-point function of vector operators with O(\') radiative

corrections can be written as,

QJ;W(:E? y)

2 )2 |
(z — y)? G(z,y) (3.31)

(O30 () = (1 = N'n®log ((z = y)°A?) ) 6mn

which shows that the vector operators possess the same anomalous dimension as BMN
operators, as required by the consistency of the BMN conjecture. This concludes our

first test on the BMN conjecture.

3.4 Anomalous dimension on the torus

In the previous section we noted that F-term contribution to planar anomalous di-
mension of vector operators is just half of the BMN case because vector operators
involve one scalar impurity field compared to two impurities of BMN operators. Sim-
ilarly, one can easily show the effect of F-term interactions on the torus which arise
from the ¢ impurity produces half of the BMN torus dimension. Furthermore, we
will show that D-term and external gluon contributions combine neatly into the form
(Tr(U,U,)) as in the planar case, hence yield the same torus anomalous dimension as
the F-terms. Therefore, the total torus anomalous dimension of BMN and vector op-
erators are the same as well. As in the previous section we will group the interactions
into D-term, external gluon and F-terms but before that it is convenient to classify
topologically different torus diagrams which will show up in each of these interaction
classes. Notice that all of these interactions will result in two interaction loops which
are in contact with each other at the interaction vertex, fig. 3-7. Therefore, one can
classify torus diagrams [24] which are leading order in J, i.e. O(J?), according to

whether

1. both of the loops are contractible,
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Figure 3-7: A generic O(g2,,) interaction on a torus diagram. The internal vertex
generates two interaction loops in space-time graphs.

2. only one is non-contractible,
3. both are non-contractible on the same cycle of torus,
4. both are non-contractible on different cycles of torus.

We will call these groups as contractible, semi-contractible, non-contractible and spe-
cial respectively. We called the last class special because it is possible only for D-term
interactions as we demonstrate below. First three of these classes were discussed in
[24] in detail where they were called as nearest, semi-nearest and non-nearest respec-
tively. In what follows, we shall demonstrate that only the “non-contractible” class

gives rise to a torus anomalous dimension.

3.4.1 Contractible diagrams

A generic contractible diagram is displayed on the cylinder and on the periodic square
in Figs. 3-8 and 3-9 respectively. As in planar interactions, we combined D-term
quartic vertex with gluon exchange and self energies into the total vertex, see fig.
3-2.

Let us first consider the contractible contribution to the chiral primary correla-
tor, (050]) where O; is defined in (2.34). This of course will vanish by the non-

renormalization theorem of section 4.1. Still, it will be helpful for illustrative purposes
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Figure 3-8: A generic contractible diagram. Total vertex includes, D-term quartic
vertex, gluon exchange and self-energy corrections.

to discuss this case first because we will obtain <0L‘5f,n) by taking g-derivatives of the
chiral primary correlator. To obtain this contribution we would sum the diagrams
similar to Fig. 3-8 with all possible contractible insertions of the this vertex. By the

use of trace identities of Appendix B, one gets,
(03(2)04(y) o (B(z,y) + A(z,y) )G(z,y) 2N, (3.32)

Total vertex gives the B+ A factor as in (3.16), power of NV indicates that this is a torus
level (to be compared with N/*3 dependence at planar level) and the dependence on
J is coming from two observations: there are ~ J* free diagrams that can be drawn
on a torus and the interaction vertex can be inserted at ~ J different positions
respecting the contractibility of the diagram. This, of course vanishes by the non-
renormalization theorem, (3.17). One obtains correlator of vector operators simply
by taking 94 and 0] of fig. 3-8. By the same reasoning as in our planar calculation,
one sees that the only non-vanishing case occurs when both of the derivatives hit legs

of the total vertex. In that case one arrives at the following expression,
1, ., _ = _
qur D1 -¢)(1 - F)(Tr(J,J,))GI N3,

Phase summation /%' ¢!77® is identical to (3.7) yielding the phase factor, A, ,,, in
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eq. (3.10). As we are interested in the anomalous dimension, we consider the case

n =m and get,

(O3@THw) = 2220~ )1 = (T J)G N (333)

Apart from the phase factor associated with the topology of these diagrams the

Figure 3-9: Same diagram as Fig.8, but represented on a periodic square.

calculation is identical to the planar case. Therefore, together with the contribution
from external gluons and F-term quartic vertex (which is only possible between ¢ and

adjacent Z’s) the final answer can be written as,

2J (2, )

@ 9)° G(z,y)’ ™. (3.34)

(OZ(x)OZ(y»conwactible = _gg)\’n2 log [(117 — y)2A2] A

where we included the normalization associated with the torus correlator. We con-
clude that contractible diagrams do not contribute to torus anomalous dimension
because their sole effect is to modify the normalization of the two point function by

the factor of A4, ,.

3.4.2 Semi-contractible diagrams

An example of the second class of diagrams which might potentially contribute to

torus anomalous dimension is shown on the cylinder and the periodic square in figs.
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3-10 and 3-11. However, we will now show that sum over all possible semi-contractible
diagrams actually vanishes. Last figure explicitly shows that the interaction loop
which is formed by two adjacent Z lines connected to O} is contratible whereas the
other interaction loop formed by Z lines connected to O™ is surrounding a cycle of
the torus. A glance at either figures show that there are 8 possible positions that one
can put in such a semi-contractible vertex—as opposed to J possible insertions of con-
tractible vertex—hence the multiplicity of this class of graphs is order J less than the
contractible class, that is O(J*). As we explain next, the phase summation provides

a factor of O(1/J) rendering semi-contractible class leading order in J i.e. O(J®). To

Figure 3-10: A semi-contractible diagram shown on the cylinder.

compute the contribution of fig. 3-10 to the total anomalous dimension one can use
the same trick as above. One first combines D-term, gluon exchange and self energies
under the total vertex of fig. 3-2. Then, insertion of derivatives in all possible ways

with the phases shows that,
(0L ()07 () o< (1 = q)(1 = 72 )(Te (S, )

for the fixed position of ¢ as in fig. 3-10 and fixed J; ... Js. Contributions from

the external gluons are shown in fig. 3-12. Not surprisingly, they add up with total
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vertex to modify the above result as,
(O3(2)07(y)) o (1 = q)(1 = 72N (Te(U,0,)).

One similarly computes the contributions from 7 other semi-contractible graphs with

Vi
77

Figure 3-11: Same diagram as Fig. 3-10, but represented on a periodic square.

the same Jy ... Jy and the fized position of ¢, and finds that phase factors conspire
exactly to cancel out the total result. F-term contributions also give rise to same

phase factors and cancel out in exactly the same way as described above.

11 [
12 :EE% :( ;: 12 %;é; :( i Eéz :( >:
1 It 111 vV

Figure 3-12: External gluon interactions with semi-contractible topology.

3.4.3 Non-contractible diagrams

As advertised in the beginning of this section, we will now show that non-contractible

diagrams, figs. 3-13 and 3-14, yield a finite contribution to torus anomalous dimen-
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sion. As one can observe in fig. 3-14, to join the legs of the interaction vertex while
both interaction loops surround the same cycle of the torus, it is necessary that one
of the 4 possible Z-blocks be absent (block 3 is absent in fig. 3-14). Therefore the
multiplicity of this class is 1/.J lower than the semi-contractible class, that is O(J?).
However phase summation will not change this order essentially because upper and
lower legs of the interaction vertex are separated by a macroscopic number of Z lines.

One concludes that non-contractible diagrams are also O(J?) i.e. leading order.

L I I |

J1 Jq J2

Figure 3-13: Non-contractible diagrams on the cylinder.

fig. 3-15 shows non-contractible external gluon diagrams. Having gained experi-
ence with previous calculations one can immediately write down the contribution of
the total D-vertex and external gluons ( for the fixed position of ¢ shown in figures )

as,

10 =)0 = )T, @)D, )G o, 1) N,

This result should be summed over all positions of the scalar impurity ¢ and finally
over Ji,....J;. Clearly no relative phase will be associated when ¢ is in the first
vertical block in fig. 3-13. When it is in the second block, relative distance of ¢ and
¢ to the interaction vertex is .J;, hence a nontrivial phase, ¢/¢ arises. The last case,
when ¢ propagator is in the third block was already considered above and yields the

phase ¢~72. Replacing the sum over J; (with J; + J, + J3 = J) by an integral over

74



g; = J;/J (with j; + ja + js = 1), one arrives at the integral

1 3

1 . A .
[ diidiadis 6(ria-+is—1) (2™ ™ +jae 2 4 y) [1— ¥R = T4 (3.35)
0

(for n # 0). Using the result for current correlator from Appendix A, one finds the

following D-term and external gluon contribution from the non-contractible diagrams,

(ON@)OT W) = (= + —

Jw(“’ )
3 + 27m2n? '

)G(il?, y)J ln(A2($ - y)2) (:17 _ y)2

(3.36)

Figure 3-14: A Non-contractible diagram on the periodic square. Note that 3rd block
of Z-lines is missing.

The non-contractible F-term contribution in fig. 3-13 arises when ¢ (and ¢ )
impurity is at the first or last positions of the first block where one replaces the total
vertex with an F-term quartic vertex. Note that the integral over this vertex gives

the logarithmic scaling,

(47:2)4 / (z — u;i"(?; —w)t 2n* In(A%(z ~9)*)G(,y)". (3.37)

Now, one should dress this diagram by all possible locations of the derivatives. When
both d, and 9§, hit the same line, the phase summation is equivalent to the situation
discussed above. A double derivative line replaces the ¢ impurity whose position is

to be summed over as in (3.35) and one again finds out the factor (3 + 5-3—) together
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with the space-time dependence, a#ay(z—_lgﬁ. The case where 9, and 0, hits different
lines is handled in the same way as in section 2. One first considers a fixed position
of 9,, say [, and sum over position of §, from ' = 0 to J + 1 with the condition
I' # o(l). This yields a factor —¢'g°®") which is then summed over [ and finally over
Ji,...Jyq resulting in the same phase factor (3.35) up to a minus sign but with a

different space-time dependence, Buﬁ&,ﬁ. Combining these cases one gets,

1 5 Jw(z—1y)

(5 + 27r2n2) (z —y)?

where we used (3.9). Therefore F-term contribution to anomalous part of the torus
correlator is exactly the same as (3.36) and the total result involving D-term, external
gluon and F-term contribution simply becomes,
e \Am Ng2 1 5
(Ou(x)OV (Y)) D—term — —5 (5 +

4723 27?n?

2J1W(37 - 9)
————~(x 7 (3.38)

)G(z,y)” In(A*(z - y)*)

This torus dimension is exactly the same as torus anomalous dimension of BMN

operators, [24].

L il J 1 10 ]

112 12 “

I i 11 v

Figure 3-15: External gluon interactions with non-contractible topology.

3.4.4 Special diagrams

All of the topological classes of Feynman graphs that have been discussed so far were
available both for F-term and D-term parts of the Lagrangian (3.11). However, the
special Feynman graphs on the torus are formed when the interaction loops wind

around different cycles and are present only if the interaction is a D-term quartic
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vertex (and their external gluon cousins). To see this, one should specify the orien-
tation of the scalar propagator line ZZ (and ¢¢) by putting an arrow on it (not to
be confused by derivatives). We choose the convention where scalar propagation is
from O towards O. With specification of the orientations, the F-term and D-term
quartic vertices can be represented as in fig. 3-16. One observes that the vertex where
adjacent lines have the opposite orientation is only possible for D-terms. Using such
a vertex one can draw 4 different special graphs on a torus. One of these possibilities
is shown in figs. 3-17 or 3-18. Here the shaded circle represents the total vertex, fig.
3-2 as before. Special graphs can also be formed by external gluons as in fig. 3-19.

In general, special graphs are formed by combining either first or last lines of blocks

1 and 3 or blocks 2 and 4.

Figure 3-16: Orientations of F-term and D-term quartic vertices.

However, one makes a disturbing observation about special graphs: They are
O(J*) therefore all of the graphs we have considered so far are sub-leading with respect
to them! Even worse, this extra power of J seems to be unsuppressed in the BMN
limit, hence the presence of such graphs imply the breakdown of BMN perturbation
theory!? Hopefully, as we shall demonstrate next, contribution of special graphs to
the anomalous dimension is zero when one adds up all such possible graphs (fig. 3-17)
just as in the semi-contractible case.

Let us consider a fixed position of ¢ at the last line of the first block and fixed
J1,...,Js. By use of trace identities given in Appendix B and g¢-derivation tricks
described above, one can easily boil down the special D-graphs into our familiar

(JJ) correlator. Let us first consider the special contribution to the chiral primary
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J2 J1 J4 J3

Figure 3-17: Special diagrams shown on a cylinder.
correlator, (94{. The trace identities show that fig. 3-17
~ (B +A)GJ+2NJ+1

hence special graph contribution to chiral primary correlator vanishes by non-renormalization
theorem. Reader will find the details of this calculation in Appendix B. Next we put
in the g-derivatives on this graph to obtain the special contribution to (OZ-O?) and
observe that the only positions which yield a non-vanishing result is when both J,
and 0, act on the total vertex. Proof of this fact is exactly analogous to our argument
in section 4.2. The algebraic tricks familiar from previous calculations are then used

to express the result as
~ g (L= (1= P, (2) T () GO N

Similarly, the external gluon contributions shown in fig. 3-19 can be shown to have
the same form and total result—which follows from combining D-term, external gluon

and self-energy contributions—becomes,
~ q—Jz,,:Jl(l _ q—J2—J3)(1 — ,'—_—Ja——Jq)(Uu(x)Uy(y»GJNJ-H-

This was for the diagram in fig. 3-17. A second special graph is obtained when
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Figure 3-18: Periodic square representation of Special diagrams.

the legs of the total vertex stretchs out into the last line of block 1 and last of block
3. Similarly a third graph is formed by first line in block 2 with first of 4 and a fourth
graph by the first of 1 with first of 3. Let us now read off the phase factors of these

four graphs respectively,

(1 _ q—J4—-J3)(1 . f-]l—.h)q—.]zfall, (1 - q—JZ—J3)(1 _ f"JB‘JA)’

(1 _ q—J2—~J3)(1 _ f—J1—J2)7-*—J3—J47 (1 _ q~Jz—J1)(1 _ ,7.--J1—J4)qJ1fJ1,

respectively. Hence the contribution from 1st graph cancels out 4th graph and the
2nd cancels out th 3rd. We conclude that contribution of special diagrams to both
the vector anomalous dimension (the case n = m) and the operator mizing ( the case
n # m) vanishes although it seems to be divergent as J — oo at first sight. This
shows that the only non-vanishing contribution is arising from non-contractible class
of diagrams and the total correlator including O()\’) corrections both at the planar

and the torus levels can now be written as,

OO = {1+ A1 = NI~ ) + 55 (34 55 Yoo -

472 \3 " 272n2

2J,,(x,
O

This result clearly shows that the total contribution to the anomalous dimension

79

y)Q)}

(3.39)



of the vector type operator at O(g%,,) and up to genus-2 level is exactly the same as

the BMN anomalous dimension, that is,

2y)/
g (1 S
A=J+2 )\'n2—————(~+—— : 3.40
e 472 \3 ' 272n? (340)

As mentioned before, from the string theory point of view, the torus anomalous
dimension is identified with the genus-one mass renormalization of the corresponding

state.

1I

Figure 3-19: External gluons with special diagram topology.

Let us briefly describe how the non-vanishing of torus level anomalous dimension

implies the non-vanishing of the O()\’) interacting three-point functions,
(OZ’JO,’,”"’ o’ and (OZ’JO,{ Oé"])

through the unitarity sum. Here the relevant supergravity operators are defined in
(2.34) and (2.35). As mentioned in the introduction, this is puzzling since string field
theory result of [36] shows that the three point function coefficient vanishes for vector
operators.

It was argued in [24] that one can handle the string interactions effectively with
non-degenerate perturbation theory of a quantum mechanical system. Unitarity sum
gives the following 2nd order shift in the energy of the string state with momentum
n,

B — 3 WP

P e (3.41)

Here |i') is the string excitation with momentum n and |j'k’) represents all possible
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intermediate states with momentum m. In the case of |¢') = af{ta‘i;|0,p+) which
is the dual of vector operator (3.3), there are two possibilities for the intermediate

states:

1. i) = a®'a”}|0,p7) and |K') = |0,pF) with pf + p§ = p*. Corresponding

! ! .
operators are, O™’ and O7~7 respectively.

2. |5 = a#lO,pf’) and |k') = ag‘flo,p;). Corresponding operators are the BPS

operators, OJ and O;‘J'.

Therefore the sum in (3.41) involves a sum over these two cases together with sub-
summations over m and J'. Vanishing of (¢/|P~|j'k’) for both of the cases above
implies that E,(f) = (A — J)iorus = 0 for the vector operator. A loophole in this
argument is that we only considered the cubic string vertex in the effective description
whereas the contact terms may also contribute the mass renormalization of the string
states hence give rise to a non-zero torus level anomalous dimension in the dual theory.

We come back to this issue in the last section.

3.5 A SUSY argument

The fact that BMN and vector operators (which belong to separate SO(4) sectors
of the gauge theory) have equal anomalous dimensions both at planar and torus
levels suggests that there might be a /' = 4 SUSY transformation relating these
two operators. Whereas the equality of the planar anomalous dimensions of these
operators is required by the consistency of BMN conjecture, there is no a priori
reason to believe that this equality persists at higher genera. A SUSY map, however,
would protect Apyny — Ayector = —1 at all loop orders and all genera.

In this section, we will see that indeed there is such a transformation which maps
the BMN operator onto vector operator plus a correction term. We will argue that the
correction is negligible in the BMN limit and hence expect the equality of anomalous

dimensions, both at planar and torus levels.
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The supersymmtery transformations of ' = 4 SYM has recently been derived
in [16]. In SU(4) symmetric notation, the transformations of the scalars and chiral

spinors read,

6 XA = —i(—e0% + €204 + e*PCP0,ce_p) (3.42)

1
604 = §Fw/y“"e_’a + 2D, X*Byte_p + 2i[X4°, Xcplel. (3.43)

in which A =1,...4is an SU(4) index and X42 = — X B4,

We will use these transformation rules in a somewhat schematic way, since the
information we need can be obtained more simply by classifying all fields and super-
charges with respect to the decomposition SU(4) — U(1) x U(1) x U(1). The three
commuting U(1) charges can be viewed as Jia, J34 and Js¢ in SO(6). All fermionic
quantities are taken as 2 component Weyl spinors. The four spinor fields are de-
noted by 60y, 0y, 0z, 04, = X where the subscript indicates their bosonic partner in
an N = 1 decomposition of N' = 4 SUSY. The fermionic transformation rule above

may be interpreted as,

{§+B,9A} ~ Fuﬂ“"5f 4o,

showing that @, , has the same U(1) quantum numbers as #4. In general fermions
and anti-fermions have opposite U(1) charges, as in the case of conjugate bosons.
The product of these 3 charges is positive on the @, 4. With these remarks in view,

we can write the following table of U(1) charges.

Pl | Z||Aull O | 0w || 02 | X || @ || @ | @ | @
Jofrffofoll o 1/20-1/2|-1/2)1/2]-1/2 1/2 || 1/2 || -1/2
Ju ol 1ol off-1/2) 1/2|-1/201/2| 1/2 || -1/2| 1/2 || -1/2
Jss |00 11l o |-1/2]-1/2| 1/2 || 1/21 1/2 || 1/2 || -1/2 | -1/2

We now apply the transformation rules (3.42) and (3.43) in the U(1) x U(1) x
U(1) basis in which all transformations which conserve the U(1) charges are allowed.

Consider the action of Q% on the BMN operator (2.37). We see that ¢ and Z’s are
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left unchanged whereas 1 is transformed into a gaugino A, i.e.

2n

J
[Q%,0},) Ee Tr(¢Z' 2277
=0
Next we act on this with another anti-chiral supercharge Qi with quantum numbers
(—-1/2,-1/2,+1/2). According to table 1 and transformation rules given in (3.43),
Z’s again remain unchanged, ) is transformed into D,Z? and ¢ is transformed into

0—11,, l.e.

@,@%05,)) Ze T Tr(¢ZY(D,Z)Z7 7Y (3.44)

J
+Ze"’"5"‘ 04,2227y = O + OF.

Therefore supersymmetry guarantees that 62 + O7% has the same A — J with the
BMN operator.

Note that the first term is not quite the same as the vector operator of (3.3) but
there are two differences. However, for large but finite J, the difference between con-
tributions of 61} and O}, to the correlators is O(1/J). This is because the exceptional
piece in (3.3) where D, is acting on the impurity ¢ is O(1/J) with respect to the first
term of (3.3) hence negligible in the dilute approximation. Secondly, the difference
between the definitions of ¢ for 6" and O7, i.e. ¢/ = 1 and ¢’/*2 = 1 respectively, is
also O(1/J).

Now consider computing the dimension of 63 +O7% at the planar level. This would
be the same as the dimension of only 63 provided that the transition amplitude
((N)ZO}") is negligible. Let us first consider the correlator (O2O7') instead. Above
we explained that the difference between the contributions of 53 and O} to the
anomalous dimension is O(1/J), therefore conclusions made for (O7O7) will also
be valid for (62@}") as J — oo in the BMN limit. The leading contribution to
this transition amplitude in O(X) arises from Z-\-0 (5th term in (3.11)) and the

2The last term in (3.43) which is quadratic in the scalars does not give correct quantum numbers
for Ji2 ... Jse hence is not present.
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Yukawa interaction (6th term in (3.11)): One of the Z’s in O} splits into a 67 and
A and 07 gets absorbed by ¢ turning into 6, through the Yukawa interaction. See
fig. 3-20 for the analogous interaction at the torus level. Note that contribution
to the planar dimension requires the Z that is taking place in the interaction and
¢ be adjacent. Note also that the derivative in O} can be at any position. Before
acting with the g-derivative, the integration over the internal vertices together with

the scalar propagators yields,
~ In((z — y)2A?)G”.

Since the anomalous dimension is the coefficient of the log term, anomalous contri-
butions arise when the J, act on G’s but not on the log. Therefore any position of
the derivative in O} in the planar diagram (also any position of the derivative in fig.

3-20 in torus case) gives the same contribution,
~ ln((ar; - y)2A2)GJ+1,

regardless it is acting on the fields participating in the interaction or not. Then the

phase sum over the position of 9, gives (using ¢’+% = 1),

Therefore the transition amplitude (OL‘O}")plamr vanishes identically! As we de-
scribed above this implies that, for large but finite J, (520}"),,1,,"," do not vanish
but supressed with a factor of 1/J with respect to (635§>p,m, in the BMN limit.
Therefore we see that supersymmetry together with large J suppression is capable to

ezplain why vector and BMN anomalous dimensions are equal at the planar level.

This argument can easily be extended to the torus level. In section 5.4 it was
proven that the only torus level contribution for the vector correlator (OEO,’}‘)WW
comes from the non-contractible diagram, fig. 3-13. Recall that this diagram is of

O(J?) because there are three blocks of Z lines and no phase suppression (unlike
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J1 J4 J2

Figure 3-20: Torus level non-contractible contribution to (OL‘(_)}”) transition ampli-
tude. Derivative in O} can be placed on any line connected to O}, although it is not
shown explicitly. There is a similar graph obtained by interchanging internal vertices.

contractible or semi-contractible cases). Including the 1/(JN?) normalization factor
we found out that the diagram is of O(g3). We want to see how the transition am-
plitude at the torus level, (520}")toms goes with J. Instead, let us again consider
the correlator (OL‘O}”)W“S. One can easily see that (with the same argument pre-
sented in the beginning of section 5) all possible torus diagrams of (OL‘O}") can be
divided into four seperate classes of section 5. Let us consider the non-contractible
diagram for example. The diagram is shown in fig. 3-20. The derivative in O} can
be at any position. Hence the phase summation over the position of the derivative
vanishes identically just as in the planar case. For the same reason the external gluon
contribution vanishes as well (together with other torus diagrams: contractible, semi-
contractible and special). One concludes that for large but finite J, (520}")wms is
again 1/J suppressed with respect to (OZ@,’,")torus. We see that supersymmetry in
the BMN limit, is also capable to explain the equality of vector and BMN anomalous
dimensions at the torus level. However we emphasize that this equality is not exact
but only holds in large J limit. Therefore, whether this reasoning can be extended
to higher orders in genus remains as an interesting question.

As an aside we state another important conclusion. The fact that the transition
amplitude is negligible with respect to (OZOVT") shows that the vector operator O}, and

the fermionic impurity BMN operator O} has the same planar and torus anomalous
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dimensions. This gives an easy method to generate all BMN operators which carry the
same anomalous dimension as the scalar operator by acting on it with the supercharges
Q' arbitrary times and making sure that the transition amplitudes among all of the

pieces in the end-product is negligible in the BMN limit.

3.6 Discussion and outlook

In this chapter we computed the two-point function of vector impurity type BMN
operator at planar and torus levels, for small X' (large up*a’). In this regime, SYM
is weakly coupled and we only considered interactions at O(\') order in SYM inter-
actions. Our result for the total anomalous dimension is given in eq. (3.40). This
turns out to be exactly the same as scalar impurity type anomalous dimension which
was computed in [24] both at planar and torus levels. This result provides two tests
on the recent conjectures. This equality at the planar level constitutes a non-trivial
check on the BMN conjecture. Secondly, the non-zero torus anomalous dimension is
a field theory prediction which should match the string theory result for the mass
renormalization of the vector states. We mentioned at the end of section 5 however
that this non-zero torus dimension raises a puzzle since the string field theory cubic
vertex for vector the string states vanishes[36]. Our results are further supported by
the SUSY argument given in the previous section.

We would like to briefly address some possible resolutions of this contradiction
between string field theory and gauge theory results. Generally speaking, there is
another type of interaction in light-cone string field theory [37] apart from the cubic
string vertex. This arises from the contact terms and was not taken into account
in the calculation of [36]. In the context of IIB strings in pp-wave background this
issue was discussed in [38]. Contact terms arise from a quartic string vertex whose
presence is required by supersymmetry [39][40]. Contribution of contact terms to
mass renormalization is O(g'?) and there seems no a priori reason to ignore it. In
case these terms are indeed non-negligible they might give rise to a non-zero torus

anomalous dimension in the dual field theory.
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Another resolution ® of the gauge/string contradiction would be that peturbative
gauge theory calculations for the interacting three-point function are not capable to
probe the short distance (< 1/u) physics on the world-sheet. Recall that [36] it is the
prefactor of cubic vertex which suggests the vanishing of (¢'|P~|j')|k’) in case of the
vector state: Spradlin and Volovich have pointed out that the short distance limit on
the world-sheet and the weak gauge coupling limit (x — oo0) do not commute. To
be able to obtain the prefactor one should first take the short distance limit. Then
one takes large p limit to obtain an expression for the weakly coupled three-point
function. This procedure expects vanishing of (i'|P~|j'}|k’). On the other hand,
exchanging the limits, hence loosing the contribution of prefactor would suggest non-
zero interacting three-point function also for the vector operator. It is a possibility
that perturbative SYM is not able to “discover” the prefactor of string field theory
but able to see only a 1/u expansion of the delta-functional. This would be another
line of reasoning to explain why our perturbative calculation produced a non-zero
torus anomalous dimension for the vector operator. Clearly, a perfect understanding
of the map between weakly coupled string/gauge theories should resolve this apparent

contradiction.

31 am Grateful to L. Motl for mentioning this idea to me.
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Chapter 4

Analysis of Multi-Trace Operators

In this chapter, we consider the family of single- and multi-trace operators with two

scalar “impurity” fields ¢(z),¥(z) and J “substrate” fields Z(z),

1 JO 27

inl
— Jo Tr(oZp 770, 4.1

and

OJO=J11--~Jk —- OJ()OJl OJk . (4 2)
J : O .. 0, :
with J = Jy + Jo + - - - J;. Here O7 is the chiral primary operator,

1

0= ———
VINI

Tr(Z7). (4.3)
The states of superconformal N = 4 gauge theory on R x S3 which correspond to
these operators® are dual to states of the Type IIB superstring quantized in light-cone
gauge in the background pp-wave metric and 5-form (2.13)(2.14).
The dual string states are those obtained from the ground state |p*) with light-
cone momentum p* by the action of creation operators a}(n), aj,(n) with world-sheet

momentum n. More specifically one considers single- and multi-string states:

ag(n)ay(—n)jp™) (4.4)

!We use the terms states and operators as if synomymous in the gauge theory.
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and

ay(n)ay,(-n)lpg) @ pf) ® - - |pi) (4.5)

where light-cone momenta p; of individual string states are related to corresponding

R-charges by upfo’ = —Zi—.
9yuN

After establishing the validity of our method for the single-trace BMN operators,
one can ask for the O(g?) eigenvalues of higher trace BMN operators. We consider
this problem in this chapter. A rigorous investigation yields an unexpected result:
Eigenvalues of all multi-trace BMN operators are solely determined by the eigenvalue

A of single-trace operator as,

2
- (.

This result is essentially due to the suppression of connected GT correlators (510~J)
by a power of J as J — oo in the BMN limit. It is found that disconnected GT
diagrams are less suppressed in this limit and in fact only non-zero contributions
to a generic correlator of BMN operators arise from fully disconnected pieces. The
connected correlators will contribute to eigenvalues to higher order in g,.

Utilizing the correspondence of A — J with P~ in the string theory we show that
this fact translates into the absence of O(g?) contact terms between states higher than
single-string states. If the correspondence with P~ at the level of matrix elements
holds, this also implies that a particular class of tree-level string processes that would
contribute to the matrix elements on the PP-wave are suppressed in the large p limit.
This conclusion is valid for processes in which the the external string states that have
two excitations along 7 = 1,2, 3,4 transverse directions (that correspond to scalar
impurities in BMN operators).

It is also interesting to investigate the the duality of P~ and A — J at the level of
matrix elements. Using the method of [27] to fix the basis transformation into “string
basis” at O(g2), we study the correlators of double and triple operators in this basis
and obtain predictions for the matrix elements of P~ at O(g?), in double-double

and single-triple sectors. These matrix elements are given by remarkably simple
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expressions and solely determined by the “non-contractible” contribution to (0;0;)
correlator just as in the case of single-single matrix element [26][27]. On the ST side, in
the single-string sector the matrix element is determined by the ”contact” interaction
between two single-string states [28][26]. Our study suggests a generalization of this
fact: a one-to-one map between non-contractible contributions to GT correlation
functions and contact interactions of the corresponding states in SFT. These are

explicit gauge theory results that are subject to check by a direct SFT calculation.

We organize the chapter as follows. In the next section we demonstrate the inva-
lidity of non-degenerate perturbation theory in determining the eigen-operators and
eigenvalues of A — J. Taking into account the mixing with triple-trace operators
we obtain the mostly single-trace eigen-operator at O(g2). We briefly outline our
conjecture that use of degenerate and non-degenerate perturbation theory leads us to
the same results concerning the anomalous dimensions of particular eigen-states that
correspond to O~,{ and O~iJ in the BMN limit. This section also introduces necessary
notation and presents single-double, single-triple and double-triple trace BMN corre-
lators. In section 2, we discuss the scaling behavior of arbitrary multi-trace correlators
of BMN operators with g, and J. We demonstrate that connected contributions to
all of the correlators of this sort are suppressed as J — co. In section 3, we utilize
this result to obtain the anomalous dimension of an i-trace BMN operator at O(g2)\').
We also discuss some implications for the corresponding processes in string theory in
this section. Last section studies the duality between P~ and A — J at the level of

matrix elements.

Appendix C proves the scaling behaviour that we discuss in section 2. Appendix D
deals with the basis transformation which takes from the BMN basis into string basis
in GT. Using the inputs from [26] and [27] we derive new decomposition identities
relating various multi-trace inher products with the product of smaller order inner
products. In particular, the free single-triple inner product decomposes into single-

double and double-triple inner products as,

G13 — 1G12G23
5 .
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Similarly we derive the identity,
G22 — 1(G21G12 + G23G32)
2

and discuss immediate generalizations. We emphasize that these identities are derived
by relating the basis transformations proposed in [27] and [26], therefore subject to
explicit GT computations. These computations which involve non-trivial summations
are outlined in Appendix E and these identities are proven there. In this appendix, we
also explain evaluation of other sums that are used in sections 2,4 and 5. Appendix
F computes O(g2) and O(g2)\') contributions to single-triple and O(g,) and O(g\')

contributions to double-triple correlation functions.

4.1 Operator mixing at g3 level

In this section we shall carry out the diagonalization procedure of the multi-trace
BMN operators including the mixing with triple trace operators. This is achieved by
extending the method of [29] to include the O(g2) and O(g2)\') effects in the diago-
nalization. In [29], it was shown that the procedure of determining the eigenvectors
and eigenvalues of the mixing matrix of single and double trace operators (which is
O(g2)")) is equivalent to first order non-degenerate perturbation theory. To include
the mixing with triple trace operators one needs to go one step further in perturbation
expansion, i.e. to second order perturbation theory.

Let us first outline the method of [29] briefly. Consider the eigenvalue problem,
M;e{k) = )\(k)efk) (46)

where M is the 3 X co dimensional mixing matrix of single, double and triple trace
operators. 2 Here i,j is a collective index labeling the state of a BMN operator,

e.g. for a triple trace, i = {m,y, 2z} where y = J;/J and z = J,/J in (4.2) for i = 3.

%In the next section we explain why BPS type double and triple trace operators do not affect the
following discussion.
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The order in g, of the various blocks of M is indicated by,

1 g g2
M=]g¢g 1 g

g g 1

Therefore it is possible to solve the eigenvalue problem order by order in g;. Expand-

ing M, e and ) as

M; = pdj+ g2M(1)j + g M®;

, i i
ey = dip+ g2e(1)(k) + 936(2)( k)

0 1)
we obtain,

i 0 2 1
0 = (b ’\(k))dk+92 (Pe( oy + MO, = ARe k)“d'/\ﬁm)

9) 1i
+92 (p 6( (k) + M(2)k + M(1)16(1)(k) — )\(z))e@)z(k) - )\(llc))e(l)zk) — )\Ek))d’;c)(47)

At zeroth order one gets )\(k) = pi. Using this in the next order for ¢ # k yields the

first order eigenvectors, '
2
i MW,

(k) pk_Pi,

whereas for ¢ = k we learn that )\g,lc)) =

Using these results, O(g2) piece of (4.7) for i = k gives,

MOE I
T (49)

I P — Pj

and for ¢ # k we obtain the second order contribution to the eigenvectors,

. 1 . MDA
(2)(k) A M@ + S — 7 k. (4.9)
Pk — Pi F; Pr — Py
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Using above expressions for e(!) and e{?, we obtain the single-trace eigen-operator

modified at O(g?) as,

0! = 0l+gY —n o)
n n — n2 — (m/y)2 my
1 mez,]_-‘mly’
2 myz m'y'tn J
mepuy ym el S s | Oy (410
i mzyz n? — (m/y)2 ( no T 'y nZ — (mr/y1)2) myz ( )
Here,
T = G*Ty;

are the matrix of anomalous dimensions where G¥ denotes the inverse metric on the
field space. The metric, G;; is determined by the correlation functions (0;0;) at the

free level whereas O()') radiative corrections to this correlator yield I';;. To wit,
(Oin) = Gij - )\,Fij ln(a:2A2). (411)

G and I should be expanded in powers of g,. Instead of denoting the order in g, on
G and I', we will show g, dependence explicitly in what follows.
Again, using above expressions for first and second order eigenvectors, e(!) and
e one obtains the double-trace eigen-operator as,
e

~ rm
J _ NnJ ny J J
Ony = Ony + 92 %: (n/y)2 — 2 O + 92 Z (n/y)2 — (m/y,)zOmy,z,. (4.12)

myz

A very important point is to notice that these expressions are valid when the
coefficients in front of O; on the RHS are finite for all values of external and internal
momenta. In particular one needs to check the finiteness of (4.10) when the incoming
and outgoing world-sheet energies are equal, n = +(m/y) and also at n = +(m’'/y’)
for the internal denominator in the third term. Note that, the danger of degeneracy
is absent only for the case n = 1. Therefore without checking the finiteness at O(g2)
one can assume the validity of (4.10) and (4.12) only for the very particular case of
n = 1! We will now demonstrate that the last term in (4.10) is indeed divergent at

the pole![41]
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Finiteness of the O(g,) piece of (4.10) was demonstrated in ([29]) where the coef-

ficient was found to be,

e - _ m/y G2
n?—(m/y)?  n+(mfy)

(4.13)

Here, G,.my denotes the tree-level inner product between single and double trace

operators which was first computed in [24],

gz _ % [l—y si’(my)
VIV Yy 7w (n— (m/y))?

(4.14)

We will also make abundant use of the radiative corrections to single-double correlator

which was also obtained in [29],

T2 = ((%)2 - n% + n2) G2, (4.15)

Let us now investigate O(g2) part of (4.10). First of all, it is not hard to show that
there is no divergence at n = +m//y’ in the second sum of the second term. These
internal poles are canceled out by zeros of the numerator. Similarly one can show
that (4.10) is finite at the external pole n = —~m/y. This is done at the end of this
section. However we shall shortly demonstrate that the external pole at n = +m/y
give rise to a divergence [41] hence render the use of non-degenerate perturbation

theory invalid for n > 1.3

To go further we need (in addition to matrix elements already computed in the

literature) the O(g3) contributions to

13 13
Gn;myz ? and F’n.;myz
and O(gs) contributions to
23 23
Grymy >, and Tpo..

3For n = 1 it is impossible to satisfy the degeneracy condition n = m/y.
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Necessary computations are summarized in Appendix F and the results read,

13 _ 92 z 1 _ .2 . 9 . 9 -
Grimy: = 27 ———(n Ay ((1 y) sin®(mny) + y(sin®(rnz) + sin’(rnz))
1
—m(sin@wny) + sin(27nz) + sin(27rn2))) (4.16)
F:L:;Smyz = )"(n2 + kz )G}lamyz + Brlemyz (417)

Here k = m/y is the world-sheet momentum of the double-string state and we defined
z=1—-y—z

Let us digress to underline an important detail. As we showed in Appendix
F, among the contributions to the radiative corrections to single-triple correlator
there are contractible, semi-contractible and non-contractible Feynman diagrams (see
Appendix F for definition of contractibility in planar diagrams). The contributions
of the first two are summarized in the first term above, whereas B3 denotes the

n;myz

non-contractible contribution,

_2g3N

13
B w7 (n—my)

nymyz -~

\/%sin(ﬂ'nz) sin(mnz) sin(mn(1 — y)). (4.18)

Double-triple coefficients receive O(g,) only from disconnected diagrams where
the 2-3 process is separated as 1-1 and 1-2. Therefore these require somewhat simpler

computations and the results are,

g =
G?L:; ymyz = ’3/2Gn smy/y’ (dy',?H-z + dy',l—z) + ﬁdmndyy’ (1 - y)zz (419)
m
Fi?/ imyz y Giz ,myz y’3/2 (dy',y+z + dy’,l—z)?(m/y - n’/yl) (420)
n‘Z
- (5 ) <

We now move on to compute the O(g2) term in (4.10). First of all one shows the

curious fact? that

I = 0, (4.22)

“which finds a natural explanation in the formulation of [41]
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I'm¥# is decomposed as,
. ! . 1,0 . 1,11
I\gyz Gmyz,m r ' Gmyz,m v n Gmyz,m Yz r 2 (423)

One can easily invert 3 x oo dimensional matrix Gj;, by solving the equation G*Gy; =

d’ order by order in g5. To O(g3) one finds,

12 12 12 1,12 1
( dmn + Gm py” pru ‘n "'Gm ny Gm py pyu ny It T Gm ny ! !
12 12 12
—Griyn dmndy,y + Gy Gpmy + —3Go
i 123

G - +3 Gmy oy 2! pr gt ’ny

1,23 12 113 123 1

QGmyz py” pru Gmyz n Gmyz ny’ "dm nd 1y’ (dz z! + dz,gl)“"

123
\ + Gmyl oy’ pru iny ! gt

By the use of decomposition identities listed in Appendix E, one can prove that (4.23)
vanishes (see App. E for details).

Let us now consider the last term in (4.10). A calculation similar to the one that

leads to (4.13) gives,

z 1 G m
To = oK' (K p)—”\’/—yz,iy-(dy,,w +dy yez), (4.24)

where k' = my’/y. The other necessary ingredient, I'?¥ was already computed in [29]
I = k(k — )Gy

where k = p/y’. Inserting these expressions into (4.10), we get the whole coefficient

in front of O, as,

- m/y / p——oo 2\/_ n2 (p / %) Gp;my/y'G"iPy' (dy gtz + dy’,y+z)-
(4.25)
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Despite the appearance of n? — (p/y’)? in the denominator there is no divergence at
n = xp/y’ because G,y in the numerator also vanishes at these intermediate poles.

We will now show however that I is divergent at n = m/y[41]. The residue of I at

n=m/y is,
2Z
w-mip)l| = J,/ [ 4 e+ dyyrs)sin ey
n=m/y
Z P sin® 7rpy/y) _
pe—ee ¥ (M = (/Y)?)(n — p/Y')?

We emphasize that the infinite series in this expression is a prototype for the non-
trivial sums that appear in the computations involving triple-trace BMN operators.
We explain the computation of this one and other similar sums which will be necessary

for the next section in Appendix E. 5 The result is,

— P sin?(7py/y') T ot _@
,,; '(n? = (p/y)*)(n — p/y)? _y( o) 4n)' (4.26)

Inserting this in the above expression for the residue and evaluating the integral gives,

2 ~
92 Y Rz . . =
—m/y)] Y ot mnz).
(n—m/y) e sin(7nz) sin(rnz)

n=m/y

Since the residue does not vanish at n = +m/y, (4.10) becomes divergent at this

pole.

To see that there is no further divergence in (4.10) let us consider what happens
at the other pole n = —m/y. It is easy to see from (4.13) that the second term is
finite because G'? in the numerator linearly goes to zero as well as the denominator.
The complicated second piece in the last term of (4.10) seems to be divergent at the

first sight. Let us look at the residue at this pole,

(n+m/y)L,

2 5 rl
. g3 zz 11 )
n=—my _47T4Jv Y /o dy ?(dy"yﬁ + dy y+2) sin®(mmy’ /y)

®Unfortunately none of the well-known symbolic computation programs is helpful.

98



o o]

p_ sin’(rpy/y’)
oD v ceym oy ey ek

This sum vanishes thanks to the antisymmetry of the summand. Thus we saw that
all of the terms in (4.10) is finite at the pole n = —m/y®.

The fact that I = co at n = m/y, hence (4.10) is ill-defined at this pole hints that
one should rather use degenerate perturbation theory to handle the diagonalization
problem [41]. Although somewhat disappointing, this result is by no means unex-

pected. On the GT side one can reason as follows.”

't Hooft limit suggests that
anomalous dimensions of observables be expanded in powers of g2 where g, = 1/N
in ’t Hooft limit and g, = J?/N in the BMN double scaling limit. Had single-trace
BMN operators been degenerate with double-trace BMN operators one would expect
an O(g2) shift in the single-trace anomalous dimension. This would be unexpected
for the 't Hooft expansion of the observables hence might have indicated an incon-
sistency in the BMN theory. However the degeneracy of sigle and triple-trace BMN
operators, at most, gives rise to an O(g2) shift in A; which is not inadmissible. By
the same token, one generally expects degeneracy among BMN operators with only
odd-numbered traces and only even-numbered traces seperately. At order g%, this
result indeed follows by the scaling law of GT correlators derived in the next section
provided that there is no degeneracy between single and double-traces and there is
degeneracy between single and triple traces. Hence, at this order the degenerate sub-
space of BMN operators are divided into two subspaces which include odd and even
numbered traces seperately.

On the string theory side the degeneracy of single and triple-trace operators indi-
cate that a single-string state can decay into a triple-string state the same world-sheet
momentum m = ny. Furthermore, as we mentioned in the introduction, correspon-
dence of trace number in GT and string number in ST loses its meaning for finite
g2. Therefore the general conclusion is that an initial string state that is composed

of states of different string number but all on the same “momenta-shell”, n = m/y,

BOf course one has to worry about finiteness of (4.12) at n = £m/y. But this requires much
little effort to see from the expressions for I'>® and I''2.
"This is a suggestive argument due to Dan Freedman.
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is generically unstable and can decay into states that are stable at O(g?). These
stable states should be in correspondence with the eigen-operators of the degenerate

subspaces in GT side. This conclusion is hardly surprising.

We shall not pursue this degeneracy problem further in this paper, but based
on some preliminary calculations we make the following conjecture. Consider the
degeneracy problem for finite J (which we choose as an odd number for convenience).
Then two degenerate subspaces involve 1,3,...,J-trace and 2,4,. ..,J-1-trace operators
seperately. To find whether degeneracy gives rise to a shift in the eigenvalues one
should diagonalize the order g2 “transition matrix”, M;*? (finite J version of (4.6))
at n = m/y seperately for odd and even 7. We conjecture that regardless the exact
form of M, there exist an eigenstate O} that tend to the BMN operator O; (at
order g2) as J — oo where O; is the mostly i-trace eigen-operator of the dilatation
generator that is obtained by the non-degenerate formulation at O(g). Futhermore
there exist i-trace eigenstates, O] in the degenerate subspace whose eigenvalues tend to
the anomalous dimensions of O; that are obtained by naively using the non-degenerate
formulation. Therefore the eigenvalues of these particular O] will coincide with the
anomalous dimensions which can be obtained via non-degenerate theory ignoring the
aforementioned mixing. For the case of i = 1 this can be understood as a justification
of (2.39). For 7 > 1 this leads to a simplification in determination of the higher-trace
anomalous dimensions which we employ in section 4. We prefer to leave this assertion

as a conjecture in this paper.

In section 4 we will use this conjecture to make predictions about string-theory
amplitudes. We will first compute the anomalous dimension of a general i-trace
BMN operator, A; — J by the method of non-degenerate perturbation theory. Since
dilatation generator is supposed to correspond to P~, this will give a prediction for
the eigenvalue of P~ in the two-string sector. Next, we will move on to compute the
modified mixing matrices, ['*2 and I''3 in the string basis. This will allow us to make

predictions for the corresponding matrix elements of P~.
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4.2 Dependence on g; and J of an arbitrary gauge

theory correlator

As shown by detailed investigation in the recent literature n-point functions of the
observables in the BMN limit come with definite dependence on the dimensionless
parameters, X' and g,. ® Generally, the correlators also have an explicit dependence
on J which will turn out to be crucial in drawing conclusions about the corresponding

string processes.

In this section we will discuss the g» and J dependence of a two-point correlator

of multi-trace BMN operators with two scalar impurities:

CY = (010" ...0%(z) : Ofin0%+2...07+i(0) 2) : (4.27)
connected

This scaling law that we find is also valid for the correlators of a more general class

of operators,
: it Tiri AJitit Jit " "
:O;{} ...OJ;O H OO, Oy FOTiitkrr L QTR

for arbitrary i, j, k, [ and also for the n-point functions involving same type of opera-

tors. This should be clear from the discussion in Appendix C.

The space-time dependence of (4.27) is trivial: (472z%)~7/~2 in free theory and
(4m%z?)~7=2In(z?A?)/(8n?) at O(N') where J is the total number of Z fields, i.e. J =
Ji+- 4+ Ji = Jij + -+ -+ Jigj in (4.27). Without loss of generality, one can assume
J < 2. There are various connected and disconnected diagrams with different topology
that contribute to (4.27). Since the results for disconnected contributions will be given
by (4.27) for smaller ¢ and j, it suffices to consider the fully-connected contribution

to (4.27). In Appendix C we prove that the fully-connected piece of (4.27) has the

8For finite g» proof exist only at linear order in X' although it is very likely to hold at higher
loops. For g, = 0, [42] showed that sum of radiative corrections to single-single BMN correlator at
all orders in O(g%,,) can be expressed as a function only X'.
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following general form,

i+j—2
ij - 92 i L s 1 272
C J = J(z+j)/2_1 {G J (47r2m2)']+2 —_ )\ P JW ln(x A ) . (4_28)

Here the “free” and “anomalous” matrix elements, G and I' are functions of world-
sheet momenta, m, n and of the ratios J;/J for s =1,...: + j. Disconnected pieces
are less suppressed by J. Note that suppression of C¥ in the BMN limit is absent

only when i = j = 1. We state the conclusion as,

o Connected contributions to C* are suppressed in the BMN limit for ¢ and/or j

larger than 1.

Let us briefly discuss the case of BPS type multi-trace operators. A BPS type

multi-trace operator which involve two scalar type impurities is defined as,

O} 4y = O}020% .. 0%+ (4.29)
where,
1
J_ - J
0; = ==Tr(¢Z’) (4.30)

and a similar definition for O;.

One observes that a generic matrix element between BMN and BPS i-trace oper-
ators (both having the same number of traces) at all orders in g, are suppressed by
a power of J. This can be seen by noting that these correlators should necessarily be
partially connected (since both O;i and Of in the BPS type i-trace operator should
connect to the same OJ! in the i-trace BMN operator) and therefore suppressed by
at least a factor of J with respect to BPS-BPS or BMN-BMN correlators of the same
number of traces. Above scaling law tells us that, in the latter cases suppression at
an arbitrary order in g, can only be avoided by completely disconnected graphs with
an arbitrary number of loops. This simple observation allowed us to ignore BPS type

double and triple operators in the previous section that would otherwise contribute

in the intermediate sums.
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4.3 Anomalous dimension of a general multi-trace

BMN operator at O(g3)

The fact that disconnected contributions to the multi-trace correlators are suppressed
as J — oo has direct consequences for the scale dimension of multi-trace operators

both at order g2 and higher.

Call the i-trace BMN operator in (4.27) as O;. Here i is a collection of labels,
i = {n,y,...,y;} with y1 = &, etc. Because of the non-vanishing mixing, (0;0;)
with multi-trace operators of different order (i # j), O; is not an eigen-operator of
A — J and a non-trivial diagonalization procedure is required to obtain the true scale
dimension. Eigenvectors at O(gs) is affected only by mixing of O; with O;1;. The
diagonalization procedure is essentially equivalent® to non-degenerate perturbation

theory [29] and as in section 2 one obtains the mostly i-trace eigen-operator as,

~ r
0; =0; + gs Z : ‘Oj, (431)

where I/ = GI*T; and py is the O(g9) eigenvalue of the k-trace operator (p; = (n/1;)?

in case of O; in (4.27))1°. To compute the eigenvalue we need, (using (4.31)),

(5101') =(0:0;) + 29, >, : (0;0:) +g5 > Ly Ly (O;0%). (4.32)

j=ix1 Pi — Pj jk=it1 Pi = P Pi — P

Call the O(g3) part of this quantity as,

(0,0,)| = Gy — NTi; In(z2A?). (4.33)

95

Generalizing the method described in [29] to the case of multi-trace operators, we

9see the discussion at the end of section 2 for the effects of mixing with higher trace BMN
operators

10The proof of the validity of non-degenerate perturbation theory at O(g3) is illustrated in case of
single-trace and double-trace operators in section 2. However this proof immediately generalizes to
the general case of i-trace operators because of the suppression of connected correlators. Requirement
of disconnectedness boils down the required computation to the one presented in section 2.
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express the true scale dimension at this order in terms of the above quantities as,

9
It is not hard to see that (4.34) is equivalent to (4.8) as it should be. To compute A;
from either (4.34) or (4.8) one needs G;; and I';; to the necessary order. Although
second method is a short-cut we prefer to start from (4.34) because this method

makes it clear that modified operators, O; are true eigen-operators of the dilatation

generator.

Now, the crucial point is to recall that the connected contributions to f‘,-,- and
G; are suppressed as J — oo and the evaluation of these quantities reduce to the
evaluation of only the fully disconnected pieces. For example the quantity G;; re-
ceives non-zero contributions only from the following completely disconnected Wick

contractions,

Gii .= (0:i0i) gz = (031 0;1)2(07207%) o - - - (O 0% ) 49

+<O,{IO,{1)93<OJ2OJ2)93 .. (OJ"OJ")gg 4.
+<O,{107J,‘1)gg <OJ20J2>9(2] s (O‘]"OJ’)g%. (4.35)

LT ] [ — 1] S Y J#2

a b
Figure 4-1: Left figure shows that connected contribution to 2 — 3 — 2 process is

suppressed by 1/J. Right figure shows similar suppression of mixing of double trace
operators with single-traces.
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Now, we shall compute A; at O(g3) for arbitrary 7. One first observes that j = i—1
channel in (4.32) necessarily gives connected diagrams hence suppressed by the power
of J given by (4.28). More explicitly, the summands in the (i—1) channel are O(g2/J)
but the intermediate sums do not provide a compensating factor of J unlike in the
(i + 1) channel. This is illustrated in Fig. 4-1 in case of 1 = 2. Similarly the
summands in (i + 1) channel are also O(g2/J), therefore only disconnected i —
(¢ + 1) — 7 processes can contribute. This is also illustrated in Fig. 4-2. The

conclusion is that,
1. 4-(¢ — 1) mixing does not affect i-trace eigenvalue,

2. Only disconnected i — (¢ + 1) — 4 processes in i-(¢ + 1) mixing matter. (see

Fig. 4-2)

One obtains the quantities, G;; and I';; that are necessary to evaluate (4.34) from

(4.32). The former reads,

B rit! i+l Fi’+l
Gi = Gi+2) ——Gi;i+ Y, : : Git141
it1 Pi — Pit1 it1,i+1 Pi T Pit1 Pi — Pt
Fi-i—l Fz:+1
= Gu+ Z _— (2Gi+1,i + i!~—1—~—> . (4.36)
it1 Pi — Pi+1 Pi — Pit+1

Here, we use the indices in a schematic sense, for example (¢’ + 1) and (i + 1) are
independent indices that both refer to a collective index which labels an (i + 1)-trace
operator, t.e. 1 + 1 = {m,y1,...,4;} and ¢ + 1 = {m/,y},...,yi}. In the second
line above, we used the expression for the lowest order, free two-point function of
(i + 1)-trace BMN operators. For general i, this is easily obtained by recalling the
fact that only disconnected pieces contribute. Thus to lowest order, O(g9), Gy; is
product of its disconnected pieces summed over all ways of Wick contracting various

BPS operators:

Gii = Gy, gismy, -yt = dmmdyyy, Z dyZ-’!}v(z) o .dy"y}(n’ (4.37)
P

UFor an explanation for these “string-like” transition diagrams see the end of this section

105



where P runs over all permutations of the set {2,...7}. We stress that we need the
O(g3) expression for G;; in (4.36) rather than (4.37). Using this formula for G; 114
in the first line of (4.36) and summing over the indices 7 + 1 produces a factor of 7!.

To go further we need
FHI
1
Pi = Piv1
The only Ofge) contributions to the matrix element come from the following two

terms,

i+1 _ vit1,541 i+1,7
I =G T, + G T

We need to invert the 2 x oo dimensional matrix of inner products between i-trace
and (7 + 1)-trace operators. 2 It is not hard to find the inverse perturbatively at

O(go) with the result,

G, Gz z’
o T O(93) e H +0(g3)

GA,B —

Gig1it : Gig14
- (ijll)’m + 0(93) —HEE + O(Q%)

ilg!

We also need free i-(i + 1) correlator at O(gs). Since it is given by the fully-

disconnected contribution, it is obtained as a simple generalization of (4.19):

041 _
Gmy1 Yimyy ey drn y; i PXI;' dyP(°)’yP’(2) dyl’(i—l))ylp’(i—ndyP(i)’y}'(n'*‘y;ﬂ(iH)
!
x \/ 0)Ypia Vi)
3/2 ~12
+ y' Gn Y ; dyz,yjp(z) o 'dyz,y’,,(,)dyl,y’ﬁy’,,(iﬂ)- (4.38)

Here the first term is a generalization of the second term in (4.19) and the second
terms is the generalization of the first term in (4.19). The sum P in the first term
is over cyclic permutations of the set {2,...,4} 7.e. it has dimension i — 1 and sum
P’ is over all possible ways of choosing two indices out of the set 1,...i+ 1 (to form

the single-double BPS correlator with P(¢)th BPS operator in O;) and than taking

12See section 3 for a justification of our omitting BPS type i-trace and (i + 1)-trace operators in
the evaluation of the eigenvalue.
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all possible permutations in the rest of the indices, i.e. dim(P") = (¢ — 2)li(: — 1)/2.

Finally we need the first order radiative corrections to this correlator. Much as in

(4.21) this is given as,

!’ !
i+l _ Gz S+l 3/2G m[m m
. _ .. ! -
my1---y; ,m’y1 yl_‘_1 y myx"'ynm'y'l'"y; 1 m,m'y} fyi o y y 1 Ui
{Z sy y“yP(i)dyl’le’yP(zH)}
2 ' 12
_ m mm m i,i+1
S (L Ve ot N (4.39)
v v Yi BRGE

Eqgs. (4.38) and (4.3) are sufficient to determine T at O(g,):

+1 i+1,7+1 i+1,7
Tl = GHWHID,,  + Gy,

1 3/0 m/ m
llyl Gmmyl/yly y___ Z Y2:Yp(a) y.,yp(,)dyl,y1+yp(,+1) 4.40)

We insert this expression in (4.36) and perform the sum over the intermediate
(i + 1) channel. Most of the terms in the contraction of delta-functions will be
suppressed (e.g. first term in (4.38) multiplied with ;"' and summed over (i + 1) is
suppressed by 1/J). Result is,

: @)+ 2+
Gii' = Gii' —_ 617_ Z y3Gm ny/y Gm' ny/y. :, ym yTll :/nl, (441)
' GG+

Here, 6;; is a shorthand for the delta functions that arise from disconnected Wick

contractions:

5ii' = dyl ,y'l Z dy27y’P(2) T dyiyylp(i)'
P

A completely analogous computation yields I';; as,

73
. (2)(% + o + 2y
_ E : 3 Yy y Y Yy
Fii’ = Fil’ 5“1 Yy Gm ny/y1 Gm/ ny/y (3 i ;n_l)(% T lel,l) . (442)
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For the same reason as above we only need disconnected contributions to G;; and T';
which are trivial to evaluate. In case of 1 = 2 required diagrams are illustrated in Fig.
4-2.b,c and d. In terms of the known expression for single string correlator at O(g3)

and radiative corrections to this [24][22], one readily gets (see (4.35))

dmm’ :
Giv = 93512" (y1 At + o4 Z’yf) , (4.43)
r=2

and

mm' m
[y = g25”: (yl(m —mm' +m/ )Amm: + lemm' + 24 32 E yr) J (4.44)
1 r=

where A and B matrices are first defined in [24] and are reproduced in egs. (E.1) and

(E.2).

Let us digress for a moment to discuss a simpler type of degeneracy in energy
eigenvalues that is referred as momenta-mizing. So far, we formulated our discussion
in terms of the multi-trace BMN operators as given in egs. (4.2) and (2.37). In doing
so we ignored a degeneracy in the energy eigenvalues corresponding to operators with
opposite world-sheet momenta, namely O; and O’ carry the same energy that is

2

n°. To incorporate the effects of this momenta-mixing one should disentangle the

degenerate states by going to + basis,

1
O/ = —(0] £07)). 4.45
n \/5( w1t 02,) (4.45)
In + basis BMN operators with two scalar impurities transform in the singlet and
triplet representation under the SU(2) subgroup of the full SO(4) R-symmetry. One
can easily reformulate our results in this basis. For example the eigenvalue equation
reads,

L\i

MY1-.-Yi s MY1--.Yi| , = Amyl---yi ; MYL...Yi 2 + Amyl---yi y —MYy1-..Yi 2 (4'46)
93 93 93
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Using eqgs. (4.43), (4.44),(4.41) and (4.42), it is straightforward to see that,

Amyl...yi ; ~MY1..Yi =0. (447)

93

Thus, our first observation is that

e Scaling dimension of all multi-trace BMN operators remain degenerate in =+

channels at O(g3).

This fact can be explained by relating the multi-trace BMN operators in + and —
channels by a sequence of supersymmetry transformations[12][29][43]. However, we
would like to emphasize that this explanation holds only in the strict BMN limit
where J — co. The reason is that, although supersymmetry is exact for any J, BMN
operators do not exactly transform under long multiplets unless J is strictly taken to
oco. We would also like to emphasize that degeneracy of multi-trace BMN operators
can be viewed as a consistency check on our long computation because our results
are valid also for single-trace BMN operators for 7+ = 1, where this degeneracy is
well-established [30][29].

Having established the degeneracy in + basis, we can compute the eigenvalue by

using (4.43), (4.44),(4.41) and (4.42) in

, T — piéii-

92

AE

)

Straightforward computation gives,

1 oo k2(k2 ___ m2)
A:h — 2 2Bmm _ d 12 2
X (] (g2 J/O xnzz_oo(Gm,nz) (k +m)2 ) ’

where k = m/z. Using (4.14) one gets,

AT

2
__y_l_(_l_ _i)
o2 4m? 12_+_327r2m2 ' (4.48)

This is exactly the single-trace anomalous dimension that were computed in [30]

and [29] up to the normalization factor y?. This is hardly surprising given the fact
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that all Feynman diagrams that contribute to the evaluation of A; separate into
completely disconnected pieces. Since the only piece that can contribute to anomalous
dimension is coming from the single-trace BMN sub-correlator (BPS sub-correlators
are protected), we obtain the single-trace anomalous dimension as a result. However,
from a general point of view this is a striking result and is one of the main conclusions

of this paper:

e Scaling dimension of all multi-trace BMN operators are determined by the di-

mension of the single-trace operator as

2
A;t = (J}) Au.

We believe that this result will also hold at higher orders in g, because the fact
that only disconnected Feynman diagrams survive the BMN limit is still valid for
higher orders in genus expansion. We see this by noticing that each g comes along
with a factor of 1/v/J in the expansion, (see eq. (4.28), also Fig. 4-2 below). This

should become more clear in the following.

This result establishes a firm prediction for O(g2) eigenvalues of the light-cone

SE'T Hamiltonian. When translated into string language, this prediction reads,

-+

(Wil Pl = (ﬁ—) (WP

We would like to emphasize that this prediction is completely independent of the field

theory basis which identifies operators that are dual to the string states.

Let us now discuss the implications of our findings for some of the string ampli-
tudes. For this let us represent our discussion about the scaling of correlators with
g2 and J in a diagrammatic way that is suggestive for light-cone SFT. For instance
we represent the double-trace correlator in the BMN basis, <O‘202)g§ ws as in Fig.
4-2 where Fig. 4-2.a shows the connected contribution to this correlator while Fig.

4-2.b,c d, represent the disconnected contributions at this order. Here each vertex
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Figure 4-2: A representation of planar contributions to (: 01072 :: 05207 :) at
O(g2X'). Dashed lines represent scalar impurities. We do not show Z lines explic-

itly. Vertices are of order g;1/\'/J. a Connected contribution. b, ¢, d Various
disconnected contributions.

represent a factor of I''2 which is defined as,

272
(Or(@)0(0) 3 = TN ol )

This quantity was first computed in [29] and given in egs. (4.15), (4.14) which show
that each vertex scale with a factor of ‘% It is now clear that one can reproduce all of
the information contained in the scaling law of (4.28) by representing the correlators
with these diagrams. For instance the connected diagrams in Fig. 4-2.a is O(g2/J)
hence vanishes in BMN limit whereas the disconnected diagrams of the same order in
Fig. 4-2.b,c and d scale as g2 therefore they are finite because of the extra J factor
provided by the integration over the loop position.

To make contact with light-cone SFT we take this diagrammatic representation
seriously with one qualification: The matrix elements of the light-cone Hamiltonian
should correspond to the matrix I in the string basis, not in BMN basis. As discussed
in Appendix D, this matrix element is obtained from I';; with a unitary transforma-

tion, I = UTU'. Whatever the correct identification of U is, this transformation will
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not change the scaling of I' because it is independent of J. Therefore we can take
the diagrams in Fig. 4-2 seriously as string theory diagrams!3, where the vertices I'
replaced with I which scale in the same way as before. For instance, the vanishing
of Fig. 4-2.a implies that there is no double-double “contact term” that contributes

to (Y| P~ |1b2) at O(g?). This observation immediately generalize as,
e There are no O(g?), i-i contact terms that contribute to (y;|P~|1;).

However, these contact terms do give contributions at higher orders in g2. In other
words, the suppression of the correlators in (4.28) does not imply the absence of
physical information contained in these quantities. They certainly yield non-zero
contributions to single-single loop corrections as illustrated in Fig. 4-3.

Let us also observe that the suppression of the diagram in Fig. 4-1.b implies that
there is also no 2 — 1 — 2 contribution to this matrix element in string perturbation

theory. This fact generalizes as,

e String theory processes where the number of internal propagations is less than

i, do not contribute (1;|P~|¢;).

These assertions might seem strong, however one should note the important as-
sumptions that were made in the above discussion. First of all the correspondence
with GT, at the perturbative level only holds when )’ < 1 which translates into the
condition g > 1 in string theory. Therefore our discussion is valid for large values
of pu. Secondly, the string amplitudes we consider involve a very particular class of
external string states, namely the states with only two excitations along i = 1,2, 3,4
directions (corresponding to scalar impurities in the BMN operators). Note how-
ever that our discussion does not make any restriction to these particular two scalar

excitations in the internal string states.

130f course one should replace strips in these 2D figures with tubes for closed SFT
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Figure 4-3: Connected contribution to double-triple correlator, (ényOmyz), does give
non-zero contribution in 1 — 1 process. For example this diagram will show up in
the computation of O(g®) scale dimension of single-trace operators.

4.4 Matrix elements of pp-wave Hamiltonian in 2-

2 and 1-3 sectors

We will first compute the matrix elements of P~ in the two-string sector by the
method of [27]. Assuming the validity of the basis transformation Ug that we dis-
cussed in Appendix D, this will allow us to make a gauge theory prediction for SFT.
Then, by the same method we will obtain the matrix elements in single-triple string
sector. Let us briefly review the method.

In Appendix D we presented a prescription to identify the string basis in field
theory by transforming the basis of BMN observables with a real and symmetric
transformation which renders the metric G;; diagonal. The conjecture is that, matrix
elements of P~ should be in correspondence with the matrix of O()\) piece of the

field theory correlators in the string basis. This is related to the same quantity in the

old basis as,

' = UgTU.
We are interested in the O(g2X) piece of I". Using (D.2), this reads [27],
@ =@ _ Ligo roy _ Ligw roy i 3rqmy oy 4 Lawpogo (4.4
2 ’ 2 ’ 8 ’ 4 ’
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where the superscript denotes the order in go. Straightforward algebra gives,

., 1/ m m' 1
22 22 2 2\ ~22 2171712 21 12 231732 23 32
Doymy = Uiy — 5 ((g) + (?) ) Gmy;m,y, ~3 (G r'“+r=G*“+G=1r*+1r-G )my;m,y,
3 [ 21 12 23 32 m.o m', 1/ 212 2 23133 32
- — — - r
+ 8(G G? + G®@G )my;m,y, (y) +(y,) +4(G G?n? + GBI¥G )my;m,y,

I'?2 and G?? in the first two terms are O(g2) pieces of the corresponding matrices and
33 in the last term is the O(1) piece. Repeated intermediate indices mean summing
over all possible operators that may appear in that intermediate process e.g. in the
expression G?*G3? one should sum over both BPS type and BMN type triple trace
operators. Remarkable simplifications occur, when one recalls that only non-vanishing
contributions in the double-double sector comes from disconnected diagrams. A term
like G**G'? and G*'T'*? cannot be disconnected hence of O(1/J) and decouples in the
BMN limit. Similarly one only keeps the disconnected contributions to G% and I'?2.

All of the necessary ingredients to compute this expression except,

%(%)zdmawdy,y’(dz,ﬂ +dz1y-2) O
0 0

1'\33 —

were presented in section 2. This matrix tells us that there is no anomalous mixing
among BPS type and between BMN and BPS type triple-trace operators at the zeroth

order in gs.
With the help of the decomposition identity (D.4), one obtains,

5 2
I‘Erle;m'y’ = g3dyy %’Bm,m’ . (4.50)

For the definition of matrix B, see Appendix E.

A similar calculation yields the single-triple matrix element in the string basis as,

i 1 1
13 _ 13 = 2,13 13133 = 12123 12 ~23
TR gy = DB 2(mG +GBr )m;m,y,z, 2(G I» 4+ I'2G )m;m,y,z,
3 1
+ 3 (T'G12G* + G”G23I‘33)m;m,y,z, + ZG},fmy,, (n/y")2 G2 -
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Again, repeated indices in the intermediate sums imply the inclusion of all possible
operators of that given type. For instance in the term G'2G?3I'3, one should use
both BMN and BPS type double and triple operators in the intermediate process.
A simplification occurs however when one notes that there is no O(gs2) contribution
to G and I'® for a BPS type double-trace operator, the lowest order non-zero
contribution appearing at O(g3). By repeated use of the decomposition identities
(D.5), (E.12) and (E.13) one obtains the amazingly simple expression,
f\:3;171»’11’# = ngBrlr?;m’y'Z"

Here B'3 is the contribution to I'*3 from non-nearest neighbour interactions, given by
(4.18). Thus we obtain the following GT prediction for the matrix elements of P~ in
1 string-3 string sector:

B = g X ! i sin(mnz) sin(rnz) sin(rn(l — y)) (4.51)
ot = 9 = miu)\ v S

Some comments are in order. First of all we note the striking similarity of I'?? and

'3 to I'!! that was obtained in [26][27]:

In the 2-2 sector this just follows from the disconnectedness of the GT diagrams,
hence the 2-2 matrix element just reduces to 1-1 case up to an overall factor 3>
therefore is hardly surprising. But our result for the 1-3 matrix elements indicates
the following generalization. As first computed by Vaman and Verlinde [31] using SBF
and then by Roiban, Spradlin and Volovich [28] using rigorous SFT the matrix element
! represents the “contact term” i.e. the ©(g2) matrix element of P~ between two
single-string states in the ST side. On the GT side, in all of the cases we considered
this matrix element is determined solely by the “non-contractible” contribution to
[, 1t is tempting to conjecture that the “non-contractible” GT diagram encodes the

information for the O(g?) contact term in PP-wave SFT. To check this conjecture
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one should compute O(g?) matrix element of P~ between a single and a triple-string

state and compare with (4.51).

4.5 Discussion and outlook

There are three main results in this chapter. First of all, we demonstrated that non-
degenerate perturbation theory becomes invalid at order g2, as single-trace operators
are degenerate with triple-trace operators. This result casts some doubt on the previ-
ously computed anomalous dimensions in [29][30]. However we conjectured that some
particular eigenstates of the degenerate subspace for finite J, tend to the modified
BMN operators O; in the BMN limit whose eigenvalues coincide with the dimensions
of O;. Therefore the use of non-degenerate perturbation theory can be justified for
these particular dilatation eigen-operators. This problem requires further investiga-
tion and it will be interesting to explore new effects related to this degeneracy problem
in future.

Our second main conclusion is the determination of the anomalous dimensions
of all multi-trace BMN operators that include two scalar impurity fields in terms
of the single-trace anomalous dimension. We proved this interesting result to order
g2)\' but the fact that connected field theory diagrams are suppressed also at higher
orders in g, suggests that the conclusion holds at an arbitrary level in perturbation
theory. (Of course, one has to first establish the validity perturbation theory at
higher orders.) These predictions for the eigenvalues of P~ are basis independent and
therefore provide a firm prediction for SFT. It would be interesting to understand
the string theory mechanism that is analogous to the BMN suppression that leads to
vanishing of connected field theory diagrams. A natural next step in this analysis is
to consider the anomalous dimensions of BMN operators that include higher number
of impurities. We believe that suppression of the disconnected GT diagrams will lead
to remarkable simplifications also in that problem.

Finally, we obtained predictions for the matrix elements of the light-cone Hamil-

tonian in 2-2 and 1-3 string sectors. We emphasize that these predictions are sensitive
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to the way the string basis in GT is identified, unlike the predictions of section 3 for
the eigenvalues of P~. We fixed the basis with the assumption that the form of the
basis transformation at O(g») is also valid at O(g2). Although this assumption passed
a non-trivial test in predicting the correct O(g2) contact term of single-string states
(28], there is no obvious reason to believe its validity for instance in the single-triple
sector. Thus, our predictions can also be used as a test of the basis identifications of

either [26] or [27] which are equivalent to each other at O(g2).
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Chapter 5

Instability and String Decay in
BMN Correspondence

5.1 Introduction

Despite the correspondence of notation the string states listed in (4.4,4.5) are not the
direct maps of the individual operators in (4.1,4.2). The reason is that the operators
mix through nonplanar graphs [29, 30, 44] even in the free field theory whereas the
eigenstates of the free string Hamiltonian in (4.5) containing different numbers of
strings are orthogonal. An operator S effecting a change of basis in the gauge theory
has been identified [14, 45] which makes the gauge theory states in (4.2) orthogonal
in the free theory and it is the states obtained by applying S~ to those of (4.2) which
map into the string states of (4.5).

Quantitative tests of the correspondence are based on the assumption that the
light-cone Hamiltonian P~ = H of string theory corresponds to the field theory

operator A — J, the difference between dilation and R-charge, through the relation

A-—J==-H (5.1)
7

In planar order the eigenstates of A — J are the individual states listed in (4.2), and
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the order g9 eigenvalues are

2

w(n, Jo, Ji, k) = 2 + ,\'2—2 (5.2)
0

with so = Jp/J. Operator mixing appears in order g, and to this order the k-trace
eigenoperator acquires order g, admixtures of (k + 1)-trace operators [29, 30]. The
eigenvalue is first corrected in order g2 to

n? g2s? 1 35

LU(TL, J07 Jl, Jk) -2+ A,[S_ + "“—("— +

2 4x2°12  3272n2 ) (53)

For k = 1 the correction was found in {29, 30] and in [13] for £ > 1. For k = 1, the
correction exactly matches the genus 1 energy shift of single-string states calculated
in light-cone string field theory [26, 28]. This match provides a basis independent test
of the relation (5.1). It has also been shown that related matrix elements of H agree
with those of A — J after the basis change is made [26, 27].

The computations of (5.3) in gauge theory used a formalism equivalent to non-
degenerate quantum mechanical perturbation theory. Yet it is obvious from (5.2) that
the zero order eigenvalues of single-trace operators of momentum n are degenerate
with multi-traces of momentum m if nsg = £m. The n = 1 state is non-degenerate,
since so = 1 would be required, and Ji, Js, - - -, Jx would vanish. But the n = 2 single-
trace operator is degenerate with multi-traces with m = £2, sy = 1/2. For n = 3 we
have degeneracy with multi-traces when m = £2, sy = 2/3 and when m = 1, 5o =
1/3, and so forth. One must thus question the validity of non-degenerate perturbation
theory, and this was discussed in [29]. One signal for breakdown of perturbation
theory is a divergence due to a vanishing energy denominator in the summation
formulas for shifts of eigenvalues. It was pointed out in [29] that perturbation theory
would remain valid if the matrix elements in the numerator happened to vanish at
degeneracy, and that the matrix element of the effective interaction between single-
and double-trace states does indeed so vanish. This is a necessary condition for the
validity of the order g2 calculation leading to (5.3), but it is not sufficient. The

single/triple mixing matrix element is of order g2. If it does not vanish at degeneracy,
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it would also require [29] the use of degenerate perturbation theory with possible
modification of the result (5.3) even though a divergence would not appear until

order gs.

An effective quantum mechanical formulation for the gauge theory, which simpli-
fies previous computations was developed in [41]. The single/triple matrix element
was computed in this formalism, and it does not vanish at degeneracy. It is this fact
that motivates the present note in which we discuss the consequences for the physics
of the BMN correspondence. In string theory single-string states |(n, —n)p*) with
n > 1 would be expected to be unstable, with decay to the continuum of (k+1)-string
states |(m, —m)pg,pT, - -pi) in which the total light cone momentum is divided con-
tinuously among the k£ + 1 strings. The lowest case k = 1 should correspond to sin-
gle/double trace mixing in gauge theory, and it has been shown [46] that the relevant
string theory matrix element vanishes at order g, in agreement with the vanishing
gauge theory result mentioned above. Instability would then be expected in string
theory via a composite (order g2) process in which the single string first splits into
two “virtual” strings and by a further interaction into three final state strings. The
non-vanishing single/triple trace mixing matrix element, which is also composite in a

sense described below, is the signal of this instability in gauge theory.

More generally the gauge theory has discrete single-trace states O; embedded in
a continuum of multi-traces, since the ratios J;/J become continuous variables with
range 0 to 1 in the BMN limit. It is a well known phenomenon in quantum mechanics
that a state which is purely in the discrete sector at time ¢ = 0 undergoes irreversible
decay to the continuum of states which are degenerate in energy. This phenomenon
can be derived using time-dependent perturbation theory [47]. The standard deriva-
tion must be generalized in the present case because the relevant process is composite.
We make this generalization and compute the order g3 contributions to the energy
shift and decay width of single trace states with n > 2. The energy shift is the less
significant datum when there is instability, but it agrees with the principal value cal-
culation of [41]. The value we find for the decay width would also emerge from the

formalism of [41] if an ie prescription had been used rather than principal value (as
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suggested recently in [48]). We show that the decay amplitude is invariant under the
basis change discussed above. It should therefore agree with the amplitude computed
in string theory.

The development of the continuous spectrum in the string theory is intimately
connected with the Penrose limit which produces the pp-wave spacetime from AdSs x
Ss. For finite radius R of Ss, the null circle in ™ is compact [38] and there is a discrete
spectrum of stable states. In the limit R — oo the null circle becomes non-compact,

producing a continuous spectrum and the possibility of instability.

122



5.2 The Effective Gauge Theory Hamiltonian

Let us denote an operator in the set (4.2) using the generic notation O;(z). With

one-loop interactions included, the general form of two-point functions is

(0i(x)0;(y)) = m[gzj — hijIn(z — y)>M?] (5.4)

where g;; = g;i is the free-field amplitude which defines a positive-definite inner
product or metric, and h;; = hj; describes the order N = g¢%,,N/J interactions.
We use a real notation for simplicity, but it is accurate since the correlators of our
operators are real. The diagonal elements of g;;, hi; are of order 1+ O(g3) while off-

diagonal elements between operators containing k£ and &’ traces are of order glzk_k".

One diagonalizes this system via the relative eigenvalue problem
hijvl, = Yagi;v?, (5.5)

There is a complete set of eigenvectors v?, which are orthogonal with respect to the
metric, viz. vflg,-jv% = 0op3. The system (5.5) is equivalent to the conventional eigen-

4

value problem for the “up-down Hamiltonian” b} = g**hy;, namely

h;'ugz = 701737 (5.6)

but one must remember that /? is not naively Hermitean (symmetric), but Hermitean

with respect to gi;, i.e. gixht = hfgy;.

It is easy to show that the eigenoperators are O,(z) = v},0;(z) and have diagonal

2-point functions:

(Ou&)05(3) = =Lzl ~ valn(e — )M 5.)
~ (x_"% (5.8)

from which one can read the scale dimension A, = J + 2 + .
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A simpler method for field theory computations was developed in [41]. It is a
method to compute hg directly with no need for the complicated combinatorics of
Feynman diagrams required in earlier work. The resulting effective Hamiltonian has
a quite simple and striking structure. The method applies to 2-point functions of
the operators of (4.2) and has recently been extended [49] to a wider class of scalar

operators.

We refer readers to [41] for an explanation of the method, and we begin our
discussion with (11) of that paper. Certain “end-point terms” and other terms which
vanish in the BMN limit are neglected in (11), and we note that the omitted terms
actually vanish in the channel which is symmetric under exchange ¢ <> 9 of the two
impurities, so (11) is exact in this channel. Although the BMN limit is taken at an
early stage in [41], we use a discrete finite J version of the method and take the limit

J — oo at the final stage of computation.

In this method h; is replaced by matrix elements of an effective Hamiltonian
H = Hy+H, +H_. The action of H on gauge theory states/operators is given in (11)
of [41} in which the operators contain impurities of fixed spacing [, i.e. (’){0"]1"']’“ ~
Tr(¢pZWpZ o YTrZ" .. . TrZ’*. After a discrete Fourier transform with respect to I,

which is equivalent to that in (4.2) for large J, one obtains the following equations:

2
Jo,Jiyde 1TV o1, dk
H,0% = ¥ o
50
Jo,J1, 0 Jk / o Jo—Jr41.d1, T 41
H Ol = Ngy 37 Vg O (5.9)
%1
Jo,J1, 0y ! Qg Jo+Ji 1, Ky Jk
H_O = Ngy 3 vamiolets
o),
. . . . . . Q
where we introduce a collective index notation in the matrix elements Va **", namely

ar = {m, so, ..., st} Here s; = J;/J satisfy 3, s; = 1.

The right sides of the equations for H define contributions to matrix elements
h:. Symbolically, the structure is HO; = hi0O;. Note that the interaction terms
are purely of order g, and describe the splitting/joining of a (k + 1)-trace operator
into superpositions of (k + 1 + 1)-trace operators. The Hamiltonian H = SHS™!
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transformed to string basis agrees [48] with the Hamiltonian of string bit formalism

which contains order g, splitting/joining interaction and an order g3 contact term.

For large finite J the matrix elements are

5 p—— L U YA VN CRT)
w2V J(k+ 1!V sosp  sp %_m

S0

, 1 sh — 8o, m' sin®(mm’sq/s})
Vak, = Vo () As (5.11)
2/ k! o\ gl m _m
T \/716 SoSp  So s

S0

where A,y is a product of delta functions,

33, - Z 631asp(1) . Slc, P(k)éso, 0+sP(k+l) (5'12)
PeSk 41

It is in this form that we will use these equations. In the BMN limit, matrix

elements we calculate agree with those of the continuum formulation of ([41]).

We have also obtained a version of (5.9) valid at any finite J in the ¢ > 9
symmetric channel. Eigenoperators of Hy are superpositions of those of fixed spacing,

namely
Jo 7m(2l +1)

\/_—_Z Jo+1

These operators have eigenvalues of Hy given by —KM—sm ( J"il) which approaches

O,{O’Jlka — )0;’0"]1"“]’: (513)

the eigenvalue in (5.9) as J; — oo. These results agree with those of [43, 50]. The
interaction terms still describe order g, splitting/joining of traces, but they are more
complicated than those of (5.9). For example when H, acts on the the single-trace
O; one obtains a superposition of double-trace operators OJo/t where Jo = J — J;

with expansion coefficients

QYM\/— . Tm

W2\/7+ DT D) 1n(J0 n 1)A(n,m, Ji) (5.14)
in(r(2L — _m
A(n,m, Jy) = - sin(;”fll ){[ziziﬁg,; - ji;;} —~ [m - —m]} (5.15)

One notes that these coefficients exactly reduce to (5.10) in the symmetric channel
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in the J — oo limit. Another thing to note here is that working at finite J does
not resolve the degeneracy problem. For example, single- and double-trace operators
are degenerate when 5 = :t#, and there is a similar degeneracy condition for
(k + 1)-trace operators. One may also observe that A(n,m,J’) does not vanish at
degeneracy for finite J, although it does vanish as J — o0o. In principle, one should
apply degenerate perturbation theory to the calculation of eigenvalues of H even
before triple-trace operators are included. However, we will ignore this complication,
which very likely disappears in the large J limit.

Our primary goal is to apply time-dependent perturbation theory to study the
time evolution of a state which is purely single-trace at time ¢t = 0. We will calculate
the decay rate of such a state into degenerate triple-trace states. We have found it

useful to illustrate the essential physics in quantum mechanical toy models and then

adapt the results in the models to the BMN limit of the Hamiltonian (5.9).

5.3 Quantum Mechanical Models

Our calculation of the decay rate is based on the treatment of the decay of a discrete
state embedded in a continuum in [47]. This treatment needs to be modified for our
case, but we first review it to set the basic technique in the context of the present
up-down matrix formalism.

We thus consider a quantum mechanical system with a set of discrete states |n)
and continuum states o) where a denote the continuous labels of the state. The

Hamiltonian is H = Hy + V where Hy and V are given by the following matrices:

E;d: 0

Hy = ’ (5.16)
0 E,(a—p)
0 Vi

V = : (5.17)
Y

Note that V has vanishing matrix elements between pairs of discrete or pairs of

continuum states in agreement with the interactions H. of (5.9). We look for the
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solution of the Schrodinger evolution equation i |¥(t)) = H|¥(¢)), with |¥(t)) given

ai (t)e“i E;t
(1)) = | :
$°(t)e~i Fat
and the initial conditions a™(0) = 07, #*(0) =0.

n

by the formal vector:

It is easy to see that the discrete and continuum components of |¥(t)) satisfy:

i%a”(t) = /daVof expi(E, — Eq)t ¢°(t) (5.18)
i%w(t) Y Ve expi(Ea — En)t a™(2) (5.19)

We integrate the second equation using the initial conditions above and substitute the
resulting expression for ¢®(t) in the first equation, obtaining an equation involving

only the discrete components, namely

t
%a”(t) = —/daZ/ dt' expi(E, — E,)t expi(Ey — Ep)t' V2V a™(t')  (5.20)
' Jo

Next we separate the energy variable in the continuum measure by writing do =

dEdBp(B, E) and define the matrix

Ka(B) = [ dBp(8, B) ViVs. (5.21)

We assume that K7 (F) is a slowly varying function of energy whose scale of variation

is AE. Substituting (5.21) in (5.20), we find

d

o t
Zat(t) = - / dEK"(E) expi(E, — Ea)t / dt' expi(Eq — Ey)t'a™{). (5.22)
0 0

We now follow [47] and make the short-time approximation a™(¢') =~ 1, a™(¢') =~ 0

for m # n in (5.22). We encounter the well known integral

expi(E, — E)t —1
W(En — E)

t
/ dt' expi(E, — E)(t —t)
0
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The last result is strictly correct in the limit ¢ — oo, but it is effectively valid within

integrals of functions f(E) for times much larger than the inverse scale of variation

AFE.

This approximate treatment of (5.22) thus leads to the result

r

a*(t) =~ 1—(7”+¢Awn)t (5.24)

I, = 2rKME =E,) (5.25)
©  K"E) ]

= —nd 26

Aw, P/O AE " (5.26)

The quantities I',,, Aw, are interpreted as the decay width and energy shift of the
unstable state to lowest order in the interaction V. The approximations made in the
derivation are valid under the conditions: 1/AF <<t << 1/T,, i.e. the time t must
be long compared to the inverse scale of variation of K(FE) and sufficiently short
to justify the short-time approximation to (5.22). Note that it was not necessary
to specify a scalar product in Hilbert space. It is necessary to define the measure
doa = dEdBp(B, F) explicitly. In our problem this measure is determined by the
BMN limit of the discrete formulation.

There are additional checks of the self-consistency of the method. One can show
that the components a™(t), m # n satisfy a™(t) ~ t* for small ¢, and that the
unitarity constraint |a"|® + [ da|¢®| = 1 is satisfied to order ¢.

Applied to our problem the treatment above gives the result I';, = 0, since K]'(E,,)
vanishes at degeneracy!. This is because triple-trace states enter the dynamics only
at higher order in the coupling g;. The toy model above must be generalized to
include this effect. Note that the energy shift Aw, in (5.24) agrees with the order g3
contribution to the scale dimension of single-trace BMN operators in (5.3).

The generalized model includes three types of states: i) the discrete “single-trace”

In), ii) continuous “double-trace” |as), and iii) continuous “triple-trace” |az). The

Tt is curious that K7(E) < 0 because V,22 is not Hermitean.
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free Hamiltonian Hj is diagonal with energy eigenvalues E,, E,,, and E,,, respec-
tively. The interaction matrix and time-dependent state vector which generalize those

of the model above are:

(o Vi, 0
V=1V 0 Vv |, (5.27)

\ 0 V& o

( a*(t)e " Fit
[T(t) = | (o, t)e Bt |. (5.28)

\0‘(0[3, )e ’iEa3t

Again we need the solution of the Schrédinger equation id/dt|¥(t)) = (Ho+ V)| ¥(t))
with initial conditions: a™(0) = 6™, #*2(0) = 0,0°3(0) = 0. The equations linking

the components of |¥(t)) are

i%a”(t) = /dagvo:;eiE’"’zt 32 (t) (5.29)
zd—t¢>°‘2(t) = Tvgentan() + )+ [dagVr eBomst g™(t)  (5.30)
d .

s a3 — a3 tEagast p02

10 (t) /dagVa2 € d**(t) (5.31)

We use the notation E,,, = E, — E,,, etc. for differences of energy.

We now wish to process the information in (5.29-5.31) to obtain a relation describ-
ing the coupling of the discrete components of |¥(t)) alone. Rather than the exact
equation (5.20) in the simpler model, we will obtain a relation which is accurate to
fourth order in the potentials. For this purpose we begin in straightforward fashion to
integrate (5.31) obtaining an expression for 0®® in terms of #*2. We then substitute
this in (5.30) and integrate that, and substitute the result in the first equation which

becomes

d t ; N 7 14
Za'(t) = - /daz [ dteiBreattiBont yaye gm'(¢) (5.32)
m' 0
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+ifday das dady [ dt’/ " Fner ez Bagel My yaayea g (41
The next step is to substitute for ¢®2(#”) in the equation above the value obtained
by integrating the first term of (5.30) with “source” a™. The term with “source” ¢°2
is of higher order in the potentials through (5.31) and can be dropped. This gives us

the net contribution of triple-trace intermediate states, denoted by

d t v t" . . ,
aa"(t)m-ple = E/dag dCl!3 da;/dt'/ dt”/ dt”’eZE"a2t+1E°2°3t
m

eiEuang t" +iEqymt’"

VEAVEVEVSE am(t") (5.33)

To obtain the contribution of single-trace intermediate states at order g3, we
integrate the first term of (5.32) to find an expression for a"(¢) (with n — m). This

expression is then reinserted for a™ (¢) in (5.32) to obtain the iterated contribution

d t 4 t! . . ,
S0 Ounge = 3 [dagday [[at’ [[ag" [ ateiBresttibennt
m,m’

ez'Enm‘:zt"+iE",l2 " Ve VmV ( "’) (5.34)

az’m

The full expression for %a" (t) to fourth order is

d t : _ ,
Ea’ _/da2§':A dtlelEn02t+lEa2mt ngnaz
d , d .
+ 7 (t)tripte + prL (t)singte (5.35)

The first term is just the short-time approximation to (5.22) in the simple model in
different notation. We will not discuss it further since it does not contribute to the

fourth order amplitudes of primary concern in the generalized model.

We now make the short-time approximation a™(t') ~ 1, a™(t') = 0 for m # n
n (5.33) and (5.34). We will present the treatment of the triple-trace part explicitly

and then summarize the rather similar steps needed for the single-trace part.

The nested set of time integrals in (5.33) can easily be done, and the result (in-
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cluding the overall factor exp i(Eyq,)t) is

giBnagt _ 1 giBnagt _ 1 Praft _ [iBnagt  giBnast _ giBnagt
- + + (5.36)
EaanEagaa Eaanagag Eaga’zEa;;a.’z Ea2a3Ea3a’2

In an obvious fashion we subtract and add 1 in the last two terms of (5.36). We thus
obtain six terms with the structure exptEt — 1 divided by energy denominators.
In our discussion of the contribution of these six terms to (5.33) in the short-time
limit, we need the fact that all the interaction matrix elements of the actual problem
vanish at degeneracy due to the trigonometric factors in (5.10). We assume the same
property in the toy model so that all energy integrals which appear when (5.36) is

inserted in (5.33) converge despite the singular denominators.

We apply the ie prescription of the last line of (5.23) in each of the six terms,
multiplying and dividing by the energy denominators which are missing in the last
four terms. It is easy to see that all contributions cancel pairwise in third and fourth

and in the fifth and sixth terms. In the first and second terms we obtain

d n ny/ o 1 «a o 1
aa (O)triple - T /da2 da3 da2Va2 Va: Eagas V 23V;l “Fn Eal n
; ) 1
[7r5( naS) + ZP(Enas) - 6(Ena2) - ZP(Enaz )]

(5.37)

We now note that the term with §(Eyq,) vanishes because V' = 0 at degeneracy.
Because of this vanishing one can combine the two principal value terms without
ambiguity. The triple-trace contribution to the decay amplitude can then be written

as

d_ ]
= n ) —_— o3
=" ()mipe / dasUg, [16(Basn) + P(—)|Us (5.38)

where we have introduced the effective composite interactions which couple single-

and triple-traces, namely

V’n Vaz
/ day—22-53 (5.39)
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Vaa Vaz
Uss = / dap—22n_ (5.40)

naz

The single-trace contribution (5.34) can be treated similarly. One makes the
short-time replacement a™(¢"") — 6. The time integrals are then easily done, but
separately for the two cases m # n and m = n. The contributions of the various

terms to £a"(t) at small ¢ are then analyzed as above. In each case there is one

t
term which contributes at ¢ = 0 via the ie prescription. In each there is a §(Enq,)
which drops because V) = 0. The contributions of two (non-singular) principal value

integrals remain in the final result

Edza"( )single = 2ZU" 6E"mU,T (5.41)
’nVaz
—zU"/da Yo (5.42)

a

which is largely written in terms of the composite interaction

V'n. Vaz
/ doy =22 (5.43)

naz

We can now interpret the results (5.37,5.41) in terms of (5.24). We find the decay
width

T =27 [ dagd(Eeun)UL U 5.44
az—n

and energy shift

Aw, = Ur-Yun 1_:%(];"

] m
m Emn

Vn Vaz
+U"/da

agn

- / dosU™ P

We are primarily interested in the decay width, which will be evaluated for the

L s (5.45)

azn

BMN system (5.9, 5.10) in section 5. However, we note that the energy shift agrees

with the result of fourth order non-degenerate (time-independent) perturbation theory
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for any quantum-mechanical system whose state space and interaction structure are
the same as the present model as defined in (5.27) and the discussion above it2. Of
course, the principal value derived here to resolve the divergence in the last term is
not present in conventional perturbation theory. The physical interpretation of our
result is that the pole of the resolvent operator 1/(Hy — E) at E = E,, due to the
discrete state |n) is shifted to E = E, + Aw, — i['/2 in the complex plane by the
interaction in 1/(Ho + V — E). The state |n) is unstable in the full theory.

The goal of the Hamiltonian formulation of [41] was the calculation of anomalous
dimensions of BMN operators. In our opinion the calculations undertaken for this
purpose should be revised to incorporate degenerate rather than non-degenerate per-
turbation theory. One may note that the various contributions to our energy shift
(5.45) agree exactly with those of (25) of [41]. So the result there should be inter-
preted as the real part of the shift of a pole rather than the anomalous dimension of
an eigenstate of the dilatation operator.

It is interesting that the present time-dependent treatment provides justification
for the recent suggestion in [48] of an S-matrix approach to the BMN system (see
also [51]) which would require an ze prescription in the genus two calculations of [41].
The idea of an S-matrix is fully compatible with our interpretation of the instability

of the states |n).

5.4 Basis Independence

It is our intention to derive a formula for the decay widths which can be compared with
future calculations in light-cone string field theory. We must therefore determine the
effect of the change to the basis in which gauge theory and string theory calculations
should match. It turns out that the result is not changed by the basis transformation
(at least to order g3). Basis independence would be a triviality if it were implemented

as a standard “change of representation” in quantum mechanics, since matrix elements

2Most treatments of perturbation theory assume a hermitean Hamiltonian, but the standard
formulas remain valid when rewritten in terms of h;'.
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are invariant. However, things are not entirely trivial since states and operators
actually transform contragrediently. We follow the recent paper [48], although the

same result should emerge from the similar formalism of [27].

The metric g;; defined by the free two-point functions of the O; of (5.4) can be

referred to local frames using the vielbein
_ ks I
gij = €;0xi€; (5.46)

We found the usual practice of different fonts for the “frame” and “coordinate” indices
confusing in the present application, so we prefer to emphasize that the same physical
variables are indexed by both upper and lower indices. The inverse vielbein is denoted
by fi, so that e.g. fief = &i. The operators with diagonal free two-point functions
are

Or = fiO; = 5710, (5.47)

where we have defined the Hilbert space operator S~! by the last equality. Our S—!
has exactly the properties of S~1/2 in [48]. In particular the string basis Hamiltonian
is

H=SHS! (5.48)

which was shown to be exactly the Hamiltonian of the string bit formalism [31, 45]
whose order g, splitting/joining interaction agrees with string field theory and order
g5 contact term also agrees (if a certain truncation of intermediate states is made)
[28].

The toy models of Section 3 can now be described in a new notation in which the
states O; and @j span different bases of the Hilbert space, the gauge theory basis
and the string basis, respectively. The time evolution problems treated in Section 3

as models for gauge theory can be described as follows. We found (approximately)

the state

() =" a'(t)O; (5.49)
which evolves with time by the Hamiltonian H and satisfies an initial condition
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a’(0) = 1 for i = 49 and a*(0) = O for i # i5. From the Schrédinger equation

i419(t)) = H|¥(t)) we easily derive the component evolution

d -
zaa Ht) = Hd’(t). (5.50)

In string basis we would instead be interested in the state
=Y @' (t)O; (5.51)

which evolves in time by the Hamiltonian H with the initial conditions @ (0) = 1 for

i = i and a'(0) = 0 for i # 1.

We now attempt to relate the time-dependent expansion coefficients a(t) and

a'(t). The Schrédinger equation id%hil(t)) = H|¥(t)) can be expanded as
Z ONRYES Z a'(t)HS™0;. (5.52)

We apply S to both sides and obtain the component equations

z'%zai(t) = (SHS™")ial(t) (5.53)

1 = (S’HS7?)ia(t) (5.54)

We now consult Sec. 4 of [48] and learn that S?HS~2 = H'. Thus the string basis

components evolve via
Z = (H")ia (t), (5.55)
a curious and useful fact!

To apply this fact we simply go back to the expressions for the decay amplitude
in (5.38 - 5.45) and observe that these results remain unchanged if we replace every
matrix element V' of the potential by that of the adjoint (V1)} = V7. Thus the results
obtained in Section 3 in the gauge theory basis exactly describe the decay amplitude

in string basis!
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5.5 Computation of the decay rate

In Section 3 we derived a formal expression for the decay rate that we reproduce here,
T, =2n / dosUn US6(Eyy — Ey). (5.56)

We explain the evaluation of this expression in some detail. Let us begin with the
computation of the effective composite interaction matrices U}, and Ug?. Triple-trace
state is labelled as a3 = {m, s¢, s1}. For convenience, let us also define s, = 1—sy—s;.
Because of the §-function in (5.56), we need this matrix element only at degeneracy,
E,, = E,, where the computation simplifies and has already appeared in [13] and

[41]. Using the perturbation coefficients (5.10) in (5.40) one finds,

n /s B
msos1 92 192 . 9 ,
U T on4J d o s (05750481 T+ 536,30+32)sm (rnsp)

(o]

P sin?(mpso/sh)
D vy ey A TS

The evaluation of the sum in the second line is explained in Appendix C of [13].

Finally performing the integral over s; one arrives at the result,

[

A
Uue = —47r22],/313230 sin2(7rn31). (5.57)

A similar computation using (5.11) in (5.39) gives the result® U}, = 2U2* when
E,, = E,. Inserting (5.57) into (5.56) one obtains,

N -s
I'p = 47r3g;2 z J/ dsg J/ 0d31 51 82 8o sin?(mns; )6 (n? — (T)2) (5.58)

m=—00 S0

We evaluate this expression for n > 0 for simplicity but the final expression will be

valid also for n < 0. The integral over s; can be done analytically with the result,

tn= 128n27r5 Z / dso d(n” - —)2)30(1 — 50)(15 +4m°n*(1 - 50)%).  (5.59)

3The factor of 2 arises from the (k + 1)! and k! prefactors in (5.10) and (5.11).
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Let us denote the solutions to the degeneracy condition,

2

3&
I
E

?

oN

S

by {m*, s§}. One then performs the integral over sy using the d-function,

2 _ (Myy M _m
oo = (29) = (o0 = 2,
This gives,
r, = ng ni:l m*?(n — m*)(15 + 4n%(n — m*)?). (5.60)
2567on7 <=,

Here range of the sum is set by positive solutions to the degeneracy condition above.
For example, when n = 3 there are two solutions {m*, s§} = {1,1/3} and {2,2/3}.
The sum in (5.60) is easily done for general n and one arrives at the final result,

_ Vg
"~ 384073n5

(N -1)"n*+1+ E). (5.61)

L 472

We observe that decay width vanishes for n = %1 and it shrinks as the excitation

mode 7 increases.

5.6 Discussion

The viewpoint we have taken is somewhat simplified in that we have incorporated the
degeneracy of single- and triple-trace operators O; and OJ9/1-72 when m = +nJ,/J,
but we have ignored further degeneracies, such as that of ©0J0:/1:/2 with the five-trace
OF" 7971 yhen p = +mJi/Jo. Indeed the state OJo+/1+72 is stable only when
m = +1, so our calculation gives the true order g3 amplitude for decay of O] to
@7o=J/Inl,J1.J2

e . The rate is given by the m* = 1 term in the sum (5.60). For |n| > 2

and |m| > 2, one must envisage a sequential decay process, e.g.

J Jo,J1,J2 J§J1,J2,J3,J4
0n=3 - om:Q — Op:l

137



with Jo/J = 2/3 and Jj/Jo = 1/2. For general n, there can be a cascade up to
(2|n] — 1)—trace states. We have not studied transition amplitudes such as 3 — 5
or sequential decays explicitly, but we expect that the amplitude of thel — 3 — 5
process is of order g;. Thus we believe that the order g2 decay amplitude we have
calculated is meaningful for general n,m and that it can be readily compared with

string field theory calculations.

Readers should note that most statements made in this paper about vanishing
amplitudes hold for the lowest order contributions only. One expects non-vanishing
higher order corrections. For example, the decay amplitude for 1 — 2 of order g3
is expected to be non-vanishing at degeneracy, and there should be a non-vanishing
1 — 4 amplitude of the same order. On the other hand the elementary order g,
amplitude V¢ in (5.10) vanishes at degeneracy because it is disconnected, viz. the

delta functions in (5.12).

As we stated in the Introduction, the computation of anomalous dimensions of
BMN operators requires degenerate perturbation theory with possible modification
of the order g2 result (5.3). We now briefly describe our preliminary study of this
question in which we work at large finite J. In general there are order g2 transition
amplitudes which do not vanish at degeneracy between a single trace operator O; of
momentum n and triple-trace operators with several values of m. The triple-traces
in turn mix with 5-trace operators, 5-trace with 7-trace, etc., with termination only
at the maximal J-trace level. Note that each “band” of k-trace operators involves
a finite fraction of J distinct operators. Nevertheless one can derive the precise
statement that to order X'g2 the anomalous dimensions of operators in this large set
are the eigenvalues of Hy+ ) g2U where U is the effective composite interaction whose

non-vanishing matrix elements are,

Qk+2 VOka1 Vak ak+1
Qts Vakil k a - ak+
U = dakilT—, k E dak+] e R (562)
TS j==+1 By,

Note that single-triple matrix elements appeared in Sec. 3. For large J this is a very

large but sparse matrix.
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We have studied a reasonably accurate “model” of this matrix to determine the
large J limit of eigenvalues and eigenvectors. The results indicate that there is a
single eigenvector which is “mostly single trace” as g2 — 0, and its eigenvalue is
that of (5.3) for £ = 0. Similarly, there are some “mostly k-trace” eigenvectors for
which (5.3) is also correct. But there are also some “collective” eigenvectors which
are superpositions of many multi-trace operators and whose eigenvalues do not agree
with (5.3). Thus our model indicates that (5.3) is correct for most states in the system
but not correct for all multi-trace states.

We close by noting that the gauge theory result (5.3) for “mostly k-trace” oper-
ators has not yet been confirmed in light cone string field theory. The complication
of degenenerate perturbation theory described above in the gauge theory will be
mirrored in string theory. Thus we expect that the string theory computation can
be organized to produce a composite interaction matrix at degeneracy which should

agree with (5.62) after change to string basis.
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Appendix A

D-term and external gluon

contributions at O(\)

The aim of this appendix is to prove equation (3.21) showing the planar level contri-
bution to the vector anomalous dimension which arise from the D-term part of the
lagrangian, (3.11). In section 3 we explained how one can express this result in terms
of the the correlator of a non-conserved current, J, = Z 3 Z. Here, we shall compute
D-term contributions to this correlator at the one loop level. In the following we will
first show that D-term quartic vertex do not contribute to (JJ) at all. Then we will
explain how to compute the self-energy contributions. Finally we shall consider the
contribution arising from the gluon exchange graph fig. 3-41 by employing the trick
of relating it to simpler diagrams figs 3-411, 3-4I11, 3-4IV as we described at the end
of section 3.2.

The most direct and painless way to compute these Feynman diagrams is the
beautiful method of differential renormalization (DR) [34]. The main idea is to com-
pute n-point functions (O;(z;) - - - Ok(z)) directly in space time rather than Fourier
transforming to momentum space, and adopting a certain differential regularization
scheme when the space-time expressions become singular, i.e. as z; = z;. Note that,
away from the contact points z; — z;, the n-point function is well-defined and can
be Fourier transformed back to momentum space. However as z; approachs to z;

for i # j, most expressions become too singular to admit a Fourier transform. Yet,
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one can easily rewrite the singular expressions in terms of derivatives of less singular
expressions hence render the Fourier transform possible. The only such rewriting we
will use here is the following formula [34],

1 1_In((z1 — z2)%A2

(.’1:1 - .’12'2)2 4 (.’L‘1 - .’L’2)2

where A? is the renormalization scale. We also remind the Green’s equation in our

conventions,
1

Dm = —47125(z) — 13). (A.2)
A nice feature of DR is that one can adopt a renormalization scheme where one
ignores all tadpole diagrams, simply by setting them to zero. We will work with the
Euclidean signature throughout the appendices in which case the space-time Feynman
rules for N =4 SYM are read off from (3.11). Scalar, gluon and fermion propagtors

read
dab . 6ab5p.u . 6ab & 1
dri(z —y)*’ Ari(z—y)?’ 4r? T (z—y)?

The interaction vertices are shown in fig. A-1.

a C
> Ay
Z, B
2
b =B g3 _—8" abpedp  cbpadp
& ZfTa” (et (e
Z ~ =
c z z Zs 7y
[4
I A
A — g cabc '_rTrrJ abe
Zzi—(: = ﬁ f L Za____~ = iJ_Z—gf R
\r-\ \r-\
6. elb

Figure A-1: Feynman rules for vertices. Same rules hold when Z is replaced by ¢.
In the 6-Z-0 vertex, exchanging chiral fermion flavor 2 with 3 gives a minus sign and
replacing Z with Z changes the chirality projector from L to R. The analogous Z-\-0
vertex is obtained by replacing R with —L.

142



It is very easy to see that D-term contribution vanishes.

<Tr(JuJu)>D — gYM (fabdface fabefacd)Tr(TaTchTd)

4 © 1 o 1 _
/d =g Oe Gy O Gy O

To find the self-energy contribution to (JJ) let us first compute self-energy cor-
rections to scalar propagator. These arise from three sources: a gluon emission and
reabsorbtion, chiral-chiral fermion loop and chiral-gluino fermion loop. We will not
need the exact value of the first contribution as will be explained below. Let us begin
with chiral-criral loop which is shown in fig. A-2. Calling this graph SE;, Feynman

rules yield,

1 1

P S bae ( 4 14
SBr = ~25 (=5 /dud _TY[LY, R&,

(u— ) (u—

u)? (y - v)?
_2912/M5abN /d4 d4 1 &u &v
4 (z—u)?(y - ) *(u "v)"’ “(u-v)2

where factor of 2 in the first line comes from summing over two fermion flavors 6,

and 6,. We will show the evaluation of integral here for future reference. By parts in

u gives,
_ 4, 4% 1 1 yeyflu-v) 11 1 1
Li(z,y) = /d ud {(m—u)2 (y—'u)Q( 4 )(u-'u)2 + 2 (z — u)? (y—v)zm(u—v)4}
17, 1 1 In((u — v)?A?)
— —§/d ud“’u(%_u)2 (y_v)QDuDv (@—0)
u — v)2A2
- -%(—473)2 /d4ud4v6(x —u)d(y — v) (((u — U))2A )

(47%)? In((z — y)*A?)
8 (z —y)?

In passing to second line we omitted the first term which is supposed to cancel out
with tadpole contributions in DR. Second and third equalities use (A.1) and (A.2).

Hence,
2 2A2
. gyuN ln((x — 3/) A )
5B = fan ™ oy

(A.4)

143

(A.3)



An analogous computation for the gluino-chiral fermion loop gives,

2 N2 A2

2an77 " @y 49

Although we will not need it, let us give here the total self-energy correction to

the scalar propagator for reference (including gluon emission-reabsorbtion),

_ _ vulN ;o In((z —y)*A%)
SE = — 8(’:1“;2)25@ T (A.6)

0 0;
. X u :v Zb o X ul :V Y
\\<-__": \\<-__”/
93d 92d

Figure A-2: Chiral fermion loop contributions to self-energy of Z.

Turning to gluon exchange contribution to (JJ), we recall our trick to express it

as gluon exchange correction to gluon propagator in scalar QED, fig. 3-4II1,

6a,b

(TR ge. = 2T

N4
= ‘?(Au(z)Au(y»g.e. (A7)
9ym
where J2 = if®*°Z°9,Z°. In the second line we divided out by a factor of (g/2)* to
compensate for the coupling of incoming and outgoing gluons to the loop and there
is an overall —1 w.r.t. (JJ) because of the antisymmetric derivative in scalar-gluon
vertex. We also took into account the color factors at four vertices,

N2
cge rdac rfdg rehf _ sab’”
feoe e s pebs = gob

Now, the sub-divergent piece of this diagram cancels out the sub-divergent pieces of
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graphs I and II in fig 3-4. Hence the contribution to anomalous dimension is,
(Au(2)Au(Y))ge. — —4 x Fig.3 — 41 — 2 x Fig.3 — 411
When we include th self-energy corrections to {JJ) second term will be canceled out

by gluon emission-reabsorbsion part of the self energies and one is left with,

4
(Tr(Jud))getse = —g];[ {-4xFig3—-4a—-2x F.S.E.} (A.8)
YM

with “FSE” being only the fermion loop contributions to the self energy of (JJ),

Q%MN4 v

FSE = —
o 1672 (z — y)?

In((z - y)*A*)G(z, )" (A-9)

Note that we included 1/2 factor coming from our counting of self energies, (see fig.
3-2). Arousal of conformal factor, J,,, is explained below. Let us now compute the
contribution of fig. 3-4a including the color factors in conversion to {JJ). Using the

Feynman rules for in fig. A-1,

Flg 3—4a — ___gg’TM(facpfdhp + fdcpfah,p)(_g_fedh)(_%fcbe)

1 du 1 oy 1 ou 1
@ | G ((x—w O Ty —upz On <x—u)2>

9 g¢* 1 “
. __N2gab Y
= N<§ 32 (47(_2)4 (CL' — y)2 811 auIQ(za y)

where the integral is

o) = du 1 2 In((z — y)?A?)
I(z,y) = / @i g —uf TR (A.10)

again by use of (A.1) and (A.2). The anomalous contribution is obtained by keeping

terms proportional to In in (A.10) which gives,

: 9 g cabnr 2 n2y Ju (2, 9) 2
—4 2. Z 5@ — il .
Fig 3 a— 5 25 N*In((z — y)°A®) G(z,v)

145



Putting this in (A.8) together with (A.9) one gets,

(U Ngarae = =2—balt x oy — PI*LAN?
in(z - 1) 2226, )
= 30N My (o - ey
J“,,((E,y) T 2
GGy (A.11)

This is the total contribution to (JJ) from D-term, gluon exchange and self energies.

Insertion of this result into (3.20) yields the desired result, (3.21).

Our next task is to fill in the details in the computation of section 3.3 that leads to

the contribution of external gluons to the O()\') anomalous dimension, (3.28). These

contributions are shown in fig. 3-6. To evaluate Graph I and II of fig. 3-6, we

will

need the function C,, which was defined in (3.23). Recall that external gluon is coming

from the commutator ig[A,, Z] which contributes —g £ at the external vertex where

c is associated with the gluon, d with Z-line and a is the color factor of the external

vertex. Use of the Feynman rule in fig. A-1. for the internal vertex gives,

a b

—  (_,facd dcb d*u 1 2 1
S = (~of*(-5f (47r2) /(:17—-u)2 ((a:—u)2 Oun (g

_ 9w g L (—0% + 16$)I( )
T2 (4n2)s'On T W)Y
3 g¥mN 272

Hence we read off

Cu= 253 31 (1(z - 4 ANG(z.v)).

Inserting this into (3.24) yields the total contribution to (O707") from Graph I

?

2 "6 4r?

(ﬁ) (J + 20am— 22N G )G () B, (In((z — 1)’A*)G(z,v)) -

)



We add to this the contribution of Graph II which is identical except a phase factor
of g7 and their horizontal reflections which doubles the total answer. Anomalous
contribution is obtained by keeping terms proportional to log which is (3.25) after
correctly normalizing according to (3.3). Contributions of Graph III and IV (and
their horizontal reflections) are identical to above except one the factor 1 + ¢F is

replaced by —g — 7, hence the final answer is (3.28).
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Appendix B

Trace identities and F-term

contribution at O(\)

Here, we first present the trace identities which were used throughout the calcula-
tions and work out an example to show how to use them in calculations of n-point
functions. The example we choose is the special diagram—section 4.4—which arises
in D-term contribution to torus two-point functions. As another application of the
trace identities we compute the F-term contribution to anomalous dimension of vector
operators.

Let us fix the convention by,
arb 1 ab
Te(TT°) = 55

and trivially extend SU(N) structure constants, f%%, to U(N) by adding the N x N
matrix T° = ﬁ For notational simplicity let us denote all explicit generators by
their index values, i.e. 7* — a and replace explicit trace of an arbitrary matrix M
by Tr(M) — (M).

Results derived in [52] can be used to prove the following trace identities.

(MaM'a) = %(M)(M') (ab):%é“”
(Ma)(aMl’) = %(MM’) (a) = \/N/26% (B.1)
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aa = =NI ()

I
2

|

a,...ay; a Ay, .. 2y ap,.-.3;3 b A,

Ap,-- -2y a;...a; d ap,. .. 8 ap,...-a3C

Figure B-1: A torus level diagram with “special” topology.

Let us use these identities on the example of fig. B-1. This shows a D-term
interaction in a special diagram. We would like to show that the total trace involved
in this graph boils down to a trace over the four interacting legs and eventually to show
that this diagram is indeed at torus level by algebraic methods. In fig B-1, the color
indices carried by the block of Z-lines are ay,---ay,, aj+1, - -ay, aj+1,---ay, and
@j,+1, - - - ay respectively. Color indices of the interacting lines are denoted as a, b, ¢, d.
Then the color factor associated with the vertex is fo f%P. Interestingly, untwisting
the b and c lines in fig. B-1 which give the other color combination, fo %P turns
out to be a genus-2 diagram! That’s why we draw the special and semi-contractible

diagrams of section 4 with twists. Use of (B.1) in fig. B-1 goes as follows,

(a1---ay QG+ GG Qg bagn - ay)
‘(CaJ3"'aJ2+1aJ"'aJ3+1daJ1"‘alaj2"'ajl+1)

1
. J—J3—1
= §(N/2) (al---ajlaajl_,_l--~aJ2aJ2+1---aJabdajl---alah---a11+1ca13---a12+1)

1 Jae
- §(N/2)J ’s 1(bda-h"'a'la'J:»"'aJ1+1c)
.(aJ3_1...aJ2+1a1...aJlan1+1...anaJ2+1...aJ3_1)

- E(N/Q)J“Jz—Q(bda'h B GUCN R N /| c)(al B LN S B a’Jz)
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1 _ -
= (WN/2)7" " ay, - ap achdaag, g a)

= (N/2)'3(cbda).

Contraction with the vertex color, fo f4% gives (N/2)7+1,

Same interaction in a planar diagram, fig. B-2 would give,
1 J-1
(@1---aj,abagy1---ay)(ay---as41¢cday -+ a1) = E(N/Z) (abed)

Contraction with the color factor of the vertex, f29% foP gives, (IN/2)7*3 as the final
color factor. Comparison of this result with the special graph result shows that special

graph is indeed at torus level.

4 3 a; a b oag,ap, 4y

d ¢

Figure B-2: A planar diagram with same interaction vertex as fig. B-1.

Let us move on to compute the F-term contribution at the planar level. Since we
are interested in the anomalous dimension we consider equal momenta, n = m for
simplicity. Unlike in the case of D-terms there is a nice algebraic method to tackle
with the calculation: Effective operator method [24]. We define the effective operator

as the contraction of the vector operator

J
Op = 8U$Z7*") = (0,0Z27%") + ¢ ¢'(92'0,2277)

=0
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with frebZegb.

J
Oesr = —i y_([a,plZ™aZ’™)GO,G

m=0
J -1

— igY. ¢y ([a,p)Z™az'""10,2277)G?
=0 m=0
J J—-Il-1

- ig>. ¢ Y (la,plZ'ad, 227" 2™)G?
=0

m=0

- ig> ¢ ([a,p]Z'aZ"7"GO,G. (B.2)

=0

Planar level contribution arises from the nearest-neighbour interactions, m = 0, J in

the first term, m = 0 in the second and third terms and [ = 0, J in the last term:

01 = ilg - D(N/ACOCPZ) + iala ~ V(NG S ¢ (p7'0,22°7) (B

=0

where we used (B.1) and ¢’*? = 1. We obtain the two-point function as, (0707) =

(O¢/10e!7). To compute various terms we will need additional contraction identities,

Tr(Z°2%) = N**'+O(N*)
Te(Z*)Tr(Z2%) = aN°®+ O(N°"?%) (B.4)

which are derived by counting the number of ways one may perform the Wick con-
tractions within each trace structure while obtaining a maximal power of N. Leading
order terms show the planar level contributions.

Among the four pieces in (Ozf FO¢e!T) the term arising from contraction of second

term in O¢// with second term in O/ is the easiest to evaluate. One gets,
—(q - §)%0,Go,GG”?(N/2)7+3. (B.5)

Contraction of first term in O¢// with second term in O¢// gives,

~(N/2)%(q - 9)alg — 1)G8,G Y. ¢(2'0,22°~p)(pZ”)
=0
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(/2 (g - d)alg — 1)GO,0, (i: ql)
=0
= (¢ - 9)%0,G3,GG’(N/2)"*3. (B.6)

(B.7)

The other cross-term yields the same expression hence doubles (B.6). Contraction of

first terms of O%// and Og/7 is,

GLWRR- -0 Y ¢ (Z0, 220 20,22,
L,I'=0

One can break up the trace into two pieces by contracting 8,7 with a Z in the first
group, with 8,Z or with a Z in the last group. First possibility gives, (up to the

factors in front of the sum)

J-U—
la G Z (z71-1zP) (27 P%9,22" 7Y
p=0
J-U'-21-1 , ,
— —8 GGG Z Z ZJ - lzp)(Zer)(Zl r— lzJ —l'—p— 2)

p=0 r=0

7= 2N =G'%9,68,GY ¢d

v

= (N/2)
Including the factors in front, one has,

1-q)(1 - (N/2)'PGC78,G8,G Y ¢

<t
whereas the second possibility gives,
(1-49)(1 - q)(N/2)"HG'*19,0,G.
A similar calculation shows that third possibility yields,

(1 -9 (1 - (N/2)"**GC’9,G3,G Y d'T

>l
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giving all in all,

__2i_,w_2 +(1+¢)1 +q)auG8,G}. (B.8)

(N/2)J+3GJ+2 {J(x - y)

Combining the various pieces we have computed, we see that (B.5), (B.6) and the

second term in (B.8) cancels out, leaving us with,

2J,
N/2)/H3GI+2 ] B.9)
( (z - y)? (
Taking into account the integral over the interaction vertex, (3.37), one arrives at the

final contribution of the F-terms,

(OP(@OT (@) = —Xn?In ((z — )22) %;‘;"f——””;j)@c:(x, y)’+? (B.10)

which exactly equals the sum of the contributions from D-terms, self-energy and
external gluons. Therefore total anomalous dimension is twice the dimension in B.10).

One can use the effective operator method also to calculate the F-term contri-
bution to torus anomalous dimension. For that purpose one should keep the second
order terms in the expansion of (B.4). This calculation was computed in Appendix

D of [24] and one gets the same expression as (3.38).
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Appendix C

Disconnectedness of GT correlators

In this appendix we will derive eq. (4.28). A study of the corresponding Feynman
diagrams suffice to obtain the leading order scaling of a generic correlator with g,
and J. Dependence on g of a correlator is fixed by power of N in a Feynman
diagram. This can be determined either by direct evaluation of the traces over the
color structure (all fields are in adjoint rep. in N' = 4 SYM) or by loop-counting.
Since we are interested in the leading order g, dependence, the latter is easier. Explicit
J dependence is determined by working out the symmetry factors in a Feynman

diagram. As a warm-up consider the free extremal correlation function,
Cct =(0]: 010" ...0% ).

Leading order diagram drawn on a plane is shown in Fig C-1. Taking the normaliza-

tion factor ~ 1/N7*2 into account, trivial loop counting teaches us that,

) 1 gi—l
1,1 . J2
C" x N1 = e (C.1)

Now, consider the combinatorics in Fig. C-1 to determine the power of J. Planarity
requires Wick contraction of O%’s into O; as a whole. Fix the position of, say O
in O;J. Then one has to sum over positions of other O”i operators for i > 2 within
OJ obtaining a factor of Ji~2. There is a phase summation over positions of ¢ and

¢ impurities in OZ, giving a factor of J2. Cyclicity of O%, i > 1, provides a factor
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Figure C-1: A typical planar contribution to C**. Circles represent single-trace op-
erators. Dashed lines denote impurity fields. Z lines are not shown explicitly and
represented by “ --7.

of Ji-1. Taking into account the J~(*+1/2 suppression from the normalization and
O(J~%*2) suppression in (C.1), we learn that,
i—1
Cil ~ -ﬁgim (C.2)
Next task is to obtain similar information for a general, non-extremal free corre-
lator in (4.27). Without loss of generality, one can assume j < 5. There are various
connected and disconnected diagrams with different topology. Since the results for
disconnected contributions will recursively be included in the fully connected pieces
for smaller 7 and j, it suffices to consider the fully-connected contribution to (4.27).
We first ask for the dependence on g, for the leading order (planar) fully connected
diagram. As an example, a list of all distinct topologies for fully connected i = 3,
J = 2 correlator is shown in Fig. C-2. It is immediate to see that conservation of
number of legs for each operator in the correlator (for each node in Fig. C-2) requires

that all planar fully-connected diagrams have same g power irrespective of the topol-

ogy (here, by topology we refer to different type of diagrams that are exemplified in
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Fig. C-2, not the order in g5). Then, it is sufficient to count the loops in a connected
diagram that is the simplest for loop counting purposes. This simplest diagram is
shown in Fig. C-3. Each outer leg in Fig. C-3 represent a bunch of J, propagators
(inner line has J; — Ji4o — - - - — Jiy; + 2 propagators). Drawn on a plane, this means
that there are a total of (J +2) — (¢ + j — 1) + 1 loops in Fig. C-3, including the

circumference loop. Finally, a factor of N/+2 from normalizations and we obtain that,

i+j—2

i 1 9
CY o S = J2+i-2) (C.3)

Apart from the dependence on J coming from singling out the g, dependence as
above, there are additional contributions from the combinatorics and normalizations.
Determination of the power of J from the combinatorics works much as in the case
of C!*. Fixing position of one O7i inside another operator that it connects to, we
are left with sum over position of 2 4+ j — 3 operators. This reasoning holds only for

tree-type diagrams like in the first diagrams shown in Fig. C-2.a and Fig. C-2.b.

~ <= =

K AR R <X
=

5b

Figure C-2: All distinct topologies of planar Feynman diagrams that contribute to
(: OO’ :: 03074075 :). Nodes represent the operators while solid lines represent
a bunch of Z propagators. Line between the nodes 1 and 3 also include two scalar
impurities ¢ and . All other topologies are obtained from these two classes by
permutations among 3,4,5 and 1,2 separately. Other planar graphs are obtained from
these by moving the nodes within the solid lines without disconnecting the diagram.
For example 4 in the first diagram can be moved within the solid line 1-3.

But it is not hard to see that the combinatorial factor for diagrams involving loops

157



e.g. second diagram in Fig. C-2. is also equal to ¢ + j — 3. This is because for each
factor that one loses from the sum over positions of O, because of the appearance of
a loop, one gains a compensating factor of J for the loop summation. Also, cyclicity
of BPS type operators within (4.27) provides a factor of J*+/=2. Finally, including
the powers of J coming from the normalizations and (C.3) we arrive at the general
result,

itj—2

i 92

Note that this is for the connected contribution to (4.27). To obtain the g, and J
dependence of disconnected contributions, one simply uses (C.4) for smaller ¢ and/or
j which shows that disconnected diagrams have lower powers in g and they are less
suppressed by a power of J. For example a disconnected contribution to C* where

the process 7 — j is separated into two disconnected processes, the scaling would be,

gt
LY S R
C J+i)/2-2"

142

1 1+1

i+ i

Figure C-3: Simplest connected tree diagram for the loop counting purposes. The
solid line between 1 and ¢ + 1 includes ¢ and 1.

With a little more effort one can show that,

theorem 1 For scalar impurity BMN operators O(g%,,) interactions will not change

the scaling law of (C.4) at all.
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Let us outline the proof shortly. As a first step, one can show that the only interactions
involved in scalar impurity BMN operators are coming from F-terms in N = 4 SYM
lagrangian. F and D type interaction terms written in A/ = 1 component notation
reads,

F x (fachZZZ)2, D x fabcfadCGijkGilmZngZéZZl. (C5)

Here, a, . .. are the color indices while ¢, - - - denote flavor. Note that when one specifies
the orientation in a scalar propagator Z*Z* as from Z to Z, these quartic vertices can
be represented as in Fig C-5. In [53] it was shown that, correlation functions of BPS

type multi-trace operators,

Tx(Z{) - - Tx(Z;) (C.6)

do not receive any radiative corrections. To see this one first notes that F-type quartic
vertex vanishes when fields are all have the same flavor. Secondly one discovers that
contribution of D-type quartic vertex exactly cancels out the contributions from self

energies and gluon exchange [53].

Figure C-4: A quartic interaction in a typical diagram introduce two interaction loops.
Here, loop 1 is contractible while loop 2 is non-contractible, therefore this diagram
represents a semi-contractible interaction.

Now consider replacing some of the BPS operators in (C.6) with BMN operators,
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(2.37). Since the scalar impurities in BMN operators are distinguished from Z fields
by their flavor, F-terms are now allowed. However, unlike F-type interactions D-term
quartic vertex, gluon exchange and self energies are all flavor blind, therefore one
can replace the ¢ and ¢ impurities with Z fields for the sake of studying possible
contributions from these interactions. After this replacement the phase sum over the
position of impurities in O; becomes trivial and factors out of the operator, hence
BMN operators reduce to BPS type operators times an overall phase factor. Therefore

the theorem of [53] for BMN type multi-trace operators becomes,

theorem 2 The only radiative corrections to n-point functions of multi-trace BMN

operators come from F-type interactions.

Second step in the proof of theorem 1 is the classification of topologies of Feynman
diagrams with one F-term interaction. Any O()’) interaction that one inserts in (4.27)
introduces two “interaction loops” on the plane diagrams. A generic example is shown
in Fig. C-4. According to the contractibility of these interaction loops one can classify

planar F-term interactions as,
1. Contractible: Both interaction loops are contractible,
2. Semi-Contractible: Only one of the loops is contractible,
3. Non-Contractible: None of the loops are contractible.

Requirement of contractibility means that two incoming lines and two outgoing lines
in the F-term vertex of Fig. C-4 i) belong to the same operator and ii) adjacent
to each other when drawn on a plane. Now, we note that this classification of in-
teractions would hardly make any difference if we were not dealing with BMN type
operators which involve a non-trivial phase summation over the position of the im-
purity. Structure of the F-term interactions in (C.5) makes it clear that interactions

of adjacent lines yield a phase factor



Therefore we learn that the phases in BMN operators provide a factor of 1/J2 for
“contractible” interactions, 1/J for “semi-contractible” interactions, 1/J° for “non-

contractible” interactions.

Figure C-5: Orientations of F-term and D-term quartic vertices.

As the last step in our proof of theorem 1, let us show that non-contractibility
of each interaction loop supplies another factor of 1/J. It should be clear from
above requirements for contractibility that there are two distinct situations that non-

contractibility of an interaction loop can arise:

1. the incoming (or outgoing) lines in Fig. C-5 belong to different operators within

a multi-trace operator or
2. belong to the same operator but are not adjacent to each other.

Let us now recall that among various contributions to the power of J in free corre-
lators, there is a combinatorial factor of J**/=3 coming from summing over positions
of the insertions of O’ operators inside O“+’s. In case 1 above, clearly, one of these
position sums will be missing, hence a suppression by 1/J. On the other hand case
2 can only arise in a situation where there is at least one operator inserted in be-
tween the incoming or (outgoing) lines which take place in the interaction. Since the
position of this inserted operator is required to have a fixed position in between the
interacting legs one also arrives at a suppression by 1/J. These two situations are
illustrated in an example of G2 in Fig. C-6.

When combined with the powers of J coming from the phase factors that we de-

scribed above, we see that they compensate each other and one gets a universal factor
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04 9.b

Figure C-6: In a both of the interactions loops are non-contractible due to case 1:
incoming and outgoing line pairs of the quartic vertex connect to different operators.
In b one interaction loop is non-contractible due to case 1 the other due to case 2.

1/J? for all of the different topologies in an F-term interaction, namely contractible,
semi-contractible and non-contractible. Finally note that all interactions come with
a factor of g3 ,,N. Combined with 1/J? this yields A" and therefore we concluded the
proof of theorem 1: One-loop radiative corrections to (4.27) is of the form,
i+j—2
i,7 92 !
4] A
O~ Jamm
The reason that this theorem might fail in case of BMN operators with non-scalar

impurities is that D-term interactions might give non-vanishing contributions (see

[12)).
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Appendix D

Field theory basis change at finite

92

Apart from the purely field theoretical task of determining the eigenvalues and eigen-
operators of A — J, one can ask for the identification of the string basis in field theory
for non-zero g, [26][27]. For non-zero g,, the inner product in field theory becomes
non-diagonal in the original basis of BMN where there is an explicit identification
of n-string states with n-trace operators. On the other hand, to identify the “string
theory basis” in field theory one should require the field theory inner product to be
diagonal for all go. However, this requirement alone does not uniquely specify the
necessary basis change from BMN basis to string theory basis for finite go. One always

has the freedom of performing an arbitrary unitary transformation.

In the recent literature, two independent but compatible approaches for the iden-
tification of string basis were presented. In the string bit formalism (SBF), it is
possible to capture the kinematics and dynamics of gauge theory amplitudes by the
discretized theory of bit strings. * According to the conjecture of [26], in the string
bit language, the basis transformation which takes from BMN basis to string basis

for all g, reads,

i) = (e7%%), [5) = (Us)y; 1) (D.1)

!Strictly speaking this has been shown only at O(g2)’) and only for scalar impurities[45].
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where 1), denotes an n-string state. Here X is the sum over all distinct transpositions

of two string bits,
1
mn

Y has the effect of a single string splitting or joining , ¢.e. it can map an % string

b

state into an 7+ 1-string state. Note that the transformation matrix e~ 7% is real and

symmetric.

Another method [27] which leads an identification of the string basis is simply to
find the transformation U which diagonalizes the matrix of inner products between
BMN operators, order by order in g,. In the free theory, we define the following

matrix,

Gy = (0,0;).

Here n is a collective index for a generic n-trace BMN operator. One identifies the

basis transformation, U by requiring that G is diagonal in the new, “string basis”:
A -
UikalUlj = dij, O2 = UijOj.

As in the SBF basis change U is specified up to an arbitrary unitary transforma-
tion. One can fix this freedom by requiring that U is real and symmetric. Call this

transformation, Ug. Then the solution of the above equation up to O(g3) reads,

1 1 3
Us=1+ gz(EG(l)) + gg(—-EG@) + g(G(l))Q) + - (D.2)

where G denotes O(g?) piece of the metric.

The requirement of reality and symmetry completely fixes the freedom in the
choice of the transformation. It was independently shown in [26] and [27] that this
simple choice leads to an agreement with string theory calculations. In particular the
inner product of a single and double trace operator in the interacting theory in this
basis, agrees with the cubic string vertex. Recently, [28] also gives evidence for an
agreement between the O(g2)\') eigenvalue of A — J and the matrix element of light

cone Hamiltonian in single string sector. Despite the agreement at this order, there
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is no reason to believe that this simple choice should hold at higher orders in g, or

for higher trace multi-trace operators.

Here, we will confine ourselves to checking the compatibility of this basis trans-
formation with free field theory correlators at ¢2, including the effects of triple-trace
operators. As a bonus we obtain new deconstruction identities decomposing some
multi-trace inner products in terms of smaller multi-trace inner products. Since the
requirement of reality and symmetry of the basis transformation matrix completely
fixes the definition of the new basis, the two prescriptions described above should be
equivalent. Equating various matrix elements of Ug and Uy, we will obtain identities
involving free field theory correlators which are subject to should be check in field

theory.

The first non-trivial requirement is coming from the single-trace operators at
O(g3),
(hil1)e = (ufehr)s.

LHS is, (we suppress indices labeling a multi trace operator),

1 3
<¢1IUG'¢1> =1+ g%(—iGn + §G12G21),

G is the torus level, free single-single correlator with the space-time dependence

removed. Similarly G2 is O(g,) level single-double correlator which is presented in

eq. (4.14). RHS reads,

1_522 _:‘é 12 21

where we used the fact that ¥ changes the string number by 1. Hence we obtain,
1
1t 12 (12
G,..,= 5 Ei GriiGiim- (D.3)

Here ¢ is a collective index labeling either of the two types of double-trace operators

which can appear in the intermediate process i.e. i = {ny} for BMN double-trace
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and 7 = y for BPS double-trace.

This identity indeed holds in the gauge theory as first shown in [54]. With the
inverse reasoning we can view this simple calculation as the derivation of this non-
trivial sum formula. As a next application let us derive identities involving triple

trace operators. We require,

Wl = (Wsln)s.

Much as above, O(g2) term in LHS is,

1 13 3 1223
2G’ -+ SG G
and the RHS is,
g2 g2
_2_(1/}3‘22“/)1) — —2'G12G23.
8 8
We learn that
G13 — 1G12G23
2 .

Notice that “2” in the intermediate step can not be a BPS double-trace operator,
because the lowest order G* between a BPS double-trace and a BMN triple trace is

at O(g3). 2 Therefore we arrive at the formula,

py'inyz-

1
G:V?;nyz ) > G:r?;py’ Gy, (D.4)
ry

The single-triple correlation function G'3 is computed in Appendix F. Again this
identity is subject to check by a direct field theory computation. This is done in

Appendix E and (D.4) passes the test. A similar calculation with the requirement

2Tt is easy to see (either by using trace algebra or by counting the loops in Feynman diagrams)
that there exists only disconnected O(g,) contributions to any double-triple correlator where the 2-3
correlator separates as 1-2, and 1-1. This obviously cannot happen for a correlation function of a
BPS double-trace operator and a BMN triple-trace operator.
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(1ha|th2)e = (wa|th2)x, one reaches at another useful identity,

Gmym’ - (ZGmyn n;m/ ’+ZGmyz im’ ’)' (D5)

Here i = {ny"2"} or i = {y"2"} for BMN and BPS triple-trace operators. An
expression for the free O(g2) double-double correlator, G2, is given in eq. (4.43) We
also checked this by direct computation in Appendix E. We emphasize that these are
highly non-trivial identities viewed as representation of a trigonometric function, say
G in (4.17) as an infinite series of products of simpler functions. In comparison
to (D.3) the non-triviality comes from the fact that summands are trigonometric
functions rather that rational functions as in the RHS of (D.3). These identities will
prove extremely useful for the computations of the next sections. Finally we note

immediate generalizations,

Gm,m+2 Gm m+1Gm+1 m+2

1
2
1
Ggmm = Z
2

(Gm,m—le—l,m + Gm,m+1Gm+1,m) _
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Appendix E

Sum formulas

Let us first reproduce the matrices A,y and B, that appear in the O(g?) and
O(g2)\') pieces of the single-trace two-point function. These were defined in [24]:

(

—2-11, m=n=0;
0, m=0,n#0or, n=0,m#0;
Appn =S %-#-}-J—“ m=n#0;
ﬁ(%—i—% , m = —n #0;
\ (u—lv)2 (%+:—2+%—%— (7—27)2)’ all other cases
(E.1)
and
( 0, m=n =0,
1, 10
4+ =5, m=n#0;
A7°Bpp =4 ® 15"2 # (E.2)
— 5075 m = —n #0;
{ %—I— @t?m, all other cases

where u = 27m, u = 27n.

The rest of this appendix outlines the computation of non-trivial summations that
appear along the computations in sections 4-2, 4-3, 4-5 and the previous appendix.
We will first prove that (D.4) and (D.5) indeed hold in GT. These were obtained in
the previous appendix simply by equating the basis transformations Us and Ug. A

second task is to derive (4.26) of section 4. Finally we will define and evaluate the
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last term in (4.51) of section 5.

We reproduce (D.4) here for completeness:

(E.3)

Gz = 5 2 Gt Gy

Py
LHS of (E.3) is computed in Appendix F and presented in eq. (4.16). G?* that
appear on the RHS gets O(gy) contributions only from disconnected diagrams as
2 — 3 decouples as, 1 — 2 and 1 — 1. This quantity is also computed in Appendix
F, result is given in (4.19). One gets two contributions to RHS of (E.3) from first and

second pieces in (4.19). Second contribution gives,

5 / a S G2, j"’_dn,,dyy,/u 27 = \/ W2EG2, . (E4)

p=—0o0

First piece in G2 gives,

1 [zz ;¥ ,, sin?(mmy’ e sin?(pry /[y
5 ;/0 dyy3(dy',y+z+dy’,y+2)~_(7?f_l{ E (2 / ), . (E5)

paeo (P —my')%(p — ny'/y)?

We will now describe the evaluation of the sum in this expression. Let us separate

the sum into two pieces as,
o0 1 oQ

_ _ B cos?(pz)
S=5+8;= p;w PR p:Z_joo TERETEDR (E.6)

where we defined,

z=myly, a=my', b=ny'/y.

S is easy to evaluate (can be done with a computer code) and the result is,

“‘———~—*1 ;e Ta) — 2mwcot(mw (a—b)7r2 (a—b)7r2
S = D (2 cot(ra) — 2 cot(mb) + g o S e T ) (E.7)

It is not possible to evaluate S, neither with a well-known computer program nor it can

be found in standard tables of infinite series (like Gradhsteyn-Rhyzik or Prudnikov).
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To tackle with it we reduce it into a product of two sums as,

s = (555 (£ 5 5%)

P=—00 (p - a’) r=-—00

- e [ £ ) (§ e,

p=—00 r=—00

where in the second step we used the integral representation of d,,. Expanding the
exponentials in terms of cos and sin we now reduced the sum into sums of the following
form,

i cos(p(z £ 1)) _ 1 + 2a§ cos(p(z x 1)) _ 1

p—a P — a2 —E+2afm(x:tt,a). (E.8)
p=—o0 et

We can read off the function f,,(z,a) from e.g. [55],

flza) = % B 27r_a(:os(cz(zs;l((ircrz)+ 1)7r))7 (E9)

where m is an integer defined as, 2rm < z < 2w(m + 1). With the given information
it is straightforward to evaluate these sums. Integrating over ¢ and combining with

S; in (E.7), one gets,

sin®(ra)S = IO [sin(27a) — sin(2az) — sin(2a(m — z))]

™

(a —b)?

+ [x sin?(ma) + zsin®(a(r — z)) + (7 — z) sin2(az)] .

We insert this expression into (E.5), carry out the trivial integration over y'. Using

the definitions of z, a and b given above one gets,

2

_—-2(m7i PE {sin(2rmz) + sin(27rmz) + sin(2rmy)} + (m_i;;j?y(smg (7mz) + sin? (m3))

7I.2

+m(1 — y) sin®(rmy),

where k = n/y. Comparison of this expression with (4.16) shows that this expression
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equals,

z(1
le'r?nyz_%z ZZ(J )G'}zny

Adding up to this the first contribution in (E.4) we proved (E.3).

Now, let us move on the proof of the second decomposition identity, (D.5) that

we reproduce here,

1
G?,?y,m:,yr = é‘ <ZG my;n nml r + ZGET?y’L im'y’ ) . (ElO)

n

As mentioned before, there are disconnected and connected contributions to both LHS
and RHS of this equation. Since connected contributions differ from the disconnected
ones by a factor of 1/J, one should match O(1) and O(1/J) pieces on both sides
separately. Here we will present the equality of O(1) parts of LHS and RHS and leave
the question of O(1/J) pieces for future. We did not need O(1/J) terms anywhere

in our computations. @(g?) disconnected contribution to G?? is just
A3 (320
(Onlonf)g% (O 20 4)93

plus
<é1{1 O,{f >gg <O_J2 OJ4>g§ .

All required terms here were already computed in the literature (see [22][24]) and the

total result is,

Ao
2 (44, 4+ (] )4
9 (y + 5 ™ (] y)>

Turning to the RHS of (E.10) now, we first note that 2 — 1 — 2 process can not
be disconnected hence does not contribute at this order. Evaluation of the second
term in RHS is straightforward by using (4.19) that is derived in the next appendix.
The triple-race that appears in the intermediate step can either be a BMN or a BPS

operator. Let us first consider the former case. We need to compute,

23 _ 3/2 92 T
C;’my pstGpst m'y ( / Gm ps/y(dyas'f"t + dy,l—t) + depdys (1 - y)tt>
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( BGE oy (At + Ay 1) + -%dmrpdyrs (1- y')tf> ,

where one sums over pst. When last term in the first parenthesis goes with the last

term of the second we have the expression,

g bovd 1-y*
2 S dpmdm (J /0 ds)(5 /0 d)dsydsy /(1 — 9)(1 — ¢)t(1—y~t) = dyydomm -,

24
(E.11)
where in the integral over ¢t we divided by a factor of 2 to reconcile with the double-
counting (note that ¢ — 1 —t¢ is not distinguishable at the level of Feynman diagrams
when triple trace is BPS, and one should divide out the symmetry factor). When
first term in the first parenthesis goes with second or third terms of the second, both
of the integrals over s and ¢ are constraint by the delta-functions and one gets a 1/.J
suppression. A similar remark apply the case when second goes with third. Therefore

we see that all cross terms are suppressed and only other non-vanishing contribution

comes by matching second with second and third with third. This is,

o 1
2y S 4G Gy =v* Y [ daGR,. G,

p=—00 p=-—-00

where we again divided out a similar symmetry factor. It is easy to see that when

the intermediate triple-trace operators are BPS type one gets the expression,

instead of the above expression. Adding these two up and using (D.3), one gets
2y*G}..,. Combining it with the contribution from (E.11) and comparing with (4.43)
for the case of i = 2 we proved (D.5) at the leading order.

Next, we shall present two new “interacting level” decomposition identities which

are essentially the analogs of the identities given in Appendix F of [29]:

p m
Z yGn,py’pr’,myz = (n + ?)Gn,myza (E12)

Py’
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2
D m
Z TGn,py’pr’,myz = (n2 + (_)2)Gn,my2 + Bvlz3myz (E-13)
py Y y
where B3 is given in (4.18). These identities can easily be proven by the methods
described above.

As an application of these decomposition identities let us prove (4.22). For no-

tational simplicity we will no show the indices fully in the following e.g. we denote

™% as I3, etc. Eq. (4.23) gives,

F? = G33F31 + G32F21 + G31F11

1 1 1
_ 1Im Q%__n)Gm_*__Bls_ Ezﬁl(ﬁ_n)Glsza_

2y 'y 2 VY

where the second line follows after trivial algebra. Now, using (D.4), (E.12) and
(E.13) it is immediate to see that
I3 =0,

Let us now describe the evaluation of (4.26) in section 2. We separate the LHS of
(4.26) into two parts as,

n _v(_,  si’(rpy/y) sin’(mpy/y')
S(-n0) + B0 = 3 (ot o + o) (B9

Evaluation of }°, B(p) is easier. It can be written as,

o 1 p?— a2 a
Each of the sums can be found in standard tables such as [55] and the result is,

> B(p) = r®y*y cot(rny’). (E.15)

To compute 3°, A(p) we write it as,

s cos(pz) 1
A(p) =5 ((p _ a)2(p2 —_ a2) (p — a)Z(p2 — az)) .
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Second can be done by a standard computer code. First can be written as,

5 cos(pz) 1 & N a2)d—2 i cos(px)

-0 —a?)  at (32 a2 (7" — b)

where b = y/a. This can be looked up in [55]. Combining the result with (E.15) one
obtains (4.26).
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Appendix F

Computation of G13, G%3, I''3 and
F23

We will first describe the evaluation of free planar single-triple correlator at the planar
level, (OJ : 01072073 ;). We will refer to the operators that appear in this expression
as “big operator”, “operator 1”, “operator 2” and “operator 3”, respectively. Let us

also denote the ratios of the “sizes” of these operators by

=3 (F.1)

[

Since the space-time dependence of two-point functions of scalar operators is trivial we
will only be interested in the coefficient that multiplies the space-time factors, i.e. G'3
and I'3. Nevertheless, let us show the space-time factors here, for completeness. For

the free case it is just product of J + 2 scalar propagators,

1
(4m2g2)7+2°

In case of one-loop interactions, one needs to perform the following interaction over

the position of the vertex,

1 / d'y  In(A%?)
1674 ) yi(y—x)*  8m2zt
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Therefore the space-time dependence at O()\') is,

1

2 2
8m2(4m2x2)/+2 In(A%2°).

Let us now describe the evaluation of the coefficients that multiply these space-time

factors.

O,

Class A Class B

Figure F-1: Two different classes of free diagrams. Dashed lines denote propagators
of impurity fields.

General strategy is first to fix the position of one operator, say 2 inside the big
operator. Then we are left with phase sums over positions of both of the impurities
and the position of operator 3 inside the big operator. Of course one still has to take
into account the cyclicity of 2 and 3 which yield a multiplicative factor of JyJ3. After

fixing the position of 2, we can divide the planar diagrams into two classes.

In class A (see Fig. F-1.) operator 2 is “outside” the bunch of lines connecting

operator 1 to operator the big operator, hence the phase sum over ¢ and 1 is trivial:

b _ sin?(2mny)

le /1 da /1 dbem‘w(m~ny)ae—2i7r(m—ny SR
0 0 T (ny _ m)2

One also has to sum over the position of operator 3 “under” 2 and position of operator
2 “under” 3. This gives a combinatorial factor of J, + J;. As apparent from Fig.

A-. class A is equivalent to single-double correlator up to the aforementioned overall
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combinatorial factor. Therefore the left diagram in Fig. A-1. equals,

2 = ain?
9 2Z sin“(2mny)
G =21 —y) /=5 F.2
A J ( y) Y 7r2(n _ k)2 ( )
where we took into account the normalization of operators and defined k = m/y.

In class B (see Fig. A-1), operator 3 is inserted inside the bunch of lines con-
necting 1 to the big operator, hence the phase summations become non-trivial. One
fixes the position of 2 inside the bunch, then sums over the positions of ¢ and 1.
As one impurity jumps over operator 3 one gets an enhancement in the phase of the
big operator by a factor of —27inZ. One evaluates the sums taking this point into

account, than one sums over the position of operator 2. This procedure gives,

. 2 2z 1 . : -
GE = Wg;ﬂ/? R (y(s1n2(7rnz) + sin(7nz))

_m&in@wny) + sin(27nz) + sin(27m2))). (F.3)

Adding up (F.2) and (F.3) gives eq. (4.16)1

There are two consistency checks that one can perform. First of all -as apparent
from the diagrams- the final expression should be symmetric in Js <> J3.(4.16) nicely
passes this test. A more non-trivial test is to check whether G2 reduces to G'? as
one takes J3 — 0. Straightforward algebra shows that,

13 Z ~12
G — JG

n,myz n,my

and confirms our expectation.

Now let us discuss how to add interactions to Figs. A-1, by preserving planarity.
As already mentioned for the evaluation of general correlators in Appendix C, there
are three distinct classes of planar interactions: contractible, semi-contractible and

non-contractible. Above we noted that evaluation of class A diagrams are completely

!We thank Neil Constable who computed this quantity by a completely different method (direct
evaluation of the traces over the color structure and extracting out the O(g2) piece) and who obtained
the same result.
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equivalent to single-double correlator. This continues to be the case when one intro-
duces planar interactions. There are only contractible and semi-contractible contribu-
tions in this case and since O()’) corrections to this correlator was already computed

in [29] (that we reproduced in eq. (4.15)), we will only show the final result,

2y 2 cin?
Class A interactions = ‘32:\2 1-v) %%(ﬁ — nk +n?). (F.4)

Let us explain the evaluation of interactions in class B in some detail. Con-
tractible interactions are coming from the situation where an impurity interacts with
its nearest-neighbor in such a way that both interaction loops are contractible. As

described in Appendix C this gives a phase factor of

(1-e )1 - e ) m nk (F.5)

for each possible nearest-neighbour interaction. One should sum over the insertions
of this interaction between all adjacent line pairs between operator 1 and the big
operator in Fig. A-1.b, except the particular position when this line pair coincides
with the position of operator 3. In this particular case one gets a semi-contractible
diagram (see Fig. A-2.a). This sum procedure obviously gives the phase factor in
(F.5) times (F.3).

Semi-nearest interactions in class B arise in two possible ways. First possibility
is already mentioned above and shown in Fig. A-2.a. Another possibility arise when
one of the interaction loops is non-contractible for another reason: the line pair that
is incoming to the vertex connect to different operators. This is illustrated in Fig.

A-2.b. Evaluation of the phase factors in both of these cases is simple:

In case 1, when one takes all possible orderings of the interacting pairs of lines,
one gets a factor of
(1 _ eQiﬂnE)(l _ e—%T"lm)
in place of (F.5). Next, one has to sum over all possible positions of operator 3 in

Fig. A-2.a. Finally one evaluates the phase sum over . There is an analogous
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Case 1 Case 2

Figure F-2: Two different types of semi-contractible diagrams. One should also con-
sider the cases when two incoming and outgoing lines are interchanged. Also analo-
gous contributions come from exchanging operator 2 with operator 3.

contribution where ¢ impurity takes place in the interaction instead of ¢. But that

is obviously obtained from the former just by taking the complex conjugate.

In case 2, Fig. A-2, one has to sum over the possibilities where ¢ interacts with
the leftmost and the rightmost Z line in operator 3. Considering also the two different
orderings of the ¢ and Z that are outgoing from the vertex, one obtains an overall
phase factor of,

—2imn

(1 _ e—'J_)(l _ e%-rmi).

Next, just as in the case 1 above, one sums over all possible insertions of operator
3 and positions of 1 impurity. Similarly one considers the conjugate case where 1
takes place in the interaction instead of ¢. Finally one gets similar expressions to the
ones obtained in case 1 and case 2 by exchanging the roles played by operator 3 and

operator 2.

Combining all of the results above, namely both contractible and semi-contractible
contributions in class A given in (F.4), contractible contributions in class B and all
semi-nearest contributions in class B, one obtains a surprisingly simple expression.

All of the factors conspire to give,

L%+ Thcont. + TBsemizcont. = N (n* — nk + k)G™. (F.6)
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A few observations are in order. Notice that one obtains the same form for the inter-
acting single-double correlator as shown in [29], see eq. (4.15). The proportionality
to G'? (or G' in our case) is obvious from the beginning. Because eventually, the
effect of interactions is to dress the free expression with an overall phase factor. The

surprise is that this phase factor,
n? — nk + k?,

is the same in the cases of single-double and single-triple correlators! One appreciates
the non-triviality of this after seeing the delicate conspiring of many different terms in
our case. We also see the same phase dependence, in case of double-triple correlator,
eq. (4.21). It is tempting to believe that this remains to be true in case of general
i-trace j-trace correlator. Namely we believe that the result of contractible and
semi-contractible interactions at O()') for more general extremal correlators can be
summarized as,

rs = N (n® — nk + k*)G*.

cont.+semi—cont. —

Actually it suffices to see this behaviour in case of extremal correlators of the type

' since I can be related to this by the disconnectedness argument.

However, this is not the whole story. There is a very important new class of planar
diagrams which contributes to G**: non-contractible diagrams. This was absent in
the case of I''? because there was not enough number of operators to create this new

interaction topology. This will become clear in the following.

We show all possible non-contractible diagrams in Fig. A-3. Note that both of the
interaction loops are non-contractible in this case. The loop formed by incoming lines
is non-contractible because they belong to different operators. The loop formed by
the outgoing lines is non-contractible because there is an operator inserted between
them. This exemplifies our schematic discussion about the non-contractibility of
planar diagrams in Appendix C where we referred to these possibilities as case 1
and 2. At first sight one expects that these diagrams be suppressed by a factor

of 1/J% when compared with the contractible diagrams or by a factor of 1/J when
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Case 1 Case 2

Case 3 Case 4

Figure F-3: Contributions form non-contractible planar interactions. There are four
more diagrams which are obtained by exchanging operator 2 with operator 3.

compared with the semi-contractible diagrams, because the sums over the position
of the operator 3 and the position of ¢ impurity are missing. However as noted in
the general discussion of Appendix C, there is a compensating enhancement coming
from the overall phase factors associated with these diagrams, namely the O(1/J?)
phase suppression given by (F.5) is absent. Therefore these diagrams are on the equal

footing with the rest i.e. (F.6).

The evaluation of non-contractible diagrams is the simplest. One adds up all
possible contributions that are displayed in Fig. A-3, and include the analogous cases
where one interchanges operator 2 with operator 3. Finally one performs the phase
summation over 1. Adding this result with the conjugate one which is obtained by

interchanging the roles of ¢ and v, one gets (4.18).
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Adding up (4.18) with (F.6), one obtains the total O(g2)\') single-triple correlator,
(4.17). Again, there are two consistency checks that one can perform. Firstly it is
easy to see that, (4.17) is symmetric in J <> J3. Secondly when one takes the limit

J3 — 0, B'® vanishes (as it should) and the rest of the expression boils down to the

1‘\13 \/_EI\l?_
VT

Let us now explain the computations that lead to the expressions in (4.19) and

single-double result,

(4.21). When compared with the evaluation of single-triple correlators, evaluation
of lowest order G** and I'?? is almost trivial. This is because only the disconnected
diagrams contribute to these correlators at O(g2). We now describe the evaluation of
G?3. Tt will suffice to describe possible ways that 2 — 3 correlator can be separated
into 1 — 1 and 1 — 2. Consider the correlator {: O;*07’2 :: 020740’ :) define the

ratios of lengths of the operators,
y:——— Zz = — z":.—_ (F7)
Since the impurity fields in operator 1 and operator 3 should be Wick contracted
with each other, the only disconnected contributions arise when,
1. 1 connects to 3, 2 connects to 4 and 5,
2. 1 connects to 3 and 4, 2 connects to 5,

3. 1 connects to 3 and 5, 2 connects to 4.

A simple loop counting shows that all other contractions will result in higher orders
in go. Cases 2 and 3 are easily expressible in terms of the results already reported in
the literature, (see [24]). Therefore we only show case 1 which turns out to be the
simplest,

(: OO :: 00707 ), = (0 05) (072 . 0707 ),

where one needs the lowest order contributions to the correlators on RHS. First one is

just dpm. One evaluates the BPS correlator above by noting that the cyclicity factor
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of JoJsJs and the normalizations; hence one gets,

Combining this contribution with cases 2 and 3, one easily obtains, (4.19).
Computation of I'® at the lowest order, O(g.)'), goes by inserting planar inter-
actions into the cases 1,2, and 3 that we listed above in all possible ways. In case
1, interactions can only be inserted in the correlator 1-3 since 2-4+5 -being a BPS
corrrelator- does not receive radiative corrections. For the same reason interactions
can be inserted only in the first correlators in cases 2 and 3. Necessary computations

were already done in the literature (see e.g. [24], [29]) and one immediately gets,

(4.21).
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