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ABSTRACT: We find a new Penrose limit of AdSs x S® that gives the maximally symmetric
pp-wave background of type-IIB string theory in a coordinate system that has a manifest
space-like isometry. This induces a new pp-wave/gauge-theory duality which on the gauge
theory side involves a novel scaling limit of N' = 4 SYM theory. The new Penrose limit,
when applied to AdSs x S°/Zy, yields a pp-wave with a space-like circle. The dual
gauge theory description involves a triple scaling limit of an N' = 2 quiver gauge theory.
We present in detail the map between gauge theory operators and string theory states
including winding states, and verify agreement between the energy eigenvalues obtained
from string theory and those computed in gauge theory, at least to one-loop order in the
planar limit. We furthermore consider other related new Penrose limits and explain how
these limits can be understood as part of a more general framework.
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1. Introduction

Since the discovery of the AdS/CFT correspondence there has been extensive work on
finding new dualities between large-N gauge theories and string theory on various back-
grounds. Recently [fl]] it was considered what happens in the AdS/CFT correspondence for
N — co. Since the curvature of AdSs x S® is proportional to N~1/2 one has flat space in
this limit. This is a difficult limit to control. In fact, the novelty of ref. [[[] has been to take
a double scaling limit of NV = 4 Super Yang-Mills (SYM) theory where N — oo is taken
together with the limit of large R-charge J so that J2/N and 9\2(1\/[ are fixed. This gives
on the gauge theory side a well-defined double scaling limit [P} B], while on the geometric
side it becomes a Penrose limit that gives the recently discovered maximally symmetric
pp-wave background of type-1IB string theory of ref. [fl].

The pp-wave/gauge theory duality of ref. [i] thus provides a tractable step toward
obtaining string theory in flat space from large-N gauge theory. Inspired by this, we
propose in this paper a new pp-wave/gauge theory duality between string theory on a
pp-wave background which has a space-like circle and a certain triple scaling limit of an
N = 2 quiver gauge theory. That the pp-wave background has a space-like circle means
that it is geometrically “close” to R'® x S1. We are thus addressing how to get string
theory on R'® x S! from large-N gauge theory.

One cannot directly compactify the maximally symmetric pp-wave background of type-
IIB string theory in the coordinate system used in refs. [fl, []] since it does not display
manifest space-like isometries. Our first step is therefore to put forward a new Penrose limit
of AdSs5 x S® that results in a pp-wave background with a manifest space-like isometry and
show that it induces a new pp-wave/gauge-theory duality between type-I1IB string theory
on the pp-wave background and a certain scaling limit of N/ = 4 SYM theory. It turns
out that on the gauge theory side this duality looks quite different from the one of ref. [ff].
The resulting pp-wave background has previously been considered by Michelson [ﬂ] where
it was obtained by a coordinate transformation from the maximally symmetric type-11B
pp-wave background considered in refs. [, . Here, by deriving it directly from a Penrose
limit, we are able to make manifest what the corresponding scaling limit of the dual N' = 4
gauge theory should be, and hence construct the appropriate dual gauge theory operators.

It is interesting to note that, although our scaling limit and that of ref. [[[] look dif-
ferent, they are required to be physically equivalent since the two corresponding pp-wave
backgrounds are related by a coordinate transformation. In fact, the existence of different
Penrose limits is related to inequivalent ways in which we can choose the neighborhood of
null geodesics. As defined in ref. [ff] (see e.g. also refs. [[] and [f]), Penrose limits involve
a very specific choice of coordinates in the neighborhood of the null geodesic, but one of
the points of the present work is that there are other choices that lead to well-defined but
inequivalent scaling limits. We address and explain this issue after having presented our
pp-wave/gauge-theory duality for the compactified pp-wave in detail.

To get a pp-wave with a space-like circle we implement our new Penrose limit on
AdSs x S°/Zy; by taking M — oo in such a way that we get a circle with a finite ra-
dius along the direction of the space-like isometry. This induces a duality between type-



IIB string theory on a pp-wave background with a space-like circle and a (triple) scaling
limit of the superconformal A" = 2 quiver gauge theory (QGT) which is dual [§] to the
AdSs x S%/7Zy; background.! To check our proposal we first discuss the type-IIB string
theory states on this pp-wave background and then construct the corresponding dual gauge
theory operators of the N' = 2 QGT. Note that this also includes winding states corre-
sponding to strings winding on the space-like circle. We check the correspondence by
computing the leading correction to the anomalous dimensions of various gauge theory
operators and by comparing these to the energy eigenvalues of the corresponding string
states.

One of the interesting aspects of finding a pp-wave/gauge theory correspondence for a
pp-wave with a space-like circle is that one can T-dualize this type-1IB pp-wave background
to a type-IIA pp-wave background. By a subsequent S-duality one further obtains an M-
theory pp-wave background. If one then finds a Matrix theory [R0|, R1], description
of this M-theory background, one can dualize this theory back to obtain a Matrix String
theory [R3, P4, RH description of the type-IIB pp-wave with a space-like circle. This Matrix
String theory has been considered in ref. [26, 7.2 Thus, our new pp-wave/gauge theory
correspondence could possibly be enhanced to a correspondence between gauge theory and
Matrix String theory on the pp-wave background with a space-like circle. To this end, we
also find a new Penrose limit of AdS5 x S°/(Zys, X Zag,) that not only gives the space-
like circle but also a compact null-direction. This means that our pp-wave can have a
DLCQ description, similarly to what has been found for the maximally symmetric type-
1IB pp-wave in refs. [E, E] We can thus hope to find a correspondence between Matrix
String theory with finite matrices (with sizes equal to the quantized momentum along the
null-direction) and a quadruple scaling limit of an A/ = 1 quiver gauge theory.® Apart
from being interesting in itself, such a correspondence could perhaps illuminate the current
attempts of understanding interacting string theory from the dual gauge theory. This will
be pursued in a future publication.

In another direction which lies slightly outside the main focus of our paper, we consider
another class of Penrose limits, now with two space-like isometries. We give three limits
corresponding to zero, one and two compact space-like directions. Interestingly, these
backgrounds are time-dependent. The backgrounds have been considered previously in
ref. [} where again the uncompact one is connected to the maximally symmetric type-11B
pp-wave background of refs. [[, []] by a coordinate transformation. Having the explicit
Penrose limits could perhaps make it possible to find the precise scaling limit of the gauge
theory and find the map between gauge theory operators and string theory states. This
could be important since we then would obtain time-dependent string theory from a limit of
gauge theory and since the understanding of string theory on time-dependent backgrounds
is still at its infancy.

See refs. [E]{E] for other works on Penrose limits of orbifold geometries.

2See refs. [@, @] for approaches to Matrix String theory using directly the pp-wave solution of ref. [E]

3We also explain how to get the DLCQ of the pp-wave background with a space-like isometry from
AdSs x S®/Zyr, which means one could make a duality between Matrix String theory and a scaling limit
of N' = 2 quiver gauge theory.



This paper is organized as follows. In section P we discuss the new Penrose limits
that yield pp-wave backgrounds with manifest space-like isometries. We first find a new
Penrose limit of AdSs x S° that yields the same pp-wave as the one discussed by BMN,
but in a different coordinate system in which a space-like isometry is manifest. We then
apply this new Penrose limit to AdSs x S°/Zy;. The group Zj; acts along the direction
of the space-like isometry. By a suitable scaling of M this direction is compactified, and
we obtain a pp-wave with a finite space-like circle. The scaling of M is quite distinct
from other scalings that have appeared in the literature, namely M has to scale as N1/3,
where N is the rank of the U(N) gauge group factors that appear in the dual N = 2
quiver gauge theory. The duality between this quiver gauge theory and the compactified
pp-wave is elaborated upon in sections f] and . We then continue in section § to show
how to find a Penrose limit of AdS5 x S°/(Zyy, x Zyy,) that gives a pp-wave with both a
space-like circle and a compact null direction and another Penrose limit of AdS5 x S%/Zy,
that yields a pp-wave with a manifest space-like isometry and a compact null direction.
For these two Penrose limits we also find the corresponding scaling of the gauge theory
parameters.

In section J we discuss the type-IIB string theory on the pp-wave background obtained
from our new Penrose limit. We quantize the theory and derive the spectrum. This will
be useful when comparing with the dual gauge theory operators.

In section [ we discuss the relevant A' = 2 QGT which is dual to type-IIB string
theory on AdSs x S°/Zy; and find the gauge theory operators surviving the triple scaling
limit derived in section P These operators are shown to be in one-to-one correspondence
with string theory states, including winding modes. We compute the anomalous dimension
of near-BPS operators, at one loop in the planar limit, and verify agreement with the
expectations from the string theory side.

In section | we return to the novel scaling limit of N' = 4 SYM that corresponds
to the Penrose limit giving rise to the pp-wave with manifest space-like isometry. We
present the relevant gauge theory operators and discuss the genus counting parameter
arising in non-planar contributions. By studying the algebra of killing vectors, we explain
the mechanism by which it is possible that different scaling limits of N'= 4 SYM give pp-
wave backgrounds which are simply related by coordinate transformations. In particular
we discuss the relation between our limit and the one discussed in ref. [[J. We also show
how one can obtain different sectors in N'= 2 QGT by embedding the orbifold group Z s
of AdS5 x S°/Zy; in the isometry algebra in different ways. This translates into a different
scaling of the order of the orbifold group M with the radius R of AdS5 and S°.

Finally, in section fj we consider a different class of Penrose limits that leads to pp-wave
backgrounds with a time-dependent light-cone hamiltonian. First we describe a Penrose
limit of AdS5 x S° giving a pp-wave background with two manifest space-like isometries.
Then we consider a Penrose limit of AdSs x S°/Zj; giving a pp-wave with one space-like
circle. Finally, we consider a Penrose limit of AdSs x S°/(Zs, % Zys,) that has a space-like
two-torus.

Section [ contains a summary of our findings, a discussion of open questions and future
lines of research.



The reader can find many technical details in the appendices. In appendix ] we
review the coordinate transformations found in ref. [f] which relate the original pp-wave
background of refs. [f, ] to the backgrounds discussed in sections P]and ] In appendix
we describe the superconformal N' = 2 quiver gauge theory which is dual to type IIB string
theory on AdSs x S%/Zy;. We review how this can be seen as a consistent truncation of
N =4 SYM and present the structure of the chiral primaries of N/ = 2 theory as obtained
from N = 4. Appendix [J contains the derivations of many of the results presented in
section [ together with a complete translational dictionary between N = 2 and N = 4
formalism, the latter being the one used throughout the paper. Finally, in appendix
we describe the N' = 1 quiver gauge theory which is dual to type-IIB string theory on
AdSs5 x S®/(Zpg, x Zag,). This is the superconformal SYM theory in which to implement
the two different quadruple scaling limits of A" =1 SYM discussed in the end of section f]
and in section . One expects the surviving operators of the gauge theory to be dual to
type-1IB string theory on the pp-wave backgrounds of sections and f respectively.

2. New Penrose limits and space-like isometry

In this section we describe the new Penrose limit of AdSs x S° that realizes an explicit
space-like isometry for the pp-wave background of refs. [f], f]. Then we show how one can
use this to generate compact space-like and null directions for the pp-wave starting from
orbifolded backgrounds. The pp-wave background that we obtain after our new Penrose
limit is in the coordinate system first given by Michelson [p]. We review in appendix A] how
this background is connected to the maximally symmetricc type-IIB pp-wave background
of refs. [, ] by a coordinate transformation.

2.1 Explicit space-like isometry from Penrose limit of AdSs x S°

Let us start from the ten dimensional AdSs x S® solution written in global coordinates.
This solution has metric

ds* = R* [— cosh? pdt® + dp? + sinh® p (d€2%)? + (d€2s5)?] (2.1)
and Ramond-Ramond five-form field strength
Fisy =2 R* (cosh p sinh® pdt dp dQy + dQ5) , (2.2)

where R* = 4mg %N, g, being the string coupling, [, the string length and N the flux on
the S°. We embed the five-sphere in C? with coordinates (a1, as,a3) by

a1 = Rcosfcostpe™ as = Rcosfsiny e as = Rsinf e’ (2.3)
where 0 < 0,1 < m/2and 0 < «, ¢, x < 27. The metric of the unit S® in these coordinates is
(d25)? = db? + sin? 0 (do)? + cos? 0 (d23)?, (2.4)

with the three-sphere part given by

(d23)? = dyp® + sin® 1 (dp)? + cos ¢ (dx)? . (2.5)



We first consider the subgroup U(1) x SO(4) of the SO(6) symmetry of the S°, where the
U(1) factor corresponds to the a angle. Define now the new coordinates

1 1

¢L:§(X_¢)v ¢R:§(X+¢)a (26)

with 0/0¢1, r = 0/0x F 0/0¢. Note that in these coordinates we have
(d23)* = dy* + (der)* + (dpr)* + 2 cos(2¢)dpdprR - (2.7)

The new coordinates (R.6) define geometrically the relation SO(4) = SU(2);, x SU(2)r
where ¢r, g is the angle of the Cartan generator of SU(2), r. Finally, define the light-cone
coordinates as

5* = %(t + ¢R). (2.8)

The Penrose limit now consists of keeping « fixed while taking

1
R — with 7t =zt = ﬁzf ,
2t T 22 r g T (2:9)
= — = - = — = — 0 —
¢L R’ QJZ) 4 R’ P R’ R’
which gives the pp-wave solution
ds? = —4dzTdz™ — 22 2 (d2T)? + d2idt + dpzPdtdet (2.10)
with Ramond-Ramond five-form field strength
Fis) = 2pdzt (dzldzzdzgdz4 + dz5dz6dz7d28) , (2.11)
wherei=1,...,8and I = 3,...,8. Here 23, 2* are defined by 23 +iz* = 7e!® and 2°, ..., 28

are defined by 7?2 = Z§:5(21)2 and dr? + r2(dQ4)? = Z§:5(dzl)2. We see that the pp-
wave background (R.10)—(R.11)) has an explicit space-like isometry along the z! direction
(together with the usual null killing isometry, which is the general feature of pp-wave
solutions). This is the background we will elaborate on in the rest of the paper. We can
define now the two currents
i 0 i 0
J=—""r Jp= e 2.12
g 209 i 20¢r (212)
corresponding to the coordinates (P.f) so that J, g are the Cartan generator of SU(2)y g.
Using these currents we can write the generators

1 1.0 0 0

He=—-P,=—i— =i— +i— = A — 2Jg, 2.13
1 i + ,uZﬁz+ 28t+28¢53 R (2.13a)
.0 A+ 2JR
pt__Hp _H _ 2.1
a 2 202~ 2R2 (2.130)
P = —ii - in (2.13c)
1 — aZl_R L, .



corresponding to the light-cone hamiltonian, light-cone momentum and momentum along
the zj-direction respectively. We can now use eqs. (B.13)) to argue for a duality between
type-IIB string theory on the pp-wave background (R-10)—(R.11]) and A" = 4 SYM theory.
Note that A = i9/dt corresponds to the scaling dimension of the gauge theory operators
in N'=4 SYM theory. Since the left-hand sides of egs. (B.13) correspond to string theory
quantities we should demand that the right-hand sides are finite. This means that in the
R — oo limit we need Jg/R? and J;/R to be fixed. Using that R* = 47g,I*N this means
that the type IIB string theory on the pp-wave background (@)7() should be dual
to N'=4 SYM theory in the triple scaling limit
N — o0, Jr = fixed JL
VN
This scaling limit of A' = 4 SYM theory is very different from the one of ref. [[]. Since
we know that on the string theory side the two pp-wave backgrounds are related by a

= fixed, g = fixed. (2.14)

coordinate transformation this implies an interesting connection between coordinate trans-
formations of a string theory background and different sectors in the dual gauge theory. In
section | we will find the operators in ' = 4 SYM theory that correspond to the various
string states in the type-1IB string theory.

It might seem strange that we have a triple scaling limit rather than a double-scaling
limit as in ref. [[]. However, this is because we are looking at eigenstates of the momentum
P, so we are considering a certain sector of P;. The extra finite quantity we get in this limit
is then compensated by the fact that we have one less bosonic zero-mode, as we shall see
in section [. In the pp-wave as obtained in ref. [[[] there are also space-like isometries and
corresponding momenta. In principle one can consider what happens when we keep these
momenta fixed, to find an analogue of the triple scaling limit we described here. The main
difference is that these momenta will no longer commute with the light-cone hamiltonian,
and we cannot associate quantum numbers to both operators at the same time.

2.2 A space-like circle from AdS; x S%/Zy,

In this section we show that one can obtain a pp-wave background with a space-like circle
by taking a Penrose limit of AdSs x S°/Zjy;. This gives a duality between the pp-wave
background with a space-like circle and a specific scaling limit of an N = 2 quiver gauge
theory. Consider the orbifold C2/Zj; x C defined by the identification

o
(a1,a9,a3) = (A a1,0 Lag, a3), 0 = exp <%> . (2.15)

It is well known that by placing N coincident D3-branes at the orbifold singularity we
get a four-dimensional N' = 2 quiver gauge theory [B0]. The geometry dual to this is
AdSs5 x S°/Zy; with NM units of five-form flux on the S°.

The N = 2 quiver gauge theory (QGT) has gauge group

UN)D x UN)P) x ... x UWN)M) (2.16)



and consists of M vector multiplets, one for each U(N) group, and M bifundamental
hypermultiplets. The gauge coupling of each of the U(N) factors is Q(ZQGT = 4dwgsM in
terms of the string coupling gs. The N'= 2 QGT is described in detail in appendix Bl

To realize the dual geometry we consider again the embedding of S° given by eq. (R.3).
With this embedding the C?/Z); x C orbifold induces an S°/Zjy; orbifold given by the

identifications
27

. . 2
X=X+M7 ¢:¢_M' (2.17)

This defines the AdSs x S%/Zj; geometry. The radius R of AdSs and S° is given by
R* = 479, N M. Note that we are working in the covering space of AdS5 x S°/Zy; where
the background is given by (R.)-(R.2). If we write the identifications (R.17) using the
coordinates defined in eq. (R.6) we find

bL=dLt . on=on, (218)

so that the J current is quantized in units of M /2 while the Jgr current is unaffected.
Consider now the Penrose limit (2.9): we see that 2! = R¢y,, so we clearly have that

1.1 R
=z + QWM . (2.19)
This means that if we send M to infinity so that R/M is fixed we have that z! is a
compact direction. Since we know from above that z! is a manifest isometry of the pp-
wave space (B-10)—(2-11]) we have the result that the Penrose limit (P-9) of AdS;5 x S°/Z
with R/M fixed gives a pp-wave with a space-like circle of radius R/M. As a consistency
check, note that since Jp, is quantized in units of M/2, P; as defined in eq. (R.13d) is
quantized in units of M/R, just as we would expect for a quantized momentum on a circle
of radius R/M.
We can now summarize the new Penrose limit of AdS5 x S°/Z, giving a pp-wave with
a space-like circle of radius R/M. In terms of N = 2 QGT quantities the limit is a triple
scaling limit

M3 Jr

2
9QaGT
M2 M

= fixed, = fixed . (2.20)
This follows from having R/M, Hy. and uP* finite, as well as having g, and I, finite and
recalling that R* = 4mwg,l*NM. In this limit it is implicitly understood that we consider
finite values of Jr, /M. To see this, note that Jr, /M is quantized in units of 1/2, i.e. we are
looking at finite values of this quantum number.

In ref. [f] it was shown that the pp-wave background (P-I0)—(P-I1)) with 2! being
compact has 24 supersymmetries. The reason that putting a circle can break the super-
symmetry from 32 to 24 supercharges is that the Killing spinors in the pp-wave background
are non-trivial functions of the coordinates, and they therefore need not be periodic along
the circle. We thus see that the number of preserved supersymmetries of the N’ =2 QGT
is enhanced from 16 to 24 in the limit (R.2().



In the literature, several other Penrose limits of orbifold geometries have been stud-
ied [[LO]-[Ld]. Many of these also have supersymmetry enhancement, just as in our case.

The case that perhaps comes closest to our Penrose limit is the one of refs. [[6], [7]. In
these papers a Penrose limit is taken of AdS5 x S°/Z); which instead gives a null circle,
thus providing a DLCQ version of the maximally symmetric type-1IB pp-wave of ref. [fi].
The Penrose limit of refs. [[6], [7] translates in taking N — oo with N ~ M ~ R? ~ Jp.
Comparing with our limit (B.2(), we thus see that for the case of a null circle a completely
different sector of the (same) N'= 2 QGT is obtained. This is of course consistent with the
fact that whereas in our case supersymmetry is enhanced to 24 supercharges, in refs. [[L6], [[7]
there is a supersymmetry enhancement to 32 supercharges. In the following section we show
how to obtain a compact null circle along with the space-like circle by a similar construction

as that of refs. [I6, [[7].

2.3 Space-like circle and DLCQ from AdS5 x S°/(Zy, X Zar,)

In this section we show that one can obtain a pp-wave background with a space-like circle
which in addition has 2z~ compact, by taking a Penrose limit of AdS5 x S°/(Zns, X Zur,)-
This provides a DLCQ version of the pp-wave background with a space-like circle that we
considered above. Also, it implies a duality between a pp-wave background with a space-
like circle and 2~ compact and a special scaling limit of an /' =1 QGT, the SYM theory
which is dual to the AdSs x S°/(Zns, X Zys,) background.

As explained in the introduction, having a Penrose limit that gives a DLCQ version of
the pp-wave with a space-like circle is the first step towards finding a pp-wave/gauge-theory
duality between matrix string theory and gauge theory. We furthermore find in section
the Penrose limit corresponding to the space-like isometry being non-compact but the null
one compact. Although we do not discuss these two correspondences further in the rest
of the paper, we find in the following the appropriate scaling limits of the gauge theories,
providing the starting point of a more detailed investigation.

Consider the orbifold C3/(Zys, x Zy,) defined by the identifications

(a1,as,a3) = (01a1, 07 'as, a3) (a1,as,a3) = (a1,05 "az, 62a3) , (2.21)
2m1 2w

_ — - . 2.22

0, exp( 1>, 02 eXp<M2> (2.22)

Placing N coincident D3-branes at the orbifold singularity we get a four-dimensional N' = 1
QGT theory on the branes [BI], B2J. The dual geometry of this is AdS5 x S®/(Zyr, X Zr,)
with N M M, units of five-form flux on the S°. The N = 1 gauge theory has gauge group

UN)D x UN)P) x ... x U(N)DMM) (2.23)

and consists of M7 Ms vector multiplets and 3M; My bifundamental chiral multiplets. The
gauge coupling is the same for all group factors, g(QgGT = 4mwgs M7 M> in terms of the string
coupling. This A" =1 QGT is described in appendix D
Using the embedding of S® in C? given by (R.3) we see that the orbifold C3/(Z s, X Zs,)
defined above induces an S®/(Zys, X Zyz,) orbifold given by the identifications
27 27 27

27
= — =¢p——n] — — = — 2.24
X X+M1n1’ p=¢ TR a OH—MQnQ’ (2.24)



for any ni,ne € Z. The radius R of both AdSs and S° is given by R* = 47rgsl;1NM1M2.
Define now the coordinates

1

n=5x-9¢-a, 'yz:%(xﬂﬁ—a), 73=%(x+¢+a), (2.25)

where 9/0v1 = 0/0x — 9/0¢, 0/0v2 = 0/0p — 0/0c and 0/0y3 = 0/Ix + 0/da. We can
then rewrite the identifications (R.24)) as

2 2
= — = — = 2.26
MN=7+ 7 ni, Y2 =72+ iR ng, Y3 =73, ( )

for any n1,n9 € Z. In the Penrose limit (@) this means that we should identify

2
o F__T - _ - kRm
ST VA ¢ EF o™
2rR R 2
A= 4 ]\7;—1”1 + ﬂﬁQng, a=a-+ ﬁﬂzm’ (2.27)

for any ny,n9 € Z. We now see that if we let M;/R and M2/R2 be fixed when R — oo we
find the identifications
n uR%m 1_ 2rR

=2t z_Ez_+2M2n2, z _21+V1n1’ a=a, (2.28)

for any ni,ne € Z in the R — oo limit. We have thus found a Penrose limit of AdSs x
S5/(Zar, X Zpr,) that gives a circle in the z! direction of radius R/M; and a circle in the
2~ direction of radius R_ = puR?/(4My).

Turning to the currents, we define the three currents J,) = —%z’ /0y (k =1,2,3).
From (R.26) we then see that J;y is quantized in units of My /2, Jiy) is quantized in units
of My/2 and J(3) is quantized in units of 1/2. Using (B.13) together with J = J) and
Jr = J(Q) + J(3) we have

A +2J0) +2J(3) 2J

ch =A-— 2J(2) - 2J(3) 5 ,uP+ = 2R2 5 P1 = T . (229)

We now see that the Penrose limit in terms of AV = 1 QGT quantities is the quadruple
scaling limit

M, M, J(3)
N—>OO, W:ﬁxed, W:ﬁxed, E:ﬁxed, M1M2

(2.30)
A few remarks are in order here. First, it is implicitly understood in this limit that we
consider finite quantum numbers of J(y) /M and J2) /Mj. Moreover, we also consider finite
quantum numbers of J, = —id/da. Clearly P; is correctly quantized in units of M;/R.
To see that (R.30) implies that P* is quantized we write

_ H + 8J(2) + 4(J(3) — J(Q)) _ Hy + 8J(2) + 4(J(1) + Ja)

P+
a 2R2 2R

: (2.31)
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Observing that Hy./R?, J(l)/R2 and J,/R? all go to zero, we find that in the limit

A 2] 1

Pt = = . 2.32

,uR2 M2 2R_ ( )

Thus we get the right quantization of P since the fact that 2~ = 2~ + R_ means, using
g+— = —2, that PT should be quantized in units of 1/(2R_). Finally, we note that

the above method to obtain the null circle is similar to the way it was constructed in
refs. [[[6, [[7], although many of the details are obviously different.

2.4 Space-like isometry and DLCQ from AdSs x S°/Zy,

As anticipated in this section, we note that one can in fact also construct a Penrose limit
with a non-compact space-like isometry and a compact null direction for the pp-wave
background. This could be useful for constructing a duality between matrix string theory on
the pp-wave and gauge theory since this background still admits a matrix string description
while we have an N/ = 2 QGT on the gauge side, which makes the duality simpler than if
we consider the one of the previous section.

Since most of what we do will be simple repetitions of the previous sections we will be
brief. In accordance with previous notation, we are now considering the orbifold CxC?/Z,
defined by the identification

21

(a1,a9,a3) = (a1,0 Lay, bas), 6 = exp (W) . (2.33)

Thus, in terms of angles on S® the S°/Zj; orbifold is defined by the identification

2 2

X=X, gbzgf)—ﬂﬂ', aEa—FMﬂ. (2.34)

Repeating the steps of section P.3 this means that

R? R 2
Z+EZ+_2/LLM’ Z_EZ_—FMQMW, zlzzl—i—ﬂﬁ, aza—i—Mﬂ. (2.35)
If we now keep M/R? fixed when R — oo we get
R2

zt =2t = BT 2l =2t a=a. (2.36)

2M

Thus, we have found a Penrose limit of AdS5 x S°/Zy; that gives a circle in the z~ direction
of radius R_ = pR?/4M. The left and right currents of the above C?/Zy; orbifold are
defined by

o .1
Ju=50s=Ja)s  Jn=5(Js+ Ja) (2.37)

where J, = —i0/0a and J, = —i0/d¢. As usual J, is quantized in units of M/2 and Jg
in units of 1/2. We can now write
_ A+2Jgp 2Jr,

p ==t (2.38)

He=A—2J Pt
1 R M 2R2 ) R

— 11 —



with 1 1
JL:§(JX_jR_jL)7 JR:§(JX+jR+jL) (2'39)

where J, = —i9/dx. The scaling limit of N' = 2 QGT theory that we need to take is thus

2
9QGT

M
N — 0, — = fixed, ﬁzﬁxed, I %

N M VM
Some remarks are needed. First of all we also have Jr/M and J, /M both fixed in the limit.
Moreover we are considering finite quantum numbers of Jr, /M and J,, this being consistent
with the fact that Jp scales like M. We also see that Pt = (2J;,/M) x (1/(2R_)) and
hence PT is correctly quantized. Finally, if we compare with the limit of section P.3, we

= fixed,

— fixed. (2.40)

see that the present limit precisely corresponds to a “continuum version” of the previous
one, i.e. the gauge theory operators that one would use would be the same, only without
the quantization condition for the momentum P; along the space-like direction.

3. String theory on pp-wave with space-like circle

We now turn to the study of string theory living in the pp-wave background with one
compact space-like dimension, obtained from the new Penrose limit presented in sections
and P.4. The spectrum of the type-IIB superstring in this background has already been
studied in ref. [f] (see ref. [B3] for the T-dual type-IIA case), but we rederive it here in
some detail, in view of the comparison with the gauge theory operators that we present in

section .

3.1 Bosonic sector

Let us first consider the bosonic sector of the superstring, which consists of the coordi-
nate fields Z¢, i = 1,...,8. The bosonic o-model action describing a string living in the
background (R.10) is given in conformal gauge by

1
B — ~p /deU[— 40°Z1 0,2~ — 2721 210° 20,2
™ S
+ 020,72 + 4uz2aaz+aazl} , (3.1)
where I = 3,...,8. The equation of motion that follows from varying with respect to Z~
is 090,Z = 0. This fact allows us to choose the light-cone gauge Z+ = [2 P*7. The
effective dynamics of the fields Z? is then described by the following light-cone action

SB = 0 / drdo [aazzaazz + f2z7l70 — 4fZQZl] , (32)

where we have defined f =12 Pty . Here and in the following, dots and primes will denote

respectively derivatives with respect to the worldsheet coordinates 7 and o.

- 12 —



The equations of motion one gets from the light-cone action (B.2) are

(0904 — fH 2T =0, 1=3,...,8, (3.3a)
00,2  +2f2% =0, (3.3b)
00, 2% —2f 21 =0. (3.3¢)

Notice that the equations satisfied by the fields Z! are the same as in the case of the
standard maximally supersymmetric pp-wave. Imposing on these the usual closed string
boundary conditions Z! (7,0 + 27) = Z!(7,0), one finds the solution

. ls = 1 —i(wpT—n0 i(wnT—no
7zl = Z% Z \/T_n <afle (@n ) — (al)Tet@n )> , (3.4)

where
wp =\/n?+ f2, Ynez. (3.5)

We use here a notation analogous to BMN, in which left-moving and right-moving modes
are respectively labeled by positive and negative values of n. However, the form of the
mode expansion differs from the one usually given (compare e.g. ref. [B4]) in the zero mode
part, since we use an oscillator notation also for the zero modes instead of center of mass
position and momentum. The connection between the two equivalent formalisms can be
clarified by defining

ls ls

so that the mode expansion (B-4) of Z! gets modified as

zl = COS(fT)ZI + Ln(fT l2 L. Z

- ( I ~i(wnT—n0) _ (ail)lei(w“—"")>, (3.7)

which is the usual expression given in the literature.
To solve the eqgs. (B.3H)—(B.3d), it is useful to decouple them by introducing a complex
field
7 =27"+iZ?, (3.8)

in terms of which the above equations read as follows

0“0nZ — 2ifZ =0, (3.9a)
0“0nZ +2ifZ =0. (3.9b)

One can see that a solution of the form Z = e~/7Y solves (B.9d) if Y satisfies the same
equation as the fields Z7, that is (0%0, — f2)Y = 0. We also have to specify the boundary
conditions for Z! and Z2. We have seen in section R.2 that in the case under consideration
the coordinate Z! is compact with radius Rt = R/M. We then want to allow for winding
modes around the compact direction Z!, by implementing the boundary conditions Z (1, o0+
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2m) — Z(7,0) = 2rRrm (and the same for Z). Therefore the solutions of the equations of
motion can be written in the following form

Z=e Y + mRyo, Z =Y + mRyo, (3.10)

where Y and Y have the following mode expansions

400 1

Y =il Z N

—+00

V=il Z \/i)_ <C~Lne—i(wn7—fncr) _ a}‘lei(wnrfna)) ] (3.11b)

From the expression of the action (B.2), one can also compute the conjugate momenta

<ane—i(wnr—na) _ d;rlei(wn’r—na)) , (311&)

21 72472 %
I= om2 ! 2wz 7 27 o2 (312)
so that the classical bosonic hamiltonian flfg’ = f dJ(HiZi — L) is given by
_ 1 2m oy . ,
B_ _2/ do [ZZZ’ (22 + f221 721 (3.13)
47Tl8 0

3.2 Fermionic sector

Let us now consider the fermionic sector of the theory. The field content consists of real
anticommuting fields 8¢, where A = 1,2 and the index a runs from 1 to 16 as appropriate
for a Majorana-Weyl spinor in ten dimensions. As discussed in ref. [B4], in the light-cone
gauge

zt =12 ptr, rte4 =o, (3.14)

the Green-Schwarz fermionic action is given by

1 _
S =17 / drdo [(naﬁaAB - eaﬁ(ag)AB) aasz‘m(pga)B] , (3.15)
™ S
where here and in the following the o;’s are the Pauli matrices. In the case at hand, where
only the Ramond-Ramond five-form field strength is turned on, the generalized covariant
derivative appearing in the above action assumes the form
1 + po 1 AVPOK
Da = aa + ZaaZ wpa+F — 2‘—5!F)\Vpg,§r ’LO'QF+ s (316)
where w is the spin connection of the metric. We recall from eq. (R.I1)) that the five-form
F(5) has the components F'; 1934 = Fly5678 = 2 turned on, while one can compute from the
metric (R.10) the only relevant component wizy = —pu of the spin connection.
We want to express the action in terms of the canonical eight-component GS spinors
S4b b = 1,...,8, which are related to the fields 6 through the relation I't—94¢ =
2-3/4, /ptS4e. We will be using a chiral representation for the 32 x 32 gamma-matrices
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of SO(1,9), such that I' :<$i %i>, i = 1,...8. We also define 8 x 8 matrices 7% as
(yirin)ab — (firinyab g = 1 ..., 8. Notice that we can work with eight-component
spinors because of the light-cone condition (B.14). With some manipulations, we can then
rewrite the fermionic light-cone action as

SE = 2L /deU {51 <a+ — %12) St 52 (a - 5712> S% 2f51H52} . (3.17)

0

where 01 = 0, + 0, , Il = v'23* and we recall that f =12 ptp.

From the action (B.17) we can derive the equations of motion

<a+ — g’yu) St — f11S% =0, (3.18a)
<a — g712> St st =o. (3.18b)

. f . .
It is useful to observe that a field of the form S4 = €27 TX4 satisfies the above equations

if the fields 34 obey the equations of motion of the fermionic fields in the usual pp-wave

background [B4]:
o2t — flIx? =0, (3.19a)
o-xt+ fIxt =0. (3.19b)

Therefore, the mode expansions of the fields S which solve the eqgs. (B-I§) can be easily
written as

Sl — eé’YIQT{ |:CO e TSy — Z €T <Snei”‘7 + %Sneim)} + h.c.} , (3.20a)

n>0
52 _ 627127—{ [ — ¢ efifTiHSO 4TI ch e~ wnT <S,n67ina _ %Sneino>:| + hC} ’
n>0
(3.20b)

where, for all values of n, w,, is defined as in eq. (B.7) as w, = y/n? + f2, while ¢, = % [1+
(%)2]71/ . We have imposed the usual closed string boundary conditions S A(T,a +
21r) = S4(7,0), which are left unchanged by the compactification along Z'.
From the action (B.17) one can also compute the fermionic conjugate momenta A4 =
iS4 /27 which are needed for obtaining the fermionic part of the classical hamiltonian
: 2
Hf = i / do {51(51)’ — $*(5%) — g(swusl + 524125%) — 2fS'11S?
i 027T . .
- [ 4 (5151 + 5252> : (3.21)
2m Jo
where in the last equality we have made use of the equations of motion (B.18).
Finally, one must also analyze the constraint coming from the vanishing of the world-
sheet energy-momentum tensor that is given by the condition [ do[IT;(Z?)'+X4(S4)] =0,

which in terms of the fields Z¢ and S4 becomes

/ " o [z’@'(zi)/ —2f 227 + ugsA(sA)/} =0. (3.22)
0
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3.3 The string spectrum

Let us now turn to the spectrum of the theory introduced in the previous sections. To
quantize the theory, one has to impose the canonical equal time (anti)commutation rela-

tions?

[Zi(T, o), 1, (T, a')] = iéijé(a — o") ,

{5491, 0), 58 (r,0")} = %5,435@5(0 —a'), (3.23)
which imply the following relations for the oscillators
[, ()] = "0, [an, aly] = lan, af] = b |
{Si, (Sh)T} = 6“6 - (3.24)

The spectrum of the theory is then obtained by acting with the raising operators ah ,

ah, (1) and (S})? on the vacuum defined by
an)|0) = @,|0) = al|0) = S%|0) =0 VneZ. (3.25)
We can now express the light-cone hamiltonian and energy-momentum constraint in
terms of the oscillators. For this purpose, let us introduce the following number operators
N,, = aILan, N, = alﬂm
N = (ah)al,  F® = (S5)Tst. (3.26)
After some algebra, one gets the following expression for the hamiltonian
H. = HP + HE, (3.27)
where the bosonic and fermionic parts, coming respectively from eqgs. (B.13) and (B.21]),
can be expressed as follows

2 2 +oo 8
7B _ m” Ry N 0))
HiZ = 2fNo + —55 + 3 (@ DNt (wn = NN + D0 D waND, (3.289)
n#0 n=-—00 [=3
+00 f
HE = " lwn+i2912) S, 28b
lc nz_:oosn (w +12’7 S (3 8 )

Notice that with our choice of vacuum (B.25) the hamiltonian comes with vanishing zero-
point energy.

Since the eigenvalues of iy'? are 41, each with multiplicity four, we see from the
expression (B.28H) that a “splitting” of energy eigenvalues is realized at each level of exci-
tation of the fermionic oscillators. With a suitable choice of basis, we can then rewrite the
fermionic part of the hamiltonian as

TS lz (o~ £) O 43" (it £) FO (520
n=-o00 Lb=1 b=>5

4For the fermionic fields one has to take into account the second class constraints coming from the
expression of the fermionic momenta A4, which must be treated following the Dirac quantization procedure
(see for instance ref. [@] for its application to the standard pp-wave background).
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In view of the comparison with gauge the-

State H. = H,

ory states, we are particularly interested aT| 0) - 5 o/f
in the states of the spectrum which are ob- 0

(ab)t0y for I=3,...,8 1
tained by acting on the vacuum with a sin-

(S5)T0) for b=1,2,3,4 1/2
gle bosonic or fermionic zero-mode creation FAT - 5’ 6’ 7’ 3 275
operator. The spectrum of such states is (5)'10) _for oD /
summarized in table [l. Table 1: The lowest-lying zero-mode states of the

Finally, the constraint (B.2J) coming superstring on the compactified pp-wave.
from the energy-momentum tensor assu-
mes the following form

Zn

- ﬁmRT(ag + o) . (3.30)
n#0 s

8 8
Np+ N+ Y N +> RO
1=3 b=1

In order to understand better the structure of the above constraint, we have to take into
account the quantization of momentum along the direction Z'. This amounts to the
condition [ doIl; = k/Rp, which by means of egs. (B.§) and (B.12) can be expressed as

follows ) /7
1o 1 VFo ok
ng ) dO’ |:Z+Z+2Zf(Z—Z):| = ls (a0+a0)—R—T,

where in the second step we have used the mode expansions of the fields Z, Z. Therefore,

(3.31)

from eq. (B.30) we can now obtain the following final expression for the level-matching

Zn

n#0

condition:

8 8
Np+Np+ > N +> RO
1=3 b=1

A similar computation to the one performed in eq. (B.31]) shows that the oscillators ag, a:g

(and consequently the state ag|0>) are associated only to the uncompactified direction Z2.

It is important to realize that we wrote everything in terms of oscillators for conve-
nience, but that the quantization of &;r) + Gg in units of Is/Ry+/f implies that the Hilbert
space associated to the modes dg, ap is not the usual harmonic oscillator Hilbert space.
The latter is isomorphic to L?(R), whereas the Hilbert space we need is L(S!). Any ele-
ment of L2(S') has infinite norm in L?(R), since they correspond to periodic functions on
the real line. One can indeed verify that any harmonic oscillator state that is an eigenstate
of dg + ag has infinite norm.

4. Space-like circle and N = 2 quiver gauge theory

In this section we put forward our proposal for the gauge theory operators of the N' = 2
QGT surviving the scaling limit (R.20) that are dual to the states of type-1IB string theory
on the pp-wave background with a space-like circle described so far.

A detailed analysis of the relevant N = 2 QGT is presented in appendix B| with all
definitions and notations that will be used in the present section. For the sake of simplicity,
let us just briefly recall here the field content of the theory. We have a product gauge
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group with M gauge factors U(N) and M corresponding vector multiplets whose complex
scalars we denote by ®; (I = 1,...,M). Each of these scalars transforms in the adjoint
representation of the corresponding I-th gauge group factor. Using N' = 1 notation we
define 1); as the fermionic partner of the gauge field A,; and ¢¢; as the fermionic partner
of the complex scalar ®;. The matter content is given by M bifundamental hypermultiplets
whose quaternionic scalars we define in N’ = 1 notation to be A, B; where A; transforms
in the (N7, Nry1) and By transforms in the (Nj, Nyi1), where N; (Nj) represents the
fundamental (anti-fundamental) representation of the gauge group U(N)). The fermionic
fields x 4,1, xB,1 are the superpartners of the complex scalars A; and By respectively. The
field content of the gauge theory can be conveniently summarized by a quiver diagram, see
figure fll.

When writing down gauge theory op-
erators in the following we use mostly the
N = 4 notation of the U(NM) parent A A,
gauge theory, where the orbifold projec- ® ) 1 R
tion that determines the QGT restricts ) B, '
the form of the fields to those given in
appendix B. It is thus understood that,

for example, whenever the field A, B or

® appears we mean the specific expres-

sions in (B.6). Analogously, by 1, s,
x4 and xyp we mean the specific expres-

sions (B.9). In appendix [J we present the
resulting forms in A/ = 2 notation and
provide many of the calculational details
for the results of this section. As the es-

sential building blocks for these operators
are the fields A, B, ® and their conju-

gates (and similarly for the fermions), we

M

Figure 1: The quiver diagram for the N' = 2
QGT that we consider. Each dot represents a
U(N) gauge factor. For the matter fields, we use
have listed in table P their relevant quan- an AN = 1 notation: each line between dots cor-
tum numbers, being the conformal dimen- respond to a complex scalar of either type A or
sion A and the eigenvalues under the Car- B; (I = 1,..., M), the two making-up the cor-
tan currents J LR of the SU(Q) L.Rs where responding bifundamental hypermultiplet. Arrows

SU(2)r x SU(2)g ~ SO(4) is a subgroup &° from fundamental to anti-fundamental repre-

of the original SO(6) R-symmetry group of sentations of the corresponding gauge groups. The

fermionic partner of each bosonic field is implicit

the parent gauge theory. The Jr, r eigen- in the figure,

values for the bosons are obtained by re-

spectively identifying A, B and ® with aj, a2, ag defined in eq. (B-3), and then using
egs. (2.9) and (R.19). The eigenvalues of the fermions follow similarly using supersymme-
try and the fact they are in the spinor representation (4 + 4) of SO(6). Note that the
R-symmetry of the N’ = 2 QGT is SU(2) x U(1) where the SU(2) is identified with SU(2) g
and the U(1) corresponds to the angle « in the direction a3 which is inert under the action

of the orbifold.
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Al B| A | B |®|®|xa|xB|xB|Xa|Va|V| ]| ¥
AJ1 ]t 1 v 1yt s 5505 51553

1 1 1 1 1 1 1 1
Jol3|-3|-31 3 |90} 5] 35 |-3|-5/0]070]O0
743 414000 oo o s 241}

Table 2: A, Jp and Jy eigenvalues for bosonic and fermionic operators.

4.1 Predictions from string theory

We start with some general remarks. It is first worth to point out that the dictionary
between the string theory and the gauge theory is given by eqs. (R.13), which we repeat
here

_ A+2Jgp

— +
Hie=A-2Jg, P 2R2 ’

2
k=RpPr =T (4.1)

where

R'=dngJiNM,  gigr = 4dmgsM . (4.2)

String theory on the pp-wave solution (P.10)—(R.11) with 2! being compact with radius Ry
now predicts the light-cone hamiltonian (B.27). Using that ul2P* = 2.Jr/ géGTN , which
follows from eq. (f.1) using eq. ([.3), we can write the prediction of the energy eigenvalues
from free string theory as

2 2
5 _ . 29qarV ,96arN
H =m 4M2JR+2N0—|— io 14+4/1+n 12 Ny,
n

+
[ 2 o] 2 8
QQGTN ~ gQGTN I
+Y |1+ [14n? | Nt > /140 72 S OND, (4.3a)
n#0 | R n=—00 R =3
[ee] [ 2 4 00 2 8
1 9oaTNV 1 9oaTNV
B _= 27QGT (b) - 27QGT (b)
HE = Y s Hy/1+n A7 SFEP+ > {2+ 1+n 7 STED,
n=-oc [ b=1 n=-—00 b=5
(4.3b)
where we have defined
H\. = HE + HE . (4.4)

It is important to notice that here we use the rescaled light-cone hamiltonian Hj. = I:IIC /f,
where Hj. is the hamiltonian discussed in section B, since this is more natural when we
compute the energy eigenvalues from gauge theory. We further remind the reader that m is
the winding number and that the number counting operators N,,, N, NV(LI) and FV(Lb) have
been defined in eq. (B.26). Note also that we used the fact that the radius of the space-like
circle is Rr = R/M.
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To make the comparison between string theory and gauge theory even more clear, we
note that if we consider eqs. (J.J) to first order in géGTN/JIQ%, we get

2 2
9oarV 2 9qarV 29qa1 ~
HE = m? = +2NO+Z 2+ n > Nn—i—Zn 5— N +
AM2Jg = 8J% = 8T
00 2 8
29qaTV (1)
+ Z 1+n 8JR ZNn , (4.5a)
n=-—oo 1=3
4
T PO il TR -l DOr L
o 2" 4J2 = e 4J2

In the following, after having identified the various string states as gauge theory operators,
we reproduce the free string spectrum ([.§) from gauge theory along with the level-matching
condition (B.32).

4.2 Bosonic gauge theory operators without anomalous dimensions

Let us first consider the bosonic part of the spectrum (the fermionic part will be discussed
in section [L.5). We start by considering operators which are chiral primaries in the gauge
theory. The chiral primary gauge theory operators corresponds to the BPS states of the
superconformal algebra. This means that they do not receive quantum corrections, e.g.
that they do not have any anomalous dimension. Just as in the general AdS/CFT corre-
spondence, the chiral primaries of the gauge theory are dual to the supergravity states of
the given background.
From eq. (f.34) we see that we should reproduce the spectrum

8
Hie=2Ng + Y N (4.6)
I1=3

This we know from the fact that the supergravity modes correspond to the zero-modes of
the string theory or the first quantized string theory vacua.

Ground states. We first consider the ground states,’ i.e. the states which have Hj. = 0.
Consider first the ground state |k = 0,m = 0) with zero momentum along the circle, which
has Hy. = 0 and k& = 0. Our dictionary ([.1) tells us that we are looking for a chiral primary
with A = 2Jx and J;, = 0. From table f] and appendix [B we see that it corresponds to the
single-trace operator

Tr [sym(AJRBJR)] , (4.7)

where with “sym” we mean that we symmetrize over all possible combinations of the A’s
and B’s. Note that the trace is here over the A’s and B’s as NM x NM matrices, as
defined in (B.6). Clearly the state (JL7) is gauge invariant.

®Note that we do not consider states with non-zero winding m as ground states since they have Hj. # 0.
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In parallel with (.7), we see that the ground state |k, m = 0) with non-zero momentum
k = 2J5, /M corresponds to the gauge theory operator

Tr [sym(A/RT/LBIr—r)] (4.8)

Thus, we have identified the general ground state with momentum k.

Before going on to more advanced operators we first establish some useful notation.
An efficient way of writing down the symmetrization of A’s and B’s in (J.7) and ([.§) is to
use a generating function. Consider the function

G(z,y) = (xA+ yB)P. (4.9)

This is a generating function of symmetrized sums of all possible “words” that can be
formed with a total of P “letters” A or B. In quantum mechanics, this way of ordering
operators goes under the name of Weyl ordering. We define a word of type (K, L) to
contain K letters A and L letters B. The generating function ([L.9) then enables us to
select specific types of words by differentiation, e.g.

1 K qL K+L
Or.0(4,B) = (K 1 L)IK!L! 9z 9y (zA +yB)

> We, (410)
z=y=0 v UEO (K,L)

wK7L = <K;—L> . (411)

Ok, 1, is now the symmetrized sum of all possible words of type (K, L). Moreover, wg
is the number of words of (K, L)-type. The last expression in eq. ([10) is a short-hand
expression for the sum over words of (K, L)-type. In further detail, we write a given word
of length P as

where

Wg = Uo—(l)Uo-(Q) te Ua(p) s 0'(7,) = :|:17 U1 = A, U_1 =B (4.12)

and define the surplus of A’s versus B’s as

> ol (4.13)

i=1

which we call the index of the word. Then it follows that

K+L
S oWe=> Z 51(0 k-LUsyUs2) - Us(k+1) (4.14)
o€o(K,L) =1 o(7)

is an alternate way of parameterizing the sum over all (K, L)-type words. We will use both
representations: the generating function is most useful to compute free properties such as
level matching, while the more explicit form in terms of sums over words turns out to be

superior when computing anomalous dimensions.
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In terms of ([.10), the ground state ([E7) then takes the form

1
NIr\/2Ja M

containing a sum over all possible words with Jr A’s and B’s. Note that we are now working

|k =0,m= O> = Tr [gJR,JR(A’ B)] ) (415)

~

with the right normalization factors, and we use here and in the following the notation =
to denote this exact map (including normalization) between string theory states and gauge
theory operators. Note also that we have suppressed here the PT-dependence of the string
theory ground state, which, for simplicity of notation, is implicitly assumed here and in
all of the following operators. Moreover, in all operators the normalization factors are
computed in the planar limit only and we refer to appendix [(] for their derivation.

Using the generating function (f.10), the operators ([.8) with non-zero momentum k
along the compactified direction are also easily constructed

1 kM
WTT[QJRHL,JR#L (A,B),  Jo=—, (4.16)

2
since for k > 0 (k < 0) these contain the words that have an excess (deficit) of 2J; A’s
with respect to the B’s. Consequently, the state has A = 2Jg, while using J;, = kM/2
in eq. (R.13d) yields the quantized momentum P; = k/Ry with the compact radius Ry =
R/M finite in the Penrose limit. As explicitly shown in appendix [, the quantization of

[k, = 0) =

Jr, = kM /2 guarantees that these operators are indeed well defined in the N' = 2 theory.
It is also shown in that appendix that the operators ([.16]) are orthonormal.

Zero modes. We turn now to the gauge theory operators corresponding to the zero
modes on the string. Because one direction is compact, we need seven bosonic zero modes,
which are the ones summarized in table ] of section B.3. These are given by

1

it _ )
(@) = 0) = o

Tr[\Ili gJR-I—JLJR—JL (A7B)] ) (4'17)

where J;, = kM/2 and the form of the impurity ¥; depends on the direction in the
transverse space. For six of these seven zero modes we have

L(@+®) fori=3

V2 -
Dl',4 for i = 5, 6, 7, 8

Note that in ([.I7) the D;_4 is understood to act on the A or B to the right of it. The
six operators of table have A = 2Jr + 1 so that Hi. = 1, in agreement with the
zero-mode spectrum of (fL.g). For the seventh non-compact direction ¢ = 2 the analysis is
more subtle. The two simplest impurities that have J;, = Jgr = 0 beyond those in (4.1§)
are AA and BB. In appendix [B it is shown by analyzing the A" = 4 scalar chiral primaries
in SU(3) notation that the only combination of these two operators (not involving ®®) is
Tr(AA — BB) for the particular case A = 2. More generally, we find that for the zero
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mode in the zo-direction the corresponding gauge theory state is obtained by acting on the
ground state ([.15]) with the differential operator

al — Dy~A0p—B o, (4.19)

which is a particular element of the R-symmetry group SU(2) x U(1). This corresponds
to effectively interspersing the operator W5 ~ AA — BB in a totally symmetric way in the
ground state. As an important check, one verifies that the resulting state has A = 2Jr+2,
which is in perfect agreement with the energy Hj. = 2 of the zero mode a$|0> that follows
from ([.6]). It is moreover important to note that we have accounted for all of the scalar
chiral primaries in this particular scaling limit of N' = 2 QGT, so we really have a one-
to-one correspondence between the bosonic supergravity modes on the string side and the
scalar chiral primaries on the gauge theory side. Note in this connection also that it is in
fact the SU(2) x U(1) R-symmetry that provides the precise definition of the bosonic zero
modes. The same is true for the fermionic zero modes that we will discuss in section

We can also consider bosonic zero modes with more than one zero-mode excitation. In
order to do this, we introduce the notation®

1
9K, Liir (1) (1) (A, B) = (K + L)IK'L! 0ROy (xA+yB)" Uy, (xA +yB)2 1, x -

X oo \Ijiq (.’EA + yB)K+L_Eg:1 ls

r=y=0
1
T UKL Z Wosia (1)+ia(la) (4.20)
" oeo(K,L)
in terms of which we have the identification
d q

H(GBS)”/{, m=0) ~ Z Z Tr[gJR-i—JL,JR—JL;il(ll)...iq(lq)(A, B)], (4.21)
s=1 s=1 I,

which indeed reduces to (f.17) for ¢ = 1. Notice that, in order to get exact chiral primaries,
we have to define the range of the sum in (.21)) to be 0 < I, < 2Jg in the case of ®, ®
insertions and 0 < [y < 2Jr — 1 for D;,_4 insertions. In addition no two consecutive
insertions of D;,_4 are allowed in eq. (.20, since one is in fact inserting D;_4A or D;_4B
rather than D;_4.

In eq. (E21)) we have used the symbol ~ to indicate that we have omitted for brevity
the normalization factor. We will generally omit such factors when writing down general
states. The appropriate planar normalization factors of the gauge theory operators are
however easily determined by the following rule. If the operator is a sum of terms with
phases and this sum is cyclically invariant, the factor is (N w/2 g w)_l/ 2 with w the number
of letters in each word. Here N*/2 comes from the planar contractions, M arises from the
sum over nodes, and the extra factor of w is due to cyclicity. When there is no cyclical
invariance the latter factor is not present.

5Note that we can only write this for [y <1y < .. <. If for example 1 > l2 when g = 2 we resolve
this by defining G, L:i1 (11),i2(2) = Ik, Liio(12),i1(11) -
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4.3 Bosonic gauge theory operators with anomalous dimensions

Next, we turn to those non-BPS operators that are nearly BPS, so that their anomalous
dimensions are non-zero but finite in the Penrose limit.

Oscillators and no winding. Here the first class of operators that we consider are the
operators corresponding to higher oscillator modes on the string theory side.

A first thing to notice is that, while there is no zero-mode for the compact direction
z1, there are of course massive modes associated to the corresponding world-sheet boson.
Therefore, in the same spirit as in section .9, one must figure out what kind of insertion
is needed to describe the corresponding operators in the gauge theory.

However, let us first consider the case of the insertions ¥; defined in eq. (f.1§), which
correspond to states obtained by acting on the string ground state with the non-zero mode
oscillators a, and (al)t, I = 3,...,8. Using the notation defined in (L20) we can write
the general map for the insertion of these kinds of impurities as

q
H(alnss)”k, m = O) ~ Z Bzgzl nsls Tr[gJR-i-JL,JR—JL;il(ll)""iq(lq)(A’ B)] s (422)

s=1 I1,00lqg

B = exp (%) : (4.23)

The Fourier transformation with phase § implies that
VA — BAU, UB — BV (4.24)

when we interchange an impurity ¥ with either A or B.
Using cyclicity of trace, it is easy to see that ([.22)) is zero” unless

q
> ny=0, (4.25)
s=1

which precisely fits with the level-matching rule (B.32)) of the dual string theory.

Now we turn to the modes of the string along the direction z', which are obtained
by acting on the ground state with the oscillators al, for n different from zero. As can be
seen from the string spectrum ([£5), these massive modes have H). = 0 to zeroth order in
géGTN / J}% , so they should be a small deformation of the ground state chiral primary ([.16).
Moreover, we expect that they should be related to the translation operator along the
compact direction. In fact, one finds that the gauge theory operators corresponding to the
string modes along 2! can be expressed using the same general formula ([£.22), where now
the insertions are instead given by

Uy = Jy, ~ %(A@A _ 49; — By + Bog), (4.26)

two consecutive insertions are allowed and and the range of the sum over [ goes from 0 to
2Jp — 1.

"It is either simply zero or proportional to 1/Jr which goes to zero in the scaling limit.
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The effect of the insertion is to modify the ground state generating function ([L10) by
changing the (zA + yB) factor in the [-th spot of the product into (rA — yB). Thus, one
easily sees that the “bare” quantum numbers are the correct ones, namely A — 2Jp = 0.
In order to study their properties in more detail, we can also write down the expression of
these operators by implementing the word notation introduced in eq. ([.19) in the following

way
q
[T ah. 1k m=o0)~ > dyTr W, , (4.27)
s=1 oc€o(Jr+Jr,Jr—JL)
where the coefficients d, are given by
2Jp—1

S pEnlia(ly 1) ol + 1) (4.28)

Uyeslg=0

In this notation it is first of all clear that, as expected, the states ({£.27) are small defor-
mations of the ground state obtained by assigning suitable weights to the different words
of the latter. In addition, one can see that when n = 0 one has d, = (Z(0))? so that the
states reduce to the ground state ([.§) multiplied by their .J;, eigenvalue to the gth power.
This is yet another manifestation of the fact that the zero-mode for string excitations along
2! are given by the momentum operator which is proportional to .J;, in the gauge theory,
so that for these modes we are considering the ground state corresponding to the given J,
eigenvalue.

For all of the considered states, the first non-trivial massive modes appear for two
insertions. After explicitly performing the [1-sum in (§.22) one obtains

(ai)f(a’ ) k,m = 0) = —0

n

NJR+1W Z VGt g1 Tr— (0,50 (A, B)IB™ - (4.29)
where §,,,,» correctly incorporates the level matchlng. These operators, which have Jp =0
and A — 2Jp = 0,1,2 (respectively in the case of two Jy, insertions, one Jr, and one ¥;
defined in eq. ([:1§), or two U;), are the analogues of the simplest near-BPS operators of
BMN with two insertions. As an important check, we verify in the next section that, with
B as in eq. (f£23), a one-loop computation in the planar limit of the gauge theory gives
an anomalous dimension to these operators that is in agreement with the string theory
spectrum ([.3d) through first order in géGTN /JE.

Winding and no oscillators. We now turn to another new feature of our correspon-
dence, namely the operators that correspond to non-zero winding m on the string theory
side. We first focus on zero momentum k£ = 0 in the compact direction, and introduce a
generalization of (f.10) that assigns a weight to the ordering of the letters A and B in the
words,

1 K+L-1
Gr (A, Biw) = TS ooy (w22 A + W%y B)|p—y—o
1
_ 3 AN, (4.30)

VA
KL o€o(K,L)
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where the phase factor is

27
w = exp <m> (4.31)
and
1 K+L
N(o) =~ > (i = 1)oli) (4.32)
i=1

is called the weight of word W,. In parallel with (f.24) this construction now incorporates
the phase shift
BA — wAB (4.33)

for the interchange of A and B in a word. However, our construction also needs the N' = 2

twist matrix
21

S = 0 diag(1,6,6%,...,0M 1), 0 = exp <ﬁ> . (4.34)
Then, in terms eq. (f.3() and S, we may write our proposal for the operators with zero
momentum and winding m as

1

h—Om) e —
Ik =0.m) = 7 a7

TI‘[SngR’JR(A, B; wm)] 5 (435)
which have A = 2JR, JL =0.

We pause here for a number of important observations. All our operators so far were
directly inherited from the parent N = 4 theory (see also section [.1]). However, because of
the appearance of the twist matrix S, the winding states (f.35) involve the twisted sectors of
N =2 QGT. Secondly, the quantum numbers of the state coincide with those of the ground
state (f.15) suggesting an infinite degeneracy of the string theory ground state. However,
this is only true in the free QGT, since, as we will see in the next section, this degeneracy
gets lifted once interactions are turned on in the gauge theory. In particular, we will
show that the one-loop correction (in the planar limit) reproduces the exact string theory
result. This implies a non-renormalization theorem beyond one-loop for the gauge theory
operators ([.3§). It would be interesting to prove this, for example using supersymmetry,
directly in the gauge theory.®

We leave a detailed proof of the winding operators above and those in the sequel (in-
cluding properties such as level-matching and orthonormality) to appendix [, but present
here a quick consistency check on the state ([.35]). First we note that for a given word W,
in A/ = 4 notation, after substitution of (B.6]) one obtains

W, = diagWo1)¥1, (4.36)

where the components W, ; are words in N = 2 notation. Consider now the specific class
of words

W, = AIB7RATR™T (4.37)

8See ref. [@] for a planar two-loop check and ref. @] for an all-order check of anomalous dimensions in
the original BMN setup. See also ref. [@] for an all-order check of anomalous dimensions in the orbifolds

discussed in refs. @, E, Q}
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for which the N’ = 2 components can be computed to be
Woot =Ar A1 1Brig-1 BrygupArvq—gp - Ar-1. (4.38)
Using (:32)), the weight of word ([£37) is
Af@w)==qJR—-%J%, (4.39)
so that, according to egs. ([l.35)—([.36) for each word W, ; we have a phase
wWN(agl (4.40)

where we have taken m = 1 for simplicity. Now, under cyclicity of the trace in (JL.35]) we
find that A in the beginning of W, ; is moved to the end of the word, one obtains the
N = 2 word Waq,l, 7+1 rather than quﬂ, 7- This implies that under cyclicity we have the
equivalence relation

quJ = qu717[+1 y (4.41)

which, using (£.40)) means that we need

wN(Uq)QI = wN(Uqfl)QI‘H (4.42)

and hence, using eq. ([.39), that
w/k =9, (4.43)

Thus, given 6 in the twist matrix ([34), this determines w as in eq. (f31)). This achieves
that all words are preserved under cyclicity and the phase is constructed so that it is
independent of which letter one starts with in a given N' = 2 word.

Winding and oscillators. Now that we have seen how to introduce i) compact mo-
mentum ii) massive string modes and iii) winding, we can combine all three. The simplest
non-trivial state that combines these features has non-zero compact momentum and wind-
ing, accompanied by one impurity insertion. To this end define

1
(K+L
K+L-1

x [ @ ™22A+w?yB)|yy
ro=l
1 N(o)
E— Z w Wa;i(l) ) (4.44)
WKL o€o(K,L)
which combines ([.20) with ([:30), and comprises a weighted sum over (K, L)-type words
with an insertion of W; after the I-th position in the word. Then the appropriate gauge

Ok, Liq)(A, Biw) =

-1
K oL —r1/2 r1/2 )
)!K!L!ax 0, | |O(w TA+ W yB)U; x
ri=

theory operator is

(ap) [k, m) =

1 m .om nl
NJR_,’_é\/mZZ:Tr[S gJRJrJL,JRfJL;i(l)(A?Baw )]/6 P (445)
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which has A = 2Jr + 1, Jp = kM/2. An important check on the state (4.45) is that

vanishes unless it satisfies the level matching condition
n=*km. (4.46)

This is verified in appendix [J] using cyclicity of the trace and the explicit forms of 3, w
and 6.
We conclude by presenting the most general state, for which we need

-1
gK,L;il(ll)---iq(lq)(A,B;w) :afayL H (Wﬁh/zﬂﬁA +WT1/22/B)‘IH1 X

r1=0
K+L-1
- x Uy H (w_rq“/QxA + wr‘”l/QyB)
Tq+1=Z§:1 l; z=y=0
- Z wN(U) Wa;h (11)-1q(lq) > (447)
o€o(K,L)

in terms of which we have the identification

q

q
[T )tk m) ~> > TY[G kM2, kA 201 (10 )iy (1) (A B w™)] B =170 (4.48)

s=1 s=111,...,lq

As a check on this general expression, one may verify again that the general form of the
level matching condition

q
> ng=km (4.49)
s=1

is satisfied when using the generating function in ([.47) and cyclicity of the trace.

4.4 Anomalous dimensions and comparison with string theory

Following the techniques of ref. [, we now compute the anomalous dimensions of the gauge
theory operators in the previous section, and verify that they are indeed reproduced by the
string theory results. We restrict to the leading (one-loop) correction in the planar limit.
As remarked above, the operators in section [£.9 are all chiral primaries and hence
do not receive corrections, while those of section are expected to possess non-zero
anomalous dimensions. We limit our discussion here to the three simplest operators of
this type. First, we consider gauge theory operators of the type of eq. ({.29), of which we

consider only the cases of two ® and two J, insertions®
2JR
(@) (a®,) |k =0,m=0) ~ O, o) = ZTr[gJR,JR;CD(O)@(Z)(A,B)]/Bnl ,  (4.50a)
=0
2Jp—1
(dn)T(d—n)”k =0,m=0) ~ 01(10) ) OSLO) = Z Tr[gJR,JR;JL(O)JL(l) (A, B)],@nl .(4.50b)
=0

9 As was done for the BMN operators in ref. [@], it would be also interesting to consider other impurities.
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Figure 2: The three relevant graphs contributing to the radiative correction of two point scalar
field trace operator O,).

The third kind of states are the pure winding ones
k=0,m)~0OW — OW) =Tr[S"G,, j.(A, B;w™)]. (4.51)

To compute the one-loop anomalous dimension of these operators we need to calculate the
ratio

<O(l‘)@(_0)>(17100p)
<O(.Z')O(0)> (free)

between the one-loop contribution to the two-point function and the free part.

R(0) = (4.52)

For simplicity we present here only the main points of the derivation, referring to
appendix [J for details. It turns out that, besides some important differences that will
become clear below, the computation for the operators ([.50) and ([.51]) has some analogous
features, so that we may, at least partly, present them in parallel. For all these operators
the relevant graphs contributing to the leading radiative correction of two point scalar field
trace operators are the self-energy, the gluon exchange and the four-point interaction, as
depicted in the figure f.

For the oscillator operators (fL50a)), it is immediately obvious that we may invoke
the same observation as in the original BMN computation, namely that the only type of
diagrams among those in figure P that have a momentum n-dependent contribution are
those arising from F-terms of the four-point interaction. Interestingly, the same property
holds for the states (f.50H) as well as the winding states (J.51]), in the latter case because
only the F-terms will give a winding m-dependent contribution.

This means that for (.50a]) we need those diagrams that exchange an A or a B with
a ® field. Moreover, for the n = 0 operators (i.e. two zero modes), the overall contribution
to the anomalous dimension coming from all diagrams should cancel since in that case
the operator, (’)éo), is BPS and protected. Thus the n = 0 contribution from the F-terms
should exactly cancel the overall contribution coming from all other diagrams. Likewise,

for (.50H) and (K.51]) we only need those diagrams that exchange an A with a B. Then the
(6)
0

same argument as above can be used, since the n = 0 operator O’ and the m = 0 operator
O((]W) reduce both to the ground state, which obviously does not receive any corrections.
As a consequence, in computing the anomalous dimension of the operators (’)SLO), (9,(16) or
OS,VLV ), one only needs to compute the F-term contribution from diagrams as the third one
in figure f] and subtract from the result the n = 0 or m = 0 contribution. This subtraction

will automatically take into account the effective contribution from all other diagrams.
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After some algebra, it can be shown that for all three operators (J£504), ([£.50H)
and ([L.51]) the F-term contribution to the ratio (f.52)) takes the form

(Wi () W () W (0) W (0)
(Wi ) W 0) (W; ()5 0))

R(Op) ¥y = mcos(pa) W; e {A, B, ®}. (4.53)
Here, the correlator in the numerator is the VV| W.
one-loop diagram, in the U(NN) gauge theory, )
depicted in figure [, while the denominator in-
volves the product of the corresponding scalar
two-point functions. The integer p is the in- X Yy 0
teger n or m that specifies the gauge theory _
operator. W, W

For the operators () and () @ Figure 3: One-loop F-term contribution.
is the phase corresponding to the interchange This diagram includes both @ interchange
W;W; = e*W;W; and the multiplicity factor with A or B as well as A and B interchange.
m is given by the number of nearest neighbor
pairs of the form W;W;. For the operator (£.-50H) the assignment of the phase v and factor
m is less direct, but, as shown in appendix [J, the final result can still be cast in the general
form (f£53).

The main ingredients that enter the derivation of ([L.53) for the oscillator and winding
states, is that in the planar limit we can show for either of these operators that:

e in both the free and one-loop two-point functions each word W, in the operator
>, Wy (z) has a non-zero contraction with only one word in >__, W,(0),

e in both the free and one-loop two-point functions the contractions are diagonal in
the U(N)M product space,

e only nearest neighbor interchanges of fields contribute at the one-loop level.

Moreover, the specific form of the sum over words that makes up the operator O, then
determines the multiplicity factor. We note that the origin of the cosine factor is different
in nature for the three cases ([.504), (JE50H) and ([£51), and refer again to appendix {J for
the details.

In further detail, for the oscillator operators ([£.50a]) we have

W; =, W;=A or B, p=n, a = arg(f), m=4, (4.54)

which is quite analogous to the original BMN computation. Here the multiplicity of 4 is
easy to understand as there are two ® fields that can undergo an interchange with their
nearest neighbor. For the oscillator operators ({£.50b) we have

W, =A, W; =B, p=n, a = arg(f), m=4, (4.55)

where now the multiplicity factor arises due to the fact that for the F-term contribution

only for two occurrences of A or B is there a relevant nearest neighbor interchange of the
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fields A and B. Finally, for the winding states ([.51)) we find
W;=A4, W; =B, p=m, a = arg(w), m=Jg. (4.56)

In this case the multiplicity factor is obtained by computing the number N, of words that
have r nearest neighbors AB and BA and then the average

m=2

>, TNy
R (4.57)

the details of which can be found in appendix [J
We now make use of the one-loop integral ([.46) to compute

(W)W, (2)Wi(0)W;(0) _ gaarN

(Wi () W3 (0) (W, (z)W;(0))  8m2 In(|z]A)? (4.58)

where the factor géGTN originates from the coupling at the vertex along with an extra
closed loop in U(NNV) color space in the one-loop diagram. We then easily find the F-term
contribution to the anomalous dimension by comparing with (C.24). Finally, subtracting
the p = 0 term we find the universal expression

_ g(QQGTN

0A
82

m[1l — cos(pa)] (4.59)

for the one-loop correction to the anomalous dimension for the three operators.

Using ([59) along with the specific substitution (f.54) and ([L55) for the oscillator
operators and ([.56) for the winding operators, and expanding for large Jg, we obtain the
following expressions for the one-loop corrected anomalous dimensions of the operators

2 2
g GTNn
O©) . A_9Jp=24 T 4.60
2 2
. 9oaTNn
0P . A—2Js = JQeTT - 4.60b
2~ Nm?2
(w) . _ _ 9JqoeT
oy A-=2Jgp 74JRM2 (4.60c¢)

where we used 3 and w in (f23) and ([:31) respectively.

Comparing eq.s ([.60) with the string theory predictions in (J..5a]) we observe that for
all considered kinds of operators we find exact agreement. That this works out for the
oscillator operators with ® insertions is a good check. Though it seemingly works out in a
way that is analogous to the BMN computation, there are some ingredients required that
specifically relate to the A/ = 2 structure. A much more stringent and non-trivial check
of our proposed correspondence is given by the other two cases, because the lines of the
relevant computations are quite different from the BMN ones. For instance, for the new
winding operators the phase factor w, together with the multiplicity factor m, elegantly
conspire to reproduce the string theory prediction.
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4.5 Fermionic gauge theory operators

We finally turn to the fermionic part of the spectrum. We find in the following the gauge
theory operators corresponding to the string states

(8)T|k,m) with b=1,...,8, nez, (4.61)

which correspond to turning on the fermionic number operators F, T(Lb) and the winding term
in the free light-cone hamiltonian ([L.3) or its one-loop approximation (.5). In what follows
we do not consider states of the form (S2)7(S2)T|k, m) but it should be apparent from our
construction how to build such states.

Consider first the modes with b = 1,2, 3,4. For b = 1,2 we propose that!°

2JR

(S5 1k, m) ~ > "B ™ boymins @™V Tr (S™Upr) Uy ¥ Us(in) - Us(2am—1)) »
T (4.62)
corresponding to the two components of ¢. Here we have used the notation defined in
eq. (£19) and we recall that S is the twist matrix in eq. (.34). We can similarly write
down the map for b = 3,4 by inserting ¢ instead. We see that these four states precisely
have the right eigenvalues for H). when we consider the zero modes, since in that case the
gauge theory operator in (§.62) reduces to a chiral primary with A = 2Jp + % and thus
H. = %, according to table P} More generally, the one-loop part of the spectrum is given
by the first term in eq. (.5H) together with the winding contribution in (JL.54)). We expect
this result to be reproducible by the same techniques as used in section [£.4 and appendix [0}
We consider now the four remaining components b = 5,6,7,8. For b = 5,6 we propose
that

2Jp—1
(S5 lk,m) ~ > B or(oymiar ™M) x
=0 o
X T (S™Uy1y - Uy Xo141) Usi42) -+ Us(20m)) » (4.63)

where x1 = x4 and x_1 = xp. Furthermore, for b = 7,8 we propose that

2Jr—1
(SZ)”IC,TTL) ~ Z Ban(SI(o):kM WwmN (@)
=0 o
X Tt (S™Us (1) Usty Xo141) Us(ir2) * Us(2)) - (4.64)

where Y1 = xp and Y_1 = x4.

Again, we can check that the four components given by (JL63) and ([L64) have the
right eigenvalues for H). when we consider the zero modes, since in that case the gauge
theory operators reduces to chiral primaries with A = 2Jr+3/2 and thus H). = 3/2, again

0Here we have made specific assignments to the components of b = 1,2,3,4 in relation to the gauge
theory spinor component. This we can do since we still have a certain amount of freedom left with respect
to the basis choice of our spinors, i.e. with respect to the choices of Gamma matrices. The same is true for
the b = 5,6,7,8 components.
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according to table fl. More generally, the one-loop part of the spectrum is now given by
the second term in eq. (JL5H)) together with the winding contribution in ([.5a). Again, we
expect this to be reproducible by similar techniques as used in section [£.4 and appendix [0}
Finally, using similar tricks as in appendix [(J we verify for all eight components the

level matching condition
n=km, (4.65)

which indeed is a special case of (B.39).

5. Space-like isometry and N =4 SYM theory

In this section we return to the novel scaling limit of N' = 4 SYM that corresponds to
the Penrose limit giving rise to the pp-wave with manifest space-like isometry presented
in section R.J. We give the relevant gauge theory operators in this limit and discuss the
genus counting parameter arising in non-planar contributions. We also develop a more
general framework in terms of which this new Penrose limit can be understood and discuss
in particular the relation between our limit and the original BMN limit.

5.1 N =4 gauge theory operators

We give here the relevant gauge theory operators in the new scaling limit (P.14]) of V' =4
SYM. Having determined in section f] the operators in the N' = 2 QGT it is relatively
simple matter to write down the N' = 4 states, by considering the decompactification
limit of the former. In practice, this means that we may set M = 1 in these states. In
particular, this has the consequence that the states of the twisted sector disappear and the
operators ([.35) corresponding to string winding states disappear from the spectrum, as
expected. In the following the operators A, B etc. denote operators in the U(N) theory.
From ([.15), the A = 4 ground state is then

I

’0> Tr [gJR,JR(A7B)] ) (5'1)

1
N/r\/2JR
where we recall that Gy, j.(A, B) generates the symmetrized sum over all operators with
Jr A’s and B’s. The seven zero modes are given by

(aé)T‘O> = Tr[\pi gJR7JR(A7B)] ) (5'2)

NIr+3
where the impurities ¥; are as in eq. (.1§) A special feature of this new sector of N' = 4
SYM is that the eighth zero mode, corresponding to the isometric direction, is now in
one-to-one correspondence with the operator Jy, in (R.13d). These operators complete the
(bosonic) chiral primaries in the spectrum.

Turning to the near-BPS states, we easily read off from ([.22)) the N'= 4 SYM states
corresponding to string oscillator modes

q

H(affs)ﬂw ~ Z pi=r ks TGy Trsin (1) i (1) (A5 B)] (5.3)

s=1 0<l1,..g<2T
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where 3 = exp(27i/(2Jg)). The level matching condition >.?_;ns = 0 of these states
follows easily using cyclicity of the trace. Moreover, following the same steps as for the
N = 2 case (see appendix [J) it is a simple matter to derive the one-loop planar correction
to the anomalous dimensions of the two-oscillator state in the planar limit. The result is

g%MNn2

(@) (a®)f0): A—2Jp=2+ (22 (5.4a)
2 2
(@) (@_n)|0)y: A —2Jr=0+ 792%1;2 (5.4b)

in agreement with the string theory spectrum. For brevity we do not list the fermionic
states, but these are also easily read off from the results of section [LH.

We finally remark on the genus counting parameter in this new scaling limit of N’ = 4
SYM. Using the same techniques as in refs. [P, ] it is not difficult to see that the torus
contribution to the two-point function of the gauge theory operators above will carry an

extra factor of
J4
2 _ YR
27Nz

As a consequence go is identified as the genus counting parameter in this scaling limit.

(5.5)

More generally, we expect that using matrix model techniques it should be possible to
compute the exact two-point functions to all orders in gs.

5.2 On the new Penrose limit

It may be surprising that different Penrose limits exist at the level of N' =4 SYM theory.
Actually, as we already noticed, the result of the Penrose limit discussed in section is the
same as the usual pp-wave, though written in a different coordinate system. Thus what is
really going on is that the standard BMN pp-wave can be embedded in many inequivalent
ways in AV =4 SYM theory.

To understand this observation in somewhat more detail, we consider the way the
isometries of the pp-wave arise from the isometries of the original AdSs x S° solution.
This is a well known story, see e.g. ref. [f[]. The original isometry group of AdS5 x S5 is
SO(2,4) x SO(6). We pick the generator A of SO(2,4) corresponding to conformal weight,
and some U(1) generator J of SO(6). We can write SO(2,4) x SO(6) = G_®Gy® G, where
Go is spanned by A, J, together with an SO(4) C SO(2,4) that commutes with A, and an
SO(4) € SO(6) that commutes with J. The other parts G4 are such that [Gy,G+] = £G4,
and [G_,G¢] = Go.

The scaling limit introduced in ref. [[l] now tells us that we should keep all generators
in Gy fixed, except A + J. We should keep (1/R?)(A + J) fixed instead of A + J, where R
is the radius of AdS5 and S°. In addition, we should keep 1/R times all the generators in
G+ and G_ fixed.

This procedure implies that after taking the R — oo limit, (1/R?)(A + J) will be a
central element of the algebra, and that (1/R)G+ and (1/R)G_ will become like harmonic
oscillator creation and annihilation operators. They do in fact become the zero modes of the
string in the pp-wave quantized in light-cone gauge. The remaining generators in Gg simply
transform those in (1/R)G+ into each other, and become global symmetries of the system.
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In this way, the isometry algebra of the original AdSs x S° is contracted into the
isometry algebra of the pp-wave. It is straightforward to generalize this to include the
supersymmetry generators, but we will not need that here. The killing vectors then obey
the following algebra [H]

[ke_,all] =0, ke kary] =0,
ey s ko] = ker L e N A R L
(ko ke | = Ojike; — dirke, [/?kae;;} = Ojiker — dirker ,
[kt kany | = Ojikag, — Oacknry, — Ojikag,, + dakar,, - (5.6)

where 4,5, k,1 = 1,...,8 (recall however that kjs,, are the generators of SO(4) x SO(4)
where 7,7 = 1,...,4 and 7,57 = 5,...,8 label the two different SO(4) factors). In the re-
mainder, we focus on the generator A and the SO(6) generators. The isometries of the
pp-wave that one obtains from these in the pp-wave limit are more explicitly given by

ke = 23 (A +J),
ker = (A=)
1 )
ke, = =(E.T%),
7 R( a )
1 )
kr = —(F!T"
e; R( a )’
kn, = MYT®. (5.7)

where here the T are a set of generators of SO(6), and M’ form a basis of SO(4) C SO(6)
(this means that now the indices i,j take value 1,2,3,4), whereas EiT® and F!T® span
Gy and G_.

Before proceeding, it is worth pointing out that there are different ways to obtain
compact circles in the pp-wave geometry. Any of the isometries of the background can be
used. For example, if we use k.- we obtain the model of refs. [If, [7]. If we use k Myjs W
obtain the models of refs. [[L0, [[1]. These two cases are distinct in that the scaling of the
M in Z,; is completely different. If we use k.-, we need to scale M as R? in order to get
a finite circle in the limit. If we use kpy,;, no scaling of M is needed. In this paper we
essentially deal with the third remaining case, where we use k.,. This is a novel scaling
limit, since we now need to scale M as R.

Coming back to the different pp-wave limits, in order to find a different embedding
of the pp-wave limit in AV = 4 SYM, it is sufficient to find a different embedding of the
isometries of the pp-wave geometry in the SO(2,4) x SO(6) isometry group of the original
AdS5 x S° configuration. As long as the right isometry algebra appears once we take the
R — oo limit, the resulting geometry will still be the same as that of the original pp-wave
limit.

By looking at the algebra (f.6]) one can easily convince himself that the most general
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modification of (p.7) with this property is

e

1 i i ijya
- Tr(A+ T+ (B + fiFy + 9 M)T*),

L= (a-),
K = (B + iy MEH)T),
KL= (R + miy MIST®)
K, = MJT®. (5.8)

for some constants e;, fi, gij, mék, nzk Notice that k.+ cannot be modified, but k.- can.

The original pp-wave limit in ref. [f[] is related to the one in section by a transfor-
mation precisely of this type. In the original pp-wave limit, none of the k., commute with
ko+. Therefore, to compactify the pp-wave in this direction is somewhat cumbersome; the
isometry does not commute with the light-cone hamiltonian.

The new pp-wave limit is of the form (f.§), where we chose k! _ to be equal to #(A +
2Jg) rather than %(A + J). The light-cone hamiltonian that naturally arises in this case
is A —2Jg, which is a linear combination of k.+ and kjy,;, and which is indeed kept finite.
One immediately verifies that a linear combination of ke, and kZ, commutes with A —2Jg,
as expected.

Thus, our new pp-wave limit is just one of a large family of pp-wave limits, that all
have a different origin in the N' =4 SYM theory but all yield the same pp-wave limit. It
would be interesting to understand this phenomenon directly at the level of the N' = 4
theory, and in particular to understand why correlation functions are independent on the
choice of embedding of the pp-wave in the N/ = 4 theory.

5.3 Relation to the BMN limit

In this section we would like to explain in a bit more detail to what extent our Penrose
limit is different from the one considered by BMN in ref. [[[]. A priori the fact that different
Penrose limits seem to exist may appear strange. After all, Penrose limits [f], ] §] are based
on a choice of null geodesic, and all geodesics on S° are related to each other by the SO(6)
global symmetry. Indeed, a geodesic is given by point on S° and a unit tangent vector at
that point. Using SO(6) we can move any point to any other point, and the SO(5) C SO(6)
that fixes a point can be used to related any tangent vector to any other tangent vector.
However, the existence of different Penrose limits is related to inequivalent ways in which
we can choose the neighborhood of null geodesics. Normally [f], Penrose limits involve a
very specific choice of coordinates in the neighborhood of the null geodesic, but one of the
points of this paper is that there are other choices that lead to well-defined but inequivalent
scaling limits. Perhaps our use of the word Penrose limit to describe these other situations
is an abuse of the word Penrose limit, but we use the word to describe any well-defined
scaling limit of the neighborhood of a null geodesic that gives rise to a plane wave limit.
To illustrate the different choices of neighborhoods of a geodesic on S®, consider again
S5 embedded in C3 and labeled by three complex coordinates (a1, as,az). A particular
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choice of geodesic is the circle (e®,0,0). We can choose two different coordinate systems
that contain this geodesic once we fix all but one coordinate. The first choice is (re’®, az, as),
the second choice is (7110 rye(@=P) 43). Both contain the geodesic if we choose r =
ry =1, 79y =as = a3 = f = 0. But away from the geodesic, a plays a different role in
each coordinate system. In the first system the circles parameterized by « shrink to zero
size for r1 = 0, but in the second system they shrink to zero size only if r{ =19 = 0. In
the Penrose limit we are only interested in a neighborhood of the geodesic and we never
actually see any of these circles shrink to zero size. Nevertheless, the qualitative differences
in the choice of coordinates near the geodesic give rise to different scaling limits.

To illustrate the difference between the Penrose limit of BMN and our Penrose limit,

we write down the Killing vectors ke_, ke, and ke, + kes for each of the two cases. In terms

e+
of the following SO(4) generators!!
0100 0200 000 3
-1000 -30 00 00-30
J = , Jr = 2 1 Jr, = . 2 , (5.9)
0000 000 5 0 500
0000 00-10 —3000
the standard BMN limit is
(A+J)
bee = =z
ker = (A=),
2Jp,
key + kex = R (5.10)
whereas our limit is
- (A+2JR)
e = R
kv = (A=),
2Jp,
kel + ]{362 == ? . (511)

The light-cone hamiltonian in the plane-wave coordinates (A.2) is A — J, whereas in the
coordinates (2.10]) with a manifest isometry it is given by A — 2Jg. One crucial difference
between (5.1() and (B.11)) is that in (5.10) ke, and ke, + ke; commute only after we take
the large R limit, whereas in (f.11]) they already commute before taking the large R limit.
Therefore, at finite R, there is no PSU(2,2|4) global symmetry that maps (p.10) into (p.11]).
This is what we mean when we say that the pp-wave can be embedded in inequivalent ways
in the original AV = 4 theory. In fact, as we showed in section there are many-parameter
families of inequivalent embeddings of the pp-wave in N’ = 4. For each choice of parameters,
there is a set of gauge theory states that are in one-to-one correspondence with the states
of string theory in the pp-wave background. Before taking the large R limit, the correlation

"' Notice that [Jr,Jr] = 0, and therefore we can also choose both Jr, Jr block diagonal. In that repre-
sentation, J would no longer be block-diagonal.
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functions of these states will depend on the choice of embedding of the pp-wave, but in
the large R limit they will all become identical. The precise gauge-theoretic origin of this
phenomenon is not clear, but the large R limit should play a crucial role.

6. Penrose limit with isometries and time-dependence

In section P we considered a particular Penrose limit of AdS5 x S® that resulted in a pp-wave
background with one space-like isometry. In this section we put forward another Penrose
limit of AdSs x S® that instead gives two space-like isometries. Interestingly, this Penrose
limit results in a time-dependent background. This background has previously been found
in ref. [{] by making a coordinate transformation of the pp-wave solution of refs. [, [J. We
review this coordinate transformation in appendix Al After presenting the Penrose limit of
AdS;5 x S° we show how to construct the corresponding Penrose limits for AdSs x S%/Zy,
and AdSs x S°/(Zyy, x Zpg,) which result in one and two compact space-like directions,

respectively.

New Penrose limit of AdS; x S° with two space-like isometries Consider again
the AdS; x S° background (R-I)-(R-2) in global coordinates. As in section P.1] we embed
the S% in C? via (R-3) and we write the metric of S° as (R-4), (B-§) and (7). Defining the

light-cone coordinates

N 1
we write the Penrose limit as
1
R—oo with gr=py", § =-—y,
uR
) ) ~ (6.2)
YD S U S
L R’ R=p> p R’ R
This gives the pp-wave background
ds* = —ddy*dy~ — p*y"y" (dy™)? + dy'dy’ + 2cos(2pyT)dy' dy? (6.3)

with Ramond-Ramond five-form field strength
Fs) = 2pdy™ (sin(2uy™)dy dy*dy’dy* + dy°dy®dy" dy®) , (6.4)

withi=1,...,8and I =3,...,8. Here y3,y* are defined by y3 +iy* = 7e'® and 3°,..., 98
are defined by r? = Z§:5(y1)2 and dr? + r?(dQ})? = Z§:5(dy1)2. As can be seen from
the presence of the factor cos(2uy™) in the metric and sin(2uy™) in the Ramond-Ramond
field strength, this pp-wave background is manifestly time-dependent. In appendix J]
it is explained that this solution is in fact the maximally symmetric type-IIB pp-wave
background of refs. [[i, f]] in a different coordinate system than the one used by refs. [[, [i].
This coordinate system was found by Michelson [f]. This means that the physics for the
two backgrounds should be equivalent. However, in the following we compactify one or
two of these space-like isometries, and the string theory is therefore no longer equivalent to
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string theory on the pp-wave of ref. [, fl. More precisely, the presence of winding operators
in the compact directions means that we obtain a truly time-dependent string theory on
those backgrounds. We expect that one should be able to find the gauge theory operators
corresponding to the various string states on these backgrounds. If this is true, it could be
a new approach to study string theory in time-dependent backgrounds.

It is also interesting to note that the Penrose limits discussed here are not in the
class considered in section .3 This is because we have an explicit dependence on the
light-cone time in the coefficients mapping the algebra to the one of the pp-wave in the
coordinate system of ref. [[], f[] and because we do not consider a U(1) in the SO(6) to
get the hamiltonian. It would be interesting to understand how to extend the general

framework of section to encompass also the Penrose limits of this section.

Space-like circle from AdSs;x.S°/Zy;. Let us now see how to find a Penrose limit giving
one compact direction. We define the orbifolded space AdSs x S°/Zy; as in section P-2
This obviously gives the identification

R

1,1

= 2 — 6.5
y =y +2ms (6.5)
for the y' coordinate defined in (F.2), whereas the y? coordinate is not affected by the
identification. Thus we should keep R/M fixed in the Penrose limit (p.2)). We thus have
a space-like circle along the y! direction of radius R/M in this Penrose limit. Indeed the

momentum along y! is
M 2J;,

"R
which is quantized in units of M /R, as it should be.

P (6.6)

Space-like two-torus from AdSs x S®/(Zys, X Zyr,).  Let us finally describe how to get
two space-like compact directions. We define the orbifolded space AdSs x S°/(Zas, X Zr,)
as in section .3 In terms of the coordinates defined in (p.2) we have the identifications

R R R 2
yt =yt +277En1+77ﬁ2n2, y? =P —TI'ETLQ, a=a+ ﬁT;ng, (6.7)
for any ny,no € Z. No other coordinates are affected by these identifications. We now see
that if we choose M7 and M5 so that

My = 2nM, nez, (68)
then (6.7) is equivalent to
R R 2
yt=y! —|—27rﬁ1n17 y? =42 _nEng, a=a+ ﬁan, (6.9)

for any ni,ny € Z. Taking the Penrose limit (p.3) keeping R/M; and R/Mj, fixed then
gives two space-like compact directions y! and 3? with radii R/M; and R/Mj, respectively.
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We see from (.§) that we can only get a very restricted class of two-tori. The momenta
along y' and y? read

1 M, 2Jq)
Pl=—=2 = — 1
1 R JL R M1 s (6 Oa)
1 1 2Ms5 J(l) + 2J(2)
Py = E 2Jr = EQ(J(Q) + J(3)) ~ 0 M, (6.10b)

and we now see, given the quantization rules for J( ), that these momenta are correctly
quantized in units of M;/R and 2Ms/R = M) /nR respectively.

7. Summary, discussion and conclusions

In this final section we first summarize the new Penrose limits that have been discussed in
this paper as compared with previously discussed ones. Then we present a more general
overview of the main results of this work, along with open directions.

7.1 Summary of new Penrose limits

Every Penrose limit can be described by the action of the U(1) that generates the geodesic
on S?, together with the action of the orbifold groups. Each of them can be described by the
action on the complex coordinates (a1, az, a3) that parameterize S° via |a1 |>+|az|?+|as|? =
1. We have three different geodesics

G1 . (al, as, a3) — (ieal, —iGCLQ, ag) N (7.1&)
Go : (ay,a2,a3) — (ieay,as,as), (7.1b)
Gs : (a1,az2,a3) — (—eal a2 , €Q2 i ,a3> , (7.1c)
al a9
and two orbifold actions
H, : (a1,az,a3) — (Ba1,0 Lay, a3), (7.2a)
H2 . (al, as, a3) — (al, (9&2, 0_10,3) s (7.2b)
for suitable roots of unity #. The various Penrose limits are now summarized by
G Go Gs
- isometry BMN |isometry, isometry
Hy circle MRV isometry, circle (7.3)
Hy, Hs| circle, DLCQ circle, circle
Hy |isometry, DLCQ|IKM,GO

Here, the first column refers to the backgrounds discussed in section ], and the last column
refers to the time dependent backgrounds of section f. The middle column refers to original
Penrose limit of BMN [, the orbifold of MRV [Ig, [, and the orbifolds of IKM and
GO [[[d, [l1]]. We used the word isometry to indicate a manifest space-like isometry, the
word circle to indicate a space-like circle, and the word DLCQ to indicate a compact
null direction. Though there are probably several other possible Penrose limits, the table
suggests that we have obtained a reasonably complete picture.
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7.2 Discussion and conclusions

In this paper we have presented in detail a new correspondence between string theory on a
pp-wave with a space-like circle and N' = 2 QGT. This correspondence includes the detailed
map between gauge theory operators and string theory states and the identification of their
energy eigenvalues, at least to first order in géGT N/ JIQ%. There are several points worth
emphasizing:

e When the space-like isometry is non-compact the correspondence is between string
theory on the maximally symmetric type-1IB pp-wave in a coordinate system with
the space-like isometry manifest and V' = 4 SYM theory in the scaling limit (.14).
This means that we have found a new correspondence between theories with 32
supersymmetries. We have put this into a more general framework in section .2 This
shows an interesting interplay between coordinate transformations in string theory
backgrounds and selecting distinct sectors in the dual gauge theory. In particular,
we have shown that the existence of different Penrose limits is related to inequivalent
ways of choosing the neighborhood of null geodesics.

e When considering the space-like isometry to be compact the duality is between string

theory on a pp-wave background with a space-like circle and the following triple

scaling limit of N =2 U(N)M QGT

3

2
M
N — o0, T:ﬁxed7 —Rzﬁxed7 Jocr

Y fixed . (7.4)

The number of preserved supersymmetries of the corresponding subset of surviving
gauge theory operators is enhanced from 16 to 24.

e The chiral primaries on the gauge theory side precisely give the spectrum one expects
from string theory. This is non-trivial in the sense that our light-cone Hamiltonian
H = A — 2Jg is such that we do not have bosonic H = 1 states in the z! and 22
directions, but rather H = 0 and H = 2, respectively. This makes this part of the
spectrum very different from that of ref. [fll. Moreover, we do not have zero modes
along the compact direction, z!, and the gauge theory operators corresponding to
oscillators states have vanishing energy in the free theory. Therefore they corre-
spond to the lowest lying states above the ground state. The computation of their
anomalous dimension works in a rather different way as compared to the other op-
erators (which resemble instead the BMN computation), however we have succeeded
in finding agreement with the string theory predictions, reproducing the result

géGTNn2

A-2Jp=0
R=0+—00

(7.5)

at leading order in the planar limit.

e We have also winding states in the correspondence. All the operators except the
windings are directly inherited from the N' = 4 SYM theory since they are in the
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untwisted sector of N/ = 2 QGT. The winding states instead involve the twisted
sectors of NV = 2 QGT. We have also been able to compute the anomalous dimensions
for these states, obtaining

gé)GTNm2
4Jp M2

Notice that eq.s (F.5) and ([.6) map into each other with the interchange n/+/Jgr <
m/M. This m, n exchange resembles T-duality, which should hold along z!. Another

A—2Jp =0+ (7.6)

interesting property of the gauge operators corresponding to oscillators and winding
in the 2! direction is that they are degenerate with the ground state in the free theory
while the degeneracy is lifted at one-loop. This is dictated by eqgs. ([.5) and (f.6),
and the gauge theory computations perfectly agree with expectations from the string
theory spectrum. We regard this agreement as a non-trivial check on our proposed
correspondence.

e The presence of the winding states provide other non-trivial checks on the correspon-
dence. To compare the energy eigenvalues we used the multiplicity factor counting
the average number of nearest neighbor pairs AB or BA in the totally symmetrized
sum over words Tr[sym(A”7% B/R)]. We also used the fact that the phase angle of the
winding states is quantized in units of 27 /(Jr M) rather than 27/(2Jg), as is the case
for insertions of oscillator modes of the string. Moreover, we have shown that we can
derive string theory level-matching from our general prescription for the operators.

There are several further checks and future directions that deserve to be examined in

connection with these new pp-wave/gauge-theory correspondences. These include:

e From our analysis it follows that string theory predicts that the gauge theory op-
erators (J.35) corresponding to winding modes are protected in the sense that their
anomalous dimension is not renormalized beyond one loop. It would be interesting
to prove this within a pure field theory computation.

e We have shown that the genus counting parameter of our new Penrose limit in the
N = 4 theory is given by g = J3/N?. By lifting this to the U(NM) N = 4 parent
gauge theory of the N’ = 2 QGT we discussed, one obtains g3 = M%/N? using the
scaling limit (F.4)). We strongly believe that this quantity, which indeed is finite in
the scaling limit ([.4), is the correct genus counting parameter of the resulting N' = 2
QGT. It would be interesting to derive this directly from our N’ = 2 QGT operators.

e As a related issue, another interesting direction is of course to study interactions (see
refs. [B, fid, B, B, R [E-[pT] for current work on interactions for the original BMN
proposal). It would be interesting to develop string field theory in backgrounds with
compact directions and compare in our setting 3-point functions on the gauge theory
side with predictions from string field theory.

In the context of this new correspondence we also found several things that would be
interesting to study further:
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e We found the Penrose limits describing the space-like isometry pp-wave background
with a compact null direction. This we found both when the space-like isometry is
compact and non-compact. This makes it possible to find a correspondence between
the DLCQ of string theory, which should be some kind of matrix string theory, and
a quiver gauge theory.

e We found a new Penrose limit giving a background with two space-like isometries. We
also found the corresponding Penrose limits giving one and two compact directions.
These backgrounds are time-dependent, which obviously makes the pp-wave/gauge
theory correspondence very interesting.
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A. Killing vectors and coordinate transformations of the pp-wave

In this appendix we briefly review the connection between the pp-wave solution of refs. [[ [

and the solutions (P.10)—(R.11]) and (-3)—(f-4). Note that this appendix is essentially a
brief review of certain results and methods of ref. [fJ]. However, we do have some remarks on

the physical understanding of the space-like isometries leading to the solution (R.10)—(R.11).

Space-like Killing vectors. Consider the AdSs x S° solution (R.])~(R.2) with the S°
parameterized by (R.4). Define the light-cone coordinates ¥ = (t 4+ a)/2. The BMN
Penrose limit is now

1 .

R — o0, Tt =pat, i_:ﬁx_, p:%, H:g—%. (A.1)
This gives the pp-wave solution of refs. [H, I

ds* = —4dxtdr™ — plals'(da™)? 4 dzidat, (A.2a)

Fisy =2pda™ (dmldedx3dx4 + da:5dm6dx7dx8) , (A.2Db)

with 4,5 = 1,...,8. This solution has 30 bosonic Killing vectors [i, f]. One can now make

linear combinations of these Killing vectors in order to obtain space-like Killing vectors.
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Consider the following two Killing vectors

9
Ozt

0
- sin(uwﬂw — g (acl sin(pa™) + 22 cos(uz™)) e (A.3a)

Vi = cos(uz*) 7
19,
) 5o

Vo =— cos(,uwﬂ% — sin(,uuv*)i + & (z'sin(pa™) — 22 cos(pa™) (A.3Db)

1 or? 2
Clearly |Vi| = |V2| = 1 so both Killing vectors have norm 1. Note also that [V1, V3] = 0.
Obviously we can make similar space-like Killing vectors by exploiting the SO(4) x SO(4)
symmetry of the pp-wave [f].

Coordinate transformations. Since the Killing vectors V; and V5 are purely space-like
we can transform to a coordinate system in which they correspond to manifest space-like
isometries. Consider first a transformation that takes (z~,z',2?) into (27, 2%, 22) leaving

all other coordinates invariant, i.e. 27 = at, 2l = 2!, I =3,...,8, with
0
—=VW. A4
071 ! (A4)

It is straightforward to see that we can realize (@) with a coordinate transformation

where (2!, 22) and (2!, 22) are connected by a rotation. The full coordinate transformation

is then [f]
x! _ cospuzm sinpzt 2zt
2?2 |\ —sinpzt cospzt 22 )7
xT =z — gzle . (A.5)

This gives the eqs. (R.10)-(R.11)). Thus, we see that the solution (P.10)—(R.11]) indeed is

connected to the solution (A.3) of refs. [, ] by a coordinate transformation.

We can also find a coordinate transformation that takes (z~, 2!, 2?) into (y~,y', y?)

leaving all other coordinates invariant, i.e. y* = zt, y! = 2!, I =3,...,8, with
0 0
— =W — = VWs. A6
oyl Ls D2 2 (A.6)

This is more restricted and we get the coordinate transformation [f]

et =cos(uy)(y' —y?), 2= —sin(uy ")y +7),
x” =y +psinuy)y'y®. (A7)

This gives the solution (f.3)—(f-4), as promised.

Physical interpretation of z coordinates. We describe here the newtonian physics
of the motion in the (2!, 22) plane. We can think of the motion in the (x!,2?) coordinate
system as a 2-dimensional newtonian mechanical system where a spring is attached between
the point (2!, 22) and the origin, and with ¢ = 2+ being the newtonian time. We thus have
hamiltonian H = (52/(2m)) + (k/2)@2 and the Newton force law is mi = —kd.
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We now do the coordinate transformation

21 _ coswt —sinwt xl (A8)
22 ]\ sinwt coswt x2 ) '

To describe the motion in the (2!, 2%) coordinate system we need to add fictional forces to
the Newton force law. We get

—

32
mzZ = —kZ — 2mw ( 217 ) + mw?z, (A.9)
z

corresponding to the hamiltonian

o1 2\ =2 1 2
L 2 _ _ . Al
o + 2(k w'm)Z® —w(z'pa — 2°p1) (A.10)

Choosing the critical value w = \/k/m for the rotation velocity we have

- —32
mi=-2mw| . |, (A.11a)
P’ 1 2
H=-—— — . A1l
o w(z'p2 — 2°p1) ( b)

The motion is thus that of a free charged particle in a constant magnetic field.!?
Obviously, we still do not have a free motion in the z! direction at this point. But

the point is now that the coordinate transformation = = 2~ — (1/2)z'2? induces an extra

term in the hamiltonian of the form C(z!ps + 22p1). Choosing C' = w we therefore get

—

=L 4 2wz’p (A.12a)
2m

F= -2 N EET A.12b
mE=—2mw | + dmw ERE (A.12b)

The hamiltonian is now independent of z! giving p; = 0 which means that this is a free
direction. We can also see from Newtons force law that it now is possible to have a motion
with constant velocity 2! if we choose 22 = 2!/(2w).

B. N =2 quiver gauge theory

We give here some details on the N/ = 2 quiver gauge theory (QGT) discussed in section
namely the theory corresponding to N D3-branes on the orbifold C2/Z ;.

By studying the low energy spectrum of open strings ending on the stack of D3-branes
(for a recent review see ref. [p7), it is easy to see that the A” = 2 QGT has gauge group

UN)D x UN)P x ... x UN)M) (B.1)

12Gee also ref. @] for a discussion of free trajectories in the pp-wave background.
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where the gauge coupling Q(QQGT is the same for all group factors and is expressed as Q(QQGT =
4mg, M in terms of the string coupling gs. There are M vector multiplets (A,r, @7, Y. 1,%1)
(I = 1,...,M and ®; is a complex scalar transforming in the adjoint representation
of UN)®)) and M bi-fundamental hypermultiplets which in A/ = 1 notation read
(Ar,Br,xa1,xB,1). The complex scalar A; transforms in the (N7, N;y1) and By trans-
forms in the (N7, Nyy1) where N; (Nj) represents the fundamental (anti-fundamental)
representation of the gauge group U(N)U) (U(N)M+1) s identified with U(N)™M). This
theory has 16 supercharges and is conformal [ff].

Connection to N' =4 SYM theory. We now describe how the N = 2 QGT discussed
above can be obtained as a projection of N' =4 SYM theory with gauge group U(NM).
This is useful since one can then simply use an N = 4 formalism in performing gauge theory
computations. As discussed in refs. [, E @}, the idea is to consider N M D3-branes on
the covering space of C2/Z); and perform a Z,; projection on the worldvolume fields and
the Chan-Paton factors.

The euclidean action for V=4 SYM is

1 1 1 A A
Sp=—— [ d'zTr <_FIWFIW +5Du¢' Dyd’ + 16", 119", M) + S, (B.2)
g 4 2 4
with ¢°, i = 1,...,6 being the six scalars, D, = 0, + [A,, "], Flu = Dy, Ay - Ster is the
fermionic part of the action. Note that all fields are NM x N M matrices, so explicitly one
should write the scalar fields as qﬁflb with a belonging to the fundamental representation of

U(NM) and b belonging to the conjugate representation. Define now the three complex
scalars

1

V2

1

V2

1

W-
! V2

(@' +ig%), W (¢ +ig"), W (¢° +i¢°). (B.3)

Then we write the scalar part of the langrangian of N'=4 SYM as

1 1 i i 1 i 17 A% j
——Tr <§DM¢ Du¢' + 716", #ll¢ ,¢]]> =
9ym
1 1 -1 =1 o
= —Q%M Tr §DuW1DuW1 + §DuW2DuW2 + §DMW3DMW3 +Lp+Lp, (BA)
with
11 . f 7.7)2
£ = L (0, W+ 7] 5, ) (352
9y 2
1
Lp = - Tr (|[Wr, Wol|* + [Wh, Ws]|* + [Wa, W3] %) . (B.5b)
YM

One obtains the N' = 2 QGT by using the following relation between the N' = 4 SYM
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fields and the fields of the N’ =2 QGT

Al o,

AMQ (I)Q
AN = W3 =¢= )
Aum 3%
0 A 0 By
0 A, B1 0
Wy=A= Wy =B = _ (B.6)
0 Ay 0
Ay 0 By-1 O

These are the projected fields of N/ = 4 SYM corresponding to the orbifold projections
acting on the Chan-Paton factors of the open strings ending on the NM D3-branes in the
covering space of the orbifold space. Each non-vanishing entry of the above matrices is an
N x N matrix and corresponds to the scalar fields of the N = 2 theory.

For future purposes, let us write down the normalization of the scalar propagators
which, given the identifications (B.f), can be easily inferred from the action (B.2) to be

OB (0)) = (AP AT — (B @B () = rearLsr

8n2 [22]’ (B.7)

where a, b, ¢, d are now U(N) adjoint indices.

In refs. [b9, p] it was shown both using string theory and field theory arguments that
the correlation functions of the A" = 2 QGT theory are the same as that of the correspond-
ing N' =4 SYM theory in the planar limit, provided we identify gngT = g2 M = 4dmgsM.
This relation also follows from identifying the action (B.2]) with the action for NV = 2
QGT.

Fermions from N = 4 SYM theory. We can also project the fermions fields in a
similar fashion. We write the fermion part of the N'= 4 SYM theory action as

1 1. 1- .
Sl = /d% Tr (5\1, PID,W + W Tg ‘I’]> (B.8)

9ym

where U is a spinor in ten dimensions transforming in the adjoint of U(NM) and I,
are the Gamma matrices of SO(10). The spinor ¥ is divided into four different four-
dimensional spinors xa,xB,%¥s and 1 so that x4 is the superpartner of the scalar field
A, xp the superpartner of B, 1 the superpartner of ® and 1 the gaugino field. The

projections of the N' =4 SYM spinors x 4,x5,%s and ¢ to the spinors x 4,1,XB.1,%s,1 and
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Y, I=1,...,M, of N =2 QGT are given by

() Va1
o Yoo
Y= . ; e = . ;
Y Yo M
0 xa1 0 XB,M
0 xap2 xB,1 0
XA = , XB= . (B.9)
0 xa,nm-1 0
XA,M 0 xBm-1 0

Scalar chiral primaries in /=4 SYM and N =2 QGT. Consider the real scalars
@', i = 1,...,6, which transform in the adjoint of U(NM). The single-trace scalar chi-
ral primaries are given by the symmetric traceless combination of Tr(¢® ---¢™). More
explicitly, define the symmetrized trace

Vit = Ty (¢(“ L ¢in)> _ (B.10)
Then the chiral primaries C*'"*» are given by
Citin _ yivin %5(i1i2vi3min)jk5jk oo (B.11)

where we only wrote the single contractions explicitly. This chiral primary is thus a tensor
C*in that transform in the irreducible (n, 0, 0) representation (in terms of the conventional
Dykin labels) of SO(6).

We can also consider the above chiral primaries in SU(3) notation. Our notation is
here that W for a = 1,2, 3 are defined by (B.3) whereas W for a = 1,2,3 are defined by
We =W?¢ for a = 1,2,3. Define now the object

yaran = Ty (W(al . W“”)) : (B.12)
for a; = 1,2,3,1,2,3. Then the scalar chiral primaries are given by the tensor

PaiGn _ yaran %n(alagyagman)bcnbc e (B13)

MI =1y =N33 =0 =n?2=n>=1, Nap = 0 for all other entries (B.14)

is the metric that we use in tensor contractions.

If we consider n = 2 as a special example we see that

1
P = Te(Wlew?)) — gnabncd Te(WeWw?). (B.15)
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Since P14 P22 4 P33 — ( we thus get that the only chiral primary with n = 2 that involves
AA and BB but not ®® is P! — P22 = Tr(AA — BB). This will be important in section [

The above describes the scalar chiral primaries of N = 4 SYM. In N/ = 2 QGT
the operators (B.13) define via the truncation (B.6) scalar chiral primaries. These chiral
primaries are the scalar chiral primaries of the untwisted sector. The scalar chiral primaries
of the twisted sectors are instead given by the traceless symmetric combination of

T (S™W® .- W),  m=0,1,...,M—1, (B.16)

with

0 2mi
9M—1

being the twist matriz. We clearly have M sectors, 1 untwisted and M — 1 twisted, since
SM = 1. These M tensors are the scalar chiral primaries of N' =2 QGT.

However, it is crucial to note that the Zj; projection above makes the operator
Tr (S™W ... W) vanish unless W ... W% has the right R-charge. In table P we listed
the quantum numbers of A, B and ® and their hermitian conjugates. It is now possible to
show that Tr (S™W ... W) only is non-zero if the total Jz, charge is a multiple of M/2.

C. Details on the N = 2 operators

In this appendix we supply the discussion of the gauge theory operators in section ] with

computational details and proofs.

Level matching. We first present the proof of the level matching conditions ([L46]), using
the form of the N’ = 2 QGT operators in terms of generating functions. In the following it
is implicitly assumed that x = y = 0 in all expressions, after differentiation.

We start by focusing on the case with winding and momentum only for which, up to

normalization factors, the state is
Op =Tr [SngRJrJL,JR*JL (@™)] w = ™/ TRM) (C.1)

in terms of the generating function ([£3(). The latter can be rewritten according to

K+L

Or,(wm) = afayL H [w%uf%xA—i—w*%w%yB} (C.2)
r=1
m(K—L) LKJFL*l mr mr m(K+L) m(K+L)
=w 2z 0, (9y H [ufoA—kwTyB] {wi 2 CEA—i—wfyB].
r=1

Then using the fact that the twist matrix (JL.34)) satisfies

AS=0SA, BS=0"'SB, =M, (C.3)
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we have

(K L)

Tr [S"Gr L (W™)] =w ool Tr

( m(K+L) m(K+L)

p) xA—|—w7yB) S™x

K+L-1
X H <w7%xA+w%yB>
r=1

m(K L)

(
=w o ol Tr

sm (em - ZA+ 0 m(”L’yB) X

K+L-1
X H <w7%xA + w%yB>

r=1

(C.4)

Using now that K = Jg+Jp, L = Jgr — Jp, along with the values of w and 6 in (C.1)), (C.3)
one finds that §™w™ UG 1 and hence

Te[$"Gre1 ()] = 0™ T Tr [S™Gr 1, (W)] | (C.5)

showing that, as desired, the state O,, only survives for Jr = 0 if we have m # 0.
Consider now the case with one insertion where we need
-1 K+L-1
Ok ri(w) = 85635 H [w_%xA —|—w§yB} ¢ H {w_%xA —|—w%yB] . (C.6)
r=0 r=l
Then, by similar manipulations as done above we can move the ® insertion [ spots forward
using cyclicity of the trace, yielding

Tr [S" G pa(w™)] = w2 mE L) Ty [§™DG 1 (w™)] = w ™ Tr [S™ DGk 1 (w™)] . (C.7)

Now, according to ([L47), for a given level-number n, momentum k = 2J;,/M and winding
number m the appropriate state is

2JR

On,k,m = Z Tr [SmgK,L;l(wm)] ﬁnl ’ ﬂ _ 627ri/(2JR) , (08)
=0

which using (C.7) is equal to
2Jr
On,k,m =Tr [qu)gK,L(wm)] Z(ﬂnw_mJL)l . (09)
=0
Hence in order for this to be non-zero we need 8" = w™’/L which precisely reduces to the
level matching n = mk after using the explicit forms of 3, w and Jy,.

N =2 QGT operators and their normalization. In section f] we presented the gauge
theory operators both in terms of generating functions as well as words in A/ = 4 notation.
Here we present the corresponding explicit forms in terms of N' = 2 fields after substitution
of (B.§). The resulting expressions are useful in order to derive the normalization of the
operators, their anomalous dimension, while also providing an alternative proof of level
matching.
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We start with the ground state (J.15) with non-zero momentum k. Using ([£10)), (f.14)
and substituting the N'= 2 form (B.6) one arrives at

|k, m = 0) CZZTr 1] (C.10a)

o I=1
I+ e(D)4e@)], I+ L [o(1)+20(2)+0(3)] I+ oeM+2 22 B (i) +o(2R)]
Wo,r = Us1yUpg oy Usz) Usaln) ’
(C.10b)
o(iy==+1, Ul =A4;, UL, =By, (C.10c)
1 1
C= (C.10d)

VWIg+Jr,Jr—JL NJr V2JrM ’

where all upper indices in the A = 2 words ([C.10H) are meant to be the pullback (modulo
M) in the fundamental range I = 1... M. For brevity, we have omitted that the sum over
o is over (Jr + Jr, Jr — Jr)-type words only, while we also recall that the definition of
wg.,r, is given in (f.11)). To check that the last letter in the word indeed correctly contracts
with the first letter, note that the superscript of the last letter in the trace is

2Jr—1 1
I + ) +2 Z ) +0(2JR)| =1 = 3lo(1) + 0(2Jr)] + Z(0)
= I Slo() + o(27g)] + kM
~T- %[0(1) + o270, (C.11)

where we used the definition of the index in (JL.13)) along with its value Z(o) = 2J;, = kM
and the last step uses that the superscripts are periodlc in M. Then indeed we see on
inspection that the last word matches the first, since U o] 3o )( Jto(27r)] U(/{(l) has the correct
structure to move from one U(V) factor to the next one.

Let us next verify the normalization factor (IC.10d) by computing in the planar limit
the free two-point function of the operator ([C.104]). Using eq. (B.7) we compute the free

two-point function

<Ok( Ok/ C2Z Z TI‘ 0[ [Wa/,l’(o)b

o0’ I,J=1
M
= C%0kw2Jr Y Y (TrWo 1 (z)] Tr[Ws1(0))) (C.12a)
o =1
= C?0p 1 2JR ( JRQiRJL ) M(Tx[Wy 1](z) Tr[We.1(0)]) (C.12Db)

2Jr
2J R goar 1
= C%5,, 102J, MN?/r — . C.12
k.k R (JR+JL> 872 ’mQ‘ ( C)

Here the second step is a crucial simplification, analogues of which hold for all our N = 2
gauge theory operators in the planar limit. To see this, we note that since the scalar
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propagators are diagonal in I-space, it follows by comparison with ([C.10B]) that we need
I =1 and o(i) = 0'(i), Vi =1...2Jp up to possible identifications due to cyclicity of
the trace. This means for the case at hand first of all that we need that both ¢ and o’
are of the same type, and hence k = k’. The overall factor of 2.Jy is furthermore obtained
as follows. Suppress for a moment the /-dependence and consider a string of A’s and B’s,

with Jg + Jr, A’s and Jg — J;, B’s. There are <J QiRJ ) such combinations but since the
R L

trace is cyclic not all combinations are independent. There are some words that have a
symmetry, eg. Tr[(AB)7®], which is invariant under a cyclic shift of order two. However,
these special words make up a very small fraction of all the words, that vanishes rapidly
as Jg increases. We can safely neglect all these symmetric words. Then if we compute the
two-point function, at leading order, each word can be contracted with 2Jr other words,
accounting for the prefactor in (C.12d). The result ([C.12h) is then obtained by replacing
the sum over ¢ by the number of words, the I-sum by the number M of U(N) factors,
leaving just a two-point function of a representative N = 2 word (since all of them give the
same) for which use the scalar propagators in (B.7). This then yields ([C.12d) where the
factor N2/% arises from the contraction of the U(N) indices in the planar limit. Finally,
substituting our normalization factor ([C.10d)), we arrive at the resulting two-point function

5 2/
(O ()0 (0)) = dp 1 (g;SQT %) : (C.13)

|27

which concludes our derivation of C in this case.

The derivation of all other normalization factors in the paper proceeds along the same
lines. We leave those in (JL17) as an exercise for the reader, turning immediately to the
oscillator states in ([£29) for which we define

2Jr

(@) (@ )k =0,m=0) =200 =Cp) > > Z Te[® W, 14]8™ (C.14a)
= OUEO(JR,JR)I 1

[-3(o(1)+0(2JR))

Woota = Ugqry - Upy @ Usiiiy - Upol) :
(C.14b)
1 1
Cor = \/mNJR+1\/W' (C.14c)
Then the free two-point function is calculated to be
M 2Jg
<O,(LO)( )O(O 0) Z Z Z (Tr[@r(2)Wg r4(x)] TT@[/(O)WJ/J/J,(0)]>5nl—n'l/
o0’ ILI'=111'=
2JR
=Clo 22 Z (TY[® (@) Wo, 13 ()] Tr[@1(0)We, 12 (0)]) 57!
I=0 o I=1

2.J ey
— C(2 < R> M Z Tr CI)[ Jl;l(m)] Tr[fi)l(O)WUJ;Z(())])/B(nfn’)l

,52,



_ 2 R 2(Jr+1) QGT
= C(O) < Jr > M2JR6, p N“VE ( ) |x2|> . (C.15)

Then using the normalization factor (C.14d) we record for the free two-point function in
the planar limit the result

2 ’12‘

2(Jr+1)
(O ()0 (0)) tree) = On far L) (C.16)
(free) n,n S

=

Finally we discuss the operators ({.35) with winding in the present N/ = 2 notation.
For the general state with non-zero momentum and winding one finds

|k, m) = okm_cZZ (o) +aBo Ml ], (C.17)

o [=1

where C is as in ([.10d), the N' = 2 words W, ; are defined in ([C.10H) and the weight
N (o) in ([£39). To calculate the free two-point function of these operators follow the steps

M
(O (@) Opyr (0)) =C2 3 3 NV =N (&) gL+ 3= )=’ (I'+ 330" (D))

o0’ I,I'=1

X (TeWo.r(2)] Te[Wyr 1(0)])

M
=C20p2Jp » Y wmTmIN@ =LY ()] Te W1 (0)])

o =1
2Jr gg)GT 1 2Jn
=C26), 10 2] M6,y — , C.18
k.k R (JR+JL> ) ( 872 ]m2‘> ( )

showing that the orthogonality of winding states with different m is intimately connected

to the twist matrix. Using C in (C.10d)), we thus record the final result

22|

2 2JR
A g 1
(Okn () O (0)) = G S ( ;ff —> , (C.19)

which includes the m = 0 result ([C.13) as a special case.
In this form the level matching is easily checked by using cyclicity of trace to move the
last letter in W, 1 to the first spot in the word. Then after redefining the two summation

variables o and I in ([C.17) as

GG) = oli—1),  &0)=o(2g), I—=I- %[0(1) + o (2Jp)], (C.20)
and using the identity
N(o) = N(&) + %I(&) e, TE) =T(0) = 21, (C.21)
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one finds for each word in the sum the phase factor

Wl IRe(D] g=ma(1) _ mis (C.22)

where we used ([.31), ([.34) to obtain the second form. Then the level matching J;, = 0

for m # 0 follows immediately. More generally for the operator with one insertion

M
(GS)T“{v m) = On,k,m = C(07W) Z Z TI‘[WUJ;Z] (C23&)

o [=1
1 1

VWIr+Jr,Jr—JL NJRJF% V2JrM

we move, as in (), the last letter to the first spot. Since this increases the location of
the insertion of ®; by one unit this means that we need to accompany ([C.20) by the shift
[ =1+ 1 inducing an extra phase 3" in (C:22). To cancel the overall shift we thus need
B" = w™/L which implies the level matching n = km.

(C.23b)

Clow) =

Derivation of anomalous dimension formula. The anomalous dimension of an op-
erator O can be evaluated by computing the correlator (O(x)O(0)) at one loop

(O(2)0(0)) (free) = M#Ao

A N N
— (O(2)O(0)) (tree-+1-1oop) = RGN~ o (1—-25AIn|z|A), (C.24)

where N is a normalization factor, A is the conformal dimension of the operator in the free
theory, A a regulator and 0A the anomalous dimension. The one-loop corrected dimension
is then

A =Ag+A. (C.25)

This shows that we are interested in the ratio (J.52) between the one-loop contribution
and the free part.

Here we derive the formula ([.5J) for the ratio between the free and one-loop two-point
function for the oscillator and winding states, and discuss some of the other steps that lead
to the result (f.59) for the one-loop correction to the anomalous dimension. As argued in
section .4 we only need to focus on one-loop contributions coming from the F-terms given
in ([B.50).

We first consider the operator ([E.504]), for which the free two-point function is given
in (C.16). To compute the one-loop contribution to this two-point function we may start
with the expression in ([C.15) and recall that the one-loop F-term contribution to this will
induce an interchange of ® with a nearest neighbor U,+1). This gives rise to a factor
(01,71 + 61741]/2 as compared to the 6; factor in the free case. Moreover, there are in all
four interchanges possible, accounting for a multiplicity factor m = 4. As we are working
in the planar limit, it is not difficult to see that again one only gets contributions when
o = 0o’ and I = I'. Furthermore, as a result of the one-loop interaction 2 out of the 2Jg + 2
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scalar propagators are replaced by the one-loop term involving the F-term interaction, so
that

(@(2)®(0))(Us1(2)U£1(0)) — (®(2)Us1(2)®(0)Ux1(0)), (C.26)
where we recall Uy = A = W, U_1 = B = W3 and the corresponding one-loop diagram is

given in figure f]. Finally, we have to take into account the Fourier transform

g+ 8
2

2JR

1 2l
- 208 85 nl—n'l =4 ,
2r o 2[ -1+ 01r41)0 nn

(C.27)

and putting it all together leads to ({.53)) with the particular substitutions given in ([£54).

To compute the one-loop correction for the winding state ({.51) we start from the
expression ([C.18). In this case the one-loop F-term will induce interchanges of A; with
a nearest neighbor By and vice versa. In analogy with ([C.26) the result of the F-term
interaction is the replacement

(A(2)A(0)){(B(2)B(0)) — (A(z)B(x) A(0)B(0)), (C.28)

which corresponds again to the diagram in figure f Moreover, it follows that (modulo
cyclic permutations) 0, in the free case is replaced by d,op Where oo P (or o o P
stands for the word that results from interchanging a nearest neighbor pair AB or BA.
This shows that we can reduce again the double sum in ([C.18) to a single o-sum since o’
is fixed given each choice of o. This will also fix I’ given I, and the resulting sum involves

M m —m

WN@-mN (@5 NS glmem)] 5 W T C.29
; P, ; m,m 2 ( )
Here we used the definition of the weight N (o) in (f.39), which implies for the A < B
interchange defined above that N'(0) =N (0o P) =1 for AB — BA and N (¢) =N (o0 P) =
—1 for BA — AB. Here, each of these two situations occurs an equal number of times,
so that we have taken the average to obtain ([C:29) (see below for the multiplicity factor).

The relation ([C.29) can be seen as the analogue of ([C.27)).

Finally, we need to take into account the multiplicity factor counting the number of
interchanges. For this we need to count the number of words where A and B sit next to
each other at 2r places. (Since the number of A’s and B’s is the same, it is clear that on r
places there is an AB, while on the other r places there is a BA). The number r satisfies
1 <r < Jg. If r =1 the word is tr[A’R B/R] or a cyclic permutation, if 7 = Jx the word
is tr[(AB)’%] or a cyclic permutation. The number of words as a function of r is

N, =2 (‘]f__ll> (JTR> (C.30)

and indeed ZrJﬁl N, = <2j§> reproduces the total number of words. As a consequence
the multiplicity factor is computed as

27{21 riN, 2J%
ST N, 2Jp—1
Taking all this together then leads to ({.53) with the particular substitutions given in ({.56).

m=2

Jr . (C.31)
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Operators corresponding to oscillators in the isometric direction. We conclude
by considering the operators ([..27) corresponding to the oscillator modes in the isometric
21 direction. For simplicity we focus on the N/ = 4 counterpart of these operators in the
U(N) theory. This means we take M = 1 in the states (JL27), but we stress that our
results also hold for their A/ = 2 counterparts, as one may check that in the planar limit
the contributions to the two-point functions below are diagonal in the U(N)™ product
space. This enables us then at the end to compute the anomalous dimension of the N/ = 2
operator in (f.50H)).

As a further simplification, we may first look at the gauge non-invariant operator

2Jr—1
n n o __ 1 nl
P, = E doWs , d; = 3 E ol+1)3 (C.32)
O’EO’(JR,JR) =0

relevant to the case of a single oscillator in the z; direction. Though this operator vanishes
after taking the trace, we may still use the non-traced version ([C.33) in order to compute
the anomalous dimension of the (level-matched) double insertion by simply multiplying the
result by two.

We start by computing the free two-point function

(Po(2)Po (0)) = Zd"d" = 33 W) 0) (C.33)

= Z > o+ 128N LN ol + ol + 1) | x
o l

LAl
X (Wo (2)Ws (0)) (C.34)

where the first step uses the fact that in the planar limit the contributions are diagonal
in word space. Now use that the free 2-point function (W, ()W, (0)) is o-independent as
well as the result

Y ol Dol +1) =2 <2J§R_ 2) —2 <2ﬁ__12> (C.35)

JEU(JRyJR)
1 2JR> 1 ,
_ - _ 1#£1.
2Jp — 1 < 2Jp — 1 Z ’
R JR R O’EO’(JR,JR)

Then, after also using o(141)? = 1 in the first term, we can perform the [, !’ sums in ([C.34)
to obtain

(PueIPwlO) = 1 |28 = 7 (@0 Snabra ~ 2J35n,n,)] S W (@)W (0))
2
= %%m(l —60,0) Y (Wal(z)Ws (0)) . (C.36)

[ea

As a check note that indeed the two-point function of Py = 0 vanishes. The way this
works out is that the second term in ([C.34)) precisely cancels that first term in ([C.34)), as
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one could have noted immediately from ), o(l + 1) = 0 (since Jr = 0) in that case. For
n # 0 on the other hand, the computation above shows that the second term in ({.34) is
negligible compared to the first term in the large Jg limit. In summary, we record

(Pl Pur(0)) = 226, (1~ 5,.0) Py ()P, 0)) (Ca7)

where we have taken the large Jg limit and introduced the notation (Py(z)P,(0)) for
the free-ground state (without trace) two-point function. In the following we restrict our
discussion to the non-trivial states Ppg.

We now consider the one-loop planar corrections to the two-point function
(Pp(2)Pps(0)). We first consider the diagrams that acts diagonally in word-space, i.e.
which only have planar contributions between equal words. These are the D-terms plus
radiative corrections to the propagators, plus some of the F-terms. Since they are diagonal
in word-space, we can simply use exactly the same argument as above, and we get

2JR

—5n,n/(1 - 5n,0)<Pg ($)7sg(0)>1-100p, diag. » (0-38)

<Pn (m)ﬁn’ (0)>1—100p, diag. = 4

just as in (C:37).

Turning instead to the one-loop planar diagrams that do not act diagonally in word-
space, we note that the only diagrams contributing is the F-term diagrams that interchanges
an A with a B like in (C.2§). It will be useful to employ a similar notation as for the wind-
ings, introducing now P; to be the permutation of the nearest neighbor pair Uy (;41)Us(g42)
occurring after the gth spot in the word o. More explicitly, if for example

Wo = Us1y - Us() ABUs(g43) - - Us(20p)

then
Wook, = Us(1) - Us(q) BAUs(q13) - Us(21) -

Define now for a given ¢ the set M, as the set of words in o(Jg,Jr) that have
Us(g+1)Us(q+2) = AB or Us(q11)Us(q42) = BA. The F-term contribution to the two-point
function is then

(Pu(@)Pr(Olr =D > dodyboor, o (Wal2)Wer (0))

q o,0'eMy

=535 S o+ 1)(o 0 PYE + 1B Wy () Waop, (0)) , (C.39)

q oeMy Ll

where the correlator, which incorporates ([C.2§), is independent of the choice of o and P,.
In parallel with the free two-point function above, the leading contributions that are also
n-dependent, will now arise when (o0 P;)(I'+1) =o(l+1),so that '’ =1{+1and g =1 or
Il =141 and g =1 Substituting this and performing the /-sum then yields the ratio

(P ()P (0)) |

(A(z)B(z)A(0)B(0)) )
< ( ) (O)Hfree ’ n,n 750 (040)

B(
(A()A(0))(B(2)B(0))

= (6" +07T)
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in terms of the free result in ([C.37). We now observe that if we take (.40) and formally
set f = 1 but keeping n # 0 then all one-loop contributions from ([C.38) and ([C.40)

vanish, since they reduce to a factor times the one-loop contribution to (Py(x)Py(0)) which
of course is zero.'3 Thus, with this in mind, we see that for 3 # 1 we get a factor
"™ + 37" — 2 in front of the total one-loop planar contribution to (P, (x)P,(0)), and the
resulting anomalous dimension indeed becomes 6A = géGTN n?/2(2Jg)>.

The corresponding result for the operator ([L.50H) with two J;, insertions, as summa-

rized in ({.53), (f.55), then immediately follows from ([.40) by multiplying by two.

Useful formulas. We collect here some formulas which are useful for the gauge theory
computations carried on in section fi.

Let us first fix our convention for Fourier transform. The Fourier transform of a
function g(p) in 2w dimension is a function f(z) defined as

ro = [ By, o) = [, )= [
- (271')2“’ g\p), g\p) = p ’ p)= (27.‘-)2w '
(C.41)
The Green function for the laplacian in 2w dimensions is
d*p eP* IMNw-—1)
A)= | = = —— 42
() / 2m)2 p2  dgwigp2e-1’ (C.42)
while more generally,
d*p e INw—s)
= : C.43
| G ~ T (e

In momentum space, the relevant integral for the one-loop diagram in figure B is

d?q a2 B ¢ \* TE-w)Tw-1* 1
/qz(p —q)? / P —2m = (/ ¢ (p - q)2> T T(w-22 [pe-w’

(C.44)

where 0, , follows from momentum conservation on the four-point vertex. The above inte-

gral seems to have a quadratic divergence in four dimensions, i.e. for w = 2. However, this
is not the case when transforming back to coordinate space. Indeed the Fourier transform

of eq. (C.44) is

(2 —-w)’(w-1)* dp "  T2-w)T(lw-1)TBw-4) 1
2w —2)? / (2m)2w [p2]2(2-—w) 4420w (2w — 2)21(4 — 2w) [w2]3@—4
2 L A2 n(elA).

T2 —waw [P
(C.45)

Here In A% = 1/(2—w) and we have evaluated at w = 2 all factors giving finite contribution.
The above computation implies that

/ Ay M)Al — ) = 15 AP In(lz]A), (C.46)

which is used in section [.4 to compute the one-loop anomalous dimensions.

13Note that we cannot use the usual argument of comparing n # 0 to n = 0 since () for n = n’ has
an n-dependence in the form of d,,0.
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D. N =1 quiver gauge theory

Here we give some details on the N/ = 1 quiver gauge theory arising by considering N
D3-branes at the orbifold C3/(Zys, x Zy,) discussed in section .3} The gauge group is a
product of My M, factors

[TowUD where I=1,....My, J=1,...,M,. (D.1)
I1,J

Contrary to the N' = 2 case, we are using a double index notation since in this case the
orbifold group has two generators, wy and ws, defined in eq. (R.22). The gauge coupling
is the same for all group factors, géGT = 4mgs M1 Ms in terms of the string coupling g,.
The field content of the gauge theory consists of MMy vector multiplets (A, 17,%r7) and
3M; M bifundamental chiral multiplets Wy = (Wy, x7s). Similar to the N’ = 2 case the
chiral multiplets can be organized in three different MMy x M;Ms matrices W; (every
entry being an N x N matrix) associated to the three complex planes a; transverse to the
D3-branes. Given eq. (R.23) one can show [f1] that the complex fields W; decompose in
the following representations of the constituent gauge factors

Wi — @ry (NI,J,NIJrl,J) ) (D.2a)
Wy — @15 (N1,7, Ni—1,0-1) , (D.2b)
W3 — Dy (NI,J,NI,J+1) ) (D.2¢)

where Ny ; (Np ) represents the fundamental (anti-fundamental) representation of the

() The above structure automatically relates the A" = 1 theory to the

gauge group U(NV)
parent NV = 4 theory defined on the covering space. The latter is a suitable truncation of the
gauge theory obtained form N MM, D3-branes on C3. The three N = 1 chiral multiplets
W, sum-up into the 3 complex fields entering the N' = 4 multiplet. The connection
between N =1 and N = 4 field then proceeds along the same lines as for the A’ = 2 QGT
discussed previously: each N x N non-vanishing entry of the My Ms x My Ms matrices W;
is a given chiral field Wy of the A/ = 1 QGT. In all we have three NM; M, x N MM,
matrices corresponding to the (truncated) three chiral fields transforming in the adjoint
representation of the U(NM;My) N = 4 theory.

As for the N' = 2 theory case, the field content of the N' = 1 at hand can be efficiently
summarized into quiver diagrams, which will be of increasing complexity. As an explicit
example, the quiver diagram for My = 5, My = 3 is depicted in figure [i.

References

[1] D. Berenstein, J.M. Maldacena and H. Nastase, Strings in flat space and PP waves from
N = 4 super Yang-Mills, J. High Enerqy Phys. 04 (2002) 013 [hep-th/0202021].

[2] C. Kristjansen, J. Plefka, G.W. Semenoff and M. Staudacher, A new double-scaling limit of
N = 4 super Yang-Mills theory and PP-wave strings, [Nucl. Phys. B 643 (2002) 3|
[hep-th/0205033].

,59,


http://jhep.sissa.it/stdsearch?paper=04%282002%29013
http://xxx.lanl.gov/abs/hep-th/0202021
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB643%2C3
http://xxx.lanl.gov/abs/hep-th/0205033

Figure 4: The quiver diagram for the orbifold C3/(Zs x Z3). Each dot represents a U(N) gauge
factor, in double index notation. The red dashed lines correspond to chiral multiplets belonging
to Wy, the blue lines to chiral multiplets belonging to W3 and green ones to chiral multiplets

belonging to W3. Arrows go from fundamental to anti-fundamental representations.

N.R. Constable et al., PP-wave string interactions from perturbative Yang-Mills theory, m

supersymmetric background of iib superstring theory, U. High Energy Phys. 01 (2002) 047

J. Michelson, (twisted) toroidal compactification of PP-waves, [Phys. Rev. D 66 (2002) 066002

R. Giiven, Plane wave limits and T-duality, [Phys. Lett. B 482 (2000) 255 [hep-th/0005061].

M. Blau, J. Figueroa-O’Farrill and G. Papadopoulos, Penrose limits, supergravity and brane

S. Kachru and E. Silverstein, 4d conformal theories and strings on orbifolds,

N. Itzhaki, I.R. Klebanov and S. Mukhi, PP wave limit and enhanced supersymmetry in

J. Gomis and H. Ooguri, Penrose limit of N =1 gauge theories, [Nucl. Phys. B 635 (2002)

M. Alishahiha and M.M. Sheikh-Jabbari, The PP-wave limits of orbifolded AdSs x S°,

N.-W. Kim, A. Pankiewicz, S.-J. Rey and S. Theisen, Superstring on PP-wave orbifold from

3]
High Energy Phys. 07 (2002) 017 [hep-th/0205089.

[4] M. Blau, J. Figueroa-O’Farrill, C. Hull and G. Papadopoulos, A new maximally
[hep-th/0110249].

[5]
[hep-th/0203140].

[6] R. Penrose, Any space-time has a plane wave as a limit, in Differential geometry and
relativity, Reidel, Dordrecht (1976) 271-275.

7]

8]
dynamics, [Class._and_Quant. Grav. 19 (2002) 4753 [hep-th/0202111].

[9]
80 (1998) 4855 [hep-th/9802183.

[10]
gauge theories, |J. High Energy Phys. 03 (2002) 04§ [hep-th/0202153.

[11]
104 [hep-th/0202157].

[12]
Lett. B 535 (2002) 32§ [hep-th/020301§].

[13]
large-N quiver gauge theory, |[Eur. Phys. J. C 25 (2002) 327 [hep-th/0203080].

[14]

T. Takayanagi and S. Terashima, Strings on orbifolded PP-waves, |J. High Energy Phys. 06|

(2002) 034 [hep-th/0203093].

,60,


http://jhep.sissa.it/stdsearch?paper=07%282002%29017
http://jhep.sissa.it/stdsearch?paper=07%282002%29017
http://xxx.lanl.gov/abs/hep-th/0205089
http://jhep.sissa.it/stdsearch?paper=01%282002%29047
http://xxx.lanl.gov/abs/hep-th/0110242
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD66%2C066002
http://xxx.lanl.gov/abs/hep-th/0203140
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB482%2C255
http://xxx.lanl.gov/abs/hep-th/0005061
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=CQGRD%2C19%2C4753
http://xxx.lanl.gov/abs/hep-th/0202111
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C80%2C4855
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C80%2C4855
http://xxx.lanl.gov/abs/hep-th/9802183
http://jhep.sissa.it/stdsearch?paper=03%282002%29048
http://xxx.lanl.gov/abs/hep-th/0202153
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB635%2C106
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB635%2C106
http://xxx.lanl.gov/abs/hep-th/0202157
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB535%2C328
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB535%2C328
http://xxx.lanl.gov/abs/hep-th/0203018
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=EPHJA%2CC25%2C327
http://xxx.lanl.gov/abs/hep-th/0203080
http://jhep.sissa.it/stdsearch?paper=06%282002%29036
http://jhep.sissa.it/stdsearch?paper=06%282002%29036
http://xxx.lanl.gov/abs/hep-th/0203093

[15] E. Floratos and A. Kehagias, Penrose limits of orbifolds and orientifolds,

Phys. 07 (2002) 031] [hep-th/0203134].

[16] S. Mukhi, M. Rangamani and E. Verlinde, Strings from quivers, membranes from moose, El

High Energy Phys. 05 (2002) 023 [hep-th/0204147].

[17] M. Alishahiha and M.M. Sheikh-Jabbari, Strings in PP-waves and worldsheet deconstruction,
[Phys. Lett. B 538 (2002) 18(| [hep-th/0204174].

[18] K. Oh and R. Tatar, Orbifolds, Penrose limits and supersymmetry enhancement,
lhep-th/0205067.

[19] S.G. Naculich, H.J. Schnitzer and N. Wyllard, PP-wave limits and orientifolds,
hep-th/0206094.

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

[21] A. Sen, DO branes on T™ and matriz theory, |Adv. Theor. Math. Phys. 2 (1998) 51|
[hep-th/970922(].

[22] N. Seiberg, Why is the matriz model correct?, |[Phys. Rev. Lett. 79 (1997) 3577
[hep-th/9710009].

[23] L. Motl, Proposals on nonperturbative superstring interactions, hep-th/9701025.

[24] T. Banks and N. Seiberg, Strings from matrices, [Nucl. Phys. B 497 (1997) 41|
[hep-th/9702187].

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

[26] R. Gopakumar, String interactions in PP-waves, hep—th/0205174,

[27] K. Sugiyama and K. Yoshida, Type IIA string and matriz string on PP-wave,

644 (2002) 12§ [hep-th/0208029].

[28] G. Bonelli, Matriz strings in PP-wave backgrounds from deformed super Yang-Mills theory, IZI

High Energy Phys. 08 (2002) 022 [hep-th/0205213.

[29] H. Verlinde, Bits, matrices and 1/N, hep-th/0206059

[30] M.R. Douglas and G.W. Moore, D-branes, quivers and ALFE instantons, hep—th/9603167.

[31] M.R. Douglas, B.R. Greene and D.R. Morrison, Orbifold resolution by D-branes,

B 506 (1997) 84 [hep—th/9704151].

[32] A.E. Lawrence, N. Nekrasov and C. Vafa, On conformal field theories in four dimensions,
[Nucl. Phys. B 533 (1998) 199 [hep-th/9803015].

[33] M. Alishahiha, M.A. Ganjali, A. Ghodsi and S. Parvizi, On type-IIA string theory on the
PP-wave background, hep-th/0207037].

[34] R.R. Metsaev and A.A. Tseytlin, Ezactly solvable model of superstring in plane wave
Ramond-Ramond background, [Phys. Rev. D 65 (2002) 126004 [hep-th/0202109|.

[35] R.R. Metsaev, Type iib Green-Schwarz superstring in plane wave Ramond-Ramond
background, |[Nucl. Phys. B 625 (2002) 70| [hep—th/0112044].

,61,


http://jhep.sissa.it/stdsearch?paper=07%282002%29031
http://jhep.sissa.it/stdsearch?paper=07%282002%29031
http://xxx.lanl.gov/abs/hep-th/0203134
http://jhep.sissa.it/stdsearch?paper=05%282002%29023
http://jhep.sissa.it/stdsearch?paper=05%282002%29023
http://xxx.lanl.gov/abs/hep-th/0204147
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB538%2C180
http://xxx.lanl.gov/abs/hep-th/0204174
http://xxx.lanl.gov/abs/hep-th/0205067
http://xxx.lanl.gov/abs/hep-th/0206094
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD55%2C5112
http://xxx.lanl.gov/abs/hep-th/9610043
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=00203%2C2%2C51
http://xxx.lanl.gov/abs/hep-th/9709220
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA%2C79%2C3577
http://xxx.lanl.gov/abs/hep-th/9710009
http://xxx.lanl.gov/abs/hep-th/9701025
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB497%2C41
http://xxx.lanl.gov/abs/hep-th/9702187
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB500%2C43
http://xxx.lanl.gov/abs/hep-th/9703030
http://xxx.lanl.gov/abs/hep-th/0205174
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB644%2C128
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB644%2C128
http://xxx.lanl.gov/abs/hep-th/0208029
http://jhep.sissa.it/stdsearch?paper=08%282002%29022
http://jhep.sissa.it/stdsearch?paper=08%282002%29022
http://xxx.lanl.gov/abs/hep-th/0205213
http://xxx.lanl.gov/abs/hep-th/0206059
http://xxx.lanl.gov/abs/hep-th/9603167
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB506%2C84
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB506%2C84
http://xxx.lanl.gov/abs/hep-th/9704151
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB533%2C199
http://xxx.lanl.gov/abs/hep-th/9803015
http://xxx.lanl.gov/abs/hep-th/0207037
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD65%2C126004
http://xxx.lanl.gov/abs/hep-th/0202109
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB625%2C70
http://xxx.lanl.gov/abs/hep-th/0112044

[36]

[37]

[38]
[39]
[40]

[41]

D.J. Gross, A. Mikhailov and R. Roiban, Operators with large R charge in N = 4 Yang-Mills
theory, |Ann. Phys. (NY) 301 (2002) 31| [hep-th/0205066].

A. Santambrogio and D. Zanon, Ezact anomalous dimensions of N = 4 Yang-Mills operators
with large R charge, [Phys. Lett. B 545 (2002) 425 [hep-th/0206079|.

Y. Oz and T. Sakai, Ezact anomalous dimensions for N =2 ADE SCFTS, hep-th/0208078]

U. Gursoy, Vector operators in the BMN correspondence, hep—th/0208041]

D. Berenstein and H. Nastase, On lightcone string field theory from super Yang-Mills and
holography, hep—th/0205048§.

M. Spradlin and A. Volovich, Superstring interactions in a PP-wave background,

D 66 (2002) 086004 [hep-th/0204146].

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Y.-J. Kiem, Y.-B. Kim, S.-M. Lee and J.-M. Park, PP-wave/ Yang-Mills correspondence: an
explicit check, [Nucl. Phys. B 642 (2002) 389 [hep-th/0205279].

M.-X. Huang, Three point functions of N = 4 super Yang-Mills from light cone string field
theory in PP-wave, |Phys. Lett. B 542 (2002) 259 [hep—th/0205311].

C.-S. Chu, V.V. Khoze and G. Travaglini, Three-point functions in N = 4 Yang-Mills theory
and PP-waves, |J. High Energy Phys. 06 (2002) 011] [hep—-th/0206005].

P. Lee, S. Moriyama and J.-w. Park, Cubic interactions in PP-wave light cone string field
theory, [Phys. Rev. D 66 (2002) 085021] lhep-th/0206065].

M. Spradlin and A. Volovich, Superstring interactions in a PP-wave background, II,
hep-th/0206073.

C.-S. Chu, V.V. Khoze and G. Travaglini, PP-wave string interactions from n-point
correlators of bmn operators, |J. High Energy Phys. 09 (2002) 054] [hep-th/0206167].

L.R. Klebanov, M. Spradlin and A. Volovich, New effects in gauge theory from PP-wave
superstrings, |Phys. Lett. B 548 (2002) 111 [lhep—th/0206221]].

M.-x. Huang, String interactions in PP-wave from N = 4 super Yang-Mills, |Phys. Rev. D 66|

(2002) 105009 [hep-th/020624g].

[50]

[51]

[52]

C.-S. Chu, V.V. Khoze, M. Petrini, R. Russo and A. Tanzini, A note on string interaction on
the PP-wave background, hep-th/0208148§.

N. Beisert, C. Kristjansen, J. Plefka, G.W. Semenoff and M. Staudacher, Bmn correlators
and operator mizing in N = 4 super Yang-Mills theory, hep—th/0208178.

D.J. Gross, A. Mikhailov and R. Roiban, A calculation of the plane wave string hamiltonian
from N = 4 super—Yang-Mills theory, hep—th/0208231|

J.-G. Zhou, PP-wave string interactions from string bit model, hep—th/0208232]

N.R. Constable, D.Z. Freedman, M. Headrick and S. Minwalla, Operator mizing and the bmn
correspondence, |J. High Energy Phys. 10 (2002) 068 [hep—th/0209002].

P. Lee, S. Moriyama and J.-w. Park, A note on cubic interactions in PP-wave light cone
string field theory, hep-th/0209011|

E. Kiritsis and B. Pioline, Strings in homogeneous gravitational waves and null holography, IZl

High Energy Phys. 08 (2002) 048 [hep-th/0204004].

,62,


http://www-spires.slac.stanford.edu/spires/find/hep/www?j=APNYA%2C301%2C31
http://xxx.lanl.gov/abs/hep-th/0205066
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB545%2C425
http://xxx.lanl.gov/abs/hep-th/0206079
http://xxx.lanl.gov/abs/hep-th/0208078
http://xxx.lanl.gov/abs/hep-th/0208041
http://xxx.lanl.gov/abs/hep-th/0205048
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD66%2C086004
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD66%2C086004
http://xxx.lanl.gov/abs/hep-th/0204146
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB642%2C389
http://xxx.lanl.gov/abs/hep-th/0205279
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB542%2C255
http://xxx.lanl.gov/abs/hep-th/0205311
http://jhep.sissa.it/stdsearch?paper=06%282002%29011
http://xxx.lanl.gov/abs/hep-th/0206005
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD66%2C085021
http://xxx.lanl.gov/abs/hep-th/0206065
http://xxx.lanl.gov/abs/hep-th/0206073
http://jhep.sissa.it/stdsearch?paper=09%282002%29054
http://xxx.lanl.gov/abs/hep-th/0206167
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA%2CB548%2C111
http://xxx.lanl.gov/abs/hep-th/0206221
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD66%2C105002
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD66%2C105002
http://xxx.lanl.gov/abs/hep-th/0206248
http://xxx.lanl.gov/abs/hep-th/0208148
http://xxx.lanl.gov/abs/hep-th/0208178
http://xxx.lanl.gov/abs/hep-th/0208231
http://xxx.lanl.gov/abs/hep-th/0208232
http://jhep.sissa.it/stdsearch?paper=10%282002%29068
http://xxx.lanl.gov/abs/hep-th/0209002
http://xxx.lanl.gov/abs/hep-th/0209011
http://jhep.sissa.it/stdsearch?paper=08%282002%29048
http://jhep.sissa.it/stdsearch?paper=08%282002%29048
http://xxx.lanl.gov/abs/hep-th/0204004

[57] M. Bertolini, P. Di Vecchia and R. Marotta, N = 2 four-dimensional gauge theories from
fractional branes, hep—th/0112195|

[58] C.V. Johnson and R.C. Myers, Aspects of type-IIB theory on ale spaces, |Phys. Rev. D 55

(1997) 6389 [hep-th/9610140).

[59] M. Bershadsky, Z. Kakushadze and C. Vafa, String expansion as large-N expansion of gauge
theories, [Nucl. Phys. B 523 (1998) 59 [hep-th/9803076.

[60] M. Bershadsky and A. Johansen, Large-N limit of orbifold field theories, [Nucl. Phys. B 536

(1998) 141 [hep-th/9803249].

[61] A. Hanany and A.M. Uranga, Brane bozes and branes on singularities, . High Enerqy Phys)|

05 (1998) 013 [hep-th/9805139].

,63,


http://xxx.lanl.gov/abs/hep-th/0112195
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD55%2C6382
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA%2CD55%2C6382
http://xxx.lanl.gov/abs/hep-th/9610140
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB523%2C59
http://xxx.lanl.gov/abs/hep-th/9803076
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB536%2C141
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA%2CB536%2C141
http://xxx.lanl.gov/abs/hep-th/9803249
http://jhep.sissa.it/stdsearch?paper=05%281998%29013
http://jhep.sissa.it/stdsearch?paper=05%281998%29013
http://xxx.lanl.gov/abs/hep-th/9805139

