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We investigate backgrounds of Type IIB string theory with null singularities and their duals proposed in
S.R. Das, J. Michelson, K. Narayan, S. P. Trivedi, hep-th/0602107. The dual theory is a deformed N = 4
Yang-Mills theory in 3 + 1 dimensions with couplings dependent on a lightlike direction. We concentrate
on backgrounds which become AdSs X §° at early and late times and where the string coupling is
bounded, vanishing at the singularity. Our main conclusion is that in these cases the dual gauge theory is
nonsingular. We show this by arguing that there exists a complete set of gauge invariant observables in the
dual gauge theory whose correlation functions are nonsingular at all times. The two-point correlator for
some operators calculated in the gauge theory does not agree with the result from the bulk supergravity
solution. However, the bulk calculation is invalid near the singularity where corrections to the supergravity
approximation become important. We also obtain pp-waves which are suitable Penrose limits of this
general class of solutions, and construct the matrix membrane theory which describes these pp-wave

backgrounds.
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I. INTRODUCTION AND SUMMARY

Time-dependent backgrounds, particularly those which
contain spacelike or null singularities, are amongst the
most poorly understood aspects of string theory. This
problem has been attacked from various viewpoints for a
long time. These include perturbative string theory [1-10],
open and closed string tachyon condensation [11], particu-
larly those which lead to spacelike or null singularities
[12-15].

Recently there have been several attempts to attack this
problem using holographic duals of various kinds. These
include matrix model formulations of noncritical string
theory [16—21] (which also involve closed string tachyon
condensation), matrix theory duals of backgrounds with
null linear dilatons [22-44], and use of the AdS/CFT
correspondence [7,45-49]. It has been suspected for a
long time that the usual notions of space-time break
down near singularities. These holographic approaches
attempt to make this idea concrete by replacing usual
dynamical space-time by a more fundamental structure
provided typically by a gauge theory in lower number of
dimensions.

In a previous paper, Ref. [46], we reported on the
construction of a family of solutions in Type IIB string
theory. The solutions are either time-dependent or depend
on a lightlike coordinate,' and often have singularities
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"Below, we will loosely refer to backgrounds which depend on
a lightlike coordinate as null backgrounds.
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which are spacelike or null, respectively. The solutions
can be thought of as deformations of the well-known
AdSs X $° solution. The dilaton and axion are also excited
in these solutions, and in some of them the dilaton remains
weakly coupled everywhere, including the singularity.
Similar solutions were studied in Refs. [45,47].

In this note we continue our study of these backgrounds.
In particular, we focus on the null backgrounds, with a
weakly coupled dilaton. The metric and dilaton in these
solutions take the form

2
ds® = (R )gMV(X YdxHdx? + < )dr + R*dO?,

O = d(XH), (1.1)

with the four-dimensional metric

di? = §,,dxtdx’ = /X)(=2dX"dX~ + dx} + dx3).
(1.2)

Singularities can arise when the conformal factor e/ van-
ishes. When this happens, in the solutions of interest, ¢?®
vanishes at the singularity. Also, asymptotically as X ™ —
—o0, ¢/ and the dilaton ® go to a constant, so that these
solutions asymptote to the familiar AdSs X S° solution.
This is in contrast with the kind of backgrounds studied
using some other approaches, where the bulk string cou-
pling is typically large near the singularity.

In this paper, we argue that these backgrounds have a
dual description as the N = 4 Super Yang-Mills theory
living in a 3 + 1 dimensional space-time with metric g,,,
and with a varying Yang-Mills coupling constant g%\, =
e®. The Yang-Mills theory starts in the N' = 4 vacuum
state as X* — —oo and we want to understand the time
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evolution of this system as we approach the singularity at
Xt =0.

Our main conclusion is that the gauge theory is non-
singular. By this we mean that we can find a complete set of
gauge invariant operators whose correlation functions are
nonsingular even when the bulk geometry has a singularity.
This happens because of two features of our null solutions.
First, the metric, Eq. (1.2), is conformally flat, and one
finds that due to the lightlike dependence of the conformal

factor e/, the conformal anomaly of the gauge theory in
|

<e(f(X1)A1)/2(9(xl)e(f'(xz)Az)/2(g(x2) . e(f(xn)An)/z(g(xn»[efnw] =(O(x,)O(xy) - - - @(xn»[nw]'

Here the left-hand side is calculated in the theory with the
metric, §,, = eln uv» While the right-hand side is calcu-
lated with the flat metric. Both correlation functions are
calculated in the vacuum of the N = 4 theory, which is
conformally invariant.”

In the second part of the analysis, we include the effects
of the varying coupling constant due to the time-dependent
bulk dilaton. The important point here is that for the
supergravity solutions of interest, e® is small everywhere
and vanishes at the singularity. Thus, its effects can be
controlled. We show that the varying dilaton, due to its null
dependence, does not give rise to any particle production in
the interaction picture. Near the singularity, since ¢® be-
comes small and vanishes, the gauge field, A o with qua-
dratic terms

1
Sgp = —— f d*xe"® Ti[F,,,F*], (1.4)

4

has singular kinetic terms and is not a well-defined vari-
able. Working in light-cone gauge, A_ = 0, a well-defined
variable which has canonical quadratic terms is given by

A, =e @24, (1.5)

For these null backgrounds, we argue that gauge invariant
operators made from the A variables are nonsingular at the
singularity.® This is because the gauge coupling vanishes at
X" = 0 so that coupling effects do not destroy the non-
singular nature of the propagator and also render higher
point functions nonsingular. Generically, these operators

*Note that we are using the phrase ‘“‘conformal invariance’ in
the sense of Weyl invariance, i.e. a position dependent rescaling
of the metric without any coordinate transformation. Therefore,
the conformal dimensions A which appear in Eq. (1.3) can be
distinct from usual dimensions of operators under e.g. rescaling
of coordinates.

3The conformal dimension of A, is zero. For example, the
action of the gauge theory is classically Weyl invariant, provided
A, has vanishing conformal weight; see e.g. Ref. [50], p. 443.
This means the conformal weight of A, also vanishes and so the
A, variables do not require any dressing.
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this background vanishes. Secondly, the dilaton and hence
the Yang-Mills coupling becomes arbitrarily weak near
Xt =0.

In more detail, we carry out the analysis in two parts.
First, we neglect the varying dilaton and study the gauge
theory in the presence of the nontrivial conformal factor e/.
Using the fact that the conformal anomaly vanishes, we
then argue that if the operators, ©;(x), have conformal
dimensions A;, their correlation functions satisfy the rela-
tion

(1.3)

[
have supergravity duals which are not local excitations in

the bulk.

At the singularity, e® vanishes and the ’t Hooft coupling
g3 N in the gauge theory goes to zero. This suggests that
o' corrections become important near the singularity, since
for the AdSs X S$° duality we have o’ ~ g21 . To under-

N
YM
stand this issue, we consider the bosonic part of the world-

sheet action for a fundamental string in this class of
background and fix the light-cone gauge. The gauge fixed
action clearly shows that near the singularity all the oscil-
lator modes of the string become very light. We have not
performed a detailed analysis of the worldsheet theory to
examine whether perturbative string theory can be consis-
tently defined in this background.

Our results strongly suggest that using the nonsingular
description of the gauge theory we can extend the bulk
space-time past the singularity. In some sense, the singu-
larity therefore appears to be a problem caused by a wrong
choice of dynamical variables. In particular, variables
which are natural and local from the bulk ten-dimensional
supergravity point of view are not well behaved at the
singularity. However, a correct choice of variables, which
is transparent in the dual gauge theory, ‘“resolves” this
singularity. We find that the correct description is obtained
by appropriately continuing the metric and the dilaton. The
resulting space-time is asymptotically AdSs X §° in the far
future, as X — +o0, with a constant dilaton.

Finally we perform the Penrose limit of our class of
solutions by zooming in on a suitable null geodesic and
obtain the resulting pp-wave solutions. The maximally
supersymmetric type IIB pp-wave with one compact null
direction and an additional compact spacelike direction is a
unique background for which two kinds of holographic
duality are understood: the holographic duality to a certain
sector of Yang-Mills theory in 3 + 1 dimensions [51-53]
along the lines of Ref. [54], and the duality to DLCQ
matrix theory [55,56] along the lines of Refs. [57-59]. In
Ref. [37] type IIB pp-waves with a dilaton which is linear
in a null time was considered as a model of a null big bang.
It would be of interest to relate the insight gained from a
AdS/CFT perspective to that obtained from a DLCQ ma-
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trix perspective and possibly establish a precise relation-
ship between the two. Using the methods outlined in
Ref. [37] we write down the 2 + 1 dimensional Yang-
Mills theory which is dual to string theory in the pp-waves
which arise from the solutions considered in this paper. A
more detailed analysis of this matrix membrane theory
near the singularity is left for the future.

Some of our analysis and conclusions contain substan-
tial overlap with Refs. [45,47]. The supergravity solutions
were found and their conjectured gauge theory duals iden-
tified in Refs. [45—47]. Furthermore, Ref. [45] calculated
the bulk two-point function for the null backgrounds
(which agrees with our calculation in Sec. V). Some dis-
cussion of dressed correlators and the suggestion that the
gauge theory is in fact nonsingular is also contained in
Ref. [45].

This paper is structured as follows. The supergravity
solutions are reviewed in section II. The gauge theory duals
are identified in Sec. III, and extensively analyzed in
Sec. IV. Some two-point functions are calculated in the
bulk in Sec. V. Section VI concerns the bosonic part of the
worldsheet action for a string moving in this class of
backgrounds. In Sec. VII we perform a Penrose limit and
write down the matrix membrane theory action.

II. REVIEW OF SUPERGRAVITY SOLUTIONS

The solutions we are interested in are discussed in sec. 2
of Ref. [46].* The ten-dimensional Einstein frame metric
and the dilaton are

1’2 R2
45 — <F>§wdx”dx" + <7>dr2 + RO (2.1a)
F(S) = R4((1)5 + *100)5), (2]b)
O = P(xH). (2.1¢)

This is a solution of the equations of motion as long as the
four-dimensional metric, g,,,, and the dilaton, @, are only
dependent on the four coordinates, x*, u = 0, 1, 2, 3, and
satisfy the conditions

p =1
Ruv =3

9,/ det(3)§"9,®) = 0,

9,99,P, (2.2a)

(2.2b)

where R uv 18 the Ricci curvature of the metric g,,. In
Eq. (2.1), dQ% is the volume element and w5 is the volume
form of the unit five sphere.

Of particular interest in this paper is the case where g,,,
is conformally flat and where both g, and @ only depend
on one lightlike coordinate which we take to be X*. In this
case, the four-dimensional space-time background takes
the form

*See also Refs. [7,31,42,60] for time-dependent supergravity
solutions in an M-theory context.
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ds? = g,,dxtdx” = /X)) (=2dXTdX™ + dx3 + dx3),

(2.3a)
d = P(XH). (2.3b)

The conditions, Eq. (2.2), then require
L2 = " =40, @), 24)

Generically a nonflat metric g, as in Eq. (2.1a) introduces
curvature singularities at the Poincare horizon r = 0. It can
be easily checked, however, that these singularities are
absent for such null backgrounds. The only possible sin-
gularities appear at values of X* where timelike or null
geodesics entirely lying in the X* subspace end or begin at
finite affine parameters.

An important case, prototypical of the kind of example
we have in mind throughout this paper, is obtained by
taking

e/ = tanh?X ™. (2.5)
Then
d3* = tanh?’X " (=2dX"dX™ + dx3 + dx3),
e® =g, tanhg Jg. @0

In this example,” in the far past and future as X* — *oo,
the four-dimensional space-time becomes asymptotically
flat and the dilaton goes to a constant. By choosing g to be
small, the string coupling e® can be made small every-
where in the space-time.® In the example, Eq. (2.6), ¢® is
not analytic at X = 0. It satisfies the equation, Eq. (2.4),
for X >0 and X" <0, and is continuous at X* = 0.

For the metric, Eq. (2.1a) obeying Eq. (2.3a), the affine
parameter A, for a null geodesic moving along a trajectory
with X, x?, x> constant, is given by

A= [ /XN ax+. (2.7)

The tangent vector along this geodesic is

>Note that a solution with ¢/*") = tanh?(QX™) is equivalent
to Eq. (2.6), by setting to unity the dimensionful scale Q using
the symmetry X* — AX", 0 — % X~ — %, which is special
to these null solutions.

6Up to a shift or rescaling (footnote 5) of X*, the only
nontrivial (e/ # const) solution with an everywhere constant
dilaton is ef = %)2 which can be seen to be flat space by the
coordinate tra s%rmation
X2:X+Y2, X3 :X+Y3,
-—y _ 2 2 - _
X" =Y —X"(¥2+7v3), X*= 7

026002-3



DAS, MICHELSON, NARAYAN, AND TRIVEDI

9 [dA\1 9 9
=§HLy) = —— = —— —_— = _f—,

€= =53 <dx+> axt ¢ axT
&g, =0,

For the ten-dimensional metric, Eq. (2.1a), the Ricci
scalar, R, and the invariants, RygR*8, RpcpRABCP, are
all constant and independent7 of r, X*. In contrast, the
curvature invariant, for the metric, Eq. (2.1a), R, £4£7, [£°
is the component of the tangent vector, Eq. (2.8)] is

dX\2 1
R = RH(W) = (5 (f? - f”)e*zf.

(2.8)

2.9)

For a suitably chosen f this can blow up when e/ — 0, and
the resulting value of A, Eq. (2.7), can be finite. This results
in a singularity which occurs at finite affine time.

For example, in the case, Eq. (2.6), R, = ﬁ SO
that R), = m showing a curvature singularity
at X* — 0, with e® becoming arbitrarily small there.® One
can see in this example that the singularity occurs at finite
affine time.

It is worth understanding the resulting singularity better.
Consider null geodesics with X* varying and all other
coordinates fixed. Take two such nearby geodesics dis-
placed along the x’, i =2, 3, directions. Following
Ref. [50] p. 47, the relative acceleration of these geodesics
is

= =R EP = YR - Me, (210
where ¢ is defined in Eq. (2.8). Up to a sign, this is exactly
R, Eq. (2.9). We see that there is a diverging compres-
sional tidal force as the singularity is approached. Another
way to see this is to calculate the physical distance between
two nearby null geodesics of this type. For two geodesics
displaced along x', the physical distance is

ol 12
A="—1/(x;)% 2.11
. (x) (2.11)
satisfying the equation
dZA 1/1 12 1!
——=—=|z - A 2.12
=3z r) (2.12)

The first term on the right-hand side (rhs) agrees with a’,
Eq. (2.10), and R, ,, Eq. (2.9), showing once again that the
compressional tidal force diverges at the singularity.

"Here the indices A, B - -, take values in the tangent space of
x*, r, Eq. (2.1a). The statement is also true if they range over the
full ten-dimensional tangent space including the S°.

8The string frame curvature, R, blows up at the singularity in
this case as well.
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It is also worth mentioning that the example, Eq. (2.6),
can be regarded as a limiting case of a one-parameter
family of solutions, with the conformal factor

e/ = (|tanhX ™| + €)?, (2.13)
and the dilaton given by solving Eq. (2.4). For small €, the
dilaton deviates from its value, Eq. (2.6), only close to
Xt =0.AtX" =0, e® ~ g,(€)¥3, so that the string cou-
pling is nonvanishing but small. Note that in Eq. (2.13) the
metric is continuous but nonanalytic at X* = 0 and the
first derivative of e/ has a finite discontinuity there.
However, the curvature component, R, ., is continuous
and nonsingular at X* = 0, and the affine parameter, A,
Eq. (2.7), is also continuous there.

We close by noting that the null backgrounds, Egs. (2.1)
and (2.3), preserve eight supersymmetries.

III. THE DUAL FIELD THEORY

In this section we argue that the backgrounds discussed
above are dual to the N = 4 Super Yang-Mills theory in a
3 + 1 dimensional space-time with a varying background
metric and a varying gauge coupling. The background
metric is g,,,, Eq. (2.1a), and the gauge coupling is given
in terms of the dilaton, Eq. (2.1¢), by, g%y = e®.

We now review the evidence in support of this claim.
Notice first that AdSs X S° is a special case of the solution,
Eq. (2.1). When §,,, and @ are small perturbations about

the AdSs X S° solution,

(3.1a)
(3.1b)

gp,v = Muv + h,uw
®(x) = Ing, + 6D(x),

we can use the standard AdS/CFT dictionary and it is easy
to see that there is a dual field theory description for these
backgrounds. Each supergravity perturbation has a normal-
izable and a non-normalisable mode [61,62] associated
with it; these, respectively, determine the expectation value
of the corresponding operator, and the source coupling to
the operator in the dual theory. For the solution, Eq. (2.1),
we see that only the non-normalizable modes are turned on
in these backgrounds. Thus the dual theory in the linear-
ized perturbation case, is the N' = 4 theory, in the N = 4
vacuum, with the additional source terms,

2
Eym

M

Ssource = fd“x[(w)(x) TrF? + hWT“”} (3.2)

For a background which is not a small perturbation
about AdSs X S° the above argument does not directly
apply. In this case it is useful to look at things from the
perspective of the gauge theory. We are interested in the
N =4 gauge theory subjected to sources, g,,. e®.
Suppose we are also interested in a situation where the
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gauge theory is in the N' = 4 vacuum in the far past, as
Xt — —oo. This is a reasonable initial state, since the
sources, &, ®, become the flat metric and a constant
dilaton, respectively, as X* — —oo. The initial conditions
and the sources specify the gauge theory completely. Now
it is reasonable to believe that there is a supergravity dual
for this gauge theory. Since the data discussed above
specifies the gauge theory completely, the supergravity
solution should be unique. The solutions we have given
in Sec. II meet all the required conditions. Equations (2.1a)
and (2.1c¢) have the correct asymptotic behavior as » — oo
to turn on the source terms g,,, and e®; the solutions (2.1)
also reduce to the AdS5 X S° solution as X — —oo. Thus
they must be the supergravity dual to the gauge theory.

It is also worthwhile examining this issue from the bulk
viewpoint. We can try to devise an argument along the lines
of the one used to motivate the AdS/CFT correspondence.
One can show [46] that a background of the form

ds* = Zﬁl/z(x)gw,dx“dx” + Z'2(x)dx™dx,,

® = D(xt), ©33)
with the self-dual fiveform, F = *¢F, with nonzero com-
ponents

FO]23m 6m IOgZ, (34)

1 1

4x Z\/ det(_gmn)
and its dual satisfies the equations of motion, as long as g,,,
and ®(x) satisfy the conditions Eq. (2.2), and Z is a
harmonic function on the flat six-dimensional space with
coordinates, x”, m = 1- -+ 6. The solution, Eq. (2.1a), cor-
responds to taking, Z = R*/r>, r*> = x"x,,. Another
choice is to take

R2
r

(3.5)

The solution, Eq. (2.1a), can then be obtained by the “‘near-
horizon limit,” r — 0, from this case.

In more detail, for the choice, Eq. (3.5), the asymptotic
form of the metric and dilaton, as r — oo, are

ds? = g,,dx*dx" + dx"dx,, O = d(x*). (3.6)

One can verify that this background (without any fiveform
flux) solves the equations of motion. Now we can add D3-
branes to this background. In the probe approximation it is
easy to see that each D3-brane will see a four-dimensional
metric along its world volume of the form, g,,, and a
gauge coupling g%,, = e®. Adding N D3-branes and tak-
ing a low-energy limit, as in the usual AdS/CFT case,
would then lead to the field theory dual for the solution,
Eq. (2.1), mentioned at the beginning of this section. As an
additional final check we note that a probe D3 brane added
to the background, Eq. (2.1), also sees a four-dimensional
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metric along its world volume and a gauge coupling given
by &,.,s 84w = €. respectively.’

In the rest of the paper we will explore the consequences
assuming that this conjectured duality with the N =4
field theory is correct. Before moving on, though, it is
worth emphasizing that the arguments given above in
support of the dual field theory description while plausible
are not airtight. In particular, they are not on as firm footing
as for the original AdS/CFT correspondence and might
especially fail close to the singularity in the bulk, where
the low-energy limit is more subtle. An important check in
the AdS/CFT case was that the absorption cross sections
[63—65] vanished at low energies in agreement with the
required decoupling of the near and far-horizon regions.
We have not attempted to devise analogous checks in the
case at hand. It is probably useful for this purpose to regard
the singular solution, Eq. (2.6) as the limiting case of the
one-parameter family, Eq. (2.13). Such checks might re-
veal subtleties close to the space-time singularity.

It is worth noting that in principle one could study the
N =4 SYM gauge theory with more general time-
dependent e?, &> deformations, but identifying their
supergravity duals might be difficult.

We end this section with one comment that will be
important in the subsequent discussion. In the null metric,
Eq. (2.3a), the conformal anomaly for the N = 4 theory
vanishes. The conformal anomaly is given by Refs. [66—
70] (see also e.g. Refs. [71-74] in the holographic context
of AdSs X $9),

C
— afByd
T,* = W(Caﬁyb‘c Bro)
- —16”772 (Rap,sR*FY0 — 4R, zRF + R?)
1
o« —R,pR¥ + §R2’ (3.7)
N> —1

where in the last expression we have used a = ¢ = %
for the SU(N) N = 4 super Yang-Mills theory. In the null
solutions Eq. (2.3a), since R, . is the only nonvanishing
component of the stress tensor, the conformal anomaly
vanishes.

The null solutions Eq. (2.3), also have a varying dilaton.
In general, this could give rise to an additional contribution

°The DBI action for a probe D3-brane gives

/ d*xe”® - det(GS + F,p) = f d*xy[— det(§ )

1
X (E g"ra,x"a,x"
1

- Z€7¢gﬂpgyu—FyVFp0

+ )
/25

where G}, = e®/°g,,, is the string metric.
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in the trace anomaly. However, such a contribution can be
ruled out for these solutions by the following argument.
The additional term must be generally covariant involving
derivatives of the dilaton, the metric and tensors made out
of the metric, like the Ricci curvature. But any such term
evaluated on the solutions Eq. (2.3) vanishes because the
only derivative of the dilaton that is nonvanishing is 9, P,
while the metric component §** and similarly the compo-
nent of any tensor made out of the metric with two upper +
indices vanishes."”

IV. ANALYSIS OF THE SINGULARITY IN THE
DUAL FIELD THEORY

In this section we analyze the N' = 4 Super Yang-Mills
theory in a space-time with metric g,,, and gauge coupling
g%{M = ¢? given in Eqgs. (2.1a) and (2.1c). We are inter-
ested in the case of conformally flat null backgrounds,
Eq. (2.3a), which asymptotically become AdSs X S°, as
X" — —oo, and in which the dilaton remains weakly
coupled for all times. In the examples of interest a singu-
larity arises when the conformal factor e/ — 0, and this
happens at finite affine time. We will choose coordinates so
that the singularity occurs at X = 0. A prototypical ex-
ample is Eq. (2.6).

Our main conclusion is that appropriately defined corre-
lation functions in the gauge theory are nonsingular at the
singularity, i.e. at X™ = 0. Physically the singularity arises
because the metric shrinks to zero. The essential reason

why the field theory is nonsingular is that the metric is
J

(eVCDAD20(x ) eV 3)BD2O ) - - - e(f(x,,)An)/2(g(xn»[efnw] =(0(x))O(x,) - - - O(xn»[n,“]'

We are using notation where the background metric is
denoted within square brackets suffixed to the correlator.
Thus the left-hand side (lhs) is evaluated with the metric,
eln wv»> While the rhs is in flat space. One important con-
dition must be met by the metric, Eq. (4.1), for the result,
Eq. (4.2), to be true. The trace of the energy-momentum
tensor, i.e. the conformal anomaly T#, in the metric,
Eq. (4.1), must vanish.

To establish Eq. (4.2) we first start with the partition
function of the conformal field theory in a general back-
ground metric, g,,,. We denote the fields in the theory over
which the path integral is defined schematically by ¢, and
write

Zg,] = [ (D], jeiSleme) “3)

'®We thank members of the TIFR string theory group and
especially Shiraz Minwalla for discussions in this regards and
for providing this argument. A concrete realization of this argu-
ment in this context can be found in Refs. [75,76]; see, for
example, Eq. (25) of Ref. [75] and Eq. (24) of Ref. [76].
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conformally flat and since the N = 4 Super Yang-Mills
theory is conformally invariant, appropriately defined cor-
relation functions do not depend on the conformal factor,
even when it vanishes. Now the Yang-Mills theory we are
interested in also has a varying gauge coupling. This leads
to a nontrivial dependence of correlators on the back-
ground, but we will argue that the resulting theory is still
nonsingular.

The analysis is divided into two parts. In the next sub-
section we neglect the variation of the gauge coupling and
analyze the field theory in a conformally flat background.
Here, our discussion is for a general conformally invariant
theory. The following section then includes the effects of
the varying gauge coupling in the N = 4 super Yang-
Mills theory.

A. Conformal field theory in a conformally flat
background

Consider a conformally invariant field theory in a con-
formally flat background

ds* = e/ m,,dx*dx", 4.1

and consider operators @; with conformal dimensions A;,

in this theory. Then it is straightforward to show that

correlation functions of these operators, dressed by powers

of the conformal factor determined by their conformal

dimensions, in the background Eq. (4.1), are the same as
in flat space. That is

4.2)

[
Here, S is the action of the CFT which depends on the fields
¢ and the metric g,,,, and we have explicitly indicated the
dependence of the measure on the background metric.
Under an infinitesimal conformal transformation

Sur — €8 4.4

the change in the partition function is proportional to the
trace of the energy-momentum tensor, 7+ ;:

SlogZ = i< f d4xJ——gTM#5¢/;>. (4.5)

Let us be more explicit in how Eq. (4.5) is derived. From
Eq. (4.3),

Z[e‘siﬁgluy] = f[D(p][ewgw]eiS[et?u/guw‘P]_ (4.6)

If the fields ¢ have conformal dimensions A, we now
change variables in the path integral from ¢ to @ given by
g = e2W2p, 4.7)

and then write
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Z[e‘wgw] = f[Dga][gW]eiS[gW@]

x (1 +i f d4x\/—_gT/‘M6¢>. 4.8)

In general the term proportional to 7%, on the rhs arises
both due to the change in the action and the change in the
measure. For a conformal field theory the contribution
arises entirely due to the change in the measure. Noting
that @ is a dummy variable in the path integral we can then

subtract Eq. (4.3) from Eq. (4.8) giving Eq. (4.5).
|
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Now consider a one-parameter family of metrics:
a €1[0,1].

g,uv(x) = eaf(x) n,u.w (49)

If T#, vanishes for all values of a € [0, 1], we learn from
Eq. (4.5) that 9,Z = 0, so that

Zle ] = Z[n,,])

This argument can be easily extended to correlation
functions. Consider the two-point function of the dressed
fields, e@2)/2 p(x), evaluated in the metric, Eq. (4.1):

(4.10)

; 1 ; ;
(2 ) (1, = St — [[DNry, RIS g (0)gl) 1)
ny
One can show that this correlator is the same as the two-point function of ¢(x) in flat space. That is,
(VN2 0(x)e VOV 20 (y)pry 1= (X)), (4.12)
M n

The idea is to again “‘build up” the metric, Eq. (4.1), starting from the flat one, by considering the one-parameter family,
Eq. (4.9), and increasing « from 0 to unity. We start with

1 , , ,
(a0 (0A)/2 (a2 (1) p (1)) s = . f [D@ ] tessernur€iS[e@ 00 muns Jella+ 20 [WA) 2ol (a0l ()82

X @(x)e(y). (4.13)

We will again assume that 7+, vanishes for the one-parameter family of metrics, Eq. (4.9). Since we have already shown
that the partition function Z is independent of «, any change in the two-point function as a changes can only arise from the
path integral in the numerator. Now changing the conformal factor of the background metric on the rhs from e(@+99)/ to
e% and changing variables in the path integral to @ = e(®2/2)/2¢ gijves

[ D@pee fmw]eis[e“f T @l @f(D)/2 6 (af (1)D)/2 5 () 3 (y)

@+ 0N/ 2@+ 30N/ (1) (3 vy,

= e(af(x)A)/ze(af(y)A)/2<¢(x)gp(y))[eafnw]‘

The right-hand side of the line above arises by noting
that 7+, vanishes for the particular background metric
under consideration. The rhs of the second line arises
from our definition of the two-point function, Eq. (4.11),
after noting that & is a dummy variable in the path integral.
From Eq. (4.14), we see that the two-point function of the
dressed operator does not change under an infinitesimal
change in «. It then follows that the two-point function is
independent of « leading to Eq. (4.12).

It is now clear that this argument generalizes for n-point
correlators of any set of operators O;, leading to the result,
Eq. (4.2).

We have worked in Minkowski space above. This is the
relevant setting in the present investigation where we have
a time dependent or null background. In Minkowski space
we have to specify the state of the system in which the
correlator is being computed. The more precise version of
Eq. (4.2) is that the correlator on the left-hand side is
evaluated in the conformal vacuum appropriate to the
metric, Eq. (4.1), while the correlator on the right-hand

z
(4.14)

{
side is evaluated in the Minkowski vacuum. Our definition

of the conformal vacuum is the standard one in the dis-
cussion of quantum field theory in curved space [77]. To
avoid ambiguities we will discuss Eq. (4.12) in more detail
for the concrete case of a conformally coupled scalar field
in 4 dimensions in Appendix A.

The above discussion has been for a general conformal
field theory. It also applies to the N* = 4 super Yang-Mills
theory. The only additional condition that needs to be met
is that the trace anomaly vanishes. This is true for all
backgrounds of the type, Eq. (2.3a), as was discussed in
Eq. (3.7) and in the subsequent paragraph.“

It is also worth mentioning that in our discussion above,
conformal invariance really means Weyl invariance, i.e.
position dependent rescalings of the metric without coor-

""The one-parameter family, Eq. (4.9), can be obtained by
taking the conformal factor in Eq. (2.3a) to be ¢* ™), Then it
is easy to see that the conformal anomaly vanishes for all values
of a.
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dinate transformations. The conformal dimension of an
operator, A, which appears in the dressing factor above,
is therefore determined by how the operator transforms
under a Weyl transformation. Thus in the N =4
theory, the gauge potential A, which does not transform
under a Weyl transformation, has A = 0, while, F?=
FuF,;8""g"", has A = 4. In particular we see that A
can be different from the dimension of an operator under a
rescaling of the coordinates. The gauge potential A, for
example, has dimension 1 under such rescalings.

We are especially interested here in the case where the
conformal factor e/ shrinks to zero resulting in a singular-
ity. One might be worried that our conclusions above fail at
the singularity. It is useful to think of the singular case as
the limiting situation in a one-parameter family. For the
case, Eq. (2.6), this family is described in Eq. (2.13) and is
labeled by the parameter €. For all values of € > 0, our
discussion above does apply, since the conformal anomaly
vanishes for all values of the parameter €, and Eq. (4.2) is
valid.'?> We can define the correlation functions in the
theory with € = 0 as the limiting case obtained by taking
€ — 0. We then conclude that the dressed correlators in the
case with the vanishing conformal factor equal those in
Minkowski space and, in particular, are nonsingular."

B. Effects of the varying dilaton

We now turn to incorporating the effects of the varying
dilaton in the Super Yang-Mills theory.

The supergravity backgrounds we are interested in are
asymptotically, as X* — —oo, AdSs X S° with a constant
dilaton. For example, in Eq. (2.6), as X *t — —oo, we find
that

[} +
de?/dXT _ 4 e 0,

e?®

(4.15)

Thus asymptotically the Yang-Mills theory is in a space-
time with flat metric and constant dilaton. Near the singu-
larity, as X™ — 0, e® goes to zero and the Yang-Mills
theory becomes free so once again effects of the dilaton
are not serious. However, for intermediate values, X ~
O(1), the variation of the dilaton is of order unity. To obtain
a well-defined supergravity description in the far past we
need to take g,N > 1. So in the intermediate region, when
X" ~ 0O(1), the Yang-Mills theory has a large and varying
’t Hooft coupling.

There are two concerns about such a varying coupling
constant that we address below. First, this variation of the

2Since the metric, Eq. (2.13), is nonanalytic at X* = 0, some
derivatives of the metric have a finite discontinuity there.
However, for both X* — 0% and X* — 07, the arguments for
the vanishing of the conformal anomaly apply.

3The variation of the dilaton is not being included here and
will be analyzed in the subsection below. Let us note for now that
in the family, Eq. (2.13), at X* = 0, one has ¢® ~ gs(e)‘/g. So
for small g, the string coupling is nonvanishing but small.
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dilaton could potentially also lead to particle production. If
such particle production occurs, even if we started in the
vacuum of the N = 4 theory in the far past we would not
in general remain in the conformal vacuum at later times.
For example consider the situation when the big crunch at
X" = 0 is approached; our arguments above, which as-
sumed that the theory was in the conformal vacuum, will
now not apply. Second, such X variation might destroy
the conformal invariance of the theory and thus render our
analysis of the previous section invalid.

It is useful to first consider a toy model of a conformally
coupled scalar field in 3 + 1 dimensions subject to a null-
dependent perturbation, [ d*x./=gJ(X")¢?, to analyze
both issues. We do so below and then return to the Super
Yang-Mills case.

Our conclusions are that due to the variation of the
dilaton being null, i.e. along a lightlike direction, there is
no particle production.'* And while the variation of the
dilaton destroys conformal invariance, suitably defined
correlation functions are expected to be nonsingular in a
background of the form, Eq. (2.3a) and (2.6).

1. The conformally coupled scalar

We consider a conformally coupled scalar with
Lagrangian

s = f d4x\/—_g[%(agp)2 + émpz + J(x+)¢3} (4.16)

in a metric

ds? = /X (=2dXtdX™ + dx?). (4.17)

The light-cone quantization of this theory without the
J(XT)¢? term is discussed in Appendix A.

Farticle production.—Let us now consider the effects of
the perturbation

Spert = fd4x\/—gJ(X+)go3.

We take the operator ¢> to be normal ordered with
respect to the creation and anihilation operators, a, at
defined in Eq. (A2).

In the interaction picture the resulting state of the system
is given by

(4.18)

ls) = T, ¢t [ 4= 00 (4.19)

The T symbol refers to time ordering with respect to the
X* direction. At first order we get
Sils) = —i f d*xe X J(X+) 03| 0). (4.20)

Now from Eq. (A2) we see that if ¢3 is normal ordered
only the (a’)? term in @3 will survive. But each of these af

A more precise statement will be made below.
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terms carries a positive momentum in the X~ direction
(momentum in the X~ direction is the value of k_, so this
means that each factor of af comes with a factor e’*-X~
where k_ > 0). Since J is independent of X~ the integral
over dX~ (which has range [—oo, o0]) leads to a delta
function which means the sum of the three momenta along
the k_ directions coming from each of the a’ terms must
vanish. Since each of these terms has a positive k_ mo-
mentum this constraint cannot be met and thus the first
order term Eq. (4.20) vanishes.

In fact it is easy to see that this argument generalises to
all orders in perturbation theory and applies even beyond
perturbation theory.

To understand what is happening physically let us first
consider an analogous situation where the perturbation is
not time dependent but depends on a spatial coordinate. In
this case, if we start with the vacuum state we cannot
produce any particles and the state must remain in the
vacuum. Producing particles means adding positive energy,
but time translational symmetry prevents that from hap-
pening. Here, we have a similar situation except since we
are dealing with a null perturbation it is a little less ob-
vious. It is in fact the momentum along the X~ direction
that plays the role of the energy. Starting with the vacuum
and adding particles means adding positive momentum
along the X~ direction. But since the source term J(X )
does not break translational invariance along X~ this is not
allowed and thus the vacuum stays the vacuum.

The summary of the above analysis is that a source term
which depends on a null direction does not lead to particle
production, and is more analogous, as far as the question of
particle production is concerned, to a source which is
spatially Valrying.15

Two comments are now in order.

First, there can be other situations of course where there
is particle production. Consider, for example, a free scalar
field theory whose kinetic term is

S = / d*x[F(0¢)*] 4.21)

If F is a function of time, rather than X, there would be
particle production in this model in the sense that the out
vacuum is related to the in vacuum by a nontrivial
Bogoliubov transformation. In such a situation the out
vacuum would be a squeezed state of in particles.
However if F is a function of X*, arguments identical to

50Of course, there is no invariant notion of a particle in
general —it is observer and vacuum dependent. This also means
that particle production is observer dependent. In our analysis
above the vacuum is the vacuum of the free noninteracting
theory and is kept unchanged. And we then find that in the
interaction picture this state will not change during time develop-
ment, if the source term is null dependent. This is the more
qualified sense in which there is no particle production due to a
null dependent source.

PHYSICAL REVIEW D 75, 026002 (2007)

those given in the previous paragraphs ensure that there is
no particle production. The out vacuum, whatever it might
be, must contain a superposition of arbitrary number of
pairs of in particles with a vanishing net k_, and this
cannot happen since there are no particles with negative
k_.

Second, the above argument could have subtleties for the
k_ =0 modes. We have not examined this issue very
carefully: such complications are of course well-known
in light-cone quantisation (for example, see Ref. [78,79]).
Ultimately we use the fact of no particle production to
make some statements about correlators. As long as the
correlators are not at zero k_ momentum, we do not expect
to be very sensitive to this subtlety.

The source, J(X ), does have effects of course; it affects
correlation functions in the ground state. We turn to exam-
ining these next.

Correlation functions.—The field ¢ in the conformal
theory, Eq. (4.16), has conformal dimension 1. We consider
the dressed Feynman two-point function in the presence of
the source J(X ™). This is given by

Gr(xy, x3) = (OIT4 eV 2o (x) ) e/ 02)/2 p(x,)

X ¢ [EWTHXE W) (4.22)

where the time ordering refers to X ordering. Now we see
that when X* lies in between x; and x; then terms
proportional to the source term J(X*) will not vanish.
And thus the Feynman correlation function will depend
on J(XT).

Some comments are now worth making. First, in the
example Eq. (4.22), it follows from our discussion in the
previous section that if e/™)/2J(X*) vanishes as X* — 0
then correlation functions where both x, x5 are close to
the origin will to good approximation be the same as in the
case when J(X ™) vanishes identically. To see this, we write
the interaction Hamiltonian in Eq. (4.22), as,

f d*X~gJ(X M) @3 (X) = f d*Xel2J(XT)e¥ 2 p3(X).
(4.23)

Now, we know that the dressed operator e3//2¢3(x) has
nonsingular correlation functions, in the background
Eq. (4.17) (since the conformal dimension of ¢3(x) is 3).
Thus if e/X)/2J(X") vanishes, as X* — 0, the interac-
tion Hamiltonian becomes negligible.

Second, in perturbation theory in J(X*), the correlation
functions with the source term can be related to those in the
theory without the source term. And the latter, we have
seen in the previous section can be related after appropriate
dressing to correlation functions of the CFT in flat space.
For example, to first order we see that
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Gr(xy, xp) = —i0I T, O 2 (x)) e/ /2 o (x,) f d*XJ=gJ(X")p(X)*|0)

where in the second equation on the right-hand side we
have dressed all the operators by powers of e/ proportional
to their conformal dimensions. Thus, in perturbation theory
possible singular behavior could arise as X* — 0 only if
J(X1)e!XD/2 diverges as X* — 0. The dressing factor,
/72, for the source can be understood easily as it is simply
determined by the conformal dimension of the operator 3.
More generally for a source J(X ') coupling to an operator
of conformal dimension A the dressing factor would be
e=2/2f  Aslong as Je(*~2)/2f is well behaved as X T —
0, no singular behavior will arise.

In the SYM theory which we turn to next, the source
term is the dilaton which couples to a dimension four
operator. Since e® vanishes at the singularity no singular
behavior is expected in the correlation functions. The
argument above was in perturbation theory. In the SYM
theory perturbation theory is not a good approximation
when the ’t Hooft coupling, e®? N = 1. However any sin-
gular behavior is expected to arise only at the singularity.
Since ¢® vanishes there, Eq. (2.6), we expect that the
conclusion that the correlation functions are nonsingular
should be more generally true.

We turn to a more detailed discussion of the SYM theory
next.

2. The SYM theory in the presence of a varying dilaton

We now show that theories in such null backgrounds
admit descriptions in terms of new tilde variables. Before
discussing the gauge theory, we first discuss the basic point
in the context of a scalar ¢ with kinetic term containing a
nontrivial null-dependent factor ¢~ **™).

§=- f d*xe®X) (9 )2 (4.25)

If the function e®*") vanishes at some point, say X t =0,
the propagator for ¢ would vanish there as well and it
might appear that the theory is singular. However we can
define new variables ¢ = €(x)®, so that the action be-
comes

S=- fd“xe_(bn””(eza#gba,,{o + €d,€0,(3%)

+(9,€0,€)@?). (4.26)

Choosing e(x) = ¢®*")/2 we see that the third term, akin
to a ““mass-term,” vanishes. Also given the null depen-
dence of e(x), the second (cross-)term becomes a total
derivative 9, (€2)d_(%*) = 9_[0,(€*)@?], which can be
dropped. Thus we see that such a theory with a null-

—i fd4XJ(X+)e(f(X*))/2<O|T+ e<f<xr>>/2¢(x1)e<f<x2*>>/2¢(x2)e<3f<X*>>/2¢3(x)|o>,

(4.24)

[
dependent kinetic term can be described in terms of new
variables @ which have canonical kinetic terms. The es-
sential point is that the Fock space of this theory is defined
in terms of creation and annihilation operators coming
from the usual mode expansion of &.

If we had started instead with an interacting theory with
action

ST f d*xe " *X[(99)? — Ag*] (4.27)

then after changing to @ variables and dropping a surface
term, the resulting action is

§=- ] A*x[(0@)* — 1e®X) 4], (4.28)

We see that the @* coupling is X* dependent. For a dilaton,
e® as in Eq. (2.6), which is bounded and vanishing at
X — 0, we see that the interaction term is also bounded
and vanishing at X* = 0. It is clear that this theory has a
nonsingular S-matrix in perturbation theory and is there-
fore well defined. This is transparent in terms of the &
variables which, as we noted, are the ones relevant for
defining asymptotic states.

In what follows, we will similarly find new nonsingular
variables in our case of the SYM theory with null-varying
dilaton.

The gauge coupling in the SYM theory is given by
v = e®. Thus a varying dilaton results in a varying
gauge coupling. In more detail the dilaton couples to the
terms in the Lagrangian which are quadratic in the gauge
field strength:

1

1
SGF = — - fd4x—(l) TI'[FMVFMV].
e

1 (4.29)

For now we will work with a flat metric. The effects of the
nontrivial conformal factor f(X*) will be included in the
discussion a little later. Since the e¢® vanishes at the singu-
larity, X ™ = 0, the quadratic terms for the gauge field A "
become singular there. It is therefore useful to carry out a
field redefinition to new variables which have well behaved
quadratic terms. For simplicity we work in the gauge'®

'5The condition, A_ = 0, leaves a residual freedom to do X~
independent gauge transformations. This only affects modes
with momentum k_ = 0. As was mentioned before, there are
well-known subtleties associated with quantizing the k_ =0
modes in light-cone gauge quantization [78,79], and we mainly
consider modes with k_ # 0 in our analysis. For such modes the
condition, A_ = 0 fixes the gauge completely.
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A_=0. (4.30)

Then define

A;=e 24, A, =e %A, (4.31)
where the index i in the first equation above takes values in

the directions transverse to X+, X ™. This gives

| o
Sor =3 f d'ATr(9,A, = 9,4,)°

—2ie®?Tr{(0,,A, — 9,A,)[A*, A"}

—e® Tr([A;u AV])2 - aX’{(a#»(I))AzAI}] (4.32)
In the last term the index i takes two values transverse to
both X, X~ . We see that the last term is a total derivative
in X ; it will not affect the equations of motion and can be
dropped.'” The dilaton also appears in other couplings in
the Lagrangian when we work in terms of the A fields.
These are

S = [d“x[e(b/zﬂ‘“ﬁw +e? Tr([A,, p*TA¥, )

+ P Tr((¢%, P19 ¢P))] (4.33)

where J#9 is the SU(N) gauge current arising from the
scalars and the fermions, and ¢, @« = 1-- -6 are the six
scalars.

Before proceeding let us make two comments. First, in
the gauge A_ = 0, the variable, A, and therefore also fL
is nondynamical. The equation of motion for A_ needs to
be imposed as a constraint, and this determines A ; in terms
of the transverse components A;. Similarly, /L can be
determined in terms of A;. The action in Eq. (4.32) contains
both A, and A;. The correct equations of motion for A; can
be obtained from it by treating all of them as independent
variables, deriving the equations of motion for A; and then
substituting for A, in terms of A; in them. Alternatively,
the same equations of motion for A; can also be obtained
by first substituting in the action, Eq. (4.32), for A, in
terms of A; and then varying with respect to A;. Second, the
A variables can be also be defined in terms of the gauge
potential, A, in a general gauge, as

A,=e A, +a,x). (4.34)

Where y is given by
x=—0"'A_. (4.35)

Note that Eq. (4.35) uniquely defines y as long as the

""The null-dependence of the dilaton was crucial for this to
happen. If the dilaton were time-dependent instead, there would
be additional terms in Eq. (4.32), after the redefinition,
Eq. (4.31), which are not total derivatives.
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momentum component, k_ is nonvanishing (subtleties re-
lated to the k_ = 0 mode were discussed in footnote 16).

We see that in the terms remaining in Eq. (4.32) after
dropping the total derivative in X, and in all the terms in
Eq. (4.33), e® couples with positive powers. Thus these
couplings all vanish when e® vanishes.'® In fact these
couplings are similar to the source terms considered in
the discussion above of the conformally coupled scalar
field. Therefore the conclusions we reached in the confor-
mally coupled case can also be applied to the dilaton
coupling in the SYM theory. First, the lightlike variation
of the dilaton will not give rise to any particle production
and will leave the N° = 4 vacuum unchanged. Second, it
will have effects on the correlation functions. So far, we
have not included the nontrivial conformal factor in the
metric. Once this is included, it is important to work with
appropriately dressed operators, as discussed in the pre-
vious section. Since the dilaton is a source coupling to
dimension four operators, we need to examine its behavior
without any dressing factor of e/. And since e®, Eq. (2.6),
vanishes at the singularity X* = 0, we see that no singu-
larities will arise in the dressed correlation functions.'® For
instance, the scalar kinetic and quartic interaction terms
have factors of e/ and e*/ respectively, so that redefining
the scalars to have canonical kinetic terms removes the e/
dressing factors from both these dimension four operators.

It is worth emphasizing that our arguments go through
for the dressed correlation functions constructed out of the
A u fields and their field strengths. As was mentioned above
it is these fields which have well-defined quadratic terms at
the singularity, where e® vanishes. Other fields which are
related by singular field redefinitions to A will not have
nonsingular correlators at the singularity in general. For
example, the field redefinition used to go from the A
variables to the A variables is singular when e® vanishes,
Eq. (4.31). If we had used the field strength made out of the
original A, variables, Eq. (4.29), then the correlation
functions would not be finite near the singularity.
Keeping only the quadratic terms in the field strength and
using the relation, Eq. (4.31), we have that

'81n the example, Eq. (2.6), ¢® is not an analytic function of X*
at the singularity and sufficiently high order derivatives with
respect to X diverge. However the couplings in the YM theory
only involve positive powers of the dilaton and not its deriva-
tives. Thus these couplings all vanish at the singularity, and the
diverging higher X *-derivatives of the dilaton do not lead to any
singular behavior of the correlation functions.

"It is important to note that the varying dilaton does not change
the conformal dimensions of operators, assuming that any such
contribution to the conformal dimension must come from a term
in the effective action. Since the effective action is a local
coordinate invariant function of the dilaton, the metric and the
tensors made from the metric, any additional terms vanish since
the background is null. A similar argument was discussed in the
case of the trace anomaly at the end of Sec. III.
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e PTrF? = TrF? —10_G., (4.36)

where G, = (9, ®)A,;A’. This means
(e ® TrF%(x)e~® TrF%(y)) = (TrF?(x) TrF?(y))
—30,(G . (x) TrF(y))
—10,-(G(y) TrF?(x))

+ %ay_ ax' <G+ ()’)G+ (x»
(4.37)

Now for the solution, Eq. (2.6), close to the singularity,
b ~ \/—glogXJr. Thus 9, ® ~ 1/X*, and diverges near the
singularity. This means if one or both points in the corre-
lator approach the singularity the G dependent terms in
Eq. (4.37) blows up. Thus the correlation function of
e~ ®F? diverges at the singularity.20 This observation will
be relevant for the discussion in the next section where we
compare the gauge theory results with those in supergrav-
ity. The dilaton in the bulk couples to the operator, e~ ® F2,
and thus the bulk two-point function for the dilaton should
be compared with the two-point correlator of this operator
in the SYM theory.

Before proceeding let us also note that the two-point
function, (TrF?(x) TrF>(y)), and all higher point functions
of TrF?, vanish at the singularity for the example, Eq. (2.6),
since e® vanishes more rapidly at the singularity than
d_G . More generally, depending on the behavior of e?,
these correlators could diverge at the singularity.

It would be worthwhile to try and identify supergravity
duals to the operators made out of the tilde variables. Some
operators made out of A fields can be easily related to local
operators made out of the field strength, F,, = d,A, —
d,A, —i[A,, A,]. For example, let us define

F,=0,A,—-03,A,—i®4,A4A, (4.38)

Then as long as u, ¥ # X", we have a local relation,

F,, =e®F,, (4.39)

%z

Some gauge invariant operators can be built from F,,, u,
v # X%, by considering quadratic and higher powers and
taking a trace over color space. One example is
Tr(F,,F,s). Such operators are dual to supergravity
modes which are local excitations in the bulk. Using
Eq. (4.39) these can be described in terms of the tilde
variables. So for these operators, made out of the tilde
variables, there is a dual description in terms of local
excitations in the bulk.

2We have not explicitly put in any dressing factors propor-
tional to e in the correlation function, Eq. (4.36). We are
actually interested in the operator ./=gF,,F,,g""g"”. For
the conformally flat metric, Eq. (2.6) factors of e/ drop out. In
the expression, F' 2 in Eq. (4.36), the indices are contracted using
the flat space metric; similarly for 7.
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But there are also operators, of a second type, made out
of the tilde variables, which are not local functions of the
field strength F,,,. The supergravity duals of these are not
local excitations in the bulk, since the supergravity modes
which are local excitations in the bulk, are dual to gauge
invariant operators made out of the field strength F,,, and
its powers. Example of such operators are A s OF (0 MA,, -
9,A w)- Since the tilde variables are defined in the A_ =0
gauge, Eq. (4.31), these are by definition gauge invariant.
But since the components of the gauge potential, A,
cannot be expressed locally in terms of the field strength,
neither can the fields A u- As another example, take F v
when either index, u or v is X*. We get
=e P2F,, +1e7¥%(4,0,® - A,0,P). (4.40)

Fo,

We see that the extra terms appearing on the right-hand
side involve derivatives of @, and the gauge potential A. A
complete set of operators made out of the tilde variables
must include operators of this second type whose super-
gravity duals are not local excitations in the bulk.

It might be useful here to recall that a familiar example
of an operator which is gauge invariant but which is not
local in terms of the field strength is the Wilson loop,

TrPeif 4 We know this is dual to a string in the bulk
and this is not a local excitation. In some very rough sense,
the duals of these second type of operators should be
similar.

In summary, in the last three sections we have analyzed
the dual gauge theory in some detail. Our conclusion is that
nonsingular field variables (the A variables) can be found
such that correlation functions of these fields, when suit-
ably dressed by appropriate powers of the conformal fac-
tor, are nonsingular. This leads to the conclusion that the
gauge theory dual is nonsingular.

V. THE BULK TWO-POINT FUNCTION

So far our discussion has been mainly in the gauge
theory. In this section we calculate the two-point function
of a scalar in the bulk. Some comparisons with the gauge
theory are discussed at the end of the section.

It is convenient to work in coordinates in which the 5-
dimensional space-time transverse to the S° in Eq. (2.1a)
has metric

ds? = Ziz[ef<—2dx+dx— + > (dxf)2> + dﬂ. (5.1
i=12
The 5 dimensional space-time, Eq. (5.1) has a boundary at
z = €. This serves as an infrared regulator of the bulk
theory. The dual gauge theory lives on the boundary as in
the standard AdS/CFT correspondence.
A scalar of mass m has the action

S = - f Bxy=E (g0, 00,0 + me?),  (5.2)
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An orthonormal complete set of modes solving the result-
ing wave equation is given by

u(ki’kﬂwZ)(Z, x’u)

_ eif(xﬂ/zei(kfX*—wz fe/dX*)/zk, eik,X’+ikix[évw’ (5.3)

where
l, = Aw’7*K ,(wz) + Bw?*?1,(wz), w? >0,
l, =Aw’??H, (inz) + Bw*z?H,(—iwz), w? <0.

5.4)

Here w = Vo?, v =4+ m?, and A, B are integration
constants.

For the AdSs X S° background, if we are interested in
calculating the bulk two-point function dual to the
Feynman propagator in the N' = 4 vacuum of the gauge
theory, then, for w? > 0, the correct combination of the
normalisable and non-normalisable modes is obtained by
setting B = 0 in the first equation in Eq. (5.4), and only
keeping the K, (wz) solution

{y = (w2)*K ,(w2).

For w? < 0 the correct combination is obtained by analyti-
cally continuing this solution

(5.5)

l, =Aw’??H, (iwz), (5.6)

with [A| =7Z. (Note the analytic continuation is not
unique; one could have instead obtained (=
Aw’7?H,(—iwz). This ambiguity does not affect the final
answer for the bulk two-point function.)

The choice of these modes is further justified by a
standard light front quantization of the field, which is
explained in Appendix B.

We are interested here in backgrounds like Eq. (2.6),
which become AdSs X §° asymptotically as X* — —oo.
We have argued above that the dual SYM theory starts in
the N = 4 vacuum in the far past, as X T — —00. To
calculate the bulk two-point function which is dual to the
Feynman propagator of the gauge theory in this case, we
once again choose the same combinations of normalizable
and non-normalizable modes, as in the AdSs X S° case.
This is clearly correct for correlation functions in the limit,
X" — —o0, and since the z dependent part is independent
of X* it is must then true for all X™.

A general solution can be expressed in terms of these
modes:

o(x, z) = € jw &2k [m dk

o dw? Uik w?) (2 XH)
X | Sk ke, w?) ek 2 2
fm Take RC

(5.7)

o(k;, k_, w?) are Fourier coefficients. z = € is the bound-
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ary of space-time, as discussed after Eq. (5.1). We denote
AL =2+,
The action evaluated on this classical solution becomes

S = fdzk,-dk_korC(v)go(ki, k_, o) e(—k;, —k_, ©*)w*",
(5.8)

where the integrals over all four variables, k;, i = 1,2, k_,
ky go from [—oo, c0], and w? = —2k_k, + k?. An as-
sumption made in deriving Eq. (B7) is that the affine
parameter, A of Eq. (2.7), has range A € [—o0, co]. This
will be true if the conformal factor obeys e/ = 0 for X* €
[—o0, 00], since dA/dX" = e/ = 0. In position space,
Eq. (5.8) evaluates to

S = Cfd4xd4x/eSf(X*)/2€3f(X’*)/zgo(f)go(f/)(AAX):>I_A

1
X — 59
(A7 69
Here, C is a constant, and
A=2+ v (5.10)

Let us relate this to a correlation function in the bound-
ary theory. The mode ¢ couples to an operator O in the
boundary theory with coupling

Sty = [ 6/"FO@0, 61D
Here, §,, = efn uvs 18 the metric on the boundary and
o(x) is given by Eq. (B9).

Equating the bulk action with the action of the boundary
theory up to second order in the source ¢(x) gives

RO = 5 5 e

X (¢ 4V/TEODREN

_ 6 o
S(X) do(X')

eiSSugrahD(})]'

(5.12)
From, Eq. (5.9), we then get
AA\I-A 1
Y = Ce f®)/2=f(x)/2
(OWO()) = Ce /W2 ( AX+) AR
(5.13)

In the discussion on correlators of the gauge theory in
Sec. IV we emphasized the importance of considering
dressed correlators. The operator O(x) has conformal di-
mension A in the SYM theory. Then the dressed correla-
tion function is
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(eVWR/20(x)e V20 (x1))

. AL \1-A 1

=C (f)(A=1))/2 ,(f(x)(A=1))/2 .
¢ ¢ AXT) [P

(5.14)

The behavior of this correlator close to the singularity is
worth analyzing. Using the definition of the affine parame-
ter A, Eq. (2.7), we see that when the two points are close to
each other

(eVON20(x)eVEN20(x)) = C (5.15)

[(Ax)7]*
which is the two-point function in the N" = 4 SYM theory
without any sources. This is true when the two points are
close to each other in general and, in particular, when they
are also close to the singularity. When one of the points, X,
is at the singularity, X* = 0, we see that the dressing factor
e/ leads to the correlation function vanishing. This is true
for all values of (X')* # 0. In the limit when both points
approach the singularity, X*, (X’)* — 0, the correlation
function depends on how the limit is taken. For instance,
for our prototypical example, Eq. (2.6), we get, upon using
A~X") P as X" —0,

<e(f(x)A)/2O(X)e(f(x/)A)/Zo(xl»

-5 ) <
(5.16)

The correlation function scales with distance (AX)? =
(Ax;)? as in the N" = 4 theory, but the coefficient depends
on the limiting value of the ratio, %

We argued in Sec. IV B 2 that close to the singularity the
two-point function in the gauge theory reduces to that in
free SYM theory, since the dilaton vanishes. We now see
that the correlation function calculated from the bulk does
not have this property. The fall off with distance, m ,is
as in the free theory,?! but as seen above, as the two points
approach the singularity, the value of the correlation func-
tion depends on the how the limit is approached and is not
unique.

This disagreement between the supergravity calculation
and the gauge theory does not disprove that the descrip-
tions are dual. The bulk calculation fails close to the
singularity where the higher derivative corrections become
important. Once these are incorporated presumably the
bulk answer will agree with the gauge theory.

Finally, the discussion above, in particular, applies to the
dilaton, which is a massless scalar in the five-dimensional

2'Bulk modes correspond to operators whose conformal dimen-
sions are unrenormalized and thus remain the same in the free
limit.

PHYSICAL REVIEW D 75, 026002 (2007)

theory. The operator it couples to in the gauge theory is
O = e ®TrF?. We discussed in section IVB2 near
Eq. (4.36) that from the gauge theory point of view the
two-point function of this operator should be singular when
one or both points approach the singularity. This is very
different from the bulk result, which shows a result that is
finite but limit dependent. Once again presumably higher
derivative corrections are responsible for this disagree-
ment. The gauge theory analysis also tells us that good
variables in the gauge theory are the A variables, Eq. (4.31),
and gauge invariant field strengths constructed out of these
variables. It would be interesting to try and carry out a
similar analysis for bulk modes dual to these variables.

VI. WORLDSHEET ACTIONS

In this section we consider the bosonic part of the
worldsheet action of a string in the class of backgrounds
given in (1.1) and (1.2). For a given string frame metric
gur(X) and dilaton ®(X) the covariant Polyakov
Lagrangian density is given by

Lo = —3—hh9,X*9,X"g,,(X) + V—hRP(X),
(6.1)

where h,, is the worldsheet metric with signature (—1, 1).
The string frame metric which follows from Egs. (1.1) and
(1.2) may be rewritten as

4 1 .
ds® = eM[ [2dX*dX~ + dX*] + deyz} (6.2)

Y2
where X = X', X2, and Y = Y'---Y®, and Y = |¥]| is

related to r of Eq. (1.1) by Y = R?/r.
We will fix a light-cone gauge following [80—82]
l’lo] = 0, X+ =T (63)

Let us first ignore the term containing the dilaton. Then the
gauge fixed action becomes

_ 1 in yj 1 i j
-Epol = _§|:E(T, O')g,jﬂTX BTX - mgUGUX GUX
+2E(1,0)g4_9,X" } (6.4)
where we have defined X>® = Y-, and
E(o,7)=,|——— 6.5
TN bt ©9
The momentum density conjugate to X~ is
T - = E(O-) T)g+—(7): (66)

and this is independent of 7 by the equations of motion.
Since the gauge choice (6.3) still leaves reparametrizations
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which are independent of 7, we can choose a o such that

E(o,7)g._ (1) = 1. (6.7)

and use this to write E in terms of g, _ = ¢®/2*//Y2. The
final form of the action is then

1 - -
S = 3 ]dadr[(&TX)2 + e /(9. Y)?

_ % 220 (5 T2 — % o) eq’(T)(G,,I?)Z}
(6.8)

where we have to remember that 7 = X . This expression
indicates that stringy modes become important when ¢/(")
and/or ¢®™ become small. Consider, for example, the
energy for a piece of a string along the X!, X? directions,
at some constant value of ¥ = ¥, o- This corresponds to a
classical solution, e.g. X' = Ao. The typical energy, in
string units, of this piece at null time X* = 7 = 74 is E ~

% €2/(10) ¢®(70) which becomes small when the overall fac-
0

tor is small. The factor of -7 is simply the redshift factor of

1
7
the underlying geometry.

In the example Eq. (2.6) this happens at the singularity
X* = 0. Our analysis then suggests that near the singular-
ity stringy effects become important, in agreement with the
conclusions of the previous section.

In the above analysis we have not considered the effect
of the dilaton coupling to the worldsheet curvature, the
second term in Eq. (6.1). However in the gauge we have
chosen the intrinsic worldsheet quantities are functions of
7 and the dilaton is a function of 7 alone. Therefore this
term does not affect the dynamics of the transverse fields
X , Y and modify the above conclusion, though the value of
the energy will be affected.

While it is reasonably clear that stringy effects become
important near the singularity, we have no definitive con-
clusion about whether perturbative string theory is well
defined in this background. This would require a much
more detailed study incorporating the RR background in
the fermionic part of the action and a calculation of corre-
lation functions of vertex operators. We defer this for
future work. However since the string coupling is small
and stringy effects are large near the singularity there is a
distinct possibility that perturbative string theory is well
defined, in which case the singularity is really resolved by
a' corrections.

VII. PENROSE LIMITS AND MATRIX THEORY

In this section we perform the Penrose limit of our class
of solutions, Eqs. (1.1) and (1.2). The main motivation
behind this is to write down a matrix theory type action
which describes the DLCQ quantization in the resulting
pp-wave background.
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A. Penrose limit
For this purpose it is convenient to rewrite Eq. (1.1) as
45 = P[—dP +dg? + e ad + dd)] + 90 + g
s? = r[—dt q e ( X3 x3)] 7 ¥
+ sinyd )2, (7.1)

where we have used the affine parameter z* along a null
geodesic instead of the original coordinate Xt = %(t +

q)
o= f " dxel©, (1.2)
and defined a function F(z*) by
F(z") = f(X"(z")). (7.3)
The coordinates ¢, t are defined by
=L X —G-q. (4
V2 V2

In terms of these coordinates the Eq. (2.4) determining the
dilaton becomes

1/d®\2 | d’F | 1/dF\2
(—) +—+=(—) =0. 7.5
2 (dz+> dz*? 2 <dz+> (7.5)
Now make the following coordinate transformation
r = sinu, t=—cotu—12+f, ¢=£+u,
R R R
(7.6)
as well as rescale
2.3 2
2 3 _ XX 9 »
x5, x> — R q—>E, Q4—>?. (71.7)
Finally we perform the limit
R— oo, and u, v, X, Q4= fixed (7.8)

In this limit the $* decompactifies, whose coordinates we
denote by ¥ and we get the pp-wave metric

1
ds®> = 2dudv + cos’ud¢?® + ——— dx>

(G(u))?
+ sinu(dq® + dy?), (7.9)
where we have defined
o~ (1/DF(~(1//2) cotu)
Glu) = (7.10)

sinu

This metric may be brought into Brinkmann form by the
coordinate transformations
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u=1"U,
v=V-— %fztanU + %(p2 + 7% cotU — % %fz,
1 1
¢ = cosUg’ 17 snu?

[here G(U) = G(u(U))] and the pp-wave metric becomes
(in Einstein frame)

ds? = 2dUdV — [HU)X? + Y*(dU)? + dX* + aY>,
(7.12)

where we have defined ¥ = (Z, p, £) and the function
H(U) is defined by

2
-t ()

After some algebra this may be written in terms of the

(7.13)

original function F(z*) where z* = — % cotU
[14+2Y)*Pr d&?F  1/dF\2
HU)=1- + (S5
©) 4 [(df)z 2(dz+> }
[1+2(zT)*T? 1 dD\2
SIS L AR I (it 7.14
8 (df) ' (7.14)

where we have expressed this in terms of the dilaton
®(U(z")). In addition there is a fiveform field strength
which becomes, in the Penrose limit

Fs=dUAdé Ndp AdX> AdX? + dU AdZ' A dZ?
ANdZ3 AdZ. (7.15)

It is interesting to examine the nature of the function
H(U) for some specific backgrounds considered in the
previous sections. Consider, for example, the background
given by (2.5). In this case

zt = X' — tanhX ™. (7.16)

To obtain the form of the function H(U) we need to invert
X" and express this as a function of z* and so obtain
F(z"). Finally we have to substitute z* = — % cotU and

calculate various quantities. Let us examine the nature of
this function near the singularity at X* = 0. This corre-
sponds to z* = 0 and near the singularity z* ~ @ Now,
the whole range of values of U cover the range of z* from
—o00 to +0o0 multiple number of times. Consider one such
domain 0 < U < 7 which covers —oo < z* < oo, It is then
straightforward to see that near the point z* = 0 which
means U — 7/2 we have

1

H(U) Nm,

e ~ (U = DpBB. (7.17)
2
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Thus the Penrose limit of our original space-time is sin-
gular as well.

In fact, it is easy to see by comparing Eq. (7.14) [or,
rather, because of the change of coordinates, (2.4)] to
Eq. (2.9) that the pp-wave is singular if and only if the
pre-Penrose limit original space-time is singular. That the
Penrose limit of a singular space-time is also singular was
demonstrated in far more generality than this in Ref. [83].
Interestingly the # -type singular profile seen in Eq. (7.17)
was shown in Ref. [83] to be quite typical of the Penrose
limit of cosmological singularities, and is amenable to
perturbative string theory analysis [84].

B. Matrix membrane action

In the Penrose limit there are spacelike isometries,
which may be made manifest by choosing a different set
of coordinates [85] in which the Einstein frame metric
becomes

ds? = 2dUdV — 4Y3dYSdU — [H(U)X*> + (Y')?

+ o+ (YH2)(dU)? + dX* + dv*. (7.18)
Consider now the above background with both V and Y°
compact with radii Ry and Rp respectively. The usual
construction of the matrix theory dual of the sector of the
theory with momentum Py, = J/R, along V involves

(1) A T duality along Y® to obtain a IIA theory;

(2) Aliftto M theory by introducing a new direction Y7;

(3) KK reduction of this M theory along V to yield

another IIA theory;

(4) Performing two T-dualities along Y° and Y7 on this

ITIA theory.

Then, following the usual DLCQ logic, the dual theory
isa2 + 1 dimensional SU(J) Yang-Mills theory living on a
torus. the action of this theory is obtained by following the
same steps as in e.g. Refs. [37,85]. Here we quote the final
form of the action

w(BR) | (2((slB)/R)
S=fd7[”‘* daf”“ dpL,
0 0

where I, gp are the string length and string coupling of the
original IIB theory. The Lagrangian density is

(7.19)

1
L= Trz{[(DT x)? = e®D(D, x*)? — e *(D, x*)?]

1
+ G [e®DF2 + e *DF2 —F2]
—H@OD? + (0?1 = O0F)? = = (x°)?

G2 .
—4(x7)* + %[}(“, XPP + 2iGymx’[ X, X°]

4
+ e X'Fy ]’, (7.20)

YM

where we have defined a new field y“, « = 1---7 and
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x'=X',i=1,2while y'*> =Y/, i =1---5. Along with
the steps outlined above, this Lagrangian follows by taking
7 = U gauge, and so ®(7) here is ®(7 = U(u(z"(X1))))
of Sec. VII A. The Yang-Mills coupling constant is deter-
mined in terms of the quantities of the IIB theory as with

RR?
Gyn = | —2.
™ gBlé

Unlike the matrix membrane actions in Ref. [37], the
Yang-Mills coupling defined by the cubic and quartic
commutator terms in the action (7.20) is time independent.
Naively it appears that so long as ggp << 1 the theory is
strongly coupled at all times and the fields collapse to
diagonal fields in a suitable gauge. Furthermore the radius
of the p direction becomes small and the theory reduces to
a 1 + 1 dimensional theory. This becomes the light-cone
worldsheet action after a dualization of the gauge field in
terms of a new scalar y®. The matrix membrane

|
g— [dq' vaT(fé/R) Jo [ngB((fé/R)
0 0

(7.21)
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Lagrangian density becomes in this limit

L =0, x + (9.x%)? — e*D(a,x*)?
— (9, x8)?] — HOL(')? + (x?)]
— (32 = = (O + 4x79, x5

The details of the dualization are provided in Appendix C.
Using the procedure of Sec. VI it is straightforward to see
that this is the light-cone gauge worldsheet Lagrangian in
the background (Einstein frame) metric (7.18), precisely as
it should be.

The Lagrangian (7.20) was written in terms of a flat
worldvolume metric. Let us instead introduce the world-
volume metric y, whose line element is

ds* = —dr* + e ®Ddo? + e Ddp?.

(7.22)

(7.23)

Then the bosonic part of the matrix membrane action can
be written (almost) covariantly as

1 1
AoV~ s VY FuFea = 3 Y DX DX
YM

2
—HOIGM? + G2 — 32 — ... — (x®)? — 4(7)? + %[}(“, XPP + 2iGymx’ X, X°1 + i)ﬂF@},

where q, b, ... are worldvolume indices. Thus the matrix
membrane theory may be considered to live on a curved
space, albeit with time-dependent mass terms. The curved
space, (7.23), is, however, typically singular at 7 = 0; for
example, the Ricci scalar is

R= %@’(T)z, (7.25)
which, via (7.14), is singular if the pp-wave is singular.
Since o = p = const is a geodesic, the 7 = 0 singularity
is at finite affine parameter.

This story is almost exactly the same as that in Ref. [37]
in which the matrix membrane, for the type IIB maximally
supersymmetric pp-wave deformed to a big bang-type
singularity by a null dilaton, lived on a singular worldvo-
lume. The difference between that work and this work is
that there the metric was conformally flat, but singular;
here the metric is singular but is not conformally flat. This
is therefore a further extension of Refs. [22,28] which
discussed matrix strings which ended up living on Milne
space, and for which, therefore, the “‘big bang’’ singularity
turned into an orbifold singularity.

Indeed, like Ref. [37] but unlike Refs. [22,28], we expect
that the matrix membrane theory exhibits mode produc-
tion. Note that this is not particle production in the target
space theory, which we have shown to be absent. Mode
production in the matrix membrane theory is an extension
of a similar phenomenon of mode production on the light-
cone worldsheet. Here we consider a fixed number of

Gym
(7.24)

{
strings with a fixed nonzero value of k_. Consider, for
example, a single closed string so that the extent of the
worldsheet o direction is 0 < o < 27[2k_. The higher
worldsheet modes are higher oscillator modes of this single
string with the same values of k;, k_. Worldsheet
Lagrangians which are explicitly time dependent would
naturally evolve a state in the oscillator ground state to
higher oscillator states with the same target space mo-
menta. In our matrix membrane theory the oscillators of
X' are labeled by the quantized momenta (m, n) in the
(o, p) directions, respectively, which correspond to oscil-
lator states of single (p,q) strings. The presence of
7-dependent factors in front of the D, x' and D,y then
imply, as in Ref. [37], that if we start with the oscillator
vacuum in the past, the state near the singularity would be a
squeezed state of higher oscillator modes of a (p, g) string.
In Ref. [37] higher modes of a pure F string (n = 0 modes)
were not produced. In the present case, excited states of a F/
string are produced as well. This is in accord with our
analysis of the worldsheet string theory.

The question whether matrix membrane theory resolves
the singularity of the pp-wave background is related to the
question whether the worldsheet action in this background
leads to a well-defined perturbative string theory. We have
not yet been able to address this question directly.
However, the connection of the pp-wave with a sector of
a3 + 1 dimensional gauge theory suggests that there could
be a nonsingular description.
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Recall that the IIB pp-wave discussed above with com-
pact V, Y® is the Penrose limit of AdSs X %7 xz [51-53].

In this limit, R, M, M, — oo and the finite radn RV, Ry are
given by
R? R

= — Rg = —. 7.26
5= (7.26)

States in the pp-wave background with finite Py and Pg

descend from states in the original background with large

angular momenta along the S°. The matrix membrane is

supposed to provide a nonperturbative description of string

5 .
ﬁ in this large angular
momentum sector, and the momentum modes along o and
p directions are the F-string and D-string oscillators.

On the other hand, the AdS/CFT correspondence then
implies that there is a usual dual 3 + 1 dimensional gauge
theory description along the lines of Ref. [54], which turns
out to be a large quiver with MM, nodes, each having a
U(N) gauge theory [52,53]. The oscillators of the F-string
now appear in this gauge theory as operators with many
scalar insertions.

It is natural to expect that this chain of correspondences
persist with our time-dependent deformation. Correlation
functions of gauge invariant operators in terms of suitably
redefined fields are therefore expected to be nonsingular.
This might indicate that the theory could be nonsingular
when a correct choice of dynamical variables is made.
However we do not know at this moment how to make
such a choice directly in the worldsheet or matrix mem-
brane theory.

In fact, the present paper indicates that different holo-
graphic descriptions are useful to analyze what happens to
string theory near such null singularities. For backgrounds
of the type analyzed in Refs. [22—44], the matrix string
theory or the matrix membrane theory provided a trans-
parent explanation of how null singularities may be “re
solved.” For the kind of backgrounds we have focussed in
this paper, the AdS/CFT type of correspondence is more
suitable.

theory in the original AdS5 X
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APPENDIX A: THE CONFORMALLY COUPLED
SCALAR

We consider the light-cone quantization of the confor-
mally coupled scalar, whose Lagrangian is

§= - /d4x\/—_g[%(ago)2 + éRgoz}

in a background metric, Eq. (4.17).
Mode expanding the scalar we get

QD()C) = €7f/2fd2k dkﬁ

X [alk;, k_)e ikix' +k-X"+(k}/2k-)X)

(AD)

+ aT(ki, kﬁ)ei(k,‘x’#k,X’+(k?/2k,)X+)]‘ (A2)

The momentum conjugate to ¢ is 2¢/dy- ¢. One can see
that if the creation and annihilation operators satisfy the
standard commutation relation

la(k;, k_), at (K, k)] = 273 8%(k; — k})S(k_ — kL),
(A3)
then ¢ satisfies the standard comutation relation with its
conjugate momentum.

The conformal vacuum is defined as the state which

satisfies the condition [77]
a(k;, k_)|0y = 0. (A4)

APPENDIX B: CALCULATION OF THE BULK
TWO-POINT FUNCTION

The equation of motion for a minimally coupled massive
scalar in the metric (5.1) is given by

\/— 9,(J=88""9,¢) —m*e = 0. (BI)

Solutions can be found using the method of separation of
variables. Substituting the ansatz,

QD(Z, xH) = eg(X+)eik,X’+ikixi g(z)’ (B2)
we find that g(X*) and {(z) satisfy the equation
1! 3 !
e —ik_(2g' + f') — k2] — —+% —i—o (B3)
Z

Setting the first (z-independent) expression equal to a
constant —w?, give
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2" =32 + (—w’? —m?){ =0,

B4
—ik-(2g' + f) — ki = =y

—w?el.

The first equation for the z-part is the same as in AdS5 and
its solution are Bessel functions, whose solutions are given
by Eq. (5.4). The second equation in Eq. (B4) for g can be
solved easily, yielding the final solution (5.3).

Before proceeding we note that the modes, Eq. (5.3),

satisfy the completeness relation
fd4xezf Uk )2 = € xH) u(kl, k-, 0')(z = € x*)
{u(e) u(e)
= Qm)*S8(k_ + k_)8%(k; + k))d(w? — 0™)|2k_|.
(B5)

1. Calculation from boundary action

00 00 o0 2
fdk—f d?k; [©o, dk_ [*, |2k - Sub-
stituting Eq. (5.7) in the action, Eq. (5.2), and using the

equation of motion Eq. (B1), the bulk action reduces to a
boundary term

Denote

§=- f dxy=gs7e(i 0.0 Dee  (BO)
f dkdR o (ks k_, 0¥ ok, K-, 0)(k_ + k)
X 8(k; + k)2lk_|8(w? — 0?0 C(v), (B7)

where C(v) is a coefficient which depends on », and we
have dropped the terms that are singular in €
(c.f. Ref. [62]). This can be further simplified to yield
Eq. (5.9).

We would like to convert Eq. (5.8) into a position space
correlator. Using the completeness relation, Eq. (BS), we
have

ok k_, 0?) = f d*xe* p(xH, €)

(2 m)*
u(—k;, —k_, w*)(€, x*)
(B8)
{o(e)
In the discusion below, we denote
e(x) = e 2 p(x, € (B9)

from Egs. (5.3) and (5.7), we see that ¢(x) is independent
of €.
Then, Eq. (5.8) can be written as

S = /d4xd4 2f(X*)/2 3F(X')/2 (x)go()?)G(ﬁ ->/)
(B10)

where
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> > 2> 2 — i Ay —(ik2 +
G()C, xl) — [dke ik_AX™ —ik;Ax e (ik; /2k_)AX

1
@2m)®

< e(iwz/zk,)AAaﬂv, (B11)

with Ax# = x# — x/#
The momentum integrals in G(X, X') can be carried out
and gives the final action in position space, (5.9).

2. Calculation using light front operator quantization

The normalized solutions of the Klein-Gordon equation
are

1

V2(2m)3 | 2k-

X [eif(er)/zGlgk

22, (a2)]

Poin FBx*,2) =

a(x+)]ei(§-i+k,x’)’

(B12)
where
24 a2 2
Gy a(x*) = exp|:— T Alxt) + l2k, K(x+)i|,
(B13)
where
Alxt) = fx+ dyel™), k(@xT) = AlxT) —xT. (B14)

These modes are normalized according to a Klein-Gordon
norm on an x* = const surface, which is defined as

(1, 2) = —ifdzdidX’\/—gg*’(sola-% — 59_¢1).
(B15)
In this norm we have

)= 8Dk — K)o(a — a')8(k_ — K).
(B16)

(9Da,/€,k » Pt ik

We have the mode expansion

o(x*, 7, %) = foo da foo dk_ fdzk[goa,;k (x*, z, %)
0 0 K-

X a(k k_, a) + o* . (g, Datk k_, a)]

(B17)
The commutation relations are
[alk k_, @), at (K, k_, a'] = 6(a — a')8%(k — K
X (k- — k). (B18)

The Feynman propagator is
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e L. . o o0 &k [«
GF(X_,Z, Xxt 2 X) :ﬂ) dajo dk_ jm(z)(zz/)zfy(az)‘]y(az/)

ik-(F—%)+ik—(xx~") ,— f(x*)/2 Y, — (/2 rx +1 + ot
X [eik G Hik=(x) o= f(T)/ Gl?,k,,a(x Ye S0/ GE,k,,a(x )6(x x*)

e B SWRGE () IGO0 2L (BI9)
This may be represented as
Gr(x*, 2, %x, 7, &) = e AT (1) ] " da f Y dk f Y dk + ] PhF R ke, a). (B20)
0 —00 — 00
where
- . /
F e ke, @) = ek G5 ik (757 g =ik [AG) = Al )] iR /24 () = ()] aJv(af)Jv(aZ) _ (B21)
- 2k k_ — (K* + a® — i€)
Since A(x") is a monotonic function of x*, the integral over k, in Eq. (B21) will reproduce Eq. (B19).
The integral over « in Eq. (B20) may be carried out using the integrals
o0 J(az)],(aZ)
daa - - =L(p2)K,(pz),  z<Z,
ﬁ 2k — (K + a? — ie)
=K, (pal,(p7), 7 <z (B22)

where

p =k — 2k k_. (B23)

Thus, for z > 7z’ the momentum space propagator may be written as

Gy = e 1AV (7712 f_w di, e kD)= A iR /24 k) =k (21 VK (2p), (B24)
In the limit 7/ — 0 with fixed z the function 7, (pz’) ~ (pz’)”. The bulk boundary propagator is then obtained by dividing by
the leading 7z’ dependence of the Feynman propagator. Finally the boundary correlator is obtained by taking the limit
z— 0. The result is easily seen to agree with Eq. (B11).

APPENDIX C: FROM MATRIX MEMBRANE ACTION TO WORLDSHEET ACTION

Let us start with the abelian version of the “matrix’’> membrane action (7.20). We wish to find the Green-Schwarz string
action. To do this, we follow the usual procedure of first dualizing the gauge field and then employing dimensional
reduction along p. For this, we really only care about the sub-Lagrangian,

I . 4
Ly =G [ePFo + e POFL — Fl )+ =—XTFy, = 4(X) (C1)
YM YM

L, is that part of the Lagrangian which involves F, plus a term that will disappear when we complete a square.
To dualize the gauge field, we add an auxiliary field x®, and write

1 _ 1 _ 1
‘£1 = Gz [e(D(T)/ZFa'T + GYMe (I)(T)/Zap/\/8]2 + G2 [6 (D(T)/ZF;JT - (;YMeCD(T)/z617'/\/8]2 - G2 [Fpa - GYM87X8]2
™M M YM
4
+ G—YM/\/7F0'p — (X2 + (9,x%)? = €D (9, x5 — e (0, x5)% (C2)

Note that the last three terms ensure that the action is actually linear in x®; the equation of motion for x®, in fact, is just the
Bianchi identity dF = 0. Therefore, we can treat F as an independent field—the y® equation of motion is solved by taking
F = dA—and instead of integrating out x®, we integrate out F. Since F appears quadratically, we can integrate out F by
solving its equations of motion and plugging the solutions back into the Lagrangian. The equations of motion for F are
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F0'7'=

pT

For = Gymd X + 2Gymx’.

Therefore, L, is equivalent to the action
Ly=0+0=40) + 8 +4x7a,x* —4()) + (9,x%) = e®D(9,x%) — e *D(9,x%)

=4x7 9. x5 + (0,x%) = PP (0,x°) — e PD(0,x").

_GYMe_q)(T)apXSr

F,r = Gyne® ™, x5
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(C3a)
(C3b)
(C3c)

(C4)

Thus, the matrix membrane action (7.20) reduces to the string action (7.22).
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