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1 Introduction

There has been much interest in high-energy scattering, and the eikonal approximation in
particular, in the contexts of gauge theories, string theories, and the duality which relates
them. Relevant recent papers include [1-6]. In this note, we obtain the eikonal approx-
imation to scattering in AdSs. This is relevant for high-energy limits of Green functions
in four-dimensional conformal field theory, and plays a partial role in dual descriptions
of high-energy hadron scattering and small-z deep-inelastic scattering in nonconformal
quantum field theories. Applications will be addressed elsewhere; here we present some
basic results.!

The string-dual description of scattering at very high energies and low momentum
transfer in large-N, large-A gauge theories (here A oc g?N is the 't Hooft coupling) was
considered in [2], building on work of [8-10]. The dual string theory has strings propagating
on a space which is asymptotically AdSs x X (X a compact five-dimensional space of little
consequence here) with metric approaching

2
ds? ~ % (nudztdz” + sz) + ds% (1.1)

as z — 0. The metric is strongly corrected for z near zq, ~ 1/A, where A is the
confinement scale.

The form of a two-to-two hadron scattering amplitude in the gauge theory, at leading
order in 1/N and s large compared to the confinement scale and to ¢, was shown in [2],

"Work with overlapping results appeared [7] as this paper was in preparation.



following [9], to be proportional to a Pomeron propagator or “kernel” Cy.

I (M (s,0))x [ d/503) d2//5(7) Ba(2)4 )

I\ 2
52 (%) Ko(s,t,z,z')]q)l(z/)q)Q(z').
(1.2)

Here the ®; are wave functions for states dual to gauge-theory hadrons, and the variable 5
represents the square of the proper? center-of-mass energy.

(g 2) R (1.3)

(Note § is slightly ambiguous, though generally the ambiguity is subleading in the Regge
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limit; we have taken § to have a symmetric dependence on z and 2/, as was done in [2].)
An analogous formula for deep-inelastic scattering at small-x was obtained earlier in [9].
One may obtain similar formulas from four-point functions, as in [11], by taking high-
energy limits of their (suitably regulated) Fourier transforms. In each of these cases, the
amplitude resembles (1.2); there are four external functions ®;(z) which are normalizable
or nonnormalizable modes of fields in the bulk, combined with a kernel ICy.

In a conformal field theory, or in a confining theory with ¢t < —AZ2, the kernel takes
the form

2 [e.9]
Ko (s,t,2,2') = —25J°_2/ dvv sinhmv K, (z|t|1/2) K_;, (z'|t|1/2> e VT (1.4)
™ 0

where 7 = ﬁxln(s/so). This is similar in form to the BFKL kernel [12-14], matching
its form precisely (but not its coefficients, which are A-dependent) for ¢ = 0, and having
similar form for large t. Like the BFKL kernel, its analytic structure involves a cut? in the
J-plane extending along the negative real axis starting from J = Jy,

Jo=2- % +O0 (A1), (1.5)

As A\ — oo, s fixed, the scattering amplitude is described by a pure graviton exchange,
with Jy — 2. Define the amputated four-point amplitude A1) for a single ¢-channel
Pomeron exchange by

AL (s,xL,z;yl,w;x&,z’;yl,w> = MWD (s,xL,z;x'L,z') [g(z)g(z')]_l/2 (1.6)
x 6 <xl - yl) §(z —w) 6> (x/l - y'L> § (2 —w')

In the limit X\ large, s2KCo, up to some metric factors and delta functions, is just the
imaginary part of M™),

I\ 2
%Disc [M(l) (s,xJ‘,z;x”‘,z/)] ~ 52/d2xJ‘eiql"Tl <;_z2> Ko (s,qi,z,z') (1.7)

2i.e., measured by a local observer in the bulk,
3In both cases, the cut becomes a discrete and dense set of poles when the coupling runs slowly.



The full amplitude can be constructed from the discontinuity and crossing-symmetry as
usual through methods of analyticity. A short calculation using egs. (1.2) and (1.4) reveals,
as A — 00,

MY (S zt, 2t z') = I{—§§2 <Z—Z/> G3 <:r:l zx't z') (1.8)

Y ) R R2 ) ) )

where k5 is the gravitational coupling in AdS5, G3 is the dimensionless scalar propagator
for a particle of mass v/3/R in an Euclidean AdSs space of curvature radius R, i.e., a
propagator over a three dimensional hyperboloid,

1 !
dr [1+u+\/u(2—|—u)r\/u(2+u)

(1.9)

Gs (xl,z; x/l,z'> = G3(u)

and ) ; )
[ O RNV L SN A o
" ij (zt — ™) (2t —2H) + (2 - 7)) (1.10)
227

(with 7,7 = 1, 2) is the chordal distance on the AdSs3 transverse to the momentum direction
of the scattering particles. We will explain in the next section why this result should
be expected.

Since the amplitude grows faster than s, it violates unitarity at large s, and a resumma-
tion of higher-loop amplitudes is required to obtain sensible physics. In certain restricted
regions of z and 2/, this resummation can be done via the eikonal approximation. Note
however that a complete field-theory computation, which requires integrating over z and
2, typically is not possible within the bulk eikonal approximation. With this caveat, we
proceed to consider the eikonal approximation to the amplitude in a very limited regime.
We keep only leading-) effects (pure gravity), z < 1/A (no effects from confinement),
2 < Zmag (Where the hadrons are small compared to the confinement scale, and the metric
is pure AdSs), but with z and 2’ large enough that the proper energy V/5 is large compared
to the Planck mass. In addition, the proper distance between the points (xL, z) and (2 L2 )
must not be too small, so that the scattering involves only linear gravity. We also ignore
the space X, assuming there is no angular-momentum transfer in the compact directions.

In the regime where the eikonal approximation is appropriate, it is easy to adapt flat-
space methods to write the eikonal result. This is because AdS spaces have Minkowski slices
with ordinary boost invariance, and because the derivation of the eikonal approximation
involves separating the light-cone directions from the transverse directions, which need not
be translationally invariant. (This will be most clear in our perturbative derivation.) The
result for the amputated 5-dimensional amplitude in the eikonal approximation is

Aeik‘ (S,,CCJ',Z; ylaw;x/laz/;yL,w> = Meik‘ <5,xLaZ;xu—’Z/) [g(z)g(z/)]

x 6> (gvL — yL> 5 (z —w)o? <x'L - y'l) 6 (2 =)

12 (1.11)

showing the classic eikonal reduction of a function of four positions to a function of two
positions in the transverse dimensions, and with

I\ 2
M ik (S,CCJ',Z; x/l,z'> = -2 (%) s {exp {ix (s,xJ‘,z;x”‘,z/)} — 1} (1.12)



where?
x(s,zt, zat, ) = lﬂ—g 22's G3(u) (1.13)
T 2R3
We emphasize again that this form for the amplitude is valid only in the restricted regime
described above.

Our result can now be combined with external wave functions, normalizable or non-
normalizable, and integrated over z and 2/, to allow partial computation of unamputated
high-energy scattering amplitudes, operator matrix elements or Green functions in a dual
gauge theory. However, since the result above holds only in limited regions of the coordi-
nates z, 2/, no complete physical amplitude can be obtained from this result alone, at least
not without additional arguments showing that all other regions give small contributions
to the full unamputated amplitude. In the remaining sections we give multiple lines of
argument that support the result (1.11)—(1.13).

2 A consistency argument

First, we check the form of (1.11)—(1.13) by matching it to previous work. The amputated
form for the scattering amplitude in transverse representation (longitudinal momentum
space and transverse position space) must agree at transverse proper distances short com-
pared to R with known results on the eikonal approximation obtained by other methods,
including direct computation of multi-loop amplitudes at high energy [15-18] and the
shock-wave approach [19, 20].
In transverse representation, flat-space results for eikonal scattering take simple forms.
We know that if the proper transverse distance b between two particles is sufficiently small
compared to R, as they scatter at high proper energy v/3, then standard results must
apply.® In D = 5 (bulk) spacetime dimensions, the leading order amputated amplitude in
transverse representation (with transverse delta functions removed) will be
MW (5,8) = L2

S (2.1)
VI+-9—+ “Amh

The functional dependence on § and b is as in flat space; the metric factor in front is due®
to our use of a transverse position basis. The flat-space eikonal approximation then implies

S R

“Since k2/R® = 1/(MpR)®, where Mp is the five-dimensional Planck constant, we see that x depends
only on the number of colors N in the gauge theory, x ~ N2, where N oc (MPR)S/Q.
5Note that this argument requires that §, though large compared to the momentum transfer, must not be

Mein (s B) x —2i

so large that the eikonal approximation is nowhere valid for b < R. For fixed § we can always consider taking
R sufficiently large that the argument applies; as we will see this is enough to fix the answer. Similarly b
must not be so small as to probe the nonlinear gravity near the scattering objects.

SMore precisely, though natural, it is actually conventional, since one could absorb it into the amputa-
tion prescription.



Here we have used the fact that every order of the eikonal approximation must trans-
form in the same way under diffeomorphisms, so the phase shift in the exponent must be
an invariant.

On the other hand, we also know that for A\ — oo, the leading-order high-energy scat-
tering amplitude in AdSs is due simply to t-channel graviton exchange, so the gravitational
propagator Gysn,a N must appear in the tree amplitude. At high energy, only the term in
G proportional to g4+ g—_ survives, and this term is just the massless scalar propagator G
in AdSs, a function by AdS isometries (the conformal invariance of the dual gauge theory)
of the chordal distance

B K G

us 924 (2.3)
Explicitly [11, 21]
R2\?
Q++7__ (1’,2;1-/72;/) B <g> Gs(us). (24)
with
us) = — — )
T T fus@+ us)PR T [us(2 + ug)] /2

For near-forward scattering at high energy, the total momentum transfer is limited. In
a collinear frame where the light-cone momentum components become large, the total
momentum transfer is nearly transverse and the longitudinal components of momentum
transfer must go to zero asymptotically. In such a frame, the AdS5 massless scalar propa-
gator G5 should be evaluated at zero longitudinal momentum transfer, i.e.

Gs(q+ = O,xL,z;xu,z') = /dw+dx_G5(u5) = 22'G3(u) (2.6)

since us = u — x T2~ /22'. Here we used the definitions in (1.9) and (1.10).7

Now we may simply note that a scalar propagator in 5 dimensions approaches 1/ b
as b — 0, since the propagator satisfies a flat transverse Laplacian at short distances.
Observing that b — Rv/2u as u — 0 and matching to (2.1) and (2.2) fixes the results

1 / 2 /
MO <§,xL,z;x'L,z'> =& <%> (%) Gs(zt, z; 2+, ) (2.7)
and
1 )
Meik = —2Zm§ [exp {%K%ng Gg(u)} — 1:|

A -2
= —2is <;_z2> [exp{%%zz's Gg(u)} - 1] , (2.8)

in agreement with our earlier claim.
The above arguments can all be easily generalized to other dimensions. The only work
is to obtain the correct normalization.

"Note this is a special case of a general relation, which states that the propagator of a bulk scalar
in D dimensions of mass (mR)? = A(A — D + 1), at zero longitudinal momentum transfer, is zz" times
the propagator for a bulk scalar in AdSp—_2 of mass (mR)? = (A —1)(A — D +2). This is dual to the
following simple statement. The two-point function for an operator of dimension A in D — 1 dimensions on
the boundary of AdSp, at zero longitudinal momentum transfer, reduces to the two-point function of an
operator of dimension A — 1 in D — 3 boundary dimensions.



Figure 1. Ladder and crossed ladder diagrams contributing to the eikonal approximation in the
high energy limit.

3 A diagrammatic derivation

We may also derive the eikonal result as a sum of the high-energy contribution of pertur-
bative diagrams illustrated in figure 1, along the lines of Cheng and Wu [15, 22-26] or the
methods pioneered by many other authors in the gravitational case; see for example [16—
20, 27, 28]. For Anti de Sitter space this consists of summing a class of Witten diagrams,
where we choose scalar fields for the external lines and gravitons for the exchanged rungs
between these two sides. The sum includes all orders of the coupling to the sources giving
rise to all ladder and crossed ladder diagrams. The mechanism leading to eikonalization
at high energies in flat background has long been understood. From the perspective of
perturbative summation, the key simplification necessary is the separation of dependence
on the longitudinal light-cone momentum coordinates, qfE and the transverse impact ﬂ:zL
co-ordinates. This feature can already be appreciated by analyzing the high-energy be-
havior for the sum of box and crossed-box diagrams in flat space. Therefore, we begin by
providing a brief description in ¢ theory, paying particular attention to the dependence
of amplitudes on transverse coordinates, before treating the case of graviton exchange
in AdSs.

3.1 Flat background

We begin by considering the 4-particle amputated Green’s function, A(p;), for elastic scat-
tering p1 + p2 — (—ps) + (—p4), by exchange of a massless field of spin J. We use the
“all-incoming” convention, with s = —(p1 + p2)?, t = —¢®> = —(p1 + p3)?. The reasons for
starting with the Green’s function rather than an on-shell scattering amplitude are twofold.
First, in the conformal case there is no on-shell S matrix, and second, we choose to trans-
form all transverse momenta pil to co-ordinate space, which is not possible on the mass
shell (p? = —m?). This procedure greatly simplifies the analysis of the high-energy depen-
dence of the ladder graphs. After this transformation to the “transverse representation”,
we also choose to drop the overall conservation delta function for longitudinal momentum:



(2m)26(p + pF + p3i + p7). In the high-energy limit where p;” ~ —py and p; ~ —p, are
large, we will verify that, order by order, the scattering is local in transverse coordinates,

At nt) = S (MO (gt ) ) (o - ) 0 (o - )

(3.1)
and that the resulting sum,
Mk <p1+7p2_7xL _ ) ZM( (P1 05,2 _mu> _ _9is [eix(s,xL_x/L) B 1] 7
(3.2)
takes the eikonal form.
3.1.1 Tree and one-loop scattering in a flat background
The tree level amputated amplitude in transverse representation,
AV 2) = MO, ot — 27)8% (@1 — 03)6% (2 — 27) (3.3)
MW ot —27) = gis'Gla* ot —27)
is given in terms of the ¢t-channel massless propagator,
d2 1 iqtat
G(gt,at) = / 5 ‘ ) (3.5)
(2m)? ¢ L% — 2qtq— —ic
where ¢* = —(pli + p:f) We have introduced a factor s’ for each t-channel exchange in

anticipation of the case of a graviton exchange, where J = 2; of course our scalar model
has J = 0. At high energies, ¢© = O(1/+/s), we have

./\/((1)(]9{L,192_,JUl — m'L) ~ g(Q]sJG(qi =0,z — m'L) ) (3.6)

This is to be compared with eq. (1.8) for the one-graviton exchange contribution in AdSs.

The amputated amplitude at one-loop order involves a box diagram, and a crossed box
diagram, obtained from the box by interchanging (pl , 1) with (pgt,x:f) or equivalently
(pét, xQL) and (p4 Xy ) The sum of the two diagrams, in transverse representation, can be
written in a compact form (see figure 2):

. + 9 +
(. + 1 L L 1 2(277)2 d2q1dq22iii e N
A()(pi,5'31,$3,$2a5'34> = 21 (27‘()2(27‘(')26 (q _ql _q2)A13 (placha:ﬂl’x?,)
X[

- 2.J + .1 1
—1gpS 41,27 —1’2)}
1

(~igis”) G (
X {(—igés‘]) G <q2i,:63 - mf)} Aoy <p§t, —qli,l“zLaﬁﬂi> (3.7)

A13(p1 7q1 7'%'{_71.3 ) S(pit + qit7xfji_7xf_) + S(pit + q;,xf,xé‘)
A24(p2 » 41 ,sz,£C4 ) S(p2i + Q%’xi’x%) + S(pQ + q%,x%,xi) (38)
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Figure 2. Sum of box and cross box diagram is factorized with combinatoric weight 1/2!.

Here S is the propagator for the scattered particles, and for a scalar of mass p, it is

d2 1 iptat
s <pi,xL) :/ L - (3.9)
(2m)2 pL® — 2ptp— + u2 — ie

The two terms on the right-hand side of each equation in (3.8) represent a sum over all
possible orderings of the rungs of the ladder as they connect to one of the ladder’s sides.
The product of Aj3 and Agy in eq. (3.7) then leads to four terms. Since the rungs are
indistinguishable, these four terms represent a double-counting of each Feynman diagram.
Consequently a factor of 1/2! has been added to compensate for this over-counting.

Extracting the high-energy behavior of eq. (3.7) can be done in the following two
steps. We first note that, for near-forward scattering at high energies, the limit s large
is characterized by pf ~ —pg{ and po~ ~ —p, both large, and ¢, ¢, g2 asymptotically
space-like, with ¢* = O(1/y/s). In this limit, G(¢i, 21 — 23) ~ G(¢f = 0,21 — x3) and
G(qf,xé —af) G(qgt = 0,73 — 21) can be taken out of the fquf[qu;[(SQ(qjE - qli -
¢i) integrals.

For definiteness, let us next use qf as independent integration variables. At high
energies, the dependence of A3 on qi" drops out and it becomes a function of ¢; only.
Conversely, Asy is independent of ¢; and is a function of qf. This factorizable dependence,
fd2qf qufrAlgAM ~ fdQQfAlgqufA%, allows us to carry out the qf[ integrations
explicitly. Focus first on the integral over Az,

dq

1 ~ 11
/2—711_1413 (pfach y L1 ,$3> (310)



which involves a sum of two pole terms coming from the S propagators. At high energies,
the s-channel pole occurs at 0 = p? + (p1 + q1)? — ie, ie., ¢f ~ O(1/p]) — ie, and the
u-channel pole occurs at ¢; ~ O(1 /pf) + ie. Although each pole term vanishes only as
O(1/qy ) for q; large, the sum goes as O(l/(qf)2). Closing the contour leads simply to

. Y s B
(—i) Residue [ S ],-~o_ic = (i/2p]) / oL = (i/2p]) 6 (ml — 3 >

(3.11)

Similarly for Agy, closing the contour in ¢/ leads to (i/2p, )0?(xy — x4). Putting these

together, we wind up with

AP (pf,py a1y 23, w1) = MP (o], py a1 — 23)8 (x% —a3)0%(ay — 1) (3.12)

MO (pf,py ,at — at) = —2is % [zg s771G(¢F = 0,2 — m’L)/Q]Z. (3.13)

Note that all the dependences on x1 — 23 and x5 — x7 reduce to delta-functions, i.e., the

effective interaction remains local, with “zero transverse deflection”. This is a key feature

common to all eikonal results, and we will see in a moment that it generalizes to the case
of AdS space.®

3.1.2 Eikonal exponentiation

We can now re-sum the infinite series of loop graphs to obtain the eikonal approximation,
as in [15]. Consider a ladder with n rungs, where arbitrary crossings of rungs are allowed.
Denote transverse coordinates for these 2n vertices by {z;} and {27}, i,j =1,--- ,n. The
sum of all n'* order diagrams can be obtained by evaluating

nv /H o qu 02 (Y aF) Aws (v o0t 0 o))

X [H (—iggs‘]) G <qk ~ 0 xk ,xk > Aoy (pz 7p4 s _ql > ;;l) (3'14)
k
where we have ordered the light-cone momenta of exchanged rungs, qki, k=1,---,n, and

have also dropped the dependence of exchanged propagators on {q,f}, as is valid at high
energies, and as was done earlier for the one-loop contribution. Here A;3 is given by a
sum of n! terms, each a product of n — 1 propagators, corresponding to all possible ways
of attaching n exchanged propagators to one side of the eikonal ladder. Asy is defined

8Tt is worth providing a more intuitive interpretation of the result just obtained. The q; integral over
A1z can be written more symmetrically as

1
— +
g +ie | g5 +ie

[ daidaz s(ai + 431w ~ —— [ daidaz d(ar +a3) %
—4py

The integrand can be shown simply to correspond to the Fourier transform of 6(zf — 27) + 0(x7 — 23).

That is, the different permutations in eq. (3.8) simply correspond to scattering in different “tlme-orderlngs

For each ordering, the scattering amplitude is constant and local, proportional to (1/p7)6%(z1 — 23). This

physical picture generalizes to the case of multiple exchanges.



similarly. Both are generalization of eq. (3.8) from n =2 to n > 2. As for the n = 2 case,
a factor of 1/n! is supplied to account for over-counting.

To extract the high-energy behavior, we again take advantage of {g;"} and {q; } fac-
torization, which allows us to carry out the integrations

- +
H/ Céq; 0 (Z%‘) Az (pf,q;,x]*) /%5 <Z q?) Aoy <p5,—q,j,x2i) (3.15)

Following the analysis of Cheng and Wu [15], one finds that the net result of these integra-

tions is to produce

0)2 /25" H [52< —xm) 52 ( = —x;il)] . (3.16)

That is, we can set xll =zt and :c;»L = 2/t and the feature of “zero transverse deflection”

persists in each order. Integrating over all but 2 of these transverse coordinates, we are
led to
A" (pf,py ot g oy o) = MW (o] py ot 03 8% (a1 — 23)0% (2 —a)  (3.17)
1
" 1L : 0 + 1 1L
M(")(pf,pg o — 1) = —2is o [zg(Q]s 'G(gF =02t -2 )/2]" (3.18)

After summing over n, we arrive at the eikonal amplitude

Meik <p<1i>7p27, - ) ZM( (pl ’p2 , T x/J_) — (_225) [eiX(Symlfx/L) _ 1]
(3.19)
where the eikonal is
1
X <s,gzcL — x'l) =5 g 7t @G <qjE =0,2" — x'l) (3.20)

Upon taking a 2-d Fourier transform, we arrive at the on-shell amplitude

T(‘S?t) = /deLe_ixL.qLM (pii_aPQ_ﬂUL) ~ —21'¢9/6l2$le_ml'ql [eiX(Svﬂﬁl—x’L) _ 1]
(3.21)

3.2 Eikonal expansion for AdSs5 gravity

Let us return to the problem of summing eikonal graphs in AdSs, which can be carried out
in close analogy with the flat background. As described earlier, we begin by considering
a gauge theory scattering amplitude (or correlation function), truncated by dropping the
external hadron wave functions (or external boundary-to-bulk AdS5 propagators) on each
external leg, and then written in the transverse representation (p*, :U z;). We work only
in the regime where the amputated amplitude can be evaluated using propagators in AdSs
space, which are conformal Green’s function in AdSs with 3 transverse dimensions in an

AdS3 submanifold.

,10,



In the high-energy limit we only need to keep the ++, —— component of the graviton
propagator, which simplifies the analysis greatly. In what follows, we generalize this to
n-graviton exchanges and observe how eikonalization arises for scattering in AdSs.

Consider the case of the one-graviton-exchange Witten diagram for scalar sources on
the boundary of AdSs. The amplitude for this diagram is [11]

K%/dzx/ﬁ/dzl\/? TN (py, p3, 2)Grrnar v (@, 2, 2 )TN (pa, pa, ) (3.22)

in momentum representation, where 7™V is the energy-momentum tensor for the scalar
source in the bulk and Gy n v is the graviton propagator, both in momentum representa-
tion. At high energies, keeping the leading ++, —— component, we find for the amputated
amplitude in transverse representation

(1) L,/L/_”_%Q Z_ZI € 1L
MY s,z zyx 7z)—Rs 7z Gs(x—,z,2'—,2") (3.23)

which has previously been given in eq. (1.8). Here R is the AdS radius and Gj is the
AdSs3 scalar propagator, eq. (1.9), which can be expressed in terms of the chordal distance,
eq. (1.10).

Let us turn next to the one-loop contribution, which involves a box diagram and a
crossed box. The total contribution at high energies, generalizing eq. (3.7) by keeping only
graviton exchanges of helicity structure (+4, ——), can be expressed as

1
) :Zm/d%ﬁd%];ﬁfﬁ (qi—ch—Q;)

x[Ays] [—z' (k2/R3) (21228/ R2)® (2122) G (u[l, 2])]

X [—z’ (k3/R?) (z3z4s/R2)2 (2324) G3 (u[3, 4])} [Aog]  (3.24)

A(2) <p;t7xf_722

where u[1,2] and u[3,4] are chordal distances in an obvious notation. Again, similar to
eq. (3.8), we have

1
+ + + 1 1 + + 1 L
A13(p1’(h’QQ’xl’Zl,xfiaZ?)):ﬁ [G5(p1 +q1,$3,Z3,$1,Zl)
+G5(0F + 5,21, 21,27, 23)]
1
+ + + 1 1 + + 1 1
Asu(py, =1, — 0 ¥y, 22,04, 24) = 3 [ Gs(p1 — a1 21+ 24, T3, 22)

R
+G5(pit - QQia$§_7227$i_7Z4)] (325)
which account for both the “box” and the “cross-box” diagrams. Here Gj (pi,xL, z;

't 2 ) is the AdS5 scalar propagator in a transverse representation, which has previously
been introduced, eq. (2.6). It can be expressed as

d*pt / Jo(zk)Ja2(2'k
Gs(p*,at, 22, o) = (zz/)2/%elpl<f“>/kdk ) 2@ 2(2 +) — . (3.26)
(2m) k* +p-"—2ptp

Let us concentrate on extracting the high-energy behavior for A®). The situation is
nearly identical to that for a flat background, leading to factorization in qf, and the need
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to evaluate (1/2m) [ dgy A1z and (1/27) [ dg™ Aoy separately. Focus on the A;3 integral,
which again involves two terms, each an integral over a propagator G5. Using eq. (3.26),
integration over ¢; leads to

4 d’pt .
R—;Residue [ G5 |- ~0—ic = (iR_3/2pf)/ (27]:)2 e (21 —75) (2123)° / kdkJy (z1k) Jo (23k)

= (iR?*/2pf 27) 6 <x1l - x?f) d (21— 23) /9, (3.27)

using the Bessel function completeness relation; here gy = det g(z1). Similarly, we obtain

(1/2n) / dgi Agy = (iR?/2p; 22) 2 (@ - xj) 5 (20 — 24) /\/y - (3.28)

Putting these together, we again verify “zero transverse deflection”, and

2

M®) <pf,p2’,:cl, z;xd, z') = -2 (zz'/R2)2 s % [z (/{%/2]%3) (zz's) Gg(u)] (3.29)

This represents a direct generalization of the flat-space result, eq. (3.13).
The generalization to higher loops can similarly carried out as for flat space. We obtain

A (pii,xf‘,zi> ~ mM® <s,ﬂ:f‘,z1,x2l,22>

< [0 (2t —ag) 0 a1 = 2) /v, | [ (= 2d) 6 (2 = 22) /)
(3.30)

M®) (pf,pQ_,:ﬂl, z; 't z') = -2 (zz'/R2)2 s % [z (ﬁ§/2R3) (zz/s) Gg(u)]n (3.31)

Summing over n, we have

I\ 2
Meik(pii_,pg,xl,Z;xll,Z/) — _9s <;_22> |:62X(S7xl_x/L7z,Z/) _ 1:| (332)
where
1 /L / 1 H% / 1 -3 /
X(s,x= —a'—,2,2) = 5 (78 (z2's) Gs(u) = 5 (RMp)~°(22's) Gs(u) (3.33)

as promised.

Lets up summarize the essential feature of the eikonal approximation. The dependences
on xi — a3, 21 — 23 and x5 — x, 21 — 23 reduce to delta-functions so that there is “zero
transverse deflection” of the incoming states during the interaction. As we now will see
in the shock wave derivation, this “freezing” of transverse motion is a consequence of the

instantaneous interaction in light-cone time x™.

4 Shock wave derivation

An alternative approach to the eikonal approximation for gravity is to study the semi-
classical limit of one particle scattering in the presence of a shock wave created by the other.

- 12 —



In particular 't Hooft computed the eikonal amplitude for high-energy scalar particles in
flat space gravity [19, 20]. The shock is given by the Aichelburg-Sex] metric [29], which is
the Schwarzschild metric for a particle with mass m; < Mp boosted to the light-cone and
approximated for impact parameters far outside the Schwarzschild radius. Here we will
show that by generalizing this metric to a shock wave in the bulk 5-d AdS space [30-32],
we are able to derive the eikonal amplitude without recourse to perturbation theory used
in section 3. This has the advantage that it provides greater insight and a complementary
way to understand the source of corrections to this approximation.

Consider the shock wave created by particle 2 with a very large longitudinal light-cone

“energy” p; , on the light-cone 2+ = (20+2%)//2 = 0 at fixed transverse position 2+ = x'*
and z = 2/. The energy momentum tensor for this particle in the bulk is
T~ (aT, 2t 22/t 7)) = (z2/R2) py 6 (z) 62 <xl - x'L) 6 (z—2") /9 (4.1)

Although tensor indices are raised and lowered by the AdS background metric gyy =
nunR?/2%, we choose to treat the momentum components, p* = 7*p,, as flat space 4-
vectors, to match with the Noether currents on the boundary Yang-Mills theory. Note
that extra factors of z in T~ ensure that 7', = g4 _g,_T~~ and h both scale like 22
under z — vz, 2t — vyt ,p, — 7_1pu, as they must for a conformal dual gauge theory.
With this as the source to the Einstein equation, one arrives at the modified metric,

—2dxtdr™ + (dzt)? + dz?
22

ds?® = (gmnN + hNM)dachacN — R? +hyy (2T, Tt 2)drdx,
(4.2)

where /g = R°/2° and g, _ = g_, = —R?/2%.
The eikonal approximation requires solving gravity in the Gaussian approximation for
fluctuations hysy relative to the fixed AdSs background metric, gyrn(z). Expanding the

Einstein Hilbert action to quadratic order for the relevant terms we have,
1 4 1 + N — 1 - N +
5
+ /d4mdz\/§ (A TTT + b T~ + O(h?) (4.3)

where for convenience we have introduced the dependent metric functions: h™, = hy =~ =
g thyy and ht_ = h_t = gt—h__. This leads to the linearized Einstein equation,”

— Ay h++(£ﬂ+,$l,2) = 2I€§T++(,I+,$J‘,Z;$IJ‘,Z/) ) (44)

where x2 = 1/M3 and
-1 » 1
Aj= ﬁﬁaM\/ggMNasz =% (2202 4+ (25 — 3)20. +j(j —4) + 2°V3] , (4.5

9Note that in flat space, we would need to solve for the transverse Greens function,

—Vihiy =26pp; 6(x)07 (2,

which for D = 4 agrees with the Aichelburg-Sexl metric: hiy = —p; #3 log(jz*|/C)é(z ") /7.
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is the general tensor Laplacian operator for AdSs defined in ref. [2]. The solution to the
Einstein equation (4.4) is proportional to the bulk-to-bulk scalar propagator in AdSs:

hot (a2t 22t ) = 2(2)2) (R2/R) py Galat — o't 2,2)8(a") . (46)

where we have reinserted the explicit dependence on the location, (z'*,2'), of the
source (4.1). Note that the factor of z’/z is uniquely determined at this point result-
ing below in a scattering phase symmetric in z,z’. From this solution we also obtain by
the raising operator g~ = —2%/R?,

h(zt, 2t 22t ) = 222 (ng/R?’) (22/R2) pQ_Gg(uvl — a2t 2,26zt . (4.7)

Since the AdSs propagator, G3(u) defined in eq. (1.9), is a function of the scale-invariant
variable u, h~~ has scaling dimension —2 as it should.

Next we find the amplitude for particle 1 to propagate in this background metric. This
is just the bulk-to-bulk propagator G(z, z;2', 2’) for particle 1 in the presence of the shock
wave at 27 = 0 introduced by particle 2. Its equation is the same as for G5(u), except for
an additional term!? for the contribution of h~:

2220,0_— 2202 + 320, —2*V1 + R*h™ = 02] G(z, %2/, /) =R°¢* (v — 2') 6 (2 — &) / /3.
(4.8)
The metric h~—(x+, 2%, 2) preserves translational invariance in 2=, so it is natural to
transform to fixed pi",

Gp1+ (zt — a2t at -2t 2 = /dxeipr(x_m/_)G(x,z; 2,2 . (4.9)

The resultant equation is just the light-cone Schroedinger equation with “time” 7 = T

and conjugate “Hamiltonian” H = P~:

[—i0; + H| CNJpT (zt —a't a2t —a/t 2, 2) = (z3/2pf) 52 (xJ‘ - x/l> Szt —2')o(z — 20)
(4.10)

where
o7 H = =02 + 32719, — V3 — (p))?R%*27 2™ (aF, 27T, 2) . (4.11)

The solution is given by the time-ordered product

oF
exp <—i /:) dTH)] lz1, 21). (4.12)

1

G +($§_ —xi",xg‘ —xf‘,z?,,zl) = <$§_,Z3| TT

The Hamiltonian operator has states enumerated by |2+, z). We can factorize this into the

exp <—i /m : dTﬁ)] (4.13)

product of three segments 7 < 0,7 = 0,7 > 0.

fl'+ €
exp (—z/ ’ deI)] exp (—1/ dTH> T

MN _pMN

T,

1

ONote that to linear order the inverse of guN+hvnNisg

(:v‘ﬂxl, zx't, 2") with the correct sign for gravitational attraction.

, which implies that the shock potential

in the propagator (4.8) is —h
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The first and the third factors above would contribute to the bulk-to-boundary propagators,
which are dropped when amputating the Green’s function. The integral over H for the
middle term receives its only contribution from the delta function in A=~ (%) ~ x §(z™),

giving rise to the eikonal phase shift,
x(s,at — a2/t 2 2') = (k2 /R%)s22' Ga(zt — '+, 2,2) /2, (4.14)

for a (diagonal) unitary S matrix:

; L 1L /
S(s,xt — a2/t 2,2) = eiX(s, 27 — a2, 2") (4.15)

This phase is in agreement with our earlier result for the truncated bulk scattering ampli-
tude,

22 \2T 1L L /
M(s,zt — 2"t 2, 2) = —2is <ﬁ> [eZX(S’m 22 g (4.16)
In principle, one could derive the prefactor in this equation within the context of the shock
wave calculation; here we have merely matched to the known tree-level amplitude.

5 Conclusion

We have considered the eikonal approximation to high-energy scattering in the bulk of
AdS space, as might be relevant for a portion of a calculation of high-energy scattering
in gauge theory, as well as other physical processes. We gave three approaches to the
eikonal amplitude: a heuristic picture for the AdS scaling form, an explicit resummation
of Witten diagrams, and a shock wave derivation. All have their advantages for further
generalizations and clearer physical intuition.

However, our results for the eikonal phase are valid only for linearized semiclassical
gravity. For most physically important applications, the restrictions on our results must be
relaxed. There are a number of technical and conceptual advances that are needed, some

of which are well within reach.

e Generalization to finite A. There is no obstruction to extending our results to the
case of Regge behavior at finite A, using [2]. Interesting comparisons can be made
with eikonal studies of flat-space string theory, such as [18, 24, 27, 33].

e Generalization to non-conformal settings. This is necessary for a study of how the
string theory realizes the dual gauge theory’s Froissart-Martin bound. In [2] we
studied effects of confinement and running couplings, and again the obstructions to
extending our results to this case are purely technical.

e Corrections to the eikonal approximation. Full gauge-theory computations require
integrals over bulk coordinates z and 2/, but the eikonal approximation is typically
valid only in part of the bulk; for instance, it may fail as z — 2’. While reasonable
approximations will allow some gauge-theory computations to be carried out reliably,
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a stronger understanding of scattering in all regions of bulk coordinates is clearly
desirable. A minimal consistency requirement is that of “local small angle” scattering,
e.g., local momentum transfer should be less than the local energy. This has been
commented upon briefly in the final section of [2] and more extensively in [34]. In
addition, one must also take into account other nonlinear effects.

e Accounting for nonlinear corrections. At small bulk impact parameter, the gravita-
tional fields of the scattering particles become sufficiently large to require nonlinear
gravity to be incorporated. In some regimes, one must incorporate string interac-
tions, such as triple-Pomeron vertices; a role for effective Reggeon field theories may
be expected. In other regimes one must include nonperturbative effects, such as black
holes [1, 35, 36]. Only in these contexts can one begin to address questions of how
field-theory unitarity is restored at strong coupling, as relevant to high-energy cross-
sections, saturation phenomena, and heavy-ion collisions. It is clear that quantum
string corrections must be addressed as well for some relevant processes, if contact is
to be made with QCD itself.

Despite the limited region of validity of our results, we see signs of what we expect are
general features that go well beyond this regime. The eikonal phase is proportional to the
Euclidean transverse AdS3 Green’s function, a strong-coupling manifestation of conformal
symmetry of the gauge theory in the transverse plane, which is known to arise for the
weak-coupling BFKL kernel [37, 38]. The conventional picture in 4-d flat space, where the
scattering particle picks up a phase at a fixed position in the transverse impact parameter
space z- = (x1,2), is generalized here to a phase at a fixed bulk transverse position zt, 2.
In both the perturbative and shock wave pictures, the exchange of an arbitrary number of
rungs in a ladder graph becomes effectively local, thus freezing all transverse motion. We
expect these and other features will survive, or be naturally extended, as other regimes
are explored, and a deeper understanding of high-energy scattering in gauge and string

theory emerges.

Acknowledgments

We are pleased to acknowledge useful conversations with D. Freedman, M. H. Fried, J.
Polchinski, and G. Veneziano. The work of R.B. was supported by the Department of
Energy under Contract. No. DE-FG02-91ER40676, that of C.-1.T. was supported by the
Department of Energy under Contract No. DE-FG02-91ER40688, Task-A, and that of
M.J.S. by U.S. Department of Energy Contract. No. DE-FG02-96ER40956. C.-1.T. would
like to thank the Aspen Center for Physics for its hospitality during the writing of this
paper. We are grateful to the Benasque Center for Science, where this work was initiated.

References

[1] G. Veneziano, String-theoretic unitary S-matrix at the threshold of black-hole production,
JHEP 11 (2004) 001 [hep-th/0410166] [SPIRES].

,16,


http://jhep.sissa.it/stdsearch?paper=11%282004%29001
http://arxiv.org/abs/hep-th/0410166
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0410166

2]

[3]

R.C. Brower, J. Polchinski, M.J. Strassler and C.-I. Tan, The Pomeron and gauge/string
duality, JHEP 12 (2007) 005 [hep-th/0603115] [SPIRES].

L. Cornalba, M.S. Costa, J. Penedones and R. Schiappa, Fikonal approximation in
AdS/CFT: from shock waves to four-point functions, JHEP 08 (2007) 019 [hep-th/0611122]
[SPIRES].

L. Cornalba, M.S. Costa, J. Penedones and R. Schiappa, FEikonal approximation in
AdS/CFT: conformal partial waves and finite N four-point functions,
Nucl. Phys. B 767 (2007) 327 [hep-th/0611123] [SPIRES].

S.B. Giddings, D.J. Gross and A. Maharana, Gravitational effects in ultrahigh-enerqgy string
scattering, Phys. Rev. D 77 (2008) 046001 [arXiv:0705.1816] [SPIRES].

L.F. Alday and J.M. Maldacena, Gluon scattering amplitudes at strong coupling,
JHEP 06 (2007) 064 [arXiv:0705.0303] [SPIRES].

L. Cornalba, M.S. Costa and J. Penedones, Eikonal approzimation in AdS/CFEFT: resumming
the gravitational loop expansion, JHEP 09 (2007) 037 [arXiv:0707.0120] [SPIRES].

J. Polchinski and M.J. Strassler, Hard scattering and gauge/string duality,
Phys. Rev. Lett. 88 (2002) 031601 [hep-th/0109174] [SPIRES].

J. Polchinski and M.J. Strassler, Deep inelastic scattering and gauge/string duality,
JHEP 05 (2003) 012 [hep-th/0209211] [SPIRES].

R.C. Brower and C.-I. Tan, Hard scattering in the M-theory dual for the QCD string,
Nucl. Phys. B 662 (2003) 393 [hep-th/0207144] [SPIRES].

E. D’'Hoker, D.Z. Freedman, S.D. Mathur, A. Matusis and L. Rastelli, Graviton exchange
and complete 4-point functions in the AdS/CFT correspondence,
Nucl. Phys. B 562 (1999) 353 [hep-th/9903196] [SPIRES].

L.N. Lipatov, Reggeization of the vector meson and the vacuum singularity in nonabelian
gauge theories, Sov. J. Nucl. Phys. 23 (1976) 338 [Yad. Fiz. 23 (1976) 642] [SPIRES].

E.A. Kuraev, L.N. Lipatov and V.S. Fadin, The pomeranchuk singularity in nonabelian gauge
theories, Sov. Phys. JETP 45 (1977) 199 [Zh. Eksp. Teor. Fiz. 72 (1977) 377] [SPIRES].

I.I. Balitsky and L.N. Lipatov, The pomeranchuk singularity in quantum chromodynamics,
Sov. J. Nucl. Phys. 28 (1978) 822 [Yad. Fiz. 28 (1978) 1597] [SPIRES].

H. Cheng and T.T. Wu, Impact factor and exponentiation in high-energy scattering
processes, Phys. Rev. 186 (1969) 1611 [SPIRES].

D.N. Kabat and M. Ortiz, Fikonal quantum gravity and Planckian scattering,
Nucl. Phys. B 388 (1992) 570 [hep-th/9203082] [SPIRES].

G.F. Giudice, R. Rattazzi and J.D. Wells, Transplanckian collisions at the LHC and beyond,
Nucl. Phys. B 630 (2002) 293 [hep-ph/0112161] [SPIRES].

D. Amati, M. Ciafaloni and G. Veneziano, Effective action and all order gravitational eikonal
at planckian energies, Nucl. Phys. B 403 (1993) 707 [SPIRES].

G.’t Hooft, Graviton dominance in ultrahigh-energy scattering, Phys. Lett. B 198 (1987) 61
[SPIRES].

G.’t Hooft, The black hole interpretation of string theory, Nucl. Phys. B 335 (1990) 138
[SPIRES].

,17,


http://jhep.sissa.it/stdsearch?paper=12%282007%29005
http://arxiv.org/abs/hep-th/0603115
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0603115
http://jhep.sissa.it/stdsearch?paper=08%282007%29019
http://arxiv.org/abs/hep-th/0611122
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0611122
http://dx.doi.org/10.1016/j.nuclphysb.2007.01.007
http://arxiv.org/abs/hep-th/0611123
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0611123
http://dx.doi.org/10.1103/PhysRevD.77.046001
http://arxiv.org/abs/0705.1816
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0705.1816
http://jhep.sissa.it/stdsearch?paper=06%282007%29064
http://arxiv.org/abs/0705.0303
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0705.0303
http://jhep.sissa.it/stdsearch?paper=09%282007%29037
http://arxiv.org/abs/0707.0120
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0707.0120
http://dx.doi.org/10.1103/PhysRevLett.88.031601
http://arxiv.org/abs/hep-th/0109174
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0109174
http://jhep.sissa.it/stdsearch?paper=05%282003%29012
http://arxiv.org/abs/hep-th/0209211
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0209211
http://dx.doi.org/10.1016/S0550-3213(03)00312-2
http://arxiv.org/abs/hep-th/0207144
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0207144
http://dx.doi.org/10.1016/S0550-3213(99)00525-8
http://arxiv.org/abs/hep-th/9903196
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/9903196
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=SJNCA,23,338
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=SPHJA,45,199
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=SJNCA,28,822
http://dx.doi.org/10.1103/PhysRev.186.1611
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,186,1611
http://dx.doi.org/10.1016/0550-3213(92)90627-N
http://arxiv.org/abs/hep-th/9203082
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/9203082
http://dx.doi.org/10.1016/S0550-3213(02)00142-6
http://arxiv.org/abs/hep-ph/0112161
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0112161
http://dx.doi.org/10.1016/0550-3213(93)90367-X
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B403,707
http://dx.doi.org/10.1016/0370-2693(87)90159-6
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B198,61
http://dx.doi.org/10.1016/0550-3213(90)90174-C
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B335,138

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

E. D’Hoker, D.Z. Freedman, S.D. Mathur, A. Matusis and L. Rastelli, Graviton and gauge
boson propagators in AdS(qy1y, Nucl. Phys. B 562 (1999) 330 [hep-th/9902042] [SPIRES].

S.-J. Chang and T.-M. Yan, High-energy elastic and inelastic scattering in ¢> theory,
Phys. Rev. D 4 (1971) 537 [SPIRES].

M. Levy and J. Sucher, FEikonal approximation in quantum field theory,
Phys. Rev. 186 (1969) 1656 [SPTIRES].

D. Amati, M. Ciafaloni and G. Veneziano, Superstring collisions at Planckian energies,

Phys. Lett. B 197 (1987) 81 [SPIRES].

H.M. Fried, Basics of functional methods and eikonal models, Editions Frontieres,
Gif-sure-Yvette, France (1990).

H.M. Fried and Y. Gabellini, Summing all the eikonal graphs. II,
Eur. Phys. J. C 32 (2003) 55 [hep-th/0208057] [SPIRES].

D. Amati, M. Ciafaloni and G. Veneziano, Planckian scattering beyond the semiclassical
approximation, Phys. Lett. B 289 (1992) 87 [SPIRES].

D.N. Kabat, Validity of the Eikonal approzimation, Comments Nucl. Part. Phys. 20 (1992)
325 [hep-th/9204103] [SPIRES).

P.C. Aichelburg and R.U. Sexl, On the gravitational field of a massless particle,
Gen. Rel. Grav. 2 (1971) 303 [SPIRES].

G. Arcioni, S. de Haro and M. O’Loughlin, Boundary description of Planckian scattering in
curved spacetimes, JHEP 07 (2001) 035 [hep-th/0104039] [SPIRES].

K. Kang and H. Nastase, High energy QCD from Planckian scattering in AdS and the
Froissart bound, Phys. Rev. D 72 (2005) 106003 [hep-th/0410173] [SPIRES].

K. Kang and H. Nastase, Heisenberg saturation of the Froissart bound from AdS- CF'T,
Phys. Lett. B 624 (2005) 125 [hep-th/0501038] [SPIRES].

D. Amati, M. Ciafaloni and G. Veneziano, Classical and quantum gravity effects from
Planckian energy superstring collisions, Int. J. Mod. Phys. A 3 (1988) 1615 [SPIRES].

R.C. Brower, M.J. Strassler and C.-1. Tan, On the pomeron at large 't Hooft coupling,
arXiv:0710.4378 [SPIRES].

D.M. Eardley and S.B. Giddings, Classical black hole production in high-energy collisions,
Phys. Rev. D 66 (2002) 044011 [gr-qc/0201034] [SPIRES].

O. Aharony, S. Minwalla and T. Wiseman, Plasma-balls in large-N gauge theories and
localized black holes, Class. Quant. Grav. 23 (2006) 2171 [hep-th/0507219] [SPIRES].

L.N. Lipatov, The bare pomeron in quantum chromodynamics, Sov. Phys. JETP 63 (1986)
904 [Zh. Eksp. Teor. Fiz. 90 (1986) 1536] [SPIRES].

R. Kirschner and L.N. Lipatov, Bare Reggeons in asymptotically free theories,
Z. Phys. C 45 (1990) 477 [Yad. Fiz. 50 (1989) 1739] [Sov. Nucl. Phys. 50 (1989) 1080]
[SPIRES].

,18,


http://dx.doi.org/10.1016/S0550-3213(99)00524-6
http://arxiv.org/abs/hep-th/9902042
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/9902042
http://dx.doi.org/10.1103/PhysRevD.4.537
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D4,537
http://dx.doi.org/10.1103/PhysRev.186.1656
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,186,1656
http://dx.doi.org/10.1016/0370-2693(87)90346-7
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B197,81
http://dx.doi.org/10.1140/epjc/s2003-01385-y
http://arxiv.org/abs/hep-th/0208057
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0208057
http://dx.doi.org/10.1016/0370-2693(92)91366-H
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B289,87
http://arxiv.org/abs/hep-th/9204103
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/9204103
http://dx.doi.org/10.1007/BF00758149
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=GRGVA,2,303
http://jhep.sissa.it/stdsearch?paper=07%282001%29035
http://arxiv.org/abs/hep-th/0104039
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0104039
http://dx.doi.org/10.1103/PhysRevD.72.106003
http://arxiv.org/abs/hep-th/0410173
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0410173
http://dx.doi.org/10.1016/j.physletb.2005.08.001
http://arxiv.org/abs/hep-th/0501038
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0501038
http://dx.doi.org/10.1142/S0217751X88000710
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=IMPAE,A3,1615
http://arxiv.org/abs/0710.4378
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0710.4378
http://dx.doi.org/10.1103/PhysRevD.66.044011
http://arxiv.org/abs/gr-qc/0201034
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=GR-QC/0201034
http://dx.doi.org/10.1088/0264-9381/23/7/001
http://arxiv.org/abs/hep-th/0507219
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0507219
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=SPHJA,63,904
http://dx.doi.org/10.1007/BF01549678
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZEPYA,C45,477

	Introduction
	A consistency argument
	A diagrammatic derivation
	Flat background
	Tree and one-loop scattering in a flat background
	Eikonal exponentiation

	Eikonal expansion for AdS5 gravity 

	Shock wave derivation
	Conclusion

