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1 Introduction and main results

Perturbative string theory in flat backgrounds is relatively well understood. In principle world-
sheet methods can be used to compute perturbative expansions for a variety of scattering
amplitudes [1]. The situation in curved spacetime is very different. Currently we lack the
technology to compute string scattering amplitudes in general curved backgrounds, even at
tree level. In this paper we will focus on AdSs x S°. Even in this maximally supersymmetric
case, the presence of RR backgrounds makes the standard RNS formulation hard to apply,!
while other formulations, such as the Green-Schwarz or pure spinor, are not yet at the point
where they can yield results for scattering amplitudes. Very recently progress has been
made for the simplest case: the four-graviton amplitude at tree-level Ade(S, T). Tools from
AdS/CFT, number theory and integrability were combined in [2-5] to compute A$95(S,T)
as a curvature expansion around flat space. The final result takes the form of a world-sheet
integral, analogous to that of the Virasoro-Shapiro amplitude, with extra insertions

_ _ _ 52 I _
ARB(S,T) ~ /d%m 291 — 2|7 T Wh(2, 2) (1 + 25 Ws(2,2) + 5 We(z,2) + ) . (1.1)
where Wy(z,2) = m is a rational function and W3(z, ), Ws(z, Z), explicitly known,

are specific single-valued transcendental functions, of weights three and six in the ‘world-sheet’
coordinates (z,z) and we have set o’ = 1. We would like to stress that this is not the
result of a direct world-sheet computation, currently unavailable, but rather the rewriting

In principle it is possible to use the RNS formulation to compute amplitudes in a curvature expansion
around flat space. We expect this computation to become very cumbersome very quickly.



of a result found by completely different methods. A natural question is how we use this
result to learn about strings on AdSs x S° and how to make the connection to a more direct
world-sheet computation. In this paper we study a regime in which such a connection, at
least classically, can be made.

String amplitudes in flat space display remarkable properties in the high energy limit
|S|, |T| > 1 with fixed S/T, see [6-8]. For instance the Virasoro-Shapiro amplitude A§**(S,T)
falls off exponentially in this regime

Agat(S, T) N 672510g|S|72Tlog\T|f2Ulog\U\7 (12)

in clear contrast to field theory amplitudes, which either diverge or fall off as a power. This
behaviour can be directly understood from the integral representation for A2 (S, T)

ARt (S, T) ~ /d2z|z\—2511 W (2, ). (1.3)

Indeed, at high energies |S|, |T| > 1 the integral can be computed by saddle point approx-
imation around the saddle

_ S
i=i=g = (1.4)
which leads to
Agat(s’ T)HE ~ WO(ZO)€—2SIOg |S|—2T log |T'|—2U log |U| (15)

Let us now make the following interesting remark for the case of AdS: given the world-sheet
representation (1.1) and because the transcendental functions W, (z,2) depend on S,7T in
a polynomial way, the location of the saddle is not modified in a 1/R expansion. We can
then readily compute A395(S,T) in the high energy limit
4AdS —2S10g | S|—2T log [T|—2U log |U]| S? s
TS, g ~ e & Wo(zo) (1 + ﬁWg,(Z()) + EWG(Z()) +-- ],
(1.6)

where at each order in 1/R we keep the leading large energy contribution. Effectively, we
are looking into a regime with large R, S and S%/R? finite.

The high energy regime in flat space can also be understood from the point of view
of spacetime, in terms of classical solutions. To do that we consider the path integral
representation for the amplitude

. 1
Allt(S T ~ /DgDX exp <—47T/dC1dC2\/§gaﬁaaX“a8Xﬂ) [ Vi), (1.7)
i=1

where the vertex operators are of the form Vi(p;) ~ [ d%z;,/ge’?X() with p? = 02 and the
locations z; are assumed to be real for simplicity. The Mandelstam variables are related to
the momenta by py - p2 = =28, p1 - p3 = —2T, p1 - p» = —2U. At high energies the path
integral is dominated by a classical solution

, ¢
X(ﬁassical(g) = =1 ZPZ log ‘1 -
k

2k

, (1.8)

2In the high energy limit all operators, with a finite number of excitations, are effectively massless.



together with the condition

_ S _ _(22—2’1)(2:4—23)
S+T (23 — 22) (24 — 21)’

20 (1.9)
for the location of the punctures. This condition ensures that the induced metric on the
world-sheet is conformal. Plugging the classical solution into the path integral reproduces
the correct high energy result. In this paper we perform this classical analysis for AdS. We
study the obvious generalisation to AdS of the path integral

4
AMS (5,T) ~ / DgDX exp (-417T / dgld@\/ggaﬁaaXMaBXM> [[viP),  (1.10)

i=1
where now X% denote embedding coordinates with XM X, = —(X%)? + XtX, = —R?
and the vertex operators are of the form V;(FP;) ~ [ d2zi\/§eip M X (2) | We expect that at
high energies the behaviour of the amplitude is captured by classical solutions, now in AdS.
Furthermore, we expect that this bosonic model already captures the leading behaviour at
high energies, and that other fields, as well as the precise prefactor and details of the vertex
operators, will be suppressed by powers of S, 7.2 We give an algorithm to compute the

corresponding AdS classical solutions to arbitrary order in a 1/R expansion

1

@ Ju
X X+ 3

classical —

X (1.11)

X! reproduces the solution in flat space. Furthermore, to order 1/ R X# is given in terms
of single-valued multiple polylogarithms (SVMPLs), whose ‘letters’ are the locations of the
punctures z;. More specifically, X# has weight 2n 4 1. One can also show that the solution is
consistent with the Virasoro constraints, provided (1.9) is satisfied. Plugging this classical
solution into the action we obtain

2 3
Aﬁgis(sj T)HE ~ Aga‘c(s’ T)HE % e%V3(zo)+%(V5 (zo)-l—...’ (112)
where V3(zp), V5(20), -+ denote combinations of transcendental functions of weight three,

five, and so on. Upon expanding the exponential in powers of 1/R, powers of the first
term will dominate over powers containing also other terms, so that %V5(z0) + -+ can
be safely ignored at leading order in the high energy limit. The same is true about the
precise prefactors multiplying the vertex operators. After an appropriate redefinition of
the Mandelstam variables S — S(1 + 257), one can explicitly check that (1.12) correctly
reproduces the results in (1.6) in the high energy limit. To be more precise, to each order in
1/R this formula captures the leading term at high energy. In particular W3(zy) = V3(20)
and We(20) = 3V3(20)%. We hence arrive at the result

2
ADS (S Ty ~ AB(S, Ty x ez W30, (1.13)

valid to all orders in 1/R in the high energy limit! In particular curvature corrections in the
high energy limit exponentiate. Subleading terms, on the other hand, are not captured by this

3We will come back to this point in section 3.1.



simple model. This is the main result of our paper. This makes a direct connection between
the results of [5] and classical solutions in AdS. Furthermore, it also puts strong constraints
on subsequent curvature corrections in the AdS Virasoro-Shapiro amplitude. The rest of
the paper is organised as follows. In section 2 we set up the classical scattering problem
in AdS and solve the equations of motion and Virasoro constraints in a 1/R expansion. In
section 3 we evaluate the appropriate action on this classical solution, and show that this
agrees with the results of [5] in a saddle point approximation. We then conclude with some
discussion and a list of open problems. In the appendices we discuss properties of SVMPLs,
the main ingredient in the construction of the classical solutions in AdS; the evaluation of
leading and sub-leading terms by saddle point approximation; and the computation of some
simple prefactors for the bosonic model under consideration.

2 String scattering on AdS

We consider a classical string scattering problem on AdS;. The relevant Lagrangian is

1 - 4
L= 2—8XM8XM +AXMX )+ RY) =i > PMXn@ (¢ — zp), (2.1)
T
k=1
where we parametrise AdS, in terms of embedding coordinates XM, with M =0,--- ,d. We

denote the world-sheet coordinates by (¢, ¢ ) and the location of the punctures by zx, which
we assume to be real. The conformal gauge equations of motion arising from the Lagrangian
are supplemented by the Virasoro constraints

OXNoXy =0XNoXy =0, (2.2)
Away from the punctures { = z, the equations of motion are
DOXM = (WJV%(EMXM, (2.3)
with the following boundary conditions as we approach each of the punctures
XM:—iP,ﬁwlogll—zi—i-Q{y—i--". (2.4)
The quadratic constraint X™ X; = —R? then implies that for each puncture
PM Py =PMQra = 0. (2.5)

The scattering problem in flat space considered in [6-8] arises as a limit of the AdS problem
as follows. We split the indices into M = (0, ) with g = 1,--- ,d and such that

XMXpy=-XX0+ XrX, = -X°X° + X - X, (2.6)

where we reserve the notation X - X = X# X, for the p-indices. We then consider solutions
with a large R expansion

1
L (2.7)
X“:XO“‘ﬁXl 4+



where X[ is the flat space solution. The corresponding momentum at each puncture k
also admits a 1/R expansion

1
P£:§p271+---, 28)
2.8
1
P = Vot gaPhat oo

As a result of the relations (2.5) pz,o is null from the d—dimensional flat space point of view,
which is precisely the condition for massless scattering in flat space. Furthermore, solving
for X° = v/R?2 + X - X, the equations of motion away from the punctures and Virasoro
constraints for the flat space coordinates X} are simply

00Xl =0, 0Xo-0Xo=0Xy-0Xg=0. (2.9)

Together with the boundary conditions, the equations of motion imply

. ¢

Xt =—i) plylog |l — |t ab, (2.10)
k

for any constant gfy. Plugging this into the Virasoro constraints at leading order we learn the

locations of the punctures are related to the Mandelstam variables of the scattering process

(1 —2z)(za—2) T
(21 —22)(z3 —2z1) S’ (2.11)

where P1,0 - P2,0 = —25, P1,0 - P30 = =27, P1,0 - P4,0 = —2U with S +T 4+ U = 0. This of
course agrees with the solution found in flat space [6].

2.1 Higher orders

We would like to solve the equations of motion and Virasoro constraints in a 1/R expansion
1
R?

To understand the systematics of this expansion, note that the flat space solution X' is

Xt =X+ X!+ (2.12)

single-valued as we move around each puncture { = 2 in the (—plane. Indeed, the solution
can be written in terms of single-valued multiple polylogarithms (SVMPLs), whose letters
are the locations of the punctures. More specifically

X =0 S oL (). (213)
k

Consider now the equations of motion at the next order
00X! = 0X, - 0Xo X! = i S POBI0 e s (0), (2.14)
Si,j,k (C_ZZ)(C_Z]) '

There is a systematic procedure to ‘integrate’ the r.h.s. in terms of SVMPLs. For the

holomorphic derivative this is very easily done

Ly(¢)
/dC(C — Lw(C)- (2.15)



For the anti-holomorphic derivative it is slightly more complicated, but a recursive algorithm
has been worked out in [9-11], and it is explained in appendix A. The result always takes

the form
= Lu(C)
d¢—= —>sz-(€)+'“ , (2.16)
/ (€ = 2)) ’
where - -- is given by a sum of terms of uniform weight |w| + 1. For instance, for |w| =1
we obtain
= L:,(0)
dC@ — Eszj (C) + Ezk (Zj)EZj (C) - [’Zj (Zk)[’Zk (C) (217)
J
This allows us to write
.4
i
Xf = g Z Pio - Pj,0 pllj:,(] ([’Zzzkzg (C) + ‘Czk (Zj)[’?«’izj (C) - ‘CZJ' (Zk)‘czlzk <C)> ’ (2'18)
i, k=1

so that the equations of motion are satisfied. Note that at each order we have the freedom
to add weight one functions £, (¢) in ¢. At each step we use this freedom to remove all
weight one functions from the solution. This procedure can be repeated to higher orders
and the solution has the following schematic form

1

1

XH = £4(Q) + pp £3(0) + 2 L5(Q) ++ (219)
where £, (¢) are linear combinations of pure SVMPLs of weight n, with either ¢ or z; as their
arguments,* and letters from the alphabet {21, 22, 23, 24}. The relation X° = VR2 + X - X

implies a very similar structure for X0:

1

X0 = REoQ) + 1£2(0) + 25

- L4(C) + -, (2.20)

with £o(¢) = 1. A salient feature of our method, is that once the ‘seed’ solution X} is given,
the whole tower in 1/R is fixed by the equations of motion and the integration procedure
described above. The solution has two additional features. First, note that SVMPLs of
weight higher than zero are defined so that they vanish at the base point ¢ = 0. This in
particular means that the solution we just constructed satisfies

X%0) =R, X"0)=0. (2.21)

The second condition is the statement that X (0) and 9X™(0) do not receive 1/R correc-
tions. For 9X™(0) this is easy to see, since at each order weight one SVMPLs with argument
¢ are removed, consistently with the equations of motion. For dX™(0) this is also true,
but one needs to use the fact that z; are real (which was an assumption in constructing
our solutions). In the next section we will see that with these conditions it can be shown
that our solution satisfies the Virasoro constraints.

“More precisely, by pure we mean that the entire ¢-dependence is through the SVMPLs, and not, for
instance, through rational functions multiplying those.



2.2 Virasoro constraints

The structure of the solutions in a 1/R expansion implies the following
4 M 4 T M
H = H
2 X My

oxM=3%"

where H,ﬁw, ﬁ,ﬁ,w for k =1,2,3,4 are pure SVMPLs in (, of higher and higher weight in a
1/R expansion. Let us study these objects in more detail. First, they satisfy

(2.22)

S HY =Y HY =0, (2.23)
which is simply the statement that 9X™ and XM do not have a pole at infinity. Furthermore
XMX, = —R? implies X;0XM = X,0XM = 0, so that

Xy HY = Xy HY = 0. (2.24)

Let us now write the equations of motion in terms of the quantities H é\/l  H é\/l . There are two
equivalent ways of writing them, depending on the order in which we take the derivatives.
For instance, one can derive

3 fjj’i = % 3 % _%N)Iéf Z.)XM. (2.25)
k i,j i J
Focusing on a given pole ( = z; we obtain
Ny,
OHY = % XJ: MXM. (2.26)
We can now consider the contractions
Sk = HY Hy o (2.27)

As a consequence of the equations of motions we find that S} ;s is actually holomorphic
5Sk,k/ = 0. On the other hand, our procedure implies S, ;s is given by SVMPLs in ¢. The
only SVMPL which is also holomorphic is the constant function, so that

Sk.i is independent of ¢, C. (2.28)

This result is valid to all orders in 1/R. For the solution computed above, we can actually do
better and compute these products exactly. In our procedure H ,i\/[ ,H ,ﬁ” are given in terms
of SVMPLs, where the point ( = 0 has been chosen as the base point. In particular this
implies that we can compute H ,f:\/[ , H ,i\/[ exactly at that point. Indeed

i

HY0) = H(0) =~

Phoo  HR(0) = H(0) = 0. (2.29)

Since Sy s is constant, we can evaluate it at any point, and in particular at ¢ = 0, where
Pr,0°Pr’ 0

we obtain Si = i

Note in particular Sy = 0. Furthermore we also have



S1,2+51,3+S51,4 = 0, which follows from (2.23) together with Sy, ;, = 0. The same considerations
follow for the contractions S’k,k/ =H ,i\/[ H;. a7 With this structure, the Virasoro constraints
take exactly the same form as in flat space! In particular we obtain a single constraint on
the location of the punctures which is now

(21 —z)(22—21) _ PL0- P30 (2.30)

(21 — 22)(23 — 24) P10 P20

exactly as in flat space. This proves that our construction in terms of SVMPLs satisfies
both, the equations of motion as well as the Virasoro constraints. In the next section, we
consider deformations of our solution, consistent with both, the equations of motion and
the Virasoro constraints.

2.3 Higher order momenta and deformations

Given a seed solution X}, the procedure described above gives a solution in a 1/R expansion,
to arbitrary order
1

X@—>X“:X6‘+R2

Xt (2.31)

Looking at the behaviour around each puncture, this determines the momenta in a 1/R
expansion from the seed/flat space momenta pfioz

1
Pho = PE =pio+ mabha+ (2.32)

In the following we will consider a family of deformations of the solution, consistent with
the equations of motion and Virasoro constraints, such that the flat space momenta pZ’O
are invariant. The first deformation is labelled by a constant vector W# and reduces to
translations in the flat space limit. It acts on coordinates as X* — X# and X0 — X0 with

5 X0 V1+W2/R?2 -1
XM= XH 4 Wh— + WHW - X T : (2.33)

N WX
o_ / 2/R2 [ x0 _C
XY =,/1+W?/R <X + —= 2). (2.34)

In other words, it is a Lorentz transformation on the embedding coordinates

XM 5 XM — \M XN (2.35)

with A%f nMM/A%[,/ = nyn’. As such it preserves the inner products Sy i/, as well as the
equations of motion. As already mentioned, in the flat space limit this transformation reduces
to shifts by w* = WH(R = o0), and hence the flat space momenta are invariant. On the other
hand, it acts on the momenta at higher orders in 1/R. We will fix the freedom implied by
this deformation as follows. While the flat space/seed momenta are conserved pg’o =0,
this is not true at higher orders in 1/R. Since we are considering a scattering problem around
flat space, where the coordinates u—parametrise this space, it seems reasonable to impose
momentum conservation on the y—plane. We can use the W —deformation to achieve that,
so that the total momentum in the p— coordinates is conserved ), ]5,5 = 0. Let us discuss



this in detail. Imagine we carry out the procedure described previously. This will lead to
Pp =3, P! which is non-zero from order 1/R?. Perform now a transformation such that

A Py V1+W2/R? -1
P;:P#+W“§T+W”W.PT i W2/ =0 (2.36)

This can be achieved by choosing (for P > 0, (P{)? — PrPL > 0)

we - RPr (2.37)
(PO)Q_puPu' '
T rtr

To leading order this gives

, 4
W = 1% S B (Laley) — Loy(2) + 0 (1/R?) (2.38)
i ik
On the other hand, note that the momentum will not be conserved in the 0-direction. Indeed,
this cannot be achieved, as translations are not a symmetry of AdS. Note also the following.
While the embedding momentum at each puncture is null P,ﬁ\/l Py = 0, from order 1/R?
there is an ‘induced’ mass (P?)? = P - Py. It turns out that for the choice in which the
momentum along the u—coordinates is conserved, this induced mass does not depend on
the puncture P, - P, = —m?. In the remainder of the paper we will use the transformed
solution (2.33) with W* given in (2.37).
Let us discuss another type of deformation where we rescale the seed momenta by a
factor pfj — Aply. This acts in a very simple way at higher orders in 1/R. More specifically,
at each puncture

1 1 3 P
1 o " " " 1
Po + 5P+ 5gp2 + o = Apg + 5P + g2 oo (2.39)

At the level of the Mandelstam invariants this rescales S — A2S. In particular, if A = 1 4
&z + -+ it modifies the Mandelstam invariants as S — (1 + 25z +--+)S. Note that ratios
of Mandelstam invariants are invariant. On the solutions X*(R,pg), where py denotes the
seed flat-space momenta, this acts as

XM(Ra )\p(]) = )‘XM(R/)HPO) ~ X'u()‘Ra )\p(]) = )\X“(R,po), (240)

as expected.

3 Evaluating the action

Having found the solution in a 1/R expansion, we need to evaluate the action at this classical
solution. In order to make contact with flat space, while still having a finite answer, we need
to subtract a constant and the Lagrangian to consider is

_ 1 ovm; Ly 0 ) 5(2) _ 1o w; o p05(2)
L= 50X 8XM—zkz::1(Pk Xy + PUR) S (C—2x) = 50X 8XM—szz::1Pk5 (C—21)
(3.1)



where note that in our signature Xg = —X° = —R + ---. In the second expression we took
into account that P,g” Xy — 0 as we approach the puncture, so its contribution vanishes. In
other words, the total contribution to the action is given by the bulk action plus the sum over
the ‘masses’” Rm = iRP?, which, as discussed in the previous section, is independent of the

puncture. The contribution from both terms is finite. Indeed, P,?R is clearly finite while the
PM Py
[C—2x]2
as we approach the puncture vanishes, since Péw Pr s = 0. To recover flat space we solve

for X = /R?2 + X - X and expand in 1/R

bulk contribution is integrable. Indeed, the non-integrable divergence 0 XM 90X, ~

X -0x & 1 (X-&XX-@X 4 )
L= alteteteteliidetel T

—'E:P-X(Q) ) —— _EE 0 x.x5@ (-
(3.2)

At leading order we obtain the usual Lagrangian in flat space. We will separately evaluate
the bulk and vertex operator terms of the action on the classical solution

S= Sbulk + Sverte)u (3.3)
where
1 [, _ 1 _
Sbulkz—/dg 0X -0X — =X -0XX -0X +... ), (3.4)
27 R2
1 1
Svertex = —1 Z <p271 + ﬁp%g +.. ) .

k=1

We will denote different terms in the expansion by S = S(© + %S (1) 4 ..., The first two
terms in the bulk action are given by

SO —1/d2gaX X _/d2C i Cij (3.5)
bulk = 5 0720 2 (C=2)(C = 2)] |

W _ 1 (s = Ay v av) [ . fij(C)
Sbulk = o /d ¢ (8X0 0X1+0X1-0Xy— Xo-0X0Xo aXo) = /d CZJZ:1 (< — zi)(g— Zj),

where ¢;; are rational numbers and f;;(¢) is of transcendental weight two and can be written
in terms of SVMPLs. The integral can be done using the formula (A.12), where the residues at

¢ = oo cancel in the sums. The results, expressed in terms of the cross-ratio zg = —Ziizi‘, read

1—20

S = =5 (Lote) + -2 L)) (3.6)

2—2z Z0— 2 1— 22 22 —1
Slgi)lk = 52( % Loo1 (20) + 2—=Lo1o (20) + 52 Lo (20) + 25— Lo (20) + 6((3)).
20 20 ZO ZO

In order to evaluate the source terms, we can simply use the relation P,i\/[ Qr,m = 0 to write
P in terms of P}' and @Y, which can be read off from X* using (2.4) and (A.11). We have

1

pg,l = Pk,0 " 9k,0; pgg = Pk,0 " Gk, + Pk,1 " Gk,0 — 59k.0 " qk,0Pk,0 " k.0, (3.7)

,10,



leading to the expressions

1— 2

S = 28 (ﬁo(zo) + 51(20)) ,

1 20— 3 320 — 5
Sithex = 57 (25000 (20) + o )13001 (20) — Mﬁom (20) (38)
20 229
22+ 29— 2 328 — 20 — 2 2 —1)?
+ (0—20>£011 (20) — %Elﬂl (20) + (0 5 ) L111 (20) — 8((3))
22 22§ 225

In summary, this classical solution predicts the following behaviour of the amplitude in
the high-energy limit

2 3
Ai%(s)s(sa T)HE ~ 6_8 = esvl(ZO)+%V3(ZO)+%V5(ZO)+M- (39)

In addition, as discussed above around (2.39), we have still the freedom to rescale the momenta
such that S — S(1 + %(QZO) + ---), while keeping ratios S/T invariant. Although these
corrections are suppressed in the regime we are studying (large S, R with fixed S?/R?), the
first correction does enter the leading high-energy limit of the amplitude via the term SV;(zg)

in the exponential. After performing this rescaling, we have
SVi(z0) = =S, S2V5(z9) = =S — 25 F5(29)S©, (3.10)

while V5(zp) and further terms do not contribute to the leading high-energy limit. While
F5(2p) cannot be determined purely within the context of this classical bosonic model (being
a subleading quantity), it will be fixed by the comparison below.

Now we would like to compare this to the high-energy limit of the AdS Virasoro-Shapiro
amplitude computed in [4, 5]. The AdS amplitude is given in terms of a world-sheet integral
representation, identical to that for flat space, with the extra insertion of single-valued
functions W,,(z). Order by order in 1/R these extra insertions depend on S, T polynomially,
so that the location of the saddle point is the same as in flat space. The high energy limit, in a
1/R expansion, is then obtained by simply evaluating the world-sheet integral representation
on the saddle point z = 2y and takes the form

52 54
AL (S, Ty ~ e~ 25108 1S1=2T log [T|=2U log [U] (1 + -5 Ws(20) + 57 We(20) + - ) , (3.11)

R2 R4
where )
U
Wg(Z) = ?GE})E(S: T7 Z)a
2 o (3.12)
WG(Z) = @Gtot(sv T, Z)>

with G&ZP(S’, T,z) as in [5]. On the saddle point we find

1 (20— 1)2
W3(20) = Looo (20) — Loo1 (20) — ;5010 (20) — Tﬁou (20)
. " 2 0 (3.13)
+ (0 3 )5101 (20) + Mﬁlll (20) +2¢(3),
20 20
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and
W6(Zo) = %W3(Z0)2. (3.14)

We are now ready to compare (3.9) with (3.11). The leading term of course reproduces
the flat space result

€SV1 (20) _

6—2Slog|S’|—2Tlog\T|—2Ulog\U\. (315>

More interestingly, the full high-energy limit of the AdS Virasoro-Shapiro amplitude to

2
I
expected result

all orders in is determined by the subleading exponent, and it precisely matches the

520 S? sS4
e Rr? Va(z0) (1 + ﬁW3(ZO) + ﬁWﬁ(ZO) + - ) , (3.16)
provided we choose
1 2 zo—1
Fy(z0) = 1 (—,Co() (20) + 20,601 (20) + 0 L1 (Zo)) . (3.17)

Note that it is quite non-trivial that such an Fh(zp) exists at all. This happens because
the combination S2W3(zp) + S neatly factorises into something of weight two times S(©).
Furthermore the bosonic model predicts exponentiation to all orders in S%/R2, via (3.16).
The highly non-trivial relation (3.14) is a test of exponentiation to quadratic order.

3.1 Universality

The AdS Virasoro-Shapiro amplitude in the high energy limit, namely large R,.S,T with
fixed S/R and S/T, takes the form

2
AR (S, T = APYS, T x eV /D), (3.18)

This exponentiation can be understood in terms of a bosonic model describing the scattering
of classical strings on AdS

A (S, T)up ~ €5, (3.19)

evaluated on the classical solution —S = SV (z0)+ %%(zo) + %%(zo) +---. The universality
of our results can be understood as follows. Note that at the level of the action the contribution
we are computing is much smaller than the flat space contribution, indeed SVj(zg) > %Vg(zo),
but we keep it because it is in the exponential. Higher order curvature corrections, on the
other hand, can be safely ignored. In other words, in the regime we are considering, only
the first order curvature corrections around flat space are important.®

Related to the universality of our results, let us discuss two ingredients that were not
taken into account in the bosonic model we considered. The first is the specific form of the
AdS vertex operators. In our computation we assumed that the overall prefactor is that

5We thank J. Maldacena for discussions on this point.
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of flat space. As we take into account curvature corrections this will get modified and on
dimensional grounds we expect the following schematic form (see appendix C for more details)

(X(O) _ )2
prefaqg = prefy,; (1 + % +-- > . (3.20)

But since (X ©

Classical)2 ~ S, this and higher order corrections can be disregarded in the

regime under consideration. Finally, we have also ignored quantum corrections, including
contributions from fermionic fields. These corrections can indeed affect our results and are
encapsulated in the ‘non-universal’ function F(zp), given above. It would be very interesting
to derive Fy(zg) directly from a world-sheet computation. At present this is unavailable.

4 Conclusions

In this paper we have computed the AdS Virasoro Shapiro amplitude, for the scattering
of four gravitons in AdSs x S° at tree level, in the fixed-angle high energy limit. This
limit provides a regime where the amplitude can be computed to all orders in the curvature
expansion with the result

2
AN (8 Ty = A8, Ty x e 73(0), (4.1)

with W3(zp) a transcendental function of weight three. This result can be explicitly checked
to order 1/R* against the results of [5] and is reproduced to all orders by a classical scattering
computation in AdS. This result opens the path to a more direct comparison to a putative
world-sheet description of strings on AdSs x S°. Perhaps the first step to explore this is to
use the RNS formalism to compute the AdS amplitude in a curvature expansion. It would
also be interesting to understand whether/how the pure spinor formalism simplifies at high
energies, and whether it can be used to compute subleading corrections. There are many
other directions that would be worth exploring.

The results of this paper can be fed into the program of [5], and put strong constraints
on curvature corrections at higher orders, in particular fixing the answer at the saddle point.
It would be interesting to see if this can be combined with results from integrability and the
structure of the solution to go to higher orders. It would also be interesting to see if sub-
leading corrections to the high energy limit also follow a simple pattern. It is straightforward
to extend the computation of the bosonic model to higher point functions. The location of
the punctures serve as the letters of the SVMPLs from which the solution will be constructed.
Furthermore we expect again that in a 1/R expansion the location of the saddle point is the
same as for flat space. It would also be interesting to study the bosonic model exactly, for
finite R, perhaps by using a Pohlmeyer-type reduction [12], as was done for the problem of
scattering amplitudes in MSYM at strong coupling [13]. Finally, a fascinating feature of the
world-sheet computation is that one can go to higher genus, and the genus expansion is Borel
summable [14]. It would be very interesting to explore this question in AdS.
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A Single-valued multiple polylogarithms

The classical solutions considered in this paper are built up from single-valued multiple
polylogarithms. These are built from multiple polylogarithms (MPLs) which we introduce
first. They are functions of one variable L, (z) and for the purposes of this paper they are
labelled by words in the alphabet {01, 09,03,04}. They are recursively defined as follows

OLgw(2) = (A1)

together with lim,_,o L (z) = 0 except for L.(z) = 1 where e denotes the empty word. Here
z; denote the location of the punctures, which are taken to be real and non-zero. For instance

log? (1-2)

N—_—— p:
p times
It is convenient to introduce the generating function
4 4
Lo(2) =1+ Lo(2)0i+ Y Lo, (2)0i05 + -+ . (A.3)
i=1 ij=1
In terms of this the recursion relation (A.1) can be written as
o
0Ly (2) = Z . lZ'LU(z). (A.4)
—

i=1

MPLs are not single-valued as we go around the punctures. In order to construct single-valued
multiple polylogarithms (SVMPLs) we follow [9-11]. Consider the map that reverses the
order of letters in a word

w:Uil---Jir%@:Uir---Uil. (A5)

Then SVMPLs are defined as the coefficients £,,(z) in the following generating series

Lo(2) = Lo(2)(Lor(2)), (A.6)

where the letters o} are related to the letters o; by

4
o) = Eg(zi)_laiﬁa(zi) =o0; + Z Lo, (2:) (0i0j — 0jo3) + -+ . (A.7)
j=1
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With this relation worked out, we can then determine the action of holomorphic and anti-
holomorphic derivatives. Indeed

0L, (2) =3 —ZL,(2), 5@(2):5(,(2«)2_”%' . (A.8)

i—1 7 T~
For instance, for weight two the second relation implies

OL () = ZotlD) y Lorl2) _ Lalss) (A.9)

Z— zj zZ—z zZ— zj

SVMPLs satisfy various relations and in particular the shuffle relations for their product

Ly(2) Loy (2) = Z Lw(2). (A.10)
Wewww’
These relations can be used to isolate the logarithmic singularities of SVMPLs as the
argument approaches the first label. For instance

lim Ls,5,w(2) = Low(2i) Lo, (2) + finite, i # J. (A.11)

zZ—Z;

We found the tools [15, 16] very useful when working with SVMPLs, in particular for rewriting
SVMPLs of z1, 22, 23, z4 in terms of the cross-ratio zy in section 3. Finally in this work
we are interested in integrating expressions containing SVMPLs over the Riemann sphere.
All expressions are of the form [11]

! /d2z( Lu(2) = —Ls,w(zj) + Res M (A.12)

o z—2z;)(Z — %)) z=00 Z — zj

The contribution from the point at infinity is slightly involved, however, for the integrals
considered in this paper (the bulk part of the action), the total contribution at infinity vanishes.

B Saddle points

In this paper we compute the fixed-angle high energy limit, i.e. the large S,7T limit with
S/T fixed, of expressions of the form

F(S,T) = /d2z|z|—25|1 W (), (B.1)
where W(z) depends on S,T in a polynomial way. In the large S, T limit this integral is

well approximated by a saddle point. Writing

‘Z|_25|1 _ Z‘_2T _ e—2510g\z|—2T10g|1—z\’ (BZ)

we see that the saddle point location is at

S
S+T

Expanding around this saddle point z = 2y + €, Z = zp + € we obtain

Z2=2z=

20. (B.3)

F(S, T)HE _ 672510g|3\72T10g|T|72Ulog|U|W(ZO)/dQEef%(eeréz). (B4)
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The integral over ¢, € produces an extra prefactor®

d2ee=E+E) — T B.5
[ e - (B.5)
so that
m ST —28log|S|—2T log |T|—2U log |U|
F(S,T)ug = ;me Wi(z0). (B.6)

We can also compute corrections to this result, with the same exponential behaviour but
suppressed by powers of S, T. Expanding to higher order in (¢, €) and keeping only the terms
relevant for the first order corrections, we obtain:

_ T (245 T (S=DUL s 5
P(S. T = 352 W (o) + i (0% 4+0°) Wiao) + 5™ (04+0) W) (B.7)
_ 3r U5(SQfST+T2)W(z .
16i03 S3T8 " ’

where o = U3/(2ST) and the holomorphic and anti-holomorphic derivatives are taken before
setting z = z = 2g.

C Prefactors

In the body of this paper we have ignored the prefactors in the vertex operators for the bosonic
model on AdS. The reason is that these prefactors will be evaluated at the classical solution
and the difference between the AdS and flat space computations is expected to be of the form

V]?dS:V}:lat (1+;§+>? (C].)

and hence they are not relevant at leading order in the high energy limit. Regardless, it is
interesting to consider simple prefactors for the bosonic model under consideration. Let us
consider for instance the prefactor corresponding to massless excitations

Ve = 0XMOXNhy i,  at ¢ = 2, (C.2)

where the polarisation tensor is perpendicular to the momentum P,g” hi N = P,iv hi vy = 0.
hasn has three components. For instance, its symmetric traceless part describes the graviton,
while its trace describes the dilaton. Let us consider this component. For each puncture
(and suppressing the index k) we can take

hyin = nun — Pupn — pu Py, (C.3)

with PMpyr = 1 and pMpyr = 0. The first of these conditions ensures the transversality
condition, while the second is chosen for convenience. For each puncture we then need
to compute

Vi = 0XMOXy — (P OXar) (0 0X ) — (pi 0Xar)(PY 0 X ar), (C4)

5In performing this integral a suitable analytic continuation was assumed.
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at the location of the puncture. To perform this computation it is convenient to write

4 HM 3 4 HM
oxM=%"—k = oxM="3"_—k (C.5)
P =1 G~ %k
We furthermore introduce the following notation for contractions of Hj and Hy:
i (€) = Hi' (¢) Hiw 2 (€)- (C.6)

This object is a complicated function, of higher and higher transcendentality in a 1/R
expansion, but one can explicitly check ®;;(¢) = 0 and > 5 Pp 1/ (¢) = >op P (() = 0.
Furthermore, the matrix with elements ®y ;/(¢) is Hermitian. After a short computation
one can show

4
_ @i j(2k)
K ng (zk — 2zi) (2 — zj)' (C.7)

This can actually be computed exactly since @, ;/(¢) simplifies at the punctures. Let’s take
k = 1 for definiteness and note that

_ 7
Hl(zl) = Hl(zl) = —§P1. (CS)
This then implies
M I M — S

®12(21) = Hy" (21)Hom(21) = Hi" (z1)Hapi(21) = S 2 = 5= Po1(21), (C.9)

and in the same way

T U

‘1)3’1(21) = (1)1’3(21) = 5, @471(21) = (1)1’4(21) = 5 (010)

Furthermore as z; is real we have ®;;(z1) = ®;;(21). We have now enough constraints
to fix all of them and we find

U T S
D9 3(21) = P32(21) = > Do 4(21) = Pya(z1) = 2 D34(21) = Pas(z1) = 5 (C.11)

These relations are valid to all orders in 1/R. Similar results can be obtained at all punctures.
We can then compute

4 g4
1[IV = 912 4 1
P (21 — 22)%(23 — 2)

(C.12)

Open Access. This article is distributed under the terms of the Creative Commons
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