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1 Introduction

The worldsheet is the best understood definition of string theory. It allows us to in principle
compute scattering amplitudes in flat spacetime to any order in the string coupling g at finite
string length ¢, = v/a/. For instance, the scattering of four gravitons in type IIB superstring
theory at leading order in g5 is known as the Virasoro-Shapiro amplitude, and takes the
form of the worldsheet integral (up to an overall factor)

S T U
4@ _ 16 2, . |-5-2 -T o _ r _Z> r (_Z) r (_Z)
closed(S’T)*m d Z’Z’ 2 |1—Z| 2 = — 3 T U s
r($+1)r(f+1)r(Y+1)
(1.1)
where we define the Mandelstam variables in terms of the momenta p; as
S=—d(p+p)?, T=-d(pi+p)*, U=—-a(p+p3)? (1.2)

An outstanding question is how to generalise these worldsheet calculations to curved spacetime,
such as appears in the AdS/CFT correspondence. The difficulty is that these curved spacetimes
typically have finite Ramond-Ramond (RR) flux, which cannot be handled by the traditional
Ramond-Neveu-Schwarz (RNS) formalism [1]. While some progress has been made using the
Green-Schwarz [2] and pure spinor [3] formalisms, to date no scattering amplitude in curved
spacetime with finite RR flux has been computed directly from the worldsheet.

Recent progress has been made for scattering of gravitons in type IIB string theory on
AdSs x S° with radius R, using the holographic duality to N' = 4 SU(N) super-Yang-Mills
(SYM) with the 't Hooft coupling A = g%, N related to the string parameters as R*/(% = .
The genus-zero amplitude in AdSs x S° is dual to a four-point function of stress tensors
in SYM in the leading large N limit to all orders in 1/X. This holographic correlator is
fixed by the analytic bootstrap [4-6] to be

Mas(ot) — [y @i Db | Gple(s? 4 £+ ) + AP,
close ) N2 | stu )\3/2 )2 )\5/2
~(0) tu+ ~(1) ( 2 1 2 4 2) n ~(3) (1.3)
@ Stu T & 4(S U a " B B
4 DR DSR I DSR +0(A 7/2) +O(NY),
which we wrote in terms of the Mellin space variables s,t,u = —s — t that are related by the

(k)

Mellin transform to the usual cross ratios U,V in position space [7, 8]. The coefficients & u
correspond to higher derivative corrections to supergravity such as R*, and the protected
terms shown here were computed using supersymmetric localisation in [9-11].) We can then
take the flat space limit [14] by rescaling (s,t,u) — R?(s,t,u) and taking R/{s — oo, after
which we identify the rescaled s, ¢, u with the flat space Mandelstam variables in (1.2) divided
by . The 1/\ expansion at finite s,¢,u in (1.3) then corresponds to expanding the AdS
Virasoro-Shapiro amplitude at small S, 7T, U.

'These higher derivative corrections were also computed at finite complex coupling 7 in [12, 13].



We can also consider the AdS Virasoro-Shapiro amplitude at finite S, T, U. This limit
corresponds to rescaling Meiosed (5,1) — A2 Miosea(VAs, V/At), and then expanding in large
R/ts = A/4. resulting in a small curvature expansion for the AdS Virasoro-Shapiro
1

(5,7) + TAAEBSQAS, T)+0(1/)) , (1.4)

where the leading term is the flat space Virasoro-Shapiro amplitude (1.1) and determines an

Aclosed(Sa T) = A(O)

closed

infinite number of coefficients &;8) in (1.3), AW (S,T) is the first curvature correction which

closed
5;), and so on. In [15-18], it was shown how to compute these

determines the coefficients &
curvature corrections using two constraints. The first constraint uses a dispersion relation
to relate the correlator to single trace massive string operators that scale as A\}/4, such as
the Konishi operator. The CFT data of these operators can be computed at leading large
A from the flat space amplitude, while 1/\ corrections are computable from integrability
applied to the classical string theory on AdSs x S5 [19]. The second constraint comes from
assuming that the AdS amplitude can be computed from a worldsheet integral such as (1.1),
with the additional insertion of single-valued multiple polylogarithms, which was motivated
from the fact that only such functions appear when performing closed string worldsheet
calculations in an expansion around flat space. By combining both constraints, the first two
curvature corrections were computed in [18], and higher curvature corrections are expected
to be fixed in terms of 1/A corrections to massive string operators as computable from
integrability. FEach curvature correction to the worldsheet integrand turns out to admit
uniform transcendentality, a feature that is typical for ' = 4 SYM.

In this paper, we will generalise this strategy to the scattering of open string gluons on
the worldvolume of D7 branes in type IIB string theory. In particular, consider N D3 branes,
4 D7 branes, and an O7 plane in type IIB string theory [20-22]. At large N, the geometry
is AdSs x S®/Zs, where the Zs orientifold has a fixed point locus of S3, such that gluons
scattering on the D7 branes probe AdSs x S? [23]. The dual CFT is a 4d N = 2 USp(2N)
gauge theory with one hypermultiplet in the antisymmetric and four hypermultiplets in the
fundamental, where the latter transform under an SO(8) flavour symmetry. Gluon scattering
on the D7 branes is dual to the four-point function of flavour multiplets in the CFT, such that
we can define the AdS Veneziano amplitude as the leading large N limit of this correlator
to all orders in the 't Hooft coupling A, which is proportional to R*/¢%. We can similarly
consider two different orbifolds of this theory as described in [24], such that AdS Veneziano
amplitudes of all three cases are proportional to each other, except that the flavour group
G now equals either U(4) or SO(4) x SO(4) instead of SO(8).?

The holographic gluon correlator is fixed by the analytic bootstrap [25] to be

MR 5 T(TOTETTI) 2 a) @) ural)
S = -
’ N st A 23/2
) s+ G syt + Gy + G ) (1.5)

DL L O(A/2)

\2
+ permutations + O(N~?),

2The Gr = U(4) theory has an SU(N) gauge group with two antisymmetric hypermultiplets and four
fundamental hypermultiplets, while the Gr = SO(4) x SO(4) theory has an USp(N) x USp(IN) gauge group
with one bifundamental hypermultiplet and four fundamental hypermultiplets.



where we sum over two permutations of the external operators and T are generators in the
adjoint of the gauge group. The coefficients &gf) correspond to higher derivative corrections
to gauge theory such as F4, and the terms in the first line are protected and were computed
using supersymmetric localisation in [26].3 The coefficients 5‘5‘2) are determined via the flat
space limit by the flat space scattering amplitude for four gluons in open superstring theory

at leading order in g5, known as the Veneziano amplitude

ALRBI Y — 2 {Tr(TIlTIQThTI‘*)A(O)(S, T) + permutations} ,
I'(—8)0(~T) (1.6)

1 1 _q_ o
A(O)(S’T):SJrT/o e (i Tk

where K is a kinematic factor. In AdS this Veneziano amplitude receives curvature corrections
that are suppressed by powers of 1/ VA

A(S,T) = AO(S,T) + —=AD(S,T) + O (1/2) . (1.7)
VA

The term AM(S,T) is the first curvature correction and determines an infinite number
of coefficients &;1) in (1.5). As in the N’ = 4 SYM case, we can compute AN (S,T) by
combining a dispersion relation that relates the correlator to single trace massive string
operators that scale as A1/4, as well as by assuming the correlator is given by a worldsheet
integral. Since open string scattering is not single-valued, unlike closed string scattering, we
assume a more general ansatz of multiple polylogarithms. Nonetheless, we find these two
constraints completely fix the first curvature correction of the AdS Veneziano amplitude,
which takes the form of the worldsheet integral in (1.6)

AW (S, T) = SiT /01 dz 275711 — 27T 1aW(s, T, 2), (1.8)
with the extra insertion
GW(S,T,z) = (S +T)"[3+ (4T — S)log(z) + (45 — T)log(1 — z) — S(3S + 4T) log?(2)
— T(3T +48) log?(1—2) + (582 +128T + 5T2) (¢(2) — Lis(2) — Lis(1—2))]
+¢(3)(S+T)%+T(25 + T) (log(1 — 2)Lis(1 — 2) — Liz(1 — 2))

)
+ 5% 1og?(2) (g log(z) — log(1 — z)) + 527 4 5) (log(#)Lia(z) — Lig(2))
+ T2 log?(1 — 2) (3 log(1 — 2) — log(z)) . (1.9)

It is not surprising that this result does not admit uniform transcendentality, given that the
theory we consider is not maximally supersymmetric.

We have three distinct consistency checks on our answer. Firstly, in the high energy limit
we find that our answer takes an exponential form, as was observed for the AdS Virasoro-
Shapiro amplitude in [27] and that the exponent for open strings is half of the one for closed
strings, as argued in [28]. Secondly, while integrability has not yet been completed for the

3These first two corrections were also computed at finite complex coupling 7 in [26].



open string theories we consider,® we can still compute the scaling dimension of massive
string operators in a large A expansion using the semiclassical approach of [33], which gave
the correct answer in the AdSs x S° case. In our open string case, we are able to compute
the spin dependent terms of the first 1/ V/A correction to the massive string operator scaling
dimensions, which matches our answer for the amplitude. Thirdly, the small .S, T expansion of
our result matches the first line of (1.5), which was previously computed in the Gr = SO(8)
theory using localisation [26]. Furthermore, we can combine our new constraints with those
of [26] to fix all terms displayed in the second line of (1.5). This corresponds to the D*F?4
higher derivative correction to the super-Yang-Mills term F? that describes the AdSs x S°
effective action, and is the first unprotected correction.

The rest of this paper is organised as follows. In section 2 we discuss kinematic constraints
from superconformal symmetry on the flavour multiplet correlator, as well as derive the
dispersion relation. In section 3, we describe our ansatz for the worldsheet integral, which
we combine with the dispersion relation to fix the first curvature correction to the AdS
Veneziano amplitude. In section 4, we consider the high and low energy limits and extract
the OPE data of massive string operators from the amplitude. In section 5, we compute the
energies of massive string operators in a semiclassical expansion. We conclude in section 6
with a review of our results and a discussion of future directions. Technical details of the
calculations are given in the various appendices.

2 Setup

2.1 Correlator

We consider 4d N' = 2 superconformal field theories with R-symmetry group SU(2)g x U(1)g
and flavour symmetry SU(2); X G, where as discussed above G can be SO(8), U(4),
or SO(4) x SO(4). We will consider the moment map operator O(z,v), which is the
superconformal primary of the flavour supermultiplet, and is a Lorentz scalar with dimension
A = 2 in the singlet of SU(2)y, the adjoint of SU(2)r (with polarisation v®) and also in the
adjoint of Gp (with index I). Conformal correlators of such operators have been constructed
in [25] which we will follow for the setup.
The four-point function under study

N2 0 N2
(OF (21, v1) O™ (29, v2) O3 (w3, v3) O™ (24, v4)) = (v ”;i Sf va) GhlBsly v, o), (2.1)
1234

can be expressed in terms of the cross-ratios

2 .2 2 .2 ) )
U=22550 s v 28 (1 1-%), a= (vr - 03)(vy-0a) =y o)
T13T24 T13T24 (v1 - v2)(vs - v4)
where
Tij =z — x5, (vi-vj) = vf‘vfeag i (2.3)

“See however [29-32] for some first few steps.



We can define a reduced correlator H(U,V) by considering the solution to the N' = 2
superconformal Ward identity [34]

GhELI(U,V,a) = G UV, ) + (1 - za)(1 = Za)HIBRR WU, V), - (24)

where Gy is the protected part of the correlator, and all nontrivial data is in H(U, V).
We will study the Mellin transform of the reduced correlator®

NIl _ [P dsdt sy 51 t]’ ul® hbhn
1 (U, V) _/_m eV r[1—2} r{1—2} r[1—2} M (s,1), (2.5)
where u = —s — t, and crossing symmetry acts on M17213/4(5 ¢) by
MIRIls ¢y = pplsbehilag o) = pplehilslag o) (2.6)

In this work we will only consider the leading contribution of order 1/N in the large N
expansion,® which corresponds to open string scattering where the worldsheet has the topology
of a disc with four insertions at the boundary. The colour structures for this configuration
are single traces of the generators T’ of G and the amplitude takes the form?-8 [25, 26]

MIEDI (s 4y = Te (TRTRTRT) M(s, ) + Te (THTTRT) M2, u)
(2.7)
+ Te (THTBTHT) M(u, s),

where M (s,t) is called the colour-ordered amplitude and can have only poles in the s- and
t-channels, the only ones consistent with the colour ordering (1234). Crossing symmetry
for M (s,t) implies that

M(s,t) = M(t,s). (2.8)
We can also expand the reduced correlator in long superconformal blocks as

HOEBIg vy =" N phEBICZ, UG (U V), (2.9)

7,0 rcadj®adj

where the labels are the twist 7 = A — ¢ and spin £ of the superconformal primary, the
4d conformal blocks are given by

Gr U, V) = ——(hr20(2)ler-2(2) = Ers20(2)lir(2))

: (2.10)
kn(z) = z29F1(h/2,h/2,h, 2),

and P,f1121314 is a projector to the irreducible representation r of Gg. The irreps in the
s-channel will always include the singlet 1, the antisymmetric adjoint adj, and the traceless
symmetric sym in terms of adjoint indices. We can use (2.7) together with symmetry

SWe use shifted Mellin variables compared to [25]: (s,t, u)nere = (8 — 2, — 2, % — 2)there-

5We will drop the overall factor 1/N from formulas.

"Structures of the form Tr (TI1 TIQ) Tr (TI3 TI4) and permutations only appear at subleading orders in 1/N.

8The normalisation of the generators is not important for our tree level calculation, as it can be absorbed
into the overall normalisation of the amplitude.



properties of conformal blocks under the exchange 1 <+ 2 to conclude that there are only
operators in the representations 1 and sym with even spin and operators in adj with odd spin.
The leading term in this Mellin amplitude was computed in [25]

M(s,1) =~ + O ), (2.11)

fixing our normalisation of M(s,t). Apart from the Mellin amplitude we will also study
its Borel transform

A(S,T) = - ,

K+100 T
A dialeaa—4M ﬂ @ ’ (2.12)
8 Ju—ico 2mi

2c0 2c0

where the 't Hooft coupling A is related to the AdS radius R and the Regge slope o' via
the AdS/CFT dictionary”

VA= Zf +0 (;7) . (2.13)

We call A(S,T) the AdS amplitude. It is known since [14, 35] that the transform (2.12)
relates AdS/CFT Mellin amplitudes to flat space amplitudes in the limit R — oco. In our case

AST) =Y AW (s,T), (2.14)
k=0 A2

has the flat space Veneziano amplitude in (1.6) as the leading term. This leads us to identify
S, T and U = —S — T with the dimensionless Mandelstam variables given in (1.2).

2.2 Dispersion relation

In order to derive a dispersion relation for the colour-ordered Mellin amplitude M(s,t),
we use two main ingredients. The first is that the OPE expansion (2.9) translates to the
statement [7, 36] that the Mellin amplitude has simple poles at s = 7+ 2m — 2, where m € Ny
label (super)conformal descendants, with residues given by

C‘IQ"Z QT+2,d:4(t o 2)

{m
M(s,t) =~ : 2.15
(s:%) s—T17—-2m+2 ’ (2.15)
where the Mack polynomial Q;}ﬁ’d:‘l(t — 2) is defined in (A.1), and we removed the irrep

label from C%E because the leading 1/N form of the Mellin amplitude (2.7) and crossing
symmetry implies that the symmetric irreps 1 and sym have even spins ¢ and identical
CFT data, while the antisymmetric irrep adj can be associated simply with odd spins. '’
The second ingredient is the assumption that the string theory amplitude has a softer UV
behaviour than the corresponding field theory amplitude (2.11), i.e. we will assume the

following bound in the Regge limit

M(s,t) = o(u™?t) for u — oo with t fixed, Re(t) < 0. (2.16)

9For the Gr = SO(8) theory, the 't Hooft coupling is the usual A = g2,N, while for the other two theories
there is an extra factor of two.

00ther irreps will not contribute nontrivially to the dispersion relation, as single trace operators do not
appear in those other irreps.



1 2 3 4 S 6 0

Figure 1. Chew-Frautschi plot of the spectrum of operators exchanged in the Veneziano amplitude.

With these assumptions we can derive the fixed-t dispersion relation

Mst) = § DMV =60 5 Cre Qi (= 2) o17)
L 2w u —u a s—T—2m+2 '

T4,m

We expect the exchanged operators to be related to massive open string states in flat space,
so that their dimensions should satisfy

A=mR(1+0(\"2)) =Vori + 0 (x77), (2.18)

where § = 1,2, ... is the string mass level and the masses m? = §/a’ can be determined
from the locations of the poles of the Veneziano amplitude (1.6). The spectrum exchanged
in the Veneziano amplitude is shown in figure 1 and the AdS Veneziano amplitude will
encode curvature corrections to the flat space masses and partial wave coefficients. This
means we can expand the OPE data as

7(8,0) = VoA + 1 (5,6) + (8, N1 + ...,
9=27(6,6)=20=9 3 (5 )4
2, = (0, % £(5,0), (2.19)
’ (€4 1)sin (57(6,0))

F6,0) = fo(6,0) + Fi(8,ONT + fo(8, N2 + ...,

where the flat space spectrum in figure 1 implies
f(6,£)=0, &—~Leven. (2.20)

We can now follow [16, 37] to compute the Borel transform (2.12) of the dispersion rela-
tion (2.17) in a large A expansion, and to sum over m. We find that the amplitude has
polesat S =9 =1,2,.... We can match the residues with those of A(O)(S, T) to determine



(fo)s, for all exchanged operators, where the angle brackets indicate a sum over degenerate
operators with the same § and £. For instance, we find for the first few Regge trajectories

(fo)s,s—1 = 10(9),
T‘l((;)

(fo)sg-3 = —5—0(0+2), (2.21)
(fo)ss—5 = Tz(g) (56 + 286% + 808 + 48),
where 1-6 §6—2n—1 2
470507 (6 - 2n)
rn(0) = T —n+1) . (2.22)
Absence of such poles at order 1/ A/4 requires that
40—
m1(0,0) = —¢, (fi)se = (fo)ss (2.23)

Ve

The first non-trivial correction to flat space occurs at order 1/ VA, where we compute in
an expansion around S = §

1
RV(T,9)
(5 —

AW, T) =3 Toey T O((S —6)Y). (2.24)
=1

The numerators Rgl)(T ,0) can be explicitly computed in terms of (f2)5¢ and (fo72)s,¢ and
are given in appendix B.3, where it is also shown how to obtain them more indirectly by

resumming the low energy expansion.

3 Worldsheet correlator

In order to fully fix AM) (S, T') we will now make the assumption that it has a representation as
a worldsheet integral. Colour-ordered open string amplitudes can be expressed as an integral
over a segment of the boundary of the open string worldsheet. For instance, by conformally
mapping the worldsheet to the upper half plane and fixing three of the operator insertions at
0, 1 and oo, the flat space Veneziano amplitude can be written as (1.6). Correspondingly,
our ansatz for the first curvature correction is

1
AW(8,T) = SiT / dz 2511 = )" TG0 (S, T, 2) (3.1)
0

Since AM(S,T) has poles up to fourth order (2.24), the integrand G(V)(S, T, z) should have
terms with maximal transcendentality 3. Further it should only have singularities at z = 0
and z = 1. In order for the Wilson coefficients in the low energy expansion (1.5) to have
the expected transcendental weight, the weight of each term in G(l)(S, T, z) should match
the degree in S and T plus one. Finally, crossing symmetry dictates

GW(S,T,2) = GIO(T, 5,1 —2). (3.2)



A suitable basis of transcendental functions are the multiple polylogarithms (MPLs) L,(2),
which are labelled by a word w made up of letters in the alphabet {0,1}. They can be
defined recursively by

d 1 d 1

—L w = *Lw ; —L w = Lw ) .

L Low2) = 1Luz), e La(z) = 2 Lul?) (33)
together with the condition lim,_,o L, (z) = 0 unless w = 0P, for which Lo»(z) = loi#. In
particular for the empty word we have Ly(z) = 1. This leads us to the ansatz

GU(S.T,2) = S+TZZ et PE(S, T)TE (), (3.4)

n=01,j,£

where P;L:i(S, T) are symmetric / antisymmetric homogeneous polynomials of degree n and
the functions 7= (z) have transcendental weight n and are given in terms of

LE(2) = Ly(2) £ Ly(1 — 2), (3.5)
by
T (2) = (Ldoo(2), Lion (2), Liio(2), L (), €L (2),(3) )
Ty (2) = (Looo(2)s Lo (2), Lano(2): Loni (), C(2) L5 (2)) 56
T (2) = (Ls(2), Liy(2).¢@)) T3 (2) = (Lqo(2), L5u(2)) '
TH(z) = (L§(2)) , () = (L), T =),
The ansatz has 33 rational coefficients ¢, ;. We start fixing these coefficients by demanding
consistency with (2.24), assuming that the OPE data takes the form
V{fora)se = 71; 72’«2)((2) (3.7)

(F)ae =iyt + P c@) 4D,

where rg’% are rational numbers, together with (2.20). To compare to (2.24) one first Taylor
expands the integrand of (3.1) around z = 0 and then integrates before finally expanding
around S = ¢, for different values of §. This fixes all 33 parameters of the ansatz. Our

solution is
3 3
GU(S,T,2) = ($*+17) <2Lgoo(z) — L (2) + 2g<3)) + 5L (2)
3

= % (357 +4ST +372) (Lo (2) + Li1(2) = C(3)) + o

S+T
352 + 8ST + 372 552 +128T + 512
S o L +@) @)

+ (8% = %) (2Lin() ~ 5 Lion() — 5Larol=) + L (2))

S-T
S+T

Lio(2) +

(365 + Lgo(a) + 515 (2))

The same result expressed in terms of classical polylogarithms can be found in (1.9).

,10,



4 High and low energy limits

Since our solution for the first curvature correction to the AdS Veneziano amplitude relied on
various assumptions, it is important to check that it matches other independent calculations.
We will first compare to the high energy limit, then the low energy limit as previously
computed using localisation for the Gp = SO(8) theory in [26], and finally in the next section
to the energies of massive string operators that we compute semiclassically. Note that the
first and third checks apply to theories with any G . In the low energy expansion, we also
combine localisation constraints with our new results to completely fix the 1/A\? term, which
corresponds to D*F* correction at finite curvature.

4.1 High energy limit

In the high-energy limit of large S, T, R with S/T and S/R fixed!! we expect the amplitude
A(S,T) to be determined by a classical computation, as shown for the closed string amplitude
on AdSs x S° in [27]. We expect the form

Apen(S,T) = lim A, T) ~ e Foren, (4.1)
S/T,S/R fixed

and the exponent is determined by the saddle point at z = S%F of the integrals (1.6) and (3.1)

1 1
0 1
Eopen = g(gp)en + ﬁg(()p)en +0 (S) ’

S T
Eopen SOg(S+T)+TOg S+T)"

S
ew — g (5 T ) o(S
b 7S+T + ( )

open

= 5? <2L100<SiT> — 4 Lo (S i T) - C(3)> (4.2)
55020 (ton (55 + Fon{52)
e n(25) ()

S S
+T(25+3T> <L101 <S—|—T) + LllO(S—I—T)) .

The exponent can be interpreted as the energy of a classical string solution and it was argued

in [28] that the open string should have half the energy of the corresponding closed string
solution, given that gluing two open string worldsheets gives one closed string worldsheet.
To check this, recall that the closed string amplitude on AdSs x S° takes the form of an
integral over the Riemann sphere'?

1 P —or— I
Actosed (48, 4T) = W/d%yz\ 2572 — 4|72 <1+mGglgsed(s,T,zHo(uR‘l)).
(4.3)

'We set o’ =1 in this section.
12Note that we evaluate (1.4) at 45, 4T because the open string momenta are doubled when applying the
reflection principle of [28].
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The high-energy limit is defined as

(0) (1)

AHE (4S4T) = lim  Adosed(45,4T) ~ ¢ Cetosea m28000a0(5) | (4.4)
S, T,R—o0
S/T,S/R fixed
and one can check that the closed string exponents from [17, 18, 27] are precisely twice as
large as the ones for the open string (4.2)
e =260 e gW (57,5 ) —2e) 45
closed — ““open > closed — ~ “closed — ““open - ( . )
"S+T

Note that we are comparing different string theories and would not expect such a relation

beyond the high-energy limit, which is governed by classical solutions.

4.2 Low energy expansion
Let us now discuss the low energy expansion of A(S,T), i.e. the Taylor expansion around

S =T = 0. We define the Wilson coefficients a((fg by

U
5 zz
A2

A(S,T) :_7+ > 2
k,a,b=0

61=-U, &y=—ST. (4.6)

(0)

The flat space Wilson coefficients «, ; can be easily extracted from the representation

A T) = —— = XD (Z ¢n (8" +T" — (S + T)”)) , (4.7)

giving for instance

aa,O:C(a+2)7
1
a? Z CR2+a)C2+i2) + 5(a+1)((at4), ... (4.8)
11,12=0
i1+i2=a

We can compute the low energy expansion of the Mellin amplitude by applying the inverse
of (2.12) term by term to (4.6), giving

= Td+a+ 2b)23+a+2b b (k)

M(s,t) = —— + ) %; ) T a bk 01030, (4.9)
with
g1 = —u, o9 = —st. (4.10)
The first few terms of the Mellin amplitude read
2 48¢(2) 384C(B)u—48ally . ((2)? (Tst — 4u?) +ual) — Lol
M(Sat):_i“_ - 3 — —23 5 J
st A A2 A
Lo(xd). (4.11)
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For the G = SO(8) theory, the localisation constraint of [26] then fixes!?

afig =0,  af)=48¢(2), (4.12)

where the first coefficient was fixed already in [26], while the second we fix in appendix C.
To compute the coefficients ozglz from our expression for AN (S, T) obtained above, we
need to expand integrals of the form

1
Iu(5,T) = / dz 25 (1= 2) T 1 Lu(2). (4.13)
0

This computation is done in appendix D and the result is

[e.e]
I,(S,T) =poles + > (=S)’(-T)" >  (Low(1) — Liw(1)) , (4.14)
p,q=0 We0PL19w
where the pole terms can be obtained as explained in the appendix and LU is the shuffle
product. Note that Loy (1) and Liy (1) are MZVs of weight p + g + |w| + 1. Using this, we
can compute the low energy expansion corresponding to (3.8)

AD(S,T) = = 312 + 6% (54(5) - 200(2)(3) ) — 32(19¢(5) + 206(2)C(3)
— ot (S0P + @) - oo (S0P + )
+at (250(7) - 51L)6) - L ORXE) (1.15)

~ oo (F[10(D) + 10262665) + 2 C2P3))
~ 33 (506(7) + 510(2)0(5) + “-C(D(3) ) + .-

where we expanded up to fourth order in S,7T,U. Note that there are no poles at S, T =0 as

expected from the field theory Mellin amplitude and we have a((f()) = 0 in agreement with the

localisation result (4.12). This also fixes the remaining coefficient at order 1/A? in (4.11) to
af) = —3¢(2)%. (4.16)

We have thus completely determined the D*F*? correction in AdS at tree level, as given
in (4.11), (4.12), and (4.16). In the notation of (1.5) we have

G a1 = 2°3C(2)7, G0) oy = —2721C(2)%, @k = 279C(2)%, Gl = 2°9¢(2)7 . (4.17)

4.3 OPE data

Let us now extract the OPE data from our solution. From A™M(S,T) we obtain for the

first two Regge trajectories (r,,(9) is defined in (2.22), and similar formulas can be obtained

3Note that a% cancels out in this computation.
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for all Regge trajectories)

(forahssoi = ro()V/3 (ia L 3) ,

26 4
(for2)ss-3 = r(9) Ve (953 + 1362 — 280 + 24) ,
3(65) (4.18)
(f2)s6-1 = 7845 (—146° + 19867 — 5800 + 243) + 6%C(3)(fo)ap1 »
T1 (5)

(Fadas-s =5 g (—420* + 2666° — 269662 — 25236 + 13122) + 8°C(3)(foas 3

This implies that the non-degenerate operators on the leading Regge trajectory have the
dimensions

72(6,0 — 1) :\/S<?f+215—i> : (4.19)

In the next section we will compare (4.19) to the energies of massive string operators as
computed from a semiclassical expansion. To this end we have to look for classical solutions
whose charges correspond to operators from the long superconformal multiplet labelled by &

and £ = §—1, i.e. the long multiplet whose primary has Lorentz spin § —1, dimension \/v/Ad(1+
O()\_%)), is in the singlet of SU(2) x SU(2)r x U(1)g and in the 1, sym or adj of Gp.

5 DMassive string operators

We will now compute the dimension of heavy single trace operators that scale as A/ and
compare to the prediction (4.19) from our solution. In particular, we will consider single
trace operators in irreps with two adjoint indices, as they correspond to open strings with
Chan-Paton factors on either end. These can have the irreps 1, sym and adj as discussed
above. Our calculation will apply to all three theories Gr = SO(8), U(4), SO(4) x SO(4)
that we consider, as the latter two differ from the former by orbifolds that do no affect the
operator we consider.!* For simplicity, we will thus discuss only SO(8) in what follows.
From the standard AdS/CFT dictionary, finding the dimension of an operator is equivalent
to finding the energy of a string solution in AdSs x S®, which scales as A/4 ~ %, in terms of
the quantum numbers of the state. By considering a semi-classical expansion in the large 't
Hooft coupling regime A > 1, the authors of [33, 38] have successfully found the dimension of
the Konishi operator in N'= 4 SYM perturbatively in 1/v/A. This was later confirmed and
extended using integrability of string theory on AdSs x S° [19]. Since integrability has not yet
been worked out for our open string theory, we will instead use the semiclassical expansion.
To be more precise, recall that the operators in N/ = 4 SYM transform under the
PSU(2,2|4) group and thus are labelled by the following quantum numbers of the bosonic
subgroups,
(Sl,SQ|J1,J2,J3) where S;,J; € Z/Q. (5.1)

The S; and J; labels the Lorentz spin and the SO(6) R-charge. They are related to the
SU(2) x SU(2) x SU(4)r Dynkin labels, denoted as [j, j|q1, P, ¢2], in the following way

[3,3lq1, P q2) = [S1 + S2,S1 — Sa|J2 — J3, J1 — Ja, Jo + J3]. (5.2)

Here we use the convention of [39] where the dimension of the j irrep is j + 1, namely j € Z~.

'The orbifolds affect only the SU(2)z, part of the geometry, under which our operators are invariant [24].
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On the string side, those quantum numbers are naturally identified with the Noether
charges of the string solution, see appendix E, (E.8) for details. Therefore, once a string
solution is found, we can read off the quantum numbers of the corresponding operator. Since
we do not know how to quantise string theory on AdSs x S°, we cannot solve the spectrum
exactly. Instead, one can use a semiclassical approximation to compute energies of states
in the strong coupling regime where A > 1. More precisely, the semiclassical regime is
characterised by the condition that all the charges are large

Ji = fixed,

= fixed, = fixed, A — o00. (5.3)

_Ji 5 = i e= Lt
VA VA VA

Assuming for simplicity that there are only two non-vanishing charges, the energy takes
the schematic form

(0)
1 0) a
E ~ VAL + D) 1 << Jy + J. 1 <1>>
(J1+ 2)< +ﬁ ag’(J1 + 2)+J1+J2+a

(0) (1)

1 b b
+5 (bfP(Jl + )%+ m + bV (T + ) + 7 1+ 5 b<2>> + (’)()\3)> . (5.4)

More precise formulas will be given in the following sections. The energy above is the direct
generalisation of the flat space energy, with the leading order term being the flat-space string
energy. The higher terms are curvature corrections to the flat space result.

Terms in the semiclassical expansion organise in a simple way. For instance, the leading
terms at each order in the 1/ VA expansion are completely fixed by the classical string solution.

In the schematic example above, the four coefficients a[(go), ago)’ b((]o), b(lo) are determined by

the classical solution. The subleading terms a) and b[()1 ,bgl) are determined by the 1-loop
fluctuation around the classical solution, while the sub-subleading term b2 is determined by
the 2-loop fluctuation. Higher terms in the 1/ VX expansion follow the same pattern.
After finding the semiclassical expansion, the next step involves extrapolating the analysis
to the regime of small charge, characterised by J;, S; = O(1), or equivalently, where J;, S; < 1
and trying to fit the operator into the long multiplet of the superconformal primary operator we
are interested in. As operators in the same long multiplet are related by supersymmetry, this
fitting allows us to determine the spectrum of the superconformal primary. This extrapolation
is non-rigorous but works well for the N’ = 4 case and we will assume it works for the

N = 2 open string case as well.

5.1 Classical open string solutions

We first derive the leading terms at each order from a classical solution for open strings. The
action, the equations of motion and the expression for the conserved charges of the open strings
are identical to the closed string case, see appendix E for details. The differences include:

o The worldsheet parameter o spans [0,7) for open strings, in contrast to the [0, 27)
range for closed strings.
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e Open strings end on D-branes, where classically, fermions vanish, leaving only bosonic
fields to contribute to the classical dynamics. These fields satisfy Dirichlet or Neumann
boundary conditions at ¢ = 0 or o = 7, instead of being periodic.'®

e In our case, involving a configuration of N D3 branes, four D7 branes, and one O7 plane
all positioned together, the introduction of D7 branes breaks the SO(6) R symmetry
down to its subgroup SO(4) x SO(2) which is isomorphic to SU(2)r x SU(2)g x U(1)g,
resulting in a partial breaking of the N' = 4 supersymmetry to N/ = 2. Here, the
SO(4) symmetry represents the transverse rotation along the D7 brane and the U(1)g
corresponds to the longitudinal rotations of the D7 brane. Notably, we assume the
orientifold plane retains the SO(4) rotational symmetry among .Ji, Jo directions.'® In
this case, the Cartans of the A/ = 2 theory are related to the N' = 4 theory’s Ji, Jo, J3

as follows!”

JSU(2)R =J1 + Jo, JSU(Q)L =J — Jo, JU(l) =2J3. (5.5)

e Our theory is defined on an orientifold and geometrically the orientifold O7 plane lies
on top of the D7 plane. Therefore, we have to identify the transverse directions of D7
brane by a Zsy orbifold action, and we only keep the states that are invariant under the
worldsheet parity plus the Zs orbifold action.

The last point needs clarification.

The orientifold action. We begin with the orientifold action in our geometric setup. Here,
the four probe D7 branes wrap an S3 inside S° of the curved AdSs x S® spacetime. In terms
of global coordinates (E.3), this necessitates to set two out of the six X;’s to be zero. The
natural choices are given by setting cos~ = 0, sint) = 0 or cos® = 0. The orientifold action,
denoted by €2, is generated by composing three different operations:

Q= ()" Qr. (5.6)

f

Here, the operator (—)” counts the fermion numbers; the second operator Q imposes world-

sheet parity as follows

Q: (r,0) = (r,m—0). (5.7)

The last operator, Z, imposes the Zs orbifold action in the transverse direction of the D7 plane.
The explicit action of Z varies depending on the embedding of the branes within the
coordinate system, and the results are summarised in the following table.

151t is much more involved to study the allowed fermionic boundary conditions as one has to work in
Green-Schwartz formalism to incorporate the RR-flux. See [40-43] for some general discussions in the absence
of the orientifold.

1611, Jo directions still satisfy the Neumann boundary condition as they lie on the D7 brane, while the J3
direction satisfies the Dirichlet boundary condition because it is the transverse direction of the D7 brane.

"The simplest way to confirm the numerical prefactor is to compare the Dynkin label of the N' = 2
supercharge in [39] with the Dynkin labels of the N' = 4 supercharge in [44].
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Condition | Angle Value | Orbifold Action
cosy =0 v=m/2 Y1 —=p1+7
cosy =0 v=m7/2 Y2 = po+ T
siny =0 v =0 p3 — p3+

The open string state also carries the Chan-Paton factor 571%2, where I, Iy are the usual
adjoint indices. The orientifold action for any product of orthogonal groups (which includes
all the Gr we consider) simply permutes the indices [45]

ghlz _y gl (5.8)

Thus, for symmetric irreps 1 and sym we get a plus sign, while for the antisymmetric irrep
adj we get a minus sign. The final requirement for the invariance of the classical solution is for
the combined solution with the Chan-Paton factor to be invariant under the orientifold action.

The constraint on winding numbers. Implementing the orientifold condition (5.6) on
the classical solution is a well-defined procedure. However, there is a subtle point worth
mentioning during the final step of extrapolating to small quantum numbers. To ensure the
invariance of the classical solution under the orientifold action, it is necessary to demand
each component of the solution to be invariant. This requirement imposes specific constraints
on the winding number m of the solution. In most cases, these constraints limit m to even
integers, denoted as m € 2Z.

Considering the oscillator representations of the state reveals that the previously men-
tioned requirement might be too stringent. To elaborate this point, let us begin with a flat
space string example, assuming the existence of two independent oscillators a};l and a,Tw,
each at a different level n;, to construct the state. The state characterised by the quantum
numbers (J,S) and Chan-Paton factor 412 is constructed as

|, 8) = ph2(af,) (a],,)0) (5.9)

n

where |0) represents the vacuum state. The orientifold action 2 modifies the sign of each
oscillator based on their level, as described by

Qal Q7' = (—)¥al | j=1,2, and Q[0)=0), (5.10)

nj J

resulting in the transformation of the state under € to:
QBN2[J,8) = (—)m/ TS pRh g S) . (5.11)

Thus, the criterion for the invariance of the state under the orientifold action is for the total
quantum number n1J+n9S to be even for symmetric irreps, or odd for the antisymmetric irrep.

For classical solutions, we impose the orientifold condition on each X separately, which
would imply that each component is even, and thus requires n1J and nyS to be separately
even and only for symmetric irreps to exist. This requirement can be intuitively understood
through the nature of the semiclassical expansion: in the semiclassical regime, J and S are
treated as large real parameters that are not necessarily integers. Therefore, to maintain
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invariance under the orientifold action without the integrality of the J and S, we must
ensure that n; and ng are even.

For strings propagating in AdSs x S°, the same issue persists. Imposing the orientifold
condition directly in the large J;, S; semiclassical limit seems too strong a constraint, as it
requires even winding number and restricts to symmetric irreps. Instead, we will only require
that the orientifold condition be satisfied after extrapolating J;, S; to the finite integers we are
interested in, and we will interpret the orientifold constraint in the oscillator sense considered
above, even if it is not yet precisely understood on AdSs x S°.

5.2 Open string solutions from AN = 4 closed string solutions

Guided by the conditions outlined previously, we proceed to solve the string equations of
motion (EOMs). Instead of tackling the EOMs directly, we find inspiration in the solutions
already obtained for closed strings. It is noteworthy that both open and closed strings
satisfy the same EOMs and they are connected through the “doubling trick”. This approach
allows us to use the information of the existing closed string solutions to search for open
string solutions [29-31, 46].

More specifically, the doubling trick allows for generating the corresponding closed string
solution from an open string solution by gluing two identical copies of the open string solution.
It is important to note, however, that the converse of this procedure is not automatically
true. While one can limit the domain of ¢ from [0, 27) to [0, 7) to generate a function that
solves the open string EOMs, one still needs to ensure that this adjusted solution obeys all
previously mentioned boundary and orientifold conditions.

The known classical closed N' = 4 string solutions are of the following types:

Type N =4 Quantum Number | N' = 2 Quantum Number
(J1, J2, J3) (Jsu@)ns Jsu@) Juyg)
Circular S° (0,0[J1, J3, J1) (0,0]Jy + J3, J1 — J3,2.J7)
Circular AdSs (S,S|J,0,0) (S,S|J, J,0) (5.12)
Circular Mixed (S,0]8,0,J) (S,0]8,S,2J)
Folded Mixed (S,0[J,0,0) (S,0l]J,J,0)
Folded S° (0,0|J1, J2,0) (0,0]J1 + Ja, J1 — J2,0)
Glued Folded (S,0]J1, J2,0) (S,0|J1 + J2, J1 — J2,0)

The glued folded solution generalises the two different types of folded solution and interpolates
between them smoothly. Therefore we only need to consider the glued folded solution.
Using the mapping in (5.5), we deduce the quantum numbers for the N' = 2 solution,
if this restriction is legitimate. Here the identification of the N = 4 directions with Jq, Jo
direction is achieved by examining the boundary conditions of the bosonic field, where we
recall that J; and Jy correspond to the quantum numbers of the two Neumann directions.
As discussed in the preceding section, our goal is to identify states that are a singlet
under the SU(2), symmetry of the A/ = 2 theory. This objective imposes restrictions on the
allowed quantum numbers of classical solutions. Further analysis of the boundary conditions
of the bosonic fields leads us to conclude that merely restricting some closed solutions does
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not yield valid open solutions that satisfy the appropriate boundary conditions. Lastly, we
want a solution that will apply for every Lorenz spin £. The relevant solution for us, is the
glued folded solution, with quantum numbers

Type N =4 Quantum Number | /' = 2 Quantum Number
Glued Folded (S,0l]J,J,0) (S,0[2J,0,0)

(5.13)

Now we want to analyse whether this glued folded solution can be fitted into the SUSY
multiplet of the superconformal primaries that appear in the AdS Veneziano amplitude.
Recall from the previous section that the superconformal primaries identified are neutral
under the R-symmetry and carry identical Lorentz spin ¢ = j = j. Using the dictionary (5.2),
they correspond to states of the quantum number (¢,0/0,0,0). The analysis reveals that,
with appropriately selected values of J, the folded string solution indeed qualifies as a
superconformal descendant of this primary state. A detailed examination of the long multiplets
table in section 4.6 of [39] shows that the glued folded string solution matches a state in the
middle column of the long multiplet, characterised by having an R-charge two units higher
than the primary state and retaining the same spin for J = 1.8

5.3 The classical glued folded string solution

The classical glued folded string solution takes the following form
T
0= 07 p= P(0>, ¢3 = kTa Y= 57 ¢ = w(a—)v Y1 = W17, P2 = WaT. (514>
The equations of motion and Virasoro constraints can be solved, and details will be given
in appendix E. The resulting classical energy reads

1 (38 . J3
Eq=\mVAS+J)|[14+— [ =4+ + 2
LSV 1)<+ﬁm<4+4 2(S+J1))

1 2 4 2 1 2 21 2
L <3J1 J JuJ3 1348 | 5J3 218 >+0(1/A3)>,

32 8(J1+S)2  4(J;1+S) 16 8 32

(5.15)
where m € Z is the winding number. The requirements for achieving an SU(2), singlet state
within the desired supermultiplet set both .J; and Js equal to one. The lowest energy state
is then given by setting m = 1. As discussed above, we impose the orientifold condition in
the oscillator sense after extrapolating J; = 1 and S = ¢, which means that for even ¢ we
have symmetric irreps 1 and sym, while for odd ¢ we have the antisymmetric irrep adj, as
expected. Based on the general discussion around (5.4), we then find that the full quantum
energy up to this order can be expressed as follows

1 /30 1 1
E= D1+ — (24— (1>>
VAL )( +ﬁ<4+4+2(€+1)+a
1(_2162 1 p{V

(5.16)
o (1) (2) -3
3 8(1+€)2+b0 €+1+€+b )—l—(’)(/\ 2))

A

8 Additionally, another possible fitting is the one where for the primary spin [j,ﬂR:O, the glued folded
string aligns with a state exhibiting spins [j £ 1,j + 1]R:2. However, only the current identification fits the
solution from the previous sections.
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We find that the O(1/+/)\) terms match the spin-dependent parts of our previous result (4.19),
where recall that the superprimary spin £ is related to § as £ = § — 1. In particular, we find
that both the odd spin adj and even spin 1 and sym irreps are given by the same formula.
The 1/A term is a prediction for the next order.

6 Conclusion

In this paper, we computed the first curvature correction to the AdS Veneziano amplitude
for general flavour group Gr by combining a dispersion relation with an ansatz for the
worldsheet integral for this amplitude. We checked our solution in three independent ways.
Firstly, we showed that the exponent of our solution in the high energy limit is half of
the corresponding exponent for closed strings as expected [28]. Secondly, we showed that
the 1/ V/A correction to the dimensions of massive string operators matches an independent
semiclassical calculation for open strings on AdSs x S /Zs. Thirdly, the low energy expansion
of our result is consistent with previous results from localisation obtained in [26] for the
case Gr = SO(8). We also combined our solution with the constraints of [26] to fix the
A2 correction at finite R, which corresponds to the tree level unprotected D*F* correction
to the super-Yang-Mills action on AdSs x S°.

Our method of combining dispersion relations with a worldsheet integral ansatz can also
be used to constrain the AdS Veneziano amplitude to higher orders in 1/R, as was the case
with the AdS Virasoro-Shapiro amplitude. In the latter case, integrability results for massive
string operators were then sufficient to fix the next order in the curvature expansion [18],
and likely higher orders too. In our open string case, integrability has not yet been worked
out for the classical worldsheet theory, which is why we instead had to use a semiclassical
expansion to compute the spin dependent terms of the first 1/ V/A correction to the massive
string operators.'® The semiclassical expansion involves a non-rigorous extrapolation to finite
quantum numbers, which is especially subtle when implementing the orientifold constraint. A
rigorous integrability analysis would be useful both to check this semiclassical expansion, as
well as allow us to compute higher orders in the curvature expansion of the AdS Veneziano
amplitude. We are looking into this and hope to report back soon.

Now that both the AdS Veneziano and Virasoro-Shapiro amplitudes are available, at
least to the first couple orders in a small curvature expansion, it would be interesting to
compare them. In flat space, the famous KLT relation [47] shows that the Virasoro-Shapiro
amplitude is the square of the Veneziano amplitude, up to a phase factor. This relation can
also be understood by deforming the contour of the two dimensional worldsheet integral for
the Virasoro-Shapiro amplitude into two copies of the one dimensional worldsheet integral
of the Veneziano amplitude. In appendix F, we show some first steps to generalising this
for the AdS amplitudes, but did not find any obvious relation.

One of the checks on our curvature correction to the AdS Veneziano amplitude was the low
energy expansion for the Gp = SO(8) theory, which was computed by combining localisation
with analytic bootstrap in [26]. It would be nice to generalise this calculation to the other

9To fix the complete 1/ V/X correction would require a 1-loop correction to the classical string solution we
considered, which seems challenging due to the subtlety of imposing the orientifold constraint.
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two theories with U(4) and SO(4) x SO(4) flavour groups. The challenge in these cases is
that the matrix model for the localised mass deformed partition function is no longer a single
trace deformation of a free matrix model, which facilitated the calculation of [26, 48, 49].

Finally, the general method of combining dispersion relations with an ansatz for the
worldsheet integral should work for other cases of AdS/CFT with a weakly coupled string
theory limit. One such example is type ITA string theory on AdS; x CP3, which is dual
to ABJM theory with U(N); x U(N)_j gauge group in the large N,k limit [50]. Both
integrability [51] and the superblock expansion [52, 53] of the stress tensor multiplet is
known for this theory, which should allow us to compute curvature corrections to the AdS
Virasoro-Shapiro amplitude to all orders in A\ = N/k.?"
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A Mack polynomials

Our definitions for the Mack polynomials are
Qpl (1) = K(r,6,m,3)Qp (1), (A1)
with
2047 —1),'(20+ 1)
20T (0 + %))4F(m—|— nra-3 —m)2 <€+T— d —|—1>m
Note that the value for A changes for different reduced Mellin amplitudes. For the full Mellin
amplitude of four identical scalars ¢ it is A = Ay, while for the reduced Mellin amplitude

for the (2222) correlator in N/ = 4 SYM, we have to set A = 4. QZ’g@(t) is called a Mack
polynomial in the literature [7]. We found the following representation useful [54]

K(r,0,m,A) = — (A.2)

l—ny -

l
QA0 = (14 Y S (e, (mt 4 ) ACmmrd), (A3

n1=0m;=0
2T+ 1)(-1)™ " (L —=m+F), (n+3),
T(m+ )T(n+ )T —m—n+1)

X <g+£—1> 20+7—1)p—y <m+n+;>

n

al,m,n,t,d) =

tmmen (A.4)

d T d T
By —m,——+-+1,—~4+—-+1 — 1
X 4 3< m, 2+2+, 2+2—|—,€+n+7 :

f—m—{—;n—{—;,—d—l—T—i—Zl).

20The first couple 1/ corrections to this holographic correlator was already studied at finite R in [52].

— 21 —



B Dispersive sum rules

In this section we use a crossing-symmetric dispersion relation to directly compute the Wilson
coefficients in the expansion (4.9) in terms of OPE data.

B.1 Crossing-symmetric dispersion relation

A crossing-symmetric dispersion relation for Mellin amplitudes with the symmetry

M(s,t) = M(t,s), (B.1)
was first derived in [37], and we use essentially the same relation. We express the Mellin
amplitude in terms of the crossing-symmetric variables u and r = g—f

M(u,r) = M(s'(u,7),t (u,r)), (B.2)

by using

s'(u,r) = % (—u + /u(u — 47")) , t'(u,r) = % (—u —Ju(u — 47‘)) , (B.3)

which solves r = 09/01 and satisfies u + s'(u,r) 4+ t/(u,r7) = 0. At large u we have either

s'(u,r) =—-r+0 (i) , t'(u,r) = —u+r+0 (i) , (B.4)

or

1 1
s'(u,r)=—-u+r+0 <) , t'(u,r) = -r+0 () , (B.5)

u u
so the bound on chaos (2.16) with fixed s or ¢ translates to the following bound for fixed r
M (u,r) = o(u™t), for |u| — co with Re(r) > 0. (B.6)

We can now use the bound (B.6) to write a dispersion relation starting with

~ du’ M(u!,r)
M =¢ ————1=. B.7
(u,7) w 2 (U — u) (B.7)
In terms of u, s,t and 7, = 7 + 2m — 2 the Mellin amplitude has poles
QT+2,4 u — 2
M(s,t) = ng—g’m ( ) ,
S s Tm B.8)
QT+274(U - 2) ( :
M(s,t) = C’fzﬁ’m—.
’ t—Tm

We assume that poles in the u-channel are absent altogether, as is the case in flat space (for

colour-ordered amplitudes). M (u,r) is a meromorphic function in u due to the symmetry
2

M(s,t) = M(t,s). The poles lie at u = — =", which corresponds to s'(u,r) = 7, or t'(u,r) =
Tm, depending on the values of r and 7,,,. In this way we finally get the dispersion relation
T+2,4 T2
- 2r) Q. (—7 85 —2
M@m:_ZoyMW+ﬂgg(%” ) (B.9)
T.4,m ’ Tm + T Tm+(Tm+r)u
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Note that all the Mack polynomials depend only on r, so if we expand

r) = Z ambafag = Z aa_b,ba?rb, (B.10)
a,b a,b

low values of b correspond to simple sum rules for o, . In order to do the Taylor expansions
in r of the Mack polynomials in (B.9) we apply the chain rule to a generic function f(s)

T ~ (—1)"n—q+1)g-1(q+ Dn—yg
oy 04 , n>0. '
f( Tm + 7") 2_: T(q)r? O] N (B.11)
We further use QZ’:;(S) = Q;ﬁl(—s — 2 — 7 —2m) to write
a‘IQT—I-Q 4( o 2) |S:_Tm ( )QOQQT—FQ 4(8 _ 2) |S:0 . (B12)

By expanding also the other factors in u and r, we find for the Wilson coefficients

Qubp= Y. C quabq (rm)02Q7 24 (s = 2)] - (B.13)
T,4,m q=0
with
b)(1 —
o p0(Tm) = (a+8)1 )1

(=T (b + 1)rito T
ml(a)aF5(1,1,1 —b,—a—b+2;—a—b+1,a—b+2,2—q1)
(=1)sin(ma)T(B)T ()T (g + 1)(a + b — 1)raroHi=a ;

(B.14)

ua,b,q>0 (Tm) =

where 4Fj is the regularised hypergeometric function.

B.2 1/X expansion

The first dispersive sum rule that we obtain by expanding (B.13) with the OPE data (2.19)
(but leaving the leading twist 7y unfixed) is

=3 (Tg?;‘zw (B.15)

OT,Z
By comparing this with (4.8) in the limit of large a we see that
o(r)=vs, SeNt. (B.16)

Using this, we get the first layer of sum rules in terms of ¢

oo b
o) _ a,b,
Qg p = > 52+a+q2qu 9), (B-17)
6=1q¢=0
with
. (a+2b)(—a—b+1)p_q
a,b,0 = )
(71)b+1?(b + 1) (B 18)
c _ al(a+b)4F3(1,1,1—-b—a—2b+2—a—2b+1,a+22—q1) |
a,b,g>0 = (_1)b+1 sin(m(a + 0))T(0)T'(¢)T'(a + 20 — 1) ’
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and
¢ -1
FO0) = g3y ¢ 0+ Dl + ol (B.19)

By comparing the sum rule with (4.8), we find the solution, which is simply an Euler-Zagier
sum with ¢ 1’s

FO@) =821 1(6-1). (B.20)
——
q
The generating series for this solution is

i FO)(6) (;)q = (Z ;f; 1) . (B.21)

At the next order the requirement that (4.9) is an expansion in 1/v/A leads to a sum
rule for vanishing Wilson coefficients

0= 62‘1 qz; 5;12;_1% (FV©) - @+a+2)TH @) . (B.22)
with
g ol
TV (5) = T(2q+2) Z})(ﬁ —q+1)g(£+2)g(fo)s,e2(m1(6,£) + 1),
ga 01 . (B.23)
FO0) = 3, 55 00 0+ Dnle D (Vothdae = s (40 ) ) -
This has the solution
40 -1
m1(6,6) ==, (fi)se = (fo)se 2 (B.24)

Vo

The next dispersive sum rule is

oo b
1 a,b 2.0 2.1 0
o= D3 st (FP0) = @+ a+ TP 0) + BV 0) + pf g FiA09)) |

6=1q=0
(B.25)
with y 5l
T (5) = NOED) ZZO(K — g+ 1)g(C+2)g2V5( fora)se o
51 '
F0) = gy 7 ¢~ 0+ Dl + 2 01+ 2205000
and

9
p& = — ¢*(a+2(b+7)) +2q(a+ 2b)(a + 2b+ 6) g — 8(a+ 2)b% — dala + 4)b

2 1663 206 59
S — 1 ) — — — 4 =
gala+t(a+5) — == = S+ =

1
5l = Jla+1) (4 +2a(8b — 2g + 1) + 166> = 8(b + T)q + 44b — 37) .

(B.27)

0,9
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B.3 Summing the low energy expansion

Let us also sum the low energy expansion, to get a new representation for the Veneziano
amplitude. The main task is to derive a generating series for the coefficients c,p,4. We
start by noting that

b—1

Cabg = — Z(_l)kca-l-l-i-k,b—l—k,q—l ) (B.28)
k=0

which lets us express these coefficients in terms of ¢4 40

o0

Capg= (=11 > (=1 carqrbp—q-k0> k=ki+...+kg. (B.29)
ki,...,kqg=0

Hence we can first do the sum

- 14y y
b
> Catqrhb—g—hoz Y’ = < ) : (B.30)
e b=0 l—-z—y\1l—y
which implies
0o 1 +
b Y
> cavg"y' = ()" (B:31)

a,b=0

Together with the sum rule (B.17) and the generating series (B.21) we can use this to show

s . 14y (0—-Jdy—1
5@ b
; 7172 22621—x— ( 5—1 |’ (B-32)
a,b=0
where . R
01 ()]
Similarly one can use (B.31) together with (B.25) to compute
) 4 p(1)
R (T,9)
AN T) = ¥ 69680 =5 T A0 —5)" B.34
(Sa ) aéoaloéaab ; (5_5)1 +O((S 5) )a ( 3 )

with the numerators (where Céa) (z) are Gegenbauer polynomials)

RO(T,6) = —;‘(i)@u)(s N

1
RI(T,6) = SO R(T,5),

(1) (2T 2 542 2 (1) (2T
) = 5 e (6 +20)0 (B +1) (202 20T +T) +6%) ¢ (F +1)
2 PR 212 + 26T 200 +1)T(5 +T)
o1 2<f072>5,50é1) (% + 1)

_ Z(:) NG , (B.35)
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0—1

R{(T,6) = > (fodse

=0
+ 8% (463 + 6364 — 550 + 15) T2 + 35° (76¢2 + 8¢+ 5) T
e (F+1)
2452(0+ )T(0 + T)
(607 + (462 + 8+ 42) T3 + § (462 + 8¢+ 105) T2 + 846°T) C{), (& +1)

( (853 121602 — 440 — 9) T* + 36 (453 120802 — 440 — 9) T3

654 (0 + 2))

246T(5 + T)?
6-1 (=se =200+ 1)) (F+1) i (F+1)
+;) (fora)s,e ( PRI D06+ T) + 04T
(500 (22 4 1)
N 5+ 8¢ ]

C Localisation constraints

In this appendix we will give the details of how to apply the localisation constraints of [26, 55]
to the correlator for the Gp = SO(8) theory. Of the three localisation constraints considered
in [26, 55], only one applies to the flavour structures we consider in (2.7), and this constraint
takes the form

~O, F|,_o + 305,05, F| _o = 32N?I[M (s, ) + M(t,u) + M(u,s)], (C.1)

where the integral is defined as?!

M) = — / (det lM(s,t)F[l — s/2T[1 4+ s/2T[L — /21 + £/2]T[1 — w/2IT[1 + u/2]

47i)?
Hs + H s H:+H_: Hoe +H
% 2 2 3 2 4 2 2 ’ (C.2)
tu SU st

where H,, is a harmonic number. The Lh.s. of (C.1) is written in terms of derivatives of the
free energy deformed by two of the four masses p; corresponding to the four Cartans of SO(8).
This quantity was computed in a large N and large A expansion in [26], and takes the form

192¢(2)
4 2 42 0
~Op Fl g + 300,00, F| g = =N+ O(N°). (C.3)
For the Mellin amplitude to the order shown in (4.11), we consider the integrals?
1 1
M=o, Isl=Iu=1I=0, I[*]=1[=I[u"]=—7,
24 30 (C.4)
1 .
I[st] = I[su] = I[st] =

@ .
Applying (C.1) to (4.11) using these integrals and the localisation result (C.3), we get (4.12).

21We use shifted Mellin variables compared to [26]: (s,t, U)here = (8 — 2, — 2,4 — 2)there-
%2Note that the meromorphic term cancels out from the combination in (C.1).
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D Low energy expansion for integrals with MPLs

In this appendix we explain how to compute the low energy expansion around the point
S = T = 0 for integrals of the form

Tu(S,T) = /dz ST = ) T (2). (D.1)

This computation is a simpler version of the analogous two-dimensional case done for closed
string amplitudes in [56]. To deal with the singularities of the integrand at z = 0,1 we start
by splitting the integral into two contributions

1,(8.T) = IY)(S,T) + lim I (S, T), (D.2)
€—

where

1 _ _
IS, T) = /dz G 1)2(<1(1__2)Z) ) Lu(2),
0 (D.3)

[+ (1-2)T-1
12(8,T) = /d 202 Lu(2).

The first contribution is absolutely convergent at S = T = 0 so that we can first Taylor

expand around this point and then integrate term by term. Using the shuffie relations

Lo(2)Lw(2) = > Lw(2), (D.4)
Wewww’
and p .
e (Low (2) — Liw(2)) = z(fv_(i) , (D.5)
we find
. 1
(s, 1)= Y (-sp(-1y [ P
pa=1 0 2(1-2)
’ (D.6)
=2 DT Y (Low(D) — Liw (1)
p,q=1 We0PWwl9ww

The second contribution is also absolutely convergent at S = T = 0 as long as ¢ > 0,
SO we compute

2
IP(ST)= 3 (=907 3 /d 1—2 (D.7)
p,q=0 WeorPlaw ¢
p-q=0
where the integral gives
1—e I ( )
z
/ & Sy = Lo =) = Luw(1 =) = (Low(€) = Luw (c) (D.8)
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The contribution from z = 0 always vanishes, except when w = 0™. In this case it contributes

lim = (—S)P (P—i—n) —logPt™ 1 (e) _ 1 (D.9)

=0 n (p+n+1) — Sn+l°

The contribution from z = 1 is more subtle, as MPLs L,,(z) can have a logarithmic singularity
near z = 1 when the last letter in w is 1. These can be isolated in terms of Lin(1 —
€) = 4 log"(€) using the shuffle relations (D.4). Assume for instance w = w/01. In this
case we can use
Lyo(2)L1(2) = Ly(2) + Z Lwo(2), (D.10)
Wew'wl

to isolate the singularity

Lu(1 =€) = Lyo(1)log(e) = > Lwo(1) + O(e). (D.11)

Wew'wl

This idea can be used recursively to determine the singular contributions near z = 1 for any
word w, which lead to poles in T'. In general the integral then takes the form

im 1 — e _ _

lg]%lw (S,T) = poles + E (=S)P(=T)1 E (Low (1) — Liw (1)) , (D.12)
p,ng WeoPwl9uww
pg=

and the sum of both contributions gives

L(S.T) =poles + 3 (-SP(-T) S (Low(D) ~ Luw(V)) . (D.13)
p,q=0 WeoPwl9uww

E Classical string solutions

In this appendix we give more details about the classical string solutions of section 5. We
first review the basics of classical string solutions in AdS5 x S°, then give a summary of the
open string solutions we found and finally give a detailed description of the folded closed
string solutions and the corresponding open string solutions.

E.1 Setup

The range of o for the closed strings is within [0, 27). For open strings this range is halved,
resulting in o € [0, 7).

Action. The bosonic part of the AdSs x S° string action in conformal gauge reads

A
Ip = Zl/;/dT/do- (Laas + Ls) , (E.1)
where
Lags = —0,Ypd*YT — A(YpYT +1), Ls = =0, X0 Xpr + A Xy Xpr —1). (E2)

Here X3y, M =1,...,6 and Yp, P =0,...,5 are the embedding coordinates of R% with the
Euclidean metric dy;n and of R?* with npg = (—1,+1,+1,4+1,+1, —1) in Lags, respectively
(Yp = npoY?). A and A are the Lagrange multipliers imposing the two hypersurface
conditions.
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Global AdS coordinates. It is conventional to use global coordinates, defined as

Y1 + iYs = sinh psin Oei‘bl, X1+ 1X5 = sin+ycos wewl,
Y3 + @Y, = sinh p cos fe’2, X3+ iX4 = sin vy sin 1e'??, (E.3)
Ys +iYy = cosh pei¢3, X5 4 iXg = cosye'¥s .

The metric reads

(ds?) ags, = dp® — cosh p?dt? + sinh? p(df? + cos? Odp? + sin? fdp3),

EA4
(ds?)gs = dv? + cosy2dy? 4 sin”® y(di? + cos? Pde? + sin® Pde3) . (E4)

Equations of motion. The classical equations of motion read
%0, Yp —AYp =0, A=0Vpd,Y", YpY? = -1, E£5)

0“0, Xy +AXy =0, AN=0"Xp0. X1, XuXy=1.
In addition, the coordinates satisfy Virasoro constraints. In conformal gauge they read
YpY P + YIY'P + Xy Xy + X)X}, =0, YpY'P + XX =0. (E.6)

Conserved charges. The corresponding SO(2,4) and SO(6) conserved charges are*

do . . do . .
Spq = fA/ o (YPYo = YoYp), Jun = ﬁ/ 7 (XuXy — XyXy) (E.7)
The conventional choice for the 3+3 Cartan generators of SO(2,4) x SO(6) is

SOES5OEE=\/X5, 815812:\5\81, 825834:\/X82,

(E.8)
Ji = Ji2 = VAT, Jo = Jzs = VAR, J3=Js6 = VATs .

Boundary conditions. For closed string solutions we need to impose periodic boundary
conditions for all the fields. For open string solutions, the bosonic fields Yp in AdSs all
satisfy the Neumann boundary conditions. Out of three bosonic fields Xj; in S°, two satisfy
Neumann boundary conditions and one satisfies Dirichlet boundary conditions.

E.2 Classical string solutions

The classical solutions are labelled by their quantum numbers (S, Ss|Jy, Jo2, J3) defined
in (E.8). There is a very simple relation to get the classical open string energy from the
closed one, as long as the restriction of the closed string solution to half of its range leads to
a valid open string solution that satisfies the correct boundary conditions [31]. It is given by

E((:)lpen(stl)pen’ S(Q)pen|Ji)pen7 Jgpen’ g)pen) _ %E&losed(28?pen, 2Sgpen|2ji)pen’ 2J§pen’ 2J§pen) .
(E.9)

23These charges are canonically normalised. The reason is the canonical momenta of X in terms of the

normalisation of the action (E.1) is given by Py = a?‘(LM =VA/2m, s0 Jun = [do(XuPy — XnPur). The

factor 1/27 is unrelated to the range of o.
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E.3

Summary of open string solutions

We manage to construct the following types of classical open-string solutions based on the

known closed string solutions in the literature [33, 38, 57-68]

E4

Circular S°: the state has quantum numbers (0,0[.J1, Js, J1) and satisfies (N, N, D)
boundary conditions on S° with classical energy

_ ./ J3
E =\/2mVAJ; (1 o 7 +0 (1/)\)> : (E.10)

1

Circular AdSs: the state has quantum numbers (S, S|J,0,0) and satisfies (N, N, D)
boundary conditions on S°. However, the solution satisfies (N, D) boundary conditions
in the AdS direction and thus does not correspond to a valid open string solution.

Circular Mixed: the state has quantum numbers (S, 0[S, 0,.J) and satisfies (N, N, D)
boundary conditions on S° with classical energy. This solution is a complex solution so
restricting it to o € [0, 7] will not satisfy the needed boundary conditions.

Folded Mixed: the state has quantum numbers (S,0[J,0,0) and satisfies (N, N, D)
boundary conditions on S° with classical energy

VX \4m  2Sm

Details can be found in (E.21). To get an SU(2)[, singlet state, we must take J = 0.

E=\mV)S (1 + L <3S + JQ) + (’)(1/)\)> : (E.11)

Folded S°: the state has quantum numbers (0,0|J;,J2,0) and satisfies (N, N, D)
boundary conditions on S° with classical energy

L (e BN\ 1 Jb TR 33 s
E=\mVad (14— 22 = (- o).
mf?( +ﬁ<4m+2mJQ>+A< 8 2n2 " gm? 3z | TON)
(B.12)

To get an SU(2)y, singlet state we have to take J; = Jo = J. Details can be found
in (E.30).

Glued Folded: the state is obtained by gluing the two folded solutions presented
above. The state has quantum numbers (S, 0|1, Jo2,0) and satisfies (N, N, D) boundary
conditions on S° with classical energy

1 3 i J32
E=\ymVAXS+J) |14+ — [+ 5+ 2 E.13
VAL 1)< ﬁm<4 4 2(S+J1)> (E-13)
1 2 4 2 1 2 21 2
a2\ 32 8( +9)2 41 +S) 16 8 32

Folded closed string solutions

We first present the classical closed folded string solutions in [66].
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c=0,m, 27

Figure 2. Ilustration of the closed mixed folded string solution. The solution contains four identical
segments, which are split in the plot for clarity. The four segments correspond to ¢ in the intervals
[0,7/2], [7/2,7], [m,37/2], and [37/2,27], respectively, and are coloured in red, cyan, violet, and
purple for visual distinction.

E.4.1 Mixed folded solution: (S,0|J,0,0) type
For the mixed folded solution, the coordinates take the following form,

0=0, p=plo), ¢3=kr, ~v=0, ¢2=wr, @3=UT. (E.14)
The EOMs and the Virasoro constraints read

1
" 2 PAR
4+ —(w* — k%) sin2p = 0,
Pt 5 ) sin 2p (E.15)
(p)? 4+ w?sinh? p — k? cosh? p = 1.

The function p consists of four identical parts, as depicted in figure 2. For o € [0,7/2] p(o)
increases from p = 0 to its maximal value py where p’ = 0. In the next interval o € [r/2, 7],
p(0o) reverses direction, decreasing back to zero along the same path. This pattern repeats
for o € [r,37/2] and o € [37/2,27]. Since the maximal value py of p is obtained when
P = 0, we can express py as

w?sinh? py — k% cosh? pg = 1/2. (E.16)
Substituting 2 to the 2nd equation above, we find,
d
d—p = Vw? — k? \/sinh2 po — sinh? p, (E.17)
o

for o € [0,7/2] and p € [0, po]. This differential equation can be solved in terms of the Jacobi

Elliptic functions but we will not present it here.
For consistency, the total change of ¢ is given by 27, which leads to the constraint
2

2 d dm /po d !
= o= —— p :
0 Vw? — k2 Jo \/sinh2 po — sinh? p

(E.18)

Here we have introduced an integer parameter m which counts the total number of times
that a string folds. The solution in figure 2 corresponds to m = 1.
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Energy. The physical state has energy

A A po h?
=Y [do cosh? p = ka/ dp o P . (E.19)
2m 2m Vw? =k Jo \/sinh2 po — sinh? p
and carries spin and angular momentum
VA PO sinh? p
S = /da sinh? p = oY T / ,
/ 2 .
—k \/Slnh2 po — sinh? p (E.20)

J:ﬁu/dGZ\f)\y.
2

Solving the constraints for the energy we find

1 (3S J?
E =1\/2mV)\S <1+ﬁ<8 s S>+O(1/)\)>. (E.21)

The energy can also be computed in other limits, in particular, in the v = J?/S fixed
limit. It reads,

B 2u+3 . 2u[2u(u+5)+17] +21 2)
S\/u+2\@(1+4(u+2)8 (a1 27 St)+..., (E.22)

where we recall that £ = E/V\, S = S/vVX and J = J/VA.

E.4.2 Folded S°® solution: (J1,J2,0) type

For the folded S° solution, the coordinates take the following form,
T
2 )
The EOM and the Virasoro constraints read,

p=0, ¢3=kr, y= Y =Y(0), Y1 =wiT, P2 =waT. (E.23)

1
P+ 5(.«;%1 sin2vy = 0,

()2 + wi cosh? + w3 sin? p = k?

(E.24)

where w3, = w? —w? > 0.

The function v consists of four identical parts, as depicted in figure 3. For o € [0, 7/2]
(o) increases from 1) = 0 to its maximal value 1)y where ¥/ = 0. In the next interval
o € [r/2,7], (o) reverses direction, decreasing back to zero along the same path. With
further increase in o within [7,37/2], ¥(0) declines from zero to its minimum at —t)g, then
increases back to zero as o extends from 377 /2 to 2. Since the maximal value g of 1 is
obtained when ¢’ = 0, we can express 1y as

w? cos i + wa sin® gy = k2. (E.25)

Substituting k2 to the 2nd equation above, we find,

d
% = wy1 \/sin2 by — sin? ). (E.26)
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0 L ———

_¢0 _________

Figure 3. Illustration of the closed folded S® string solution. The solution contains four identical
segments, which are split in the plot for clarity. The four segments correspond to ¢ in the intervals
[0,7/2], [7/2,x], |7,37/2], and [37/2,27], respectively, and are coloured in red, cyan, violet, and
purple for visual distinction.

For consistency, the total change of o is given by 27, thus leads to the constraint
1
wory/sin? ¢y — sin® 1)

Here we have introduced an integer parameter m which counts the total number of times

27 )
21 = do = 4m/ dy
0

(E.27)
0

that a string folds. The solution in figure 3 corresponds to m = 1.

Energy. The physical state has energy

E=VXk= \f)\\/w% cos? g + w3 sin? ¢y, (E.28)
and carries angular momenta
d 4 o 2
Ji = VAwr / £ cos? ) = ﬁwl—m dap cos” ¥ ,
2 2 0 w21 \/SiI]_2 QIZ)(] — Sin2 T,ZJ

(E.29)

d 4 o in?
Jo = vV ws / 29 os? P = \f)\wg—m/ dy sin” )
s 2 Jo w21 \/SiIl2 1/)0 - sin2 ¢
Solving for the energy, we find

1 [ Js J? 1 Jt 7J% 3J3 3
E=\2mVaJy (14— 2 = (- o).
mvAJy ( A ( * 4mJ2> X ( o 2m? T 32m2 tag | TOATY)

8m

E.4.3 Glued solution
One can construct a more generic solution by taking the AdSs part of (E.14) and the S°
part of (E.23). The coordinate take the following form

0=0, p=plo), ¢3=kr, ~v= T Y=1(0), ©1=wiT, Y2 = waT. (E.31)

2 )
and the functions p and 1) are taken to be the same as introduced in the previous subsections.
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Notice that the AdSs and S° EOMs (see (E.5)) are decoupled, so the ansatz above
solves the EOMs automatically. The only non-trivial constraint comes form the Virasoro
constraints (E.6). One immediately notices that the Virasoro constraints are solved once
we identify

V2‘(S,J) = kQ\(J,J/) . (E.32)

As a result, the final expression for the energy is obtained by using the (5, J)-type energy
expression and identifying

s,y = B2l (g - (E.33)

In practice, we only need to identify the r.h.s. of (E.30) as J in (E.22) and re-expand,
we immediately find

2
p=ymvis (e s (548 s

1 <3J12 J4 N J1JE 13,8 5J2 2182

am2\ 8 21 +8)2 ", +S 4 2 8

(E.34)

) + 0(1/A3)>

E.5 Folded open string solutions

Finding open string solutions from the known closed ones was initiated in [30, 31, 46]. We will
see that valid open string solutions can be obtained by properly choosing the segments of the
closed string solutions, and thus the energy is simply obtained by using the identification (E.9).

It is important to remember, as discussed in section 5.1, that the boundary conditions
for open strings were fixed: all fields in AdS along with four fields in S° satisfy the Neumann
boundary conditions, whereas two fields in S° satisfy with the Dirichlet boundary conditions.

Mixed folded string. For the mixed folded (.S, J)-type open string, we need the solution in
all the AdS directions to satisfy the Neumann boundary conditions. To ensure this, we select
two segments of the folded closed string that align with the Neumann boundary conditions
at o = 0,7, as shown in figure 4, where we recall that at the maximum p|,—o » = po # 0 and
p'lo=0, = 0. Comparing this with the global coordinates in (E.3), we immediately find that
all AdS coordinates Yp satisfy the Neumann boundary conditions, Y} |s=0 = 0.

On the S° side, the X5, X fields satisfy Neumann boundary conditions, X!|,—0. =
X¢lo=0r = 0. Since v = 0, we have X; +1Xs = X3+ 1X4 = 0. Consequently, these directions
can be considered as satisfying either Dirichlet or Neumann conditions.

Now that we verified the boundary conditions we can compute the new energy. However,
notice that the only change in the equations (E.19), (E.20) and (E.18) for the open case is
4m — 2m as the only change is the total number of identical segments. This observation
immediately leads to the identification (E.9) and thus (E.11).

S5 folded string. For the S° (.Ji,.Js)-type folded solution, the Neumann boundary con-
ditions in all AdS directions are manifest because p = 0.

In the S° directions, the solution for 1 can similarly be constrained to ensure that at
o = 0,7, we have ) # 0 and ¢’ = 0. This approach is illustrated in figure 5, where we take half
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Figure 4. Open folded string solution from closed folded string solution: we take half of the solution
and relabel the coordinate by o — o — /2.

,1/}0 __________________

Figure 5. Open folded string solution from closed folded string solution: we take half of the solution
and relabel the coordinate by ¢ — o — /2.

of the closed string solution and modify the coordinate system by relabelling ¢ — o—7 /2. This
configuration leads to the application of mixed (NN D) boundary conditions in the (12,34, 56)
directions, AX{‘UZOJr = )(Pé|0:077r = Xé’g:()ﬂr = )(41‘0:()77r = )(:r,lgz()ﬂr = .X6‘o':077r = 0. Given
that X5, Xg = 0, these two directions can also be considered to satisfy the Neumann
boundary conditions.

Now that we verified the boundary conditions we can compute the new energy. However,
notice that the only change in the equations (E.28), (E.29) and (E.27) for the open case is
4m — 2m as the only change is the total number of identical segments. This observation
immediately leads to the identification (E.9) and thus (E.12).

Glued folded string. The construction of the glued folded string solution combines the
previously discussed solutions for both the AdS and S® sectors, which individually meet the
requisite boundary conditions. Given this compatibility, it logically follows that the glued
solution also satisfies to the appropriate boundary conditions. Consequently, the energy
identified as (5.15) is directly derived from (E.34) via the identification (E.9).
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F Holomorphic factorisation

In this appendix we show how to rewrite the result for the AdS Virasoro Shapiro amplitude [18]
as the product of one-dimensional integrals. We will review the usual KLT argument for
holomorphic factorisation [47], and then explain how to generalise this, for the case of extra
insertions of single-valued polylogarithms. This exercise will serve many purposes. On one
hand it gives us some expectation as to which functions can appear in the open string case:
not surprisingly, the usual, multi-valued multiple polylogarithms. On the other hand, it
seems to be the best route to follow if one is interested in a closed form expression for the
AdS Virasoro Shapiro in a curvature expansion. Consider as starting point the complex beta
function - relevant for the computation of the usual VS amplitude,

Adosea(ST) = [ dP2[z 727281 — 5272 (F.1)

and write the integrand in terms of x,y with z = x + iy and Z = z — iy. We then make
the following change of variables

y — e 2y (F.2)
where € > 0 is a small positive number. It is convenient to introduce the following notation
F=xty, d=z2"—2". (F.3)

Expanding to linear order in ¢ we then get
Aclosed (S, T) = /oo dztdz™ (2T —ied) 57 (27 4ied) P (2T —1—ied) T (27 —14ie6) T 7L
- (F.4)

This is almost factorised, but we need to be careful with branch cuts as we send ¢ — 0.
For x < 0 we choose

(T +i€)® = €™ (—2)®, (z —ie)® = e~"(—x), (F.5)

while for z > 0 we can of course take ¢ — 0 with no problem (z + ie)* = z®. Let’s now fix
2t to different values in (F.4), and then consider the integral over z:

A—(z+):/ dz= (2t —ied) ™9 (et —1—ied) Tz +ied) 2T —1+ied) T, (F.6)

Consider first 2™ < 0. The branch-points correspond to 2~ ~ 0 and 2z~ ~ 1. For both
cases § = 27 — 2z~ < 0 and the integration contour lies below the real line at both branch
points, see figure 6. Note that the contour crosses the real line at 2~ = 27 < 0, but the
integrand (27 — ied) ™1 (2~ 4+ 4e6) 7971 is continuous as we cross the line. This means the
integral vanishes, as we can close the contour without crossing any branch cuts. By the
same reasoning, if z* > 1 then the integration contour for 2~ lies above the real line, and
the integral again vanishes. Hence

A (zT)=0 forzt <0, A (z")=0 forz" >1. (F.7)
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Figure 6. For z™ < 0 the integration contour, indicated in red, can be closed without crossing the
branch cut, indicated in blue.

0 i

Figure 7. For 2T € [0,1] the integration contour, indicated in red, can be closed to wrap around
either of the two branch cuts, indicated in blue.

This means that the only non-vanishing contribution arises from the region 2™ € [0, 1]
and we obtain

Adtosed(S, T) = / L et () S 1(1 = 5T / T (2 i) S (1 — 2 —ied) T,

’ ~ (F.8)
where we have written (27 — 1 —ied) 71 (27 — 1 +ied) Tt = (1 — 2+ +ied)" 771 (1 —
2z~ —ied)~"T=1. We now focus in the integral over z~ and look at the behaviour around the
branch points. For 2= ~ 0 we get § = 27 — 2~ > 0 and the contour is above the real line.
For 27 ~ 1 weget § =2t — 27 < 0sothat 1 — 2~ —ied =1 — z_ where 2. has a small
negative imaginary part, and the contour is below the real line. In summary, we need to
compute the following contour integral

Ay = / dz= ()51 = 27) T (F.9)

where v comes from z = —oo + i€, goes below the real axis between 0 and 1 and goes to
z = 0o —1ie, see figure 7. We can now close the contour, so that it goes around the real axis with
z > 1. The contribution to the integral arises then from the following discontinuity, for z > 1

R RS

z=x+1i€

= 2isin(7T)(z — 1)~ 171, (F.10)

Z=x—1€

which leads to
Ayg=2i sin(ﬁT)/ e C R ) R (F.11)
1
and the KLT formula

1 0
Autosed(S, T) = 2i sin(nT) / dzt(zH) 5711 = 2 +) T / dra—5 Yz —1)"T1. (F.12)
0 1

F.1 Insertions
We will now consider the extra insertion of single-valued multiple polylogarithms (SVMPLs)
AV (8,T) = / Pl T Ly (2, ), (F.13)
Cp

closed
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We now need to be careful with the manipulation of contours. In particular note that the
change of coordinates performed above takes us away from the region where z = z*. For
the insertions of interest in this paper, Ly (z,Z) can be written as a sum of products of
multiple polylogarithms

Lw(z,Z) = Z Cow' Ly (2) Loy (Z) (F.14)
[w|+|w'|=[W]

where w,w’ are words in the {0,1} alphabet. Each such term leads to the extra insertion
Ly(21)Ly (27) after the change of variables considered above. Note that L, (z) contains
branch cuts only along the real line, for z < 0 and/or > 1. Because of this, the ‘almost’
factorised integral again vanishes for either z* < 0 or z* > 1 and one gets

A?lf)sed(87 T) = Z wa'AZ{gged(S, t), (F.15)
|wl+[w!|=[W]

with

closed

AL (S,7) = /1 dz+(z+)*sfl(l — z+)*T*1Lw(z+)
o . (F.16)
x / do (2~ +ie8) 51— 2= — ie6) T Ly (27) .

e would like to stress that this identity is only true for the entire sum entering Ly (z,%).
Individual components would give non-vanishing contributions, for 2™ < 0 or 2™ > 1, which
exactly cancel when considering the single-valued combination. Using this fact, the argument
now runs exactly as for the case without insertions, except now we need to compute the
discontinuity across the real axis for > 1 including the extra insertion

Discy [(1 — 2) T Ly, (2)]. (F.17)

Multiple polylogarithms are generally not continuous as we cross the real axis for = > 1.
For instance, for the simplest case of weight one

Disci[Lo(z)] =0, Disci[Li(z)] = —271, (F.18)

where Discy[Ly(z)] = Ly(z + i€) — Ly (x — i€) for z > 1. For higher weights, let us introduce

the following notation. Consider L, (z). In the region = € (0, 1) this is well defined. Then
Ly(z +ie) = L (z) +indLi(z), forx>1, (F.19)
Ly(xz +ie) = L, (x) £ indL,(z), forxz <O, '

where L (z) is well defined for > 1 and L, (z) is well defined for < 0. Then the relevant
discontinuity to compute for the holomorphic factorisation is
Discy [(1 — 2) T Ly (2)]
= ™ (z = )T YL (x) +imdLf (2) + e (2 — 1) T YLf (z) — imd L} (z)) (F.20)
= —2i(z — 1) T (sin(xT) LY (x) + 7 cos(nT)d L} () .
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This leads to the final expression for the holomorphic factorisation with insertions:

B 1
ARE(S.T) =2 [ () ST = ) T () (F.21)
0

y /1 T de () S (e — 1) T Y sin(aT) LY (=) + mcos(rT)dLE, (27)) -

F.2 Relating integrals and symmetry

The KLT relations are often written in a symmetric manner, with both integrals involved
evaluated over the (0, 1) interval. To relate 1d integrals in different intervals, consider the
following integrals, whose integration contours are parallel to the real line, with a small
imaginary part, positive and negative respectively:

) . 0
eTTEFD (W 4 jrd ) = TS+ / dz(—2)"5711 — 2) 7T (L (2) £ imd Ly (2))
1
Iy = / d2(2)"5 (1 = 2) T Ly (a), (F.22)
0

eiiﬂ'(T-ﬁ-l) (Ig] 4 iﬂd[éu) — eiiﬂ'(T'H)/l dz<z)_s_1(z — 1)_T_1 (L;Z(z) + ZWdLi(Z)) .

Then we have
TS (10 4 jrdl?) + I + X TH)(1P & imdIY) = 0, (F.23)

as for both combinations we are able to close the contours without crossing any branch
cuts. Consider the integrals with no insertion, so that L, (z) = 1 and no discontinuity.
The above equations imply

Is = sin(nS) cse(n(S +T)) Iz . (F.24)
More generally note that dI{’, dI3’ involve insertions of weight |w| — 1, so that for instance
I3 = sin(wS) csc(m(S + T))13 + lower weight insertions. (F.25)

The precise lower weight insertions can be obtained by writing the discontinuities in terms
of multiple polylogs of weight |w| — 1, and so on. Let’s now return to the specific form of
AW (S, T). The relevant SVMPLs are always of the form (see [69])

closed

Lw(2,Z) = Lw(2) + Ly;(Z) + product of lower weight , (F.26)
where W is W with reversed letters. Then we can write

AW (S, T) = 2isin(nS) sin(7T) cse(m(S + T))Io (Igv + 12”7) + product of lower weights
(F.27)
In this form the symmetry z <> Z is manifest and it is also clear that the holomorphic/anti-
holomorphic factorisation of the type of 2d integrals relevant for the computation of the
VS amplitude in AdS always involves combinations of the form (IQW + Igv ) This does not
appear to be an obvious symmetry of the Veneziano amplitude on AdS found in this paper.
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F.3 Explicit integrals

Here we consider the explicit computation of 1d integrals, in terms of hypergeometric
functions. We introduce the following notation

I[Ly(2)](S,T) = /01 dz(2) 5711 = 2) 7T Ly (2), (F.28)

and consider insertions of growing complexity. When no insertions are present we have

[(=9T(=T)

TS =T (F.29)

IM1)(S,T) =

Taking derivatives w.r.t. S and 7" we obtain the extra insertion of log z and log(1 — z). Next
we consider the insertion of

Lin(z) = —Lgn-11(2) . (F.30)

In this case we obtain

I'(=S+ DI'(=T)
[(—S—T+1)

I[Lin(2)](S,T) = o Frit (L, 1, —S+1;2,--+,2,—S—T+1;1). (F.31)

This in turns leads to
I[Li, (1 = 2)](S,T) = I[Li,(2)|(T, S) . (F.32)
Finally, as already mentioned
I[(log 2)P(log(1 — 2))%Lin(2)](S, T) = (—1)P*90%0%1[Li, (2))(S, T) - (F.33)
This leads to an expression for any insertion that appears in our main result (1.9).
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