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ABSTRACT: Explicit expressions for one-loop five supergraviton scattering amplitudes in
both type II superstring theories are determined by making use of the pure spinor formal-
ism. The type IIB amplitude can be expressed in terms of a doubling of ten-dimensional
super Yang-Mills tree amplitude, while the type IIA amplitude has additional pieces that
cannot be expressed in that manner. We evaluate the coefficients of terms in the analytic
part of the low energy expansion of the amplitude, which correspond to a series of terms
in an effective action of the schematic form D?*R® for 0 < k < 5 (where R is the Riemann
curvature). Comparison with earlier analyses of the tree amplitudes and of the four-particle
one-loop amplitude leads to an interesting extension of the action of SL(2,7Z) S-duality on
the moduli-dependent coefficients in the type IIB theory. We also investigate closed-string
five-particle amplitudes that violate conservation of the U(1) R-symmetry charge — pro-
cesses that are forbidden in supergravity. The coefficients of their low energy expansion
are shown to agree with S-duality systematics. A less detailed analysis is also given of
the six-point function, resulting in the vanishing of the analytic parts of the R® and D*RS
interactions in the ten-dimensional effective action, but not in lower dimensions.
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1 Introduction and overview

1.1 Introduction

Over the past few years the study of scattering amplitudes in supersymmetric quantum field
theory and string theory has led to a stimulating interplay between physical ideas and struc-
tures of mathematical interest. These beautiful relationships strongly constrain theories
with maximal supersymmetry, which can be viewed as descending from ten-dimensional
open or closed-string theories. This has led to the discovery of a number of intriguing
properties of both perturbative and non-perturbative aspects of such theories in various
backgrounds and in a variety of dimensions. In particular, the relationship between pertur-
bative and non-perturbative properties of string theory embodied in its duality symmetries
has stimulated many fruitful research avenues.

The objectives of this paper are twofold. The first is to investigate properties of closed-
string one-loop amplitudes in type II superstring theory with more than four external
particles, which have not previously been studied systematically. Here we will mainly
discuss five-particle amplitudes, with some additional results for six-particle amplitudes.
This will make use of the general rules for constructing open-string one-loop amplitudes that
were derived in [1] by use of the pure spinor formalism [2, 3], combined with the constraints
imposed by BRST invariance. In the type IIB case we will see that the kinematic structure
of the five-particle amplitude is similar to that of the tree-level amplitude of [4-6], as well
as with the structure of four-particle tree and loop amplitudes. We will also present a
detailed analysis of properties of the low energy expansion of these amplitudes.

The second objective is to make use of these perturbative results to extend the un-
derstanding of the exact, non-perturbative, structure of terms in the low energy expansion
of the amplitude. These are strongly constrained by S-duality, which relates strong and
weak coupling. Such higher dimensional interactions have coefficients that are functions
of the scalar fields, or moduli. The ten-dimensional type IIB theory provides the simplest



nontrivial example, with duality group SL(2,Z) [7]. Compactification to D = 10 — d di-
mensions on a d-torus results in a theory with maximal supersymmetry with a rank-(d+1)
duality group that is an arithmetic subgroup of the real split version of Ey ;1 [7].!

Past results concerning SL(2,7Z) duality of four-particle scattering have led to expres-
sions for the exact dependence on the moduli of the coefficients of certain BPS interactions
that arise at the first three orders in the low energy expansion of the effective action beyond
classical supergravity [12—-15]. Four-particle processes conserve the U(1) R-charge of type
IIB supergravity, but it is not generally conserved in N-particle string theory amplitudes
with N > 5. The modular properties of the coefficients of a number of U(1)-violating effec-
tive interactions at the same order as R* in the low energy expansion were considered in [16-
21]. In the following we will show how this structure matches with our results for the five-
particle amplitude and we will find interesting extra structure that is not seen in the four-
point function and which might lead to further insights into the exact moduli dependence.

1.2 Overview of paper and brief summary of results

We will devote section 2 to a review of background material that is relevant to the results
of the subsequent sections. Section 2.1 will review the construction of closed-superstring
tree amplitudes from open-string amplitudes by an extension of the Kawai-Lewellen-Tye
(KLT) procedure [22]. The open-string N-point tree amplitudes were constructed in [4, 5]
making use of the manifestly supersymmetric pure spinor formalism [2], which packages all
processes related by linearised supersymmetry into a single expression. Any colour-ordered
open-string tree amplitude is expressed by a simple extension of massless supersymmetric
Yang-Mills (YM) amplitudes in the schematic form valid for any multiplicity N

Atree = Ftree(sij) Ayar . (11)

In this expression, Agee and Ayps are (N — 3)! component vectors of superstring- and
YM tree amplitudes, respectively, referring to a basis of independent colour-ordered ampli-
tudes [23-25]. The quantity Firee(sij) is a (N —3)!x (N —3)! matrix that depends on external
on-shell momenta k; through the dimensionless Mandelstam invariants, s;; = %(k, + k:j)Q,
in a manner that is determined by generalised Selberg integrals of N — 3 colour-ordered
vertex operators on the boundary of a disk world-sheet. These amplitudes and their ex-
pansions in powers of the Mandelstam invariants s;;, or equivalently, their expansions in
powers of o/, were studied in detail in [6, 26, 27]. The coefficients of terms in this low
energy expansion exhibit a fascinating pattern of kinematic factors involving nontrivial
multi-zeta-values (MZVs), which will be reviewed in section 2.2. We will also review the
structure of closed-string multiparticle tree-level amplitudes that were also studied in [6]
and shown to have the structure

Miree = Ang Stree(sij) AYM . (12)

'For d = 1,...,7 compact dimensions, these are specific discrete subgroups of the global supergravity
groups [8-11], SL(2), SL(2) x SL(3), SL(5), Spin(5,5), Es, E7, Es. The two distinct d = 0 (D = 10)
theories are type ITA and IIB, with S-duality groups 1 and SL(2), respectively.



Here, Siree is again an (N — 3)! x (IV — 3)! matrix acting in the space spanned by a basis of
colour-ordered YM tree amplitudes Ay, fly M associated with the left- and right-movers,
respectively. This matrix is a function of the Mandelstam invariants and is given by an
integral over N — 3 vertex insertion points in a spherical world-sheet. It is again of interest
to study the “low energy” expansion of the amplitude, which involves an expansion of
Stree(si5) in powers of Mandelstam invariants

Swee(sij) =S80 Y (MZVy) x (Myy My My, ...+ -+ ), (1.3)
{k;}e(2N+1)x

The factors My, are (N — 3)! x (N — 3)! matrices with entries that are homogeneous
polynomials in Mandelstam invariants of odd degree k; which already enter the open-string
' corrections (1.1) along with Cy,. The notation (M ZVyy,y) indicates (linear combinations
of) MZV products whose overall weight w = )", k; matches the order in /. Non-trivial
MZVs (i.e., MZVs that are not polynomial in ordinary Riemann-zeta values) do not occur
until order (o/)!' in this expansion, whereas they first occur at order (a/)® for the open
string. The leading low energy term Sy (i.e., k; = 0 Vi) proportional to N — 3 powers
of Mandelstam invariants is known as the momentum kernel [28-30], and reproduces the
supergravity tree. Higher order terms, on the other hand, are proportional to monomials
in the Mj,’s and represent stringy corrections. These matrices in the o’ expansion were
determined explicitly at multiplicity N = 5 in [6] and later in [31], and a systematic
derivation of their form at general multiplicity N is given in [26, 27]. The precise form of
the expansion in (1.3) will be given up to order (a/)!! in (2.9).

The structure of the open-string one-loop multiparticle amplitudes A1, Was estab-
lished in [1], as will be reviewed in section 2.3. The construction again made use of the
pure spinor formalism and led to amplitudes of the form

Ailoop = Fliloop(Sij) Ay M (1.4)

where the matrix function of the invariants, Fi_jo0p(545), is given in terms of integrals over
vertex positions on either boundary of an annular world-sheet. These integrals, which
generalise the Selberg integrals of the tree-level term, have not yet been systematically
analysed in their general low energy behaviour, even for small values of N. The vector of
Ay s still refers to the independent tree-level amplitudes in YM field theory.

A major focus of this paper is the construction of N-particle closed-string one-loop
amplitudes and, in the type IIB case, how their relationship to tree amplitudes is con-
strained by S-duality. Since this is a non-perturbative symmetry and therefore constrains
the structure of the theory over the whole of moduli space. Up to now almost all the work
on closed-string loop amplitudes has been restricted to four-particle (N = 4) scattering ex-
cept for [32-34]. Even though this is a particularly special case, it has provided interesting
input for analysing the constraints of S-duality, as will be reviewed in section 2.4. There
we will describe the manner in which the SL(2,7Z) S-duality group acts on the low energy
expansion of the four-particle closed-string scattering amplitude in the ten-dimensional
type IIB theory. This requires the terms in the low energy expansion of the four graviton



amplitude to have coefficients that are modular functions of the complex scalar field, €.
For example, the lowest order correction to the classical supergravity tree amplitude is a
term of order o/® R* (where R is the Weyl curvature) and its coefficient is a particular
SL(2,Z) Eisenstein series. The dependence on €2 of the coefficients of the higher derivative
terms of order D* R* and D% R* will also be discussed.

The construction of closed-string one-loop amplitudes in the pure spinor formalism is
the subject of section 3. Certain technical problems that arise with the composite b ghost
are alleviated by imposing BRST invariance as a restriction on the form of the amplitude.
Although these amplitudes can again be viewed, in a certain sense, as a doubling of the
open-string amplitudes, they incorporate an important new feature. In contrast to tree-
level N particle amplitudes and the one-loop N = 4 amplitude, the N > 4 one-loop
amplitudes involve contractions between left and right moving world-sheet fields. This
happens both through OPE contractions and through integration by parts and leads to
new classes of terms. As a result, with present methods the explicit construction of the
loop amplitudes becomes very complicated as N increases and we will limit the discussion
in section 3 to the case N = 5.

There is a qualitative distinction between the structure of the type ITA and IIB am-
plitudes. We will find that the type IIB amplitude can once again be expressed in terms
of a doubling of the YM tree amplitude in the form

N=5": Ml—loop = Ag/M Sl—loop(sij) AYM . (15)

This provides the first nontrivial indication that the polarisation dependence in closed-
string loop amplitudes is captured by bilinears of YM trees. It seems plausible that the
structure in (1.5) extends to higher numbers of loops and possibly to higher N. Further-
more, since the low-energy limit of closed-string theory reproduces maximal supergravity,
these comments should also apply to loop amplitudes in (maximal) supergravity. The
structure of (1.5) will be shown to apply not only to five-particle amplitudes that conserve
the U(1) R-symmetry charge of classical supergravity, but also those that do not. The
dependence on the charge violation is encoded in the coefficient function, Si-1o0p(8ij)-

We will also see that the type ITA five-particle amplitude contains extra terms that
cannot be expressed in the form (1.5), as will be discussed in section 3.6. These include
parity-violating components (terms with a single e tensor), such as the amplitude with
a Neveu-Schwarz/Neveu-Schwarz antisymmetric potential and four gravitons, which re-
produces the familiar BR?* interaction. While the type IIA and IIB theories are distinct
in D = 10 dimensions, they are equivalent upon toroidal compactification to dimension
D = 10 — d in which the Yang-Mills theory is non-chiral. Therefore, the compactified
version of (1.5) applies to the scattering of massless states in either of these theories.

The expression Sijoop(sij) in (1.5) involves integrals of the vertex positions over a
toroidal world-sheet of complex structure 7, which is also to be integrated with an SL(2, Z)-
invariant measure. This makes it very difficult to analyse the full amplitude, but a great
deal of information about its low energy expansion can be obtained, as we will see in
section 4. This is an expansion in powers of the world-sheet scalar Green function and
its derivatives. At least to the order we consider in this paper the amplitude can be



separated into a non-analytic piece that contains thresholds and an analytic piece that
can be expanded in powers of the Mandelstam invariants. The terms that arise at a given
order in o/ are world-sheet Feynman diagrams with free propagators joining the external
vertex positions. To the order that we will reach in this paper most of these diagrams
were evaluated in [35] in studying the low energy expansion of the one-loop four-particle
amplitude. Furthermore, following section 5 of [35] it is straightforward to generalise the
discussion to compactifications of the amplitude to lower dimensions on tori.

In this paper we will concentrate on the analytic part of the loop amplitude, although
the interplay of the analytic and non-analytic parts is significant in determining properties
of the amplitude. The analysis in sections 4 and 5 will determine the detailed structure of
the expansion of Syjop in a form that can be compared with the tree amplitude structure
given in (1.3),

—(d

Sl-loop(sij> =5y Z :E{k)i,li,...} X (]\jkljw—]@...]\41/1]\41/2,_.—|—-..)7 (16)

{k;}e(2N41)¥

{l;}e(N+6)*
where M}, and Ml’z are 2 X 2 matrices that depend on the Mandelstam invariants and .Sy
again describes the field theory limit of (1.3). A striking feature of this set of matrices is the
augmentation of tree-level matrices My, of odd degree in s;; by additional matrices M, l/i of
(non necessarily odd) degrees > 7. The quantities E?,? i}
of world-sheet Feynman diagrams with w = )", (k; + ;) — 3 propagators and represent the

in (1.6) are determined by a sum

coefficients of terms such as the supersymmetric completion of (o/)¥*3 D?*=2R5 in the low
energy effective action. The diagrams that contribute to the E?Ilc)i,li,...}% up to order w = 6 in
the four-point function were evaluated in [35, 36] and resulted in polynomials in Riemann-
zeta values in D = 9,10 space-time dimensions. A slightly extended set of diagrams enters
in the calculation of the five-point function, the first novel example showing up at order
(a’)8. One of the major impediments to obtaining results at higher order in o/ is the
difficulty in calculating these diagrams. A very interesting issue concerning the structure
of the diagrams beyond the order at which they have so far been evaluated is at what order
nontrivial MZVs arise (recalling that they arise in the factor (M ZVy;,;) in (1.3) for w > 11).

The results in section 4 on the low energy expansion of type IIB loop amplitudes
and the parity-conserving components of the type ITA loop amplitudes are restricted to
parts of the torus integrals that are analytic in the Mandelstam invariants. Hence, they
concern the local part of the one-loop effective action of the type II theories. General
features of these results are shown in tables 1 and 3. Table 1 indicates the dimension
of the space of kinematic invariants that arise in the expansion of the tree and one-loop
graviton amplitudes with N = 4, 5 and 6 at each order in o’. The precise form of the rank
2k+4N tensors that contract with the derivatives and curvature tensors in terms of the form
D? RN can in principle be extracted from the amplitudes and the polynomial structure
of the matrices My, M]. Novel techniques to bypass the tedious procedure and to obtain
superstring effective actions without excessive diagram bookkeeping are described in [37].

We will find that the pattern of kinematic invariants that arises for N > 4 is more
elaborate. Generically, curvature interactions at order (o/)*+3 are organised in sequence



n=01|1 2 3 4 516
1 0 1 1 1 1| 2 tree
/ n+3D2n 4
() i 1 0 1 1 1 | 1] 2] 1loop
(O/)n+3D2n_2R5 0 0 1 1 1 1 2 tree
0 0] 1 1 2 | 2| 4 | 1loop
0 0 1 1 1 1 2 tree
/ n+3D2n—4R6
(@) 0 [0]<1|<2|<4|?22]??] 1-oop

Table 1. A schematic list of the number of independent kinematic invariants that contribute at
each order in the o’ expansion of N < 6 graviton amplitudes. The underlined entries vanish in the
D = 10 case, but not in lower dimensions. The detailed pattern of contraction of indices between
the curvatures and derivatives is encoded in the Ay ,y, fly M and Mkz‘le/i’ where the expressions
include the other process related by supersymmetry that conserve the U(1) charge. The inequalities
and the 77 in the last row indicate our presently incomplete knowledge of the six-particle amplitude.

boson q | fermion q
(anti-)holomorphic axio-dilaton | +2 | dilatino | £3/2
(anti-)holomorphic three-form | £1 | gravitino | +1/2

graviton and five-form 0

Table 2. States of the massless type IIB supermultiplet and their R symmetry charges q.

of the form D?*~2R**! with [ =0,1,2,...,k, i.e. which start with a four curvature term.
However, the five-particle one-loop amplitude generates additional D?*~2R® interactions
at k > 4 that do not have any four-point ancestor, D?* R*. At tree level, the first example
of a sequence of N > 5 interactions that is not related to an N = 4 interaction occurs at
weight eleven and has the schematic form (o/)!' {DR5 D2 RC ...} (which is not shown
in table 1 but see [6]). Strikingly, the coefficient of this sequence involves a triple zeta value,
(3,3,5, that cannot be reduced to a monomial in Riemann zeta values. We will find that
the one-loop results contain additional kinematic structures at lower orders 7,8,9 in the o/
expansion, as indicated in table 1. There we see that there are two distinct contributions at
order (o/)” D% R®. One of these belongs to the same family of invariants (o/)7 D82 R4+
that arises at tree level and the second is a new contribution that does not match any
tree-level result. The number of independent contributions increases further to four at
order (o/)? DI° R% as shown in the last column of table 1. This pattern has important
consequences for the implementation of SL(2,Z) duality, as we will see in section 5.4.

The terms in table 1 that are underlined with a wavy line have coefficients that vanish in
ten dimensions, but not after toroidal compactification to lower dimensions. The prototype
for such terms is the D* R?* interaction, which was shown to vanish at one loop in ten
dimensions in [36] but not in nine dimensions [35]. More generally, this interaction is
nonzero in any dimension less than ten.

There are many other amplitudes describing scattering of other component massless
fields that are related to the graviton amplitudes by supersymmetry. Any interaction



n=0]1] 2 ] 3 | 4 |56
1 0 1 1 1 1] 2 tree
/ n+3D2nG2R3
(<) 1 o] 1| 1] 2]2]|5]1loop
0 0 1 1 1 1] 2 tree
/ n+3D2n—2 2 pd
() R0 Jol<a|<2]<4a] 77| 2| 1loop

Table 3. The degeneracy of kinematic invariants that violate the conservation of U(1) by 2 units.
This applies to all the interactions of the same dimension as D?* G? R? and D?* G? R*. Once again,
the underlined entries vanish in the D = 10 case, but not in lower dimensions.

that conserves the U(1) R-symmetry charge ¢ of type IIB supergravity follows the same
pattern. Table 2 reviews the g charges of the states in the type IIB supergravity multiplet.
Four-particle amplitudes conserve the U(1) charge of the type IIB theory, but this may
be violated in five-particle scattering. In fact, as noted in [17], the maximal U(1) charge
violation, ¢, of an N-particle amplitude is

g=+(2N—8), (1.7)

so when N =5 the only U(1)-violating processes are ones for which ¢ = £2. These U(1)-
violating five-particle processes are also discussed in sections 3 and 4, leading to results
for the degeneracies of the kinematic invariants displayed in table 3 using the example of
derivatives acting on G2 R® interactions. Here G is the complex combination of Neveu-
Schwarz/Neveu-Schwarz (NSNS) and Ramond/Ramond (RR) three-form field strengths
that carries unit U(1) charge.? As we will see, the coefficients in the low energy expansion
of the the five-particle one-loop amplitude (1.6) in the ¢ = +2 sector are related to those
in the ¢ = 0 sector in a simple manner.

Some implications of these results for S-duality are described in section 2.4 and 5. In
particular, we will see that the results concerning the modular functions of the modulus (2
that implement type IIB S-duality in the four-particle amplitude extend to the five-particle
and higher point analogues in a simple manner. However, as mentioned above, the explicit
one-loop amplitudes for N-particle amplitudes with N > 4 have additional pieces that
enter at the order (o/)"D®R? that are not present in the N = 4 case. Therefore, there
must be modular invariant coefficients for these kinematic factors that begin at one loop
and have no tree-level pieces. Interestingly, this is the order at which an understanding
of the modular invariance of the four-particle amplitude is extremely limited and there
is still much to be understood. We will also consider the implications of S-duality for
the U(1)-violating five-particle interactions listed in table 3. In these cases the coefficient
functions are expected to be modular forms of nontrivial weight that are related to those
of the U(1)-conserving graviton interactions. We will see that certain modular functions
described in section 2.4 tie in with the o/ expansion in the U(1)-violating sector displayed

2We should emphasise that these G>R? operators are understood to involve two alike combinations of
field strengths rather than complex conjugate pairs GG.



in section 5.3. Furthermore, we offer an explanation for the pattern of ¢ = £2 and ¢ =0
coeflicients referred to in the previous paragraph.

Some general properties of the six-particle amplitude will be considered in section 6
although our analysis is not yet complete due to technical obstacles that will be described.
The extent to which we have analysed the world-sheet integrals gives rise to the information
listed in the last column of table 1. At present, we can only give upper bounds on the
number of independent D% RS operators after classifying the lattice sums appearing in the
low energy expansion of the underlying torus integrals. The main six-point result is the
vanishing of the R® and D*RS interactions in D = 10 dimensions (see table 1) as well as
the related U(1)-violating operators of the same dimension (see e.g. table 3).

The paper concludes with a brief summary and some comments in section 7.

Several technical issues are left for the appendices. The first appendix A helps to com-
pare some of the present results with the literature. Appendix B contains a derivation of a
an important pentagon numerator identity using pure spinor superspace in B.1, and a proof
that the low energy limit of the five-particle amplitude is totally symmetric in B.2. The
diagrams that enter the low energy expansion of the five-particle amplitude are exhibited
in detail in appendix C. A third appendix D summarizes the analytic parts of the five-point
torus integrals to order O(/7). Finally, appendix E is devoted to the key ingredients in
the momentum expansion of the six-particle amplitude.

2 Review of background material

2.1 The structure of superstring tree amplitudes

Tree level amplitudes involving any number of massless open-string states have been com-
puted in [4, 5] based on pure spinor cohomology methods [38, 39]. The colour stripped
amplitude was found to be

Atree(1,0(2,3,...,N =2),N = LN) = > Ay Fil(si) - (2.1)

WESN 3

Remarkably, all the polarisation dependence of the superstring amplitude (2.1) is encoded
in the (super-)YM field theory subamplitudes A%,,. The objects F..(s;;) originate in
world-sheet integrals over the disk boundary, encode the string theory modifications to the
field theory amplitude and can be mathematically classified as generalised Euler or Selberg
integrals. Both ingredients on the right-hand side of (2.1) appear in their (N — 3)! element
basis [25]

ATy = Ayn(1,7(2,3,...,N —2),N —1,N) (2.2)
N-1
Fooa(si) = 4N3 /dzz.../dZN_2 H ‘Zij‘4sij

IN/2] k—1

X HZSm’“ H Zs’m : (2.3)

Zo m=1 7K G NJ2j4+1 n=ktl



and we have also restricted the string subamplitudes on the left-hand side to their (N —3)!
dimensional basis [23, 24]. The conformal Killing group SL(2,R) of the disk topology has
been used to fix three world-sheet positions in (2.3) to the values (21, zny—_1, 2n5) = (0, 1, 00).
The Sy_3 permutation 7 acts on the labels 2,3,..., N — 2 of the variables?

/
Zi Sij 1= aZ (k‘l + kj)2 (2.4)

Z,‘j = — Zj,

in the curly bracket whereas 7(1, N — 1) = (1, N — 1) are unaffected. The vectors k; denote
external on-shell momenta.

Tree level correlation functions of closed-string states factorise into the left- and
right moving correlators, so the open-string result (2.1) yields the following closed-
string amplitude

Miree = (2.5)

Z AT v Stree(8ij) AV -
o,mESN_3
The integrals over the spherical closed-string world-sheet at genus zero form an (N — 3)! x

(N — 3)! matrix

N-1 [N/2] k-1 s N-2 N-1
o, . 2 2 284 mk kn
statsg) = [ [ @ [l o T Y20 T Y 2
- Zmk Zkn
1<J k=2 m=1 k=|N/2|+1 n=k+1
[N/2] k-1 < N—2 N-1
A X Y e
Zmk Zkn
k=2 m=1 k=|N/2|+1 n=k+1

which describes the string theory extension of the supergravity tree amplitude.

2.2 Low energy expansion of superstring tree amplitudes

The (/)" order in the low energy expansion of massless superstring tree amplitude involves
multiple zeta values (MZVs) [5, 40-43],

Z ﬁk;nl, n €N, n,>2,

0<k1<..<kr 1=1

(2.7)

Cnl,...,nr N

of weight w = Z§:1 nj. The number r of arguments in (2.7) is referred to as the depth
of a MZV. The systematics of their appearance was analysed in [6] and extended to the
closed-string sector through the KLT relations [22]. Let Moy 1 denote the (op4 1 coefficient?

of the matrix (2.3) of open-string o/ corrections,”

Sis
M2k+1 = Flree (f

)

®Our definition of s;; incorporates an extra factor of 1 compared to many references such as [4-6].

(2.8)

b
Cokt1

This facilitates the discussion of closed strings and introduces the unusual factors of 4 into the open string
statement (2.3).
4The coefficient of primitive zeta values Car41 depend on the Q basis chosen for MZVs of weight 2k + 1,
see e.g. [44] for a minimal depth basis at weights < 22 which was also used in [6] at weights < 16.
The Mak41 matrices from [6, 26, 27] are written in open string conventions with s{7°" := o (ki + k;)>.
o) Magga(si) to
implement the “rescaling” of o’ in the translation between open and closed string results (see in particu-

The present closed string discussion preserves the functional dependence M2k+1(5ij
lar [22]).



its entries are degree 2k 4+ 1 polynomials in the dimensionless Mandelstam variables (2.4)
to be determined through the methods of [26, 27]. Moreover, let Sy denote the field
theory limit of the closed-string integral matrix (2.6), then the o/-expansion of (2.6) has
the structure

Sree = S0 (14 2¢3 M3 + 2(5 Ms + 2(3 M3 + 27 My + 2(3¢5 { M3, M5} + 2o My

4
3 G My + 2G5 M3 + 2C3Gr {Ms, My} + 2Gia Muy + (3G {Ms, {Ms, Ms}}

2 (243,3,5 G+ GG+ 9c2<9> (M, [Ms, Ms]) + - ) (29)

The coeflicients in this expansion are products of Riemann zeta values up to weight 11,
where the first irreducible MZV arises (whereas in the low energy expansion of the open-
string tree (2.1) the first irreducible MZV arises at weight 8). The MZV content of the
string corrections can be better understood by lifting the (p, n,,....n, € R to their motivic
version () .. . [6, 45]. The latter are endowed with a Hopf algebra structure which can
be used to make the basis more transparent: References [6, 45] describe a Hopf algebra
isomorphism ¢ which maps motivic MZVs to noncommutative polynomials in cogenerators
f3, f5, f7, ... supplemented by a commutative element fo = ¢(¢3'). The latter turns out to

be absent in the motivic version Sfi., of Stree:

Sgee:S()(ﬁil(l + 2f3M3 + 2f5M5 + 4f§M32 + 2f7M7 + 2f3l_l_|f5 {Mg,M5}
+ 2fo My + 85 M5 + Af2 MZ + 2fsw fr {Ms, Mz} + 2f11 My
+ fsw fyw fs {Mg,{Mg,M5}} + 2f5f§ [Mg, [Mg,M5]] + ... ) (2.10)

00 p
— 50¢—1< S>> My My i fi Wiy fi fik+1> (2.11)
k=0

p:O 11,89, +5 ip
€2N+1
The W symbol denotes the commutative shuffle product® on the non-commutative words
in fopy1. The simplicity of the ¢ image of ST, can firstly be seen at weight 11 where
the awkward coefficient of [Ms, [Ms, Ms]] in (2.9) is mapped to ¢(%C§7‘3,5 — ()3 +
2%((2‘“)2(?‘ +9¢P¢M) = fsf2. The absence of the commutative element f> in (2.11) reflects
the cancellation of (o at low weights of the KL T relations. The projection of the noncom-
mutative words in fory1 to Ei:o Jirfio oo fo, W fi, fi,_y -+ fiy,, imposes a selection rule”
on the MZVs of depth » > 2. As one can see from (2.10), depth two MZVs at weight

5The shuffle product on non-commutative words in fi; with i; € 2N + 1 is defined by

fg (fn fiz flr) L f2q (fir+1 fir+2 fir+s) = §+q Z fig(l) fia(z) f’ig(r+s)

oeX(r,s)

Y(rs)={0€Sms: o ') <o '@ <...<o '(Mand o (r+1)<...<o (r+s)} (2.12)

"We should stress that the form of (2.11) is independent on the choice of Q basis for MZVs even though
the polynomial structure of matrices M,, at w < 11 is subject to possible redefinitions by (possibly nested)
commutators in M;<,,. This ambiguity in M,, is compensated by a reshuffling of f,, in the ¢ images at
weight w.
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w = 8,10 such as (3’5 and (5%, do not enter gravity tree amplitudes, and the first instance
(335 of a depth r > 1 MZV occurs at weight w = 11.

2.2.1 Four- and five-particle examples of closed-string tree amplitudes

The S-duality connection between the four- and five-particle closed-string amplitudes at
tree level and one loop are the main topic of this work. This motivates us to explicitly
spell out the N = 4,5 version of the ingredients in (2.5): Multiplicity N = 4 gives rise to
scalars

1
N=4: Ayy=Avn(12,34), So="2 M, = ——(sfy+ iy + i) (2.13)
13

such that all the commutators among Mo, 1 and therefore all the MZVs of depth > 2
cancel.

The N = 5 point amplitude, on the other hand, is built from two component kinematic
vectors Ay s and 2 X 2 matrices Sy, Mog11

2
N=5: Ayy= (AYM(1’2’3’4’5)> . So=—0 ("“ "12) (2.14)

Ay(1,3,2,4,5) S14 825 S35 \ 012 022

with entries 012 = —s12534513524(S45 + S51) as well as o092 = —s513524(S12523845 +
cyclic(12345)) and 011 = 022‘293. The simplest example of the matrices Moy 1 reads

e [ m11 ma2 mi1 = 83[—81(81 + 289 + 83) + s354 + Si] + 8185(81 + 85)
N=5: M=
Ma1 Mo miz = —s513524(S1 + S2 + 53 + 54 + S5)

(2.15)
(with mg; = m12’2H3 and maoy = m11|2H3 as well as s; := ;41 subject to s5 = s15).
There are several avenues to determine their explicit form in more general cases, either by
exploiting the representation of Fiee (2.3) in terms of (multiple Gaussian) hypergeometric
functions (different techniques were used in [6, 46-48] and [31]), or by use of polylogarithm
integration [26], or by use of the Drinfeld associator [27].® The explicit expressions for
Ms, M5, M7 and My in the N = 5 case are contained in the auxiliary files to this paper and
to [31], as well as on the website [52], where matrices for higher multiplicity are available.

2.3 One-loop amplitudes of the open superstring

The structure of one loop amplitudes among massless open-string states has been analysed
in [1]. Their BRST invariant part unaffected by the hexagon anomaly [53, 54] was found
to again boil down to linear combinations of YM tree subamplitudes

Atoop(1,E(2,3,... . N =2, N —LN)) = > AL Fiin (sij) - (2.16)

TESN_3

We introduce a collective notation ¥ for both planar and non-planar arrangements of
vertex operators along the boundary of the cylinder or Moebius strip world-sheet. It

8See [49, 50] for mathematical background to the Drinfeld associator, and [51] for its first connection
with superstring amplitudes.
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governs the integration range for the vertex operator positions and the modular parameter
of the genus one Riemann surface in FlZ l’gop(sij). We will later on make use of the five-
point correlator (3.9) underlying (2.16) whose double copy furnishes a subsector of one
loop amplitudes of the closed string.

In contrast to the tree-level results (2.1) and (2.5) which are completely universal with
respect to the number of space-time dimensions and supercharges preserved, the structure
of one loop amplitudes (2.16) crucially depends on maximal supersymmetry.

2.4 Some S-duality constraints on Type IIB amplitudes

Ten-dimensional closed-string perturbation theory is an expansion around a limit in moduli
space in which the type ITA string coupling, g4 = e®4 — 0, or the type IIB string coupling,
g = €8 — 0, (where p4 p are the dilatons of the type II theories). The complete
dependence of the amplitude on the moduli involves the nonperturbative completion of the
perturbative amplitude. The only modulus in the type IIA theory is e¥4 and the duality
group is trivial. The type IIB theory depends on the complex scalar, 0 = Q; + Qs =
C©) 4+ je®B | which transforms in the standard nonlinear manner under SL(2,7),

afl+b

Q -
T atd

(2.17)

where a,b,c,d € Z and ad — bc = 1. The fields in the IIB supergravity supermultiplet
transform under SL(2, Z) with weights that correspond to the U(1) charges shown in table 2,
where a field ®, of charge ¢ transforms as

-+ d\
o, - <cQ+d> . (2.18)

Invariance of the type IIB theory and its effective action under SL(2,7Z) transformations of

the scattering states severely constrains the structure of the amplitudes. When combined
with the constraints of maximal supersymmetry, SL(2, Z) invariance determines the precise
dependence on the modulus, 2, of terms of low order in the o’ expansion. In other words,
it determines the precise non-perturbative behaviour of these low order terms.

2.4.1 U(1)-conserving amplitudes

In the case of four-particle scattering, the U(1) charge is conserved and the analytic part
of the (both perturbatively and non-perturbatively completed) amplitude can be written
in component form as

M(Q) = sTys13s1a Ayvar(1,2,3,4) Ayar(1,2,4,3) T(si5; Q) (2.19)
where the totally symmetric kinematic factor s25s13514A4y (1,2, 3, 4)14~1YM(1, 2,4,3) repro-

duces the standard tgtg tensor [55] in the four graviton component. The symmetry of (2.19)
in the external states implies that the low energy expansion of the analytic part of the scalar
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function? is a symmetric function of powers of the Mandelstam variables and has the form

1 1 _1 _3
T(sij; Q) = <Q§ + M3Q3 E3+ M5 Q2 E5 4+ M2 Q5  E33 + M7 Q, 2 &

analytic N 512513514

+{Ms, M5} Q52 Eq5.5, + M5 Q5 2 Eg55 + Mo 0% 8+ .. ) . (2.20)
with four-point string corrections M,, defined by (2.13).

The coefficients £ (£2) are SL(2, Z)-invariant functions in the D = 10 type IIB theory
(and the explicit powers of 2y are absent after transforming from the string frame to
the Einstein frame). More generally, after toroidal compactification to D dimensions on a
(10— D)-torus the type ITA and type IIB theories are identified and the £ _’s are functions of
the moduli space associated with the S-duality group. The first term in the above expansion
gives classical tree-level supergravity when substituted into (2.19). The above notation
differs somewhat from earlier conventions in the literature. Appendix A gathers a couple
of conversion rules to compare the subsequent statements with references such as [35].

The kinematic factor s2ys13514 Ay ar(1,2, 3, 4)AYM(1, 2,4,3) in the amplitude (2.19) is
completely determined by supersymmetry but the challenge is to determine the dynamical
quantity T'(s;;;€2). Although its exact form is not known, there are some interesting results
concerning the first few terms in its low energy expansion, (2.20). The first term in the
expansion beyond the supergravity amplitude is given by terms of order R*, which are 1/2-
BPS interactions that may be expressed as integrals over 16 Grassmann coordinates, see [56]
for an on-shell linearized superspace description of type IIB supergravity. The next terms
are those of order D*R*, which are 1/4-BPS interactions that may be expressed as integrals
over 24 superspace Grassmann coordinates. These have 2-dependent coefficients [12-14]

E(Q) = Bs(),  &(Q) = B3 (Q), (2.21)
where E(€2) is an SL(2, Z) Eisenstein series, which satisfies the Laplace eigenvalue equation
Aq Es(Q2) = s(s — 1) E4(Q) (2.22)

with respect to the modulus, Aq := Q20qdg. The unique SL(2,Z)-invariant solution of
this equation that is power behaved in the weak coupling limit, Qs — oo, is'" the non-
holomorphic Eisenstein series

3
(m,n)#(0,0)

with Fourier expansion
Ey(Q) =Y Fn(Qg) XN, (2.24)
N#£0
The non-zero modes Fno(f22) contain the effects of D-instantons, with exponentially
suppressed asymptotic behaviour at weak coupling (22 — o0). The zero modes, on the

9The interplay of the analytic and non-analytic parts of the amplitude is discussed in [35].
9The normalisation convention is the one used in [35] appendix A.1.
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5=1 which

other hand, are a sum of two power behaved terms Qf = g;7° and Q3 ° = g3

correspond to particular terms in string perturbation theory:
2l /2T (s — 1/2)
I(s)

In transforming from the string frame to the Einstein frame, the R* interaction is multiplied
1/2

Fo(Qa) = 2Cas Q5 + Cos—1 7%, (2.25)

a factor of €,/ so the two perturbative terms in the coefficient F3/5(€2) correspond

to a tree-level piece proportional to Qg/ 2, and a one-loop piece proportional to €2, 12,
Similarly the D*R* interaction picks up a factor of Q;/ Zin transforming from string frame
to Einstein frame so the two perturbative terms in the coefficient FEs /Q(Q) correspond to
a tree-level piece proportional to Qg/ 2, and a two-loop piece proportional to €2, 32 These
results explain why the low energy expansion of the ten-dimensional one-loop four-particle
amplitude has a R* term but does not have a D*R* part. Furthermore, the coefficient of
the two-loop D*R* interaction predicted by these arguments has been checked by explicit
amplitude calculations in [57, 58]. The generalisation of these results to lower dimensional
theories with maximal supersymmetry obtained by toroidal compactification [35] involve
combinations of Eisenstein series for higher-rank duality groups, which are functions of
more moduli [59, 60] (see also [61]) . An important general feature is that in dimensions
D < 10 the D*R* coefficient, £, does have a one-loop contribution (as is indicated by the
wavy underlining of the D* R* one-loop term in table 1).

The coefficient of the 1/8-BPS terms of order DSR* in the low energy expansion,
£33, is not an Eisenstein series but is expected to be a solution of the inhomogeneous

Laplace equation'!

(A —12) E5(Q) = —3[£3(2)]” (2.26)

(which was motivated by M-theory considerations in [15]). The solution to this equation
has a constant term (the zero Fourier mode in ;) of the form

! 24 4
/ dQy E33(9) = 230 + 42300 + 34392—1 + §<692—3 + O(exp(—47)), (2.27)
0

which contains four terms power behaved in 2 that correspond to tree-level, one-loop,
two-loop and three-loop string theory contributions,'? together with an infinite sum of
D-instanton/anti D-instanton contributions. The ratio of the tree-level and one-loop con-
tributions agrees with the explicit string perturbation theory calculations (and the overall
normalisation has been chosen to be consistent with a tree-level amplitude normalised to
1/s12513514).

2.4.2 U(1)-violating amplitudes

Amplitudes with N > 4 particles generally do not conserve the U(1) charge, with the viola-
tion of the charge bounded by |g| < (2N —8) (see (1.7)). The moduli-dependent coefficients

""Note that the function s 3(€2) in the present notation is related to the DR* coefficient &(,1)(€2) in [35]
by gg’g(Q) = 35(071)(9).
12The string frame amplitude is obtained by multiplying £33 by Q5.
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of interactions that violate U(1) must transform as modular forms of non-zero holomorphic
and anti-holomorphic weights in order to ensure that the complete interaction, including
its moduli dependence, is invariant under SL(2,Z). Recall that the transformation un-
der (2.17) of a modular form £ (Q) (with holomorphic and anti-holomorphic weights
(w,w')) is given by f)(Q) = (eQ 4 d)¥(cQ + d)*" f@»)(Q) so a form with weights
(w, —w) transforms with a phase,

f(w7_w) (Q) N f(wv_'w) <CLQ + b> . <CQ + d

— (= ’ (w,—w) () 2.2
cQ+d cQ+d> / ), (2:28)

which corresponds to a charge ¢ = 2w.
A modular form of weight (w + 1, —w — 1), or ¢ = 2w + 2, can be obtained from one
that transforms with weight (w, —w) by applying a covariant derivative

. a w,—w w —w—
D) =y <ZaQ+l20> flomw) = plotlmw=l) (2.29)

while the charge is lowered by the operator D defined by Df(®w:—%) = Q, (—i@/@Q + w/2)
f(w71,7w+1)_

The coefficients of the leading interactions in the low energy expansion of ampli-
tudes that violate U(1) charge conservation were related by nonlinear supersymmetry to
(’)3&3(22) R* in [13] and have the form arrived at by arguments based on M-theory du-
ality in [16]. An example is the ¢ = —2 five-particle amplitude with two G’s and three
gravitons. The lowest-order interaction in the low energy expansion is (a/)® G?R3, which
has a coefficient 83571’1)(9) that is a (1, —1)-form given by

(1,_1) L . Q% m + TZQ
& (Q):=D&OQ) = Y TR <m—|—nQ> : (2.30)
(m.n)#(0,0)

The zero mode of this expression is easily obtained by acting with D on the £ zero mode

in (2.25), giving

72T (s — 1/2)
I'(s—1)

which again has two perturbative contributions that have different coefficients from those

D]:o(Qg) =S CQSQS — Cgsflﬂéis y (231)

of the R* interaction. The explicit tree-level and one-loop calculations in later sections
will provide further information concerning U(1)-violating processes. Some aspects of the
modular forms associated with higher dimension U(1)-conserving and U(1)-violating inter-
actions have been considered in [18-20].

3 Type II one-loop amplitudes in pure spinor superspace

The prescription for computing /N-point superstring amplitudes at one-loop using the min-
imal pure spinor formalism is given by [3]

10 11 N
Mitoop ~ /d27<|(u, ) 1 ZBPZJHYCIIQVM(O)H/ 200 (25, %)), (3.1)
P=2 I=1 j=2
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The massless closed-string states are represented by double copies of the pure spinor vertex
operators V and U for the ten-dimensional N’ = 1 SYM gauge multiplet [3]. Moreover, u is
the Beltrami differential, 7 is the Teichmiiller parameter of the genus one Riemann surface,
and the angle brackets (...) denote the path integral discussed in detail in [3]. Finally,
ZBp, 4, Yo, are picture-changing operators and b is the b-ghost whose schematic form is
given by [3, 62]

b=(Id + N9 + JO) d6(N) 4+ (wOX + JON + NOJ + NON)5(N)
+ (NI + JII + 011 + d*)(II6(N) + d?6'(N))
+ (Nd + Jd)(805(N) + dII8'(N) + d*8”(N))
+ (N2 + JN + J?)(d08d'(N) 4 1126' (N) + I1d*6" (N) 4 d*6"'(N)) (3.2)

where §'(x) = %5 (z) and the variables on the right-hand side are conformal fields of the
world-sheet theory of the pure spinor formalism [3]. In particular, \* is a bosonic ghost
subject to the pure spinor constraint )\afy;”ﬁ)\ﬁ = 0 when contracting the 16 x 16 Pauli
matrices v, of SO(L,9).

Using the above prescription to compute amplitudes involving more than four external
strings can be rather challenging, mostly due to the complicated nature of the b-ghost and
the picture-changing operators. Fortunately there are some shortcuts which can be taken
to simplify this task.

As explained in the four-point computation of [3], the systematics of how the d,, zero-
modes — 16 Weyl spinor components — are saturated can be exploited to bypass many
complicated features of the b-ghost. Only a few terms of (3.2) actually give non-vanishing
contributions and Lorentz invariance uniquely fixes the result of their path integral up to
an overall constant. For higher-point open superstring amplitudes similar arguments were
used in [1] to perform the integration over the d, zero modes while BRST invariance of
the resulting pure spinor superspace expressions fixed their relative coefficients.

The four-point amplitude of [3] did not involve any OPEs among the vertices (except
through the standard Koba-Nielsen factor) since otherwise the d, zero modes would not
be saturated. But starting at N = 5 points there are non-vanishing contributions featuring
at most N — 4 OPE contractions such as

5 5 mn\« AB
da(zi)eﬁ(zj) — 7a’ Hm(Zl')fL'n(Zj, Zj) — — ﬂ, Nm”(zi))\a(zj) — u . (33)
Zij Zij 2 Zij
The singularities of the genus one correlator caused by primary fields d, I, and N™" of
conformal weight one enter through the torus Green function'?
Oln ;i 01(zi5) 2 op 9 B
Xij = sij 02 <, Iny;; :=1In 7 (OJ) - [Im (z;;)]” + C(7,7). (3.4)

Its zero modes C(7,7) := 2In |v/27n(7)|? involving the Dedekind eta function n(7) drop
out of the scattering amplitude and have thus been subtracted in (3.4) for later conve-
nience [35, 36]. The definition of X;; including the Mandelstam variable (2.4) is motivated
by integration by parts (see section 3.2 and [1]).

01 (245)
61(0)

, 2
13Note that <.T(Zi,fi) CIZ’(ZJ',EJ‘» = —%(ln — % [Im (Z”)]2)
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The novelty appearing in higher-point computations of closed string amplitudes stems
from terms involving the contraction between left- and right-movers — either directly using
the OPE (involving the volume 75 := Im(7) of the torus)

™ ()T, (2) = 6™ (7}2 _82(z, z)> . (3.5)

or indirectly through integration by parts, as will be explained below. In the following, we
will refer to the right-hand side of the OPE (3.5) as

Q= r (52(2, 5 1) — 09Iy (3.6)

72

and drop any reference to the argument z because the §2(z, 2) does not contribute in
presence of the Koba-Nielsen factor (3.8).14

3.1 The structure of the five-point closed-string correlator

The computation of the closed-string five-point correlator can be separated into three parts:
a) purely holomorphic-square'® terms multiplying world-sheet functions X,-jf( Kl
b) holomorphic-square terms proportional to {2 generated from integration by parts;
c) left/right mixing terms arising from the OPE (3.5).

These contributions will be labelled K@, K®) and K, respectively. BRST invariance
will be used to obtain their relative weights in the final answer,

d2r
M io0p = 2 / — / A2y ... d%25 I(sy) (K@ + KO 4+ K(9) (3.7)
2

The overall normalisation —2 can be obtained by unitarity. In (3.7) we introduced the
following shorthand for the Koba-Nielsen factor,

N N N
I(sij) = <H eiki.x(zi,ii)> _ H o—kiki(@(zi,20)2(25,%)) fo/ , (3.8)
=1

1<J 1<J

with x;; given by the exponential of (3.4). The contributions to K @ and K® can be
obtained from the holomorphic square of the open-string results of [1], where it was shown

that the left-moving CFT correlator can be written as'

Ty Ti T TF
(Xm 1243144 15

512

Ty Ty T TE
 iitestits

1 (23,4, 5)) + (X2 .

+ (23 & 24,25, 34, 35,45)) (3.9)

Y4This can be seen upon analytic continuation to the kinematic region where s;; > 0 [32].

5 Throughout this work, the term “holomorphic” square refers to products of expressions from the left-
and right moving sector of the closed string, with z; and 7 dependencies which are complex conjugate to
each other.

5The (4, j, k) notation is explained in [1] and should not be confused with vector indices.
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in terms of X;; defined by (3.4). The objects T} := Vi and T2 denote BRST building
blocks which were introduced in [38, 39] to compactly represent tree-level kinematic
factors in pure spinor superspace. Their relatives Tgf and ng are specific to one-loop open
superstring kinematics [1]. Both Tj2._, and T2is“.p can be though of as the single pole
residue of iterated OPEs among the pure spinor vertex operators V and U. The efficiency
of these superfields in streamlining amplitude computations stems from their covariant
BRST variations [38, 39].

The holomorphic square of (3.9) generates 100 integrals but, as we shall see in the next
section, only 37 are independent under integration by parts. In the open-string amplitude
these manipulations lead to BRST-closed kinematic factors'”

Tyo TS T) TF L Ty 7] TF LT T T¥

512 S13 523

Clo3 = (3.10)
for the left-moving superfields. In the closed-string case, it will be shown in the next
subsection that reducing the integrals to a basis leads to a manifestly BRST-closed piece
K@ composed from the holomorphic square of (3.10) together with a correction K (b)
proportional to the function  of (3.6) which is not by itself BRST-closed.

3.2 Integration by parts and K

In view of the definition (3.8) of the Koba-Nielsen factor, the vanishing of total world-
sheet derivatives under the z; integrals leads to identities among the X;; defined in (3.4)
in open-string amplitudes. In the N =5 point context, for example [1],

0= /dZ2 82 I(Sij) = /dZQ (X21 + X23 + X24 + X25)I(Sl'j) . (3.11)

For closed-string amplitudes, however, the presence of a right-moving Xij interferes with
integration by parts performed on the left-moving variables because

éiXij = Sij Q, (3.12)

which follows from (3.4) and (3.6). As an example, the following five-point identity
0= /d22’2 15}, (I(Sij) XQJ‘) = /d22’2 ((X21 + Xog + Xo4 + X25) ng + SQjQ)I(Sij), (3.13)

generates a fake left /right-mixing term proportional to s9;€2. Whenever there’s no chance
of confusion the Koba-Nielsen factor and the integration sign will be omitted from now on,
so the relations (3.11) and (3.13) will be denoted

5

5
X2 = ZX%, X12X9j = ZX%X?J' + 52582, (3.14)
k=3 k=3

7The precise form of the BRST building blocks Tz, Ti, T4 and T4 is not needed for the purpose of this
work once the BRST invariant (3.10) is expressed in terms of YM trees via (3.34).
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In order to express the holomorphic square of the open-string CFT correlator (3.9) in
terms of a minimal set of integrals, it will be sufficient to consider four prototype integration
by parts identities from which all others follow through relabelling,

X12 Xo3 = (Xo3 + Xoa + Xo5) Xog + 523 Q2

X1 X13 = (Xog + Xog + Xo5) (X3 + Xag + X35) — 5230

X12 X12 = (Xo3 + Xoa + Xos) (Xog + Xog + Xos) — 2512Q

X12 X34 = (Xo3 + Xog + Xos) X34 (3.15)

After some algebra one finds that the square of (3.9) yields

5
K@= 3 (Xijxklwikaﬂ sijQ) C1.5;C1 0 (3.16)
2<i<y
2<k<1
Ty TiTI TE Ty TETI T
KO = —q (224200 4 (9 4 3,4.5)
512
T\TiTITF T\ T, TITF
TR - ol ok Tk b ok +(23<—>24,25,34,35,45)), (3.17)
523

i.e. the contributions to a) and b) comprise 37 integrals and vary as follows under the pure
spinor BRST operator Q:

QK@ =0, (3.18)
QKY) = —QWVVRTIT{ T [T1oTaT]TE — Vi T3 T] TF — ViTa, Ty TF — Vi T T T]
+(2 ¢ 3,4,5). (3.19)

Using the explicit superfield representation of the BRST blocks of [1] it is not diffi-
cult to check that both quCLijC’Lkl and \T12T§T£T5k\2/312 have the same dimension as
k10 Ay Mfly M, 1.e. their five-graviton components have dimensions of RS / k2.

As will become clear later when considering the o’ expansions of the integrals, it is
natural to include the term s;;€2 together with the diagonal contributions Xijf(ij when
writing (3.16) since the resulting integral over (Xijf(ij + 5;;2) has no leading low energy
contribution or kinematic poles. Therefore only K®) can contribute to the O(a/?) factori-
sation channels and once it is combined with K to form a BRST-closed quantity, the
resulting kinematic factor agrees with the holomorphic square of SYM tree amplitudes in
the precise combination dictated by the KLT formula at order (/).

3.3 Interactions between left and right-movers and K ()

The contributions discussed in the last subsections are those in which the pure spinor
variables in the holomorphic and anti-holomorphic sectors are treated separately, as in the
open-string case. However, there are other ways to saturate the sixteen d, zero-modes in
both the left- and the right moving sectors of the pure spinor formalism, which also involve
an OPE contraction between the two sectors.
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When both the left- and right-moving b-ghosts contribute through terms of the form
d*§'(N) one can also saturate all d zero modes if a left-moving I"(z;) contracts with a right-
moving ﬁ"(éj) in the external vertices. Similar arguments as in the open-string calculations
of [1] can be used to integrate the d, zero modes, giving a left-moving contribution of

VIADTITITE + (2 + 3,4,5), (3.20)

with a similar expression for the right-movers. The vector indices m of the A™ superfields
of ten dimensional A/ = 1 SYM are contracted between the two sides. Both A™ and its
spinorial field strength W (see (3.21) and subsequent equations) enters the (left-moving)
integrated vertex operator U.

The b-ghost (3.2) admits other possibilities involving left /right mixing. For example,
there can be a contraction between a II"™d? from the right-moving b-ghost with a II" 4,, from
a left-moving vertex or vice-versa. This can be achieved with a left-moving b contribution
of d*0'(N) together with a right-moving b proportional to II™d?. The left-moving d,
zero-mode integration gives rise to the same contribution Vi AZ TiT 4jT k(2 & 3,4,5)
as discussed above, but now four d, are required from the right-moving vertices. Their
contribution is given by %W%’M + (2 + 3,4,5), where

m 1 n mn n mn
Wih a5 = 15 ("W PWE)WEYTPWE) 4 (A" W2 P W) (WEy e ?)
HW2) QP W) (WP (" W) (P W) (W 2y P 2)
+( W2 AP WO W) + (A W (AP ) (WP )] (3.21)

To see this note that group theory considerations imply that only one vector can be con-
structed using two pure spinors A* and four W7, therefore (3.21) is the unique such vector
which is symmetric in the labels 2,3,4 and 5. The normalisation was chosen for later
convenience.

Another kind of interaction between left- and right-movers appears when there
is a II™II" contraction between the b-ghosts themselves through the schematic term
(II™d?)(I1"d?). 1In this case both sides of external vertices contribute with factors of
Vg g5

3.4 BRST invariance

After obtaining the different CFT contributions one needs to assemble the parts in order
to obtain a BRST-invariant result in pure spinor superspace. Our claim is that the correct
amplitude is obtained up to an overall coefficient after this step is completed.

The purely holomorphic square part K(® in (3.16) is written in terms of Cj,; and
therefore manifestly BRST-invariant. The relative coefficient between K®) in (3.17) and
K(© from section 3.3 is uniquely fixed by demanding that they combine to form a BRST
invariant quantity. Since K(®) does not involve contractions between the left- and right-
moving fields the only way that the purely left/right mixing terms from K (©) can cancel
the BRST variation of K is if QK(®) is also holomorphically factorised.
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Noting that QA™ = k™V + (\y™W) as well as QTITITF = 0 and
QWY 45 = —(M"WHTITITE — (2 3,4,5), (3.22)
one sees that the combination
T 45 = APTITITE + APTIT]TE + APTITITE + ADTITITE + Wi 4 5 (3.23)
has the property that its BRST variation contains the vector index m only in momenta k™,
QTS 45 = kS VOTSTTE + (2 4 3,4,5). (3.24)

This observation justifies the normalisation of (3.21) and suggests that the left /right mixing
terms in K(9) are given by

K9 = —QWTY 4 sViTH 45, (3.25)

because
QK = QVIVRTET]{TE k2 VT3 45 + (2 > 3,4,5) (3.26)

is holomorphically factorised and therefore has a chance of cancelling the BRST variation
of K®_ Indeed one can show that

K(b) + K(C) - *Q CTQ’374’5C~'T2’374’5 (327)

where!®
Ty TiTITE Ty TiTITY

512

Cio345CT 9545 = ViTss 45 ViToh 45+ ( +(2 < 3,4, 5))

N <T1T§3Tg TE T\ Ti,TITF

523

(23 ¢ 24,25, 34, 35,45)) . (3.29)

is BRST-closed and therefore fixes the relative normalisation among the different CFT
contributions to the closed-string amplitude in (3.7).
To verify that (3.28) is BRST closed one uses (3.19) and (3.26) to obtain

QCTy 345 Clh545 = VAIVRTRTITE Jippjaas + (2 > 3,4,5) (3.29)
where the right-moving kinematic factor
j1\2|345 = T21T§TZT§ + ‘71T2i3fﬁsk + ‘71T§4T3{T5k + ‘71T§5T§Tf + ‘71;{;5@2@3?475 (3.30)
is BRST-closed and satisfies [63]
(J1jaj3a5) = 0. (3.31)

The pure spinor bracket (...) here denotes the integration over the zero-modes of \* and %
as all non-zero-modes have been integrated out already (via operator product expansions).

8The m superscripts in C1",3,45C 23,45 are meant to be symbolic reminders that some of the terms
therein involve vector index contractions between left- and right-movers. One cannot view C{% 345 as a
separate vector of its own right.
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The prescription for zero mode integration has the schematic form ((A36°)) = 1 and is
reviewed in [4]. Therefore the vanishing of the left-moving BRST variation of (3.28) follows
from the vanishing of the pure spinor zero-mode integration of the superfield combination
j1|2‘345 that builds up on the right-moving sector.

Note that the vanishing of (Jyjg345 + (2 <> 3,4,5)) yields

(T2 T3TiTs + Ty ToTAT; + TuT3T3Ts + TisTaT3TE + kp, ViTsh 45) =0 . (3.32)

The left-hand side will be shown in appendix B.1 to be BRST-exact.

It is interesting to observe that — up to the left/right mixing terms — (3.30), (3.31)
and (3.32) can be viewed as kinematic relations dual to Jacobi identities among certain
colour factors'® (see the BCJ-like identity (7.33) of [1]). The fifth term ~ k/,ViT3% , 5
of (3.30) and (3.32) ties in with the field theoretic identity (3.9) of [64] connecting nu-
merators of box diagrams with the vectorial part of a pentagon numerator contracting a
loop momentum.?’ The derivation in [64] rests on demanding kinematic Jacobi identities
dual to Lie algebraic colour relations between cubic diagrams [25]. Hence, we are lead
corner represented by the rank two building block T}, or T}, ). Likewise, (T3 4 5) quali-
fies to represent the loop momentum dependent part of a pentagon numerator. Given the
vanishing of (3.32) in the BRST cohomology, we can regard it as a pure spinor superspace
derivation of certain kinematic Jacobi relations at loop level.

3.5 The five closed-string amplitude in terms of SYM trees

By assembling the results from the previous subsections, we conclude that the supersym-
metric closed-string five-particle amplitude is given by

M =2 &7 d? d%z5 Z(sy;
1-loop — 5 Z2 ... Z5 (SU)
2
5

X { Z (Xij Xn + dik0j1 5i552) (C1,35C 1) — UCT% 345 OT2,374,5>} . (3.33)

2515
The superspace expressions (quCLijéLkl> and (C{?27374756~’{?2737475> have the same dimen-
sions as k'9Ay s Ay s, which translates into dimensions of R® /k? for their five-graviton
components. Since z; integration over the (Xinkl + 6051 51;€2) will be shown to have no
leading contribution in ', the leading low energy behaviour of (3.33) is given entirely by

respondence with colour tensors built from structure constants ¢ contracted with one symmetrised
four-trace d*123%4 .= %dess Tr{t*1 @%@ % @® ). The trace is taken in the fundamental rep-
resentation of the gauge group generators t*. These tensors obey four term Jacobi relations such as
debee pedg 4 gabde gecg y gacde pebg y gbede feag — () which formally resembles the first four terms in (3.32) by
identifying (ThoT3T4TY) » forazbqbasaads,

20Note that a representation of the one-loop five-particle amplitude in N/ = 4 SYM theory was found
in [65] which satisfies all kinematic Jacobi identities and where the loop momentum dependence in pentagon
numerators vanishes.
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<C{’?27374,5C~’{’?27374’5). In appendix B.2 we will give a superspace proof that this low-energy
limit is totally symmetric in all the labels even though its definition (3.28) superficially
treats the first external leg on a different footing.

So far, we have expressed the world-sheet integrand for the five-particle closed-string
amplitude in terms of BRST invariant kinematic factors C1 ;; and CT2’374?5C~'{’7‘2’374’5 in pure
spinor superspace. We shall now translate these superfields into tree-level YM field-theory
amplitudes [39].

The open-string BRST invariants C ;; were found in [1] to match with (permutations
of) the (a/)2(s corrections to disk amplitudes. According to (2.1), those in turn furnish
linear combinations of the two independent YM tree amplitudes Ayps(1,2,3,4,5) and
Ayr(1,3,2,4,5),

(Ch23) = su5 (524 Aym(1,3,2,4,5) — s34 Ay ar(1,2,3,4,5)) (3.34)

with bilinear coefficients in Mandelstam variables [4, 5]. This guarantees that the
(C1;C1 1) terms in (3.33) arising from K(®) can be expressed in terms of the four in-
dependent kinematic factors formed by bilinears {Ays(1,2,3,4,5), Ayar(1,3,2,4,5)} x
{Aynr(1,2,3,4,5), Ayar(1,3,2,4,5)}.

The additional BRST invariant, Cff2737475é’f2737475 in (3.28), involves contractions be-
tween vectorial superfields from the left- and right-movers. Hence, the results from the
open-string sector is not enough to determine the relation with Ay s bilinears. Instead,
we shall evaluate individual supercomponents of the last term in (3.33) using the methods
of [63] and compare the result with the component representation of a Ay s ansatz.

It turns out that the any type IIB component expansion encoded in the pure spinor
superspace expression (3.28) can be matched with a bilinear combination of Ay s tree
amplitudes. The expansion coefficients, however, depend on the overall U(1) charge ¢ of the
components of the maximal supergravity multiplet being scattered. Therefore one cannot
hope to find a single superspace expression like (3.34) which contains all supercomponents
at the same time. In fact, the component evaluation based on [63] shows that (3.28) can
be expressed in terms of the tree amplitude (2.5) in the form

+1 AL, So M3 Ay U(1) conserved, ¢ =0.

- 3.35
—% Al So Ms Ay U(1) violated, g = £2. ( )

<CT2,3,4,5 CT2,3,4,5> = {
The specific 2 x 2 matrices, Sy and M3, for the five-particle amplitude are given in (2.14)
and (2.15). The five-graviton and four-graviton-one-dilaton component amplitudes were
used to probe the U(1)-conserving and U(1)-violating sectors, respectively, including the
relative prefactor —1/3 in (3.35). As we will see in section 5.3, the latter agrees with
expectations based on type IIB S-duality introduced in section 2.4.2.
After substituting (3.34) and (3.35) into (3.33) we see that the U(1)-conserving and
U(1)-violating components of the one-loop five-particle amplitude both have the structure

M 1oop = A ar Stioop (if) Avar (3.36)

1-loop

with the two-component vectors, Ay and Ay, defined by (2.14) encoding all the po-
larisation dependence. The 2 x 2 matrix Sf_loop(sij), on the other hand, only depends on
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the dimensionless Mandelstam variables through world-sheet integrals and captures the o
dependence. The structure of (3.36) resembles that of the tree amplitude, but it should
be stressed that the tree-level amplitude did not involve a contraction between left-moving
and right-moving superfields. The BRST invariant (3.35) in the one-loop case with such
a contraction can be expanded in a A} MAYM basis with coefficients depending on the
U(1) charge. Hence, the form of Sf_loop(sij) depends on the U(1) charge-violation of the
amplitude. In section 4 we will obtain the low energy expansions of the analytic part of
Sf_lo op(sij) for both the cases ¢ = 0 and ¢ = £2 and compare their coefficients with those
in the expansion of the five closed-string tree amplitude given in (2.9) (and derived in [6]).

3.6 The distinction between type IIA and type IIB in ten dimensions

The derivation of the five-particle closed-string amplitude (3.33) in pure spinor superspace
is equally valid for both the type ITA and type IIB theories. For type ITA the left- and
right-movers have opposite space-time chirality while for type IIB these chiralities are
the same. As a consequence, when extracting the supercomponent expansions of (3.33)
the difference between type ITA and IIB comes entirely from the different sign of the ten
dimensional Levi-Civita tensors for the pure spinor correlators of the form ((A\36%)) given in
the appendix of [66]. Since there are only 9 linearly independent vectors for either the left-
or right-movers (5 polarisations and 4 momenta), the difference between these two theories
is restricted to the kinematic factor which involves at least one contraction between the left-
and right-moving superfields. This arises in the first term on the right-hand side of (3.28).
More precisely, one can show that?! [63]

¢4, &) (type 1IB)
et e

ViTm ) —
Wi = — (kK2R R 66, 8,84 0) (type TTA)

1 { +em (kY k2 k3 K4 et 2 83, (3.37)
5760
where terms in the ellipsis are identical in type IIB and type IIA theory, and e,,, €, denote
the bosonic polarisations of the left- and right-moving sector. So we see that the ¢ term
arising from the right-moving VT 55 4,5 {lips sign between the two theories. However, the
e contribution to the left-moving factor V1777 4 5 in (3.28) has the same sign in type IIA
as in type 1IB.

As a result, the terms in (V) T35 45 ‘71T2m,3,4,5> containing the product of two e’s
contracted on at least one index have opposite signs in the type ITA and type IIB cases. Such
bilinears in e reduce to products of Kronecker ¢’s and are not parity-violating. Analogous
observations were demonstrated in the somewhat different sigma model calculations in [67,
68]. In the type IIB case the presence of these terms quadratic in e are important in
ensuring that the amplitude can be expressed as a bilinear in Yang-Mills tree amplitudes,
generalising the structure of the type IIB tree amplitude. By contrast, in the type ITA
case, the sign of the e bilinears is different and the amplitude cannot be expressed as a

bilinear in Yang-Mills trees.

21We are using the following shorthand notation for contractions of the e tensor:
mgl 72 13 74 =1 =2 =3 ~4 5\ ;1 ;2 73 74 =1 =2 =3 -4 =5 ning..ngm
€' (kT kT kKT, E,87,87,87,87) i=kny knyknakn, €ns g €y g Eng €

The same kind of shorthand is used for the tg tensor in (3.38).
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Furthermore, in the type IIB case the parity-violating single ¢~ term cancels out
of (3.28) whereas the type IIA amplitude does contain such a term. An example of such
a parity-violating component amplitude is the amplitude with one NSNS-two form and
four gravitons,

4
MPE = 360 / /d zg...d%25 T(si5) N

» 0 (type 1IB) (3.39)
B e (k2 €2 k3, e3 ket kD, eP)tg (k2 &%, k3, 83k, &4 k5, &%) (type ITA)
where Bl = [ ® el n) denotes the two- form polarisation and tg is defined in [55]. This

reproduces the one-loop calculation in [69]. It again cannot be expressed as a bilinear of
ten-dimensional YM tree amplitudes.

Upon compactification to dimensions D < 10, however, maximally supersymmetric
YM theory is not chiral and there is no distinction between the type IIA and type IIB
theories. Therefore, the property of five-particle type IIB amplitudes that the polarisation
dependence is contained in A} Mfly M also applies to the compactified type IIA theory.

Note further that the identity (3.32) motivates the interpretation of the vector
(T 954 5) as the loop momentum dependent piece of a pentagon numerator in field theory.

4 Low energy expansion of type 1IB one-loop amplitudes

In this section we will consider the analytic terms in the low energy expansion of the
five-graviton one-loop amplitude (3.36) in powers of the Mandelstam invariants. We will
concentrate on the type IIB case since in section 5 we will be interested in studying how
our results match with considerations of SL(2,7Z) duality. We will begin in section (4.1)
by reviewing the corresponding expansion of the four-graviton one-loop amplitude studied
in [35]. This involves the expansion of the loop integrand as a power series in the world-
sheet Green functions. At order (a/)"3 this results in a sum of one-particle irreducible
(1PI) vacuum diagrams with n propagators joining the four points, corresponding to the ex-
ternal vertex operators. These diagrams are then integrated over the fundamental domain
of the modular parameter 7. Care has to be taken to separate the non-analytic parts of the
amplitude that correspond to non-local terms in the effective action, which is an unambigu-
ous procedure, at least at low orders in o/. We will then, in section (4.2), systematically
expand the analytic part of the matrix S7 op(8ij) in the five-particle amplitude (3.36) in
terms of the same 1PI diagrams together with a few five-point generalisations. This ex-
tends partial results of [32] and paves the way to identification of tree-level matrices Moy 41
defined by (2.8) in the momentum expansion of the one-loop amplitude (3.36).

In order to include the possibility of describing amplitudes in compactifications on a d-
torus to D = 10—d dimensions the loop integrand must be multiplied by the standard lattice
factor that accounts for Kaluza-Klein charges and winding modes in the loop measure. This
means that we should integrate over the world-sheet torus with measure

/dud / S Taa(B,G;7), (4.1)
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where the 7 integral is over a fundamental domain F and

Faa(B,G;T) = Z exp <—7T(Gz‘j + Bij)(mi — ') (m! — Tnj)> . (4.2)
minieZdx 73 2

and G;j, By (i,j = 1,...,d) are the metric and antisymmetric potential on the

d-torus [70]. These scalar fields parameterise moduli space defined by the coset

SO(d,d,Z)\SO(d,d,R)/(SO(d,R) x SO(d,R)) associated with T-duality. Such compactifi-
cations on flat manifolds preserve all 32 supercharges.
4.1 The four-particle amplitude and its world-sheet diagrams

The four-particle genus-one amplitude involves only one type of world-sheet integral [70]
(with Koba-Nielsen factor Z(s;;) given by (3.8)),

I ::/d,ud(T) 7'23/sz2 d?z3 d?24 Z(sij)

o0

4
_ I ny s
:/d,ud(T) 75 3/d222 d%z3d?2z H Z - s;;” (Inxi;)™ |, (4.3)
ij

i<j n;;=0 ’

where the integration measure is defined in (4.1). The terms in the sum in the last factor
in the integrand with a given value of w = ), _ ; Nij involve w powers of the propagator
and contribute to the terms in the expansion of order (o/)“*3 relative to the classical
supergravity terms. In the following we will represent a propagator In x;; by a line joining
points ¢ and 7,

Z.—.] = lnxij .

w3 are therefore represented by diagrams with w

Terms in the sum in (4.3) of order (o)
propagators, so we will also refer to them as having weight w.
The z; integrations within any diagram are conveniently performed by Fourier trans-

forming the propagator,?? Iny;; with its zero mode subtracted,?® defined by (3.4),

1 T 27
Iny;; = —— P ——— —_— i — I i . 4.4
1 Xij 2 %;(0 ) i+ ] exp ( 7'2 (mRe (zi5)m2 — (mm1 +n) m(zj))> (4.4)

The summation variables m and n are the integer components of the world-sheet momen-
tum conjugate to z;;, which are conserved at each vertex of the diagram. The z; integration
within a diagram results in a modular function of 7 expressed as a multiple sum over the
internal world-sheet momenta. This has to be integrated over a fundamental 7 domain
with measure pg4(7) defined by (4.1). Such diagrams were constructed in [35] up to order

*2Note that the normalization of In x;; chosen in this work differs by a factor of 4 from [35] and by a
factor of —2 from [32]. As a consequence, any w propagator diagram must be rescaled by factors of 4* and
(—2)* for comparison with [35] and [32], respectively.

ZMomentum conservation allows a simultaneous shift in all the two point functions in (3.8) by a z
independent function of 7,7 without changing the Koba-Nielsen factor [36]. This modification also drops
out from derivatives 01n x;;.
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(’)? and studied in ten space-time dimensions (as well as in the S! compactification to
nine dimensions).

Note on conventions: Within any diagram there may be multiple propagators joining
a particular pair of points, ¢ and j. This will be represented by the symbol

i’—@—oj = (Inx;;)" .

An immediate consequence of world-sheet momentum conservation at each vertex is that
one-particle reducible diagrams integrate to zero. Thus, any diagram that contains a vertex
connected by a single propagator gives a zero contribution,?* such as In Xij In Xk in the
following figure,

k= Inx; Inxj .

7

The structure of the low order diagrams is summarised as follows. The diagram with
no propagators is simply the n;; = 0 term in the sum in (4.3) and will be labelled Dy := 1.
The diagram consisting of a single propagator vanishes since the integral of (4.4) is zero
at a fixed finite value of 7, so D; = 0. There is only one non-vanishing contribution at
weight w = 2, given by a diagram with a double line,

0—@—0 =: Dsy.

At weight w = 3, there are two diagrams of different topologies,

—(3)—e =: D3, =: Din,

and weight w = 4 gives diagrams of four distinct topologies:2°

’—@—° =: Dy, =: Doy, =: D111, % %I D3

Z*However, although this is true at fixed 7, there is a nonuniformity in the large-» limit leading to

important threshold singularities that contribute to the non-analytic part of the amplitude [35], which we
will not discuss further in this paper.

25The D3 term can either be represented by a disconnected diagram or by an equivalent connected
diagram,
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Using the Fourier expansion (4.4) each propagator is associated with a factor of
—79/(m|m7 + n|?), where the components m,n of the discrete world-sheet loop momen-
tum are conserved at every vertex. So the modular functions, D _, are given by multiple
sums over integer loop momenta. For example, the lowest-weight cases are given by

1 T2 1 T3
R D Y J Dl

47 6
™ 00 M7 (g0 ™ T

1 TS
Ds(r) = —— Z (4.5)

(m1,n1)7(m2,n2)7ﬁ(0,fl;rn17— + nl‘Q ‘mQT + Tl2|2 |(m1 + mz)T + (Tll + 77,2)‘2 ’
(my+mg,n1+ng)7#(0,0)

with analogous expressions for the weight-four diagrams listed above and the higher-order
diagrams that enter into the o/ expansion of the four-particle amplitude. In the o/ expan-
sion of the four-point one-loop amplitude, the coefficients of any product M, M, ... are
given by the integral of a particular linear combination of D ’s. We will use the notation

B = /dﬂd(T) > D, (4.6)

where the [y, [2,... subscript refers to the accompanying M;, M, .... Explicit examples
are given in (5.3) and other parts of section 5. In the D = 10 case (where d = 0) the
coefficients Z(°) are constants that reduce to multi-zeta values in the cases that we will
consider, whereas the quantities Z(%) depend on the moduli of the (10 — d)-dimensional
theory.

The complete set of such sums that arise up to order (a/)? (as well as certain classes
of higher weight diagrams) were analysed in [35] in sufficient detail to determine their
contributions to the D = 10 (or d = 0) four-particle o/ expansion. Upon compactification
on a circle of radius r to D = 9 (i.e., when d = 1) the analysis in [35] determined,
for each power of o/, the terms that are power-behaved in r in the limit 72 > 1/a/. For
compactifications to lower dimensions (larger values of d) the coefficients of the terms in the
o/ expansion depend on the moduli that parameterise the coset SO(d, d)/(SO(d) x SO(d))
as discussed in [59, 60]

The evaluation of these multiple sums rapidly gets unwieldy and we do not have a
general procedure for analysing the contribution of higher-weight diagrams. However, it is
possible to analyse completely certain infinite subsets of diagrams. For example, the subset
of weight-k diagrams that form k-sided polygons are non-holomorphic Eisenstein series’,

k
Ep(r)=(-m)*Dyy 1= Y -

% (m,n)#(0,0

) m . (4.7)

In the following we will extend the diagrammatic discussion to the five-particle ampli-
tude up to order (o’)? DORS.

4.2 Five-particle world-sheet integrals and their diagrammatic expansion

We now turn to consider the expansion of the five-particle amplitude. The integrand of
the amplitude (3.33) comprises terms proportional to €2, see (3.6), and terms proportional
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3e 3e->-e4
A
1ez 2 1e->-02 lo->-02

Iy < 8111)(125111)(12 J12‘13 — 8111)(125111)(13 J{2|34 <~ 81nX1251nX34

Figure 1. Three different topologies of five-point integrals: Directed dashed lines represent both
holomorphic and antiholomorphic derivatives 01ny;; and 91n x;;.

to Xijf(kl. The latter in turn is proportional to dlog x;;0log xx by (3.4). As a result,
the diagrams that enter into the low energy expansion have the additional feature that
they include lines with holomorphic or anti-holomorphic derivatives acting on them. In the
following such a line will be represented by

le-->--02 = 8111)(12

where the arrow indicates a derivative (and it is not necessary to distinguish holomorphic
or anti-holomorphic derivatives at the level of the five-particle amplitude).

The complete five-particle amplitude involves the sum of a number of integrals over
the moduli space of the torus: One of these is a totally symmetric integral

™

1
K = —/d,ud('r) 72_3/d2z2 .. .d2Z5 I(Sij) Q (4'8)

and the others comprise 36 integrals involving a pair of holomorphic and antiholomorphic
propagator derivatives Xijf(pq ~ Odln Xij(‘;ln Xpg- Depending on the relative labels 7, j <>
P, q, we have to distinguish three topologies [32] of integrands ~ Xl-jf(pq shown in figure 1.
The integral expressions associated with these diagrams are given by

1 -

Irs = ; /d,ud(T) 7’23/(1222 .. .d2Z5 I(Sij) alnxm alnxm (4.9)
1 ~

Trsjrt = = /d/,Ld(T) 7'2_3/d2z2 .d?zs Z(si5) Oln xps Oln xpe (4.10)
1 ~

1/ﬂs|tu = ; /d,u,d(’l') 7’2_3/(122’2 .. .d22’5 I(Sij) 61Her 61nXtu . (4.11)

Expanding these integrals is a more substantial challenge. Integrals of J and J’ type do
not involve any poles in s;;, and the power series expansion in o’ can be performed at the
level of the Koba-Nielsen factor (3.8) in the integrand. In the case of the I12 topology,
however, we first have to subtract the 31_21 pole whose residue is given by the four-point
integral (4.3) with momenta ki + ko, k3, k4, ks [32]:

1 re
Iy = o I(k1 + ko, ks, ka, ks) + 1152 (4.12)
12

[e.9]

5
Tre 1 -
I8 = 7T/d,ud(T) Ty 3/d222...d225 H Z

1<J nij=0

n; | S?]:ij (ln Xij)nij dln Xrs Jln Xrs
J

(4.13)

~99 —



Figure 2. Momentum conservation at vertices of world-sheet diagrams following from z; integra-
tion.

1e->>--02 ‘
~ =
= 881nX12, ,'/7

Figure 3. Graphical formulation of the Laplace equation: The first diagram on the right-hand side
originates from the 7, * factor in 991n x;; ~ (0%(z;;) — 75 ), the second diagram is due to the delta
function admixture.

In other words, removal of the pole in (4.12) paves the way towards Taylor expanding the
Koba-Nielsen factor. This generalises the treatment of multiparticle disk integrals with
kinematic poles in [26]. The low energy behaviour of the regular part I}5° can then be
obtained by the same methods as those applied to J and J’. Hence, the residual task is
the reduction of integrals of the form

5
/d222 co.d?25 Oln s 010 iu H(ln Xij)" ni; € N (4.14)

1<J

to an appropriate basis of multiple sums.

At low orders in the expansion expressions of the form (4.14), can be reduced to the
expressions that define the D_’s that arose in expanding the four-particle amplitude (4.3).
This reduction involves:

e Integration by parts, or momentum conservation (as illustrated in figure 2). This
can be used to express diagrams with non-coincident derivatives, as in the inte-
grals (4.10), (4.11) and (4.13), in terms of those with a laplacian acting on one
propagator. However, this fails for some diagrams with more than 5 propagators, as
will be discussed later.

e The Laplace equation (3.6) and its diagrammatic formulation shown in figure 3 re-
duces any diagram with a double derivative on a propagator to a diagram with one
less propagator. In diagrammatic language, the action of the laplacian on a propa-
gator, 0 1n x;; ~ (6%(2;) — 75 *), amounts to either shrinking or deleting it (with a
relative sign), as in figure 3.

For diagrams with less than six propagators this procedure reduces the factor of
Olnx,s Oln Xy, to a single propagator Iny;; and the weight w of the resulting expres-

sion is then related to the integer exponents n;; in (4.14) via w = 1+ ) _,_.n;;. Certain

1<j
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diagrams with w > 4 cannot be reduced to the diagrams that arose in the case of the
expansion of the four-particle amplitude and led to the expressions D_.

4.3 Order by order expansion of five-point integrals

In this section, we investigate low weight examples in detail in order to illustrate the
procedure outlined above. The goal is to expand the five-point integrals (4.8) to (4.11). In
evaluating K, we may replace 2 by —m /7 and proceed along the lines of section 4.1 where
its four-particle relative (4.3) is analysed,

D
K = / dpg(T) (Do + 72 Z ng + Di111(s12813523 + 9perms.)

i<j
D D D2
+ FS s?j + 72 s?j + TQ( %28%3 + 8%2834 + 43perms.) (4.15)
i<j i<j
Dot

+ (8128138238123 + 9perms.) + D1111(512823834S41 + 14perms.) + .. >

2

Expanding the remaining integrals (4.9) to (4.11) is more complicated since they have
an overall factor of two propagators with a derivative acting on each of them. The following
enumerates the contributions that arise at each weight in the expansion.

Weight 1. The zeroth order term in the expansion has n;; = 0 in (4.14) and so involves
the product of two propagators with a derivative acting on each of them. At fixed 79 this
integrates to zero as one can also see from the absence of a non-vanishing lattice sum D;.
This not only ties in with the vanishing of the linearised D? R* contribution to the graviton
effective action, which vanishes by integration by parts, but also implies the vanishing of
its nonlinear contribution to the five-graviton amplitude, as well as the vanishing of the
R® contribution to the five-graviton amplitude (as pointed out in [32]?°). However, as
noted earlier, the fact that the propagator logy;; (in (4.4)) is proportional to 7o does
lead to non-zero contributions to the non-analytic part of amplitudes from the large 7
limit. This is responsible for the threshold terms of the symbolic form (slns+...) R* and

(Ins+...) R [35].

Weight 2. In this case Z,Kj
The following diagrams contribute to I;5° and .Ji513 and are evaluated by integration by

n;j = 1in (4.14) and the diagrams have three propagators.

parts and use of the Laplace operator on one propagator.

< -7 ~ - 2

-5 2 > 2
/‘\ .

A N = - g = —D

For completeness, the following is a diagrammatic representation of the Laplace equation
identities that are used in deriving the above expressions:

26The contributions of D? R* and R® to the five-particle amplitude in D = 4 dimensions have also been
argued to vanish by virtue of supersymmetry in theories with 32 supercharges [71-73].
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O - L L O L,
A N B N

Propagators contracted to a point through the delta function in (3.6) do not contribute in

this case, which reflects the regularisation In y;;(0,0) — 0.

!/
12|3

= 0. The above examples exhaust the nonvanishing w = 2 contributions of

Diagrams that arise in the expansion of 4 at this order vanish and hence

J {2\34}“}:2
all the five-point integrals, resulting in

reg
Il2

1
,=3 /dud(T) Dy s12, J12)13 ‘wZQ = —/dud(T) D3 593 . (4.16)

Weight 3. The contributions of this order are terms with >, _.n;; = 2 in (4.14) that
correspond to diagrams with four propagators. The following diagrams arise and can again
be reduced to standard form by integration by parts and use of the Laplace equation on
one propagator.

______ =1p, A = D111+%D3

e

/ﬂ, 1

- §D3 ‘v’ :—D3
1 ___>___
A = —Dinn I I = —Din
¢-->---¢ &--- > - - -

The Laplace equation identities that are used in determining these expressions (following
integration by parts) are the following.

N\ 7
= = —Di11, = D3

We conclude that the contributions of all diagrams at this order reduce to rational mul-
tiples of D3 and Dj;;. Using the above results, the expansion of the integrals (4.10), (4.11)
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and (4.13) to weight w = 3 is

D
Ji2j13 = —/dud(T) (D2823 + Di11(s24534 + 525535) + > 823(s12 + 813 + 523) + -+ )

2
J{2|34 = /d,ud(T) Di11(s14523 — s13524) + -+ (4.17)
reg D2
Iy = [ dua(7) (7812 + D111(513523 + 514524 + S15525)
Ds /4
+ & 512 + 3(s13523 + S14524 + S15525) ) + -

which reproduce the expansion results in [32].

A feature that is worth highlighting is that in reconstructing the expansion of the five-
particle amplitude (3.33), the left-right symmetric expression Xinij is always accompanied
by ;€. As a consequence, integrals of I;; type (4.9) only appear in combination with the
K integral (4.8) and important cancellations occur (e.g. the complete Dy coefficient drops
out). Therefore, the expansion of the piece of the amplitude that contains I;; is given, up

to weight three, by

1 - ~
7T/dud(T) Ty 3/d222 cod?z Z(sij) [Xlz X192 + s12 Q] = 519 /d,ud(T)

D3
Dy (s13823 + S14524 + S15525) + 5 (s12513523 + S12514524 + S12515525)

+ D111 (513524534 + S13525535 + 514523534 + S14525545 + S15523535 + S15524545)

D3
+ > (8%3823 + 813533 + 8148%4 + 8%4824 + 815855 + 8%5825) + - ) . (4.18)

Weight 4. The diagrammatic framework is easily applied to higher weight contributions.
Terms with 3, _;
which have derivatives acting on them. If we ignore the derivatives, there are eight distinct

n;; = 3 in (4.14) give rise to diagrams with five propagators, two of

five-propagator diagrams, which are listed in appendix C.1. These diagrams (without
arrows) will be directly relevant for the w = 5 case as described below. However, attaching
derivatives to two lines, which can be done in many ways, and using the integration by
parts procedure and Laplace equation, reduces the diagrams to the standard weight-four
D that were encountered in the case of the four-particle amplitude. As an example,
consider attaching two arrows to the diagram that is equal to Dj;;; in appendix C.1,
which has a particularly convoluted topology. The weight-four contributions that result
are the following
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= — 4/7 - | 7 |= 3(Duu—D3)
4 /_ _>__
1 1 P 1 P
A = -AN 7 |- ﬁ = —Do11 + % (D3 — D1111)
A PRANEED S J

These expressions make use of the following identities involving the action of the Laplace
operator on a propagator

,7/7 = - = D?— Dun
_>_ -
= — = Don

We see that any diagram of this topology appearing in the expansions of 752, Ji2)13 and
J{Q‘ 34 Can be reduced to rational combinations of (D1111 —D% ) and Da;;. The analysis of the
remaining topologies involving five propagators (such as Ds, Dy Ds, ... in the terminology
of appendix C.1) is simpler and we will not display it here. The complete expansion of the
five-point integrals up to w = 4 is fully displayed in appendix D.

Weights 5 and 6. Starting at weight five, not all the derivatives in the d1n Xijéln Xpg
integrand can be eliminated by this method. For w =5 (terms in (4.14) with } -, ;n;; = 4)
the diagrams have six propagators, two of which have derivatives. The derivatives can be
eliminated from most types of diagrams as shown in appendix C.2, although some of these
were not encountered in the expansion of the four-particle amplitude because they involve
more than four vertices. This leave two types of diagrams from which the derivatives
cannot be eliminated by the above procedure. The precise definition of these diagrams is
ambiguous since they are only defined up to terms arising from integration by parts, but
they can be chosen to be the ones shown below

|
_. 12) b _. "o
=: D5y v 7 = Ditny
)

Together with the eight diagrams shown in appendix C.1, the diagrams of this weight span
a ten-dimensional vector space of lattice sums.
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A similar analysis of the w = 6 contributions (diagrams with seven propagators, two
of which have derivatives) leads to the 20 diagrams from which derivatives have been
eliminated that are listed in appendix C.2, and leaves the following seven undetermined
diagrams from which the derivatives cannot be eliminated by integration by parts.

—_. AO
- Dlllll

. "o
- Dlllll

So we see that the diagrams of weight 6 span a 27-dimensional vector space of lattice sums.
Again there are ambiguities in the definition of these diagrams since they are only defined
modulo integration by parts, corresponding to redefinitions of the basis.

5 Low energy type IIB amplitudes and S-duality

In this section, we will compare our results for the low energy expansion of four- and five-
particle typelIB amplitudes up to order (o/)?. This is of particular interest in the type
IIB theory, in which the constraints of SL(2,7Z) S-duality are expected to relate different
orders in perturbation theory in an interesting manner. Since the amplitudes at tree level
and one loop both take the form A’;/ MStreefly M and AtY MS1_1oopr1Y M, We can restrict our
discussion to the quantities §_. It turns out that several combinations of multiple sums
D arise in the o/ expansions of Sjjeep in both the N = 4 and N = 5 cases. It is also
striking that the set of tree-level kinematic invariants at any order in o/ (encoded in the M
matrices) is reproduced in the one-loop amplitudes, although extra invariants also appear
at one loop in the N = 5 case starting at order (/)" DSR5. In the case of U(1)-conserving
amplitudes we will see that the ratio of the coefficients of the tree-level invariants and the
coefficients of the same invariants at one-loop is identical in the N = 4 and N = 5 cases.
This has suggestive implications for the pattern of non-perturbative SL(2,7Z) S-duality of
the type IIB amplitudes that extends the well-established N = 4 pattern.

We will also determine the o expansion of the amplitudes that violate the U(1) charge
by ¢ = £2 units (which arises when N > 5) up to order (a/)”. We will see that the pattern
of rational coefficients of such terms extends the systematics of of S-duality at order (/)3
described in section 2.4 in a compelling manner.

5.1 The four-particle one-loop amplitude

In order to make contact between four-particle and five-particle closed-string amplitudes
at tree-level and one-loop, we summarise the four-particle one-loop results of [35]. In our
present convention, the four-point amplitude

Mitoop = 27T - Ay prSoMz Ay ur (5.1)
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proportional to the integral I defined by (4.3) allows to read off
—(d —(d —(d —(d
Si. loop = So < ( )Mg +:é)M5 +:g73))M32 +:(7)M7+u{35} {Mg,M5}
+ 207 My + 0, M+ ), (5.2)

where Sy and M,, are scalar functions of Mandelstam invariants defined in (2.13).
The accompanying coefficients, E@, are combinations of the integrated multiple sums,
[ dpa(t) D..(7), and their dependence on the moduli of the (10 — d)-dimensional theory
(which has has been suppressed) enters through the measure factor dug(7). The precise
combinations in (5.2) are

Egd) = 27r/d,ud(7') Dy
Egd) = 47r/d,ud(7) D2

=0 = —or / dpa() (AD111 + D)

= =T / dpta(7) (Ds +9D2 +6Dy111) (5.3)
5@5} =~ [ dna(7)(Ds+16 D311 ~12D221 +12D3111 24D}y +14D3 Do+ 48 D111 D)
=@ = 97; dpta(7) (Dg — 90Dao1y + 90D3 + 120D311; — 10D2 + 45D4D5)
E:(;,lzg,s = 510 dp1a(7)(7Dg+540(Da11 — 2 D321+ Daga) +2610Dag11 —450D5 — 1320 D311

+2160D3 D111 + 470D3 — 225D4 Do — 6480D%;1; + 3240D7,,; + 1080D;;,) -

The diagrams associated with multiple sums with up to four propagators were displayed

in section 4.1, whereas the more complicated weight-five and six D__ entering ug)g)}, _éd)
(d)

and Z3 3 5 are reviewed in appendix C.

The expressions for Egl ) were analysed explicitly in [35] in D = 10 and D = 9 dimen-
sions, after compactification on a circle of radius r. For example, the Eq(f,) Vs that arise up

to weight four in D = 10, where the measure dyuo(7) trivialises, are given in terms of

/duo(f) Dy ~ g /duo(f) Dy ~0
/ dpo(7) D3 ~ —%43, / dpio(7) Dy ~ 0 (5.4)
/d,uo(T) Dy =0, /d,uo(T) Dy11~0
/d,uo(r) D111 =~ 0, /d,u,o(T) D3~0.

The = sign indicates that the integrations actually diverge at the large 79 boundary of
the fundamental domain, but they are regulated by taking into account the non-analytic
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4pt M,,’s |Interaction| Tree | 1-loop genericd | d =0
1 R 1 0 0
M; R* 2 =7 ACo
Ms DR | 2 =9 0
M3 DSR* | 2(3 E:(;,j% 4623
M; D3RY | 2¢; =9 0
(Mg, M5}| DOR' [26sG| =, 8¢
My | DR' |2 =) 18¢,¢2
M | DRG] =5, [Red

Table 4. Summary of tree-level and one-loop contributions to terms in the effective action of the
form D?*R*, which can be extracted from the four-graviton components of the o/ expansion of the
superamplitudes shown in (2.9) and (5.2). The My, M3 degeneracy at order (a’)? gives rise to two
distinct D'2R* operators which differ in the tensor contractions of the derivatives and curvature.

thresholds that arise from the large-m» limit. This was discussed in detail in [35, 36] and
is an indication of the important interplay between the analytic and non-analytic parts of
the amplitude. We refer the reader to [35] for details of the integrals that arise at weights

five and six.

Table 4 summarises the M, matrices that correspond to the D?*R* interactions in
the expansion of the N = 4 tree-level and one-loop amplitudes up to order («/)? that
are given in (2.9) and (5.2), together with the corresponding tree-level and one-loop
D = 10 coefficients.

Notably, the values of the coeflicients in table 4 up to order MB? match with the tree-
level and one-loop contributions contained in the modular invariant coefficient functions,
&3, & and &33. As reviewed in section 2.4 [12-14], these accompany the interactions
R* D*R* and DSR* in the D = 10 type IIB effective action. In particular, it follows
from (5.4) that the D = 10 coefficients, Eéo) and 5(70), vanish. As a consequence, the inter-
actions of order D*R* and D3R*, as well as their supersymmetric partners, do not receive
one-loop contributions to their analytic parts in ten dimensions.?” Nevertheless, generic
compactifications to D < 10 lead to non-vanishing Eéd) and Egd). This is denoted in tables 1
and 3 by the wavy underlining of those terms that are zero only in D = 10 dimensions.

5.2 The U(1)-conserving five-particle amplitudes

We have generalised the procedure used for the four-particle amplitude to expand the five-
particle integrals (4.9)—(4.11) and (4.15) to all weights w < 6, using integration by parts
identities (3.13) as a cross-check. In U(1)-conserving five-curvature components, this leads

*"However, as discussed in [35] there is a non-analytic threshold term of the schematic form
(/)" s*In(a’s) R* that is related to a logarithmic divergence in [ duo(7)D3.
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to the following o expansion for the matrix Si_joop in the five point amplitude (3.36),

—(d —(d —(d —(d —(d
Sflooop_SO( =50 My + 257 My + 253 M3 + 210 My + 250 Mp + 29 (M5, M5}

+ 20 ML+ 25 My + 250, M3+ 25 My + 25 My + ) (5.5)

In the present N = 5 case, the quantities Sy, M, and M, are 2 x 2 matrices. The unprimed
matrices My, are defined by (2.8) in a tree-level context whereas M, do not appear at genus
zero. Their entries are degree k polynomials in Mandelstam invariants (and, by (2.4), in
o) whose explicit form can be obtained from an extra Mathematica file accompanying
the arXiv submission of this paper. Strikingly, the combinations of terms that make up
the coefficients E,(Cd) of the matrices M}, in (5.5) are exactly the same as those in the four-
particle amplitude, (5.2) and (5.3). However, the following additional combinations of
multiple sums arise

=9 .~ 10 /d Lo+ ¥p2_p - Pp
ol ys pa(T) 96 + 3972 ~ Pan 80 1111
=) . 247T/d (7D L Dt = Doy + 1D Ip
Eg’ (T %6 5 + g Psun — g Do + gD + FRagitt!
13 110
+ 48D3D2 + Di1111 — 4D222 - D1111>
—(d) 667 9 2
By = —2m [ dpq(T)(— ml)@' —4D1111 D2 — 3D111+§D11,11,11 +Da1111 —5D211 D2
1 55 191 235 7 7 1 257
—7D =D —Dp3i-="pD -D ~D3Dy11—=D —D D
222+144 2211+144 27703 3111 — 6 321+6 3111 6 411+ 283 12
667
1296D —2D' 111+ Dy + DYy — D1y +2D7 1111+6D322+4D2211 (5.6)
— 6D5%, + 4D, - 2D2qul 2Dl1111>
=(d) ._ ( 2 1 1
o = —2 d 7D D Doy — fD -D D — —Do11 D
9 7T/ 1 (T) 10368 6 — Pl = o + 3 11,11,11 + Do1111 gt
355 101 211 1 1291 3
—D D —D3-"""D D —DsD D? D
+ 5762211 T g 222+ 5762 g3 31T 321+2 3 111+5184 3+8 411
341
+ @D4D2 2D'111, — 2Dbyyy + Diyyy — 2D5%, + DY, — D;ﬁl - 2D1A18111>

The terms in (5.5) are associated with the contributions to the low energy expansion of the
five-particle amplitude due to (supersymmetrised) combinations of D?** R* and D?*~2 R’ in-
teractions (with w denoting the weight of the accompanying multiple sum at order (o/)¥*3).
It is worth noting the following points:

e the five-particle matrices Mj arise in both the tree-level and one-loop ampli-
tudes, (2.9) and (5.5), respectively;

e the specific linear combinations E.(f‘i) of one-loop multiple sums that arose in the
four-particle case (5.3) also contribute to the five-particle one-loop amplitude.

We therefore conclude that the D?*R* and D?**~2RP® interactions associated with the
w < 3 results in (5.5) involve exactly the same tree-level and one-loop coefficients. For
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4 < w < 6 one of the kinematic invariants in D?*~2R® (the one involving only unprimed
M}, matrices) has the same coefficient as D> R*. Such perturbative results provide useful
input for constraining the exact form of the modular invariant coefficient functions &£ in
the type IIB theory, generalising the arguments in section 2.4. After discussing analogous
results concerning U(1)-violating five-particle amplitudes in the following section, we will
see, in section 5.4, how these results may be interpreted in terms of SL(2,Z) duality of the
type IIB amplitude.

A class of D?**~2R5 interactions which does not occur at tree level is signalled by
novel matrices M7, M, M and Mg in (5.5), which share a lot of algebraic properties
with the Mj. For example, they again preserve the BCJ and KK relations [25] among
the Ay they act on. But they do not appear in the tree amplitude (2.9). In fact,
these matrices were identified in the research leading to [26] as the unique deformations of
the constituents My, Ps, My of disk amplitudes that are consistent with their factorisation
properties, cyclicity and monodromy relations [23, 24].

A small comment: There is an apparent mismatch between the new five-particle kine-

M{ and the classification

matic invariants associated with the matrices M}, Mg, M{ and
of candidate counterterms in four dimensional ' = 8 supergravity given in [73]. In par-
ticular, this reference rules out an independent DSR® operator based on four dimensional
spinor helicity methods. The fact that we have found a term of the form A§/ MSOMéfly M
is, however, compatible with the analysis of [73] since this term vanishes in the phase space
of four dimensional on-shell kinematics whereas in dimensions D > 5 the interaction is
non-vanishing. We are grateful to the authors of [73] for helpful email correspondence

which clarified this issue.

5.3 The U(1l)-violating five-particle amplitudes

Also U(1)-violating five-particle closed-string amplitudes, such as the amplitude with two
G’s and three gravitons, can be expressed in terms of Ay s bilinears. According to (3.35),

their coefficients encoded in the matrix S7 are different for R-symmetry charges ¢ =0

1-loop
and ¢ = +2. In the latter case, we arrive at the following low energy expansion

—+2 1 d 1_(a 3
S = SO(—gJ ) M +5 =5 My + S Ey My + = )My ED Ny L 5= (o (M3, Ms}
5_ -
+ED M+ g_g Mo+ 2E4% s M3+ 20 My -+ 25 My +E0) M5+ ) (5.7)

Apart from the terms with coefficients =@, which arose in the U(1)-conserving ampli-
tudes (5.2) and (5.5), novel linear combinations, =@ of multiple sums appear (which are

different from H(ﬂ) e Eéfl,) of the ¢ = 0 case in (5.6)), which accompany the M}, Mg and
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M’ matrices,

29 =7 [ d (7D—251D 18D011 + 22 )
= / 1 (T) &P g P2 + 18D211 + g Pun
=@ ._ - [q (y 419, T6T 76T 817 _, 313
Sy / 1 (T) 57675~ 1807 31 + 940221 T g1 + — 120 1111 + 30 P
6 4067 5 5
2 DDy — —L DyDy — 2D _7D8)
5 11Dz = 7775 DsDo = =D — 57 Do
~ 4847 2
:J(gcll) = —QW/dud(T)( — 11664OD6 - 3D%11 + §D11711711 + 3D21111 - 1OD211D2
2579 7195 6143 3 7 2903
=D Ip D3 — Dgin = 5D —~D3D
1296 2211 = 222 o0 — g Pain 821 F g s+ qrees
2605 7
- *D411 ~o5D4Dy — 6D’ 1111 + TDgpq; — 11/111 =Dy + 2D,
2592 3
l
+ 6D322 +4Di,, — 6D4%, + 4D, — 2D2X1811 - 2D{\lam> (5.8)
- 6073 3 1 9
‘—‘g(;/l/ = —27r/d,ud 466560D6 + 3D D2 + *D%u + §D11,11,11 +3D21111 — ZD211D2
2351 8665 8831 2185
D —D 7D —— D:s D Dq11 — —6D!
Tt 5184 2211 F par P2 T gggg et T g P~ e Dy 1
457 5 4
+ 10368D4D2 6D321 + ﬂDéﬂl + 4D2111 — /1/111 — gDi(lll — 2D/2/1811 + Dllliall

0
- D;lll 2Dlllll)

250 = =2 [ dpa(r)( - T Dg—12D1111Ds + 4D LYW Y el
Egrit : 7T/ fa(T) 5726 11Dz +4Dn i — 5 Doan — 3 D5 + -5 Dain
7
D2+ 2DyD ) .
27 3+6 4172

The coefficients of terms in the expression (5.7) have a striking pattern when compared
with the coefficients of terms in the U(1)-conserving sector. In particular, the coefficient
along with (products of) unprimed matrices M}, that arise at order (/)3 has a factor

w—1

e (5.9)

in (5.7) relative to the corresponding coefficient in (5.5). This simple pattern appears to
fit in well with considerations based on SL(2,Z), the D = 10 type IIB S-duality group, as
we will argue at the end of the following section.

5.4 S-duality of U(1)-conserving amplitudes

Section 2.4 reviewed the manner in which the moduli dependence of perturbative contribu-
tions to the terms in the low energy expansion of the ten-dimensional type IIB four-particle
amplitude fit into duality-invariant functions, £ (£2). In particular, we presented explicit
expressions for the low dimension terms, E&sR*, & D*R* and 53,3D6R4. Here we would like
to see to what extent combining information from the N = 5 loop amplitudes with previous
results on tree amplitudes and N = 4 loop amplitudes may extend our understanding of
the non-perturbative structure of amplitudes in the type IIB theory.
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In order to characterise the N-particle effective action, we need some notation that
distinguishes the distinct invariants that are contained in interactions such as D**R* and
D?"~2R5 when w > 3. We will therefore introduce the following shorthand notation:

e Terms in the order (o/)“*3 N-graviton amplitude are generated by effective interac-
tions of the form D*W~=2 R4+ with £ = 0,1,...,w. The family of interactions which
gives rise to a product of matrices My, M, ... of order (o/)**+3 in the amplitude (with

w = Zj p; — 3) is denoted by (P;_, D2w=20 R4+ . with subscripts pi,pa, ...

referring to the matrices.

e More generally, (D**R* @ o )[p1pa)... OF (D*R* @ -+ ){p1,po}... indicate kine-
matic structures associated with (anti-)commutators of matrices [M,,, Mp,],... or

{M,,, Mp,},..., respectively.

e A quantity such as (D**72R% @ ...
My M, ...

r o is associated with primed matrices
D1:Pgs--- ’

The results for U(1)-conserving five-particle amplitudes described above suggest that the
same £ defined at the four-point level by (2.20) accompany the combinations (D?*R* &
D2w*2R5)p1,._, of appropriate dimensions, at least to the orders 2p + 3¢ < 6 investigated
here. Our incomplete knowledge of one-loop N > 6 point amplitudes makes the analogous
D?w=4R6 D2w=6R7 . inaccessible to the present analysis.

The absence of M7, M{, M) and M{ in tree-level amplitudes implies that they arise with
new SL(2,Z)-invariant coefficients to be denoted by &, and &y in the following. These
must contain perturbative terms that begin at one loop, and their one-loop contribution
must have a coefficient that is given by the integrated multiple sums, Efj,) and Eg,j,), in (5.6).

Since the matrices M%, M}, M and M{ do not contribute to collinear limits,?®
Egﬁi), Eg,i), Eéc,l) and Egc,l,) are associated with local five-field operators of dimension (DS R?)7/,
(D3R®)g, (DYR%)g and (D°R?)gu, respectively.

In the following we will restrict our discussion to the ten-dimensional case with S-
duality group SL(2,Z) although this should extend to the higher-rank groups associated
with compactification on a d-torus. The low-energy expansion of the exact SL(2,7Z)-
invariant amplitudes for N < 5 must include the perturbative terms corresponding to
the tree-level and analytic parts of the one-loop amplitudes described above. This sug-

gests that these terms should be incorporated into an SL(2, Z)-invariant effective action in

28The absence of poles in open string-like expressions M, Ay pr implies locality of AY y;So M. Ay s for the
following reason: The latter object is totally symmetric (thanks to the field theory monodromy relations
preserved by M,,) but it can only have the poles of A% ;. Since some of the pole channels (such as si; , 554
and s§41 in the five-particle case) are absent in A% ,;50, the other ones which superficially occur in A% ,; or
So must also be cancelled due to the total symmetry of A’;MSOM{UAYM.
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My’s Interactions Tree | 1-loop|Coefficient
1 R 1 0 1
M; (R%)3 2C3 Eg(gO) &3
M (D*R*@ D2RS); | 2¢; | =) &
M3 | (D°R*&D'RY);5 |23 | 20 | &5
M (D*R*@ DSRS); | 2¢; | =00 &
M (DSR%)7 NE
{Ms, Ms}| (D°R* & D®R%) (5 51 |2¢3¢s Eg)’g)} &(3,5)
M, (DSRY)y 0o |20 &
My | (D2R‘@DYR%)q | 2¢ | =V &
M3 |(DPR'@® DR%)333| 3¢5 55(30;2,73 E3.3.3
M, (DYR5)g 0 | =D o
My (DOR®)gn NEAY

Table 5. Tree-level and one-loop contributions to U(1)-conserving terms in the D = 10 low energy
effective action of the form D?* R®, which can be extracted from the five-graviton components of
the superamplitudes expanded in (2.9) and (5.5).

Einstein frame of the schematic form,

q=0
Seff

- / d% /=g (R + &(RY)3 + E(D*R* + D*R%)5 + &3(D°R* + D'R%)3 3

local
+ E(DPR*+ DO RP)7+E7(D°R®) 71+ €35, (D R*+ D*R®) (3 5, + €5/ (D R?)s/
+ E(D"™R* + D R)g + £333(DR* + D'°R%)333
+ £y (DOR%)g + Egn (DOR®)gr + O(a'w)), (5.10)

with ¢ denoting the determinant of the space-time metric. The coefficients £ (£2) and
Ew () and Egr () are SL(2, Z)-invariant functions that have perturbative expansions that
contain the required tree-level M ZV’s and one-loop Z() contributions. There is strong
evidence that the first three of these functions, £3(£2), £(2) and &£33(£2) have the form
reviewed in section 2.4, which was based on the N = 4 case. The purpose of (5.10) is
to indicate the general pattern of modular functions that are expected to arise, based on
the tree-level and one-loop results.?? Although we do not know the form of the modular
functions £ (that arose in the N = 4 case) and the new ones, £,/ (Q2) and Ey (), we now
know that they must contain the MZVs coefficients of tree-level powers of Q2 (2.9) and the
lattice sums in the one-loop powers of Qg (5.5).

For clarity, the coefficients of the o’ expansion of the U(1)-conserving 4-particle and 5-
particle tree-level and one-loop amplitudes in (5.10) are summarised in table 5. The second
column of the table indicates the combinations of D?*R* and D?*~2R5 interactions that

290f course, the full amplitude also includes the host of terms that are non-analytic in the Mandelstam
invariants that we have been ignoring, which should appear as complicated non-local terms in the effective
action.
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have the same coefficients.?’ The precise structure of the kinematic invariants associated
with the interactions is defined by the polynomials of M} associated with them, which are
listed in the first column. The tree and one-loop coefficients are listed in the third and
fourth columns, respectively. The last column of the table indicates how the coefficients of
these perturbative terms fit into SL(2, Z)-invariant functions, & .

It is notable that the ratio of one-loop to tree-level contributions to the D*R* and
D?R® interactions are identical, which fits in with the fact that they are in the same
supermultiplet. They should therefore both be associated with the same modular function,
Es. Similarly, the ratio of tree-level and one-loop contributions to DSR* and D*R® are
identical and they should be contained in the same modular invariant function, £ 3. More
generally, interactions of 5-particle interactions of the form D?*~2R® with w > 3 have more
kinematic invariants than the corresponding 4-particle interaction, D?**R*. However, as
shown in the second column of the table, for each w there is at least one five-point invariant
that pairs with a corresponding 4-particle invariant and these particular invariants are
presumably related by supersymmetry. In that case they should also be associated with
a single modular function £ . The five-particle invariants listed in column 2 that are
not paired with corresponding 4-particle interactions are ones that do not have tree-level
contributions. They must therefore be contained in distinct modular functions &, and Eyr
in which the one-loop term is the leading perturbative contribution.

5.5 S-duality of U(1)-violating type IIB amplitudes

Analogous considerations apply to the terms in the o' expansion of the U(1)-violating
amplitude discussed in section 5.3 where the one-loop coefficients were presented in (5.7).
Properties of the one-loop coefficients of U(1)-violating five-particle interactions of the form
D?¥G? R3 together with their tree-level counterparts are listed in table 6.3! Again these are
particular examples of the complete set of interactions that are related by supersymmetry.
In this case the degeneracy of kinematic invariants of a given weight grows faster than in
the U(1)-conserving case. For example, there are 5 invariants ar order D'2G2R3, which
accounts for the coefficient 5 in the entry in the second row and last column of table 3. In
the last column of table 6 we have speculated as to how these perturbative terms might be
incorporated into (1, —1) modular forms, analogous to E?()}’;l)(Q) defined in (2.30) in the
context of the terms of order G?R3. In particular, for those interactions that are partners of
corresponding U(1)-conserving four-particle interactions (i.e., that have the same structure
of the unprimed M} matrices) it is tempting to make the ansatz that the (1, —1) modular
form is the one obtained by applying a covariant derivative (2.29) to the corresponding
modular function, £ _, so it has the form DE .

30These are particular components of the complete set of interactions that result from the pure spinor
construction, which naturally produces a supersymmetric expression that contains all interactions that are
related by supersymmetry.

31Similar to the U(1) preserving cases (see early section 5.4), we use the notation (D**GZR?),, ps....
and (D2wG2R3)p11,pz2w to specify interactions related to Mp, My, ... and M, M, ... terms in the ampli-
tude (5.7).
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M,’s Interactions | Tree | 1-loop |(1, —1) modular form
1 x 0] o 0
M; (G2R%)3 | 2¢3 |12 DE;
M; (D'G2R3); | 2¢5 | 1200 DE;
M3 | (DSGPRP)s5 | 22 | 1=0) DéEs 5
M (DSG2R3), | 2¢; | 32 DE;
M, | (D*GPR3)y | o | 2D &

{Ms, M5} | (D'°G*R?) (5 51 |2¢3¢s %5%%)’5} DE(3 5y
M, | (DYG?R%)g | 0 | ED &
M, (D2G2R3)y | 2¢y | 320 DE,

M} |(D2G?R)335] 46 3205 Dé&s3,3
My | (D2G2R%)y | 0 | EY) &
My | (D2G?R%)g | 0 | ) &
My | (D2G2R3)gn | 0 | ED) v

Table 6. Tree-level and one-loop contributions to the coefficients of interactions of the form
D?G?R3, which can be extracted from the o’ expansion of the U(1)-violating five-particle am-
plitudes given in (2.9) and (5.7).

This ansatz relates the terms that are power-behaved in {25 that contribute to the
constant terms (the zero modes with respect to €;) of the coefficient functions in the
expansion of the U(1)-violating (¢ = —2) amplitude to those of the U(1)-conserving (¢ = 0)
amplitude, as follows. The zero Fourier mode of a coefficient £ of a U(1)-conserving
interaction D?*¥R*, with w = 2p + 3¢, has power behaved terms given by

FUo= a2 1,2 4 olr ), (5.11)

The zero mode of the corresponding (—1,1) form, DE_, is given by

3 w -1 (e
DFY = ay =20l b, 0
= AT 4 Bl L ol (5.12)
We see that the ratio of tree-level and one-loop amplitudes for the ¢ = —2 process is related
to that of the ¢ = 0 processes by
By /Ay -1

Ay _ @ (5.13)

bo/ay w3’

This provides a natural explanation for the result (5.9) that we observed in the five-particle
amplitudes (5.5) and (5.7). In fact, this also accounts for the factor of —% in the kinematic
identity (3.35).

The kinematic structures that arise at one loop but have no tree-level partners are
associated with matrices M7, Mg, Mg, Mg and M{" listed in column 1 of table 6. Their
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coefficients are (1,—1) forms, denoted by SJ,, SJ,, and 8;“,,, must have zero modes that
contain the multiple sums (5.8), but they do not have any obvious connection with the &,
and &y coeflicients of the expansion of the U(1)-conserving amplitude that arise in (5.10).

Finally, we note that with the above ansatz, we can write a schematic form for the local
part of the U(1)-violating effective action for the low energy expansion of the five-particle
amplitude up to order (o) in the form

q=2
eff

:/dlox\/ —g(DEg(G2R3)3+D55(D4G2R3)5+D5373(D6G2R3)373

local
+ DEHDPG*R?)7+E5 (DPGPR?) 11+ DE (3 5, (DG R?) (3.5, + &4 (DG R?)»
+ DEY(DPG?*R*)g+DE3 33(DV?G*R?)333+E (D G*RY)y

+ & (D12GQR3)9~+5+,,,(D12GQR3)9W+O(o/10)) . (5.14)

6 A glimpse of the six-particle amplitude

The CFT calculations of section 3 and the set of integrals appearing in the five-particle
amplitude (3.33) provide a convenient starting point for developing the structure of the
integrand at higher multiplicity. According to [1], the N point open-string correlator at one
loop is built from N — 4 powers of propagator derivatives X;; as defined in (3.4), and the
closed-string integrand augments its holomorphic square by interactions between left- and
right-movers. Sections 3.2 and 3.3 give two examples in which such interactions stem either
from integration by parts or from the OPE involving II"™II" fields from opposite sectors as
in (3.5). Both cases introduce a factor of €2 given in (3.6) into the integrand instead of a
product Xz-jf( x due to separate OPEs within the left- and right moving sectors.

In the prescription (3.1) for the six closed-string correlator on the torus, zero mode
saturation is compatible with up to two contractions between left- and right-movers. As a
consequence, the six-point integrand involves three classes of z dependencies:

M?_loop ~ /d,ud(T) 72_3/d2Z2 cod?z Z(sij)

X {X,-ijlquXmKij,khpq,m QXX K+ Q2K“2} : (6.1)
where the kinematic factor Kjj i pgrs has the dimension of RS/K8 (where k is a momen-
tum), Kf}m has the dimension of R%/kS and K has the dimension of RS/k*. A careful
evaluation of these kinematic factors in superspace is left for future work [74]. In this
case the presence of anomalies (associated with BRST non-invariant kinematic factors) in
the open-string six-particle loop amplitude leads to delicate issues in building the non-
anomalous closed-string amplitude. However, as we will argue in the following, we can still
extract general statements on the six-particle low energy effective action from the classi-
fication (6.1) of contributing world-sheet integrals, even without precise knowledge of the
kinematic factors. The analytic o/ dependence of (6.1) is sufficient to derive the selection
rules summarised in table 1.
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Figure 4. Possible topologies of six-particle integrals with four Inx derivatives where both the
Olny;;’s and the dlny;;’s carry four different labels. The integration measure for the above ex-
pressions can be found in the first line of (6.1). A distinction between 0 and d is not needed since
dashed lines with alike derivatives never end on the same vertex

First of all, the momentum expansion of the Q% and QXijf(pq integrals can be almost
literally®? inferred from the results in (4.15) and appendix D on five-particle integrals over
Q and X,-]X'pq, respectively. Up to weight w = 4, they are shown to introduce no extra
multiple sums beyond Dgy, D2, D111, D3, D1111, D211, D% and D, that are known from the
four-particle amplitude (see section 4.1). The only potential source of new multiple sums
are the integrands of schematic form X;;X, k:lquer due to the product of left- and right
moving correlators.

The six-point open-string correlator computed in [1] is characterised by two topologies
of BRST invariants and accompanying X;; bilinears: The final expression for its integrand
comprises 20 permutations of Xo3(Xo4+ X34) and 15 permutations of Xo3 X5 with respect
to integrated labels 2,3,4,5,6. Integration by parts can be used to eliminate the former
topology via Xo3(Xag+X34) = Xo3(Xa1+Xa5+X46), possibly at the expense of introducing
Q admixtures from the right-movers, see (3.14). Hence, it is sufficient to expand elementary
integrals X23X45quer (where all the labels {p, q, r, s} are pairwise distinct) to understand
the low energy behaviour of the six closed-string integrals. Within this topology, there are
seven inequivalent ways of arranging the right moving labels {p, ¢, , s} relative to the left
moving ones {2,3,4,5}, which can be conveniently visualised through the diagrams in
figure 4 (which generalise the five-particle specific figure 1).

The integrals 7} Tt and Z7.  defined in figure 4 have kinematic poles with

ij,pars® ij,par i,pq
residues given by lower point amplitudes along the lines of (4.12) and (4.13) (see ap-

32Gtarting from weight w = 5, the possibility of having six vertex diagrams introduces extra terms into
the six-point version of Q.X;; X, integrals which cannot appear in the five-particle setting.
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pendix E.1 for details). The intrinsic six-particle information stems from regular parts Z"°¢
where the Koba-Nielsen factor is Taylor expanded before performing the z; integration.
Using the diagrammatic methods introduced in sections 4.2 and 4.3, we have expanded
the seven inequivalent Z'*® functions up to weight four, the results are displayed in ap-
pendix E.2.

As shown in appendix E.2; the 1PI diagrams Dg, Ds, D111, D3, D1111, D211, D% and Dy
are sufficient to express all the regular parts of the integrals in figure 4 up to weight w < 4.
The fact that there are no further diagrams, apart from those that contributed to the
four- and five-particle amplitude,s that contribute to the six-particle function up to this
weight imposes upper bounds 1,2 and 4 on the number of independent RS, D?RS and D* RS
interactions, respectively, see table 1. In particular, in view of the vanishing integrated
multiple sums at weight w = 2,4 in D = 10 — see (5.4) — the R® and D*RS interactions
must be absent in ten space-time dimensions. If the kinematic factors along with Dq11, D3
as well as D1111, D211, D% and D, satisfy linear relations as they do for the five-particle
closed-string amplitudes (5.5) and (5.7), then there could be less such operators, and the
numbers could possibly match with the five-field operators in table 1 with the same mass
dimension. Settling these questions is one motivation for detailed evaluation of N-point
amplitudes in superspace with N > 5 [74].

7 Summary and comments

In this paper we have investigated one-loop amplitudes for the scattering of five (and
to some extent, six) massless superparticles in type IIA and type IIB closed superstring
theories. The world-sheet integrand (3.33) was computed in pure spinor superspace and
expressed in terms of a minimal set of functions. The structure of the type IIB amplitude
shown in (1.5),

Ml—loop = AngSI—loop(Sij)ANYMv (71)

has the form of a bilinear in YM tree amplitudes contracted with a matrix function of the
Mandelstam invariants, just as for the closed-string tree amplitudes sketched in (1.2). The
type IIA five-particle amplitude has extra pieces that do not have this form, as discussed in
section 3.6. One of these is a parity-conserving piece that arises from the product of two €
tensors contracted on at least one index. The second is a parity-violating component that
was also constructed in section 3.6 and includes the familiar BR* component interaction.

The one-loop expression, Si_1gop(5i5), is defined in terms of integrals over a world-sheet
torus. Their contributions to local terms in the low energy effective action involving four
or five powers of the (supersymmetrised) curvatures were obtained up to order (o/)? and
compared with analogous tree-level expressions. In fact, all of the kinematic invariants that
appear in the o/ expansion of the tree amplitude up to order (o/)? were found to reappear
in the one-loop N-particle amplitude with N =4 and N = 5.

Whereas at tree-level the coefficients of the terms in the o expansion are (rationals
multiplying) MZVs, the coefficients, ng ), of the o/ expansion of the one-loop amplitudes
are rational combinations of integrated multiple sums D_ (7). We systematically reduced
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the weight w < 6 multiple sums in the five-particle amplitude to a tentative basis. This
has the flavour of a higher-genus generalisation of the Q basis reduction of MZVs.

Some implications for S-duality (SL(2,7Z) covariance) of the D = 10 type IIB theory
were considered in section 5. One important fact that emerged from the five-particle ampli-
tude is that for every tree-level interaction of the form D=2 R5 associated with a particular
combination of M; matrices, there is a corresponding one-loop counterpart. Moreover, the
ratio of the coefficients of these five-curvature terms is precisely the same as the ratio of
tree-level to one-loop coefficients of the D?**R* interaction that was extracted from the
four-particle amplitude. This strongly suggests that these terms arise in the combination
En 1y (Q)(D*RYe D?Y—2R5), with Y, l; = w+ 3 in the effective action, where &, 1, ()
is a common modular invariant coefficient. Furthermore, the presence of new kinematic
invariants at one-loop that are absent at tree-level requires modular invariant coefficients
that have no genus-zero contributions. This concerns order (o/)”DSR® and higher.

We also considered tree-level and one-loop features of the modular forms associated
with U(1)-violating interactions, such as D**G2R3. In particular, the coefficients in the
U(1)-violating and U(1)-conserving processes shown in (5.7) and (5.5) fit perfectly with
the expected pattern, as described in (5.11)—(5.13).

In order to get a better understanding of the S-duality systematics of type IIB ampli-
tudes it would be interesting to extend our knowledge of kinematic factors and one-loop
world-sheet integrals to higher multiplicity and higher orders in /. For example, we have
not yet checked whether the one-loop coefficients of the tree-level matrices Moy (and
products thereof) are truly independent of the number N of external legs for N > 5 i.e.
whether the full families { D=2 RN+l [ =0,1,..., k} of interactions are really accompa-
nied by the same modular function in the exact type IIB effective action. Multiparticle
amplitudes also allow for a broader range of U(1) charges and therefore provide further
information for pinning down the modular forms of non-zero weight in the effective action.
Higher powers in o/ are expected to enter via new matrices M/ .4 but also via products of
various lower order matrices present in (5.5). It would be interesting to explore the matrix
multiplicative patterns at orders beyond (o)°.

On the other hand, even up to weight w < 6 the coefficients (5.3), (5.6) and (5.8) in our
expressions point to hidden systematics underlying the multiple sums D__. Their unwieldy
rational prefactors are reminiscent of the o/ expansion of the tree amplitude [6] where the
MZVs have not yet been mapped to the more transparent alphabet of noncommutative
generators f; [45]. Our results suggest that there is a more natural language to describe
and arrange the multiple sums, and one might speculate whether further hidden structures
become visible after performing the modular 7 integrals. Finally, in view of the all orders
result in o/ obtained for open-string trees from the Drinfeld associator [27] (extending
the work of [51]), it would be desirable to develop a unified description of o/ corrections
to higher genus string amplitudes. In the same way as the Drinfeld associator encodes
the universal monodromy of the Knizhnik-Zamolodchikov equation governing correlators
on the disk and sphere, one might envision a reduction of loop amplitudes to universal
monodromies associated with the Riemann surface in question.

Finally, it is important to stress that we have concentrated entirely on analytic con-
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tributions to the low energy expansion of the amplitude, but it is important to develop a
better understanding of the interplay between these terms and the non-analytic contribu-
tions (discussed to a limited extent in [59]), which are crucial in understanding the nonlocal
structure of the quantum effective action.
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A Comparison of conventions

The notation for the N = 4 case in section 2.4 differs somewhat from earlier conventions
in the literature. This change in convention is necessary in order to uniformly describe
higher multiplicities with N > 4. We will here review the correspondence between these
different conventions.

In [35] the expansion of the analytic part of the amplitude was written in the form (in
Einstein frame)

= Y. Epo@obo]

T(sijs )|
analytic p=0.g=—1
3
=0 + E0,0) + E1,0)02 + Eo,1)03 + O, (A1)
where the dependence on the Mandelstam variables s := s19 = s34, t := S14 = s23 and

u = s13 = so4 (With s+t 4+ u = 0), is contained in powers of oo = (5% + 2 + u?) and
o3 = (s3 + 3 +u?). In order to make contact with the notation in (2.20) note that [36]

s 4t 4 u® (p+q—1)! foo\P s03\4
Mo=-t e Y e (B) (5 e
2p+3q=w pq

The duality-invariant coefficients &£, (€2) in (A.1) are linear combinations of those & 4, ...
in (2.20) with ). l; = 2p 4+ 3¢ + 3. The tree-level supergravity amplitude is given by the
p=0, ¢ = —1 term with coefficient £ _1)(2) = 3.

The representation (A.1) of the four-particle amplitude makes use of the fact that any
symmetric polynomial of the four-point Mandelstam invariants can be written as a product
of the form o5od. The kinematic combinations involving four fields are unique below order
(a’)?D2R*. At that order the expansions of both the tree-level and one-loop four-point
amplitudes, the superpositions of a (02)? term and (03)? term [35] ties in with the two-fold
degeneracy in the MZV content (3 and (g of the tree amplitude at order (o/%), as indicated
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in the last column of table 1. At higher orders, however, the obod monomials might not
capture the full variety of M; products. For example, at weight (o/)!° D4 R* there are two
elements, M2 and {Mj, M7}, whereas only the element 0303 exists at that weight in the
obod basis.?® This shortcoming of the obod basis as well as the straightforward N > 5
point generalizability of the M;’s motivate us to only refer to the basis formed by products
of M;’s in this paper.

B Pure spinor superspace calculations

This appendix gives a more detailed discussion of certain pure spinor superspace identities
which were not proved in the main text.
B.1 The pentagon numerator equation in superspace

In this subsection we provide a pure spinor superspace derivation for the field theory relation
between box numerators and loop momentum dependent parts of pentagon numerators,
see (3.9) of [64]. For this purpose, we demonstrate that the left-hand side of (3.32) is
BRST-exact. As a starting point, consider 0 = (Q (A#T%A’E))y Using (3.24) it is easy to
show that

0= (Q(ALTFh45)) = ("W 45 + ki VT3 4 5+ (K- ADVPTTITE (B.1)
+(K3 - ANVATITITE + (k* - AYVATITITE + (K5 - AYVSTITITY).

Using the tree-level building blocks Li; [38, 39] one rewrites
(K - AYVI = —Lyj = AL,(\"W?),  j=2,3,4,5 (B.2)
to obtain, after a few trivial cancellations, that

0=(Q (A#T?,s,4,5)> = ((AVmWI)WQ%,M + k%mVITQT“SAﬁ
— LuT§T{TS — LisTyT{TF — Ly T3T{TE — LisT3TiTy).(B.3)

The bosonic component of the term ((mel)wggm was shown in [66] to be propor-
tional to €;9F® so it vanishes identically using the momentum phase space of five particles.
Therefore,

(TyoT3TiTE + TisTsTyTE + T Ty TaTe + TisToT3T + ki, ViTss 4 5)
— (Q[AL TS5 — §|(AT- ATITITE + (26 3,4,5)]) (B.A)

where we used L1; = —T1; — L1Q(A! - A7), finishing the proof that (3.32) is BRST-exact.

33In the N = 4 case where M; € R the element {Mg, M7} is equivalent to 2M3M~, but for higher N it is
important that it is a symmetrised product of (N — 3)! x (N — 3)!-dimensional matrices.
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B.2 Permutation symmetry of the five-graviton amplitude

This subsection is devoted to a superspace proof that the expression (3.28) for the leading
low energy contribution of the five-graviton amplitude (3.33) is totally symmetric even
though label 1 associated with the unintegrated vertex appears to enter on special footing.

For this purpose, we rewrite

cm Cfm —_cm C«m _ Tz (/ j‘vz _ Tz v, j—vz T§4TE§€ TgélTE? 4
1,2,34512345 2,1,34,521345 = T T — VRT1 V1Y) s34 + (3 < 4,5)
+VT5545 — V2T17?1),4,5)‘71T2",§,4,5 + V2T17§1),4,5(‘71T2nf3,4,5 - f/2T~1n,13,z,L,5) (B.5)
N <|T13T§Tin!2 — |[BILTITE? [T T T T — (Vi T5, T T B 5)>
513 523
(where e.g. |TisTATITE? := Ty3TiT] TETy3TiTITF) and insert identities
o i o i QT VITY + VBTiQT}
VIT§niT - v aT] = G20 2; ol (B.6)
KT (T TETITEY + (k7 (VTi TITE) + (3 5 4,5))
(T3l 45 — Vol 45) = =242 : o1s — (B.7)
(kT ViT3s 4 5) = —(TieT3TITS + (2 45 3,4,5)) (B.8)
(kY VATSY 4 5) = (TR TTTY) — (VIToTITS + (3 ¢ 4,5)) (B.9)
as well as
1 .y o 1 : I
£<\T13T21TZT5R|2 — |[VoT{,TY T3 ) :STQ((Vz%Tﬁ — Ty Ty T T3 T T3 T TF)

1 . . o
+ (AT T{TE (T, — TWT)TITE) . (B.10)

After making repeated use of these manipulations, all the terms on the right-hand side
of (B.5) are proportional to 31_21 and cancel pairwise.

C Further 1PI world-sheet diagrams

Starting at weight w = 5, it is essential to have a systematic classification scheme for
the large number of world-sheet 1PI diagrams. A first criterion is the distinction between
indecomposable and possibly disconnected diagrams (such as D3, see section 4.1). Secondly,
we can characterise diagrams according to the number of vertices that have propagators
ending on them. Note that the weight-w diagram involving the greatest number of vertices
is the w-gon. This includes the pentagon at w = 5, which does not contribute to the
four-particle amplitude, and the hexagon at w = 6, which does not contribute to the four-
or five-particle ampitude.

The following table 7 summarises the number of inequivalent diagrams at w < 8
(both the overall number and the number of disconnected representatives). Their graphical
representation for w = 5 and w = 6 will be given in the subsequent subsections.
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weight w 0123|456 | 7]38
overall # diagrams | 1 [ 0| 1|2 |4 |8 20|42 [109
# indecomposables | 1 |0 |1 |2 |3 |6 |13|28 |71

Table 7. The number of inequivalent 1PI world-sheet diagrams and their indecomposable repre-
sentatives at weights w < 8.

C.1 Weight w=>5

There are the following 8 diagrams (6 of them indecomposable):

e 2 disconnected diagrams

<2% <§% =: Dy Ds, # q =: DyDhiy,

e 3 diagrams with two or three vertices
‘—@—' =: Ds, =: Dsi, =: Doy,

e 3 diagrams with four or five vertices

. . / .
=: Do, =: D111, =: D1,

C.2 Weight w=26

There are the following 20 diagrams (13 of them indecomposable):
e 7 disconnected diagrams

— 1 with 24242 partition of the six propagators: D3
— 3 with 442 partition of the six propagators: D4Ds, D211 Do, D111 D2
— 3 with 343 partition of the six propagators: D3, D3D111, D3,

e 4 diagrams with two or three vertices
%1 D, @>i Dy, E%: D321, %: Daga,
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e 5 diagrams with four vertices

. — . . 24
=: D311 =: Doo11 2 = Ui

—_. N —_. X
- D2111 — Dllll

N []

e 4 diagrams with five or six vertices

. . !
=: Do =: Diymn

=: Di111,11 =: Diiin

PE)

Note that polygons with neighbouring propagators interchanged are indistinguishable
under the translation invariant torus integration measure:

| -2 Y pw ¥
76 |mT 4+ n|4
(m,n)#(0,0) (p,9),(r,5)#(0,0)
2

X|pm +q|?|(p+m)T + (n + q)|
x|rT + s\_2|(r +m)T + (n

[
|
|
+
&
==

D Five-point integrals to weight w = 4

The analytic string corrections to the five-particle closed-string amplitude at one loop were
given up to order (a/)? in (5.5) and (5.7). These results are based on the expansion of
the five-point integrals (4.15) as well as (4.9) to (4.11) to sixth subleading order. The
latter were explicitly expanded to weight w < 3 in (4.17), and this appendix extends these
results to weight w = 4. Two inequivalent five-point integrals are free of massless poles by
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themselves:
D3
Jiopz = — | dua(7) (D2823 + D111(524534 + 525535) + 7823(812 + 513 + 523)

Dy 9 3 2 9 3
+ gsa(sas t 5823(812 + 513) + 879 + ST3 + 512513

2

D
2( .2 2 2,2 2,2 .2 .2
e (323(512+313)+512513323—2523(514"‘315+524+S25+534+335+345)

— 2593(514(524 + 534) + S15(S25 + 835)) + 2(S14524534 + 815825535)>

n D11

(2823(824834 + 525535) + S24534(524 + 534) + S25535(825 + 535)

+ (512 + 513) (524534 + 525535) + 2(514524534 + 815525535)>
~ Dun
2
— 2545(524535 + 825534)) +.. ) (D.1)
/ D3
Jig30 = [ dpa(T) (D111(814823 — 513524) + < (813824(814 + s23) — S14523(s513 + 824))
Do11
2

(823(814524 + 514534 + S15525 + S15535) — 514524534 — 515525535

(814823(814 + 523) — S13524(513 + S24) + (512 + S34) (514523 — S13524)

+ 2514523(513 + S24) — 2513524(S14 + Sza))
Di111

L

(814523(813 + S524) — S13524(514 + 523) + 2(514525535 + S23515545)
— 2(s13525545 + 824815835)) +.. ) (D.2)

For the third type of holomorphically factored five-point integral (4.9), the residue of its
massless pole is determined by the four-point integral (4.12). The residual task is to expand
its regular part defined by (4.13):

D
I = /dﬂd(T) (*2512 + D111(513523 + 514524 + S15525)

2
D3
+ F( 2o 4 3(s13523 + s14524 + 315325)>
D,

+ ﬂ( 3+ 4s19(s13523 4 514504 + S15525)

2 2 2 2 2 2
+ 6(573523 + 513553 + 574524 + S14554 + ST5S25 + 515825))

D2
2 2 2 2 2 2 2 2 2 2
+ 1 (512(313 + 874 + 815 + 893 + 834 + 835 + 834 + S35 + Si5) (D.3)
2 2 2 2 2 2
— (813523 + 5138593 + 574524 + 514594 + 815525 + 515525))
D11
+ 512(513523 + S14524 + S15525) + S34(S13524 + 514523) + S35(513525 + 515523)

2 2 2 2 2 2
+ 545(514525 + S15524) + S73523 + S13853 + S74524 + S14554 + 75525 + 515825)

+ D11 (834(813824 + 514523) + S35(s13525 + S15523) + Sa5(s14525 + 815824)) +... )
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The weight w = 5,6 analogues can be obtained from the auxiliary file included in the
arXiv submission.

E Six-point integrals to weight w = 4

In this appendix, we provide the analytic part of the o/ expansion to weight w = 4 for a set
of six-point world-sheet integrals appearing in the six closed-string amplitude at one-loop.
As argued in section 6, these results are sufficient to infer weights w < 4 for any other
world-sheet integral in the six-particle amplitude (6.1).

E.1 The singular part of six-point integrals

Among the seven topologies of six-point integrals with four propagator derivatives shown in
figure 4, the integrals Z Z] pars? If‘] par and IZ] »q have kinematic poles in s;; due to the integra-
tion region z; — 2z; where 01In x;;01In x;; products in the integrand diverge as ~ ﬁ The
single pole residues can be expressed through five-point integrals Jg,(q,, /. Z’) glrs and Ip® given
by (4.10), (4.11) and (4.13), promoted to functions of five momenta (ky, kg, kr, ks, kt).>* Let

T8 denote the regular part of the integrals after subtracting off the poles, then

1
Illjﬁpqrs _Iur;qgrs + ‘]/ |rs(kp7kqakrak5aki +kj) (El)
- L (g s T B+ s ) (B2)

ij,pgr = “ij,pqr sj gplgr\vq> vpy Fory i j» Fs .

1
Tpa=Tijpe + ffreg(kp, koo ki Ko R ) L8k K by o g )
+ I(ki + kj kp + kg, kry k) (E.3)
SijSpq

The remaining Z° at i = 2,3,5,7 do not have poles and coincide with their regular parts
Ii,reg‘

E.2 The regular part of six-point integrals

In the following, we display the diagrammatic expansion of the six-point integrals defined
in figure 4. Dashed lines represent derivatives d1ny or 01ln x, and a distinction between 9
and 0 is not needed since dashed lines with alike derivatives do not touch the same vertex

34Up to («)? order, for instance, we have
J;z’)q|rs(kp7 kfb k’ﬁ k87 k’L + k]) = /d/ld(’?’) Dlll(sl’squ - SPT‘S‘IS)
D
Japlar(Kgs kp, ke, ki + kj, ks) = _/dﬂd(T) (D25PT + D111((spi + Spj) (Sri + Srj) + Spssrs) + fsprqur)
reg D3 2
C(kp, kg, ki + kj, ko ks) dpa(r qu + 5 Sea

D
+ (Dlll + 73> ((spi + 8pj)(8qi + 845) + Spréqr + 5p35q3)>
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for the integrals under consideration. The ellipses refers to contributions of higher weight
w > 5.

l,reg
1,pqrs
g = / dpea(T) Dinii(SigSip — Sipsig) + - -
Z?;Z?,g,qr = / dpa(T DQSZkSp'r + Di111(SipSkr + SirSkp) + - )
4reg d D _|_D211(, 4 )+
l],qu ,Ud Swspr 1111 9 SipSjr T SirSjp .
r Do11
Izk}ef@ /d,ud D1118im + —5 Sim 2, + Diin Z SipSmp + D211Sim (Sik + Sj1 + Skm)
p¢i7j7k7l’m
Do1q D3 — Dy
+ 9 ——Sim(Sij + Sjk + Ski + Sim) + (22)(5ik3jm + SitSkm)
D111 — D
+ D%Sikskm + ((22) + D211> (Sim(S]’m + Sil) — Sz'lSjm) + ... )
D32 D, — D2
Z-Gj,r,flg —/dud(T) (fSijSkl + ((D1111 + Do) + T2>(3ik5jl + susik) + - )
T D3 D2
I :/dﬂd(T) (Dz + 5 (sij sk s+ sa o+ 2sin o+ 2s50) + 72 Yo s
p<q¢Z7‘77k7l
D2 Dy — D3
+ 72 Z (s?p + s?p + sip + sl2p) + T2(sij + Sk + sk + Sa) (s + S51)
Akl
Dy Dy, —2D%2+ D
+ — 6 (3 +S]k+skl+sll+3szk+3s ) 4 ; 111182']€Sjl
Dy — D?
+ T(Sijskl + SitSjk + SijSjk + SjkSkl + SkiSi + SijSil)
D3 — Dy
+ =2 5 Z (SipSjp + SjpSkp + SkpSip + SipSip)
p#i7‘j7k7l
+ Dani Z (SipSkp + SjpSip) + - - )
p¢i7j7k:7l

We emphasise that all the above terms are spanned by the same set of w < 4 1PI diagrams
Do,DQ,D111,D3,D1111,D211,D% and D, appearing in the four-particle amplitude. This
justifies the upper bounds on the six-point one-loop effective action in table 1 and 3, also

see the discussion in section 6.
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