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Abstract

Present knowledge of higher-derivative terms in string effective actions is, with a few
exceptions, restricted to the NS-NS sector, a situation which prevents the development
of a variety of interesting applications for which the RR terms are relevant. We here
provide the formalism as well as efficient techniques to determine the latter directly
from string-amplitude calculations. As an illustration of these methods, we compute
the dependence of the type-IIB action on the three- and five-form RR field strengths
at four-point, genus-one, order-(a/)? level. We explicitly verify that our results are in
accord with the SL(2,Z) S-duality invariance of type-IIB string theory. Extensions of
our method to other bosonic terms in the type-II effective actions are discussed as well.
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1 Introduction

A considerable amount of information about string and M-theory can be extracted from the
low-energy effective field theory actions, in particular once one includes corrections that go
beyond the leading supergravity terms. A clear illustration of this fact can be found in the
large body of literature in which the effects of terms of higher order in the Riemann tensor
have been studied. This particular set of corrections already provides an important testing
ground for candidate microscopic versions of M-theory [1]. Upon reduction to four dimensions,
such higher-order terms influence the couplings of the scalar fields [2, 3]. They have also been
argued to lead to induced Einstein-Hilbert terms, which are important for gravity localisation
phenomena [4, 5] as they arise in brane-world scenarios. Furthermore, they may play a role in
supersymmetry breaking [6, 7] by producing a potential that stabilises certain moduli for non-
supersymmetric vacua. In black-hole and black-brane physics, higher-derivative terms lead to
modifications of the thermodynamics, and thus implicitly to new tests of the string-theory
description of the entropy of such objects [8, 9]. Another important set of applications can be
found in the context of the AdS/CFT correspondence, where the effects of higher-derivative
terms in the supergravity action map to 1/N effects on the Yang-Mills side [10, 11, 12]. This
list is far from exhaustive, but it should suffice to illustrate the importance of having a good
understanding of higher-derivative terms.

While higher-derivative terms are thus of considerable interest, they are very hard to obtain
explicitly and this has been a serious obstacle to further development of the applications just
mentioned. One particularly limiting factor is the fact that while pure graviton corrections are
relatively easy to compute, this is not the case for terms involving any of the other supergravity
fields. While the dependence on fermionic fields is perhaps not particularly relevant except for
supersymmetry considerations, there is a clear need to determine the way in which the other
bosonic fields appear in the action. With [13] we have initiated a programme to determine
these terms using a combination of techniques from string theory and supersymmetry. We



refer the reader to the introduction and discussion of that paper, as well as the review [14],
for an overview of the existing knowledge of higher-derivative terms in string and M-theory
effective actions and the methods used to obtain them.

The present paper is part of this long-term programme and aims at the construction of
certain terms that contain not just the graviton but also gauge fields present in the supergravity
multiplet.! Since we restrict ourselves to bosonic action terms, a supersymmetry approach as
used in [14] would be very cumbersome, as the terms involving fermions greatly outnumber
the purely bosonic ones. Because of the presence of spin-fields, a sigma-model [-function
calculation does not appear to be feasible either.? For the ten-dimensional theories, it is more
straightforward to determine the effective action directly from string-amplitude calculations,
which is what we will do in the present paper. Our main aim is to present the formalism
and machinery behind the calculations that lead to a determination of the terms involving
gravitons and Ramond-Ramond gauge fields (a topic which, rather surprisingly, has remained
practically untouched in the literature so far). In a certain sense our calculations thus complete
the work of Gross and Sloan [16], which only deals with the Neveu-Schwarz three-form field
strength.

In more detail, our calculations will be concerned with type-IIB four-point functions at
genus one, involving external three-form or five-form Ramond-Ramond states. The restriction
to four-point functions has been made because many (though not all) conceptual and technical
problems are already present here; we will comment on extensions to higher-point functions in
the discussion. The restriction to genus one is motivated by the fact that at this order in the
string coupling, amplitudes with fewer than four external particles vanish identically. Genus-
one amplitudes thus only begin to contribute to the effective action at the level of the (a')®R*
term and the terms related to it by supersymmetry. Furthermore, genus-one calculations turn
out to be technically simpler than their cousins at genus-zero, and for the type-11B string they
are in any case related by the SL(2,Z) duality symmetry of the effective field theory.

The first issue that requires attention is the calculation of the world-sheet correlators.
While closed-form expressions exist for correlators of both the bosonic [17] and the fermionic
world-sheet fields [18] for genus one (and in fact for higher genera as well), the actual evaluation
of our amplitudes is still rather involved. As in previous calculations involving four external
particles, we eventually find that intricate cancellations due to Riemann identities cause the
integral over the vertex-operator insertion points to reduce to an integral over a constant.
This is a particular consequence of the low number of external particles and is not expected
to hold once higher orders are considered.

Subsequently, for reasons that will be explained, one needs an efficient way to identify and
subtract terms from the amplitude which vanish by the the Bianchi identities, and to organise
the result in terms of the tensors that appear in the effective action. The spin fields in the
world-sheet correlators, coming from the vertex operators of the Ramond-Ramond states,

'We should add at this point that an additional reason for being interested in gauge-field terms is the
role they play in modifying the structure of supersymmetry transformations. In the context of M-theory,
we have argued in [13] that modifications to the superspace torsion constraint in eleven dimensions are only
visible when the four-form gauge-field strength is taken into account. A similar conclusion is expected in the
ten-dimensional theories. However, progress along these lines will also require the construction of gauge-field
terms involving fermions, something we will not attempt in the present paper.

2While the approach of Berkovits and Howe [15] allows one to deduce target-space equations of motion in
RR backgrounds by solving BRST-nilpotency and holomorphicity conditions, it seems rather complicated to
extend their results to three-loop level, which would be required to see higher-derivative interactions in type-II
theories.



imply that the amplitude is composed of traces over (long strings of) gamma matrices, whose
complexity increases rapidly with the number of gamma matrices. We will show how the
amplitude and the resulting expressions for the effective action can be organised and analysed
efficiently by employing group-theoretical arguments. This is illustrated most convincingly by
the compact form of the final result of the five-form effective action, given in equation (2.13)
below.

As we have pointed out in the previous paper in this series [19], when doing this kind of
amplitude calculations one frequently uncovers various ill-understood aspects of string per-
turbation theory. The present paper is no exception to this empirical rule, and we will again
encounter various technical issues which have received very little attention in the literature so
far. As such, our paper paves the way for the complete order-(a’)? analysis of the effective
action, to be presented elsewhere, and more generally we hope that our explicit and systematic
presentation of the calculation will be of practical use to others.

As announced, our main result is the determination of the R*(DF(5))? and R*(DF(3))?
terms in the effective action, which are given in equations (2.13) and (2.27) respectively.
Apart from the intrinsic importance of actually being able to calculate these and similar other
terms completely and efficiently, we will use the last part of our paper to emphasise that there
are several reasons why these terms are particularly interesting from a physical point of view.

Firstly, we will show how the three-form terms in the RR sector are directly related, by
SL(2,Z) symmetry, to similar terms involving the NS-NS three-form which were computed
by Gross and Sloan [16]. A strong check on our calculations is the fact that our three-
form action indeed precisely satisfies this duality requirement, despite the fact that it arises
in a completely different way from the string calculations (the world-sheet correlators in the
NS-NS and RR sectors are completely different). This provides a very interesting perturbative
verification of the SL(2,7) symmetry of type-IIB string theory.

Secondly, we will comment on the relation of our calculation to the predictions of the
linearised type-1IB superfield. It has recently been shown by Berkovits and Howe that an
extension of this superfield construction to the non-linear level is problematic (a detailed
argument can be found in de Haro et al. [20]). This implies that our string-based methods are
at present the only way in which the effective action terms at higher order in the fields can be
reliably determined. However, one still expects the superfield to be able to predict four-field
terms in the action. We will indeed show how the superfield predictions at this level fit in
precisely with our string theory results.

We will end this paper with an outline of the computation of the R3(F(5))2 terms in the
effective action, which are most interesting from the point of view of physical applications and
whose computation will rely heavily on the results and methods we have derived here. We
will also comment on similar computations involving space-time fermions.

2 Four-boson string amplitudes

2.1 World-sheet correlators and modular integrals

When computing string amplitudes, there are in general many different ways in which the
momenta and polarisation tensors can be contracted in the final result. Our approach will
be to classify these Lorentz-invariant contractions using a group-theoretical method; this is
the key element that allows us to present the amplitude, and later on the resulting effective
action, in a compact form. However, there are many Lorentz-invariant combinations which



Y V}g—l/2,—1/2) VF(1—1/2,—1/2) V(O,O) V(O,O)

¢ ¢
oXWV SL, S, 0X +kUV 00X + kYW
F[5] 6ik1~X F[5] 6ik2~X eik‘3~X 6ik4-X
IX W Sk Sp 0X +kVT 9X +kTV

Table 1: Schematic form of the two-graviton, two-five-form string amplitude. We have
indicated the ghost numbers of the vertex operators, and split the correlator in left- and
right-moving parts. Y denotes the picture changing operator.

are simply incompatible with the exchange symmetries of the external states in the amplitude.
Before doing the classification, we would like to eliminate such incompatible contractions.
Since we are interested in the R?(DF(5))? terms in the effective action, we will have to
compute the string amplitude with two gravitons and two five-forms. This amplitude is man-
ifestly invariant under the exchange of e.g. the two five-form vertex operators, which involves
the exchange of the polarisation tensors F'™ and F®, the momenta k" and k®, as well
as the insertion point variables z; and 25. In order to deduce the symmetry properties un-
der exchange of the polarisation tensors and external momenta only, we need to analyse the
z-dependence of the string integrand. Understanding the z-dependence is also important be-
cause we eventually wish to compute the full amplitude, not just the tensorial structures, and
we will therefore have to perform the final integral over all the insertion point variables. In
the present section we determine this z-dependence of the combined world-sheet correlators.
The correlator for the two-graviton, two-five-form amplitude can be summarised using a
notation we have used also in [13]; see table 1. This is based on the explicit form of the

five-form vertex operator in the ( —%, —%) ghost picture,
_1/2.— 1 _ co
Vi 2 () = = / 422 Frpppgr (SLTTP7 S ) =912 012 ik X (2.1)

as well as on the standard one for the graviton with (0,0) ghost charges,
VOO (k) = / A2 G (OX™ — ik - WU (IX™ — ik - DU™) X (2.2)

(We will comment below on the fact that these vertex operators should, in principle, still be
amended with world-sheet gravitino terms.) Using the fact that fermionic correlators of the
form (SS W) vanish identically, there are thus, a priori, two different types of terms in each
chiral sector of the string amplitude: those with three RNS fermions ¥ and those with five.
We will argue below that the terms involving (SS W :WW:) correlators do not contribute at
eight-derivative order in the amplitude, so that the full four-particle amplitude is given by the
single term
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Table 2: Explicit expression for the bosonic correlator (XdX [[i_, e*~). Despite the
appearance of the sum, only one term survives when this correlator is combined with the
fermionic one. Note that our way of taking care of the picture changer differs from the
method in Atick and Sen [18] (who take the limit v — z; before computing the bosonic
correlator); the result is, however, equivalent.

The bosonic correlator that appears here is given by

B = (0X™(v)0X"(w) [ [ exp [iki - X (21)] ) . (2.4)

i=1
while the fermionic and ghost correlators are

JFTAT2TsTe — <\I]m('U) SL(Zl)SL(Zg) :\117“1\1;7’2:(23) :\117’3\117“4:(24) >, (25)
G = (exp [=0(v)] exp [~(21)/2] exp [~¢(22)/2] ) , (2.6)

with similar expressions for the right-moving sector. These can all be computed explicitly:
techniques for both the bosonic and the fermionic correlators have been given by Atick and
Sen [18]. Details can be found in tables 2 and 3.

Since the holomorphic and anti-holomorphic fermionic correlators come with a (v — z1)
and a (w — Zy) zero, respectively, the only relevant term in the bosonic correlator given above
is the momentum-dependent one containing a (v — z;)~}(w — Z;) ! pole. The terms coming
from the zero-mode contraction of the bosons in the two picture changers, for instance, do
not contribute to the amplitude. Note also that it is, a priori, possible to obtain second-
order momentum factors from the correlator of the exponentials. However, at genus one, this
correlator of exponentials leads to an expansion 1+ (a/)?k%+- - - i.e. the order k% and k* terms
are absent (this can be deduced from the explicit calculation of the correlator of exponentials
by Green and Vanhove [21]; see the discussion around equation (5.2) in that paper).

This balance between zeroes from the fermionic correlators and poles from the bosonic ones
is also the reason why the amplitude does not receive any contributions from (SS WV :WW:)
correlators: these can be shown to be proportional to a double zero in each chiral half, given by
(v—21)%(w — z2)%. The corresponding bosonic correlator does contain a second order pole, but
only at order k* in the external momenta (the resulting term in the amplitude presumably talks
to field-theory subtraction terms from the effective action at lower order). For our calculation
these terms are, in any case, irrelevant.

Note that we are in the fortunate situation that our amplitude does not receive any con-
tributions from the pinch singularities discussed by, e.g., Minahan [22] and Bern et al. [23].
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Table 3: Decomposition into irreducible tensor structures of the fermionic correlator
(U(v) S(21)S(z2) :¥W:(z3) :WW:(24)). These expressions should still be antisymmetrised,
with unit weight, in 1,79 and rj3,r4 respectively. The seven structures correspond to the
number of singlets in the 10 ® 16 ® 16 ® 45 ® 45 tensor product. We are using the picture
changing choice v — z1. The values of the r-indices refer to real world-sheet fermions, which
are related to the complex SO(2) fermions by W! = ¢+ and 2 = —i() — 1)) and similarly
for the other eight. The values of the spinor indices are chosen such that a non-zero entry
of the I' matrix product is selected; this number is listed in the “I'” column (the explicit
expressions for these matrices in the particular basis that we are using can be found in ap-
pendix A.2 of [19]). The last three columns give the result of the “unnormalised” Atick&Sen
expressions presented in appendix A.2, the normalisation factor and the final result for the
coefficient of each tensorial structure in the amplitude (obtained when the pole of the bosonic
correlator is taken into account).

That is, our amplitude does not contain integrals of the form [d?v; k; - k;|v; — v;| 72 Mk = 1.
This is simply because our bosonic poles do not survive but instead get cancelled by the zeroes
from the fermionic correlator.

We should at this stage also comment on the presence of terms in the vertex operators
which involve the world-sheet gravitinos. As we have pointed out in [19], these terms sometimes
result in additional contributions to the amplitude. In the present situation, however, world-
sheet gravitino terms are harmless. This is essentially because the replacement of a picture
changer with a term involving a world-sheet gravitino results in a bosonic correlator in which
both a X and a 90X factor have been removed (this can be deduced simply from the BRST
transformation rules as spelled out in equation (2.7) of [19]). In the present situation this
means that the bosonic correlator reduces to the correlator of plane waves, while the fermionic
correlator remains unchanged. The zero of the latter is then no longer balanced by a pole from
the bosonic correlator, and as a result the contribution of these world-sheet gravitino terms
to the amplitude vanishes.?

Just as for the four-graviton amplitude, we observe that after the use of the Riemann
identity, and after the picture-changing limits have been taken, the integral over the insertion
points and the modular parameter becomes trivial, as the integrand reduces to a constant.?

3This point can be summarised by the general rule of thumb that the world-sheet gravitino terms in vertex
operators are only relevant for amplitudes in which, before the replacement of picture changers with world-sheet
gravitinos, there are non-trivial contributions arising from the zero-mode part of a (0X9X) contraction.

“The Riemann identity (A.25) can be used by virtue of the fact that one of the 6, (25%2) factors of the

7



This implies that symmetry properties of the amplitude under exchange of vertex operators
reduce simply to symmetry properties under exchange of momenta and polarisation tensors
(the exchange of the insertion points becomes a trivial operation). As we will see in the next
section, this fact significantly reduces the number of Lorentz-invariant structures that need to
be taken into account. With the basis of Lorentz invariants that we will construct there, we
can then go back to the string amplitude and compute the final step, namely the trace of the
gamma matrices in eq. (2.3). This calculation will be tackled in section 2.3.

2.2 Group-theoretical classification of terms in the effective action

Having determined the world-sheet correlators which form the building blocks of the string
amplitude, we are now in a position to determine a general basis of four-field terms, com-
patible with that string amplitude, in which we will express the effective action. For certain
applications it may be useful to have access to the explicit index contractions of the two Weyl
tensors and two five-form fields (together with their derivatives). However, here we will present
our results using a more compact notation, based on a group-theoretical classification of the
various factors that make up a term. More details of such group-theoretical decompositions
can be found in Fulling et al. [24].

There are several reasons for adopting this approach. One is that the it allows for a nice
and compact way of expressing the effective action which is completely general and does not
rely on any a priori knowledge about the origin of the various terms.® At the practical level,
this way of organising the result has also provided very strong checks on signs and factors in
the calculation. Finally, and most importantly, it allows for a systematic identification of the
terms proportional to Bianchi identities. This is crucial when analysing the amplitudes directly
in terms of the RR field strengths that appear in the vertex operators, since the physical
state conditions for these fields correspond to the requirements *d*F(Jg) =0 = dF(Jg) (with
analogous expressions for the RR three-form). In coordinate notation, the former condition
just translates to D¥F} = 0 and is therefore trivial to handle. Imposing the latter,

kmaomsmams
however, requires that the fully antisymmetrised tensors D[anngmzmgmms} be identifiable in
general W?(DF (Jg))z contractions, something which the group-theoretical decompositions allow
us to achieve.

For the W?(DF (Jg))2 terms in the action, it is useful to first group together terms according

to the rank of the W? and (DF{))? blocks, ie. by the number of indices which contract
between the two blocks. These quadratic blocks can then be decomposed further into distinct

fermionic correlator cancels against a part of the ghost correlator,

1 1
_ 2 _ 2
G0, 21, 29) = 01 (v 2'1)1 01 (v — 22) (2.7)

91 (ZQ — Zl) 191, (1) — _214522)

after the limit v — z; has been taken.

SFor the four-graviton terms, a compact notation is achieved by using the tg and €;¢ symbols, by means
of which the type-IIB four-graviton interaction term can be written as (tgts + %eloelo)W‘l. However, these
tensors do not suffice for the terms under consideration in the present paper. (See [13] for another set of terms,
namely fermi bilinears, where more complicated tensor structures arise.)



irreducible representations. The two basic tensors sit in the representations
~+

_ +
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[02000] [10000] [00002] [00011] [10002]

(2.8)

The symmetric product of two Weyl tensors yields the following decomposition in terms
of Young tableaux:

(Fed) - H oo [P o mm
[00022] [20200] [02011] [04000]
o B ofF o ™ o @

[00200] [11100] [20011] [22000]

(2.9)

o E o2 o mm® m© &
[00011] [02000] [40000] [20000] [00000]

However, not all of these representations are compatible with the symmetries of the amplitude.
For instance, the rank-eight contractions are fully antisymmetric in the four indices of the “r”
and “s” sets respectively, as can be deduced from the form of the fermionic correlator given in
table 3. As a consequence, of the four a priori possible rank-eight tableaux, only the [00022]
can appear in the amplitude. Similar arguments can be used to discard the [11100] and [22000],
leaving [00200] and [20011] as the only rank-six tableaux. All tableaux of rank four and lower
remain, however.

The product of the two DF(Jg) tensors can be decomposed similarly. Keeping only the
tableaux that are compatible with the symmetries of the string amplitude, one finds

gj @3 _)g@@@gi B e D (2.10a)
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[00011] [00011] [00022]  [00200] [00011]  [02000] [20000]  [00000]

(2.10¢)

When deriving these decompositions, one has to pay attention to the fact that represen-
tations sometimes can be realised in terms of two different Young tableaux. This happens
because of the presence of the invariant epsilon tensor. The main example that appears in the

decomposition above is
Eﬂ Eﬂ @ % (2.11)

[10002] [10002] [00200] [00200]
S



Only the first tableau is compatible with the structure of the string amplitude, which explains
why the [00200] only occurs with unit multiplicity on the first line of (2.10).

The invariant action should now be expressible in terms of a basis of scalars constructed
from tensor products of the W? and (DF(Jg))2 representations. Inspecting (2.9) and (2.10),
this gives a total of twenty-one terms, of which seven remain when the Bianchi identities are
imposed. A list of these seven on-shell invariants, i.e. the tensor contractions corresponding to
the Young tableaux, is constructed in appendix A.1 (in our calculations we have, however, kept
track of all twenty-one invariants as a check on signs and factors, and to have an efficient way
to eliminate terms proportional to Bianchi identities). In order to write down the full on-shell
superinvariant with two five-form tensors that appears in string theory, we then only have to
give the numerical values of the seven coefficients of these building blocks. These coefficients
are computed in the following section, and the final result can be found in equation (2.13).

2.3 Amplitude results and the effective action

All ingredients that are necessary to extract an effective action from the string amplitude (2.3)
are now available. Inserting the correlators computed in section 2.1, doing the (trivial) integral
over the modular parameter and performing the spinorial traces, we end up with a result which
is to be reproduced by a yet-to-be-determined effective action. The latter can be expressed in
the group theory basis discussed in the previous section.

In general, constructing an effective action from a set of string amplitudes is a non-trivial
procedure. One starts at the lowest order in the external fields at which string theory pro-
duces a non-zero amplitude, and constructs a corresponding term in the effective action which
reproduces this result. Iterating this procedure with more and more external states in the
string amplitude, one generically finds that the corresponding field theory amplitude receives
contributions from all lower order terms in the action. This so-called field-theory subtraction
problem is, fortunately, absent for our four-point calculation. This is because of the fact that
there are no non-vanishing three-point amplitudes at genus one. The entire four-point ampli-
tude must therefore be generated by a new four-field term in the effective action. A related
problem concerns the contribution to the field theory amplitude of vertices in the effective
action which appear at lower order in the derivatives. Again we find that, due to the low
number of external states, this issue does not cause any problems in the present situation.

All this means that we can transcribe the amplitude in a relatively straightforward way to
an effective action. Just before doing the traces, this leads to

L= W’r‘17‘28182 Wr3r43354

x Tr {DmF+ (Frl"'r‘lm +4 I‘["szTsnﬁﬂm £ [Ty 2Ty g @ [T AT A 4 D anmrsnrzm)

XDnF+ <F81"'84n +4 F[Slszs&r]g‘ﬂ" +8 F517]5283’r]84" +8 F83n54817782n +2 ansmgnszm)

(2.12)
Here we have used the fact that the two 'l terms on the second and third line of Table 2
combine to form a tensor fully antisymmetric in rq,...,74 (and similarly in sq,..., sy for the

right-moving sector). Observe that all terms come with a plus sign, despite the appearance of
the gamma-matrix transpose in (2.3) for the anti-holomorphic sector. Rather than explaining
from first principles how these signs arise, we will instead argue for their correctness in sec-
tion 2.4 by observing that this is the only combination which leads to a result consistent with
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the type-1IB SL(2,Z) duality symmetry. Alternatively, observe that these signs are the only
ones leading to an amplitude which is symmetric under exchange of the external five-form
states.

Before we proceed to rewrite this trace in a more usable form, we should make a few
comments. Firstly, one may wonder how self-duality of the five-form polarisation tensors—a
direct consequence of the Weyl-spinor contraction of I'® in the vertex operator (2.1)—is to
be dealt with in the actual calculations. Our approach has been to work with manifestly self-
dual five-forms, i.e., to let the projection operator P, = %(IL + %) act on each five-form field
strength. For the amplitude trace in (2.3) (or (2.12)), it is straightforward to show that this
has the effect of producing an overall factor Tr(IL;), where Iy = (1 +T'#) denotes the Weyl
projection operators. Since the trace is over Weyl spinors with a U(1) R-charge, this results
in an overall multiplicative factor of 32. In addition, there is another overall multiplicative
factor of 2, resulting from adding the parity-even and -odd parts of the trace (which become
identical after imposing self-duality).

Secondly, we should comment on the dependence of the effective action on Ricci tensor
and scalar factors. When expanded to linear order in the fluctuations these factors vanish by
virtue of the on-shell conditions on the vertex operator polarisation tensors. Therefore, one
would in principle have to analyse higher-point amplitudes to determine the dependence on
these tensors. For applications in which the background is taken to be Ricci-flat at lowest
order in o, the fact that these terms are not known may, however, not necessarily pose a
problem.°

The spinorial traces that are left in (2.12) are rather complicated and lead to a plethora
of terms without any obvious structure. As announced, the most systematic way to organise
the result is to use the group-theory basis constructed in section 2.2. Expressed in this way
we find the following expression for the four-field effective action at order (a/)3, at up to two
powers of the five-form field strength and up to terms appearing in the lowest-order equations
of motion:

W2(DFt

S " = [ =g (DRG]

x( (16 + ) W2‘~—4 (16 — )W2@+192W2~ (2.13)

: =
+}-§(16+A)W2)B~3 +%W2‘Dﬁ 57(16+ ) W2’~>

where we have ignored an overall normalisation constant. The coefficient of the remaining
basis element [y vanishes identically. The explicit index contractions of the various terms
can, if necessary, be obtained from the expressions given in appendix A.1.

Moreover, we have here introduced a constant A to parameterise an ambiguity in the
four-field action as determined purely from a four-point string-amplitude calculation. This

6We adopt here the point of view that we first determine the effective action in a fixed basis of the fields,
corresponding to the string theory vertex operators, and only afterwards analyse how field redefinitions might
simplify this action. It is impossible to analyse the latter issue when the dependence on Ricci tensor and
scalar terms is unknown, as these are related to (F; (Jg)) type terms of rank two by the lowest-order equations
of motion.
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ambiguity is directly analogous to the one at four-point level in the coefficient of the ege;oWW*
term: both the latter and the part of the action proportional to A are total derivatives at
linearised level, and their respective coefficients can therefore not be reliably determined by
four-point calculations.” While the coefficient of the e;ge10WW* action was fixed by Grisaru
et al. [25] by means of a four-loop sigma-model g-function calculation, it could alternatively
have been determined by the calculation of suitable higher-point string amplitudes. We will
not attempt to determine A by calculating a five-point string amplitude here. In the discussion,
we shall however comment on a very suggestive way to fix its value based on the linear scalar
superfield.

We should stress that the fact that we have restricted the higher-derivative action to depend
on only the self-dual part of the five-form field strength causes no problems. Rather, it is the
correct thing to do, and leads, upon varying the action (2.13) with respect to the four-form
gauge potential Cy, to an o'-corrected self-duality relation for the composite field strength

F5 = dC4—|—%Bg/\F3— %H3/\CQ (214)

(here H3 = dBy and F3 = dC3). To see how this comes about, first recall that the equation
of motion for Cy to lowest order, i.e. the self-duality condition *Fy = F%, cannot be obtained
from a covariant action functional [26]. The best we can do is to write down an action S
which is compatible with self-duality, in the sense that the associated Euler-Lagrange equation
for Cy combined with the Bianchi identity for F requires the latter to be self-dual up to an
exact form. Explicitly, the two equations read, respectively,

dxFy = Hs A Fy and dFy = Hs A Fy. (2.15)

This logic repeats itself at higher order in /. The field equation for C, derived from the action
including S and our four-field result (2.13)—or, more generally, the full order-(a’)® action
SG) which is assumed to depend on Cj only through Fi and DF;——takes the form

_ = = N F3, .
l ° <5F5 )} ’ ’ ( )
where P_ = —;(1 — %) is the projection operator onto antiself-dual five-forms. Combined with

the Bianchi identity for F@, this equation is compatible (in the sense discussed above) with
the o’-corrected self-duality relation

556 . 55G)
F5 + = = k [F{; + = :| .
SF SF

(2.17)

The presence of P_ in (2.16), which is crucial for consistency, is a direct consequence of the
fact that F is projected onto its self-dual part in S®). (In the vertex operators that appear
in our four-point calculations one only needs the linearised version of this constraint, which is
of course simply stating that the polarisation tensor is self-dual.)

"The ambiguous part of the action was determined by linearising a general linear combination of the
seven basis invariants and subsequently imposing on-shell identities and momentum conservation, and finally
requiring the resulting expression to vanish.
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2.4 A cross-check using SL(2,7) invariance

The calculation for the five-form terms which have discussed so far shares many aspects with
the calculation one has to do in order to determine the dependence of the effective action on the
Ramond-Ramond three-form field strength. The resulting R*(D[(3))? terms in the effective
action should, as we explain below, be related by SL(2,Z) symmetry to the R?(DHs))? terms
involving the Neveu-Schwarz three-form field strength, which have been computed by Gross
and Sloan [16].® Matching their calculation with ours leads to an interesting check of the
duality symmetry of the type-1IB theory, while at the same time providing a very strong
check on all signs and factors in our string calculation.

To explain the logic, recall that SL(2,Z) symmetry dictates that the three-form field
strengths should appear in the effective action only through the SL(2,Z)-invariant combination

G(3) = Fiy + TH(g)) , (2.18)

1
vVimrt (
with U(1) charge one, as well as its complex conjugate. The complex coupling 7 is formed
from the Ramond-Ramond scalar and the dilaton,

T=x+ie?. (2.19)

Terms in the effective action are then built from (2.18) as well as other SI(2,Z) singlets,
whose transformation behaviour under the local U(1) symmetry is compensated for by pre-
factor modular functions f =) of the complex coupling 7 (see e.g. Green and Sethi [27] for
more details).

The terms computed by Gross and Sloan [16] are those independent of y, i.e. for which
7=1Im7. We will also restrict ourselves to this case, because we did not compute string
amplitudes with an external Ramond-Ramond scalar. In the Einstein frame, the NS-NS field-
strength part of the genus-zero effective action is then of the form®

e 2\ /=gR*(DH3))* — e 2\ /—gR*(DH3)*

Einstein

(2.21)

string
with the specific tensorial structure given by Gross and Sloan [16]. Their result can be made

SL(2,Z) invariant in two ways,

e_3¢/2R2DG(3)DG>(k3) — 6_5¢/2R2(DH(3))2 + e‘¢/2R2(DF(3))2

)
Einstein

Einstein
— PR (DG DG +ec)| = e PR (DH) — e PRADEg)P| -
(2.22)

8At the level of the effective supergravity theories we are discussing the symmetry group is SL(2,R), but
we will refer to the smaller, discrete subgroup that is the S-duality symmetry of the full type-IIB string theory.

9We remind the reader that under a super-Weyl rescaling from the Einstein frame to the string frame the
metric transforms as g{f,j =e 9/ 295,1 and that this induces the transformation

/ 42 =5 [R 4 (0P 15t R — 3(0,0)’]

Einstein

_ / 4" /=g e 2[R+ (o1t R + 4(0,0)?] (2.20)

string

on the genus-zero string effective action.
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We thus find that the string effective action should contain terms of the form

R*(DF))? o (2.23)
string
with tensorial structures identical to those of the Neveu-Schwarz dependent terms. Moreover,
by the general logic sketched above, terms with this structure appear both at tree level and at
genus one. The relative coefficient with respect to the Neveu-Schwarz sector depends on the
unknown relative normalisation between the two type of terms given above (this coefficient has
been conjectured by Kehagias and Partouche [28] but an explicit derivation of it is lacking).
The most basic way in which the above prediction of the duality symmetry can be verified
is by comparing the amplitude with two gravitons and two external NS-NS three-form states
to the one with two gravitons and two external RR states. The most interesting aspect of this
comparison is that the fermionic world-sheet correlators that appear in these two calculations
are completely different. In the NS-NS sector (for full details we refer to Gross and Sloan [16])
the relevant correlator is formed from RNS fermions only, taking the form

(WW:(z1) WW(z9) WWi(z3) WW:(24)) (2.24)

in each of the chiral sectors. The correlator in the RR sector, on the other hand, contains spin
fields which lead to traces over gamma matrices, as we have explained in detail in section 2.1.
We have compared the long expressions for the ggH sy H(3) and ggF{s) F(3) amplitudes at eighth
order in the momenta. Remarkably, after taking into account the on-shell conditions on the
polarisation tensors and imposing momentum conservation, the two amplitudes (each with
several hundred different terms) agree perfectly!

In order to establish the SL(2,7) duality at the level of the full covariant effective action,
one would need to have precise control over the terms in the action that lead to a vanishing
on-shell four-point function. Since the five-point gggH s)H 3y amplitude has never been fully
computed in the literature, these terms are ambiguous already in the NS-NS sector.' In order
to enable a systematic future comparison, we have therefore again decomposed the effective
action in a basis of irreducible invariants and parameterised the ambiguity by determining
those linear combinations of the basis invariants that lead to vanishing four-point functions.

This decomposition is similar in spirit to the one given in the previous section for the five-
form terms. The three-form derivatives come in three different irreducible representations:

DF D@E:%F@E@H

[10000] [00100] [10100] [00011] [01000]

(2.25)

We can immediately discard the [01000] as it corresponds to the lowest-order equation-of-
motion term D™ F,,,, which we simply set to zero throughout the calculations. The products
of the remaining two DF3y (or DHs)) representations have the decompositions

F o F @@2@@2@3 20 @3 @ T ® 2D @
[10100] [10100] [00022] [00200] [20011] [00011] [02000] [40000] [20000] [00000]

(2.26a)

10There is a widely expressed belief that the W2DH?%, terms can simply be obtained from the W* terms
by using a generalised spin connection modified by the addition of a torsion term in the form of the NS-NS
three-form field strength. There is, however, no proof that this mechanism works in general (see, e.g., Metsaev
and Tseytlin [29] for a discussion) and we will therefore not rely on it here.
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(2.26b)
(10100] [00011] [00200] [20011] [00011]  [02000] [20000]
® — ® ® S FH © o @
el -8 @ : (2.260)
[00011] [00011] [00022] [00200] [00011]  [02000] [20000]  [00000]

s

Here we have again left out representations not present in the expansion of two Weyl tensors
(given in (2.9)) as well as terms which are not compatible with the symmetries of the tensorial
structures listed in table 3.

Verifying SL(2,Z) symmetry at the level of the effective actions amounts to establishing
that the respective expansions in basis invariants for W?(DH s))? and W?(DF(3))? agree when
all terms proportional to DH(s) or DF(s) in either the [01000] or the [00011] representation
have been set to zero. Combining the VV2 expansion (2.9) with the first line of (2.26), one
finds that this corresponds to a matching of 17 coefficients.

The decomposition of the effective action on the group-theory basis is thus more com-
plicated than in the case of the five-form action. The three invariants based on the Hg
representation again do not appear, while the terms that lead to a vanishing four-point ampli-
tude form a four-parameter family of ambiguous terms parameterised by A;...\s. Including
these ambiguous terms, the expression for the action at four-point level reads

W?2DF?

SHB ) — = /dlol‘ vV —g (DF(g) ’ — )2

x (( 240 + Ay) W2 64+ \) W2‘~ (2.27)

=

+12(32+ 2X — A) WP = — 96 W? +96 W?| =

.

+(%+A3)W2‘E~3

b

g

—64W2‘ _ +(32+A4)W2)E _ 322

0T

F BN 20— ) WP o+ B (=32 ) WP

5
Ab Ac

+ (—s A+ 2+ 3As) WQ‘N (B4 =X — X — 2) W?|

)

We have again discarded an overall normalisation constant. The indices on the tableaux serve
to distinguish inequivalent ways of constructing terms with the same Young symmetries. We
refrain from giving the explicit expressions for these 14 basis invariants here, as the SL(2,7)

[T,

68 2
+ (315 3150)‘1 + 144)‘2 + 108)\3> w

1Once more, one has to be careful to recognise that one representation can appear as two different Young
tableaux; see the discussion around (2.11). In the present case, this happens for the [20011] representation in
the second line of (2.26).
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symmetry in this case provides us with a more compact way of writing the action: by a suitable
choice of the parameters \;, the action given above can be reduced to the form

(tgtg + %610610) W2(DF(3))2 . (228)

The parameter values corresponding to this action are given by Ay = 240, \y = 192, \3 =
—576/5 and Ay = 0. In particular, they have been adjusted so that the rank-eight contractions
between the W2 and DF, (23) blocks cancel between the two terms in (2.28). This gives pre-
cisely the RR three-form version of the action obtained by inserting a shifted spin connection
@ = w + H(z) in the familiar W* action of the type-IIB theory, showing that our result (2.27)
is compatible also with a stronger check of the SL(2,7) duality symmetry.'2

3 Discussion and comments on applications

3.1 Comparison with predictions of the linearised superfield

Berkovits and Howe have recently shown that the linearised scalar superfield of the type-11B
theory [30, 31] does not admit a non-linear extension, essentially because no chiral measure
can be constructed (a detailed argument can be found in de Haro et al. [20]). In the present
section we would like to make a few concluding remarks relating our four-point amplitudes to
the predictions of the linearised superfield. We would, however, like to stress that, despite the
comments we will make in this section, the direct string amplitude computations of the type
presented in our paper are currently the only known way of constructing the full dependence
of the type-IIB invariant on the Ramond-Ramond gauge fields.

In the linearised superfield approach, the action arises as a sixteen-dimensional fermionic
integral over four powers of the scalar superfield ®,

SHB = /dlol‘ leH e (I)4 . (31)

This integral is very hard to do explicitly except when one restricts to pure graviton terms,
but we can again, as in [19], use arguments based on representation theory to compare with
our string-based result. The linearised scalar superfield contains, at fourth order in 6, the
terms

d=...4+ (QCFnrzrse) (ecrswgsse) (ermswzmgsg + DrlFrwgslszsg) 4+ (3.2)

The four powers of the anti-commuting 6 restrict the fields to the representations

—~+
(®?:116)a: ;ﬁ @E:‘ )

[02000] [10002]

(3.3)

where the tensors on the right-hand side correspond to the Weyl tensor and the non-trivial
representation of DF (Jg), respectively. A similar argument restricts the way in which W? and

12As a curiosity, let us mention that the above values of the A parameters correspond to the ejgerg part
of (2.28) multiplied by a factor of two. Hence, the action (2.27) with all \; set to zero also takes the form (2.28)
but with the opposite sign for the second term.
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(DF}))? tensors can appear in the action. Namely, at level 6° in @ one finds the decomposition

(®%_,16), = E ® EE ® oo .

[00200] [20011] [40000]

(3.4)

We observe that this is, in general, more restrictive than the action given in (2.13).

However, as we have noted in section 2.3, there is a one-parameter ambiguity in our ef-
fective action (2.13) which arises because the four-point amplitude does not suffice to fix
the coefficients of terms in the action that lead to vanishing on-shell four-point functions.
This ambiguity, parameterised by A in (2.13), is precisely such that the action can be re-
duced to the three representations given in (3.4) above: for the special value A\ = —16 only
these representations survive. Assuming that the superfield integral (3.1) produces the string
superinvariant—and the fact that there exists a value for A\ for which the action satisfies the
restriction imposed by (3.4) indeed lends a certain credence to this assumption—we can thus
use this argument to fix the four-field R*(DF}))? action completely.

As a side note, the above decomposition also explains the precise relative coefficient between
the tgtsW* and e9e10W* parts of the superfield W* invariant (which happens to agree with
the corresponding part of the type-I1IB four-point effective action): there is a unique linear
combination of the two that, like (3.4), contains no rank-eight contractions between two 12
factors.!3

3.2 Applications, conclusions and outlook

We have shown how systematic string-amplitude calculations and a group-theoretical approach
to the construction of field-theory invariants can be used to successfully compute the string
effective action including Ramond-Ramond fields. This is a technically rather demanding
project, but we have shown that the results can be cast in a very compact form. We have
illustrated our methods by giving an explicit expression for the four-field terms in the type-11B
effective action involving two powers of the three-form or five-form field strength. Clearly, our
work is a necessary prerequisite for any future calculations of this type that extend to higher
order in the fields. For this reason, we consider it very important that our calculations passed
the rather spectacular SL(2,Z) match.

One particularly interesting term in the effective action that can be determined using our
setup is the V[/'?’(F(Jg))2 term; in fact, the results obtained in the present paper are crucial
in order to determine these terms. We have done some preliminary work to investigate the
complexity of this problem. Firstly, while the string amplitudes now contain considerably more
terms, the correlators are again all “topological” in the sense that they reduce to constants by
virtue of the Riemann identity. Secondly, one now encounters field-theory subtraction issues:
the five-point field theory amplitude receives contributions from tree-level graphs formed from
one lowest-order supergravity vertex and one four-field vertex coming from the W?(DF, (Jg))z
terms computed in the present paper. Despite these complications, the effective action still
has a manageable expansion in group theory invariants. This is determined by the two tensor

13Here one should again take note of the discussion around (2.11). For the case at hand, the irreducible rep-
resentation [20011] has a dual realisation in terms of a rank-eight tensor. However, this tensor is antisymmetric
in six indices and can therefore not be be formed out of two Weyl tensors.
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products

<E+® E+)s: 5 o [ @gj % (3.52)

[20000] [00200] [10002] [00004]

(Fedemd) =3 @ 6 o QE

[20000]  [00200]  [10002]

(3.5b)

where the ellipses denote representations that do not appear in the expansion (3.5a). From
the overlap between the two expansions we see that there are, at most, eleven independent
W3 (F (Jg))2 invariants. Computing this part of the type-1IB action will be an interesting appli-
cation of the procedure given in the present paper.

Another set of terms which is related to the ones computed here are those involving space-
time fermions. Part of our motivation for the paper [13] was to deduce the modifications to
the supersymmetry transformation rules and the resulting superalgebra in order to determine
the superspace torsion constraints. For this purpose it is presumably sufficient to determine
the fermion bilinear terms in the effective action.

Finally, let us comment on a more conceptual lesson which can be learned from our analysis.
Despite the very low number of basis invariants from which our effective action is constructed,
the corresponding expressions as given in the appendix are quite lengthy and the resulting
action, when written out in this brute-force way, would be rather intractable. It thus seems
clear that any actual applications along the lines of Frolov et al. [12] or de Haro et al. [9] would
benefit from keeping the Young symmetrisers implicit as long as possible.

A similar systematic approach is also highly desirable for the determination of corrections
to supersymmetry transformation rules. As we have already shown in [13], supersymmetry
mixes the tensorial structures of the various terms in the effective action in a very complicated
way. By writing not just the action but also the supersymmetry transformation rules using
a group-theory basis, it is likely that one can cast the (a’)? corrections to these rules in a
manageable form, despite the underlying complexity of the calculations. We will leave these
issues for future work.
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A Appendix

A.1 Explicit expressions for tensor polynomials

In this section we list the explicit expressions for the tensor polynomials that appear in the
effective action at order (o).

The first step in their construction is to decompose the W? and (DF(Jg))2 products in
irreducible representations, as given in (2.9) and (2.10) of the main text. The explicit forms
of the Weyl tensor building blocks are given by

T 4 crir
WT1T28182WT3T48384 - 253i Wd1T28283WT37‘4d184 — =04 2Wfdﬂ‘:’)dzssVVd184d27‘4 (Al)

2 _
W ‘ﬁ o 578182
1 srire 2 Srirers
+ 368182Wd1d2T3T4Wd1d28384 - 1_55313233Wd1d2d37“4Wd1d2d384

1 grirorsra 2
+ L5 w2,

210 781525354

2 _ 1 157
W ‘@ - §Wd1T1S182Wd183T27“3 + 3651Wd17’2d282Wd183d2m (AQ)
1 crire 1 s7m1
+ ﬁéslsg WdldzdsTSWdldMsss - ﬁ651 WdldQTZTSWd1d23233
1 gsrirers 2
3365818283W )
20 _ 1 gs182
W ‘ - Wdlsl[rﬂzmdlsﬂmm} 125 Wdldz[nmmdldz\?‘sm} (AB)

+ 1_186(81 [r1 VV\d1d2|r2r3 VV\dld2|r4]32)

+ %5(81 [r1 M/\d1d2\7‘282)Wd1d2|T3T4] )

2 2 2
W4l - = nglrldQTZWd151d252 — §Wd1r1d251Wd152d2r2 (A4)
HHA 1¢r 1 ¢rire 2
- Z(Ssl Wd1d2d3T2Wd1d2d382 + ﬁ(sslsgw )
2 2 2
W gﬂ = ng1r1d281Wd1T2d282 + §Wd17’1d281 Wd182d27”2 (A5)
s
1cr didadsra 1 srire 2
+ 700 W Wadodsss — ﬁ58132W ,
2 _ 3 1 2
ws = Wd1(7“1\d2|7“2m/|d1|81\d2|82) - ﬁn(rﬂ“zWS1|d1d2d3\W82)d1d2d3 + En(mrznswﬁw ) (AG)
2 _
W E - Wdl[rl‘d2|rzmd1|81‘d2|82} ; (A7>
2 1 2
W ‘IZINZI = Wd1d2d37‘1Wd1d2d381 - ﬁnﬁSlW : (AS)

These expressions are obtained by applying the Young-tableau symmetrisers and subsequently
subtracting traces in order to reduce to an irreducible representation. Antisymmetry is as-
sumed on the index sets r; and s; except where otherwise explicitly indicated. The non-trivial
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representation contained in DF +) is given by

(5
DFt 5DFJr 1 D, FJr - D, FJr A9
(5) S 6 7’17“27“37’47’d 6 TTRT3T4ATS TTIT3T4TS ( . )
_'_ D"‘SFT+7‘1’I‘2’I‘47‘5 D F’r‘+7‘1’r‘2’r‘37‘5 + DT5F7‘+T‘17‘27‘37‘4>

1
+ +
- E ( Ny Ddl Fd1r2r3r4r5 Nrry Ddl Fd1r1r3r4r5
+
- 777‘7‘3 Ddl Fd1r1r2r4rd 777‘7‘4 Ddl Fd17“17”27”37’", 7]7“7“5 Ddl Fd1r1r2r37“4) .

There are a priori two ways to contract two of these DF (Jg) factors in such a way as to obtain
a tensor of rank eight. However, the classification in section 2.2 has shown that there can be
only one independent object of this type. Indeed, explicit calculation shows that one of these
contractions vanishes:

((Dan—tlmgm;;mz;ms DnFrj_lngngn4n5) ‘ —+ =t mn mdnd) ‘ (A]'O)
g -

The other contraction does lead to a non—vanishing result:

(D P o gTmsmen £ () (A.11)

mimeomsmams DTL n1n2n3n4nr EN:‘ Ej

The explicit expression can easily be obtained from (A.9).
The invariants used in the action (2.13) can be constructed from the ingredients given

above. In the following we will suppress all terms proportional to D™F" . as they are

lowest-order equations of motion. Within each invariant, the terms can be classified according
to the number of indices that are contracted between the W? and the (DF)? blocks. For
space reasons, we list here only the terms with the maximal number of contractions between
the two blocks.!* These are given by

‘% DF+ ‘ 2 - ngFdldzdsd4 Dy Fasdgdre WaydodrtWasdadsds (A.12)
- I%Dchhdzdsdz; Dle5d6d7d8 Wd1d2d5d6Wd3d4d7d8
+ 2 DiFaydydzdat DiFasdgdrdsk Wiy dadsde Wasdadsds
— 2DvFyydydst DiFusdsdgd; W dodods Wis kdads

2 D Fayayds DiFasasde Wy dodgtWashdads

2 DiFayands DiFayasas Waydsdads Waskdst

— 2Dy Fyyayay DiFaydsde Waydydek Wasldads

— 2Dy Fyyayay DiFaydsds Waydydads Wasldsk

_l_
_l_

+ lower-rank contractions ,

14Note, however, that the lower-rank contractions arising from the trace-subtraction terms in (A.1)-(A.8)
(or, alternatively, those in the corresponding (D F, (+)) expressions) are crucial to obtain a correct decomposition

of the action in irreducible parts.
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W2‘~

WQ‘

W2

8

H.

(DE,

)2 =

(DFS)| ) =

(DF(E) ‘ )P =

%Dde1d2 Dle3d4 Wd1d5d3de2d4d5l

— %DkFchdz Dle3d4 Wdlkdled2d5d3d4

+ %DkFchdz Dle3d4 Wdlldsde2d5d3d4

— 1_18Dde1d2 Dle3d4 Wd1d3d5de2d5d4l

— $DvFyyay DiFaya, WaydsdskWandsdat

— 7—12Dde1d2 Dle3d4 Wdldzdled3d4d5k

+ 21—4Dde1d2 Dle3d4 Wd1d2d5de3d4d5l

+ %Ddeldgds DiFayasds Waydsdsd: Wasdrdads
+ éDde1d2d31 Dle4d5d6k Wd1d2d6d7Wd3d7d4d5
+ %Ddeldz DiFaya, Waydzdads Wskdsi

— %DdeldQ Dle3d4 Wd1d2d4d5 Wd31d5k

+ lower-rank contractions ,

%DkFchdz D[Fd3d4 Wd1d5d3de2d4d51

— %DkFchdz Dle3d4 Wdlkdled2d5d3d4

+ %Ddeldg Dle3d4 Wdlld5de2d5d3d4

— 1_18Dde1d2 Dle3d4 Wd1d3d5de2d5d4l

— éDdeldg Dle3d4 Wd1d5d3de2d5d4l

— 7—12Dde1d2 Dle3d4 Wd1d2d5le3d4d5k

+ 21—4Dde1d2 Dle3d4 Wd1d2d5de3d4d5l

+ $DiF 4 dyd5 DiFa,dyds Waydsdsdr Wasdsdads
+ ¢ DiFy dsast DiFayasask Wandodsds Wasdsdads
+ LDy Fy gy DiFsa, Waydydsds Waskdst

— 5 DiFayay DiF gy, Waydydads Wasidsk

+ lower-rank contractions ,

— 7—12Dde11 Dle2d3 Wdlkd4d5 Wd2d3d4d5
—+ TLleFdl Dle2 Wd1d4d3de2d3d4l

+ 11_8Dde1d2 DleSk Wd1d5d4le2d4d3d5
+ kaFdl Dle2 Wd1d3d4le2d4d3k

— ﬁDdel Dle2 Wd1d4d3le2d4d3k

+ p.t.o.
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W2

Hs

(DF, ‘

~ +

2 =

- ﬁDdel Dy Fgy WaydyaskWasdadsi

- ﬁDleldz Dy Faya, Waydsdsds Wasdydsds
5D Fayayt DiFgya0n Wa ddsds Weadadsds
%Dleldz Dle3d4 Wd1d5d3d6 Wd2d5d4d6
— 51Dk F a3 DiFayane Waydsdsds Wasdsdads
+ %Ddell Dle2d3 Wd1d4d3d5 Wd2d5d4k

- %Ddell Dlede Wd1d3d4d5 Wdzkd4d5

- ﬁDleldz Dy Faya, Waydodsds Wasdadsds
+ 95 D Fayaot DiFaya0e Waydsdsas Wesdadsds
- ﬁDdel Dlez Wd1d2d3d4Wd3d4kl

+ TLLDdel Dlez Wd1d3d2d4Wd3kd4l

— & DiFuiay DiFay Waydyduds Wastdads

+ lower-rank contractions ,

3_16Dde1d2 Dlegk Wdlld4d5 Wd2d3d4d5

-+ ﬁDdel D[Fd2 Wd1d4d3de2d3d4l

— éDde1d2 Dle3k Wd1d5d4le2d4d3d5

+ ﬁDka Dle2 Wd1d3d4le2d4d3k

+ 111 DeFay DiFy, Wa, ayaWasa,dsk

+ kaFdl Dle2 Wd1d4d3de2d4d3l

+ ﬁDleldg Dle3d4 Wd1d3d5d6Wd2d4d5d6
— 4_18Dde1d2l Dle3d4k Wd1d3d5d6Wd2d4d5d6
— %Dlewlz Dle3d4 Wd1d5d3d6 Wd2d5d4d6
+ 1_12Dde1d2l Dle3d4k Wd1d5d3d6Wd2d5d4d6
— %Ddelz Dy Fayas Waydydsds Wazdsdak

+ %Ddell DiFayas Way dsdads Waskdads

+ %Ddel Dlez Wd1d2d3d4Wd3d4kl

— =D Fay DiF g, Waydsana, Waskaa

+ lower-rank contractions ,
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W2

D:‘N:D(DF(JSF) ‘ — )2 = £DpFy DiF gy Wayd,as6Wandsaat (A.17)
+ ¢ DiFay DiF g, WayazaqWasdadsk
+ £DiFay DiF g, WayayasiWasdadsk
+ £ Dy Fay DiF g, WayasasiWagdadst
— 5DwFay DiF g, Waydsasa, Wasdan
+ £ Dy Fay DiF g, Waydyasa, Waskdat

+ lower-rank contractions ,

W2‘ _(DF}, ‘ 2= LDyF DiF Waskaya, Wastasa, (A.18)
|

+ %Dlel Dle2 Wd1d3d4d5 Wd2d3d4d5

+ 3_76Ddell Dlezk Wd1d3d4d5 Wd2d3d4d5

- ﬁDkﬂ Dlel Wd1d2d3d4Wd2kd3d4

1
— 1 PrFay DiFe Wayaydzds Wasidsd,

+ lower-rank contractions .

In the above expressions we have dropped all index pairs contracted between the two field
strengths, so Fy dydsdy Fusdedrds = Favdodsds " Fsdgdrdgm, and so on. For ease of notation, we
have also left out the labels indicating that Fis) is self-dual. As was the case for the amplitude
trace, the (DF, (Jg))2 tensors were obtained as the sum of parity-even and -odd parts after the
extraction of a self-duality projector P, = %(]l + %) from each of the F (Jg) tensors.

In the actual computation, the invariants constructed from DF, (Jg) in the fully antisymmetric
representation are also required in order to complete the basis. This has enabled us to make a
strong consistency check on the calculation, as it allowed us to verify that the amplitude can
indeed be expanded in the basis of invariants predicted by group theory. Because such terms
vanish identically on shell and therefore can be left out of the effective action, and because
they are rather lengthy expressions, we do not list them here.
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A.2 Fermionic world-sheet correlators

The general world-sheet correlator for fermions was derived by Atick and Sen [18]; it takes the
form

(TIs*@IIs mwIlvE ]ve),

16 - 503 [T — )7 [1 65 — 20 [[ 0a(z— )

i<j i<j i<j i<j

p— K’/ 1
Hel(yi - gj)z Hel(zz' - Zz)
i, i,

(A.19)

N[

1 ~
Hel(zi —¥;)? Hel(zi —Yj)
% 2Y) i 2¥)
[16:G-)2 ][0z —v)
2 i,

N[

x 0, (%EZ:@—%Z;Z/MLEZ:ZZ—;Z) .

The normalisation constant K, is determined by taking limits of the insertion points such that
all #; functions reduce to poles or zeroes, for which one uses

?L% 01(2) =67(0) - z. (A.20)

Because of the operator product expansion, the total correlator in this limit should be equal
to the product of these poles and zeroes, times the expectation value of the identity in each

spin structure, }
(1), = (ZZES?) : (A.21)

In the situations we analyse, the 6, factors of the fermionic correlator and the one from the
ghost correlator conspire to give the 6,(0). Therefore, the procedure described here fixes K,
in terms of a power of #](0). In order to determine the overall sign, one has keep track of the
ordering of the fermions, especially when converting the covariant expression to one written
in terms of the five helicity basis fermions.

As an example, consider the fifth line of table 3. The relevant fermion correlator (multiplied
with the one for the ghosts) is

v



In the limit 2y — 25 and 23 — z; one can use (A.20) to simplify the result obtained us-
ing (A.19). One can also analyse the expected behaviour of the amplitude by looking at the
operator product expansion. Using the ghost correlator

1 1 1 21 — 29 !
G(21,22,0), = (v —21)201 (v — 22)2 01 (20 — 21) 4 0, 5 ) (A.23)

one finds the limiting expression

-1 6,(0) ! 4(U—Z2)(22—23)2
2. (ea<o>) (s =) (e = 2) (s — 20 (22 — ) (o1 — ) (o1 = 22)

v

. /
" K, 0,(0) from (A.19), (A.24)
1 from the OPEs.
Comparing the two, one thus deduces that the normalisation constant is K, = —1/61(0)

(independent of the spin structure sector).
Having determined the normalisation, the sum over spin structures is then evaluated using
the Riemann identity

Y ()8l m)b, (2217)8, (25]7)8, (2] 7)

v=1,2,3,4
21+ 29 — 23 — 24
T 61 5 T

« 0, <21—Z2—2’3+Z4‘7_) 0, <21—22+2’3—24‘7) . (A.25)

:291 (21+22;—Zg+24

2
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