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ABSTRACT

We compute the tree-level H2R? couplings of type II strings and provide some basic tests of the couplings by
considering both K3 and Calabi-Yau threefold compactifications. Curiously, additional kinematical structures
show up at tree level that are not present in the one-loop couplings. This has interesting implications for type
IT supersymmetry as well as SL(2,Z) duality in type IIB strings.
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1 Introduction

In ten-dimensional theories with 32 supercharges, o corrections start at eight-derivative level and receive
perturbative contributions at tree level [IH8] and at one loop [9]. These contributions begin from four-field
scattering, where the four-graviton part is the most studied and best understood one, hence the moniker ‘R*
couplings’. In the string frame, the entire NS sector results are compactly written using [10]

Ry = (R™),, %% + Vi, H )7 (1.1)
where (R'™),,00 = —3(9,0phux + -++) = —20|,hp,\ is the linearised Riemann tensor. The tree-level
corrections are given by ~ ~

671,6 ~ 672¢(t8t8R4 - %6868R4), (12)

where the first pair of indices on each R is contracted on the first ¢g or eg, and the second pair on the
second [2]. Note that the original calculations were performed in the Green-Schwarz formalism so eg is the fully
antisymmetric tensor in the eight-dimensional transverse Euclidean spac@. However, we take a more covariant
approach and regard e,e, as a shorthand notation for the anti-symmetric delta function on 2n indices with
a precise definition given below in ([2ZI4]). The tensor tg has four pairs of antisymmetric indices, and is such
that given an antisymmetric matrix M, tsM* = 24 (tr M* — i(tr M2)2). The CP-even sector of the one-loop
expression has a similar structure:

eilﬁcp_cvcn ~ (t8t8R4 + %6868}?4), (13)

where the top (bottom) sign is for the ITA (IIB) theory. The two terms here come respectively from the
even-even and odd-odd spin structure sectors of the covariant one-loop amplitude.

Due to general covariance, the purely gravitational part of the higher-derivative couplings can be completed
to expressions involving the full Riemann tensor without needing to compute higher-point graviton amplitudesg.

1To be precise, the four-point function in light-cone gauge is not sensitive to the eges term. However, the structure of the
amplitude indicates that it is present.

2The exception is for the couplings that vanish on shell at linearised level. This is the case for e.g. the egeg R* terms in ()}
and ([[3))). These couplings were first obtained using duality arguments, rather than five-point function calculations.



Hence, the gravitational part of the eight-derivative couplings is well-known. However, the full completion
including the anti-symmetric tensor and possibly dilaton is not yet known. While it is tempting to introduce
a four-index tensor computed using a connection with torsion

R (Q4) = Ru®® + V|, H,)*" + $H|,*"H,),” (1.4)

with (Q4),%% = Q,*% + %HHO‘B as a natural non-linear counterpart to R in (1), there is no a priori reason
to believe that such a replacement can capture the complete string-theoretic answeifl. In fact, it is known that
additional kinematic structures beyond the standard eeR*(£2, ) appear in terms involving higher powers of H,
such as H2R? and H*R? in the odd-odd sector of the one-loop R* couplings. These have been verified by
five [TTL12] and partial six-point function calculations [13]. However no tree-level results are known at the level
of the effective action beyond four-point functions. Computation of the tree-level H2R? couplings is the main
focus of this paper.

One may suspect that we have quite a bit of indirect information about these terms. After all the ten-
dimensional R?* couplings are at the origin of the perturbative corrections to the four-dimensional ' = 2
moduli spaces as well as the perturbative R? couplings in four-dimensional N' = 2 and N = 4 theories.
However the lower-dimensional results do not rely on reduction of the ten-dimensional couplings. This might
be best illustrated by looking at R? terms in type II compactifications on K'3. There supersymmetry arguments
are strong enough to rule out such couplings at tree-level for either ITA or IIB. In type IIB compactified on K3
the R? couplings at one loop are also absent. At the linearised level it is not hard to find cancellations in the
reductions of the R* couplings that assure the absence of these terms, using R,, = R = 0. Yet the complete
cancellation at the non-linear level has not been checked, and as we shall see is rather nontrivial. The same is
true for the R? terms in type II compactifications on Calabi-Yau three-folds, where special geometry dictates
the absence of R? terms in IIB compactifications and the absence of tree-level R? terms for ITA.

Recently a new H2R? term that does not follow the standard tree-level kinematics was proposed in [14]
in order to make R* reductions compatible with the quantum corrections to the moduli space metrics for
four-dimensional A/ = 2 theories [I5L[16]. We confirm this proposal and find many more couplings that cannot
be detected by examination of two or four-derivative actions in compactifications without fluxes on four- or
six-dimensional Ricci flat spaces. Our tree-level result can be summarised as:

_ 3
Loree = /G [3?(231 0/ (15t R ) — descsR(04)" - 215t HZR(QL)? — deoeg H2R(, )P

+8.4[ZdiHuvAHpUCQZVAPUC_|_...)_|_...} (1.5)

Here only the first two terms have the standard kinematics, exactly as in (L.2), with the curvature tensor now
computed using the connection with torsion. The last two terms on the first line use the familiar tensorial
structures tg and e;g but the structure of indices on the H? part is such that it cannot be obtained from
expanding the standard terms. Their explicit form is as follows:

t8t8H2R(Q+)3 =13 Hl”'HstglmygHHlHZO[HVleOZRHSlMVSIM (Q-i-)RHSMGVsVG (Q+)RM7H8V7V8 (Q+)7
coeg HR(Q4)° = —€apopr-ops€ o HIE  Hy ORI o (Qp ) RIOHO g (Q ) RETHS L (Q4). (1.6)

These terms are crucial for finding agreement with the known lower-dimensional results, notably the corrections
to the moduli space metrics of N' = 2 vector and hypermultiplets. The egeg H? R(Q)? kinematical structure
also appears at one loop, albeit with a different coefficient. (The one-loop result is given in (220).) The
tats H>R? term appears only in the tree-level expressionﬂ.

The last line of () contains only terms without any index contractions between the two H’s. Here d; is a
set of constants given in (2.34]) and the quantities in)\ poc are cubic in Riemann curvatures and are specified
in (A4). The appearance of such terms does come as a bit of a surprise, as we have not been able to rewrite

3For a closed H, Ruupa(Q24) = Roxuw (Q2-). Clearly, R, (Q4) is antisymmetric in the first and the second pairs of indices.
Moreover, tgtg R(Q24)* = tgts R(Q_)* and egeg R(Q4)* = egeg R(Q-)%.

4Even though couplings quadratic in H and cubic in curvature appear in the expansion of the terms with the standard
kinematics, we shall be reserving the notation tgtgs H2R3 and egeg H2R3 exclusively for the couplings defined in (L6). Note that
the definitions AJy(Q4, H) = —egeg H2R? was used in [13], and §J = —2tsts H2R3 was used in [I4].
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Table 1: Summary of additional contributions to the effective action in string frame which complete the R*
terms beyond R — R(Q4) known from the string-theoretic calculations only. Separate columns denote the
knowledge about the dilaton and RR couplings. The verified absence of couplings involving the given field is
denoted by @. Our ignorance is denoted by ?. The NSNS contribution to the CP-odd part (even-odd and
odd-even) of the one-lopp couplings is completely determined by R — R(£4 ), and does not involve the dilaton.
Its RR completions is not known. In this paper we compute the ~ H2R3 contributions at tree-level. We have
not done the computation for the terms ~ H?(VH)? R which could also come from five NSNS field scattering.
The one-loop egeg H(VH)?R structure is defined in (2.22).

them in terms of tg and €19, and they do not have any one-loop counterparts. Note, however, that they are
undetectable from the lower-dimensional physics obtained via compactification without fluxes.

The couplings appearing in non-linear completions are of two types: those which fit the kinematic structure
that can appear by substituting R — R(4) and expanding to the given order and those which do not. All
standard kinematical structures to the highest order we have checked so for (partially up to six point at one-
loop) indeed come from the expansion of tgts R(Q24)* and eses R(24)%. At one loop the terms of the second
type involve a pair of H-fields not contracted with each other and are of the form egeg H2X, where X ~ R3
or X ~ (VH)?R (see 221) and ([222) for the explicit form). We find a much more elaborate structure at
tree level. As mentioned, our partial knowledge of the couplings of the second type have been mostly indirect;
the lower-dimensional implications of these terms have been deduced by methods other than the reduction of
ten-dimensional couplings. The completion with the dilaton and with the RR fields is still not known. We
have collected the results of known direct string-theoretic calculations in Table [II

It should be noted that much more is known at the level of string amplitudes. Three and four point functions
were naturally investigated as part of the development of the superstring formalism. Shortly thereafter, the
tree-level open string five-point amplitude was computed in [19], and the one-loop amplitude was computed
in [20H23]. Closed string amplitudes can of course be obtained from the open string ones using the KLT
relations [24] that were also developed early on. Closer to the present, the pure-spinor formalism [25] provided
a fruitful alternative to the traditional covariant and Green-Schwarz approaches to string amplitudes [26H29].
This formalism also allows for a unified treatment of the NS and R sectors, thus making the scattering of
RR fields more feasible and was used in [I7,18] to obtain the complete (to all orders of o) tree-level quartic
effective action of the type II string. The challenge we face is not in computing the higher-point closed string
amplitudes, but rather in constructing a local eight-derivative effective action that reproduces these amplitudes.
In addition to the large number of kinematical structures that show up, we are also faced with the issue of
subtracting out pole contributions from lower-point amplitudes in order to recover only the new contact terms
that show up at each higher order in the expansion.

In a search for a (generalised) geometric description of string theory, the rather baroque structures appearing
at the non-linear (beyond four-point) level present an interesting challenge. In this regard, the torsionful
connection and R(€2 ) is very natural. Yet clearly between the tree-level and one-loop terms already at the first
nonlinear level (five-point functions) H? terms also enter independently from the R — R(£) ) substitution, and
come in diverse kinematical structures. As mentioned, writing the tree-level five-point function contributions
quadratic in H using the familiar tg or €19 contractions (or generalisations) does not appear to be possible. A
somewhat loose analogy might be found in eight-derivative couplings involving the graviton and the axi-dilaton
in type IIB, where already at the four-point level the kinematics is rather unwieldy [18]. Yet in an F-theoretic



context one can see the emergence of these structures from purely gravitational couplings in twelve-dimensional
elliptically fibered spaces [30]. Finding a similar geometrisation of non-linear completions of the R* couplings
(and beyond) would be of great importance.

From the low-energy point of view this mismatch between tree and one-loop terms might appear somewhat
surprising. For example, in type IIB the linearised terms are identical at tree-level and one-loop. As mentioned,
the six-dimensional (2,0) theory is not supposed to have ~ R? couplings either at tree-level or at one-loop.
And indeed it is not hard to check that at this order the different contributions coming from R* terms cancel
when compactified on K3. Denoting the internal and six-dimensional curvatures by Ry and R respectively, one
finds that on K3, tgtgR* — t4t4R§ x tats B2 and eges R — 6464R8 x eqe4R2. Since the internal parts or the
same due to Ricci-flatness, the IIB combination (tgts — i6868)R4 reduces to (taty — i€4€4)R2 = 4RWR”” - R2,
which contains only Ricci terms and vanishes on-shell at the linearised level. This works exactly the same way
for the three-level and at one loop. However, as we shall see in section [3] the complete non-linear cancellations
at tree-level and at one-loop are due to very different mechanisms.

The mismatch between the tree-level and one-loop terms in the non-linear higher-derivative couplings
(starting from five-field scattering) also poses questions for supersymmetry and SL(2,Z) invariance of the type
IT theory. Although ITA and IIB theories are distinct, the eight-derivative supersymmetry invariants are often
given in terms of A/ = 1 combinations. At the linearised level, it is generally believed that there are only two
N = 1 superinvariants, given schematically as

Jo = (tsts — Leses)R?,
Jl = t8t8R4 - %ElothRél. (17)

Here Jj gives the ITA and IIB tree-level couplings as well as the IIB one-loop coupling, while the combination
2J;1 — Jo gives the ITA one-loop coupling. However, this cannot hold at the non-linear level since the tree-level
structure is distinct from that of any of the one-loop invariants. We suggest that (L), suitably completed by
nonlinear terms, become the one-loop superinvariants (see ([d.2])) and that there must be at least one additional
tree-level superinvariant, which can be viewed as the completion of tgtge 2? R*. The tree-level dilaton factor
cannot be probed by a four-point function, but will affect the supersymmetry completion as the dilaton, being
in the supergravity multiplet, transforms non-trivially under supersymmetry.

For the IIB string, there is also the issue of SL(2,Z) invariance of the eight-derivative couplings to consider.
In the purely gravitational sector, the Jy combination given above is complete even at the nonlinear level, and
the relative tree and loop factors multiplying Jy give rise to the SL(2,Z) invariant [311[32)

‘C?jB ~ /=9E3/2(T,T)Jo, (1.8)

where E3/5(7,7) is a non-holomorphic Eisenstein series of weight 3/2. However, once this is expanded to the
full supergravity multiplet, the tree- and one-loop couplings are no longer identical, and moreover transform
with different modular weights. In this case, the story of SL(2,7Z) invariance becomes much more intricate,
and additional knowledge of the RR sector will be needed to complete the picture. Nevertheless, we will show
that in some cases SL(2,Z) invariance can be used to extend the NSNS sector couplings to the complete set
of IIB fields.

In fact, SL(2,7Z) invariance of the type IIB string gives rise to some tension between the different four-point
results collected in Table [l For IIB strings, the only difference between the quartic NSNS contributions at
tree level and one loop is the dilaton factor e=2?. Other than that, the kinematic structures are identical. This
means that the only way of completing the purely NSNS expressions to SL(2,7Z) invariant ones is by making
each term invariant and multiplying the entire expression quartic in fields by the SL(2,Z) function £5(7, 7).
In particular this means that the local U(1) symmetry of type IIB supergravity is respected by the four-particle
interactions. This is indeed consistent with the results of [33[34] showing that the U(1)-violating contributions
start at the level of five-particle interactions. From the other side, the four-point result including RR fields
given in [I8] cannot be completed to an SL(2,Z) invariant expression without modular forms that transform
under weights 1, and are hence U (1)-violating. We shall return to this issue in subsection .21

The structure of the paper is as follows. In section [2lwe first review the construction of the quartic effective
action in the NSNS sector at tree-level and one-loop. We then turn to the one-loop and tree-level five point
function and the quintic effective action. Although our main interest is in the tree-level effective action, we
review the one-loop computation [13] as we use it as a reference in reconstructing the tree-level action. In



section Bl we present two tests of the quintic effective action. The first is the reduction on K3 and comparison
to the known structure of six-dimensional (1, 1) and (2, 0) theories and the second is the reduction on Calabi-
Yau threefolds. We then turn to the question of N' = 1 superinvariants followed by a discussion of SL(2,7Z)
invariance of the IIB couplings in section dl Finally, we provide a brief summary of open issues in section

2 The tree-level five-point function

The eight-derivative terms start at the level of o/*R*, corresponding to the scattering of four closed-string
states. Since the four-point string amplitude is needed for recreating the effective action, we begin with a brief
review before turning to the five-point function.

2.1 Open and closed string four-point functions

While we are interested in closed string amplitudes, the KLT relations [24] allow us to start with open string
amplitudes as the basic building blocks. The tree [35] and one-loop [36] open string four-point functions have
been known since the introduction of the superstring, and both have the same kinematical form corresponding
to the Yang-Mills four-point amplitude

ki,e1,ka, ez, ks, es,ka,eq)

ts(

A 1,2,3,4) = — 2.1
YM(uau) kl'kaQ'k[; ( )

Here we have used the notation
tS(Cla <2a o aCS) = t8#1#2"'#8 {Ll 52 T gsa (22)

and the tg tensor is given by [I]

U8 pyvy e pavs = _2((771/2#1771/1;@)(77114#3771/3#4) + (77113#1771/1#3)(771/4#2771/2#4) + (77114#1771/1#4)(77113#2771/%3))

+'8(nU4M1nV1H2nV2H3nV3H4 +'nV4M1nV1M3nV3M2nU2M4 +'nV2H1nV1H3nV3H4nV4H2)7 (2'3)

where the right-hand side is to be antisymmetrized in all [u;1;] index pairs with weight one. The external states
are massless and on-shell, with momenta k; and polarizations e; satisfying k2 = 0, k- ¢ = 0 and momentum
conservation, ki + ko + k3 + k4 = 0. The actual open-string amplitude is expanded in on-shell momenta. At
tree-level, the leading term is directly proportional to Ayn(1,2,3,4), and reproduces the four-point Yang-Mills
contact interaction as well as s-, t- and u-channel gluon exchange diagrams, while the next term in the o/
expansion gives a stringy four-derivative correction of the form tgF'*. At one-loop, the leading term starts at
the four-derivative level, and has the same kinematical structure of tgF*.

As demonstrated in [24], closed string amplitudes can be written as a combination of left- and right-moving
open-string amplitudes. Working in the NSNS sector, we take the closed string polarization to be a tensor
product

0 =€, ® Ey. (2.4)

This can be decomposed into a combination of NSNS fields according to
O = hyw + b + 3 (v — kukn — kuky) o, (2.5)

where hp,., are transverse-traceless metric fluctuations, g, = M + by, with k#hy,, = hl’j =0, and by, are
anti-symmetric tensor fluctuations with 4 = db and k*b,,, = 0. The dilaton ¢ corresponds to the trace mode,
and k is introduced with k% = 0 and k- k = 1 in order to enforce the transversality condition k0" =0 for all
modes including the dilaton. While k is only implicitly defined by these properties, it drops out of all physical
amplitudes involving the dilaton.

At tree-level, the closed string four-point function takes the form [2]

Miree ~ < + 01/32<(3) + - > |512523AYM(17 25 37 4)|2 ) (26)

512523513



where s;; = k; - k;j. This expression is valid for the scattering of any combination of gravitons, antisymmetric
tensors and dilatons (although it vanishes by world-sheet parity for the scattering of an odd number of b,,’s).
The first term reproduces the leading two-derivative action in the Einstein frame, while the second term gives
rise to the familiar eight-derivative coupling of the form tgtgR*. In fact, M}™° provides information on the
full closed-string NSNS sector, and it is easy to see that the eight-derivative coupling is built from the gauge
invariant combination B

RMb2, = 9glm o k#ﬂkuz]v (2.7)

where p7 o are associated with the left-movers, while 115 are associated with the right-movers. Here the tilde
indicates that the curvature tensor is given in the Einstein frame, which is the natural frame corresponding to
the string amplitudes as the two-point functions are diagonal between h,,,, b, and ¢. Noting the polarization

decomposition (), we see that R can be written as
RMle = RHlMQ e + 67¢/2V[#1 H#z]ylyz - 5[#1 [Vl v#2]vy2]¢7 (2'8)

which is the linearised form of a connection with torsion. Note that we have introduced the e~?/2 factor in
front of VH, which has no effect on the four-point function, but ensures that H has the proper weight in the
Einstein frame. In addition, the Bianchi identity dH = 0 ensures that

R#l#zvlvz (H) = RV1V2#1#2 (_H)v (2'9)

which is compatible with worldsheet parity.

Although the string amplitudes directly reproduce the effective action in the Einstein frame, we can trans-
form into the string frame by taking g,, = e?/ 29, In the string frame, the curvature tensor with torsion,
[28), takes a particularly simple form as the curvature of a connection with torsion Q, = Q + %’H, where H
is viewed as a one-form taking values in the tangent space

HP = H,*Pda". (2.10)
The curvature computed out of €24 is then
R(Qy) =R+ LdH+ iU AH, (2.11)
which has the component form
R(Q4),0*" = Ry®® + V|, H,*" + $H|," H,},". (2.12)

In the string frame, the tree-level effective action reproducing the eight-derivative four-point function then
takes the form [2[10]

¢(3)
3211

1
Liree = v/—ge *? | R+ 40¢° — EH2 + o (tsts — jeses) R(Q ) + -+ | (2.13)

where we have restored the tree-level numerical factor. Here we should explain our notation for the €€, tensor.
While €79 is the fully antisymmetric tensor in ten dimensions, a repeated €,¢, will denote the antisymmetric
delta function with n pairs of indices

1

v _ pisbn L gvl — _ L PR : _
€npyopn € =00 O = oy Con oo € mLn with m +n = 10. (2.14)

The sign arises because we are working with a Lorentzian signature in ten dimensions.

At this point, several comments are in order. Firstly, we have included the egeg R(£24)* term, even though
it does not contribute to the four-point function. This term is implicit in the Green-Schwarz formalism and
moreover is needed for agreement with the o-model approach [7l[]. Secondly, while the four-point function is
only sensitive to the linearised curvature, the natural object in the effective action is the full non-linear curvature
tensor R(€24). This non-linear completion was anticipated in [37] and further support for its structure was
given in [I3]. Both of these features will be seen directly at the level of the five-point function. Finally,



although we have focused on the NSNS sector, the full tree-level quartic effective action has been computed
using pure-spinor methods [I718].

Just as for the open string, the closed-string tree and one-loop four-point functions are based on identical
kinematical factors. In particular, we have [3§]

272 2)¢(3
MiOOP ~ O{/S (% + 0/3 C( )2C( )812823813 + .. ) |812823AYM(17 27 374‘)|2 : (215)

This time, the eight-derivative term is leading, corresponding to the one-loop effective action

7T2
Lloop =+v—g |:mo/3(t8t8 + i€8€g)R(Q+)4 + .. :| , (216)

where the top sign corresponds to the ITA string. The difference in sign between the IIA and IIB strings
arises because of the difference in GSO projections (or equivalently the difference in SO(8) chiralities in the
Green-Schwarz formalism). Again, the €19€19 term is not visible at the level of the four-point function, but can
be seen in the five-point function.

2.2 The one-loop five-point function

As indicated above, many of the additional features of the eight-derivative couplings are not visible at the
level of the four-point function. Thus we now consider the additional input arising from five-point functions.
The tree-level open string five-point amplitude was computed in [19,[39H41] using the covariant approach, and
the one-loop amplitude was computed in [20H23] in the Green-Schwarz formalism and in [42] in the even-even
sector in the covariant formalism. More recently, following the development of the pure-spinor formalism [25],
enormous progress has been made in computing string amplitudes [26], including higher-point trees [27,28] and
loops [29]. More concretely, the five-point open-string tree amplitude was revisited in [43] and the five-point
loop amplitude in [44]; the closed string amplitudes then follow using the KLT relations.

Of course, the string amplitudes themselves are not the end of the story, as we are interested in recreating
the eight-derivative effective-action from the amplitudes. The one-loop effective action was investigated in [45]
for the scattering of five gravitons and in [ITl[12] for anti-symmetric tensors and gravitons. The starting point
is the closed-string one-loop five-point amplitude, given here for the CP-even sector and at the eight-derivative
level [45]

1
MPP ~ = [/ﬁ -eatg(er, k1 + ko, e3, k3, eq, kg, e5,ks) — ko - ertg(ea, k1 + ko, e3, ks, eq, ky, €5, ks)
12

—e1 - €2t8(k1; k27 €3, k37 €4, k47 €5, k5) - 512t8(615 €2, €3, k37 €4, k47 €5, k5):|
X [kl - Eatg(€1, k1 + ko, €3, ks, €4, ka, €5, ks) — ko - €1tg(€2, k1 + ko, €3, k3, €4, k4, €5, ks)
— €1 - éatg(ki, ko, €3, k3, €4, ka, €5, ks) — s12ts(€1, €2, €3, k3, €4, k4, €5, ks)}

—e1 - 62t8(627 k?; €3, k3; €4, k47 €5, k5)t8(éla kl; é37 k3; é47 k4; é57 k5)
— ey - ertg(er, ki, es, ks, eq, ka, es, ks )ts (€2, ka, €3, ks, €4, ka, €5, k5)

1 o _ _
1 {81268(61, €2, €3, ks, eq,ka, €5, ks)es(€1, €2, €3, k3, €4, ky, €5, ks)

+eq- 5268(62, ko, es, ks, eq, ks, €5, k5)€8(él, ki,es, ks, eq,ky, €5, k5)
+eo - ereg(er, ki, e3, ks, eq, by, e5, ks )es (€2, ko, €3, k3, €4, ky, €5, k5)
+ 9 more in the other s;; channels
— ey - extg(ea, ko, e3, ks, eq, ka, €5, ks )ts(€2, ko, €3, k3, €4, ky, €5, k5)
¥ 361 -ereg(ea, k2, €3, k3, €4, ka, €5, ks)es(€2, ko, €3, k3, €4, k4, €5, k)

+ 4 more for vertices 2,...,5. (2.17)



Here the top signs correspond to the ITA string while the bottom signs correspond to the IIB string. This
amplitude was computed in [45] in the Green-Schwarz formalism, and we have explicitly written out the
combination tg + %Eg. Here €g is the fully antisymmetric tensor in eight dimensions with Euclidean signature.
Note that the final three lines in (217 correspond to trace polarizations, which are important when considering
amplitudes involving dilatons. In particular, they were not included in [12[45], which only dealt with graviton
and anti-symmetric tensor amplitudes. The normalization here is such that the right-hand side of (2I7)
reproduces
L~ 2424' (tsts &+ Teses)R* + -+, (2.18)
where 1/4! is a symmetry factor, and each factor of two in the denominator arises from the normalization of
the linearised Riemann tensor, Rapca = 2k, k[c€q)-
Note that the egeg terms in ([2I7) arise directly from the odd-odd spin structure sector in the covariant
worldsheet approach. This amplitude first appears at the level of the five-point function, as ten fermion zero
modes need to be soaked up on each side of the string. The odd-odd amplitude takes the simple form [ITL13]

1
Mg° ~ :FZ‘59(61762, ko, e, k3, eq, ka, €5, ks)eg(€1, €2, ko, €3, k3, €4, ks, €5, ks), (2.19)

in the same normalization as (2I7). Here €9 is given in Euclidean signature, and egeg arises from a single
bosonic zero mode contraction between two €19 tensors. This amplitude is particularly simple because of the
absence of any odd-odd four-point amplitude that would give rise to pole terms from intermediate state particle
exchange. Consistency between the Green-Schwarz and covariant amplitudes demand that the summed egeg
terms in (ZIT) match the single egeg expression in (ZI9), and this can be shown explicitly using on-shell
five-point kinematics and the schematic decomposition egeg ~ > d;;€sé€s.

As shown in [45], the five-graviton scattering amplitude reproduces the expected one-loop R* terms (2.16])
at the non-linear level, while the amplitudes involving anti-symmetric tensors and gravitons give rise to new
terms in the odd-odd spin structure sector [12}[13]

Lioop = F[

9. 211 O/B (tgth QJr —EgﬁgR(Q+)4 + %69€9H2R(Q+)3 + %69€9H2(VH)2R(Q+) + - )

(27T)2 NG 4 1 212
B A |tr R(QL)Y — L(tr R(Q } , 2.20
+ ] 3.0 2 rR(Q)" - (e R(Q4)7) even(odd) in By for IIA(IIB) (2.20)

where

69€9H2R(Q+)3 = —€apopr s €OV TR HIE2 L H, L PO R (Q4 ) RISH L (Q4 ) RITRE L L (Q4),  (2.21)
and

€9egH*(VH)?R(Q4) = —€apops s €0V VEHIH2EOE], o TS P4, THS MO, L RITHS L (Q4). (2.22)
Note that, compared to [13], we have simplified the eeH?(VH)?R term using the identity
ooV VS [ T, BO7HS [, S TS, RUTHS,

_T QroV1- V8 I 142 o K3 M4 K5 ITHe W7 8
= g€apopr---ps€ H Hvlvzl/ov H V3V4V H VSVGR vivs T ) (223)

Eaﬂoul"'us

which is valid at the level of the on-shell five-point function. While this effective Lagrangian is only complete up
to the five-point function, there is evidence that the CP-odd sector as well as the even-even spin structure term
is complete at it stands [I3]. On the other hand, the odd-odd spin structure term will receive contributions
from six and presumably higher-point functions, as can be seen from the reduction to six dimensions.

2.3 The tree-level five-point function

We now return to our main focus, which is on the tree-level five-point function and its implication on the eight-
derivative effective action. The closed-string tree-level amplitude can be obtained using the KLT relations [24]
and, at the eight-derivative level, takes the form [46H48)]

Ayn(1,2,3,5,4)\ " Ayn(1,2,3,4,5)
tree /3 YM\ L, 49,9, YM\ L, 4,9, %,
Ms " 2((3) (AYM(1,3,2,5,4)> SoMs Aym(1,3,2,4,5)) (2.24)



Here Aym(1,2,3,4,5) is the Yang-Mills five-point amplitude and Sy and Ms are 2 x 2 matrices

s12(513 + S23) 512513 mip Mi2
Sy = . My = : 2.25
0 ( 512513 s13(s12 + st)) ’ (m21 m22) ( )
with
mi1 = 53 (—s1(s1 4+ 252 + 53) + S354 + s7) + s185(s1 + $5),
mi2 = —s13824(51 + 82 + 83 + 84 + 55),
ma1 = m12’293 = —s5183(813 + S2 + 524 + 84 + 55),
M2z = M1 ’293 = 594 (—513(513 + 282 + 524) + 52454 + 53) + s1355(s13 + 55), (2.26)

where s;; = k; - kj and s; = s;,41. In general, we can form ten Mandelstam invariants s;; with ¢ < j. However,
massless five-particle kinematics allows us to reduce this to five independent variables, say si,...,s5. The
other five variables can then be expressed as

513 = S4 — 51 — S2, S14 = 52 — 54 — S5, 524 = S5 — S2 — 83,
S95 = 83 — S§1 — S5, S35 = S1 — 83 — S4. (227)

The explicit form of Aynm(1,2,3,4,5) is available from [49], and contains poles corresponding to factorization
on intermediate gluon states. The KLT product ([2224]) superficially appears to have pole-squared terms, but
explicit evaluation with Mathematica [50] shows that no such terms are present. Single pole terms, however,
do remain, corresponding to factorization on intermediate NSNS closed string states.

From an effective action point of view, the five-point amplitude receives two types of contributions. The
first type corresponds to intermediate closed-string exchange in the s;; channel connecting a leading-order
three-point amplitude for particles 4, j and the intermediate state to a tree-level o’ four-point amplitude for
the intermediate state with the remaining three external particles. Here the intermediate closed-string state
could be any one of the massless NSNS states, namely the graviton, anti-symmetric tensor or dilaton. The
second type of contribution is the actual five-point contact interaction, and this is what we are mostly interested
in since it corresponds to additional couplings beyond what appears in the quartic effective action.

For the one-loop amplitude, the subtraction of pole terms from the intermediate channel particle exchanges
was carried out in [45] for the five-graviton amplitude and in [I2] for the mixed anti-symmetric tensor and
graviton amplitudes. This process is similar for all combination of external particles, and the resulting contact
interaction is then used to recreate the one-loop effective action ([2.20). In principle, we can repeat this
subtraction procedure for the tree-level amplitude. However, we find it convenient to take a shortcut of
working with the difference between tree and loop amplitudes

AM5 — ;rcc _ M;IB loop' (228)

Here the tree and loop factors, proportional to 2¢(3) and 272/3, respectively, have been removed so the
difference would vanish for identical kinematics. Although the tree and loop amplitudes differ by a dilaton
factor e2?, the amplitudes correspond to a perturbative expansion with vanishing dilaton vev so their difference
is still meaningful. Furthermore, while the tree-level amplitude is identical for the ITA and IIB strings, we
compare with the one-loop IIB amplitude because of the expected S-duality invariance of the IIB string. In
particular, at the level of the four-point function, the difference AM, vanishes identically for any combination
of external NSNS states, as the kinematical factors in (26]) and (2I5]) are fixed by supersymmetry and hence
are forced to be identical. When combined with non-perturbative contributions, this leads to the SL(2,7Z)
invariant combination [311[32]

Lps ~ 0/353/2 (7‘, f‘)(tgtg — %6868)R4, (2.29)

at least in the purely gravitational sector.

Returning to the five-point function, ([Z.28)), this difference turns out to be non-vanishing in general when
the external closed-string polarizations are unspecified. However, all pole terms cancel so AMj5 is purely a
contact interaction. This greatly simplifies our task of obtaining the tree-level effective action as we will not
have to subtract out any underlying pole terms. Even without any poles, the expression for AM;5 in terms of
polarizations and momenta is quite long, so we have used Mathematica [50] for simplification.



Projection of @R  Representation Multiplicity

St [0,0,0,0,0] 2
Wi [2,0,0,0,0] 3
Xi [0,2,0,0,0] 8
T [0,0,0,1, 1] 3
Q' [0,0,2,0,0] 6
Vi [1,0,0,0,2] 2
Vi [1,0,0,2,0] 2

Table 2: Irreducible SO(1,9) representations and their multiplicities in the decomposition of ®3R that can be
used to form singlets with H?2.

Although AMs5 is not identically zero, it does vanish in the case of five graviton scattering where all five
external polarizations are taken to be symmetric and trace-free. (Note that we are not considering any dilaton
external states where the difference between tree and loop amplitudes will be manifested.) As a result, the
SL(2,7) invariant structure (Z29)) continues to hold at the next non-linear level, as expected.

The more interesting case to consider is the scattering of two anti-symmetric tensors and three gravitons.
Here it turns out that AM;5 does not vanish, and moreover has a long and unilluminating expansion in terms
of external polarizations and momenta. Nevertheless, we expect that this amplitude can be reproduced by a
suitable quintic effective action made out of gauge-invariant combinations of H2R3. We thus start by construct-
ing a complete basis of scalar H?R? invariants and then computing the five-point amplitudes corresponding
to these invariants. After this, we finally decompose AMj5 into a linear combination of these invariants and
thereby deduce the effective action.

In order to obtain a complete basis of H2R? invariants, we first consider the tensor decomposition of H?
and R? and then look for singlet combinations under the Lorentz group SO(1,9). We start with the symmetric
tensor product of H?

®2H — [0,0,0,0,0] + [2,0,0,0,0] + [0,2,0,0,0] + [0,0,0,1,1] + [0,0,2,0,0] + [1,0,0,0,2] + [1,0,0, 2, 0]

2 2 2 2 2 2
H*  + Hiwy + Hipo) + Hjwpol + Hiywrjjapy) + Hijwxporc: (2.30)

po]
The representations are given in terms of Dynkin labels and also shown schematically on the second line. Note
that the last two irreducible representations correspond to the self-dual and anti-self-dual components of the
five-form indices. This decomposition now singles out the corresponding representations in the decomposition
of R? that can be used to form overall singlets. The symmetric tensor product of R? is more involved, but can
be obtained with the assistance of the LiE computer algebra package [51H53]. Since we are free to ignore Ricci
terms at this order, we actually consider the symmetric product of three [0, 2,0, 0, 0] irreducible representations,
corresponding to the Weyl tensor. The relevant terms for forming singlet combinations with H? are shown in
Table 2] where the notation parallels that of [54] with the exception of Q¢, which did not appear there.

The main result from Table @lis that there are two scalar R3 invariants S?, three two-index invariants W?,
eleven four-index invariants { X% T%} and eight parity conserving six-index invariants {Q¢ V*}. This requires
us to introduce a total of 24 basis terms to span the full set of possible H2R? combinations in the CP-even
sector. Although the above decomposition is given in a basis of irreducible representations, we find the use of
a reducible basis to be more straightforward as this obviates the need to project out traces and mixed tensor
structures. We then take

Liasis = vV—g [aiH2§i + b HY o HY W), + ¢; ™ (HP * X7, o+ d HP YN HP7C QL e (2.31)
where the specific R? combinations are given in Appendix [Al

It is now a straightforward exercise to take the difference in amplitudes, (Z28), and decompose it into the
above basis. The result is given in the first line of Table 3l Although this decomposition is not particularly
illuminating by itself, it can be partially rewritten using the tg and €19 tensors, as shown in the additional lines
of the table. Here the egeg H2R? term has the same form as ([Z21]), while the tgtg H2R? term has the explicit
index structure

2 3 — ViV o 516
tsts "R :tgﬂl"'#8t81 SHIH2 HV1V2QR#3#4V3V4R# #FVSVGR#7#8V7V8' (232)
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aj azlby by bzl c1 2 3 ¢4 5 ¢ 7 cg Cg cip c11|di do d3 dy ds dg dy ds
AM; &&=l -+40 0 000 0 01-24%1-41-2-20 0000
—tstsH*R3|0 0|0 0 0|—-5 3 -5 0 —-3—-3 3 1 -13 00 0 0 0 0 0 0 O
R R T B T T B L e R T

Table 3: The difference AM;5 between the tree and loop amplitudes decomposed into the 24 basis elements.
The decomposition of relevant H2R? terms is also shown for comparison.

This term was initially proposed in [14] in order to recover four-dimensional supersymmetry based on Calabi-
Yau compactification. As indicated in Table [ the difference AMs can be written in terms of tgts H2R>? and
€9cg H2R3 and a set of terms of the form H””AHPUCQfLVAPUC where H? is fully uncontracted. Adding back in
the IIB one-loop amplitude and restoring the appropriate tree-level factor of 2¢(3) then gives

_ 3
Loree = v/ G¢ 2¢[ )0 (15t R0 )~ eses ()" — 2st H2R(Q,)" — deoeg HPR(2.)?

3. 911
+8.4!ZdiHuvAHPUCQZVAPUC_|_...) _|_...}, (2.33)
where
{di} =(1,-1,0,5,1, 1, -2, 3), (2.34)

and the R? combinations in)\ po¢ can be found in Appendix [Al Note that we have chosen to write the H*R?
terms using the curvature R(§2y) given in ([2.I1)), as the distinction between H2R3 and H?R(Q.)? only arises
at the level of the six-point function and beyond.

While the tree-level effective Lagrangian, ([2.33)), fully captures the H2R? terms, it is important to keep
in mind that it is still incomplete at the quintic level, as we have not considered H?(VH)?R terms nor have
we considered couplings involving the dilaton. Since the tree-level five-point amplitude, (Z24]), includes all
polarizations in the NSNS sector, it would be straightforward to extend (Z33)) to the entire NSNS sector at the
quintic level. However, such additional couplings will not be important for the reductions considered below.

This explicit construction of the tree-level H2R3 couplings confirms the prediction of [I4] that a tree-level
term of the form 67 = —2tgtgs H?R? is needed for the reduction of IIA theory on CY3 to be supersymmetric in
four dimensions. In addition, it demonstrates that the ee 2 R? coupling, which arises from the odd-odd sector
in a covariant one-loop computation [13], is also present at tree-level, however with a relative factor of one
half compared to the one-loop coupling. Because of this relative factor, and because of the additional terms
in (233)), we see that SL(2,Z) invariance of the IIB theory cannot be obtained simply by the use of a single
automorphic function of the form (229) once additional fields beyond the graviton are included. We will return
to this point below, when we consider S-duality of IIB theory with higher derivative terms.

Finally, the presence of the fully uncontracted H? terms in the second line of (Z.33) came as somewhat of
a surprise since they are not present in such a form at the one-loop level. Actually, the expansion of egeg H2R?
contains such terms, as can be seen in the last row of Table However, this expansion yields a different
combination than that of the left over terms in the tree-level effective action. Along these lines, we have
attempted but failed to rewrite the fully uncontracted H? terms in terms of invariants built out of tg, €19 and
the metric tensor. Of course, we have not been exhaustive in doing so, and it remains an open question whether
any further simplification of (233) is possible.

3 Testing the couplings: K3 reduction

Starting from the tree-level closed string five-point amplitude in the NSNS sector, we have constructed a
supergravity effective action, (Z.33)), that reproduces the tree-level eight derivative couplings up to H2R? order.
Although this is not the full quintic effective action, as it lacks H?(VH)?R terms as well as potentially dilaton
terms, it nevertheless indicates the presence of additional couplings that can be investigated upon dimensional
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reduction. For example, reduction on K3 gives rise to four-derivative couplings (among others) arising from
factorized (four derivative) x R? terms in ten dimensions and reduction on a Calabi-Yau threefold gives rise to
renormalized two-derivative interactions arising from factorized (two derivative) x R? terms. Supersymmetry
provides strong constraints on these sort of terms, and this provides a convenient check on the ten-dimensional
couplings.

Here we consider the K3 reduction of the quintic couplings and consider both tree and loop terms for
completeness. In order to reduce an eight-derivative term in ten dimensions to a four-derivative term, we
must soak up four derivatives using the curvature of K3. This means we are only sensitive to terms involving a
factorized wa oo~ Gauge invariant four-derivative contact terms built from the antisymmetric tensor and metric
range schematically from R? up to H*, and hence can be probed completely using four-point functions in six
dimensions. When combined with Rf”,pa, this lifts to six-point functions in ten dimensions, which we have not
explored. In particular, the quintic effective action, (2:33]), can be used to constrain no more than three-point
contact terms in six dimensions, so we will be unable to provide a full test of the couplings. Nevertheless, the

partial information is still illuminating.

3.1 The six-dimensional tree-level couplings

We begin with an examination of the tree-level couplings. While four-derivative couplings are generally non-
vanishing in theories preserving 16 real supercharges, the tree-level interactions within the six-dimensional
gravity multiplet begin at the four-point, eight-derivative level, just as in the ten-dimensional type-II case.
One quick way to see this is to consider the orbifold limit of K3. The tree-level amplitude in the untwisted
sector, which is where the gravity multiplet lives, is then identical to that on 7%, and it is well known that the
latter only receives corrections starting at the eight-derivative level.

On the other hand, the reduction of the tree-level quintic action, ([Z33]), on K3 yields

LIS =V=ge " |R+ 404 — 5 H? + a((t4t4 — tesea) R(QL)% — tats HR(Q) — Seses HPR(Q4) + -+ - )} :
(3.1)

where « is inversely proportional to the volume of K3, and the t4 tensor is taken to be t4 ;v pove = Mvopus Mor s
up to antisymmetrization in index pairs. Our aim is to show that this vanishes, at least at the order of the
cubic interactions that can be probed by the reduction of the quintic ten-dimensional action. Actually, it is
sufficient to demonstrate that this vanishes up to on-shell field redefinitions. Thus we allow the use of the
six-dimensional equations of motion

VFHuop = 2H 050" 9, Ry, — 1H, = -2V, V,9, R =—40¢* + SH?, (3.2)

as well as integration by parts in the action.
We begin with the quartic term

Lps = a/—ge_2¢a(t4t4 - %EGEG)R(Q+)2, (33)
where

tataR(Q1)? = Ry *P (4 ) R" 05 (),
TeaeaR(Q1)? = R’ (1) Rap™ (1) — 4R, () Ra () + R(Q4)° (34)

The curvature with torsion is given by
RMVQB(Q+) = Ruvaﬂ + %(VMHVQB - VVHHQ'Q) + i(HuapHup'@ - HvapHupB)v (3-5)
and the Ricci contractions are

R, (Q4) = Ry () = R, — %VpHpua - %Hudeapgv
R(Qy)=R,"(Qy)=R— $H, ,H"". (3.6)
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As expected, the Riemann-squared terms cancel when the t4t4 and egeg terms are combined. However, there
is a subtlety when considering the torsionful case, as the order of the index contractions is different between
the terms. In particular, we use the identity

R *P(0)) = R, (00), (3.7)
which is a consequence of Bianchi, dH = 0, to rewrite the Euler combination as
LeseaR(Q4)” = Ry (Q4) R 05(Q-) — AR, (2 R¥a(Q-) + R4 (3.8)
As a result, we find
(tats — feaea) R(Q4)? = 2V, H, VY HY o + 4R, ()R o (Q-) — R(Q4)°, (3.9)

where we have made use of dH = 0 and R, = 0. As we see, the Riemann-squared term cancels, but we
are left with a non-trivial (VH)? term as well as Ricci-like terms.

To proceed, we remove the derivatives acting on H by a combination of integration by parts and the H
equation of motion. We furthermore use the Einstein and H equations of motion to rewrite the Ricci terms

BE) s
RHV(QJF) =-2V,V,0— Hul/)\ak(ba R(Q-l-) = —20¢. (310)

Inserting the above expressions into ([B.3]) then gives
Lps = /=g **a[AR"P7 H,,po H)o* —2R" H? ,—4H} V'V +16(V,V,¢)* —4H 0" 60" p—4(0¢)?]. (3.11)

The first term is an irreducible three-point contact term which should not be present in the six-dimensional
tree-level effective action. Therefore it must be canceled by the reduction of the H2R3 terms in (B.I) that we
have yet to consider.

The additional H2R? terms can be written explicitly as

tats H*R(Qy) = H"*H" o Ryuvpe (Qy) = 2R"P7 H,\po H, o — LH?, (3.12)
and
E464‘E[2]%(Q+) = _Eaﬂoﬂl"'M4EQUOVIIIIU4H#1#2 VoHule‘uDR#3#4V3V4 (Q-i-)
=4 [6R"" HppoHyo® —6R"H, + RH> — 1H* — J(H},)* — 1(H?)?], (3.13)

where we have defined
H* = H,,,H* " H"**H"*. (3.14)

As a result, the first term in (BI1]) is indeed canceled, and we end up with

L2 = V—ge Pa[-1RH? — 4H? V'V ¢+ L(H?)? + TH' + L (H?)?
+16(V,V,9)? — 4H2,0" 60" ¢ — 4(06)?]. (3.15)

This effective four-derivative action still appears to have three-point interactions. However, these can be pushed
to higher order using a combination of equations of motion and integration by parts. The final result is

o = V=ge S H + 3(H],)? + B(H?)? - 8H],0"¢0" ¢ + SH?0¢* — 16(0¢%)?). (3.16)

This is now written purely in terms of four-point contact interactions in six dimensions. Of course, the entire
set of tree-level four-derivative couplings in the gravity sector ought to vanish. However, as these lift to six-
point terms in ten dimensions, they remain unconstrained at the level of the five-point function that we have
computed in ([233). Nevertheless, the presence of these terms directly indicates that the quintic effective action
is incomplete and additional kinematical structures must necessarily be present that can only be probed at the
level of the six-point function and beyond.

Until now, we have evaded the distinction between ITA and IIB compactifications on K3 as the NSNS fields
are identical. In ten dimensions, the NSNS fields can be viewed as the bosonic sector of a A/ = 1 theory
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that is extended to either ITA or IIB by the RR fields. The compactification of the NSNS sector on K3 then
results in a (1,0) theory in six dimensions comprising a supergravity multiplet with bosonic fields (g, bju), a
(1,0) tensor multiplet with bosonic fields (b, ¢) and 20 (1,0) hypermultiplets with four scalars in each. The
hypermatter originates from the K3 moduli along with the ten-dimensional B-field compactified on two-cycles.
Note, however, that we only focus on the reduction to six-dimensional (g,., b, ¢), and hence will ignore the
hypermatter couplings.

As noted above, the tree-level NSNS couplings of type II theory on K3 vanish at the four-derivative level. (To
see this from the reduction of the effective action requires knowledge of the six-point function in ten dimensions,
which we have not computed.) This indicates that neither the (1,0) gravity multiplet nor the (1,0) tensor
multiplet receives any tree level four-derivative couplings in six dimensions. However, the situation for one-loop
couplings is rather different, and to discuss that we have to consider ITA and IIB reductions separately.

3.2 Type IIA on K3

The compactification of Type ITA theory on K3 gives rise to (1,1) supergravity coupled to 20 (1,1) vector
multiplets. In particular, the RR fields can be thought of as adding a (1,0) gravitino multiplet of opposite
chirality as well as 20 (1,0) vectors that combine with the (1,0) hypermultiplets to fill out the (1,1) vector
multiplets. What this indicates is that the six-dimensional NSNS fields (g, buv, @) reside in a single (1,1)
graviton multiplet, so whatever we obtain in the compactification of the ITA NSNS fields will provide information
on the four-derivative couplings of the graviton multiplet.

At tree level, a direct reduction of the quintic action gives the six-dimensional couplings in (816]). However,
as discussed above, we expect these couplings to be exactly cancelled by the addition of six-point terms in
the ten-dimensional action. Turning now to the one-loop level, the starting point is the one-loop effective
Lagrangian, (Z20), with the top sign chosen for ITA theory, which can be reduced on K3 to give

Lﬁfop = \/—gﬂ((t4t4 + 2es4ea) R(Q4)% + 2eses HPR(Q4) + -+ - + 4Ba A [tr R(Q4)?] (3.17)

even in Bg)’
where 3 is a loop constant inversely related to the volume of K3. Of course, we actually know more than this,
as the one-loop effective action was previously obtained by dualizing the Heterotic tree-level four-derivative
terms and by direct computation of a string four-point amplitude on the K3 orbifold [13]. With a suitable
normalization, the full NSNS result is given by

/

«
Eglop = \/—g1—6 ((t4t4 + %6464)R(Q+)2 + %65€5H2R(Q+) + %6464H4 +4Bs A [tl” R(Q_k)z} 318)

even in 32)' (

The additional e;e4H* term (with precise definition given in [13] after mapping ejes H* — —%EGEGH 4) can

originate naturally from a eges H*R(£2;)? coupling in ten dimensions. The addition of the RR fields will
extend this effective Lagrangian to a complete set of four-derivative self couplings of the (1,1) supergravity
multiplet at one-loop level. The full set of couplings can also be obtained by dualizing the heterotic theory
reduced on T* while keeping the six-dimensional graviphotons that were not considered in [13].

3.3 Type IIB on K3

We now turn to Type IIB theory on K3, where the RR sector extends the (1,0) theory into (2,0) theory
in six dimensions. Here, the (1,0) supergravity and tensor multiplet from the NSNS sector complete into a
(2,0) supergravity and tensor multiplet. In addition, the 20 (1,0) hypermultiplets are completed into (2,0)
tensor multiplets, thus yielding (2,0) supergravity coupled to 21 tensor multiplets in all. Since we have only
considered the NSNS fields, we restrict our focus to (guu,bu,¢) in six dimensions, corresponding to the
supergravity multiplet and the tensor multiplet that is singled out by having b, originating from the NSNS
sector. Nevertheless, in contrast to the ITA case, this is sufficient to provide information on the coupling of
gravity and tensor multiplets, and not just on the gravity multiplet alone.

We start by noting the one-loop couplings for IIB theory on K3 can be obtained from (BI8]) by flipping the
sign of the e4e4 and ese5 terms and by suitable modification in the CP-odd sector [13]

Ei?;p = \/—gﬁ((t4t4 - %6464)R(Q+)2 - %6565H2R(Q+) - %6464H4 + 432 VAN [tl” R(Q_i_)ﬂ odd in Bg)' (319)
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Before proceeding, note that the purely gravitational terms take the form

(tats — jeses) R* =R’ — (R>,,, —AR., + R?) = 4R, — R?, (3.20)

nvpo nvpo

which vanishes on a Ricci-flat background that is consistent with setting Bs = 0 and a constant dilaton. This
suggests that there is significant cancellation in the gravity sector of IIB theory reduced on K3, and we will
see that this is in fact the case.

For the full set of NSNS fields, we start with the CP-even sector and note that the combination (t4t4 —
i64€4)R(Q+)2 was already worked out at tree level in (8:9). Again, we can simplify this using on-shell integra-
tion by parts. However, at one-loop this proceeds without the e 2% tree-level factor. The result is

(tats — Leaed) R()? = 2V, H,*PVY HY o5 + AR, (Q4)R* o (Q-) — R(Q4),

=4R"" H,poa Hyo® — 2R" H, + 4R, “(Q4)R" o (Q-) — R(Q4)* + 2(V* Hyap)?
= 4R"" Hp\po Hyo® —2R"H}, + 4(Ry, — $HS)? — (R— $H?)? + (V¥ Hpap)®.
(3.21)
This may be combined with
— eses HR(Qy) — soeses HY = —ARM™P H o0 Hyo® + AR™H, — 2RH” + 5(H?)* — 1H*. (3.22)
to give the effective Lagrangian in the CP-even sector
LcP-even = V _96(2RMUH5V + 4(RMU - iHﬁu)z - (R + %H2)2 - %H4 + (VHHHOtﬂ)2>
= V=9B(2RMHE, +16(V,V,6)? — (106% — LH)? — LH' + 4H2,0/60"6 ), (3.23)

where the second line is obtained by substituting in the lowest order equations of motion.
We now turn to the CP-odd contribution, which takes the form [I3]

Lcp-odd = 48B AN tr[R(24) A R(24)]odd in B,
=4BB A tr[dH A (R + 21°)]
=4BB ANdtr[H A (R+ 5H%)] =4BH N tr[H A (R + 5H?)]. (3.24)

Note that the one-form H® = H,%dz# is what shows up in the torsionful connection Q4 = w + %'H, The
H AtrH A R term involves the Riemann tensor. However, as demonstrated in [13], it can be rewritten purely
kinematically in terms of the Ricci tensor. Then, in component notation, [3.24) becomes
1 a a a C ca
Lcp-odd = v _g4ﬁ§€m“2“3u4“5u6HH1H2M3[%Huzws RMG - %HPM bHHsb HMG ]
— _ /__g4ﬁ(*H)qu[%leaRZ _ %HﬂabHybchca]
v + — a _

- _‘/__95(23# @), — B ), — LH — B >)H3), (3.25)
where the last line is obtained by rewriting H in terms of its self dual and anti-self dual components H =
H®) + HO) so that «H = H*) — H(-). Note that in the last term we are using a short-hand notation for
the non-factorized H* combination.

We are now ready to combine the CP-even and CP-odd couplings, (8:23) and (328, respectively, with the
result

Loy = V=9B(ARH  LH, +16(V,V,6) — (1097 — 1H2)? = EHVH® + 4H2,0/60%6).  (3.26)

This expression can be simplified through a combination of integration by parts and application of the on-shell
equations of motion, with the result

4 - - @ 174 - @ v
£y = \/_—gﬁ(—gH( VH 4+ H L H, P H> — 3 (H?)? — 8H' L H,** V'V ¢+16(8¢2)2>. (3.27)
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The H(-)HVV¢ term can be simplified by decomposing H( )H of = H( )2 Hﬁ;éHl,(*) @8 and using the
identity

H((u ) aﬁHl(/;rozB GQWH;(;;EKHH) paf _ 1_129WH2' (3.28)

This results in an H?O¢ term which is then simplified using the equations of motion. The result is
Ly = \/_ﬁ( DHP ¢ BV H, A — L(H?)? — 8H,)2VIVY ¢ — SH20¢° + 16(6¢2)2)
- \/_—gﬁ(gH(_)‘l —8H() VIV — AH204% + 16(8(;52)2), (3.29)

where the second line is obtained by fully decomposing the H* terms into self dual and anti-self dual compo-
nents.

As written, the H(7)2VV¢ term in (B29) appears to represent a contact three-point interaction. However,
as demonstrated in Appendix [B], it can be on-shell manipulated to give

H)?VIV g = —2H() 20" ¢0" ¢ — L H?0¢°. (3.30)
As a result, we find the (2,0) loop couplings

L = V=3B 4 16H(,) 2060”6 +16(00)?). (3.31)

Note that this only involves (b, ,¢) which are the bosonic components of the (1,0) tensor multiplet that is
extended to a (2,0) tensor with the inclusion of RR fields that we have ignored. Moreover, it is a quartic
four-derivative tensor self-coupling that obeys the requirements of (2,0) supersymmetry as outlined in [55]. In
fact, the only quartic four-derivative couplings that are allowed are between (2, 0) tensors, and this is consistent
with the absence of any gravity multiplet fields in (BBII)E The explicit supersymmetrisation of various one-loop
R? terms in a general (1,0) setup was carried out in [56,/57]. Similar calculations for the quartic interactions
of (1,0) and (2,0) tensor multiplets should be of considerable interest.

The gravity multiplet fields that are accessible from the NSNS sector are (gm,,b,(;ﬂ)). The vanishing of
R2, . and Ry, ,c H" o HP7 terms suggest that the (graviton)* and mixed (graviton)?(tensor)? couplings are
not present. However, the full absence of such couplings is only verified after a somewhat intricate splitting
of H into its self dual and anti-self dual components. In particular, a non-trivial IIB CP-odd term, (324,
is required to obtain the proper decoupling of the (2,0) gravity multiplet at the four-derivative level. This
provides direct evidence that ten-dimensional IIB theory has a one-loop eight derivative CP-odd term, even

though it is completely absent at tree level.

3.4 Reduction on CY threefolds

In Calabi-Yau reductions the order of derivatives appearing in the lower dimensional action is controlled by
the power of the CY Riemann tensors appearing in the internal integrals. Hence for the threefold reduction to
four dimensional the four-derivative couplings discussed in the previous subsections are not the lowest order
contributions. These lowest order two-derivative corrections manifest themselves in the corrections to the
moduli space metrics proportional to the CY Euler number. The correction to the vector multiplet moduli
space Gy, is at tree-level and to the hypemultiplet moduli space metric Gy, at one loop [I5,[16]. These
calculations are done directly in the CY background and did not rely on a reduction of ten-dimensional R*
terms. However they predict the result of such a reduction, and the corrected four-dimensional effective action
in string frame should be given by

5= 22 d'zy/= [((HXT) “#— x1) Ry

+ (1= xr)e 2% — x1) Gou(00)* + (1 + x7)e 2% + x1) th(ah)ﬂ, (3.32)

5Note that tree-level quartic couplings among (2,0) tensors are also expected to be present. In fact, the distinction between
tree and loop is somewhat lost when considering the O(5,21) structure of the (2, 0) theory, and generically all 21 tensor multiplets
will have moduli-dependent quartic couplings. However, the particular tensor multiplet obtained from the NSNS reduction has
vanishing tree-level self-couplings, as we have seen above.
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where xr and x; are defined in terms of the CY Euler number x and volume Vjy as:

o’ 3
o = O
X1 = E‘ggi X (3.33)

The first step in obtaining ([3.:32) via reduction is working out the ~ (a’)? corrections to the CY background.
The well-known result for the dilaton and Riemann tensor is

/3 (2 )2 .
¢ = ¢o+ 30.[28 <C(3) + %ew > Eg,
/3 2
R =355 << (3) + (2172 e““) 0;0; e, (3.34)

with the expansion around the constant dilaton ¢y and internal Ricci-flat metric. Here Eg is the Euler density
of the CY manifold. The action ([B.32]) should be a result of combining the reduction of ten-dimensional classical
action using ([3.34) and the R* terms evaluated on a classical CY metric. This is rather involved and requires a
number of non-trivial cancellations. This computation was carried out in [14], where it was pointed out that a
tree-level —2e~2%tgtgs H> R coupling would be necessary for these cancellations to happen. Indeed, the crucial
terms needed to find an agreement with ([B32) are —2egeg H>R® at one loop and —2e~??tgtg H2R? at tree-level.
The other tree-level terms computed here, namely —%6_2¢6969H 2R3 which has the same kinematic structure
as the one-loop term but a different coefficient and e=2? Y d, H? - Qi, do not contribute to the reduction.

The R? terms in reductions on a Calabi-Yau manifold X at linearised level were discussed in [I5] and work
out in a very similar fashion to K3 reductions with the following replacement:

1 1
—/ p1 = —16 — —/ wl/\pl(TX):aI,
3 JKks 3 Jx
1 N2 1 N2 1
m/}(g(me) =24 W/X(Rzem) =ajt’, (3.35)

where w! € HV(X,Z) with I = 1,...,hY1(X), o is a set of topological numbers, and ¢! are the Kijhler
moduli. In full agreement with the A" = 2 special geometry, the only non-vanishing R? couplings appear at
one loop in the type ITA reductions and are of the form

of [ul tr R? + tIRWpAR“””’\}, (3.36)

where u! are the h''1(X) moduli coming from the B-field. From the point of view of supersymmetry, this
coupling does not need the B-field that is no longer in the gravity multiplet. However four-derivative couplings
are expected in both vector and hyper multiplets. Moreover, starting from four-derivatives there are mixed
couplings involving vectors and hypers, and starting from six derivatives, mixed couplings also involving the
gravity and matter multiplets. The stringy origin of these couplings has been studied only for the reduction of
type IIA one-loop couplings [58] since these are the only ones that lift to M-theory. Their better understanding
on the type IIB side together with the full SO(5) completions of six-dimensional (2,0) theories should be useful
in finding a completion of the higher-derivative couplings in string theory with RR fields included.

4 Symmetries and dualities

At the linear level, the structure of the R* couplings is very similar at the tree and loop level, and this has
led to important observations on supersymmetry as well as SL(2,Z) duality of the IIB string. However, as
we have seen above, the non-linear kinematics is surprisingly different at tree-level and one-loop. Thus both
supersymmetry as well as SL(2,Z) invariance of the IIB couplings need to be revisited in light of this difference.
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4.1 Supersymmetry

Based on the linearised computations, and ignoring the dilaton (which is unimportant in the quartic effective
action), the tree-level and one-loop R* contributions are often grouped into two A/ = 1 superinvariants:

Jo(Q) = (tsts — Leses) RY,
Jl(Q) = t8t8R4 - %ElothRél. (41)

The ITA and IIB tree-level couplings are given by Jy, while at one-loop IIB is once more given by Jy, but ITA
is given by 2J; — Jy. Note that the ITA action has a CP-odd term %510t8BR4 at one-loop, while IIB does not.

The disparity between the tree-level and one-loop couplings at the non-linear level, as well as the appearance
of a CP-odd coupling even in B-fields in the IIB action, makes it impossible to describe the full action by only
two R* superinvariants. At the non-linear level, we expect there are two independent one-loop invariants which
may be taken to be

Ti(Q4) = tsts R*(Q4) — tse10BRY (),

L7€(9+) = i68€8R4(Q+) - %ElothRzl(Q_i_) + %6969H2R3(Q+) - %6969H2(VH)2R + - (42)
These are expected to be A/ = (1,0) invariants built from the NSNS fields, and supersymmetry is essentially
acting by swapping tg <+ €19 only on one side of the string worldsheet. Construction of N' = 2 invariants then
corresponds to the addition of an A = (1,0) chiral gravitino or anti-chiral gravitino multiplet depending on
the completion to ITA or IIB. In any case, the ITA/IIB one-loop terms are then given by Juams = Tt = Je.
Note that the parity of the RR-fields and the relative sign between J; and J. (GSO projection) are correlated.
So at the level of N = 2 we should again recover a single one-loop invariant. Obviously N' = (1,1) and (2,0)
invariants are different from each other. At the four-point level, combinations of J; and 7. reduce to the
standard invariants (ZI).

The tree-level action (Z.28)) derived above is supposed to be independently supersymmetric and hence defines
a third A = (1,0) supersymmetry invariant:

Jo(Q4) = e (tstsR(Q+)4 — qesesR(Q4 )" — 2sts HR(Q4)® — Gegeo H*R(Q1)°

8 AL A HI A QL ). (4.3)

This invariant can be promoted to either N = (1,1) or (2,0). At the non-linear level, the e~2? dilaton factor
cannot be ignored and makes this invariant distinct from any of the one-loop invariants. As an N' = (1,0)
invariant, we expect this to also appear in the tree-level heterotic actiond. It would be interesting to see if this
is the case.

4.2 SL(2,7Z) invariance of R! couplings

At the two-derivative level, the classical IIB action is invariant under SL(2,R) transformations, while the full
theory is expected to be invariant under SL(2,Z) duality transformations. Given the presence of additional
H?R? couplings with different kinematical structures at both tree and one-loop level, we now address the
question of how they can be reconciled with SL(2,Z) duality.

Since SL(2,7Z) invariance is more naturally investigated in the Einstein frame, we transform from the string
frame, which was used above, to the Einstein frame by taking g,(ﬁ,tring) = e?/ 2gLEinsmin). Collecting the tree-
level contribution from (233]) and the one-loop contribution from (220)), the perturbative part of the type IIB

6 Additional couplings to gauge fields in N = (1, 0) vector multiplets may be required as well.
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eight-derivative action up to H2R? terms is given in the Einstein frame as

Loy =a 3\/—[( 3 <(2> +e%¢9f;l) (tstsR(©24)* - esesR(Q1)")
(

3 ) VA po
+ et ot (S H R — Aeta P RQ® + 84 S G H Qo+ )

1, T -
+€2¢9.211€ ¢(_%€969H23(Q+)3+“')}

(2m)? 3 A V41 A \2)2
— TS a By A [t RO - (o R(O4)%)?] . 4.4
ora B A [ RO - R RO (449
The first line collects the terms that are kinematically the same at tree-level and one loop. The second and
third lines contain respectively tree-level and one-loop terms that are different. Finally the last line is the
one-loop CP-odd contribution. Note that in the Einstein frame the torsionful connection picks up a dilaton
contribution

()% — (), = w, P + Je 921, + Leloerg 0, (4.5)

where all quantities on the right-hand side are in the Einstein frame. Note that the ellipses in ([@4) include
terms of the form H?(VH)?R as well as terms at higher order and possible additional dilaton terms. The
additional factor of e~? in the middle two lines is associated with H? in the Einstein frame.

Except for the metric and RR five-form, the IIB fields transform nontrivially under SL(2,Z). Hence
the various terms in (£4) must arrange themselves into combinations that restore the invariance. A full
investigation of how this works requires knowledge of the RR sector. However, even without a complete
picture of the RR couplings, we can go a long way towards exploring the SL(2,Z) structure of the action by
introducing the standard definitions

1
T=0Cy+ i67¢7 P, = %va and G3= \/E(FB — THg), (46)

where C;, and F, 11 are respectively RR potentials and their field strengths. Note that the complex fields P
and G transform with charges +2 and +1, respectively, under the local U(1) symmetry of IIB theory. In order
to obtain SL(2,Z) invariant couplings, we must then multiply the contact terms built out of R, P and G by
appropriate SL(2,7Z) covariant functions of opposite charge.

In the pure gravity sector, the (tsts — Teses)R? combination in the first line of (£4) is naturally made

invariant by introduction the function fo(7,7), which is the SL(2,Z)-invariant, non-holomorphic Eisenstein
series of weight 3/2

3/2
-
fO(T, 77-) = 53/2(7', 77') = Z |—|2—77'|3 (47)
(m,n)#(0,0)
At large values of 7o, this has the expansion
32 | 20° 12 —r

0 = = ) :

fo(r,7) =2¢3) 73" + T T+ O0™) (4.8)

which generates the tree-level, one-loop and non-perturbative R?* terms in the effective action [31].
In order to account for couplings with P and G that carry U(1) charge, we note that fo(7,7) is part of a
family of functions fi (7, 7) given by

ol

Te(r,7) = Z 3 2 3 10 (4'9)

(m+n7)2tF(m +n7)2—

(m,n)#(0,0)
which transform under SL(2,Z) as
at+b aT+b er+d\*
= T 4.1
T (CT—i-d’CT—i—d) <c7’—i—d) Iu(77), (4.10)
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and which carries U(1) charge —2k. Note that f;(7,7) satisfy the relations

fk =f_k, (k + 2iTQ£) fr= (k + g) fre1 and (k + 22'7'2%) fi= (k — g) fr—1, (4.11)

from which it is possible to demonstrate that

3 3 _
Dy fr =— <§ + k) fre+1Pm — <§ — k:) fr—1Pm. (4.12)
Here 9
o o 'mT1
D, =V, —iq 27 (4.13)

is the U(1) covariant derivative acting on an expression with charge q. Note that the large 7o expansion of
(#9) takes the form

27T2 —1/2
3(1 — 4k2) 2

In particular, the tree and loop coefficients are now related by a k-dependent factor.
It was suggested in [37] that the quartic effective action obtained from the first line of [@4]) can be written
in the form

fulr,7) =203) /% + + O(e™™). (4.14)

4
Lipw = > fr(r, )Wy (R,VP,VP,VG,VG) + c.c., (4.15)
k=0

where WQ(:)(. ..) represents combinations of total charge +2k that is quartic in the fields. Note, however, that
the U(1) charge assignment is ambiguous without knowledge of the RR couplings. For example, Hs in the
NSNS sector can be extended to either G'3 or G3, carrying opposite charges. This ambiguity can be resolved
following a complete computation of the quartic action including the RR fields [I7L[I8], with the result valid at
the level of the four-point couplings

13

=5 V=g|fo(r, ) (R + 6R2AIV P + [VG) + 24V PEVGE + 01 (IVPP)?) + Oa(([VG2)?)

£4pt =
+12 (RVP(VG)? + RvP(VGF)ﬂ : (4.16)

The terms here are written schematically, and a contraction with tgts — %6868 is implied except for the o4
and Oy terms, which do not have this kinematical structure. Note that the last term in (@18, which can be
expanded as

RVP(VG)? + RVP(VG)? = 2R(VV$)[H? — (F3)?] + ARV F H3F3, (4.17)

is different from the interaction R(VP+V P)|VG|? carrying U(1) charge +2 that appears in [I8]. As mentioned
in the introduction, the combination (£I7) preserves the local U(1) symmetry like all the other quartic terms,
in agreement with the results of [33,[34]. We have verified explicitly from the two NSNS—two RR amplitude
of [I7] that there is a relative minus sign between R(VV@)H? and R(VV¢)(F3)?, thus confirming the (VG)?
as opposed to the |[VG|? form of the expression in ([@IT). We also note that while all purely NSNS expressions
in IIB theory are all even in powers of H, as required by world-sheet parity under which B — — B, this does not
have to be the case for the mixed interactions. In particular due to Fs,41 — (—1)"Fa,41 under world-sheet
parity, interactions of the form RV Fj H3F3 are perfectly consistent.

As pointed out in [I8], the passage from ¢ and H to 7 and G also brings in new kinematic mixing between
the NS and RR sectors. These new contraction structures have the property

Oi((VX)") = (tsts — Leses) (VX)*, (4.18)
for X being either of V¢, Fy, H3 or F3, but
O;(VX)2(VY)?) # (tsts — eses)(VX)3(VY)?, (4.19)

for different X and Y.
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The O1((|[VP|?)?) term has been understood in terms of the F-theory lift, and can be compactly written
using the familiar ¢gtg and egeg structures by formally extending the range of indices and using a special metric
for the contractions. Guessing the structure of these kinds of terms starting from NS expressions is not possible,
and the incorporation of the RR sector is needed in order to fully determine the higher-point kinematics. We
are not going to pursue this here, but will simply discuss the general SL(2,Z) invariance of the IIB action.

Of course, the first line of (£4) goes well beyond the quartic level and includes terms up to the level of
the eight-point function, such as some combination of H or V¢ to the eighth power. These quintic and higher
terms carry U(1) charges up to +16, and hence would need to be multiplied by fi(7,7) up to k = +8 to create
SL(2,7) invariants. Again, the form of such terms can only be pinned down with information from the RR
sector. However, we note from (@I4), that the relative factor between the tree and loop contributions will
differ from that in the first line of ([@4]) for all terms with k # 0. In fact, consistency with the NSNS sector
demands that all terms obtained from the first line of (@) with & # 0 must vanish when restricted to the
NSNS sector. This actually provides a rather strong constraint on the form of the U(1) charged terms, and
hence also on the RR sector couplings. For example, the quartic action (£I6]) could in principle have had
terms up to k = +4 [37], yet all terms with k # 0 are not present as they would be inconsistent with having
identical tree and loop kinematics in the NSNS sector.

We now consider the terms of the form H?R3 in the middle two lines of (@4). At quintic order, these terms
can be completed to either |G|2R? or (G2 + G?)R3. As a result, the SL(2,Z) invariant combination necessarily
takes the form

aofo(T,7)|G?*|R? + ay (f1 (1,7)G*R® + c.c.) NS—N>S (aofo(T, )+ a1 (fi(r,T) + fo1 (7, ?)))ef‘ﬁHzR?’

2

— (2C(3)6_3¢/2(a0 +2a1) + 2

3 (ap — 2al)> e PH?R3,

3
(4.20)

where we made use of ([ZI4). Now consider a specific H?R? term with identical kinematical structure but
tree-level coefficient Ar and one-loop coefficient Ar. Equating coefficients with the above then gives
o Ar + 3Ap - 3(AT—AL)

G =T m = e (4.21)

This now allows us to write the quintic terms in the middle two lines of ([@4]) as

0/3

Lo = 5 o0

V=3 [eo6s (~Fifo(r, DG + 5 (H1(r, )G + c.c)) B
+ tsts (=5 fo(m, DG = 2(f1(r,7)G* + c.c.)) R®
+ 248 di (folr, PG G+ 3 (i(r, )G G 4 ) Qg+
' (4.22)

This is fully constrained by knowledge of the tree and loop coefficients along with SL(2,7Z) invariance. Note,
however, that higher order couplings in the NSNS sector which can be extended to a linear combination of
terms with more than two possible U (1) charge assignments will not have a unique SL(2, Z) completion without
additional input.

Finally, we consider the last line in (£4) containing the CP-odd contribution to the action. Note that
the part of Xg(Qy) ~ [tr R(Q)* — 3 (tr R(94)%)?] odd in B, can be written as Xs(Q4) — Xs(Q_) and as a
difference of the same characteristic classes with different connections is exact. Hence the CP-odd term can
be written as H A X7(Q, H). This expression does not depend on the metric (also in the string frame) and is
expected to hold beyond five-point function contributions. Given that H A X7(Q, H) is even in powers of H,
the prescription for including the RR sector is simple:

H?" - G"G",

for n = 1,2, 3,4 with some care needed for the combinatorics for n > 2. This term is then SL(2,Z) invariant
by itself.
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Since the non-holomorphic Eisenstein series fi(7,7) expands into tree-level, one-loop and set of non-
perturbative terms with known coefficients, once the tree-level and one-loop couplings are determined, the
non-perturbative couplings can then be read off from the large 7o expansion, ([£.14). In this sense, the quintic
effective action ([£22) predicts a new set of non-perturbative couplings with non-standard kinematics. It would
be interesting to study this further and see what implications it may have for D-instantons [31,[32] or other
non-perturbative objects in type IIB theory. Even at the perturbative level, (£22)) makes predictions for RR
sector couplings without any explicit computation of RR amplitudes. This ability to make predictions in the
RR sector also extends to the use of O(5,21) duality in the K3 compactification of IIB theory to N = (2,0)
theory in six dimensions.

5 Discussion

We have made progress towards the determination of the eight-derivative quintic effective action of type II
strings by computing the tree-level H?R3 couplings. However, even in the NSNS sector, this calculation is not
complete. What is missing are possible H?(V H)?R terms beyond those that originate from R(Q4)* as well as
couplings involving the dilaton. In six-dimensional tests of our couplings, where two gravitons are internal, we
could reduce the tree-level action to four-point contact terms in six dimensions that involve the dilaton, [BI6I).
These terms are expected to cancel based on supersymmetry, but their cancellation would clearly require new
six-point contact terms in ten-dimensions, including those containing the dilaton. However we used on-shell
manipulations such as those in Appendix [Bl that allowed us to push some ostensibly three-point terms to the
four-point level. This was done in six dimensions, and is not bound to work in ten. Hence our tests do not
rule our the potential appearance of dilaton couplings already in the ten-dimensional five-point contact terms.

In principle, it would not be difficult to extend the calculation of section B to recover the H?(VH)2R
contact terms by considering four antisymmetric tensor and one graviton scattering, although we would have
to consider a greater number of invariants when constructing the effective action. Likewise, the dilaton can
be included as well, although we would have to explore a wider number of amplitudes involving from one up
to five external dilatons along with an even number of antisymmetric tensors and some number of remaining
gravitons. Nevertheless, given the interesting differences between tree-level and one-loop, and the fact that the
dilaton is closely related to loop counting, it would be important to complete our results with the dilaton.

In addition, there is more to the type II effective action than just the NSNS sector. Pure spinor techniques
have been applied to open string fermion amplitudes, and in principle they can be combined to yield the
corresponding RR amplitudes. This was done at the level of the quartic action [I7], and we expect it should
be possible to do the same for the quintic action. Of course, the usual issue of subtracting out the underlying
pole terms from the lower-point functions will still have to be done.

Even without a complete quintic effective action, we were able to test the new couplings in some simple
compactifications. One interesting observation arises from the compactification of type II strings on K3. Based
on heterotic/ITA duality, we can obtain the quartic one-loop action of ITA in six dimensions [13] and map it to
IIB in six dimensions. Reconciling this action with six-dimensional (2, 0) supersymmetry then required a non-
trivial interplay between the CP-even and CP-odd sectors of the theory. When lifted to ten dimensions, this
provides strong evidence that IIB theory indeed has a one-loop CP-odd term, although it is cohomologically
trivial and hence does not represent any anomaly but is nevertheless required by supersymmetry.

Finally, perhaps one of the most intriguing outcomes of this investigation into the non-linear completion of
R* is a better appreciation on the intricate SL(2,Z) structure of the eight-derivative IIB couplings. While the
picture is still incomplete, the appearance of different numerical factors and kinematical structures between
tree-level and one-loop gives rise to a rather complicated set of terms that simplify when reduced to the purely
gravitational sector. In addition, SL(2,Z) invariance allows us to deduce some information on the RR sector as
well as non-perturbative information, even without any direct computations. These hints of various structures
suggest that we look for some sort of underlying generalised geometrical description of the higher-derivative
couplings or perhaps even some larger hidden symmetries of string theory.
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A The R3 basis tensors

As shown in section 23] there are 24 independent Lorentz invariants that can be formed out of H?R3. We
hence introduce a 24-dimensional basis labeled by the number of indices contracted between H 2 and R3. The
R? invariants themselves are denoted {S*, W}, X/, s Qi 0 }» Where the tilde is introduced as a reminder

that these tensors (except for the singlets S¢) transform reducibly under SO(1,9).
There are two singlet combinations
gl — RadeRchfRefab;
5% = R Ra’ R4, (A.1)
and three symmetric two-index combinations
Wﬁy - RuaubRacdeRdeea
Wiﬂ = R,ueabRueCdRabcd;
W2, = Ruaen R“R" 4. (A.2)

For the four-index combinations, we take a combination of [uv|[po] and [urpo] tensor structures (along with
trace terms which we do not project out). There are a total of eleven independent terms

Xklwpo = RquURabcdRade7
Xﬁupa = R,uvpaRcrbcdRadev
Xf:ypg = R,uvabRpa'cdRadey
Xﬁl/pcr = RupabRuacdRadea
Xgupo = RuapcRVbadRade7
Xﬁypo— = R,upabRuacdRa’dev
X,vao = R,uapruacdedev
Xivpcr = RupabRucadRUdea
Xﬁypo’ = R,uaprucadRa’dev
Xigpg == R,uvabRpacdRa'dea
X}ul/pg = RHVabRpCadR(Tde' (A?))

Finally, we have eight CP-even six-index combinations from [uvA|[aBy] and [uvAaB]y

31 b c a
uvafy — R;wza RuBb R)\cy ,

32 b c a
QHV)\%@V = R,uua Raﬁb R)\C'y )

3 b c a
Q,uv)\aﬁ'y = R,ul/a Rxop Rﬁc’y )
4 b
Quvrasy = Buaa’ Rubp® Racy®,

5 be a
Qul/)\aﬂy = RuabcRua R)\,By ,

6 _ be a
QHV)\QIQV = R,uabcRaﬁ Ru)x’y )

NZV)\Qﬁ’Y = R,uabcRuaacR)\ﬁ’yb,
Qhvrasy = RuvasRane Ry ™. (A.4)
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B Simplification of H(7)2VV¢
Here we prove the on-shell identity
H{)PV'VY ¢ = —2H(, 20" 60" ¢ — LH?0¢”. (B.1)
We start with the observation
() 2VIVY g = VI (HL) 20" g) — (VP HS D)V HS )06 — H O ¥ osV, HY 0" 6. (B.2)

Although we need to work with the anti-self dual component of H, we can use a combination of Bianchi and
equations of motion to manipulate these expressions. For the last term, we start by replacing H(~) — —x H(-)
for both of the H(~)’s

— 1 - —) 01020
H( )Haﬁv,uH( }j ﬁeu ﬁAlAz}\SEVOLﬁ010203H)(\1>)\2>\3V#H( J o120

A1 A2 (=) 01020
1865011022033H)\1)\2>\3V H( Joro20s

ShgAAAs 36[)\1 6u\>\2>\3])H( ) 3VMH(_)010203

18( V010203 010203

= —EMHQMV HONde gl g g mada
- ——V (H- )2)+H 2 Vi H() prads, (B.3)
The first term vanishes kinematically since H(~) - H(=) = 0 for anti-self dual H(~). As a result, we find
HS,)2VVY ¢ = —2(VRH PV HL )06, (B.4)
where we have dropped the total derivative (at one loop). We now write H (=) in terms of H and its dual
H;(mzf = % (Huaﬁ - %GuaﬁpéaHp60> . (B.5)
Taking a divergence then gives

=) _
V*H,, 5 =

N~

(V“Hwﬂ - 3'eaw °9 Hpg,,> . (B.6)

The second term vanishes by Bianchi, dH = 0. For the first term, we use the equation of motion ([B.2)) to arrive
at

VAH ) = Hyuopd"o. (B.7)

Inserting this into (B.4) then gives
H)2VHVY ¢ = —2H,0sHT P04 60" ¢. (B.8)
Finally, we break H,.g into its self dual and anti-self dual components and make use of the identity (3.28])
HuagHS oM 00" ¢ = HY, 20" 00" ¢ + H, (+) LHSPored” ¢ = HY, 20" 60" ¢ + 15 H?0¢°. (B.9)

Combining this with (B.8) then proves the identity (B).

References

[1] J. H. Schwarz, Superstring Theory, Phys. Rept. 89 (1982) 223|

24


https://doi.org/10.1016/0370-1573(82)90087-4

[2] D. J. Gross and E. Witten, Superstring Modifications of Finstein’s Equations,
Nucl. Phys. B277 (1986) 1.

[3] M. T. Grisaru, A. E. M. van de Ven and D. Zanon, Four Loop beta Function for the N=1 and N=2
Supersymmetric Nonlinear Sigma Model in Two-Dimensions, Phys. Lett. B173 (1986) 423.

[4] M. T. Grisaru, A. E. M. van de Ven and D. Zanon, Two-Dimensional Supersymmetric Sigma Models on
Ricci Flat Kahler Manifolds Are Not Finite, |[Nucl. Phys. B277 (1986) 388.

[5] M. T. Grisaru, A. E. M. van de Ven and D. Zanon, Four Loop Divergences for the N=1 Supersymmetric
Nonlinear Sigma Model in Two-Dimensions, Nucl. Phys. B277 (1986) 409.

[6] M. D. Freeman and C. N. Pope, Beta Functions and Superstring Compactifications,
Phys. Lett. B174 (1986) 48.

[7] M. T. Grisaru and D. Zanon, o Model Superstring Corrections to the Einstein-hilbert Action,
Phys. Lett. B177 (1986) 347.

[8] M. D. Freeman, C. N. Pope, M. F. Sohnius and K. S. Stelle, Higher Order o Model Counterterms and
the Effective Action for Superstrings, |Phys. Lett. B178 (1986) 199.

[9] N. Sakai and Y. Tanii, One Loop Amplitudes and Effective Action in Superstring Theories,
Nucl. Phys. B287 (1987) 457.

[10] D. J. Gross and J. H. Sloan, The Quartic Effective Action for the Heterotic String,
Nucl. Phys. B291 (1987) 41.

[11] K. Peeters, P. Vanhove and A. Westerberg, Chiral splitting and world sheet gravitinos in higher
deriative string amplitudes, Class. Quant. Grav. 19 (2002) 2699 [hep-th/0112157].

[12] D. M. Richards, The One-Loop H?R?® and H*(VH)?>R Terms in the Effective Action,
JHEP 10 (2008) 043 [0807 . 3453).

[13] J. T. Liu and R. Minasian, Higher-derivative couplings in string theory: dualities and the B-field,
Nucl. Phys. B874 (2013) 413 [1304.3137].

[14] T. W. Grimm, K. Mayer and M. Weissenbacher, Higher derivatives in Type II and M-theory on
Calabi- Yau threefolds, |JHEP 02 (2018) 127| [1702.08404].

[15] I. Antoniadis, S. Ferrara, R. Minasian and K. S. Narain, R**/ couplings in M and type II theories on
Calabi-Yau spaces, Nucl. Phys. B507 (1997) 571 [hep-th/9707013].

[16] I. Antoniadis, R. Minasian, S. Theisen and P. Vanhove, String loop corrections to the universal
hypermultiplet, Class. Quant. Grav. 20 (2003) 5079| [hep-th/0307268].

[17] G. Policastro and D. Tsimpis, R*, purified, Class. Quant. Grav. 23 (2006) 4753 [hep-th/0603165|.

[18] G. Policastro and D. Tsimpis, A Note on the quartic effective action of type IIB superstring,
Class. Quant. Grav. 26 (2009) 125001/ [0812.3138].

[19] Y. Kitazawa, Effective Lagrangian for Open Superstring From Five Point Function,
Nucl. Phys. B289 (1987) 599.

[20] P. H. Frampton, P. Moxhay and Y. J. Ng, One Loop Finiteness in O(3,2) Open Superstring Theory,
Phys. Rev. Lett. 55 (1985) 2107.

[21] P. H. Frampton, P. Moxhay and Y. J. Ng, Ezplicit Fvaluation of Pentagon Diagram for Open
Superstrings, Nucl. Phys. B276 (1986) 599.

[22] P. H. Frampton, Y. Kikuchi and Y. J. Ng, Modular Invariance in Closed Superstrings,
Phys. Lett. B174 (1986) 262.

25


https://doi.org/10.1016/0550-3213(86)90429-3
https://doi.org/10.1016/0370-2693(86)90408-9
https://doi.org/10.1016/0550-3213(86)90448-7
https://doi.org/10.1016/0550-3213(86)90449-9
https://doi.org/10.1016/0370-2693(86)91127-5
https://doi.org/10.1016/0370-2693(86)90765-3
https://doi.org/10.1016/0370-2693(86)91495-4
https://doi.org/10.1016/0550-3213(87)90114-3
https://doi.org/10.1016/0550-3213(87)90465-2
https://doi.org/10.1088/0264-9381/19/10/312
https://arxiv.org/abs/hep-th/0112157
https://doi.org/10.1088/1126-6708/2008/10/043
https://arxiv.org/abs/0807.3453
https://doi.org/10.1016/j.nuclphysb.2013.06.002
https://arxiv.org/abs/1304.3137
https://doi.org/10.1007/JHEP02(2018)127
https://arxiv.org/abs/1702.08404
https://doi.org/10.1016/S0550-3213(97)00572-5
https://arxiv.org/abs/hep-th/9707013
https://doi.org/10.1088/0264-9381/20/23/009
https://arxiv.org/abs/hep-th/0307268
https://doi.org/10.1088/0264-9381/23/14/012
https://arxiv.org/abs/hep-th/0603165
https://doi.org/10.1088/0264-9381/26/12/125001
https://arxiv.org/abs/0812.3138
https://doi.org/10.1016/0550-3213(87)90396-8
https://doi.org/10.1103/PhysRevLett.55.2107
https://doi.org/10.1016/0550-3213(86)90067-2
https://doi.org/10.1016/0370-2693(86)91095-6

[23] C. S. Lam and D.-X. Li, Modular Invariance and One Loop Finiteness of Five Point Amplitudes in Type
IT and Heterotic String Theories, Phys. Rev. Lett. 56 (1986) 2575.

[24] H. Kawai, D. C. Lewellen and S. H. H. Tye, A Relation Between Tree Amplitudes of Closed and Open
Strings, Nucl. Phys. B269 (1986) 1.

[25] N. Berkovits, Super Poincare covariant quantization of the superstring, JHEP 04 (2000) 018
[hep-th/0001035].

[26] C. R. Mafra, Superstring Scattering Amplitudes with the Pure Spinor Formalism, Ph.D. thesis, Sao
Paulo, IFT, 2008. 0902. 1552.

[27] C. R. Mafra, O. Schlotterer and S. Stieberger, Complete N-Point Superstring Disk Amplitude I. Pure
Spinor Computation, Nucl. Phys. B873 (2013) 419| [1106.26485].

[28] C. R. Mafra, O. Schlotterer and S. Stieberger, Complete N-Point Superstring Disk Amplitude I1.
Amplitude and Hypergeometric Function Structure, |Nucl. Phys. B873 (2013) 461 [1106.2646].

[29] C. R. Mafra and O. Schlotterer, The Structure of n-Point One-Loop Open Superstring Amplitudes,
JHEP 08 (2014) 099 [1203.6215].

[30] R. Minasian, T. G. Pugh and R. Savelli, F-theory at order o/3,|JHEP 10 (2015) 050 [1506.06758].
[31] M. B. Green and M. Gutperle, Effects of D instantons, |Nucl. Phys. B498 (1997) 195 |hep-th/9701093).

[32] M. B. Green and P. Vanhove, D instantons, strings and M theory, |Phys. Lett. B408 (1997) 122
lhep-th/9704145|.

[33] R. H. Boels, Mazimal R-symmetry violating amplitudes in type IIB superstring theory,
Phys. Rev. Lett. 109 (2012) 081602 [1204.4208].

[34] M. B. Green and C. Wen, Modular Forms and SL(2,7Z)-covariance of type IIB superstring theory,
JHEP 06 (2019) 087 [1904.13394].

[35] M. B. Green and J. H. Schwarz, Supersymmetrical Dual String Theory. 2. Vertices and Trees,
Nucl. Phys. B198 (1982) 252.

[36] M. B. Green and J. H. Schwarz, Supersymmetrical Dual String Theory. 8. Loops and Renormalization,
Nucl. Phys. B198 (1982) 441.

[37] A. Kehagias and H. Partouche, On the exact quartic effective action for the type IIB superstring,
Phys. Lett. B422 (1998) 109 [hep-th/9710023).

[38] M. B. Green and P. Vanhove, The Low-energy expansion of the one loop type II superstring amplitude,
Phys. Rev. D61 (2000) 104011 hep-th/9910056].

[39] R. Medina, F. T. Brandt and F. R. Machado, The Open superstring five point amplitude revisited,
JHEP 07 (2002) 071| [hep-th/0208121].

[40] L. A. Barreiro and R. Medina, 5-field terms in the open superstring effective action, | JHEP 03 (2005) 055
[hep-th/0503182].

[41] S. Stieberger and T. R. Taylor, Multi-Gluon Scattering in Open Superstring Theory,
Phys. Rev. D74 (2006) 126007 [hep-th/0609175).

[42] J. L. Montag, The one loop five graviton scattering amplitude and its low-energy limit,
Nucl. Phys. B393 (1993) 337 [hep-th/9205097].

[43] C. R. Mafra, Simplifying the Tree-level Superstring Massless Five-point Amplitude, JHEP 01 (2010) 007
[0909.5208).

26


https://doi.org/10.1103/PhysRevLett.56.2575
https://doi.org/10.1016/0550-3213(86)90362-7
https://doi.org/10.1088/1126-6708/2000/04/018
https://arxiv.org/abs/hep-th/0001035
https://arxiv.org/abs/0902.1552
https://doi.org/10.1016/j.nuclphysb.2013.04.023
https://arxiv.org/abs/1106.2645
https://doi.org/10.1016/j.nuclphysb.2013.04.022
https://arxiv.org/abs/1106.2646
https://doi.org/10.1007/JHEP08(2014)099
https://arxiv.org/abs/1203.6215
https://doi.org/10.1007/JHEP10(2015)050
https://arxiv.org/abs/1506.06756
https://doi.org/10.1016/S0550-3213(97)00269-1
https://arxiv.org/abs/hep-th/9701093
https://doi.org/10.1016/S0370-2693(97)00785-5
https://arxiv.org/abs/hep-th/9704145
https://doi.org/10.1103/PhysRevLett.109.081602
https://arxiv.org/abs/1204.4208
https://doi.org/10.1007/JHEP06(2019)087
https://arxiv.org/abs/1904.13394
https://doi.org/10.1016/0550-3213(82)90556-9
https://doi.org/10.1016/0550-3213(82)90334-0
https://doi.org/10.1016/S0370-2693(97)01430-5
https://arxiv.org/abs/hep-th/9710023
https://doi.org/10.1103/PhysRevD.61.104011
https://arxiv.org/abs/hep-th/9910056
https://doi.org/10.1088/1126-6708/2002/07/071
https://arxiv.org/abs/hep-th/0208121
https://doi.org/10.1088/1126-6708/2005/03/055
https://arxiv.org/abs/hep-th/0503182
https://doi.org/10.1103/PhysRevD.74.126007
https://arxiv.org/abs/hep-th/0609175
https://doi.org/10.1016/0550-3213(93)90248-N
https://arxiv.org/abs/hep-th/9205097
https://doi.org/10.1007/JHEP01(2010)007
https://arxiv.org/abs/0909.5206

[44] C. R. Mafra and C. Stahn, The One-loop Open Superstring Massless Five-point Amplitude with the
Non-Minimal Pure Spinor Formalism, JHEP 03 (2009) 126 [0902.1539].

[45] D. M. Richards, The One-Loop Five-Graviton Amplitude and the Effective Action, JHEP 10 (2008) 042
[0807..2421].

[46] O. Schlotterer and S. Stieberger, Motivic Multiple Zeta Values and Superstring Amplitudes,
J. Phys. A46 (2013) 475401 [1205.1516].

[47] R. H. Boels, On the field theory expansion of superstring five point amplitudes,
Nucl. Phys. B876 (2013) 215 [1304.7918].

[48] M. B. Green, C. R. Mafra and O. Schlotterer, Multiparticle one-loop amplitudes and S-duality in closed
superstring theory, JHEP 10 (2013) 188 [1307.3534].

[49] Pss: From pure spinor superspace to components, https://tools.aei.mpg.de/purespinor/pss.html
[50] Wolfram Research, Inc., “Mathematica, Version 11.3.”

[61] M. A. A. van Leeuwen, A. M. Cohen and B. Lisser, LiE, A Package for Lie Group Computations.
Computer Algebra Nederland, Amsterdam, 1992.

[52] M. A. A. van Leeuwen, Lie, a software package for lie group computations, Euromath Bull. 1 (1994) 83.

[63] Lie: A computer algebra package for lie group computations,
http://www-math.univ-poitiers.fr/ maavl/LiE/

[64] A. Coimbra and R. Minasian, M-theoretic Lichnerowicz formula and supersymmetry,
JHEP 10 (2019) 036| [1705.04330).

[655] Y.-H. Lin, S.-H. Shao, Y. Wang and X. Yin, Supersymmetry Constraints and String Theory on K3,
JHEP 12 (2015) 142 [1508.07305].

[56] J. Novak, M. Ozkan, Y. Pang and G. Tartaglino-Mazzucchelli, Gauss-Bonnet supergravity in six
dimensions, Phys. Rev. Lett. 119 (2017) 111602 [1706.09330].

[57] D. Butter, J. Novak, M. Ozkan, Y. Pang and G. Tartaglino-Mazzucchelli, Curvature squared invariants
in siz-dimensional N = (1,0) supergravity, JHEP 04 (2019) 013 [1808.00459).

[58] S. Katmadas and R. Minasian, A" = 2 higher-derivative couplings from strings, JHEP 02 (2014) 093
[1311.4797].

27


https://doi.org/10.1088/1126-6708/2009/03/126
https://arxiv.org/abs/0902.1539
https://doi.org/10.1088/1126-6708/2008/10/042
https://arxiv.org/abs/0807.2421
https://doi.org/10.1088/1751-8113/46/47/475401
https://arxiv.org/abs/1205.1516
https://doi.org/10.1016/j.nuclphysb.2013.08.009
https://arxiv.org/abs/1304.7918
https://doi.org/10.1007/JHEP10(2013)188
https://arxiv.org/abs/1307.3534
https://tools.aei.mpg.de/purespinor/pss.html
http://www-math.univ-poitiers.fr/~maavl/LiE/
https://doi.org/10.1007/JHEP10(2019)036
https://arxiv.org/abs/1705.04330
https://doi.org/10.1007/JHEP12(2015)142
https://arxiv.org/abs/1508.07305
https://doi.org/10.1103/PhysRevLett.119.111602
https://arxiv.org/abs/1706.09330
https://doi.org/10.1007/JHEP04(2019)013
https://arxiv.org/abs/1808.00459
https://doi.org/10.1007/JHEP02(2014)093
https://arxiv.org/abs/1311.4797

	1 Introduction
	2 The tree-level five-point function
	2.1 Open and closed string four-point functions
	2.2 The one-loop five-point function
	2.3 The tree-level five-point function

	3 Testing the couplings: K3 reduction
	3.1 The six-dimensional tree-level couplings
	3.2 Type IIA on K3
	3.3 Type IIB on K3
	3.4 Reduction on CY threefolds

	4 Symmetries and dualities
	4.1 Supersymmetry
	4.2 SL(2,Z) invariance of R4 couplings

	5 Discussion
	A The R3 basis tensors
	B Simplification of HHddphi

