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1 Introduction and summary

The quantum corrections in N =2 theories have received a great deal of attention. These
are of two types: corrections proportional to the inverse tension of the string and cor-
rections proportional to the string coupling constant. The former arise from perturbative
and instantonic world-sheet corrections and are encoded in higher derivative terms in the
ten-dimensional supergravity action, while the latter come from string loops and brane in-
stantons. Perturbative low energy effective actions are expanded in a double perturbation
series in the inverse tension and the coupling constant.

These corrections not only affect the moduli spaces of N'=2 theories, but are man-
ifested in the higher-derivative couplings. A better control of these couplings is hence
essential, as is demonstrated by the study of terms involving the Weyl chiral (supegravity)
super field W. However most of the other (higher-derivative) couplings in N'=2 theories
and their relation to string theory remain largely unexplored. We make some steps in



this directions. Our study is mostly restricted to string one loop results and Calabi-Yau
compactifications, and will not cover gauged N =2 theories.

The better-understood structures, involving W holomorphically, are captured by the
topological string theory. In particular, the F-term in the low energy effective action in four
dimensions is related to the scattering amplitude of 2 selfdual gravitons and (2g — 2) self-
dual graviphotons in the zero-momentum limit and is computed by the genus-g contribution
F, to the topological string partition function [1, 2]. Crucially, the genus-g contribution
F, also determines the partition functions of N'=2 global gauge theories.

There exists, however, a continuous deformation of the gauge theory which uses non-
trivially the manifest SU(2) R-symmetry of theory. This is what happens in the so-called
Omega background [3, 4]. The two-parameter gauge theory partition function in the Omega
background has been computed recently and reduces to the standard gauge theory par-
tition function only when the two parameters are set equal. It is an outstanding open
problem to find string theory realisation of these backgrounds and understand the exten-
sion of the genus-g function F, which determines the general A'=2 partition function, and
which should involve scattering amplitude among 2 gravitons, (2g — 2) graviphotons, and
2n gauge fields in vector multiplets. Theses considerations have lead to a recent interest
in explicit realisation of couplings F, ,W2V?" [5-10].

Let us recall that the genus one partition function Fj is special due to the fact that it
is the only perturbative four-dimensional contribution, which survives the five-dimensional
decompactification limit. The ten/eleven dimensional origin of these couplings is related to
M5 brane anomalies and they lift to certain eight-derivative terms in the effective action [11,
12]. Until very recently only the gravitational part of these couplings was known (and it
was checked that their reduction on CY manifolds does correctly reproduce F7). At present,
we have a much better control of the more general form of the couplings in general string
backgrounds with fluxes turned on, so that an explicit calculation of the one-loop four-, six-
and eight-derivative couplings in N =2 theories, which should lead to the generalisation of
Fy, is now within the reach.

In the four dimensional setting, recent developments in going beyond chiral couplings
described by integrals over half of superpace [13], allow us to extend the list of higher
derivative terms in several ways. The new couplings are constrained by N =2 supersym-
metry to be governed by real functions of the four dimensional chiral fields. The latter
naturally include vector multiplets and two types of chiral backgrounds, one of which is
the Weyl background, W2, introduced above. The second chiral background we consider is
constructed out of the components of a tensor multiplet containing the NS two-form, the
so called universal tensor multiplet! and contains four derivative terms on its components,
such as (VH)?, where H = dB and B is the NS two-form. These ingredients then allow us
to describe couplings which are characterised by polynomials of the type [F2+R?+(VH)?]",
generalising the purely gravitational R? couplings discussed above. The function of the vec-

"While there is no obstacle in considering a background of an arbitrary number of tensor multiplets in
principle, we restrict our considerations to the universal tensor multiplet. We therefore ignore here all the
complex deformations of the internal Calabi-Yau; including these in the reduction should yield couplings
for generic hyper- matter.



tor multiplet scalars and Weyl background controlling these couplings directly corresponds
to the extended couplings Fg7nW29V2", when the tensor multiplet is ignored. Inclusion
of the latter results to more general couplings that have not yet been discussed in the
literature.

From a quantum gravity point of view, higher-derivative corrections serve as a means
of probing string theory at a fundamental level. Even though the complete expansion
involves all fields of the theory, so far the attention has been mostly concentrated on
the gravitational action. In particular, the one-loop eight derivative R* (O(a/3)) terms
stand out among the stringy quantum corrections. Due to being connected to anomaly
cancellation, they are not renormalised at higher loops and survive the eleven-dimensional
strong coupling limit. These couplings also play a special role in Calabi-Yau reductions
to four-dimensional A'=2 theories. Firstly, they have been instrumental in understanding
the perturbative corrections to the metrics on moduli spaces. In addition, they give rise to
the four-derivative R? couplings, and as mentioned above agree with FyW?2.

In order to understand the stringy origin of more general higher derivative couplings
in A/=2 theories, one needs to go beyond the purely gravitational couplings in ten dimen-
sions. In the NS-NS sector of string theory, H?R® couplings are specified by a five-point
function [14]. Direct amplitude calculations beyond this order are exceedingly difficult,
but recent progress in classification of string backgrounds using the generalised complex
geometry and T-duality covariance provide rather powerful constrains on the structure of
the quantum corrections in the effective actions. A partial result for the six-point function,
obtained recently, together with T-duality constraints and the heterotic/type II duality
beyond leading order, allows to recover the ten-dimensional perturbative action almost
entirely [15] (the few yet unfixed terms mostly vanish in CY backgrounds and hence are
not relevant for the current project). The eleven-dimensional lift of the modified coupling
leads to the inclusion of the M-theory four-form field strength; the subsequent reduction
on a non- trivial KK monopole background allows to incorporate the full set of RR fields in
the one-loop eight-derivative couplings. This knowledge will be crucially used for obtaining
the relevant four-dimensional A'=2 couplings.

The goal of this paper is to bring together some of these recent developments. In the
process, we shall:

Confirm and specify some of the predictions of general N’ = 2 considerations and
fix the a priori arbitrary quantities constrained solely by supersymmetry in terms of
Calabi-Yau data

Discover new terms and couplings that have not been previously considered

Provide some tests and justification for the proposed lift of type IIA R* terms to
eleven dimensions

A brief comment on the last point. Since the lift from ten to eleven dimensions involves a
strong coupling limit, ones is normally suspicious of simple-minded arguments associated
with just replacing the string theory NS three-form H by a four-form G. In N'=2 theories
however the three- and four-form give rise to fields in the same super multiplet, namely



the (real part of the) scalars u! and the vectors A’ in the vector matter respectively (here
the index I spans the vector multiplets). Hence verifying that the respective couplings
involving u! ad A’ are supersymmetric completions of each other provided a test of the
lifting procedure.

We conclude this section by a summary of our results. A variety of four dimensional
higher derivative terms of the type [F? + R? + (VH)?]" are characterised by giving the
relevant functions of four dimensional chiral superfields that control them. From the point
of view of the CY reduction, the order of derivatives of all terms in four dimensions is
controlled solely by the power of the CY Riemann tensor appearing in the internal integrals.
We therefore find that the eight, six and four derivative terms are controlled by the possible
integrals involving none, one or two powers of the internal Riemann tensor, respectively.

We find, in particular, that only the lowest order Kéahler potential is relevant for the
eight derivative terms, since this is the natural real function of vector multiplet moduli aris-
ing in Calabi-Yau compactifications, describing the total volume of the internal manifold.
At lower orders in derivatives, the Kéahler potential still appears as part of the functions
describing the various invariants, combined with the Riemann tensor on the CY manifold
X, denoted by Ryunpg. Given that all traces of the latter vanish, the relevant internal
integrals must necessarily contain the harmonic forms on the CY manifold. In the case at
hand, the relevant forms are the AtV two-forms w; € H?(X,7Z), where I, J =1,..., JACOR
since we ignore the hypermultiplets arising from the (2,1) cohomology. We then obtain
the following tensorial objects

mn
RIJ :/ Rmnpq wr wJpq?
X
X1y = / 6mnm1..Jn4€pf1n1...114lltimlmznlruRm3m4n$n4 wr ™ wy pq’ (1'1)
X

which control all the couplings that we were able to describe within N'=2 supergravity at
six- and four-derivative order respectively. Similar to the standard derivation of the lowest
order Kéahler potential, one can deduce the existence of corresponding real functions whose
derivatives lead to the the couplings (1.1). Finally, the inclusion of the Weyl and tensor
superfields through additional multiplicative factors leads to the functions that characterise
the corresponding couplings involving R? and (V H)? respectively. For example, the R?F*
and R%2F? couplings lead to the functions

RYVE)? = 9A4,k0Y)

31 A vyt vl /y/ v/
2 12 w
B = _8(}7[))2RU(Y0_}70) (W+§70>’ (12

where A,, is the scalar in the Weyl multiplet and the Y/, Y0 are standard vector multi-
plet projective coordinates, so that z/ = Y1/Y? and K(Y,Y) is the lowest order Kihler
potential.

There are further invariants arising from the reduction, that cannot be currently de-
scribed in components? within supergravity, and are associated to terms involving H2"

?Note, however the final comments in section 6, which may lead to more general couplings.



derivatives

invariants 4 0 8
F(X, Ay, At) R?, (VH)? - -
[F2+ R2+(VH)?)® | (VF)? | R2F2, (VH)*F2| R*, RXVH)?, (VH)*
[F2 + R+ (VH)?]® - F2(VF)? RX(VF)%, (VH)2(VF)?
[F2+ R+ (VH)?]" - - (VE)*
Unknown H?F? H?F* R*, HSF? H?FS

Table 1. A summary of higher-derivative couplings discussed here. The first row corresponds
to chiral couplings involving the Weyl and tensor multiplets. The next three rows display the
known non-chiral N'=2 invariants at each order of derivatives, while the last row summarises the
currently unknown invariants that can arise. The double appearance of R* at the eight-derivative
level corresponds to two different invariants (see (4.2) below).

with n odd, such as H?>F?, H>R? etc. We comment on some of these terms, either giving
the leading terms that characterise them, or pointing out their apparent absence.

An inventory of the four- and six-derivative couplings studied in this paper is given
in table 1. The first line in this table describes the terms based only on holomorphic
functions of vector moduli and the two chiral backgrounds. These are the only couplings
that are controlled by a topological quantity, namely the vector of second Chern classes of
the Calabi-Yau four-cycles. The gravitational R? coupling is the first nontrivial coupling
FgW29 above, related to the topological string partition function [1, 2]. The second, third
and fourth lines correspond to the non-holomorphic couplings of [13], where the tensor
multiplet background is included. Note the diagonal of underlined invariants of the type
R?F?" which correspond to the first nontrivial couplings FngQg V?2n for g = 1, recently
discussed in [6, 8, 9]. The diagonal of the blue boxed invariants gives the one-loop copings of
vector multiplets only, controlled by the tensors (1.1) and are the ones defining the structure
of all other invariants in each line. To the best of our knowledge, the string original of
such couplings have not been discussed in the literature. The remaining invariants in the
last line can arise a priori and their description remains unknown within supergravity. We
comment on the expected structure of some of these below.3

The structure of the paper is as follows: in the next section we shall review briefly
the one-loop R* couplings as well as some of our conventions and the reduction ansatze.
The structure of known higher derivative couplings in four-dimensional N =2 theories is
presented in section 3. We then proceed to consider the various higher derivative terms
arising from the Calabi-Yau compactification of the one-loop term, organised by the order
of derivatives. Hence, in section 4 we consider the eight derivative terms, while in sections 5

3In fact, we find that some of these couplings involving the tensor multiplet seem to be missing in the
specific compactification we consider, but cannot be excluded if more tensor/hyper multiplets are considered.



and 6 we discuss the six and four derivative invariants respectively. Some open questions
are listed in section 7. The extended appendices contain further technical details of the
structures appearing in the main text. In particular, appendix A contains the fully explicit
expressions for the quartic one-loop terms in 10D. Appendices B and C deal with chiral
couplings of general chiral multiplets and the composite chiral background of the tensor
multiplet respectively. Finally, appendix D reviews the structure of the kinetic chiral
multiplet and the various invariants that can be constructed based on it, up to the eight
derivative level.

2 Higher derivative terms in Type II theories

The starting point for our considerations is the ten-dimensional eight-derivative terms that
arise in Type II string theories. The structure of the gravitational part of these couplings
has been known for a long time, but the coupling to the remaining Type II massless
fields was not explicitly known. Recently, a more concrete understanding of the terms
involving the NS three-form field strength, H, has been achieved [15]. The structure of
the corresponding terms involving RR gauge fields is constrained to a large extend, using
arguments based on the eleven dimensional uplift to M-theory.

Upon reduction on a Calabi-Yau manifold without turning on any internal fluxes, the
NS three form leads to two types of objects in the four dimensional effective theory, namely
a lower dimensional three-form field strength and h'! scalars. The former is naturally part
of a tensor multiplet,* while the latter are part of vector multiplets in Type IIA and
tensor /hyper multiplets in Type IIB.

In this section, we start by giving an overview of the ten-dimensional eight-derivative
terms in section 2.1, from which all the lower dimensional higher-derivative terms arise. In
section 2.2 we then turn to a discussion of the reduction procedure on Calabi-Yau three-
folds, which is central to the derivation of four dimensional couplings.

2.1 The eight-derivative terms in ten dimensions

In summarising the structure of R* with the NS three-form H included, it is most convenient
to start by introducing the connection with torsion which reads in components

O, 172 = Q1172 4 %Hul”l”z. (2.1)
The curvature computed out of 21 is then
1 1
R(Q2y) =R+ §d7-[ + ZH AH, H"? = H,, "2 dat (2.2)
Denoting the Riemann tensor by R,,"*"? , we may write in components

1 1%
R(Qi)mmylm = Ruluzulw + V[MHMQ}VIVQ + §H[u1 lngug]Vsﬁ' (2'3)

4Upon of the two-form gauge field to a scalar, this leads to the so called universal hypermultiplet, but
we will not consider this operation here.



Note that the first and last term in this expression satisfy the pair exchange property, while
the second term is antisymmetric under pair exchange due to the Bianchi identity on the
three-form.

The Type II eight-derivative terms can be written in terms of two standard “N = 1

superinvariants”, defined as

1 1 vy...vg
Jo(R2) = (tsts + 3 610610) R'= <t8t8 + 610610) RHH2, L, RETEE

8 H1..-t8
1 1
J1(Q) =tgtgR* — i e10ts BR* = tgtg R* — 1 s B AR A N RIS (2.4)

which provide a convenient way of encoding the kinematic structure of R* terms. The tensor
ts and the associated tensorial structures appearing here are spelled out in appendix A.
Note that at this stage the terms (2.4) are build from Levi-Civita connections only, and
the three-from H is not included.

It has been argued in [15] that these will be completed with the B-field as follows:

Jo(2) — Jo(€24) + Ado(24, H) (2.5a)

1 1
= (tgtg + 8610610> R4(Q+) + 5610610H2R3(Q+) + ...
1
J1(Q) — J1(Q) = tstsR* () — ge1otsB (RY(Q4) + RY (). (2.5b)

Note that Jo(24) + AJy(Q4, H) appears at tree level both in ITA and IIB and at one loop
in IIB, while Jo(24) —2J1(Q24) + AJo(24, H) appears at one loop in ITA. The structure of
AJo(Q4, H) is more elaborate and kinematically different form the standard %eloeloR‘L(Q)
terms, and in fact it is the only part of the eight-derivative action that is not written purely
in terms of R(Q+).% Here we should also use the full six-index un-contracted combination
of H?. These structures receive contributions starting form five-point odd-odd amplitudes:

1 .y
AJo(Qy, H) = 3 Capoprpus€ 0TS RIS e (Q4)

’ ’ ’)
X |:Hl 1N2VOHV1V2I 0 Rl 3u4l/31/4 (Q+)RMSN6V5U6 (Q+)

3 1
— T6 <9 H#1H2VOHV1V2/—LO + § H#1N2HOHV1V2VO> VHSHH4V3V4VH5HP«6V5V6

TR (2.6)

The order H*R? contribution is known up to some ambiguities, while the terms with higher
powers of H remain a conjecture. Luckily these terms play little role in N'=2 reductions
and we comment on the cases where they are relevant below.

The last term in (2.5b), coming form the worldsheet odd-even and even-odd structures
corresponds to the gravitational anomaly-canceling term. The relative sign between the

®Incidentally, using the connection with torsion Q4 and R(Q4) is not sufficient for writing the two-
derivative effective action. For this one also needs the Dirac operator that appears in supersymmetry
variations. Note that the Dirac operator, the covariant derivative with respect to {2+ and the effective
action are related via generalisation of the Lichnerowicz formula.



two terms is fixed by the ITA GSO projection, so that the coupling contains only odd
powers of B-field. The explicit contribution to the effective action is

— 27)? 1

—(2m)%a®B A Xg = — (1;2 a*B A <tr R — Z(tr R?)? + exact > , (2.7)
— 1
Xs=5 [tsR*(Q4) + tsR*(Q-)] .

Since ts R* ~ %pf — p2 is made of characteristic classes and H enters in (2.7) like a torsion
in the connection, its contribution amounts to a shift by exact terms. For completeness,
we record the complete expression,

+d (;tr (HVHR? + HRVHR + HR*VH)

_ % (tr R2tr HVH + 2tr HR tr RV’H)

1
+ gt (2H*(VHR + RVH) + HRH*VH + HVHH?R)

1
- 1g (rHVHE RH? + tr RVH tr H® — tr VHH tr HR)

1 5 L 3
+ 32trV’H’H + 16tr’H(V7—[)

i 2 3 _ i 2
+ 192trv7-l7-[ trH 64trHVHtr (VH) >] (2.8)

since its reduction will be useful in the following.

The eight-derivative (tree level and one-loop) terms are the origin of the only pertur-
bative corrections to the metrics on the /=2 moduli spaces. The corrections respect the
factorisation of the moduli spaces, and the classical metrics on moduli space of vectors and
hypers receive respectively tree-level and one-loop corrections, both of which are propor-
tional of the Euler number of the internal Calabi-Yau manifold [12, 16]. Needless to say,
our discussion is consistent with these corrections, and from now on we shall concentrate
only on the higher-derivatives terms. Recent progress in understanding the hyper-multiplet
quantum corrections is reviewed in [17].

As already mentioned, the reduction of type IIA super invariant Jo(§2) — 2J;(€2) on
Calabi-Yau manifolds yields the one loop R? terms in A'=2 four-dimensional theory, and
this is the only known product of the reduction so far that leads to higher derivative terms
in 4D. We shall return to the four-dimensional R? terms in section 6. Clearly, the inclusion
of the B field leads to further couplings to matter upon dimensional reduction, to which

we now turn.

2.2 Reduction on Calabi-Yau manifolds

We now consider the reduction of the ten-dimensional eight-derivative action on a Calabi-
Yau threefold X, and its relation to the A'=2 action. The metric can be reduced in the



standard way, as®

g 0
Guipe = < SV g ) ) (2'9)
mn

where g,y is the metric on the Calabi-Yau manifold, X, which we will not need explicitly.
The three-form H reduces as

Hs=H + fl Awy, (2.10)

where the four-dimensional H is part of the tensor multiplet, and the one-forms f! can be
locally written as f! = du!, with u! being a part of the vector multiplet scalars. The index
I spans over h''(X), and wy € H*(X,Z).

Hence reducing the terms built out of R(€21.) and Hz (where Q4 = Q=+37), one expects
at a given order of derivatives various couplings involving the Riemann tensor, R, as well
as the tensor multiplet and vector multiplets. For example, at the four-derivative level one
recovers the four-dimensional R? couplings and expects to obtain further couplings quartic
in tensor multiplet and vector multiplets, as well as mixed terms. We use the symbolic
computer algebra system Cadabra [18, 19] to systematically derive the structure of these
terms.

The vector moduli shall be denoted z! = u! + it!, where t! are the Kihler moduli,
defined through the decomposition of the Calabi-Yau Kahler form, J, as J = t{w;. The
total volume, V, of the CY manifold is given by the standard volume form, cubic in J as

1
VZ/ JNJINJ=exp|—K], (2.11)
3 Jx

where we defined the 4D Kéhler potential. We shall not need the vector fields themselves,
but only their field strengths, denoted as F#, where the index A = 0, runs over the
hY1(X) + 1 vector fields (in places where the shorthand notation is used, F will stand for
the entire multiplet).

Reducing the NS eight-derivative couplings we obtain couplings that contain u! and
t!. The couplings to F'! can be recovered by thinking of the (one-loop) couplings as being
reduced from five (or eleven) dimensions. In practical terms, one has to add an extra
index on fi — Fl{y. Since (the affected parts of) the expressions are even in powers
of F!, the extra index will always be contracted with a similar counterpart. Moreover
most of the expressions are only quadratic in F', hence the lifting is unique. A little
combinatorial imagination is needed for F* terms. This procedure follows the lifting of
one-loop NS couplings to eleven dimensions, outlined in [15] and is analogous to the way
one can recover graviphoton couplings from the R? term - one just has to think of the
lifting of the couplings to five dimensions and their consequent reduction. As already
mentioned, here we can benefit from the explicit A/ = 2 formalism in verifying that the

5We use numbered Greek letters for 10D curved indices, while ordinary Greek letters denote 4D curved
indices. We use Latin letters from the beginning of the alphabet for 4D flat indices, and Latin letters
from the middle to the end of the alphabet, m,n,... are reserved for CY indices. We reserve the letters
i, 4, k,1 for SU(2) R-symmetry indices. Capital Latin indices I, J = 1,...,h"!(X) span the matter vector
multiplets.



couplings involving ¢/ and F! complete each other sypersymmetrically and hence provide
a verification of the lifting of the complete one-loop eight-derivative terms from type ITA
strings to M-theory.

Since we are focusing on Calabi-Yau compactifications without flux, different pieces
in the reduction will involve integrating over X expressions containing some power of the
internal curvature and w; € H2(X,Z).” We shall start with the familiar integrals.

At the four derivative level, one needs to consider terms with exactly two powers of the
Riemann tensor in the internal Calabi-Yau manifold. In the purely gravitational sector,
one then finds an R? term in four dimensions, originating from the R* couplings in ten

dimensions. In this case, one obtains
1
tgts R = —§610610R4 =12 F1 R*"PRupn (2.12)

where we note that only terms completely factorised in internal and external objects con-
tribute. The function F} is an integral over the internal directions that takes the form

1
Fl_/ R™PAR, == | eommymg €A R R apt!(2.13)
X X

8
where the first equality holds up to Ricci terms and in the second equality we evaluated
the integral.
The fine balance between the two a priori different terms in (2.13) can be extended to
more complicated integrals, that are relevant in the reduction of the non-purely gravita-
tional terms. In this case, we have checked explicitly the identity

ppoqNy...nyg w[mpan Rmam2 RMama

q nin2
1

o ni..n. m n  pmim msm
_gfs,u 5l/pemnm1...m4€pq LMy pWJ qR ! 2n1n2R 3 4n3n47 (214)

tSumV’rm’u ...my tS nsng —

up to Ricci terms. Note that the structure of spacetime indices is different in the two sides,
while the remaining terms are purely internal. Upon contraction with the Kahler moduli,
each side of (2.14) reduces to the expression in (2.13).

Even further, the identity in (2.15) can be generalised to an identity involving eight
indices, as follows.

ni...n4q1...q4 mi ma2 m3 my 1P2 3P4 —
t8my...map1...pat8 iy nWJ Tno WK TngWL Tny RPP qu]sz P 394 —

1

0qoM1...M4qQ1...Q4 mi mo m3 m4 1p2 3P4
) €p0q0m1-~-m4pl-~-p4€p e oo™ Wy g Wi g, RPP q1q2Rp P 9394 >

(2.15)

again up to Ricci-like terms. These two expressions are relevant for the terms in R(Q)
that are odd or even under pair exchange, respectively.

"Since the four-dimensional three-form H in (2.10) is in the hyper matter, some of the couplings involving
hyper multiplets will be discussed here. However we mostly concentrate on the vector multiplets here, and
do not consider any internal expressions involving forms in H 2’1(X ).

~10 -



The reduction to six- and eight-derivative couplings will require integration over ex-
pressions linear or zeroth order in the Riemann tensor of the internal Calabi-Yau manifold.
In view of the vanishing of the Calabi-Yau Ricci tensor, these are essentially unique, and
given by

1
Grj=< /W?anJmna
2 Jx

RU:/ Rppnpgwi™"w P, (2.16)
X

where Gy ultimately leads to the vector multiplet Kéhler metric and R is a new coupling
to be discussed in due time.

3 The four dimensional action

We now describe the structure of the effective N'= 2 supergravity action in four dimen-
sions, that arises from the reduction of the one-loop Type ITA Lagrangian. Given that the
original ten dimensional action contains eight derivatives, one obtains a variety of higher
derivative couplings, next to the lowest order two derivative action. In order to describe
these in a systematic way, we will consider the off-shell formulation of the theory, which
allows to construct infinite classes of higher derivative invariants without modifying the su-
persymmetry transformation rules. However, since the higher dimensional one-loop action
and the reduction scheme are on-shell, one has to deduce the off-shell invariants from the
desired terms that result upon gauge fixing to the on-shell theory. In the following, we take
the pragmatic approach of matching the leading, characteristic terms in each invariant and
promoting to off-shell variables by standard formulae for special coordinates for the vector
multiplet scalars. In practice, these choices are essentially unique, and below we comment
on this issue in the examples where this is relevant.

The defining multiplet of off-shell N' = 2 supergravity is the Weyl multiplet, which
contains the graviton, e, the gravitini, gauge fields for local scale and R-symmetries and
various auxiliary fields. Of the latter, only the auxiliary tensor T,,% is directly relevant,
since it is identified with the graviphoton in the on-shell formulation of the theory, at
the two-derivative level. The reader can find a short account of the Weyl multiplet in
appendix B. In what follows, we will mostly deal with the covariant fields of the Weyl
multiplet, which can be arranged in a so-called chiral multiplet (see appendix B for more
details), which contains the auxiliary tensor T,," and the curvature R(M),,%°. The latter
is identified with the Weyl tensor, up to additional modifications. These observations will
be very useful in the identification of the various higher derivative couplings.

There are various matter multiplets that can be defined on a general supergravity
background. Here, the fundamental matter multiplets we consider are vector multiplets
and a single tensor multiplet, corresponding to the universal tensor multiplet of Type
II theories. Both these multiplets comprise 8 + 8 degrees of freedom and are defined in
appendices B and C respectively, to which we refer for further details. Moreover, they
can be naturally viewed as two mutually non-compatible projections of a chiral multiplet,
which is central to our considerations.
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All Lagrangians considered in this paper are based on couplings of chiral multiplets,
which contain 16 + 16 degrees of freedom and can be defined on an arbitrary A/ =2 super-
conformal background. We refer to appendix B for more details on chiral multiplets. Here,
we simply state that these multiplets are labeled by the scaling weight, w, of their low-
est component, A, and that products of chiral multiplets are chiral multiplets themselves,
obtained by simply considering functions F'(A), which must be homogeneous, so that a
weight can be assigned to them. As mentioned above, the matter multiplets we consider
are also chiral multiplets of w = 1, on which a constraint projecting out half of the degrees
of freedom is imposed and the same property holds for the covariant components of the
Weyl multiplet. This implies that actions for all the above multiplets can be generated
by considering expressions constructed out of chiral multiplets, which are invariant under
supersymmetry.

3.1 Two derivatives

The prime example is given by the invariant based on a w = 2 chiral multiplet, implying
that its highest component, C, has Weyl weight 4, and chiral weight 0, as is appropriate for
a conformally invariant Lagrangian in four dimensions. It can be shown that the expression

1 g
e lL=C— TA(TabijezJ)Q + fermions, (3.1)

6
is the bosonic part of the invariant, including a conformal supergravity background de-
scribed by the auxiliary tensor Tj;;; of the gravity multiplet. The two derivative ac-
tion for vector multiplets is now easily constructed, by setting the chiral multiplet in
this formula to be composite, expressed in terms of vector multiplets labeled by indices
I,J,---=0,1,...,ny. It is possible to show (cf. (B.6)) that the relevant terms of such a
composite multiplet are given by®

i
A=—ZF(X),

C=1F(X);0XT + %F(X)U [Bij By el + XTGHIT;56% — 26, 1G], (3.2)

where F; and F7; are the first and second derivative of the function F, known as the
prepotential and Bijl , G;bl are the remaining bosonic components of the chiral multiplets
(which in this case are constrained by (B.7) for vector multiplets). As the bottom composite
component, A, has w = 2, the function F(X) must be homogeneous of degree two in the
vector multiplet scalars X /. Taking into account the constraints in (B.7), the bosonic terms
of the Lagrangian following from (3.1) read

_ _ 1 1 .
sre 'L, = iDFF; DX —iF; X' <6R— D) — giFU AL

4 4
1
4

1 1 - . 1 -, ..
+-iFy, (FabI - X! T;{}eij> <F‘J“b - ZXJ T%ﬂabeij>

1
——iFy <ch,;1 -

L L 1 .
2 XITabij€”> Tibe — 3311?(Tabijg”)2 +he., (3.3)

8The function G in (B.6) is conventionally chosen as G(X') = —1 F(X) in this context.

- 12 —



where in the last line we added the hermitian conjugate to obtain a real Lagrangian.
Here, Fafb are the vector multiplet gauge field strengths, R is the Ricci scalar and D
is the auxiliary real scalar in the gravity multiplet. This Lagrangian is invariant under
scale transformations and can be related to an on-shell Poincaré Lagrangian by using a
scale transformation to set the coefficient of the Einstein-Hilbert term, Im(F; X7), to a
constant. For standard Calabi-Yau compactifications of Type II theories, one obtains a
cubic prepotential, as

1 Cryr Y'Y/ YK

6 Yo ’

where the constant tensor Cr i stands for the intersection numbers of the manifold.

F=-— (3.4)

As it turns out, the Lagrangian (3.3) is inconsistent as it stands, so that one needs to
add at least one auxiliary hypermultiplet, which is to be gauged away by superconformal
symmetries, similar to the scalar Im(F; X') above. In addition, in this paper we consider
a single tensor multiplet, corresponding to the universal hypermultiplet upon dualisation
of the tensor field. We refer to appendix C for more details on this multiplet. For later
reference, we display the bosonic action for the auxiliary hypermultiplet and the physical
tensor multiplet that needs to be added to (3.3) to obtain a consistent on-shell theory with
a physical tensor multiplet, as

1 .. 1 1
8re L, = _§€U Qop | DuAi® D“A]ﬂ - AiaAjﬂ <6R + 2 Dﬂ

1 g /1 _
-5 FOD,L;; DMLY + F®) L LV (BR + D) +F® [EM E' + GG

OF®2)

v

Euy 9pLix 05 Ly ™. (3.5)

Here, A;* is the hypermultiplet scalar, described as a local section of SU(2) x SU(2), and
4 is the invariant antisymmetric tensor in the second SU(2). The on-shell fields of the
tensor multiplet are the triplet of scalars L;; and the two-form gauge field, By, while
1

EH = 516_1 eMP?0, By (3.6)
is the dual of its field strength and G is a complex auxiliary scalar. The functions F) and
F®) can be viewed as the second and third derivative of a function of the L;j, that can
easily be generalised to an arbitrary number of tensor multiplets [20] (see (C.4)—(C.5)).
For a single tensor multiplet, there is a unique choice, as

1

which we will assume throughout. However, as we ignore all tensor multiplet scalars in our

F = (3.7)

reduction scheme, all scalars and F'?) are kept constant and only appear as overall factors.

3.2 Higher derivatives

In this paper we construct higher derivative actions based on the properties of chiral mul-
tiplets, as discussed above. One way of doing this is to consider the function F'in (3.2) to
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depend not only on vector multiplets, but also on other chiral multiplets, which are treated
as background fields. Alternatively, one may consider invariants more general than (3.1),
containing explicit derivatives on the chiral multiplet fields. Here we use both structures,
which we discuss in turn, emphasising the methods and the structure of invariants rather
than details, which can be found in [13, 20, 21].

We consider two chiral background multiplets, one constructed out of the Weyl multi-
plet and one constructed out of the tensor multiplet, whose lowest components we denote
as A, and A; respectively. These are proportional to the auxiliary fields (T, Eij)z of the
Weyl and and G of the tensor multiplet and we refer to appendices B and C for more details
on their precise definition. Considering a function F(X’, Ay, A;) leads to a Lagrangian of
the form (3.3), where the set of vector field strengths is extended to include the Weyl tensor
R(M)4° in (B.3) and the combination V(o Ey), so that four derivative interactions of the

type

L= /F(XI,AW,At) x / <§i R(M)2+gi(v[aEb]_)2+...> : (3.8)
are generated. The explicit expressions for the relevant chiral multiplets can be found
in (B.11) and (C.11) respectively.

These couplings are distinguished, in the sense that they are described by a holomor-
phic function and correspond to integrals over half of superspace. The R? term has been
studied in detail, especially in connection to BPS black holes, see e.g. [12, 22-25]. The full
function F (X', A,) is in this case related to the topological string partition function [1, 2].
We will only be concerned with the linear part of this function, originating in the one-loop
term in section 2.1, which is controlling the R? coupling through (3.8). The (VE)? term
has appeared more recently [20], without any coupling to vector multiplets.

More general higher derivative couplings can be constructed by looking for invariants
of chiral multiplets that contain explicit derivatives, unlike (3.1). Indeed, such invariants
can be derived by considering a chiral multiplet whose components are propagating fields,
i.e. described by a Lagrangian containing derivatives. This can be done in the standard
way, by writing a Kéhler sigma model, which in the simple case of two multiplets reads

/d49 d6 e o' ~ /d40 dT(D), (3.9)

where both ® and ®' must have w = 0 for the integral to be well defined. In the second form
of the integral we defined a new chiral multiplet, T(®’), the so called kinetic multiplet, since
it contains the kinetic terms for the various fields. This multiplet was constructed explicitly
in [13] and is summarized in appendix D below (see also [26] for a recent generalisation).
In practice, one can think of the operator T as an operator similar to the Laplacian, acting

on the components of the multiplet, as we find
/d49 OT(P)=CC' + 8D F P DF'T + 4AD?AD?*A' +-- - | (3.10)

where we only display the leading terms.
One can now simply declare the chiral multiplets ®, ®’ to be composite by impos-
ing (3.2), where the corresponding functions F', F’ can depend on vector multiplet scalars,
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as well as the Weyl and tensor multiplet backgrounds, exactly as described above. As
described in section D and in [13], this leads to a real function H = FF’ + c.c., homo-
geneous of degree zero, which naturally describes a variety of higher derivative couplings,
corresponding to the combinations generated by

[F72+ R *+(VE) ?|® [F"?+ R+ (VE)"?], (3.11)

where the + stand for selfdual and anti-selfdual parts. Each of these is controlled by a
function of the vector multiplet moduli as

H(XT, Aw, A, X1, Ay, Ay) = Z HED(XT XD (A) (A) + cc. =

i+j<2
HOO(xT XT) =  (VF)?F*
[H(l’O)AW + c.c.] = R?F?
[HOD A + c.c] = (VE)?F?
HZ0 4, A, = R*
HOD A, A, =  (VE)
(1D Ay, A+ c.c.] =  R)VE)?, (3.12)

where we display the characteristic terms at each order. Note that we consider a function
at most quadratic in A,,, At, since a higher polynomial would lead to the same terms,
multiplied by additional powers of these auxiliary scalars. These are analogous to the
non-linear parts of the chiral coupling in (3.8) and go beyond one-loop terms, so we do
not consider them in the following. Finally, note that due to the expansion (3.12), the
functions () are not homogeneous of degree zero for i, j # 0, but we we will always refer
to the corresponding degree zero monomial in (3.12), for clarity.

The invariants based on (3.10) are the simplest ones containing the kinetic multiplet.

It is straightforward to construct more general integrals, for example

/d‘*& OT(P) T(P), /d40 O T(P) T(P) T(P), /d49 OeT(®) T(PeT(®)),  (3.13)
which are the cubic and quartic invariants discussed in section D. In exactly the same
way as above, the first of these integrals leads to a homogeneous function of degree —2,
describing couplings cubic in F?, R? and (VE)2?. Only some of these are relevant in the
following, in particular the (R? + (VE)?)F* and FS, since the rest contain more than eight
derivatives. Finally, the last two integrals describe couplings with at least eight derivatives
and lead to homogeneous functions of degree —4. Only the last integral is relevant for us,
namely for the F® term.

4 Eight derivative couplings

We start by considering terms containing the maximum number of derivatives appearing
in the one-loop correction, i.e. we consider the possible eight derivative invariants in four
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dimensions. This may seem counterintuitive at first and in fact some of these invariants
have not been described explicitly. However, the terms that are known in four dimensions
are the simplest to describe, setting the stage for the more complicated structures to follow.

Applying the rules and assumptions spelled out in section 2.2, one can characterise
the various terms appearing in the reduction by the order of Riemann tensors, tensor
multiplet fields strengths and vector multiplet fields strengths arising in four dimensions.
Schematically, we then find a decomposition of the type

cileor — R 4 R2(VH)? 4+ (VH)* + R* + HOF? + H*F*
+ H?F° 4 R? (VF)? 4+ (VF)*, (4.1)

where we write in blue the terms which correspond to the known four-dimensional invari-
ants. The supersymmetric invariants for the underlined (red) terms are not known.

Gravity and tensor couplings. The most obvious and simplest term is the R* term,
which arises by trivial reduction of the corresponding ten dimensional term. Note that
only the even-even contribution survives the reduction and leads to a four dimensional R*
term as

tsts R* — 192 (R, RPN + 144 tr Ry Rop]tr [RFP R + ...

— 768 (R")2(R7)?+48 (RT)>— (R)?)* +.... (4.2)
The second line corresponds to two different invariants in four dimensions, each with its
own supersymmetric completion, corresponding to the double appearance of R* in (4.1).
The supersymmetrisation of the second term is not known in A = 2 supergravity (see
however [27] for a discussion in the A'=1 setting). The supersymmetric completion of the
first term was found in [13, 28], where it was shown that it is governed by a homogeneous
degree zero real function of the vector multiplet moduli and the Weyl multiplet scalar A,,.
In the present case however, (4.2) does not depend on moduli other than the total volume
of the CY manifold, so that we can immediately identify the relevant function as depending
only on the Kéahler potential as

3 _ _
Hps = — 2RV 4 A4, (4.3)
16
Here, the function of the off-shell scalars (YY) is very closely related to the lowest order
Kahler potential, as
e =2ImF YAV P (4.4)

with the prepotential (3.4), and is equal to it once special coordinates are chosen (for
Y? = 1). Note however, that this is only the most natural choice that results in the first
coupling in (4.2) upon taking the on-shell limit and one might consider more elaborate
off-shell functions leading to the same result. Upon taking derivatives of this function with
respect to the vector multiplet moduli, various couplings involving vector multiplet field
strengths and auxiliary fields arise at the off-shell level, resulting to further eight derivative
terms in the on-shell theory.
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The corresponding purely tensor coupling is the eight derivative term of the tensor
multiplet, which takes the form

tstsRRE — 96 ((V1, B, VIE)? — 4V, B,V EAV|, B, VI B ) | (4.5)
These couplings can be described in a way completely analogous to the R* term, through
a homogeneous real function corresponding to (4.3), as

3 o
HH4 = T6 eQK:()/’Y) AtAt . (46)

The final possible combination at the eight derivative level for NS fields is the RZH*
coupling, which in 4D is characterised by the term

tstsR* — —96 (V|,E,] VWE)?R_\ PP R, (4.7)

These couplings can be described by the obvious mixed combination of the two func-
tions (4.3) and (4.6) above, as
3 > _
Hpeps = 16 2RYY) A A+ cc. (4.8)
The last function can be straightforwardly added to the functions above, to define a to-

tal function of the vector multiplet moduli and Weyl and tensor multiplet backgrounds,
defined as )

Mg = 2 K0T |4, 1 AP (49)
describing the eight derivative couplings of NS sector fields. At this point it is worth
pausing, to note that the form of these equations exhibits a correspondence between the
graviton and the B-field, since the complete eight derivative action for the gravity and tensor
multiplet is controlled by the combination A,, + A;. This will appear in several instances
below, at all orders of derivatives, and reflects the structure of the 10D Lagrangian, which
is controlled by the combination R(€y).

Couplings involving vector multiplets. We now turn to some of the eight derivative
terms involving derivatives on vector multiplet fields. We start with mixed terms between
NS and RR fields, namely the ones where the order of derivatives is balanced between
the two sectors. Indeed, it is straightforward to obtain the function characterising the
R?F* coupling, which in 4D is described by the cubic invariant in appendix D, where one
considers one of the chiral multiplets to be the Weyl multiplet. The R?>F* coupling is then
characterised by the terms

(8) - — UrpA —A +B A B
HY | pRn B (VFAVFHE 4 DX ADX )

8 N A .
+HE4\3ABCDRuupAR wod pr Ap=BptCptD 4 (4.10)

In this case, only the Ricci-like terms contribute to the reduction altogether, so that we
obtain for the relevant coupling

Hféi),IJ = —576 /wamanmn =-576Gyy, (4.11)

i.e. proportional to the lowest order Kahler metric Gy .
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This result determines the coupling of the vector multiplet scalars and the correspond-
ing vector fields, but we still need to fix the couplings to the Type IIA RR gauge field,
labeled by 0 in four dimensions. These can be derived by the observation that all field
strengths can be introduced by lifting the three-form H,,,,,,, to the eleven dimensional
four-form field strength G, 1,5, and reducing back on a circle, keeping all components.
The result of the reduction of the four-form to 4D gauge fields, F l{,,, naturally leads to the
combination F/ /fy +u! FO . which should replace the field strengths in the couplings shown

uvo
above, so that the full coupling becomes

(8) s Gry  Grou’
HY,, - HE =576 <u1 e J> . (4.12)

Combined with the fact that the relevant function depends on the Weyl multiplet
background only linearly, as implied by (4.10), one can now integrate to obtain

Hpops =9 Ay 2FOY) (4.13)

This form is in line with the observation that the R?F* coupling can be roughly seen as the
product of the chiral R? term with the real F* term. Note that, unlike for the lowest order

Kahler potential, the 0/ and 00-components of the second derivative Hf) A I (4.10) are
physical in this case, since they describe the couplings of the RR one-form gauge field.
®)

AwAB
describes the the theta angles in the two derivative theory.

In fact, the coupling H is proportional to the real part of the period matrix, which

The natural extension of (4.13) to a function where A, is replaced by A: and thus
describes couplings of the type (VE)?(VF)? is straightforward. However, in the compact-
ification we consider all such terms cancel identically, in a nontrivial way. Similarly, there
are no parity odd terms of this type either, so that this particular coupling seems to be
absent in four dimensions.

The same conclusion seems to hold for terms of the type (VH)?H?2F?, which would
in principle be characteristic of the H%F? term in (4.2), even though this coupling is not
known in four dimensions. Terms of this order in fields do not appear in the odd sector as
well.

Finally, we consider the purely vector multiplet eight derivative couplings, correspond-
ing to an F® term. This can be obtained by a trivial dimensional reduction, leading to the
four dimensional coupling

tgth(Q+)4 — 72 (/X w]m"wjmnprqupq> 3“”u(18MVuJ8pUuK8pUuL) , (4.14)

which can be described by the second quartic invariant in (D.11). Since the coupling above
is given purely in terms of the product of the (1, 1) forms, wy-wy, the relevant real function
is related to the Kéahler potential and is given by

Hps = 6OV (4.15)

This function is consistent with (4.14) for the I, J, indices and naturally extends to the
0-th gauge field in four dimensions as seen above, but we have not checked those couplings
explicitly.
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5 Six derivative couplings

At the six derivative level, we need to saturate two of the derivatives in the internal
directions, so that exactly one Riemann tensor will appear in the relevant integrals on the
Calabi-Yau manifold. This requirement turns out to be quite restrictive, since all traces
of the Calabi-Yau curvature vanish. It follows that the internal integrals must also involve
harmonic forms on which the indices of the Riemann tensor are contracted. Given that
we do not consider any complex structure deformations, this observation directly implies
that no invariants involving only NS-NS fields, such as R?H? or HS, can arise in four
dimensions.”

However, mixed couplings involving fields from both the NS-NS and the R-R sector
are nontrivial and a priori include three types of couplings, namely R2F?, (VE)?F? and
H?F*. The latter has not been described in the context of N'=2 supergravity, while the
former two can be constructed using the techniques in [13]. In addition, a purely vector
multiplet coupling including six derivatives on the component fields, i.e. an F invariant
arises.

In particular, the R? 2 term was already constructed explicitly in [13], and is governed
by a function, H (X, Ay; X), that is linear in the Weyl multiplet, while the vector multi-
plet scalars appear through a holomorphic function of degree —2 and an anti-holomorphic
function of degree 0. The relevant R2F? coupling is

Ha, apRy RN FTA PR (5.1)

where the part of the coupling coming from the R-R fields, as derived from the reduction is
/HAW IJ = —43 / Rmnpq wlmanpq = —48R;ys, (5-2)
X

where in the second equality we defined the tensor Ry for later convenience. This tensor
clearly describes a non-topological coupling, since it depends on the curvature of the Calabi-
Yau manifold explicitly. In fact, the definition (5.2) is invertible, as one can reconstruct the
Riemann tensor Ry, from R by contracting with the harmonic two-forms. We record
the following properties of Ry, which will be useful in the discussion below,

Rry=TRyr, t'Rp; =0, GRry =0, (5.3)

where t! and G/ are the Kéhler moduli and G!” is the inverse of the Kéhler metric.
In order to extend (5.2) to include the 0-th gauge field, we follow the same procedure
as in (4.12), to obtain the additional couplings

H(—6) _ Rry 7?fIJuJ N Rrij RIJRQ(ZJ)
AwAB wWIRry Rrjulu’ Re(z!)Rr; RrjRe(z!)Re(z?) )

We then obtain for the function describing the R2F? invariant
3 Ay o (YD YN (Y] Y/
Hpzp2 = -3 7(}—/0)27_\’,[‘] <Y0 ~ 3o vo + vo ) (5.5)

9Note that these will become nontrivial if more hyper/tensor multiplets are included in the reduction.

(5.4)
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where Ry (Y,Y) = Ry(t) is viewed as a function of the ¢/ = Im();—é), as obtained in the
standard special coordinates. Note that (5.5) is manifestly homogeneous in the holomorphic
scalars Y4, but non-homogeneous in the anti-holomorphic scalars Y4, as expected.

It is straightforward to obtain a term of the type (VE)?F? by simply replacing A, —
A¢ in (5.5), in line with previous observations. It turns out that this invariant is also
generated by the reduction, as

Ha, 45VIOEY Vi By FHAFTBe o (5.6)
where the two couplings ”Hft) iF= ’Hf) I are equal. By the same argument as above, the
function (5.5) can be extended to include the tensor multiplet coupling as

VT T o Av+ A, (YD YN (Y] Y/
(6) — _yiw A - T
H (AW7At7Y7Y) - 1 (YO)Q RIJ <YO }70 YO + }70 ) (57)

which describes the first row in the six-derivative part of table 1.

We now turn to the F® term, which is computationally more challenging than the
couplings described above. This is due to the fact that there are no terms cubic in the
two-form field strength H in ten dimensions, so that (VF)3 terms do not arise in four
dimensions. This is consistent with the fact that similar terms cancel in the F% coupling
that follows from the cubic invariant described in appendix D. One therefore is forced to
consider terms of the type (VF)2F?2, which are quartic in the (1,1) forms w;, from the
point of view of the Calabi-Yau reduction.

The result is a coupling containing all possible combinations of an internal Riemann
tensor and four wy, as in

WImnWJmanqrszpqurs ) wImannpqurszqmers Y e (58)

which in principle determine the function controlling the F® coupling. However, we also
find nontrivial odd terms for the scalars resulting from (2.7), in contrast to the known
coupling in section D. These terms include

Load ~ YIIKMN du® A du? A du® A (8“uMd 6MUN) R

YiskuN = /w[/\me/\w”N/\(2Rnpwquwqueranquwqu)+-~7 (5-9)

where the dots stand for terms containing the same objects in double traces rather than
s single one. We observe that a term completely antisymmetric in three indices I,J, K
arises and conclude that the known coupling is not sufficient to describe these terms. We
leave it to future work to determine the possible new coupling(s) that can complete the
structure.

Finally, it is worth discussing in brief the invariant of the type H2F*, which is not
known explicitly in supergravity. Such terms do appear and seem to be controlled by the
same tensor Ry in (5.2) above, since we find the characteristic couplings R JE2VFIVF!
for all possible contractions of indices between the vector and tensor multiplet field strengths.
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Similarly, we find the parity odd terms
Wrikr H A (a“uldaou)(a”uKa,,uL) )

W[JKL:/Wm[/\wnJAme/\pr/\Rnp+..., (5.10)
X

where in the last integral we used similar conventions as in (5.9) above. Indeed, the two
integrals appear to be closely related, so that the two couplings may have a similar origin
in terms of superspace invariants.

6 Four derivative couplings

In order to obtain four derivative couplings in four dimensions from the 10D R* invariant,
one needs to consider terms that include exactly two Riemann tensors in the internal
directions. It follows that the integrals controlling the 4D couplings are quadratic in the
Calabi-Yau curvature, in the same way as the six derivative couplings of the previous
section are controlled by the Calabi-Yau Riemann tensor through (5.2) above.

At this level in derivatives, four structures can appear, namely R?, F* H2F2, and
H*. Given our assumption of no hyper/tensor multiplets other than the universal tensor
multiplet, all of these structures will be described by functions involving vector multiplet
scalars, but only the latter two involve the tensor multiplet explicitly. All couplings except
the H?F? terms can be described straightforwardly in N = 2 supergravity, and we now
discuss each in turn.

The R? term. The R? term has been known for quite some time [12, 29], and arises
from terms that can be completely factorised in internal and external indices, as

1
<t8t8 — 8610610) R(Q+)4 — a[tI (R#VPA(Q+)RMVP/\(Q+) + Eabcngb(Q+) A Rgd(Q_;,_))

B Aty [RY(Q4) + RYQO)] = aru! (tr R(Q4) A R(Q4) + tr R(Q-) A R(2-)) (6.1)

where we used (2.13) and
aI:/ wr Atr R%, (6.2)
X

are the the second Chern classes of the Calabi-Yau four-cycles. Note that this is a topo-
logical quantity, unlike the objects controlling higher derivative couplings described above,
as e.g. in (5.2).
The supergravity description requires to allow the lowest order prepotential to depend
on the Weyl multiplet through A, [21], so that the explicit prepotential arising from (6.1)
is given by
1 C[JKYIYJYK 1 a[YI

F:
6 Yo +24~64 Yo

Aw, (6.3)

where we remind the reader that the physical moduli are given by 2! = % in terms of the
scalars Y4 above.
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The H* term. Turning to the tensor multiplet sector, an explicit computation us-
ing (2.14) leads to the following terms in four dimensions

1 mn, v 3
(tgtg — é 810810) R4 =48 R qumnpq (2 8['uE ] 8[uEz/] + Z (E“EM)Q) , (6.4)

where, in complete analogy with the R? terms, only factorised traces contribute. It follows
that the four dimensional Lagrangian contains the four derivative tensor multiplet invariant
arising from (C.11), controlled by exactly the same prepotential in (6.3), upon extending
the term containing the Weyl background to include the tensor background, as

1 CryrY'Y/YK 1 ayY!

F=
6 Yo +24-64 Yo

(Aw +84y), (6.5)

with At as in (C.7). This function describes the couplings in the first line of table 1.

Once again we observe the close relation between the R? and tensor multiplet couplings,
which are characterised by exactly the same functional form in terms of the corresponding
chiral backgrounds. This structure arises despite the fact that in N’ =2 supergravity in
four dimensions the tensor H and gravity are not in the same multiplet anymore, so that,
a priori, more flexibility, parametrized by two functions is allowed. However, we find that
the Calabi-Yau reduction leads to a single function of vector multiplet scalars for both
couplings.

The F* term. In the purely RR sector, an invariant quartic in derivatives on the vector
multiplet components exists in 4D, which is characterised by an (VF)? coupling. As above,
we analyse the terms arising from the odd term under pair exchange in R(£21) in order
to obtain these explicitly. Using (2.14), the terms coming from non-Ricci combinations
cancel, and the remaining ones are Laplacians of four dimensional fields. Explicitly, we
obtain that the total (VF)? term reads

1
<t8t8 — é 610610) R4 —3 X[JVQUIVQUJ s (6.6)
where X7 s is the tensor
X]J = / 6mnml...m46pqn1...n4leanle}Bmgrm‘ln?’n4 wr mn wJ pq’ (67)
X

and is explicitly given by

2
Xrg=38 [(Rmnpq) wrwyrs —8 Rmnqumnp TU-)Iq *wirs + 4 R™PIR rswlpr WJgs

+2 Rmnqumn rswlpq Wirs — 8 Rmnqum T » Swlnr O.)Jqs] (68)

The gauge field partner of these scalar couplings is obtained by lifting to eleven dimensions
the original expression and reducing back on a circle times a Calabi-Yau. It then follows
that the result for gauge fields takes the form

1
<t8t8 — g 610610) R4 —3 X]JVaFaICVbeCJ . (69)
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Comparing (6.6) and (6.9) to the known F* term in supergravity, given in (D.7), we find
that the interactions of the vector multiplets arising from expansion along the second
cohomology are governed by the tensor X7y above.

We now turn to the three-index structure, and compute the parity odd term quadratic
in 4D field strengths. Following the same lifting and reducing procedure, we find that the
only even-odd term quadratic in 3-from field strengths is

t8uy..us B N VGRS NN GH31A | 5N\ RISHE N RHTHS (6.10)
which upon reduction to 4D gives rise to a term of the type
6u Hyjp eV, F1Av 1y~ —3H g PV u F1 Vv, Fl 4.0, (6.11)

where in the second step we partially integrated and the dots denote terms involving the
derivative of the coupling Hrjg. The explicit expression for this three index coupling
follows from the relation

u€ Hijx =—16 /X B/\[Rm” A Rynwi™wirs —8RPIN R, "wrq *wyrs
— 4 RPIN R wrpr wygs +2qu/\RrSw1pqum] , (6.12)
where we note the important identities
tNHype =Xy,  t'X15=32ar. (6.13)

The remaining interactions with the ten dimensional RR gauge field, F°, described
by Hor and Hoo, are obtained by viewing F© as a Kaluza-Klein gauge field, coming from
the reduction from 11D. As these must necessarily be quadratic in the Kaluza-Klein gauge
fields, only the factorised term in the 10D invariant contributes. It then follows that, as far
as terms quadratic in Riemann tensors are concerned, the lifting and reducing procedure
is identical to the 4D/5D connection studied in [25]. Therefore, we can simply add the
couplings Hor and Hgo found in that work, given by

3
=2o5t! = 1 Xyt (6.14)

to the ones in (6.6) and (6.9) above.

After adding the extra contribution in (6.14) to (6.6), and performing the by now
standard shift in (4.12) to account for the axionic coupling to the 0-th gauge field strength,
we obtain the final form of the coupling Hapg, as

X X2’ oea [ 1Y°P X —-YOXx,77
Han= ) % _ a , 6.15
AB (—ZIXU X257 Y7l —YOYIX,, X YIvd (6.15)

where in the second step we passed from the special coordinates z! to the projective
coordinates Y. Note that the coupling X;s is real and depends only on the Kihler
moduli ¢/, similar to the lowest order Kihler potential.
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The couplings (6.15) satisfy the condition Y4H 45 = 0, so that they belong to the
class of [13]. Recently, a more general class of F** invariants appeared in [26], which allows
for YAH 45 # 0 and contains additional terms quadratic in the Ricci tensor. However, we
find that no such extra terms appear in the reduction of the 10D action, beyond the one
in the familiar (Weyl)? term, consistent with the properties of H 45 above.

On H?F? terms. Finally, we comment on the possible four derivative terms which
mix tensor and vector multiplets. Such terms have not been explicitly constructed in the
literature and it is a interesting open problem to tackle, even for rigidly supersymmetric
theories. Indeed, a construction of such an invariant is likely to lead to insight into more
general mixed terms of the type H?"F?™ where n is odd, examples of which have been
mentioned above (e.g. the H2F* term).

An explicit computation of the terms arising from reduction of the parity even terms
at this order reveals that terms involving derivatives of H and F' do not arise. However,
we do find nontrivial terms involving field strengths only, e.g.

L o X1 E'E" 9l du” (6.16)

and terms related to this by introducing the gauge field strengths, i.e. X[JEMEVFIMpFJVp,
where X is the integral defined in (6.7) above. In order to obtain this result, we
used (2.14) and we note that the additional terms AJy(Q4, H) in (2.6) are nontrivial
in this case.

In addition, the parity odd terms are also nontrivial for these couplings, since one can
easily verify that the parity odd term (2.7) leads to couplings of the type

Y1y H APl doul (6.17)

where Y7 is the integral
1
Y= / <Rmn A Rnp ANwiP ANwym — g R™ A Rypn A wi? /\CUJp) . (6.18)

In the last relation, the two-forms w; are viewed as vector valued one-forms, for convenience.
Note that the term (6.17) is linear in the tensor field strength, unlike the parity even
coupling (6.16). This may seem counterintuitive, but we stress that our simplifying choice
of ignoring the scalars in the tensor multiplet may obscure the connection between tensor
multiplet couplings that are expected to be controlled by appropriate functions of these
scalars. Finally, we point out that Y7 is by definition antisymmetric in its indices, which
is similar to the corresponding six derivative terms in (5.9)—(5.10) above. This type of odd
terms is somewhat unconventional in the N'=2 setting and may point to a common origin
of all these unknown invariants.

One possible way to construct couplings of this type is to make use of the results
of [30], on arbitrary couplings of vector and tensor multiplet superfields. In terms of the
superfields G and W4 describing the tensor and vector multiplets respectively, one may
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consider an integral of the type'®
/ d*d*o H(W, W) G?, (6.19)

in order to describe couplings such as above, where the function H must be such that
the couplings (6.16)—(6.17) are reproduced. It is worth mentioning that including kinetic
multiplets in (6.19) may lead to even higher derivative couplings that can account for some
of the unknown couplings pointed out above, i.e. of the type H*"F?™ where n is odd.
The explicit realisation of the possible Lagrangians following from the integral (6.19) in
components would require the construction of a density formula for a general real multiplet
of N'=2 supergravity and falls outside the scope of the present work.

7 Some open questions

We shall conclude with a list of some open questions.

One immediate consequence of this work is the prediction of new four-dimensional
higher-derivative N’ = 2 invariants. It would be nice to be able to verify this prediction
by explicitly constructing some of these terms, either using the structure in (6.19), or new
techniques. It is interesting to point out that the new invariants involve terms, descending
from the eleven-dimensional anomalous terms Cs A Xg, which are top-form Chern-Simons-
like couplings. Examples of these at the six-and four-derivative are discussed in sections 5
and 6 respectively. It would also be very interesting to verify whether the terms that we find
to be vanishing but could in principle be nontrivial, such as the H6F? and (VH)?(VF)?
terms, do exist or not. Moreover, we stress that we have been focusing on the leading
terms, matching to the invariants constructed in [13] and disregarding the possibility of
more detailed structures that might appear. While we have not found any inconsistencies,
we cannot exclude the existence of subleading terms that are not captured here. For
example, the types of invariants recently constructed in [26] allow for additional couplings
proportional to the square of the Ricci tensor, rather than the Weyl tensor alone.

There is a number of important omissions here. We have worked exclusively with
one-loop terms, and avoided the discussion of the dilaton. Our excuse can be that the tree-
level terms neither survive the eleven-dimensional limit, nor contribute to the well studied
R? terms in four dimensions. Yet they are important for understanding the corrections
to the moduli spaces. In addition the dilaton is subtle and important enough to merit a
discussion.

As already mentioned, we have largely ignored the complex deformations of the internal
CY. It might be of some interest to extend our results to generic hyper-matter, since that
would most likely turn on the couplings that we find to be vanishing.

We have concentrated only on CY compactification and hence ungauged N =2 theories.
Quantum corrections to the super potential have been much studied and are of obvious
interest. It would be very interesting to extend the discussion of (at least some of ) the

10We thank Daniel Butter for pointing out this possibility.
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higher derivative couplings to the gauged theories. The fact that the couplings described
here have an off-shell formulation is helpful in that respect.

The relation of our calculation to the topological string calculations needs further
elucidation. Most of our CY integrals are not topological and one may ask if there is
an extension or refinement of topological strings that may capture the physical string
theory couplings described here. Our calculations are exclusively one-loop, but one might
hope that the structure of the terms discussed here, and the relations between different
supersymmetric invariants are sufficiently restricted by supersymmetry to extend to all
genus calculations.

The structure of the various functions describing the coupling of the gravity and tensor
multiplets seem to treat the two backgrounds on the same footing, somehow reflecting
the structure of the ten dimensional action built out of the torsionfull curvature tensor
R(Q4). Given that this structure was instrumental in checking T-duality in [15], it would
be interesting to consider the properties of our couplings under the c-map, which is the
lower dimensional analogous operation. Note that this would explicitly relate the vector
and tensor multiplets, especially in view of the fact that the various couplings mix the two
kinds of multiplets.

The new terms discussed here are not relevant for BPS black hole physics, at least at
the attractor [13, 31, 32], as they vanish by construction on fully BPS backgrounds and do
not affect the entropy and charges. However, our results are relevant for non-BPS black
holes and may be related to the one-loop modifications to the entropy of such objects, as
in [33].
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A Tensor structures in ten dimensions

We define the tensor, tg, as having four antisymmetric pairs of indices and given in terms
of its contraction with an antisymmetric tensor F*¥ by

tgFt =24tr F* — 6 (tr F?)%. (A1)

Taking derivatives of this identity with respect to F' one can obtain the explicit tensor tg.
The Type ITA one-loop correction in ten dimensions contains terms quadratic in tg and
quartic in the modified curvature R(4),,,,"*"**. The latter is antisymmetric in each pair
of indices, but does not satisfy the Bianchi and pair exchange identities. Considering a
general tensor, R, with these symmetries, the relevant expression reads

t8t8R4 =192R; +384Ro +24R3+ 12R4 — 96 (Rg,a + R5b) —48 (R@a + Rﬁb) , (A.Q)
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where the R; are defined in (A.4) below. Similarly, we display for completeness the full
expression for the odd-odd term quartic in R as

1

—e10e10RY =192 R + 24R3 + 12Ry — 192 R5 — 384 R — 384 A,

8

+4RR (R R +6 Rmmmeuslmmm —24RR RMMRMM)
2

+ 384 R RIME (Ruz He H1 “4Ru4u3 B Ruz MSMMSRM%MM:’J + g Ruz ungm)
+ 32 R RH1H2H3H4 (R#SM HSWSRMWGMM —4 Rus 25 1 #GRM4MGM2M5)
+ 96 RMMRMM (2 RHSMRMIB - RMSM%MGRMS#G%M)
+ 768 RMMRW ©3 1 a4 (R/M MS#GMRMGMMS%

- RM He ©3 He RMGMS —2 R/m 1 Rusu's)
+ 384 RMMRM 1 (2 Ru3 MM%RMWGMM - R#s MRMM)
1 384 R#lmRm K3 a5 (RM4M5M1 #GRMGIB _ Ru4u5 #6H7RM6M7M1M3

+ 2 R/J'4 He HIHSRHSHG + 4 R;U'4 He M1 M7RH5N7#3N6)
(A.3)

where R 0 = Ryujusps'® 18 a non-symmetric tensor corresponding to the Ricci tensor

and the scalar R is its trace. The various non-Ricci combinations appearing in both the
even-even and odd-odd structures are defined as

R = tr RIVER 1 s R Ry R = 0 Ry g RO R e M,
Ro =tr RMHFIR o Ry 1 RIS,
R3 =tr Ry REHIGT RIV2R s Ry = tr RMPZRIHAGT R R o,
Ry =tr RFMMR ittt RYHFOR 6, 7@4 = trR“lm//émmR“‘r’%ﬁ%%,
Risa =t Ry RFH5tr Rys g RPOHL, Ry = tr RFEMAR o T RIFHSR e
R = tr RFMZR ot RIFHOR e,
Rea = tr RIHIRIH Oty RMM Ruw@' ) Rep = tr ﬁuwﬂéusuetr 7?'Mslts 7§’,U‘4M67
7%6 =t Ry o 7%#5#672’“8/% M Rpnpe H8p2
1217 = RﬂlmugMRMwsmuSRMW%ugR%MsMM ) (A.4)

for any tensor R, ,,"?#* that is antisymmetric in each pair of indices, but does not satisfy
the Bianchi identity and we use the shorthand notation 7~2H1 pot3H = RH3k4 L, in order to
keep expressions compact. Note that if R is identified with a Riemann tensor, all tilded
quantities become equal to their untilded counterparts.

B Off-shell N'=2 supergravity and chiral multiplets

In this appendix we summarise some general formulae on the N/ =2 Weyl multiplet in

four dimensions and the chiral multiplets in a general superconformal background. Our
conventions are as in [13], where the reader can find a more detailed account.
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Weyl multiplet parameter
field | ey ¥a' by Av Vu'y Tas” X' D wif fu? oum'| € 7
w | -1 -+ 0 0 0 1 3210 1 -3 3
c o -1 o0 o0 0 -1 -3 0] 0 o —-i|-i -1
Y5 + + - + -

Table 2. Weyl and chiral weights (w and ¢) and fermion chirality (75) of the Weyl multiplet
component fields and the supersymmetry transformation parameters.

N = 2 superconformal gravity. The off-shell formulation of four-dimensional N = 2
supergravity is based on the Weyl multiplet of conformal supergravity, whose components
are given in table 2. This consists of the vierbein e,®, the gravitino fields wui, the di-
latational gauge field b, the R-symmetry gauge fields ij (which is an anti—hermitian,
traceless matrix in the SU(2) 1nd1ces i,j) and A,, an anti-selfdual tensor field T, a
scalar field D and a spinor field x?. All spinor fields are Majorana spinors which have been
decomposed into chiral components. The three gauge fields w,ﬂb, fu® and gi)ui, associated
with local Lorentz transformations, conformal boosts and S-supersymmetry, respectively,
are not independent as will be discussed later.

The infinitesimal Q, S and K transformations of the independent fields, parametrized
by spinors €' and n' and a vector Ak, respectively, are as follows,

5€ua = Ei ’Yawm’ + € ’Ya%i )

4 1 4
0y =2Dye" — §Tab”7ab%€j = Y’

1 3 1 .
ob, = 26 gbm — e %X1 ﬁ’@bm +h.c + Akeuq,
1 3-4‘ 1.,
0A, = -i€e qu —1€y, xi + 51" + hee.,
2 4 2
(ﬂ/uij =2 Ejgb,f — 36, X'+ 2n; wui — (h.c. ; traceless),
5Tabij =8 E[iR(Q)abj] 5
i 1 ab ij 1 NI L ny i
ox' = — ﬁ’y DT €5 + 6R(V)W Y el — glRMV(A)’Y €
1 g
+ D e+ Syl n;,

12

6D =& Dx; + & Dx". (B.1)

Here, D,, denotes the full superconformally covariant derivative, while D,, denotes a co-
variant derivative with respect to Lorentz, dilatation, and chiral SU(2) x U(1) transforma-
tions, e.g.

. 1 1
Duel — (8 - w,u PYCd + b + 1AM> GZ + 5 Vulj 6'7 . <B2)
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Under local scale and U(1) transformations the various fields and transformation parame-
ters transform as indicated in table 2.

The various quantities denoted by R(Q), and appearing in the supersymmetry varia-
tions above denote the supercovariant curvature tensors corresponding to each generator,
Q, whose detailed definition can be found in [13]. Here, we only give the following

a a a a 1 - i.a
R(P) =20, e," +2by,e," — 2wy, bey]b_i(w[u'Y d)y}i-l-h.c.),
1
8

1 _ .
R(M)yu® = 200" — 20, wy)c” = 4f €)™ + 5 (0, 7" by + hic)

R(Q)uui =2 D[;ﬂ/’u]i - 7[M¢y]i Tabij Yab ’Y[/ﬂ/’y]j ’

1- . . 3_ . .
+ (4%@ U T% = J00 1 7" = P 1 R(Q)™: + h.c.> . (B3

which are necessary to introduce the conventional constraints

R(P),Wa =0,
o % 3 A
Y R(Q)w/ + 5'71/)( =0,
v b A 1 bij 3
e’y R(M) e’ —1R(A)pa + 3 abij L — §D eua =0, (B.4)

defining the composite gauge fields associated with local Lorentz transformations, S-super-
symmetry and special conformal boosts, w48, ¢t and fas?, respectively.

Chiral multiplets. Chiral multiplets are the basic building blocks of all supersymmetric
invariants in this paper. We therefore give a concise overview of their most basic properties,
to be used in the various constructions.

Chiral multiplets are complex, carrying a Weyl weight w and a chiral U(1) weight
¢, which is opposite to the Weyl weight, i.e. ¢ = —w, while anti-chiral multiplets can be
obtained from chiral ones by complex conjugation, so that anti-chiral multiplets will have
w = c¢. The components of a generic scalar chiral multiplet are a complex scalar A, a

Majorana doublet spinor ¥;, a complex symmetric scalar B;;, an anti-selfdual tensor G,

a Majorana doublet spinor A;, and a complex scalar C. The assignment of their Weyl and
chiral weights is shown in table 3. The Q- and S-supersymmetry transformations for a
scalar chiral multiplet of weight w, are as follows

0A = _i\:[/i ,
1 ,

0U; =2DAe; + Bij € + ifyabG;b gij€ +2wAn;,
5Bij =2 E(i@\lfj) -2 EkA(Z €k + 2(1 — U)) ﬁ(l\lfj) ,
1 1. 1 o
6G,, = 55” &PV VY + ifl'YabAi - 5(1 +w) e Nivap Vs

1 _ . o] .

0N, = — §’yaleGab6i — @Bijsjkek + Cé‘ij e+ Z(pA ’yabTa(n'j +w A@’yabTabij)é‘Jkek

o . 1 _
— 374e7%¢, X"y — (14 w) Bij&“]k N + 5(1 —w)y® Gni s
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Chiral multiplet
field | A U, B;; G A; C
w w w + % w41 w41 w + % w+ 2
c —w —w—i—% —w+1 —w+1 —w—i—% —w + 2
Y5 + +

Table 3. Weyl and chiral weights (w and ¢) and fermion chirality (y5) of the chiral multiplet

component fields.

vector multiplet tensor multiplet
field| X W, Q Y9 |LY B, ¢ G
w |1 0o 3 22 0 3 3
c |-1 0 -3 0|0 0 -3 1
75 + -

Table 4. Weyl and chiral weights (w and ¢) and fermion chirality (75) of the vector multiplet and
the tensor multiplet.

0oC = — QEijEilDAj — 66X é‘ikEﬂBkl

1 .. g
— Zé‘”Ekl ((w — 1) Eify“bﬂTabjk\Ill + Ei’yabTabjkﬂ\Ifl) + 2 we’;‘”ﬁil\j . (B.5)

Any homogeneous function of chiral superfields constitutes a chiral superfield, whose
Weyl weight is determined by the degree of homogeneity of the function at hand. Indeed,
one can show that a function G(®) of chiral superfields ®/ defines a chiral superfield, whose
component fields take the following form,

Alg =G,
{9;,Bi;, Gy Ha =G {¥ B .G, },

1 ; 1 .-
Ailg =G A — §G1J B;;lei* + 3 G Ik | v,

Clg=G 0t - iGU [Bi' By’ %l —2GfG—*], (B.6)
where G, G1J etc. are the derivatives of the function G with respect to the scalars A’ and
we omitted all terms nonlinear in fermions for brevity.

Chiral multiplets of w = 1 are special, because they are reducible upon imposing a
reality constraint. The two cases that are relevant are the vector multiplet, which arises
upon reduction from a scalar chiral multiplet, and the Weyl multiplet, which is a reduced
anti-selfdual chiral tensor multiplet.
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The constraint for a scalar chiral superfield implies that Clyector and Aj|vector are ex-
pressed in terms of the lower components of the multiplet, and imposes a reality constraint
on Blyector and a Bianchi identity on G~ |vector [34—36], as

A|Vector :X7
‘I/i|vector = Q’L )
kl
Bij|vector :}/ij = 5ik5jlY )

_ I
Gab|vector :Fab - X Tab” €ij »

4
Ai|vector = - 5ijwﬂj
] 5
C|Vector = —20.X — ZG;}, Tabijgw ) (B7)

where F),, = 20),A,) is the field strength of a gauge field, 4;,. The corresponding Bianchi
identity on G4, can be written as,

1 1
Db <G¢jb — G;b + ZXTabz’jSl] — 4XTaij€ij> =0, (B.8)

where in both (B.7) and (B.8) we again omitted terms nonlinear in fermions. The reduced
scalar chiral multiplet thus describes the covariant fields and field strength of a wvector
multiplet, which encompasses 8+ 8 bosonic and fermionic components. Table 4 summarizes
the Weyl and chiral weights of the various fields belonging to the vector multiplet: a
complex scalar X, a Majorana doublet spinor €);, a vector gauge field A, and a triplet of
auxiliary fields Y;;.

The Q- and S-supersymmetry transformations for the vector multiplet take the form,

0X = EiQZ‘ R
1 . .
00 = 2$X€i + §€ijGw/y‘uV6] + ifijéj +2Xn;,
§A, =& (7,05 + 29, X) + &€ (7, + 29,7 X)),
5Y;j =2 E(inj) + 2 EikEjlLE leQl R (B.g)
and, for w = 1, are in clear correspondence with the supersymmetry transformations of
generic scalar chiral multiplets given in (B.5).

We now turn to the covariant fields of the Weyl multiplet, which can be arranged in an
anti-selfdual tensor chiral multiplet, whose chiral superfield components take the following
form,

Awplw =Tup e,
\Pabi‘W :85U ( )ab’
Bapijlw = — 8¢y, ZR(V)ab 7)
(Ga) “lw = =8 R(M),

_ 3
Aavilw =8 <R(S)abi + 4’Yabl7)><z'> ;

Cuplw =4Dy, D°Ty).;;6” — dual . (B.10)
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Note that all quantities involved in the components above are either manifestly super-
covariant curvatures or (covariant) auxiliary fields of the Weyl multiplet. In particular,
R(S)api is the curvature of the S-supersymmetry gauge field, which is solved in terms of
the derivative of the gravitino curvature, R(Q)qpi, due to the conventional constraints.

All higher derivative terms involving powers of the Weyl tensor in this paper are
constructed by couplings of the scalar chiral multiplet with w = 2 is obtained by squaring
the Weyl multiplet above. The various scalar chiral multiplet components of this multiplet
are given by,

Ay = (T eij)?,
Uy =165 R(Q)), TH® ¢y,
Bijw = — 165 ROV)" jyop T ey — 64 €021 R(Q)as™ R(Q)'
Go" = =16 R(M)f* TH )y — 16655 R(Q)E 7™ R(Q)*
Ajw = 326557 R(Q)!; R(M) % + 16 (R(S)avi + 3V Dy xi) TH e
— 64 RV)atfi e R(Q)™',
Cw =64 R(M) ™ R(M)_f* + 32 R(V) "%, RV) i
— 32T D, DTyyi5 + 128 R(S)™: R(Q)ap’ + 384 R(Q)® 'y, Dyx; . (B.11)

In practice, we will only use the lowest component, A, to construct functions that define
composite chiral multiplets, as in (B.6), which determines completely all instances of the
higher components in the relevant couplings. The components (B.11) can then be substi-
tuted straightforwardly in the final expressions to obtain the explicit couplings to the fields
of the Weyl background.

C Tensor multiplet as a chiral background

We now turn to the tensor multiplet, which is also defined as an off-shell multiplet in
an arbitrary superconformal background. The field content of this multiplet includes a
pseudoreal triplet of scalars, L;;, a two-form gauge potential, B,,, a Majorana fermion
doublet, ¢!, and an auxiliary complex scalar, G, with the Weyl and chiral assignments
given in 4. The corresponding supersymmetry transformation rules are as follows

5Lij =2 E(i@j) + 2 EikEjl E(kgol) ,
St =LY ¢; + 9 Blej — Gé + 2L n;
Sy = ij L ab U _ij ki _— (C.1)
0G = =26y —& (6L x;+ 7 Taje o €V | + 21359,
(53/“, = igi’yw,cpj €ij — 1€V e 4+ 2 Li; eIk Ei’)/[“’(ﬁl,]k — 2 LY Ejk Ei’)/[“’(ﬁl,]k ,
and we refer to [20] for the precise definitions of the superconformally covariant derivatives

on the various fields. The vector E* is the superconformal completion of the dual of the
three-form field strength, Er = %ie‘1 eMP?0, B

~32 -



The couplings of the tensor multiplets are given in terms of composite vector multi-
plets [20], described by functions of a set of tensor multiplets, labeled by I. To this end,
we define the first component, the scalar X; as

X1 =Fr.0G + Frox" @7 o, (C.2)

which, by (C.1), transforms according to the first of (B.5) into the remaining bosonic
components of the vector multiplet, as

Yijr = —2F1 [DCLUJ +3DLi;| —2F; jkij (G7 GK + E,7 EFEY

— 2F1 k" (DL’ D' Ly +2¢y; DLy, BMF)

F,LWI = -2 fI,JKmn a[,uLka ay]Lan Ekl
R 1 A )
—40, (fI,J B, - ALK LikJ5]k> ;

1 1 _ . .

Cr = —20:(F1,G7) - 1 <F;g[ -5 FL GJTab,-js”> T4 (C.3)
where we suppressed all fermions and the component C7 is consistent with (B.7). In order
for this multiplet to be well defined, the first derivative of Fy ;(L) with respect to LK,
denoted by F7, j r;j, must satisfy the constraints

Fr,0kij = F1,K,7ij » &% Fr pxijm(L) =0, (C.4)

while Weyl covariance requires the condition
kjK Lo
Frykik L™ = —§5ij Fr.7, (C.5)

which implies that the function F7 ; is SU(2) invariant and homogeneous of degree —1, so
that it has scaling weight —2.

The expressions for the composite chiral supermultiplet above can be used to construct
actions with higher derivative couplings. In general, one can use (C.2)—(C.3) on the same
footing as any vector multiplet to obtain actions containing vector-tensor couplings. This
is beyond the scope of this paper, where we only consider a background chiral multiplet
containing four derivatives on the components of a single tensor multiplet, similar to [20]
but allowing for couplings depending on vector multiplet scalars as well.

For a single tensor multiplet, the functions Fy ; in (C.2) reduce to a single function
F(L), while the constraints (C.4)—(C.5) imply the constraint,

0*F (L)

We then consider the chiral multiplet of w = 2 defined by its first component as the square
of (C.2), through

A =FPG?+2F FIGgip; =HG + MY G gig (C.7)
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where we defined the function H(L) = [F(L)]?, and its derivatives, as

OH B
aLij ’ 3Lij 0Ly ’

HY = (C.8)

As noted in (3.7), for a single tensor multiplet the function F is essentially unique, so that
‘H is simply given by its square, as

1

where in the reduction we consider in the main text, the scalars L;; contain the dilaton
and are kept constant throughout.

The remaining components of this composite background multiplet are given by (B.6)
for G(A) = A2, as follows from (C.7). For completeness, we display their form for a general
function H, as follows

Bty =2G (2H [O°Lij + 3 DLy | - Hiy (IG1 + B, B")
—H* (DyLiyy D" Ly + 25,3 DLy, E“)) ;
_ _ . 1 . )
G, = —2H"™" G DLy DyLue™ —8HG <’D[aEb] =5 Ba'5(V) Lig gﬂ’f)
_ N 1 .
—4 GHmn D[aLmnEb] - 5 H |G‘2Tasz€ij 5
(C.10)

for the lower components and

ot :H(L){ — 4G0.G — 2(0cLij + 3D Ly;)? + 16 D, By - DIEY

) ) 1 |
— 8D, E, (R“blj_(V)Liksjk — Z[T“’”Jgij G+ h.c.]>

1 y o
t16 (Tup"£i5)*G? + 2 (Tapije)?G?) + 12(|G)> + E*) D

) ) 1 |
+ R®™, (V) L™ <Rab2j (V) Lige?® — 5 Tubei G + h.c.]> }
+HY (L){ (DCL“ +3D L“) (DuLiDLjy — Aeg E"D, L)
—20.L;j(2|G|* + E?) — 4G D'G D, Ly;
1 1
—4 (EbDaLij + 2DaLikaLﬂ€kl> (Rabm;(V)Lmog”O -7 T“bm”&tmnG>

+ 8(Dy LDy Ljek! — 2 B, Dy L;;) DB }
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n %ij’kl(L){ — e DH Ly, DY L™ D,y Ljn Dy Ly
1
-8 EikEbDaij <DaLmnDbLnl + 6€abcchLmnDdLnl>
+ 2D, Ly D" Lj|G* — (|G? + E?) (euej(|G* + E?) + dey, E¥D, L)
+ 26i4™" Dy Ljm D" Ly E? + 45ik(DuijDyLln5m”)E“E”} , (C.11)

for the top component.

D The kinetic multiplet and supersymmetric invariants

The central object in constructing the various higher derivative invariants of the type
R?"F?™ in this paper is the so called kinetic chiral multiplet. The term ‘kinetic’ multiplet
was first used in the context of the N = 1 tensor calculus [37], because this is the chiral
multiplet that enables the construction of the kinetic terms, conventionally described by
a real superspace integral, in terms of a chiral superspace integral. In [13, 36] a corre-
sponding kinetic multiplet, T(®), for a chiral w = 0 multiplet, ®, was identified for N = 2
supersymmetry, which now involves four rather than two covariant f-derivatives. It follows

that T(®) contains up to four space-time derivatives, so that the expression
/d49 d*0 &' ~ /d40q>']r(<i>’), (D.1)

corresponds to a four derivative coupling. Expressing the chiral multiplets in terms of
(functions of) reduced chiral multiplets, (D.1) leads to higher-derivative couplings of vector
multiplets and/or the Weyl multiplet.

Denote the components of a w = 0 chiral multiplet by (4, ¥, B,G~, A, C), out of which
we construct the components of T(®,,—¢), denoted by (A4, ¥, B,G~, A, C)lr(@)- In [13] the
following relation was established,

Alpsy =0,
Uilrgy = — 2, DA — 6 e’ BY — isijgkl YTy E ol
Bijlp@) = — 2 (0c +3D) B — 2G5 R(V)™ ¥ e,
Goplr@) = - (5«1 o0 — ;ffab“l> [4D.D°GYy + (D°AD.Ty" + DeA DT )]
+ 0 AT eij — ROV) wp'r B* ey + éTabij TeaijGT,
Ai’T(@) =2 Dch‘I’j&'j + i’yc%b@ DcTabij A+ Tabij DcAj)
1

— 56@‘ (R(V)abjk + 2i R(A)ab5jk) ’yc’yach\Ifk

1 1 e )
+ 5 €ij (3 DyD — 4iDaR(A>ab + ZTbCl] D, Tacij) "yb\I/]
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—2Gtab DR(Q)api + 6 gijD ﬂ\I/j
+3eij (Px BY + DADYY)

3 . 1 _
+ 5 <2 ka]{:‘ij + pG;-b,yab 5Zk + ngnTabmn ’Vab pA (52k> Xk »

1 . _ 1 o
Cly@) =4(0e + 3 D)OeA = 5 Do (T Tep7) DA + L= (Tuige”)*C
+ Dy (e DTyeij G0 + 49 T%;; DG, — Ty, T, DY A)
+ (6 DyD — 8iDR(A) ) D° A+, (D.2)

where we suppressed terms nonlinear in the covariant fermion fields. Observe that the
right-hand side of these expressions is always linear in the conjugate components of the
w = 0 chiral multiplet, i.e. in (A, U, BY, G:b,Ai, Q).

Using the result (D.2) one can construct a large variety of superconformal invariants
with higher-derivative couplings involving vector multiplets, as well as the tensor and Weyl
chiral backgrounds. The construction of the higher-order Lagrangians therefore proceeds
in two steps. First one constructs the Lagrangian in terms of unrestricted chiral multiplets

of appropriate Weyl weights, in the form
/ d%0 & T() T(2) .. ) | (D.3)

Here, the n-th power of the kinetic multiplet is defined recursively as T = T(®, T(”_l))
for ®,, of appropriate weight. Subsequently, one expresses the unrestricted supermultiplets
in terms of the reduced supermultiplets in section B. In these expressions it is natural to
introduce a variety of arbitrary homogeneous functions, so that resulting final Lagrangian
is controlled by a function of given homogeneity and holomorphicity in the various fields,
corresponding to the original structure in (D.3).

In this work, we will make use of invariants of the type (D.3), where one, two or three
kinetic multiplets appear, and are naturally quadratic, cubic and quartic in chiral multiplet
components, respectively. While the first of these was described in detail in [13], the other
two have not appeared in the literature. These are straightforward to write, using the
formulae above and in [13] but are rather unilluminating, so that we prefer to emphasise
the structure of the corresponding Lagrangians, restricting ourselves to the leading terms.

The quadratic invariant. The simplest case of a Lagrangian involving a kinetic multi-
plet is the one in (D.1), where a w = 0 chiral multiplet is multiplied with the kinetic of an
antichiral one. In components, the leading bosonic terms in the resulting Lagrangian read

e IL=CC+8D,F " DFT 4 +4F “FF. R(w,e)’

_ 1
+4D*AD*A+8DHA [Ru“(w, e) — gR(w, e) e,ﬂ] D,A

3 1 g
— D“Bij DMBZJ + <6R(w, e)+ 2D> BijB” +--, (D4)
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where we suppressed the prime on the second chiral multiplet indicated in (D.1) for brevity.
The next step is to consider the components of the chiral and anti-chiral multiplet in (D.4)
to be composite, given as holomorphic and anti-holomorphic functions, F, F of the funda-
mental vector, tensor and Weyl multiplet respectively. The result is a Lagrangian that is
controlled by a homogeneous function of degree zero,

F(XA, Ay, A) F(XA, Ay, A) ~ H(XA, A, Ay, XA, Ay, Ay, (D.5)

which depends on the vector multiplets scalars, X#, and the Weyl and tensor multiplet
composites, A, and A;. This invariant corresponds to higher derivative couplings that are
quadratic in the leading terms, F?, R? and (VE)? respectively. The arbitrariness of the
function in A, is analogous to the similar dependence of the chiral couplings, F (X4, Ay)
which describes the full topological string partition function. Note that the various combi-
nations have different order of derivatives, as e.g. F* comprises only four derivatives, while
R%2F?, (VE)?F? contain six derivatives and R* R?(VE)?, (VE)* contain eight deriva-
tives. However, all these invariants have a common structure, found by substituting the
definitions of the chiral multiplets in terms of F, F and H in (D.4).

This was done in [13], where the F* coupling was constructed, based on a real function
H(X, X), which plays the role of a Kihler potential, as it is defined up to a real function, as

H(X, X) = H(X, X))+ A(X) + A(X). (D.6)
The explicit form of the Lagrangian is
1 1 . 1 ..
6_1£ :HIJKi, |:4 <G;bl G—abJ _ imjf ngJ) (G;&L-bK G—i—abL _ §YUK YvijL>

+ 4DaXI DbXK <DaXJDbXL + 2G—ac] G+bcL _ inain}] YLz‘j) :|
+ {7—[ LK [4 Do X' DX D*X* — D X' Y] DY Y
B <G—abl a7 - %Yé YJij) <DCXK n éngK Tabijgij>
+8p*x'a,’ <DCG+C”K - %DCX'KT” d’sij> ] + h.c.}
+H;; [4 <DCXI + écaﬁf Tabijgij> <DCX‘] + éG;bJ T“’”‘J’eij) +4D*X' D*°X/

) G—ab IG+Cd J

. 1 L
+8D,G~® DG — DY, DY 4 ZTab” Toaij

1 -
+ (6R+ 2D> }fijl Y’L]] + 4Gfacl G+bCJ Rab

1 1 L _
+8 (RW — 39" R+ T T +iR(A)M — g“”D) D, X'D, X’
— [PXT (DT G 4 AT DG ) 2y + e T )|

- [aik Vi G R(V) i + [hoci T > J]] } : (D.7)
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where (we suppress fermionic contributions),

1 _ -
-1 -1 I
Gab :Fab — ZX Tab”Eij,
1
O.XT =D2XT + <6R+D> X7, (D.8)

One can obtain the more general couplings as discussed above, resulting in similar
expressions. For example, the R?F?- and R*-type couplings feature terms found by sub-
stituting F2 — R? and similarly for the other components in (D.7) and are discussed
in [13].

The cubic invariant. The next more complicated example of Lagrangians containing
kinetic multiplets is to consider an integral quadratic in kinetic multiplets, as

/ d* deT(®y) T(Ps), (D.9)

where @y is a w = —2 chiral, while ®; and &5 are w = 0 anti-chirals, as above. It is
straightforward to apply the multiplication rule for chiral multiplets, to obtain the analo-
gous master formula of the type (D.4), in this case. The result takes the form

e 1L=C*C— % AC*(TT)?

+2AC 4(D+3D)DA+%GC(T_)2+4DQ(T+‘”’DCG;) +]

— AC [2e*<(0+ 3D)B;; (O + 3D)By — Dy, (D°Gy, ) DI*(D.G=+) +...]

1+
+2C [B7(0+3D)By - G* (D (DG ) = DATS) +--], (D.10)

which is manifestly quadratic in holomorphic and linear in anti-holomorphic components.
Note that we again use a simplified notation that naively identifies the three a priori
independent multiplets, despite the fact that the anti-chiral multiplet is of weight —2,
while the chiral ones are of w = 0. The most general invariant follows by completing the
combinations given above with the components of the kinetic multiplet given in (D.2) and
viewing the holomorphic components as quadratic forms in the components of the two
chiral multiplets in (D.9), as done in (D.4).

It is now straightforward, if cumbersome, to consider the three multiplets in (D.9) as
functions of the vector multiplets, the tensor multiplet and the Weyl multiplet, as done
n (D.5), leading to a Lagrangian described by a function, H(X4, Ay, Ay, X4, Ay, Ay),
which is homogeneous of degree zero in the holomorphic components and homogeneous of
degree —2 in the anti-holomorphic components. We refrain from giving the corresponding
expression (D.7) in this case, since we will only be dealing with the leading terms and the
properties of the corresponding function H.

Once again, the generic function of all available multiplets leads to various invariants,
which contain different orders of derivatives but share the same structure, as in (D.10). The
prototype of these terms is the F invariant arising by taking H (X4, X4), i.e. a function of
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vector multiplet scalars only. Allowing for holomorphic/anti-holomorphic dependence on
the scalars A,, and A leads to terms of the type R?2F*, R*F? (VE)?F* and so on for all
possible combinations. Note that many of these contain more than eight derivatives and
therefore fall outside the scope of this work.

The quartic invariants. We finally consider integrals of the type (D.3) which are cubic
in the kinetic multiplet operator, T, in which case we find two possibilities. Indeed, this is
the first case where one needs to consider nested kinetic multiplets, since the two possible
integrals,

[ aam@nT@) 1@y, [ daT@) T@fT@), (D1

are not equivalent upon partial integration. Here, the first integral is the straightforward
extension of (D.1) and (D.9), while in the second integral ® and @, are w = —2 chirals,
while ®; and ®, are w = 0 chirals, as above.

Once again, one can apply the multiplication rule for chiral multiplets, to obtain the
analogous master formula of the type (D.4), in these cases. The expression for the first
integral is similar to (D.10), where three chiral multiplets appear and is not used in this
paper. The second integral is more cumbersome, but can be easily computed by an iterative
procedure, by noting that ®oT(®1) and ®{T(®s) are w = 0 multiplets, so that (D.4) applies
for their components. One can then obtain the result to the integral by making the following
substitutions

A— AO A|T((i>) R
Bij = Boij Alr@) + Ao Bijlrs) -
G~ =Gy abA|T(<T>) + Ao Gy 3) >

—~

C —Cy A‘T(é) + Ao C”E(@) — Eikaleoz‘j Bkl”]r@)) —2 Gaab G~ ab‘T(@)) , (D.12)

| =

in (D.4), where the components labeled with |y are as in (D.2).

As above, allowing for the four chiral multiplets involved to depend on the vector,
tensor and/or the Weyl multiplet, exactly as in (D.5), one obtains various higher derivative
invariants, sharing the same structure. However, all but one of the invariants described by
each of the two integrals in (D.11) necessarily contain more than eight spacetime derivatives
if the Weyl and tensor multiplet backgrounds are allowed, so that they are not relevant for
our consideration. The exception is the case where all the composite chiral multiplets only
depend on the vector multiplets, in which case we obtain two F® invariants from (D.11).

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