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ABSTRACT

We perform a Kaluza-Klein reduction of IIB supergravity including purely gravitational o/3-
corrections on a Calabi-Yau threefold, and perform the orientifold projection accounting for
the presence of 03/O7-planes. We consider infinitesimal Kéhler deformations of the Calabi-
Yau background and derive the complete set of four-derivative couplings quadratic in these
fluctuations coupled to gravity. In particular, we find four-derivative couplings of the Kahler
moduli fields in the four-dimensional effective supergravity theory, which are referred to as
friction couplings in the context of inflation.
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1 Introduction

The dimensional reduction of ten-dimensional IIB supergravity on Calabi-Yau orientifolds yields
four-dimensional A/ = 1 supergravity theories [1], which are of particular phenomenological
interest. The resulting couplings are given by topological quantities of the internal space which
are computable for explicit backgrounds, and thus provide a fruitful environment for string
model building [2, B, 4, 5l [6, [7]. The compactification on a Calabi-Yau threefold preserves a
quarter of the supersymmetry of ten dimensions and thus results in a N = 2 theory in four
dimensions, which is then broken to N/ = 1 by the presence of orientifold planes. Incorporating
gauge fields by adding D-branes in the Calabi-Yau background one is led to introduce extended
objects with negative tension to cancel gravitational and electro/magnetic tadpoles, given by



the orientifold planes, which however carry no physical degrees of freedom by themselves [§].
String theory provides an infinite series in o’ of higher-derivative corrections to the leading order
two-derivative IIB supergravity action. However, even the next to leading order a’3-correction
to the four-dimensional action arising in Calabi-Yau (orientifold) compactifications are only
marginally understood, but have proven to be of high relevance to string phenomenology [9, [10].

In this work, we discuss a set of four-derivative couplings that arise in four-dimensional
N =2 and N = 1 supergravity theories resulting from purely gravitational eight-derivative
a3-corrections to ten-dimensional IIB supergravity [11, 12, [13], upon compactification on a
Calabi-Yau threefold and orientifold, respectively. Such corrections are of conceptual as well
as of phenomenological importance. Four-dimensional N =1 and N = 2 supergravity theories
with four-derivative interaction terms are only marginally understood [I4] 15, 16 [17], and
the knowledge of the relevant couplings is desirable. A recent progress is the classification
of 4d, N' = 1 four-derivative superspace operators for ungauged chiral multiplets [I8]. On the
other hand higher-derivative couplings have a prominent role in phenomenological models such
as inflation [19, 20], 211 22] and have been used in the context of moduli stabilization recently
[23].

Dimensionally reducing ten-dimensional IIB supergravity on a supersymmetric background
must yield an effective four-dimensional ' = 1, N = 2 supergravity theory depending on how
much supersymmetry is preserved by the background. However, the supersymmetric completion
at order o’ of IIB supergravity is not known, thus a exhaustive study of the four-derivative
effective action at order o’® in four dimensions is out of reach. Hence our strategy will be to
focus on a complete subset of the ten-dimensional IIB supergravity theory at order o/® and
argue that the resulting couplings in the four-dimensional theory cannot be altered by any
other sector of the higher-dimensional theory. More concretely, the terms we analyze in ten
dimensions carry four Riemann tensors, thus are schematically of the form R* and are shown
to be complete [24, 25 26]. In other words all other possible R*-terms are related to this
sector via a higher-derivative field-redefinition of the metric. We hence restrict our analysis
to a subset of four-dimensional couplings, which can only origin from the R* -sector and thus
must also be complete in the above sense. In particular we focus on Kahler deformations of
the internal space, which give rise to a set of real scalar fields in the external space. We do
not allow for background fluxes or localized sources for D-branes in this work, furthermore we
neglect higher-derivative corrections arising due to D-branes and O-planes.

It is well known that the classical Einstein-Hilbert term gives rise to the kinetic terms for the
Kéhler moduli. The R*-sector generically corrects the couplings of the kinetic terms at order
a3 by some expression carrying six internal space derivatives [27], which was also discussed in
the context of M-theory/F-theory in [28] 29, [30] 31, 32]. However, these a’-corrections will not
be addressed in this work. Furthermore, note that the two-derivative kinetic terms generically
receive backreaction effects at order a/® from the modified supersymmetric background at this
order in the string length. However, the four-derivative external terms arising from R?* do not



receive corrections from the modified background since these would be even higher order in «'.
The interaction terms of the Kahlermoduli fields with the four-dimensional metric moreover
can only arise form purely gravitational terms in ten dimensions given at order a? solely by
the R*-sector. We restrict ourselves to study four-derivative couplings at most quadratic in
the infinitesimal Kéhlermoduli deformations. However, a complete analysis would need to also
take into account cubic and quartic infinitesimal Kahlermoduli deformations, which will be
discussed in a forthcoming work [33].

This paper is organized as follows. In section [2| we review the relevant R*-terms in ten
dimensions, comment on the supersymmetric background, and discuss the four-derivative cou-
plings quadratic in the Kahlermoduli deformations, arising upon dimensional reduction on a
Calabi-Yau threefold. In section [3]|we then perform the orientifold projection to yield the N' =1
couplings at fourth order in derivatives.

2 The 4d four-derivative Lagrangian

This section discusses the dimensional reduction of IIB supergravity including purely gravita-
tional eight-derivative corrections on a Calabi-Yau threefold to four dimensions. We fluctuate
the background metric by Kahler deformations and focus on couplings which carry four ex-
ternal space derivatives and are at most quadratic in the infinitesimal Kéahler deformations.
We first review the relevant a’® R*-corrections to ten-dimensional IIB supergravity and the
supersymmetric background.

2.1 IIB higher-derivative action

The IIB higher-derivative action at order a’® has various contributions [34L [35} 36}, 37, 138, 39], 40] .
For the discussion at hand only the R*-sector containing four ten-dimensional Riemann tensors
will be relevant. This subsector of the IIB supergravity action at order o’ in the Einstein-frame

is given by
a3
Sgrav = SE'H + SR4 5 Wlth o= C; ] )2?0 y (21)
and 1
Sen = 5 f Ral | (2.2)
10
where 2k2, = (2m)7a’*. The higher-derivative contribution can be schematically written as
1 % i ~
SRAL = W / 6_%¢(t8t8 + %610610)}34*1 s (23)
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where the explicit tensor contractions are given by
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Where €4 is the ten-dimensional Levi-Civita tensor and the explicit definition of the tensor tg
can be found in [41I]. Let us note that we do not discuss higher-derivative terms of the dilaton,
since we lack completeness of the ten-dimensional action. However, the complete axio-dilaton
dependence of the R*-terms is known to be

1 — ~ ~
5}2 = f%o / E(7'77')3/2(t8t8 + %610610)34*1 ; (2.5)

where E(7,7)3? is the SL(2,Z)-invariant Eisenstein Series given by

7_3/2
E(r,7)?= Yy —— (2.6)

(m,n)#(0,0) m+nTp’

with 7 = C’O +ie® = T1 + 17 the axio-dilaton. In the large 75 limit, which corresponds to the
small string coupling limit (2.6]) results in

E(r, 7)Y =20(3) 7" + 2o, 2+ O(e77) (27)

We will use this approximation in (2.5)) in the following discussion, and only look at the leading
order contribution in gs, the string coupling, given by (12.3]).

2.2 Supersymmetric background

The supersymmetric background of ten-dimensional IIB supergravity at the two-derivative
level, thus at leading order in o' is given by a Calabi-Yau threefold Y3. For simplicity we do
not consider localized sources and background fluxes, and thus the line element is given by

ds® = ndatdz” + 295 dy™dy™ (2.8)

with 7, the Minkowski metric, where p = 0,1,2,3 is a 4d external space world index and
m =1,...,3 is the index of the complex three-dimensional internal Calabi-Yau manifold with
metric ¢°), where m,m are holomorphic and anti-holomorphic indices, respectively. Taking
into account the higher-curvature corrections in ten dimensions, is no longer a
supersymmetric background but needs to be modified such that the internal manifold is no
longer Ricci flat. It was shown that the internal space metric is modified as

(0) (0) 13 (1)
gmﬁ gmﬁ_'_a gmﬁ ) (29)



where g} is a solution to the modified Einstein equation R,; = a’30,,0,Q, with Q the six-
dimensional Euler-density (A.12), [42]. However, we can restrict our analysis to the case of
the leading order metric , since at order a’ the four-derivative couplings only receive
corrections from the R*-terms evaluated on the zeroth order Calabi-Yau background. We do
not incorporate for internal flux in this work, since the considered sector decouples, and also
do not allow for localized D-brane sources, which would give rise to a warpfactor in .

In the following we freeze the complex structure moduli, and allow solely for the Kahler de-
formations given by the harmonic (1, 1)-forms {w;}, with 7 = 1,..., A%!, where h(\D) = dimH 1D
the dimension of the (1, 1)-cohomology group. The harmonicity is w.r.t. the zeroth order Calabi-
Yau metric. These give rise to the massless Kéahler moduli fields by varying the background
metric by

i = ik~ 10V’ Wi (2.10)

where v’ are the real scalar infinitesimal Kéhler deformationsP| Let us emphasize that also
(2.10]) receives a'3-corrections [30], however, these do not affect the four-derivative couplings
at the relevant order in o’. A preliminary study for allowing both the complex structure
deformations and Kahler deformations simultaneously at the higher-derivative level arising from
the R*-sector in the context of M-theory can be found in [43]. In this work we consider four-

derivative couplings which are up to quadratic order in the infinitesimal Kéhler deformations
ovt.

2.3 Reduction results

Compactifying the action (2.1) on the Calabi-Yau background ({2.8)) we expand the result at
four external derivative level up to quadratic order in the infinitesimal Kéahler deformations

(2.10). The reduction result may be expressed entirely in terms of the second Chern-form cs,
see (|A.10]), the Kahler form (A.6)) and a higher-derivative object Z,mnn [14] given by

_ 1 mimining PMmamanang
Zmﬁ"mﬁ - (271’)2 emfnmlfnlmgfngenﬁnlﬁlngﬂgR R . (211)

Its analog for a Calabi-Yau four-fold has been encountered in the context of M-theory/F-theory
in [30]. Zmna in (2.11) obeys the following relations

Zmﬁmﬁ = _memﬁz = Znﬁzmﬁ Zmﬁ’b = Zmﬁmn = _Qi(*CQ)mrh Zmr_nwzmm =20 % (02 A wz)

g™ = Zy ™" =2 % (ca N J) Zomimman BT = _31 27 * cg . (2.12)

Note that Z,,m.» has the symmetry properties of the Riemann tensor build from a Kahler
metric. It is itself not topological but is related to second and third Chern form of a Calabi-

2Note that we choose the fluctuation to be —i 6v° wimn. The choice of sign is such that combined with the
convention J,,n = igmn, to give a positive sign in §.J = dv'w;.



Yau manifold of dimension n > 3. In the following we dress objects constructed from the

background Calabi-Yau metric with the symbol - © - as e.g. Z)

mmnn:

We have now set the stage to discuss the reduction results. By fluctuating the Calabi-Yau
metric with the Kéhler deformations, the higher-derivative a/3-terms (2.3 at two-derivative
level give rise to a a/3-modified four-dimensional Einstein-Hilbert term [44] and «a’3-corrections
to the kinetic terms for the Kahler moduli fields [27]. The explicit form of these corrections
has been also worked out in the context of M-theory on Calabi-Yau fourfolds in 28] 29, 30, 32].
The four-dimensional dilaton ¢ arises as qg — ¢. Its internal component is constant at leading
order but is given by ¢ o< /3@ at the order of consideration. However, for the discussion at
hand only the leading order constant part is relevant. The focus of this work is to derive the
four-derivative corrections to the leading order two-derivative 4d Lagrangian, as discussed next.
The reduction of the classical Einstein-Hilbert term gives

~ 1 . . _
—— | Rx1 — QR+V 00 “ch L im0 = Wi ™ Wi 1 +0(a), (2.13
2 * —>2/£10 M4[ V00" VHov Y3(2w W™ = Wi w; )]*4 (a), (2.13)
with
Q= [1 — 60t Wi ™ + %Miévj(wimnwjﬁm —wimmwjn”)] %61, (2.14)
Y3

where the O(«) corrections in arise due to the mentioned a/3-modification of the back-
ground. However, these terms do not interfere with our analysis. It is necessary to consider
the Weyl rescaling factor up to order (0v)2. The four-derivative corrections arising from
the ten-dimensional R*-terms result in

12 f 6_%(73(t8t8 + %610610)}?4;1 —> (215)

2K70

192(27)2 -3¢ w2 f (0) (0) z/ (0) i J[ c®
- /]:446 2 l [4RWR R]( Y302 AJO + v . A w; + 6vtdv Y35]( /\wz))

[( 2R, + 1RgW)V“5U vYov! +V,VH6' Y, V”&ﬂ f Wi ™MW % 1
— 2V, V, 00" VHV 60l f Wi WM % 1 ]*41 ,

where 9; denotes the variation resulting from the metric shift (2.10). Note that

f 6;(cy) Awi) =0, (2.16)

since co A w; is a topological quantity and hence its variation results in a total derivative.
Furthermore, let us note that the four-dimensional Euler-density is given by

6(V) = R? —4R;WR“V +RuupaR“VpU , with y G(V) *y 1= X(M4) , (2.17)
4

where y (M) is the Euler-characteristic of the external space M. Comparing (2.17)) to (2.15))
one infers that one may express the reduction result at zeroth order in dv* in terms of R, ,» R**°,
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plus the topological term dependent on x(M,). However, we will not perform this substitution
since there is a more intuitive way of expressing the result as we will discuss in the next sec-
tion. Let us stress that is not the complete reduction result at the four-derivative level
arising from the R4-sector, but we have neglected terms cubic and quartic in the fluctuations
ov'. Their derivation is crucial for a complete understanding, and we refer the reader to future
work.

2.3.1 Weyl rescaling

In this section we perform the Weyl rescaling of the four-dimensional action composed of
and to the canonical Einstein-frame. Furthermore, we discuss the extension of the
infinitesimal Kahler deformations to finite fields. The Weyl rescaling of the classical Einstein-
Hilbert term gives

L[ or«1S Gl fM R 1-3V,60'v607 Ao KOKO «1 . (2.18)
4

2
2k1y My

Where we have used identities (A.15) for the intersection numbers K\”, K£\7, K\

(© ; hose

ij ) "Yijko w
definitions are given in (A.14)). Moreover, note that from the definition (A.14)) it is manifest that
the volume V© and the intersection numbers IC;O), KE;), ICE% are dimensionless and are expressed
in terms of the length scale /. In this conventions also the fields dv? are dimensionless.

Due to the appearance of the four-derivative term the Weyl rescaling of the action is more
involved. One may show that by using (A.16) and (A.17]) up to total derivative contributions

3

at order o3 one finds

/ e 39 [4 R, R — RQ]( Jyy @& ATO + 60 [y ey A wi) ] *1 (2:19)
My

Weyl
—

_3 v i
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+ 49,9601 vrvrsw - v, vrovi V,,V”(Svj] sV K [y, ey A J© ] tg 1+

The elipses denote terms where more than two fields dv? carry derivatives and furthermore
terms, which have derivatives acting on the dilaton. An exhaustive derivation of the four-
derivative dilaton action would require the knowledge of the ten-dimensional higher-derivative
dilaton action [36], B8] [39, 40], which lacks completeness and is hence beyond the scope of our
study.



Before collecting the contributions arising due to the Weyl rescaling , and
combining it with the reduction results and let us first lift the infinitesimal Kahler
fluctuations around the background metric to full fields. We proceed by making the naive
replacement v? = v +dv?, where J© = v©%w; is the background Kéhler form. This substitution
is straightforward when the couplings are given by topological quantities as in the case of them
being intersection numbers, where one simply infers e.g. K{” - K;. Analogously, one infers in
the case of the topological higher-derivative coupling that

/ e AT + 5ot f P Aw;— | cand (2.20)
Y3 Y3 Y3

where J = v'w;, and ¢y is constructed from the metric g,,» = —iv‘w;. However, the uplift of the
coupling fy Wi ™ W™ is less trivial since it does not represent a topological quantity of

the internal Calabi-Yau threefold. We will write the uplift of this coupling in the action by
naively replacing the background metric by ¢,,7, thus one yields fY Zmmnawi ™M w;™. However,
a more refined analysis would be required to fully justify this choice.

Combining the uplift of the reduction result (2.13)), (2.15) and the terms, which arose due
to Weyl rescaling (A.16) and (A.17)), and by using the definition G, := R,,, — g, R, which is
defined in close analogy to the Einstein tensoif| one finds

Skin = W /]:/14 [R + Vuvivuvj%(%]cij - %}Kilcj) + CBT)O/ e%¢( GG Z = Gy V' VHV! (%Kzz)
+ G V“viv”vj( i~ 9K Z) -3V, V' Y,V ( + 72Kk Z)
+V,V, 0" VAV (Zij + 3z ICZ-/CJ-Z) ) ] *g 1 (2.21)
Where we have used the dimensionless quantities

1 _ _
Z = m ‘/;/ coNJ s Z; = 27ra ﬁ Co N Wi , Zz'j = T _/}: mem—lwimmwj”” * 1 , (222)
3 3 3

obeying the relations
Zi = ZU/UJ = Zﬂ’l}] and Z = Zﬂ}i y (223)

which can be seen by using (2.12). Note that as expected fﬂ.Z = Z; but %ZZ- =0, thus Z;;

cannot be obtained easily by taking derivatives w.r.t. dv?. Let us stress that we have neglected

a/-corrections to the two-derivative part of this action [27], since those will not interfere with
the four-derivative couplings. Furthermore, note that due to the uplift to finite fields v?, terms
in may have a higher power in the fields v?, in contrast to the quadratic dependence of
the infinitesimal Kahler deformations. Let us close this section by remaking that the higher-
derivative effective action can be rewritten using field redefinitions involving higher-
derivative pieces themselves. Thus the given presentation is a particular choice, which results

3 The Einstein tensor is given by G, = R, — %Rglw.
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naturally after dimensional reduction. However, one may perform field redefinitions as e.g.
Gy = G +alRy,, + bRy, a,beR . (2.24)

One concludes that the higher-derivative couplings in (2.21) are presented in one particular
frame of the fields g,, and v*. A more sophisticated analysis of the supersymmetric completion
at the four-derivative level would be required to select a canonical frame.

3 The 4d, NV =1 action

In this section we perform the orientifold projection on the effective action , which
amounts to adding O3/O7 planes to the Calabi-Yau background [8], 45, 46, 47, [48]. For con-
sistency we are required to also consider D3/D7 branes in this setup. However, we will not
discuss any a’3-corrections arising from these sources, but let us emphasize that a complete
treatment would require such a refined analysis. Already at the classical level these would
source a warp-factor and background fluxes, which we chose not to account for.

In we review the well known properties of the orientifold projection on Calabi-Yau
threefolds [1, 49], and apply it to the four-derivative effective action derived in the previous
section. We then proceed in by expressing the truncated spectrum in terms of the real
scalar fields of the linear multiplet of 4d, N = 1 supergravity.

3.1 Orientifold projection

In the following we consider O3/O7 planes in the Calabi-Yau threefold background, known
as Calabi-Yau orientifold, denoted in the following as X. The presence of orientifold planes
truncates the effective theory from A =2 to N = 1 supersymmetry. Orientifold planes manifest
themselves as an isometric, holomorphic involution o : X - X, thus 02 = id and 0*¢g = g on the
internal Calabi-Yau space with metric g, such that

o J=J . (3.1)

Moreover, the presence of O3/O7 planes results in o*Q = —Q, where 2 is the holomorphic
(3,0)-form. Furthermore, considering the action of €,(-1)fz on the space-time fields, where
(2, is the world-sheet parity and F7, the space-time fermion number of the left moving sector,
one finds that

Q,(-1)rp=¢ and Q,(-1)rg=g . (3.2)

The cohomology groups HP+¢ naturally decompose in odd and even eigenspaces under the action
of o* as HP9 = HP? @ H??. Since the Kahler form is invariant under the orientifold projection



(3.1)), only the Kéhler deformations related to the even eigenspace H!' remain in the spectrum,
such that J = v%w,, a=1,...,hY"

Subjected to the orientifold projection the reduction result (2.21) has to be modified ac-
cordingly and one straightforwardly arrives at

_ % b ¢(3) 3 v v a
Siin = Gy fM4[3+ VL (3K — KK ) + e 2¢’(gwgﬂ Z -G V' (2K,2)
+G Vﬂvavl’vb(Zab - #/Ca/CbZ) - 1V, V" VZ,V”vb(Zab + #KJC;J’)
+ V" VAV (2o + h KK 2) ) ] ol (3.3)

Where we have used the properties of the orientifold projection to conclude that

1 1 1 1
Z:meQ/\J=m/cz/\J, Za=mf02/\wa=m/02/\wa (3.4)
Y3 X Vs b's

Zab = _ﬁ f menﬁwammwbﬁn *1= _ﬁ / menﬁwammwbﬁn * 1 )
Ys X
obeying the analogous relations to (2.23)) given by

Zy= Zpt? = Z0? and Z = Z0° . (3.5)

3.2 4d, N =1 linear multpilets

The canonical form of the 4d, N' = 1 action for the real scalars L¢ in the linear multiplets takes
the form
S= g [, R* 1+ 0T LT L (3.6)

with the couplings G, which can be inferred from a kinematic potential K as Gy = %%K’ )
The identification of the Kahler moduli fields v® with the real scalars in the linear multiplet of
the 4d, N =1 supergravity theory at leading order in o/ is given by

/U(Z

L= — . 3.7

Y (3.7)
Eventual o/-modifications of (3.7) due to the two-derivative analysis at this order in o' [27]
do not alter the four-derivative couplings at the relevant order in o', thus it suffices to express
the action in terms of (3.7). To determine all the relevant four-derivative couplings of L one
requires knowledge of the couplings cubic and quartic in the infinitesimal fluctuations dv* arising
from the R*-sector. This is however, beyond the study of this work and we have thus omitted
such terms also arising due to the Weyl rescaling in (2.19). However, one may show that one
can express the couplings 7}, V*V*v® and T}, V*v*V¥v® in terms of the fields L® in the linear
multiplets without making use of information of the neglected sector. This does not apply to the

10



vV, VEv® vV, V¥v? and V.V vV, V#0b terms where the knowledge of the other four-derivative
couplings is crucial. Hence we will not consider the latter in the following. Expressing (3.3)) in
terms of the linear multiplets one finds

Skin = 1w fM 4 lR + IV LV LY V(K - %ICGICI,) + <<3TW6-3¢( GG Z + Gy V'V LK, 2
+G V“L“V”Lb(lﬂzab + 5K Ko Z = 3VK 0 Z - VlCaZb) ) ] +1.  (3.8)
Classically one then encounters the Kahler metric on the moduli space to be given by
Gap =V [X wa n w0y = V(K ~ 5Ky (3.9)

arising from the kinematic potential K = —2logV = log Kijx L' LiL¥. The resulting novel cou-
plings at order o3, couple derivatives of the real scalars L? to the tensor G,,, which is composed
out of the Ricci tensor and the Ricci scalar. The higher-derivative coupling G,,G** Z has been
analyzed in [I7], and leads to a propagating massive spin 2 ghost mode. However, let us note
that the appearance of ghost modes in effective field theories is not an immediate issue since it
is related to the truncation of the ghost-free infinite series resulting from string theory.

Let us next comment on the term G, V#L2V”Lt. Firstly, note that this higher-derivative
coupling does not correct the propagator of L%, since it vanishes in the Minkowski background.
Thus it does not give rise to any ghost modes for L% The analogous case of the Einstein-tensor
coupled to a scalar field is well studied and relevant in the context of inflation. It was observed
that such a coupling of a scalar field to curvature terms favors slow roll inflation, in other words
rather steep potentials can exhibit the feature of slow roll. It is expected that this coupling
could be used to implement these scenarios in the context of Kahler moduli inflation. It is
an old approach in the context of string theory to drive slow roll inflation by a Kahler modulus
[50, B1]. It would be interesting to analyze the consequences of the derived novel couplings
to such inflationary models and their relevance due to their a/3-suppression. Finally, let us
discuss the coupling G, V*V#L%. As in the above case it does not correct the propagator of
L. In contrast to the previous case these couplings are poorly studied in inflation literature
and hence their embedding in string inflation models is desirable. In both cases coefficients
dependent on topological quantities Z, Z,, see , of the internal Calabi-Yau orientifold and
are trivially related to the analog quantities of the Calabi-Yau threefold, and are thus
computable in the context of algebraic geometry. However, the semi-topological coupling Z,,
requires the knowledge of the Calabi-Yau metric and although derivable in principle it is beyond
the capability of current available techniques.

11



4 Conclusions

Considering purely gravitational R*-corrections at order o® to the leading order IIB super-
gravity action in ten dimensions, we performed a dimensional reduction to four dimensions on
a Calabi-Yau threefold. Analyzing the reduction result at four-derivative level and quadratic
in the infinitesimal Kéahler deformations we derived novel couplings of the Kéahler moduli fields
and gravity. We argued that these are complete in a sense that the couplings cannot be al-
tered by other sectors of the IIB action at order '3, or by modifications of the background.
We then performed the orientifold projection to derive a minimal supergravity theory in four
dimensions. Let us stress that for a complete analysis one needs to derive the reduction result
up to quartic order in the infinitesimal Kahler deformations. Only then one is able to draw
definite conclusions for all of the resulting four-derivative couplings involving the Kéhler moduli
fields and gravity. This is an interesting question to be answered and the obvious next step in
this research program. Let us conclude by emphasizing that a detailed analysis of the novel
couplings in the context of Kédhler moduli inflation in IIB orientifold setups is desirable.
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Appendix

A Conventions, definitions, and identities

In this work we denote the ten-dimensional space indices by capital Latin letters M, N =0,...,9,
the external ones by pu,v = 0,1,2,3, and the internal complex ones by m,n,p = 1,2,3 and
m,n,p=1,2,3. The metric signature of the ten-dimensional space is (-, +, ..., +). Furthermore,
the convention for the totally anti-symmetric tensor in Lorentzian space in an orthonormal
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frame is €p12..9 = €912 = +1. The epsilon tensor in d dimensions then satisfies
GRIWRPNI"'Nd7p€R1...RpM1...Md—p = (_1)S(d _p)'p'(le [Myq - -- 5Nd7pMd—p] ’ (Al)

where s = 0 if the metric has Riemannian signature and s = 1 for a Lorentzian metric. We
adopt the following conventions for the Christoffel symbols and Riemann tensor

1
TN = §QRS(5M9NS +ONgms — Osgmn) s Run = R yrn
RM yps = 0T Mgy — 0sTM gy + TM T gy —=TM g0 T gy R = RyngMV, (A.2)

with equivalent definitions on the internal and external spaces. Written in components, the
first and second Bianchi identity are

ROPMN + ROMNP + RONPM =
(ViR)?pun + (VurR)pve + (VN R) pras = (A.3)

Let us specify in more detail our conventions regarding complex coordinates in the internal
space. For a complex Hermitian manifold M with complex dimension n the complex coordinates

21, ..., 2" and the underlying real coordinates £!,...,&2" are related by
(1, 2) = (L(gl vig?), (e i§2”)) | (A4)
Y ) \/5 ) ) \/§

Using these conventions one finds

(n-1)n

VA A A dE =\ fg(-1)T 2 i"d2t AL AdZ" AdEE A LA dE" = %J”, (A.5)

with g the determinant of the metric in real coordinates and +/det g,,, = det g,,n. The Kéahler
form is given by
J = igmadz™ ANdZ". (A.6)

Let w,, be a (p, ¢)-form, then its Hodge dual is the (n —¢,n - p) form

n(n-1)

(-1) = (=) S
*Wp,q = 141 . ] _ 'wmlmmpﬁl-~~Tflq6 ' T1...Tn—p
plgl(n-p)l(n-q)!
xet dz* Ao Andzr AdET A A dET (A.7)
S1...8n—q

Finally, let us record our conventions regarding Chern forms. To begin with, we define the
curvature two-form for Hermitian manifolds to be

R™, = R™, dz" ndZ° | (A.8)
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and we set
TrR = R™,,sdz" AdZ°,
TrR? R™ s R s, d2" AdZ5 AdZ™ A dZ
TrR? R™ s R s R gy, A2 A dZ5 A d2™ AdZS Ad2"™ AdZ™ (A.9)

The Chern forms can then be expressed in terms of the curvature two-form as

co=1,
c = %iTrR )
1 1 9 9
Co = W§(Tr7?, - (TrR)?) |
1 1 1 5 1 3
C3 = gClCQ + Wgcl ATIR - @) §Tr7€ (A.10)

The Chern forms of an n-dimensional Calabi-Yau manifold Y,, reduce to

1 1 1 1

Y,s2) = ——==TrR? and c3(Yys3) = ———= = TTR3 A1l
c2(Yns2) @22 rR* and c3(Y»3) @73 r ( )

The six dimensional Euler-density is given by
Q = _% (R%)lmgnlnzRig)gm1n2n3Rg)2)n1n3n2 + Rﬁg)lanlmR%man”?’Rﬁ%mlnSm) ) (A12)

It satisfies
Q=Cr) xses, [ Quel=(2m)x (A.13)
Y3

where y is the Euler-Characteristic of the internal Calabi-Yau manifold. Let us next define the
intersection numbers

’Cijkzmﬁﬂ”“"““k’ Kij=mﬁ3“”%”:“w“’“
1 , 1 o
— 1 _ k _ 1 _ 1 k
Ki ~ 202na)3 \/Ys Wi A JNJ = §,Cijkvj'v ) V= 312na’)3 ./Y3 JANI AT = gKiij vlv , (A14)

where {w;} are harmonic (1,1) -forms w.r.t. to the Calabi- Yau metric g,,5. Let us state the
useful identities

1
V2

Wim = 11— s wimﬁwjﬁm *6 1= Wy A wj ANJ -

We present the formulae for a Weyl rescaling g,, — €g,, of the four-derivative terms,
R,,R*  R%. These expressions can be derived straight forwardly, and are given by
RSN LR 6 RE (VM) + 3R (T,0)(VH0) + (9, 940)(V,v0)
=95 (Vu(VFQ)(V, V¥ Q) + 9355 (V) (VF(V.Q)(VQ) . (A.16)
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and

‘Weyl

R, R"™ = SRR — R&H(V,VMY) + 33 R, VHQVYQ - 25 R, VAV
+255(V,,VEQ)(V,V7Q) + a5(VAVYQ)(V.VLQ) - 355(V,VHQ)(V,Q)(VVQ)
= 35 (VAVP Q) (V) (V) + 975 (V) (VFQ) (V,Q)(vQ) . (A7)
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