PUBLISHED FOR SISSA BY €} SPRINGER

RECEIVED: August 19, 201/
REVISED: January 30, 2015
ACCEPTED: February 25, 2015
PUBLISHED: March 20, 2015

Brane curvature corrections to the A/ =1
type I1/F-theory effective action

Daniel Junghans® and Gary Shiu®’
@ Center for Fundamental Physics & Institute for Advanced Study,
The Hong Kong University of Science and Technology, Hong Kong
b Department of Physics, University of Wisconsin,
Madison, WI 53706, U.S.A.

E-mail: daniel@ust.hk, shiu@physics.wisc.edu

ABSTRACT: We initiate a study of corrections to the Kéahler potential of N' =1 type II/F-
theory compactifications that arise from curvature terms in the action of D-branes and
orientifold planes. We first show that a recently proposed correction to the Kéhler coordi-
nates, which was argued to appear at order o/2g, and be proportional to the intersection
volume of D7-branes and O7-planes, is an artifact of an inconvenient field basis in the
dual M-theory frame and can be removed by a field redefinition of the 11D metric. We
then analyze to what extent curvature terms in the DBI and WZ action may still lead
to corrections of a similar kind and identify two general mechanisms that can potentially
modify the volume dependence of the Kéahler potential in the presence of D-branes and
O-planes. The first mechanism is related to an induced Einstein-Hilbert term on warped
brane worldvolumes, which leads to a shift in the classical volume of the compactification
manifold. The resulting corrections are generic and can appear at one-loop order on branes
and O-planes of various dimensions and for configurations with or without intersections.
We discuss in detail the example of intersecting D7-branes/O7-planes, where a correction
can appear already at order o/?¢g? in the Kihler potential. Due to an extended no-scale
structure, however, it is then still subleading in the scalar potential. We also discuss a
second mechanism, which is due to an induced D3-brane charge in the WZ action of D7-
branes. Contrary to the first type of corrections, it appears at open string tree-level and
shifts the definition of the Kahler coordinates in terms of the classical volume but leaves the
volume itself uncorrected. Our work has implications for moduli stabilization and model
building and suggests interesting generalizations to F-theory.
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1 Introduction

The extended nature of strings is what distinguishes string theory from other ultraviolet
completions of general relativity. Yet, except for some simple cases, our present knowledge
of string theory is often limited to the small corner of perturbative string theory at large
volume and small string coupling, where the theory is well-approximated by classical two-
derivative supergravity supplemented by its leading corrections (organized as a double
expansion in higher derivatives o/ and string loops gs). The existence of a limit where these
perturbative corrections are under parametric control is essential for calculation reliability
and is assumed in practically all known mechanisms to obtain string compactifications
with stabilized moduli. These include mechanisms that employ both perturbative and
non-perturbative effects such as type IIB/F-theory moduli stabilization along the lines of
the KKLT scenario [1], the large volume scenario [2, 3] or the Kahler uplifting scenario [4—
7]. The possibility of stabilized vacua using only perturbative corrections was investigated
in [8-11]. Furthermore, there have been attempts to construct stabilized compactifications
within classical supergravity (see, e.g., [12-22]).

Although some o/ and g4 corrections to the 4D effective action of N' = 1 type IIB
compactifications have been derived in recent years [23-29], a complete understanding
even of the leading corrections is still lacking. The same is true for N' = 1 F-theory



compactifications [30-33], whose explicit moduli dependence can in general not be obtained
beyond the weak coupling regime [34, 35]. This is in contrast to N' = 2 type IIB/F-theory
compactifications where exact in gs (albeit perturbatively exact in ') results have been
found [36]. Thus, understanding the possible perturbative corrections for N' = 1 vacua is
certainly a much welcome step for string theory to make contact with particle physics and
cosmology.

A powerful tool to understand the effective action of string theory is duality. Recently,
a program to derive o corrections to F-theory compactifications was initiated in [36], where
it was demonstrated that such corrections can be obtained through a chain of string/M/F-
theory dualities. Subsequently, it was argued in [37, 38] (using techniques of earlier works
such as [39]) that the Kéhler potential of N' = 1 F-theory compactifications receives a
previously unknown correction at order o/> and open string tree-level. The correction
can be derived from a dimensional reduction of higher-derivative curvature corrections in
M-theory [40-48] and induces an Einstein-Hilbert term in the F-theory effective action
via the M-theory /F-theory duality. This was interpreted in [37] as a shift in the classical
compactification volume and, hence, the Kéahler potential by a term proportional to the
intersection volume of D7-branes with an O7-plane. Similar volume corrections were also
proposed earlier in M-theory compactifications on Calabi-Yau fourfolds [49]. The potential
consequences for moduli stabilization in type IIB were analyzed in [50] under the assump-
tion that the Kahler coordinates are not modified. There, it was argued that KKLT-like
minima would survive the correction only at the cost of extreme fine-tuning of the flux
superpotential and that strong lower bounds are imposed on the required volumes in the
large volume and Ké&hler uplifting scenarios. A more careful analysis taking into account
additional M-theory terms [38] then revealed, however, that the volume shift should be
interpreted as a correction to the definition of the Kéhler coordinates such that the Kéhler
potential remains of the classical no-scale form.

Nevertheless, the state of affairs is not fully satisfactory. For one thing, no system-
atic way was offered to diagnose whether the corrections obtained by dualizing a selected
number of terms are genuine or fake (i.e., can be removed by an 11D field redefinition).
Moreover, it is not obvious whether additional terms in the 4D scalar potential such as
instanton effects couple to the corrected or to the classical Kéhler coordinates. In the latter
case, the correction of [37, 38| could still have a significant effect on moduli stabilization
even though it does not by itself break the classical no-scale structure. Furthermore, the
appearance of the correction is quite surprising from the point of view of type IIB string
theory. The authors of [37, 38] conjectured that it arises at tree-level in g5 from world-
sheets involving open strings, and so it should be apparent already in the weakly coupled
type IIB limit. However, a tree-level Einstein-Hilbert term on the worldvolume of a brane
only appears in bosonic string theory [51] but not in superstring theory [52]. This is true
even in the presence of non-trivial brane intersections: while scattering analyses on inter-
secting D6-branes/O6-planes show that an Einstein-Hilbert term can be induced at brane
intersections at one-loop order [53], there does not seem to exist any string diagram that
has the right form to generate such a term already at tree-level. If the correction of [37, 38]
is real, this needs to be explained, independent of whether it is a correction to the Kéhler



potential or the Kéhler coordinates. An interesting possibility would be a genuinely new
F-theory effect that is simply not captured by a perturbative type IIB analysis. That such
effects can arise even at weak coupling was discussed in [54]. We argue in this paper, how-
ever, that this is not the case here. Instead, the disagreement betweeen the M/F-theory
analysis and the type IIB picture is resolved by an 11D field redefinition, as we will explain
below.

Apart from that, it should also be important to understand whether other corrections
to the volume dependence of the Kahler potential can arise from D-branes and O-planes
and whether such corrections are specific to models with D7-branes/O7-planes or present
in more general setups. A crucial question for model building and moduli stabilization is
furthermore which degrees of freedom are involved. In particular, the F-theory perspective
tends to obscure the open/closed string distinction since the Calabi-Yau fourfold data
encodes degrees of freedom of both sectors. For these reasons, we consider it important to
try to understand the correction of [37, 38] and other possible volume corrections to the
Kéhler potential from the point of view of type II string theory.

In the first part of our paper, we will explain that the correction proposed in [37, 38|
is an artifact of an inconvenient choice for the basis of the M-theory fields and can be
removed by a field redefinition of the metric. We emphasize that this artifact of being led
to a misleading frame upon duality transformation from M to F-theory already exists at
the 10D /11D level prior to compactification and does not rely on having an effective 4D
description. Thus, the diagnoses we present here can be used to systematically distinguish
between fake and genuine corrections in a wider context.

Let us clarify here how our result differs from and goes beyond the 4D field redefinition
of the Kéhler coordinates already found in [38]. Although also referred to as a field redef-
inition, the latter is not optional but a required correction to the definition of the Kéhler
coordinates that arises from the dimensional reduction of certain M-theory terms in a spe-
cific frame. The 11D metric redefinition we find, on the other hand, is a choice one is free
to make. In particular, one may choose a convenient frame in which all M-theory terms
relevant for the presence of the correction of [37, 38] vanish and neither the 4D Kahler
potential nor the Kahler coordinates are corrected. Furthermore, as is well-known in the
literature, field redefinitions such as the one we find generate terms in the effective action
that are proportional to the leading order equations of motion and thus vanish on-shell.
Such terms are not determined by the string S-matrix and are thus arbitrary from the point
of view of string scattering. In particular, they are not associated to any string diagram.
Our finding thus resolves the tension between the results of [37, 38] and the difficulty in
reproducing these results from the point of view of type 1IB strings.

We then turn to the question whether there might be further corrections to the volume
dependence of the Kahler potential related to the presence of D-branes and O-planes. While
we do not present a full answer to this problem, we argue that some corrections can be
understood in the type II language as arising from the dimensional reduction of curvature
corrections to the Dirac-Born-Infeld (DBI) and Wess-Zumino (WZ) actions. Somewhat
surprisingly, the effect of such corrections on the 4D effective action has, to the best of our
knowledge, not been explored in the literature so far. The aim of this work is therefore to



initiate such a study. Deriving the effective action for general brane and flux configurations
in type ITA and IIB is a formidable task already at tree-level (see, e.g., [55-64]). In
general warped backgrounds, this is further complicated by many additional subtleties (see,
e.g., [65-84] for related works). We will therefore not attempt to present an exhaustive
treatment here but restrict ourselves to discussing some general mechanisms and leave the
computation of the corrections in concrete models for future work. Along the way, we will
comment on possible extensions of our work in the perturbative type IIA/IIB framework
as well as on generalizations to F-theory.

We identify two mechanisms that can lead to corrections to the volume dependence
of the Kéahler potential. The first mechanism relies on an induced Einstein-Hilbert term
on the worldvolumes of Dp-branes and Op-planes with p > 3. Such a term can arise from
curvature corrections to the DBI action if the string frame metric of the background is
non-trivially warped due to the presence of other branes or fluxes in the compactification.
From the point of view of the 4D effective field theory, this can then lead to a shift of the
compactification volume away from its classical value and, hence, a correction to the Kéhler
potential. A careful counting of the powers of gs reveals that such corrections arise at the
one-loop order, while the order in o/ depends on the dimensions of the involved branes.
In the special case of intersecting D7-branes/O7-planes, corrections can appear already
at order a’2g2, where a model-dependent prefactor is not fixed by our general argument.
If these corrections are non-zero in a specific compactification and not removable by a
field redefinition, they could thus potentially spoil moduli stabilization. Due to their loop
suppression combined with an extended no-scale structure [26, 28], however, they would
then still be subleading in the scalar potential such that dangerous effects of the kind
discussed in [50] are not expected. The corrections we find are due to the effect on a
D-brane or O-plane from a warp factor generated by another D-brane or O-plane and
can be interpreted either as a tree-level exchange of gravitons or as an open or closed
string one-loop effect. This is somewhat reminiscent of an analysis done in [85], where the
authors performed a closed string channel analysis of the backreaction of a D3-brane on a
nearby D7-brane or Euclidean D3-brane in a Calabi-Yau background, thereby confirming
and generalizing a corresponding open string one-loop computation on toroidal orientifolds
in [24].

Independently, we also discuss a second mechanism, which relies on an induced D3-
brane charge on the worldvolume of D7-branes. It is well-known in the literature that the
volume dependence of the Kéhler potential is modified in the presence of D3-branes or
other objects carrying D3-brane charge such as 3-form flux [55, 65, 86]. Here, we point out
that such a correction is also expected to arise from curvature corrections to the WZ action
of D7-branes, which induce a D3-brane charge proportional to the Euler characteristic of
the wrapped 4-cycle. This leads to a shift in the definition of the Kéahler coordinates such
that open and closed string degrees of freedom mix in the Kahler potential, while the
compactification volume is left invariant. Contrary to the corrections discussed above, this
correction appears at open string tree-level.

This paper is organized as follows. In section 2, we state our conventions and discuss
the effective actions of D-branes and O-planes in type II string theory along with their



known higher-derivative curvature corrections. In section 3, we adress the correction to the
Kéhler coordinates proposed in [37, 38] and show that the relevant terms can be removed
by a field redefinition of the metric in M-theory. In section 4, we argue that warping effects
can induce an Einstein-Hilbert term in the DBI action of D-branes and O-planes, which
can lead to corrections to the Kahler potential at the one-loop order. We then discuss the
example of intersecting D7-branes/O7-planes and argue that corrections can then already
appear at order a?g? but are suppressed in the scalar potential due to an extended no-scale
structure. In section 5, we review how the presence of objects carrying D3-brane charge in
N =1 type IIB compactifications leads to a mixing of bulk Kahler coordinates and open
string moduli in the K&ahler potential. We then argue that curvature corrections to the
WZ action of D7-branes are expected to lead to a mixing of the same kind. We conclude

in section 6 with a brief discussion of our results.

2 D-brane and O-plane effective actions

The action of a stack of N Dp-branes [87-89] in string frame is

Spp = —Ip /W dPtiee®Tr \/— det (Plguw + Byw] + 270/ F,)
+ up/ Tr P[C A eP] n e (2.1)
w

where the first term is the Dirac-Born-Infeld (DBI) part and the second one the Chern-
Simons or Wess-Zumino (WZ) part of the action. The brane charge is given by p, =
(27r)_po/_(p+1)/ 2. Furthermore, ¢ denotes the spacetime metric, ¢ the dilaton, B the
NSNS 2-form and F' the U(N) gauge field strength on the brane worldvolume. C'=3%"_C,
is a polyform defined as a formal sum over all RR potentials, where n runs over odd
(even) numbers in type IIA (type IIB) string theory. PJ...] denotes the pullback of the
fields from the 10D spacetime to the brane worldvolume W. Since branes are dynamical
objects, the map defining the pullback is not rigid but subject to fluctuations. These are
described by (9 — p) scalar fields @ on the worldvolume, which take values in the adjoint
representation of the gauge group U(N). The dependence of (2.1) on these scalars is
implicit in P[...] and can be computed explicitly via a normal coordinate expansion around
the background configuration, as explained, e.g., in [55]. In the above expression, we have
neglected interaction terms involving commutators of the non-abelian scalar fields [90].
The action of an Op~-plane takes the form

Sop = 22741, / dPri¢e?y/—det (Plgw]) — 27 1y / P[Cpi1], (2.2)
w’ w’

where PJ...] denotes the (rigid) pullback to the O-plane worldvolume W'.1
Both the DBI and WZ parts of the brane action (2.1) receive higher-derivative curva-
ture corrections, which have been derived from supersymmetry and duality arguments, the

'Note that the Op-plane charge equals 2°~% times the Dp-brane charge on the double cover of the
orientifold, whereas it equals 22 times the Dp-brane charge on the orientifolded space itself.



requirement of anomaly cancellation and by computing scattering amplitudes [52, 91-102].
Furthermore, it follows from similar arguments that also the action of an O-plane must
receive curvature corrections [98-105].

For the DBI action of a Dp-brane, one finds the string frame correction [52]

21 4a/2 B
5SDp,DBI = ;4)3271_2 up/wdp+1£ e ¢\/§[Ra675Raﬁ'Y5 - QRQBRQ,B _ Rab'yéRabfya + 2RabRab] ,
(2.3)
where o, 8 = 0,...,p denote indices tangent to the worldvolume and a,b = p+1,...,9

are normal indices. The Ricci tensors are contracted using only tangent indices, i.e.,
Rop = Ry"py and Ry, = R,7py. The GauB-Codazzi equations relate the Riemann ten-
sors constructed from the tangent and normal bundles on the worldvolume to the pull-
backs of Riemann tensors constructed from the spacetime metric, as explained in standard
textbooks on differential geometry.

Considerations involving supersymmetry and tadpole cancellation suggest that a cor-
rection analogous to (2.3) should be present in the DBI action of an Op-plane (see, e.g.,
discussions in [52, 106]). These lead to the expectation that the curvature correction to
the O-plane DBI action equals 2P~° times the correction to the D-brane DBI action (2.3).
Indeed, this assumption was shown to be correct in [105] by an explicit computation of scat-
tering amplitudes (see also [107]) and recently confirmed in [108] using T-duality. Hence,

(271‘)40/2

O50nDB1 = 51 3272

25, / AP e /g[Rapys R*P° —2R 05 R*P — Ry s R +2R 4 R .
W/

(2.4)

In addition to the above corrections to the DBI action, also the WZ action is corrected

at order /2

. The WZ corrections depend on the curvature 2-forms of the tangent and
normal bundles of the D-brane/O-plane worldvolumes and can be written in terms of
certain characteristic classes. Some general information about characteristic classes can be
found, e.g., in [31, 109]. The full WZ action of a Dp-brane including curvature corrections

takes the form [93]

121\((271')20/ W)
A\((QTI')QO/ NW) 7

SDp,WZ = Mp/ Tr P[C N eB] A eQﬂa/F A (2.5)
w

where A is the A-roof genus and TW and NW denote the tangent and normal bundles of
the worldvolume W. The o'? correction can be extracted from this expression by expanding
the A-roof genus in terms of Pontryagin classes pi(TW) and p; (NW). This yields

(27.[.)40/2

S /W Tr PO AP AP F A (p(NW) — pi(TW)).  (2.6)

0Sppwz =

For an Op~-plane, the curvature-corrected WZ action reads

(2.7)

L(iem)2a TW
Sopwz = =241, - P[C] A \/ (f‘( ) )
' 1

L(3(2m)2a/ NW')’



where L is the Hirzebruch L-polynomial. Again expanding the square root in terms of
Pontryagin classes and picking out the o/? correction yields

(27.‘_)40[/2

— 9p—>
48

50wz 0 / T PIC]A (i (NW) — pa(TW)) (2.8)

It is important to stress that neither the D-brane nor the O-plane corrections stated

above are complete at order a'2.

One indication of this is that neither of the above cor-
rections is properly T-duality covariantized, as was first noted in [90]. According to the
Buscher rules [110], T-duality mixes metric degrees of freedom with the dilaton and the B
field. One therefore expects that promoting the above corrections to T-duality invariants
produces additional terms involving derivatives of the dilaton and the B field. Due to the
requirement of gauge invariance, one then also expects further terms involving derivatives
of the worldvolume gauge field strength. In addition, other T-duality and gauge invariant
combinations of fields may appear at the same and at higher orders in o’. Some of these
corrections were computed in [108, 111-125]. Furthermore, the curvature correction to
the DBI action may contain additional terms involving the second fundamental form [52].
Some but not all of these extra terms were shown to vanish in [95, 96]. Finally, an open

issue is to promote all known higher order couplings to a fully non-abelian action as in [90].

3 Coordinate artifacts

Let us now discuss the correction to the Kéahler coordinates that was argued in [37, 38] to
arise at order a'2g, from D7-brane/O7-plane intersections in the 4D effective action of N' =
1 F-theory compactifications. Its presence was inferred by the authors by dimensionally
reducing a number of curvature corrections to the M-theory action and then exploiting the
duality of F-theory with M-theory compactified on a Calabi-Yau 4-fold. As stated in the
introduction, the correction can be removed by performing a field redefinition of the metric
on the M-theory side of the duality. From the point of view of string perturbation theory,
it is therefore arbitrary and not associated to any string diagram (see, e.g., discussions
in [48, 126-129]). This can be seen as follows. Consider a Lagrangian £(¢) for a field ¢
and perform a field redefinition ¢ — ¢ + §¢, where §¢ is assumed to be small. Expanding
the redefined Lagrangian about the original one then yields

0L(p
£(6-+09) = £(6) + L 56 + O((097). (3.1)
If we are only interested in the effective action up to linear order in ¢, the field redefinition
thus amounts to adding a term to the action that is proportional to the leading order
equations of motion. Such terms vanish on-shell and are therefore not fixed by computing
string S-matrix elements. In the absence of an off-shell formalism such as string field theory

that could fix such terms, they are arbitrary and can be discarded.?

2Note that the possibility to define away a term in the M-theory action implies the possibility to define
it away in string theory since our field redefinition is valid for any volume of the M-theory circle.



In order to show that this is true for the correction of [37, 38|, we consider the M-
theory action together with the higher-derivative curvature corrections relevant for our
discussion [40-48]. Adopting the conventions of [38], the action reads

1 1
S11 = T3 d'z g11 [R + k1 <t8t8R4 — ‘611611R4>]
2574 4!
1 1 1
— o [ d"a/gu1 ||Gal® 4 2k1 ( tstsGIR® + —en1enGIR? || + ..., (3.2)
22k, 96

where R denotes the Ricci scalar of the 11D spacetime, G4 is the 4-form field strength and
k7, and ki are constants. The higher-derivative corrections consist of various contractions
of Riemann tensors and powers of (G4 and are stated in the above equation in a shortcut
notation involving the 11D epsilon tensor €17 and the so-called tg tensor. We refer to [38]
for a detailed explanation of this notation.

Following [37, 38], we now specialize to the case relevant for the duality with F-theory,
where the 11D spacetime is a direct product of an external 3D spacetime and a Calabi-Yau
4-fold. The Ricci scalar can then be split into an external and an internal piece,

R=R® + R®), (3.3)

where the latter vanishes on-shell by the Calabi-Yau condition. G4 can be decomposed
into a purely internal term and a sum of terms with mixed legs,

Gi=GY +Y Y AW, (3.4)

where the latter can each be written as a product of an external 2-form and an internal
(1,1)-form. The mixed components of G4 thus have the index structure G mn. Since the
internal part of G4 was not relevant for the computation in [37, 38], we will neglect it in
the following and assume that G4 only has mixed components.?

Writing out the higher-derivative terms in (3.2) explicitly yields a huge number of
different contractions of Riemann tensors and G4 field strengths. However, as derived in
detail in [37, 38|, the correction to the Kahler coordinates in the F-theory effective action
descends from only two types of terms in (3.2). The first type consists of one external Ricci
scalar multiplied by a contraction of 3 internal Riemann tensors, and the second type is a
contraction of two mixed G4 factors with 3 internal Riemann tensors. Using a computer
algebra system such as Cadabra [130, 131], it is straightforward to isolate the relevant

3 Accordingly, we do not consider possible corrections arising from non-trivial 4-form flux (e.g., warping
corrections), as they were not considered in [37, 38] either and are therefore not relevant for the present
purpose.



terms in the M-theory action. One finds

1
k1 (tgt8R4 — 4‘611611R4> D)
256k1 R (R R™ 1 RP 4" 4+ Ry IR g  R™6P) (3.5)

1
2k (tgtgGiRg + 96611611GZR3> D)

- 256]451 |G4|2 (anqumnrstqu +anqurnqumrsp)
—6- 256]{31 ‘G4‘$n[gl_n (RmnqurqstRprts - anqTRmpsthrtS _anqusprtRmstq) )
(3.6)

where we have written the internal terms in complex coordinates and used the symmetries
of the Riemann tensor to simplify the expressions. All other terms are either not of the
desired form or contain powers of internal Ricci tensors, which vanish on-shell by the
Calabi-Yau condition and can therefore be neglected.

As stated above, we can remove the terms on the right-hand sides of (3.5) and (3.6)
from the action (3.2) by performing a field redefinition of the form

Gimnn — Gmn + Pmn s (37)

where Ay, is a sum of contractions of 3 internal Riemann tensors. Expanding (3.2) to linear
order in h, we find that the redefinition (3.7) modifies the leading order Einstein-Hilbert
and |G4|? terms in the action according to

1 _
Vo R® = /g1 [R@ + 5 (i + hg)R@)] : (3.8)
1 ~ ~
VLI = V| IGal? + (A + HDIGAP — 2Gal2 "] (39

up to terms that would be of higher order in derivatives of the fields and can therefore be
discarded.

Comparing (3.8) and (3.9) with the right-hand sides of (3.5) and (3.6), one verifies
that the latter can be removed from the action by choosing

where
H = 256k (R"pp? R™ " RP gs" 4 R"mp R g R™167) (3.11)
Kpn = T68k1 gt (Rlnp? R s  RP 4 — RP g RLps' RY* — RP "R, P RLGY) (3.12)

Hence, we have shown that the correction to the F-theory effective action proposed in [37,
38| arises from an inconvenient choice of the fields on the dual M-theory side. Switching
to a more convenient basis, it can be discarded and does not appear in the effective action
anymore.



Let us stress again that this result goes beyond the earlier result of [38], where it
was shown that the correction found in [37] amounts to a redefinition of the 4D Kéhler
coordinates. Corrections to the Kéhler coordinates do in general not have to be removable
by a field redefinition in the 10D/11D parent theory. A well-known counter-example are
the corrections due to the presence of D3-branes, which involve a shift in the definition of
the Kahler coordinates that mixes open and closed string degrees of freedom [55, 65, 86].
These shifts cannot simply be removed by going to a different 10D frame but are important
for the consistency of the theory (cf. section 5). A physical effect arising from the shifts
is, e.g., the well-known 7 problem in warped brane inflation [86]. Hence, the results of [38]
do a priori not imply that the correction is an artifact of an inconvenient 10D/11D field
basis. On the contrary, it was proposed in [37, 38| that the correction is due to open string
diagrams, which is incompatible with the statement that it can be removed by a 10D/11D
field redefinition. The computation in this section shows that such a field redefinition exists
and thus reconciles the M /F-theory computation of [37, 38] with the perturbative type IIB
picture.

We finally comment on the fact that we do not consider warping in this section. As
discussed above, the main question we wanted to address here is whether the correction
found in [37, 38] is due to open strings stretching between intersecting 7-branes. The answer
to this question should be independent of whether a given compactification is warped or
not since 7-branes do by themselves not induce any warping (unless they carry a D3-brane
charge, which is model-dependent). Instead, warping is induced by, e.g., D3-branes, O3-
planes and 3-form flux, and its presence and strength depends on how these objects are
distributed in a given compactification. Possible corrections due to 7-brane intersections
should therefore already be seen in the unwarped case and, hence, for simplicity, we can
focus on a setting where warping is absent or weak. This is consistent with the fact that
warping was not considered in [37, 38] either, which shows that their correction is clearly
not a warping effect. We stress, however, that, in a highly warped setting, the Kéhler
potential can receive large corrections on top of the one of [37, 38], and one would have to
redo the analysis of [37, 38] as well as the computation in this section to find its full form.
Such a computation is beyond the scope of this work. For the above reasons, it would
be surprising if our overall conclusions were affected by warping although the potential is
likely to be more complicated.

4 Kahler corrections from induced Einstein-Hilbert terms

In view of the proposal of [37, 38], one might wonder whether type II string theory yields
other corrections to the Kéhler potential that are of a similar form, i.e., arise on inter-
sections of D-branes and O-planes and correct the classical compactification volume. In
this section, we argue that curvature corrections to the DBI action of spacetime-filling
Dp-branes or Op-planes with p > 3 can induce an Einstein-Hilbert term in the 4D effec-
tive action of type II string compactifications. This would imply a shift in the classical
compactification volume and is therefore a possible mechanism to generate corrections to
the Kihler potential. The effect can arise from R? curvature corrections [52] if the string
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frame metric is non-trivially warped, where its presence and magnitude is expected to be
model-dependent. As warping occurs under rather generic circumstances in compactifica-
tions with branes and fluxes (see, e.g., [106, 132-135]), our discussion applies to a wide
range of compactifications in type IIA and type IIB string theory. We argue that pos-
sible corrections of this type, if not removable by a field redefinition, appear earliest at
one-loop order and would therefore be suppressed in the Kéhler potential compared to the
tree-level corrections proposed in [37, 38]. We discuss in detail the example of intersecting
D7-branes/O7-planes, where a correction could already arise at order a’?¢2 and might thus
be dangerous for the usual moduli stabilization scenarios. Owing to the presence of an
extended no-scale structure [26, 28], however, we conclude that even in this case the scalar
potential would only receive subleading corrections and is therefore not expected to be
destabilized.

4.1 Induced Einstein-Hilbert term due to warping

In the presence of fluxes and localized sources such as D-branes and O-planes, string
compactifications are generically warped. Let us therefore assume that the string frame
metric has the form of a warped product space,

ds?, = Gudatda” + grpdy™dy" = eZA(y)gw,da:“dx” +e2BWg  dy™dy”, (4.1)

where p,v =0, ..., 3 are external indices and m,n = 4,...,9 are internal indices. Further-
more, A is the warp factor, which depends non-trivially on the internal coordinates y™,
and B is a conformal factor that may be pulled out of the internal metric for convenience.
In the special case where A = B = (¢ — ¢g)/4 (with ¢g = Ings), the tilded metric coin-
cides with the metric in 10D Einstein frame, which, accordingly, is then unwarped. More
generally, the string frame warp factor A is related to the warp factor Ag in 10D Einstein
frame via A = Ap + (¢ — ¢o)/4. Hence, for a generic warped string frame metric, also the
Einstein frame metric is warped and vice versa.

The components of the Riemann tensor for a metric of the form (4.1) can be computed
using standard methods from textbooks such as [136]. One finds

Ryurp = =2 72853 1,301, (0m A) (0™ A) + € Ry (4.2)
Ryjn = —€*2 5,0 V;00A — €22 5,,(0;A) (9 A) + €215, (0,B) (9, A)
+ 2450 (0;4)(AB) — €319, (0m A) (9™ B) | (4.3)
Riji = 2¢°P g1V 30k B — 2¢*P §;V 10,B — 2¢*P §y(;,(0;, B) (0x B)
+2e*85,,(0; B)(9,B) — 2¢*P G161 (0mB) (0™ B) + €*P Ry (4.4)

where all other components are zero (up to components related to the above by symmetries
of the Riemann tensor). In the above expressions, indices in brackets are anti-symmetrized
with weight one, and tildes on curvature tensors, covariant derivatives and contractions
indicate that the objects are constructed using the unwarped metric §. Analogously, indices
on tilded objects are raised and lowered with ¢, while indices on objects without tildes are
raised and lowered with g.
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Let us now consider the curvature correction to the DBI action (2.3) for a spacetime-
filling Dp-brane in static gauge in a warped background of the form (4.1). The external
and internal components of the worldvolume Riemann tensor R,g,s are then given by
expressions similar to (4.2)—(4.4), except that the internal indices do not run from 4 to 9
but only from 4 to p. We may therefore express R,gys in terms of the components of the
spacetime Riemann tensor as follows: R,g+s is obtained by projecting (4.2)—(4.4) to the
worldvolume directions and then subtracting those terms that involve connections to the
normal bundle. Hence,

Ragns = 048458207 (RT)uwap + 4014658001 (Ry) i + 84830565 (Rr)igm . (4.5)
where we introduced the shortcut notation

(RT>;W)\,0 = R/u/)\p + 2€4A_2B§)\[ugu}p(8]\~ff4)27 (46)
(Rr)ujn = Rujn + €2 39,0 (0N A) - (O B)
(Rr)ijin = Riji + 267 g1 (On B)*.

Here and in the following, Rp denotes the curvature of the tangent bundle, and the no-
tation dy(r) indicates that derivatives are taken along directions normal (tangent) to the
brane worldvolume. Similar expressions can be derived in order to relate the worldvolume
curvature of the normal bundle to the spacetime curvature, but we will not need them in
the following.

Since we are interested in how warping induces a 4D Einstein-Hilbert term on the
brane worldvolume, let us now analyze those terms in (2.3) that are contracted with at
least one external Riemann tensor R,,,. Substituting (4.5) into (2.3), we find

2m)4a/? 3 _
5w > STty [ oy e G [(Rr) g (R = 2(Re) 0y (R
24 - 327 w
— 4(Rr) ok (Rr)* )] (4.9)
up to irrelevant terms, where u,v = 0,...,3 are external indices and k,l = 4,...,p are

internal indices along the brane. The metric determinant can be written in terms of the
unwarped metric,

VG = \/getite=3B, (4.10)

Furthermore, using (4.2)—(4.4) and (4.6)—(4.8), the terms in the bracket on the right-hand
side of (4.9) can be rewritten as

[.]=e MR, RPN — 207 ARG RWIY 4 126724728 RW (97 4)?
+ 46 2A2BRMWG2Z A 4+ 4(p — 5)e A 2BRW (90 A) - (OrB) + internal,  (4.11)

where R and R,(ﬁ,) denote the external Ricci scalar and the external Ricci tensor, respec-
tively.
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Substituting (4.11) and (4.10) into (4.9) and picking out the terms linear in R®), we
find the induced Einstein-Hilbert term

EH = of” 32 2 Hp .

[12(8TA) +4V3A+4(p - 5)(0rA) - (0rB)] - (4.12)

Splitting the metric into a 4D external and a (p — 3)d internal part, we can write this in
the form
ASun = —— / d*zy/g® AVRW (4.13)
2K%g? ’

where we define the volume shift

4,12
AV — ;iw)@ /2 i, /dp 3y /gp 3) @—¢+2A+(p—5)B

x [12(87rA)2 +AV3 A+ 4(p — 5)(0rA) - (0rB)] . (4.14)

We have thus shown that non-trivial warping can induce an effective Einstein-Hilbert term
on the worldvolume of a D-brane. Note that an analogous term is induced on the world-
volume of an O-plane, as can easily be seen by repeating the above procedure for the
correction (2.4).

We also note that the dimensional reduction of the curvature corrections (2.3) and (2.4)
yields a number of further corrections to the 4D effective action, some of which already
appear at tree-level. One of them is a term quadratic in the external curvature R/“’P/\’ as
follows from substituting (4.11) into (4.9). Specializing to the worldvolume of a D7-brane
or O7-plane, we thus reproduce a correction obtained in [37]. In addition, the dimensional
reduction of (2.3) and (2.4) corrects the 4D effective action by a variety of purely internal
terms which we do not discuss in the following. However, we note that these terms are
interesting in their own right as they contribute to the 4D scalar potential.

4.2 Kahler potential

Let us now discuss how an induced Einstein-Hilbert term of the form (4.13) affects the
Kahler potential in the 4D effective action. We first consider the Einstein-Hilbert term of
the leading order 10D bulk action, which in the string frame reads

1 1 -
27/4/2 / \/§6_2¢R+ D w / \/ge_2¢+2A+63R(4), (415)

where we used (4.2)—(4.4) in order to pick out the term involving the external Ricci scalar.
In order to compare this expression with the existing literature, let us now switch to 10D
Einstein frame with A = Ag + (¢ — ¢0)/4, where Ap is the Einstein frame warp factor and
¢o = In gs. The conformal factor B is just a gauge choice and can be set to B = (¢ — ¢p) /4
for convenience. This yields

S1o 03 /\/ ) VR4 Vi :/\/f](e’) e?An, (4.16)
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where 2/{%0 = 2k2¢? and V,, is the warped volume of the compactification manifold. The
total Einstein-Hilbert term in the 4D effective action including the previously derived
correction (4.13) is therefore

1 -
[ =(4) N (4) 4.1
SEH = 2,%0/ g (V + AV)R ( 7)

From this expression, we can read off the Kéhler potential. In the absence of warping,
Vy reduces to the standard unwarped volume V = [ V3. The Kihler potential at
tree-level is then known to have the usual no-scale form (see, e.g., [55])

K=-2In(V)+..., (4.18)

where the dots indicate contributions from other sectors such as the complex structure
moduli. According to (4.17), however, the presence of warping leads to a shift in the
coefficient of the Einstein-Hilbert term,

V= Vy + AV, (4.19)

Interpreting this as a shift in the classical volume V), the Ké&hler potential is modified
according to

K=-2In(Vy +AV) +... (4.20)

The first term in the argument of the logarithm is well-known to appear in the presence
of (Einstein frame) warping and was discussed, e.g., in [65, 66]. The second correction
is new and is induced by D-branes and O-planes that are located in warped regions of
the compact space. We stress that the correction appears if the string frame metric is
non-trivially warped and can therefore be non-zero even if the Einstein frame metric is
unwarped, i.e., for Ap = 0.

As the mechanism discussed above is general and not restricted to a specific compact-
ification, we do not evaluate the volume shift (4.14) explicitly. However, using general
arguments, we can infer the parametric form of possible corrections and, in particular, the
order in o' and g, at which they would appear in the 4D effective action. In the following,
we will focus on the situation where the warp factor that generates a correction on a Dp-
brane or Op-plane is sourced by another Dp’-brane or Op’-plane (where p’ can in general
differ from p). As mentioned above, however, warping can more generally also be sourced
by other objects such as RR and NSNS fluxes. Assuming the source to be a D-brane or
O-plane, the tree-level bulk equations of motion relate it to the warp factor via

V2A ~ 262 gg iy 6077, (4.21)

where a relative factor of 2k%gs appears between the two terms because the left-hand
side is derived from a closed string tree-level diagram, whereas the right-hand side comes
from tree-level worldsheets with either a boundary or a cross-cap. Hence, we conclude
that the on-shell expression for V2A4 is of the order 2/12,%/ gs. Similar remarks apply to
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other two-derivative terms of the warp factor. Using this together with 2x% = (27)7(a/)%,

pp = (2m)7P(a/)~PHD/2 and e® = g, in (4.14), we find

AV ~ g2 o110 HD/2=(+1)/2, (4.22)

Naively, one might have concluded that the volume correction arises already at order gs
since it is derived from the D-brane or O-plane action. However, since the warp factor term
is sourced only at order g5 by another D-brane or O-plane, the correction arises at order
g2 and is therefore a one-loop correction. The power of o/ depends on the dimensions of
the D-branes or O-planes that source the warping and of those on which the correction is
induced. In order to avoid confusion, let us emphasize that, for any p and p’, (4.22) always

comes from order o2

curvature corrections to the DBI action. However, in the 4D effective
action, the order in o/ at which the corrections appear depends on the dimensions of the
D-branes and O-planes involved.

As explained above, (4.22) arises from the effect that the change in the warp factor
caused by a localized source has on another localized source. Another way of saying this
is that we compute a tree-level exchange of gravitons betweeen two D-branes or O-planes.
This can be interpreted as the closed string channel dual of an open or closed string one-
loop effect arising from annulus (D-brane/D-brane), Mébius strip (D-brane/O-plane) or
Klein bottle diagrams (O-plane/O-plane) (see, e.g., [137] for a similar discussion). Taking,
for example, the case where the correction arises at the intersection of two D-branes, it
can either be viewed as being due to a tree-level exchange of gravitons or as a one-loop
process of open strings stretching between the branes. This duality is what allows us to
infer the presence of a one-loop correction by analyzing tree-level equations of motion of
closed string fields. Our method is reminiscent of a similar computation done in [85], where
the authors computed the perturbation of the warp factor by a D3-brane in a non-compact
Calabi-Yau background and the effect of this perturbation on the volume of the 4-cycle
wrapped by a nearby D7-brane or Euclidean D3-brane. This was then interpreted as a
closed string channel computation of an open string one-loop process computed in [24].

A crucial question is obviously whether the general mechanism discussed here is ac-
tually realized in concrete string compactifications. In particular, it is important to check
whether corrections of the above form are removable by a field redefinition, as emphasized
in section 3. Furthermore, the supergravity fields appearing in (4.14) are not fixed by
our general arguments, and so one might wonder whether the correction vanishes under
certain conditions, e.g., due to a cancellation of terms of opposite signs arising on different
branes or due to backreaction effects that let the warped volume factor in (4.22) go to
zero. In general, we expect this to be a model-dependent question, and we leave a detailed
analysis of specific string compactifications for future work. We emphasize, however, that
explicit CFT computations show that an Einstein-Hilbert term can indeed be induced on
brane intersections at one-loop order. In [53], such corrections were computed in several
orientifolds of toroidal orbifolds with intersecting D6-branes/O6-planes and found to arise
from annulus, Mobius strip and Klein bottle diagrams. The corrections are proportional to
the intersection volume and appear at order g2 o/, which indeed agrees with the order ob-
tained by evaluating (4.22) for p = p’ = 6. This suggests that the corrections of [53] could
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be concrete realizations of our mechanism. Note that this would also make it unlikely that
our correction can be removed by a field redefinition. In view of the incomplete knowledge
of perturbative corrections to the D-brane/O-plane effective action, we leave a verification
of this claim for future work.

4.3 Intersecting D7-branes

As explained above, the coefficient of volume corrections of the form (4.22) is not fixed by
our general arguments, and the corrections could, at least in some cases, disappear by field
redefinitions, which is difficult to check directly given the rather fragmentary knowledge
of o corrections to the DBI action. In case the corrections are a coordinate artifact, they
have of course no impact on moduli stabilization. On the other hand, scattering amplitudes
in orbifold models with intersecting D-branes do lead to corrections of the above form. In
the following, we will therefore take the above corrections at face value and analyze how
dangerous their presence could potentially be for moduli stabilization. In order to illustrate
our general mechanism with an example, we discuss the effect of a correction in type IIB/F-
theory compactifications with intersecting D7-branes and O7-planes, where it could appear
already at order a’2g? in the Kihler potential and thus enter as the leading correction to
its classical no-scale behavior.

In the absence of D3-branes and fluxes, there is no source for the warp factor in 10D
Einstein frame such that the Einstein frame metric is unwarped. However, as is well known,
D7-branes and O7-planes generate a non-trivial profile for the dilaton. The string frame
metric is therefore warped,

ds%o - e¢(y)/2§u,,dx“dx” + e¢(y)/2§mndymdyn, (4.23)

where the tilded metric coincides with the 10D Einstein frame metric. The presence of
warping in the string frame metric can also be understood from the point of view of the
M-theory/F-theory duality [31]. On the M-theory side, the circle along which ones T-
dualizes is non-trivially fibered over the base manifold. After T-duality, this direction
decompactifies and thus becomes part of the external spacetime on the type IIB side. The
external spacetime then depends non-trivially on the internal coordinates and is therefore
warped.

The above metric corresponds to (4.1) for the special case A = B = (¢ — ¢p)/4.
Substituting this choice for A and B into (4.14), we find that the volume shift due to a
single D7-brane is

5
- 12-64

AV (2ma’)? 2K2 g, i / d*y /3@ (0r¢)2. (4.24)

In the weak coupling limit, the dilaton is constant along the worldvolume except at loci
where the brane intersects with another D7-brane or O7-plane and the derivative of the
dilaton jumps. This can easily be verified by putting a probe D7-brane into a background
with another D7-brane or O7-plane that is localized along the worldvolume of the first
brane. The equations of motion then yield

Vi¢ — (9r)* = 2677 0P (y — yo) . (4.25)
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Using this together with 2k2u7 = 1 in (4.24), we find that the volume shift induced on a
single probe D7-brane in a background generated by a second D7-brane is

5 N2 2
AY = 764 (2ma’) g% Vo7 (4.26)

where g5 = e? is the string coupling and Vprnp7 = f d?y\/Go e?~% is the warped inter-
section volume. Analogously, the total volume shift due to the curvature corrections of
intersecting D7-branes and O7-planes is proportional to their intersection volume,

AV x O/Qgg Vb7no7 - (4.27)

The numerical proportionality factor in (4.27) depends on the number of D7-branes and
O7-planes present in the compactification as well as their particular intersection pattern.
In order to go beyond a probe estimate of the parametric dependence, one has to compute
the correction in a consistent compactification including the full backreaction of the various
sources. The most convenient framework to do this should be an F-theory computation, as
the backreaction of the 7-branes is then automatically incorporated by choosing a particular
Calabi-Yau 4-fold. This also allows to consider brane configurations that are difficult to
analyze in the type IIB picture. In particular, 7-branes in general F-theory solutions do not
wrap smooth surfaces but are known to recombine into self-intersecting singular surfaces
such as the so-called Whitney branes [54].

Contrary to the case of intersecting D6-branes/O6-planes, explicit models with one-
loop corrections of the form (4.27) have, to our knowledge, not been discussed in the
literature so far. In [25], the authors computed loop corrections to the Kéhler potential
in several examples of toroidal orientifolds with D3-branes/O3-planes and intersecting D7-
branes/O7-planes. They found that the volume dependence of the Kéhler potential is
corrected by terms arising from an exchange of KK modes between the D3-branes/O3-
planes and the D7-branes/O7-planes. Furthermore, it was found in [25] that winding
strings on intersections of D7-branes and/or O7-planes can give further corrections to the
Kahler potential of N' = 1 compactifications. These corrections are, however, not related
to the one discussed in this section since their volume dependence is different from ours.
This makes sense, as we do not expect to capture winding effects within our supergravity
approach. However, it was mentioned in [26] that one-loop corrections from KK mode
exchange are in general also expected to arise between D7-branes. Moreover, it was argued
there that such corrections should also be present in smooth Calabi-Yau compactifications,
and a general form of these corrections was proposed (see also [28]), where the proposed
volume scaling indeed matches with the one of our correction. It would be very interesting
to confirm this in explicit models.

Let us now comment on the expected effects for moduli stabilization in a possible
compactification with corrections of the form (4.27). Expanding the Kéahler potential (4.20)
at large volume, one finds a leading order logarithmic behavior plus an infinite sum of higher
order terms that are suppressed by inverse powers of the volume. The leading contribution
of (4.27) to such an expansion goes like Vprno7/V and is therefore of degree —2 in the
(classical) 2-cycle volumes. Naively, it is then of lower order in the volume expansion than
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the usual tree-level o/® correction [23], which goes like 1/V and is therefore of degree —3.
However, it was realized in [26, 28] that corrections of degree —2 to the Ké&hler potential
obey a so-called extended no-scale structure. This means that, even though they are leading
in the Kihler potential compared to the o3 correction, a subtle cancellation ensures that
they contribute to the scalar potential only at subleading order. The effect of a one-loop
correction of the form (4.27) on moduli stabilization would thus be smaller than expected
from a naive counting of the powers of o/. Considering this together with the additional
suppression of the correction by g5, we do therefore not expect dramatic effects of the kind
that could have arisen [50] in the presence of the tree-level corrections proposed in [37, 38].

4.4 Other corrections

The main purpose of this section was to emphasize that corrections to the Kéahler poten-
tial due to brane intersections are expected to appear at one loop. As we have indicated
above, however, these are in general not the only effects at this order in the gs; expansion.
Further corrections at the same order could descend, e.g., from the dimensional reduction
of bulk corrections to the 10D effective action, i.e., from torus diagrams. By construction,
such corrections are not captured by the above analysis, which focussed on corrections
due to branes. Furthermore, as discussed in section 2, the knowledge of brane actions is
incomplete already at next-to-leading order such that additional corrections are expected
to appear also in the dimensionally-reduced effective action. Finally, numerous corrections
appear at other orders in o’ and g5 such as, e.g., the winding corrections described in [25].
For phenomenological applications, it would obviously be important to get a more com-
plete picture of all of these corrections and to check to which extent they affect moduli
stabilization, analogously to what we discussed above. An exhaustive treatment of all pos-
sible brane and bulk corrections is beyond current technology such that we leave this for
future work.

5 Kahler corrections from induced D3-brane charge

In the previous sections, we have argued that corrections to the Kahler potential that shift
the classical volume appear earliest at one-loop order in type II string theory. Nevertheless,
corrections that modify the volume dependence of the Kahler potential already at tree-level
do exist, however, they do not shift the classical volume itself but instead only redefine
the Kahler coordinates in terms of the volume. In type IIB compactifications, this is well-
known to happen in the presence of a D3-brane and is due to a non-trivial fibration of
the C; axion moduli space over the moduli space of the worldvolume scalar fields that
describe the positions of the D3-brane in the transverse space. In this section, we review
how this correction comes about and point out that it more generally also appears in the
presence of D7-branes due to curvature corrections to their WZ action. In the latter case,

the correction can be understood from an induced D3-brane charge on the worldvolume of
the D7-branes.
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5.1 Kahler coordinates in the presence of D3-branes

It is well-known that the 4D effective action describing NV = 1 type IIB/F-theory compact-
ifications with D3-branes exhibits a non-trivial mixing of the worldvolume moduli with the
bulk Ké&hler coordinates in the Kéhler potential. It was suggested in [65] that this mixing
is of the schematic form

K=-3In(T+T-k(®®))+... (5.1)

in an appropriate normalization, where K is the Kéhler potential, 7" are the Kahler coor-
dinates and k is a function of the complex scalar fields ®, which live on the worldvolumes
of the D3-branes and determine their positions in the compact space. This form of the
Kaéhler potential was explicitly confirmed in [55], where the authors derived the 4D effective
action of (unwarped) A/ = 1 Calabi-Yau orientifold compactifications with D3-branes and
fluxes via a dimensional reduction of the type IIB supergravity action. Warping correc-
tions to this Kéhler potential were obtained in [76]. It was furthermore shown in [55, 76]
that the mixing (5.1) is due to the coupling of a D3-brane to the RR potential Cy in the
Wess-Zumino part of the brane action.

This suggests that not only D3-branes but, more generally, objects carrying D3-brane
charge should lead to such a mixing. Indeed, it was found in [55] that this happens in the
presence of non-zero 3-form flux. Similar effects also arise in A/ = 1 Calabi-Yau orientifolds
with D7-branes, which was shown in [59, 60] for the unwarped limit (see also [138] for
a detailed review) and confirmed in [74] taking into account warping corrections to the
effective action. The worldvolume scalars then mix with the axio-dilaton in the Ké&hler
potential, which can be traced back to the coupling of the D7-branes to C's. In the presence
of a non-zero B field or worldvolume gauge flux, on the other hand, the Wess-Zumino action
of a D7-brane also contains couplings to Cy such that the brane can carry an induced D3-
brane charge. Fluctuations of the B field and Wilson line moduli then again lead to shifts
in the Kéhler coordinates as in (5.1).

As this observation is essential for the main point of this section, let us briefly review
how this comes about. In order to illustrate our point, we will consider the simple example
of D3-branes in a Calabi-Yau orientifold background (as the discussion is considerably
simpler than the D7-brane cases which we will turn to in the next section). We will closely
follow the analysis of [55] in our discussion.

In order to determine how the presence of D3-branes affects the 4D effective action that
governs the low-energy dynamics of the compactification, we have to dimensionally reduce
the brane action (2.1) for p = 3. The standard way to do this is to allow the 10D bulk
fields that couple to the branes to fluctuate around their background configuration and
then restrict to the zero modes by expanding the fluctuations in terms of harmonic forms
on the compact space. The resulting expression is then pulled back to the worldvolume
including the brane deformations @ and substituted into (2.1).

For simplicity, let us set to zero the B field and the worldvolume gauge field strength
in the following. The D3-brane action then reduces to

Sps = —pus /W d4€ e ? Tr+/— det (P[gMV]) + 3 /W Tr P[C4] . (52)
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Furthermore, we will consider a model with a single Kahler modulus and neglect possible
contributions to the Kéhler potential due to bulk fluxes. The full expressions for the general
case are given in [55] but not required for the present discussion.

Let us at first discuss the dimensional reduction of the W7 action. We start by splitting
the RR potential Cy into a background and a fluctuation, Cy = (Cy) 4+ 6Cy. Following [55],
we then expand

0C4(x) = Da(x) ANwa + Vi () A asg + Ura(x) A B3 + p(z) A wy, (5.3)

where wy is a harmonic 2-form, a3, and 35 are harmonic 3-forms and w, is a harmonic
4-form on the Calabi-Yau orientifold, respectively. The coefficients V|* and Ui, are then
1-form fields, Dy is a 2-form field and p is a scalar field in the 4D effective field theory. Due
to the self-duality of Fj, two of the fields, e.g., V|* and Ds, are actually redundant and can
be eliminated in terms of the other two fields via Poincaré duality.

The relevant term for the mixing (5.1) in the Kéhler potential is the first term on the
right-hand side of (5.3). This term can now be pulled back to the worldvolume, where we
allow small fluctuations of the branes away from their background position. One can show
that this yields [55]

1 I
P[Cy] = (Cy) + Z(27ro/)2(<1>"LDM<1>” - ®"D, " wpmrdr" AdDg + ... (5.4)

up to terms involving higher powers of the worldvolume scalars ®™, where D,, is the gauge
covariant derivative. Since the worldvolume scalars parametrize deformations normal to
the wordvolume, they are properly defined as sections of the normal bundle [91]. D,
therefore also contains a connection to the normal bundle.

We now substitute (5.4) back into (5.2) and eliminate the 2-form field Dy in terms of
the dual scalar p. This leads to a mixed kinetic term of the form
%(27ra’)2(Tr(<I>mDM(fﬁ — "Dy ™ )wyn ) (0" p) (5.5)
in the 4D effective action. Such a mixing was also observed in [139].

Let us now consider the DBI part of the action (5.2). Similar to what we have done
above for Cy, we now expand the internal metric into fluctuations,

Gmin = —iV(@) BPwmn , (5.6)

where V() is the volume modulus and we have neglected the complex structure deforma-
tions as they are not relevant for the present discussion. The pullback of the metric to the
brane worldvolume is then again given by a normal coordinate expansion,

Plgu) = (guw) — 2i(270/) 2 VY3000 (D, @™)(D, ®") + .. . (5.7)

One readily observes, that, in contrast to (5.4), the expansion does not yield any mixed
kinetic terms between the worldvolume scalars ™ and the fluctuations of the pulled-back
bulk field, i.e., the volume modulus V. Such a mixing cannot appear since, by definition of
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the normal coordinate expansion, the derivative D, is covariant with respect to the metric
Gmin = —iV1/3w,,5 and does therefore not act on it.

Hence, the dimensional reduction of (5.2) yields a mixed kinetic term between the
worldvolume scalars @ and the imaginary part p of the Kahler coordinate 7" but no
mixed kinetic term involving its real part V. In N = 1 supergravity, the structure of the
kinetic terms of the theory is fully determined by the Kahler metric g;7,

L - PK(¢', ¢
Ekin = gij((bl? W)(Dﬂ(ﬁz)(Duqu) ’ 9i7 = (M ’

(5.8)
where ¢' = {T,®™,...}. In the absence of D3-branes, the Kihler potential takes the usual
no-scale form [55]
_ 3i 9

K=-3mT+T)+..., T:§p+§v2/3, (5.9)
where the dots indicate contributions from other sectors such as the axio-dilaton and the
complex structure moduli. It is then easy to check that the mixed term (5.5) is reproduced
by (5.8) if the Kihler potential is modified* such that

K =-3Wn (T + T — 3ip3(2ma/)*wpp Tr(270™)) + ... (5.10)

and the Kahler coordinates are shifted as

— %p + gvm + %Mg(zm’)%mﬁ Tr(®"d"). (5.11)

T
It should be stressed here that both shifts (5.10) and (5.11) are crucial in order to recover
the structure of the kinetic terms that we derived from the dimensional reduction. If only
the Kéhler potential were shifted without redefining the Ké&hler coordinates, (5.8) would
yield a mixed kinetic term between VV and ®"*, which is, as we explained above, not present
in the effective action.

For large fluctuations ®"*, the above expressions receive further corrections due to
higher power terms such that the shift will in general be proportional to some function of
®" whose explicit form depends on the considered background. For the special case of
an unwarped Calabi-Yau orientifold, some higher order corrections were computed in [55].
Schematically denoting the shift by k(®®), we find

3i

_ _ 1 -
K=-3Wm(T+T-k(®®)+..., T= 5P+ ng + k(D). (5.12)

One furthermore checks that the Kéhler potential can be rewritten as
K=-2hV+... (5.13)

Hence, the physical volume stays invariant under inserting and shifting the positions of the
D3-branes.

“Note that factors of the 4D Planck mass were set to 1 in the expressions of [55].
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5.2 Induced D3-brane charge on D7-branes

As we have reviewed in the previous subsection, objects that carry a D3-brane charge lead
to a shift in the Kahler coordinates of the 4D effective action. In this section, we argue
that this reasoning also applies to D7-branes due to the curvature corrections to their WZ
action, which induce a D3-brane charge on their worldvolume.

As discussed in section 2, the curvature corrections depend on the curvature 2-forms
of the tangent and normal bundles of the worldvolume and can be written in terms of
characteristic classes. For simplicity, let us assume a vanishing B field and worldvolume
gauge field strength in the following. Evaluating (2.6) for a D7-brane wrapping a 4-cycle
S, we then find a coupling to Cy and thus an induced D3-brane charge

7= (m(vS) —pu(T9)). (5.14)
S

where we have used uz = p7(27)*a’2. Let us assume for now that S is a smooth complex

hypersurface in a complex 3-dimensional manifold X3. Using standard formulae of algebraic

geometry, one can then show that, if X3 is Calabi-Yau (i.e., ¢;(X3) = 0), the above

expression reduces to

¥ =51 [, TS = 51x(S), (5.15)

where x(S5) is the Euler characteristic of S. An analogous argument leads to the induced
D3-brane charge of an O7 -plane wrapped on a 4-cycle S’,

T =0 [, (rNS) —pu(TS) = (). (5.16)
(5.15) and (5.16) are correct for type IIB D7-branes and O7-planes wrapping smooth
hypersurfaces in a Calabi-Yau 3-fold. Naively, one might expect that the same is true in
F-theory compactifications if one considers Sen’s weak coupling limit [34, 35], where the
F-theory background has a description in terms of a perturbative type I1IB Calabi-Yau
orientifold with ¢;(X3) = 0 (where X3 is the double cover of the base Bs of the elliptic
fibration). For generic brane configurations, however, the above formula does not hold even
in the perturbative orientifold limit. The reason is that generic D7-branes do not wrap
smooth surfaces but self-intersect at the fixed point locus of the orientifold in the shape
of a Whitney umbrella [54] (see also [140]). This has the effect that there are generically
singularities on the base Bz (and on the hypersurface S) such that the correct evaluation
of the induced D3-brane charge can be subtle [54, 141]. The induced D3-brane charge is
then given by a modified Euler characteristic x,(S), which appropriately generalizes the
notion of an Euler characteristic to singular algebraic varieties [54],
P =), QT =), (5.17)
In non-perturbative F-theory backgrounds at strong coupling, the backreaction of the
7-branes deforms the internal geometry of X3 away from a Calabi-Yau such that the descrip-
tion in terms of a type IIB orientifold is not valid anymore. The total curvature-induced
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D3-brane charge of D7-branes, O7-planes and (if present) O3-planes is then given by the
Euler characteristic of the Calabi-Yau 4-fold X,4. Alternatively, it can be written in terms
of characteristic classes on the base Bs [141, 142].

5.3 Kahler potential

Let us now discuss how the above is related to corrections to the Kahler potential. As we
have seen in the previous subsections, curvature corrections to the D7-brane action contain
terms of the form

M?,/ P[Cy N X4], (5.18)
48 fiy

where X4 is a 4-form for a correction localized on the D7 worldvolume. Note that these
terms have exactly the same form as the Cy coupling of a D3-brane except for a different
numerical prefactor and a different worldvolume dimension. Hence, one again expects to
find a correction to the Kéhler potential of the form
= - 3i 9 23 , 1, =
K==3In(T+T-k(Q), T=5p+ 5v +§k(C(), (5.19)
where ( parametrizes the deformations of the D7-brane. Repeating the steps discussed in

section 5.1 and using general formulae for the pullback of p-form fields [59], we find

k(CC) o< ipza*Xx(S) wmn¢™ (" (5.20)

up to terms involving higher powers of the fluctuations .

For simplicity, we have assumed here that the deformations of the worldvolume are
parametrized by fields transforming as sections of the normal bundle N.S. It was argued
in [143] that, for general curved S, the worldvolume “scalars” ¢ rather transform as sections
of the canonical bundle Kg and are therefore (2, 0) forms on the worldvolume (see also [91]).
In a type II orientifold, they are odd under the orientifold involution and are therefore
elements of the cohomology class H E’O(S ) [59]. For a brane wrapping a smooth surface on a
Calabi-Yau threefold, both descriptions can actually be shown to be equivalent [59], but this
is not true anymore for generic 7-branes in F-theory, as discussed in detail in [143]. Even
in the weakly coupled regime, where X3 is a Calabi-Yau, the presence of singularities then
makes the above parametrization too naive since the normal bundle is then not properly
defined at the intersection. It was shown in [54] that the proper way to count the brane
deformations is then to resolve the singular surface S to ¥ and compute the cohomology
class HE’O(E). The above expression thus has to be modified accordingly in these more
general setups.

A well-known feature of brane intersections is that they give rise to localized matter
fields, i.e., additional worldvolume scalars localized at the intersection locus. For a D7-
brane that fills the 4D external spacetime and self-intersects on an algebraic curve in the
compact space, this locus is 6-dimensional. In F-theory, localized matter can arise on
intersections of 7-branes with more general gauge groups than those of perturbative D7-
branes [143, 144]. It would be interesting to study the above corrections for these more
general brane configurations and analyze their implications for phenomenology.

— 23 —



5.4 Other corrections

Like the corrections of section 4, the corrections found here are not expected to be the
only ones of their form at the same order in o/ and gs. Rather, they are an example of
how the volume dependence of the Kéhler potential can be modified by D-branes already
at tree-level in g;. More generally, however, any term involving a coupling to Cy induces a
D3-brane charge and is therefore expected to correct the volume dependence of the Kéhler
potential by the mechanism discussed in section 5.1. Such corrections can either come from
higher-order terms in the 10D bulk effective action or from brane corrections other than
the C4R? couplings discussed above. An example are some of the T-duality covariantized
couplings derived in [113].

6 Conclusions

Motivated by the recurrent role of o’ effects in string phenomenology, we have initiated
a study of higher-derivative corrections to the 4D Kahler potential of N' = 1 type II
string compactifications arising from curvature terms in the DBI and WZ actions of D-
branes and O-planes. We argued that these corrections can be present in generic string
vacua with localized sources and thus should be taken into account in conjunction with
the (familiar) bulk curvature corrections to supergravity. Of particular phenomenological
interest is the volume modulus, and so we have identified two mechanisms in which these
brane curvature terms can correct its 4D Kéhler potential. The first mechanism comes from
brane curvature corrections inducing an effective Einstein-Hilbert term on warped brane
worldvolumes, and thus the classical volume of the compactification manifold is shifted
at one-loop order. This mechanism applies to setups with or without brane intersections.
In the case of intersecting D7-branes/O7-planes, we showed that possible corrections are
proportional to the intersection volume and can appear already at O(a'2¢?) in the Kihler
potential. Assuming that such corrections cannot be removed by a field redefinition, they
could then potentially be dangerous for moduli stabilization. We argued, however, that
their presence would only give subleading effects to the scalar potential in comparison to
the well-known O(a’®) corrections due to the presence of an extended no-scale structure.
The second mechanism we discussed in this paper is due to an induced D3-brane charge on
the worldvolume of D7-branes. Contrary to the first type of corrections, this effect appears
at open string tree-level. The corresponding correction shifts the definition of the Kéhler
coordinates in terms of the classical volume but leaves the volume itself uncorrected. Along
the way, we also showed that the O(a'?) corrections proposed in [37] are really an artifact of
an inconvenient basis of M-theory fields upon duality transformation and can be removed
by a field redefinition at the 10D /11D level. We thus convincingly conclude that the leading
corrections to the classical volume from D-branes and O-planes can appear earliest at the
one-loop order and are therefore not expected to compromise the usual moduli stabilization
scenarios.

There are several promising avenues for our results to be generalized and applied.
While we found the parametric dependence of the one-loop corrections for the volume
modulus in section 4, it would certainly be of interest to compute the coefficients of such
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corrections in explicit models and explore in more detail their phenomenological conse-
quences. For example, one should revisit their implications for moduli stabilization scenar-
ios [50] in light of the different g; dependence we found. A direct worldsheet analysis of the
corrections we found here would provide further support of our results [145]. Other than
moduli stabilization, o effects are important for addressing issues in particle physics and
cosmology that are highly UV sensitive, e.g., gravity-mediated supersymmetry breaking
and inflation. While inflation is generically sensitive to leading Planck suppressed cor-
rections, the UV sensitivity is even stronger for large field inflation. The recent BICEP2
result, if confirmed to be primordial in origin, would put more pressure in understanding
string and quantum gravity corrections to supergravity as it suggests an inflationary energy
scale V1/4 ~ 10'% GeV and a super-Planckian inflaton field excursion. We hope to return
to some of these phenomenological applications in the future.

On a related note, it is somewhat surprising how little is known about higher-order cor-
rections to the D-brane and O-plane effective actions. Our work highlighted the significance
of these corrections. It would be important, from both a formal and a phenomenological
point of view, to obtain the fully T-duality covariantized curvature corrections at order a/?
for both D-branes and O-planes. Some steps in this direction have recently been under-
taken in [108]. More generally, it would be desirable to get a more complete picture of the
leading o’ and g5 corrections to the effective action of type IIB/F-theory compactifications
in order to further improve on our understanding of moduli stabilization at large volume
and small string coupling. An important long-term goal is of course to explore the land-
scape beyond the perturbative regime, possibly by further developing techniques in the
spirit of [146]. We hope to report on our progress in some future work.
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