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1 Introduction

Renormalizable field theories like the Standard Model only include up to two derivatives
in the action. However, gravitational interactions and unified schemes like string theory
which go beyond the Standard Model do contain higher-order derivative couplings. More
generally, they contain higher-dimensional operators suppressed by the cut-off scale of the
theory. Higher-dimensional operators involving scalars are potentially important when
studying the vacua and the cosmological evolution of a theory. For example, in cosmic
inflation the inflaton field may start slow-roll at very large classical values and the kinetic
terms may be non-minimal. Another situation in which such operators may be important
is in moduli stabilization in string vacua with vacuum expectation values close to the string
or Planck scale.

Higher-dimensional operators involving chiral superfields have been studied in the past
in supersymmetry and supergravity [1-13]. In general the Kéhler potential may depend
on the superfields and their derivatives, i.e.,

/d92d§2K((I>i,<I>i;Daéi,DQCI)i;8H¢I>i,8u<I>i,...) + </ do*w (;) —|—h.c.> , (1.1)

where D, denotes the usual supersymmetric covariant derivative. Higher-dimensional cor-
rections to W are generally model-dependent and involve, for example, higher powers of the
superfields. Therefore we focus on generic corrections to the D-term. One usually expands
the action in fields and covariant derivatives, keeping only the leading contribution of the
higher-dimensional operators. Such operators may lead to problems if not appropriately
constrained. In particular, upon expansion in components ghosts may appear and/or the
auxiliary fields of the superfields may become propagating.



A classification of such operators was presented in [4]. A particular ghost-free linear
combination of them has been singled out, it reads

/ d0*d0*D®D,PDsPD D . (1.2)

This operator and its component expression are simple and “clean” for a number of reasons,
and it has the potential advantage that it can be coupled to N' = 1 supergravity in a
straight-forward manner [9]. Unfortunately, as discussed below, it is not the operator
we find in the effective action of D-branes in Type II string theory. Notice that, since
D*® = 20*F + ... where F is the auxiliary field, (1.2) includes a term proportional to
|F'|*. This means that the equation of motion for F is cubic and has three solutions. This
fact has been discussed in [4] and more recently in [13] and [14], where the operator was
applied to Kéhler moduli stabilization and inflation in Type IIB string compactifications.

In this paper we consider the issue of higher-derivative operators from the point of view
of the effective action of string theory. In particular, we study the effective action for the
scalars corresponding to position moduli of Type II Dp-branes. Such scalars parameterize
the motion of Dp-branes in compact dimensions and have been considered as possible
inflaton candidates in many models of string inflation [15-19], cf. [20] for an exhaustive list
of references. The bosonic action is given by the non-Abelian generalization of the Dirac-
Born-Infeld (DBI) action and the Chern-Simons (CS) action [21]. The former captures all
higher-dimensional operators involving arbitrary powers of single derivatives and the scalars
themselves. Hence it can give us information about higher-dimensional supersymmetric
operators in the effective action. We analyze the effective actions of the D-brane moduli of
Type IIB Dp-branes for p = 3,5,7. As mentioned above, we find that the operator in (1.2)
in fact never appears in these actions. Instead we find operators of the form

/ do*do*|®|*0,20"® (1.3)

and variations thereof. An important property of this class of operators is that no terms
proportional to |F|* arise and hence the solution of the equations of motion for F is
unambiguous. On the other hand, there appear non-canonical kinetic terms proportional
to (1+ |F|?)(8,60"$), where ¢ denotes the complex scalar component of ®. This matches
what we find in the string-effective action: in orientifold compactifications, the kinetic
Lagrangian of the D-brane position moduli ¢; has the on-shell structure

L=—[1+aV($;)] 800" i — V (i), (1.4)

where V' is in many cases the leading-order scalar potential and a is a constant proportional
to the inverse fourth power of the string scale My = (o/)~1/2. This result is exact at second
order in the derivatives and at all orders in the potential. In particular, no corrections of
the form V" with n > 1 arise. Describing the string-effective DBI action in terms of su-
persymmetric higher-derivative operators allows an embedding into an N' = 1 supergravity
formulation. In [18], for example, a supergravity description was proposed which did not
account for the higher-derivative terms. We can now close this gap by including the above



operators, which allows us to study the flattening effects in a supergravity formulation
of [18] in combination with, for example, closed string moduli stabilization.

It is clear that the higher-dimensional terms induce a non-canonical redefinition of
the kinetic terms, which leads to a flattening of the effective scalar potential. A similar
redefinition of kinetic terms was discussed in string inflation in [22]. In a second part of this
paper we analyze the consequences for the inflationary dynamics. We give general analytic
formulae for the slow-roll parameters modified by the non-canonical kinetic terms in (1.4),
focussing on monomial inflaton potentials. In all cases the non-canonical kinetic term leads
to a flattening of the potential at large field values. This causes a substantial reduction of
the tensor-to-scalar ratio r, bringing chaotic inflation models to better agreement with the
recent Planck and BICEP data.

The structure of this paper is as follows. In the next section we study the structure
of the effective action for Dp-brane moduli in Type IIB toroidal compactifications. We
analyze in detail the cases of D3-, D5-, and D7-branes and display the bosonic action
up to fourth order in derivatives. The result is always of the form (1.4). In section 3
we discuss higher-derivative operators in globally supersymmetric theories in general and
describe how the result obtained from the DBI action can be written in terms of these
operators. Moreover, we show how these operators lead to a supergravity description of
the flattening effect in D-brane models like the one of [18], and comment on closed string
moduli stabilization. In section 4 we use the structure in (1.4) applied to a single inflaton
field to study the behavior of the slow-roll parameters for varying values of a. Section 5 is
left for our conclusions.

2 Higher-derivative terms for D-brane moduli from the DBI action

The four-dimensional effective theory for the bosonic open string fields of Dp-branes can
be derived from the DBI and CS actions describing the world-volume deformations of the
brane. This is especially useful in the case of toroidal compactifications, in which the in-
ternal profile of the scalar fields is constant and the compactification to four dimensions
is trivial. The DBI action is exact in o/ up to second derivatives of the scalars, leading
to a clear advantage over the standard supergravity description of the effective theory for
open string moduli in which o/ corrections are in general not known or highly difficult

1 We find that these o’ corrections affect the kinetic term, giving rise to a

to compute.
non-canonical normalization as advanced in the Introduction. Keeping track of these cor-
rections, though interesting by itself, is essential in the study of large-field inflation models.
In this section we study under which circumstances the schematic structure (1.4) arises for
the open string fields of a system of Dp-branes in Type IIB orientifold compactifications,
leaving the inflationary analysis to section 4.

Let us start by giving the general form of the DBI action for Dp-branes [21, 26, 27],

S = —,up/derlf STr 67(1)\/— det(P[EMN + EMi(Q_l - 5)ijEjN} + UFMN) det(an) .
(2.1)

LCf. [23-25] for recent studies of o/ corrections and higher-derivative terms on M-theory reductions.



The integral goes over the (p + 1)-dimensional world-volume of the Dp-brane and we have
defined as usual

o =2ma, Eyun = g;ﬂGMN — Bun, Qmn = Smn + 10[0m, 0p| Epn (2.2)

M and N are ten-dimensional indices, p and v are spacetime indices, a and b are internal
indices labelling the (p — 3)-cycle wrapped by the brane, and m and n label the real
coordinates transverse to the brane. The ¢,, are the real position moduli. We consider an
ansatz for the metric given by

ds* = Z(:Em)_l/gnwdx”dx” + Z(x™)Y2dsy (2.3)

where Z denotes a possible warp factor and dsQCY the line element in the internal Calabi-Yau
manifold.

We focus our discussion on the position moduli of the Dp-branes because they are
the ones which get a potential once fluxes are added. Thus, we omit all terms involving
gauge bosons and Wilson lines.? In the absence of mixed Minkowski-internal tensors, i.e.,
9ua = Bua = 0, and considering a constant internal profile for the position moduli, 9,¢ = 0,
the world-volume determinant can be factorized as

det(P[EMN + UFMN])
= det (gi/QZ_1/277uu + gi/QZI/foQ@Wm@u@n) det (951/2gab +oFy, — Bab) - (24)

This factorization of Minkowski and internal indices is exact in toroidal compactifications.
However, in a Calabi-Yau compactification the internal profile of the scalar fields is in
general not constant. This implies one has to solve an eigenstate equation for the internal
space, which is usually non-trivial. Besides, the zero eigenmodes might correspond to
mixings between the original position moduli and Wilson lines, making the computation
technically much more involved. Therefore we restrict our study to the simplest cases in
which the above factorization can be performed. For a D3-brane all world-volume indices
are in Minkowski spacetime so there are no subtleties regarding the compactification.
Moreover, taking into account the contribution from the transverse coordinates,
the quantity inside the square root in the DBI action is composed of three factorized

determinants,
det (gi/zZ*I/an n g;/221/2028u90m81/@m) 7 (2.50)
det (g;/zgab + GFab - Bab) 5 (25b)
det (gmn + iO’[‘Pma ‘Pp] (9;/29pn - Bpn>> . (2.5C)

For a Dp-brane these three matrices have dimension 4, (p — 3), and (9 — p), respectively.
After rearranging the real fields ,, in a complex basis denoted by ¢;, the first determinant

2Cf. [28, 29] for a recent analysis of inflation with D6-brane Wilson lines in type ITA.



becomes

— det (9;/22_1/2n,w n 9;/2Z1/2028Ms0maycpm>
= g2z <1 +2Z0° 0" $;0,; + 220 [2(0"$:0,:)*
L (0"6:0u8,)(0" 6,0, 8:) — <8ﬂ¢iau¢j><a”¢iau¢j>]> | (2.6)

We can now Taylor-expand the square root in powers of spacetime derivatives of ¢. This
expansion is in accordance with the slow-roll approximation during inflation. This yields

_ 1 _ _
L=—pZ Vosf(9) [ 14+ Z0° Y 0utid"di — 5 220" | Y (0" 0i0,0;)(0" 6;006:)
i i#j

+ (80,6106, (0, $i0"65) | +-.. | (2.7)
12

with

fl9) = \/ det (gi/ ? Gab + 0 Fapy — Bab) det (gmn + i [©m, ©p] (gsl/ 2 gom — Bpn)) . (2:8)

Here p), and V,,_3 denote the tension of the brane and the volume wrapped by the brane,
respectively. Note that, after the square root expansion, no term of the form (Oﬂgb@“gg)z
is present in the effective action in the case of a single complex position modulus, i.e., for
a D7-brane.

We observe that in all cases the bosonic action has the structure

L=—[1+aV()]0u9]° = V() +O()), (2.9)

where we have implicitly redefined the scalar fields to absorb the global factors in (2.7).
We have also subtracted the orientifold tension which is required for an (approximate)
Minkowski vacuum, cf. [18, 30], implying that V(¢) =a"!(f(¢#) —1). The constant a
includes the remaining global factors and is proportional to (,up\/;,_g)*l, so it has mass
dimension —4. Let us remark that the above result includes all o’ corrections arising from
higher-order terms containing powers ¢™ in the DBI action. However, it is an expansion
in derivatives of the scalar fields, so it can only be trusted as long as they remain small
compared to the string scale. In particular, the DBI action does not include information
about second- or higher-order derivatives of ¢, which will be important in the next section.

In addition to the DBI piece discussed above there is a contribution from the CS action.
As discussed in more detail in [18], in supersymmetric settings this contribution is equal
to the DBI piece, leading to a factor of two in front of the scalar potential in the above
expression — but not in the correction to the kinetic term.

The structure of the scalar potential depends, through the specific form of f(¢),
on the Dp-brane under consideration and on the closed string background. In the fol-
lowing we summarize the results for D7-, D3-, and D5-branes in Type IIB orientifold
compactifications.



e D7-branes

In the case of D7-branes there is only one complex scalar field ¢ in the adjoint rep-
resentation of the gauge group of the system of D7-branes. One can obtain more
realistic quantum numbers, for example the Standard Model gauge group and bifun-
damentals, if the branes are located at orbifold singularities, cf. [18]. The scalar ¢
parameterizes the position of the brane in the two-real dimensional transverse space.
In the presence of three-form closed string fluxes GG3, the position of the branes can be
stabilized due to the flux-induced B-field on the brane which yields a non-vanishing
F-term scalar potential for ¢. This potential comes from the first determinant in (2.8)
which reads

1
det (gab + Z_I/Qgs_lﬂ}"ab) = det(gap) [1 + Z_lgs_l]:2 + Z_2gs_21 (FA .7:)2} ,

(2.10)
where Fu, = 0F, — Bgy. Whenever F is a selfdual or anti-selfdual two-form, 7 =
+ x4 F, we have

(FAF)? = (F AaF)? = (Fdvolg,)” = (F2)*, (2.11)

and hence )
1, _
0P =22 (14 527, P ) (212)

a perfect square. This is the case for a configuration with only imaginary selfdual
closed string fluxes including (0, 3)-form and (2, 1)-form fluxes denoted by G and S,
respectively [31-37]. In that case the B-field is a (2,0) + (0, 2)-form. Far from being
isolated or useless cases, these are indeed the fluxes which solve the ten-dimensional
supergravity equations of motion in a Calabi-Yau compactification [38]. The F-term
scalar potential, after a field redefinition, reads [18]

_ Z7%gs

5 |G*¢ — So|?. (2.13)

V(o)

In addition to this flux potential there is a contribution from the superpotential that
couples the modulus to two complex Wilson line scalars, which we have omitted
in the DBI reduction for simplicity. These two fields together with ¢ complete the
scalar components of the N' = 4 structure that underlies the toroidal compactification
before any twist or background decreases the number of supersymmetry generators.
On the other hand, the second determinant in (2.8) leads to a D-term given by

det(Qij) = 1+ gs0°Z[9, 9]*. (2.14)

For simplicity we consider D-flat configurations and neglect this contribution to the
scalar potential from now on. The generalization to non-vanishing D-terms is trivial
and does not change any of our conclusions. Finally, the CS contribution to V' can be
checked to be equal to (2.13) when only G and S fluxes are turned on. Therefore the

effective Lagrangian is of the form (2.9) with V given by (2.13) and a = (Vaprgs)~*.



e D3-branes

In the case of D3 branes only the second determinant in (2.8) is present since all
world-volume indices are spacetime indices. Notice then that the structure (2.9) is
more robust than for the case of D7- or D5-branes because the factorization (2.5)
always exists, regardless of the specific compactification. At leading order the square
of (2.8) is given by

det (5mn +i0g2Z 2o, (an =1-20"0.2 ) [¢is 6] — 0792 > [dis b1 + ...
1<J 7]

=14+> |FP+> _ Di+..., (2.15)
A 7

where the dots include higher-order terms in o. Notice that at leading order this cor-
responds to the sum of three F-terms and three D-terms. It is remarkable that in the
absence of D-terms the above determinant can again be written as a perfect square,

2

F(6)? = det (5,% +iog 22V [, gon]) = 1-0%.2 (g0 e | . (2.16)
1<J

implying (2.9) with a = uz'Z and V = > i< 9sPi, ¢;]?. This structure is partially
broken if we introduce warping and fluxes. The situation is slightly more subtle since,
as described in [31-37], the local equations of motion force the internal metric and
five-form background to be non-vanishing. One can then locally expand the warp
factor around the position of the brane as

- 1
Z712 = Z, 12 4 502Kmn<pm<p” +.... (2.17)

This induces an additional contribution to the scalar potential coming from the warp
factor Z in (2.7) which does not appear multiplying the kinetic term. Therefore, in
the presence of non-constant warping the correction to the kinetic term is given by
only a part of the scalar potential.

e Db5-branes

The result for D5-branes is a combination of the two cases considered above. Both de-
terminants in (2.8) contribute to the F-term scalar potential. The computation is sim-
ple in a purely supersymmetric configuration with no D-terms or fluxes. In that case,

F(9)* = det <5mn +iogt 22" (o, %]) — (1 —40%g,Z[¢n, $2)%)” (2.13)

where ¢1 and ¢ are the two complex fields parameterizing the position of the D5-
brane in the transverse space, which we have assumed to be a 7% for simplicity. We
thus once more obtain a Lagrangian of the form (2.9) with a = ,u5_1V2_19;1/2Z1/2

and V = (u5V202)_1Z_1/2g;/2[¢1a pa]?.



In general, expression (2.8) is an infinite series in powers of . However, we have seen
that in certain configurations the determinant is a perfect square, simplifying the computa-
tion. This is the case for configurations which preserve a certain amount of supersymmetry
at the string scale, i.e., when the D-terms vanish and only specific choices of fluxes are
allowed so that supersymmetry can be spontaneously — not explicitly — broken at a lower
scale. In that case, taking the square root of the determinant is trivial and the scalar poten-
tial is given by the leading-order scalar potential V4. In other words, all higher-order terms
in o/ vanish, so the potential is simply V = Vj. However, these corrections do leave a trace
in the effective theory because the kinetic terms for the scalar fields are non-canonical. The
prefactor of the kinetic term is indeed given by (14 aV}), where a is a constant depending
on the brane tension and the string scale, showing the stringy nature of the correction.

Let us stress that the structure (2.9) is quite general and valid beyond the supersym-
metric configurations described here as examples. The advantage of these configurations
is that one can replace V' by the well-known leading-order result Vj to simplify the com-
putation, while in general the scalar potential receives corrections as well. However, those
corrections will also appear in the kinetic term, implying that the structure (2.9) is pre-
served anyway. In the case of D5 and D7-branes, this structure relies on the assumption
that the factorization (2.5) can be done, which is characteristic of toroidal compactifica-
tions. It would be interesting to study to what extent it can be generalized to more general
compactifications.

Finally, notice that the scalar potential V' (¢) entering in the non-canonical kinetic term
is only the contribution from the DBI action and not the full potential in general. However,
in the supersymmetric configurations described above, the CS contribution equals the DBI
potential, and the prefactor f(¢) is indeed a function of the full scalar potential for ¢,
including the pieces generated by background fluxes. This is the case we have in mind in
section 4 when studying the implications of this structure for inflation.

3 Supersymmetric higher-derivative operators and the DBI action

The lesson of the previous discussion is that the DBI action yields a very particular four-
dimensional effective action for the D-brane position moduli. For simplicity, let us consider
the case of a single complex modulus because the generalization to an arbitrary number of
open string moduli is straightforward. The action can be written as

L=—[14aV(§)] 0u00"¢ +10,00"6]> = V(9), (3.1)

at four-derivative order and after absorbing all global coefficients. This corresponds, for
example, to the case of D7-branes in a toroidal background. The aim of this section is
to identify the supersymmetric higher-derivative operators which lead to the DBI result
in (3.1). The above correction to the kinetic term is purely of stringy nature. Hence it
can be used to select operators which describe the effective action of a scalar descending
from a consistent theory of quantum gravity among all possible supersymmetric operators.
In section 3.1 we consider the structure of globally supersymmetric operators and briefly
discuss the coupling to supergravity in section 3.2.



3.1 Higher-derivative operators in global supersymmetry

As outlined in the Introduction, our aim is to write (3.1) in the supersymmetric form
L= /d02d§2K(<I>,<I>) + (/ d6*W (@) —|—h.c.> : (3.2)

where ® = ¢ + i05"00,¢ + 0*F + %92§2D¢ denotes a chiral multiplet with its fermionic
component set to zero.> Hence we must find suitable higher-derivative terms to include
in K.* A list of operators with the desired amount of fields and derivatives was proposed
in [4]. A specific linear combination of these was singled out in [4, 13],

%D@D@Dé[)@ g2 = |0,00"0|* = 2|F0,00" + |F|*. (3.3)
The derivatives on the left-hand side denote the usual spinor-covariant derivatives. This
term was deemed “clean” in the sense that it is ghost-free and it contains no derivatives
for the auxiliary field F'. In addition, once the spinor is set to zero the operator is a
pure D-term with no lower-order superspace components, and it contains only a single
four-derivative term for ¢.

It is clear from the discussion in section 2 that the structure in (3.3) is not what we
find in the effective action of D-branes in string theory. While the first two pieces are
indeed contained in (3.1) after identifying V = |F|?, the term proportional to |F|* is not.
More concretely, the term |F|* cannot be set to zero while, at the same time, keeping the
correction to the kinetic term in the action. Therefore it cannot describe the particular
cases studied in the previous section. This leads us to consider a number of other possible
higher-derivative operators, focussing on those without a piece proportional to |F|*, while
postponing the discussion of unwanted states such as propagating auxiliary fields. To this
end, the list of operators given in [4] is particularly instructive. The relevant operators can
be written in terms of component bosonic fields as follows, cf. (8)-(13) in [4],

01 = |9>?D*®D?® = 16]¢|°0p0e + 20| F|2p0¢ + 20| F|*¢0¢ + 16| F|* — 8| F|?0,,¢0" 6
+4|¢|*FOF + 4|¢|* FOF — 8¢|*0,FO"F + 8¢F0,¢0" F

— 8¢F0,¢0" F + 8¢ F0,00" F — 8¢F 9,00 F , (3.4)
Oy = ®D?*®(DD)? = 160,60"¢¢0¢ — 16|F|?¢0¢ + 16| F|29,60"¢ — 16| F|*
+ 16 F0,00"F — 166F0,¢0" F (3.5)

O3 = |®2DDPDDP = 8(0,¢0"$)? + 860,,4(, 0" 0" ¢ — 83, $p"I" b)
— 81¢|20,00"0¢ — 8|¢|?0, FO'F — 8|F|*0,00"¢

— 8¢ F 9,0 F — 8¢ F D, F (3.6)
Oy = ®*DDPDDP = —4|9,$0"¢|* — 4¢0¢0,p0"¢ — 4¢%0,,0,$0" 0" ¢
— 169,00, pO" 0" ¢ — 4¢*9, 90" — 320 F0,, " F . (3.7)

3We adopt the superspace conventions of [39].

4The connection between the DBI action and higher-derivative supersymmetry or supergravity was
previously studied in [4, 6, 8]. However, the previous analyses considered the kinetic terms for only one of
the real scalars of the complex position modulus, freezing the other. This simplifies the discussion but leads
to different results compared to the general case considered here. For a different approach, cf. [40-43].



These are dimension-eight operators which in the action appear divided by A%, where A is
the cut-off scale of the theory. In addition there are the complex conjugates O and Oy.
Notice that we did not include (14) and (15) of [4] because, after partial integration, they
are proportional to O4 and Oy, respectively. Important for us is that O3, O4, and Oy span
a basis of |F|*-free operators. In particular, any |F|*-free linear combination of O;, Oa,
and its complex conjugate can be expressed in terms of this basis. The operator (3.3), on
the other hand, is not described by this basis but is instead given by the linear combination

D®DPDPDP =203 — O — Oy — Oy. (3.8)

While comparing supersymmetric operators to the DBI action one has to keep in mind that
the latter does not capture higher-derivative contributions involving multiple derivatives
of the scalar fields, for example terms containing [¢ and 9,,0,¢. Ignoring these we obtain

% - % [(0,60")* — |¢*0uFO"F — |F|*0,00" ¢ — pF 000" F — ¢F,$0"F] , (3.9)
O 4 onE
fi = — 11 [1000"0]" — 89F 8,60 F] . (3.10)

Partial integration of the quartic kinetic terms introduces an ambiguity here, since terms
with second derivatives can be written as first derivatives and vice versa. This ambiguity is
manifest in a free coefficient of the four-derivative terms in the two expressions above. This
makes the quartic kinetic terms not meaningful in the comparison with the DBI action.
Thus, the strongest constraint on possible operators is indeed the absence or presence of
|F'|*. All operators without |F|* can be written as

c103 + ¢ (04 + 64) . (3.11)

Therefore this includes all operators that, after partial integration, yield (3.1) up to
terms containing derivatives of F. Such terms seem to imply that the auxiliary field
propagates. This would be unacceptable since we know from the DBI side that no such
extra bosonic fields should be present. In fact, as emphasized in [5], derivative terms of
auxiliary field are artefacts of the effective field theory description. Theories with higher-
derivative corrections like (3.11) must be UV completed above the cut-off scale A. The
momenta of auxiliary fields with kinetic terms from higher-derivative operators are larger
than A and are hence irrelevant in the EFT. This argument is strongly supported by the
fact that UV-complete theories, such as the DBI action, should be free of ghosts and
propagating auxiliary fields. To see this more explicitly, note that the lowest-dimensional
action in (3.2) contains the bosonic pieces

ow

£D—WP—<F8¢+h@>. (3.12)

To obtain the standard mass dimension for the field F' we redefine F = F/A. We thus get

~ ~ OW
2|72
LD —m:|F|"—mp (F&]ﬁ —i—h.c.) , (3.13)
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with mz = A. Thus, actually the scalar field F has a mass of the same order as the cut-off
scale and should decouple below the scale A. One has to be careful though, since integrating
out F' is not equivalent to setting m 7 — 00, due to the presence of the dimensionful coupling
of F to ¢ in the above expression. In an effective action description one neglects all terms
proportional to 6MF /m% This leads us to conclude that, ignoring the quartic kinetic
terms, the operators 04 and Q4 above may be ignored and the operator Os is left with the
only desired piece

8 . _
05 = —F|F|28u¢8“¢ + 0 ((0.0)") . (3.14)

One might be tempted to argue that not even this term survives in the effective action
because F decouples. However, it is easy to convince oneself that this is not the case
due to the second term in (3.13). Indeed, as shown in figure 1, one can draw a tree-level
Feynman diagram with a vertex stemming from (3.14) and two F propagators. The latter
end in vertices provided by the second piece in (3.13). In the effective action limit with
(3M15’ ) < m% the propagator of F' is approximately —1/ m% so that, in the end, we are

left with
2

8 |OW -
Os=—13 En 0,90 d + O ((0.0)") (3.15)
In conclusion we find the effective action
81 |OW |2 _ oW |? 4

L=— (1 + |06 ) 00t — ‘(% + O (06, 0,0,¢, (0u)?) , (3.16)

which derives from the supersymmetric action

_ cC _
L= /d92d92\<1>]2 (1 + A—ZDD(DDD@) + (/ 462 W (®) +h.c.> . (3.17)

Using the identity D,D;® = {DQ,DQ}@ = —2@'05&%@ we can write this action in the
more transparent fashion

_ &c _
L= /d02d62]¢>\2 (1 + Ajaﬂcbaucb) + </ d6*W (®) +h.c.> : (3.18)

Note that, once coupled to N' = 1 supergravity, the auxiliary field F should be replaced
by the corresponding chiral multiplet auxiliary field of supergravity. In (3.16) this implies
that one should replace field derivatives by Kéhler-covariant derivatives, dsW — DgW.
Before describe the coupling to supergravity in more detail, one more comment regarding
D-terms is in order.

While studying the Dp-brane DBI actions in section 2 we noticed that the D-term
potential multiplies kinetic terms as well. We set all D-terms to zero so that supersym-
metry is preserved and concentrated on the analysis of the more interesting F-term scalar
potential. However, it is interesting to find the corresponding higher-derivative operator
including D-terms as well. In the simple example above there is a single adjoint multiplet
with the standard gauge transformations

By oM@y GV Ly omih(@) Y iA) (3.19)
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Figure 1. Feynman diagram that leads to the presence of (3.15) in the effective action.

where V' = T°V, denotes the vector multiplet and A = T%A,. T® are the gauge group
generators and A,(x) the gauge parameter superfields. Then the operator Qs can be
generalized to the gauge-invariant operator

O3 = (Be” ®)(DD®e" ) (DDe" @) . (3.20)
Expanding the 626% component of this operator one obtains a coupling of the form

8 _ _
11(PDaT"3) DDV (3.21)

where D is the auxiliary field D = T%D,, and D is the standard gauge-covariant derivative.
Using the equations of motion for D one obtains D, = —¢T%. In the above expression
this yields the familiar structure

8

- EVDDMQST)“&, (3.22)

where Vp is the standard D-term scalar potential. These formulae apply, for example, to
the toroidal D7 case discussed above, which has a single adjoint position modulus. The
generalization to the case of multiple chiral superfields is once more straightforward.
Note that in the D7-brane example there are still more adjoint scalars from the Wilson
lines. These would give rise to additional pieces in the D-term potential which do not
depend on the position moduli. Finally, let us note that the DBI action contains terms
which rescale the inverse gauge coupling constant, i.e., terms proportional to V (¢)F, F*,
as the reader can easily check. Those can be described by the supersymmetric operators
1

1 (@ ®) DWW, + h.c., (3.23)

where W, is the spinorial gauge field-strength which admits an expansion W, = A, +
(ota” G)QFW 4+ .... The D-term component of such an operator defines the non-trivial
kinetic term of the gauge bosons. This behavior is expected because if the potential in-
creases, so does the tension of the brane, which in turn implies a smaller gauge coupling.
Thus, for example in large-field inflation models from D-branes the corresponding gauge
coupling decreases with increasing inflaton field value.

- 12 —



The operators found in this section are interesting since they tells us how to embed the
non-canonical kinetic terms of the string theory DBI action into a supersymmetry or su-
pergravity action. As emphasized before, it can be easily generalized to the case of multiple
scalar fields which may appear in Dp-brane configurations in different compactifications.
Moreover, an important conclusion is that the higher-derivative corrections implied by the
DBI action do not include terms proportional to |F|*, which can lead to multiple vacuum
configurations. They instead imply a non-canonical redefinition of the kinetic terms pro-
portional to the scalar potential and higher-derivative kinetic terms. In the next section
we discuss how these corrections appear in a supergravity setting.

3.2 N = 1 supergravity description

The generalization of the previous findings to local supersymmetry can be done along the
lines of [5]. Indeed, it can be shown that the Kéhler potential in (3.18) produces the same
effective scalar field theory when coupled to gravity, after the supergravity auxiliary fields
have been put on-shell. This has a number of important implications for the study of
inflationary models involving D-brane position moduli.

An N = 1 supergravity description of the effective theory for a D-brane position mod-
ulus is desirable in order to study the consequences of closed string moduli stabilization.
The interaction between the dynamical closed string modes and the open string inflationary
sector is not captured by the DBI and CS actions. However, as of now such a supergravity
formulation would miss the flattening effect of the non-canonical kinetic term of @, due to
o' corrections in the DBI action which are not visible in standard two-derivative super-
gravity. With the results of section 3.1, in particular (3.18), we can now capture this effect
in supergravity.

For concreteness, let us focus again on a single chiral superfield corresponding to the
position modulus of a D7-brane in a toroidal setting, as in the Higgs-otic example discussed
in [18]. The relevant piece of the Kéhler potential in this class of Type IIB orientifold
compactifications with D7-branes is, at leading order in o/, given by [18, 44-47]

K=—log |[(S+S)(U+70U) (® + ®)%| — 3log[T + 1], (3.24)

_!
2
W =Wy + ud?, (3.25)

where S, T, and U denote the axio-dilaton, an overall Kédhler modulus, and a complex
structure modulus of the third torus, respectively. Notice the shift-symmetric structure of
the Kéahler potential for the position modulus contained in ®, which leads to an approximate
continuous shift symmetry in the scalar potential broken by fluxes. This flat direction in
the Kéahler potential is not only present in toroidal compactifications, but also in generic
Calabi-Yau compactifications in the large complex structure limit, and it is expected to be
preserved by all perturbative corrections to K. Assuming that the potential is minimized
when DgW = DyW = 0, the dominant source of supersymmetry breaking is the auxiliary
field of T', which leads to a soft mass for the D7 matter field ®. Both contributions Wy and
& in the superpotential are required to match the DBI result (2.13) with non-vanishing G
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and S fluxes. The precise matching at leading order in o/ was worked out in [18]. The
novel feature here is the addition of the higher-derivative piece, which can be written as a
correction of the Kahler potential given by

1 8¢y

AR = (S+8)(U+1U) A*

[(® + ©)%0,20"®] . (3.26)

We have used a variation of the result in (3.18) to keep the shift symmetry manifest in
the Kéahler potential. The same higher-derivative operator was previously studied in [5].
After integrating out the auxiliary field and ignoring the quartic kinetic terms the result is
equivalent to (3.16). The scaling with the axio-dilaton and the complex structure moduli
is required by modular invariance of K. This extra piece leads to the correction of the
kinetic term as in (2.9) after identifying a = 8c;/A*. Using the result for a derived from
the DBI D7-brane action, we find

C1

F:

TG

8V, PR "
( 4M7g8) 295M§1 )

(3.27)

where aq is the gauge coupling and My = o~/2 the string scale. This makes the stringy
nature of the higher-derivative correction manifest. In terms of the Planck mass we ob-
tain ¢1/A* = 167%/(agM,). For the last two expressions we have used the typical 1IB
identities [21]

8 M8V 206\ /4
8rM?2 = 52> Mgk = M, , 3.28
" T (2m)y, e < 9s (3.28)
where Vi denotes the volume of the internal space and Mgk = V6_1/ % the compactifi-

cation scale.

As a consequence, the above analysis is a step towards a complete supergravity formu-
lation of the DBI action. It permits us to study the interplay between open string modulus
dynamics and moduli stabilization while taking into account the flattening of the quadratic
flux potential by the non-canonical kinetic term. This is of particular interest for inflation
models in which the inflaton is a D-brane position modulus like in Higgs-otic inflation [18].
While this is very appealing, great care is needed when analyzing such setups. On the
one hand, the interaction between closed-open string moduli and the resulting coupling
terms in the superpotential are model-dependent and not completely known in general.
On the other hand, as discussed in [48, 49], the interaction of supersymmetry-breaking
closed string moduli with inflation is non-trivial and can cause numerous types of trouble.
Hence we leave the details of the study of moduli stabilization for future work.

4 Flattening of inflationary potentials

In this section we analyze the effect of the DBI non-canonical kinetic term on inflationary
observables. We assume that one of the real components of ¢ is the inflaton field which
has a potential suitable for slow-roll. Moreover, we work in the slow-roll regime and thus
neglect the fourth-order derivative term of ¢ in (3.1). What we study is therefore a version
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of the Lagrangian (2.9) with a single real scalar field ¢,

L= (9)0upd"e ~ V(). (4.1)

where

flp) =1+aV(p). (4.2)

The effect of taking both degrees of freedom of the complex field ¢ into account was studied
in [19] for the case of D7-branes. In section 2 we found that the parameter a for the case
of a Dp-brane is a ~ (u,Vp—3)~ 1. This implies that a is of the order M, %, encoding the
stringy nature of the correction.

As emphasized above, the DBI action yields a non-canonical kinetic term for the in-
flaton. However, in single-field inflation models one can always recast the Lagrangian into
a canonical form via a field redefinition. The proper redefinition is determined by the
differential equation

do_ 1 _ 1 (4.3)

@ [Pe) T+ aV(p) |
which yields

Y =g(p) = /dsofl/Q(SO)- (4.4)
The Lagrangian, when written in terms of the canonically normalized field 1, reads
1 _

L= —3000" V(g™ (), (45)
so that V implicitly depends on a. Interestingly, this process leads to a flatter potential.
Specifically,

ov 1 oV
— = 4.6
o0~ [P oy 0

Since f > 1 if a > 0 the potential in canonical variables has a smaller first derivative, i.e.,
a flattened slope. A similar flattening from non-canonical kinetic terms has been discussed
in the past in the context of string cosmology, for example in [22].

Provided f > 0, i.e., the scalar field is not a ghost, the study of the vacua can be
performed by analyzing V' (¢) and neglecting the non-canonical nature of the field. The
dynamics of the theory, however, crucially depend on the redefinition of the kinetic term. To
quantify this effect we compute the CMB observables in terms of the canonically normalised
field, first as general as possible and later applied to monomial potentials. We define the
potential slow-roll parameters as usual,

LV ? Vi
- 4.
‘ 2 (V) ’ K v (47)

where subscripts denote derivatives. These can be rewritten in terms of ¢ as follows,

1 (V,\? 1V aV
e:2f<‘f> , n:?%—Te. (4.8)
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Evidently, the effect of the non-canonical kinetic terms is to reduce the slow-roll parameters.
The scalar spectral index of the curvature perturbations is

ng =1 —6e+2n,

:13(%>2+2Vwav<v@>2
f\Vv fv f2\Vv ’

1 aV
= —(1 = 6€|a=0 + 2n|a=0) + —
f< | la=0) 7

where in the last line only the second piece depends on a. The tensor-to-scalar ratio

2
r=16€= fc (“/f) : (4.10)

Both ng and r are to be evaluated at horizon exit, with field values denoted by . and ..

(1—26), (4.9)

becomes

For N, e-folds of exponential expansion one has

N, = i = / ~dy, 4.11
wcnd \/276 ® VQO

end
which defines ¢, and 1,. The difference between ¢, and 1, and @enq and enq, respectively,
is model-dependent. Therefore, in the following, we study simple examples and quantify
the effect of the non-canonical normalization numerically. As discussed in section 2, world-
volume and background fluxes generate monomial potentials for D-brane position moduli.
We therefore consider potentials of the type

Valp) =vo ¢", (4.12)
with n € Ry. In this case we can specify g(y) in (4.4),

b= ¢ [2vT+ avge” +n o F1 (5, 21+ L5 —avgp™)]
N 24n

where 2 F(a, b; ¢; d) is the ordinary hypergeometric function. Note that 1) is real only when

: (4.13)

—avgp™ < 1 which is equivalent to the no-ghost regime. We illustrate the functional de-
pendence of (4.13) in figure 2 for representative values of n. The crucial feature of this
plot is that all curves lie above the ¥ = ¢ reference line, implying that one may schemat-
ically write ¢ = @™¥) for some m(yp) > 1, or equivalently ¢ = 1'/™¥) Since m(y)) > 1
the change to a canonically normalized inflaton results in a monomial potential with sup-
pressed power. The schematic form is V ~ ¢™/™%) demonstrating that the effect of the
non-canonical coupling in (4.2) is to cause a flattening of the monomial potential. Given
the monotonicity of the scalar potentials we thus expect ng to increase while r decreases.

While a proper field redefinition exists for all n there are only a few values for which
we can use functional identities to rewrite (4.13) in a more familiar form,

n=0: v=+v1+avp+C, (4.14)

2
T [(1 + avgp)¥/? — 1} +C, (4.15)

1 1
n=2: ¢:23@[\/1+av0g02+ oo

n=1: =

arsinh(y/avop) | + C, (4.16)

~16 —



50t ]
—¢ //
s
40+ n:% L7
n=1 ,//
30t e
3 - n=2 -,
20} R
10+ -7
of .
0 2 4 6 8 10
@

Figure 2. ¢(¢) for monomial potentials of various powers n.

with C' = 0 fixed by the requirement V' (0) = 0, i.e., demanding the cosmological constant
to vanish in the vacuum. Notice that, as expected, in the first case of a trivial potential
the field redefinition is simply a rescaling of . But because V is constant this is also
the most uninteresting case. On the other hand, for n = 2 as in single-field Higgs-otic
inflation there is no analytical form for the inverse ¢(¢). This exists only for n = 1. This
means that, to study the implications in the most interesting cases, we must resort to either
approximations or numerics. In the remainder of this section we use a combination of both.

We present the results of a numerical analysis of the CMB observables in figure 3, using
n=21, %, % as examples. We vary the value of avg to study the strength of the flattening
effect. Remember that increasing avy means power suppression in the monomial potential
of the canonically normalized inflaton. To better understand the numerical results let us
first consider the limit of small avg, so that aV <« 1 and f ~ 1in (4.2). A first-order Taylor
expansion in avg leads to simplified expressions for the slow-roll parameters,

1 2
=501~ cwocpn)% : (4.17)
n(n—1 n? _
n=(1-avop") <(@2) — 5 avoy” 2> - (4.18)

For @enq, defined by €(penq) = 1, we find

=52 (5))

Furthermore, the observable modes of the fluctuations leave the horizon at

o = VT — nai°2 <x"§1 +(n+1) (\%)n \/:E> : (4.20)
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Figure 3. CMB observables as predicted by the canonically normalized theory, with initial values

n=2n=1n= %, and n = % Darker color means larger values of avy. For small avg the

effect of the additional kinetic term is negligible, while for large avy the potential V' (¢) approaches

a monomial with power 1 for n = 2, % forn =1, % for n = 2

£, and so on. The two distinct lines

correspond to N, = 50 and N, = 60, respectively.

where we have introduced x = 2nN, + %n2. Using this value in the expanded slow-roll
parameters leads to

2 n+2
n o fn+1/(n _9 n lp—1
— _ - 4.21
= g e <n+2<\/§> T ’ (421)
2 2 n+2 2
n“—n 2n°+2 ([ n 9 3n 1.1
_ ~ = - 2 4.22
1 x +(won< n+2 <\/§> v on+4" ’ (4.22)

at horizon exit. The structure is remarkably similar in both cases, which can be traced back
to the term proportional to al//e in the integral that determines N.. We expect the term
proportional to 22”1 to dominate in the brackets because z ~ O(100). Hence, both func-
tions decrease as avg increases. In the limit of small avgy this explains why the observables
move towards the bottom-right in the nge-r plane as the non-trivial kinetic term is amplified.

The limit of large avg is even more illuminating, cf. the related analyses in [12, 22].

2
n+2\n2 2
— n+2 42
@ <2\/W> Ytz (4.23)

as the inverse of (4.13). The corresponding scalar potential becomes

Assuming f ~ aV leads to

2n

V() = vo (;\;%) "y (4.24)

Thus, we obtain an analytic result for the canonically normalized theory for any value

of n. In particular, starting with a power of n in ¢ we obtain a power of nQ—fQ < nin
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the canonical field . This explains another feature in figure 3: in the regime of large a,
starting with n = 2 yields a monomial potential of power 1, n = 1 yields power %, n = %

leads to V' ~ ¢%, and so on. This is why the curves in the figure connect.

5 Conclusions

In this paper we have studied the appearance of higher-dimensional supersymmetric op-
erators correcting the Kahler potential in string theory. More concretely, we have studied
the Kahler potential of D-brane position moduli in Type II orientifold compactifications,
which arises from the Dirac-Born-Infeld action for D-branes. We have concentrated on the
effective action for the position moduli of Type IIB Dp-branes with p = 3,5,7 on toroidal
settings. One of the important conclusions is that in all cases dimension-eight corrections
arise which induce non-canonical kinetic terms of the form [1 + aV (¢)] 9,¢0"¢, where V
is the scalar potential. Upon canonical normalization this implies a flattening of the scalar
potential for large canonical field values. In specific backgrounds the potential V is just
the leading-order scalar potential V. In particular, no higher powers of V;; appear in the
effective action. We have identified the supersymmetric dimension-eight operators describ-
ing these purely stringy corrections. They have the superfield form |<I>\28M<I>8"<I>. Although
this contains derivatives of the auxiliary field, there are no new propagating degrees of
freedom or ghosts in the effective action once states with masses of the order of the cut-off
scale are properly integrated out. Moreover, the above operator does not include the term
|F'|* unlike the operator D®D®D®D® which has been studied in the past.

The above results are interesting in themselves but also have important implications
for string inflation models. They allow for an N/ = 1 supergravity description of string
inflation models in which the inflaton is an open string Dp-brane modulus. For example, [18]
proposed a supergravity description of Higgs-otic inflation where the inflaton is a linear
combination of the MSSM Higgs fields, without non-minimal couplings of the Higgs fields
to gravity. In such a model the Higgs fields are D7-brane position moduli and the scalar
potential is defined in terms of a DBI action and the flux background. A flattening of the
scalar potential takes place of the type described in the present paper. The supergravity
version of the model in [18] did not include these flattening effects. Thus, the results in
this paper allows us to complete the supergravity embedding, which may allow the detailed
study of closed string moduli stabilization.

Given the pervasive presence of the non-canonical kinetic term in (1.4) we found it
interesting to explore its impact in simple single-field inflation models, like chaotic models
with monomial potentials as suggested by orientifold compactifications with fluxes. We
have studied the effect of the aforementioned flattening on the slow-roll parameters and
the scalar and tensor perturbations. As expected, we found a suppression of the tensor-
to-scalar ratio in all cases, leading to an improved agreement with present Planck and
BICEP constraints. Furthermore, we have presented simple analytic formulae explaining
how this takes place. Hopefully, forthcoming cosmological data will shed light on the
existence of large primordial tensor perturbations, which could also illuminate the role of
higher-dimensional operators in inflation models.
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