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ABSTRACT: Starobinsky inflation is currently one of the best models concerning agreement
with cosmological data. Despite this observational success, it is still lacking a robust
embedding into a UV complete theory. Previous efforts to derive Starobinsky inflation from
string theory have been based on the derivation of higher derivative curvature terms from
the low-energy limit of ten-dimensional string theory. This approach is however known to
fail due to the difficulty to tame the effect of contributions proportional to the Ricci scalar to
a power larger than two. In this paper we investigate an alternative attempt which exploits
instead the ubiquitous presence of scalar fields in string compactifications combined with
the fact that Starobinsky inflation can be recast as Einstein gravity coupled to a scalar field
with a precise potential and conformal coupling to matter fermions. After showing that
the dilaton does not feature the right Yukawa coupling to matter, we focus in particular
on type IIB Kéahler moduli since they have shown to lead to exponential potentials with a
Starobinsky-like plateau. We consider three classes of moduli with a different topological
origin: the volume modulus, bulk fibre moduli, and blow-up modes. The only modulus
with the correct coupling to matter is the volume mode but its potential does not feature
any plateau at large field values. Fibre moduli admit instead a potential very similar to
Starobinsky inflation with a natural suppression of higher curvature corrections, but they
cannot reproduce the correct conformal coupling to matter. Blow-up modes have both
a wrong potential and a wrong coupling. Our analysis implies therefore that embedding
Starobinsky inflation into string theory seems rather hard. Finally, it provides a detailed
derivation of the coupling to matter of fibre moduli which could be used as a way to
discriminate Starobinsky from fibre inflation.

KEYwoORDS: Cosmological models, String and Brane Phenomenology, Superstring Vacua,
Early Universe Particle Physics
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1 Introduction

Starobinsky inflation [1] is presently one of the most successful inflationary models in fitting
cosmological observations [2]. This predictive model is based on a simple extension of the
Einstein-Hilbert action via the introduction of an R? contribution. Applying a conformal
transformation on the Jordan frame metric, the model can be recast as ordinary gravity in
Einstein frame coupled to a scalar field ¢ with an exponential potential which asymptotes
to an inflationary slow-roll plateau at large field values. Moreover, the conformal trans-
formation of the metric fixes the Yukawa coupling of the inflaton to ordinary matter to
be yy = —1/ v/6. While elegant, this formulation of Starobinsky inflation is still lacking
a quantum gravity embedding which is crucial to trust its robustness, especially against
higher derivative curvature corrections which are naively expected to arise from the effec-
tive field theory point of view and which ruin the flatness of the inflationary potential. In
fact, a working UV embedding of the Starobinsky model should explain why corrections to
the Einstein-Hilbert action involving the Ricci and Riemann tensors are absent or can be
ignored. Moreover, it should be characterised by at least two mass scales: M ~ 103 GeV,
which controls the R? contribution, and a much larger scale, M, > M, which suppresses
higher curvature terms R" with n > 2.

String theory is at the moment one of best developed candidate theories of quantum
gravity, and so it is natural to try to embed Starobinsky inflation in this framework. In
string theory higher derivative corrections to the four-dimensional Einstein-Hilbert action
do in fact arise as the low-energy limit of o' corrections in ten dimensions. They are



naturally suppressed by the string scale with potentially additional powers of the vacuum
expectation values of universal moduli like the internal volume or the dilaton which fixes
the string coupling. This observation gives some hope to obtain more than one suppression
scale to justify the inclusion of just R? effects. However, as argued in [3], a detailed
analysis of the low-energy limit of both heterotic and type II string theories reveals that
letting the first higher derivative term compete with the leading term results in a loss of
control over the perturbative o/ expansion. In summary, allowing higher order terms to
scale as expected from string theory quickly destroys any inflationary dynamics.

In this paper we will instead explore a different attempt to derive Starobinksy infla-
tion from string theory based on the dual formulation of the model in terms of Einstein
gravity coupled to a scalar field, the inflaton. Since string theory features many scalar
fields, called moduli, arising as Kaluza-Klein zero modes of deformations of the internal
compactification space, our hope is to reinterpret one of these scalars as the Starobinsky
inflaton and recover the Starobinsky model in Einstein frame. This modulus should have
two important features: (i) a scalar potential which reproduces the one of Starobinsky
inflation, with in particular a plateau at large field values which can sustain at least 50-60
efoldings of slow-roll inflation without being destroyed by higher order corrections (like R™
terms with n > 2 in Jordan frame); (i7) the correct conformal Yukawa coupling to matter
coming from minimally coupled fermions in Jordan frame.

Several different mechanisms to drive inflation from string theory have been derived,
both at single and a multi-field level (see [4] for a recent and updated review). Focusing
on single-field models (as in the Starobinsky case), the most popular inflaton candidates
are open string moduli, axions and Kéhler moduli. The potential of open string moduli
and axions is typically power-law, or at most sinusoidal for axions, while K&hler moduli
feature exponential potentials [5, 6] which arise naturally in the supergravity effective field
theory of string compactifications once the potential is expressed in terms of canonically
normalised fields. Given that the potential of the Starobinsky model is characterised by
an exponential dependence on the inflaton, we will focus on Kéahler moduli within type
IIB compactification where moduli fixing is better understood. The stabilisation of these
modes is crucial, not just to compute the inflationary potential, but also to derive their
couplings to fermions living on stacks of either D7-branes wrapping internal four-cycles or
D3-branes at singularities. In order to make our analysis more general, we will also consider
the dilaton as a potential Starobinsky scalar, showing however that its Yukawa coupling to
matter is different from y, = —1/ V6. We will instead ignore type IIB complex structure
moduli since they are not suitable to drive Starobinsky inflation for two main reasons: ()
they are typically the heaviest moduli since they are fixed at leading semi-classical level by
3-form fluxes; (ii) given that they do not enjoy any shift-symmetry, they are not expected
to feature a plateau-like potential which can be protected against quantum corrections.

We will therefore focus on three different classes of Kahler moduli in type IIB Calabi-
Yau compactifications. From the microscopic point of view, they are different since they
control the volume of internal four-cycles with a different topology. Let us summarise our
results for each of these classes of Kéhler moduli:



¢ Volume mode: the volume mode has the correct conformal Yukawa coupling to
matter fermions living on either D3-branes or D7-branes wrapped around a blow-
up mode. It also has the right coupling to open string modes living within the
worldvolume of D7-branes wrapping the overall volume. However, the potential of
the volume mode cannot mimic the one of Starobinsky inflation since it does not
feature any plateau at large field values. On the contrary, the potential of the volume
modulus has a steep runaway at large field values and realisations of volume mode
inflation require to tune different terms to induce a near inflection point [7-9].

e Fibre moduli: fibre inflation is a class of models where inflation is driven by a bulk
fibre modulus which is a leading order flat direction lifted by subdominant pertur-
bative corrections to the Kéhler potential [10-16]. These effects generate a potential
that is very similar to Starobinsky inflation. In fact, when recast as an f(R) theory,
fibre inflation looks effectively like f(R) ~ R'3+ R? [17]. Its predictions for the main
cosmological observables are thus very similar to the predictions of Starobinsky infla-
tion. If the relation between the scalar spectral index ng and the tensor-to-scalar ratio
r is written as 7 = 3a(ns—1)2, Starobinsky inflation corresponds to o = 1, while fibre
inflation to o = 2 [3]. However, fibre moduli can never reproduce the correct Yukawa
coupling to matter since they are effectively decoupled from fermions on D3-branes
or on D7-branes wrapping blow-up modes. On the other hand, they have a non-
zero coupling to fermions if the Standard Model is realised on branes wrapping bulk
four-cycles, but the actual value of the Yukawa coupling is always different from y4 =
—1/+/6. More precisely, matching this value would require irrational modular weights
in the Kéhler metric for matter fields, a situation which seems impossible to achieve.

e Blow-up modes: moduli controlling the volume of local exceptional divisors resolv-
ing point-like singularities seem the worst candidates to reproduce Starobinsky infla-
tion since both their potential and coupling take the wrong form. Despite featuring an
exponential dependence, the potential of blow-up inflation is much flatter than the one
of Starobinsky inflation [18-20]. Moreover, blow-up modes are effectively decoupled
from fermions on D3-branes or on D7-branes wrapping bulk cycles, while they have a
much stronger than Planckian coupling to matter on D7-branes wrapped around the
blow-up mode itself (due to the localisation of the interaction in the extra dimensions).

As a result of our analysis, we conclude that no string modulus seems to have the right
properties to effectively realise an R+ R? inflationary model, at least within the framework
of type IIB Calabi-Yau compactifications at large volume and weak string coupling where
the low-energy effective field theory is under control. Embedding Starobinsky inflation in a
UV complete theory like string theory seems therefore to be very challenging. If agreement
with cosmological observations will become even better after the inclusion of more data,
our analysis suggests that the underlying model is more likely to be fibre inflation which
can be discriminated from Starobinsky inflation, not just from the slightly different relation
between ng and r, but also from the different coupling to matter fermions. For example,



we find that for matter at the intersection of D7-branes wrapping bulk four-cycles, the
Yukawa coupling of fibre moduli is y4 = 1/ V3.

2 Basics of Starobinsky inflation

Starobinsky inflation [1] uses higher derivative corrections to the Einstein-Hilbert action,
in particular the R? correction. Let us first review how this theory is classically equivalent
to a standard Einstein gravity coupled to a scalar field with a scalar potential characterised
by a large field plateau that can drive inflation. We shall then extend the scenario to more
general f(R) theories.

2.1 R+ R? gravity

The starting point of Starobinsky inflation [1] is the following action

S = ;M]%/d4x\/jgf(R) + /d4$ Emat(guuaw)7 (21)
where R2
fR) =R+ 155, 22)

and Lyat describes the minimal coupling to matter fields collectively denoted as . Here
Mp = 1/v/8rG and M is a constant with the dimension of a mass. The Einstein-Hilbert
linear term, R, is responsible for a deviation from an eternal de Sitter solution: it will cause
inflation to end as required in any realistic inflationary model. However, the conformally
equivalent form of the model is more useful for our purposes. In order to understand the
universal features of the inflaton model, let us describe the conformal transformation in
some detail.

A conformal transformation is a point-dependent rescaling of the metric tensor g, of
the form

g,uu — gul/ - Q(x)quu = 62w(x)g/4y 5 (23)
with the scale factor w(z) = InQ(z). One of its properties is to leave the light cones

unchanged [21]. The Ricci tensor R,,,, and the Ricci scalar R constructed out of the metric
9w, and Ry, and R obtained from §,,, are related by [22]

R=Q*R+ 60w — 65" 0,wd,w), (2.4)

where 5
w ~ 1
= _ _ s
Opw = p Ow = \/jgﬁu <\/ ] &,w) . (2.5)
We want to use this transformation to derive an action in Einstein frame from the
Starobinsky model. As a preliminary step, it is useful to rewrite the action in the equivalent
form [22, 23]

S = / d*z\/—g (; MAFR — U) + / A*z Linat (g 1) » (2.6)



where we defined

of R _
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Using the relation /—¢g = Q~%\/=g and (2.4), the action becomes

1., F - = U
S = / d*z /=g {2 M%@(R + 60w — 63 0,wi,w) — 94} + / A% Lonat (272 Gy ) -
(2.8)

One can see that for F' > 0, the conformal factor which brings the action into Einstein

frame is Q? = e?* = F. Since the scale factor has a kinetic term in this frame, we promote

it to a scalar field ¢, defined by
o(z) = V6w(x) Mp. (2.9)

Now we have all the necessary ingredients to write the action in the Einstein frame, where
it takes the form [22]

5= [atevg B MER+ 3" 0,000 V<¢>>] + [ A% La (PO 0) s (210)

with

V(g) = (2.11)

ﬁ .
Note that the scalar field ¢ is canonically normalised. For ease of notation let us name the
scalar part of the Lagrangian as L4 so that £ = \/—g (MI%R/Q + £¢) + Liat-

2.2 Inflationary plateau

To determine the scalar potential, note that the scalar field can also be expressed as

Mp \/;IF \fln<1+2>. (2.12)

Then the scalar potential of the Starobinsky model gives the Starobinsky inflaton potential

R2M2 R —2 1 2
V(g) = 2M2P (1 +2 M?) =3 M?M? (1 — ev2/3¢/MP> . (2.13)

This potential is plotted in figure 1. From the form of the potential, we recognise two
phases of evolution of the scalar field. Slow-roll inflation is realised for large values of the
scalar field, ¢ > Mp, where V(¢) ~ M?M3/8. Here the potential is sufficiently flat to
drive an epoch of accelerated expansion of the universe. More precisely, inflation ends
around ¢ ~ Mp and 50-60 efoldings of inflation are realised around ¢ ~ 5-6 Mp. Note that
the WMAP normalisation of the CMB anisotropies constraints M to be M ~ 10 GeV.
After this phase, the regime ¢ < Mp takes place, where V(¢) ~ 3M2¢? and the field
oscillates around ¢ = 0 leading to the reheating process.
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Figure 1. Starobinsky potential (2.13). Inflation occurs for trans-Planckian values of the field ¢.

2.3 Coupling to matter

Through the conformal transformation of the metric, the scalar field ¢ is directly coupled
to matter in the Einstein frame [22]. We can see this better after obtaining an equation of
motion for ¢. By taking the variation of (2.10) with respect to ¢ we obtain

OWV=9Ly)\ OW=09Ls) | OLmat
: ( 9(0,9) 5 2 (2.14)
which simplifies to
= 1 8ACmat
O¢ — 0,V + = =0. 2.15

The matter term 0Lyat/0¢ is given by

0¢ ogh 0¢ F(p) 6g* 0¢ 2F ~H ’
where T,Srynat) is the energy-momentum tensor for matter
~ 2 oL
t) — mat
T;Sr,fa) = ﬁ S (2.17)
With this we obtain the field equation in the Einstein frame
Clg — 9,V + Ay7¢ Flmat) — o (2.18)
P
with the Yukawa coupling between ¢ and matter given as
2
1 1 9y(eV/ 30/Mr) 1
=—-MpOymF=—Mp———~=——. 2.19
Yo 5 Mp 9 2P€\/§¢>/Mp 7 (2.19)

This shows that the scalar field ¢ is directly coupled to matter with a universal coupling
constant y4 = —1/ V6. Alternatively, the coupling can be read off directly from the action

m —
Lt > g 31 900, (2:20)
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Figure 2. Starobinsky potential with R* corrections given by (2.22).

which gives the same universal result. This is also the way we shall compute the coupling
for stringy models in section 3.

2.4 General f(R) expansion

Let us now consider a more general f(R) theory where the function f(R) is analytic around
zero, and so can be expanded in a series in R?/M. This is motivated by the fact that if
Starobinsky inflation arises from a more fundamental UV complete theory, we expect it to
be an effective field theory obtained after integrating out massive modes below some high
scale M (which can still be several orders of magnitude below the Planck scale). In this
effective theory we expect all possible terms compatible with the underlying symmetries
and particle content. Hence we expect not just terms involving the Ricci scalar, but also
contributions which depend on the Ricci and the Riemann tensors. Setting this issue aside,
and focusing just on an effective f(R) theory, we generalise (2.2) by a series expansion in
R%/M of the form (see [24-28] for similar studies):
2 3 4
f(R) =R+%+u%+/\%

The resulting scalar potential in Einstein frame would look like

+o (2.21)

_ /2o \?2 2 o
V:éMZMJ%Kl—e \/;Mp) eV 4 (2.22)

where we have set u = 0 since in the following we shall focus on supersymmetric models
where this coefficient vanishes. A working Starobinsky inflation model requires A < 1 or,
in other words, that the R* term is suppressed by an effective scale M=M\XS>M
which is well above M. Figure 2 shows the effect of R* corrections for different values of \.
It is easy to infer that these corrections do not ruin 50-60 efoldings of standard Starobinsky
inflation only if || < 1074,

This has to be the case, more in general, for all higher order terms R"™ with n > 5.
Thus, a working Starobinsky inflation model requires the presence of at least two different



suppression scales, which might be hard to justify from a low-energy perspective. The idea
is that M could correspond to the Planck scale so that (2.21) behaves as

R? R R?
where the ¢; are now O(1) coefficients. While this expression can certainly be postulated
from an effective field theory point of view, it definitely deserves an explanation from a
more fundamental theory which is valid at higher energy scales.

3 A stringy embedding?

In this section we will explore the possibility to embed Starobinsky inflation in string theory
by either deriving higher curvature corrections from ten dimensions in Jordan frame, or
by reproducing the correct potential and Yukawa coupling of the Starobinsky scalar in

Einstein frame.

3.1 Higher curvatures from ten dimensions

Let us investigate if the structure outlined in (2.23) with two suppression scales can be
reproduced from string theory following [3]. The low-energy ten-dimensional action below
the string scale takes the schematic form

1
e / 6/ "G e [R + k1 o/R? 4 ks o R+ .. (3.1)

where k1 # 0 for heterotic and type I strings, while k; = 0 for type IIB string theory, and
ks ~ O(1) for all string theories. Let us set the dilaton ® and the internal volume V to
their vacuum expectation values, given respectively by

e®0 = g, and /d6y \/—9@6D) = Va?. (3.2)

Dimensional reduction to four dimensions then gives (showing only the terms which involve

four-dimensional curvatures)

M? R? k R
TP/d4x\/—g R+J\42<k1+]/21/3+>+k3]\46+ (33)
where k; ~ O(1) and
1
Ms:\@, and MI%ZMSQZQ. (3.4)

This analysis shows that Starobinsky inflation is very unlikely to emerge in string theory
from the dimensional reduction of ten-dimesional higher derivative terms for the following
reasons:



e Heterotic string: in this case k; # 0 and the Starobinsky suppression scale M is iden-
tified with the string scale My, M ~ M. Due to the relation (3.4), it might not seem
difficult to achieve M, ~ 10 GeV which is necessary to match the observed ampli-
tude of the density perturbations if g; << 1 and V > 1, which are the limits where the
supergravity approximation is under control. However the string scale is tied to the
gauge coupling of the visible sector (generically a GUT theory) since aébT ~V/g2.
To avoid hyperweak couplings, the string scale is therefore around the GUT scale,
M, ~ 10'6 GeV, which is too high to reproduce M, ~ 10'3 GeV. Let us stress that,
even ignoring this issue, the R* term would still be suppressed by the same scale, the
string scale, resulting in a positive exponential that spoils the inflationary plateau.

e Type IIB string: in this case k1 = 0, and so the Starobinsky suppression scale M has

to be identified with
gsMp

- 1/3 _
M ~ MYY? = ST

(3.5)

which could again reproduce M ~ 10'3 GeV for g, < 1 and V >> 1. In type IIB the
overall internal volume is decoupled from the visible sector gauge coupling since the
Standard Model (or genelisations thereof) is realised on stacks of D3 or D7-branes
which are localised in the extra-dimensions. However the mass scale which sup-
presses the R* terms would be given simply by the string scale, and so it would be
even smaller than the one suppressing the R? term. This implies that the positive
exponential arising from the R* term would destroy inflation very quickly.

3.2 Moduli inflation and Yukawa couplings

String theory proposes various candidate scalar fields that could drive inflation. Many
interesting scenarios have been explored in the past years (see [4]). Inflationary solutions
have been developed by employing open string fields controlling the position of either
warped, unwarped or relativistic branes. Alternatively axions have also been proposed as
candidates to drive inflation thanks to their perturbative shift symmetry. Most importantly
for us, the possibility that Kéhler moduli, naturally arising in string compactifications,
could be the inflaton field has also been considered in a vast literature [7-20, 29, 30] since
these fields (particularly the modes orthogonal to the overall volume) enjoy an effective
and approximate non-compact shift symmetry [3, 6]. In what follows we will focus on
Kahler moduli since in supergravity effective theories they naturally admit an exponential
potential that is the typical feature of Starobinsky inflation.

Our goal here is to explore the possibility that any of these Kéhler moduli can resem-
ble the Starobinsky field and therefore be eligible as a candidate for driving Starobinsky
inflation. The first step is to verify that the coupling of this candidate modulus to matter co-
incides with the coupling to matter of the Starobinsky field, which is equal to y4 = —1/ V6.
This will be our primary objective in the following discussion, where we will first consider as
possible candidates the dilaton, the volume modulus and blow-up modes. Subsequently, we
analyse the form of the scalar potential to check if it resembles the Starobinsky potential.
We will also examine a particular class of constructions known as fibre inflation. Again,



we will focus on the computation of the couplings to matter and of the scalar potential of
bulk moduli appearing in fibred Calabi-Yau models of string inflation.

3.2.1 Dilaton, volume modulus and blow-up modes

Due to the presence of the dilaton and the compactification volume in all the four-
dimensional effective theories of string compactifications, it is natural to ask if any of
them could be the field driving slow-roll inflation. The most concrete models have been
constructed in the Large Volume Scenario (LVS) [31]. Following [32], we will consider com-
pactifications on P?LLLG,E)]' This is the single-hole Swiss cheese geometry with two Kéhler
moduli, T, = 7,416y and Ty = 75+16,, and Calabi-Yau volume given by (up to an irrelevant
overall 1/(9v/2) factor)

V:TS/Q—TSQ. (3.6)

The big modulus 7, controls the size of the overall volume, while 75 controls the size of the
blow-up of a point-like singularity. The Kéhler potential and the superpotential are given
by (setting from now on Mp = 1)

~

K = —2In(2s) —2In [(75/2—7'5’/2) —l—g

W =Wy + Age %75, (3.8)

(3.7)

where s is the dilaton and & = £ s3/2, with & = ¢(3)x(M)/(27)? a constant controlling the
size of O(a/3) corrections [33]. Here ((3) ~ 1.20 is Apéry’s constant and (M) is the Euler
number of the Calabi-Yau manifold.

We will assume that the procedure of moduli stabilisation has been performed, giving
the moduli a potential and a mass. Expanding the fields in s = (s) + ds (with (s) = g;'!)
and 7; = (1;) +07;, we can write, around the minimum of the moduli potential, the following
Lagrangian [32]

1

492

SM

£ = K50,(09)0"(59;) — Vo — (M2);;(69,)(50)) — O(08%) — 5~ FuF™,  (3.9)
where ® = {s, 7, 75} and the Standard Model gauge coupling gs,, can take three different
expressions depending on the brane realisation of the visible sector: (i) g52 = 75 for D7-
branes wrapped around the blow-up mode 7; (i) g52 = 7 for D7-branes wrapped around
the big four-cycle 7, (in this case the overall volume cannot be too large in order to avoid
a hyperweak Standard Model gauge coupling); (iii) g52 = s for D3-branes at singularities.

It is useful to rewrite the Lagrangian in terms of the canonically normalised dilaton
X = 05/(v/2(s)) and the Kihler moduli mass eigenstates o and ¢ (the heavy and the light
field, respectively), defined by

(57‘1, o i v i
(h) - () Vil ( ¢> V2 (3.10)

where v, and vg are the normalised eigenvectors of (K _l)ij(MQ)jk. In the following, we
will need an expression for the original fields d7, and 75 in terms of o and ¢. These

~10 -



relations are given at leading order by [32]

om = (VA1) Jo o (3m) 75 ~ 0 (4o + 0 (047)0 o

0Ts = (2\3/6<Tb>3/4(7s>1/4> \% ! <f> (]52 - O( 5/2) o+ 0M)¢, (3.12)

with Vo = (V) ~ (1,)%/% > 1.

Couplings to matter. Let us now compute the couplings between moduli and chiral
matter fields. We consider the following relevant terms of the supergravity Lagrangian [32]

L = K, ipy" 0 + Ky g0, HO'H — "2y Hp, (3.13)

where yy is the superpotential Yukawa coupling which in type IIB does not depend on the
dilaton and the Kéhler moduli due to shift symmetry and holomorphy. The Kéhler metric
for the chiral matter fields is given by

s

_ 0T (05 0T
=Ky (1+)\8<TS> s) Ab<7'b> +...>,

S
with Ko = (1,)* /({(s)*(1,)**) and, depending on the detailed origin of the matter fields as
open strings on branes, one can have [34]

A=0, As =1,1/2,0,  Np=1 if gs2 =1y, (3.15)
A=1,1/2,0, A =0, N=1,1/2,0 if gii=m, (3.16)
A=0, As =0, =1 if gs2=s. (3.17)

More precisely, when the Standard Model is realised with D7-branes wrapping the four-
cycle 7;, the modular weight A; = 1 correspond to open strings living within the D7-
worldvolume, A; = 1/2 to matter fields at the intersection between two stacks of D7-branes,
and A\; = 0 to open string moduli controlling the position of D7-branes.

Moreover we will use the expansion [32]

1 1 1ds 3/ 6m
- e 36 15) )
e +...]. 3.18
25V 2(s)Vo 2(s) 2 \(m) (3.18)
In terms of these expressions, we can now write the Lagrangian (3.13) as

£ = Ko (i7" 0 + 0, HO"H) — \/;T;’MHW

1K, ()\s (Z)) - )\2; W (f;;)) (mﬁwam + 8NH6WFI>

n (% 3 (Z@)) T (3.19)

- 11 -



The next step is to canonically normalise the fields and impose electroweak symmetry
breaking. The Higgs will acquire a vacuum expectation value and the following fermion
mass will be generated

Yu <Hc>
m[(gﬂ = My - (320)

Therefore the Lagrangian describing the cubic couplings between matter fields and moduli
looks like

Leubic = (Af; - Afj) — Abf;;) & (i 8 — my) P
e G (o) lmeie om

where only the last term gives a non-zero contribution after the equations of motion are
taken into account. Our first goal is to prove that the volume modulus 7, has the right
coupling to matter.

Let us first remark that from (3.11) it is possible to notice that 7, is mostly given by
¢ while 7 is mostly . To get the coupling, let us now consider the last term of (3.21), in
particular focussing on the 7, part

(o) T e
£¢>Wl} =~ (2 )\b> <Tb> mwww . (3.22)

Given that the light field ¢ is dominantly the volume modulus, we can reduce (3.11) to

o7 ]2
= \/;qﬁ. (3.23)

Using this, (3.22) can be written as

Logy = —\/z (Ab - ;) my g, (3.24)

from which we can easily read off the coupling between the light field ¢ and matter, which

2 3 1
Yo \/g <>\b 2) 7% ! Ab (3.25)

As shown above, (3.25) reproduces the correct conformal coupling to matter of Starobinsky
inflation, ys = —1/V6, if Ay = 1. As can be seen from (3.15), (3.16) and (3.17), this is
indeed very often the case since \, = 1 if the Standard Model lives on D7-branes wrapped

is equal to

around the blow-up mode, on D3-branes but also on D7-branes wrapped around the big
four-cycle 7, provided the matter fields originate from the reduction of gauge fields within
the D7-worldvolume [34]. In our limit, the light field ¢ is basically the volume modulus
Tp. The fact that the volume modulus has the same coupling to matter as the Starobinsky
field represents a first step towards a possible identification between the two.

Let us now present the couplings to matter of the heavy field o, showing that it is
different from —1/+/6, therefore excluding the possibility for the 7, modulus to be the
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scalar field responsible for Starobinksy inflation. To proceed, let us consider the 75 part in
the last term of (3.21)

0T -
From the expansion (3.11), we can see that it is possible to make the following approxima-
tion 5
Ts
~ Vo . (3.27)
(7s)
We conclude that
Logy = AsVVomy o (3.28)

The general classification (3.15), (3.16) and (3.17) shows that A is non-zero only when the
Standard Model lives on D7-branes wrapped around 7. However in this case the absolute
value of the Yukawa coupling to matter of the heavy field o (mainly the small modulus
7s) is much larger than 1/4/6 since Vy > 1. Note also that o is approximately decoupled
from ordinary matter when the Standard Model is realised via D7-branes on 7, or via D3-
branes at singularities since these cases are characterised by A; = 0. A non-zero Yukawa
coupling would be generated by considering the term in (3.21) proportional to 7, and then
exploiting the dependence of §73, on o in (3.11). However it is easy to check that this would
induce a very suppressed coupling proportional to V, 1/2 < 1. We therefore conclude that
o cannot be identified with the Starobinksy field.

Let us finally focus on the canonical dilaton y. The relevant part of the cubic La-

grangian (3.21) is

1 ds - 1 -
Lojy™ <2 — A) ™ ) = —V2 ()\ - 2) My XYY . (3.29)
According to the classification (3.15), (3.16) and (3.17), A = 1,1/2,0 implying that the
dilaton Yukawa coupling to matter can only take the values 0, +1//2 which are all different
from the Starobinsky case y; = —1/v/6. Hence, also the dilaton cannot play the role of
the Starobinsky scalar.

Scalar potential. Although the K&hler modulus 7, controlling the overall volume of
the Calabi-Yau manifold has the right coupling to matter, it is well known that its scalar
potential is not suitable for a slow-roll inflationary behaviour. Recall that the Starobinsky
potential has the form (2.13) with a slow-roll plateau at large values of ¢.

Such a constant behaviour of the inflationary potential can never be reproduced for
the volume mode since any contribution to the scalar potential has to depend on V due to
the Weyl rescaling to express the four-dimensional action in Einstein frame. Alternatively,
this can also be seen from the general expression of the supergravity scalar potential that
is proportional to e = V72, This has to be the case since the potential has to go to
zero in the infinity volume limit, ¥V — oo, in order to recover a ten-dimensional Minkowski
solution in the decompactification regime.

Due to these very general considerations, at large field values, the potential of the
volume modulus will feature a runaway behaviour, instead of a Starobinsky-like plateau,
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V(¢)

¢

Figure 3. The volume modulus potential (3.33) for a parameter choice that realises an uplift to
Minkowski, featuring the typical runaway towards large volume.

regardless of the effects (perturbative or non-perturbative) which break the no-scale struc-
ture and generate the potential for V. Without loss of generality, we therefore illustrate this
claim by focusing on the simplest LVS scenario where the (uplifted) scalar potential reads

8/Ts(asAs)2e™20™  AWpasAgTee %7 N 3EWE
3V V2 4y3

where, again without loss of generality, we parameterised the uplift potential as

V=

+ Vap » (3.30)

Vap = 6/V* with a < 3. A single-field potential for the volume modulus can be obtained
upon integrating out 7,

W 8 (InV)3/2 5

This expression depends only on the volume V), which is related to the modulus 7, and to
the canonically normalised field ¢ through

V23 gy = V39 (3.32)
In terms of the canonical field ¢, the volume mode potential reads

3/2
A2 8 3 27 3
V(¢):5V2V° 1— (B\ff/l e VES fseaV30 (3.33)
as

This potential is shown in figure 3. As anticipated, due to the volume dependence of the
uplift term, the potential does not have the necessary plateau of the Starobinsky potential,
featuring instead a typical runaway at large field values. Thus the volume modulus 7
cannot drive Starobinksy inflation.

On the upside, since the uplift depends on the volume only, the uplifting contribution
is constant in other directions of moduli space. If we can find another modulus with the
correct coupling to the matter sector, this could provide the plateau we need.
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3.2.2 Fibre moduli

In the context of LVS moduli stabilisation in type IIB Calabi-Yau orientifold compacti-
fications, another particular realisation of inflation is given by the class of constructions
known as fibre inflation [3, 10-16]. We now briefly discuss its setup following [3, 10, 35].
The main idea behind fibre inflation is to use as the inflaton one of the Kéhler moduli
whose potential is generated by perturbative (in o’ or g,) corrections to the Kéhler poten-
tial [36-41] which are subdominant with respect to the leading O(a?) term [33] that we
have considered to stabilise the volume modulus. The simplest construction uses a Calabi-
Yau manifold which is a K3 fibration over a P! base. For concreteness, let us consider the
P?1,1,2,2,6] geometry. The model has two Kéhler moduli 7y and 79. We require also the exis-
tence of a third Kéhler modulus which is implemented by the presence of an additional blow-
up cycle, whose volume we denote by 74 [42, 43]. To summarise, this model (and also fibre
inflation models in general) involves a Calabi-Yau manifold with at least three K&hler mod-
uli (denoting them by T; = 7,4+16;, with 7; the geometric modulus and 6; its axionic partner):

e T7 = 11 4+ i01. The geometric modulus 71 corresponds to the volume of a K3 fibre
over a P! base.

o T) = 75 +iby, where 5 is the volume of a divisor which contains the P! base.

o Ty = 75 +ibs. As in the Swiss cheese example, 75 corresponds to the volume of a
blow-up cycle (the ‘hole’ of the Swiss cheese).

There are some differences with respect to the previously considered LVS model. Here, 7
is stabilised at subleading order due to string loop or higher o’ corrections to the Kahler
potential. The overall volume V is mainly controlled by 7 which is stabilised at leading
order by O(a/3) corrections. The most important difference is that the volume modulus
V acts only as a spectator during inflation and it is heavier than the inflaton. For what
concerns Tg, it is fixed by non-perturbative corrections to the superpotential W and it is
heavier than the inflaton 7 during inflation.

In terms of these moduli, the compactification volume is given by

V = ko (Viim = kerd?) (3.34)

with kg and ks two model-dependent constants of order one, which are determined by the
Calabi-Yau intersection numbers. Without loss of generality, we shall set kg = ks = 1.

Scalar potential. The idea behind fibre inflation is to rely on perturbative corrections
to the effective action. Before including these, it may be useful to summarise the procedure
for obtaining the leading order scalar potential.

We compute the scalar potential by considering the leading o corrections to the Kahler
potential K, and non-perturbative corrections to the superpotential W

K =Ky+ 0Ky =—2In <v + g) and W =Wo+ Y Aje “hi. (3.35)

)
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Since we are interested in the large volume regime where
VT > 7% (3.36)

we can actually neglect non-perturbative effects involving 7 and 7o (i.e. the T} and Th
dependence in W) and keep only the T, dependence:

W~ Wy 4 Agem%Ts (3.37)

Including an uplifting sector, the leading order scalar potential takes the form (3.30).
The key point of this construction is that this potential depends only on 74 and V. These
get stabilised at (in the as7s > 1 limit)

A\ 2/3
(15) = (g) and (V) = (4G§AS) Wo +/ (Ts) €2{ms) . (3.38)

Most importantly, we have a completely flat direction in the (71, 72)-plane, along which
V is constant. This flat direction is lifted by subdominant contributions to the Kéhler
potential. In fibre inflation these are the corrections providing the leading terms in the
inflaton potential.

Focusing on the version of fibre inflation where the inflaton potential arises from string
loop effects [36-39], we have!

wg (.92 B gim
Vo = 3 (AT% v e ) (3:39)

where A, B and C are functions of the complex structure moduli which are expected to

become O(1) constants after these moduli are frozen by background fluxes. Taking this
contribution into account, the fibre modulus 7 gets fixed at

(1) ~ g4 3 ()23 (3.40)

So, how can we achieve inflation? We have established the existence of an LVS mini-
mum of the potential. The idea is to displace a field away from its minimum and explore
the possibility of having an inflationary dynamics. Due to the fact that the potential for
71 is flat if we do not include string loop corrections, this is the field we displace to drive
inflation. Displacing 71 from its minimum is equivalent to increasing the size of the K3
fibre while shrinking the base. If we consider 75, and V stabilised at their minima, we can
integrate them out to obtain a single-field potential.

Instead of working with 71 and T2, we will define two new fields, p and ¢. These are
the physical mass eigenstates which diagonalise the mass matrix. They are related to 7|
and 1o through [44]

(3.41)

Inm =

2 2

g/”’ﬁéf)a
2 1

Inm = \/;p— %gb (3.42)

1Recall that string loops are perturbative corrections, and so we work in the regime Wy > O(1), where

they become relevant.
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Figure 4. The inflationary potential (3.44) for fibre inflation with A = 1076 features a plateau-like
region very similar to Starobinsky inflation.

Notice that p corresponds to the volume, while ¢ gives the ratio u between 7 and ™

V= /rim =eV3P

TL_ V30,
T2

(3.43)

u =

Let us consider the field ¢ and shift it from its minimum ¢ = (¢) + qg The potential takes
the form A A A
V() =V (38— de /34 e 10/V5 4 3 e20V5) | (3.44)

where Vo = O(1) x V, 1073 i5 the inflaton-independent uplifting contribution and A =

16g2AC/B? x g% < 1. This potential is shown in figure 4 and it resembles Starobinsky
inflation very closely. The similarity between the two is clearer if we focus on the slow-roll
region where the fibre inflation potential can be very well approximated as

V(@) Vo (1-5e ) (3.45)

In fact, ref. [17] tried to apply the standard f(R) duality to fibre inflation with approxi-
mated potential (3.45) finding that its version in Jordan frame would be an f(R) theory
with f(R) = R2-YV2 4 R? ~ RI3 4 R? which is very similar to the Starobinsky model
f(R) = R+R?. Moreover, fibre inflation predicts a relation among the scalar spectral index
ns and the tensor-to-scalar ratio 7 of the form r = 6(ns — 1)? which is almost analogous to
the one of Starobinsky inflation 7 = 3(ns — 1) [3].

As can be clearly seen in figure 4, the fibre inflation potential (3.44) features a ris-
ing behaviour for large field values. Again this is in complete analogy with the case of
Starobinsky inflation, where higher derivative corrections make the potential too steep to
drive inflation at large field values, as demonstrated in figure 2 for the case of R* correc-
tions. There the coefficient A has to satisfy |A\| < 1 to preserve inflation. However, as
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explained in section 2.4, A is expected to be of O(1) from effective field theory arguments,
as well as from explicit dimensional reduction of ten-dimensional higher derivative effects
in string theory. In fibre inflation, on the other hand, the situation is improved since the
smallness of A\ is now guaranteed by the fact that it turns out to be proportional to the
string coupling, which is a priori required to be small in order to trust perturbation theory,
Ao gt <1074 for g5 <0.1.

Couplings to matter. We now proceed to compute the couplings to matter of the two
moduli 71 and 7. Working in the large volume regime, we have

VT > Tt = Ve ymn. (3.46)
The tree-level Kéhler potential is given by
K="2lhV~—-Inm—-2lnm. (3.47)

The kinetic Lagrangian for the moduli becomes (at leading order)

- 1 1
‘Ckin = Kliauﬂa’uj—; = 477_12 8#71(9“7'1 + E #7'26“7'2 . (348)

After including matter fields, the relevant Lagrangian takes the form

L= 41le 9, O" T + 21722 D20 + K ipy" Opip — K2 (3.49)
Before proceeding, we have to specify the form of the Kéhler metric for the matter fields. We
start by considering the case where the Standard Model is localised in the extra dimensions
since it is realised by either D7-branes wrapped around a shrinkable four-cycle 75 or by D3-
branes at singularities. As listed in (3.15) and (3.17) for a simple Swiss-cheese geometry,
in this case the matter Kéhler metric would scale as K@W ~ Ty 1. This expression can be
used also in our case after substituting 7, ~ V2/3, and then generalising to

1 1
K;, ~ ~ ,
Y T 2/3 711/3722/3

(3.50)

where we ignored the dependence of the Ké&hler matter metric on 7, since it would induce
just a subdominant contribution to the couplings of 71 and 75. Moreover, we have

1
K2 ~ T (3.51)

Using these expressions, we arrive at the following Lagrangian

1 1 1 - _
- I il I T iahAH _ 5
L e 00T + 272 Oum20"'19 + 175 273 Wy O = ma . (3.52)
1 T2
We can now canonically normalise the fields as follows
. Y (3.53)
T T2
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The Lagrangian in terms of the canonical fields looks like

1

£:§ “w

1 - 24, _log, o o
G101 31 + 5 04 920" D2 + i0ey Oppe — €775 P 7T MYet)e (3.54)
We can now read off the fermionic mass which is given by

m = e % 61 —502) (3.55)

Let us now focus on the last term of (3.54), shift the fields as ¢; = (¢;) + d}i, and expand
the exponentials up to linear order to get

LD - <1 - ?él) (1 - QZ;2> md_]cwc = _mﬁzclbc"k?m le l/jcwc'i‘%méb 1/_101/10 . (356)

Recall that we are interested in the mass eigenstates p and ¢. Out of (3.41), it is
straightforward to obtain a relation between p, ¢ and ¢; and ¢9

1 2
¢1=\/§p+\/;¢, (3.57)
br = \/zp— \}gqﬁ (3.58)

Substituting these expressions into (3.56) we get

LD —-m 1/_%:1/1(: + \fm (\}gﬁ =+ \/2(5) &cwc + %m (\/zﬁ - 13(£> 7/_107/)0

) (3.59)
= _md—}cwc + %mﬁd—}cd}c )
from which we can easily read off the couplings to matter of the physical fields
1

We see that the field p has the right Yukawa coupling to matter. This is not surprising
since p corresponds to the overall volume mode which we have already shown to feature
the same coupling to matter as the Starobinsky field, even if its potential is just a runaway
at large field values.

On the contrary, ¢ is effectively decoupled at this level of approximation. A non-zero
Yy would be induced by any perturbative corrections to the matter Kahler metric which
depends explicitly on the mode u = 71 /75 orthogonal to V. However this coupling would be
much weak than Planckian due to volume suppression factors. However, we have seen that
a suitable scalar potential with the desired plateau can be constructed for ¢ (or equivalently
u). This motivates the search for other D-brane configurations leading to different choices
for the Kéhler metric of matter fields. Since ¢ features a promising inflationary potential,
the hope is to find a configuration for which it also couples to matter appropriately.

Let us therefore consider the situation where the Standard Model lives on D7-branes
wrapped around the two bulk cycles 7 and 79 which control the Calabi-Yau volume. In
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analogy with the Swiss-cheese case summarised in (3.16), we expect modular weights which
can take values in {0,1/2,1}. To be as general as possible, we consider however a Kéhler
matter metric with arbitrary modular weights

1
K —_ 3.61
i g v (3.61)
We determine now the values of the modular weights for which the coupling of ¢ to matter
reproduces y, = —1/ V6. The starting point is the following Lagrangian

may . (3.62)

1 1 1 1
L= -5 0,m0"T) + =5 0,720 + —— iy Duth —
17 WO g Qum0T S WO — e

The canonically normalised versions of 71 and 7 are still given by ¢; and ¢y as in (3.53).
The matter fields, instead, are normalised according to

Y

—_—— = Y . (3.63)
7_1>\1/27_2/\2/2

Having canonically normalised the fields, let us focus on the relevant term in the Lagrangian
_1
LD _7—1()\1 2) )\2 Y wcwc . (364)

Using
= V29 , Ty = e?? (3.65)

substituting this result in the Lagrangian (3.64), and expanding to first order, we obtain
the following cubic couplings

£5-(14vE (M =3) &) (14 Ca = 1) ba) s

B B (3.66)

“mdebe— (VE (=3 ) it o= 1) o) i

At this point, we substitute the expressions (3.57) giving ¢; and ¢9 in terms of p and ¢

M Petbe [\/j ()\1 + Ay — ;) p+ —= \/§ (2M1 — )\Q)QS] . (3.67)

The Yukawa coupling to matter of the inflaton field gg of fibre inflation models takes there-

and obtain

fore the generic form
1

yqﬁ:%

This Yukawa coupling can match the conformal coupling of the Starobinsky scalar 14 =
—1/v/6 only if

(2A1 — A2). (3.68)

1
R i (3.69)

This equation can never be satisfied if the modular weights are rational numbers, im-
plying that fibre inflation cannot reproduce the conformal coupling to matter typical of
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Starobinsky inflation. As already pointed out, the Kéhler metrics for chiral matter fields
on different brane setups in toroidal/orbifold orientifolds have been studied in [34], noting
that the modular weights are generally rational numbers. For the toroidal case, the only
three possibilities are A\; € {0,1/2,1}. In more general setups, it is hard to determine
the modular weights directly. Fortunately they normalise the physical Yukawa couplings,
which are also given by the triple overlap of wave functions in the extra dimensions [45].
Thereby one can extract the sum of three modular weights,? which is related to the scaling
of the wave functions with the cycle volumes given by the moduli. It is clear that there
are no irrational numbers involved here, so also the individual modular weights must be
rational. Hence (3.69) does not seem to be achievable.

For rational modular weights, the Yukawa couplings of fibre moduli to fermions are
expected to be of O(1) with exact numerical values which depend on the D-brane origin of
matter fields. As illustrative examples, we consider two cases following again [34]. Fermions
at the intersection between a D7-stack wrapping 71 and another D7-stack wrapping 7o would
be characterised by A = 1/2 and Ay = 0, resulting in y, = 1/v/3. On the other hand, open
string modes living within the worldvolume of a D7-stack wrapping 7 would have A1 =0
and Ay = 1, resulting in y; = —1/ V3. Note finally that the couplings of fibre moduli to
gauge bosons and Higsses on 71, as well as to ultralight bulk axions, play a relevant role
for reheating and have been computed in [35, 46].

4 Conclusions

In this paper we have investigated the possibility to embed Starobinsky inflation in a
UV complete theory as string theory. Previous studies [3] have already shed light on the
behaviour of higher curvature terms arising as the low-energy limit of ten-dimensional «’'-
corrections. In particular, when the R? term competes with the standard Einstein-Hilbert
action, R™ terms with n > 2 can never be neglected, and tend to spoil the flatness of the
inflationary plateau.

We instead took a different approach which exploits the fact that R + R? inflation
is conformally dual to a standard Einstein gravity coupled to a scalar field with a flat
exponential potential and a precise Yukawa coupling to matter fermions which are min-
imally coupled in Jordan frame. We tried therefore to search for string moduli which
can effectively reproduce these features within the four-dimensional low-energy theory of
Calabi-Yau compactifications at large volume and weak string coupling. We showed that
the dilaton cannot match the right conformal coupling to matter and then we focused on
type IIB Kéhler moduli which naturally admit an exponential potential and tend to couple
to matter with Planckian strength.

We investigated three different classes of stringy inflaton candidates: the volume modu-
lus, blow-up modes and fibre moduli. While the overall volume modulus generically features
the correct Yukawa coupling to matter, the typical runaway behaviour of its potential does
not allow for the plateau necessary for Starobinsky-like inflation. Blow-up moduli couple
instead too strongly to matter fermions localised on D7-branes wrapping these four-cycles,

2Unless the unnormalised coupling vanishes, i.e. there is no trilinear coupling between the fields.
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or are effectively decoupled in other Standard Model realisations. Moreover, their poten-
tial is too shallow to reproduce Starobinsky inflation. Finally, the moduli of fibre inflation
models feature a promising scalar potential which leads to cosmological predictions very
similar to the ones of Starobinsky inflation, for example for the scalar spectral index and the
tensor-to-scalar ratio. Moreover, fibre inflation features a nice mechanism to tame higher
order corrections since they are proportional to a small suppression factor of order g* < 1.
However fibre moduli cannot reproduce the correct Yukawa coupling to fermions in any
D-brane setup which realises the visible sector. In particular, we found that to produce
the universal coupling that would allow us to identify a fibre modulus as the Starobinsky
inflaton, its modular weight would need to be irrational. Given that modular weights are
expected to be rational [34], engineering the correct coupling in this way seems impossible.

We conclude therefore that providing a UV complete justification of Starobinsky in-
flation remains a big challenge. This result seems to suggest that this inflationary model
might be in the swampland, giving support to conjectures against slow-roll inflation and
trans-Planckian field ranges [47-50], even if agreement with a single example clearly does
not have any particular significance, especially in the presence of counterexamples, like
fibre inflation, which we have also discussed in this paper. Let us finally point out that our
detailed computation of moduli couplings to fermions, provides also a way to discriminate
between Starobinsky inflation (setting aside the issue of UV consistency) and fibre inflation.
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