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1 Introduction

Slow-roll inflation requires a scalar potential with a sufficiently flat region, as quantified
by the smallness of the slow-roll parameters. While it is not hard to find potentials with
this feature in effective quantum field theory [1-4], realizing them in the 4d effective field
theory (EFT) derived from string theory is challenging [5—-10]. This may be related to the
well-known difficulties of realizing de Sitter space in string theory.

However, as pointed out in [8-12], flat potentials arise rather naturally in the Kéhler
moduli sector of type IIb flux compactifications, due to the existence of approximate rescaling
shift symmetries for all moduli orthogonal to the overall volume. In this framework, the
volume can be stabilized at a sufficiently large value and an appropriate uplift to an almost-
Minkowski vacuum can be realized. Assuming that the challenge of a realistic large volume
compactification has been met, a suitable inflationary plateau can appear in many cases [13—
23].1 In this paper we derive a new and particularly simple model within this general class of
constructions: our inflaton is a blow-up mode whose potential is generated by string loop
corrections to the Kéhler potential.

!For constructions of inflection point inflation relying on the volume modulus as the inflaton see e.g. [24-29].



We recall that, due to the no-scale structure of type IIb flux compactifications, the
naively dominant 1/V? terms in the scalar potential cancel [30]. As a result, the leading-order
Kihler moduli scalar potential is generated by O(a?) effects and scales like [31]

[Wol?

where Wy is the constant superpotential generated by fluxes and V is the volume modulus.

v

(1.1)

More specifically, we assume that we are in the regime of validity of the Large Volume
Scenario (LVS) [32, 33]. This implies that the total Calabi-Yau volume takes the form
V=V(rr) — 7'53/2, with 4-cycle Kahler moduli {77} = {79,...,7,} and 7,. We may eliminate
one of the 4-cycle variables in favor of the total volume V such that the scalar potential
takes the form V = V(V, 7, 75), where now {7;} = {m1,...,7,}. We will always be in the
regime 3 ? <« V, referring to V as the volume, to 75 as the small-cycle modulus, and to the
{7} as the ‘additional Kéhler moduli’ A key-result of the LVS proposal [34] is that, under
rather general assumptions, 75 and V get stabilized while, in the region TS /2 < Tf /2 <V, the
potential for the 7, i = 1,...,n, remains flat at leading order: V(V,1;,75) = V(V, 75).

At subleading order, perturbative and non-perturbative 7;-dependent corrections do in
general arise. When the 7; take large values, non-perturbative effects of the form e=277i/Ni
are suppressed by 7; > 1. Another source for the potential of the 7; moduli are perturbative
corrections to the Kéhler potential. However, as studied in [34-40], string loops enjoy an
extended no-scale structure which makes them in general subleading with respect to (1.1).
Additional perturbative corrections arise from higher F-term O(a’3) corrections but these
come along with a larger suppression power of V [41].

The leading-order flatness described above has allowed for the construction of several
inflationary scenarios for the simplest situation with a single flat direction: the original
model of [13, 14] where inflation is driven by a blow-up mode lifted by non-perturbative
corrections, fibre inflation models [15-20] where the inflaton is a bulk fibre modulus with a
potential generated by string loops or higher o/ effects, and the models of [21-23] where
the inflationary potential is generated by poly-instanton effects and the inflaton is either a
bulk fibre divisor or a rigid 4-cycle with Wilson lines.

As noted in [15], loop corrections represent a potential problem for the original
model [13] since they would destroy slow-roll. We will estimate that this is indeed the
case if the coefficient of these loop corrections is at least of order 107%. Note that inflaton-
dependent open string loops could be absent by brane construction but, as pointed out in [40],
inflaton-dependent closed string loops are unavoidable, unless the effective field theory in
the region close to the inflaton 4-cycle is effectively NV = 2 (a situation which is hard to
envisage without eliminating the non-perturbative superpotential term). In this paper we
will however show that, going to larger field values which are still well within the K&hler
cone, string loops become sufficiently suppressed and can naturally lead to slow-roll. We
note that such a possibility was pointed out in [8], but has not been analyzed.

Our present proposal builds on the following key observation: consider the situation
with a single leading-order flat direction 74 which we assume to be a blow-up mode. Then,
very generically and without any particular assumption about the functional form of loop
corrections, the LVS setting allows for inflation in a regime where 7, < V2/3. To see this,



let us disregard the stabilized modulus 75, treat the volume as a fixed parameter, V > 1,
and write the loop-corrected potential as:

2 Cloo 2/3
7 I [y (7)), m)

Here f is a generic function of the variable V2/3 /T¢ and cloop is a numerical factor to be

discussed in more detail below.

Crucially, the 74-independent term |[Wp|?/V3 x O(1) in (1.2) arises because we assume
that, at the end of inflation, the additional Kéhler modulus 74 settles in a stable minimum.
For a blow-up cycle 74, such a minimum is generically induced by non-perturbative effects,
in analogy to the minimum for 75. Alternatively, a stabilization by perturbative effects is
also possible [34, 42, 43]. The depth of this minimum is ~ |[Wy|?/V3, which is larger than
the loop-induced potential that in the inflationary region scales as ~ |[Wy|?/V'%/3. We are
thus dealing with a relatively flat inflationary plateau. Its profile is determined by string
loops and the relation between 74 and the canonically normalized inflaton ¢. Together this
suggests the name ‘Loop Blow-up Inflation’, characterizing the main features of our model.

Recalling that the metric 92K /(07;07;) on Kihler moduli space is homogeneous of
degree —2 in the 77, one easily shows that:

1( 1 dV((;S)) (cloop df) 1 d*V(9)  cuoop d*f
V(o) do visdg) TV dgr T VB g

In the region in moduli space where 74 < V?/3, we have f” ~ f' ~ O(1). Slow-roll inflation

(1.3)

€

2

is hence parametrically guaranteed by V > 1.

Note that all of the above goes through if, on top of the blow-up mode 74, there are
(n — 1) additional Kahler moduli. The inflationary plateau is still sufficiently flat, being
described by (1.2) where now f is a generic function of the n variables V3 /7; by performing
the replacement f (V2/ 3/ T¢) — f (VQ/ 3/ Ti). The crucial O(1) term in (1.2) arises when, after
the end of inflation, all the 7; eventually settle in a deep minimum. We emphasize that the key
result of (1.3) continues to hold, with f that now has to be interpreted as the single-variable
function obtained from f(V?/3/7;) by restriction to the canonical field ¢ parameterizing
the inflationary trajectory on the n-dimensional plateau. Of course, all moduli need to
be stabilized which, while it will in general happen due to either loop or non-perturbative
effects, does not allow us to be as explicit as in the case of a single field 7,. Moreover,
a multi-field analysis would require to study the evolution of isocurvature perturbations,
which is beyond the scope of our paper.

We therefore focus on the case of just one blow-up modulus 74, and demand that the
overall volume remains approximately fixed during inflation, i.e. that our inflationary model
is effectively single-field. This can be achieved if the effects that stabilize 74 are subdominant
with respect to the leading order potential even when 74 is close to the minimum. When 7
is fixed by non-perturbative effects, these can be subdominant due to 3 reasons: (i) leading
order instanton contributions could be absent due to too many fermionic zero modes or a
prefactor proportional to vanishing matter field VEVs (as in the presence of gauge fluxes);
(i) the rank Ny of the condensing gauge group relevant for 7, could be much smaller than



the rank N, relevant for 75: Ny < Nj; (4it) the Calabi-Yau could feature n, > 1 small-cycle
moduli 7y, as in [13]. On the other hand, when 7 is fixed by string loops,? the extended
no-scale cancellation guarantees that these contributions are suppressed.

The rest of this paper is structured as follows. In section 2 we study the simple special
case with a single additional Kahler modulus, 7; = 74, which, as explained above, is of blow-up
type. In this setting the form of the dominant loop correction in the regime 7, < 74 < V2/3
is actually known from an explicit analysis in [40], consistently with the extrapolation from
the toroidal orientifold case by the conjecture proposed in [38]. Then, approaching the regime
of 7y S V2/3 from the side of small T, We may hope to maintain control of the inflationary
potential while also achieving realistic phenomenology. This allows for a very explicit case
study where we derive the inflationary predictions for the simplest realization of Loop Blow-up
Inflation. The setting may be viewed as deriving from the original model [13] by taking the
(naively fatal) loop corrections into account and saving inflation at the price of moving to
much larger values of 74. Section 3 deals with questions of control over the EFT after finding
the values of the microscopic parameters which match CMB data. We continue in section 4 by
first exploring more general possibilities for the functional form of the loop corrections, and
then by quantifying how small loop corrections would have to become to make a transition to
the original model of [13] where the inflationary potential is generated by non-perturbative
effects. Finally, a detailed phenomenological analysis, including reheating, dark radiation
constraints and an estimate of the inflationary parameters is given in section 5.

2 Loop blow-up inflation

2.1 The simplest model

Our goal is to implement the central idea outlined in section 1 using a concrete and simple
example. For this, we choose the volume to have the form:

V:f)(Tb,Td))—)\sngp:TS/Q—)\(Z)T;/Z—)\STSsﬂ. (2.1)

In other words, we assume that in addition to the big and small cycles 7, and 75 of the
LVS [32, 33], there is just one further 4-cycle 74 and that the latter is of blow-up type.

Let us discuss our setup and notation in more detail. In the above, 7; are the real
parts of the Kéahler moduli

Ti=7i+ic, i€{b s, ¢}, (2.2)

with ¢; their axionic partners and the constants A\s and Ay represent ratios of triple intersection
numbers. The Kéhler potential K, including the leading o/ correction [31, 32], reads

K = Kes—2ln(V+£/2), (2.3)

with K5 depending only on complex structure moduli and axio-dilaton. Since these
are stabilized by fluxes [30], K. can be treated as a constant. Furthermore, we have

2As proposed in [34, 42, 43], 7, might be fixed by string loops relative to 7s which is stabilized non-
perturbatively.



§ =—C(3) x/[2( gs ], where x denotes the Calabi-Yau Euler number. The superpo-
tential is given by

W =Wy + Ag e_asTS + A¢ €_a‘7’T¢ , (2.4)

where the constant contribution Wy is generated by fluxes and the non-perturbative corrections

arise from E3-branes (as 4 = 2m) or through gaugino condensation (as ¢ = 27/Ng). The

prefactors A, and Ay are O(1) numbers which depend on the complex structure moduli.
The super- and Kéhler potential give rise to the F-term scalar potential for the Kéh-

ler moduli
VV,rems) = Vins (Vo) + 7 | Ay Y2 ‘;_2% B, e;”’] , (2.5)
where Viys is the scalar potential of the underlying 2-moduli LVS model
Vivs(V, 7s) = o l-As Ts e]}_QasTs _g, T ev;asrs N 4353] | (2:6)
an N gselles 9 8(a; A;)? a;i| Al
vg<s87T )WO, A= s Br=atp (2.7)

with i = s, ¢ labelling the blow-up cycles. Famously, the potential (2.6) has an AdS minimum
at 75 ~ (£/2X4)%/3 and V ~ exp(as7s). In the full potential (2.5), the additional T4-dependent
terms stabilize 74 such that ay74 ~ InV, analogously to 7,. Moreover, if we assume [13, 44]

Aoay M < Na 2, (2.8)

then the presence of 74 and its stabilization do not affect the values of V and 7, derived
from (2.6). This remains true even during inflation, when 7 is displaced from its late-time
AdS minimum. The AdS minimum may be uplifted to a Minkowski minimum by adding
to the potential in (2.5) a positive term which can be parametrized as:

(2.9)

This term is such that (V + Vip)| .. = 0.3 We note that, while the feasibility of the
famous anti-D3-brane uplift [45, 46] has been challenged in this context [47-52], we are here
simply assuming that some form of viable uplift for the LVS can be realized, as in [53-61]
which proposed alternative uplifting mechanisms.

Note that we have arranged the expression for the potential in (2.5) so that one can
clearly distinguish the standard LVS scalar potential Viys, independent of the additional
modulus 74, and the non-perturbative corrections giving 7, a non-trivial potential. If no
further terms were added, 74 could be the inflaton of the original model [13]. In this case,
an inflationary plateau appears in the region where 7, is large enough for the exponential
terms to become sufficiently small. Our proposal is different: we will include loop corrections,

3For a precise determination of the constant D see eq. (4.7) of [44].



making the potential for 74 less flat but, in the regime where 7, comes close to V2/3  still
suitable for slow-roll inflation. In fact, we will argue that this is an unavoidable outcome.
In other words, ‘blow-up inflation’ [13] necessarily turns into a variant of what we would
like to call ‘Loop Blow-up Inflation’.

Let us be more explicit by specifying the leading loop correction to the potential, as it
arises from a loop effect in the Kéhler potential K:

1% a V2/3
O Vioop = Y Vci(;g f <7‘¢ . (2.10)

Here f is a generic function of V%/3/ 74. The full potential V' hence reads:

—2a4T, —
J/Té € o7 T, e %To
A(bd’i_[g o®

V(V,TS,T¢) = VLVS(V; Ts)—f—vup(V)-i-V V 1) VQ

+ 0Vigop - (2.11)

Two key points have to be made concerning this potential: one concerning our claim that a
T4-dependent correction 6Vj,p is unavoidable, and another, closely related point concerning
the form of this correction as well as the form of the function f in (2.10).

We start with the claim that such a correction is unavoidable. Indeed, to realize the
minimum which stabilizes 74 after inflation, we require that W receives a non-perturbative
correction ~ exp(—ayTy), cf. (2.4).7 Requiring this non-perturbative correction implies the
presence of an O-plane in the vicinity of the blow-up cycle 74 in order to break SUSY locally
to A/ = 1.° As has been discussed in detail in [40], this locally reduced SUSY then also
implies the presence of the claimed loop effect.

Since this last point is crucial, we want to provide more details. Recall first that it has
been argued in EFT language that corrections suppressed by V19/3 arise from 10d field-theory
loops in ' =1 CY orientifold models [35, 34]. At the same time, this has been derived in a
very impressive, explicit string-loop calculation, which is however necessarily restricted to
torus-based geometries [36]. A generalization to the CY case was conjectured in [38], and [39]
provided a low-energy interpretation of one-loop open string corrections by matching them
with the one-loop Coleman-Weinberg potential. This was developed and partially debated
in [40]. We provide more details on this and on the effect of fluxes on the loop corrections in
appendix A. Not to lose focus, we state here only that, even in the absence of open string
loops as in the case when the relevant cycle is not wrapped by any D7-brane, one-loop closed
string effects unavoidably induce a correction of the type given in (2.10) as soon as the
relevant geometry breaks SUSY to N = 1.

“If the non-perturbative corrections to W are very suppressed (as in the case where leading order instantons
vanish), another possibility to generate the minimum for 74 would be to use additional loop corrections —
cf. footnote 2 in the Introduction.

5Note that fluxes can break SUSY to N = 1 as well. However, this does not introduce non-perturbative
corrections to W. The reason is that fluxes become diluted as the volume V = ReT; grows. Hence the
corrections would have to be of the form A(V) exp(—ae7e). This is ruled out by the holomorphy of W in Tj.
We thank T. Weigand for pointing this out. A related argument can be found in section 3.2 of [13].

It is conceivable that, even in the absence of a local O-plane, a non-perturbative minimum stabilizing 7,
arises due to Beasely-Witten F-terms [62, 63]. We expect that in this case both the height of the inflationary
plateau and the size of loop corrections on the plateau are reduced. Whether this can lead to a realistic model
of inflation remains to be seen.



Moreover, the precise functional form of f in (2.10) in an explicit Calabi-Yau setting
is unknown. Yet, in the regime where a blow-up cycle 74 is smaller than any other nearby
cycle, one can argue in effective field theory for a loop correction depending on 74 only and,
through Weyl rescaling of the 4d metric, on V. As estimated in [39] for open string loops
and as derived in [40] for closed string loops, this leads to:

1/3 o
f~ v and hence Vioop = V. Cloop

NG VU

Here any unknown O(1) factors in f have been absorbed in ¢joop. We also note that this

(2.12)

numerical factor, which does not involve gs, is expected to be small in (higher-dimensional)
analogy to the familiar loop suppression factor 1/(1672) of 4d field theory. Reference [40]
derives the value 1/(27)* from the explicit torus orbifold results of [36]. Alternatively, an
identification of the relevant cutoff with the Kaluza-Klein scale naively given by M,/ (le)/ 4\FV),
allows one to use the 4d value 1/(1672). We will use the latter, more conservative value.

As explained above in relation to (2.8), we may choose CY data such that our potential
inflaton 74 can roll while V and 7, remain stabilized (up to small shifts) [13, 44]. We may
then work with a potential depending on 74 only:

V2 1% a
Vi(tg) = Vo |1+ Ag— fTg € 29T — By— 74 e %70 — P | 2.13
(79) = Vo v V7o 45 T B (2.13)

Here we defined
_ Vs

- )
minimuim VS

Vo = [VLVS(Va Ts) + Vup(v)] (2'14)

with 5 given by [44]:
3 _
B §a¢3/2)\¢ (In V)2 . (2.15)

The constant [ encodes the proper adjustment of the uplifting term (2.9), ensuring that Vj
precisely compensates the negative value arising from the two exponential terms in (2.13)
after minimization in 74. Obviously, the resulting value of 3 is corrected due to the presence
of the cjoop term, but this is not important at our level of precision.

We identify the inflaton ¢ with the canonically normalized field corresponding to 74:

l4)\¢ 3/4

In terms of ¢, the full inflationary potential (2.13) has several regimes which allow to realize
slow-roll inflation. To begin this discussion, we present in figure 1 a plot of our potential (2.13)
for different values of cjoop. The orange curve corresponds to cioop = 0 and is adjusted such
that the minimum is at zero energy. The blue and green curves have positive and negative
Cloop Tespectively. Obviously, when applying either of them to cosmology, the constant term
must be adjusted such that its minimum (rather than that of the orange curve) is Minkowski.
Note that we used extreme values for cjpop in figure 1 to make the loop effect more visible.



Fixed parameters: V = 1000, Ay = By = B =ay = 1, Ay=3/4

20

________________
_______________

]
1
1
\
1
1
1
1
\
\
\
\
\

0.5

Potential V'/V

0.0} —

""" Cloop= — 10 ]

—0.5:- Cloop = 0

Cloop= t+ 10 |
0.10 0.15 0.20 0.25 0.30
Inflaton ¢

Figure 1. Plot of the potential (2.13) for ¢joop = £10 and coop = 0.

As is well-known and also visible in the plot, the pure blow-up case with cjop = 0 has a
slow-roll region which starts relatively close to the minimum. The reason is that the potential
approaches a constant exponentially fast. As we argued above and will quantify later in
section 4.2, the loop correction destroys this slow-roll region if cjoop 2 1075, In case Cloop > 0,
slow-roll can then be regained at much larger ¢. For cjoop < 0, this is impossible.

For the case cipop 2 1079, if Ty is displaced within the regime 7, < 74 < 7, so that the
two exponential terms in (2.13) can be neglected, the potential in terms of ¢ takes the form:

bcloop 1 4)\¢ 1/3 _ 0Oy

This characterizes the slow-roll regime in our simplest scenario which relies on loop corrections
to drive inflation.

In the rest of this section and section 3, we assume that the approximate potential
of (2.17) can be used in the inflationary regime. This implies in particular that 7, is small
enough such that the leading-order term in the expansion of f in 74 in (2.12) is sufficient.
Yet, we want to emphasize that this is merely one regime in which slow-roll can be realized.
In section 4, we study two additional slow-roll regimes: the regime where subleading terms

in the small-74 expansion of f are relevant, and the regime where loop corrections become
negligible due to a small value of cjop.

2.2 Inflationary dynamics

In this subsection we assume that the approximate potential (2.17) is sufficient to describe
the observable part of slow-roll inflation. This implies that the exponentially suppressed



terms are negligible, which will always hold as long as cjoop is not too small. It also relies
on the requirement:

Ty S V2/3 or equivalently o<1, (2.18)

in order to realize inflation within the Kéahler cone. The requirement that 7,4 is far away
from the walls of the K&hler cone during the observable ~ 52 efoldings of inflation constrains
Cloop from above.

The slow-roll parameters following from the potential (2.17) read:

1 (Vo\? 2 (bcioop)?
622(1/) T g 21
V¢¢ 10 bcloop

We can see that for small values of (bcioop) a slow-roll regime can be realized. With the
parameters € and 7 at hand, we can determine the spectral index ng, the tensor-to-scalar
ratio r and the number of efoldings N,:

20 b
ne=1+42n—6e=1-" ;;‘;‘;’p, (2.21)
32 (b 2
r:16629(ci%(7;’), (2.22)
s 8/3
N, = Vg~ L 0 : (2.23)
Pend V¢ 16 bcloop

where ¢enq and ¢, denote respectively the values of the inflaton field at the end of inflation
(where € ~ 1) and at the scale of horizon exit. In (2.23) we used @epnq <K Ox.

Based on the formulae above, we will aim to match cosmological constraints in the
next section. Specifically, we need to ensure the right number of efoldings N, and the right
amplitude of primordial density fluctuations Ay. These requirements will fix ¢, and V in
terms of N, and A,. The hope is now that the large parameters N, and the inverse spectrum
normalization flgl are sufficient to make the volume V large enough to realize a controlled
LVS model. At the same time, the condition ¢, < 1 has to be maintained.

3 Control and constraints

In this section we implement phenomenological constraints on the microscopic parameters
of our loop blow-up inflation model, focusing on its simplest realization. The inflationary
parameters specific to this scenario have been obtained in section 2.2. Our primary objective
is to assess whether the modulus 7, corresponding to the inflaton remains inside the Kéhler
cone, which is equivalent to ¢ < 1. In section 3.1, we derive formulas for ¢, and V in terms of
the number of efoldings N, and the amplitude of the density perturbations A,. Following this,
section 3.2 will show, using the number of efoldings, N, >~ 52, and typical values of the volume,
V ~ O(10%), derived in section 5, that our model indeed remains in the controlled regime.
Moreover, in section 3.3 we argue that achieving a Minkowski vacuum via anti-D3-brane
uplift is challenging due to 10d curvature corrections.



3.1 Matching cosmological data

First, we will discuss how V and ¢, are constrained by cosmological observables. Our first
constraint arises from matching the amplitude of primordial density fluctuations A;. The
spectrum of scalar density perturbations A2 is defined by (cf. eq. (1.58) in [7])

) N k ns—1
AS — AS kf 5 (31)

where the amplitude A, was measured by Planck [64]:
Ay x 10 = 2.105 + 0.030 .. (3.2)

We also have (cf. eq. (2.42) in [7])

1V
A= —_— , 3.3
T 24m e log(r) &
where V' is the scalar potential. Evaluating (3.3) at ¢(k.) = ¢ is thus equivalent to:
Ve A 2 7 -7
72 = A, =120, ~25%x 1077 (3.4)
¢ =0«
Using the potential (2.17) and the approximation 1 — cloopb¢;2/3 ~ 1 in (3.4) yields:
10/3
9V % ~
Wo o’ _ 4, (3.5)

4 (b Cloop)2

Recall that Vj and b contain the volume V, cf. (2.14) and (2.17). Thus, we interpret (3.5) as
a relation between the value of the inflaton at horizon exit ¢, and the volume V.

In a second step, the required number of efoldings N, is determined by the post-inflationary
history specific to the inflation model. We will perform this analysis for our particular model
in section 5, where we will find N, ~ 51.5-53 depending on the underlying brane setup. Thus,
we can essentially treat N, as a fixed constant and interpret (2.23) as a second constraint
on ¢, and V. The two relations (2.23) and (3.5) can be solved for ¢, and V: first, we
solve (2.23) for V in terms of ¢,:

A 16N .04 Cloop \
_4a A 00p ) .
V=g ( 95 ) (3.6)

Next, inserting this expression for V in (3.5) we find:

Ao2.2 3
by = (BAU% B = (2476 G0 (3.7)
’ ’ B 983V ' '

Thus, ¢, and V are expressed in terms of A and B. Using the definitions of A and B gives

1 L

1 N
. 2T\ T [ Ay N7 (04 cloop)’ | 2 v | 1t ANgNé?ﬁ?, ; (3.8)
38 NQ /810 ’ 144 78 Agl (U¢> Cloop)d 7
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where we introduced the convenient parameter
Ng = 2rgse™=W¢ (3.9)

which contains all Wy and g, dependencies. Note that the quantity Ng is bounded by the
negative tadpole —Q3 of the orientifold [65]:

No < —Qz ~ 0(100) . (3.10)

Hence our ability to raise V and lower ¢, by using large Ng is limited. In type IIb models
with local D7-tadpole cancellation, an upper bound on —@3 follows from the Lefschetz fixed
point theorem [66-68], relying solely on the Hodge numbers of the CY. The largest numbers
from the Kreuzer-Skarke database [69] imply a maximum at —@Q3 = 252, which was also
explicitly realized in orientifold models in [70].

Parametrically, a small value for ¢, and a large volume V can be achieved due to the
small amplitude Ay and the small factor Cloop- In addition, Ng ~ O(100) can provide further
but limited improvement. For illustrative purposes, let us adopt the following natural choice

of microscopic parameters:©

Ao =1, Cloop = 1/(1677) , B=Wy=gself"=2 = Ng=167. (3.11)
For this parameter choice and N, ~ 51.5-53, (3.8) reduces to:
¢, =006 N7/22 ~ 0(0.2) and V=1743N>" ~ O(10%). (3.12)

Thus, one may say that Loop Blow-up Inflation is typically characterised by ¢, ~ (0(0.2) and
Y ~ O(10%). Compared with the original model based on non-perturbative corrections [13],
¢« is much larger while V is slightly smaller.

3.2 Kahler cone constraints

We now want to estimate whether we can realize slow-roll, remain inside the Kéahler cone and
simultaneously match the constraints discussed in section 3.1. As an illustrative example
and without loss of generality, we take the explicit construction of [71] which features a CY
volume of the form (setting one exceptional divisor to zero size)

1 /2
V=3 (@7 -V v, (3.13)

with the following relations between 4-cycle and 2-cycle volumes

27 9 9
Tb:?tz, Ts:itg T¢:§t%, (314)
and Kahler cone conditions
ty+1ts >0, th+ty >0, ts <0, ty <0. (3.15)

5Imposing perturbative control by requiring g, < 0.2 implies, for our parameter choice, e®° > 10.
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The canonical normalization (2.16) therefore becomes

_ V2/34A/3 ( ) 4/3 3.16
Té <4 ¢ 573 axy (3.16)

where in the second equality we have approximated V ~ é\/g Tb3 /2. We can then rewrite (3.16)
in terms of the 2-cycles as

sl _ (1

v = (s

Evaluating this ratio at horizon exit we find

1/3
> ¢*3 ~ 0.6 ¢/ (3.17)

t

’f*’ ~ 06072 ~02 for ¢, ~02, (3.18)
b

which implies that the whole inflationary dynamics takes place well inside the Kéhler cone

with [ty| < tp. For ¥V ~ O(10%), one has [ty,| ~ O(2.5) < t, ~ O(13).

3.3 10d curvature corrections

Furthermore, we face another consistency constraint on the volume V if the uplift mechanism
relies on warped throats. In the case of anti-D3-uplift, warped throats are present and we have
to take a correction into account which arises as a combination of the leading a/3-correction
and a non-constant warp factor [47, 48]. Control over these corrections can be assured if the
parameter cy, as defined in (3.9) of [48], satisfies ¢y > 1. The parameter cy is given by
V2/3 (9 ).)2/3
cN = —i : (3.19)
N 10a,€2/3
where N denotes the D3-tadpole contribution from the fluxes in the throat.” We can
rewrite (3.19) purely in terms of the volume V

V231 1

NT N0 Y (3.20)

2/3

since 7, stabilizes V at V ~ exp(a,7s) where in addition 7, ~ £2/3/(2,)2/3. Solving the above

equation approximately by neglecting the In) contribution yields:

V = (10Ney)®/2. (3.21)
The requirement of control, i.e. ¢y > 1, hence constrains V to satisfy

V> (10N)%2, (3.22)

The minimal value for N which allows for an anti-D3-brane uplift can be obtained from
the parametric tadpole constraint (PTC) [48]. To obtain Npi, we use the minimal value

"The relation (3.19) was derived using the volume in the global LVS minimum. However, as we already
discussed in section 1, this is sufficiently similar to the volume V during inflation.
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for gsM? = 144 from [50, 51] and apply the PTC [48] which gives Npyin &~ 240 such that
we find the following lower bound on V:
N 3/2
V> 10° ()

510 (3.23)

Note that in the derivation of (3.22) we neglected the logarithmic volume contribution and
in the determination of Ny, we further omitted the subleading terms of the PTC. Including
any of these corrections will substantially worsen the bound (3.23) on V for our application.
Therefore, if we insist on using anti-D3-brane uplift, our inflation model may run into trouble
as our volume will not be large enough, cf. (3.12). However, this constraint does not apply to
alternative uplift mechanisms, like D-term effects [56], dilaton-dependent non-perturbative
contributions [55, 57|, T-branes [58] or non-zero F-terms of the complex structure moduli [59-
61]. In addition, this constraint might not apply to another scenario which we will discuss in
section 4.1 where we will go to the regime ¢ ~ O(1) including subleading corrections.

4 Further inflationary regimes

The specific expression (2.17) represents only one of the possible regimes in which the general
potential (2.10) (with the loop correction defined in (2.11)) can realize slow-roll inflation. So
far, we assumed that this loop correction dominates over the exponential terms and thus
represents the leading effect breaking the flatness of the potential. At the same time, we
have remained in the small blow-up regime to maintain control over the explicit form of the
function f, as specified in (2.12). There are two alternative regimes, which arise as follows:

First, we may leave the small blow-up regime by going to ¢ ~ O(1). In doing so we lose
control over the explicit functional form of the loop correction. However, as we approach this
regime from small values of ¢, we can expand f around the point 74/ V2/3 = 0, introducing
subleading corrections and incorporating them into our analysis. In section 4.1 we will argue
that a whole class of inflationary models might arise in this regime. Second, it is possible
that the loop factor cjoep is so small that we can disregard loop corrections completely. This
would bring us back to the original proposal of [13]. In section 4.2 we will determine the
critical value of cjoop Where this transition occurs.

4.1 Subleading corrections

In this section we consider the first alternative regime of the general potential (2.11), which
arises by moving to larger field values, ¢ ~ O(1). This implies a departure from the specific
functional form (2.12) of the leading loop correction. We assume that the leading loop
correction can be interpreted as the first term of an expansion of f in (2.10) in terms of the
2-cycle volume /75. Symbolically, the function f then takes the form:

Y13 VT | T
f:ﬁ(1+vl/3+v2/3+...). (4.1)

The additional terms in f modify the potential (2.17) as follows:

1
V:VO(lcloopb{&/g+a+b¢2/3+...]>. (4.2)
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Here we introduced constants a, b which generically should be O(1). The factor a only

influences the height of the inflationary plateau. This effect is negligible due to the smallness

of the coefficient (b cjoop) and we will disregard a in what follows. Depending on sign and

value of b (as well as possibly of prefactors of higher terms in our expansion) we could find

whole classes of models of slow-roll inflation. However, for reasons that will become clear

shortly we will include only the first relevant correction ~ b¢2/3 for the following analysis.
The slow-roll parameters for the potential (4.2) read:

1 54 1 8 b 4 b2
€= §(bcloop) [9 d)lo/g - §¢6/3 + 9¢2/3] (43)
10 1 2 b
1~ —b Cloop [9¢8/3 - 9¢4/9} (4.4)

We see that slow roll is possible due to the small prefactor (bcjoop). Using these results
we find the number of efoldings:

P 3 ¢5/3
Pend 2 bioop [1 —b ¢4/3]

Again, the exact number of N, is determined by the post-inflationary history and we treat

N, =

do. (4.5)

N, as a constant such that we can read (4.5) as a constraint which determines ¢,. The
integral (4.5) is dominated by the largest ¢-values such that we may replace the lower
integration limit by zero. Assuming b > 0, we see that compared to the situation with b =0 a
smaller value of ¢, will be sufficient to give a predetermined value of N.. This is encouraging
since it indicates that the presence of the b-correction actually leads to a more robust scenario
for inflation and we are not required to go to very large values of ¢,.

We now want to proceed with the following logic: first, we recall that our analysis
without subleading corrections gave ¢, ~ 0.2. The smallness of this value relative to unity
may be viewed as a result of the smallness of the power spectrum. We may think of ¢, as
of the small parameter of our analysis. As we just argued, this value only becomes smaller
for non-zero b. Thus, we may treat b¢*/® in (4.5) as a small correction and evaluate the
integral perturbatively:

8/3

~ 9 O
16 b Cloop

(1+ 2662/ (4.6)

e

This confirms that the correction tends to make ¢, smaller for given N.. In addition, we
want to analyze the effects induced by the normalization of scalar perturbations,

A Vo 10/3 4/3
A = 142 4.
G (2. k

where we used the approximation 1 — ¢loopb(¢s 28 4 bch/ 3)

~ 1 and expanded to leading
order in bqﬁ/ ®. Recall that the measured value for A; is given by (3.4).

Analogously to section 3.1, we now solve (4.6) and (4.7) for ¢, and V where we have
to keep in mind that the volume V is contained in Vj and b, see (2.14) and (2.17). We can
use (4.6) and solve for V in terms of ¢,

V= 2 (1+ 25¢4/3) . (4.8)
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Using this relation for V in (4.7) we obtain the following equation:
(B47)

For b = 0, we find that (4.8) and (4.9) are equivalent to (3.6) and (3.7) respectively. To
leading order in b¢il/ 3, (4.9) is a quadratic equation for qﬁ/ % which is solved by

V= B ey (BAT)" = 20 (B4T) 40 <b2 (BA7)6/99> S (410)

2/99 4/3)48/99

— ¢ (1 + 266 (4.9)

~ 64b 33
The physical solution corresponds to the upper sign choice in (4.10):

b = (BA7)1/ o {1 - %b (BA7)2/ 99} . (4.11)

We can now clearly see that the correction with b > 0 will lower ¢,. Furthermore, we obtain
the solution for V by using (4.11) in (4.8) and again expanding to leading order:

y— (gi) " (1 _ gb (BA7)2/99) . (4.12)

The results (4.11) and (4.12) reproduce (3.8) by setting b = 0. We see that not only ¢, but
also V are lowered for b > 0, though the effect on the volume is weaker.

At this stage, it becomes clear that a variety of different models can arise when the
corrections in (4.1) are taken into account. We also see that, if the sign of the prefactor b
turns out right, the leading correction allows for more robust model thanks to the smaller
value of ¢,. It may be interesting to further investigate these scenarios, including higher
terms from (4.1). However, a posteriori the lower value of ¢, can justify our neglect of such
sub-leading corrections. Moreover, it also lends support to the simplest version of our analysis
in section 2, where even the leading correction ~ b was disregarded.

4.2 Original blow-up regime

In this section we determine the critical value of ¢joop for which the original blow-up model [13]
transitions to Loop Blow-up inflation. A parametric estimate demonstrating that loop
corrections tend to destroy slow roll in blow-up inflation appears in [15, 7]. Yet, the critical
value of the prefactor cjoop has not been derived. Note also that the effect of higher derivative
a’® effects has been studied in [72]. The result is that, for the expected value of their
prefactor, they do not spoil the flatness of the inflationary plateau and can instead improve
the agreement of the scalar spectral index with CMB data.

To determine a critical value for cjo0p, imagine we can treat cjoop as a free parameter which
we set to zero initially. In this setting, we implement all our phenomenological constraints on
Ne, ng and the normalization of scalar perturbations, thereby fixing some of the parameters of
the blow-up inflation model. Now we increase cioop, insisting that the model is not significantly
affected. In particular, we demand that the relative corrections d7/n and de/e (and hence
the correction to Vo) remain small. This will determine a critical value for cjoop. To obtain
de/e and dn/n, we first rewrite the potential (2.13) as:

V(¢) = Vo + Vap(9) + Vieop() , (4.13)
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where we defined

Vap(9) = —VOB¢K To(@) e @) | Vo (¢) = —Vp—e® (4.14)
B B\ 7s()

with Vyp(¢) corresponding to the non-perturbative potential which generates slow-roll inflation
in [13]. Assuming, as explained, V|| = < V. , we have:

oop np»’
Vi (6) + Vil ? VL) Vi
e~ t p(@) + Vioop(9) )" _ 1 (Vip(@) 142 loop (¢) +...], (4.15)
2 Vo 2\ W Vip(®)
V// (¢) ( ‘/1/1 (¢)>
np oop
- 1 | (4.16)
Vo Vip(9)
Using (4.14), the relative corrections become
% Lo loop () _ CloopTy i (4.17)
e V(o) © ByV(agry — 1)e %7’ '
-3/2 _
on Vigop (®) ) CloopTy 9 1 1
— o~ = — ——+(4 . 4.1
n VI(9) — 8BgV agry e 0™ a7 — 4 + (dagTy) (4.18)
The ratio of these corrections at horizon crossing, 74 = 7g,, is:
(56/6 8 ATy, — % + (4a¢r¢*)_1
— == 1 4.19
Snfn 52T Pyr— >1, (4.19)

since inflation takes place in a regime where ay74, > ag (74) ~ InV > 1. Thus, the main
correction we need to control is de/e. Recall that, while the spectral index is dominated by 7,
the parameter € is nevertheless essential since it governs the number of efoldings N..

To estimate whether the correction is significant we need to determine 74, and V. In the
original blow-up inflation model, the number of efoldings NV, is given by (cf. (4.35) in [44]):

Ke e Tox . 35W0/\¢
Ne:ﬁw’ He:T’ (420)
CL¢T¢* 16CL¢ A¢
and the normalization of scalar perturbation reads (cf. (4.39) in [44]):
A B K 62a¢‘r¢* o gseKCS 3)\¢53W02 % 2 (4 21)
T Vg (agTs, —1)7 VS N8 ) eddd? \As) '

Recall that the measured value for Aq is given by (3.4). We can use (4.20) and (4.21) to
solve for 75, and V. In a first step we use (4.20) to solve for V in terms of 74,

(e e " 4.22
Ve (agTy, )32 ’ 422

such that we can eliminate V in (4.21). Suitably rewriting (4.21) in the limit ag7y, > 1
one finds

N 3
(a¢7¢*)—2€a¢7¢* — (;) %7 (4.23)
€ s
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which is approximately solved by

agTy, =~ In Kf)g Z] +0(1). (4.24)

€ s

Then, using (4.22) and (4.24) in (4.17) and reinstating the factors in k. and ks gives:

be 8 eRegy N2Woul" (| T8a3AgeRg Ny e 25)
e oor\lo7n AyB /\35/2 QWAS)% ' ‘

We can evaluate (4.25) for the typical parameter choice (3.11) together with agy =27, Ay =1
and N, = 52 which yields

Sefe = 2.4 x 108 ¢jp0p - (4.26)

Thus, in order to avoid considerable deviations from the predictions for the main cosmological
observables, we have to demand:

Sefe < 1 & Cloop < 0.4 x 1079 (4.27)

This result has been checked via a detailed numerical analysis by computing the values
of ¢, and V yielding N, ~ 52 (in agreement with the values of N, that we will obtain in
section 5) while ensuring the correct normalization of scalar perturbations based on (4.21).
We then turn on loop corrections and increase the value of cjoop until their contribution
spoils the predictions of the original model. Generically, the coefficient cjoop, is expected
to be small due to a suppression by factors of 2m. A careful analysis in [40] estimates
Cloop ™ (27)™* ~ 107*. Indeed, this value could suffice to neglect loop corrections if g,
and Wy are tuned appropriately small in (4.25). However, the smallness of g5 is limited by
the fact the volume is exponentially large in 1/g;. Moreover, tuning Wy to a small value
goes together with making the volume small. This is, in turn, highly problematic because
of warping corrections, as discussed in detail in [47, 48] and also in section 3.3. Thus, we
conclude that loop corrections tend in general to spoil the original model of blow-up inflation
based purely on non-perturbative effects.

5 Phenomenological analysis

In this section we want to derive precise predictions for the cosmological parameters of our
model. To accomplish this, we have to study the post-inflationary evolution. Following
the analysis in [72], we will obtain the number of efoldings of inflation N., from which all

the other parameters follow.

5.1 Moduli decay rates and dark radiation

Reheating is the process through which the inflationary energy is transferred into the Standard
Model (SM). To understand this process, it is therefore crucial to first identify the location
of the SM in the extra-dimensions, and subsequently to compute all the moduli couplings
and decay rates to the SM as well as hidden degrees of freedom.
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Standard Model realization. As pointed out in [73], it is very hard to stabilize the SM
cycle via non-perturbative effects since chiral intersections between instantons and SM matter
fields tend to give a vanishing prefactor of the non-perturbative contributions to W. Since
we require non-perturbative effects to generate a minimum at the end of inflation, we will
not realize the SM on D7-branes wrapped around T¢.8 Instead, we will include an additional
blow-up cycle, denoted as 75,,. If 74, is in the geometric regime, the SM can live on D7-branes
wrapped around this divisor. If, by contrast, 74,, collapses to zero size, the SM is realized
on fractional D3-branes. The total internal volume therefore takes the form:

V= TI?/Z - ASTS/Q - )\¢T§/2 - )\SMT.gl/v? — Aint (Tint — )\TSIVI)3/2 ) (5.1)

where, on top of 7g,,, we included another divisor 7t which intersects with 7g,,. Let us
describe the stabilization of 7g,, following the discussion in [43]. Non-zero gauge fluxes on the
D7-stack wrapped around 7g,, generate chiral matter and a moduli-dependent Fayet-Iliopoulos
term. For zero VEVs of the charged matter fields, D-term stabilization yields a vanishing
Fayet-Iliopoulos term which, for an appropriate choice of gauge fluxes, corresponds to [43]:

Aint A\ 2
Tsm = ( ! ) (Tint - )\TS]M)~ (5-2>

)\S]W
For geometries without an intersecting divisor, i.e. with Ay = 0, (5.2) leads to 75y, — 0,
forcing this 4-cycle to shrink down to zero size. In this case the SM would live on D3-branes
at a CY singularity. When instead iy # 0, (5.2) leaves a flat direction without forcing the
collapse of any divisor. This direction can be parameterized by 74,, and can be fixed by
string loops. Inspired by the explicit CY construction of [42], the relevant loop potential
might take the form:

dloo Jloo W2
Vires) = P _ p —0. 5.3
It is easy to see that this potential admits a minimum at:
2
Gloop
TS - <1 + d > TSM ~J TS]VI; (54)
loop

showing that loops can fix the SM modulus 7g,, in terms of 75 which, in turn, is stabilized
by non-perturbative effects. This allows to reproduce the correct SM gauge coupling g52 ~
Tsu ~ Ts ~ O(10) for SM fields living on a D7-stack wrapped around 7g,,.

Moduli decay rates. The post-inflationary evolution is determined by the moduli decay
rates. The only relevant moduli are the inflaton and the volume mode since 75 and 7g,; never
come to dominate the energy density. The masses of the canonically normalized inflaton
¢ and volume y read:

WO Iny WO
m¢ ~ T Mp and mx ~ W Mp7 (55)

where we introduced the reduced Planck mass M, ~ 2.4 x 1018 GeV. Let us list the main

decay rates for each modulus separately.

8Even a loop stabilization of 7, would not work since non-zero gauge fluxes needed for chiral matter would
generate a T4-dependent Fayet-Iliopoulos term that would spoil the flatness of the inflationary plateau.

,18,



¢ Volume x: one of the leading decay channels of the volume mode is into its corre-
sponding closed string axions a;, with decay width [74, 75]:

P L (W M, (5.6)
T asr My \4sr ()2 VO '

Moreover, logarithmic loop corrections to the Higgs mass induce a coupling between

and SM Higgs scalars h with decay rate [76]:

- 4
r = CIQOOP mo m7§< (5.7)
X—hh = 3o my ) M2 ’ '

where Goop ~ 1/(167%) ~ O(1072) is a 1-loop factor and mg the soft SUSY breaking
scalar mass. These two parameters determine the ratio between (5.6) and (5.7):

4
Daohh g2 (M0 (5.8)
FX‘W«bab toop My

When the SM lives on D7-branes, mg =~ mg/, ~ WoM,/V > m, [77], while when the
SM is sequestered on D3-branes, mg < m, [78, 79], implying for V ~ 10%:

r
—Xzhh (GloopV)? > 1 for SM on D7 (5.9)
Fx—mbab
r

XM < o < 1 for SM on D3 (5.10)
Fx—mbab

Hence, when the SM is on D7-branes, (5.7) dominates over (5.6). Plugging (5.5)
into (5.7) we get an expression of the decay rate of the volume mode in terms of V only:

~2 3
Cloop Wy vInV M,
Iy onh ~ ( 3o YTk (5.11)

On the other hand, when the SM in on D3-branes, the decay rate (5.7) can be safely
ignored. In this case, the main volume decay channel into SM degrees of freedom is

induced by a Giudice-Masiero interaction in the Kahler potential between the volume
mode and Higgs bosons H,, and Hy with coefficient Z. The corresponding decay rate is
given by [74]:

(5.12)

3
r :Z2mXN< VAN )Mp
X—>H1LHd

24r M2~ \ 247 (In V)32 ) VOI2°

¢ Inflaton ¢: when the inflaton 4-cycle is wrapped by a hidden D7-stack, the main decay
rate of ¢ is into light hidden sector gauge bosons ~;, and looks like [80]:

v omd  (WomV)*\ M,
Fomsmn ™ Gz 212 = (w Ve (5.13)

On the other hand, the situation when the inflaton divisor is not wrapped by any
D7-brane has been studied in [76]. The main two-body inflaton decay channels are into
volume moduli x and volume axions a; and scale as:

(V)2 md (Wg (an)9/2> M,

T ~T o~ o~ — - 14
TSV VE 647 Vi (5:14)
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After being produced from the inflaton decay, the volume moduli behave as
explained above, depending on the realization of the SM. When the SM is on
D7-branes, x decays almost instantaneously into SM Higgses h since from (5.11)
Lyohn ~ 51200pMp/V5/2 > L'y yyy for V> 1. When instead the SM is on D3-branes,
comparing (5.12) with (5.14) for large V, we realize that I'y_ i, i, < 'y, implying
that x decays after ¢ diluting all the inflaton decay products.

Moreover, when the SM lives on D7-branes, there are additional inflaton decay channels
which scale as (5.14). These are ¢-decays into pairs of SM gauge bosons v, SM
axions agy (which play the role of QCD axions) and SM moduli 7g,,. Given that
Crgrr—vy = Drgy—asaasy ~ Mp/V2 is much larger than (5.14) for V > 1, after being
produced from the inflaton decay, 75,, decays almost instantaneously in vy and agyaga
with [76]:

r
TSMTV — 8N, > 96> 1, (5.15)
F7'SM%CISMLISM
where we have considered a number of gauge bosons N, > 12 which is at least as big as
in the SM.

Dark radiation. As we have just seen, the decays of ¢ and x, besides producing SM
particles, yield very light axions, like a, and ag,,, which are relativistic and can contribute to
extra dark radiation [74-76, 81-87]. This is parameterized by ANcg, the effective number of
additional neutrino-like species with respect to the SM case. It may happen that the axions
produced in the decay of the heaviest modulus do not contribute to dark radiation because
they are diluted by the decay of the lightest modulus. This situation arises if the latter comes
to dominate the energy density before decaying. In this case, the axionic contribution to
AN, is determined by the decay of the lightest modulus which we denote as o. Writing the
decay of ¢ into SM particles as 'y, 5y, and as I';_piq the o-decay into hidden degrees of
freedom which we assume to be just closed string axions, the axionic contribution to extra
dark radiation can be computed as [74, 75]:

43 T'5 i
ANeff:—g cr—>hd(

7 FO’A)S]W

10.75 >1/3
) )

oo (Tm (5.16)

where g, (Ti1) is the number of relativistic degrees of freedom at the reheating temperature 7}y,.
This prediction has to be confronted with constraints from CMB observations which set a
tight upper bound on AN.g (depending on the specific dataset used) [64]:

ANt <0.2—0.5 at 95% CL. (5.17)

Let us now use the moduli decay rates computed above to evaluate ANg for the following
different scenarios:

I) SM on D7s and inflaton wrapped by D7s: in this case o = x, and so I'y_piq is given
by (5.6), while I'y_, ), is given by (5.7). Plugging (5.9) into (5.16), it turns out that
A Neg ~ 0 since the volume mode decays predominantly into SM Higgses.
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II) SM on D7s and inflaton not wrapped by any D7: in this case 0 = ¢, ['yy5 =
Lysxx—hhnh + Loy + Domsrgyrrsar—yyyy, While Iosnid = omsaya, + Fosasnrasa +
L opsronrsm—asnasaasyasy - Lhis case has been analyzed in detail in [76] which found
ANeg ~ 0.14 setting Ny = 12 and g.(Tyn) = 106.75.

III) SM on D3s: when the SM is on D3s, the last modulus to decay is always y regardless
of the fact that the inflaton is wrapped or not by a D7-stack. Hence o = x and 'y _piq
is given by (5.6), but now I',_, 5, is given by (5.12). Plugging these results into (5.16),
we find ANeg ~ 1.43/Z2 for g.(Tn) = 106.75 since we shall see that T}y, is well above
the EW scale where all SM degrees of freedom are relativistic. Imposing AN.g < 0.5
requires Z 2 1.7.

5.2 Post-inflationary dynamics

We will analyze three different scenarios of post-inflationary evolution. In scenario I the SM
lives on D7-branes and the inflaton 4-cycle is wrapped by a stack of hidden-sector D7-branes,
as considered in [88-90]. On the other hand, scenario II corresponds to the case envisaged
in [76] where the SM is realized again via D7-branes but the inflaton 4-cycle is not wrapped
by any D7-branes . Finally, in scenario III we will analyze the case where the SM is on
D3-branes at singularities, regardless of the presence of a D7-stack on the inflaton 4-cycle
(for reheating from moduli decay in D3-models see [74, 75, 84-86]).

Scenario I: reheating from volume mode decay. As already explained, in the case when
the inflaton is wrapped by a hidden D7-stack and the SM is on D7-branes, the inflaton decays
promptly into hidden sector degrees of freedom via (5.13).° These hidden particles are then
diluted by the subsequent decay of the volume mode that leads to the final reheating via (5.7).

Let us now analyze in detail the post-inflationary evolution of this scenario. At the end of
inflation, both the inflaton and the volume modulus are displaced from their post-inflationary
minima and start oscillating. These oscillations redshift as matter, and the energy density
stored in the inflaton is larger than that in the volume mode. In fact, at the end of inflation,
at time tonq, the energy density of the inflaton can be approximated as the inflation scale:

BWE
P¢( end) - 3Hme2 - g

M, . (5.18)
On the other hand, the energy density stored in the volume modulus is:

(5.19)

where Y is the displacement in Planck units of the minimum of y during inflation, i.e.
Xo = Y M,, which can be written as [44]:

Y ~ \[R InV)*?2, (5.20)

9Here we are assuming that the hidden sector D7-stack on T is not a pure SYM theory that develops a

mass gap above my, as considered in [88]. In fact, in this case the decay of ¢ into hidden sector gauge bosons
would be kinematically forbidden and the post-inflationary evolution would be the same as in the situation
where 74 is not wrapped by any D7.
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with:
)\sas_g/Q + )\¢a;3

R

5 <1 (5.21)

In [44], using R ~ 0.1 — 0.01, Y was estimated to be of order Y ~ 0.1. Therefore, the ratio
of the energy densities at the end of inflation is:

_ Px(tend) Y2
0= ~ <
p(i)(tend) /B InV

Immediately after inflation, an era of matter domination starts, driven by the coherent

1. (5.22)

oscillations of the inflaton field. This lasts until the inflaton decays at the time fgec 4. We
will indicate the number of efoldings of inflaton domination as Ny which is given by:

Vmn (i)} L, <p¢><t>> L2 (H) L2 (MW) |
a(tena) 3 p¢(tdeC,¢) 3 Lgsrvim 3 W (In V)3 3

(5.23)
where in the last equality we have substituted (5.13) and (5.18). At this point, the radiation
produced by the inflaton decay comes to dominate the energy density. Since the volume
oscillations continue to redshift as matter, there will be a time of volume-radiation equality
denoted as toq. The energy density and the Hubble scale at volume-radiation equality can
be obtained by imposing:

Px(teq) = praa(teq) , (5.24)

which yields:

3 4
px(tdec,qﬁ) <a<tdec,¢)> = prad(tdec,qb) (a(tdec’(b)> . (5'25)

a(teq) a(teq)

Until the inflaton decays at tqec,4, the ratio of the energy densities of the volume modulus
and the inflaton is constant and equal to (5.22), since both of them redshift as matter. Later
on, when the inflaton decays at tqec,¢, it suddenly transfers its energy into radiation so that
we have prad(tdec,s) = Pop(tdec,s). Using this relation, we find a(tgec,¢)/a(teq) = 6. Hence,
Prad(teq) = prad(tdec,¢) * and:

H(teq) = H(ldec,s) 0 ~ Ly 0% (5.26)

Therefore, inserting (5.13) in (5.26), we obtain:

(Wo InV)? 02> M, (5.27)

H(teq) = ( 64w vz

Starting at teq, py becomes dominant and a second era of matter domination starts. Again,
this epoch lasts until the decay of the volume modulus at the time tqec,. We can determine
the number of efoldings IV, of volume domination as:

H(teq)> 2 <Y4 \/wnv)

2
N,~—-In| ——— ] ~—-In 5.28
XT3 (Fxﬁhh 2(B éloop)2 (5:28)

3
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where we have used (5.11), (5.22) and (5.27). The volume mode decays at tgecy, giving
rise to a second epoch of radiation domination with reheating temperature T, that can

90 1/4
Th=|———+-— M,T . 2
v~ (ezpemay) VAT (5:29)

Scenario II: reheating from inflaton decay. As already mentioned, in the case where

be estimated as:

the inflaton divisor is not wrapped by any D7-brane and the SM lives on a D7-stack, the
final reheating is driven by the decay of the inflaton. In fact, in this case ¢ decays mainly
into SM gauge bosons with decay width [76]:

Ty = 8Ny Ty (5.30)

where I'y_, is given by (5.14). On the other hand, x decays into SM Higgses with decay
rate I'y 5, given by (5.11). Hence the ratio between the two widths scales as:

Tgyy _ 4Ng (InV)?

~ ~ 10°, 5.31
U'y—hn Cop V32 (5:31)

for V =~ 104, &o0p =~ 1/(1672) and N, = 12. Thus, the volume would decay after the inflaton

but, as we shall show below, when x is not dominating the energy density. Therefore this

scenario does not feature any epoch of volume domination. Let us see this more in detail.
The number of efoldings of inflaton domination is:

2 Hi, 2 5/2
Ny~ =1In L) ~Zm \/E smV 573 | - (5.32)
37 \Tyory ) 3 3 N,W2 (In V)Y

Similarly, the relation between H(teq) and H(tgec,¢) is the same as (5.26) but now with
H (tdgec,) =~ Tpsnyy. Thus, H(teq) becomes:

H(teq) =~ H(tdee,s) 0% =~ Tpyrpry 07 (5.33)

Now, computing the ratio between (5.33) and H(tdec,y) =~ I'y—nn, and using (5.22)
and (5.31), we find:

4

H(tey) T _
U~ 0792 10— ~ 1077, (5.34)
H(tdec,x) 11x~>hh (ﬁ In V)

for V ~ 10*, Y ~ 0.1 and B ~ 2. This result implies that the volume mode decays well before
reaching volume-radiation equality. Hence, the number of efoldings of volume domination
is exactly zero:

N, =0. (5.35)

Since the volume mode decays when it is a subdominant fraction of the energy density,
reheating is driven by the inflaton decay. The corresponding reheating temperature turns
out to be:

90 1/4
Ty = <2)> M, Ty . (5.36)
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Scenario III: Standard Model on D3-branes. When the SM is realized on D3-branes at
the CY singularity at 74, — 0, we have seen that the final reheating is due to the decay of

the volume mode. Let us now analyze in detail the post-inflationary evolution of this scenario

depending on the presence or absence of a D7-stack wrapped on 74.

Ila)

IITb)

Inflaton wrapped by D7s: in this case the inflaton behaves as in scenario I, and so after
the end of inflation decays very quickly into hidden sector gauge bosons via (5.13). The
number of efoldings of inflaton domination is therefore still given by (5.23). The Hubble
scale at volume-radiation equality is also unchanged and it is (5.27). The modulus x
has instead a different behavior with respect to scenario I since it decays now later
via (5.12). Thus, the number of efoldings of volume domination becomes:

4 5/2
Ny =2l Alted) ) L2, (3Y (Vh”;) . (5.37)
3 '~ H.H, 3 8(BZ)

The final reheating temperature associated to the decay of the volume mode looks like:

90 1/4
Th=|———-— M,T . 5.38
() T @39

Inflaton not wrapped by any D7: this time the dominant inflaton decay channels are

into a pair of y moduli and into a pair of a; axions with decay rate given by (5.14),
while the relevant volume decay rate is again (5.12). Since T'g_yq,0,/Tx—H H, =~
(3/(82%)) (InV)5v/V ~ 107 for Z ~ 2 and V =~ 10%, the inflaton decays before the
volume. The number of efoldings of inflaton domination is:

2 Hing 2 B 64w V5/?
Ny~-In|—— | ~-1 . 5.39
E (r%abab) 3" ( 3R V) (539)
The inflaton decay products are relativistic and redshift as radiation even if they do
not reach thermal equilibrium due to their feeble gravitational couplings. Their energy

density becomes comparable to the one of the non-relativistic x particles produced from
the oscillations of the volume mode at:

H(teq) = H(tdec,qﬁ) ‘92 = F¢—>abab 92 . (540)

For our choice of parameters, this is also the energy scale when the x particles pro-
duced from the inflaton decay become non-relativistic, at time t,,, since (denoting the
momentum of x particles as px):

mg [ a(tdec ¢)> a(teq) 2my, 28 1
tor) = — | ———= | ~ ~_ X~ ~1, 41
pX( ) 2 ( a(tnr) x = a(tnr) 0 me Y2 vVInVy (5 )

for V ~ 10* Y ~ 0.1 and 3 ~ 2. This ensures that the y particles produced from the
inflaton decay indeed redshift as radiation until ¢¢q. Hence, the number of efoldings of

the volume dominated era can be estimated as:

2. [ Tpoaya, b 2 3y? 4
N, ~Sin[=22%%" )~ 2| —— (1 . 42
N 3n<FXﬁHqu 5l 8(62)2(111;)@ (5.42)

Finally, the reheating temperature from the volume decay is again given by (5.38).
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We have therefore obtained that Ny and N, are different in each case but their sum,
(Ny + N, ), is the same in both cases, and looks like:

2 Hint 02
Ny+ Ny~ ZIn | =22 ), (5.43)
3 'y~ H.H,

As we shall see in the next section, this implies that both scenarios lead to the same number
of e-foldings of inflation.

5.3 Inflationary parameters

In order to get a prediction for the inflationary parameters, we have first to compute
the number of efoldings of inflation N, based on the post-inflationary study performed in
section 5.2. The relevant formula, which takes into account the possibility to have two epochs
of moduli domination with Ny and N, efoldings respectively, reads [91]:

Ne:57—|—ilnr—i(N¢+NX)+iln(p(f;d)), (5.44)
where p, is the energy density at horizon exit. Since we are considering the potential (2.17)
which is rather flat during inflation, we shall assume p, ~ p(tenq) and neglect the last term
in (5.44). The relation (5.44) for N, has to be combined with (2.21), (2.22) and (3.12)
to obtain the predictions for ng and r together with the value of the inflaton at horizon
exit ¢, and the value of V that allows to reproduce the observed amplitude of the density
perturbations. For our illustrative parameter choice (3.11), we find:

1.25 _ 0.004
N, "= s
€

¢y ~0.06 N7/?2 V1743 N/ o~ (5.45)

Solving for N, in terms of ns; and then substituting this result in the relation for r, we find
the characteristic prediction of Loop Blow-up Inflation in the (ns,r)-plane:

r~0.003 (1 — ng)t/M (5.46)

Figure 2 shows this prediction for a number of efoldings in the range 49 < N, < 53.

Using the analysis of section 5.2, we found numerically the values of N, and the resulting
predictions for the main cosmological observables for all the scenarios studied above and
for the following parameter choice:

Z =2 Cloop = 1/(167%) Y =0.1 Ny =12 9«(Tin) = 106.75 . (5.47)
I) SM on D7s and inflaton wrapped by D7s:
Ny ~1 Ny, ~3 N, ~ 53 ¢s >~ 0.2 Y ~ 10616, (5.48)
with predictions:

ns ~ 09765 r~17x10"° T ~4x10"°GeV ANz ~0. (5.49)
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Figure 2. Prediction of Loop Blow-up Inflation in the (ns,r)-plane for a number of efoldings in the
range 51.5 < N, < 53.

II) SM on D7s and inflaton not wrapped by any D7:
Ng ~ 8 Ny ~0 N, ~ 52 ¢ ~ 0.2 Y ~ 10525, (5.50)
with predictions:

ng~ 09761  r~17x107° T4, ~3x102GeV  ANg~0.14. (5.51)

III) SM on D3s:

Ny~1 N, ~10. infl D
{ ® v ~10.5 inflaton wrapped by D7s S Nyt N =115 (5.52)

Ngy~11 N, ~0.5 inflaton not wrapped by D7s

with:
N, ~51.5 oy ~ 0.2 VY ~ 10447, (5.53)

and predictions:

ns ~ 09757  r~18x107° T ~1x108GeV ANz ~0.36. (5.54)

We see that the number of efoldings is around N, ~ 52-53, the reheating temperature is
always large enough to allow for successful BBN, 108 GeV < Tjy, < 10'2 GeV, and extra dark
radiation can be compatible with present observational bounds.

Moreover, the scalar spectral index goes from ng ~ 0.9757 to ns ~ 0.9765. These values
have to be compared with CMB measurements which give [64]:

ns = 0.9665 £ 0.0038 at 68% CL for AN =0. (5.55)

Note that the value (5.55) of ng has been inferred assuming the base-ACDM model with no
extra dark radiation. Hence it should be compared only with the prediction (5.49), ns ~ 0.9765
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and ANeg =~ 0, which is compatible with observations at 2.5¢. This is already an acceptable
matching with data, even if a better agreement could be achieved by including subleading
perturbative corrections, as the ones discussed in section 4.1 or higher o effects studied in [72].

The other predictions involve instead a non-zero amount of extra dark radiation, and so
should be compared with CMB data fixing ANeg ~ 0.14 as in (5.51), and ANgg ~ 0.36 as
in (5.54). The Planck collaboration already performed the fit for ANeg = 0.39 finding [92]:

ns = 0.983 £0.006 at 68% CL for ANeg = 0.39. (5.56)

Given that ANeg = 0.39 is very similar to the value of extra dark radiation, A Neg ~ 0.36, of
prediction (5.54), we can compare the value of ng in (5.54) with the one in (5.56), finding
agreement within around 1.20. To confront instead the predictions in (5.51) with observations,
we should perform a fit similar to the one in [92] but fixing ANeg ~ 0.14. While this is beyond
the scope of our paper, we can be very optimistic about this scenario. In fact, this case is
middle-ground between (5.49), where our results are slightly higher than the corresponding
value for ng resulting from CMB, and (5.54), where they fall slightly below. Moreover, we
can use existing results for the extension of the base-ACDM model which includes Neg as an
additional parameter to fit cosmological data, leading to (cf. tables 4 and 5 of [64]):

ns = 0.9589 +0.0168  with Neg = 2.89705¢ at 95% CL. (5.57)

It is then easy to see that the predictions for ns and ANeg in (5.51) agree with (5.57) within
around 2¢. Therefore, we conclude that the scalar spectral index predicted by Loop Blow-Up
Inflation is in good agreement with CMB observations. '’

Finally, we stress that all scenarios lead to a similar value of r. Hence, Loop Blow-up

Inflation predicts a tensor-to-scalar ratio of order:
r~2x1077, (5.58)

which is within present observational bounds, r < 0.032 at 98% CL [94], and it is much higher
than the prediction of the original blow-up inflation model, r ~ 1071, [13].

6 Discussion and conclusions

The standard paradigm of slow-roll inflation involves potentials with an almost constant
plateau. Interestingly, this picture can be reproduced in type IIb Calabi-Yau flux compactifica-
tions within the Kéhler moduli sector, as mentioned and illustrated in different ways in [8-12].
Let us summarize this general mechanism, commenting on how our new Loop Blow-up
Inflation model compares with other models where inflation is driven by a Kéhler modulus.

Given that V couples to all sources of energy due to the Weyl rescaling to go to 4d
Einstein frame, which amounts to an overall eX = V=2 multiplicative factor in front of the
scalar potential, the volume mode is not a good inflaton candidate due to the impossibility
to generate an inflaton-independent contribution to the scalar potential which is responsible

10Note that an even better agreement with cosmological data might be achieved in extensions of the ACDM
model, like New Early Dark Energy [93], which try to solve the Hp tension.
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for the inflationary plateau. Hence, the inflaton ¢ should be a direction orthogonal to V.
Moreover, since any contribution to the scalar potential is V-dependent, a constant term
requires the leading order dynamics to fix V while leaving ¢ unstabilized. This implies that ¢
should be a leading order flat direction that enjoys an approximate shift symmetry. This
is the case for any modulus orthogonal to V in type IIb compactifications since the leading
no-scale breaking effects are O(a/?) corrections which indeed depend just on V. Balancing
these effects against non-perturbative corrections for a diagonal del Pezzo divisor and different
potential uplifting contributions (which also depend just on V), can yield a dS minimum
at exponentially large V with (h'! — 2) flat directions. All of them can drive inflation once
they are lifted at subleading order by additional quantum corrections.
Hence the structure of the whole potential schematically looks like:

‘/tot(va T¢) = ‘/lead(v) - ‘/Sllb(v7 Td)) y (61)

where we ignored the V-stabilizing blow-up mode, and for simplicity we focused just on one
additional modulus 74 that is a leading order flat direction since we assume the potential to
have a hierarchical structure with Vyub(V, 75) < Vieaa(V). Stabilizing the two fields gives:

8‘/iead 6‘/sub
(V) =0 and SRR, () =0, (62)
with:!!
Viead (V) = Vaun((V), (19)) ~ and  Viet((V), (79)) =0, (6.3)

where we neglected the 74-dependent shift of the volume minimum due to the large hierarchy
between the two contributions to V. Setting V = (V), the potential thus becomes:

Veun ((V), 79)

Viot (V)5 76) = Vaun (V) (76)) = Veun ((V), 7g) = Vaun ((V), (14)) [1_‘/51113(0)%(%»

] . (6.4)
This potential takes a typical plateau-like form in terms of the canonically normalized
inflaton ¢:

V=VW[l-g)], (6.5)

with:
Vaub((V), 76(9))
Vaub((V), (16))

where the dependence on ¢ arises after replacing 745 with ¢. Given that 74 is a leading order
flat direction, generically Vi, ((V),74) — 0 for 74 — 00, or Vaun ((V), 74) < Vaun((V), (7)) for
T4 > (Tg), guaranteeing the presence of an inflationary plateau for large values of 7, where

Vo=Van((V). () and  g(o) = (6.6)

9(¢) < 1 and V ~ Vj. The exact expression of g(¢) depends on two features:

" Note that Viup < Viead refers to the inflationary regime, where 74 is far away from its minimum value
(7). There is hence no contradiction with the first equality in (6.3), which merely reflects the fine tuning of
the cosmological constant in the post-inflationary vacuum.

— 28 —



1. The origin (perturbative or non-perturbative) of the effects which generate Vi, ((V), 74):

e Perturbative effects are typically power-law and scale as:

1
Vaub((V),75) x =5 — 0 for p>0, (6.7)

7’¢ Tg—>00
o Non-perturbative effects are exponentially suppressed and behave as:

Vi ((V), 1) cce ¥ — 0 for k>0. (6.8)

T —+00
2. The topology of 74 (a bulk or local cycle) which gives the relation between 74 and ¢:
o For a bulk modulus the canonical normalization introduces exponentials:
Ty =€ with A~ O(1). (6.9)
 For a local modulus the relation between 74 and ¢ is power-law (see (2.16)):
Ty = V3 A3 with w~O(1). (6.10)

Together, these two features can give rise to different functional forms of g(¢). Assuming that
g(¢) is rich enough to give a minimum at small field values, we focus just on its approximated
expression in the inflationary region at large values of ¢, finding four inflationary scenarios
which we name according to the features which determine g(¢):

o Non-perturbative Blow-up Inflation: if the potential arises from non-perturbative effects
of the form (6.8) for a local blow-up mode with canonical normalization given by (6.10),
g(¢) in the inflationary region becomes:

g(¢) x e kn VIR for »>0. (6.11)

An inflationary model of this kind has been studied in [13, 14}, and subsequently in [23]
for the more involved case of a Wilson divisor (i.e. a rigid divisor with a Wilson line)
with potential generated by poly-instantons (in this case a more appropriate name
would therefore be Non-perturbative Wilson Inflation).

e Non-perturbative Fibre Inflation: if the potential is generated by non-perturbative
effects of the form (6.8) for a bulk fibration mode with canonical normalization given
by (6.9), g(¢) becomes extremely small very quickly and in the inflationary region
looks like:

9(p) x e <1 for ¢>0. (6.12)

This model has been developed in [21, 22] using poly-instanton effects for a fibre divisor.

e Loop Fibre Inflation: if the potential originates from perturbative corrections of the
form (6.7) for a bulk fibre divisor with canonical normalization given by (6.9), the
dominant contribution to g(¢) in the inflationary region takes the form:

g(¢) x e P < 1 for »>0. (6.13)
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This model has been realized in [15, 16] which used a fibre divisor with potential
generated by open string loops. The difference between the two models is just in the
way the minimum is obtained: in [15] by balancing different loop contributions, whereas
in [16] by balancing loops against higher o effects. A similar model has been derived
in [17] using a fibre divisor and a potential generated by higher o’ effects (and so a
more appropriate name for this model should be o' Fibre Inflation).

e Loop Blow-up Inflation: this case corresponds to the new model developed in our paper
where the inflationary potential is generated by perturbative effects of the form (6.7)
for a diagonal blow-up mode with canonical normalization given by (6.10). Hence the
form of g(¢) away from the minimum becomes:

1

In particular, in our model the potential is generated by string loops characterized by
p = 1/2. Substituting this value of p in the form of g(¢), the potential (6.5) in the
inflationary region reduces to:

c

which reproduces exactly the potential (2.17) of our model after identifying ¢ =
Cloop 0¢/ 3. This potential can naturally drive inflation since it can be approximated as
a constant plateau, V ~ Vj, for ¢ < 1 thanks to the V~1/3 guppression factor.

The main concern regarding Loop Blow-up Inflation, as already pointed out in [8], is that,
in order to get accelerated expansion with € < 1, ¢ might have to be pushed to O(1) values
which correspond to 74 ~ V2/3_ as can be seen from (6.10). In this region of moduli space
the blow-up mode 74 becomes as large as the overall volume, and so we are close to the walls
of the Kéhler cone where the EFT could be out of control. However in this paper we have
performed a detailed analysis of the inflationary and post-inflationary dynamics showing
that phenomenologically viable slow-roll can be achieved far enough from the boundaries of
the Kéhler cone since horizon exit occurs at ¢, ~ 0.2 where the EFT is still under control.
We stress that the smallness of the coefficient of the loop correction, which follows both in
analogy to the familiar 4d loop suppression factor 1/(1672) and by considering explicit torus
orbifold results, is crucial to achieve this conclusion.

Let us also point out that all Kdhler moduli inflation models built so far feature an
exponential potential in terms of the canonical inflaton ¢, and so the potential of our
model (6.15) represents the first example in this class of constructions of a power-law
inflationary potential. A crucial ingredient to obtain such a potential is the presence of
string loop corrections to the Kéhler potential which we argued to be inevitable. These
perturbative effects can be subdominant with respect to non-perturbative corrections close
to the minimum for 74 but then quickly come to dominate the scalar potential when 7, is
displaced away from the minimum. We estimated that, in order to reproduce the original
model of blow-up inflation driven by non-perturbative effects [13], the coefficient of the loop
corrections should be tiny, cjoop < 1075, Hence, whenever Cloop 2 1079, loop effects are large
and they are the leading no-scale breaking effects along 7, for large field values.
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Focusing on the natural regime where cjoop 2 1076, we studied in depth the simplest
realization of Loop Blow-up Inflation which involves just one additional blow-up mode 74
and the leading loop corrections. In particular, we derived the predictions for the main
cosmological observables in terms of the underlying parameters and the number of efoldings
N.. In turn, we determined N, from studying the rich post-inflationary evolution of our model
which features in general a non-standard thermal history with epochs of moduli domination.
Depending on the microscopic brane setup and realization of the SM, we found N, in the
range 51.5 < N, < 53 and a rather high reheating temperature, 108 GeV < Ty, < 1012 GeV.
In order to reproduce the observed amplitude of primordial density perturbations, the CY
volume has to be of order V ~ 10% and horizon exit occurs at ¢, ~ 0.2. Moreover, extra dark
radiation due to the production of ultra-light bulk axions from moduli decays can be within
observational bounds and the scalar spectral index is in agreement with CMB data. Finally,
Loop Blow-up Inflation predicts the relation r ~ 0.003 (1 — n5)15/ 1 between the spectral
index and the tensor-to-scalar ratio, implying the numerical value r ~ 2 x 107°.

Lastly, we also discussed the effect of loop corrections subleading in the parameter
T4/ V2/3. These might become important as we get close to the boundaries of the Kahler
cone. We argued that these corrections could realize a whole class of inflationary models
at large values of the inflaton in a potentially controlled manner. In order to explore these
effects more concretely, it would however be necessary to perform explicit loop calculations
in a specific CY geometry, a task that is notably complex and challenging. Moreover, as a
future direction of work along the lines of [72], it would be interesting to include additional
perturbative corrections like higher F-term o3 effects [41].

Finally, let us stress that we treated cjoop as a phenomenological parameter since an
explicit top-down computation of the coefficient of the loop corrections to the Kéahler potential
is a technically very challenging task. The sign and magnitude of cjoop, are crucial for the
realization of our inflationary scenario. In analogy with explicit toroidal computations, cioep
is in general expected to be a function of the complex structure moduli, and so it might
enjoy a certain degree of tuning freedom in the type IIb flux landscape. Moreover, we expect
that for the simplest blow-up geometries progress can be made by an explicit computation of
Cloop 1N the regime of large volume and small blow-up cycle. In this regime, the geometry
near the blow-up can be approximated by a non-compact Calabi-Yau. For example, one
could analyse the blown up C3/Zs where an explicit Ricci-flat metric is known [95-100].
While an explicit loop calculation appears feasible in such a relatively simple geometry, this
is beyond the scope of our paper.
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A Comment on loop corrections

The Kéhler potential (2.3) is subject to loop corrections. These have been estimated using 10d
EFT arguments [35] and explicitly calculated for torus-based geometries in a string one-loop
analysis [36]. The torus-orbifold result is commonly written as a sum of Kaluza-Klein (KK)
and winding (W) corrections [38]:

0K (4, = 5K{;j§ + 5K&“s) ) (A.1)

Extrapolating the torus result, it was conjectured in [38] that the corrections on a generic
Calabi-Yau take the form

gsTi(ta)

- Zi(ta)y’ (4.2)
where the coefficients C*** and C}" are unknown functions of the complex structure moduli
and are expected to be suppressed by 7 factors (for estimates cf. the last paragraph on p. 41
of [40]). The functions 7° and Z¢ were conjectured in [38] to be linear in the 2-cycle volumes
t'. Later on, it was argued in [40] that more general functional forms arise and that one
should only expect 7 and Z° to be homogeneous functions of the 2-cycle volumes of degree 1.

Because 0K (’;‘5 is of degree —2 in the 2-cycle volumes, the correction in the scalar
potential 51/(19(3 has an ‘extended no-scale structure’ [35-39]. In the end, using the linearity

assumption for 7¢, Z%, the corrections to the scalar potential 0V(g,) read [34, 39]:

W 2t

KK ree w
WVig,) = V2 ((gsci ) K _25K(gs))7 (A.3)
where the tree-level Kihler potential is K%® = —21n) and we have omitted the prefactor 1%

defined in (2.7). Using a form of the volume V as in (2.1), we find to leading order

W& Cloop (VY2 V7 cy

where we introduced the coefficient cjoop to remain agnostic about the origin of the loop

corrections. Ref. [39] provided a field-theory interpretation of the result (A.4) matching it
with the one-loop Coleman-Weinberg potential which in supergravity reads

Vi ep = StrM?, (A.5)

1672
where the EFT cut-off A can be identified with the mass of Kaluza-Klein replicas of open
string modes living on D7-branes wrapped around different 4-cycles

Ao {Ai ~ rf“%ﬁ for D7s on 7; with i = ¢, s (4.6)
Ay ~ ﬁ for D7s on 73 .

Using these cutoff scales in (A.5) together with the estimate StrM? ~ m3/2 ~ Wg/V?, one
can reproduce the scaling of the first two terms in (A.4), justifying the smallness of the

coefficient cjo0p, Which is expected to scale as cjoop ~ 1/ (1672).12

2Following [38], ref. [39] proposed to match also the third therm in (A.4) exploiting flux-dependent correction
to A-L
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The comparison of field-theoretic and string one-loop logic has been perfected in [40].
One conclusion is that corrections with the parametric form of § K (VgVS ) do not only arise from
fields on D7 brane intersections [38, 39] but also from closed strings or, equivalently, 10d
fields. From this perspective, even in the absence of D7-branes wrapping the 7; cycle, the
cut-off scale A; should be identified with the mass of Kaluza-Klein modes with wavelength
~ Til/ 4, which are closed string states. This implies that cjoop unavoidably includes a non-zero
piece without g5 suppression. Moreover, for the case of a blow-up cycle, a derivation of the
leading term in (A.4) was provided in [40], in agreement with the leading term following from

the conjecture of [38]. Finally, note that one should really read (A.4) with the replacement

1/3 ™ 1/3
(fﬁ +0(1)+0(]>/1;>> oo (‘iﬁ) , (A7)

where f encodes information from the unknown functions 7° and Z°.

A key ingredient of LVS constructions is the presence of 3-form fluxes. Let us therefore
comment on their effect on the loop corrections that our inflationary model is based on. At
large volume, such terms are expected to be subleading for the following reason. First, the
superpotential is subject to the standard A/ = 1 non-renormalization theorem, and so it is
not corrected at perturbative level. Second, the loop corrections to the Kéhler potential can
be understood as an infinite sum of one-loop corrections from all KK modes propagating in
the compact CY orientifold geometry. At leading order, this KK mode spectrum depends
only on the (flux-less) orientifold geometry. This geometry leads to a spectrum that displays
only N'=1 SUSY and hence produces a non-zero loop correction. Of course, fluxes disturb
this geometry through warping and also affect the KK mode spectrum directly since the
10d action involves vertices (3-point and higher) between By/C5 and other fields. However,
both of these effects are proportional to the 3-form field strength, and so vanish as the fluxes
become more and more dilute at large volume. The resulting effect on the loop correction
is hence more strongly volume suppressed than the loop effect resulting merely from the
propagation of 10d fields in the unperturbed orientifold geometry.

We can be more quantitative by noting that, in the absence of fluxes, the KK mass-
squared scales as M12<K,0 ~ (Ms/ €)2, where M is the string scale and /¢ is a typical CY radius
in string units. This can be viewed as an energetic effect associated with the excitation of
a KK mode deformation of the geometry. If a 3-form flux with integer flux number N is
present, a competing effect of order M2 ~ (N M,/ 63)2 is expected to arise. After Weyl
rescaling to 4d Einstein frame, i.e. writing M, ~ M),/ V'V where V is the CY volume in string
units, and considering N ~ Wy, we obtain:

M? %%
2 D 0
My ~ T (1 + o ) (A.8)

which agrees with the estimate of appendix D of [38]. Note that the correction in (A.8)
is precisely the flux stabilization scale of the zero-modes of the complex structure moduli,
W¢/V?, taking €6 ~ V. Given that 3-form fluxes are known to lift only the complex structure
moduli, it might be that the correction in (A.8) is absent for the KK modes of the Kéhler
moduli or that, if present, it introduces a dependence just on the complex structure moduli, i.e.
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that ¢ is a 3-cycle radius. In this case these corrections would not induce any dependence on

the inflaton 7, which, being a Kahler modulus, is a 4-cycle radius. However, even in the case

where ¢* = g4 75, such a correction would be harmless for the inflationary dynamics. In fact,

at the minimum 7, is of order g; !, and so around the minimum ¢ ~ O(1). However inflation

takes place in the region in moduli space far away from the minimum where 74 > gt

resulting in ¢ > 1 which makes the correction in (A.8) very suppressed for Wy ~ O(1).
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