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Abstract

We review recent progress in string model building in both early and late time cosmol-
ogy. We describe the main theoretical and phenomenological features of an entire class
of inflationary models where inflation is driven by a type IIB Kéhler modulus which
enjoys an effective and approximate shift symmetry. We illustrate how reheating can
occur via the perturbative decay of the modulus into visible and hidden sector degrees
of freedom, paying particular attention to the associated production of axionic dark
radiation. We quickly discuss the status of de Sitter vacua versus quintessence model
building in string theory, analysing the level of control of these constructions and
the main challenges faced by models of dynamical dark energy. We finally present a
working model of axion hilltop quintessence in string theory, stressing the importance
of initial conditions.
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1 Introduction

Cosmology is a natural playground for testing string theory. This is due to the fact that
understanding crucial epochs of the cosmological evolution of our Universe neces-
sarily requires to control Planck-scale physics. Some examples are inflation, which is
notoriously sensitive to M ,-suppressed operators, eras when scalar fields roll through
field ranges which are multiples of M, or perturbative reheating which is dominated
by the decay of the longest lived particles that are naturally those which couple only
gravitationally to ordinary matter.

Considerable progress has been made on different aspect of string cosmology (for
a comprehensive review see [1]) and many models are present in the literature. In this
note we focus on a particularly promising class of models within the framework of
type IIB flux compactifications on Calabi-Yau orientifolds where moduli stabilisation
is best understood. In this context the main characters of the history of our Universe
are the Kdhler moduli 7; = t; +i6;.

We will argue that the saxions t;, which are the scalar partners of the axions 6;, are
good inflaton candidates since they enjoy an approximate rescaling shift symmetry that
is broken only by quantum effects. Generically the perturbative decay of these saxions
drive reheating with the potential production of ultra-light axions 6; that contribute to
dark radiation.

Models of dynamical dark energy seem harder to build than de Sitter vacua. How-
ever, if quintessence will turn out to be preferred by observations, the main candidates
to drive a present epoch of accelerated expansion seem to be the axions 6; since they
enjoy a shift symmetry that is exact at perturbative level. After a general discussion,
we will sketch the main features of a working string model that can describe the history
of our Universe from inflaton to quintessence [2].
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Fig.1 A typical single-field V()
slow-roll potential taken from A
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2 Inflation
2.1 Single-field slow-roll

A plethora of models of inflation is present in the literature with several examples
involving a complicated multifield dynamics. However, as far as matching data is
concerned, there is no need to invoke sophisticated constructions since simple single-
field slow-roll inflation seems to work rather well. The typical potential of these models
is characterised by a flat plateau, and can be written as (see Fig. 1):

V(g) =Wl —g(@)] =V since g(¢) <1 for ¢ > 1, (1

where everything is measured in units of the reduced Planck mass M, = 1/4/8n Gy =
2.4 x 10'® GeV.

2.2 Inflating with string moduli

String compactifications typically lead to hundreds of fields in the low-energy 4D
effective field theory. However most of them, like the complex structure moduli and the
axio-dilaton of type IIB constructions, become very heavy due to flux stabilisation. The
remaining Kihler moduli can then lead to an inflationary dynamics that is effectively
single-field and reproduces the successful picture of slow-roll inflation with a potential
given by (1).

A ubiquitous Kihler modulus is the Calabi-Yau volume mode V which couples to
all sources of energy, as can be easily seen from the eX = V=2 factor in front of the
supergravity F-term scalar potential. Hence one cannot have an inflaton-independent
plateau if the inflaton coincides with V. This implies that the inflaton should be a
direction in Kihler moduli space orthogonal to V. In what follows we shall call this
canonically unnormalised field 7y, leaving ¢ to denote the canonically normalised
inflaton.

Since each term in V depends on V, V(¢) =~ V; only if the leading dynamics
fixes V but not 7. This is possible only if 74 is a leading order flat direction with
an approximate shift symmetry. As argued in [3, 4], this picture is indeed realised in
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the type IIB Kihler sector as follows. At tree-level, the famous no-scale cancellation
makes the potential for all Kdhler moduli flat. As confirmed by several studies, the
leading no-scale breaking effects are O(a”?) corrections which lift only V [5]. All the
other Kéhler moduli appear in general in V via string loop corrections which however
enjoy a 1-loop extended no-scale [6], making all Kéhler moduli orthogonal to V good
candidates to realise slow-roll inflaton along a plateau. Clearly, a crucial ingredient that
has to be controlled to achieve a working model is the size of subdominant quantum
effects that determine the length of the plateau which, in turn, affects the duration of
inflation.

Inflationary dynamics

Schematically, if we focus for simplicity on a two-field model with the volume V and
the inflaton 74, the total potential looks like:

Viot (V, Tp) = Viead(V) — Vs (V, ) (2)

where Vieag(V) is the leading order potential which generates a minimum for the
volume direction, while Vi (V, 79) < Vieag(V) is the subdominant contribution
which lifts the inflaton direction and produces just a small inflaton-dependent shift of
the minimum for V. Ignoring this small shift, the volume can be set at its minimum,
V = (V), and the total potential for the canonically normalised inflaton ¢ takes exactly
the same form as in (1) with:

Vo = Ve ((V), (14)), 3)
to guarantee an overall Minkowski minimum and:

Vaub({V), 79(¢))

8@V = (V) (o))

“)

with 74(¢) determined by canonical normalisation. Since 74 is a leading order flat
direction, Vg should tend to zero for large field values, implying:

Vaub((V), 7gp) < Ve ((V), (19))  for 1 > (T9), (5)
which, in turn, implies that g(¢) < 1 and V (¢) =~ Vp for ¢ > 1.

2.3 String inflation potentials

It is important to stress that the function g(¢), which determines the shape of the
inflationary potential (1), depends on two features:

1. The origin of the effects generating Vs, ((V), T4) that can be of two types:
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e Perturbative effects: Corrections which are perturbative in both g; and o’ are
typically power-law and vanish at large field values:

1
Vab((V), 7p) x — >0 for 75 —>o00 and p>0. (6)
T
¢

e Non-perturbative effects: Atnon-perturbative level the effective action receives
corrections which are typically exponential in the Kéhler moduli and scale as:

Vab((V), 79) cce ¥ — 0 for 15 —>o00 and k>0. (7)

2. The relation 14 (¢) that expresses the Kéhler modulus in terms of the canonically
normalised inflaton ¢ which depends on the topology of the divisor whose volume
is controlled by 7. One can have in general two cases:

e Bulk (fibre) modulus: When the inflaton is a bulk divisor, as a standard modulus
in supergravity, its canonical normalisation is exponential:

p=e" with  1~0(). (8)
e Local (blow-up) modulus: When the inflaton is topologically the resolution

of a point-like CY singularity, the canonical normalisation becomes instead
power-law:

1y = nV3Y?  with o~ 0O(1). 9)

Four different classes of models have been constructed in the literature by combining
these two features:

e Non-perturbative blow-up inflation: Historically, the first class of models involved
a blow-up inflaton with a potential generated by non-perturbative effects [7, 8]. In
this case g(¢) takes the form:

(@) ~ ek 1 for 9> 0. (10)

e Non-perturbative fibre inflation: Non-perturbative effects can induce a very flat
plateau also for fibre moduli [9, 10] with:

g@) ~e X <1 for ¢>0. (11)

e Loop fibre inflation: A promising class of models relies on potentials generated

by loop corrections for fibre moduli [11-13]. After canonical normalisation, g(¢)
becomes exponential also in this case:

g@)~e P «1 for ¢>0. (12)

Note that this is an «-attractor realisation in string theory [14].
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e Loop blow-up inflation: Interestingly, it has been realised that loop corrections for
blow-up modes can yield a power-law inflationary potential of the form [15]:

8(®) ~ <1 for ¢<I1. (13)

1
V23 gAn/3

The leading known loop corrections to the Kihler potential from string theory give
p = 1/2 that translates into a potential of the form:

V=V0<1—W+¢2/3>. (14)

In what follows, we shall briefly summarise the main features of this model as an
illustrative example.

2.4 The loop blow-up inflation model

Recall that the Kihler moduli are complex fields 7; = t; + i6;. Let us focus on a
simple type IIB compactification on a CY threefold with volume:

T e as)

The low-energy effective field theory is characterised by a Kihler potential (at tree-
and o3-level) and a superpotential (at tree- and non-perturbative-level) of the form:

K=-2In (v + %) W =W+ A;e =T 4 Aye T (16)
gs

where &, Wy, Ay, Ag and ay > a, are O(1) positive constants, and the string coupling
gs 18 in the perturbative regime, i.e. g < 1. Using the standard expression for the
supergravity F-term potential, the scalar potential arising from K and W features a
leading and a subleading term:

V = Viead(V, 75) + Vsun(V, ) (I7)
where:
Cup \/EefZasrs Ty e s Ts Co/
Viead(V, T5) = Cg~———— — Dy , 18
lead (V, Ts) N + Cy v s T2 + gg/2V3 (18)
/T3 e 20T T, e~ T
Vs (V, 1) = Cy ¢T — Dy ¢T. (19)

In (18) we have introduced a generic uplifting contribution proportional to Cyp which
is needed to obtain a Minkowski vacuum. Moreover, Cy, Dy, Cy, Cy and Dy are
all O(1) positive constants. Note that, in the region of our interest where 75 2 T,
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(19) is exponentially suppressed with respect to (18) since ay > a,. This guarantees
that, at leading order, the minimum for V and t, is not affected by the evolution of
74 during the inflationary dynamics. After the end of inflation all fields relax to the
global Minkowski minimum that is located schematically at:

(t) ~ g and (V) ~ et~ el (20)

2.5 Loop corrections

Inflation occurs along the flat plateau in the region 74 > (74) where the potential (19)
becomes exponentially suppressed. In this region loop corrections can be important
since they tend to zero more slowly than non-perturbative effects due to the fact that
they are power-law in 7. It is therefore crucial to understand the behaviour of loop
corrections to the Kihler potential. At 1-loop level, these perturbative corrections have
been computed explicitly just for toroidal orientifolds [16]. In this case the volume is
V = /TiT213 and 1-loop corrections to K receive two contributions:

_ KK w
SK(g,) = 0K (g) + K (g, - @1

The first term arises from the tree-level exchange of Kaluza-Klein (KK) closed strings
between parallel D7-branes/O7-planes and reads:

(g5) = 8 (22)

s KKK ck&w,u) N ckkw,u) N ck&w,u)
T 12} (3] '

The second contribution is due to the tree-level exchange of winding (W) closed strings
at the intersection between different stacks of D7-branes and looks like:

clw,v) N ¢y, v) N cYw,u)
713 7173 T

(23)

wo_
SK(gy =

These results have been generalised to an arbitrary CY compactification with the
following conjecture [17]:

g —
SKES = 7‘ Z U, Uy Mg ;. (24)
i
1 —
8Kigy =5 2, CV W. T M, (25)
i

where CiK K and CiW are expected to be O(1) functions of the complex structure
moduli U, and Mgk ; and My ; are the masses, respectively, of the exchanged KK
and winding modes. Interestingly, once Mk ; and My ; are written in terms of the
Kédhler moduli, one can show in full generality that these 1-loop corrections to K
enjoy an extended no-scale cancellation in the scalar potential for an arbitrary CY
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compactification [6]. Hence they turn out to be subdominant with respect to the non-
perturbative potential (18) around the minimum. As we shall see, this is however not
true in the inflationary region.

2.6 Loop corrections from effective field theory

The conjectured behaviour of loop corrections can be strengthened using effective field
theory arguments [6, 15, 18, 19]. In supersymmetric theories, 1-loop corrections to the
Kihler potential induce corrections to both the kinetic terms and the scalar potential.
Focusing on 1-loop corrections to the 2-point function of a light mode L coupled to a
heavy mode H as:

£ > M?H?> + gLH?, (26)

the 2-point function 1-loop renormalisation would induce a 1-loop correction to the
kinetic terms of L of the form:

2
Liin =~ [1 +cioon (77) ] 9, L3"L . 27

where cjoop is a loop-factor that is expected to be of order cjpop == 1/ (16712). When
H is a winding, Kaluza-Klein or massive string mode, and L is a Kihler modulus
7 controlling the overall volume, i.e. T = V?/3, the coupling g arises from the -
dependence of the mass of H as follows:

2
M*(t)H? = M*((r))H? + agf () (= (t) H> + - - (28)

As we have seen in (8), the canonical normalisation of a bulk modulus is exponential,
implying:

() L 09
(@ M,

Given that the mass of all relevant heavy modes is power-law in 7, one ends up with:

aM? o (r — (1) M
?((ﬂ) T—(H=M (<T>)T = g M_,, . (30)

Substituting this result in (27), we can compare the kinetic Lagrangian with the one
obtained in terms of the corrected Kihler potential K = Ko + §K:

2Ky 928K

26K
£kin:|:—+—]aur8“r:|:l+ OF) 2

. }BMLB“L, G31)

972 912 912

@ Springer



Recent progress on inflation and dark energy from string. .. Page90of30 33

where we used (29). Hence we infer:

2

32(BK)  Cloop [ & \2 M
= (M) = 8K * Cloop ) (32)

Different 1-loop contributions can therefore arise depending on the nature of the heavy
modes running in the loop:

e If H is a massive string state:

Cloop

M=M,~— = K~ , 33
WY v 49
which matches the V-scaling of the O(a’ 3) term derived in [5].
e If H is a winding mode:
M JT
M=My~—LV* o §K~K~ _— 34
w N T Cloop v (34)

which matches the Kédhler moduli dependence of the correction § K KK conj ectured

in[17]. Hence § K 1§K can be seen to arise from the tree-level exchange of KK closed
string or from 1-loops of winding open strings. These corrections would however
feature an extended no-scale cancellation [6].

e If H is a Kaluza-Klein mode:

M p . Cloop

P o K~ ,
VYTl VT

(35)

which matches the Kéhler moduli dependence of § K &_ ) found in [17]. Hence

SK g,) CAN be seen to arise from the tree-level exchange of winding closed string
or from 1-loops of KK open strings. Note that, if T = 74, this correction to K
would induce a correction to the scalar potential of the form:

Cloop . Cloop

SV >~ ——.
VT V%

This would become the leading inflaton-dependent correction to V which is crucial
for inflation.

8K ~ (36)

Another effective field theory argument in favour of the form of the 1-loop correction
(36) comes from the observation that this correction should reproduce the well-known
1-loop Coleman-Weinberg potential [6]:

cw

ViZloop = Te—3 Str M?, (37)
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where in supergravity the supertrace scales in terms of the gravitino mass m3/, as:

2
M,

2 2~

(38)

The cut-off A is expected instead to be given by the mass of Kaluza-Klein replicas of
open strings on D7-branes. There are two cases:

1. D7-branes on 1p:

Cloop

~ P ~ P
A~ VI = V)~ VIER 39
which is subdominant with respect to (36).
2. D7-branes on t:
M, Cloop
> = V()= , (40)
TN STV

which is the same expression as (36) that has been inferred from the 1-loop renormali-
sation of the 2-point function of the volume mode. Note that, if there are no D7-branes
wrapped on 74, one can still have KK modes of 7 (closed strings) running in loops,
giving again:
M,
>~ 40D
NG

This argument implies that 74-dependent loop corrections to V' are unavoidable.

2.7 Inflaton potential

Let us now include the leading order loop correction to the scalar potential of the loop
blow-up inflation model. The total inflationary potential including string loops takes
the form:

—2a4T, _
Ty e YT T apTep c
Ve — Dyl lw (42)
v % )% ﬁ

where 14 should be written in terms of the canonically normalised inflaton as:

4 34
o=\55% - (43)

An illustrative plot of the inflationary potential is presented in Fig. 2
As estimated in [15], in order to reproduce the dynamics of Non-perturbative blow-
up inflation [7] where the loop correction is negligible throughout the whole duration of

V(ty) = % + Cy

@ Springer



Recent progress on inflation and dark energy from string. .. Page110f30 33

Fig.2 Inflationary potential for v
the canonically normalised
inflaton ¢ with %10 1
Cy =Dy =ap =1and B
chosen appropriately to obtain a 8x10°
Minkowski vacuum. The blue
line corresponds to clpop = 0, 6x10° -
the orange one to cjoop = 10 and
the green one to cloop = —10 4x10°F

2x107°

N Ly
0.15 0.20 0.25 0.30

inflation, the coefficient cjo0p should be tiny: cioop < 10~°. Given that this coefficient
is expected to be much larger, of order cipop > 1/ (16n2), a more realistic scenario
is the one where in the plateau the loop correction dominates over non-perturbative
effects, leading to a potential that in the inflationary region can be approximated as:

~ :3 Cloop Cloop . B ﬂ
V(T¢) — % - V3ﬁ = V() 1— )}1/3—¢2/3 with V() = W . (44)

Note that this potential would yield a viable slow-roll dynamics towards the minimum
only for cjoop > 0.

2.8 Inflationary dynamics

Assuming cjoop > 0, the slow-roll parameters associated to the Loop blow-up inflation
potential (44) look like:

€ = (Y ’ ~ 2& (45)
“o2\y T 9 V231073
Voo 10 cloop
n= vV T 9 Y1/3p8/3° (46)
Consequently, the main cosmological observables read:
¢y 9 V1383
Ne = / Vg 2V (47)
Pend V¢7 16 Cloop
A 9V, V239103
A, = 20V g 107, (48)
4 012
oop
Setting Cloop = 1/ (167r2), the previous relations can be used to obtain:
L ~006N/* and V~1743N" (49)
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These can be used to obtain the expressions for the scalar spectral index ng and the
tensor-to-scalar-ratio r in terms of the number of e-foldings N, as:

20 1.25
n5=1+2n—6621——%: -
CIVVESG Ne

o lee~ 32 Coop _ 0.004
- 9 V2/3¢>;1<0/3 - N15/11 :

e

, (50)

(S

These two expressions can be combined to find an interesting relation between ny and
r that is typical of the Loop blow-up inflation model:

r~0.003 (1 —ng) /1. (52)

The number of e-foldings N, is determined by the post-inflationary evolution of the
model which in our case, depending on the details of the Standard Model realisation
on branes, yields 51.5 < N, < 53. This, in turn, leads to the prediction 0.9757 <
ns < 0.9764 which is in very good agreement with recent CMB and BAO data
that give n; = 0.9728 £+ 0.0029 (68% CL) [20]. Moreover, the tensor-to-scalar ratio
r is predicted to be of order r ~ 2 x 107>, This value is well below the present
observational upper bound, r < 0.034 (95% CL) [20], and is beyond the reach of
polarisation observations that will be performed in the near future.

2.9 Control over effective field theory

An important UV requirement to check is if the whole inflationary dynamics can take
place remaining in a region of moduli space where the effective field theory is under
control. This depends on the number of e-foldings N,. In fact, once N, is fixed, one
can derive the required values of the UV parameters as:

V1743 N ~ 010% and ¢, ~0.06 N./** ~ 00.2) for 51.5 < N, <53.

~

From the canonical normalisation:

3/4
¢ =~ T¢— ~ (r_¢>3/4 (53)
V&Y 173 '

an inflaton value at horizon exit of order ¢, ~ ((0.2) might imply that 7,4 needs to
be close to 75 to realise enough e-foldings to inflation. One might therefore wonder
whether this regime is too close to the boundary of the Kéhler cone where the effective
field theory ceases to be valid. However it can be checked in an explicit CY example
from [21] that the EFT is always under control. The model is characterised by a volume
of the form:

1 /2
V=5 (57 - V3 - V35, (54)
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with:
27 9 9
=T, L=, Tp=s0, (55)
and Kihler cone conditions:
th+1t; >0, ty+1 >0, t, <0, ty <0. (56)
The canonical normalisation looks like:
2/3 23
V3 5
o= 2 V233413 ~ (_) w3 (57)
v ( 4 ¢ TN
implying that at horizon exit:
; 1 \!/3
% = <m> 23~ 0.6¢2° ~02 for ¢.~02. (58)

As can be seen from the conditions (56), this region is well inside the Kdhler cone,
signalling that the EFT is valid throughout the whole inflationary dynamics.

2.10 Number of e-foldings from post-inflation

The number of e-foldings necessary to solve the horizon problem for the Planck

reference pivot scale ky = 0.05Mpc~! is given by:
NemST+Inr—~Ny— <N, + 21 (2 (59)
. —Inr — =Ny — - —1In ,
‘ 47047 T AT T 4 g

where Ny and N, represent the number of e-foldings of matter domination due to
oscillations around the minimum of the canonically normalised inflaton ¢ and volume
mode x. Let us stress that the value of N, given by (59) is the one relevant to match
observations even if the total number of efoldings of inflation can be larger.

Given that in these scenarios preheating is not efficient enough [22, 23], Standard
Model (SM) degrees of freedom are produced via perturbative reheating driven by the
decay of the longest-lived modulus ¢ which can be either ¢ = ¢ or ¢ = x depending
on the details of the SM realisation with D-branes. Note that ¢ has always a non-zero
branching ratio into ultra-light volume axions 6, which behave as dark radiation, and
so contribute to A Negr. This quantity is however strongly constrained by Planck and
BAO data: AN < O(0.3) at 95% CL [24]. To get a precise prediction for A Neg
one has to compute the width for the decays of ¢ into bulk axions, I'y,_. 4,4, , and into
SM particles, I'y . sm. Given that this last decay width depends on the SM realisation,
let us discuss this issue in the next subsection.

@ Springer



33 Page 14 0f 30 M. Cicoli

2.11 Standard Model realisation

In type IIB compactifications, non-Abelian gauge symmetries and chiral matter arise
on either magnetised D7-branes or D3-branes at singularities. Note that the SM stack
of D7-branes cannot wrap the 7y and 74 divisors. In the case of 7y, the reason is the
tension between non-perturbative effects and chirality [25], while for 7y is the fact
that a 74-dependent Fayet-Iliopoulos (FI) term would emerge making 74 too heavy
to drive inflation. Thus we need to consider a Calabi-Yau with additional blow-up
cycles that can support the SM D7-branes. For concreteness, let us introduce two
additional intersecting blow-ups, sm and Ty, with the SM branes wrapped on Ty
and an internal volume of the form:

3/2 3/2 3/2 3/2
V:rb/ —rs/ —r¢/ —rs&—k(rim—ISM)S/z. (60)

In the absence of non-zero vacuum expectation values of charged matter fields, D-term
stabilisation implies a vanishing FI-term which, in turn, fixes one blow-up modulus
in terms of the other as follows:

=0 = Tsm =A% (Tint — TsM) - (61)

There are then two cases:

1. If A =0, tgm — 0, yielding a SM realisation on D3-branes at a CY singularity.
2. If 2 # 0, &p1 = 0 can be seen as fixing iy in terms of gy, so that Tgy remains as
a flat direction which can be lifted by a loop-generated potential [26]:

dloop 8loop > W(%
V(t = — —, 62
(om) (\/TS_M NASYRVEY R ©2)
that has a minimum at:
2
81 _
T, = (1 + ﬁ) tsm ~ Tsm ~ O(10) ~ goi - (63)

This can give a viable scenario where the SM D7-branes are wrapped around tsy.

2.12 Moduli decay rates

The first step to compute the moduli decay rates is the determination of their mass
spectrum. The canonically normalised inflaton 74 is ¢, while } becomes x and their
masses read:

WolnV W,
:—On M 0

v p and my :WZ—WMP (64)

me

@ Springer



Recent progress on inflation and dark energy from string. .. Page150f30 33

Volume decay rates

The dominant decay rates of the volume mode x are given by:

1. Decay into closed string axions 6, arising from the kinetic Lagrangian [27]:

1 m
FX_)gbgb >~ Em . (65)
p

2. Decay into MSSM Higgses H,, and H,; induced by a Giudice-Masiero term in the
Kihler potential [27]:

Ty bty ~ 222 Ty 6,0, - (66)
where Z is expected to be an O(1) coefficient. In what follows, we shall set Z = 2

which helps in some cases to avoid axionic dark radiation overproduction.
3. Decay into SM Higgses & induced by radiative corrections to the Higgs mass [28]:

2
I ~ Cloop mo ! m_i (67)
P 30 \my ) M2

where cjo0p i a loop coefficient and m the soft scalar mass.

The ratio between the volume decay into SM Higgses and the one into bulk axions is
given by:

4
r m
Lo 2 <_0) , 68)
r P\ m

X—>6p6p X

and can take different values depending on the SM realisation:

1. SM on D7-branes: in this case, supersymmetry breaking gives rise to soft masses
of order the gravitino mass, and so:

Wo Cy—nn 2
mo>~ —>>m = L ~(cpp V) >1, (69)
v * Iy —6,6, ( P )

implying that x decays mainly into SM Higgses h.
2. SM on D3-branes: in this case, the SM is geometrically sequestered from the
sources of supersymmetry breaking in the bulk, resulting in suppressed soft terms:

Fx—>hh 2

mo < my S Cloop <1, (70)

Fx—>9h9b

and so x decays mainly into 6 axions, H, and Hy.
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Inflaton decay rates

Let us now turn to the discussion of the inflaton decay rates. We need to consider two
cases separately:

1. Inflaton wrapped by hidden D7-branes: in this case, the main decay channel is into
hidden gauge bosons yj,:

3
Y my
Loy = 6an M3 (7D

2. Inflaton not wrapped by any D7-brane: this case features several decay channels:

e decay into volume moduli x and 6}, axions:

(InV)>2 mg

64wy M3 72

Pooyx = Tpy0, =

If the SM is on D7-branes, x then decays instantaneously into #/. On the other
hand, if the SM is on D3-branes, x decays later on into H,, and Hy, and 6, 6.

e When the SM is on D7-branes, one has to take into account extra decays into
SM gauge bosons y, tsp moduli and gy (QCD) axions:

Lo rsmrsm = Fo—sosmosm = Tp— xxs (73)
Lpsyy = Nelp sy = 12T 5. (74)

In turn, Tsv then decays instantaneously into y v, and Osp6Osv with [28]:

Cron—
MY~ 8N, > 96> 1. (75)

L egn—smbsm
2.13 Predictions for cosmological observables

Using the moduli mass spectrum and decay rates, one can compute the exact number
of e-foldings of inflaton and volume domination for each possible brane setup and SM
realisation. Plugging their values in (59) one can then infer the number of e-foldings
required to solve the horizon problem, and then substitute N, in (50) and (51) to obtain
the predictions for ng; and r. Moreover, the knowledge of the moduli decay rates allows
to check that the contribution to A Negr from ultra-light bulk axions does not exceeds
current observational bounds. The predictions for different model building options are
presented in Tab. 1.

As anticipated, the number of e-foldings of inflation is in the small window 51.5 <
N, < 53, resulting in predictions for ny and r that are not very sensitive to the
underlying model building details. What changes more significantly are instead the
predictions for the reheating temperature and the amount of extra dark radiation.
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Table 1 Predictions for the main cosmological observables depending on the model-dependent realisation
of the Standard Model and inflationary brane setup

Model Ne Ny Ny ns r T (GeV) ANyt

SM on D7s and hidden D7son 75 53 1 3 09765 1.7x1075 4x1019 ¢

SM on D7s and unwrapped z, 52 8 0 09761 17x107> 3x102 0.4
SM on D3s and hidden D7son 7 51.5 1 105 09757 18x1075 1x108 036
SM on D3s and unwrapped 4 515 11 05 09757 18x1075 1x108 0.36

3 Dark Energy
3.1 De Sitter from string theory?

The search for 4D de Sitter (dS) vacua in string compactifications is a crucial problem
with both observational and theoretical implications. Even if fully stable dS solutions
do not seem to exist, metastable dS vacua could be a viable option. However the
difficulty to obtain them within an effective field theory that is under robust theoretical
control has raised some doubts about the validity of these solutions.

According to the extreme point of view of the No dS conjecture [29], metastable
dS may be incompatible with quantum gravity, implying that dark energy has to be
quintessence. On the other hand, a more conservative viewpoint suggests that the No dS
conjecture should be valid only at boundary of moduli space, implying that metastable
dS vacua could exist in the interior of moduli space. From this perspective, dS solutions
cannot be achieved with parametric control but metastable dS vacua with numerical
control could arise thanks to small parameters like Wy < 1 in KKLT constructions
[30,31]and V! ~ e~ /8 « 1 in LVS models [32, 33].

It is worth pointing out that AdS solutions are easier to find since dS necessarily
breaks supersymmetry. However, several uplifting mechanisms have been proposed
in the literature: anti-D3-branes [31], D-terms [34], T-branes [35], o’ effects [36],
non-zero F-terms of the complex structure moduli [37], non-perturbative effects at
singularities [38]. Not all of them have been scrutinized in detail, and it is not so
unreasonable to expect that one of them, or a combination of some of them, might be
responsible to achieve a metastable dS vacuum. Moreover, recent progress has been
made in understanding and classifying quantum corrections to the low-energy effective
action at different orders in &’ and g using higher-dimensional symmetries [39, 40].
These studies can help in increasing the computational control over dS solutions. In
addition, globally consistent Calabi-Yau models with a SM-like sector on D3-branes
and dS from T-branes have been proposed in [41, 42], providing explicit models where
computational issues can be addressed in detail. Finally, it is important to stress that
metastable dS vacua can be phenomenologically viable only if their lifetime is longer
than the age of the universe. This is a crucial aspect to check for any model that aspires
to describe the real world.
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3.2 Quintessence from string theory?

Contrary to the more conservative case of a cosmological constant, dark energy could
be dynamical, as in the prototypical situation of quintessence where a (pseudo)-scalar
field rolls down its potential. This cosmological scenario might be singled out if indeed
dS vacua will turn out to be in the swampland, or if it will happen to be preferred by
observations.

It is therefore essential to analyse quintessence model building in string cosmology.
Due to the difficulty to find saxion quintessence slow-roll down a shallow potential
(see however [43]) and axion quintessence with a trans-Planckian decay constant,
fa 2 M, (as implied also by the weak gravity conjecture [44]), alternative options
could be saxion/axion hilltop quintessence around a dS maximum in a model with a
Minkowski/AdS vacuum or a saxion runaway. This last case could involve only tree-
level physics, allowing in principle a dark energy solution with parametric control.
We shall however argue that only axion hilltop quintessence has any sensible hope to
be a viable description of dark energy.

3.3 No quintessence at the boundary of moduli space

Let us first consider the possibility to realise quintessence via a saxion runaway at
the boundary of moduli space. We shall focus on the volume mode of type IIB string
compactifications (similar considerations apply to type IIA and heterotic strings) [45].
The tree-level Kihler potential reads:

K=-3Int, (76)

implying a canonical normalisation of the form (setting M, = 1):
Liin = — 3,107 = 23,099 & 1=V (717
kin = 472 " = B m =e .

Considering the boundary of moduli space where the o’ expansion is parametrically
under control corresponds to taking the limit T — oo where the scalar potential can
be very well approximated by the tree-level one:

Vi
V=K <|DUW|2 + |D5W|2> -0 (78)

3
This expression has been derived using the no-scale property of the tree-level Kéhler
potential (76) and the fact that the superpotential does not depend on 7 at perturbative
level, i.e. 9; W = 0. If the complex structure moduli U and the axio-dilaton S are fixed
supersymmetrically at leading order, i.e. DyW = DgW = 0, the first non-vanishing
contribution to V arises from the leading quantum correction which, for r — oo, can
be parametrised as:

Vo

V=—o—=Ve? i=v6(+p) p>0. (79)
TP
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It is easy to see that this runaway potential does not support an epoch of accelerated
expansion since:

1/Ve\? A2
6=§<7¢> :7:3(1+p)2>1 for p>0. (80)

Similar results hold for the case with a dilaton runaway where g — o0, implying
that quintessence cannot be realised also in the limit where the string loop expansion
is parametrically under control.

3.4 Multifield quintessence?

Even if single-field quintessence is not realisable at the boundary of moduli space,
multifield quintessence, a more common example in a UV complete setup, could still
work, in particular due to the kinetic coupling between a modulus (a saxion) and its
associated axion. In fact, it has been shown that a non-geodesic motion in a curved
field space can give rise to an epoch of accelerated expansion [46, 47]. The idea is to
consider a complex modulus 7 = v +i6 and the associated kinetic coupling between
T and 6:

3 3 _2 Z¢ 2
ﬁkianﬁﬂea’LQ:Ze \/: 0. (81)

If 6 = 0, this yields an effective time-dependent contribution to the scalar potential
of the canonically normalised saxion ¢:

3 5 /24 -
Veir = Voe % — 2¢ 230 6%, (82)

with the equations of motion that imply 62 ~ a~% if my ~ 0. The time-dependent
contribution acts effectively as a friction that slows the field ¢ down so that Vg can
yield an accelerated expansion even if the time-independent potential is very steep.
However, concrete string theory examples do not feature accelerating solutions that
can match observations. In fact, the supergravity Kahler potential of generic string
compactifications takes the form:

K=-ph(X+X), (83)

with typical values of p being integers like p = 1 for the dilaton and p = 3 for the
volume mode. For a constant superpotential, the resulting tree-level effective scalar
potential looks like:

/24 .
Vegg = Voo VP9 — %e 2/30 42 (84)
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Analysing the fixed points of the resulting dynamical system, it is easy to realise that,
starting from a matter dominated universe, the system never features even a transient
with an accelerated expansion that matches data with >~ —1 and  ~ 0.7 [48].

3.5 Challenges for quintessence

The analysis of the previous sections implies that quintessence, as dS, has to be in the
bulk of moduli space where one can hope to have at best numerical, but not parametric,
control over the approximations. Hence quintessence model building shares the same
challenges as dS constructions, with however extra issues typical just of dynamical
dark energy models like [49, 50]:

1. Ultra-light quintessence field: the mass of the quintessence field is typically of the
same order as the Hubble scale today, leading to an ultra-light scalar. This can be
seen from the n parameter:

\% mg\ >
n=M§$~(Fz’) <1 = mgSHy ~1009M,.  (85)

The smallness of the mass raises two questions: (i) How can such a tiny mass
be stable against radiative corrections? (ii) How can fifth forces mediated by
such an ultra-light scalar be avoided? In fact, present observational bounds require
me 2 10~ eV for standard moduli which couple to ordinary matter with Planckian
strength [51]. Note that blow-up moduli, which are geometrically separated in the
extra dimensions from the SM, could couple with weaker than Planckian strength
for large values of the Calabi-Yau volume [52], even if radiative corrections to m
would still pose a strong challenge.

2. In a string compactification all energy scales are correlated. It is therefore cru-
cial to make sure that the requirement to obtain a tiny Hubble scale today,
Hy ~ \/V /My ~ 10799 p1 p» does not push other scales below current observation
bounds. In particular, both the string mass My and the scale of the soft supersym-
metry breaking terms Mo should lie above the TeV scale: My 2 O(1 — 10) TeV
and Mo = O(1 — 10) TeV. The first requirement sets a strong upper bound on
the value of the volume mode V:

M
My~—-2>10""m, = V<109, (86)

S—WN

This observation leads to the following question: Can the observed dark energy
scale be reproduced for V < 10302

3. The volume mode should be heavy enough to avoid any cosmological moduli
problem, requiring my 2 30 TeV. Even assuming that the cosmological moduli
problem can somehow be avoided (for example via a small initial misalignment of
the volume mode or by an enhanced V coupling to ordinary matter), there should
still be no fifth force mediated by the volume mode, which boils down to requiring
my 2, 0.1 meV for standard gravitational couplings to SM particles [51]. Note
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that it is very hard to avoid fifth forces mediated by ) by invoking either screening
effects or a geometrical sequestering of the visible sector in the extra dimensions
[52].

Hence, generically, a quintessence model free of fifth forces mediated by V seems
to require a large hierarchy between V and ¢: my, > 1073 eV > mg ~ 1073 eVv.
This can be achieved only if the leading order effects which generate a potential
for the volume mode lift only V but not ¢:

V= Vlead(v) + Vsub(Vs ¢’) s (87)

with the following hierarchy:

2
Vo <ﬂ> < 10769 (88)
Viead my ~

It is then straightforward to realise that this hierarchy is in strong tension with the
lower bound My 2 O(1 — 10) TeV if Vg is generated by perturbative effects.
As a concrete example to illustrate this tension, one can compare O(a’?) effects
that depend just on V with string loop corrections which are expected to depend
on both V and ¢:

Vloop WV, ®) 1 —60 180
~ <10 s V>10 = M 1TeV. (89
ch3 (V) V1/3 ~ ~ * << ( )

3.6 Quintessence model building

As we have seen in the previous section, building quintessence models is even more
challenging than constructing dS vacua due to the lack of parametric control in both
cases and the presence of extra challenges (radiative stability, fifth forces, correct mass
scales) for dynamical dark energy [50]. From this analysis, dS vacua appear easier to
build but quintessence might happen to be preferred by observations (recent hints
might indeed come from DESI [53]).

If that will indeed turn out to be the case, the analysis of Sec. 3.5 implies that the
best candidates to drive dynamical dark energy are axion-like fields since they feature
the right properties to overcome the main model building challenges:

e Being pseudo-scalars that mediate spin-dependent interactions, axions, even if
ultra-light, do not mediate any long-range fifth force between macroscopic unpo-
larised objects.

e Axions enjoy a continuous shift symmetry that is exact at perturbative level, guar-
anteeing that their mass is radiatively stable.

e Axions acquire a mass only via exponentially suppressed non-perturbative effects,
allowing to generate a small Hubble scale today without lowering, at the same time,
also other relevant scales as the mass of the volume mode, the string scale and the
supersymmetry breaking scale.
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The above considerations suggest that a working quintessence model should feature a
leading order potential, Vieaq(V), that at perturbative level stabilises the volume mode
V while leaving the axion ¢ as a flat direction. The axion would then be lifted at
subdominant non-perturbative level by Vgup(V, ¢). Given that matching observations
requires that the axion potential is a tiny correction of order the cosmological constant,
Viead should have a supersymmetry breaking Minkowski vacuum. If Vie,q is generated
by O(a’?) effects as in LVS models, the hierarchy between Vieaq and Viyp can easily
satisfy (88) for relatively small values of ) that keep M > 1 TeV:

Vi 2 :
Jswb (@) ~V3e VP < 10760 for Y« 10 and M, > 1TeV.
Viead my

(90)

Despite all these advantages, axions have the big problem that their typical potential:

Ve (V, @) = A(V) |:1 — cos (fsz))] , (C20)

can drive an epoch of accelerated expansion for arbitrary field values only if their
V-dependent decay constant is trans-Planckian, f(V) 2 M. However, such a large
decay constant cannot be obtained in any effective field theory thatis under control (and
is forbidden by the weak gravity conjecture applied to axions [44]). Model building
way-outs involve multiple axions and alignment mechanisms which however turn out
to be rather contrived and hardly under theoretical control. Remaining with a single
axion, another possibility is to focus on the more natural case with f (V) < M, where
quintessence can be realised as in hilltop models with the axion around the maximum
of its potential.

3.7 An axion hilltop model

Let us present a concrete working model of axion hilltop quintessence in string theory
exploiting the volume axion of the simplest vanilla LVS model [2]. The low-energy
supergravity theory is characterised by two Kihler moduli, 7}, = 15 + i0p and Ty =
T, + i6,, and a Kihler potential and a superpotential of the form:

K =—-2In (V + %) and W =Wy+Aye Tl 4 Ayl (92)
8s

where &, Wy, Ay, Ap, as and ap are all O(1) constants, gs < 0.1 and the Calabi-Yau
volume V looks like:

32 32 3/2

V=r1, LA for > 1. (93)

At leading order in a large volume expansion, the potential takes the same form as
(18) and depends on 1, T, and 6 with a flat 6, axion. If the uplifting contribution can
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be tuned appropriately, it features a Minkowski vacuum with broken supersymmetry
at:
0:) =0 (r) ~ g7 210 (V) ~ e~ etlt (94)

Subdominant Tj-dependent non-perturbative corrections to W lift the axionic direction
0p generating a potential for the canonically normalised axion ¢ of the form:

_JaMp ¢
VoV, ) e V> /7 M, |1—cos 7l 95)
where the axion decay constant is:

2 apTh '

This potential can drive quintessence if the overall scale of Vg, is of order 10~ 120 pp 2,
corresponding to f ~ 0.0045 M,. Interestingly, this scale of the axion decay constant
can be achieved for a natural value of the extra-dimensional volume, V =~ 'L’; LN
O(103) for a;, ~ O(1), which is also large enough to keep computational control over
the low-energy effective field theory. Moreover, the mass of the volume mode is well

above any phenomenological and cosmological bound since my ~ 10'3 GeV.

3.8 Hilltop and initial conditions

Besides reproducing the correct dark energy scale, a working quintessence model
should also match other observations, like wy >~ —1 and Q4 = 0.7. The requirement
to reproduce these features indicates how close ¢ should be to the maximum in axion
hilltop quintessence. This is shown in Fig. 3, taken from [2], which implies that sub-
Planckian decay constants require tuned initial conditions. This is clearly challenging
in the absence of a mechanism that can determine these particular initial conditions
dynamically. A model building possibility could exploit the dependence on open string
moduli of the prefactor of non-perturbative effects. If the open strings evolve with time,
this could result in a time-dependent contribution to the potential of the dark energy
axion. In that case, the hilltop region might initially correspond to a minimum that
turns then into a maximum due to a non-trivial dynamics of the open string modes.
Another challenge of these constructions is the fact that, in the absence of time-
dependent contributions to the quintessence potential, the dark energy axion is
effectively massless during inflation, and so quantum diffusion during this epoch would
move ¢ by an amount of the order the Hubble scale during inflation, A¢ ~ Hins. To
preserve good initial conditions determined by Fig. 3 as a function of the axion decay
constant f, one has therefore to require Hinf < Amax (f). This leads to two regimes:

1. f >~ 0.1 M:in this case the bound becomes:
Hing S 1074 M, ~ 10" GeV. (97)
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Fig.3 Upper limit on distance
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This upper limit on the inflationary scale Hiys is similar to the one derived from
the non-observation of primordial tensor modes, and so does not represent a real
obstacle to quintessence model building. However we have seen in the previous
section that a dark energy scale of order 10~'2° M* would require a much smaller
decay constant. In fact, plugging f =~ 0.1 M, in (95) would lead to Vi ~
107> M.

2. f = 0.02 M,: in this case the upper bound on the inflationary scale turns out to
be very strong:

Hing S 107" M), ~ 1GeV . (98)

Clearly, it is very challenging to realise inflation at such a low scale. Moreover, it
is worth stressing that this bound becomes even stronger for the value of the decay
constant, f ~ 0.0045, required to get the observed cosmological constant scale.

Note that the two cases have opposite problems: the first case can easily accommodate
a large inflationary scale, Hipf, but cannot match the current value of the Hubble scale,
Hy, while the second case can reproduce Hy but cannot allow for a large enough Hjyy.
Different model building mechanisms can be implemented to solve these tensions.
In the first case, one can exploit the large suppression of poly-instanton effects to
generate an axion potential with the observed dark energy scale even for f ~ 0.1 M),
whereas in the second case axion alignment can help to relax the strong upper bound
(98) thanks to an effective decay constant around fefr ~ 0.1 M),.

3.9 Quintessence from poly-instantons
Let us present the main ingredients of a working axion quintessence hilltop model [2]

based on poly-instanton effects [54, 55]. The starting point is to consider LVS models
with fibred Calabi-Yau threefolds with volume of the form:

V= ./rfrb—rf/zz JIFTh - (99)

The model features an extra Kihler modulus, Ty = 7/ +i6, on top of the two typical
Kéhler moduli, 7 and Ty, of vanilla LVS constructions. The scalar potential receives
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several contributions at different orders in a large volume expansion, and it can be
schematically written as:

V = Vieaa(V, T, 05) + Vine (t5) + Vsun (O, 0f) , (100)

where Vieag(V, Ty, 05) is the leading order LVS potential (18) which stabilises t;, 6
and the combination of 7, and 7, corresponding to V. On the other hand, Viys(ty) is
a loop-generated potential that lifts at subleading order the remaining flat direction in
the (t7, tp)-plane which we parametrise as 7y without loss of generality. Expressing
Vint in terms of the canonically normalised modulus ¢, this turns out to be the potential
of Fibre Inflation that in the inflationary plateau can be approximated as [11]:

4
Vior =~ Vo (1 -3 e_¢/‘/§) with  Hipp ~ 107 M, | (101)
The model features two ultra-light bulk axions, 6 y and 6, whose potential Vs, (0p, 6 1)

is generated by tiny poly-instanton corrections to the superpotential of the form:

afTy

W =W+ A;e T 4 Ay e wlite (102)

The total potential for the two canonically normalised axions ¢ and ¢ 7 turns out to
scale as:

Vb = e~ %™ |:1 — cos (%)} + e WHTASTS |:1 — cos (% + ¢}—;>:| . (103)

The heavier axion ¢, is a spectator field which can at most contribute to 0.2% of dark
matter, while ¢ ¢ drives quintessence. After fixing ¢, = 0, the quintessence potential

becomes:
Vo ~ e 1 [1 — cos (¢—f)] . (104)
fr

As studied in [2], in order to have a working model with the right cosmological constant
scale and a large enough decay constant fy to protect the initial conditions against
quantum diffusion during inflation, the two decay constants need to take the values:

N,
M,~0.1M, and f,=-——M,~0005M,. (105)
2T

fr= -t
I= Zﬁnrf
These values can be easily achieved choosing:

T~ O0(5), 75 ~ O(500) , Ny~ O(%), Np ~O10).  (106)

In turn, the masses of the two axions turn out to be:

mg, ~ 1072 eV and  my, ~ 1077 eV. (107)
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4 Conclusions

In this manuscript we reviewed an entire class of string models of both early and late
time cosmology.

We focused on the Kihler sector of no-scale type IIB supergravity, showing that
the potential of moduli orthogonal to the volume mode features a plateau region that
can drive inflation. The flatness of the inflaton potential is due to an approximate
rescaling shift symmetry, while its actual shape depends on the nature of breaking
effects (either perturbative or non-perturbative) and the topology of the divisor whose
volume is parametrised by the inflaton (either bulk or local cycles).

In these scenarios reheating can naturally occur via the perturbative decay of the
lightest modulus which, depending on model building details, can be either the inflaton
itself or the volume modulus. This leads to a non-standard cosmological history with
early epochs of matter domination where most of the energy density of the universe is
stored in moduli oscillating around the minimum of their potential. When the lightest
modulus decays, it can produce both Standard Model and hidden sector degrees of
freedom, like ultra-light axions, which contribute to dark radiation.

As an illustrative example, we described more in detail the model of Loop Blow-
up Inflation [15]. In this framework, inflation is driven by a blow-up mode whose
potential is generated by 1-loop corrections to the Kéhler potential. The moduli-
dependence of these perturbative corrections has been conjectured via an educated
extrapolation from toroidal computations and it has been confirmed by effective field
theory arguments based on the 1-loop renormalisation of the moduli 2-point func-
tion and the Coleman-Weinberg potential. The inflaton potential can be approximated
as V(p) ~ Wy (1 - CV_1/3¢_2/3) and inflation can take place inside the Kéhler
cone where the effective theory is under control. In order to match observations, the
internal volume and the inflaton at horizon exit have to be, respectively, of order
V ~ O(10% and ¢, ~ O(0.2). The scalar spectral index is in perfect agreement
with CMB data (0.9757 < ng < 0.9765) while the tensor-to-scalar ratio is predicted
to be of order r ~ 2 x 107>, The post-inflationary evolution is characterised by
epochs of moduli domination and reheating from moduli decay. Depending on the
Standard Model realisation with either D7- or D3-branes, the number of e-foldings
is in the range 51.5 < N, < 53, while the axionic contribution to dark radiation is
0 < ANggr <0.36.

In the second part of this review, we briefly discussed dark energy model building in
string theory comparing de Sitter vacua with quintessence models. We pointed out that,
similarly to de Sitter solutions, dynamical dark energy models are hard to control from
the theoretical point of view and, in addition, face a few phenomenological challenges
like fifth-forces, radiative stability and the requirement to get the right cosmological
constant scale without lowering other scales below observational bounds.

In fact, no phenomenologically viable quintessence solution seems to appear at the
boundary of moduli space where both the &’ and the g; expansions are under control.
Kinetically coupled saxion-axion string models can support late time acceleration but
without reproducing wgy >~ —1 and Qg >~ 0.7.

This analysis shows that quintessence models do not seem to provide realistic
alternatives to de Sitter vacua which arise more generically in the string landscape.
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If however dynamical dark energy will turn out to be preferred by observations, we
argued that the most promising candidates to drive quintessence are axion-like fields.
The reason is that these fields, being pseudo-scalars, naturally evade fifth-force bounds
and, enjoying an exact perturbative shift symmetry, do not face any problem with radia-
tive stability of their mass. Moreover, given that the axion potential is exponentially
suppressed by non-perturbative effects, it is relatively easy to reproduce a small cos-
mological constant while keeping the string and the moduli masses above the TeV
scale.

The main problem with axions is however that the simplest axion potential is not
steep enough to yield acceleration for an arbitrary axion field value. The way-out
seems to be axion hilltop quintessence where the axion sits around the maximum of
its potential. Even allowing for a suitable choice of initial conditions, being effectively
a flat direction during inflation, quantum diffusion would move the axion away from
the maximum, destroying the possibility for the axion to drive a late-time epoch of
accelerated expansion. The requirement to avoid this problem sets an upper bound on
the Hubble scale during inflation, Hjyr, which depends on the axion decay constant
f.If f =~ 0.1 M, the bound is Hipr < 10'* GeV, while if f =~ 0.02 M, one gets
Hinr < 1 GeV. When f >~ 0.1 M, the upper bound on Hjyf is not problematic but
the axion decay constant is not small enough to suppress the axion potential down
to the observed value of the cosmological constant. We therefore presented a model
with two axions where the right dark energy scale can be reproduced exploiting poly-
instanton corrections to the superpotential. The model is not tuned but requires an
explicit Calabi-Yau example. When instead f ~ 0.02 M, the strong upper bound on
Hinr could be relaxed by considering a two-axion model with alignment to get a larger
effective decay constant of order feff > 0.1 M. Such a model would however look
contrived and tuned.
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