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ABSTRACT: It is widely believed that string theory easily allows for a QCD axion in the
cosmologically favored mass range. The required small decay constant, f, < Mp, can be
implemented by using a large compactification volume. This points to the Large Volume
Scenario which in turn makes certain cosmological predictions: first, the closed string axion
behaves similarly to a field-theoretic axion in the pre-inflationary scenario, i.e. the initial
value can be tuned but one is constrained by isocurvature fluctuations. In addition, the
volume represents a long-lived modulus that may lead to an early matter-dominated phase.
Finally, the decay of the volume modulus to its own axion tends to overproduce dark
radiation. In this paper we aim to carefully analyze the cosmology by studying models
that not only allow for a QCD axion but also include inflation. Quite generally, limits on
isocurvature fluctuations restrict us to relatively low-scale inflation, which in the present
stringy context points to Kédhler moduli inflation. As a novel feature we find that the
lightest (volume) modulus couples strongly to the Higgs. It hence quickly decays to the SM,
thus resolving the original dark radiation problem. This decay is much faster than that
of the inflaton, implying that reheating is determined by the inflaton decay. The inflaton
could potentially reintroduce a dark radiation problem since it decays to lighter moduli and
their axions with equal rates. However, due its mixing with the QCD-saxion, the inflaton
has also a direct decay rate to the SM, enhanced by the number of SM gauge bosons. This
results in an amount of dark radiation that is consistent with present limits but potentially
detectable in future measurements.
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1 Introduction

The strong CP problem and its possible resolution by a field-theoretic axion [1-4] have
become textbook material (e.g. [5]). Here, ‘field-theoretic’ refers to axions arising as the
angular component of a complex scalar field with a spontaneously broken U(1) symmetry
of sufficiently high quality and featuring the right couplings to the Standard Model (SM).

Apart from the quality issue, one may question to which extent trading a naturalness
problem for an additional layer of model building represents progress. If, instead, one takes
the promise of string theory to supply a UV completion to our field theory models seriously,
things look different. Here, gauge couplings are necessarily replaced by vacuum expectation
values of complex moduli and their imaginary parts (usually originating from 10d p-form
potentials) automatically supply the desired high-quality axions. Getting the phenomenology
right used to be difficult [6], but with the advent of the type IIB landscape [7-10] and the
Large Volume Scenario (LVS) [11, 12], it has become plausible that a realistic QCD axion
is a natural feature of a broad class of string compactifications [13-21].}

However, having a more complete theory also has important implications for cosmology.
A by now well-known example is the prediction of a significant amount of dark radiation [27—
40]. In the present paper we aim for a consistent cosmological picture by facing the challenge
of dark radiation in combination with that of a stringy QCD axion. To do this we try
to build a model that includes an inflationary sector as well as a QCD axion. Moreover,
we also study interactions with the Higgs sector of the SM. This allows to coherently
investigate constraints from cosmology and the interplay of the different sectors. The

'In addition to the proper QCD axion there could be a plethora of stringy “axions”, often dubbed
the string axiverse [15], that do not necessarily solve the strong CP problem but could form fuzzy dark
matter [22, 23]. For a recent exploration in connection with by means of black hole superradiance [24] see,
e.g. [25, 26].



outcome, somewhat unexpected to us, is that the original dark radiation problem caused by
a relatively long-lived volume modulus decaying into axions can be avoided by taking into
account natural interactions with the SM Higgs. This rests on the key observation that
the Higgs mass is small by fine-tuning. As a result, the Higgs mass term in the lagrangian
represents a much stronger portal to the moduli sector than the low Higgs mass scale naively
suggests. However, one may worry that dark radiation overproduction will reappear when
including the inflaton and its decays. We show that this is not the case. The main inflaton
decay channel is into SM gauge bosons thanks to the mixing between the inflaton and the
QCD-saxion, and the associated enhancement by the number of SM gauge bosons. Our
results, therefore, represent an important step forward in the attempt to realize a ‘natural’
QCD axion in a fully working (string) cosmology.

In practical terms our paper follows a somewhat bottom-up strategy by formulating
requirements for our model and then adding ingredients to fulfill these. Drawing a very
rough outline we pursue the following points.

e We recall that in type II string models and especially in the LVS, an appropriately
small axion decay constant requires a very large volume: f, ~ Mp/ y-1/2 (cf. section 2
and appendix A).

o We argue that at least in simple string scenarios one expects a so-called pre-inflationary
cosmology, where the initial value of the axion field is selected during inflation,
axionic cosmic strings are absent, but we have to beware of isocurvature constraints
(cf. section 2).

o Using the LVS expression for f,, as well as dark matter (DM) and isocurvature bounds,
we arrive at the result that the scale of inflation must be relatively low, irrespective
of whether the axion begins to oscillate during radiation or matter domination
(cf. section 3).

e Usually it is assumed that an exponentially large volume leads to a long-lived volume
modulus that is non-relativistic and comes to dominate the Universe. Its decay into
axions causes a significant amount of dark radiation. However, we argue that natural
couplings to the Higgs lead to two effects: (7) the volume mode decays primarily into
the SM, and (i) its decay into Higgses is so fast that no phase of matter-domination
from the volume modulus occurs. This drastically reduces the amount of dark radiation
produced by the decay of the volume mode, thereby solving the usual dark radiation
problem (cf. section 4).

e As a next step we include inflation. Since the cosmological constraints enforce a
relatively low scale of inflation, we pick a suitable specific model, Kahler moduli
inflation [41], and try to create a realistic scenario (cf. section 5).

o To realize the SM on D-branes with a light QCD axion, we assume a combination of (at
least) two 4-cycles wrapped by an appropriate D7-brane configuration. Following [16,
20, 42], all but one of the corresponding cycle moduli are stabilised via D-terms, the



remaining one by loops. Effectively, one may then think of a loop-stabilized cycle
supporting the SM brane stack and the light axion (cf. section 5).

o As the decay of the volume modulus (into Higgses) is now quite fast, the inflaton
itself (and its axion) take over the role of the longest-lived particles. We therefore
have to carefully check whether their decay to light axions is problematic. Fortunately
this is not the case, as the corresponding branching ratio is naturally suppressed
by the number of SM gauge degrees of freedom. The resulting amount of dark
radiation is consistent with present observations of the CMB and structure formation
but could lead to interesting signatures in future observations and may potentially
also be detectable with future earthbound axion experiments (cf. sections 6, 7 and
appendices B, C, D and E).

Note on conventions. For easy reference let us specify the conventions used in the
following:

In the main text as well as in the appendices A, B and E, we explicitly spell out the
reduced Planck mass Mp = 2.4 x 10'® GeV, whereas in the appendices C and D we set
Mp =1 for brevity.

The (large) Calabi-Yau (CY) volume in the 10d string frame, V,, and in the 10d
Einstein frame, V, are measured in units of the sixth power of the string length I, = 27V,
They are therefore dimensionless. The two volumes are related by

V=V,/g32. (1.1)

Moreover,the string length and the Planck scale are related by

47y
2 s
= —. 1.2
P gglg ( )

For the dimensionless Kéhler moduli and their axions, as they are conventionally used in
type IIB model building, we write 7 and ¢ respectively. The corresponding canonically
normalized fields with mass dimension 1 are denoted by ¢ and a. Furthermore, basic
equations and conventions regarding the LVS can be found in section C.1.

2 Requirements for and first consequences of stringy QCD axions

2.1 Parametrically small f,

We require f, < Mp for at least two reasons: first, to avoid DM overproduction (see
section 3 for details). Second, to protect the quality of our axion, which would otherwise be
endangered by non-QCD-related corrections to the potential, AV ~ exp(—Mp/f,) [21, 43—
49]. The first constraint is typically more severe, demanding f, < 1013 GeV. This will
be discussed in more detail later on. For now, we only want to note that the most
straightforward way for creating the required hierarchy between f, and Mp is to employ a
large compactification volume [13] (see also [14-21]). We will argue for this below under
the assumption that our axion is the imaginary part of the gauge coupling modulus. This



is the standard case in superstring compactifications and such closed string axions are, at
the fundamental level, p-form axions.

An alternative approach to realizing small f, would be to have the SM D-brane cycles
sit in a strongly warped region [50-53]. If these cycles are singular, the gauge coupling is
governed by the axio-dilaton. The latter is in general stabilized by fluxes, removing the
axion. Hence, one needs geometries where the relevant cycles with appropriate brane stacks
are stabilized in the geometric regime at the bottom of a warped throat. This is conceivable
and an interesting direction for further research. However, to the best of our knowledge,
this possibility has not been demonstrated so far and we will not pursue this path in the
present paper.

Potentially, another alternative to large volume compactifications with branes is provided
by the heterotic string. While achieving small f, is in general difficult in this context [6],
heterotic M-theory at strong warping may provide a way out. The reader may consult
e.g. [63-55] for further progress. Nevertheless, the heterotic path to small f, remains
non-trivial.

Obviously, a field-theoretic axion realized as the phase of a 4d charged field or fermion
condensate can also arise in string theory. In this case, there are no stringy obstructions to
small f,. For example ref. [56] presented an explicit CY model where the QCD axion is the
phase of a charged matter field on D3-branes at singularities which features an intermediate
scale f, by a combination of D-term stabilization and sequestered SUSY breaking. We will
not pursue such ‘open string’ axions (see also [57-59]) in the present paper. Apart from the
familiar axion-quality issues, there is nothing wrong with such constructions as a matter of
principle. However, our goal here is to explore the concept of an ‘intrinsically stringy’ or
‘fundamental’ axion, where the shift symmetry is by definition perturbatively exact.

After these preliminaries let us now explain why we are forced into the large volume
regime in our approach [13]: consider a large CY with a small p-cycle on which a (spacetime-
filling) D(p + 3) brane stack is wrapped. Let this brane stack be responsible for QCD
and let the Ramond-Ramond (RR) p-form C), integrated over our p-cycle, provide the
corresponding axion. Then, assuming a weak but not too small string coupling, gs; ~ 0.1,
and that our p-cycle is not much larger than string length, one expects that f, ~ 1/l on
dimensional grounds. At the same time, the 4d Planck mass scales as M3 ~ V;/I2, where
Vs is the string-frame CY volume measured in string units. Thus

f2/Mp ~1/Vs. (2.1)

We perform this analysis more carefully in appendix A. There, we take into account
the parametric dependence on gs; and the fact that the QCD cycle, the volume of which
is proportional to the high-scale value a;bv of the inverse strong coupling a; !, is larger
than the string scale. As it turns out, this latter feature can in principle be helpful in
lowering f,, but at the price of a very peculiar profile of the relevant Cy-form mode. Yet,
the resulting suppression is limited by «;, which cannot be too small near the string scale
without excessive model building. The result (see appendix A) reads

2 2

a,min ~ gsQs UV N O‘s,UVl or a,min N As UV (2 2)
M2 Vs N M2 v ‘



Here V = V,/ gg/ % is the CY volume in the 10d Einstein frame and, in the last expression,
we have returned to the choice g5 ~ 0.1, which is optimal in our context. We reiterate: to
the best of our knowledge, a small axion decay constant of a stringy p-form axion comes at
the price of a large compact volume.

The only phenomenologically viable and reasonably well-understood class of models in
which a sufficiently large volume can be realized is the LVS scenario [11].? The key feature
is the Kéahler potential

K=-2lnV with V= Tb3/2 — Z%Ti:’)/z' (2.3)

i#b

Here the 7; are 4-cycle volumes measured in units of I, = 27v/a/.? The corresponding 4-
cycles 3J; are Poincare dual to harmonic 2-forms w;, which form a basis for the decomposition
of the Kahler form: J = t'w;. The t* are the volumes of 2-cycles and are related to V and
T; via

oV
= 50

The Kéhler potential K has to be interpreted as a function of the complexified 4-cycle

1
V:,/ TATAT, . (2.4)
6.J/x

moduli T; = 7; + ic;, where ¢; are the integrals of the RR 4-form Cy over the respective
4-cycles:

G = /E Cu. (2.5)

Finally, the ~; in (2.3) are positive O(1) parameters related to the triple intersection numbers
which are implicitly present in (2.4). For basic LVS relations and our conventions see also
appendix C.1.

We will return to this scenario in detail below, but for now let us assume that 7, > 7,
and that one of the so-called ‘blow-up’ cycles 7; carries the QCD brane stack. We label this
cycle by ¢ = L for “Loop” because, as we will argue below, the most promising scenario is
characterized by a SM cycle stabilized by loop effects. Then a straightforward calculation
(cf. appendix A) gives the axion decay constant®

/2 K O0)
M2 2m? T 2m? TV

(2.6)

This is consistent with our general bound (2.2). Parametrically, the bound is not quite
saturated since 77, appears under a square root while o, 7y = 1/(27z). Crucially, we have
seen that the LVS with the QCD sector on a blow-up cycle realizes an optimal volume
suppression of f.

2See [60, 61] for the most recent round of criticism and defense as well as the refs. therein for a wider
view on the theoretical status.

3 A possible constant prefactor of Ts /2 is equivalent to an additive constant coming with In}V together
with a redefinition of the ;. This constant can be absorbed in the Ké&hler potential for the complex
structure moduli.

1t is easy to convince oneself that fibred models, where the total volume is proportional to 71, do not
allow for sufficiently small f,. Intermediate options, with a more complicated dependence of V on 71, do in
general not provide a more efficient way of lowering f, either.



For the convenience of the reader, we record the volume scaling of some key quantities:

1 Mp Mp Mp

faNENm, m3/2N7, meNW- (2.7)

Here mj3/; is the gravitino mass and m, the volume modulus mass.

2.2 Axion realization and consequence for pre- vs post-inflationary cosmology

For the cosmological behavior of a field theoretic axion a crucial question is whether the
Peccei-Quinn (PQ) symmetry giving rise to the axion is restored (typically by thermal
effects) after inflation or not, leading to the so-called post- and pre-inflationary scenarios, re-
spectively. Important consequences of symmetry restoration after inflation (post-inflationary
scenario) are:

o The symmetry restoration effectively removes the axion as light degree of freedom. Any
isocurvature fluctuations imprinted by inflation are therefore erased (see e.g. [62-65]).

e The field value is randomly selected in each Hubble volume. As the relevant volumes
are relatively small today, the cosmological density is given by an average over the
random initial values of different Hubble patches and is therefore fixed. A fine-tuning
of the initial value to achieve a smaller density is not possible (see e.g. [63, 65, 66]).

e The random selection leads to large density fluctuations on very small scales that may
lead to axion miniclusters (see e.g. [67-70]).

e There can be additional contributions to the density from topological configurations
such as axion strings and domain walls (see e.g. [71-75]).

It is therefore important to ask what situation will be realized in a stringy setting. As
we will see, momentarily the answer is essentially that we will be in the pre-inflationary
scenario but also that the question is slightly different from the field theoretic situation.

Our specific axion comes from Cy integrated over a 4-cycle of a type IIB CY orientifold.
It is a special case of the more general class of string axions which originate in RR-forms
C),, or Kalb-Ramond fields By/Bs integrated over some internal cycles of the compact space.
For such axions the shift symmetry is not the result of spontaneous symmetry breaking but
rather it is non-linearly realized at the fundamental level. Hence the standard question of
axion cosmology whether the PQ symmetry is or is not restored after inflation can strictly
speaking not be asked.

That said, we can nevertheless ask questions about initial conditions but also on the
influence of thermal effects. Let us start with the initial conditions. A first step is to
consider whether the axion actually exists at all during inflation. In the model we consider
we expect this to be the case. However, more generally, during inflation the moduli, most
notably the inflaton, are not at their minima and therefore the geometry is not necessarily
the same as during later phases of the evolution. It is therefore conceivable that the axion
does not exist at all, or its properties are different from those at later times. An example of
the latter is the possibility to have a different value of the axion decay constant that evolves



during inflation and/or reheating to today’s value. In this case the axion would exist during
inflation and be subject to questions about initial conditions and isocurvature fluctuations
in a similar way as in the pre-inflationary case. However the quantitative answers to these
questions could be strongly modified. While we think that this deserves further study, we
reiterate that in the simple scenario we are envisioning this does not happen, as we will
explain in section 5.

A second equally crucial issue is what happens after inflation and reheating when the
Universe is in a very hot state. Here, the question is whether there are strong modifications
to the axion due to the high temperature.’ In lieu of a full treatment let us ask a closely
related question. Do we expect axionic strings to be present after inflation? We believe that,
in most controlled scenarios that we are aware of, the answer is negative. The reason is very
simple: with our fundamental forms in 10d come charged objects (various branes of the
fundamental string) with a tension of the order of the string scale or above. The 4d axionic
string arises from the magnetic dual of our charged object (again some type of brane). It
is wrapped on a cycle which is dual to the cycle defining our axion. In non-degenerate
geometries, the tension of our 4d axion string will hence be parametrically higher than the
string scale. The latter is in general parametrically higher than the KK scale, which in turn
is higher than the moduli mass scale. Reheating to a temperature above that scale would
destabilize the geometry and is therefore excluded.®

3 Cosmological constraints

In this section, we use standard cosmological constraints (see [64, 76-79] for detailed studies),
i.e. measurements of the DM abundance and isocurvature bounds, to set the scene and to
obtain restrictions concerning the volume, the decay constant etc. In light of the simple
analytical approximations used and the possible presence of O(1) factors, the numbers
obtained in the following should be taken as order-of-magnitude estimates and an indication
of the different qualitative regimes.

3.1 Assuming standard cosmology for the expansion history

Dark matter abundance. Having argued in the previous section that we are in a
scenario where the axion is present during inflation, any inhomogeneities of the axion
field get smoothened out and the initial misalignment angle 0; takes on a single random
value in the region that will become today’s Hubble volume. We therefore have the usual
misalignment production of axion DM [80-82]: when the temperature of the Universe reaches
a value Tyse such that H(Tpse) ~ mq(Tosc), with mq(T') being the temperature-dependent
axion mass, the axion field starts to oscillate. Assuming a standard cosmological history,
this onset of oscillations occurs during radiation domination. As is well known, the axion

®In addition to the thermal production of a (small) number of axions.

SExceptions may arise if the SM model cycle can be realized in the geometric regime in a strongly warped
region, as noted before. This could allow for cosmologically relevant axionic strings [75] and also impact the
dark radiation problem [38]. However, apart from the model building challenge, one presumable faces a
considerable tadpole issue related to such an appropriately large throat [61].



relic density is given approximately by [64, 76, 79]

2 fo N0
Quh* =02 —52— 07, 3.1

(1012 GeV) ! (3.1)
where the standard relation between f, and the zero-temperature mass of the axion has
been used [83],

(3.2)

9
mg ~ 5.7meV (W) .

a

Obviously, the contribution (3.1) must respect observational constraints on the DM abun-
dance Q.h? = 0.12 [84], which implies a bound on 6; in terms of f,,

7/12
2. <Q = 0;<038 <1012GeV> . (3.3)
f(l
Saturating the observed dark matter abundance. If we want axions to be all of
dark matter, f, also cannot be too small. Indeed, (3.3) suggests that initial angles 6; ~ 1
are already needed for f, ~ 102 GeV. As ; < 7 this suggests a lower limit on the values of
fa that can yield the required dark matter abundance.
Avoiding significant fine-tuning to saturate the DM density, we can require 6; < 3. This
yields
fo > 1x 101 Gev. (3.4)

Allowing for some tuning this can be ameliorated. Using the results of [77], that include
also corrections due to the anharmonicity of the potential, the dark matter abundance
requires

fo210193GeV  for  Hj > 10*GeV. (3.5)

Here, the dependence on Hy arises because fluctuations during inflation limit the possible
amount of fine-tuning as well as causing excessive isocurvature fluctuations. That being
said, in the following we usually only consider the non-tuned region.

In what follows, we will mostly assume that the QCD axion constitutes all of dark
matter, i.e. that the bound (3.3) is saturated.

Isocurvature constraints. Another relevant, observational bound is the one on isocur-
vature perturbations [63-65, 77]. The latter can arise due to quantum fluctuations of the
axion field imprinted during inflation

H’)2 2n (3.6)

(Sabl) = (52) T

where a is the canonically normalized axion field. The power spectrum of the axion density

N

fluctuations is given by

~(7a) 57

tomB



where we use v = 2 as done in [63]. Planck reports upper bounds at 95% CL for the
isocurvature fraction [85]

AG(k.)
AZ (k) + A% (k)

/Biso = < 0.038, (38)

where k, = 0.050 Mpc~! and A% (k) is the curvature power spectrum amplitude at the
scale k.. The latter is also given by Planck as A% (k) = (2.101150531) x 1079 at 68% CL [84].
Inserting (3.7) into (3.8), one finds

Hy < 1.4 x 1072 f,6;. (3.9)

Implications for the string scenario. We are now ready to apply these constraints
to our string setup. Combining the value of 6; which is required to saturate the DM
abundance (3.3) with the bound from isocurvature constraints (3.9) and using the expression
for the volume dependence of the axion scale (2.6), we arrive at a volume dependent
constraint for the inflation scale

9
H1<2X1O GeV

~ o )5/24 (3.10)

This implies a very low inflation scale, in particular since the LVS requires V > 1. In
consequence this also implies a very low tensor-to-scalar ratio.”

In string-theoretic constructions, especially if the inflaton is a modulus, one expects
the inflationary potential to be comparable to the potential stabilizing the moduli: if it is
higher, one faces the danger of moduli destabilization, whereas if it is much lower, more
tuning is in general required. Concretely in the LVS, we then expect

[Wol2 M3

Hi ~p3 Vi

(3.11)
where [ is a model-dependent O(1) parameter. In fact (for more details see section 5),
we will later focus on LVS Kaéhler (or ‘blow-up’) moduli inflation [41], where the above
estimate holds.

With that, we can solve (3.10) explicitly for V and obtain an estimate for a lower bound
on V, which translates into upper bounds on H; and f,. Moreover, we can estimate a lower
bound on f, by demanding that the axion relic density saturates the DM density without

"One might argue that the bound (3.9) from isocurvature constraints can be loosened or even evaded
by considering a scenario where the QCD axion constitutes only a minor fraction of the total DM density.
However, this would require that either 6; or f, are very small. The former cannot be tuned to arbitrarily
low values because the emergence of quantum fluctuations would spoil such a tuning, whereas a smaller f,
in the LVS context is only achieved by an even larger volume, which would again imply a small inflation
scale. We therefore believe that a small Hy is a general and hardly circumvented feature of a stringy axion.
Note also that the relevance of very low-scale string inflation has recently been emphasized in [86], though
from a rather different perspective.



fine-tuning 0; ~ 7, that is by saturating (3.3) for 6; < 3. The resulting bounds are given by

(K31 1x 107 <V <9x 102, (3.12)
(k2PN 7 % 10" GeV > Hy > 0.1GéV &, (3.13)
(k712319 x 103 GeV > fo =1 x 101 GeV, (3.14)
(7201 <6; <3, (3.15)

where we have defined x? = 3|Wy|? and in the penultimate line used (2.6) with the O(1)
factor taken to be equal to unity and 71, = 1/(2a,pyv) = 25/2. Here, the left-hand
side corresponds to the bounds from isocurvature constraints and the right-hand side to
those from DM saturation. Allowing for some tuning, the upper limit on the volume
relaxes slightly, but as already mentioned, eventually this becomes a strict limit due to
isocurvature fluctuations.

3.2 Assuming early matter domination

It is far from clear that cosmologies following from string models result in a standard
expansion history. Indeed string models often feature long-lived moduli that lead to a phase
of matter domination® before decaying to reheat the Universe [16, 87].

Dark matter abundance. Such an Early Matter Dominated (EMD) phase may have
significant impact on the predictions for axion dark matter [76, 78, 79, 87]. In particular, if
a modulus ¢ decays very late, the axion may begin to oscillate during a phase of matter
domination. The modified expansion history leads to a different value of the axion dark
matter density and the above analysis changes in this scenario. The modified axion relic
density is approximately given by [76, 79]"

Quh? =6 x 1077 (f“>3/2 (T“d>2 62 (3.16)
o T 1012 GeV 10MeV) " '

where Teyq is the temperature at which the ¢-modulus ceases to dominate the energy content
of the Universe. Explicitly, it is defined using the modulus decay rate: I'y = H(Tena). As is
commonly done, we will also refer to Ti,,q as the reheating temperature, T, = Tonq. However,
it is important to remember that the SM sector itself thermalizes already much earlier
and at a higher temperature [76, 78, 79],'° based on the energy input from early ¢-decays.
Because of this, one can use the formula for the axion potential valid at temperatures above
the QCD phase transition underlying (3.16).

8These particles may already be produced with low temperature, but their long life-time also allows them
to further cool by expansion.

9Note that the exact numerical prefactor depends on the number of relativistic degrees of freedom. Here
we have used that in the EMD scenario Tosc is typically still high enough such that g.(Tosc) 2 60. For the
numerical value of the prefactor we simply use g« (Tosc) = 70.

10Going back to earlier times the temperature actually increases because the energy density of the modulus
increases as py ~ a~3, of which a fraction ~ Ty/H ~ a®/? decays during one Hubble time. Then the energy

—3/2 —3/8

in SM radiation scales as psm ~ T* ~ pgTs/H ~ a such that the temperature is T' ~ a
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Isocurvature constraints. We expect that isocurvature constraints from CMB measure-
ments for the EMD scenario are the same as for a standard cosmology. This is because
the observed CMB modes have entered the horizon shortly before (dark) matter-radiation
equality or later but long after the EMD phase. They have therefore experienced only
a standard cosmological evolution so that (3.9) is still valid if used together with the
modified axion relic density (3.16), which we again assume to saturate the DM density,
Q.h? = Q.h? = 0.12. We obtain

1 x 1010 10M
H, < x 10 GeV( 0 eV>‘ (3.17)

~ Vl/ 8 Tend

As before this implies a relatively low tensor component in the CMB.

Implications in the string scenario. Relating (3.17) to the typical order of the LVS
potential (3.11), we again obtain a lower bound on V or, equivalently, upper bounds on H;
and f,. In addition we can follow the same logic as above to obtain bounds by demanding
that the initial misalignment angle is not fine-tuned, ; < 3. This gives

KT end 8/11 5 7 Tend ¥
1 < <6x10 .18
(aw)  ox10° v Sox10 () (19

10M 12/11 10M 4

o1/ (W) 3x10°GeV > Hy 25 x 10°GeV ( gy ev) K, (3.19)

end end

4/11 4/3

(12;/16\/) 3x 10 GeV 2 fo 24 x10"%GeV (10 Mev) - (320)

end end

where again the left-hand side corresponds to bounds from isocurvature constraints and the
right-hand side to DM saturation. We see that for small T4 the window that is given by
the above bounds becomes very narrow and, depending on x, might even close.

To make this more explicit, we make use of the fact that the reheating temperature
is given by the decay of the longest-lived modulus. For the usual case of this being the

90 1/4
Tr,« - <g7'['2) W/FTbMpa (321)

where I';, is its decay constant and g.(7") the effective number of relativistic degrees of

volume modulus, we have

freedom. The decay constant and volume modulus mass are typically given by

m3 WoMp
Dpy~ =2 Mgy ~ (3.22)
™ M2 e

where we use simplistic formulae ignoring prefactors that cannot be parametrically small or
large and even potential logarithms of the volume. With this, we are ready to re-derive the
bounds (3.18)—(3.20) with Ty,q eliminated. However, it turns out that for the small volume
region affected by the isocurvature bound, the reheating temperature (3.21) is usually so
large that we are back to the radiation dominated case discussed in section 3.1. We therefore
only give the upper bounds on the volume arising from the requirement of saturating the
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DM density
v $7x10° ('),
H; > 1% 10° GeV (51/2W01/ 7) :
£.> 1% 108 GeV (WO_Q/ 7) ,
T, 2 30MeV (WM.

Bounds from BBN. At this point, we make use of the fact that another constraint
comes in. In order to not spoil successful BBN, 7T, cannot be smaller than O(1 MeV) [88-99].
We can use this together with (3.21) and (3.22) to derive another upper bound on V, which
again translates into bounds on Hy and f,,

v $3x10° (W57°), (3.27)
H; >1x10*GeV (8'/2), (3.28)
fa 25 x 1012 GeV (W, /%), (3.29)

Note that the above bounds from BBN follow directly from the assumption that the SM is
reheated by the volume modulus decay. These bounds are hence independent of the onset
of axion oscillations, i.e. they apply to both the standard scenario and the EMD scenario.
As a result, they imply a stronger bound than DM saturation in the former scenario but a
weaker bound in the latter one.

Let us stress, however, that the assumption of a late-decaying volume modulus that
reheats the SM will be challenged in this paper. As we will see in the next section, it is
conceivable that there exists an additional decay channel, dramatically enhancing the decay
rate of the volume modulus and therefore increasing the reheating temperature. In this
case the BBN bound will be invalidated or at least strongly modified and the expansion
history during the time relevant for axions may be closer to the standard scenario discussed
in section 3.1.

4 Dark radiation I: A new solution to an old problem by Higgs-mass-
mediated decays

Significant dark radiation abundance is a familiar problem or, more optimistically, a
prediction of LVS cosmology [27-40]. It arises in the simplest, sequestered setting because
the light volume modulus is the last one to decay. Its O(1) branching fraction into its
own, essentially massless, axion is the source of the issue [27, 28]. The dark radiation
problem persists in more general LVS implementations [29], including SM-realizations
on D7-branes, loop-stabilized cycles or additional flavor branes. Interesting proposals to
ameliorate the problem use a sequestered setting with an enhanced decay rate to light scalar
superpartners [32] or reheating after Fibre Inflation [100] together with a large flux on the
SM cycle [33]. Unfortunately, the former is not suitable for our purposes since we require
a D7-brane SM for our stringy QCD axion realization. The latter is excluded due to the
Fibre Inflation scale being too high.
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Using the standard definition of the effective number of neutrino species, the axionic
decay of a modulus, ¢ — aa, contributes approximately!! [27, 28, 40, 101, 102]

1/3
11 PDR
939;2 PSM + PDR

11 1/3
*g*,S

BCRY
T=T,

where g, and g. s are respectively the relativistic degrees of freedoms of the energy density
and the entropy density at the reheating temperature 7.

This has to be compared with the limits placed by observations of the CMB and large
scale structure that usually lie in the region (depending on the data sets used) [84]

ANeg $0.2—0.4. (4.2)

In the following two subsections, we will first recall how the LVS dark radiation problem
usually arises and then show why it is generically avoided in situations with high-scale
SUSY breaking.

4.1 Decay of 1, to its axion ay

We follow [27, 28] in using the standard no-scale Kéhler metric derived from (2.3) and
neglecting small-cycle effects. This immediately gives the operators relevant for the decay
of 7, into its own axion ¢

3 3
L/M3 > -8, 7,0" —=.8,c0" ¢y . 4.3
/Mp g W Th Tb+4sz v cp (4.3)

It is then straightforward to obtain the canonical volume and axion fields, ¢,/Mp =
V3/2Inm, and ap/Mp = \/3/2¢p/(Tp). One then determines the trilinear coupling of the
volume fluctuation d¢y to two axions and hence the decay rate [27, 28]

3

1 m
F¢b—>abab = MM% . (4'4)

This has to be compared with the decay rate to the SM, which in the simplest
(sequestered) setting is dominated by decays to Higgs fields. The latter follow from the
appropriately extended Kéahler potential

_ 1 _ _
K=-3ln|T,+T,+ g(HuHu—l—Hde—i-ZHqu—i-hC) , (45)

where the small cycle has been disregarded. Expanding to leading order in the Giudice-
Masiero-type term zH, Hg one finds an operator which involves the two SUSY Higgs fields
H, 4, the volume modulus and two derivatives. This induces a decay rate [27, 28]

3
rsusy - pSusy 222 m, (4.6)

e g8 M3

1This formula actually assumes that the energy density in a is subdominant.
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Note that z = 1 is a special point distinguished by a shift symmetry in the Higgs sector [103,
104]. It is not understood whether z > 1 and a corresponding enhancement can be realized.
We have given the decay rate above the index ‘SUSY’ since this setting and this I' apply
most directly to the case of low-scale supersymmetry. However, this result and in particular
the parametric similarity of (4.4) and (4.6) apparently persist in many variations of the
simplest setting [29, 32, 33], including SUSY breaking above the scale m,, or additional
decays to SM gauge bosons. It is non-trivial to make the prefactor of the SM decay rate
larger and, as result, the production of too much dark radiation is widely accepted to be a
generic issue.

However, as we will argue next, in the case of a high SUSY breaking scale a different
coupling of the volume modulus to the SM Higgs takes over, inducing a parametrically
larger decay rate.

4.2 Mass-induced rapid decay of 7, to Higgses

The basic idea is that the Higgs mass depends on 73, giving rise to a trilinear coupling
between the volume mode and the Higgs fields. Naively, one would not hope for a large
effect since the Higgs mass squared is small,'? |m?,| < m%b. One then expects the amplitude
to be suppressed by |m%/|/ m%b compared to what we found in the last subsection. However,
it turns out that the fine-tuning of the Higgs mass, which is usually seen as a problem of
high-scale SUSY, is in this case advantageous. Namely, the strength of the mass-induced
coupling between the Higgses and the volume mode is governed by the untuned, high value
that the Higgs mass would naturally have. The actual tuning of the Higgs mass to a small
value in the SM vacuum does not diminish this coupling.

To be specific, let us start from the Higgs mass matrix at the KK scale mkg of the
SM brane(s). Below this scale, we may use a 4d supersymmetric EFT and run this matrix
down to the SUSY breaking scale mg/,. In our scenario, the F-terms of the Kéhler moduli
set the scale of SUSY breaking: mg; /Mp ~ Fr/T. In particular, the gaugino masses are
comparable to the mass of the gravitino, my,, ~ mg /2.13 Independently of the details of
how the soft Higgs masses arise, it is then guaranteed that at least some of the entries
of the Higgs mass matrix are of order mg /20 possibly suppressed by a loop factor but
logarithmically enhanced due to the running. For example, gaugino masses contribute a
term ~ cloopmf/2 In(mxk /ms3/2) to the squared soft Higgs masses (see e.g. [107-109] for
some of the classic results and [103, 104] for a more recent discussion in the present context).

Now, after running down to the scale mg/5, SUSY breaks and the Higgs mass matrix
removes one linear combination of the scalars in H, and H;. The mass squared of the
remaining (SM) Higgs doublet is then set by the determinant of the Higgs mass matrix,

12To be precise, when we specify the phenomenologically interesting volume range in section 7, it will
turn out that for the largest volumes the mass m,, comes dangerously close to myg. One may avoid this
situation by assuming |Wp| > 1 or one may study this possibly interesting regime in the future. For our
present analysis, we mostly assume that |m%| < mib. We briefly look into lower masses in section 7.3.

3Note that the masses of gauginos related to non-perturbatively stabilized cycles are suppressed compared
to the gravitino mass by a factor ~ In(Mp/m3,2) ~ InV due to a leading-order cancellation of F-terms [105].
If however, as in our case, the relevant cycle is stabilized by loop corrections, the cancellation is avoided and
the corresponding gaugino has a mass comparable to the gravitino [14, 106].
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which is fine-tuned to a very small value. According to what was said above, this fine-tuning
involves the running of some of the entries of the Higgs mass matrix from mgx to ms/s.
Thus, symbolically we have

2 2

o + Cloop In (mKK>] (4.7)

and |m%| < m3 jo- Since the SM lives on one (or several intersecting) brane-stack(s)
wrapping a small cycle of size O(1 — 10) in string units, we have mgg ~ M, ~ MpV~1/2,
Together with mg/o/Mp ~ Wy/V, this gives

2 ~ (W0>2
T\
To determine the coupling between the canonical volume modulus ¢, and two Higgs fields,

we now recall that V ~ TE/Q and \/3/2In7, = ¢p/Mp. We write ¢, = (¢p) + 0¢pp and expand
m?; to linear order in d¢y. Due to the fine-tuning between ¢y and the logarithmic term, the

V1/2
co + Cloop In (%)1 M;% . (4.8)

effect of expanding the log dominates and we find

Cloo 3 5¢b 5¢b
L DY <m§/2 9 P \/g) h2 Mip ~ m§/2 Cloop h2 Mip 5 (49)

where h is the Higgs scalar. Parametrically, the decay width for the 7, — hh decay is then

given by
4 2 3
mS/ZCloop oM
Po—hh my, M3 (CtoopV) M3 Pu—3apas ( )

The last relation in (4.10) assumes V > 1/cloop ~ (167%), implying that the decay of
the volume modulus into SM fields is much stronger than that into volume axions. The
corresponding contribution to dark radiation, ANeg ~ I'¢, .4, /T ¢,—hn, is then negligible
and the standard dark radiation problem of the LVS is solved.

We stress that this drastic enhancement of the decay rate is a positive result of the large
fine-tuning required to achieve an acceptable Higgs mass/vacuum expectation value. In the
scenario considered, this is due to the large SUSY breaking contribution of the order of
mgo. If the fine-tuning were to be smaller, e.g. due to cancellations occurring in sequestered
scenarios where soft scalar masses are hierarchically smaller than msg/, [110, 111], the
enhancement could be significantly smaller and in this case the dark radiation problem may
not be fully addressed by the Higgs decays. In our present work, we do not consider such
settings since they lack our desired p-form QCD axion of naturally high quality.

In the above analysis we have assumed ¢, to be at its post-inflationary minimum.
However, during inflation the volume modulus is generically shifted from its minimum due
to the inflationary energy density. Let us denote this displacement as c;ASb which in Kéhler
moduli inflation (the inflationary model we will focus on) has been computed to be of
order éb/Mp ~ 0(0.1) [112]. Thus during inflation there is no fine-tuning of the Higgs
mass which scales instead as |m?%| ~ cloopmg /2$ /Mp. This is indeed higher than the mass

squared of the volume modulus m? ~ m3 /2 /Mp itV > M,/ (cloopng) ~ O(10?%). Hence, one
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might be worried that the volume modulus decay into Higgses is kinematically forbidden in
the early Universe. Fortunately, this does not happen for the following reason: the volume
modulus initially starts oscillating when Hj,; ~ m,, and it decays when Hgec ~ I'g,—pn. In
a background which is matter-dominated due to oscillations of the inflaton 77, the amplitude
of ¢y oscillations redshifts as H. This allows one to determine the Hubble parameter

H = Heq which corresponds to the moment when |m%;| ~ m2. The volume modulus
amplitude at that moment is gZAan /Mp >~ 1/(Veioop). This gives
) M M
Hey = <¢bq> Hipi ~ ( L ) 52 : (4.11)
b,ini Cloop®Pb,ini ) V

which is well above Hge. since

Hey [ Mp

~ 3 =
Hdec clgop ¢b,1n1

1 ~
~0(107)  for Cloop ~ Tp—z A0d Ppini ~ 0.1 Mp. (4.12)

In this analysis we have ignored the potential non-perturbative production of Higgs
particles due to pre-heating effects. If relevant, they would however not change our results
qualitatively since they convert the energy stored in ¢ into Higgs particle production
even faster.

In summary, we have shown that the volume modulus has a large decay rate to the
Standard Model. But, more than that, this decay rate is so fast that the volume modulus
may, contrary to what is usually assumed, never get to dominate the total energy density.
We therefore need to investigate whether other moduli have longer lifetimes and hence play
a central role for the energy budget, including through their possible decays to axionic dark
radiation. In particular, such moduli may be part of concrete realizations of inflation. We
will therefore consider possible inflaton sectors and specify a suitable inflation scenario in
section 5 before returning to dark radiation in section 6.

5 Combining the QCD axion with a suitable inflation model

Our logic has led us to focus on stringy QCD axions in the LVS, and we are hence interested
in a consistent cosmological history in this particular framework. The two most popular
inflation models in the LVS context are Kéahler moduli [41] and Fibre [100] inflation (see [113]
for a review). However, Fibre Inflation comes with a relatively high inflation scale, hence
falling victim to the isocurvature constraints discussed earlier.'*
Thus we focus on Kédhler moduli inflation [41], which in the simplest case requires a
volume of the form
V= 7'5’/2 — 7573/2 — 717?/2 . (5.1)

s

We see that there are two blow-up cycles, the LVS typical small cycle 75 and the additional
inflaton cycle 77. During inflation, 77 is so large that its non-perturbative effects ~
exp(—ay7r) are tiny and the slow-roll conditions are obeyed. Eventually 77 rolls to its

'4Tn Fibre Inflation better DM candidates seem to be ultralight axions behaving as fuzzy DM [23] and/or
primordial black holes [114, 115].
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minimum where it is stabilized by the competition of potential terms ~ — exp(—ay77)/V?
and ~ exp(—2ay77)/V. The non-perturbative effects just discussed come either from E3
instantons (a; = 27) or gaugino condensation on a stack of N D7 branes (a; = 27/Ny).
The latter case, considered in [116], seems however disfavored since loop effects, if not
tuned, might spoil slow-roll. The former possibility also has issues since the vacuum value
of the volume
V ~exp(O(1)ar/gs) (5.2)
tends to become too large at small g;. However, we take the attitude that g5 does not
have to be extremely small but can instead take ‘smallish’ O(0.1) values, as is common in
F-theory models.
The small cycle 7 is stabilized by non-perturbative corrections to the superpotential
~ exp(—as77), with ag = 27 /Ny, and guarantees that the volume is kept almost constant
during inflation. The value of the volume during inflation V; has been computed in [112]

and reads
A T
713/2—1—73/2 a1—3/2+a8—3/2 ]\[g,/2_|_1

It is easy to see that already values Ny ~ O(5 — 10) are large enough to keep the volume

V1:V1+25 where 6=

<1 for Ng>1. (5.3)

approximately constant, so that inflation is almost single-field and the properties of the
QCD axion do not change significantly between inflation and today. Having a hidden sector
D7-stack on the 75-cycle is not a problem since the corresponding string loops would be
inflaton-independent. Moreover, as shown in [117], the scale of strong dynamics is higher
than both the Hubble scale during inflation and the inflaton mass after the end of inflation.
This ensures that non-perturbative effects have already been generated at the inflationary
scale, and that the inflaton decay to hidden sector degrees of freedom, like glueballs, at the
end of inflation is kinematically forbidden. Note also that, for Ny = 1, one could still obtain
0 < 1 due to 77 < 7, via a large hierarchy among the prefactors of the corresponding
non-perturbative effects [118].

So far, everything is fine, but of course we need to also implement the QCD axion.
Most naively, one might try to stabilize the visible sector cycle via non-perturbative effects.
But this is ruled out since the axion, being the SUSY partner of the corresponding Kéhler
modulus, would obtain a mass of the same order of magnitude and thus be too heavy.
Instead, we adapt a proposal from section 4.3 of [16] to our case. Namely, we add a further
blow-up sector consisting of two small cycles which, when both shrinking to zero volume,
produce a codimension-3 singularity. One combination of the two corresponding Kéahler
moduli is stabilized by D-terms, obtains a high mass and is integrated out. The remaining
modulus is stabilized by loop effects [119-122].1> We hence denote it by 77, and use from
now on the effective volume formula

V:75/2—%733/2—717?/2—%72/2- (5.4)

The visible sector lives on intersecting branes wrapping the blow-up sector governed by 7.

15 Another option, which is qualitatively similar to this one, would be follow [42] where the authors
considered just a single blow-up mode. D-terms fix the radial part of a charged open string, while the
blow-up mode is fixed by a combination of loops and F-terms of the matter field.
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Crucially, perturbative effects, and hence the loop potential for 77, respect axionic shift
symmetries, so the Cy-based QCD axion associated with 7, remains light in this setting.
As argued in [16] using the results of the explicit CY model built in [42], the part of the
loop potential relevant to 77, may plausibly take the form

‘/i — /’Ll _ MQ ’W0’2M% (55)
P \Vm Jm-ns) VT

where the u; are positive constants. Specifically, u1 and po depend only on the complex

structure moduli and are hence fixed below the flux scale. By contrast, pus must scale like
the square root of a 4-cycle to conform with the known scaling of such loop corrections. We
assume that the geometries of the blow-ups governed by 77, and 7, are related just in the
right way for a term ~ 1/(,\/7z, — ¢\/7s) to arise. Below the mass scale of 7, we then have
a constant us3 = ¢,/7s and a loop correction as in (5.5). Moreover, if ¢ is a ‘largish’ O(1)
number and fq 2 are similar in magnitude, then 7y, is fixed at a size somewhat larger than
Ts. This is precisely what one would like for the cycles supporting the SM brane stacks.
The pseudoscalar aj, coming with 7;, now becomes a suitable QCD axion.
With this, we are ready to study reheating.

6 Dark radiation II: Absence of overproduction from the decay of other
moduli

In section 4, we have seen that the strong coupling of the volume modulus ¢, to Higgses
leads to a dramatically increased decay rate'®

Mp
F¢b—>hh ~ clzoop W . (61)

This is fast enough to call into doubt the standard paradigm by which ¢, being the lightest
modulus, gets to dominate the total energy density and, through its branching ratios,
determines the late-time composition of the Universe [112]. Instead, the decay rates and
branching ratios of heavier moduli become essential. If they decay more slowly than ¢y,
then their decay to ¢ is followed by an essentially instantaneous decay of ¢ to Higgses.
This is basically equivalent to a direct decay to the SM. As a result, relative late-time
abundances are determined by the branching ratios of such heavier moduli to ¢, to the SM
and to other particles.

To analyze such a situation, one needs to specify an inflationary scenario, which we
have tried to do in the last section. We will now focus on the subsequent period of reheating,
starting with a discussion of the relevant decay rates.

Jumping ahead, let us state right away that the main players will be the inflaton ¢y,
the lightest modulus ¢, and its axionic partner ay, the loop-stabilized SM-cycle modulus ¢,
and its partner, the QCD axion ay. The inflaton decays to the SM, not just via ¢ and ¢y,
which has a fast decay rate to the SM as well, but also via direct decay to SM gauge bosons
due to the mixing between ¢; and ¢;. In addition, dark radiation arises because ¢; also

16Remember that we denote the canonically normalized moduli and axion fields by ¢; and a;, respectively.

~ 18 —



decays to a, and ar, and ¢y, has a non-negligible decay width into ar. However, the total
amount of dark radiation turns out to be in agreement with present observational bounds.

We will not discuss the decay rates of the small cycle modulus ¢, since in Kahler moduli
inflation its energy density is subdominant with respect to the one of the inflaton ¢, and
in addition its decay rates are identical to those of ¢;. It hence suffices to understand the
decay chain starting from ¢;. The question to which extent the inflaton axion ay is excited
after inflation is an interesting one [123, 124], but we will not discuss it below. However,
we will see that the branching ratio of a; to dark radiation coincides with that of ¢, so
that this issue does not affect our predictions.

In what follows, we only sketch the derivation of the decay rates and present the final
results. More detailed calculations can be found in appendix D.

6.1 Decay rates
6.1.1 The underlying mass hierarchy

First, we discuss the relevant mass hierarchy. It follows from the Kéhler potential
K=-=2In(V+¢/2), (6.2)
with V given in (5.4), together with the scalar potential
V = Vivs(tr. e, V) + Vioop (11, V) . (6.3)

Here £ ~ 1/ gg/ ? parameterizes the leading o/ correction [11, 125], Vigop is given in (5.5) and
VLIVS is the usual LVS F-term potential, simplified to serve our present purposes. More
precisely, we need this scalar potential near the minimum of 7; such that we may think of
77 as just another small cycle modulus. In addition, we do not need the 75 dependence, as
argued above. Thus, assuming that the relevant part of the superpotential takes the form

W =Wy + Aje_aITI R (6.4)
we have
VL 1|82 TI oarr T 3|Wol?¢
%ﬁs — W Ma%AI|2e 2ar7y _'_4a17-[e ar I’AIW0|COS (a[C[) + W . (65)

With this, all relevant masses can be calculated in a straightforward manner (they are
of course also well-known in the literature [11, 12]). We summarize them in table 1.
The heaviest fields are the inflaton ¢; and its axion aj, with equal masses due to their
supersymmetric, non-perturbative stabilization. The next-lightest field is the loop-stabilized
modulus ¢y, governing the size of the SM cycle. We emphasize that it is heavier than 7, for
V > 72, so0 that 7, is the lightest Kihler modulus, even if the potential Vioop, Which fixes
7L, is subdominant with respect to VL{VS which fixes 7,. Finally, during the reheating era
both the volume axion a; and the QCD axion ay, are effectively massless.
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Field scaling of m? explicit expression of m?

4|Wo|2a212
61 (arm)?Mp/V? AR M}
4|Wo|2a212
ar (a[T[)QM?D/VZ 7‘ O]IJQ L1 MI%
2 3 M11M22M33— 113122131 —1N12121M33 Mff;
(Z)b MP/V mo2mss3 V3
2 2 |Wol|? (342 u1+perr (—ps+3/70 2
oL Mp/(mLV) ( 3%,1372(122 ) Mp
ap 0 0
ar, 0 0

Table 1. Mass squareds of canonical moduli and axion fields. The parameters fi and m;; are defined
below (D.8) and in (D.12) — (D.20).

6.1.2 Inflaton decay to the volume modulus

Having reviewed the masses, we now turn to the decays. Due to mixing effects, obtaining
even the leading order rates is computationally involved. Therefore, we dedicate the
following subsections to a qualitative derivation of the main results. In particular these
include that kinetic-term-induced inflaton decays dominate over potential-induced decays,
that decay rates to axions and corresponding saxions are equal, and that the decays to the
SM-cycle (s)axions and the volume (s)axions are comparable. The reader prepared to take
this on trust may jump to our summary of decay rate results in section 6.1.7 and table 2.

Let us start with the, perhaps simplest, decay rate of the inflaton — the decay rate to
the volume modulus. The relevant lagrangian terms can be obtained by taking derivatives
of the (simplified) Kéhler potential

K = —21n(7’5/2 - 717?/2). (6.6)

With this we find the diagonal part of the kinetic lagrangian
— (0
(01)" + 5; N

2
Mi]% D) V2 (87’[) . (67)
Here we disregard O(1) factors for brevity, referring to the appendix for more precise

formulae.
Expanding the first term of (6.7) in leading order in d77, we find the 3-vertex

L Ton/TT 9
Miﬁ V3 57’](87’[;) . (68)

2

Taking care of canonical normalization factors and replacing 9% by mz,, the decay amplitude

is estimated as

3/4
/71 V? So A 2 T 2
AMP ~ V3 ?b VTI mTI ~ W m.r] . (69)
This gives the rate
3/2 3 9/2
Lorsanon ~ AL rt 1 Mp (6.10)
e mey, VvV M3 1%
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where we have used m,, ~ 77/V. A more precise derivation requires not only keeping all the
O(1) factors but also a diagonalization of the kinetic terms and of the mass matrix. These
mixing effects modify the result at an O(1) level in many cases. We present the corresponding
analysis, following the procedure explained in [117], in our appendices C and D. Crucially,
we extend that analysis to include 3-vertices arising from the higher-order expansion of the
kinetic lagrangian, as was just seen in (6.8). In fact, the kinetic-term-induced decays will
turn out to be dominant.

Before closing, let us note that in our discussion above, as well as in the following
subsections, we work only at leading order in the logarithmically large quantity 77 ~ 75 ~
InV > 1. Thus, further significant corrections may be expected from an even more precise
analysis. However, we believe that what we have done is sufficient to support the qualitative

conclusions of this paper.

Dominance of kinetic over potential terms in the inflaton decay to the volume
modulus. The decay rate of the previous subsection was based on a trilinear term coming
from the kinetic lagrangian. Clearly, similar trilinear terms can be derived from the scalar
potential. Let us check that their contribution to the decay rate is indeed negligible. In
doing so, we will disregard mixing and suppress O(1) factors. We start by giving the already
familiar contribution from the kinetic term in a slightly different form

L/Mp >~ (0r, K i) 0710,07;0" 57 ~ m2, (0, K1) 0707;07 . (6.11)

Here 77 is the inflaton and 7;, 73 are its decay products. We have also used the substitution
9% — m2,, where m;, is the inflaton mass. It can be evaluated as

07,0,V
2 TIVTI
~ = 6.12
M, KI I M}% ’ ( )
where K corrects for the non-canonical normalization of 77.
The competing coupling from the scalar potential reads
L D~ (0r,0r,0:, V)dT107j6T - (6.13)

To compare the amplitudes resulting from (6.11) and (6.13) we now focus on the big cycle,
i.e. we set 7; = 7, = 73, and make use of the approximate relations

a T 1
OO,V o a3V, 8,000,V ~ =5V, O Ky~ % K~ —5— (6.14)
b Tp Ty NI

For the first two relations we used the fact that V depends on 7; primarily through
exp(—ay7r), while its 7, dependence is power-like. With this, the ratio of the amplitudes
may be estimated as

Aléilnﬁdﬁb% - mg] Mf’(aﬁ Kp) (aTI 87'IV>(87'I Kp)

Ag?t—>¢b¢b (67—1 87'b 67'1; V) Kir <877 877’ aTb V>

~arrr > 1. (6.15)
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6.1.3 Inflaton decay to the SM modulus

An analysis similar to that of the previous subsection can be performed for the decay
¢1 — ¢r¢r to the loop-stabilized modulus 77, which supports the SM sector. The ratio
of kinetic-term- and potential-induced amplitudes follows from the general formula given
before after the substitution 7; = 7, = 7. For the purpose of our estimate, we may

disregard 75, and work with
K=—-2mY, V=7"—yn?_—yr? (6.16)

For the kinetic-term induced decay amplitude, we need

VI
B

For the potential-induced couplings, we report the contributions of the LVS and loop

O, Kpp ~ (6.17)

potentials, Viys and Vioop, separately.

Concerning the contribution from Viyg, there is a small complication: Viyg is merely
a function of V and 77. In other words, Viyg possesses an exactly flat direction and this
direction corresponds to fluctuations of the ‘loop-stabilized modulus’ 77,. However, it would
be too naive to conclude from this that Viys does not contribute to ¢y — ¢r¢r. Indeed,
let us carefully specify the fluctuation associated with the loop modulus: as stated above,
the LVS potential takes the form Viys(V(my, 77, 71),77). The flat direction is then specified
by the two conditions d7; = 0 and §V = 0. Using the first condition, the second becomes

5V = (9, V)0 + (0-, V)71, = 0. (6.18)

Hence, to be aligned with the flat direction at linear order, the variation §77 must
always be accompanied, at the linear level, by a variation of 7,

1/2
YLTy,
0Ty = 0Tp(07L) = i 0TI, - (6.19)
Tp
While this ensures that the corresponding fluctuation of V vanishes at linear order, at
second order a non-zero fluctuation persists

it 3L
SV(o1L) = < {:5/2 — 1/2) 61} . (6.20)
87, 371

For 7, > 71, this is the same as the naive second-order fluctuation

5 877'[2/ L = _87‘11//2 6TL' (621)

Thus, we may proceed by analogy to (6.13), using the third partial derivative of the potential.
Naively, we would expect

ar
3/27‘/14\/8 . (622)

ar a‘r a‘r VLVS ~
1YL YT T —
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However, the terms where the 77-derivative acts directly on the two exponential functions
~ O, exp(—2ayr7r) and ~ Oy, exp(—ay7r) cancel. As a result, the leading-order contribution
due to the LVS potential suffers a slight further suppression

1
D

The loop potential manifestly depends of 77, so we do not have to be concerned about

a7'1 aTL aTL Vivs ~ Vivs - (6.23)

small corrections of the loop-modulus direction. The corresponding contribution is simply
given by
VI

3/2_2
T TL

87'1 8TL 8TL ‘/Ioop ~ ‘/loop . (624)

Since Viyg ~ 713/ 2‘ /T, Vioop, the third-order derivatives of the individual potentials scale like

871 aTL 8TL VLVS

2
~ T > 1. 6.25
a‘r[ 871 8TL ‘/loop L ( )

Hence, even though the loop cycle 77, is stabilized by Vioop, the potential decay rate
into its modulus is dominated by Viyg. Nevertheless, as in the previous subsection, this
potential-induced decay amplitude is too small to compete with the kinetic-term effect,

Algln—>¢L¢L -~ (87'1 87’1 V)(aﬂ KLL)

Ag?tHQM oL K11(0r, 07,0, V)

~ a2t > 1. (6.26)

Before closing, let us also compare the two dominant, kinetic-term-induced decay
amplitudes to volume and SM-cycle modulus. This is easily done using (6.11), with the
result that they are parametrically the same

kin
A¢1 — %P Krr (87'1 Kbb)

Algzn%m oL Kbb(an KLL)

~O(1). (6.27)

Here the factor Ky /Ky, arises from the transformation of §7, and 77, to canonical fields.

A more careful and accurate analysis can be found in the appendices C and D, where
we also show that decays of the inflaton into two different decay products are suppressed
by powers of 7, ! and hence irrelevant.

6.1.4 Inflaton decay to axions: equality with the decay rate to saxions

We have seen that, in transitions between Kéhler moduli, kinetic-term-induced decays
dominate over potential-induced decays. For the dominant, kinetic-term-induced rates
we can make the following important observation: the decay rate of a certain Kéhler
modulus into two lighter Kdhler moduli is equal to the decay rate of the same Kéhler
modulus into the two axions associated with these lighter moduli. While this appears
natural due to supersymmetry, it is technically not immediately obvious if one considers
the explicit amplitudes.

To make our point, we focus on the most important case of the decaying inflaton 7;.
As decay products, consider either the big-cycle modulus 73, or the loop-stabilized modulus
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71,. Let us refer to them collectively as 7; (with ¢ = b or ¢ = L) and to their axions as ¢;.
Thus, we claim that the kinetic-term-induced rates ¢; — ¢;¢; and ¢; — a;a; coincide. The
relevant trilinear couplings are

ﬁlq(ﬁijnﬁ\qbiqﬁi/MI% = aTIKii(sTlauTiauTz‘ + 671.K”6n8“718“n + 871.Ki15n8ﬂi8“71, (628)
L™ 0/ Mp = 07, Kii071 00" ci (6.29)

pr—aia;

where no sum over ¢ is implied. As just noted, the equality of the resulting rates is not
obvious since the last two terms of (6.28) arise due to the dependence of the Kahler metric
on 7;. These terms are missing in (6.29) because, by shift symmetry, no ¢;-dependence
is possible.

It is, however, straightforward to convince oneself that the decay rates nevertheless

2
TI?

of the fact that the 7; mass is negligible in this context (cf. (C.24) and the subsequent

agree. To do so, replace the derivatives 92 by the inflaton mass squared m?2 , making use

discussion). This gives

£kin m2
$1=0idi = T (&,Kiiéndndn — 8TiKIi5Ti6TI(STi — aﬂ.KZ’](STi&Ti(;T[)

M3 2
m3
= —TIaTIKiiéT[(STZ’(STi, (630)
Lkin o m72_
¢§\ZI%2 t = 2’8T1Kii57150¢5c,-, (631)

where we also used the invariance of 0, Kj; under permutations of 7, j and k. Now note that
the kinetic terms of é7; and d¢; have the same prefactor, in other words, the corresponding
canonical fields arise from an identical rescaling: d¢; ~ /K;;07; and da; ~ /K;;0c;. Thus,
the amplitudes following from (6.30) and (6.31) differ only by a minus sign, leading to
identical decay rates.

In our argument, we have, so far, disregarded the fact that 77, 7, and 77, together with
their axions do not represent the field basis relevant for scattering since neither their kinetic
nor their mass terms are precisely diagonal. Concerning the saxions, this is of course easily
remedied by a linear field redefinition 7, = C,378, where «, § take values in {I,b, L} or in
any other set of the Kéhler moduli. Now, in the present subsection we may treat all fields
except 77 and ¢y as massless.!” Thus, we may promote our proposed field redefinition above
to the set of complex fields: 7, + i¢q = Cap(7s + icg), still obtaining a diagonal kinetic
and mass lagrangian in the new basis. But such a linear coordinate change on the Kéahler
manifold does not interfere with our earlier analysis leading to (6.30) and (6.31). Thus, our
conclusion about equal rates for decays to saxions and axions stands up also in the presence
of mixing.

Finally, note that potential-induced decays to axions are irrelevant: the potential of
the QCD axion is ~ AéCD, that of the big-cycle axion even smaller. This is negligible in
our context. Moreover, decays of the inflaton to its own axion are kinematically forbidden

"Note that the mass for 7; comes from a superpotential term and hence singles out 77 together with its
axion cy.
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since their masses are approximately equal. By contrast, the small-cycle axion could be
lighter. Indeed, while 77 and 7, are qualitatively equivalent in our minimalist setting, their
masses depend on vy, A; and s, As respectively. However, without loss of generality we can
assume that the inflaton is the lighter of the two. It is then also lighter than the small-cycle
axion, preventing any decays ¢; — asas.

6.1.5 Inflaton decay to SM gauge bosons via mixing with the SM-cycle mod-
ulus

In addition to the decays of the inflaton into light moduli and axions which have been
discussed above, a direct coupling of the inflaton to SM gauge bosons A, is also present. Such
a coupling arises from the mixing between the inflaton modulus 7; and the loop-stabilized
modulus 77,. The latter couples to SM gauge bosons through

L DO~ T trFy,, FHY. (6.32)

Writing 77, = (77.) + d7, and normalizing the gauge fields canonically, one finds the relevant

trilinear coupling

1 16
L5 StwFEhEL, + §%trFﬁf}nFé§; . (6.33)

We keep working with these canonical gauge fields below but drop the label ‘can’ for brevity.
From the mixing effects specified in (D.9) and (D.25), we infer the advertised direct coupling
between the canonical inflaton d¢; and the canonical gauge bosons

1 (0)16¢1
2 2 (rr)
_ 1 (4(m12m31 + maoams3a) (77)

2V2 (r1) \ \/Byrmaz(mas — mas) (m)*/*

SO 1 7 R Y R LT i
~ L I
V3rmas () (m) /4 2 (my)%/*

Here the m;; are given in (D.12) — (D.20) and, in the step from the second to the last

LD trF, F"

1/4

) S trF, FF (6.34)

SprtrF, P

line, we made use of the approximate relations mgamsa/(miamsy) ~ a%TIQTg > 1 and
maog/Mmas ~ a%r}% > 1. The resulting decay rate reads

Mp. (6.35)

LB, (<ﬁ>)3/ P, 3Ny Wol e
pr—AA ~

641\ (1) ME "~ STV
6.1.6 Subdominant inflaton decays to Higgses

One may wonder whether the direct coupling of 77 to the Higgs drastically changes the decay,
in analogy to what happened with the enhanced 7, decay of section 4.2. To understand
this, recall how the relevant decay amplitude of 7, arose from (4.8): the fluctuation of the
canonical field ¢, induces a fluctuation of the In V term in that equation, which is described
by the simple relation

olny ~ (5¢b/MP. (636)
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The fluctuation of ¢; analogously induces a fluctuation of InV, with the relevant relation
this time being

SV ~ In(ry? = yir}?) ~ (71 V) 011~ (7] VV) Sr /M (6.37)

Comparing (6.36) and (6.37), we see that the amplitude squared for the decay of ¢; to
two Higgs fields is suppressed by a factor T?/ 2 /V relative to the corresponding amplitude
squared for ¢y. In the ratio of decay rates, a further suppression factor m., /m,, ~ 1/(171v/V)
comes in. Thus, on the basis of (6.1) we conclude that

2 VTI
F(mﬁhh ~ CIOOPWMP . (638)
Compared with the kinetic-term- and mixing-induced decay rates of the inflaton, this rate
is down by c%oop / 7'}1. Thus, it only has a small effect on the branching ratios.

6.1.7 Summary of decay rates

We summarize the main findings of this section by noting that kinetic decays of the inflaton
dominate the potential ones and that their branching ratios into light moduli fields and
their respective axions are equal. The results for several decay channels of the inflaton and
its axion are summarized in table 2. To keep the table of manageable size we normalize the
decay rates to two suitable channels for the inflaton decay,

9/2
I, = kin N 371!W0|3ﬂ?71/
1= ¢r—dpdp ~ 64wV

_ _ 2
[, — pPot 3T [3IWo Pyt 7+ WG (—4pn it pa (3 —4ps /L +471) 71)]
2T eroerer 64my3 | Wo|adarri V4

Mp, (6.39)

Mp.
(6.40)

Note that T'1/T's ~ a}rf ~ (InV)* > 1. We emphasise the appearance of the number
Ny = 12 of SM gauge bosons in the fourth-to-last and the last line, making these the
dominant decay channels.

6.2 A non-vanishing but acceptable amount of dark radiation

As we can see from table 2, all these decay rates are much smaller than those for the rapid
decays of the volume modulus ¢, into Higgses discussed in section 4.2. We are therefore
in a situation where after inflation the inflaton itself is the longest-lived modulus'® and
therefore its decays determine the composition of the energy density into Standard Model
parts and those in dark radiation.

Note that this would not be the case if the inflaton 4-cycle were wrapped by a hidden
sector D7-stack, as in the model considered in [116], where the inflaton decays before the
volume mode. In [116] dark matter is a WIMP living on the SM-cycle with mass of order
mgg ~ O(10'9) GeV. Such a superheavy WIMP would normally be overproduced. However
this is not the case since its relic abundance is suppressed by the tiny initial branching ratio

8 Also the decay of the SM-cycle modulus is much faster: Ty, /T, ~ V2.
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Decay rate  scaling explicit

rkin o~ (mV)2VtMp I
0% s~ (IMV)2VAMp AT /(a7r)?
rkin 4~ (InV)92y=tMp AT,
T s, ~ (mV)V2V=4Mp Iy
Kin o~ (nV)Y2V=iMp Iy
rkn .~ V)2V tMp 4T
Ty, a4~ (WV)2v=4Mp  8N,Ty
K e~ (V)Y2V=4Mp 2T
rkin ..~ V)2V iMp 8T,
To,saa  ~ V)2V =4Mp 8N,
Table 2. Decay rates of inflaton into moduli and axion fields. The explicit decay rates are defined
as '] = Fl;sifnamm and 'y = ng’:mm where I'; > T'y.

from the inflaton decay (which decays primarily to the hidden sector wrapping 77) and the
subsequent dilution due to the volume mode decay. However, in light of the new results
of section 4.2 which imply a faster decay of the volume modulus, and so less dilution, the
WIMP DM abundance computed in [116] could very likely be underestimated.

The comment above implies that, if stable, neutralinos with a mass of order mg,
produced from the inflaton decay, would also overproduce DM in our model since their relic
abundance would not be diluted by the decay of any light modulus. We therefore consider
a realization of the SM where R-parity is badly broken, so that neutralinos are unstable.

Let us now turn to the main point. Based on table 2, it is straightforward to obtain
the branching ratio of ¢; to dark radiation: from the decays of ¢; to ap, ¢p, ar, ¢r, and to
gauge bosons A, we have

1 Ly, sm 1
S IVY PR TS gy (o) 8N, (641
- <+8Ng+1>’ r " ( 8Ng+1>+ g (641

Here the corrections £1/(8 Ny + 1) account for the fact that ¢, branches to the SM and the
SM axion in the ratio 8N, : 1, with IV, the number of SM gauge bosons. It now follows that

L'y, ~DR
Iy

5+4/(8N;+1) 5
8N, +10 8N,

BR(¢r — DR) = ~ 0.05. (6.42)

The branching ratio BR(a; — DR) of the inflaton-axion is identical. This result can
be immediately understood from table 2 as follows: on the one hand, the decay rates of ar
to ¢pap and ¢rar, are twice the corresponding decay rates of ¢r to ¢pp and ¢r¢r. On the
other hand, the energy fraction from these decays going directly to dark radiation is only
one half. Since the decay rate to SM gauge bosons is equal between ¢; and a; (both rates
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come from mixing with ¢, /az, and the equivalent couplings to tr F'F’ and trFE respectively),
our initial claim follows.

Using formula (4.1) for the effective numbers of neutrino species, and the minimal
Ny = 12, we then have

-3
949,

11 1/3
ANgg ~ 0.3 () ~(.14. (6.43)
Here the final numerical value is obtained for g, = g. s = 106.75, as appropriate [126] for
the typically moderately high reheating temperatures in our scenario (see below). But the
result remains consistent with the observational bound (4.2) even for the lowest reheating
temperatures and corresponding small values of the effective number of degrees of freedom.
Yet, the produced amount of dark radiation is close to the boundary of the region allowed

by observation. Therefore, it is well within the reach of future CMB experiments [127].

7 Resulting axion dark matter cosmology

The discussion of the previous sections suggests a significantly changed cosmological scenario.
It still features a long-lived modulus, but this is now the inflaton ¢; and not the volume
modulus. In the following we want to briefly collect the main results for the relevant axion
phenomenology and cosmology.

For the sake of simplicity and concreteness, we will ignore some of the O(1) param-
eters by fixing them to unity. The more general analysis including the dependence on
these parameters is sketched in appendix E. We will also again make use of the approxi-
mate analytical formulae of [76, 79] to obtain order-of-magnitude estimates for the most
important quantities.

As already discussed in section 3, the axion dark matter abundance depends significantly
on whether the axion starts its oscillations before or after reheating. The crucial ingredient
that determines the reheating temperature is the decay rate of the longest-lived modulus,
which we now have identified to be the inflaton ¢;. Its decay rates are given in table 2.
Choosing 7 =1, af = 2w, Wy =1 and arrr = In(V/Wjy) (cf. (C.6)) and Ny = 12, we have

T 2 (10 + 8Ny) Ty ~ 0.1 x V™4(In V)*2Mp . (7.1)

For the expressions of f, and H; we use (2.6) and (3.11) respectively,

Mp Mp
fa—m, HI—W. (7.2)

Here 77, = 1/(205,0v) = 25/2 and we have set the O(1) prefactor and 3|Wp|? to unity.
The decay rate (7.1) is still slow enough that we expect ¢; to become non-relativistic and
to dominate the Universe before it decays. Then ¢ reheats the Universe to a temperature

2\ —1/4 —1/4 10\ 2 9/4
s T Jx 2.4 x 10 ( Iny )
T, ~ ST~ 1Gev (I .
( 90 ) or Mp ~1Ge (80) ( V ) (2.4 x 10'0)

(7.3)
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In the following, we want to assess the phenomenological consequences of two different
scenarios: one is characterized by a high reheating temperature implying that the axion
starts oscillating only after reheating during a radiation-dominated Universe, whereas the
other scenario describes a low reheating temperature where the axion starts oscillating
already before reheating during a period of early matter domination.

The calculation in the next two subsections follows essentially the same steps as in
equivalent subsections of section 3.

7.1 High reheating temperatures, standard radiation-dominated cosmology

Using the results of [76, 79] we know that for a reheating temperature
T, > 1GeV (7.4)

the axion indeed starts oscillating in a radiation dominated phase, and hence follows a more
or less standard cosmology. From (7.3) we can see that being in this regime requires the
volume not to be too large and thus provides us an upper bound for V.

If the axions constitute all of dark matter, we also need to avoid excessive isocurvature
fluctuations. This requires the Hubble scale of inflation not to be too large and accordingly
the volume should not be too small, which yields a lower bound on V.

Combining the two requirements and using the relevant equations of section 3.1 to
translate them into bounds on the other parameters, we have (setting x = 1)

1x107 <V <2x10',
9x 108 GeV > f, >2x 10" GeV,
6x1078eV <m, <3x107 %V,
2x10°GeV > T, >1GeV,
7x10"GeV > H; > 1 x 103 GeV,
01 <6, <0.5. (

N ERESEREN ERE N
© 0 N o W

5)
-6)
)
8)
9)
)

~N N S

.10

Here the constraints on the left-hand side arise due to isocurvature fluctuations. The
right-hand side is the requirement for being in the regime of high reheating temperature. It
does therefore not represent an actual limit.

7.2 Low reheating temperatures, axion oscillates during matter-domination

Let us now turn to lower temperatures, for which the axion starts oscillating already during
the ¢r-dominated phase where the equation of state is matter-like.

The dark matter density is then given by (3.16) (adapted from [76, 79]). For (3.16)
to be applicable the reheating temperature needs to be sufficiently low, which is why we
consider

T, < 300 MeV. (7.11)

Analogously to before, being in this regime of low temperature implies a lower boundary
on the volume. Moreover, requiring that the axion constitutes all of dark matter for an
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initial misalignment angle that is not tuned large, 0; < 3, provides an upper bound on V.
Using the relevant equations in section 3.2, we then find

5x 10" <y <8x10", (7.12)

1.4 x 102 GeV > f, > 1.0 x 102 GeV, (7.13)
4x107%V <m,<6x10%V, (7.14)
300MeV > T, > 150 MeV, (7.15)
250GeV > Hy > 100 GeV, (7.16)

1 <6; <3 (7.17)

Similarly to the previous case, the constraints on the left-hand side arise from requiring
that the approximation of low T, is valid, whereas the right-hand side arises from the
requirement of a sufficiently large dark matter density without too much tuning of 6;.

7.3 Low mass of the volume modulus

In the above we have assumed that the volume modulus decays rapidly into Higgses. Let
us briefly check whether this is always the case, i.e. whether m; > 2my,, and what happens
if this conditions is violated.

Naively applying the simple estimate (3.22) at the lower temperature boundary of the
high reheating temperature case the volume modulus has a mass

my, ~ 660 GeV . (7.18)

While this indicates that the volume modulus is still sufficiently heavy that it can decay
into Higgses, its mass is nevertheless relatively close to the threshold. In the low reheating
temperature region the situation is even more uncertain: for the largest volumes we have

my ~ 110 GeV . (7.19)

This is below twice the Higgs mass. Therefore, in this region the rapid decay into Higgses
is excluded (unless the neglected O(1) factors take the mass close to or above threshold).
In this case the volume modulus may again start to play a significant role. Moreover, it is
crucial to remember that (3.22) is at best a rough estimate and it is far from given that
Wo = 1. Let us therefore at least briefly comment on what happens if the mass is close to
or even below the two Higgs threshold.

For this let us first note that the trilinear term (4.9) responsible for the decay into two
Higgses, is essentially a linear Higgs portal term (cf., e.g., [128] and references therein for
investigations of this). Due to electroweak symmetry breaking, this term therefore leads to
a mixing between the Higgs and the volume modulus

2
Cloop¥TTg /9 v
W ~ Cloop FPV for mr, > mpy
tan(J) ~ {1 for m,, ~mpy - (7.20)
2
CloopVTM3 /9 Mpyy)—2
W ~ Cloop TV for mr, <L mgyg

Note that in the intermediate region we have a resonance which allows for O(1) mixing.
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Well below the threshold m,, < 2mpg we therefore expect

' ~ Cloos \2 (101 4
Ty, ~ Tl sin(0) ~ 1071° () <V> Pu(mn (), (7.21)

where Iy (my,) is the decay rate which the SM Higgs would have if its mass were equal
to my,. One can convince oneself that, at our level of precision, this is the right quantity
to consider for estimating the decay rate of a light state whose decay is dominated by its
mixing with the Higgs.

We also have to account for the fact that the volume moduli are produced relativistically
from the decays of the much heavier inflaton. The typical v factor is given by

Yigp ~ L~ VI, (7.22)
Tb
This implies a typical decay time
2
1/1 4.5 T
by ~ J02  1 ( /100 ( VH) ( H(50G6V)> , (7.23)
Lg, Cloop 10 Lr(maq, (V)

where we have used ' (50 GeV) ~ 1.5 MeV from [129]. Hence, if the mass of the volume
modulus is suppressed by a modest factor of 2mg /(50 GeV) ~ 1/5 we are already in danger
of spoiling BBN due to late decays of the volume modulus.

In addition to the cosmology discussed here, it may also be interesting to study
experimental probes of Higgs mixing, cf., e.g. [128, 130].

8 Discussion and conclusions

To fully describe the cosmology of axions in a stringy setup, we not only need to realize
a QCD axion, but also have a model that at the same time allows for a description of
important events in the cosmological history, in particular inflation and the subsequent
reheating. Additional information may arise from taking into account electroweak symmetry
breaking and the resulting couplings to the SM Higgs.

As is well known, the QCD axion can be realized in the Large Volume Scenario. Insisting
on an acceptable cosmology with QCD axion dark matter imposes a strong constraint not
only on the axion, but also on inflation. As simple stringy scenarios favor a situation where
the axion is already present during inflation, isocurvature constraints require a rather low
scale of inflation, leading us to use Kéhler moduli inflation.

The Large Volume Scenario generically features moduli with couplings that are sup-
pressed by powers of the large volume. These moduli are then long-lived and thus become
non-relativistic, typically leading to a matter dominated phase in the cosmological evolution.
Standard Cosmology, with its early radiation dominated phase only starts with the decay
of the last of these moduli.

Up to now the leading candidate for the longest-lived modulus was the volume modulus,
with its decay to axions leading to the usual problem of excessive amounts of dark radiation.
However, taking into account the volume dependence of the gaugino loop corrections to the
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Higgs potential, as well as the significant tuning that has to take place in scenarios where
the natural scale for the Higgs mass is the supersymmetry breaking scale mg/5, we find
that the resulting couplings of the Higgs to the volume modulus lead to fast decays of the
volume modulus to SM Higgses. This solves the original dark radiation problem.

At this point, however, we may want to take the next step and also include a model of
inflation. In the context of string moduli inflation, the obvious candidates are Kéhler moduli
and Fibre inflation. As already mentioned, taking account of isocurvature constraints from
axion dark matter guides us to a lower inflation scale and hence, Kéhler moduli inflation.
In this model it is then the inflaton that features the longest lifetime. It, too, can decay
to axions and thereby contribute to dark radiation. In fact, it decays with equal rates to
the QCD axion and its saxion, with the latter immediately decaying to the SM. Similarly,
the inflaton features equal decay rates to the volume modulus and its axion. It would then
appear that half of the inflaton energy goes to dark radiation, such that the dark radiation
Hydra raises another one of its ugly heads. Fortunately, this is not the end of the story: the
inflaton mixes with the QCD-saxion, i.e. the modulus governing the SM gauge couplings.
Since the latter couples to the 12 SM gauge bosons, the inflaton acquires a significant
branching fraction into those vector fields. This eventually leads to the demise of the dark
radiation Hydra. Nevertheless, the amount of dark radiation is typically non-negligible,
opening the possibility to see it in astrophysical observations [127], and to directly detect
it in experiments such as the International Axion Observatory (IAXO) [131], potentially
opening the possibility to test its origin from reheating [35, 102].

Let us note that the viable volume range we found is only marginally consistent with
the constraints on the volume derived from the CMB normalization of Ké&hler inflation
in [41]. This is not surprising since, for the upper end of our volume range, Hy is excep-
tionally low and the potential must then be very flat indeed to account for the observed
scalar perturbations. While in Kéhler moduli inflation exponential flatness arises by con-
struction, one would presumably need to invoke fine-tuning (maybe including more than
one instanton or the interplay with a loop effect) to make the extremely large V regime
phenomenologically viable.

The requirements inherent in our desire to realize a stringy QCD axion, including
also the inflationary constraints of the last paragraph, have led us to a ‘sweet-spot’ string
cosmology scenario. It involves the LVS framework, Kédhler moduli inflation with a volume
parameter V ~ 107 (for Wy ~ 1), a reheating temperature T, ~ 105GeV and, most
importantly, a potentially observable dark radiation abundance of order ANeg ~ 0.14.
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A Realizing small f,

A.1 Small f, in type II in general

A p-form-derived axion ¢ may be defined as

Cp(2,y) = c(x)wp(y), (A1)

where C), is one of the RR forms of type II string theory and w, a harmonic p-form on
the compact space X. The coordinates (z*,y™) parameterise R® x X. We follow the
conventions of [7], setting in addition I, = 27v/a@’ = 1. The coupling to euclidean brane
instantons on a cycle ¥ then reads

SD 27r/ Cp = 27rc/ Wp, (A.2)
by )

with ¢ = ¢+ 1 if w, is chosen integral. The part of the 10d lagrangian relevant for the size
of f, is

1 1
SD 27T/d4acd6y\/—g {2R10 —

R0 3 o) (43)

Ignoring O(1) constants, one reads off

g
M}% Vs Jx

2
g
p Nsey e B [ A =Gy )y g (M)
S

where V; is the CY volume in units of ;.

To estimate the smallest achievable f,, let us assume that w, has support only in a
tubular neighbourhood of ¥ with diameter R. Let ¥ have typical size L. The integral
in (A.4) evaluated with only \/—g in the integrand would then be ~ LPR5~P. But in
addition there are the inverse metric factors which, assuming that w,, is directed primarily
parallel to ¥, give a factor ~ 1/L?P. This results in

fa . 9iBT
M3 Vs Lr

(A.5)

Next, we should include the constraint that the QCD gauge coupling at the string scale is
in general small. Together with gs, this sets the volume of the corresponding brane stack.
Most naturally, the relevant minimal-volume cycle is identical to 3, such that the brane
instantons discussed above are actually the UV cousins of our SM QCD instantons.'® The

19We cannot rule out models where this identification is broken. For example, this could be because there
are different homologically equivalent cycles which are locally minimal-volume or because QCD arises as the
diagonal subgroup of several SU(3)s. But we do not see an immediate way to make use of this to lower f,
parametrically below our estimate.
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familiar form of the DBI action then implies a7y ~ gs/LP and hence (setting also R ~ 1),

2 2

amin gsOQs UV - O5s,UVl or amin As UV (A 6)
MPQ, Vs Vgs V MIQ;, y ’

Here V = V,/ gg’/ % is the CY volume in the 10d Einstein frame and, in the last expression,
we have chosen gs; ~ 1, which is optimal in our context.

A.2 Small f, in the LVS

In the previous subsection, we have argued how the decay constant of the QCD axion scales
in type-II models in general. Let us specify this behavior, displayed in (A.6), for the LVS
with the SM realized on a small blowup cycle 77. In the simplest case, where the SU(3)
brane stack directly wraps this cycle,?? we have a;lljv = 277,. Here the index “L” is chosen
because this cycle has to be stabilized by loop effects. The kinetic terms for the axions are

L/Mp D K;50,c:0"c; (A7)

and their periodicity is set by ¢; = ¢; + 1. After a rotation to a diagonal basis ¢}, we obtain
for the QCD axion ¢,
L/M}E D A0, cLorc, (A.8)

where Ay, is the appropriate eigenvalue of K;;. The canonically normalized axion ar, /Mp =
V2ALc) then obeys ar, = ar + 2 \Mp. From this, we can read off the axion decay
constant (see also [23] and refs. therein)

faL = % . (Ag)
7

Since in the LVS we have V > 1, the Kéhler metric is almost diagonal such that Ay ~
Krp = 3v./8V/7r (cf. (D.2)). With that we obtain

2

9L ?2"“ : (A.10)
M2~ 16m2 /7Y

consistently with our lower-bound estimate in (A.6). (In fact, (A.10) scales as /a5 gy /V
and is hence slightly larger than (A.6). This is not surprising since we made the most
optimistic assumptions about the relevant harmonic form in appendix A.1 to make f, as
small as possible.)

B Decays of 7,

Decay rates of the modulus 77, which governs the SM gauge couplings, could be obtained by
a detailed calculation, analogous to that presented below for 7;. However, for our purposes
a shortcut suffices: since 77, is a (relatively small) blowup cycle, we may analyze the physics

20The detailed model building will in general involve several Kihler moduli with their ratios fixed by
gauge fluxes, leading to O(1) correction factors.
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in terms of the limit where the large volume decouples, V/6 > {all local length scales}.
Then the coefficient of the operator ¢ F?, with F, ww the SM field strengths, is of the order
of the inverse local mass scale, i.e. the string scale My, on dimensional grounds. This gives
a decay rate to SM gauge bosons

Ty,—na ~m /M2~ Mp/V?. (B.1)

Here in the first step mg’sL appears for dimensional reasons and we then used that mg, ~
Mp/V and My ~ Mp/+/V. This is so much faster than all the inflaton decay rates, which
are ~ Mp/V* that we may leave it at this very rough estimate.

We need to check whether a significant axion energy density is created while 77, reheats
the SM as above. Both the decay to gauge bosons and to axions arise through the 7,
dependence of the respective kinetic terms:

L D~ 1p trF,, FHY and LD~ V\;i (Oucr)(0Mer) . (B.2)
This follows from the standard DBI action and the Ké&hler potential —21n) together
with (5.4). Now, since the decay originates from the fluctuation 77, ~ (1) + o7z, it is
clear that the amplitude for the rate to gauge bosons is enhanced by a factor 2 due to the
higher-power of 77, in (B.2),

Agyn] Ay sara, =2 (B.3)

Taking into account that each gauge boson has two polarizations and the N, active gauge
bosons (with N, at least 1 + 3 + 8 = 12), we have

F¢L—>AA/F¢L—>GLGL = 8Ng >1. (B.4)

In summary, ¢ decays for our purposes instantaneously and without aggravating the dark
radiation problem.

C Dynamics of the two-moduli system 7, and 77

In this section, we estimate the decay rates of the inflaton and its axion into the volume
modulus and its respective axion. This analysis represents a significant simplification
relative to the realistic case, which must include the loop-stabilized modulus 77, as well
as one (or several) small cycles 7,;. The latter are needed to keep the volume stabilized
during inflation. A more general treatment, including 77, is presented in appendix D. The
presentation of the 2-moduli case in the present appendix serves merely to build intuition
and to allow the interested reader to start with a very similar but less complex analysis.
The fact that we disregard additional small cycles 7,; introduces only a negligible error, as
we explain below. Our analysis follows the procedure of [117], adapted to our purposes: we
expand the F-term potential V' and (going beyond [117]) also the K&hler potential up to
third order in 7, and 77 about their respective vacuum expectation values, denoted by ().
This provides us with the (mixed) kinetic and mass terms as well as trilinear couplings.
We then diagonalize and canonically normalize all dynamical fields so that we can read off
the coupling strengths and hence obtain the decay rates. Note that in what follows we set
Mp =1 for brevity.
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C.1 Basic definitions
We consider the following volume and Kéhler potential:

V:T§/2_'YI7-?/27 K=-2In <V—|—§) —1H(S+S)+Kcsa (Cl)

where S is the axio-dilaton, K.s depends on the complex-structure moduli and we have

/

absorbed a factor gs 2 into &. This gives the leading-order Kéhler-moduli Kahler metric

and its inverse

3 MIVTI 472
2 - _'b
o K Ary 8,/ (Kfl)ij ~ 3 Aryry (C.2)
U= aror. | _ouvia 3 ’ ~ 8o/ | '
101 T o 5/2 o.3/2 — dryr g
87, 81, "I 31

where T; = 7; + ic; with i € {b, I'}. The superpotential, corrected by the non-perturbative
term due to D3-brane instantons, reads

W =Wy + A]e_aITI, (CB)

with a; = 27.2! Since S and the complex structure moduli are fixed by fluxes, the
contribution —1In(S + S) + K¢ in (C.1) represents merely a constant. We absorb this
constant into a redefinition of A; and Wj.

The non-perturbative correction to the LVS potential with one small, non-perturbatively
stabilised cycle is given by [11, 12] (see also [10]),

VLVS = eK {(K_l)ma%’A]’Ze_%ITI + 2(1[7’[ (A[Woe_aITI =+ A]Wge_alfl)} . (C4)

Restoring the explicit axion dependence in 17 and absorbing the constant phases arg Wy
and arg A into a redefinition of ¢;, we arrive at

3|Wol?¢

_ V—Q 87—1?/2%
N VS

Eo a?|A7|%e 2T 4 4aprre” ™| AWy cos (arer) | +

Vivs , (C.5)

where we have used the explicit formula for (K~!)?? from (C.2) and approximated the
Kahler potential as K ~ —2In). We have also added the contribution induced by the
o’-corrections to K. This represents the total potential that we use for our analysis in
this section. As is well known, the minimum of this potential is defined by the following
equations [11],

4<V>|A[’Cl[
3t Wol /()

21Obviously, in the full system, there are also corrections due to instantons on the other small cycles

€ =2y ()2, el = cos(ar(cr)) = —1. (C.6)

Ts,s. However, the resulting F-term potential consists of merely a sum of terms analogous to (C.4) over
all 75,;. These additional terms are irrelevant for the decays of the inflaton and its axion. This is because
decays into 7, and 77, via these terms are highly suppressed whereas decays into the 75,; themselves are
kinematically forbidden.
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Both the kinetic term as well as the scalar potential can now be expanded around this
minimum. The relevant lagrangian for us is the truncation of this expansion at cubic order,

L= <Kij>au(;7'@'a“57'j + <6Tink>6n6#67j6“5rk + <Kij)8uéci8“5cj + <6Tink)6n@uécj8“5ck

2 3 2
— (Vvs) — 1 <8 Vivs > 0T;07; ! <8VLVS> 0T 07Tj0T), — 1 <a VLV'S > dcioe;

2\ 071;07; 6 07,0707}, 2\ Oc;0c;
1 aSVLVS
-5 <87'186380k d7i0c;dcy. (C.7)

C.2 Decay into volume modulus

Diagonalization of fields. Following [117], we must first transform the d7; into canonical
fields. On this account, we need the second-derivative matrix w.r.t. the moduli, which at
leading order is given by

2 9 975’/2 3a17'?/2
Vi — 0"Vivs \ _ 3vIWy w2, O3
< Z]> - ~ 9/2 3/2 : ( : )
8Ti87j T 3ar7; 2._3/2
b — asT
27y I'1

Here we have used the relations (C.6) after applying the second derivatives.??

The transformation to the canonical fields reads

B-0%-0% e

or 01y = P;jo¢;/ /2 where P is the matrix that contains the vectors U; as columns. These
2

vectors are the eigenvectors of the matrix (M?);; = (K _1)ik: Vij) /2, whose eigenvalues m;

are the masses of the canonical fields d¢;, and they fulfill the normalization condition

o7 (K) - T = Pyi(Ky) Py = 6ij. (C.10)

7

Next we have to calculate the eigenvectors v;. The M 2 matrix at leading order reads

‘W ’2 _971a17'[5/2 671a§7'}5/2
(M?);; ~ ol novr ] (C.11)
T 6
o\ o e

Tb

The eigenvalues and eigenvectors of this matrix are given by

2[1]7'[
m2, =0, 7 = i , (C.12)
A[Wo|2a2r? L ([
m‘?‘[ - Tnv V2 = 2\{7 . (Cl?’)

22Note that after including the other small cycles 75 ; the expression for ¢ becomes a sum over all such
non-perturbatively stabilized cycles. However, it turns out that our results for the decay rates of 7; and cr
remain unaltered under this modification of &.
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To fulfill the normalization conditions (C.10), we rescale the above eigenvectors

N 27
3 =0
U = N S £171 = g , (C.14)
den o\
3/4 1/4 671 3/47_b1/4
— I _'2 = 2fT3/4T}/4 . (C.15)
\/ Vg - V31

With these eigenvectors, the transformation to the canonical fields, in analogy to (C.9), is

given by
2
57’1, = \/;Tb(sqﬁb =+ 3’)/]7'1 Tb/ 5(Z)I, (0.16)
3/4_ 1/4
3 2
5ty = \}/;15¢b+ T F o L 54, (C.17)

Coupling terms. The kinetic and potential trilinear coupling terms can be read off
from (C.7) and are given by

£int,kin = KmnpéTm(auéTn)(audTp) ) (018)
1
Linmpot = _Evmnp(STm(;TnéTpu (Clg)

respectively. Here we defined Kynp = (O, Knp) and Vigpp = (0r,,05,0-, V). Let us first
calculate these third order derivatives at leading order,

3 45y1\/TT 9y 31

Ky =—5—5, Kupr= y Kin=———+5, Kiui=———535, (C20)
27'1:;3 67’,)7/2 16 T]Tb5/2 167?/275/2
3/2 2 3/2
81’)/[’W0|2’7'I 99’)’]|Wo‘ ar7y
Vbbb:_w7 Vior = PREE ) (C.21)
b Ty
2771|W0|2a1\/77 9’)/[|W0|2CIITI/2
Vorr = — 27_11/2 ; Vi = T op (C.22)

Tp
Here we have again used the relations (C.6), however, this time only after forming the third
derivatives.

Let us first focus on the kinetic couplings. Inserting the canonical fields (C.16) and (C.17)
into (C.18), we have

Eint,kin = 23/2 Kmin P P k5¢z(8ué¢]>(8#6¢k) (023)
To eliminate the derivatives, we use the relation
1
561(9,00,)(9"56x) = 5 (m§ —m? — mz) ShiBch; S, (C.24)

which is obtained by partial integration and making use of the free Klein-Gordon equation.??

Thus we obtain

Linssin = 375 Konn Pni P P (m? = % = m?) 66,06;661. (C.25)

23 An analogous relation also holds if we replace one or more of the moduli fields d¢; by axion fields da;.
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We are only interested in the terms in Lyt kin for which one of the three indices ¢, j, k is an
“I” while the other two are a “b”. From (C.25) we see that in Liy kin all terms are invariant
under permutation of these indices except for the factor (m? — m? —m2). However, since
mgl > m?.b, this factor is dominated by m% and therefore only changes by a minus sign
under permutation of 7, 7 and k, depending on which of the three indices takes on the value
“I”. There are in total three coupling terms corresponding to either ¢ =T or j =1 or k = I.
The two terms with j = I and k = I carry a minus sign compared to the term with ¢ = I

so that w.l.o.g. we can just write

1
ﬁi(ftl,lzr?b%) — WKminmIPanpbmzl SPr0Ppddp, (0.26)

where the minus sign results from the sum of the three terms. From this we can easily get
the coupling by computing the contractions

Kinp Pt P Py = Koo Por Poty Poy, + 2K 401 Por Poy Pry + K11 Por Pry Pry

+ K Pri Py Poy, + 2K o1 Pr1 Py Pry + K111 PriPryPry (C.27)
2@7’?/4 45\/67?/27?/4 27\/67}9’/27'11/4
- Y/ 9/4 5 9/4
T darT, 16a7,
56y 3./67;1 3671 o8
+ o03/4 o 1/4 3/4 o 5/4 3/4° (C.28)
T 2ar7; T 8as7; T

We see that the dominating contributions are

3/4
6yrT
Konnp P 1 Prv Py = Koo Por Poy, Py + Krop Pr1 Poy Py = % (C.29)
Ty
Inserting this and (C.13) into (C.26), we obtain
\/3’)/[ Wo 2a2711/4

Li(ft{;fbd’b) ~— ’2 1|5/4I L—§¢16¢p0¢s. (C.30)

Ty

Now we focus on the potential couplings. Inserting the canonical fields (C.16) and (C.17)
into (C.19), we obtain

1
L; = ——— Vo Prmi Pni Por0 ;0050 py.. C.31
int,pot 12\/5 mnpLt milnjLipk ¢z ¢] (Zsk ( )
Again we are only interested in terms where one index of 4, j, k takes on the value I while
the other two take on the value b. There are in total three such terms. Due to the invariance
of Lint,pot under permutation of 4, j, k are all the same. Hence, we can account for them by
a factor 3,

1
L) — —mvmnppmlpnbppbwlmm. (C.32)
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Calculating the contractions, we obtain

Vinp Pt P Ppb = Voo Por Pob Pov + 2Viour Por Pov Pro + Vorr Por Pro Pry

+ View Pr1PowPoy + 2Vier Pri Pow Pry + Vi Pri Pry Py (C.33)
- 21/4 + 21/4 - 21/4
T Ty 2Cl[7'b
2 7/4 9 3/4 2 7/4
22«/67]’W0’ ar7r 36\/6’)/[‘W0‘ Tr 18\/6’)/[“/‘/0‘ ar7y

+ 15/4 o 15/4 - 15/4 :

Ty Ty Ty

(C.34)

The dominating contributions are

4\/6’7[‘W0|2a[7'17/4

Vg Pt P Pob = Voo Pri Pop Pop + Virr PrrPry Py = 151 (C.35)
b
Inserting this into (C.32), we arrive at
(pr—0pds) \ 3'71‘W0|2a17—17/4
Lintpot == 154 0P10Pp0Py,. (C.36)
b
We can also conclude that

E((thlk—>¢b¢b) arTy

£§¢;—>¢b¢b) ~ 2 > 1, (C.37)
int,pot

which confirms our estimate (6.15).

C.3 Decay into volume axion

Diagonalization of fields. For the decay into the volume axion, we proceed analogously
as for the decay into the volume modulus. The second derivative matrix w.r.t. the axions
at leading order is given by

oo 8V o 0
(Vi) = < acing> = (0 ?wWI/) : (C.38)

9/2
Ty

where we have again used the relations (C.6) after applying the second derivatives. The
transformation to canonical fields is given by

(gi) - (wb> f;%’ + (m) f;g (C.39)

or §¢; = Qij6a;j/v/2 where @ is the matrix that contains the vectors 1; as columns. They
are the eigenvectors of the matrix (M, (20))27' = (K _1)ika(jC)>/ 2 whose eigenvalues are the
axion masses. The eigenvectors fulfill the normalization condition

G (K) 0 = Qui(Ki)Quy = 0. (C.40)
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The M(20) matrix at leading order is given by

o G1lWol?a? 2,5/2
7/72
0 4|W()|2aITI

3
Ty

(My)ij =~ (C.41)

The corresponding eigenvalues and eigenvectors are

S 1
m?, =0, = (()) : (C.42)
AW l2a272 3T
mgl R~ L?)CLITI, Wa = | 2V . (C.43)
T 1
After rescaling to fulfill the normalization condition (C.40), the normalized eigenvectors
read

. W 2n %
Wy =~ 2l = | V3] (C.44)

@ (K)-@ V3 0

9 3/4_ 1/4 /671 /4. 1/4
V2, o = Da st | (C.45)

1/4_3/4
F Ve il

V31
Coupling terms. The kinetic and potential trilinear coupling terms are respectively

given by
Eint7kin,(c) = <8 I(YL;)>57—7718 5cnau(50p (C.46)
23/2 Kmnppszanpk5¢za 6“38#6@% (047)
1 83VL\/S
Lint,pot,(c) = _5 <a7_7nacnacp 5Tm60n56p (048)
1 83VLVS
= Tn <afmacnacp PrniQnj Qproidajoay (C.49)

Let us first argue that the potential coupling to the volume axion vanishes: since Viyg
does not depend on ¢, but only on ¢y, the indices n and p in (C.49) must both take on the
value “I”. However, the component (Qj; vanishes, so that there is no potential coupling
~ dproapday.

Focusing now on the kinetic coupling, we have

apa 1
ﬁi(fiﬂn,’zci’) = =7 — = K Pt QuuQpym2, 8 10aday, (C.50)

where we have again eliminated the partial derivatives via (C.24). Since Q = 0, the indices
n and p must take on the value b, so that we have

apa 1
L) _ 5573 Komi Pra1 QuuQui2, 66 18 0a (C.51)
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1
= W(Kbbbpbl + Ko Prr) QuuQuum?, 6 rdapday (C.52)

4 0 /5,3/4 1/4 9
1 l<_3> G/l 5v1y/T1 2V27) (2%) m2 S rdayday

— o |\ 2 1602 V3 V3
(C.53)
5 9 9 11/4
= 37]’W0| aITI (5q§16ab(5ab. (C54)

27'{)15/4

Comparing this to (C.30), we see that the kinetic decay rate of the inflaton into the volume
axion is indeed equal to the one into the volume modulus.
C.4 Decay of inflaton axion

Finally, we consider the kinetic decay a; — ¢pap, which stems also from the term Ly ki, (c)
as given in (C.47), however, this time we have ¢ = b whereas j and k can take on either
the value “b” or “I” with j # k. Since there are exactly two possibilities for that, we will
w.l.o.g. set j = I and k = b and assign a factor 2

a a, 1
Lior o) — 75 o Pt Qui Qpudndy dard"san. (C.55)

Eliminating the derivatives, this becomes

a a 1
i(ntj,z:f),b(cf) = _TﬁKminmeanpbmgI5¢b5a15ab. (0.56)

Since Qp = 0, the index p is forced to take on the value “b”. We obtain

(ar—dpar) _ _ 1 2
Lintrine) = —2ﬂKmanmenJbemc,5¢b5a15ab- (C.57)

The contraction reads

Kmnb PrvQni = Koo PovQur + Koro PonQr1 + Koo ProQor + K ProQir (C.58)
IV T V0 27 N K SV W e
- 7/4 T 7/4 + 13/4 1/4_7/4 (C.59)
T 4, 16a;7, a7 T
~ Koo Pov Qo1 + Koo P Q11 (C.60)
3/4
47'177/4

Inserting this and (C.43) into £L917%%) e obtain

int,kin,(c)
11/4
(ar—sdpa) _ _ V301 WolPajr
intI,kin,lEc;] - T15/4 dppdardap. (C.62)
b
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D Dynamics of the three-moduli system 7,, 71 and 7,

In this section we proceed in analogy to appendix C, however, we do not only consider the
inflaton and volume moduli but instead the effective three-moduli system including also
the loop-stabilized cycle as well as all corresponding axionic superpartners. This is again a
simplified system, which does not take into account the additional small cycles 7, ; which
must be present to ensure the stability of the volume during inflation. However, as we will
argue below, we do not expect that the inclusion of said small cycles, which play a role
very similar to the inflaton 7; except that they are not initially excited, would change our
findings of this section significantly. As before, we follow the methodology of [117] in that
we first expand V' and K about the LVS vacuum in the d7; and dc; and then diagonalize
and canonically normalize the fields so that we can read off the coupling strengths. We set
Mp =1 throughout this appendix.

D.1 Basic definitions

The volume and the Kéhler potential have the form

V:TE/2_’}/IT}3/2_7LT§/27 K=-2In (V—l—g) —In(S+9) + Kes, (D.1)

where S is the axio-dilaton, K. depends on the complex-structure moduli and we have

/

absorbed a factor gs 2 into &. The resulting Kéhler metric and its inverse at leading order

are given by

3 0 VAT 0 I AV
9 47—1;2 87':/2 87-:/2
o 0°K | _%uvTr 31 IVIVL/TITL
Yomer; | sm svan” o R
J _ YLVTL MIYLNTITL 3L
87’175/2 87’5’ 8 TLTb3/2
472
=+ AnTr AT
- 3/2
—1\%J ~ 8\/TIT,
(K ) NS 4Tb7’[ 3,be 4T]TL y (D2)
3/2
8VTLT,

Ayt ATTL 30,

where T; = 7; + ic; with ¢ € {b,I,L}. Since the model is constructed so that 77 is not
stabilized by non-perturbative effects, the superpotential is again only corrected by D3-brane
instantons on 77 and hence looks the same as in (C.3)

W = WO + A]e_aITI, (D.S)

with a; = 2.

The total scalar potential consist of the usual LVS contribution as given in (C.5), which
is generated through non-perturbative effects on the superpotential and o’ corrections to
the Kéhler potential, and a contribution induced by loop effects given in (5.5),

V =Vivs(V, 11, ¢1) + Vioop(V, 1) (D.4)
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The individual contributions read [11, 16]

3/2 2
8 v/ 3|W,
Vivs = V_2 uuﬂAI‘Qe_Qaﬂl + 4a[T[e_aITI|A[WO| COS (Cl[C]) + ‘ 0’ 5, (D.5)
3’}’] 4y3
f1 12 |[Wol?
Vioop = — . D.6
oo (ﬁ N u3> V3 (D6)

The relevant, perturbed lagrangian up to cubic order looks the same as in the two-moduli
case but with the indices 7, j, k € {b,I, L},

L= <KZ']'>8H(S7'7;6M57']' + <6T1,Kjk)5n6#57j6“5m + <K¢j>8u56iau50j + <07—in]€>57'¢8“5€]'8”501€

1/ 0*V 1 o*Vv 1/ 0*V
— - = 071307 — = { ————— ) 0730707, — = { ——— ) dc;0¢;
V) 2 <87‘187j> Ti0Tj 6 <87’Z-87j07‘k> TiOTjOTk 2 <80¢80j> o

1 PV
T N snseide D.
5 <8Ti86j80k > dTidcjdcy, (D.7)

D.2 Decay into moduli fields

Diagonalization of fields. Following [117], we again proceed by first transforming the
§7; into canonical fields. The second derivative matrix w.r.t. the moduli V;; = 9*V/(07,07;)
at leading order is given by

(Vis)
9(11|W, 2 ~ E 2 3/2 ~ 2 3/2 2 =2
ol*(p1fitp2v/TL)+3|Wol vi7; " "/TLi 9Wol yrarT; I Wol”(p1fi” —pi27L)
4ﬁﬁ7§3/2 27';1/2 4;2272/2751/2
3/2 ~ ~
- 3|Wol?v1a273%  9yr yF(1Wol? (parr —pa i) =3 Wo |y 7242)
[~ ~ 9/2 ~2.3/2 6 ’
T, 4 T T
|Wol? (8p1/i° —pa (n3—3v/7L) L)
~ ~ 453,572,972
HeT Tb

(D.8)
where i = ug — /7. Here we have again used the relations (C.6) after applying the second
derivatives.

The transformation to the canonical fields reads

0T
orr | = | 0 %—F U1 %-i- vy, 5(;5

7 7 (D.9)

oty

or 01y = Pijd¢p;/ /2 where P is the matrix that contains the vectors U; as columns. These
2

vectors are the eigenvectors of the matrix (M?);; = ((K™1),, Vi;) /2, whose eigenvalues m?

are the masses of the canonical fields d¢;, and they fulfill the normalization condition

(2

Next we have to calculate the eigenvectors ¥;. The M? matrix at leading order in the
small parameter € = 1/,/7, is given by,

mir€’ mige’ mize’
(Mz) ~ | ma1€® mage® mase? |, (D.11)

]
ms3i 68 ms32 69 mas3s 66
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where the m;; are expressions which do not depend on 7, and which are given by

[ 6’W0|2M2\/TL’YIGIT1 + [Wol? (1472 p1 + 11fipa /T — 3M2TL)}

= D.12
mi1 = 2# ) ( )
5/2
mis = 6|Wo|*yrafr;?, (D.13)
(Wol? (6731 — 3fipaTr + potr (—ps + 3y/71))
2037y
mo1 = —6|Wo|2a[7'12, (D.15)
mog = 4\W0]2a%712, (D.16)
o T 8Py P 4 [Wol? (<127 + poti (s — 3y/7L) + BU20°p + paTi))]
23 = — ’
27iPr 3/2
(D.17)
3| Wol? (% — porr
may — Aol (A Ll ) (D.18)
YLHTTL
31 [2|WO|27LTL'U ‘117'1 * o (WOl /T (o7 — e )}
m3z = ; (D.19)
YLAATL
Wol? (3% 1 + +3
Mg = [Wol ( o NZTL( H3 \/E)) (D.20)
3yLi? TL
The eigenvalues and eigenvectors of M? at leading order in € are given by
_ma3 —2
—1mM13M221M31 — T12M21M33 + M111M22M33 . st
i, = AL 1 Som= | mmme | (D2
221133 1
_miz(moz—ma3) -2
) 6 . mnlbzm’:;,é—i-ﬂ;b%%mg,g
My, = mae’, 2= | Sriems tmgam €|
1
(D.22)
miz
2 6 - mi3m 71%% ma3 .3
m3, = msse’, U = | s b€ |+ (D:23)
1
Note that mZ /m2, = maa/ms3 ~ ajrfri > 1. To fulfill the normalization condi-
tions (D.10), we rescale the above eigenvectors
27
- V3
L Uy 2msz1 Imo
V3mas
4m127,]1/47'11/4
1/4 6vrma2
_ ~ Almazma1 + masmso) ot ary ey (D.25)

2 =
3/4 NGET:
vy - U Yrmoz(Mmaoa —m
\/ Uy - (K) - U \/6 22(Mm22 33)7; A(miyams; +masmsn)ri/4

V6yrmaz(ma2 —77133)7'3/4
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1/4_1/4

4m137’ Tr
4 3/, 1/4 B 1/4
_ 4(m13m21+m23m33)TL4 : (D.26)
\/ﬁqi VEyLma3(msz—maz)Ty!
T 3/4_1/4
4Tb T,
6vL

where we used moo > mss to specify some signs. Note that the first two components of v},
and ¢ correspond exactly to the respective eigenvectors (C.14) and (C.15) of the 2-moduli
system.

Coupling terms. The kinetic and potential trilinear coupling terms are respectively
given by

ﬁint,kin = Kmnp(STm(a,uéTn)(audTp), (D'27)
1
Lint,pot = —ngnpéTméTn(;Tp. (D.28)

The third order derivatives Ky = (Or, Kjx) and Vi, = (07,0r,07, V) at leading order read

3
Kpppy = — 7,
27‘5’
A5y1/T1
Kipr = ;52»>
67,
Ko - 4570\/TL
oL 77z
67,
Iy
Ky = %,
16/717,
Ko — 27’717L\/7'I7'L
bIL = 3
Tb
I
Kz = ﬁ,
16\/TL7,
31
K= ———%5—=7>
167 3/2 3/2
K 9'YIVL\/7'L
HE 16\/7r75
_ VT
16/
3L
Krrr = — W, (D.29)

’ [143|W0|2 (i + pay/7r) + 72|Wo\271ﬁ7?/2\/i]

Vipp = — 7 ;
8iir/TL /

99’)/[‘W0’2Cl[7'?/2
Ar 13/2 ’

Vibr =
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99|Wo? (pafi® — piar)

Vb = — ;
8 273/2 13/2
27’)’[’W0‘ Cl[\/7'7
Vorr = — T )
27,
271 [2|WO|2’YLﬂ2aIT]3/27% + 2|Wol? /71 (paTr, — MlﬁQ)}
Vor = — 37 , (D.30)
4/]2T 7

Vi — 9“/I/O|2 [3,U1ﬂ3 + pa ( u3 + 3\/TL) TL]

bLL = = 817 5/2 11/2

% . QVI‘WQ‘QCL%TI

111 — _9—/2,

Tp

v 91 [BIWol*yLp*aiTiT} — |W0| (p1fi? — por)]

1L = )

8/ \FTL Tb
Vinp = 21 [=3[Wol*vLi® /Trri + [Wol? Buay/Tri® + pay/Trmr (—ps + 3y/7L))]
83 75/2 6 ’

Ve 3IWol? [Buap® — porr (43 — 4us/7r + 5TL)}

LLL == 7/2 9/2

8ptTy
Here we have again used the relations (C.6), however, this time only after forming the third

derivatives.
To obtain the kinetic couplings, we can insert the canonical fields é7; = P;;0¢;/ V2
into (D.27),

Eint,kin = 23/2Kmin P Pk5¢i(au5¢j)(au5¢k)' (D'31)

Eliminating the derivatives via the relation (C.24), we obtain

Lint kin = 25/2 K pnp Prni Prj Pk (mf - m? — mi) 00;00;0¢y. (D.32)

For the potential couplings, after inserting the canonical fields into (D.28), we have

£int,pot 12[anppmzpnjppk5¢z5¢]5¢k (D'33)

We can now calculate the individual coupling terms:

e Decay dor — dppddy:
Relevant are those terms in Lin; kin for which one of the three indices 4, j, k is an “I”
while the other two are a “b”. As in the previous section, from (D.32), we see that
all factors in Li kin are invariant under permutation of these indices except for the
factor (m? — m? —mj). Again, m2 > me, and hence this factor is dominated by
mgl. Therefore, it only changes by a minus sign under permutation of i, 7 and k,
depending on which of the three indices takes on the value “I”. Summing up the three

terms, two of which have a minus sign, we obtain,

Lraone) - 25/2KminmIPnb b2, 616 Pp5 B (D.34)
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The contraction is given by

Ko Pt Prv Pov =~ Koo Por Pob Pov + Prob Pr1 Poy Pep (D.35)
3/4
1/6
~ YT (D.36)
273/4
b

Inserting this and (D.22) into (D.34), we obtain

V37| W, 2q2711/4
El(ft{k_;?b(bb) ~ — 71‘2 ?’5/4[ I 5¢15¢b5¢b (D37)
T

b

For the potential coupling, only those terms from (D.33) contribute where one of the
indices 1, j, k takes on the value I while the other two take on the value b. Following
the same argument as before there are in total three such terms that are all equal
and can be accounted for by a factor of 3

dr—dud 1
Lttt ™) = = 5 Vo Pt Pus P 100561 (D.38)
The contraction reads
Vg Pt P Py = Vigy P11 Poy Poy + Vi1 PriPry Py (D.39)
4/6y | Wol2a /4
= 5/ L (D.40)
-

b

Inserting this into (D.38), we arrive at

7/4
LBy _ V3| Wol?arr]

int,pot 15/1 dp10dpdPy, - (D.41)
Ty
From this we conclude
(¢1k—>¢b¢b) -
int,kin .
R (D.42)
int,pot

Decay 5@?)[ — 6¢L5¢)L:
Analogously to the decay dp; — dppddp, now those terms from Ling kin contribute for
which one of the three indices i, j, k is an “I” while the other two are an “L”. With

mzj > mZL, the factor (m? — mj2 —m3) is again dominated by mZI. Thus we arrive at
® 1
‘Ci(il,l:n L) _ _WKminmIPnLPmef_I5¢16¢L5¢L. (D.43)

The contraction is given by

Konp Pt P Ppr, = Kot Por P Prr + Kror PriPrr P+ Ko PrrPrr P (D.44)

3/4
—~ 67171/

~ CTr (D.45)
Ty
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where we used that ay77,77 > 1 and assumed that there is no finetuning of the
parameter i = ug — /7r. Inserting this and (D.22) into (D.43), we obtain

V31| Wo ?a? /A
Ei(ﬁﬁtz’;jmn 1| 105’/41 L §56;5¢1.06r. (D.46)
Tp

For the potential coupling, we obtain analogously to (D.38),

'Cj(ft{;de)L) = 4\/>anmeIPnb b5¢15¢L5¢L- (D47)
The contraction reads
anmeIPnLPpL (D48)
2V Griry’ " [=3|Wo Pyn i s + I Wol? (—dpafi* + pa (13— dps /7L +471) 71)]
’YL,U T Tb5/

The potential coupling is then given by

(pr—dLoL)
Eintl,potL v

_\/3717?/4 [=3|Wo Py iatrd + |Wol? (- 4M1M + pio (3 — dps /7o +47L) 1) ]
2y ftT /4
X5(Z)[5(Z)L(5(Z)L. (D49)

Note that the term ~ |Wg\2, which stems from Viysg, is larger than the term ~ ]Wo|2,
which stems from Vi,qp, by a factor ~ Tg. This confirms the correctness of our

estimation (6.25). Again, the kinetic decay dominates the potential one

£(¢I‘)¢L¢L)

int,kin 2.2
7£(¢14)¢L¢L) ar7r > 1. (D50)
int,pot

Furthermore, we see that the potential couplings into the volume modulus and loop
modulus differ by a factor

£(¢I—>¢b¢b)

int,pot ~
75(¢1‘>¢L¢L) arrr > 1. (D.51)
int,pot

Decay opr — 6¢b5¢L:

For this decay, the relevant terms are those with the indices ¢ =1, j =band k = L as
well as all permutations thereof. In total, there are 3! = 6 permutations, which have
all the same absolute value but with four of them coming with a minus sign compared
to the other two. Thus, w.l.o.g. we fix : = I, j = b and k = L and assign a factor
2—4=-2

Ei(r?t{;jb¢L) — 23/2 Kminm]Panmeq—I5¢15¢b6¢L (D.52)
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The contraction scales as

Kopinp Pt Pop Ppr ~ 717_3/27 (D.53)
so that the total coupling term scales like
‘Ci(ﬁ)tl,l:r?bdm) ~ 71;9/25%5%5%- (D.54)

This, the kinetic decay d¢; — dppdy, is suppressed compared to the kinetic decays
(5¢] — 6¢b5¢b and 5¢] — 5¢L5¢L-

For the potential coupling, all 6 permutations of ¢ = I, j = b and k = L are the same
so that we obtain:

1
L) — —Tﬁvmnppmfpnbppm@wbam. (D.55)

Calculating the contractions, it turns out that we have

L) 925160001, (D.56)

int,pot

which is also suppressed compared to the potential decays d¢; — dppddy, and dp; —
0PLOPL.

Note that the inclusion of the other small cycles 75; does not alter the results for the
couplings to moduli fields because it only changes the expression for ¢ in (C.6), which
then becomes a sum over all small cycles including 7;. However, £ appears only in the
components Vi, (M?)11 and Vyy, at leading order. Even though this induces a slight shift
of the volume modulus mass (D.21), none of these three components enters the trilinear
coupling terms and hence they remain unaltered.

D.3 Decay into axion fields

Diagonalization of fields. For the decay into the volume axion, we proceed analogously
as for the decay into volume modulus. The second derivative matrix w.r.t. the axions at
leading order is given by

0 0 0
2 3/2
o, _ | OV 37| Wol|2a2T
Vil = =0 ——zL—-0{, D.57
< 17 > <8czac‘]> 7_’?/2 ( )
0 0 0

where we have, again, used the relations (C.6) after applying the second derivatives. The
transformation to canonical fields is given by

ocy oa da da

ser |l = | @ b = I T D.58
521 R v R vl T B (D-58)
L
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or dc; = Qi;0a;/ V2 where @ is the matrix that contains the vectors w; as columns. They
are the eigenvectors of the matrix (M, (2c))ij = (K _1)Z~ka(;)>/ 2 whose eigenvalues are the
axion masses. The eigenvectors fulfill the normalization condition

@] - (K) - @y = Qui(Ki)Quj = b (D.59)
The M(QC) matrix at leading order is given by

5/2
67[‘W0|2a§7'[/

4|W, 2,22
(M{y)ij =~ |0 AWl 27 07‘5,“”’ 0f. (D.60)
O 671|Wo\2a%715/2'@ 0
9/2
Ty

The corresponding eigenvalues and eigenvectors are

1
mZ =0, wi=10], (D.61)
0
/7L
4|Wo|?a272 3/2
2 _ I'7 = 271,
;= 7_5) R w9 3’)/1\;3’@ , (D62)
1
0
m?2, =0, w3 =[0]. (D.63)
1
After rescaling to fulfill the normalization condition (D.59), the normalized eigenvectors
read
27
— ) \/g
R SN R.LLY, S o (D.64)
ule (K -y 3 0
3/4 6’)/[7'[3/47';/4
. W Vo T 2v2r /A3
wy = 2 ~ 713/14 LU}Q = /Ig,w : y (D65)
u—);I' ) <K> + W Ty 6717?/471
3/4
Ty
W: 2\/57’1/47'3/4 X
Wy, = 3 ~ L_b gy = 0 : (D.66)
@i - () - g i
3L

Coupling terms. The kinetic and potential trilinear coupling terms are respectively
given by

£int,kin,(c) = <a7'm Knp> 5Tm(3u5cn8“5cp

1

= WKminmianka5¢ia#5aj8”‘5ak, (D.67)
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1 B’V
£int,pot,(c) - _5 <é‘?m(‘9cnacp> 57’m56n5cp

_ ald PiQniQurdpida;o D.68
252\ 07, 0c,,0c, [ T T pEOPi0A;j Ok - (D.68)
Let us first argue that the potential couplings to the volume and loop axions vanish: since
V' does not depend on ¢, or ¢y, but only on ¢y, the indices n and p in (D.68) must both
take on the value “I”. However, the components (, and ()77, vanish, so that there are no
potential couplings ~ dprdayday or ~ dprdardar.
The individual coupling terms are then calculated as:

e Decay §o;r — dapdayp:
Eliminating the derivatives by using (C.24), the kinetic coupling term becomes

ﬁi(ftil:rib(zf) = 25/2 KminmIanQpmeI5¢15ab5ab (D.69)

Since Qrp, = Qrp = 0, the indices n and p must take on the value b, so that we have

apa 1
Li(rdl)tl,lzn,b(cf) = 5 mbmeIbebem716¢15ab5ab (D.70)

1
o572 (Koew Por + Ky Prr + Ko Pri)QuQumy, d¢rdapda,  (D.71)

V31| Wo ?a3r; '

2Tb15/4

5¢15ab(5ab. (D.72)

%

e Decay §¢;r — dardar:
Analogously to before we have

El(i{;ifg)m — 25/2 KminmIQnLQmeTI5¢I5CLL5CLL (D73)

Since Qpr, = Qrr, = 0, the indices n and p must take on the value L, so that we have

a 1
l(ftIl:nfSL) 252 K Pr1QrrQrrm?2,déréarsar, (D.74)

(KoroPor + Ko Pri+ Koo Prr)QrrQrim?,déréarsar, (D.75)

25/2
T Wa2 9 11/4
V3l /4“”1 Spréardar. (D.76)
Tp
e Decay d¢;r — dapdar:
For this decay, we have
cloromar) P Srdans D.77
int,kin, (c) 23/2 mnp mIanQmeTI proapdar,, (D.77)

where we have also assigned a factor 2 because their are two possibilities how d¢;0a;0as
can contribute to this decay. Again, since Qr, = Qrp = Qpr, = Q1 = 0, the indices
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are forced to take on the values n = b and p = L so that we have

1
,Cl(i{;i‘zzf) = WKmbLPmIbeQLLmEI5¢15ab6aL (D.78)

1
= a7z (Kwr Por + Ko Prr + Ky PLr)QuwQrrm?, déréaydar,  (D.79)
~ 0. (D.80)

Note that this zero only holds at leading order under the approximation that a;7;, 7 >
1 and that there is no fine-tuning of the parameter i = us — /7. At the next-to-
leading order, we would get a contribution that scales as,

corsmas) 79 5p a0y, (D.81)

which is suppressed compared to d¢; — dapdap and d¢; — dardar.

D.4 Decays of the inflaton axion

The trilinear couplings of the inflaton axion always involve exactly one other axion and one
modulus field. The relevant coupling terms are given in (D.67) and (D.68). In analogy to
the argument above, the potential coupling terms (D.68) vanish because the indices n and
p must both take on the value “I” while on of the indices j and k must either take on the
value “b” or “L”. This gives rise to either a factor “Qp;” or “Qr1”, both of which are zero.

From the kinetic coupling terms of the inflaton axion are induced from (D.67). There are
always two possibilities how d¢;0,,0a,;0"da; can contribute to a decay of ar corresponding
to j =1 or k = I. Eliminating the derivatives using (C.24), the individual coupling terms
are given as follows:

e Decay da; — dppdap:
Here we have

ﬁi(gézr‘ilzgﬂ) = 23/2 Kminmen]QpbmcI5¢b5a15ab (D.82)
Since Qrp = Qp = 0, the index p is forced to take on the value “b” so that we obtain
1
Cl(stlsz(z)b) = _WKmanmelebbmgl5¢b5a15ab (D.83)
1
3 (Kb Pos Qo1 + Koro PosQ11) Qusm?, dwdarday, (D.84)
/B Wal2a2 /4
- FYI’ 105‘/:1]7_1 6¢b5a15ab . (D.85)
Ty
e Decay da; — d¢pdar:
This decay is given by
Lloroman) -5 /2 5 Ky Pt Qi Qurm?, ddpdadar. (D.86)

Since Qrr, = Qpr, = 0, the index p is forced to take on the value “L” so that we have
ﬁfﬁég}i”é;) = 23/2 KminmeleLLmCI5¢b(5a15aL (D.87)

7, 2 s¢ubardar, . (D.88)
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e Decay da; — d¢rdap:
The coupling terms read

Llordne) —53 /2 Koy Pt QuiQuvm?, 81 0arbap,. (D.89)

Here the index p is again forced to take on the value “b” and we obtain

El(gtl,zr(ﬁﬁgb) — 23/2 KminmLanQpmeI5¢>L5a15ab (DQO)

7, 256080, (D.91)

e Decay da; — dprdar:
For this decay we have

floraora) = /2 Ky Pt QuiQprm?, 86 r.0ardar,. (D.92)

The index p must take on the value “L” and the coupling terms are given by

Ll(zg’zil(&;‘;w — 23/2 KminmLQnIQLLmCI5¢L5a15aL (D.93)
1
X =53 (Kor PLr@ur+Krin PLoQri+Krrr PLiQrr) Quime, 6¢réardar,
(D.94)
23 Wo a3
il 1gl4 L 5¢8ardar,. (D.95)

Tp
D.5 Decay rates
To obtain the corresponding decay rates, we use the standard formula

1 IMP
- SJ) 2FE

dLIPS, (D.96)

where S is the symmetry factor, F is the energy of the decaying particle, |M|? is the matrix
element squared and dLIPS is an element of Lorentz invariant phase space. The decays we
consider can be grouped into two categories, either with two identical decay products or
with two different ones. The corresponding interaction terms are schematically of the form

LA D gapati, Lp D gpeBdsXs, (D.97)

where we assume that the decaying particle ¢ is much heavier than the decay products v
and x, i.e. my, > 2my, and myy > myy +m,,. A crucial difference between the two
categories lies in their respective symmetry factors and matrix elements. For category A,
we have S = 2 and |M|? = 4¢3 whereas for category B, we have S = 1 and |M|? = ¢3.
This results in the following decay rates for the two categories,

2

_ 9a _ 9B
F<PA—>¢A¢A = 87Tm§0A’ Fch—anxB = m- (D.98)
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By reading off the respective couplings g from the trilinear coupling terms above, we can
easily obtain the corresponding decay rates.

The relevant decays of the inflaton fall into category A. For the kinetic decay into the
volume modulus we have

11/2 2.2, 2
371]W0|4a47 4’W0‘ asT
2 1'1 2 _ 1'1
‘M1| = 15/2 o My = Ta (D99)
and thus obtain o/2
: 3711W0]3a37
__ 1kin ~ I'I

Analogously, for the potential decay into the loop modulus, the matrix element squared is
given by

2
Ma|? = (_ VAT (<3| Wol Pyt T8 + (Wol? (—4pm i + pia (4§ —4ps /7 +471) 71)] )

it
(D.101)
and the decay rate by
__ 1pot
Lo=Ty 6,00 (D.102)

_3uVTr [=3|WolPyLitT? + |[Wol? (—4p1 it + po (43 — 4ps/Tr + 471) TL)]2
6472 | Wo|pdarri V4 ’

Note that I'; /Ty ~ aj7} ~ (InV)* > 1. Comparing the coupling functions, all other decay
rates of inflaton decays can be related to I'y and I's as given in table 2.

Likewise, the decay rates of the inflaton axion fall into category B and can also be
related to I'; as given in table 2.

E Parameter dependence of cosmological results

In this appendix we collect the dependence of the results of section 7 on those parameters
of the model which are were set to unity in section 7 to simplify the discussion.
Defining the parameter

9/2
3/2 ’YI’WO\B’C‘:JS'TJ/

— (2r)3/2 IOV BTy E.1
the total decay rate of the inflaton (7.1) becomes
159
tot _ —4 9/2

where we have again chosen N, = 12. Moreover, to take into account the model-dependent
O(1)-factor in (2.6), we introduce o, which is defined by the relation

Mp

fo=0——7—,
V2!tV

(E.3)
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and according to (A.10) is given by

o= \/? . (E.4)

As in section 3, we also use the expression for the inflation scale

Mp

HI = KJW?

(E.5)

with k2 = B|Wy|?%.

In section 7 we have set the above parameters to « = ¢ = k = 1. To get an impression of
the dependence on these parameters, in the following we calculate the power-like dependence
of the various phenomenological bounds on «, o, k. We neglect all logarithmic effects.
To achieve this, we first disregard the logarithmic dependence in (E.2), finding that the
reheating temperature scales as

a2\ A
T, ~ (ggo ) TS Mp ~ o/ V2. (E.6)

Together with (E.3) and (E.5), we can use this to equip the bounds (7.5) — (7.10) and (7.12)
— (7.17) with an approximate scaling in the parameters a, o and .

For the high-reheating-temperature case with 7, > 1 GeV we then have the more
general expressions

(c108L2481) 1 5107 <V <2 %10 (o) (E.7)
(331571283 9 5 108 GeV 2 fo 2 2% 102 GeV (o™ /30) (E.8)
(03931 512/31)6 x 1075 eV < my S 3 x 10706V (o357 ) (E.9)
(a}/2620/31=48/31) 9 5 108 QeV > T, > 1GeV (E.10)
(/333 T 5 107 GV 2 Hy 21 x 10° GeV (a™/35), (E.11)
(2B 01 <6 $05(a7/P0T/12), (E-12)

As before the left-hand side is the constraint from isocurvature and the right-hand side
the boundary of the regime where the axion starts oscillating in a radiation dominated era.
The volume modulus mass at the upper end of the volume range is

my ~ 660 GeV (/8. (E.13)
For lower reheating temperatures Tr < 300 MeV we find
(/M) 5 x 1010 <V <8 x10% (a?1955/19) (E.14)
(a86)1.4 x 1012GeV > f, > 1.0 x 10'2 GeV (o 2/19516/19) (E.15)
(a3 14 x 10756V < my <6 x 10756V (a?/195716/19) (E.16)
300MeV > T, > 150MeV (o*/385712/19) (E.17)
(a3/8Kk)250 GeV > Hy > 100 GeV (o /105=9/19), ( )
(325731 <9 <3 (E.19)
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Now the left-hand side ensures that we are in the regime where oscillations start during the
phase where the equation of state is matter-like. The right-hand side arises from achieving
the full DM density without tuning the initial value ;. At the largest volume the mass of
the volume modulus is given by

my ~ 110 GeV (o 8/195=9/19), (E.20)
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