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Abstract. In order to accommodate the QCD axion as the dark matter (DM) in a model
in which the Peccei-Quinn (PQ) symmetry is broken before the end of inflation, a relatively
low scale of inflation has to be invoked in order to avoid bounds from DM isocurvature
fluctuations, H, < O(10%) GeV. We construct a simple model in which the Standard Model
Higgs field is non-minimally coupled to Palatini gravity and acts as the inflaton, leading to a
scale of inflation H, ~ 108 GeV. When the energy scale at which the PQ symmetry breaks is
much larger than the scale of inflation, we find that in this scenario the required axion mass
for which the axion constitutes all DM is my < 0.05 ueV for a quartic Higgs self-coupling

~

A¢ = 0.1, which correspond to the PQ breaking scale vy 2 10" GeV and tensor-to-scalar

~

ratio 7 ~ 107'2. Future experiments sensitive to the relevant QCD axion mass scale can
therefore shed light on the physics of the Universe before the end of inflation.
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1 Introduction

The “invisible” QCD axion [1, 2] is a light Goldstone boson arising upon the spontaneous
breaking of a new global U(1) symmetry, within the solution to the “strong CP problem”
proposed by Peccei and Quinn (PQ) [3, 4]. In addition, the QCD axion also serves as a
well-motivated cold dark matter (CDM) candidate within a specific mass range [5-7]; for
a review, see ref. [8]. The level of precision reached in the assessment of the mass of the
QCD axion and its dependence on the temperature of the QCD plasma from basic principles
is quickly progressing, advancing in both extracting the QCD susceptibility from lattice
computations [9-12] as well as in simulations of the string-wall network [13-19].

The properties of the axion field and its evolution throughout the cosmological history
of the Universe strongly depend on the relative energy scales associated with the breaking
of the PQ symmetry, v,, and the Hubble rate at the end of inflation, H,. In scenarios in
which the scale of the PQ symmetry breaking is so high that the axion is a spectator field,
i.e. a field which remains energetically subdominant during inflation without taking part in
causing the exponential expansion, and its energy density originates from its fluctuations
during inflation, H, < v,, the non-observation of primordial CDM density isocurvature
by the Planck collaboration [20-22] places strong constraints on model building, since the
axion can be the dark matter particle only in models in which the energy scale of inflation
is relatively low, H, < O(10°) GeV [23-30]. Recently suggested solutions include scenarios
with a very low scale of inflation, even with H, < 1GeV [31-33].

Light QCD axions that spectate inflation have recently received attention both from the
theory perspective [23-27, 29, 30, 34] and from the perspective of detection in proposed and
ongoing experiments [35]. In such a scenario, topological defects are washed out by inflation,
and considerable additional effort to assess inhomogeneities like axion strings [16, 36, 37]
or axion miniclusters [38-42] is not required. However, the challenge in this scenario relies
on building a consistent theory of inflation that leads to a low enough scale of inflation, so
that the axion can constitute all dark matter and simultaneously avoid the current bounds
from the non-detection of dark matter isocurvature fluctuations. Other non-QCD axions
that have been extensively considered in the literature as fields spectating inflation are the
“ultra-light” axion particles which arise from string compactification, forming the so-called



“axiverse” [43-53], and which can possibly be detectable when invoking axion electrodynam-
ics. The opposite regime in which inflation occurs at a scale much higher than the energy
at which the spontaneous breaking of the PQ symmetry occurs, H, > v, has also received
attention recently, with refined cosmological simulations set in the standard cosmological sce-
nario yielding a narrow range in which the QCD axion would be the CDM particle [18, 19, 36].

In this work, we construct a simple mechanism to realise inflation with the Standard
Model (SM) Higgs. In this scenario, the scale of inflation can be as low as H, ~ 10® GeV
which is intermediate between what is usually obtained in single-field inflation models,
H, > 103 GeV, and what has been considered recently for axion models within a very low
energy scale of inflation H, ~ 1 GeV [31, 32]. We thus consider the first of the two scenarios
depicted above for which H, < v, and the QCD axion is a spectator field during inflation.

In this scenario, the Higgs field ¢ couples non-minimally to gravity via a term &g dToR
in the Lagrangian, where R is the Ricci scalar and £y is a dimensionless coupling constant.
Such a setup is well-motivated, as non-minimal couplings between scalar fields and gravity
are generated by quantum corrections in a curved background even if they are initially set to
vanish at some scale [54]. As a result, the Higgs potential in the Einstein frame develops a
plateau suitable for slow-roll inflation. The predictions of the model are in perfect agreement
with the current observational data from the Planck mission [20-22], and the model has also
been invoked in unified frameworks like the SMASH model [55]. However, the original Higgs
inflation model [56] predicts a scale of inflation H, > 10 GeV which, due to the bound on
CDM isocurvature perturbations, does not allow the axion to constitute all of the observed
CDM [23-26].

Instead, in this paper our approach is based on the so-called Palatini version of Higgs
inflation [57] where, on top of the space-time metric, the connection is also assumed to
be an a priori free variable. In the usual “metric” formulation of gravity, the space-time
connection is determined by the metric only, i.e. it is the usual Levi-Civita connection.
Instead, in the Palatini formalism both the metric g, and the connection I' are treated as
independent variables, so that the Ricci scalar depends on both of them via R = g R,,,(T'),
where the Ricci tensor is constructed from the Riemann tensor in the usual way. In the
Palatini counterpart of Higgs inflation the scale of inflation can be as low as H, ~ 108 GeV
(see ref. [58]), allowing for the axion to successfully constitute all CDM without violating
the CDM isocurvature bound. At the same time, the model predicts spectral features of
temperature fluctuations in the Cosmic Microwave Background radiation (CMB) which are
in perfect agreement with the data, as well as the preferred region for the axion to be the
dark matter particle within the reach of upcoming detectors.

The paper is organised as follows. In section 2, we present the Lagrangian for the model
and we revise how the Higgs can drive inflation when coupled non-minimally to gravity,
whereas section 3 is dedicated for revising the isocurvature bounds on the axion field fluctua-
tions. In section 4 we present our main results for observables and provide further discussion.
Finally, we draw our conclusions in section 5.

2 Description of the model

2.1 Decomposing the action

In the so-called Jordan frame, the relevant part of the action describing the model is

1 1
Sy = /d4:c\/—g (—2 (M + F(®)) g" Ry () + 551Jg“”auqnfayq>1 — V(<I>)> ;o (20)



where Mp is the reduced Planck mass, g = det(¢"”), and I' is an a priori free connection
appearing in the Ricci tensor R,,. For simplicity, we assume that the connection is torsion-
free, Fé‘éﬁ = F)‘a. Throughout this paper, the particle physics sign convention (+, —, —, —) is
used, and we have indicated the space-time indices with Greek letters (u, v) and the field-
space indices with capital letters (I, J), for both of which the Einstein summation convention
is understood. We assume two complex scalar fields as the Higgs ¢ and the Peccei-Quinn o
fields, so that ®1 = ¢ and ®? = 5. We denote the scalar potential with V(®), while F(®) is
a function that represents the non-minimal coupling between the ¢ and o fields and gravity
and which will be specified below.

Within General Relativity (GR), the constraints imposed on the connection I' demand
it to be the Levi-Civita connection, and hence renders the metric and the Palatini formalisms
equivalent. However, when one considers non-minimally coupled matter fields or otherwise
enlarged gravity sector, this is generally not the case [59], and one has to make a choice
of the underlying degrees of freedom in order to describe gravity. Currently, there are no
reasons to favour one of the two formulations over the other one, and as we will see, allowing
the connection to be independent of the metric does not amount to adding new degrees of
freedom to the theory. However, the choice affects the field dynamics during inflation and
hence also the predictions of the given model. This was originally noted in ref. [57] and has
recently gained increasing attention [58, 60-81] (see also refs. [82-86]). When the Higgs field
relaxes to its electroweak vacuum after inflation, the usual Einstein-Hilbert gravity of GR
is retained regardless of the choice of formalism, i.e. metric or Palatini. Therefore, in our
context gravity is modified only at early times by the presence of the non-minimal coupling
between the Higgs field and gravity, just like in the original Higgs inflation model [56].

To ease the comparison with the original Higgs inflation [56] and the SMASH model [55],
we present the derivation of inflationary dynamics and the related observables in both metric
and Palatini cases. In both cases, the non-minimal coupling in the Jordan frame action (2.1)
can be removed by a Weyl transformation
F(®)
M
which allows us to express the action for the Higgs field in the Einstein frame, in which the
non-minimal coupling to gravity vanishes, as

1 1 V(P
Sp = / d*z\/—g (—QMI%R+ §GIJ(‘I))g”V3#(I)I&,<I>J — 94(( qj)) , (2.3)

where we have introduced the Ricci scalar R = g"” R,,,,(I'). In the Einstein frame, the scalars
have acquired a non-trivial field-space metric given by
(5[J 3K 2 aanQ((I)) aanQ((I))
Grj(®)= —"—+—M
1(®) =gy + 3 Mr g 957
where k = 1 in the metric case and x = 0 in the Palatini case. Since the connection now
appears only in the Einstein-Hilbert term, in the Einstein frame we have I' = I, i.e. we retain
the Levi-Civita connection

G — QQ(CD)QW, QQ(<I>) =1+

(2.2)

(2.4)

1
Tap = 59" (9980 + 39p0 — Oplas) (2.5)

which associates the metric uniquely with the connection. Therefore, with the confor-
mal transformation we have transferred the dependence on the choice of gravitational de-
grees of freedom from the connection in the Jordan frame to the field-space metric in the
Einstein frame.



2.2 Higgs inflation and the QCD axion
We expand the PQ field about the minimum v,

o(z) = \}i (p(x) + vg) e @)/ Vo (2.6)
where p and A are respectively the radial and angular modes, the latter being identified with
the axion which is the Nambu-Goldsone boson of the theory. In the following, we parametrise
the axion angle in terms of the axion field as 6(x) = A(x)/v,. However, as the axion field
moves along a flat direction during inflation, in this section we neglect it, and instead focus
on the radial mode p only. The Higgs field values during inflation are much larger than the
vacuum expectation value v ~ 246 GeV, so that ¢! ~ (0,h(x)) /v/2, in terms of the Higgs
field A > v. The Weyl factor is then

(@) _ N Eh? + &5 (2070 — v2)

Q*(®) =1+ :
M2 M}

(2.7)

where £, and &, represent the dimensionless non-minimal coupling parameters of the ¢ and
o fields with gravity. The change in the kinetic terms can be reabsorbed by redefining the
Higgs field and the radial mode of the PQ field in terms of two fields x and v, defined
through [58, 76]

d 1 6rE5  h2
A o (2.8)
dh Q(h,p) Q4 h,p) Mp
dap 1 6rkE2 02
a z_ Y 2.9
dp \/ 2, p)  Q(h,p) MB’ (2.9)

which apply to first order in fluctuations. In this new parametrisation, the Einstein action
in eq. (2.3) reads

M3 1 1%
Sg = /d4x\/jg |:_2P R+ 59“1/ (%X@X+3u¢3u¢+Kmix8HX3u7/))—m(&:zi))] > (2~10)

where the scalar potential is expressed explicitly in terms of the new fields x(h) and ¥(p),
and we have introduced the kinetic mixing term

—1/2
6k E4Es by dh dp € [ h \*
Knix = — = 14+ = , 2.11

0f M2 dx dip %5 G, (2.11)

where the latter equality has been derived using egs. (2.7)—(2.9). We are interested in ex-
pressing the results in terms of Higgs inflation, for which we consider the flat direction of the
potential along which the inflaton is mostly the Higgs, £¢h2 > 6£202 and p ~ 0. Therefore,
we neglect the contribution from the kinetic mixing term. For a more exhaustive discussion
on the topic, see appendix A in ref. [58].

The solution for the redefined Higgs field given in eq. (2.8) is then [57, 62, 87]

\/EMLP = /1 + 6K&, arcsinh (Wu) — K4/ 68, arcsinh (\}{%) ; (2.12)



where u = \/@h /Mp. Along this direction, we can treat the dynamics of the Higgs and the
PQ field separately, once we have assumed that there is no coupling between the Higgs and
the PQ fields in the scalar potential, in contrast to what has been considered in the SMASH
model [55]. We integrate out the radial modes of the PQ field, so that the part of the action
in eq. (2.3) that describes the Higgs field reads

M?Z 1
Sex = /d4x\/—g <—2PR+ ig’“’ OuX Oux — U(X)> , (2.13)

where we have defined the Higgs potential

V() = p2 k(). (2.14)
Thus, under the conditions presented above, we retain the inflation model studied previously
in refs. [57, 62, 76]. We reiterate that when x — 0, the usual Einstein-Hilbert gravity of GR
is retained regardless of the choice of formalism (metric or Palatini), so gravity is modified
only at early times by the presence of the non-minimal coupling. The canonically normalised
field can be expressed as (see e.g. ref. [76])

Mp ( 1 x ) .
exp -1, metric,

VE 6 Mp
h(x) ~ ¢ (2.15)
Mp . §oX .
sinh , Palatini,
V& Mp
and hence the large field Einstein frame potential reads
Mg M > -
A Z(SQP [1 + exp <— 3;;)] , metric,
U(x) =~ (x) =~ ¢, P (2.16)
40 AsMp tanh? ( /€ X Palatini
4§£ ¢MP ) ’

where the expressions in the metric case apply for £, > 1 and x > \/%M p, whereas the
expressions in the Palatini case are exact. In figure 1 we show the potential for the Higgs field
as a function of the field excursion x/Mp, in the metric case (blue dashed curve) and in the
Palatini case (red solid curve). We have expressed the potential in units of Ay Mp/ (453)) and
fixed £ = 10?, consistently with the findings obtained in previous studies [57, 62, 76]. In the
metric scenario, we have plotted the exact result for the quartic potential in eq. (2.14) with the
field configuration from the solution (2.12), so that the plot for the blue curve is valid also in
the region y <« \/%M p. In both scenarios, the potential tends to a constant exponentially
fast and is therefore suitable for slow-roll inflation. For the metric case, the field excursion is
of the order of the Planck scale, while in the Palatini case we obtain x ~ Mp/ \/5 < Mp.
The inflationary dynamics is characterised by the slow-roll parameters

M2 I\ 2
€= TP <g) , (2.17)
"
n= M3 % , (2.18)
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Figure 1. The Higgs potential U(x) given in eq. (2.14) in units of >\¢Mj43/(4§q25)7 as a function of the
field excursion x/Mp. Blue dashed curve: metric case. Red solid curve: Palatini case. Here we have

fixed the non-minimal coupling &, = 109 for both cases.

where a prime denotes differentiation with respect to x. For future convenience, we also
introduce the total number of e-folds which parametrises the stretching of the scale factor

during the inflationary period as

1 /Xi <dU>‘1
N, = — dyU | — . 2.19
M3 Jy, dx (219

Since inflation lasts as long as the slow-roll conditions € < 1 and || < 1 are satisfied, we
define the value of the field xs at the end of inflation through the condition e(x¢) = 1. The
field value yx; is determined by a given N..

Before discussing observational consequences of the scenario, we make two remarks on
the internal consistency of our results. First, all our considerations are based on a tree-level
analysis. The computation of radiative corrections in non-minimally coupled theories is a
subtle issue due to their intrinsic non-renormalizability and any sensible computation within
the chosen framework requires the inclusion of an infinite number of higher-dimensional
operators, which can be either associated to new physics or generated by the theory itself
via radiative corrections [88] (see ref. [89] for a review), and which are therefore beyond
the scope of this paper. Second, while concerns have been raised about the metric version
of Higgs inflation suffering from violation of perturbative unitarity at scales relevant for
inflation [90-95], in the Palatini case this is not a problem [60].

3 Axion dark matter

3.1 Present axion abundance

The distortion in the axion field due to the Weyl transformation has little influence on the
dynamics of the radial component of the PQ field, which sits at the bottom of the PQ
potential. On the other hand, the angular mode of the PQ field, the axion appearing in
eq. (2.6), evolves along the flat direction associated with the massless Nambu-Goldstone
scalar field during inflation if the PQ symmetry is spontaneously broken during inflation.



The part of the action in eq. (2.3) that describes the axion field only contains a kinetic
term and thus describes a massless Nambu-Goldstone boson. However, an effective axion
potential Vocp(6,T) that depends on both the axion field configuration 6 and temperature
of the plasma T arises due to the interaction of the PQ field with the QCD instantons around
the QCD phase transition [96]. The action describing the QCD axion is

2
v
Spo = /d4x\/jg [;gﬂ”a,,aaye —Vaen(0,7) |, (3.1)

once we have neglected the interaction with the radial mode, which is a safe procedure when
ve > H, and topological defects are not taken into account [97]. The QCD potential grants a
small mass to the axion which originates from non-perturbative effects during the QCD phase
transition from mixing with the neutral pion [1] as mo = A?/f4, with the theoretical expec-
tation for the energy scale A = 75.5 MeV and where the axion decay constant is fa = v,. At
higher temperature, the QCD instantons lead to an effective temperature-dependent potential
ma(T), so that at zero temperature of the plasma we have my = m(T = 0). The values of
the axion mass, self coupling and the effective potential Vocp (6, T = 0) have been computed
at the next-to-leading order [98-101] starting from the QCD chiral Lagrangian [102-104].
The temperature dependence of the axion potential has also been assessed through lattice
computations [9-12, 97, 105].

We use these ingredients to compute the present abundance of non-relativistic axions
which originated during an inflationary period. Computing the value of the present ax-
ion energy density is a standard procedure [5-7], which usually assumes the conservation
of the number of axions in a comoving volume from the onset of coherent field oscillations
until present time. For this, we solve numerically for the axion field evolving in an expand-
ing Friedmann-Robertson-Walker metric under the influence of the QCD axion potential
Vqep(0,T) and taking into account the change of the relativistic and entropy degrees of
freedom with temperature. For the temperature dependence of the axion potential, we have
used the results in ref. [11]. The exact numerical computation can be approximated within
a factor of order two by the analytic estimate, leading to the present axion energy density

3H, Qosc 3
a0 = 215 m (%) (63 (32
ao

where the angle brackets denote spatial average. Here, the subscript “osc” refers to the
moment when the QCD axion field starts to oscillate, so that the numerical result is well
approximated by computing the temperature Tos. by setting m4(Tosc) = 3H (Tpsc). In order
to compute the value of H(T,g), the temperature-dependence of the axion mass [96, 106],
the particle content of the underlying theory [107-109], and the underlying cosmology [27,
30, 37, 42] play a role. Assuming that around temperature Ti,s the evolution of the Universe
is described by the standard cosmological model and that the mass of the QCD axion scales
as ma(T) oc T~*, we obtain the present axion abundance as [27]

2 mo e 2
Qah®=0.754b | —= 0:), 3.3
y (o) e (33
where b is a factor of order one [110] that captures the uncertainties coming from the ap-
proximation in computing Tt instead of using the numerical solution. Our full numerical
computation takes into account the anharmonic terms that are present in the axion potential



and modify the prediction of the present abundance [26, 110-114]. We can parametrise this
effect in the approximation in eq. (3.2) by writing the average over the initial axion angle 6; as

(0F) = F(0:) 67, (3-4)

in terms of an anharmonic function F'(6;). However, in presenting the numerical solution we
do not make use of the function F'(6;), which is shown here just for illustrative purposes.

3.2 Axion isocurvature fluctuations

Non-relativistic light bosons with masses m < H, that spectate inflation inherit primordial
quantum fluctuations with an amplitude which is related to the energy scale of inflation H,
and a nearly scale-invariant power spectrum described by

K H.\®
sl = (52 - (35)

For fields with m ~ H, the spectrum can have a non-trivial scale dependence; see refs. [31, 32]
in the context of axions and refs. [115, 116] for a more general case. The primordial quantum
fluctuations of the axion field later develop into isocurvature perturbations between axion
dark matter and radiation [117-119], whose gauge-invariant definition is given by (see e.g.
ref. [120])

Sy= 30 00A (3.6)

4 py PA

when both fluids satisfy their continuity equations p; = 3H (1 4+ w;)p;, where the overdot
denotes derivative with respect to cosmic time, w; = p;/p; is the effective equation of state
parameter, and p; is the pressure of fluid i = ~, A. Here the perturbations of each fluid
component are defined at point z as dp;(x) = p;(x) — (p;). The axion density perturbations
constitute an isocurvature mode because they are independent of the adiabatic perturbations
seeded by the quantum fluctuations of the inflaton [121], and therefore totally uncorrelated
with them. As the axions remain thermally decoupled from the rest of matter, the primordial
isocurvature will not be washed away and can have observational consequences for the CMB
and large scale structure formation.

In this framework, the standard deviation of the axion field in units of the decay constant
is 09 = H,/2mv,. In the following, we assume that there are no couplings between the axion
and the inflaton field other than gravity. Other scenarios have been discussed in ref. [55] in
relation to axion isocurvature fluctuations. Isocurvature fluctuations can also be suppressed
by coupling the axion to a hidden sector [122], which we do not take into consideration here.

Assuming that axions constitute most of the observed CDM abundance pcpa,’ the
power spectrum of axion isocurvature fluctuations is [24, 127, 128]

<’S ‘2>_ <alnpA>2< PA >20_2_< PA >2< H, >2F(9) (37)
AT o0, pcom/) 0 \peom T b; e ‘

4 2
H@:Q+%£mm@>, (3.8)

where the function F(6;) is associated to the anharmonicity function F'(¢;) introduced in
eq. (3.4). In our work, axion isocurvature fluctuations are evaluated using the first equality in

'The result in eq. (3.7) gets modified in scenarios with mixed WIMP-axion dark matter [123-126].



eq. (3.7), using a numerical scheme to compute the derivative with respect to 6; of the energy
density. The latter equality is given for completeness to show the prediction of the analytic
estimate, as we have pictured for the energy density by expressing the result in eq. (3.2).

4 Connection to observables

Inflationary models generically predict the appearance of primordial scalar and tensor fluc-
tuations, which redshift to super-horizon scales to later evolve into primordial perturbations
in the density field as well as primordial gravitational waves, leaving an imprint in the CMB
anisotropy and on the large-scale structure [129-134]. The spectrum of the adiabatic scalar
perturbations generated during inflation is expressed by a power spectrum of primordial
curvature perturbations A% (k) defined by [135-137]

_ k* Pr(k)

ng—1
AL (k) = o A% (ko) (:0) , (4.1)

where A%(l{:o) ~ 2.2 x 107" is the amplitude of the primordial scalar power spectrum [20, 21]
and kg is a typical scale at which the features of the spectrum are measured. We will take
ko = 0.002Mpc~! in the following. The scalar spectral index ng parametrises the mild
dependence of the power spectrum on the co-moving wavenumber k. Single-field slow-roll
inflation predicts that the scalar spectral index slightly deviates from the scale-invariant
result ng = 1, by a quantity that to the leading order depends on the slow-roll parameters
as (see e.g. ref. [138])

ng — 1~ —6e +2n. (4.2)

In complete analogy, a power spectrum of tensor modes A%—(k:) is expected to be generated,
which is observationally constrained by the tensor-to-scalar ratio at kg,

AZ-(ko)
A% (ko)

r= = 16e. (4.3)

The last expression in eq. (4.3) is valid for single-field slow-roll inflation, so that along with
eq. (4.2), the two observables ng and r at the pivot scale kg are completely determined by
the expressions for the slow-roll parameters eqgs. (2.17) and (2.18). Measurements of the
CMB temperature and polarisation anisotropies from the Planck satellite augmented by the
BICEP2/Keck Array (BK14) results set ng = 0.9653 + 0.0041 (Planck TT, TE, EE + lowE
+ lensing + BK14 dataset combination at 68% confidence level (CL) [20-22, 139-143]), with
small deviations of O0(0.001) when independent data (such as Baryon Acoustic Oscillation
distance measurements) are also included, or when different assumptions are made concerning
the mass spectrum of massive neutrinos [144]. The same analysis of the dataset TT, TE,
EE + lowE + lensing + BK14 reports r < 0.064 at the 95% CL [20-22], measured at the
quadrupole with kg = 0.002 Mpc~!. In single-field slow-roll inflation, the Hubble expansion
rate at the end of inflation H, is directly related to the measurements on the scalar power
spectrum and the tensor-to-scalar ratio at the pivot scale kg as [145-147]

Nyho) = - (%}) -2 ﬁp) , (14)




where (0¢) = H, /2w describes the spectrum of fluctuations in the inflaton field and in the last
expression we have used the relation r = 16¢e which is valid for single-field slow-roll inflation.
Since for Palatini inflation the field excursion is smaller by a factor 10% with respect to the
metric inflation, see figure 1, in order to match the measured scalar power spectrum the first
equality in eq. (4.4) requires a slow-roll parameter ¢ which is 10'° times smaller. For the
scenario of a single-field inflation, this results in a tensor-to-scalar ratio which is also 10'°
times smaller for the Palatini case compared to the metric case and therefore to a much lower
Hubble scale of inflation.

The Planck mission constraints axion isocurvature fluctuations by placing bounds on
the primordial isocurvature fraction 3, defined in terms of the power spectrum of isocurvature
fluctuations at the scale kg as [21, 148]

B
1-p

A% (ko) = (|Sal?) = Ak (ko) : (4.5)

Using the combination of Planck datasets TT, TE, EE 4+ lowE + lensing, the fractional
primordial contribution of uncorrelated dark matter isocurvature modes is constrained at
the comoving wavenumber ko = 0.002Mpc~! as 3 < 0.035 at 95% CL [21, 22, 148].

Combining the expression for the scale of inflation in eq. (4.4) with the result in eq. (3.7),
and using the bounds on the axion isocurvature fluctuations in eq. (4.5), we obtain

1-p

5 (4.6)

™

To express the importance of the result in eq. (4.6) we stress that once we have taken
into account that we are imposing p4 = pcpm, we obtain a relation between the initial
misalignment angle ; and the scale at which the PQ symmetry spontaneously breaks, as
Vo = Us(0;). Using this result, the relation expressed in eq. (4.6) reveals that the axion angle,
and thus the value of the axion mass, are completely determined once both the tensor-to-
scalar ratio r and the primordial isocurvature fraction S have been measured. A fit to the
numerical solution for values 0; < 0.1 shows that the PQ symmetry breaking scale assumes a
functional form v, (6;) = vy Gf, where vg = 1.5 x 10! GeV and the exponent ¢ = —12/7 has
been recovered previously in the literature [26]. This solution shows that in order to achieve
a value 0; = 0(0.1), the tensor-to-scalar ratio is expected to be r ~ 10712 for an isocurvature
fraction 3 = O(1072). In general, demanding that we wish to avoid a trans-Planckian value
of the PQ symmetry breaking scale v, < Mp, leads to the stringent bound

g B
r <10 -5 (4.7)

We now discuss briefly how the bound obtained in eq. (4.7) cannot be satisfied in the
metric scenario, while it is easily accommodated within the Palatini approach. For this,
we first derive the expressions for the tensor-to-scalar ratio and the scalar spectral index in
these inflation models. Inserting the definitions of the slow-roll parameters in eqgs. (2.17)
and (2.18) into egs. (4.2) and (4.3), and expanding the expressions for the spectral index and
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the tensor-to-scalar ratio at Ne > 1, gives

2
ng(xi) ~1— N Metric and Palatini, (4.8)
e
12
N Metric,
e
() 4.9
bu) 2472 A% (ko) Palatini )
_ alatini .
Ao NE 7

Since the expression for the scalar spectral tilt in eq. (4.8) is the same for both the metric and
Palatini approaches, the number of e-folds required to accommodate the measurements from
Planck is of the order of N, ~ 50 — 60 in both scenarios. To derive the above expressions, we
have fixed 4 according to the requirement of having the correct amplitude for the curvature
power spectrum, so that the result in the Palatini case depends on A4 only (for details, see e.g.
ref. [76]). Therefore, once a quartic coupling Ay = O(0.1) is selected, eq. (4.9) then predicts a
value 7 ~ 107'2 for the Palatini case, which is safely within the bounds in eq. (4.7), leading to
a value of the axion misalignment angle ; = O(1). On the contrary, the value of the tensor-to-
scalar ratio predicted in the metric approach is too large to evade the bounds discussed above,
since r ~ 1073 in this scenario regardless of Ag or &. This constitutes the main difference
between the metric and Palatini scenarios and has been discussed exhaustively in ref. [66].
We also note in passing that due to the famous cosmological attractor behaviour [149], also
the Starobinsky model in which inflation is driven by a scalar degree of freedom contained
in an R? term in the action predicts a similar value for r as the metric case [150], and is
therefore ruled out in the present context where the QCD axion constitutes the CDM.

Therefore, we now focus on the Palatini scenario only, which as we have shown above
is the natural stage to set the study of axion CDM produced during inflation, for which a
relatively low energy scale is required in order to evade the bounds from the non-observation of
primordial dark matter isocurvature [23-27, 29, 30]. Combining eq. (4.4) with the expression
for the tensor-to-scalar ratio for the Palatini scenario in eq. (4.9), we obtain a value of the
Hubble rate at the end of inflation

H, ~2x10®GeV, (4.10)

for the choices Ay ~ 0.1 and N, = 52, which is in accord with refs. [76, 79] where N, ~ 50
for ko = 0.05 Mpc~! was found. Similarly, inserting the expression in eq. (4.9) into eq. (4.6)
gives a relation between the axion misalignment angle 6; and the primordial isocurvature
fraction 8 which is valid in the Palatini scenario, as

B 127 A% (ko) < Mp
1-4 Ag N2 v, (6;)

where v, = v,(0;) because of the assumption that the axion is the dark matter particle.
A second relation, valid in the Palatini scenario, is obtained by eliminating the number of
e-folds N, appearing in egs. (4.8) and (4.9), which we reduce to a single expression as

2
9i> F(6:), (4.11)

(e N\ (1.12)
ns = 3242 (o) . :
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The product A4 r is then constrained by demanding that the scalar spectral tilt lies within
the 95% CL region as measured by the Planck mission, using the result in eq. (4.12), as

1.6 x 107 < agr S1.1x 10713, (4.13)

Results in figure 2 show the value of the axion mass (the colour scale to the right of the
figure in peV) in the plane (r, 8), according to the expression in eq. (4.6). The value of the
axion mass on the colour scale is bounded from above by astrophysical considerations on the
cooling time of stellar objects [151-156], while the lower bound corresponds to demanding
vy < Mp. Note that the colour chart for the axion mass does not depend on the inflation
model considered, since the derivation in eq. (4.6) is a general result within single-field, slow-
roll inflation. However, the result assumes that the axion is the cold dark matter particle, and
that the PQ symmetry is broken during the inflationary epoch, so that the nearly massless
axion acquires the isocurvature fluctuations described by the power spectrum in eq. (4.5).
The horizontal bound limits the parameter space to the region § < 0.035, which is the
95% exclusion region inferred by the Planck mission [21, 22, 148]. The vertical lines show
the bounds obtained from using eq. (4.13) with Ay = 0.1, and give the model-dependent
constraints to the parameter space.

We emphasise that the results (4.12) and (4.13) are obtained within the Palatini sce-
nario. As discussed above, deriving the same bounds in the metric inflation scenario would
lead to a different window in which r is allowed, centred around the value » ~ 1072 and thus
disfavoured by the trans-Planckian value of the PQ energy scale inferred. The vertical bounds
are thus dependent on the model considered, and are here derived for the Palatini scenario
with a quartic Higgs potential and Ay = 0.1. In this scenario, the predicted value of the axion
mass is mo < 0.05 ueV, corresponding to vy > 10'* GeV, which can be partially probed by the
ABRACADABRA experiment [157, 158] when operating in the “broadband” configuration
within a cavity of magnetic field By = 5T and a volume V = 1m? (“ABRACADABRA 1”7 in
the figure), covering the mass range down to the line marking when operating in either the
“resonant” or the “broadband” configuration, within a cavity of magnetic field By = 5T and
a volume V = 100m?® (“ABRACADABRA 2” in the figure). In figure 2, we also show the ex-
pected reach of the haloscope searches [35, 159-161] by ADMX [162-165] and KLASH [166],
which are also going to explore values of the axion mass that are lighter than what has been
recently inferred by numerical computations of the dynamics of the PQ field [16-19, 36] in
a different cosmological scenario. On a theoretical viewpoint, the results obtained do not
depend on the coupling of the QCD axion with the photons [167-170], which is nonetheless
present when considering the experimental setup [171-176]. The limits drawn in figure 2 are
for the KSVZ axion scenario [167, 168].

In the future, the EUCLID satellite will constrain § roughly at a percent level [177],
which places constraints to different dark matter models regardless of the underlying model
of inflation. In contrast to the metric approach, for which the predicted value r ~ 1072 is well
within reach of current and planned future experimental searches such as LiteBIRD [17§],
CORE [179], and the Simons Observatory [180], the Palatini approach leads to a sensibly
small value of the tensor-to-scalar ratio r ~ 10~!? which is not possible to be probed directly
with any near future experiment. For this reason, the discovery of a light axion of mass
m < 0.1 eV could provide evidence for the Palatini-Higgs inflation scenario, in which the
scale of inflation and the associated value of the tensor-to-scalar ratio are sufficiently low
as to satisfy the inequality in eq. (4.7). In fact, in the Palatini scenario we have predicted
H, ~ 108 GeV for Ay ~ 0.1 and N, ~ 50, which is exactly what is required for the axion field
to constitute all DM in the above mass range.
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Figure 2. The value of the axion mass (in peV, colour scale to the right of the figure) that yields
the observed dark matter abundance as a function of the tensor-to-scalar ratio r (horizontal axis)
and the primordial isocurvature fraction 5 (vertical axis), as obtained from eq. (4.6). The horizontal
black dashed line marks the region excluded by the non-observation of 8 2 0.035 at 95% CL from
Planck, while the vertical dashed lines mark the regions excluded by the measurement of the scalar
spectral tilt ng when assuming Higgs inflation within the Palatini approach and a quartic Higgs self-
coupling Ay = 0.1. We also show the sensitivity that is expected to be reached by ABRACADABRA
in configurations 1 and 2 (orange thick lines, see text), KLASH (within the red dashed lines), and
ADMX (within the blue dot-dashed lines).

5 Conclusions

In this paper we have constructed a particularly simple model in which the Standard Model
Higgs field is non-minimally coupled to gravity and acts as the inflaton, leading to a scale
of inflation H, ~ 108 GeV when Palatini gravity is assumed. When the PQ symmetry is
incorporated in the model and the energy scale at which the symmetry breaks is much larger
than the scale of inflation, we found that in this scenario the required axion mass for which the
axion constitutes all DM is mg < 0.05 ueV for a quartic Higgs self-coupling Ay = 0.1, which
correspond to the PQ breaking scale v, > 10" GeV and tensor-to-scalar ratio r ~ 10712,
The model avoids all isocurvature constraints and can be tested in large parts with future
experiments sensitive to the QCD axion mass above.

We reiterate that as within the General Relativity the metric and Palatini formalisms
are equivalent, currently there are no reasons to favour one theory of gravity over another
in the context where the inflaton field couples non-minimally to gravity but decays away
after inflation, thus retaining GR at late times. However, what makes the Palatini scenario
particularly interesting is the possibility for r taking a small value, even O(107'2), whereas
in the metric case it is always bound to values O(1073). As we showed, this aspect is crucial
for the QCD axion to constitute all dark matter.

The model presented in this paper is not only very successful but also simple. Other
models in which the tensor-to-scalar ratio can be drastically suppressed consist of Natural
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inflation [181-183] in the regime of warm inflation scenario [184], i.e. the so-called Natu-
ral Warm Inflation scenario [185-187], or models where the gravity sector includes also a
Starobinsky-type R? term in the Palatini formulation [70, 71, 75, 78]. It may also be pos-
sible to suppress the tensor-to-scalar ratio by incorporating quantum corrections to a given
inflationary model. It would be interesting to see what effect the above aspects can have on
models similar to and beyond the one considered in this paper.

Acknowledgments

We thank Javier Rubio and Frank Wilczek for useful discussions. TT is funded by the
Simons foundation. LV acknowledges support by the Vetenskapsradet (Swedish Research
Council) through contract No. 638-2013-8993 and the Oskar Klein Centre for Cosmoparticle
Physics. TT and LV thank, respectively, the kind hospitality of Helsinki Institute of Physics
(Finland) and Laboratori Nazionali di Frascati (Italy), where this work was initiated. The
authors also thank the organisers of the Symposium in Honor of the Legacy of Vera Rubin,
held in Georgetown University (U.S.A.), where this work was finished.

References

[1] S. Weinberg, A New Light Boson?, Phys. Rev. Lett. 40 (1978) 223 [INSPIRE].

[2] F. Wilczek, Problem of Strong P and T Invariance in the Presence of Instantons, Phys. Rev.
Lett. 40 (1978) 279 [nSPIRE].

[3] R.D. Peccei and H.R. Quinn, Constraints Imposed by CP Conservation in the Presence of
Instantons, Phys. Rev. D 16 (1977) 1791 [inSPIRE].

[4] R.D. Peccei and H.R. Quinn, CP Conservation in the Presence of Instantons, Phys. Rev. Lett.
38 (1977) 1440 [INSPIRE].

[5] L.F. Abbott and P. Sikivie, A Cosmological Bound on the Invisible Axion, Phys. Lett. B 120
(1983) 133 [INSPIRE].

[6] M. Dine and W. Fischler, The Not So Harmless Axion, Phys. Lett. B 120 (1983) 137
[INSPIRE].

[7] J. Preskill, M.B. Wise and F. Wilczek, Cosmology of the Invisible Axion, Phys. Lett. B 120
(1983) 127 [INSPIRE].

[8] D.J.E. Marsh, Azion Cosmology, Phys. Rept. 643 (2016) 1 [arXiv:1510.07633] [INSPIRE].

[9] S. Borsanyi et al., Azion cosmology, lattice QCD and the dilute instanton gas, Phys. Lett. B
752 (2016) 175 [arXiv:1508.06917] [INSPIRE].

[10] C. Bonati et al., Azion phenomenology and 0-dependence from Ny =2+ 1 lattice QCD, JHEP
03 (2016) 155 [arXiv:1512.06746] [InSPIRE].

[11] S. Borsanyi et al., Calculation of the azion mass based on high-temperature lattice quantum
chromodynamics, Nature 539 (2016) 69 [arXiv:1606.07494] INSPIRE].

[12] P. Petreczky, H.-P. Schadler and S. Sharma, The topological susceptibility in finite temperature
QCD and axion cosmology, Phys. Lett. B 762 (2016) 498 [arXiv:1606.03145] INSPIRE].

[13] T. Hiramatsu, M. Kawasaki and K. Saikawa, Evolution of String-Wall Networks and Axionic
Domain Wall Problem, JCAP 08 (2011) 030 [arXiv:1012.4558] INSPIRE].

[14] T. Hiramatsu, M. Kawasaki, T. Sekiguchi, M. Yamaguchi and J. Yokoyama, Improved
estimation of radiated axions from cosmological axionic strings, Phys. Rev. D 83 (2011)
123531 [arXiv:1012.5502] [INSPIRE].

— 14 —


https://doi.org/10.1103/PhysRevLett.40.223
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,40,223%22
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.40.279
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,40,279%22
https://doi.org/10.1103/PhysRevD.16.1791
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D16,1791%22
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.38.1440
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,38,1440%22
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90638-X
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B120,133%22
https://doi.org/10.1016/0370-2693(83)90639-1
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B120,137%22
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90637-8
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B120,127%22
https://doi.org/10.1016/j.physrep.2016.06.005
https://arxiv.org/abs/1510.07633
https://inspirehep.net/search?p=find+EPRINT+arXiv:1510.07633
https://doi.org/10.1016/j.physletb.2015.11.020
https://doi.org/10.1016/j.physletb.2015.11.020
https://arxiv.org/abs/1508.06917
https://inspirehep.net/search?p=find+EPRINT+arXiv:1508.06917
https://doi.org/10.1007/JHEP03(2016)155
https://doi.org/10.1007/JHEP03(2016)155
https://arxiv.org/abs/1512.06746
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06746
https://doi.org/10.1038/nature20115
https://arxiv.org/abs/1606.07494
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.07494
https://doi.org/10.1016/j.physletb.2016.09.063
https://arxiv.org/abs/1606.03145
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.03145
https://doi.org/10.1088/1475-7516/2011/08/030
https://arxiv.org/abs/1012.4558
https://inspirehep.net/search?p=find+EPRINT+arXiv:1012.4558
https://doi.org/10.1103/PhysRevD.83.123531
https://doi.org/10.1103/PhysRevD.83.123531
https://arxiv.org/abs/1012.5502
https://inspirehep.net/search?p=find+EPRINT+arXiv:1012.5502

[15]

[16]
[17]
[18]
[19]

[20]

21]
22]
23]
24]
25]
26]
[27)
28]
20]

[30]

T. Hiramatsu, M. Kawasaki, K. Saikawa and T. Sekiguchi, Production of dark matter axions
from collapse of string-wall systems, Phys. Rev. D 85 (2012) 105020 [Erratum ibid. D 86
(2012) 089902] [arXiv:1202.5851] INSPIRE].

V.B. Klaer and G.D. Moore, How to simulate global cosmic strings with large string tension,
JCAP 10 (2017) 043 [arXiv:1707.05566] [INSPIRE].

A. Vaquero, J. Redondo and J. Stadler, Farly seeds of axion miniclusters, arXiv:1809.09241
[INSPIRE].

M. Gorghetto, E. Hardy and G. Villadoro, Azions from Strings: the Attractive Solution,
JHEP 07 (2018) 151 [arXiv:1806.04677] [INSPIRE].

M. Buschmann, J.W. Foster and B.R. Safdi, Early-Universe Simulations of the Cosmological
Azion, arXiv:1906.00967 [INSPIRE].

BICEP2 and KECK ARRAY collaborations, BICEP2/Keck Array x: Constraints on
Primordial Gravitational Waves using Planck, WMAP and New BICEP2/Keck Observations
through the 2015 Season, Phys. Rev. Lett. 121 (2018) 221301 [arXiv:1810.05216] [INSPIRE].

PLANCK collaboration, Planck 2018 results. X. Constraints on inflation, arXiv:1807.06211
[INSPIRE].

PLANCK collaboration, Planck 2018 results. VI. Cosmological parameters, arXiv:1807.06209
[INSPIRE].

M.S. Turner and F. Wilczek, Inflationary axion cosmology, Phys. Rev. Lett. 66 (1991) 5
[[INSPIRE].

M. Beltran, J. Garcia-Bellido and J. Lesgourgues, Isocurvature bounds on axions revisited,
Phys. Rev. D 75 (2007) 103507 [hep-ph/0606107| [INSPIRE].

M.P. Hertzberg, M. Tegmark and F. Wilczek, Azion Cosmology and the Energy Scale of
Inflation, Phys. Rev. D 78 (2008) 083507 [arXiv:0807.1726] [INSPIRE].

L. Visinelli and P. Gondolo, Dark Matter Azions Revisited, Phys. Rev. D 80 (2009) 035024
[arXiv:0903.4377] [NSPIRE].

L. Visinelli and P. Gondolo, Azion cold dark matter in non-standard cosmologies, Phys. Rev.
D 81 (2010) 063508 [arXiv:0912.0015] [INSPIRE].

L. Visinelli and P. Gondolo, Azion cold dark matter in view of BICEP2 results, Phys. Rev.
Lett. 113 (2014) 011802 [arXiv:1403.4594] [INSPIRE].

O. Wantz and E.P.S. Shellard, Azion Cosmology Revisited, Phys. Rev. D 82 (2010) 123508
[arXiv:0910.1066] [INSPIRE].

L. Visinelli, Light azion-like dark matter must be present during inflation, Phys. Rev. D 96
(2017) 023013 [arXiv:1703.08798] INSPIRE].

P.W. Graham and A. Scherlis, Stochastic axion scenario, Phys. Rev. D 98 (2018) 035017
[arXiv:1805.07362] [INSPIRE].

F. Takahashi, W. Yin and A.H. Guth, QCD azxion window and low-scale inflation, Phys. Rev.
D 98 (2018) 015042 [arXiv:1805.08763] [INSPIRE].

K. Schmitz and T.T. Yanagida, Axion Isocurvature Perturbations in Low-Scale Models of
Hybrid Inflation, Phys. Rev. D 98 (2018) 075003 [arXiv:1806.06056] [INSPIRE].

S. Hoof, F. Kahlhoefer, P. Scott, C. Weniger and M. White, Azion global fits with
Peccei-Quinn symmetry breaking before inflation using GAMBIT, JHEP 03 (2019) 191
[arXiv:1810.07192] [INSPIRE].

1.G. Irastorza and J. Redondo, New experimental approaches in the search for axion-like
particles, Prog. Part. Nucl. Phys. 102 (2018) 89 [arXiv:1801.08127] [INSPIRE].

V.B. Klaer and G.D. Moore, The dark-matter axion mass, JCAP 11 (2017) 049
[arXiv:1708.07521] [INSPIRE].

~15 -


https://doi.org/10.1103/PhysRevD.86.089902
https://arxiv.org/abs/1202.5851
https://inspirehep.net/search?p=find+EPRINT+arXiv:1202.5851
https://doi.org/10.1088/1475-7516/2017/10/043
https://arxiv.org/abs/1707.05566
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.05566
https://arxiv.org/abs/1809.09241
https://inspirehep.net/search?p=find+EPRINT+arXiv:1809.09241
https://doi.org/10.1007/JHEP07(2018)151
https://arxiv.org/abs/1806.04677
https://inspirehep.net/search?p=find+EPRINT+arXiv:1806.04677
https://arxiv.org/abs/1906.00967
https://inspirehep.net/search?p=find+EPRINT+arXiv:1906.00967
https://doi.org/10.1103/PhysRevLett.121.221301
https://arxiv.org/abs/1810.05216
https://inspirehep.net/search?p=find+EPRINT+arXiv:1810.05216
https://arxiv.org/abs/1807.06211
https://inspirehep.net/search?p=find+EPRINT+arXiv:1807.06211
https://arxiv.org/abs/1807.06209
https://inspirehep.net/search?p=find+EPRINT+arXiv:1807.06209
https://doi.org/10.1103/PhysRevLett.66.5
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,66,5%22
https://doi.org/10.1103/PhysRevD.75.103507
https://arxiv.org/abs/hep-ph/0606107
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0606107
https://doi.org/10.1103/PhysRevD.78.083507
https://arxiv.org/abs/0807.1726
https://inspirehep.net/search?p=find+EPRINT+arXiv:0807.1726
https://doi.org/10.1103/PhysRevD.80.035024
https://arxiv.org/abs/0903.4377
https://inspirehep.net/search?p=find+EPRINT+arXiv:0903.4377
https://doi.org/10.1103/PhysRevD.81.063508
https://doi.org/10.1103/PhysRevD.81.063508
https://arxiv.org/abs/0912.0015
https://inspirehep.net/search?p=find+EPRINT+arXiv:0912.0015
https://doi.org/10.1103/PhysRevLett.113.011802
https://doi.org/10.1103/PhysRevLett.113.011802
https://arxiv.org/abs/1403.4594
https://inspirehep.net/search?p=find+EPRINT+arXiv:1403.4594
https://doi.org/10.1103/PhysRevD.82.123508
https://arxiv.org/abs/0910.1066
https://inspirehep.net/search?p=find+EPRINT+arXiv:0910.1066
https://doi.org/10.1103/PhysRevD.96.023013
https://doi.org/10.1103/PhysRevD.96.023013
https://arxiv.org/abs/1703.08798
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.08798
https://doi.org/10.1103/PhysRevD.98.035017
https://arxiv.org/abs/1805.07362
https://inspirehep.net/search?p=find+EPRINT+arXiv:1805.07362
https://doi.org/10.1103/PhysRevD.98.015042
https://doi.org/10.1103/PhysRevD.98.015042
https://arxiv.org/abs/1805.08763
https://inspirehep.net/search?p=find+EPRINT+arXiv:1805.08763
https://doi.org/10.1103/PhysRevD.98.075003
https://arxiv.org/abs/1806.06056
https://inspirehep.net/search?p=find+EPRINT+arXiv:1806.06056
https://doi.org/10.1007/JHEP03(2019)191
https://arxiv.org/abs/1810.07192
https://inspirehep.net/search?p=find+EPRINT+arXiv:1810.07192
https://doi.org/10.1016/j.ppnp.2018.05.003
https://arxiv.org/abs/1801.08127
https://inspirehep.net/search?p=find+EPRINT+arXiv:1801.08127
https://doi.org/10.1088/1475-7516/2017/11/049
https://arxiv.org/abs/1708.07521
https://inspirehep.net/search?p=find+EPRINT+arXiv:1708.07521

[37]

[38]
[39]

N. Ramberg and L. Visinelli, Probing the Farly Universe with Azxion Physics and
Gravitational Waves, Phys. Rev. D 99 (2019) 123513 [arXiv:1904.05707] [iINSPIRE].

C.J. Hogan and M.J. Rees, Azion miniclusters, Phys. Lett. B 205 (1988) 228 [INSPIRE].

E.W. Kolb and LI. Tkachev, Azion miniclusters and Bose stars, Phys. Rev. Lett. 71 (1993)
3051 [hep-ph/9303313] INSPIRE].

E.W. Kolb and L.I. Tkachev, Nonlinear azion dynamics and formation of cosmological
pseudosolitons, Phys. Rev. D 49 (1994) 5040 [astro-ph/9311037] [INSPIRE].

L. Visinelli, S. Baum, J. Redondo, K. Freese and F. Wilczek, Dilute and dense axion stars,
Phys. Lett. B 777 (2018) 64 [arXiv:1710.08910] [INSPIRE].

L. Visinelli and J. Redondo, Azion Miniclusters in Modified Cosmological Histories,
arXiv:1808.01879 [INSPIRE].

P. Svréek, Cosmological Constant and Axions in String Theory, hep-th/0607086 [INSPIRE].

P. Svréek and E. Witten, Axions In String Theory, JHEP 06 (2006) 051 [hep-th/0605206]
[INSPIRE].

A. Arvanitaki, N. Craig, S. Dimopoulos, S. Dubovsky and J. March-Russell, String Photini at
the LHC, Phys. Rev. D 81 (2010) 075018 [arXiv:0909.5440] [INSPIRE].

A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper and J. March-Russell, String
Axiverse, Phys. Rev. D 81 (2010) 123530 [arXiv:0905.4720] [INSPIRE].

T. Higaki and F. Takahashi, Dark Radiation and Dark Matter in Large Volume
Compactifications, JHEP 11 (2012) 125 [arXiv:1208.3563] [INSPIRE].

M. Cicoli, J.P. Conlon and F. Quevedo, Dark radiation in LARGE volume models, Phys. Rev.
D 87 (2013) 043520 [arXiv:1208.3562] [INSPIRE].

M. Cicoli, M. Goodsell and A. Ringwald, The type IIB string axiverse and its low-energy
phenomenology, JHEP 10 (2012) 146 [arXiv:1206.0819] NSPIRE].

T. Higaki, K. Nakayama and F. Takahashi, Moduli-Induced Axion Problem, JHEP 07 (2013)
005 [arXiv:1304.7987] [INSPIRE].

M.J. Stott, D.J.E. Marsh, C. Pongkitivanichkul, L.C. Price and B.S. Acharya, Spectrum of the
azion dark sector, Phys. Rev. D 96 (2017) 083510 [arXiv:1706.03236] [INSPIRE].

L. Visinelli and S. Vagnozzi, Cosmological window onto the string aziverse and the
supersymmetry breaking scale, Phys. Rev. D 99 (2019) 063517 [arXiv:1809.06382] [INSPIRE].

W.H. Kinney, S. Vagnozzi and L. Visinelli, The zoo plot meets the swampland: mutual
(in)consistency of single-field inflation, string conjectures and cosmological data, Class.
Quant. Grav. 36 (2019) 117001 [arXiv:1808.06424] [INSPIRE].

N.D. Birrell and P.C.W. Davies, Quantum Fields in Curved Space, Cambridge Monographs on
Mathematical Physics, Cambridge University Press, Cambridge, U.K. (1984) [INSPIRE].

G. Ballesteros, J. Redondo, A. Ringwald and C. Tamarit, Standard Model-axion-seesaw-Higgs
portal inflation. Five problems of particle physics and cosmology solved in one stroke, JCAP
08 (2017) 001 [arXiv:1610.01639] [INSPIRE].

F.L. Bezrukov and M. Shaposhnikov, The Standard Model Higgs boson as the inflaton, Phys.
Lett. B 659 (2008) 703 [arXiv:0710.3755] [INSPIRE].

F. Bauer and D.A. Demir, Inflation with Non-Minimal Coupling: Metric versus Palatini
Formulations, Phys. Lett. B 665 (2008) 222 [arXiv:0803.2664] [INSPIRE].

J.P.B. Almeida, N. Bernal, J. Rubio and T. Tenkanen, Hidden Inflaton Dark Matter, JCAP
03 (2019) 012 [arXiv:1811.09640] INSPIRE].

T.P. Sotiriou and V. Faraoni, f(R) Theories Of Gravity, Rev. Mod. Phys. 82 (2010) 451
[arXiv:0805.1726] [INSPIRE].

~16 —


https://doi.org/10.1103/PhysRevD.99.123513
https://arxiv.org/abs/1904.05707
https://inspirehep.net/search?p=find+EPRINT+arXiv:1904.05707
https://doi.org/10.1016/0370-2693(88)91655-3
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B205,228%22
https://doi.org/10.1103/PhysRevLett.71.3051
https://doi.org/10.1103/PhysRevLett.71.3051
https://arxiv.org/abs/hep-ph/9303313
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9303313
https://doi.org/10.1103/PhysRevD.49.5040
https://arxiv.org/abs/astro-ph/9311037
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9311037
https://doi.org/10.1016/j.physletb.2017.12.010
https://arxiv.org/abs/1710.08910
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.08910
https://arxiv.org/abs/1808.01879
https://inspirehep.net/search?p=find+EPRINT+arXiv:1808.01879
https://arxiv.org/abs/hep-th/0607086
https://inspirehep.net/search?p=find+EPRINT+hep-th/0607086
https://doi.org/10.1088/1126-6708/2006/06/051
https://arxiv.org/abs/hep-th/0605206
https://inspirehep.net/search?p=find+EPRINT+hep-th/0605206
https://doi.org/10.1103/PhysRevD.81.075018
https://arxiv.org/abs/0909.5440
https://inspirehep.net/search?p=find+EPRINT+arXiv:0909.5440
https://doi.org/10.1103/PhysRevD.81.123530
https://arxiv.org/abs/0905.4720
https://inspirehep.net/search?p=find+EPRINT+arXiv:0905.4720
https://doi.org/10.1007/JHEP11(2012)125
https://arxiv.org/abs/1208.3563
https://inspirehep.net/search?p=find+EPRINT+arXiv:1208.3563
https://doi.org/10.1103/PhysRevD.87.043520
https://doi.org/10.1103/PhysRevD.87.043520
https://arxiv.org/abs/1208.3562
https://inspirehep.net/search?p=find+EPRINT+arXiv:1208.3562
https://doi.org/10.1007/JHEP10(2012)146
https://arxiv.org/abs/1206.0819
https://inspirehep.net/search?p=find+EPRINT+arXiv:1206.0819
https://doi.org/10.1007/JHEP07(2013)005
https://doi.org/10.1007/JHEP07(2013)005
https://arxiv.org/abs/1304.7987
https://inspirehep.net/search?p=find+EPRINT+arXiv:1304.7987
https://doi.org/10.1103/PhysRevD.96.083510
https://arxiv.org/abs/1706.03236
https://inspirehep.net/search?p=find+EPRINT+arXiv:1706.03236
https://doi.org/10.1103/PhysRevD.99.063517
https://arxiv.org/abs/1809.06382
https://inspirehep.net/search?p=find+EPRINT+arXiv:1809.06382
https://doi.org/10.1088/1361-6382/ab1d87
https://doi.org/10.1088/1361-6382/ab1d87
https://arxiv.org/abs/1808.06424
https://inspirehep.net/search?p=find+EPRINT+arXiv:1808.06424
https://inspirehep.net/search?p=find+IRN+998621
https://doi.org/10.1088/1475-7516/2017/08/001
https://doi.org/10.1088/1475-7516/2017/08/001
https://arxiv.org/abs/1610.01639
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.01639
https://doi.org/10.1016/j.physletb.2007.11.072
https://doi.org/10.1016/j.physletb.2007.11.072
https://arxiv.org/abs/0710.3755
https://inspirehep.net/search?p=find+EPRINT+arXiv:0710.3755
https://doi.org/10.1016/j.physletb.2008.06.014
https://arxiv.org/abs/0803.2664
https://inspirehep.net/search?p=find+EPRINT+arXiv:0803.2664
https://doi.org/10.1088/1475-7516/2019/03/012
https://doi.org/10.1088/1475-7516/2019/03/012
https://arxiv.org/abs/1811.09640
https://inspirehep.net/search?p=find+EPRINT+arXiv:1811.09640
https://doi.org/10.1103/RevModPhys.82.451
https://arxiv.org/abs/0805.1726
https://inspirehep.net/search?p=find+EPRINT+arXiv:0805.1726

[60]
[61]
[62]
[63]
[64]

[65]

[76]
[77]
[78]
[79]

[80]

[81]

F. Bauer and D.A. Demir, Higgs-Palatini Inflation and Unitarity, Phys. Lett. B 698 (2011)
425 [arXiv:1012.2900] [INSPIRE].

N. Tamanini and C.R. Contaldi, Inflationary Perturbations in Palatini Generalised Gravity,
Phys. Rev. D 83 (2011) 044018 [arXiv:1010.0689] [INSPIRE].

S. Rasanen and P. Wahlman, Higgs inflation with loop corrections in the Palatini formulation,
JCAP 11 (2017) 047 [arXiv:1709.07853] INSPIRE].

T. Tenkanen, Resurrecting Quadratic Inflation with a non-minimal coupling to gravity, JCAP
12 (2017) 001 [arXiv:1710.02758] [INSPIRE].

A. Racioppi, Coleman-Weinberg linear inflation: metric vs. Palatini formulation, JCAP 12
(2017) 041 [arXiv:1710.04853] INSPIRE].

T. Markkanen, T. Tenkanen, V. Vaskonen and H. Veermae, Quantum corrections to quartic
inflation with a non-minimal coupling: metric vs. Palatini, JCAP 03 (2018) 029
[arXiv:1712.04874] [INSPIRE].

L. Jarv, A. Racioppi and T. Tenkanen, Palatini side of inflationary attractors, Phys. Rev. D
97 (2018) 083513 [arXiv:1712.08471] [INSPIRE].

A. Racioppi, New universal attractor in nonminimally coupled gravity: Linear inflation, Phys.
Rev. D 97 (2018) 123514 [arXiv:1801.08810] [INSPIRE].

V.-M. Enckell, K. Enqvist, S. Rasanen and E. Tomberg, Higgs inflation at the hilltop, JCAP
06 (2018) 005 [arXiv:1802.09299] [INnSPIRE].

P. Carrilho, D. Mulryne, J. Ronayne and T. Tenkanen, Attractor Behaviour in Multifield
Inflation, JCAP 06 (2018) 032 [arXiv:1804.10489] [INSPIRE].

V.-M. Enckell, K. Enqvist, S. Rasanen and L.-P. Wahlman, Inflation with R? term in the
Palatini formalism, JCAP 02 (2019) 022 [arXiv:1810.05536] [INSPIRE].

I. Antoniadis, A. Karam, A. Lykkas and K. Tamvakis, Palatini inflation in models with an R?
term, JCAP 11 (2018) 028 [arXiv:1810.10418] [INSPIRE].

S. Rasanen and E. Tomberg, Planck scale black hole dark matter from Higgs inflation, JCAP
01 (2019) 038 [arXiv:1810.12608] [InSPIRE].

K. Kannike, A. Kubarski, L. Marzola and A. Racioppi, A minimal model of inflation and dark
radiation, Phys. Lett. B 792 (2019) 74 [arXiv:1810.12689] INSPIRE].

S. Rasanen, Higgs inflation in the Palatini formulation with kinetic terms for the metric,
arXiv:1811.09514 [INSPIRE].

1. Antoniadis, A. Karam, A. Lykkas, T. Pappas and K. Tamvakis, Rescuing Quartic and
Natural Inflation in the Palatini Formalism, JCAP 03 (2019) 005 [arXiv:1812.00847]
[INSPIRE].

T. Takahashi and T. Tenkanen, Towards distinguishing variants of non-minimal inflation,
JCAP 04 (2019) 035 [arXiv:1812.08492] INSPIRE].

R. Jinno, K. Kaneta, K.-y. Oda and S.C. Park, Hillclimbing inflation in metric and Palatini
formulations, Phys. Lett. B 791 (2019) 396 [arXiv:1812.11077] INSPIRE].

T. Tenkanen, Minimal Higgs inflation with an R? term in Palatini gravity, Phys. Rev. D 99
(2019) 063528 [arXiv:1901.01794] [InSPIRE].

J. Rubio and E.S. Tomberg, Preheating in Palatini Higgs inflation, JCAP 04 (2019) 021
[arXiv:1902.10148] [INSPIRE].

R. Jinno, M. Kubota, K.-y. Oda and S.C. Park, Higgs inflation in metric and Palatini
formalisms: Required suppression of higher dimensional operators, arXiv:1904.05699
[INSPIRE].

M. Giovannini, Post-inflationary phases stiffer than radiation and Palatini formulation,
arXiv:1905.06182 [INSPIRE].

17 -


https://doi.org/10.1016/j.physletb.2011.03.042
https://doi.org/10.1016/j.physletb.2011.03.042
https://arxiv.org/abs/1012.2900
https://inspirehep.net/search?p=find+EPRINT+arXiv:1012.2900
https://doi.org/10.1103/PhysRevD.83.044018
https://arxiv.org/abs/1010.0689
https://inspirehep.net/search?p=find+EPRINT+arXiv:1010.0689
https://doi.org/10.1088/1475-7516/2017/11/047
https://arxiv.org/abs/1709.07853
https://inspirehep.net/search?p=find+EPRINT+arXiv:1709.07853
https://doi.org/10.1088/1475-7516/2017/12/001
https://doi.org/10.1088/1475-7516/2017/12/001
https://arxiv.org/abs/1710.02758
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.02758
https://doi.org/10.1088/1475-7516/2017/12/041
https://doi.org/10.1088/1475-7516/2017/12/041
https://arxiv.org/abs/1710.04853
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.04853
https://doi.org/10.1088/1475-7516/2018/03/029
https://arxiv.org/abs/1712.04874
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.04874
https://doi.org/10.1103/PhysRevD.97.083513
https://doi.org/10.1103/PhysRevD.97.083513
https://arxiv.org/abs/1712.08471
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.08471
https://doi.org/10.1103/PhysRevD.97.123514
https://doi.org/10.1103/PhysRevD.97.123514
https://arxiv.org/abs/1801.08810
https://inspirehep.net/search?p=find+EPRINT+arXiv:1801.08810
https://doi.org/10.1088/1475-7516/2018/06/005
https://doi.org/10.1088/1475-7516/2018/06/005
https://arxiv.org/abs/1802.09299
https://inspirehep.net/search?p=find+EPRINT+arXiv:1802.09299
https://doi.org/10.1088/1475-7516/2018/06/032
https://arxiv.org/abs/1804.10489
https://inspirehep.net/search?p=find+EPRINT+arXiv:1804.10489
https://doi.org/10.1088/1475-7516/2019/02/022
https://arxiv.org/abs/1810.05536
https://inspirehep.net/search?p=find+EPRINT+arXiv:1810.05536
https://doi.org/10.1088/1475-7516/2018/11/028
https://arxiv.org/abs/1810.10418
https://inspirehep.net/search?p=find+EPRINT+arXiv:1810.10418
https://doi.org/10.1088/1475-7516/2019/01/038
https://doi.org/10.1088/1475-7516/2019/01/038
https://arxiv.org/abs/1810.12608
https://inspirehep.net/search?p=find+EPRINT+arXiv:1810.12608
https://doi.org/10.1016/j.physletb.2019.03.025
https://arxiv.org/abs/1810.12689
https://inspirehep.net/search?p=find+EPRINT+arXiv:1810.12689
https://arxiv.org/abs/1811.09514
https://inspirehep.net/search?p=find+EPRINT+arXiv:1811.09514
https://doi.org/10.1088/1475-7516/2019/03/005
https://arxiv.org/abs/1812.00847
https://inspirehep.net/search?p=find+EPRINT+arXiv:1812.00847
https://doi.org/10.1088/1475-7516/2019/04/035
https://arxiv.org/abs/1812.08492
https://inspirehep.net/search?p=find+EPRINT+arXiv:1812.08492
https://doi.org/10.1016/j.physletb.2019.03.012
https://arxiv.org/abs/1812.11077
https://inspirehep.net/search?p=find+EPRINT+arXiv:1812.11077
https://doi.org/10.1103/PhysRevD.99.063528
https://doi.org/10.1103/PhysRevD.99.063528
https://arxiv.org/abs/1901.01794
https://inspirehep.net/search?p=find+EPRINT+arXiv:1901.01794
https://doi.org/10.1088/1475-7516/2019/04/021
https://arxiv.org/abs/1902.10148
https://inspirehep.net/search?p=find+EPRINT+arXiv:1902.10148
https://arxiv.org/abs/1904.05699
https://inspirehep.net/search?p=find+EPRINT+arXiv:1904.05699
https://arxiv.org/abs/1905.06182
https://inspirehep.net/search?p=find+EPRINT+arXiv:1905.06182

[82]
[83]
[84]
[85]
[36]

[87]

[88]
[89]
[90]
[91]

[92]

[93]
[94]
[95]
[96]
[97]

[98]

[99]

[100]

[101]

[102]
[103]

H. Azri and D. Demir, Affine Inflation, Phys. Rev. D 95 (2017) 124007 [arXiv:1705.05822]
[INSPIRE].

H. Azri, Are there really conformal frames? Uniqueness of affine inflation, Int. J. Mod. Phys.
D 27 (2018) 1830006 [arXiv:1802.01247] [iNSPIRE].

K. Shimada, K. Aoki and K.-i. Maeda, Metric-affine Gravity and Inflation, Phys. Rev. D 99
(2019) 104020 [arXiv:1812.03420] [INSPIRE].

K. Aoki and K. Shimada, Scalar-metric-affine theories: Can we get ghost-free theories from
symmetry?, arXiv:1904.10175 [INSPIRE].

J. Beltran Jiménez, L. Heisenberg, T.S. Koivisto and S. Pekar, Cosmology in f(Q) geometry,
arXiv:1906.10027 [INSPIRE].

J. Garcia-Bellido, D.G. Figueroa and J. Rubio, Preheating in the Standard Model with the
Higgs-Inflaton coupled to gravity, Phys. Rev. D 79 (2009) 063531 [arXiv:0812.4624]
[INSPIRE].

F. Bezrukov, G.K. Karananas, J. Rubio and M. Shaposhnikov, Higgs-Dilaton Cosmology: an
effective field theory approach, Phys. Rev. D 87 (2013) 096001 [arXiv:1212.4148] [INSPIRE].

J. Rubio, Higgs inflation, Front. Astron. Space Sci. 5 (2019) 50 [arXiv:1807.02376]
[INSPIRE].

C.P. Burgess, H.M. Lee and M. Trott, Power-counting and the Validity of the Classical
Approximation During Inflation, JHEP 09 (2009) 103 [arXiv:0902.4465] [INSPIRE].

J.L.F. Barbon and J.R. Espinosa, On the Naturalness of Higgs Inflation, Phys. Rev. D 79
(2009) 081302 [arXiv:0903.0355] [INSPIRE].

A.O. Barvinsky, A. Yu. Kamenshchik, C. Kiefer, A.A. Starobinsky and C.F. Steinwachs,
Higgs boson, renormalization group and naturalness in cosmology, Eur. Phys. J. C 72 (2012)
2219 [arXiv:0910.1041] [INSPIRE].

F. Bezrukov, A. Magnin, M. Shaposhnikov and S. Sibiryakov, Higgs inflation: consistency and
generalisations, JHEP 01 (2011) 016 [arXiv:1008.5157] [INnSPIRE].

C.P. Burgess, H.M. Lee and M. Trott, Comment on Higgs Inflation and Naturalness, JHEP
07 (2010) 007 [arXiv:1002.2730] [NSPIRE].

M.P. Hertzberg, On Inflation with Non-minimal Coupling, JHEP 11 (2010) 023
[arXiv:1002.2995] [INSPIRE].

D.J. Gross, R.D. Pisarski and L.G. Yaffe, QCD and Instantons at Finite Temperature, Rev.
Mod. Phys. 53 (1981) 43 [INSPIRE].

M. Gorghetto and G. Villadoro, Topological Susceptibility and QCD Axion Mass: QED and
NNLO corrections, JHEP 03 (2019) 033 [arXiv:1812.01008] [INSPIRE].

R.J. Crewther, P. Di Vecchia, G. Veneziano and E. Witten, Chiral Estimate of the Electric
Dipole Moment of the Neutron in Quantum Chromodynamics, Phys. Lett. 88B (1979) 123
[Erratum ibid. B 91 (1980) 487] [INSPIRE].

P. Di Vecchia, K. Fabricius, G.C. Rossi and G. Veneziano, Preliminary Evidence for Ua(1)
Breaking in QCD from Lattice Calculations, Nucl. Phys. B 192 (1981) 392 [InSPIRE].

G. Grilli di Cortona, E. Hardy, J. Pardo Vega and G. Villadoro, The QCD azxion, precisely,
JHEP 01 (2016) 034 [arXiv:1511.02867] INSPIRE].

P. Di Vecchia, G. Rossi, G. Veneziano and S. Yankielowicz, Spontaneous C'P breaking in QCD
and the axion potential: an effective Lagrangian approach, JHEP 12 (2017) 104
[arXiv:1709.00731] [INSPIRE].

S. Weinberg, Phenomenological Lagrangians, Physica A 96 (1979) 327 [INSPIRE].

J. Gasser and H. Leutwyler, Chiral Perturbation Theory to One Loop, Annals Phys. 158
(1984) 142 [InSPIRE].

~ 18 —


https://doi.org/10.1103/PhysRevD.95.124007
https://arxiv.org/abs/1705.05822
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.05822
https://doi.org/10.1142/S0218271818300069
https://doi.org/10.1142/S0218271818300069
https://arxiv.org/abs/1802.01247
https://inspirehep.net/search?p=find+EPRINT+arXiv:1802.01247
https://doi.org/10.1103/PhysRevD.99.104020
https://doi.org/10.1103/PhysRevD.99.104020
https://arxiv.org/abs/1812.03420
https://inspirehep.net/search?p=find+EPRINT+arXiv:1812.03420
https://arxiv.org/abs/1904.10175
https://inspirehep.net/search?p=find+EPRINT+arXiv:1904.10175
https://arxiv.org/abs/1906.10027
https://inspirehep.net/search?p=find+EPRINT+arXiv:1906.10027
https://doi.org/10.1103/PhysRevD.79.063531
https://arxiv.org/abs/0812.4624
https://inspirehep.net/search?p=find+EPRINT+arXiv:0812.4624
https://doi.org/10.1103/PhysRevD.87.096001
https://arxiv.org/abs/1212.4148
https://inspirehep.net/search?p=find+EPRINT+arXiv:1212.4148
https://doi.org/10.3389/fspas.2018.00050
https://arxiv.org/abs/1807.02376
https://inspirehep.net/search?p=find+EPRINT+arXiv:1807.02376
https://doi.org/10.1088/1126-6708/2009/09/103
https://arxiv.org/abs/0902.4465
https://inspirehep.net/search?p=find+EPRINT+arXiv:0902.4465
https://doi.org/10.1103/PhysRevD.79.081302
https://doi.org/10.1103/PhysRevD.79.081302
https://arxiv.org/abs/0903.0355
https://inspirehep.net/search?p=find+EPRINT+arXiv:0903.0355
https://doi.org/10.1140/epjc/s10052-012-2219-3
https://doi.org/10.1140/epjc/s10052-012-2219-3
https://arxiv.org/abs/0910.1041
https://inspirehep.net/search?p=find+EPRINT+arXiv:0910.1041
https://doi.org/10.1007/JHEP01(2011)016
https://arxiv.org/abs/1008.5157
https://inspirehep.net/search?p=find+EPRINT+arXiv:1008.5157
https://doi.org/10.1007/JHEP07(2010)007
https://doi.org/10.1007/JHEP07(2010)007
https://arxiv.org/abs/1002.2730
https://inspirehep.net/search?p=find+EPRINT+arXiv:1002.2730
https://doi.org/10.1007/JHEP11(2010)023
https://arxiv.org/abs/1002.2995
https://inspirehep.net/search?p=find+EPRINT+arXiv:1002.2995
https://doi.org/10.1103/RevModPhys.53.43
https://doi.org/10.1103/RevModPhys.53.43
https://inspirehep.net/search?p=find+J+%22Rev.Mod.Phys.,53,43%22
https://doi.org/10.1007/JHEP03(2019)033
https://arxiv.org/abs/1812.01008
https://inspirehep.net/search?p=find+EPRINT+arXiv:1812.01008
https://doi.org/10.1016/0370-2693(80)91025-4
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B88,123%22
https://doi.org/10.1016/0550-3213(81)90432-6
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B192,392%22
https://doi.org/10.1007/JHEP01(2016)034
https://arxiv.org/abs/1511.02867
https://inspirehep.net/search?p=find+EPRINT+arXiv:1511.02867
https://doi.org/10.1007/JHEP12(2017)104
https://arxiv.org/abs/1709.00731
https://inspirehep.net/search?p=find+EPRINT+arXiv:1709.00731
https://doi.org/10.1016/0378-4371(79)90223-1
https://inspirehep.net/search?p=find+J+%22Physica,A96,327%22
https://doi.org/10.1016/0003-4916(84)90242-2
https://doi.org/10.1016/0003-4916(84)90242-2
https://inspirehep.net/search?p=find+J+%22AnnalsPhys.,158,142%22

[104] J. Gasser and H. Leutwyler, Chiral Perturbation Theory: Expansions in the Mass of the
Strange Quark, Nucl. Phys. B 250 (1985) 465 [INSPIRE].

[105] M. Dine, P. Draper, L. Stephenson-Haskins and D. Xu, Azions, Instantons and the Lattice,
Phys. Rev. D 96 (2017) 095001 [arXiv:1705.00676] [INSPIRE].

[106] P. Fox, A. Pierce and S.D. Thomas, Probing a QCD string azion with precision cosmological
measurements, hep-th/0409059 [INSPIRE].

[107] L. Di Luzio, F. Mescia and E. Nardi, Redefining the Axzion Window, Phys. Rev. Lett. 118
(2017) 031801 [arXiv:1610.07593] [INSPIRE].

[108] L. Di Luzio, F. Mescia and E. Nardi, Window for preferred azion models, Phys. Rev. D 96
(2017) 075003 [arXiv:1705.05370] INSPIRE].

[109] L. Di Luzio, F. Mescia, E. Nardi, P. Panci and R. Ziegler, Astrophobic Axions, Phys. Rev.
Lett. 120 (2018) 261803 [arXiv:1712.04940] [INSPIRE].

[110] M.S. Turner, Cosmic and Local Mass Density of Invisible Axions, Phys. Rev. D 33 (1986) 889
[INSPIRE].

[111] A.D. Linde, Inflation and Azion Cosmology, Phys. Lett. B 201 (1988) 437 [INSPIRE].

[112] D.H. Lyth, Azions and inflation: Vacuum fluctuations, Phys. Rev. D 45 (1992) 3394
[NSPIRE].

[113] K. Strobl and T.J. Weiler, Anharmonic evolution of the cosmic axion density spectrum, Phys.
Rev. D 50 (1994) 7690 [astro-ph/9405028] [INSPIRE].

[114] K.J. Bae, J.-H. Huh and J.E. Kim, Update of azion CDM energy, JCAP 09 (2008) 005
[arXiv:0806.0497] [INSPIRE].

[115] A.A. Starobinsky and J. Yokoyama, Equilibrium state of a selfinteracting scalar field in the
de Sitter background, Phys. Rev. D 50 (1994) 6357 [astro-ph/9407016] [INSPIRE].

[116] T. Markkanen, A. Rajantie, S. Stopyra and T. Tenkanen, Scalar correlation functions in
de Sitter space from the stochastic spectral expansion, JCAP 19 (2019) 001
[arXiv:1904.11917] [INSPIRE].

[117) M. Axenides, R.H. Brandenberger and M.S. Turner, Development of Azion Perturbations in
an Azion Dominated Universe, Phys. Lett. 126B (1983) 178 [INSPIRE].

[118] A.D. Linde, Generation of Isothermal Density Perturbations in the Inflationary Universe,
Phys. Lett. 158B (1985) 375 [INnSPIRE].

[119] D. Seckel and M.S. Turner, Isothermal Density Perturbations in an Azion Dominated
Inflationary Universe, Phys. Rev. D 32 (1985) 3178 [INSPIRE].

[120] D. Wands, K.A. Malik, D.H. Lyth and A.R. Liddle, A New approach to the evolution of
cosmological perturbations on large scales, Phys. Rev. D 62 (2000) 043527
[astro-ph/0003278] [INSPIRE].

[121] S. Weinberg, Must cosmological perturbations remain non-adiabatic after multi-field inflation?,
Phys. Rev. D 70 (2004) 083522 [astro-ph/0405397] [INSPIRE].

[122] N. Kitajima and F. Takahashi, Resonant conversions of QCD azions into hidden azions and
suppressed isocurvature perturbations, JCAP 01 (2015) 032 [arXiv:1411.2011] [INSPIRE].

[123] K.J. Bae, H. Baer, E.J. Chun and C.S. Shin, Mized azion/gravitino dark matter from SUSY
models with heavy azinos, Phys. Rev. D 91 (2015) 075011 [arXiv:1410.3857] INSPIRE].

[124] K.J. Bae, H. Baer, A. Lessa and H. Serce, Mized axion-wino dark matter, Front. in Phys. 3
(2015) 49 [arXiv:1502.07198] [iNSPIRE].

[125] S. Baum, L. Visinelli, K. Freese and P. Stengel, Dark matter capture, subdominant WIMPs
and neutrino observatories, Phys. Rev. D 95 (2017) 043007 [arXiv:1611.09665] INSPIRE].

[126] T. Tenkanen, Dark matter from scalar field fluctuations, Phys. Rev. Lett. 123 (2019) 061302
[arXiv:1905.01214] [INSPIRE].

~19 —


https://doi.org/10.1016/0550-3213(85)90492-4
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B250,465%22
https://doi.org/10.1103/PhysRevD.96.095001
https://arxiv.org/abs/1705.00676
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.00676
https://arxiv.org/abs/hep-th/0409059
https://inspirehep.net/search?p=find+EPRINT+hep-th/0409059
https://doi.org/10.1103/PhysRevLett.118.031801
https://doi.org/10.1103/PhysRevLett.118.031801
https://arxiv.org/abs/1610.07593
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.07593
https://doi.org/10.1103/PhysRevD.96.075003
https://doi.org/10.1103/PhysRevD.96.075003
https://arxiv.org/abs/1705.05370
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.05370
https://doi.org/10.1103/PhysRevLett.120.261803
https://doi.org/10.1103/PhysRevLett.120.261803
https://arxiv.org/abs/1712.04940
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.04940
https://doi.org/10.1103/PhysRevD.33.889
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D33,889%22
https://doi.org/10.1016/0370-2693(88)90597-7
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B201,437%22
https://doi.org/10.1103/PhysRevD.45.3394
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D45,3394%22
https://doi.org/10.1103/PhysRevD.50.7690
https://doi.org/10.1103/PhysRevD.50.7690
https://arxiv.org/abs/astro-ph/9405028
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9405028
https://doi.org/10.1088/1475-7516/2008/09/005
https://arxiv.org/abs/0806.0497
https://inspirehep.net/search?p=find+EPRINT+arXiv:0806.0497
https://doi.org/10.1103/PhysRevD.50.6357
https://arxiv.org/abs/astro-ph/9407016
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9407016
https://doi.org/10.1088/1475-7516/2019/19/001
https://arxiv.org/abs/1904.11917
https://inspirehep.net/search?p=find+EPRINT+arXiv:1904.11917
https://doi.org/10.1016/0370-2693(83)90586-5
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B126,178%22
https://doi.org/10.1016/0370-2693(85)90436-8
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B158,375%22
https://doi.org/10.1103/PhysRevD.32.3178
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D32,3178%22
https://doi.org/10.1103/PhysRevD.62.043527
https://arxiv.org/abs/astro-ph/0003278
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0003278
https://doi.org/10.1103/PhysRevD.70.083522
https://arxiv.org/abs/astro-ph/0405397
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0405397
https://doi.org/10.1088/1475-7516/2015/01/032
https://arxiv.org/abs/1411.2011
https://inspirehep.net/search?p=find+EPRINT+arXiv:1411.2011
https://doi.org/10.1103/PhysRevD.91.075011
https://arxiv.org/abs/1410.3857
https://inspirehep.net/search?p=find+EPRINT+arXiv:1410.3857
https://doi.org/10.3389/fphy.2015.00049
https://doi.org/10.3389/fphy.2015.00049
https://arxiv.org/abs/1502.07198
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.07198
https://doi.org/10.1103/PhysRevD.95.043007
https://arxiv.org/abs/1611.09665
https://inspirehep.net/search?p=find+EPRINT+arXiv:1611.09665
https://doi.org/10.1103/PhysRevLett.123.061302
https://arxiv.org/abs/1905.01214
https://inspirehep.net/search?p=find+EPRINT+arXiv:1905.01214

[127] P. Crotty, J. Garcia-Bellido, J. Lesgourgues and A. Riazuelo, Bounds on isocurvature
perturbations from CMB and LSS data, Phys. Rev. Lett. 91 (2003) 171301
[astro-ph/0306286] [INSPIRE].

[128] M. Beltrén, J. Garcia-Bellido, J. Lesgourgues, A.R. Liddle and A. Slosar, Bayesian model
selection and isocurvature perturbations, Phys. Rev. D 71 (2005) 063532 [astro-ph/0501477]
[INSPIRE}.

[129] V.F. Mukhanov and G.V. Chibisov, Quantum Fluctuations and a Nonsingular Universe,
JETP Lett. 33 (1981) 532 [INSPIRE].

[130] A.H. Guth and S.Y. Pi, Fluctuations in the New Inflationary Universe, Phys. Rev. Lett. 49
(1982) 1110 [INSPIRE].

[131] S.W. Hawking, The Development of Irregularities in a Single Bubble Inflationary Universe,
Phys. Lett. 115B (1982) 295 [iNSPIRE].

[132] A.A. Starobinsky, Dynamics of Phase Transition in the New Inflationary Universe Scenario
and Generation of Perturbations, Phys. Lett. 117B (1982) 175 [InSPIRE].

[133] J.M. Bardeen, P.J. Steinhardt and M.S. Turner, Spontaneous Creation of Almost Scale-Free
Density Perturbations in an Inflationary Universe, Phys. Rev. D 28 (1983) 679 [INSPIRE].

[134] P.J. Steinhardt and M.S. Turner, A Prescription for Successful New Inflation, Phys. Rev. D
29 (1984) 2162 [INSPIRE].

[135] A. Kosowsky and M.S. Turner, CBR anisotropy and the running of the scalar spectral index,
Phys. Rev. D 52 (1995) R1739 [astro-ph/9504071] [INSPIRE].

[136] S.M. Leach and A.R. Liddle, Microwave background constraints on inflationary parameters,
Mon. Not. Roy. Astron. Soc. 341 (2003) 1151 [astro-ph/0207213] InSPIRE].

[137] A.R. Liddle and S.M. Leach, How long before the end of inflation were observable
perturbations produced?, Phys. Rev. D 68 (2003) 103503 [astro-ph/0305263] [INSPIRE].

[138] D. Baumann, Inflation, in Physics of the large and the small, TASI 09, proceedings of The
Theoretical Advanced Study Institute in Elementary Particle Physics, Boulder, Colorado,
U.S.A. 1-26 June 2009, pp. 523-686 (2011) [DOI:10.1142/9789814327183_0010)
[arXiv:0907.5424] [INSPIRE].

[139] PLANCK collaboration, Planck 2013 results. XVI. Cosmological parameters, Astron.
Astrophys. 571 (2014) A16 [arXiv:1303.5076] [INSPIRE].

[140] PLANCK collaboration, Planck 2013 results. XXII. Constraints on inflation, Astron.
Astrophys. 571 (2014) A22 [arXiv:1303.5082] [INSPIRE].

[141] BICEP1 collaboration, Degree-Scale CMB Polarization Measurements from Three Years of
BICEP!1 Data, Astrophys. J. 783 (2014) 67 [arXiv:1310.1422] [InSPIRE].

[142] BICEP2 and PLANCK collaborations, Joint Analysis of BICEP2/Keck Array and Planck
Data, Phys. Rev. Lett. 114 (2015) 101301 [arXiv:1502.00612] [INSPIRE].

[143] PLANCK collaboration, Planck 2015 results. XX. Constraints on inflation, Astron. Astrophys.
594 (2016) A20 [arXiv:1502.02114] [INSPIRE].

[144] M. Gerbino et al., Impact of neutrino properties on the estimation of inflationary parameters
from current and future observations, Phys. Rev. D 95 (2017) 043512 [arXiv:1610.08830]
[INSPIRE].

[145] D.H. Lyth, A Bound on Inflationary Energy Density From the Isotropy of the Microwave
Background, Phys. Lett. 147B (1984) 403 [Erratum ibid. B 150 (1985) 465] [INSPIRE].

[146] D.H. Lyth and E.D. Stewart, Constraining the inflationary energy scale from axion cosmology,
Phys. Lett. B 283 (1992) 189 [INSPIRE].

[147) D.H. Lyth and A. Riotto, Particle physics models of inflation and the cosmological density
perturbation, Phys. Rept. 314 (1999) 1 [hep-ph/9807278] [INSPIRE].

—90 —


https://doi.org/10.1103/PhysRevLett.91.171301
https://arxiv.org/abs/astro-ph/0306286
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0306286
https://doi.org/10.1103/PhysRevD.71.063532
https://arxiv.org/abs/astro-ph/0501477
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0501477
https://inspirehep.net/search?p=find+J+%22JETPLett.,33,532%22
https://doi.org/10.1103/PhysRevLett.49.1110
https://doi.org/10.1103/PhysRevLett.49.1110
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,49,1110%22
https://doi.org/10.1016/0370-2693(82)90373-2
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B115,295%22
https://doi.org/10.1016/0370-2693(82)90541-X
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B117,175%22
https://doi.org/10.1103/PhysRevD.28.679
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D28,679%22
https://doi.org/10.1103/PhysRevD.29.2162
https://doi.org/10.1103/PhysRevD.29.2162
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D29,2162%22
https://doi.org/10.1103/PhysRevD.52.R1739
https://arxiv.org/abs/astro-ph/9504071
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9504071
https://doi.org/10.1046/j.1365-8711.2003.06445.x
https://arxiv.org/abs/astro-ph/0207213
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0207213
https://doi.org/10.1103/PhysRevD.68.103503
https://arxiv.org/abs/astro-ph/0305263
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0305263
https://doi.org/10.1142/9789814327183_0010
https://arxiv.org/abs/0907.5424
https://inspirehep.net/search?p=find+EPRINT+arXiv:0907.5424
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1051/0004-6361/201321591
https://arxiv.org/abs/1303.5076
https://inspirehep.net/search?p=find+EPRINT+arXiv:1303.5076
https://doi.org/10.1051/0004-6361/201321569
https://doi.org/10.1051/0004-6361/201321569
https://arxiv.org/abs/1303.5082
https://inspirehep.net/search?p=find+EPRINT+arXiv:1303.5082
https://doi.org/10.1088/0004-637X/783/2/67
https://arxiv.org/abs/1310.1422
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.1422
https://doi.org/10.1103/PhysRevLett.114.101301
https://arxiv.org/abs/1502.00612
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.00612
https://doi.org/10.1051/0004-6361/201525898
https://doi.org/10.1051/0004-6361/201525898
https://arxiv.org/abs/1502.02114
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.02114
https://doi.org/10.1103/PhysRevD.95.043512
https://arxiv.org/abs/1610.08830
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.08830
https://doi.org/10.1016/0370-2693(84)91391-1
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B147,403%22
https://doi.org/10.1016/0370-2693(92)90006-P
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B283,189%22
https://doi.org/10.1016/S0370-1573(98)00128-8
https://arxiv.org/abs/hep-ph/9807278
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9807278

[148]
[149]
[150]
[151]
[152]
[153]
[154]
[155]
[156]
[157]
[158]
[159]
[160]

[161]

[162]
[163]
[164]

165
166

167]
[168]
169]

[170]

PLANCK collaboration, Planck 2015 results. XIII. Cosmological parameters, Astron.
Astrophys. 594 (2016) A13 [arXiv:1502.01589] [INSPIRE].

M. Galante, R. Kallosh, A. Linde and D. Roest, Unity of Cosmological Inflation Attractors,
Phys. Rev. Lett. 114 (2015) 141302 [arXiv:1412.3797] [INSPIRE].

A.A. Starobinsky, A New Type of Isotropic Cosmological Models Without Singularity, Phys.
Lett. B 91 (1980) 99 [nSPIRE].

M.I. Vysotsky, Ya. B. Zeldovich, M. Yu. Khlopov and V.M. Chechetkin, Some Astrophysical
Limitations on Azion Mass, Pisma Zh. Eksp. Teor. Fiz. 27 (1978) 533 [INSPIRE].

G.G. Raffelt, Azion Constraints From White Dwarf Cooling Times, Phys. Lett. 166B (1986)
402 INSPIRE].

Z.G. Berezhiani, A.S. Sakharov and M. Yu. Khlopov, Primordial background of cosmological
axions, Sov. J. Nucl. Phys. 55 (1992) 1063 [iNSPIRE].

G.G. Raflelt, Astrophysical axion bounds, Lect. Notes Phys. 741 (2008) 51 [hep-ph/0611350]
[[INSPIRE].

N. Viaux et al., Neutrino and azion bounds from the globular cluster M5 (NGC 5904), Phys.
Rev. Lett. 111 (2013) 231301 [arXiv:1311.1669] [INSPIRE].

M. Giannotti, I.G. Irastorza, J. Redondo, A. Ringwald and K. Saikawa, Stellar Recipes for
Axion Hunters, JCAP 10 (2017) 010 [arXiv:1708.02111] [INSPIRE].

Y. Kahn, B.R. Safdi and J. Thaler, Broadband and Resonant Approaches to Axion Dark
Matter Detection, Phys. Rev. Lett. 117 (2016) 141801 [arXiv:1602.01086] INSPIRE].

J.L. Ouellet et al., First Results from ABRACADABRA-10 cm: A Search for Sub-peV Azxion
Dark Matter, Phys. Rev. Lett. 122 (2019) 121802 [arXiv:1810.12257] iNnSPIRE].

P. Sikivie, Experimental Tests of the Invisible Axion, Phys. Rev. Lett. 51 (1983) 1415
[Erratum ibid. 52 (1984) 695] [INSPIRE].

P. Sikivie, Detection Rates for ‘Invisible’ Axion Searches, Phys. Rev. D 32 (1985) 2988
[Erratum ibid. D 36 (1987) 974] [INnSPIRE].

P.W. Graham, I.G. Irastorza, S.K. Lamoreaux, A. Lindner and K.A. van Bibber,
Experimental Searches for the Axion and Azion-Like Particles, Ann. Rev. Nucl. Part. Sci. 65
(2015) 485 [arXiv:1602.00039] [INSPIRE].

ADMX collaboration, A high resolution search for dark-matter axions, Phys. Rev. D 74
(2006) 012006 [astro-ph/0603108] INSPIRE].

ADMX collaboration, A SQUID-based microwave cavity search for dark-matter axions, Phys.
Rev. Lett. 104 (2010) 041301 [arXiv:0910.5914] [iNnSPIRE].

ADMX collaboration, Design and performance of the ADMX SQUID-based microwave
receiver, Nucl. Instrum. Meth. A 656 (2011) 39 [arXiv:1105.4203] [INSPIRE].

I. Stern, ADMX Status, PoS(ICHEP2016) 198 (2016) [arXiv:1612.08296] [NSPIRE].

D. Alesini, D. Babusci, D. Di Gioacchino, C. Gatti, G. Lamanna and C. Ligi, The KLASH
Proposal, arXiv:1707.06010 [INSPIRE].

J.E. Kim, Weak Interaction Singlet and Strong CP Invariance, Phys. Rev. Lett. 43 (1979) 103
[INSPIRE].

M.A. Shifman, A.I. Vainshtein and V.I. Zakharov, Can Confinement Ensure Natural CP
Invariance of Strong Interactions?, Nucl. Phys. B 166 (1980) 493 [INSPIRE].

A.R. Zhitnitsky, On Possible Suppression of the Azion Hadron Interactions (in Russian), Sov.
J. Nucl. Phys. 31 (1980) 260 [nSPIRE].

M. Dine, W. Fischler and M. Srednicki, A Simple Solution to the Strong CP Problem with a
Harmless Azion, Phys. Lett. 104B (1981) 199 [InSPIRE].

— 21 —


https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://arxiv.org/abs/1502.01589
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.01589
https://doi.org/10.1103/PhysRevLett.114.141302
https://arxiv.org/abs/1412.3797
https://inspirehep.net/search?p=find+EPRINT+arXiv:1412.3797
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1016/0370-2693(80)90670-X
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B91,99%22
https://inspirehep.net/search?p=find+J+%22PismaZh.Eksp.Teor.Fiz.,27,533%22
https://doi.org/10.1016/0370-2693(86)91588-1
https://doi.org/10.1016/0370-2693(86)91588-1
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B166,402%22
https://inspirehep.net/search?p=find+J+%22Sov.J.Nucl.Phys.,55,1063%22
https://doi.org/10.1007/978-3-540-73518-2_3
https://arxiv.org/abs/hep-ph/0611350
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0611350
https://doi.org/10.1103/PhysRevLett.111.231301
https://doi.org/10.1103/PhysRevLett.111.231301
https://arxiv.org/abs/1311.1669
https://inspirehep.net/search?p=find+EPRINT+arXiv:1311.1669
https://doi.org/10.1088/1475-7516/2017/10/010
https://arxiv.org/abs/1708.02111
https://inspirehep.net/search?p=find+EPRINT+arXiv:1708.02111
https://doi.org/10.1103/PhysRevLett.117.141801
https://arxiv.org/abs/1602.01086
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.01086
https://doi.org/10.1103/PhysRevLett.122.121802
https://arxiv.org/abs/1810.12257
https://inspirehep.net/search?p=find+EPRINT+arXiv:1810.12257
https://doi.org/10.1103/PhysRevLett.51.1415
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,51,1415%22
https://doi.org/10.1103/PhysRevD.36.974
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D32,2988%22
https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1146/annurev-nucl-102014-022120
https://arxiv.org/abs/1602.00039
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.00039
https://doi.org/10.1103/PhysRevD.74.012006
https://doi.org/10.1103/PhysRevD.74.012006
https://arxiv.org/abs/astro-ph/0603108
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0603108
https://doi.org/10.1103/PhysRevLett.104.041301
https://doi.org/10.1103/PhysRevLett.104.041301
https://arxiv.org/abs/0910.5914
https://inspirehep.net/search?p=find+EPRINT+arXiv:0910.5914
https://doi.org/10.1016/j.nima.2011.07.019
https://arxiv.org/abs/1105.4203
https://inspirehep.net/search?p=find+EPRINT+arXiv:1105.4203
https://doi.org/10.22323/1.282.0198
https://arxiv.org/abs/1612.08296
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.08296
https://arxiv.org/abs/1707.06010
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.06010
https://doi.org/10.1103/PhysRevLett.43.103
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,43,103%22
https://doi.org/10.1016/0550-3213(80)90209-6
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B166,493%22
https://inspirehep.net/search?p=find+J+%22Sov.J.Nucl.Phys.,31,260%22
https://doi.org/10.1016/0370-2693(81)90590-6
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B104,199%22

[171]
[172)
[173]
[174]
[175]
[176]
[177)

178]
[179]

[180]
[181]

[182]

[183]

184]
[185)]
[186]

[187]

F. Wilczek, Two Applications of Azion Electrodynamics, Phys. Rev. Lett. 58 (1987) 1799
[INSPIRE].

Y. Itin, Wave propagation in azion electrodynamics, Gen. Rel. Grav. 40 (2008) 1219
[arXiv:0706.2991] [INSPIRE].

L. Visinelli, Azion-Electromagnetic Waves, Mod. Phys. Lett. A 28 (2013) 1350162
[arXiv:1401.0709] [INSPIRE].

C.A.J. O’'Hare and A.M. Green, Azion astronomy with microwave cavity experiments, Phys.
Rev. D 95 (2017) 063017 [arXiv:1701.03118] InSPIRE].

S. Knirck, A.J. Millar, C.A.J. O’Hare, J. Redondo and F.D. Steffen, Directional axion
detection, JCAP 11 (2018) 051 [arXiv:1806.05927] INSPIRE].

L. Visinelli and H. Tergas, A Kinetic Theory of Azions in Magnetized Plasmas: the Axionon,
arXiv:1807.06828 [INSPIRE].

L. Amendola et al., Cosmology and fundamental physics with the Euclid satellite, Living Rev.
Rel. 21 (2018) 2 [arXiv:1606.00180] [INSPIRE].

T. Matsumura et al., Mission design of LiteBIRD, arXiv:1311.2847 [INSPIRE].

CORE collaboration, Exploring cosmic origins with CORE: B-mode component separation,
JCAP 04 (2018) 023 [arXiv:1704.04501] [iNSPIRE].

SIMONS OBSERVATORY collaboration, The Simons Observatory: Science goals and forecasts,
JCAP 02 (2019) 056 [arXiv:1808.07445] [iNSPIRE].

K. Freese, J.A. Frieman and A.V. Olinto, Natural inflation with pseudo-Nambu-Goldstone
bosons, Phys. Rev. Lett. 65 (1990) 3233 [INSPIRE].

F.C. Adams, J.R. Bond, K. Freese, J.A. Frieman and A.V. Olinto, Natural inflation: Particle
physics models, power law spectra for large scale structure and constraints from COBE, Phys.
Rev. D 47 (1993) 426 [hep-ph/9207245] [INSPIRE].

C. Savage, K. Freese and W.H. Kinney, Natural Inflation: Status after WMAP 3-year data,
Phys. Rev. D 74 (2006) 123511 [hep-ph/0609144] INSPIRE].

A. Berera, Warm inflation, Phys. Rev. Lett. 75 (1995) 3218 [astro-ph/9509049] [INSPIRE].
L. Visinelli, Natural Warm Inflation, JCAP 09 (2011) 013 [arXiv:1107.3523] [INSPIRE].

L. Visinelli, Cosmological perturbations for an inflaton field coupled to radiation, JCAP 01
(2015) 005 [arXiv:1410.1187] [INSPIRE].

L. Visinelli, Observational Constraints on Monomial Warm Inflation, JCAP 07 (2016) 054
[arXiv:1605.06449] INSPIRE].

—99 _


https://doi.org/10.1103/PhysRevLett.58.1799
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,58,1799%22
https://doi.org/10.1007/s10714-007-0599-8
https://arxiv.org/abs/0706.2991
https://inspirehep.net/search?p=find+EPRINT+arXiv:0706.2991
https://doi.org/10.1142/S0217732313501629
https://arxiv.org/abs/1401.0709
https://inspirehep.net/search?p=find+EPRINT+arXiv:1401.0709
https://doi.org/10.1103/PhysRevD.95.063017
https://doi.org/10.1103/PhysRevD.95.063017
https://arxiv.org/abs/1701.03118
https://inspirehep.net/search?p=find+EPRINT+arXiv:1701.03118
https://doi.org/10.1088/1475-7516/2018/11/051
https://arxiv.org/abs/1806.05927
https://inspirehep.net/search?p=find+EPRINT+arXiv:1806.05927
https://arxiv.org/abs/1807.06828
https://inspirehep.net/search?p=find+EPRINT+arXiv:1807.06828
https://doi.org/10.1007/s41114-017-0010-3
https://doi.org/10.1007/s41114-017-0010-3
https://arxiv.org/abs/1606.00180
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.00180
https://arxiv.org/abs/1311.2847
https://inspirehep.net/search?p=find+EPRINT+arXiv:1311.2847
https://doi.org/10.1088/1475-7516/2018/04/023
https://arxiv.org/abs/1704.04501
https://inspirehep.net/search?p=find+EPRINT+arXiv:1704.04501
https://doi.org/10.1088/1475-7516/2019/02/056
https://arxiv.org/abs/1808.07445
https://inspirehep.net/search?p=find+EPRINT+arXiv:1808.07445
https://doi.org/10.1103/PhysRevLett.65.3233
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,65,3233%22
https://doi.org/10.1103/PhysRevD.47.426
https://doi.org/10.1103/PhysRevD.47.426
https://arxiv.org/abs/hep-ph/9207245
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9207245
https://doi.org/10.1103/PhysRevD.74.123511
https://arxiv.org/abs/hep-ph/0609144
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0609144
https://doi.org/10.1103/PhysRevLett.75.3218
https://arxiv.org/abs/astro-ph/9509049
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9509049
https://doi.org/10.1088/1475-7516/2011/09/013
https://arxiv.org/abs/1107.3523
https://inspirehep.net/search?p=find+EPRINT+arXiv:1107.3523
https://doi.org/10.1088/1475-7516/2015/01/005
https://doi.org/10.1088/1475-7516/2015/01/005
https://arxiv.org/abs/1410.1187
https://inspirehep.net/search?p=find+EPRINT+arXiv:1410.1187
https://doi.org/10.1088/1475-7516/2016/07/054
https://arxiv.org/abs/1605.06449
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.06449

	Introduction
	Description of the model
	Decomposing the action
	Higgs inflation and the QCD axion

	Axion dark matter
	Present axion abundance
	Axion isocurvature fluctuations

	Connection to observables
	Conclusions

