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We present model-marginalized limits on mixed hot dark matter scenarios, which consider both thermal

neutrinos and thermal QCD axions. A novel aspect of our analyses is the inclusion of small-scale cosmic

microwave background (CMB) observations from the Atacama Cosmology Telescope (ACT) and the

South Pole Telescope (SPT), together with those from the Planck satellite and baryon acoustic oscillation
(BAO) data. After marginalizing over a number of well-motivated nonminimal background cosmologies,

the tightest 95Vo Confidential Level (CL) upper bound we obtain is 0.21 eV both for lm, and mu,from
the combination of ACT, Planck and BAO measurements. Restricting the analyses to the standard ACDM
picture, we find D*, .0.16 eV and mu < 0.18 eV, both at 95Vo CL Interestingly, the best background

cosmology is never found within the minimal ACDM plus hot relics, regardless of the datasets exploited in

the analyses. The combination of Planck with either BAO, SPT or ACT prefers a universe with a nonzero

value of the running in the primordial power spectrum with strong evidence. Small-scale CMB probes, both

alone and combined with BAO, either prefer', with substantial evidence, nonflat universes (as in the case of
SPT) or a model with a time varying dark energy component (as in the case of ACT).

DOI: 10. I 1O3/PhysRevD. 107. 103528

I. INTRODUCTION

The PecceiQuinn (PQ) mechanism [1,2] represents the
most elegant solution to the strong CP problem in quantum
chromodynamics [3-5]. The key ingredient consists of a

new dynamical pseudoscalar field-the qxion 16,71-
which is driven towards its minimal energy configuration
by the QCD dynamics, restoring the CP invariance of
strong interactions [8].

The implications of a cosmic axion background crucially
depend on the underlying production mechanism [9]. If
axions are produced via nonthermal channels, (e.g. by
the vacuum realignment mechanism t10-161 and/or by
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topological defects decay 117-22,22-241) they should be
considered natural cold dark matter candidates tl0-121.

Conversely, a thermal population of axions produced by
scattering and decays of particles can provide additional
radiation energy-density contributing to the hot dark matter
component of the Universe, similarly to massive neutrinos.
Notice also that, while the axion cold dark matter density is
a decreasing function of the mass, the axion couplings are

proportional to the mass itself. In order to have a significant
thermal population, axions must represent a subdominant
component of the total cold dark matter abundance and
these two scenarios can be analyzed separately.

In this work we shall focus on the thermal axion
mass limits from cosmology. A mandatory first step is
the calculation of the axion relic abundance.

While most of the cosmological analyses carried out in
the literature t25-351 have been based on chiral perturba-

tion theory, in Ref. t36l it was pointed out that this
approach can be safely extended only up to a temperature
T S 60 MeV (see also Refs. [37,38]), since the perturbative
scheme breaks down. A practical solution to settle this issue
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employs an interpolation of the thermalization rate to cover
the gap between the highest safe temperature reachable by
chiral perturbation theory and the regime above the con-
finement scale, where the axion production rate is instead
dominated by the axion-gluon scattering [39,40]. Improved
cosmological bounds [41] have been derived for two
traditional benchmark models of QCD axion interactions;
namely, the KSVZ 142,431and the DFSZ one [44,45] (see

also Ref. [46]).'As discussed in the same Ref. [41], the

choice between KSVZ and DFSZ axion interaction scenar-

ios does not result in a significant difference in the
cosmological constraint on the axion mass, so that the
current 95Vo CL upper limits obtained in mixed hot dark
matter scenarios in which massive neutrino species are also
considered ate ma 5 0.2 eV and I m, f 0.15 eV [41],
using the most recent cosmic microwave background
(CMB) data released by the Planck satellite [51-54], the

astrophysical observations of primordial light elements
forged during the big bang nucleosynthesis (BBN)
epoch [52,55-57], and the large scale structure information
of the Universe in the form of baryon acoustic oscillation
(BAO) measurements [58-60], see also the recent t61,621.

However, these limits have been obtained under two
standardized assumptions in cosmological parameter analy-
ses. Namely, (1) that the underlying model describing our
universe is the minimal flat ACDM, and, (2) restricting CMB
measurements to those from the Planck satellite observa-
tions. Concerning the first assumption, one should realize
that a number of several intriguing tensions and anomalies
have emerged at different statistical levels [63-66], ques-

tioning the validity of the canonical flat ACDM picture. A
small curvature component, or a more general dark energy
fluid, are some examples of very promising scenarios that
should be carefully explored. From what regards the second
assumption, analyses should also include the recent small-
scale measurements of the CMB angular power spectra

released by the Atacama Cosmology Telescope t67,681
(ACT) and the South Pole Telescope t69,701 (SPT) collab-
orations. It is therefore clear that the role of parametrizations,
priors and models may lead to different constraints on the
cosmological neutrino and axion masses.

Quantifying the impact resulting from the parametiza-
tion adopted for the cosmological model Ul,72l and also
from including independent CMB observations [73,74] is
the main goal of the present study, where, focusing
exclusively on the KSVZ axion model, we derive new
model-marginalized limits on hot dark matter scenarios
involving axions and massive neutrinos.

The paper is organized as follows: in Sec. II we explain our
statistical, computational and data analysis methods, in

lAlthough the KSVZ and DFSZ axion models are widely
recognized as the most popular benchmark models [47,48], it is
worth considering numerous altemative models as well. Recent
developments in this area can be found in Refs. [49,50]. For a

comprehensive review of these models, we refer to Ref. [9.|.

Sec. III we present the bounds on the hot dark matter masses

in the different cosmological scenarios, together with the

model-marginalized limits. We conclude in Sec. IV.

II. METHODOLOGY

A. Bayesian statistics

The first aim of this study is to test how the results

change when an extended cosmological model is consid-
ered as the underlying theory, instead of the simple ACDM
scenario. In order to do that, we proceed by performing a

marginalization over a number of different models.'
Given a set of models (M), in order to compute the

model-marginalized posterior, one starts defining the pos-

terior probabilities, p;, of the model Mi over all the
possible models:

o,::E+, (1)' D,'ttt'
where n; and Zi indicate the prior probability and the
Bayesian evidence of model Mi.The model-marginalized
posterior p(9ld) for a set of parameters d, given some data

d, reads as

p(7ld) =l r(eld,M,)p,, (z)

where p(9ld,M) is the parameter posterior within the
model M;.If all models have the same prior and using the

Bayes factors Bio : Z,lZs with respect to the favored
model M6, the model-marginalized posterior is

p(old) -Dp(W'Jvt')n'0. (3)
DiBio

Notice that if the Bayes factors are large in favor of
the simplest and usually preferred model, extensions of
the minimal picture will not contribute significantly to the
model-marginalized posterior. In order to perform Bayesian
model comparison using the Bayes factors and evaluate the
strength of preference in favor of the best model, we follow
a modified version of the Jeffreys' scale3 extracted from
Rei. [76], see Table L

At the time of determining neutrino mass bounds, since
the likelihood cannot put lower limits on the neutrino
masses, the prior range and shape can play a significant

2We would like to emphasize that our approach is to let the data
determine whether a model is favored or disfavored, without
introducing any preexisting knowledge, based on both theoretical
arguments or different observations, which could bias the results.
This is to respect the principle that the theory should be informed
by the data and not the other way around, and therefore we
co4sider our approach to be both fair and conservative.

'Notice that our empirical scale, summarized in Table I,
deviates from the scale defined in the original Jeffreys' work [75].
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<0.1
1

2.5
5

TABLE L Modified Jeffreys' empirical scale to establish the

strength of evidence when comparing two competing models'

lln 86l Odds Probability Strength of evidence

where now the evidences Zi,t, are computed within a

specific model and n(Mi) is the model prior. In order to

write R(x1 ,x2ld) using the parameter prior and posterior,

the simplest assumption is to consider the same pior r(x)
within all the models. In such a case, Eq. (7) becomes

R(x1,x2lct) : P\xtl!.).1;r\xt)., (8)"t p(x2ld)l{x)'

where p(xld) is the model-marginalized posterior in Eq. (2).

B. Axion modeling

We address the effects induced by a relic population of
thermal axions by employing a modified version of the

Boltzmann integrator code celras [81,82]. The code has

been modified to accommodate the effscts of QCD axions

on cosmological scales only in terms of the axion mass

which we employ as an additional cosmological parameter

in our analysis, see Ref. [41] for a detailed calculation. We

vary the axion mass in the range between 0.01 and 10 eV
and focus exclusively on the KSVZ model of axion-hadron
interactions.

As long as the axion remains relativistic (To>> m^), it
behaves as radiation in the early Universe and its cosmo-

logical effects are those produced via their contdbution to

the effective number of neutrino species N"6. As detailed in

Ref. [41], such a contribution is precisely evaluated by
solving the Boltzmann equation for the axion number

density in the early Universe. Indeed, very light axions

Qnuf,O.l eV) are still relativistic at recombination and

thus modify the CMB angular power spectrum via

N4i. While such corrections are typically very small
(AN"n - 0.03), they are relevant for the next generation

of CMB experiments [83]. On the other hand, heavier

axions with masses larger than 0.1 eV are highly non-

relativistic at the recombination epoch. In this case, their
impact on the CMB angular power spectra is both direct
(through their impact on the early integrated Sachs-Wolfe

effect, similarly to massive neutrinos) and indirect (by

modifying the primordial helium abundance during the

BBN). In this regard, it is worth stressing that the axion
starts behaving as cold dark matter much earlier than

massive neutrinos, leading to a significant impact on

structure formation. This feature not only allows to dis-

tinguish massive neutrinos from massive axions through
their effect on structure formation but it also allows to set

stringent constraints on the axion mass exploiting large

scale structure data, as well. Nonetheless, when the two
species have similar masses, the evolution of their energy

densities prevents to reach constraints on their masses

lower than -0.1 eV, see also Refs. [41,84]. Allowing for a

prior on the axion mass spanning 3 orders of magnitude we

can properly take into account all these effects of light and

heavy axions on the CMB anisotropies, see Table II.

53: I
-3:1
-12:l
-150: I

<0.750
0.750
0.923
0.993

Inconclusive
Weak

Moderate
Strong

role, as discussed for example in 171,77-191. In order to

avoid the dependency on prior in determining credible
intervals, another possibility is to adopt the method of
Ref. [80]. Given some model M which contains a parameter

r (for instance, the axion or the neutrino mass), the relative
belief updating ratio R(x1, x2ld,M) is defined as

z*,,,
R(q, x2ld, M) = #LM

(4)

Zfu l*. dryn(ylM)Lu\,v), (s)

where rg represents all the parameters in model M except x,
which can vary in a parameter space C)r, n(VlM) is their
prior (notice that the x prior is not included here) and .C is the

likelihood.
From Eq. (4), we easily understand that the relative

belief updating ratio does not represent a probability, as

it is the ratio of two evidences. Importantly, the function
R(x1,x2ld,M) is completely prior independent. Using the

Bayes theorem, it is possible to obtain a different expres-

sion for the former function:

whereZ\n is defined as the Bayesian evidence of model M
but fixing r to a specific value4:

R(x',x2ld,M):##H#ffi

l,flrn'r r(Mi)
R(x1, x2ld) : 1!--!!-. _\--t,..zt_., 

Dfif,a,r(M1),

(6)

where r(xlM) is the unidimensional prior on ,r. This
formulation is extremely useful in Monte Carlo Markov
chain (MCMC) runs where one can calculate these func-
tions directly from the run chains. The definition of
R(x1,x2ld) can be easily extended to perform a model
marginalization:

(7)

aWe 
also assume that the prior on * is independent on the other

parameters and vice versa.
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C. Cosmological model parametrization

As pointed out in the Introduction, a key point in our
analysis is to derive robust bounds on the hot dark matter
sector marginalizing over a plethora of possible back-
ground cosmologies. Therefore, along with the six
ACDM parameters (the amplitude A, and the spectral

index n" of scalar permrbations, the baryon {t6h2 and

the cold dark matter {2,h2 energy densities, the angular size

of the sound horizon at recombination dMs and the

reionization optical depth, c), we also include the sum of
neutrino masses lm, and the axion mass t??a. We then
explore several extensions of this minimal model, enlarging
the parameter space including one or more parameters,

such as a running of the scalar index (ar), a curvature
component (Clp), and the dark energy equation of state

parameters (ws and wo) (see Table II for the priors adopted

in the cosmological parameters).
(i) The running of scalar spectral index,a,.-In simple

inflationary models, the running of the spectral
index is a second order perturbation and it is

typically very small. However, specific models

can produce a large running over a range of scale

accessible to CMB experiments. Indeed, a nonzero

value of a, alleviates the -2.7o discrepancy in the

value of the scalar spectral index n, measured by
Planck (n, : 0.9649 + 0.0044) t85,861 and by
the Atacama Cosmology Telescope (ACT) (n. :
1.008 + 0.015) [68], see Refs. [73,74,87].

(11) Curvature density, C);.-Recent data analyses of the

CMB temperature and polarization spectra from
Planck 2018 team exploiting the baseline P/ik
likelihood suggest that our Universe could have a

closed geometry at more than 3 standard devia-
tions [85,88-90]. These hints mostly arise from TT
observations, which would otherwise show a lensing
excess [9]-93]. In addition, analyses exploiting the

Camspec TT likelihood 194,951point to a closed
geometry of the Universe with a significance above

99Vo CL. Furthermore, an indication for a closed

TABLE II. List of uniform prior distributions for cosmological
parameters.

Parameter Prior

universe is also present in the BAO data, using

effective field theories of a large scale structure [96]'
These recent findings strongly motivate to leave the

curvature of the Universe as a free parameter [97]
and obtain limits on the neutrino and axion masses in
this context.

(n1) Dynanical dark energy equation of stata-Cosmo-
logical neutrino and axion mass bounds become

weaker if the dark energy equation of state is taken

as a free parameter. Even if current data fits well with
the assumption of a cosmological constant within
the minimal ACDM scenario, the question of having
an equation of state parameter different from -l
remains certainly open. Along with constant dark
energy equation of state models, in this paper we
also consider the possibility of having a time-
varying w(a) described by the Chevalier-Polarski-
Linder (CPL) parametrization [98,99]:

w(a) : ws * (1 - a)wn, (9)

d\uh2

dtth,
crk
vr'g

wa
l00aMc
log(l0toAs)
ns

ds

lm, (eY)
mu @Y)

[0.005, 0.1]

[0.005, 0.1]

l-0.3,0.31
l-3,1l
l-3,21

[0.s, 10]

[2.91,3.9t]
[0.8, 1.2]

[-1,1]
[0.06, s]
t0.01, r0l

where a is the scale factor and is as : 1 at the

present time, w(eo) : w6 is the value of the equation
of state parameter today. Dark energy changes the

distance to the CMB consequently pushing it further
(closer) if w < -1 (w > -l) from us. This effect can

be balanced by having a larger matter density or,

equivalently, by having more massive hot relics,
leading to less sffingent bounds on both the neutrino
and axion masses. Accordingly, the mass bounds of
cosmological neutrinos and axions become weaker
if the dark energy equation of state is taken as a free
parameter.

D. Statistical analyses and likelihoods

In order to study the constraints achievable by current

CMB and large scale structure probes, we make use of the

publicly available code coeave [100]. The code explores
the posterior distributions of a given parameter space using

the Monte Carlo Markov chain (MCMC) sampler devel-
oped for cosMoMC [101] and tailored for parameter spaces

with speed hierarchy implementing the "fast dragging"
procedure developed in [102]. The prior distributions for
the parameters involved in our analysis are chosen to be

uniform along the range of variation (see Table II) with the

exception of the optical depth for which the prior distri-
bution is chosen accordingly to the CMB datasets as

discussed below. To perform model comparison, we com-
pute the Bayesian evidence of the different models and

estimate the Bayes factors through the publicly available
package McEvTDENCE,'properly modified to be compatible
with cosava.

t03528-4
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We verified in some selected cases that the Bayes

factors obtained with tvtcsvnENcE are similar to those

we obtained using rolvcHono [105,106], but much less

time consuming to obtain. We quantified the difference
between MCEVIDENCE and pot-vcgono results by means
of a set of dedicated simulations, for which we employed a

3D multimodal Gaussian likelihood to constrain a three-
parameter model as the simplest case, and compare it with
two different models with four parameters. The Bayesian
evidences obtained with vtcevroENcE are systematically
larger than those obtained with poLYCHoRD by a factor
of approximately e. When computing the logarithm of the
Bayes factors, the difference between McevDBNce and
poLycHoRD ranges between -0.5 and 0.2 in the cases under
consideration. Therefore, we estimate that the values of the
logarithms of the Bayes factors reported in the following
have an uncertainty of 0.5 with respect to the values that one
could have obtained with poLycHoRD, It is worth noting that
the estimation of Bayes factors, starting from the MCMC, is
weakly dependent on the chosen priors for cosmological
parameters so that adopting uniform priors on I m, and mo

may lead to differences in the resulting Bayesian evidences.
The impact of a uniform prior on ! m, has been extensively
discussed in literature, see e.9., Refs. [77,79,80,107-110].
Concerning the axion mass, in our analysis, we focus on the
cosmological thermal axion window and set a lower limit of
mnl0.0l eV in the prior. This range can be well explored
using both linear and logarithmic sampling methods, and we
checked that the choice ofprior does not significantly affect
the resulting limits or Bayesian evidences.

Concerning the cosmological and astrophysical obser-
vations, our baseline datasets and likelihoods include the
following:

(i) Planck 2018 temperature and polarization (TT TE
EE) likelihood, which also includes low multipole
data(f < 30) [51-53]. We refer to this combination
as "Planck 2018."

(ii) Planck 2018 temperature and polarization (TT TE
EE) likelihood up to multipole / : 650, to use in
combination with the alternative ground-based

small-scales CMB experiments. We refer to this
combination as "Planck650."

(iii) Planck 2018 lensing likelihood [54], reconstructed
from measurements of the power spectrum of the
lensing potential. We refer to this dataset as "lensing."

(iv) Atacama Cosmology Telescope DR4 temperature
and polarization (TT TE EE) likelihood, with a

Gaussian prior on the optical depth at reionization
r : 0.065 + 0.015, as done in f 1111. We refer to this
dataset combination as 'ACT."

(v) South Pole Telescope polarization (TE EE) mea-
surements SPL3G UOl combined with a Gaussian
prior on the optical depth at reionization z: 0.065 *
0.015. We refer to this dataset combination as
..SPT:3G.''

(vi) Baryon acoustic oscillation (BAO) measurements

extracted from data from the 6dFGS [58], SDSS
MGS t59l and BOSS DR12 [60] surveys. We refer
to this dataset combination as "BAO."

III. RESULTS

We start by discussing the limits in the mixed hot dark
matter scenario assuming the standard ACDM cosmology.
All the results for this case are provided in Appendix A,
Table V. The tightest constraints are obtained when
combining Planck650 temperature, polarization and lens-

ing measurements with ACT-CMB and BAO data: the

limits we get on the hot dark matter relic masses are ma <
0.18 and m, <0.16 eV, both at 95Vo CL, Adding ACT
CMB observations therefore considerably improves the

limit on hot relics, as with Planck plus BAO data alone

the 95Vo CL bounds are ma < 0.28 and m, < 0.16 eV, in
perfect agreement with the results for the KSVZ model of
Ref. [41] (see also the recent [61]). Concerning the

remaining cosmological parameters, notice that both
ACT and SPT observations (either alone or combined with
BAO) prefer n,=1, pointing to a Harrison-Zel'dovich
primordial power spectrum, as can also be noticed from
the left panel of Fig. I (see also Ref. [87]).

Enlarging the minimal ACDM picture with a curvature
component Qp only degrades mildly the limits on lm,
while the limit on m^remains unchanged. From the results
provided in Appendix A, Table VI, one can notice that the
most constraining bounds are ma < 0.18 and mr<0.20eY,
both at 95Vo CL for ACT plus Planck650 plus BAO
observations. The preference for n" - 1 from SPT and
ACT still persists; see the left panel of Fig. 1. Notice that all
CMB data prefer a value of Or < 0 with a significance
above the -2o level for most of the cases. When CMB
observations are combined with BAO measurements such a
preference is however diluted. This behavior is shown in
the bottom right panel of Fig. l.

Including a running (a,) of the scalar spectral index n'
the 95Vo CL bounds for the most powerful dataset combi-
nation (i.e. Planck650 plus ACT and BAO) are ma < 0.25

and m, < 0.17 eV, limiting the constraining power of
these observations within the minimal ACDM scenario.
Interestingly, the preferencefor n, - I from either SPTand/
or ACT is not as strong as in the previous two background
cosmologies (see the left panel of Fig. l) and it is instead

translated into a mild preference for a nonzero value of a" in
the case of SPT. However, ACT observations show a -5o
preference for a positive value of a", see the whisker plot in
the right panel ofFig. l, which corresponds to apreference
for a positive neutrino mass. All the results for this case are

provided in Appendix A, Table VII.
We now leave freedom in the dark sector of the back-

ground cosmology. We start by discussing the simplest dark
energy model with a constant dark energy equation of state

103s28-5
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ws. The result for this case is provided in Appendix A,
Table VIII. First of all, notice that all CMB measurements
prefer a phantom dark energy universe, that is, a universe in
which w0 < -1. The significance is larger than 2o when
considering Planck measurements, either alone or in
combination with other CMB datasets. The larger negative
value of ws is associated to a very large value of .F16, due to
their strong degeneracy. Indeed, it has been shown that a
phantomlike dark energy component can solve the current

tension between high-redshift estimates and local universe
measurements of the Hubble constant [112]. The addition
of BAO observations leads however the value of w6 very
close to its cosmological constant expectation of ws - -1
and the mean value of the Hubble constant is notably
reduced, Ho - 69 km/s/Mpc. The results for ws are

illustrated in the top right panel of Fig. 1. Concerning
the limits on the hot relic masses, we obtain nu < 0.18 eV
for the axion mass and f m, < 0.23 eV for the neutrino

t#
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0.150
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most to the model marginalization, that is, they have the best Bayesian evidences. Horizontal lines show the significance levels exp(-1)
and exp(-3). The upper (lower) panel refers to the ACT * Planck650 + BAO (SPT + Planck650 + BAO) data analyses. Vertical lines

indicate the value 0.1 eY conesponding to the approximate lower limits for lm,in the inverted ordering case.
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masses, both at 957o CL for the most powerful dataset

combination, which is, as in the previous background
cosmologies, the one exploiting Planck650 plus ACT plus
BAO observations. While the axion mass bound barely
changes from the standard ACDM case, the neutrino mass

limit is degraded to lm, <0.23 eV, due to the strong

degeneracy between the neutrino mass and the dark energy
equation of state: if ws is allowed to freely change including
also the phantom region, dl,n can take very high values and

also the neutrino mass can be much higher than in standard
cosmological backgrounds. Our next step is to consider
the widely exploited, two-parameter CPL parametrization
for the dark energy component, see Eq. (9). The results
for this model are summarized in Appendix A, Table IX.
The constraints for ws &re very similar to those previously
described, preferring all CMB observations values of
wo < -7 albeit with a mild significance. The corresponding
IIs value is also considerably larger than within the
ACDM scenario (with hot relics). However, in this case,

the addition of BAO data shifts the mean value of w6 to the

nonphantom region, with a very mild preference (-1.5o)
for ws > -1. Notice that CMB data alone is unable to
measure the time derivative of the dark energy equation
of state wo, providing only an upper bound on this
parameter. When BAO information is also considered
in the analyses, a mean value of w, - -l is preferred. The
mean value of the Hubble constant after the inclusion of
BAO observations is much closer to the value measured by
the Planck collaboration in a standard cosmology. The
results above for the dark energy parameters are illustrated
by means of the whisker plots for the ws and wo

parameters depicted in Fig. l. Concerning the hot relics,
notice that this background cosmology, having two extra
parameters largely degenerated with the neutrino masses,

leads to the least constraining hot relic mass bounds: the

most powerful combination sets 957o CL limits of mu <
0.20 eV for the axion mass and ! m, < 0.33 eV for the
total neutrino mass.
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TABLE III.
Appendix B

Negative logarithms of the Bayes factors with respect to the best model for different data combinations, see also

Model Planck tBAO ACT +BAO SPT +BAO ACT + Planck650 +BAO SPT + Planck650 +BAO

ACDM I mullm,
ACDMlmu*lm,*a"
ACDMlmullm,+dlp
wACDM * mullm,

6.73
0.00
5. l5
5.50
5.35

6.46
0.00
0.13
1.64
1.62

3.06
4.39
0.80
0.78
0.00

r.43
0.22
0.00
2.75
2.36

3.38
0.79
0.00
1.66
0.70

5.06
0.45
0.00
2.37
2.31

4.41

0.00
5.51
5.5s
7.29

0.25
6.35
1.84
0.26
0.00

4.71

0.00
7.38
5.37
5.68

5.29
0.00
0.82
1.82
1.51wgwnACDM l mul

TABLE IV. Marginalized upper bounds on mn and I m, in eV for different data combinations.

Parameter Planck +BAO ACT +BAO SPT +BAO ACT + Planck650 +BAO SPT * Planck650 +BAO

m, (eY) (68Vo)

m, (eY) (957o)

Dm, (eY) (68Vo)

l)m, (eY) (95Vo)

<0.18
<0.70
<0.16
<0.31

<0.14
<0.38
<0.12
<0.21

<0.71.
<1.62
<0.29
<0.55

<2.15
<4.06
<1..29

<2.59

<0.13
<0.64
<0.16
<0.33

<0.09
<0.21.
<0.12
<0.21

<1.01
<2.33
4.42
<2.79

<0.69
< 1.55
<0.29
<0.53

<0.20
<0.79
<0.17
<0.34

<0.14
<0.35
<0.13
<0.23

Table III presents the Bayes factors with respect to the

best model for each of the five possible background
cosmologies considered here and for the different data

combinations. Interestingly, the best background cosmol-
ogy is never found within the minimal ACDM plus two hot
dark matter relics,6 regardless of the dataset combinations.
The combination of Planck or Planck650 with either BAO,
SPT or ACT prefers a universe with a nonzero value of the

running in the primordial power spectrum with strong

evidence. Ground-based small-scale CMB probes, both
alone and combined with BAO, prefer either nonflat
universes, as in the case of SPT, or a model with a time
varying dark energy component, as in the case of ACT.
Such evidences are substantial when including BAO
measurements.

Figure 2 shows the model-marginalized relative belief
updating ratio R, Eq. (8), for both the axion mass ruu (eft)
and for the sum of the neutrino masses lm, (ight),
considering the extensions of the ACDM model consid-
ered and using ACT + Planck650 + BAO (SPT +
Planck650 + BAO) data. The horizontal lines show the

significance levels exp(-l) and exp(-3). The vertical lines

indicate the value 0.1 eV conesponding to the approximate
lower limits for ! m, in the invefied ordering case. The
quantity R is independent of the shape and normalization
of the prior and it is statistically equivalent to a Bayes factor
between a model where mu (mr) has been fixed to some
value and another model where m^: 0 (m, : 0). The red

curve shows the model-marginalized function R, from
which we derive the limits in Table IV. The black and

6It is important to note that, for all datasets, ACDM is tavored
over the baseline hot relic extension that is considered in this
work. This result is consistent with previous studies, such as

Ref. 1711, which discussed similar findings with regards to the
effects of relic neutrinos.

gray lines show the R function within each model,

where the darker lines are those that contribute most to
the model marginalization, that is, they have the best

Bayesian evidences. For instance, for the case of ACT+
Planck650 + BAO, the 95Vo CL marginalized limit is

0.21 eY for both ma and D*,.Those bounds are led

by the models which have the best Bayesian evidences,

which, for this particular data combination, are the

ACDM *mo*\rn,1-Cl1, and the ACDM lmui
D*r+os ones, see Table III, corresponding to the

95Vo CL upper bounds of m^ < 0.176, D^, .
0.205 eV and mu<0.248, D*,.0.172eY, respec-

tively. Instead, for the other data combination illustrated
in Fig. 2, that is, SPT * Planck650 + BAO, the 957o CL
marginalized limits are 0.35 eVand 0.23,for muandD*,,
respectively. Those bounds are led by the models which
have the best Bayesian evidences, which, for this particular

data combination, are the ACDM I mu*D*, + a, and
the ACDM I mu lD*, + C)7. orles, see Table III, corre-
sponding to the 95Vo CL upper bounds of mo < 0.308,

D*,.0.168 eV and mu < 0.356, D*, <0.224 eY,
respectively. Interestingly, the minimal ACDM cosmology
never provides the best Bayesian evidence, for any of these

two data combinations. Notice also that, while the ACT +
Planck650 + BAO data combination provides more power-

ful limits on ma than the SPT + Planck650 * BAO one,

these two datasets are equally powerful when constraining
the neutrino mass, as can be noticed from the results shown

in Table IV.
We conclude this sectionby summarizing ourresults in the

whiskerplots shown in Fig. 3, illustratingthe917o CL upper
bounds on the axion mass mu and on the total neutrino
mass I m, aisingfor different data combinations in each of
the five background cosmologies here. We also depict the

model-marginalized limits on these two quantities. For
the data combination Planck650 + ACT + BAO, the most

103528-8
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Planck
H Planck+BAO +BAO

ACT

ACTH

. SPT

l-r spT+BAO
ACT+Planck650
ACT+Planck650+BAO

SPT+Planck650
H SPT+Planck650+BAO

wowaCDM * mi +tmv

wcDM + mo +:mu

ACDM + m. +:mv + qs

ACDM + md +:mu + Ok

ncDM+ma+Imv

Model Marginallzed

100
m" [eV]

constraining bound for r??a is obtained within the ACDM *
mu -l D m, I dlp scenario (mu < 0.776 eY at 95Vo CL).
For the total neutrino mass, the tightest 95Vo CL upper
bound(zu < 0.163 eY at957o CL)isfoundintheACDM *
mu*Dmu canonical scheme. For the dataset SPT+
Planck650 + BAO, the tightest limits on the hot thermal
relic masses are those derived in the ACDM * m^ I
Dm, + os cosmological background, and correspond to
mu < 0.301 and I m, < 0.168 eV (both at95Vo CL).

IV. CONCLUSIONS

Axions provide the most elegant solution to the strong
CP problem in quantum chromodynamics. In the early
universe, axions can be produced via thermal or nonthermal
processes. Indeed, an axion population produced by scat-
tering and decays of particles can provide additional
radiation energy-density contributing to the hot dark matter
component of the Universe, similarly to massive neutrinos.
Therefore, it is certainly possible to set thermal axion mass

limits from cosmology. Previous works in the literature
have computed the current thermal axion population based

on chiral perturbation theory. However, these limits cannot

101 100

Irn, [eV]

10I

be extended to high temperatures in the early universe
because the underlying perturbation theory would no
longer be valid. A possible method to overcome this
problem makes use of an interpolation of the thermalization
rate in order to cover the gap between the highest safe

temperature reachable by chiral perturbation theory and the

regime above the confinement scale, where the axion
production rate is instead dominated by the axion-gluon
scattering [39,40].

Nevertheless, all previous axion mass bounds in the

literature assume the minimal flat ACDM and neglect the

other ground-based small-scale CMB measurements than

those of Planck satellite observations.
Here we relax the two above assumptions and present

novel model-marginalized limits on mixed hot dark matter
scenarios, which consider both thermal neutrinos and

thermal QCD axions. A new aspect of our analyses is

the inclusion of small-scale cosmic microwave background
(CMB) observations from the Atacama Cosmology
Telescope (ACT) and the South Pole Telescope (SFrI),

together with those from the Planck satellite and baryon
acoustic oscillation (BAO) data. The tightest 95Vo CL
marginalized limits are 0.21 eV for both lm, and mo,

t0-

FIG. 3. Whisker plot with the 95Vo CL upper bounds on the axion mass ,??a (left) and on the total neutrino mass ! m, (right) for
different data combinations. The darker (lighter) lines depict the CMB limits with (without) the addition of BAO measurements. The top

panels refer to constraints in each of the live possible background cosmologies explored here, while the lower panels show the model-

marginalized ones derived here; see the main text of the manuscript fbr details.
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from the combination of ACT, Planck650 and BAO
measurements. Restricting the analyses to the standard
ACDM picture extended with free neutrino and axion
masses, we find D*, < 0. 16 and ruo < 0.18 eV, both at
95Vo CL Interestingly, the best background cosmology is
never found within the minimal ACDM plus hot relics,
regardless of the datasets exploited in the analyses. The
combination of Planck or Planck 650 with either BAO, SPT
or ACT prefers a universe with a nonzero value of the
running in the primordial power spectrum with strong
evidence. Ground-based small-scale CMB probes, both
alone and combined with BAO, prefer either with sub-
stantial evidence for nonflat universes, as in the case of
SPT, or a model with a time varying dark energy compo-
nent, as in the case of ACT. If the existence of an axion
which may be thermally produced in the early universe
and neutrino masses will be independently confirmed by
other probes, upcoming cosmological observations may
strengthen the evidence against the minimal cosmological
framework, pointing to possible exciting new ingredients in
the theory.

The data and chains underlying this article will be shared
on reasonable request.
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APPENDIX A: TABLES

In this Appendix we provide the tables with all the
results for the cosmological parameters for all the models
discussed in our work:

Cosmological Model Results in
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APPENDTX B: BAYESIAN EVIDENCES AND BAYES FACTORS

In this Appendix, we provide a figure reporting the Bayesian evidences for each model and within each dataset

combination (Fig. 4), and a figure representing the Bayes factors listed in Table III (Fig. 5).
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FIG. 4. Bayesian evidences fbr each model and dataset combination.
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