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Abstract. We revisit the joint constraints in the mixed hot dark matter scenario in which
both thermally produced QCD axions and relic neutrinos are present. Upon recomputing the
cosmological axion abundance via recent advances in the literature, we improve the state-of-
the-art analyses and provide updated bounds on axion and neutrino masses. By avoiding
approximate methods, such as the instantaneous decoupling approximation, and limitations
due to the limited validity of the perturbative approach in QCD that forced to artificially
divide the constraints from the axion-pion and the axion-gluon production channels, we find
robust and self-consistent limits. We investigate the two most popular axion frameworks:
KSVZ and DFSZ. From Big Bang Nucleosynthesis (BBN) light element abundances data we
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find for the KSVZ axion ANeg < 0.31 and an axion mass bound m, < 0.53¢V (i.e., a bound
on the axion decay constant f, > 1.07 x 107 GeV) both at 95% CL. These BBN bounds are
improved to ANeg < 0.14 and m, < 0.16eV (f, > 3.56 x 10" GeV) if a prior on the baryon
energy density from Cosmic Microwave Background (CMB) data is assumed. When instead
considering cosmological observations from the CMB temperature, polarization and lensing
from the Planck satellite combined with large scale structure data we find AN.g < 0.23,
mg < 0.28eV (f, > 2.02 x 107 GeV) and Y. m, < 0.16eV at 95% CL. This corresponds
approximately to a factor of 5 improvement in the axion mass bound with respect to the
existing limits. Very similar results are obtained for the DFSZ axion. We also forecast
upcoming observations from future CMB and galaxy surveys, showing that they could reach
percent level errors for mg ~ 1eV.

Keywords: axions, cosmology of theories beyond the SM, cosmological neutrinos, neutrino
masses from cosmology
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1 Introduction

Light and elusive degrees of freedom are ubiquitous in theoretical frameworks aimed at solving
deficiencies of the standard model (SM) of particle physics. The feeble couplings and tiny
masses imply a potentially prominent role in the early Universe, and their presence at early
times can leave an imprint on cosmological observables. Some particle candidates for physics
beyond the SM, such as the one investigated in this work, are somewhat special since they
solve more than one problem.

Attempts to detect CP violation by strong interactions have not been successful so
far. From the theory point of view, the source of CP violation (or time-reversal violation
in agreement with the CPT theorem) in Quantum ChromoDynamics (QCD) is controlled
by a dimensionless parameter 6 that is expected to be of order one. The non-observation of
CP-violating electric dipole moments of nucleons puts the spectacular bound 6 < 10719 [1-3],
and understanding this severe inequality is at the heart of the so-called strong CP problem.

An elegant solution is the Peccei-Quinn (PQ) mechanism [4, 5] where the § parameter
is promoted to a dynamical pseudo-scalar field known as the azion [6, 7]. QCD dynamics
itself drives such a field toward the configuration of minimal energy that is CP conserving [8].
Remarkably, the QCD axion kills two birds with one stone since it provides a solution
to another serious SM drawback: the energy density stored in the field oscillations has a
redshift behavior with the Hubble expansion which is the same as the one for non-relativistic
matter [9-11]. Thus the QCD axion is one of the strongest motivated viable dark matter
candidates, and the production in the early Universe is of non-thermal origin [12-23].

Axions can be copiously produced in the early Universe also via scattering and decays
of particles belonging to the primordial bath [24-32]. Eventually, once the early Universe
gets cold enough and diluted, they propagate without any interaction along geodesics and



free-stream until the present time. Their presence may alter the Hubble expansion rate since
they contribute to the radiation energy density of the Universe as massive neutrinos do when
they are still relativistic. Eventually, they become non-relativistic and provide a hot and
sub-dominant dark matter component. The presence of such a cosmic axion background can
leave distinct and detectable imprints, and current cosmological data put bounds on the axion
mass and interactions [33-42]. Recent work [43] suggested strategies to detect this population
of axions even directly with terrestrial experiments but only for non-thermal production
mechanisms. Axion couplings are proportional to the mass of the axion itself, and thermal
production channels are efficient only if the axion mass is large enough. On the contrary, the
cold axion dark matter density is a decreasing function of the mass. As a result, we have a
significant thermal population only if cold axions provide a sub-dominant component to the
observed cosmic dark matter abundance.

In this work, we revisit the joint constraints on the QCD thermal axion and neutrino
masses and improve the state-of-the-art analysis [44]. First, we do not rely upon the in-
stantaneous decoupling approximation. This method assumes that thermal equilibrium is
achieved in the early Universe but this is not always true. Furthermore, the effective number
of bath degrees of freedom changes substantially below the weak scale, and the resulting
axion amount would be quite sensitive to the precise value of the decoupling temperature.
We overcome these limitation with the Boltzmann equation formalism that tracks the axion
population across the expansion history. The axion coupling to gluons, which is necessary
to solve the strong CP problem, constitues a serious challenge since such a perturbative
description breaks down once strong interactions confine. Historically, the axion production
rate was evaluated exclusively above [45-48] or below [49-53] the confinement scale, and
cosmological bounds were derived by considering axion-pion and axion-gluon scatterings
separately [44]. Refs. [54, 55] provided continuous results for the axion production rate.
In the high-temperature regime where perturbative QCD is trustworthy, a proper thermal
field theory treatment regulates the singular IR behavior due to the long-range interactions
mediated by gluons. At low temperatures, axions are produced via pion collisions. The two
results are connected via a smooth interpolation across the QCD crossover. We employ these
rates in our analysis, and the limits obtained here are more constraining than those previously
found in the literature.!

Section 2 describes the QCD axion scenarios explored here, whose thermal production
mechanism is detailed in section 3. The cosmological analyses start in section 4, which
include a detailed description of the numerical implementation. Section 5 presents our results,
derived using Big Bang Nucleosynthesis (BBN) and current cosmological measurements.
Forecasted analyses based in future Cosmic Microwave Background (CMB) and galaxy survey
observations will also be shown. We conclude in section 6.

2 QCD axion: mass and interactions

Every QCD axion model features a global Abelian U(1) symmetry, also known as PQ symmetry,
which is anomalous under strong interactions and spontaneously broken. The QCD axion
is the pseudo-Nambu-Goldstone-Boson (PNGB) that originates from such a breaking. The
color anomaly of the PQ symmetry is responsible for a tiny axion mass that has profound
cosmological consequences.

!The recent analysis in ref. [56] employed the rates provided by refs. [54, 55] to bound thermally-produced
axion-like particles.



Regardless of the specific microscopic realization, the color anomaly manifests itself at
low energy through the contact interactions of the axion field a with gluons

_ s B A Auu 1
Loc - fG G (2.1)

We define oy = g2/(47) the QCD fine structure constant, G the gluon field strength,

GAW = e“””(’G;‘U /2 its dual, and f, is known as the axion decay constant. Once we reach the
confinement scale, strong QCD dynamics generate a non-perturbative potential that leads to
the general expression for the axion mass [57-59]

(2.2)

1 12
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Other axion couplings are allowed but not mandatory. Anomalous interactions to
electroweak gauge bosons take a form similar to the one for gluons with different gauge
couplings and model-dependent Wilson coefficients. The axion can couple via derivative
interactions to SM fermions that we write schematically as follows

a0 —
Loy = ﬁ s (c}/f,w + c£/¢75) Y. (2.3)

The fields v and 1)’ do not necessarily belong to the same generation, and electroweak gauge
invariance relates vector and axial-vector couplings. The derivative coupling preserves the
shift symmetry a — a + const consistently with the PNGB nature of the axion.

The landscape of axion models is broad [60, 61]. We divide them into two main classes
according to the origin of the color anomaly: Kim-Shifman-Vainshtein-Zakharov (KSVZ) [62,
63] and Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) [64, 65] frameworks. The coupling to
gluons in eq. (2.1) and the consequent axion mass in eq. (2.2) are the same for both cases.
Interactions with electroweak gauge bosons and SM fermions in eq. (2.3) are different instead.

2.1 KSVZ axion

None of the SM fields carries a PQ charge in this case. New colored fermions are responsible
for the axion interaction with gluons. They get their mass from PQ breaking, and they have
to be heavier than the TeV range to satisfy the collider bounds on new colored particles.
For processes at energies below this mass, the new fermions can be integrated out and this
procedure generates the local operator in eq. (2.1). Anomalous couplings to electroweak gauge
bosons can be present depending on the gauge charges of these fermions, but their effect is
sub-dominant given the hierarchy among gauge coupling constants. Interactions with SM
fermions are absent.

We are interested in axion production at temperatures below the weak scale? so we employ
the low-energy description in eq. (2.1). Gluon scatterings are responsible for production above
the GeV scale until the epoch when quarks and gluons get confined into hadrons. Below
confinement, axion production is controlled by pion scatterings via the derivative interaction

C oua
£a7r7r7r = 2 j'u 24
A 24

*Ref. [55] provides the axion production rate across the intermediate mass threshold of the heavy PQ
charged fermions.




Here, fr ~ 93 MeV is the pion decay constant and we define the spin-one pion current
T = %7 orn™ + 70 otnT — 20t oAl (2.5)

The only model dependent coupling is the dimensionless Wilson coefficient c4rrr that in our
case results in
cBSVZ .12, (2.6)

aTmTT

2.2 DFSZ axion

There is no new fermion field in this case, and the color anomaly of the PQ symmetry is
generated by SM quarks that carry a non-vanishing PQ charge. The Higgs sector needs to
be extended with another weak doublet and this brings an additional intermediate scale in
the game: the mass of the heavy Higgs bosons. We work in the so-called decoupling limit,
which is motivated also by collider bounds, where such a mass is well-above the weak scale.
In particular, the heavy Higgs bosons mass is above the energies that we consider for axion
production.?

The local operator in eq. (2.1) arises once we account for the anomalous effects of all
SM quarks. Thus it is non-local above the weak scale since the top quark is the heaviest
PQ-charged and colored fermion. At intermediate scales, the contact interaction is present
with a scale-dependent anomaly coefficient accounting for the virtual effects of heavy quarks
that have been integrated out.

The presence of two Higgs doublets H, and H, introduces a new parameter relevant
to axion phenomenology: the ratio between their vacuum expectations values (vevs) v, and
vg. We follow the standard convention and parameterize this ratio as tan 8 = v, /vg. These
vevs generate fermion masses, and we consider a type-II two Higgs doublet model (2HDM).
Unlike the previous case, the axion couples to SM fermions since they carry a PQ charge. The
parameter tan 3 sets the relative interaction strength between different fermions. Thermal
axion production is possibly sensitive to the value of tan  since fermion scattering is an active
production source.

Axion production in this scenario is richer. Above confinement, we have scattering
processes caused by the interactions with SM fermions in eq. (2.3) besides quark and gluon
scatterings mediated by the operator in eq. (2.1). Below the confinement scale, axion
production via electron and muon scatterings is present in this case. Concerning pion
scatterings, axion production is controlled again by the interactions in eq. (2.4). However,
the additional axion couplings to SM quarks modify the effective dimensionless parameter
Carnr s follows

DFSZ _ KSvz _ Cos28

Ca7r7r7r - Ca7r7r7r 9 (27)

3 Thermal production

Scatterings are the only production channel available for the minimal KSVZ and DFSZ
frameworks due to the flavor-conserving axion interactions. If flavor-violating couplings are
allowed then decays also contribute [32]. Initially, axions may belong to the thermal bath if
during or after inflationary reheating there are efficient mechanisms to produce them. Even if
they are not present at the onset of the radiation domination epoch, they are produced by

3Ref. [55] provides the axion production rate across the intermediate mass threshold of the heavy
Higgs bosons.



thermal scatterings and their interaction strength could bring them to equilibrium. Whether
they thermalize or not, there will be a moment starting from which interactions are so rare
that axions just free-stream until the present time. Keeping track of this axion population
through the expansion history is the goal of this section. The output of this procedure is the
prediction of the number of axions in a comoving volume as a function of the axion mass,
and this is also the input for the cosmological analysis performed in the remaining part of
this work.

A quick method to estimate the axion relic density is via the instantaneous decoupling
approximation. Here, we assume that axions at some point reach thermal equilibrium, and
that they suddenly decouple when the bath had a temperature Tp identified by the relation

Tu(Tp) = H(Tp). (3.1)

The temperature dependent production rate I';(7") depends on the axion model and it
quantifies the number of production processes that happen per unit time. On the other side
of the equality, we have the Hubble expansion rate set by the Friedmann equation

N \//Tad N 7"'\/g*(T) T°
H(T) = V3Mp, 310 Mp (3:2)

with Mp = (87rG)*1/2 ~ 2.44 x 10'® GeV the reduced Planck’s mass. The last equality holds
for a radiation dominated Universe with a temperature dependent g, (7") relativistic effective
degrees of freedom. Axions just free-stream for temperatures below Tp and therefore their
comoving number density Y, = n,/s stays constant. Here, s is the entropy density of the
thermal bath which is conventionally parameterized as s = (272/45)gs(T)T? with gys(T) the
number of entropic degrees of freedom. The asymptotic axion comoving density results in

Y2 = Yo(T £ Tp) = - 08)

27T Gxs (TD)
with ¢(3) ~ 1.2 the Riemann zeta function. The asymptotic comoving density depends on
the decoupling temperature only through the factor g,s(7p) in the denominator. Axions
decoupling at later times are a more significant fraction of the thermal bath and therefore
their comoving density is larger.

Figure 1 shows the decoupling temperature obtained via eq. (3.1) as a function of the
axion mass (or, equivalently, as a function of the axion decay constant f, through the relation
in eq. (2.2)) for the KSVZ axion via the production rates of refs. [54, 55]. We use the g,(T)
and g.s(T") functions provided by ref. [66], and we check that the outcome of our cosmological
analysis is not sensitive to this specific choice.* For comparison, we reproduce also the
results of ref. [44] that estimated the axion relic abundance for the KSVZ axion within the
instantaneous decoupling approximation by separating two different regimes: gluon and pion
scatterings. This corresponds to the dashed lines in the figure. For axion-gluon scattering,
the decoupling temperature was significantly overestimated.

The pion rate employed by ref. [44] results from a standard calculation within chiral
perturbation theory and therefore is reliable. This is why the axion-pion dashed line agrees
well with the full KSVZ estimate of the decoupling temperature. On the contrary, the axion-
gluon dashed line is significantly far away from the correct KSVZ result. The production rate

(3.3)

4We checked that the mass bounds obtained is this work are the same that one would obtain with the
functions in refs. [67, 68].
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Figure 1. Decoupling temperature T as a function of the axion mass m, (lower horizontal axis) and
the axion decay constant f, (upper horizontal axis). Dashed lines corresponds to the values found by
ref. [44], the solid line corresponds to the KSVZ axion with a continuous result for the rate.

adopted by ref. [44] in the deconfined phase corresponds to a dimensional analysis estimate.
A proper rate evaluation that accounts for the running of the strong coupling constant
enhances the rate as we approach the QCD crossover, and therefore it reduces the decoupling
temperature. The net result is an underestimate of the axion relic density by previous studies,
and this is the reason why the cosmological mass bounds found in this analysis are stronger.
Therefore, we improve in this manuscript the results presented in ref. [44], which regardless if
there were derived relying in estimated rates, have pioneered cosmological axion constraints
and motivated studies as the one presented here.

The criterion in eq. (3.1) leads to a ballpark estimate of the decoupling epoch but it
is far from being rigorous. As it is manifest from eq. (3.3), the final axion abundance is
sensitive to the detailed value of the decoupling temperature only if g.s is changing around
the decoupling time. This is exactly the case for the axion parameter space investigated
in this work. Furthermore, the interaction rate can have a peculiar structure around the
decoupling temperature as in DFSZ theories where threshold effects around the mass of SM
heavy quarks enhances the axion coupling to gluons.®

SThis is analogous to integrating out a heavy PQ-charged and colored fermion in KSVZ theories as discussed
in detail by ref. [55].



We need to refine the axion relic density calculation in order to find solid cosmological
bounds on the axion mass. A proper tool to follow the axion number density n, in the early
Universe is the Boltzmann equation

d a a
Na | 3Hng = va (1 - :q) . (3.4)

Here, n3? is the axion equilibrium number density and +, accounts for axion number-changing
processes. The latter quantity is connected to the interaction rate I', introduced before via
the relation v, = ngdl',. We find it convenient to rewrite the Boltzmann equation in terms of
dimensionless quantities. We switch to the comoving density Y, already introduced before,
and we trade the time variable ¢ with the dimensionless combination = M /T. The overall
mass scale M is purely conventional and it can be chosen to make the numerical solution
easier. The Boltzmann equation reads

dY, __(1_1d10gg*3> Ya() (1_ Ya) (3.5)
dlogz 3 dlogxz ) H(x)s(x) Y. 1) ’

We solve this equation from an initial temperature at the TeV scale and we choose two
boundary conditions: axions initially in thermal equilibrium, and vanishing initial axion
population. As shown explicitly by refs. [54, 55], for the axion mass range studied here
(mg 2 0.1eV) the initial condition does not matter if we start the evolution above the weak
scale. We solve the Bolzmann equation numerically down to temperatures well below the
masses of particles participating in the production processes, and we find that the axion yield
reaches a constant value Y.

Figure 2 shows the final axion comoving density for both the KSVZ and the DFSZ cases,
and for the latter we choose two different values of tan 5. For comparison, we show again the
result of the previous analysis in ref. [44] for the couplings to gluons and pions. The actual
axion relic density is substantially larger than previously estimated. We also notice how the
value of tan 8 does not alter the resulting axion abundance significantly, and in what follows
we fix tan § = 3 for the DFSZ axion case.

Finally, we evaluate the axion contribution to the effective number of additional neutrino
species via the relation ANeg ~ 75.6 (Yaoo)4/ 3. this results from the axion number density
conversion into the correspondent energy density under the assumption that the phase-space
distribution is thermal. Such a procedure is justified by the analysis in ref. [55] where the
authors show how axions with mass in the range considered in this analysis always achieve
thermalization and then decouple eventually. Crucially, our Boltzmann equation methodology
fully captures the dynamics at the decoupling epoch and we are able to track the axion
population rigorously before, after, and during the freeze-out of interactions.

4 Cosmological analysis

As aforementioned in the introduction, QCD axions thermally produced in the early Universe
can leave distinctive signatures in different cosmological observables that we shall review in
what follows. We study the Universe at the times of BBN and recombination where the axions
are not in thermal equilibrium with the thermal bath anymore. For this reason, we cannot
use a single bath temperature T as done in the previous section but we need to distinguish
among the different temperatures for photons (7% ), neutrinos (7,,), and axions (7).
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Figure 2. Asymptotic axion yield Y,>° as a function of m, (lower horizontal axis) and f, (upper
horizontal axis). The right vertical axis identifies the correspondent values of ANeg and nq0 = 14(70)-
Solid lines are obtained via a Boltzmann equation solution. We show with dashed lines also the results
of ref. [44] for axion couplings to gluons and pions.

4.1 Thermal axion cosmology

As along as thermal axions remain relativistic particles (T, > m,), they behave as radiation
in the early Universe and their cosmological effects are those produced via their contribution
to the effective number of neutrino species Neg. We recall its definition via the energy density
of radiation as a function of the redshift z

2

7
Prad(2) = 30 2T¢(z) + ZNeﬁ‘T;l(Z) . (4.1)

Light relativistic axions will provide an additional contribution Ap.q(z) o T(z) that we
parameterize in terms of a correction ANegg = Neg — 3.044 to the effective number of neutrino
species with respect to the SM.% By means of the Boltzmann equation outlined in the previous
section, it is possible to evaluate this correction and retrace the effects of relativistic axions
through the different cosmological epochs.

Current limits on ANg arise primarily from observables at two epochs: (i) at the BBN
period, and, (7i) at the Recombination epoch.

BBN is a cornerstone of Hot Big Bang cosmology since it explains the formation of the
first light nuclei (heavier than the lightest isotope of hydrogen) by a solid understanding of
the nuclear interactions involved in the production of elements. It also provides a natural
laboratory to test extensions of the SM of elementary particles that involve additional

“We recall that the effective number of neutrino species in the SM is Ni¥' = 3.044, see ref. [69] and
references therein.



relativistic species. Indeed, additional contributions to AN.g will increase the expansion
rate H(z) by eq. (3.2) and lead to a higher freeze-out temperature of the weak interactions,
implying a higher fraction of primordial Helium and Deuterium (as well as a higher fraction
of other primordial elements). This makes BBN a powerful tool for constraining the total
amount of relativistic species and beyond the SM physics frameworks: given a concrete model,
we can solve numerically the set of differential equations that regulate the nuclear interactions
in the primordial plasma [70-73], compute the light element abundances and compare the
results to the values inferred by astrophysical and cosmological observations. Given current
uncertainties, the standard BBN predictions show a good agreement with direct measurements
of primordial abundances [74-77] limiting ANeg < 0.3 —0.4 at 95% CL. Notice also that BBN
is expected to start at temperatures of the order of 1 MeV (after the neutrino decoupling) and
end well before the recombination epoch. Therefore this bound can be safely applied to all
thermal axions that are relativistic in this range of temperatures and it is highly independent
of recombination processes. Conversely, the BBN predictions for the Helium abundance can
impact the CMB angular spectra because they can be used to estimate the baryon energy
density through a simple formula [78]

Oh? = (4.2)

1—0.007125 Y,PBN ( TevB >3
273.279 2.7255 K) O

Here, 19 = 10'%n;/ n, is the photon-baryon ratio today, Tcup is the CMB temperature at
the present time and YpBBN = 4ngpe/np is the Helium nucleon fraction defined as the ratio of
the 4-Helium to the baryon density one.”

Considering lower temperatures, additional dark radiation at recombination leads to
some characteristic signatures in the CMB temperature angular power spectrum, modifying
the damping tail and changing two important scales: the sound horizon and the Silk damping
scale [79, 80]. The final release of Planck 2018 temperature and polarization data constrains
ANyg < 0.4 at 95% CL [81], basically providing the same sensitivity on additional relativistic
relics as BBN constraints. However, in this case, axions must behave as relativistic particles
at recombination, i.e. mg < T,(z1Ls) (where zpg ~ 1100 is the redshift corresponding to the
last scattering surface). The temperature of a population of axion decoupled from the thermal
bath at Tp at recombination is given by

1/3
Ta(ZLS) ~ Trec X (g*(2TD)) s (43)

with Tiec ~ 0.3€V. Consequently only very light axions (m, < 0.1eV) are still relativistic
during this epoch.

When axions become non-relativistic they contribute to the total amount of (hot dark)
matter of the Universe. We quantify this contribution via the parameter €2, that, in the
non-relativistic regime, reads

N Mg Na
T 1.054-104eVem—3

Q, h? (4.4)

Non-relativistic axions leave signatures similar to massive neutrinos, suppressing structure
formation at scales smaller than their free-streaming length and leaving an imprint on the

"We will provide results in term of the Helium mass fraction defined as Yp = Yifes MHea/[Yiea MHea + (1 —
4 Yitea) mu1] with Yies = 1/4Y,PPN | mipes ~ 4.0026, and mu; ~ 1.0078.



CMB temperature anisotropies via the early integrated Sachs-Wolfe effect. Therefore we
expect the axion and total neutrino masses to be anti-correlated: increasing the axion mass
leads to a larger hot dark matter component so that the contributions from massive neutrinos
should be reduced to keep the total amount of hot dark matter consistent with the data.
This is one of the reasons why multi-messenger analysis of the axion and neutrino effects on
cosmological scales turned out to be a very promising tool for constraining their properties,
also with direct implications for current and future direct experiments. Hence in the following
analysis we study a realistic mixed hot dark matter scenario of axions and neutrinos taking
also into account a possible non-vanishing neutrino mass, as robustly established by oscillation
experiments [82, 83].

4.2 Numerical implementation

In order to fully address the different effects induced by a relic population of thermal axions,
we use a modified version of the latest version of the cosmological Boltzmann integrator
code CAMB [84, 85]. In particular, the code has been modified to describe the QCD axion
effects on cosmological scales only in terms of the axion mass that we include as an additional
cosmological parameter in our analyses. For each value of the axion mass, the numerical
calculation provides the axion contribution through various cosmological epochs, switching
between the relativistic and non-relativistic regime (figure 3). In what follows, we briefly
retrace the modifications in the code and how we implemented them.

The QCD axion mass window of interest for this analysis ranges from 0.1eV to 10eV.
Given current bounds on hot thermal relics (see e.g. ref. [44]), the axion is always relativistic
during the BBN, contributing as additional dark radiation and modifying the theoretical predic-
tions for the abundance of primordial elements. We make use of the code PARTHENOPE [73]
to quantify these effects. Starting from the input values of Neg, the neutron lifetime 7,, and
the baryon energy density Qh?, we evaluate the primordial light element abundances by
solving numerically a set of differential equations that regulate the nuclear interactions in the
primordial plasma after neutrino decoupling (7" = 1 MeV) until the end of BBN (7' ~ 10keV).
We include the BBN predictions in our analyses, following the same procedure adopted by
the Planck collaboration [86]: we fix the neutron lifetime to 7,, = 879.4 s, corresponding to
the latest value reported by the Particle Data Group (7, = 879.4 + 0.6 s) [87] and create an
interpolation grid varying Qyh% and ANeg within ANeg € [0; 3] and 2,h% € [0.0073;0.033],
respectively. In this way, for each value of the axion mass, we compute the corresponding
ANegt(mg) by solving the Boltzmann equation and the corresponding BBN predictions for all
the light elements, from H up to "Li.

Very light axions (m, ~ 0.1eV) are still relativistic at recombination and thus they
modify the CMB angular spectra always trough their effects in ANqg. Notice however that
the correction to the effective number of relativistic particles coming from the tiny mass
values aforementioned (m, ~ 0.1€V) is typically beyond the sensitivity of current CMB data,
while it can be relevant for future CMB stage-4 experiments [88].

Heavier axions, although relativistic during the BBN epoch, can be highly non-relativistic
at recombination. In this case, they impact the CMB angular power spectra both indirectly
(through their modification of the primordial Helium abundance during BBN) and directly (by
the early integrated Sachs-Wolfe effect, increasing the amount of hot dark matter, similarly
to massive neutrinos). We consider both effects. For the former one, a combined analysis of
CMB and BBN data strongly disfavors contributions larger than AN.g = 0.4 (at both epochs)
thus setting a robust upper limit on additional dark radiation in the early Universe. For the
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Figure 3. Energy density, normalized to the critical density, as a function of the scale factor for
photons, massive neutrinos, axions and cold dark matter. An axion mass m, = 1eV and a total
neutrino mass >, m, = 0.06 eV have been assumed (see the main text for details). The dashed vertical
line represents approximately the value of the scale factor at recombination.

latter case, we dynamically evolve the axion energy density €,(¢) during all the cosmological
evolution via the same procedure used for massive neutrinos and properly calculate the
late-time effects on the matter power spectrum and structure formation. As an explicit
example, figure 3 shows the energy density as a function of the scale factor for photons,
axions, neutrinos and cold dark matter (assuming m, = 1eV and > m, = 0.06eV). Both
neutrinos and axions behave as radiation at early times, and they become a sub-dominant
dark matter contribution once they turn non-relativistic. For the specific mass values chosen
to produce figure 3, one can also appreciate that the contribution to the energy density of
massive neutrinos and axions may differ significantly. In particular, axions with masses larger
than 0.1 eV become non-relativistic before the CMB time thus they start contributing to the
matter density earlier (than neutrinos) leading to a significant impact on structure formation.
As we shall see below, this feature will allow us to put stringent constraints on axion masses
using large scale structure data. When the two species has similar masses, the evolution of
their energy densities is preventing us to constrain axion masses that are smaller than the
current bounds on neutrino masses > m, < 0.2€V.

5 Results

5.1 Results from BBN

It is instructive to start studying the constraints on thermal QCD axions restricting the
analysis only to the BBN epoch. As explained in the previous section, the only effect of
the axion during BBN is its contribution to the radiation energy density of the Universe via
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ANqg. Independent astrophysical and cosmological measurements of primordial light element
abundances limit the amount of additional dark radiation and thus impose an upper bound
on the mass of the axion. Our baseline dataset for the BBN analyses consists of

« Two independent measurements of the primordial Helium mass fraction, Y, = 0.2449 +
0.0040 [89] and Y}, = 0.2446 £ 0.0029 [90].

A percent determination of the primordial Deuterium abundance D/H = (2.527+0.030)-
10=° based on six high precision and homogeneously analyzed D/H measurements
from [91].

« The value of the baryon energy density parameter ) h?> = 0.0224 4 0.0001 from the
final 2018 Planck data release of temperature and polarization CMB angular power
spectra [86].

We randomly sample N = 10° linearly distributed values of the axion mass in the range
mg € [0.1, 10] eV and of the baryon energy density in the range 2,h% € [0.020, 0.025]. For
each value of the axion mass, we compute the axion contribution to the effective number
of neutrino species ANgg(m,) by solving the Boltzmann equation. Given a set of points
(ANeg, Qh?), we compute the BBN predictions for the primordial light elements by means of
the publicly available code PARTHENOPE, following the procedure outlined in the previous
section. We therefore create a grid of points in the (A Neg, Q23h?) plane similar to those usually
obtained within the Monte Carlo methods. We then apply the priors on the BBN abundances,
re-weighting the contributions of the points by means of an “importance sampling” method.
As a result, we obtain informative posterior distributions for the parameters to be inferred by
observations such as the axion mass and AN.g. We apply this methodology to the KSVZ
and DFSZ axion models. Table 1 summarizes our results, figure 4 and figure 5 provide the
marginalized posterior distributions of parameters for the KSVZ and the DFSZ axion models,
respectively. For the latter model, we fix the additional free parameter 8 to two different
values, tan 8 = {3,10}.

As a common practice, we start adopting prior information on the total amount of
the primordial Helium Y}, and the baryon energy density €2 h?. We refer to this dataset as
“BBN-A (Y, + h?)”, which provides an upper limit on the additional dark radiation allowed
during BBN AN < 0.3 at 95% CL (AN.g < 0.4 at 99% CL), in perfect agreement with
previous results discussed in literature [44]. Notice also that this bound remains unchanged
for both models of axions, as expected. For the KSVZ scenario, this limit is translated into
an upper bound on the axion mass of m, < 0.6eV at 95%CL (m, < 3.6¢eV at 99%CL). The
axion contribution to ANeg is typically larger within the DFSZ model, and fixing tan 8 = 3
we obtain a slightly more constraining bound m, < 0.4eV at 95%CL (m, < 2.4€eV at 99%CL).
Performing the very same analysis with tan 8 = 10 the result does not change, proving
that differences between the two cases remain too small to be observed given the current
uncertainties, see also figure 5 and table 1. Finally, the constraints on the total amount of
primordial Deuterium are at the percent level D/H =~ 2.5475:9% . 107> (at 68% CL) for both
KSVZ and DFSZ models. Since in the analysis labeled here as BBN-A we are not assuming
any prior information on Deuterium, this result can be compared to direct astrophysical
measurements (D/H ~ 2.527 £ 0.030 - 10~°), showing a perfect agreement and providing a
robust consistency check.

Notice however that these results are derived assuming a prior knowledge of the baryon-
energy density as inferred by the Plank collaboration analyzing the last release of the CMB
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Constraints from BBN only

Parameter BBN-A BBN-B BBN-C
(Y, + Qp h?) (Y,+D/H) (Y, + D/H + Qyh?)

KSVZ Axion Model

Q2 0.0224075:00030  0.02251F000058  0.022413 £ 0.000088
Y, 0.2468270:99073  0.24681+3-99079 0246381000064
10° - (D/H) 2.54710-0%0 2.527 4 0.030 2.533 4 0.019

A Neg <0.31 (<040) <0.30 (< 0.40) < 0.14 (< 0.21)
mg [eV] < 0.61 (< 3.6) < 0.53 (< 3.0) < 0.16 (< 0.25)

£ [107GeV] > 0.934 (> 0.158) > 1.07(>0.19) > 3.56 (> 2.28)

DSFZ Axion Model (tan = 3)

Q,h? 0.02240 £ 0.00010  0.022497395052  0.022407 + 0.000089
Y, 0.2466873:999T5  0.2466519-00082 0.2462119-00045
10° - (D/H) 2.543700% 2.526 & 0.030 2.530 & 0.019
AN, <032 (<041) <030 (<041)  <0.14 (< 0.20)
mq [eV] <040 (< 2.4) < 0.33 (< 2.0) < 0.10 (< 0.15)
fa [107GeV]  >1.42(>0.23) > 1.73(> 0.28) > 5.7(> 3.8)

DSFZ Axion Model (tan 5 = 10)

Qph? 0.02240 4 0.00010  0.022497005052  0.022407 + 0.000089
Y, 0.2467175:50077  0.2466870-99086 0.2462270:00049
10°- (D/H) 2.54415:092 2.526 £ 0.030 2.530 =+ 0.020
ANg <033 (<042) <031(<041)  <0.14 (<0.21)
mg [eV] <040 (<25) <033 (<2.0) < 0.10 (< 0.15)
fa [107GeV]  >1.42(>023) > 1.73(>0.28) > 5.7(> 3.8)

Table 1. Results obtained from BBN primordial abundances. The constraints on Q,h?, Y, and
10° - (D/H) are given at 68%CL while the upper bounds on ANeg and m, are given both at 95% and
99% CL. The horizontal lines divide the fit parameters from the derived parameters.
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Figure 4. Two-dimensional 68% and 95% CL allowed regions and one-dimensional probability posterior
distributions for the most relevant cosmological parameters in axion cosmologies within the KSVZ
QCD axion scenario. The different colors refer to the different data combinations here considered for
BBN analyses, see table 1.

data. In order to remain completely independent on the physics at the recombination epoch,
we repeat the same analysis by relaxing the prior on Quh? and combining instead with
information on the total amount of both primordial Helium Y}, and Deuterium D/H from
direct astrophysical measurements. We refer to this dataset as “BBN-B(Y,, + D/H)". Also
in this case, we derive exactly the same limit ANeg < 0.3 at 95%CL (ANeg < 0.4 at 99%
CL) on additional dark radiation at the BBN epoch. However, the bound on the axion
mass slightly changes with respect to the case BBN-A because of the different correlations
among the parameters. In particular, assuming the prior on D/H breaks the strong positive
correlation between primordial Deuterium and the axion mass present in the previous case,
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Figure 5. As figure 4 but for the DFSZ QCD axion scenario. Since the results shown in table 1
demonstrate that the constraints in this axion cosmological scenario are almost independent of the 8
parameter, we only illustrate here the case tan § = 3.

see also figure 4 and figure 5. This leads to a small improvement in the axion mass limit:
me < 0.5eV at 95%CL (m, < 3.0eV at 99%CL) for the KSVZ axion, and m, < 0.3eV at
95%CL (m, < 2.0eV at 99%CL) for the DFSZ model (again with no differences between
tan 5 = 3 and tan 3 = 10). We are not imposing any prior information on the baryon
mass-energy density, which turns out to be Qyh? = 0.02251“8:888% both for the KSVZ and
DFSZ models. Since this bounds is derived only by assuming a prior knowledge of primordial
abundances of Helium and Deuterium, it is completely independent from the CMB and thus
can be compared with the value inferred by Planck collaboration (€2, h? = 0.0224 4 0.0001),
showing again a perfect agreement and providing another important consistency check of our
numerical analyses.
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Finally, for completeness, we combine all the three priors together, referring to this
dataset as “BBN-C(Y,, + D/H + € h?)”. This combination provides an improvement in the
constraining power on the different parameters, leading to the limit AN.g < 0.14 at 95% CL
(ANegg < 0.2 at 99% CL). This is a factor ~ 2 stronger than the bound from the previous
two datasets (BBN-A and BBN-B). Consequently, the limits on the axion mass are also
improved, obtaining in this case m, < 0.16eV at 95% CL (m, < 0.25¢eV at 99% CL) for the
KSVZ model and m, < 0.10eV at 95% CL (m, < 0.15€eV at 99% CL) for the DFSZ scenario.
While this improvement is of course interesting to be noticed, it is also worth stressing that
the combination of three different priors from the BBN perspective is not needed, as only
two input parameters (i.e., ANeg and € h?) are required to compute all the light element
abundances. Nevertheless, the additional constraints do not produce shifts or biases in the
results, and only reduce the uncertainties, see also figure 4 and figure 5, reassessing the
consistency among the data sets used here, which show no tensions, and further confirming
the robustness of our analyses.

5.2 Results from the full cosmological analyses

The previous results have shown that the axion contribution to the radiation energy density
is severely constrained during the BBN epoch both by direct astrophysical measurements of
primordial light abundances and by constraints on the baryon energy density, limiting the
allowed axion masses to the sub-eV range. Nevertheless the analyses carried out so far focused
exclusively on a precise cosmological era, ignoring the subsequent Universe evolution. We
shall perform in what follows a comprehensive analysis, addressing all the axion contributions
towards the different cosmological epochs/scales.

The fiducial cosmological model that we analyze is a hot-relic extension of the ACDM
model, including both axions and neutrinos as hot thermal massive relics. Therefore, in
addition to the ACDM six-parameter model (i.e., the baryon wy, = Qph? and cold dark matter
we = Qch? energy densities, the angular size of the horizon at the last scattering surface fyic,
the optical depth 7, the amplitude of primordial scalar perturbation log(10'°Ag) and the scalar
spectral index ng), we consider also the axion mass m, and the sum of three active neutrino
masses y_m, (both in eV). Concerning the QCD axion, we carry out two separate studies
for the KSVZ and DFSZ frameworks® and, in both cases, we perform Monte Carlo Markov
Chain (MCMC) analyses using the publicly available version of the COBAYA software [92]
and computing the theoretical model with the modified version of the cosmological Boltzmann
integrator code CAMB [84, 85] described in section 4.2. We choose flat prior-distributions
for all the above mentioned cosmological parameters (unless otherwise stated), varying them
uniformly in the conservative ranges listed in table 2. The convergence of the chains obtained
with this procedure is tested using the Gelman-Rubin criterion [93] and we choose as a
threshold for chain convergence R — 1 < 0.02. Finally, we explore the posteriors of our
parameter space using the sampler developed for CosmoMC [94, 95], see also ref. [96] for details
concerning the “fast dragging” procedure used in our sampling method.

Concerning observational constraints, our baseline data-set includes:

o Planck 2018 temperature and polarization (TT TE EE) likelihood, which also includes
low multipole data (¢ < 30) [81, 86, 97]. We refer to this combination as “Planck 2018

o Planck 2018 lensing likelihood [98], constructed from measurements of the power
spectrum of the lensing potential. We refer to this dataset as “lensing”.

8The previous BBN analyses have shown that changes in the 8 parameter are negligible. Therefore, in the
full MCMC analysis within the DFSZ scenario we shall fix tan 8 = 3.
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Parameter Prior
Oph? [0.005, 0.1]
Qch? [0.001, 0.99]
100 Oyic (0.5, 10]
T [0.01, 0.8]
log(10'° Ag) [1.61, 3.91]
s (0.8, 1.2]
>omy [eV] [0.06, 5]
Mg [eV] [0.1, 10]

Table 2. List of the parameter priors.

o Baryon Acoustic Oscillations (BAO) measurements extracted from data from the
6dFGS [99], SDSS MGS [100] and BOSS DR12 [101] surveys. We refer to this dataset
combination as “BAQO”.

In particular, combining the Planck (TT TE EE) spectra with the Planck lensing
measurement can be useful to gain some additional sensitivity on parameters that affect both
the late-time expansion and the background geometry while the inclusion of the large-scale
structure information from BAO measurements from galaxy surveys turns out to become
crucial to set bounds on the amount of dark matter in the form of hot relics, as axions and/or
neutrinos, as it is a powerful way to break degeneracy in the geometrical sector.

We summarize the constraints on the cosmological parameters (at 68% CL) and the
upper bounds on the axion and neutrino masses (both at 95% and 99% CL) in table 3 and
table 4 for the KSVZ and DFSZ model, respectively. We also show the corresponding 1D and
2D marginalized posteriors in figure 6 and in figure 7.

As concerns the KSV7Z axion model, exploiting the 2018 release of Planck temperature
and polarization (TT TE EE) data, we derive the upper bound m, < 1.04eV at 95% CL (m, <
1.86€V at 99% CL) on the axion mass and Y m, < 0.297¢eV at 95% CL (3> m, < 0.422¢V at
99% CL) on the sum of the neutrino masses. Notice that now the 95% CL bound on the axion
mass is much less constraining than those previously derived in section 5.1. Indeed, in this
case we have many more parameters and therefore way more degeneracies, especially for the
case of the neutrino mass and the cold dark matter energy density. Additionally, we include
here the BBN predictions in the MCMC analysis by relating €2, and Yp through equation (4.2)
and thus without including direct astrophysical measurements of primordial abundances.
While we obtain a slightly less constraining upper limit (even if perfectly consistent with the
previous bounds from BBN light element abundances) for the total amount of extra dark
radiation due to the axion contribution, A Neg < 0.349 at 95% CL, the CMB analyses are fully
consistent with both the standard BBN predictions and direct astrophysical measurements,
see also table 3 and figure 8 where we compare the values of Yp and D/H as inferred by the
different analysis and datasets. In particular, figure 8 clearly states the agreement from the
different data combinations considered along this study in the extraction of primordial element
abundances, reassessing the limits on the different cosmological parameters derived here.
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KSVZ Axion Model

Planck 2018

Planck 2018

Planck 2018

Parameter

(TT TE EE) + lensing +lensing+BAO
Qph? 0.02244 + 0.00017  0.02243 4 0.00015  0.02250 + 0.00015
O h? 0.12243:9918 0.122510:9018 0.120810001
100 Oy 1.04060T0-00038  1.04058 & 0.00036  1.04081 = 0.00032
T 0.0557 4+ 0.0079  0.0564 + 0.0076 0.0581710 5050
log(1010 Ag) 3.053 +0.017 3.05519918 3.05570 015
ng 0.9687 +0.0051  0.9681+0.0049  0.9703 + 0.0043
Mg [6V] <1.04 (< 1.86) <0.888 (< 1.67) < 0.282 (< 0.420)
S my [eV] < 0.297 (< 0.422) < 0.278 (< 0.381) < 0.156 (< 0.192)
fa [107 GeV] >0.55(>0.31)  >064(>034)  >2.02(> 1.35)
AN.g < 0.349 (< 0.378) < 0.340 (< 0.373) < 0.226 (< 0.275)
Yp 0.247461 000977 0.2474173:90074 0.2469370-35048
10°- (D/H) 2.55610-0%3 2.55810-029 2.531 +0.028
Hy [Km/s/Mpc] 67.0752, 66.97 52, 67.90 + 0.53
og 0.79075-9% 079379923 0.8052719-0099

Table 3. Results obtained for the KSVZ Axion Model. The constraints on parameters are given at
68%CL while the upper bounds are given both at 95% and at 99% CL. The horizontal line divides the
fit parameters of the cosmological model from the derived ones.

Interestingly, the 99% CL limits on the axion mass turn out to be more constrained
than the BBN 99% CL bounds, especially when including large scale structure observations.
This is due to the fact that the large masses allowed within the 99% CL contours during
BBN are now excluded by their late-time effects on structure formation (providing also
evidence about the importance of extending the analysis to all the different cosmological
epochs and scales).

As concerns the other datasets considered in our analyses, we may appreciate that the
inclusion of CMB lensing measurements from the Planck satellite improve both the KSVZ
axion mass bound m, < 0.888¢eV at 95% CL (m, < 1.67eV at 99% CL) and the limit
on neutrinos >, m, < 0.278eV at 95% CL (}>m, < 0.381eV at 99% CL). However, as
aforementioned, the most significant improvement comes from the inclusion of BAO data.
QCD thermal axions and neutrinos are hot thermal relics with very large dispersion velocities,
erasing structure formation below their free streaming scale, directly related to their mass.
Therefore, none of these hot thermal species will contribute to structure formation at small
scales, being the suppression of the matter power spectrum in the linear regime proportional
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DSFZ Axion Model (tan = 3)

Planck 2018

Planck 2018

Planck 2018

Parameter

(TT TE EE) + lensing +lensing+BAO
Qph? 0.02243 4 0.00017  0.02244 + 0.00017  0.02250 + 0.00015
O h? 0.122373:9938 0.1224+3:9917 0.1208 0012
100 fpic 1.04061715-00032 1.0406115-00032  1.04081 + 0.00031
T 0.0554 = 0.0080 0.05661 00974 0.057610 005
log(1010Ag) 3.052 4+ 0.017 3.05570015 3.054 +0.015
ng 0.9685 4 0.0053  0.9682 + 0.0052 0.9702 06013
Mg [eV] <0.710 (< 1.81) < 0.697 (< 1.42) < 0.209 (< 0.293)
S my, [eV] <0.312(< 0.426) < 0.288(< 0.390) < 0.157 (< 0.193)
fa [107 GeV] >0.80(>0.31)  >082(>040)  >2.72(> 1.94)
AN < 0.358 (< 0.401) < 0.360 (< 0.392) < 0.243 (< 0.290)
Yp 0.24732F9:000T7 (24731000077 (),24689+0-00061
10° - (D/H) 2.55470:032 2.55470:095 2.531 +0.028
Hy [Km/s/Mpc] 67.0702, 67.0752 67.90 4+ 0.58

og 0.79275:027 0.79470-0% 0.805910 0071

Table 4. Results obtained for the DFSZ Axion Model (tan § = 3). The constraints on parameters are
given at 68%CL while the upper bounds are given both at 95% and at 99% CL. The horizontal line
divides the fit parameters of the cosmological model from the derived ones.

to the amount of dark matter in the form of hot relics. Consequently, the addition of BAO
observations leads to a robust upper limit of m, < 0.282eV at 95% CL (m, < 0.420€V at
99% CL) simultaneously improving the limit on the total neutrino mass to Y m, < 0.156eV
at 95% CL (3°m, < 0.192eV at 99% CL).

The same analyses for the DFSZ scenario leads to bounds similar to those obtained
for the KSVZ axion (as in the BBN case of the previous section). In particular, analyzing
the Planck (TT TE EE) data we obtain a more constraining bound on the axion mass with
respect to the KSVZ scenario, namely: m, < 0.710eV at 95% CL (m, < 1.81eV at 99%
CL). Including both lensing and BAO these limits are improved to m, < 0.209eV at 95%
CL (mgq < 0.293€V at 99% CL). Conversely, the limits on the total neutrino mass remain
basically unchanged.

Finally, we stress that the bounds on the axion mass obtained in this work are a factor
~ 5 better with respect to the results derived in ref. [44] exploiting the very same data-sets.
Indeed, in that case the analysis was performed for the axion-pion and the axion-gluon
couplings separately. For the former, it was only considered the parameter space where the
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Figure 6. Two-dimensional 68% and 95% CL allowed regions and one-dimensional probability
posterior distributions for the most relevant cosmological parameters in axion cosmologies within the
KSVZ QCD axion scenario. The different colors refer to the different data combinations considered for
MCMC analyses, see table 3.

chiral perturbation theory approach was reliable (i.e., to decoupling temperatures smaller
than 62 MeV). Here, we have overcome both problems smoothly extending the thermal axion
production across the QCD phase transition. Furthermore, we improve our predictions for the
amount of axions by solving the Boltzmann equation instead of relying upon the instantaneous
decoupling approximation.

5.3 A forecast for CMB-S4 and DESI

One of the key targets of the Stage-IV CMB experiment (CMB-54) is to increase the accuracy
on extra dark radiation by almost an order of magnitude, opening to the possibility of
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Figure 7. Two-dimensional 68% and 95% CL allowed regions and one-dimensional probability posterior
distributions for the most relevant cosmological parameters in axion cosmologies within the DFSZ
QCD axion scenario with tan 5 = 3. The different colors refer to the different data combinations
considered for MCMC analyses, see table 4.

robustly constraining the mass of thermal relics such as QCD axions [102]. In addition,
future observations of large scale structure will lead to highly accurate Baryon Acoustic
Oscillation (BAO) data and are expected to provide an enormous improvement on the neutrino
mass bound [103]. Here we conclude our analyses studying how these future experimental
efforts will improve the constraining power on hot relics discussed so far. In particular, we
simulate data for a CMB-S4-like [102] observatory and for a DESI-like [103, 104] BAO galaxy
survey. These two future probes are expected to provide scientific results in the next few years
and have been carefully designed to significantly improve the constraints on the neutrino
sector and other forms of dark radiation, see e.g. refs. [102, 103, 105, 106].
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Figure 8. Constraints on the primordial abundance of Helium-4 (Y}, left panel) and Deuterium
(D/H, right panel) derived within the different methods and data-set detailed in the manuscript. The
pink bands identify 68% C.L. from current astrophysical determinations of Y, [89] and D/H [91].

The fiducial cosmological model used to build the forecasted data is a hot-relic extension
of the ACDM model that assumes a non-vanishing axion mass (m, = 1€eV) and a non-vanishing
total neutrino mass > m, = 0.06 €V i.e. the minimum mass allowed by neutrino oscillation
data. We adopt the KSVZ model for governing the axion interactions. The other standard six
cosmological parameters are chosen to be in agreement wit the latest Planck 2018 constraints
for a ACDM scenario, namely, we adopt the following fiducial values: ngy = 0.965, w, = 0.0224,
we = 0.12, Hy = 67.4, 7 = 0.05, A, = 2.1 x 107Y. Notice that, within the KSVZ scenario,
values of the axion mass ~ 1€V, are still marginally consistent with the 95% CL limit derived
from the CMB data but they are strongly disfavored by large scale structure measurements
from BAQO. Therefore, one would expect to recover the value of axion mass assumed in our
fiducial model with an uncertainty o(m,) < 1€V, that will remark the sensitivity on the
axion mass from future cosmic probes.

In order to generate the forecasted data, we followed the same procedure detailed
in [88]: using the fiducial model introduced above, we compute the angular power spectra
of temperature C;‘FT, E and B polarization C’f E.BB and cross temperature-polarization C’ZE
anisotropies. Then, we consider an experimental noise for the temperature angular spectra of
the form [107]

Ne=w texp(f(£+1)6%/81n2), (5.1)

where 6 is the FWHM angular resolution and w™! is the experimental sensitivity in units of
pKarcmin. The polarization noise is derived assuming w,, ' = 2w~! (one detector measures
two polarization states). Here we fix § = 3’ and w = 1 uK arcmin. The simulated spectra are
then compared with theoretical ones using the a likelihood £ [107, 108]

—2In Loyp = sz(% + 1) faky <|g§’ +1In ;22: - 3) : (5.2)

where C' and C are the theoretical and simulated spectra with noise, respectively defined by
Cel = CITCFECP — (CFF) PP, (53)

Col = CFTEPECED — (CFF)" CpP, (54)
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while D is
D, = CITCFFCPB 4 of TCFFOPP + cITCFECPB
— CFE (CZE@BB +2CZ’ECEB) : (5.5)
The range of multipoles is assumed to be 5 < ¢ < 3000 and the sky coverage of the 40%
(fsky = 0.4). We do not include CMB lensing derived from trispectrum data.

For the future BAO dataset we instead consider the DESI experiment [104] and we
employ the volume average distance as a tracer for BAO?

U+ Z)ZDA(Z)QCZ> % ; (5.6)

Dy (z) = ( H0)

where D4 is the angular diameter distance and H(z) the Hubble parameter. Assuming the
very same fiducial model previously described, we compute the theoretical values of the ratio
Dy /rs for several redshifts in the range z = [0.15 — 1.85], where 75 is sound horizon at the
photon-baryon decoupling epoch. The uncertainties on Dy /ry are calculated propagating
those for D4/rs and H(z) reported in [103]. The simulated BAO data are compared to the
theoretical Dy /rs values through a multivariate Gaussian likelihood

—2InLgao =Y (n—)C  (n—p)", (5.7)

where p and fi are the vectors containing the simulated and theoretical values of Dy /rs at
different redshifts and C' their simulated covariance matrix.

Table 5 summarizes the results obtained from our forecasting methods for future CMB
and BAO experiments while figure 9 shows the 68% and 95% CL contour plots for the different
cosmological parameters. Using our forecasted data for future CMB-S4 observations, we
derive the 68% CL constraint m, = 1.13 + 0.11 eV, showing that future CMB measurements
will be able to reach a sensitivity on the axion mass o(m,) ~ 0.1eV; about one order of
magnitude better than current Planck data. On the other hand, the limit on the total
neutrino mass, y_ m, < 0.178 eV (3>-m, < 0.220eV at 99% CL), shows that when axions are
included in the picture as additional thermal species, the possibility to detect the expected
minimum neutrino mass of Y m, ~ 0.06 eV with future cosmic probes is no longer possible
and only upper bounds can be derived, as already pointed out in [88]. Combining together
the likelihood for CMB-S4 and DESI-like experiments we improve the constraint on the axion
mass to m, = 1.056f8:8§g eV, i.e. the expected sensitivity combining future CMB and BAO
probes is o(m,) ~ 0.08eV. Similarly, the bound on the total neutrino mass is improved
to >-m, < 0.118eV (3_m, < 0.144 eV at 99% CL), still below the accuracy needed for a
combined measurement of the axion mass together with a detection of a neutrino mass. Notice
however that we have explored a very conservative fiducial cosmology assuming the minimum
neutrino mass allowed by oscillation experiments (i.e. > m, = 0.06 eV): larger neutrino masses
could lead to smaller forecasted errors. Nevertheless the improvement in the measurement of
the axion parameters in the context of future cosmological probes is highly remarkable, as
can be noticed from a very quick comparison between table 5 and table 3 and table 4.

Tt would also be possible to forecast BAO data considering D /rs and H(z) as independent measurements,
allowing for stronger constraints. However some small tension (~ 1o) has been identified between the current
constraints from Da/rs and H(z) [109]. Therefore we follow the conservative approach of [110] and employ
the volume average distance for the BAO forecasts.
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Forecast ACDM +m, = 1leV

Parameter Fiducial Value CMB-S4 CMB-S4 + DESI
Q72 0.0224 0.022399 =+ 0.000035  0.022399 + 0.000034
Q.h? 0.12 0.12050 4 0.00059  0.11984 + 0.00031
Hy [Km/s/Mpc] 67.4 66.57T05% 67.16 + 0.22

T 0.05 0.050670:9924 0.051170:9021

log (109 Ag) 3.044 3.0484 £ 0.0047 3.0475 £ 0.0047
ng 0.965 0.9622 + 0.0021 0.9639 4 0.0017
Mg [eV] 1 1.1340.11 1.05610989

S my, [eV] 0.06 <0.178 (< 0.220) < 0.118 (< 0.144)
fa [107 GeV] 0.570 0.51970:040 0.54310 033
ANeg 0.347 0353510009 0.349710 005

Yp 0.250114 0.250135+9- 990079 0.250087+ 0390068
10°- (D/H) 2.6326 2.6350 = 0.0068 2.6338 4 0.0066
os 0.7323 0.719170-992 0.7255 + 0.0028

Table 5. Forecasted mean values, errors and upper bounds on the different cosmological parameters
rising from CMB-54 only and from CMB-S4 plus DESI. The forecasted errors on the parameters are
given at 68%CL, while the upper limits are given both at 95% and at 99% CL. The horizontal line
divides the fit parameters of the cosmological model from the derived ones.

6 Conclusions

The QCD axion is one of the strongest motivated particle for physics beyond the SM since
it solves the strong CP problem and it provides a viable dark matter candidate. From a
more general perspective, axion-like particles (ALPs) with properties similar to the QCD
axion arise naturally in top-down motivated frameworks such as string compactification [111].
Non-perturbative strong dynamics generates a non-vanishing axion mass, and when thermally
produced axions become non-relativistic they leave cosmological signatures that are very
similar to those originated by massive neutrinos. Therefore, constraints on axion properties
must be derived in cosmological models including also massive neutrino species.

Present constraints [44] on these hybrid hot dark matter scenarios rely upon approximate
methods that could bias the constraints. On the one hand, they are derived by employing
the instantaneous decoupling approximation and the resulting axion relic population is quite
sensitive to the precise value of the decoupling temperature; this is due to the significant
change in the effective number of the degrees of freedom of the thermal bath. The Boltzmann
equation formalism avoids this problem because is not necessary to assume that thermal
equilibrium is achieved in the early Universe, and it allows to track carefully the decoupling
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Figure 9. Two-dimensional 68% and 95% CL allowed regions and one-dimensional probability posterior
distributions for the most relevant cosmological parameters in axion cosmologies obtained from the
forecasting data and methods, see table 5.

epoch. On the other hand, a delicate input in the Boltzmann equation is the axion production
rate. Previous studies evaluated the cosmological axion mass bounds by considering the
axion-pion and axion-gluon scattering separately. We employ here the results provided by
refs. [54, 55] in which the production rate is continuous across the QCD crossover. By
means of the robust Boltzmann equation integration method, we revisit here the constraints
in a hydrid mixed hot dark matter scenario, in which both neutrinos and QCD axions
are present.

We retrace the entire cosmological history of relic axions. First, we track their number
density via a numerical solution of the Boltzmann equation and we evaluate their asymptotic
comoving number density. This quantity gets frozen when axions stop experiencing any
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interactions with the thermal bath, and this happens always well above the MeV scale. Thus
once we approach the first cosmological era that allows us to put meaningful constraints,
namely the BBN epoch, the number of axions in the comoving volume is a fixed quantity
that cannot change. We compare our predictions with observations probing the time of BBN
(light element abundances), the recombination era (CMB temperature and polarization), and
large scale structure (lensing and BAO).

For the axion mass range investigated here, axions are always relativistic at the time
of BBN. They provide an additional contribution to dark radiation that we parameterize in
terms of an effective number of additional neutrino species AN.g. Analyzing light element
abundances through BBN, we find the constraint AN.g < 0.3 at 95% CL. For the KSVZ
axion, we find the mass bound m, < 0.6eV (also at 95% CL). If a prior on the baryon
energy density from CMB is assumed, these bounds are further improved to AN.g < 0.14
and m, < 0.16 eV, respectively. Similar results are found for the DFSZ axion (see table 1 for
the complete set of BBN bounds).

When one considers later cosmological eras, axions may not be relativistic anymore
because they lose their kinetic energy as the Universe expands. The recombination temperature
is 0.3 eV, and therefore axions heavier than approximately this scale (see equation (4.3)) are
non-relativistic at the time of CMB formation. If this is the case, they do not contribute to dark
radiation at recombination but rather provide a sub-dominant hot dark matter component.
Furthermore, their non-vanishing mass is responsible for washing out cosmological structures
at small scales through free-streaming.

We employ cosmological observations from the CMB temperature, polarization and
lensing from the Planck satellite combined with large scale structure data. In our analysis,
we include the consequences of the axion presence at BBN. For the KSVZ axion, we find the
bounds ANeg < 0.23, m, < 0.28eV and > m, < 0.16¢eV (all at 95% CL). This corresponds
to a factor of ~ 5 improvement in the axion mass with respect to the existing limits [44].
For the DFSZ axion the bounds are even more constraining, as a consequence of the larger
production rate, and they explicitly read AN.g < 0.24, m, < 0.21eV and ) m, < 0.16eV
(all at 95% CL). The full set of bounds from cosmology are summarized in table 3 and table 4
for the KSVZ and DFSZ axions, respectively.

Following the same procedure used for current observational data, we perform a forecasted
analysis for upcoming cosmological and astrophysical surveys, targeting a CMB-S4-like
observatory and a DESI-like BAO galaxy survey. For this analysis we chose a fiducial ACDM
model with a non-vanishing axion and total neutrino mass, simulating constraints for the case
of CMB-54 alone and for CMB-S4+DESI. Our results show that future CMB observations
will be able to reach a sensitivity on the value of the axion mass around an order of magnitude
better than current constraints while the bounds on the total neutrino mass will be improved
by a factor of ~ 2. When combined with a DESI-like experiment, we found a ~ 20%
improvement in the constraints on the axion mass leading to o(m,) = 0.08 eV (for a fiducial
mg = 1eV), while the total neutrino mass bound is improved by slightly more than 30%.

Therefore, upcoming observations from future CMB and galaxy surveys could reach
percent level constraints on the value of the axion mass. We refrain however that the inclusion
of additional thermal species at early time significantly impacts the achievable bounds on the
total neutrino masses preventing a direct measurements if > m, < 0.1eV.

In concluding, while the future of the constraints on beyond the SM physics looks very
bright from the point of view of next generation CMB and BAO experiments, extremely
precise and carefully developed models of particle interactions in the early Universe are needed
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to keep theoretical modeling at pace with the improvements in accuracy that cosmological
and astrophysical observations will perform in the current decade.
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