ournal of Cosmology and Astroparticle Physics

An IOP and SISSA journal

Stellar cooling anomalies and variant
axion models

Ken’ichi Saikawa®! and Tsutomu T. Yanagida’‘

*Max-Planck-Institut fiir Physik (Werner-Heisenberg-Institut),
Fohringer Ring 6, D-80805 Miinchen, Germany
®T.D. Lee Institute and School of Physics and Astronomy,
Shanghai Jiao Tong University, Shanghai 200240, China
“Kavli Institute for the Physics and Mathematics of the Universe (Kavli IPMU),
UTIAS, WPI, The University of Tokyo, Kashiwa, Chiba 277-8568, Japan

E-mail: saikawa@mpp.mpg.de, tsutomu.tyanagida@ipmu.jp

Received July 29, 2019
Revised February 6, 2020
Accepted February 15, 2020
Published March 3, 2020

Abstract. A number of observations of stellar systems show a mild preference for anoma-
lously fast cooling compared with what predicted in the standard theory, which leads to a
speculation that there exists an additional energy loss mechanism originated from the emis-
sion of axions in stars. We revisit the global analysis of the stellar cooling anomalies by
adopting conservative assessments on several systematic uncertainties and find that the sig-
nificance of the cooling hints becomes weaker but still indicates a non-vanishing axion-electron
coupling at around 2.4 0. With the revised analysis results, we explore the possibility that
such excessive energy losses are interpreted in the framework of variant axion models, which
require two Higgs doublets and flavor-dependent Peccei-Quinn charge assignments. These
models resolve two fundamental issues faced in the traditional KSVZ/DFSZ models by pre-
dicting a sizable axion coupling to electrons required to explain the cooling anomalies and at
the same time providing a solution to the cosmological domain wall problem. We also find
that a specific structure of the axion couplings to electrons and nucleons slightly relaxes the
constraint from supernova 1987A and enlarges viable parameter regions compared with the
DFSZ models. It is shown that good global fits to the observational data are obtained for
axion mass ranges of 0.45meV < m, < 30meV, and that the predicted parameter regions
can be probed in the forthcoming helioscope searches.
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1 Introduction

Extreme environment realized in stars can be regarded as a good laboratory to test funda-
mental physics [1]. The consideration of stellar evolution particularly leads to quite strong
constraints on light weakly interacting particles. A leading example of such a low mass par-
ticle is the axion [2, 3], which is a Nambu-Goldstone boson emerging from the spontaneous
breaking of hypothetical global U(1) Peccei-Quinn (PQ) symmetry introduced to provide a
solution to the strong CP problem of quantum chromodynamics (QCD) [4]. If the scale of
the PQ symmetry breaking is sufficiently high, interactions of axions with ordinary matter
are quite weak. This fact implies that axions produced in the core of a star can easily escape
from the system, providing a new energy loss mechanism. Such an exotic energy loss can
affect the evolution of stars, which allows us to investigate the property of axions by using
the results from astrophysical observations.

Recently, it has been pointed out that observations of stars in several different evolu-
tionary stages show systematic trends to prefer excessive energy losses over the standard
cooling scenario, and that such cooling anomalies can be explained just by adding new cool-
ing channels due to axion emission [5-10]. Understanding such astrophysical phenomena is
not straightforward, of course, and the results should be taken carefully. However, at this
point we cannot discard the possibility of interpreting them as hints of the existence of ax-
ions. According to the analysis in ref. [10], there is a more than 3 o preference for the axion
interpretation.!

!The significance of the hints becomes weaker if we adopt a more conservative approach to include sys-
tematic uncertainties (see section 2.6).



The hints obtained from the stellar cooling anomalies can be used as a guide for next
generation axion search experiments [see e.g. ref. [11] for reviews|. In particular, the proposed
helioscope, International Axion Observatory (IAXO) [12, 13], will probe a broad parameter
space with improved sensitivities and have a potential to cover a large fraction of the region
motivated by the solution to the stellar cooling anomalies [14].

It should be noted that the preceding argument on the axion interpretation of the
stellar cooling anomalies might remain inadequate when we consider cosmological issues of
the axion models. It is known that the axion models suffer from a constraint from isocurvature
fluctuations in the cosmic microwave background [15, 16], which arises if the PQ symmetry
is broken before or during inflation and never restored afterwards. This constraint becomes
severe unless the inflationary energy scale is sufficiently low. For instance, if the scale of
the PQ symmetry breaking is of order ~ 10° GeV, which is preferred by the stellar cooling
hints [10], the Hubble scale during inflation must be lower than Hi,¢ < 10% GeV in order to
avoid large isocurvature fluctuations [17].2 A simple way to avoid this isocurvature constraint
is to assume that the PQ symmetry is broken after inflation. However, in this case domain
walls are created around the epoch of the QCD phase transition [21], leading to disastrous
consequences if they are stable [22]. This cosmological domain wall problem poses a serious
concern for the popular Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) models [23, 24|, which
provide good fits to the stellar cooling hints [10]. On the other hand, in the Kim-Shifman-
Vainshtein-Zakharov (KSVZ) models [25, 26], which are regarded as another well-motivated
class of axion models, the axion interaction with electrons is too small to explain the observed
data [10], though they can avoid the domain wall problem straightforwardly. This situation
is alleviated in a KSVZ-like axion/majoron model [27-29], but in this case a sufficiently large
radiative correction to the axion-electron coupling is required, which is likely to violate the
condition of perturbativity.

In this paper, we point out that both of the above astrophysical and cosmological issues
can be naturally addressed in the framework of variant axion models, which were proposed
first by Peccei, Wu and Yanagida [30] and by Krauss and Wilczek [31]. These models are
constructed based on two Higgs doublets and flavor-dependent PQ charge assignments for
the quark fields. Although the first version of the variant axion models was excluded as it
is “visible” like the original Weinberg-Wilczek model [2, 3] (i.e. the PQ scale is assumed to
be as low as the electroweak scale), it is possible to make it “invisible” [32, 33] by adding a
singlet complex scalar field such that the PQ scale becomes arbitrary high like all other viable
axion models.? The important feature of this framework is that we can arrange the model
such that it leads to a unique vacuum in the low energy effective theory, which evades the
domain wall problem [32]. Furthermore, it can make the axion-electron coupling naturally
large as it appears in the tree level, in a similar manner to the DFSZ framework. This
feature is contrasted to the axion/majoron model, where the electron coupling is induced
only radiatively.

2The isocurvature constraint also depends on the abundance of cold axions produced by the vacuum re-
alignment mechanism [18-20], and the limit Hint < 10° GeV corresponds to the case where the fraction of
the energy density of cold axions is about 1% of the total dark matter abundance. The constraint becomes
tighter if the axion fraction gets larger.

3Extensions of the variant axion models were proposed recently in e.g. refs. [34-37], which are characterized
by flavor-changing axion couplings. A potential problem for such models is that they generically suffer from
a severe constraint coming from the non-observation of rare decays K — 7" + a. We point out that in the
simplest framework of the variant axion models this constraint can be straightforwardly avoided if only one
of the up-type quarks has a nonzero PQ charge.



The remaining part of the paper is organized as follows. In section 2, we review the
observational results of cooling anomalies and previous attempts to interpret them in terms
of additional cooling channels induced by axions. The global fits to the astrophysical data
are revisited with slightly different assessments on the systematic uncertainties. In section 3,
we construct the variant axion models and derive axion couplings to the Standard Model
(SM) particles. In section 4, we show the results of global fits to the data of stellar cooling
anomalies, specifying the preferred parameter regions. We also compare these predictions
with the sensitivities of future helioscope searches such as TAXO. Section 5 is devoted to
discussion and conclusions. In appendix A, we summarize the method of the global analy-
sis. In appendix B, we describe the structure of the Higgs sector and Yukawa interactions
in the variant axion models in order to derive typical parameter ranges compatible with
requirements of perturbativity of Yukawa interactions.

2 Axions and stellar energy losses

Low mass weakly interacting particles such as axions can affect the time scale of the evolution
of stars, since they can escape from the system and take away a considerable amount of energy.
Since the existence of such exotic cooling channels changes various astrophysical observables,
we can constrain the properties of hypothetical particles by comparing the observational
results with the prediction of the standard cooling scenario [1]. Furthermore, results of some
recent analyses even show a mild preference for the existence of excessive energy losses. In
this section, we revisit the hints of excessive energy losses reported in previous literatures and
their possible interpretations in terms of axions. We take a different approach to deal with
several systematic uncertainties, shedding light on challenging aspects of the data analysis.

2.1 Horizontal and red giant branch stars in globular clusters

A strong indicator to measure the cooling rate of stars in different evolutionary stages is
provided by the observation of globular clusters. Globular clusters are gravitationally bound
systems composed of about 10° stars, which show a characteristic distribution in the color-
magnitude diagram according to a certain evolutionary phase. In particular, the ratio of the
number of stars in the horizontal branch (HB) to that of those in the red giant branch (RGB),
called the R-parameter, is used to estimate the relative time scale for different evolutionary
stages associated with these branches. The existence of axions can affect the value of the R-
parameter, since they can be efficiently produced via the Primakoff process v+ Ze — Ze+a
in the HB stars but not in the RGB stars, changing the relative amount of time spent on
two different branches. Hence the additional cooling due to the emission of axions in the HB
stars could be observed as a decrease in the value of R.

Based on the above argument, we can constrain the magnitude of the axion-photon
coupling gq~, which is given by
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where F),, is the electromagnetic (EM) field strength, Fr its dual, f, the axion decay
constant, « the fine structure constant, and C,, a dimensionless coefficient.
Axions can also interact with electrons through the following coupling,
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where C, is a dimensionless coefficient and m, the electron mass. In this case, axions can be
produced in the core of red giants through bremsstrahlung off electrons e+ Ze — Ze+e+a,
which cools the core and causes a delay of helium ignition. The delay of helium ignition leads
to a larger core mass, which affects the value of R-parameter. Therefore, the information on
the R can be used to probe not only the axion-photon coupling but also the axion-electron
coupling [8].

The prediction for the effect of the axion emission on the R-parameter is given by [8]

R™ = 7.33Y + 0.02 — 0.095+/21.86 + 21.08g19 — 1.616 M, — 0.067cvs, (2.3)

where g10 = gay X 10 GeV, ags = 10%° x g2, /4w, Y is the helium mass fraction in the
globular clusters, and

SM, = 0.024 M, <\/4m26 T (1.23)2 —1.23 - 0.921a3~675) (2.4)

is the shift of the core mass due to the the axion emission during the RGB phase [38, 39].

In ref. [40], observational value R° = 1.39 4 0.03 was obtained and compared to a
theoretical prediction to derive a bound on gq. This analysis was revised in ref. [8] by
adding the dependence on gqc in eq. (2.3). As the model depends not only on g4 and gee but
also on the helium mass fraction Y, the results of such analyses rely on the assumption about
the value of Y. The authors of ref. [40] preferred to use a value of Y = 0.2535+0.0036, which
corresponds to the weighted average for the helium abundance measured at different oxygen
abundance (O/H) estimated in ref. [41]. Note that this value is somewhat larger than the
primordial helium abundance Y},, which is obtained by extrapolating the observational results
to O/H — 0. As noted in ref. [40], such different assumptions on Y lead to different bounds
on the axion couplings. It was found that there is a mild preference for a non-vanishing value
of go when the average value Y = 0.2535+0.0036 is adopted, while such a hint is diminished
for the primordial value Y.

The claim of ref. [40] is that one should not use Y, extracted at zero metallicity but
the actual helium abundance in the globular clusters, since the chemical composition there
should be different from the primordial one. In this sense, the average value of Y can be
regarded as representative of the actual helium mass fraction in the globular clusters. In the
analysis performed in this paper, we follow this suggestion and adopt ¥ = 0.2535 £ 0.0036
in the global fits.

Equation (2.3) was derived in ref. [8] based on the analysis methods developed in
refs. [40, 42]. In these analyses, the stellar evolution models were computed via a 1D hydro-
static code FUNS [43], which was developed based on the FRANEC code [44]. In ref. [45],
behavior of the intermediate mass stars in the pre-asymptotic giant branch phase computed
by means of the FRANEC code was compared to other evolutionary codes, and it was found
that there is a 40-50% difference in the evaluation of the helium-burning lifetime between
different models. Although we cannot directly apply this estimate to the present case of the
FUNS code, it should be kept in mind that eq. (2.3) could be subject to a similar amount of
uncertainty.

The effect of stellar rotation is also a possible source of uncertainty in eq. (2.3). Rotation
could modify the structure of a star, which results in a change in its chemical composition.
The effect of rotation was studied in ref. [46] with a modified version of the FRANEC code. It
was shown that a nonzero rotation velocity leads to a shorter helium-burning lifetime, which



implies a smaller value of R. In the models considered in ref. [46], the variation of the helium-
burning lifetime due to the effect of rotation is about 3% in low metallicity environments. In
this paper, we include it as an additional systematic uncertainty of R when we perform the
global analysis.

2.2 Tip of the red giant branch

As mentioned in the previous subsection, the additional cooling due to the axion
bremsstrahlung off electrons can lead to a delay of helium ignition in the core of red gi-
ants. As a result, the core becomes more massive and brighter at helium ignition, and such
effects can be observed as a tip of the RGB (TRGB) in the color-magnitude diagram of a
globular cluster. This observable can be used to constrain the axion-electron coupling gge.

In refs. [38, 39], the color-magnitude diagram of the globular cluster M5 was studied,
and the observational value of M}’?RGB = —4.17 £ 0.13 mag for the TRGB brightness was
obtained. This value was compared to the theoretical prediction given by [39]

Mg = —4.03 — 0.25 (975 + 0.93)° — 0.96 — 0.17915 ) + 6 M} ppgp mag, (2.5)

where g13 = 10" X g4, and a shift (5M}7hTRGB = 0.039mag was introduced since the
ranges of systematic errors in M}?TRGB were not symmetric. A number of possible sources
of systematic uncertainties in the theoretical prediction M}%RGB were investigated and
summarized in ref. [38]. Among them, relatively important ones are the effect of mass
loss [+(0.022-0.035) mag], the equation of state (—0.0045 to 40.0242mag), the treat-
ment of convection (£0.056 mag), and the color transformations and bolometric corrections
[£(0.08 4 0.02¢13) mag].

As in the case of the R-parameter described in section 2.2, the stellar rotation may also
affect the results of M trap. However, we can assume that such an effect is negligible in this
case from the following reason. According to ref. [46], the variation of the core mass due to
the stellar rotation at the TRGB phase is just about 0.35% in low metallicity environments.
The analysis in ref. [39] indicates that a change in the core mass by 3% corresponds to the
error of AMy;Trg = £0.002mag, which is much smaller than other dominant sources of
uncertainties. Therefore, we expect that the stellar rotation would only have a minor effect
in the estimation of MI,TRGB~

In refs. [38, 39], all the systematic errors in M},}lFRGB were convolved to a Gaussian
statistical error, whose magnitude was estimated by adding them in quadrature. With this
estimate of the theoretical error, the comparison with the observational value gives a bound
|gae] < 4.3 x 10713 (95% CL) with a small hint that the agreement between observations
and theoretical predictions improves at a nonzero value of g,.. However, the validity of this
procedure of converting systematic uncertainties into statistical uncertainties is not obvious.
In the analyses performed in this paper, we take a different approach to deal with the error
in Mphrae:

2.3 White dwarf luminosity function

The hint for non-vanishing value of g,. was also pointed out in the context of the cooling
of white dwarfs (WDs). The cooling rate of WDs can be inferred from their luminosity
function (WDLF), which represents the number density of WDs per luminosity interval.
The dominant process of the axion emission is given by the bremsstrahlung off electrons,
which hastens the cooling of WDs. This additional cooling leads to some modifications



of the WDLF. The result of the analysis in ref. [47] shows that a non-vanishing value of
|gae| ~ 1.4 x 10713 is marginally preferred, although it excludes higher values of gq. and sets
a bound |gee| < 2.1 x 10713 (95% CL).

As noted in ref. [47], there are two obstacles that prevent us from drawing credible
conclusions from the analysis of the WDLF. One is the uncertainties in the stellar formation
rates (SFR). In ref. [47], theoretical WDLF curves were derived with an assumption of a
constant SFR, while possible time variations of the SFR can affect the estimation of the the-
oretical WDLF'. The other is magnitude-dependent selection effects (survey incompleteness),
which could distort the observed WDLF'.

In ref. [48], it was claimed that the shape of the bright part of the WDLF is almost
independent of the SFR and that its effect can be absorbed in the overall normalization. The
analysis performed in ref. [49] with the aim of the “inversion” from the WDLF to the SFR
(i.e. deriving the time dependence of the SFR from the observed WDLF') appears to confirm
this claim, as only a fainter part (Myo = 12) of the WDLF is sensitive to the SFR. Since
the bound on the axion-electron coupling was derived by only using the luminosity range
3 < My < 12.5 [47], we expect that the possible time variation in the SFR would have only
a minor effect in the shape of the WDLF of interest.

The more important and serious issue is the uncertainties due to survey incompleteness.
The data of the “observed” WDLF used in ref. [47] were constructed in ref. [50] by considering
two data sets obtained from different surveys: one is the WDLF determined by the Sloan
Digital Sky Survey (SDSS) [51, 52], and the other is that determined by the SuperCOSMOS
Sky Survey (SSS) [53]. It was found that these two WDLFs do not agree with each other
within their error bars. This inconsistency might be attributed to the incompleteness of the
SSS-WDLF, which could be not uniform at all magnitude bins, biasing its shape [50].

Understanding the origin of the discrepancy is challenging, and further independent
WDLFs are likely to be needed to deal with possible systematics. To compromise over this
issue, in ref. [50] two WDLFs are unified into an averaged WDLF, whose error bras are
estimated from differences between the SDSS-WDLF and the SSS-WDLF. This procedure
can be regarded as an intuitively reasonable guess for the systematic uncertainty, and we use
it in the analysis performed in this paper. However, it should be noted that real system-
atic uncertainties can be larger than this estimate and probably highly correlated, and this
situation must be reviewed once further observational data are available.

2.4 White dwarf variables

Another observable to infer the cooling rate of WDs is the period decrease of WD variables.
The time scale of the change of the pulsation period of WD variables can be related to the
cooling rate, and it can be used to probe the exotic cooling due to the axion emission [54].
The observations of several WD variables show that the observed rate of the period decrease
is substantially faster than what predicted in the standard theory. The reported hints of the
cooling excess include the observations of G117-B15A [55], R548 [56], PG1351+489 [57, 58],
and L19-2 [59]. These results lead to a speculation that there exits some anomalous energy
loss due to the axion-electron bremsstrahlung.

The rate of the period decrease of the pulsating WD depends on its mass and effective
temperature. In the study of PG 13514489 [57, 58], theoretical prediction for the rate of
the period change was given by considering two approaches, the asteroseismological model,
in which the mass and effective temperature are fixed such that it reproduces the observed
pulsation periods, and the spectroscopic model, in which the mass and effective temperature



are chosen to be spectroscopically inferred values. It was found that the values of the surface
gravity and effective temperature found by the asteroseismological model are not consistent
with those given by spectroscopic measurements. Due to this discrepancy, the bounds on the
axion couplings become different according to which model is assumed [58].

The above model dependence can be regarded as a systematic uncertainty in the the-
oretical estimate of the rate of the period change of PG 13514489, which we include in the
analysis performed in this paper. Note that a similar caution should be given for other WD
variables. In the study of L19-2 [59], the results of asteroseismological models agreed with
spectroscopic inferences, and hence such a model uncertainty is not the issue in that case.

2.5 Supernova 1987A and neutron stras

Several observational results described above motivate us to study the possibility to interpret
the cooling anomalies in terms of the axion emission. However, there are further caveats to
be kept in mind. One is the fact that the axion couplings to nucleons can be constrained
by considering the energy loss of the supernova (SN) 1987A [60-62]. The additional cooling
channel due to nucleon bremsstrahlung N + N — N + N + a shortens the neutrino pulse
duration from the SN, and the observed neutrino signals lead to the bounds on the axion-
nucleon couplings g,n, which are given by
EaN = _igaNaN75N7 GgaN = Wy (26)
a

where Cyn is a dimensionless coefficient, mpy the mass of a nucleon, with N = p,n repre-
senting either a proton or a neutron.

We note that there is subtlety in deriving the axion bound from SN 1987A observations.
This is mainly related to the difficulty in evaluating the axion production rate in the dense
nuclear medium from the first principles. It was pointed out that the axion emission can
be suppressed by many-body and multiple-scattering effects [63, 64], while the degree of
suppression is determined by the nucleon spin-fluctuation rate that is hard to estimate in
the dense medium because of the complication of nuclear physics [1]. The results of the
numerical studies [65, 66] using an axion emission rate with many-body effects estimated in
refs. [67, 68] imply the following bound [10]

g2, + g2, < 3.6 x 10719, (2.7)

It should be emphasized that the above constraint should be taken as an indicative result
rather than a sharp bound as the nature of the axion emission is not completely understood
and SN simulations do not take account of all necessary physics. More detailed study is
warranted to obtain a conclusive bound on the axion-nucleon couplings from SN observations.
Recently, the SN 1987A bound has been reviewed in ref. [69] by applying several updated
nuclear physics calculations, which yields a factor ~ 5 weaker limit on f, compared with the
“canonical” bound for the KSVZ models f, > 4x 108 GeV from ref. [70]. A more recent study
performed in ref. [71] shows a similar relaxation of the SN 1987A bound, but the degree of
reduction is milder than ref. [69], amounting to a factor ~ 2 weaker limit on f, compared with
the canonical bound. The discrepancy between two results may originate from the fact that
the corrections from different nuclear physics effects are treated separately as multiplicative
factors in ref. [69] whereas in ref. [71] these effects are combined in a consistent manner.
However, these results are still not conclusive, as they do not take account of the feedback
from the axion emission on the SN. The bound would be further modified if the effect of the
axion feedback is consistently included in a full SN simulation [71].

—7-



Constraints on the axion-nucleon couplings also arise from the cooling of neutron stars
(NSs). In NSs the axion emission via Cooper pair-breaking-formation (PBF) process could be
important in addition to the nucleon bremsstrahlung process, if baryons in the core of the NS
undergo a transition to superfluid state [72]. Simulations of NS cooling by including the axion
emission via PBF process and comparison with the data from NS observations were performed
in refs. [73, 74], which gives bounds on the axion decay constant f, > (5-10) x 107 GeV for the
KSVZ models and f, > (5-15) x 107 GeV for the DFSZ models. These results are obtained
by taking account of the average temperature of the NS in the Cassiopeia A (Cas A) SN
remnant rather than its transient behavior, and they can be regarded as conservative limits.
On the other hand, some attempts focusing on the cooling rate of the Cas A NS were made
in refs. [75, 76], whose results turned out to be controversial. In ref. [75], it was argued
that a slight extra cooling due to the axion emission is required to explain the observed fast
cooling of the Cas A NS, which shows a preference for a non-vanishing value of the axion-
neutron coupling amounting to f,/Cupn ~ 2.5 x 109 GeV. Such a hint was not confirmed in
the analysis performed in ref. [76], which instead yields bounds of f, > 5(7) x 108 GeV for the
KSVZ (DFSZ) models. In addition, the study of the axion emission from a different NS in
HESS J1731-347 [77] also disagrees with the hint reported in ref. [75], giving even a stronger
bound f,/Cun = 3.4 x 10° GeV. However, given a limited understanding of the cooling of
NSs, these results should be taken cautiously. Moreover, as for the cooling of the Cas A NS,
the observational data themselves are inconclusive [78-80]. Because of these controversies,
we do not include the results of observations of the NS cooling in the analyses performed in
this paper.

2.6 Implications for axion models

Except for the ambiguities related to the cooling of SN and NS, various observations show
a mild preference for additional cooling. Although individual anomalies are not quite sig-
nificant, if combined, they lead to a clear systematic tendency of excessive energy losses.
The interpretation in terms of several particle physics models including neutrino anomalous
magnetic moments, minicharged particles, hidden photons, and axion-like particles (ALPs)
was discussed in ref. [8]. It turned out that axion/ALPs coupled to electrons are perfectly
fit to all the anomalies while other candidates are inadequate for the explanation. The com-
bined analysis of the hints from WD, HB, and RGB stars performed in ref. [10] indicates
non-vanishing couplings of axion/ALPs with electrons and photons.

Let us revisit the global analysis of the cooling hints by taking account of several system-
atic uncertainties that were not included in the analysis of ref. [10]. In figure 1, we show the
results for the 1, 2, and 3 o hinted regions in the gqe-ga, plane. In this analysis we include the
systematic uncertainties associated with the effect of stellar rotation in the globular clusters
and the model dependencies in the prediction for the rate of the period change of the WD
variable PG 13514489 (see sections 2.1 and 2.4). Furthermore, we take a different approach
to treat the systematic uncertainties in the predicted TRGB brightness. The details of the
analysis method are summarized in appendix A.

Since we adopt conservative assessments on the systematic uncertainties, the significance
of the hints becomes weaker than ref. [10]. In particular, because of the systematic error
corresponding to the effect of stellar rotation, the hint for a non-zero axion-photon coupling
becomes less clear, and any value in the range of gqy S 0.07 X 10719 GeV ™! gives an equally
good fit. A non-zero axion-electron coupling is favored at around 2.4 o, and the best fit value
is gae = 1.56 x 10713 with x2. /d.o.f. = 14.7/15.
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Figure 1. 1, 2, and 3 0 hinted regions in the gge-gq, plane found from the combined analysis of the
observational data of WD, HB, and RGB stars.

Although the anomalous excessive cooling can be explained in a general framework of
axion/ALPs where there is no particular relation between the mass and couplings, there
remains a question of whether typical axion models that provide a solution to the strong
CP problem accommodate the hints. The axion associated with the solution to the strong
CP problem acquires a mass from the QCD effects, and the mass m, is related to the decay
constant f,. On the other hand, the prediction for coupling coefficients C,, Cue, Coap,
and Cy, is highly model dependent. By taking account of such model dependencies, the
possibilities to interpret the stellar cooling anomalies in terms of the KSVZ and DFSZ axion
models were explored in ref. [10].

In the KSVZ models, the SM is extended by introducing one singlet complex scalar
and exotic heavy quark(s). According to representations of the exotic quarks under the SM
SU(2)rx U(1)y gauge group, the low energy effective potential for the axion field can only
have a single minimum. This fact is conventionally described as Npw = 1, where Npw is
an integer representing the number of degenerate vacua and called the domain wall number.
In this case, even though domain walls are formed around the epoch of the QCD phase
transition, they decay immediately after the formation [81]. Hence there is no cosmological
problem associated with the domain walls. However, since the SM leptons do not have PQ
charges in these models, the electron coupling vanishes at tree level and emerges only at
the loop level [82], which is too small to explain the anomalous excessive cooling. This fact
excludes the possibility of a pure KSVZ axion interpretation of the stellar cooling anomalies.*

“If we extend the KSVZ models by adding extra three right-handed neutrinos (sometimes called a KSVZ-
like axion/majoron model) [27-29], it becomes possible to obtain good fits to the data since the axion-
electron coupling acquires extra loop contributions from neutrinos that can be adjusted to explain the observed
anomalies [10]. However, such large loop contributions are generically in tension with the requirement of
perturbativity.



In the DFSZ models, the SM is extended by introducing one singlet complex scalar and
two Higgs doublets. In this case, we can obtain a suitable magnitude of the axion-electron
coupling, and there exists a parameter region compatible with the observed data of the cooling
anomalies [10]. However, the DFSZ models lead to multiple degenerate minima in the low
energy effective potential, which causes the formation of domain walls if the PQ symmetry
is broken after inflation [21]. In order to avoid the cosmological domain wall problem, we
have to introduce some extra assumptions such as the existence of an explicit symmetry
breaking term in the effective potential which leads to the late-time annihilation of domain
walls [21, 83-87].

Given the fact that the pure KSVZ models are incompatible with the observations and
that the DFSZ models suffer from the cosmological domain wall problem, it is reasonable to
investigate whether other classes of models could give good fits to the data without causing
any problem. In the following, we study the variant axion models [30, 31] as alternative
possibilities to interpret the stellar cooling anomalies.

3 Variant axion models

We consider the PQ axion models with two Higgs doublets H;, Hy and one singlet scalar o,
and assume that the global U(1)pq symmetry acts on them as

H, — €iXk6Hk, o — eiXJGO', (3.1)

where kK = 1,2 and € is a real constant parameter.

In order to provide a solution to the strong CP problem, we need to assign the U(1)pq
charges for the quark fields to make the PQ symmetry anomalous for QCD. In other words,
the low energy effective Lagrangian must contain the following term,

Qs - «Q ~
LD ——N—G G", 3.2
8t wpq M (3.2)
where ay is the strong coupling constant, N the QCD anomaly coeflicient, vpq the PQ
symmetry breaking scale, G, the gluon field strength, and G*" its dual. In the following,
we focus on the cases where the QCD anomaly coefficient is given by

N:Xl—XQ or XQ—Xl, (3.3)

which is a crucial element of variant axion models and different from the DFSZ model, for
which N == 3(X1 - Xg) or 3(X2 — X1).

We note that the value of A can be related to the periodicity of the effective potential
for the axion field, and hence it determines the vacuum structure of the theory. According
to the PQ charge assignments, we can consider two possibilities [88]: if 2X, = X1 — X2, the
Lagrangian contains an interaction term of the form Hir Hy0? and its hermitian conjugate,
and we have |[N'| = 2|X,|. In this case, the periodicity of the axion field becomes twice of that
of the QCD 0 term, and the effective potential for the axion field has two degenerate minima,
leading to the domain wall number Npw = 2. On the other hand, if X, = X; — X, the
Lagrangian contains an interaction term proportional to H 1T Hyo and its hermitian conjugate.
In this case, the periodicity of the axion field becomes the same as that of the QCD 6 term,
which implies Npw = 1. In what follows we consider the latter case, since it avoids the
cosmological domain wall problem. It should be emphasized that the cosmological domain

~10 -



Model ¢r. uUr c¢cr tr dr Sr br
ModelU | 0 -1 0 0 0 0 0
Model C | 0 0o -1 0 0 O
Model T | 0 0 0 -1 0 0 0
Model D | 0 0 0 1 0 O
Model S | 0 0 0 0 1 0
Model B | 0 0 0 0 0 1

Table 1. PQ charge assignments for the quark fields.

Type Ui er
Type I 0 0
TypelIl | 0 1

Table 2. PQ charge assignments for the lepton fields.

wall problem cannot be solved straightforwardly in the DFSZ model, since it leads to |[N| =
6| X, | or 3| X,|, which implies Npw = 6 or 3. We also note that the physical consequences
depend only on the combination X; — X5, and that we can assign X, = 1, X; = 0, and
Xy = —1 without loss of generality.

The Yukawa interactions for the quark fields read

_£Yukawa,q = F?quf{uuR =+ FfaiLIjICCR + FgaiLﬁttR
+T9g;, Hadp + T3, Hesp + T0q; Hybr + hec., (3.4)

where Hy (¢ = u,c,t,d, s,b) take either Hy or Hy, I'l are Yukawa couplings with ¢ = 1,2,3
being a generation index, and Hy, = iooH - We consider the models where only one quark
flavor has a nonzero PQ charge and couples to Hy while the others couple to H; such that
IN| =1 in eq. (3.3) is satisfied. There are six possibilities (Model U, C, T, D, S, B), and the
corresponding charge assignments are shown in table 1. For the lepton sector, we consider
two types of interactions,’

T4 lipHiejr +he. (TypeI),
- EYukawa,ﬁ = 0 (35)
IiilipHzejr + h.c. (Type II),

where Ffj is the lepton Yukawa matrix with 7,7 = 1,2,3 being generation indices. These
terms are consistent with the charge assignments for the lepton fields shown in table 2.

Let us derive axion couplings to ordinary matter in the variant axion models. The key
ingredient is the PQ current jEQ, which is associated with the QCD and EM anomalies,

9P = g—;GgyéaW + 5%FWFW, (3.6)

5 Although we consider flavor-blind PQ charge assignments for the lepton sector for simplicity, it is also
possible to assign different PQ charges for each lepton flavor. In particular, the model can be embedded in
SU(5) grand unified theory, where only one generation of 5; multiplet has a nonzero PQ charge. In that case,
only one generation of d;r and ¢;;, have nonzero PQ charges and couple to Hs.
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where £ is the EM anomaly coefficient. Before the spontaneous breaking of the electroweak
symmetry, the PQ current is given by

PQ — ve0a — Z Z WiLX¢iL7“¢iL + @iRXwiR'V“@Z)iR] , (3-7)
v q

where v2 = 2(|o|?) is the vacuum expectation value (VEV) of the singlet scalar, @ is its phase
direction ¢  €%/?s the summation over ¢ includes up-type quarks (u), down-type quarks
(d), and leptons (£), and Xy, , represent PQ charges for left-handed (L) and right-handed
(R) fermions, which are specified in tables 1 and 2.

After the spontaneous breaking of the electroweak symmetry, the angular field @ mixes
with a Nambu-Goldstone boson eaten by the Z° boson, and we have to redefine the axion
field such that the associated PQ current gives the same QCD and EM anomalies as the
original one. This amounts to the shifts of the PQ charges Xy, ,, for fermions in the PQ
current [82, 89],

R =vpQdua =Y > [ X, ¥ bir + in Xy, 7 iR (3.8)
» d
lem,a = X%‘L,R —v? <Z 2XkYkUI?:> QY%’L,Ra (3.9)
k

where Y}, are U(1)y charges for two Higgs doublets Hy, (Y7 = Y2 = 1/2), vy represent the
VEVs of their neutral components, v = \/v§ + v3 ~ 246 GeV is the electroweak scale, and
Yy, r are U(1)y charges for the fermions. The PQ scale vpq can be related to two symmetry

breaking scales v, and v as vpq = \/vZ + v2sin? B cos? 3, where

tan § = ey (3.10)
U1

Based on the PQ current given by eq. (3.8), we can construct the effective Lagrangian at
energies below the electroweak scale but above the QCD scale,

~ a £ a -
_ = _ s ¥ va apr _ 4 ¢ % Z,F“V

LD 8 ad*a 87rfaG LG SN T, p

0,a _ X _ X!
_fLZZ bir XD/ZL'YM%‘L‘*‘%R X;R’Y“wm ; (3.11)

a ’ll) ’L
where .

faE%Q (3.12)

is the axion decay constant.

So far it is implicitly assumed that the fermions ;7 g are in the weak interaction
basis. Now we switch to the mass basis by performing unitary transformations vr r —
Uy, r¥L.r that diagonalize the Yukawa matrices. After the transformations, the axion-
fermion couplings become

Loy = 2fa ZZW [ - (Cﬁp)ij 75} Y, (3.13)

7]
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where

1
v o_ } i
Gy = 77 (U8, X0, Ui, + U, X0, Us ) (3.14)
1
4 _ : f
Ciy = 77 (UwLX{/,LUwL - UwRX{pRUwR> , (3.15)

and X 1’“ ., are understood as diagonal matrices. If X ;L . are not proportional to the identity

matrix, the coupling coefficients C’Xw and wa depend not only on the effective PQ charges
X 7/#L,R but also on the fermion mixing matrices Uy, , [36, 89]. This is the case for the variant
axion models, while in the DFSZ models we can eliminate Uy, . as the PQ charges are
generation-independent. In general, both C;/w and C’fw can have off-diagonal components
due to the contribution from the fermion mixing matrices, while diagonal components of C;/w
can be eliminated by using the equations of motion.

Applying the PQ charge assignments for the quark fields shown in table 1 to egs. (3.14)
and (3.15), we obtain the explicit forms for the axion-quark couplings in the variant axion
models. The results are summarized in table 3. Here we introduced the following matrices,

Vo =Uj AUy, (3.16)
Vo= U} AUy, (3.17)

diag(0,1,1) (Model U, D),
A = { diag(1,0,1) (Model C,S), (3.18)
diag(1,1,0) (Model T,B),

which represent the corrections arising from the mixings U,,, Uy, of right-handed up-type
and down-type quarks. The matrices V,, and V; provide off-diagonal components of the
axion-quark couplings, while diagonal components of V,, and V; are positive. They satisfy
the constraints Tr(V;,) = Tr(V;) = 2. Note that these matrices are different from the Cabibbo-
Kobayashi-Maskawa mixing matrix Voxm = Uﬂ:L Ug, , and they should be regarded as new
parameters of the theory. The generation-dependence in the PQ charge assignments is now
hidden in the matrices V,, 4, and in what follows we group it into two different classes of
models, Model U, C, T and Model D, S, B, as shown in table 3.

Since we consider flavor-blind PQ charge assignments for the lepton fields, there is no
correction from mixing matrices to the axion-lepton couplings. Hence the coupling matrix
(C{;‘e)ij becomes proportional to the identity matrix, and the coupling strength is solely given
by tan 8. Now it is straightforward to extract the coefficient for the axion-electron coupling
Cue in eq. (2.2) by using eq. (3.15) and the PQ charge assignments specified in table 2. In
our setup there are four possibilities according to different PQ charge assignments for the
quark and lepton fields, which we summarize in table 4.6

Below the QCD scale, the field a mixes with light mesons such as neutral pions, and
we have to find a state orthogonal to these mesons in order to identify the physical axion
state at low energies. The mixing with neutral pions can be eliminated straightforwardly by
considering the low energy effective theory emerging from the QCD with two lightest quarks
q¢ = (u,d). First, we perform the following chiral transformations of up and down quarks,

A —5537,;Qa [ U
q _<d>—)e 2f <d>, (319)

5The difference in the sign of C,. between Model U,C, T and Model D,S,B originates from the sign
of N appearing in eq. (3.15). Note that this model-dependence does not affect the sign of gee, since it is
proportional to Cye/fa and f, contains another factor of 1/A [see eq. (3.12)]. Hence the electron coupling is
solely determined by the Type of the PQ charge assignments for the lepton fields.
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Model (Caizi (Cag)izi (Ciu)ij (Caii
Model U, C, T (Vu)” 0 (Sij 0082 6 — (Vu)” (Sij sin2 B
Model D7 S, B 0 (Vd)ij 5@‘ SiIl2 ,8 51']' COS2 ,8 — (Vd)ij

Table 3. Axion couplings to up-type (u) and down-type (d) quarks in the variant axion models.

Model Type Clre Cay EIN
Model U,C,T | TypeI | sin®3  0.75(4) 8/3
Type IT | —cos®? 3 —5.25(4) —10/3
Model D,S,B | Typel | —sin®?3 —1.25(4)  2/3
Type IT | cos? 3 4.75(4) 20/3

Table 4. Axion couplings to electrons and photons and the model-dependent coefficient for the
axion-photon coupling in the variant axion models.

where @, is a matrix acting on q¢ = (u,d). After this redefinition, the coefficient of the
G, G term in the effective Lagrangian is shifted by Tr(Qa)(a/fa)(as/87), and we can
eliminate this coupling to gluons by taking Tr(Q,) = 1. Then, the terms including the
lightest two quarks read

190,a _
LD 5%(1/7#75(0“‘1' —Qu)q — (@, Magp + h.c.), (3.20)
where
5% Qany iz Qa my, 0 (Ca)u 0
pr— fll fll = /] = . .
M,=¢? Mge'? , M, < 0 md), Caq < 0 (CAy, (3.21)

The leading order chiral Lagrangian that describes physics below the QCD scale contains
the following term,

1
Lot O 5 /20T (UMJ + MaUT> , (3.22)

where

0 +
_ iH/f,r _ s \/571'
U= 11 <\/§W_ o0 ) (3.23)

fr =~ 92MeV is the pion decay constant, and p is a parameter that can be related to the
pion mass. Expanding eq. (3.22) to quadratic order in the fields, we find the axion-pion
mixing, which can be eliminated by choosing Q, = M, '/ Tr(M, 1) [89]. After eliminating
the axion-pion mixing and fixing the parameter y in terms of the pion mass m,, we can also
extract the mass of the physical axion,

2 mMymq m?rf?r

Mo = T (3.24)

The above formula for the axion mass is derived based on the tree-level axion-pion
mixing in the effective theory with two quark flavors. More precise computation including
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the extra contributions from the strange quark was performed based on the next to leading
order (NLO) [90] and next-to-next to leading order (NNLO) [91] chiral perturbation theory.
Here we quote the NNLO result obtained in ref. [91],

(3.25)

10'2 GeV
Mg = 5.691(51) peV (e> .

Ja

This result is consistent with that of the direct calculation of the topological susceptibility
in lattice QCD performed in ref. [92].

The axion-photon coupling [eq. (2.1)] consists of the model-dependent contribution given
by the term proportional to £/N in eq. (3.11) and the model-independent contribution arising
from the coupling to QCD. The tree level contribution to the latter can be extracted from
a shift of the F},, F*” term due to the rotation of two light quarks (3.19). A more precise
result including the NLO corrections [90] reads

&
Cuy = 17 — 1:92(4). (3.26)
In table 4, we summarize the values of the model-dependent coefficient £/N as well as the
values of Cy, in the variant axion models.

The axion-nucleon couplings [eq. (2.6)] can be derived by matching the low energy
effective Lagrangian involving nucleons to the ultraviolet (UV) Lagrangian involving quarks.
Similarly to the axion-photon coupling, the axion-nucleon couplings can be written in terms of
the model-independent contributions from the mixing with mesons and the model-dependent
contributions arising from the couplings to quarks in the UV Lagrangian (3.13). Here we
adopt the results obtained in ref. [90],

Cap = — 0.47(3) + 0.88(3)(C2 )11 — 0.012(5)(C4) )25 — 0.0035(4)(CA) )3
—0.39(2)(C24)11 — 0.038(5)(CL))22 — 0.009(2)(C4)33, (3.27)

Can = — 0.02(3) — 0.39(2)(C2)11 — 0.012(5)(C2 )a — 0.0035(4)(C2 )33
+0.88(3)(C24)11 — 0.038(5)(CL)an — 0.009(2)(C4)33. (3.28)

Substituting the diagonal components of (C4,);; and (C4,);; shown in table 3 to the above
equations, we obtain

0.39 — 1.30sin? 8 — 0.88(Vy)11 + 6y (Model U, C, T), 529
P —0.91 + 1.30sin2 8 + 0.39(Vy)11 + dx  (Model D, S, B), '

—0.43 + 1.24sin? B+ 0.39(Vy,)11 + 6y (Model U, C,T), (330)
7 0.81 - 1.245in% 5 — 0.88(Vy)11 + 6y (Model D, S, B), '

where d is a correction term containing (V;, 4)22 and (V;, 4)33. This correction term is small
compared to the leading terms as it originates from contributions of heavy quarks.” Hereafter
we simply ignore this term and marginalize over the parameters (V,, q)22 and (V;, 4)33. After

"Changing the value of (Vy.4)22 from 0 to 2 with imposing the constraint (Vi a)22 + (Vi.a)33 = 2, we obtain
on < 0.024 for Model U, C, T and dn < 0.076 for Model D, S, B. Note that the constant terms in Cyp and Coyp,
have uncertainty comparable to these upper limits on dy.
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\/C3,+CZ, (Model U, C, T) \/C2,+C2, (Model D, S, B)

tan 3

1
(Vo (Vo)

Figure 2. The value of |/C2, + C2, based on egs. (3.29) and (3.30) in the (V,,)1;-tan 3 plane for
Model U, C, T (left panel) and in the (V)11-tan 8 plane for Model D, S, B (right panel).

this simplification, the nucleon couplings can be described by two parameters sin 8 and
(Vi,d)11, where (V;, 4)11 take some values within the range of 0 to 2.

In figure 2, we show the value of the combined quantity /C2, + C2,, which is relevant
to the bound from SN 1987A observations [eq. (2.7)]. Since this quantity depends on the
new parameter (V,, 4)11 in addition to tanf, it shows a non-trivial structure in the two
dimensional parameter space. In particular, the nucleon couplings become much smaller
than unity around tan 8 ~ O(1) and (Vy,q4,)11 ~ 0. To be more precise, |/C2, + CZ, takes
a minimum value of 0.043 at tan ~ 0.70 and (V,)11 ~ 0 for Model U,C, T, and 0.042
at tan 5 ~ 1.5 and (V)11 ~ 0 for Model D, S, B. The fact that there exists a parameter
region where the nucleon couplings get suppressed will play a role in the interpretation of
observational results described in the next section.®

Finally, it might be worthwhile to compare the axion couplings in the variant axion mod-
els derived above with those in the DFSZ axion models [23, 24]. The DFSZ models are built
based on the generation-independent P(Q charge assignments for the SM quarks and leptons,
and we can consider two possibilities according to the following Yukawa interaction terms,

[’Yukawa = ACYukawa,q + ‘CYukawa,Za
d— -
—Lyukawa,q = U@ Hdjr + 154, Houjg,

I‘fj_iLHlejR + h.c. (DFSZ I),

PR (3.31)
%0 Haejp +hc. (DFSZ II).

_['Yukawa,é = {

8Tt is possible to arrange the model such that the nucleon couplings are further suppressed, Cup & Cun =
0 [93]. Indeed, this is the case for Model D, S, B if we take account of the small correction dn in addition
to the dependence on tan 8 and (Vy)11. Note that, however, such a cancellation requires some tuning of the
additional parameters (Vy)22 and (Va)ss. In this work, we do not consider such a tuned case and focus on the
general consequences following from non-vanishing nucleon couplings.
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These models lead to the following photon and electron couplings at low energies [82, 90]

8 2

C(]ID,YFSZ I _ g _ 192(4)’ CL?'yFSZ Ir_ § — 192(4), (332)
1 1

C(];)@FSZ I _ g SiHQ 6’ C(]];)@FSZ Ir _ _g COS2 B (333)

Comparing with table 4, we see that |Cye| in Type I (Type II) of the variant axion models is
a factor three larger than that of DFSZ I (DFSZ II). Furthermore, the nucleon couplings in
the DFSZ models are given by [90]

Coy®% = —0.182 — 0.435 sin” 3 + 0.025, (3.34)
CDFSZ — _0.160 + 0.414 sin? B + 0.025. (3.35)

In contrast with the variant axion models, where the value of |/CZ2, + CZ, becomes as small
as ~ 0.04 up to the choice of parameters, in the DFSZ models the suppression is milder,
Joz, ez,
regions hinted by the stellar cooling observations, as we discuss in the following section.

> 0.24. These differences lead to different consequences on the parameter

~Y

4 Interpretation of stellar cooling anomalies

Based on the axion couplings to ordinary matter derived in the previous section, we now
investigate the parameter region where the variant axion models provide good fits for the
stellar cooling hints. See appendix A for the details of the analysis method.

In addition to the stellar cooling hints, we take account of the constraint from SN
1987A. In order to see how the SN 1987A bound affects the hinted parameter space, we first
perform the global fits without including it, and add it afterwards. Following the procedure
in ref. [10], we include the SN 1987A bound by taking it as a 1o hint of ggp+ggn = 0 with the
error specified by the right-hand side of eq. (2.7). On the other hand, we do not include the
bounds or hints obtained by the observation of NSs, since there remain several controversies
on the interpretation of observational results as mentioned in section 2.

In the variant axion models, the axion-nucleon couplings depend on the new parameters
(Vi,d)11 [see egs. (3.29) and (3.30)], and their values affect the constraint from SN 1987A.
These parameters arise from the mixings of right-handed up-type and down-type quarks. In
principle they can take any values within the range of 0 to 2. On the other hand, it is also
possible to guess their values if we make some assumption about the UV-completion of the
models. In section 4.1 we first consider the case of general quark mixings where (V,, 4)11 are
treated as extra free parameters. After that, in section 4.2 we consider more specific cases
where the parameters (V, 4)11 are fixed to some well-motivated values.

4.1 Models with general quark mixings

If we do not consider the SN 1987A bound, the observational results can be explained in terms
of the axion-photon coupling g, and axion-electron coupling gqc. In the variant axion models
these couplings are specified by two parameters f, (or m,) and tan /3, in a similar manner to
the DFSZ models. Figure 3 shows 1, 2, 3, 40 hinted regions in the parameter space of m,
and tan 8 obtained based on the data of WD, HB, and RGB cooling anomalies. Here we also
show the projected sensitivities of IAXO and its upgrades (IAXO+) [10, 14]. Furthermore,
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Figure 3. 1, 2, 3, 40 contours in the m,-tan 8 plane from a fit to the data of WD, HB, and RGB
cooling observations for Model U, C, T, Type I (top left), Model U, C, T, Type II (top right), Model
D, S, B, Type I (bottom left), and Model D, S, B, Type II (bottom right). Blue dots represent the best
fit parameters shown in table 5. Gray regions correspond to the parameter space outside a typical
range compatible with perturbativity of Yukawa interactions [eq. (B.17)]. Projected sensitivities of
TAXO (green) and IAXO+ (light green) are also shown.

the best fit parameter values are shown in blue dots, and they are also summarized in
table 5. Note that there exist upper and/or lower limits on the value of tan 8 due to the
requirement of perturbativity of Yukawa interactions (see appendix B), and they are shown
as gray shaded regions.

Since most of the data prefer the electron coupling of gee ~ 1.6 x 10713, the overall
shape of 1, 2, 3, 40 contours in figure 3 can be understood by considering the parameter
dependence of g,e. For Type I (Type II) of variant axion models the electron coupling is given
by |gae| = mesin? B/ f, (me cos? B/ f,), and the contours become vertical at large (small) tan 3
since the coefficient becomes constant, |Cge| ~ 1 in that region. On the other hand, at small
(large) tan 8 in Type I (Type II) models the coefficient |Cye| becomes suppressed and smaller
values of f, are preferred in order to maintain the desired value of g,.. This behavior ends
when the value of f, becomes too small to make the photon coupling g,y compatible with
the constraint from the R-parameter. If we fix the type of the electron coupling and do not
include the bound from SN 1987A, the difference between Model U, C, T and Model D, S, B
is minor and only affects the behavior at higher m,, which essentially comes from a difference
in the model-dependent coefficient £ /N for the axion-photon coupling (see table 4).
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Model Type Global fit includes | f, [10% GeV] | m, [meV] | tan B | (Vi) | X3,/d.o.f.
Model U,C,T | TypeI | WD,HB,RGB 1.3 43 0.20 14.7/15
WD,HB,RGB,SN 11 5.4 0.69 0 14.7/15
Type II | WD, HB,RGB 14 4.1 1.2 14.7/15
WD,HB,RGB,SN 22 2.5 0.68 0 14.7/15
Model D,S,B | Type I | WD,HB,RGB 3.1 18 0.33 14.7/15
WD,HB,RGB,SN 22 2.6 1.4 0 14.7/15
Type I | WD,HB,RGB 12 4.8 1.3 14.7/15
WD,HB,RGB,SN 11 5.2 1.4 0 14.7/15

Table 5. Best fit parameters and X2, /d.o.f. for the interpretation of the stellar cooling anomalies
in the variant axion models with general quark mixing. The column of (V,, )11 shows the value of
(V)11 for Model U, C, T and that of (V)11 for Model D, S, B.

We note that the parameter range accessible to future helioscope experiments is also
model-dependent. The sensitivity of IAXO for a generic axion model is given by [10]

gNd | A
Jay = Gary = d1 (1 + (d;> C2> : (4.1)

where gflnvin is the minimal value of g4 accessible to IAXO, d; is the data of the minimal value
of gqy accessible to IAXO if solar axions are produced solely through the processes involving
Jav, and dy is the data of the minimal value of | /gs+ae accessible to IAXO if solar axions are
produced solely through the processes involving gu.. ( is a model-dependent dimensionless
factor defined as

Yae

YGay

¢= (4.2)

with g, specified in units of GeV~l. We summarize the values of ¢ in the variant axion
models in table 6.

If ¢ is sufficiently small, the production of solar axions through the interaction with
electrons becomes irrelevant. This case corresponds to the limit of tan < 1 (tanf > 1)
in Type I (Type II) variant axion models. In this case, the sensitivity is simply given by
gflnvin ~ dy, from which we can define minimal mass ranges accessible to IAXO regardless of
the value of tan 8. Such mass ranges are shown in table 6. On the other hand, if { becomes
sufficiently large, which corresponds to the limit of tan 8 > 1 (tan 8 < 1) in Type I (Type
IT) variant axion models, the sensitivity is improved as gglyin ~ dy/+/C. In any case, the
experimental sensitivity becomes improved if a model predicts a higher value of the photon
coupling |Cq|. Since the value of |Cq,| in Type II models is larger than that in Type I
models (see table 4), a wider mass range can be probed for the former models compared to
the latter ones.

Now, let us include the bound from SN 1987A. As nucleon couplings depend on new
parameters (V,, 4)11, here we scan over three dimensional parameter space of m,, tan 5, and
(Vi,d)11- Since we add an extra data point for the SN constraint, the number of d.o.f. remains
unchanged. The best fit parameters and the values of Xfmn /d.o.f. for the three dimensional
scans are shown in table 5. In figures 4 and 5, we also show the projection of hinted regions to
two dimensional parameter space (a,b) = (mq,tan ), (ma, (Vi,a)i1), or ((Vu,d)11,tan 3) by
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Model Type ¢ Mass range (IAXO) Mass range (IAXO+4)
Model U,C, T | TypeI | 0.59sin?3 | 0.056eV < m, < 0.17eV | 0.029eV < mg, < 0.25eV

Type II | 0.08 cos? 3 0.0041eV < my, 0.0025eV < my,
Model D,S,B | Type I | 0.35sin2 3 | 0.033eV < mq < 0.17eV 0.012eV < m,
Type II | 0.09cos? 3 0.0045eV < my, 0.0027eV < m,

Table 6. The coefficient ¢ for the estimation of experimental sensitivities and minimal axion mass
ranges accessible to IAXO and TAXO+ in the variant axion models.

computing Ax?(a,b), which is obtained by minimizing Ax?(a,b,c) = x?(a,b,c) — x2,;, over
the third parameter ¢. Comparing the plots on the m,-tan 8 plane with those for the results
without including the SN data (figure 3), we see that every model still shows a good fit to the
observed data in the lower mass ranges, while the higher mass ranges become incompatible
with the SN bound.

The plots for the mq-(V,, 4)11 plane in figures 4 and 5 show that the value of (V,, 4)11 does
not have significant effects on the fits at lower mass ranges, where the bound from SN 1987A
becomes less important. On the other hand, smaller values of (V,, 4)11 are preferred at higher
mass ranges, since the SN bound becomes important but gets relaxed due to the reduction
of the nucleon couplings for smaller values of (V,, 4)11 (see figure 2). To be more precise, in
order to suppress the nucleon couplings the value of tan 8 should also be adjusted, which
results in some model dependencies. In Type I models, smaller values of tan 5 are required
at higher mass ranges in order to keep g close to the value hinted by the cooling anomalies,
and for such smaller tan § values a non-vanishing value of (V,, 4)11 is slightly preferred over
(Vi,a)11 = 0 as it leads to smaller values of the nucleon couplings in the small tan S region.
This can be contrasted with the case of Type II models, where larger values of tan  are
required at higher mass ranges and (V,, 4)11 = 0 is preferred such that the nucleon couplings
become the smallest in the large tan 5 region.

The shape of the contours in the (V, 4)11-tan 3 plane in figures 4 and 5 can also be
understood in terms of the hinted value of g, and the parameter dependence of the nucleon
couplings. In Type I models, the large tan 5 region is preferred by WD, HB, and RGB cooling
observations, and in the lower end of such a region the SN bound becomes relevant, which
exhibits a slight preference for a non-vanishing value of (V, 4)11. On the other hand, in Type
IT models, the small tan 8 region is preferred, and in the upper end of such a region (V,, 4)11
is forced to be zero in order to alleviate the SN bound by reducing the nucleon couplings.

In figure 6, we show the 2 o predicted regions in the parameter space of mg and ,/gacGa~y
together with the projected sensitivities of IJAXO and IAXO+. Numerical values of the axion
mass and couplings for the corresponding ranges are also summarized in table 7. We see that
in any cases the lower end of the predicted mass ranges lie around m, ~ 0.45meV. This
region corresponds to the limit of tan 8 > 1 (tan 8 < 1) in Type I (Type II) models, where
the electron coupling becomes |gae| =~ me/fo =~ 4 x 10714 (m,/0.45meV) regardless of the
value of tan 3, and hence the hinted value of |g4| fixes the value of my,.

From figure 6, we also see that the higher end of the predicted mass ranges becomes
different according to the models. This difference can be understood as follows: first, we note
that the contours in the mg,-tan 8 plane for Type II models (like those shown in figure 3)
should be obtained by flipping those for Type I models vertically with respect to the line
of tan 8 = 1 if we only take care of the structure of the electron coupling. This symmetric
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Figure 4. 1, 2, 3, 40 contours from a fit to the data including SN 1987A in addition to WD,
HB, and RGB cooling observations for Model U, C, T, Type I (top panels) and Type II (bottom
panels). Each figure shows a projection to two dimensional parameter space from three dimensional
parameter space of my, tan 3, and (V,,)11, where the contours are obtained by minimizing over the
third parameter. Blue dots represent the best fit parameters shown in table 5. Gray regions correspond
to the parameter space outside a typical range compatible with perturbativity of Yukawa interactions

[eq. (B.17)]. Projected sensitivities of TAXO (green) and TAXO+ (light green) are also shown on the
plot in the m,-tan 3 plane.
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for Model D, S, B, Type I (top panels) and Type II (bottom panels). Each figure shows a projection
to two dimensional parameter space from three dimensional parameter space of my, tan 8, and (Vy)11,
where the contours are obtained by minimizing over the third parameter.

property along tan (8 direction is broken when we add the SN bound and consider the structure
of the nucleon couplings. From left panel of figure 2, we see that in Model U, C, T the nucleon
couplings become larger at large tan 3 region, while they become smaller at small tan § region.
Therefore, the SN bound becomes weaker (stronger) for Type I (Type II) of Model U, C, T,
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of the variant axion models. Projected sensitivities of IAXO and IAXO+ are also shown.

Model Type mg [meV] Gae [10713] | gaqy [10712CGeV ™! Gan [10710] Gap [10719]
Model U,C, T | Typel | (0.46,29) | (0.40, 2.3) (0.069, 4.4) (—8.6,3.4) | (—3.8, —0.049)
Type I1 | (0.45, 7.5) | (-2.3, —0.41) | (—8.1, —0.49) (—0.91, 6.1) | (~7.2, —0.021)
Model D,S,B | Type I | (0.49, 14) | (-2.3, —0.41) | (=3.5, —0.13) | (~3.8, —0.022) | (~8.6, 1.3)
Type I | (0.45,16) |  (0.40, 2.3) (0.44, 15) (—7.2, -0.043) | (~2.0, 6.0)
Model U Typel | (0.45,16) | (0.41, 2.3) (0.069, 2.4) (~7.3, 3.4) (~3.8, 6.1)
(small mixings) | Type II | (0.45, 7.6) | (—2.3, —0.41) (—8.1, —0.49) (—1.8,6.2) (-7.2,1.7)
Model D Type I | (0.45,7.6) | (-2.3, —0.41) | (—1.9, —0.12) (—1.8, 6.2) (=7.2, 1.7)
(small mixings) | Type II | (0.45, 16) (0.40, 2.3) (0.44, 15) (—7.2,3.4) (—3.8, 6.0)

Table 7. 20 ranges in the axion mass and couplings to electrons, photons, neutrons, and protons,
hinted by WD, HB, and RGB cooling anomalies and compatible with the bound from SN 1987A
and the requirement of perturbativity of Yukawa interactions for different cases of the variant axion
models.

where smaller (larger) values of tan § are favored at higher masses, which results in a less
(more) stringent upper limit on the axion mass. On the other hand, in Model D, S, B the
asymmetry of the nucleon couplings along tan /3 direction is less significant at (V)11 ~ 0 (see
right panel of figure 2), and the strength of the SN bound remains almost the same for Type
I and Type II models. This explains the fact that there is little difference in the upper limit
of the predicted mass ranges between Type I and Type II of Model D, S, B.
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In addition to the difference in the predicted mass ranges described above, figure 6
shows that the overall magnitude of the coupling product g,cg., differs according to the
models. Such a difference can be understood in terms of the value of the coefficient |Co,|
of the axion-photon coupling (see table 4). For Type I models, some part of the predicted
region is inaccessible to IAXO since the values of |Cq,| in these models are relatively small.
On the other hand, most part of the predicted parameter region is covered by the projected
sensitivity of IAXO for Type II models as they predict larger values of |Cy,|, and hence we
expect that these models can be tested by the forthcoming experiments.

Before closing this subsection, we note that the models can potentially be constrained by
the observation of heavy meson decays [94], since they predict flavor-changing couplings with
quarks given by the off-diagonal elements of the matrices (V;, 4)i;. Currently the strongest
constraint is obtained from a search for a decay K — 7 +a [95], which leads to a bound [36]

fa/l(CA)a1] > 3.5 x 10! GeV. (4.3)

This bound is trivially satisfied in Model U, C, T, since they predict (Cﬁj)gl = 0 (see table 3),
while Model D, S, B can have a non-vanishing value of |(CZ})21] = |(Vy)21] and in such cases
the bound could become relevant. However, at this point we should treat (V)21 as an extra
free parameter in the same way as (V;, 4)11, and cannot deduce a definite bound from eq. (4.3)
unless we fix the pattern of quark mixings to obtain a specific value of (Vj)o;.

4.2 Models with small quark mixings

So far we have considered the general cases of the variant axion models where the mixings of
the right-handed quarks are arbitrary. Although such models already show good fits to the
observational data, it is enlightening to explore a more specific scenario of the quark mixings.
As a well-motivated possibility, here we consider a pattern of quark mixings inspired by the
Frogatt-Nielsen mechanism [96, 97], which was introduced to provide a natural explanation
to the SM quark and lepton mass hierarchy.

In the Frogatt-Nielsen scenario, the flavor structure is related to a spontaneously broken
global U(1)py symmetry.” The Yukawa interactions of the SM quarks and leptons originate
from non-renormalizable interactions with a singlet field ® suppressed by a cutoff scale M,
and the mass hierarchy of quarks and leptons is generated as a power of ¢ = (®)/M after
the U(1)pn symmetry is spontaneously broken and the singlet field acquires a VEV (®).
The magnitude of fermion mixings is also specified as (Uy, )ij ~ el@uir=QuLl and (Uyp)ij ~
£lQuir=Qujrl [96], where Qy,, , are U(1)pn charges of the fermions. The observed quark and
lepton masses imply €2 ~ 1/300.

Assuming that the flavor structure follows a pattern predicted by the Frogatt-Nielsen
mechanism, we can guess the magnitude of the parameters (V,, 4)11 appearing in the axion-
nucleon couplings. In particular, adopting the U(1)pn charges specified in ref. [97], from
egs. (3.16), (3.17), and (3.18) we obtain (V,4)11 ~ O(g?) for Model U and D. This fact moti-
vates us to study the consequences of Model U and D with a negligibly small value of (V;, 4)11-

In figure 7, we show the 1, 2, 3, 40 hinted regions from the stellar cooling observations
including the bound from SN 1987A for Model U and D with (V}, 4)11 = 0. The values of the
axion mass and couplings corresponding to the 2 ¢ regions are also summarized in table 7. In
these models (V,, 4)11 are no longer free parameters, and we just scan over two dimensional

9Note that this global symmetry is different from the PQ symmetry in our setup. Some attempts to relate
the U(1)pn symmetry to the PQ symmetry are found in refs. [34, 35].
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Model Type Global fit includes | f, [10® GeV] | m, [meV] | tan B | x2,,/d.o.f.
Model U Type I | WD,HB,RGB,SN 11 5.3 0.69 | 14.7/16
(small mixings) | Type II | WD,HB,RGB,SN 22 2.6 0.69 14.7/16
Model D Type I | WD,HB,RGB,SN 25 2.3 1.8 | 14.7/16
(small mixings) | Type II | WD,HB,RGB,SN 11 5.4 1.4 14.7/16
DFSZ, Type I | WD,HB,RGB,SN 12 4.9 140 | 15.4/16
Type II | WD,HB,RGB,SN 10 5.6 028 | 14.7/16

Table 8. Best fit parameters and x2, /d.o.f. for the interpretation of the stellar cooling anomalies
in Model U and D with the assumption of (V4 4)11 = 0 and in DFSZ models.

parameter space of m, and tan 3. Overall, the shapes of the contours for Model U and D
with (V4,q4)11 = 0 are almost the same as those for models with general quark mixings shown
in figures 4 and 5. The difference between general and specific cases only appear in the region
with higher values of m, where the effect of the axion-nucleon couplings becomes relevant
because of the constraint from SN 1987A. Comparing figure 7 with figures 4 and 5, we see
that the contours extend to mg < 1072eV in Type I of Model U and D with small quark
mixings, while they reach slightly higher mass regions in Type I models with general quark
mixings. This difference arises from the fact that (V,, 4)11 are fixed to be zero in the former
cases while in the latter cases they can be adjusted to compensate the increase in the nucleon
couplings due to the lower values of f,. Such a difference is not clearly seen in the contours
for Type II models, since for these models the general setup already shows a preference for
(Vi,a)11 = 0 even at higher masses.

The best fit parameter values and the values of Xfmn /d.o.f. for the interpretation of
the stellar cooling anomalies in the framework of the variant axion models with a Frogatt-
Nielsen like flavor structure are summarized in table 8. From table 8 we see that the fits
including WD, RGB, HB, and SN data give x2, /d.o.f. = 14.7/16, which is contrasted with
X2, /d.of. = 15.4/16 for DFSZ I [10]. This improvement originates from a specific structure
of the axion-nucleon and axion-electron couplings in the variant axion models. In section 3,

we see that the combined nucleon coupling coefficient |/CZ, + C2, can become as small as

~ 0.04 in the variant axion models with (V;, 4)11 ~ 0, while it becomes larger than 2> 0.24
in the DFSZ models. Even if we take account of the variation due to the change of tan 3,
the magnitude of the nucleon couplings remains comparable between the variant and DFSZ
models as long as the value of tan 3 is not far from O(1). On the other hand, the coefficient
of the axion-electron coupling |Cy.| of the variant axion models is a factor three larger than

that of the DFSZ models. Combining these facts, we see that the ratio ,/C2, + CZ2,/|Cqc|

in the variant axion models can be smaller than that in the DFSZ models for the relevant
range of tan 8. This fact slightly relaxes the bound from SN 1987A, providing better fits to
the stellar cooling hints.

For the sake of comparison, in figure 7 we also show the results for the DFSZ models.
Here we see that the difference in the coefficient of the axion-electron coupling between the
variant and DFSZ axion models affects the axion mass range favored by the stellar cooling
hints. The factor three difference in |Cye| is compensated by shifting the value of f, by the
same amount. As a result, the variant axion models provide good fits even in the mass ranges
lower than those predicted in the DFSZ models.
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Figure 7. 1, 2, 3, 40 contours in the m,-tan 8 plane from a fit to the data including SN 1987A in
addition to WD, HB, and RGB cooling observations for Model U with (V,, )11 = 0, Type I (top left),
Model U with (V)11 = 0, Type II (top right), Model D with (Vy);; = 0, Type I (middle left), Model
D with (V4)11 = 0, Type II (middle right), DFSZ I (bottom left), and DFSZ II (bottom right). Blue
dots represent the best fit parameters, and gray regions correspond to the parameter space outside a
typical range compatible with perturbativity of Yukawa interactions. Projected sensitivities of TAXO
(green) and IAXO+ (light green) are also shown.

Finally, we note that the bound from the kaon decay [eq. (4.3)] is trivially satisfied in
Model U, since it predicts (Cﬁi)gl = 0, which is exactly the same as in the general cases of
Model U, C, T discussed in the previous subsection. On the other hand, this bound might
give rise to a tension with the interpretation of the stellar cooling anomalies in Model D with

Froggatt-Nielsen like quark mixings, since we have (V)21 ~ O(¢g) in this case.
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5 Discussion and conclusions

In this paper, we have revisited the global analysis of the stellar cooling anomalies and
their axion/ALP interpretation. We have adopted a conservative approach to include pos-
sible systematic uncertainties associated with the effect of stellar rotation in the globular
clusters, prediction for the TRGB brightness, and different models for the pulsating WD PG
13514489. As a result of this procedure, the significance of the cooling hints becomes weaker,
pointing to a non-vanishing axion-electron coupling of gge ~ 1.56 x 10713 at around 2.4 0.
Furthermore, we emphasize that there could be potentially large systematic uncertainties as-
sociated with survey incompleteness in the observed WDLF (see section 2.3), which we have
not included in the analysis presented in this paper. These situations should be reviewed
once further observational data become available.

With the revised results of the global fits, we have considered the variant axion models
as possible explanation for the anomalous cooling observed in WD, HB, and RGB stars. The
models are constructed by considering six different flavor-dependent PQ charge assignments
for the SM quarks and two different flavor-blind PQ) charge assignments for the SM leptons,
which result in four different possibilities for axion couplings to ordinary matter. For each
case, coupling coefficients are derived systematically, and they are summarized in tables 3
and 4, and egs. (3.29) and (3.30). By using the derived couplings, we have performed the
global fits with the WD, HB, RGB data and the bound from SN 1987A by considering both
the general cases for quark mixings and specific cases motivated by the Froggatt-Nielsen
mechanism. Every model shows a quite good fit to the data within mass ranges around
0.45meV < m, < 30meV as shown in figures 3, 4, 5, and 7, and tables 5 and 8. The 20
parameter regions preferred by the cooling hints and compatible with the SN bound and
perturbativity requirements are shown in figure 6 and table 7.

We emphasize that the models presented in this paper can resolve two fundamental
issues that prevent the canonical KSVZ and DFSZ axion models from interpreting the stellar
cooling anomalies straightforwardly:

1. The KSVZ models do not account for the large axion-electron coupling preferred by
the stellar cooling hints. A KSVZ-like axion/majoron model might account for it due
to extra loop contributions from neutrinos, but there is a tension with perturbativity
requirements [10]. This drawback is absent in the variant axion models, since a sizable
electron coupling arises naturally at tree level.

2. The DFSZ models predict a sufficiently large axion-electron coupling and hence provide
good fits to the observational data, but they suffer from the cosmological domain wall
problem. In the variant axion models, it is possible to avoid the domain wall problem
(i.e. Npw = 1) with keeping the structure of the axion-electron coupling similar to that
in the DFSZ models.

In addition to the above two important points, we have also found that the models
where a nonzero PQ charge is assigned to first generation quarks give a slightly better fit
than the DFSZ models if we make an assumption of small mixings of right-handed quarks as
suggested by the Froggatt-Nielsen mechanism. This is because the constraint from SN 1987A
is slightly relaxed due to the fact that the ratio of the axion-nucleon coupling to the electron
coupling becomes smaller than that in the DFSZ models in the relevant parameter regions.

Another important feature of the variant axion models is that they predict flavor-
changing couplings with quarks parameterized by the matrices (V;, 4)i; (see table 3). One
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consequence of such flavor-changing couplings is the possibility of rare decays of heavy mesons
into axions. In particular, the search for the decay process KT — 7™ + a could lead to a
severe constraint on this class of models. We have found that such a process is absent and
the constraint is trivially satisfied in the models with a PQ charge assigned for an up-type
quark, while it may give rise to some tension in those with a PQ charge assigned for a
down-type quark.

In addition to the above constraint from the decay of kaons, processes involving other
off-diagonal elements of (V,, 4);; can be probed by various other decay channels. Present and
expected future limits on the flavor-changing couplings from heavy meson decays are sum-
marized in ref. [36]. Furthermore, if the extra heavier states coming from two Higgs doublets
(see appendix B) have masses comparable to the electroweak scale, the models predict flavor-
changing neutral-current processes that can be searched by collider experiments [98-100].
Such laboratory searches can complement the results of astrophysical observations discussed
in this paper. Indeed, exploring flavor-changing interactions would be crucial to distinguish
between the variant axion models and other flavor-blind models such as the DFSZ models.

The mass range m, =, 0.45meV predicted by the variant axion interpretation of the
stellar cooling anomalies might have intriguing implications for cosmology. In this mass
range, the axion decay constant is of order f, ~ 109 GeV, and it is preferable to assume that
the PQ symmetry is broken after inflation since otherwise there is a severe constraint from
isocurvature fluctuations as mentioned in section 1. In such a post-inflationary PQ symmetry
breaking scenario, axions can be produced by the decay of strings and domain walls, and
they behave as cold dark matter in the present universe [101, 102]. Although the previous
estimates of the relic axion abundance from the decay of string-wall systems for models with
Npw = 1 showed that such axions would comprise only a small fraction of the cold dark
matter in the mass range m, 2 1meV [see e.g. refs. [86, 103-105]], it has been pointed out
recently that there could be a much broader uncertainty in those estimates [106]. Within the
broad uncertainty suggested in ref. [106], there remains a possibility that axions become the
main constituent of dark matter up to the mass of m, < 4.4meV [14]. Indeed, preliminary
results of the state of the art simulations [107, 108] show a preference for higher dark matter
mass ranges close to this upper limit on m,. Therefore, there is a possibility that the meV
mass variant axions could account for dark matter as well as providing the explanation of
the stellar cooling anomalies. Direct detection of axion dark matter in the meV mass range
is quite challenging, but several techniques are proposed in the literature, such as a dish
antenna [109], absorption in superconductors [110], and topological insulators [111].

The mass range preferred by the stellar cooling anomalies will also be probed by the
proposed experiment ARIADNE [112], which is the search for long range forces mediated by
axions [113]. This experiment does not rely on any assumption on astrophysics (e.g. axion
emissivity from the Sun) or cosmology (e.g. local dark matter density), and hence it would
play a complementary role with respect to other axion searches. However, in order to achieve
a reasonable sensitivity it is necessary to assume that there exists a sizable CP-violating
interaction between axions and nuclei saturating the limit on the neutron electric dipole
moment. Such a large CP-violating coupling is not necessarily guaranteed in the models
considered in this paper.

Crucially, the most part of the parameter regions predicated by the stellar cooling hints
will be covered by the next generation helioscope IAXO. Once axions are detected in such
experiments, it would be even possible to measure the axion mass and couplings to photons
and electrons if the detectors have enough energy resolution [114, 115]. The predictions of
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Type II of the variant axion models exhibit relatively high values for the coupling product
GaeYa~ (see figure 6), and hence this class of models would potentially be distinguishable from
other models through such measurements in the future helioscope experiments.
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A Analysis method

For the global fits we take a slightly different procedure than ref. [10]. In section 2, we see
that there are several sources of systematic uncertainties, which might not be regarded as
simple Gaussian-like fluctuations. One possible way to deal with such systematic errors is to
introduce additional parameters (nuisance parameters) that are marginalized to construct a
profile likelihood function [e.g. ref. [116]].
Our general procedure to marginalize the systematic variables is as follows. Suppose
that an outcome of an observation is measured as a value M with an error o. Let T(6)
denotes a theoretical prediction for this quantity, which depends on a set of parameters
0 = (61,...,0n). We assume that 7'(6) has some systematic uncertainty, whose typical
magnitude is given by AT'(0). The effect of the systematic uncertainty can be embedded as
a shift of T'(@) — M by an amount {AT(0), where £ is an additional parameter spanning a
finite interval. The values of 8 compatible with the observational data are found by evaluating
the following quantity, X
2
2= (M —T(6) — £(0)AT(0)) ’ (A1)

o2

where é (0) is a value that minimizes x? for specified values of 8. The above formula resembles
the pull x2 function [117, 118], but here we assume that the variable £ obeys a flat probability
distribution rather than the Gaussian distribution.

One can evaluate é (0) almost trivially: it takes the boundary value &pin Or Emax of the
specified domain € € [Emin, £max], otherwise £(8) = (M — T(8))/AT(8), for which x% = 0.
The appearance of the flat direction £ = (M — T(0))/AT(0) just implies that there is a
degeneracy between the systematic effect and the effect of theoretical parameters, and that
the values of the parameters @ cannot be determined unless the corresponding systematic
uncertainty is resolved.

We apply the above procedure to the analysis of the astrophysical data. For the R-
parameter, the observed value is R°” = 1.39 & 0.03, and the theoretical model is given by
eq. (2.3). We use the value Y = 0.2535 + 0.0036 as representative of the mass fraction in low
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metallicity environments [40, 41], and the corresponding error oy = 0.026 is added to the
observational error o = 0.03. Furthermore, we introduce a parameter &4 corresponding to
the systematic uncertainty due to the stellar rotation. &, is allowed to vary in the range
[—1,0]: it is negative since the effect of rotation just shortens the helium-burning lifetime [46].
The magnitude of this uncertainty is estimated as 3% of the observed value, AR = 0.042.
For the TRGB of the globular cluster M5, the observed value is M?}’T?RGB = —4.17+

0.13mag. We use the theoretical model of eq. (2.5), but here we drop the last term 5M}hTRGB,
since it was introduced in order to correct the asymmetric ranges of systematic errors and
convert them to a Gaussian error in refs. [38, 39], which we do not follow in our analysis.
Instead, we introduce a parameter &pc, which is defined in the range [—1, 1], to represent
the systematic uncertainties. We use the error estimate for bolometric corrections as the
magnitude of the uncertainty, AM;trge = (0.08 4+ 0.02¢13) mag, since it gives the largest
range among the possible sources of systematic uncertainties enumerated in refs. [38, 39].

For the WDLF, we follow the same procedure as in ref. [10]. We take 11 binned data
points in the luminosity range 7 < Mpo < 12.25 from refs. [47, 50]. For the theoretical
model, we allow the normalization factor to vary as a function of g4, and marginalize it such
that it leads to the smallest x2.

For the period change of the WD variables, we adopt the observational data of R548
[II = (3.3 + 1.1) x 1079s/s] [56], PG 13514489 [II = (2.0 £0.9) x 10~*3s/s] [57, 58], and
two pulsation modes of L19-2 [IT = (3.0 + 0.6) x 10~'%s/s for both modes] [59]. Following
the suggestion in ref. [10], we exclude the data of G117-B15A [55] and add the theoretical
uncertainties for R548 [oy; = 0.09 x 10~ 1%s/s] and for L19-2 oy, = 0.85 % 10715 s/s and
oy, = 1.45 x 107 155/s] in quadrature For PG 13514489, instead of adding the O' error,
we mtroduce a parameter &40 to take account of the systematic uncertainty due to dlfferent
models. We extract 7 different model curves from figures 6 and 7 of ref. [58] and estimate
the “theoretical” prediction f[(gae) from the median between the largest and smallest value
among the 7 curves. Then the magnitude of the systematic uncertainty AT is identified by
using half of the difference between the largest and smallest value among those curves. We
marginalize it by allowing &nodel to vary in the range [—1, 1].

In summary, the x? function is

2 — (RObS - Rth (gaea ga'y) - érot (gae, ga'y)AR)z

X

012{ + 0)2/
(Mf%ras — M} rraB(9ae) — €80 (Jac) AM1TRCB (ac))?
2
GMI,TRGB
WDLF R548,L19-2 - .
+ Z (Mz'ObS - N(gae)Mi(gae)) + (Hgbs — 11 (gae))2
2 2 2
i=1,...,11 IM; s=1,2,3 11, - Gnth
n (191551 1as0 — 11(gae) — Emodel (Jae) AlL(gae))? (A.2)
o2 ’ )
ITpG1351+489

where MY 1pap(9ae) = Mi%pap(9ae) — 5M}}1TRGB. When we include the SN 1987A bound,

we add )
2 2
gap + Yan
<3.6 X 10—19> ' (A-3)
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B Higgs sector and Yukawa interactions

In this appendix, we investigate the structure of the Higgs sector and Yukawa interactions in
the variant axion models for the purpose of obtaining typical ranges of the parameter tan g
compatible with perturbativity of the Yukawa interactions. The most general renormalizable
Higgs potential at energies below the PQ scale but above the electroweak scale reads [98]

A 2 A 2
V(Hy, Hy) = mi I Hy + mip HHy = (mbyHUHy + b)) + 50 (HUH) + 5 (H) )

3 (B (BE) + 2 (HUH) (L) (B.1)

where the m2, terms originate from the interaction terms with the singlet scaler (i.e. terms
proportional to Hir Hyo and its hermitian conjugate) in the UV-complete theory (see sec-
tion 3), and we can make the parameter m?, real and positive by the PQ symmetry trans-
formation. All the other parameters m?,, m3,, and A 234 are real.

After the electroweak symmetry breaking, two Higgs doublet fields can be decomposed
into their VEVs v; and component fields, Hy = (H,!, (vx + hi, +iAx)/v/2). These fields can

be related to the SM Higgs field HSM and the orthogonal field H’,
H, cos 3 —sinf HSM
= , (B.2)
H, sin3 cosf H

HSM — ¢ and H' = i . (B.3)
(v+ M +iG0) /2 (B +iA%) /2

Among eight field degrees of freedom, G* and G° correspond to the Nambu-Goldstone bosons
which get eaten by W+ and Z° bosons. The charged scalar H* and neutral pseudoscalar A°
are mass eigenstates, while neutral scalars hS™ and b/ are in general not mass eigenstates.
We define the rotation angle o which relates these neutral scalars to the lighter (h) and
heavier (H) mass eigenstates,

H cosa  sina hi cos(f — a) —sin(f — «) hSM (B.4)

h) \ —sina cosa he ) sin(8 — a) cos(f — «) o) .
Note that all the heavier states H*, A° and H decouple in the limit m2, — oo, and
these states become irrelevant to low energy physics, in which the lightest eigenstate h is

identified as the SM Higgs boson. However, even in such a case, it is possible to restrict
parameters of the models by considering perturbativity of Yukawa interactions.

where

Yukawa interactions of neutral Higgs bosons can be parameterized as [119]

M)y — — . _
Lrutawa = = _ = LR+ €Y Bt — i€V A biR] + e (B)
ij

where the fermions v; are taken to be mass eigenstates. We recall that the Yukawa interac-
tions are different according to the P(Q charge assignments for the quark and lepton fields
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[see egs. (3.4) and (3.5)].

cos «
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The coupling coeflicients read
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for the up-type quarks, where V,, is defined in eq. (3.16),
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for the down-type quarks, where Vj is defined in eq. (3.17), and

for leptons.

where
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In order to guarantee perturbativity of the Yukawa interactions, we require
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for ¢ = h,H, A°. Requiring that the above constraints are satisfied for any value of «,
we obtain

tan 8 < 150 (Model U, C, T, Type I),
0.0029 < tan 8 < 150 (Model U, C, T, Type II),
tan 8 < 3.4 (Model D, S, B, Type I),
0.0029 < tan 8 < 3.4 (Model D, S, B, Type II), (B.17)

where the upper limit for Model U, C, T' comes from bottom Yukawa interactions, that for
Model D, S, B comes from top Yukawa interactions, and the lower limit for Type II comes
from tau Yukawa interactions. Here we have omitted the bounds obtained from couplings
that depend on (V,,);; and (Vj);;, whose values are unknown.!® Note that, however, more
stringent limits could be obtained according to their values. In the main text, we have used
eq. (B.17) as a typical range compatible with perturbativity requirements.
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