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Stars and physics beyond the Standard Model
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Abstract. Weak interactive particles with mass up to a few hundreds of keV may be pro-
duced through thermal processes occurring in hot stellar interiors. We investigate the effects
of the production of axion-like-particles, on the observable properties of stars, and we show
how these effects may be exploited to infer the existence and eventually to understand the
physics of feebly interactive particles which are not accessible in laboratory experiments.
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1. Introduction

Axions and, more in general, axion-like-
particles (ALPs) emerge in different extension
of the Standard Model as Pseudo-Goldstone
bosons of some broken global symmetry.
Originally, axions were proposed as a solu-
tion of the so-called strong CP problem, i.e.,
the absence of CP violation in the strong in-
teractions (Peccer & Quinn||[1977; Weinberg
1978 (Wilczek| |1978)). The existence of such
particles could also account for most or all
of the dark matter in the Universe. In partic-
ular, axions with masses of a few ueV would
be good cold dark matter candidates (Sikivie
2008; Kawasaki & Nakayama|2013), while for
masses larger than 60 meV they would attain
thermal equilibrium at the QCD phase transi-
tion, or later, thus contributing to the cosmic

radiation density (Turner|[1987; Massé et al.
20025 |Archidiacono et al.|[2013).

Axions or ALPs interactions with standard
model particles allow their production in stel-
lar interior. For m, < 100 keV, their mean-free-
path is larger than typical stellar radii, so that
once released near the center they freely escape
from the star. In such a case, ALPs production
in stellar interiors acts as an energy sink mech-
anism. Although ALPs belong to a more gen-
eral class of pseudoscalar particles, their cool-
ing effects in stellar interiors are indistinguish-
able from those caused by the production of
QCD axions.

The coupling with photons is a general
property of ALPs. In hot stellar cores, the
Primakoff process, that is, the conversion of
a photon into an ALP in the electromagnetic
field of an ion, y + Ze — a + Ze, is the ma-
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jor consequence of the ALP-photon coupling.
The stellar energy-loss rate due to this process
depends on the square of g, a quantity rep-
resenting the strength of the ALP-photon cou-
pling. This rate increases as T*, but it is sup-
pressed at high density because of the electron
screening that reduces the effective charge of
the ions. The coupling with electrons is also a
potential ALP-production channel in stellar in-
terior. In that case, these particles can be pro-
duced by various processes. Compton scatter-
ing, y+e — y+e+a, is the most important pro-
duction channel, while electron-positron pair
annihilation, e~ + e* — 2a, may be relevant in
very massive stars approaching the final core
collapse. As for the Primakoff, the associated
energy-loss rate is larger at higher tempera-
ture, but both the Compton and the pair pro-
cesses are suppressed when electron degen-
eracy develops. This is a consequence of the
well-known Pauli blocking. High electron de-
generacy develops in the cores of RGB and
AGB stars, as well as in white dwarf interi-
ors. In these cases, however, Bremsstrahlung,
e+ Ze — e+ Ze + a, may become an impor-
tant source of ALPs. In general the energy-loss
rates due to Compton, pair and Bremsstrahlung
scale as the square of g,., a quantity repre-
senting the strength of the ALP-electron cou-
pling. Note that in case of QCD axions, both
mass and coupling strengths are inversely pro-
portional to the energy scale at which the
Peccei-Quinn symmetry was broken in the
early Universe. Thus, the higher this energy
scale, the weaker the coupling with Standard
Model particles. This mass-coupling relation
is not necessarily satisfied in the more general
case of ALPs.

In this paper, we summarize the results of
our studies on the modification of the macro-
scopic stellar properties caused by the possible
ALP production occurring during the advanced
phases of the evolution of low and massive
stars. In particular, we present the hints about
ALP physics we get from the comparison of
the theoretical expectations with the observa-
tions of different Milky Way stars. In this work,
an extensive use of data from space-based-
astronomical observatories has been done. In

particular, we have used data from HST, GAIA
and NuSTAR.

2. Globular Clusters Stars

Globular Clusters (GC) are ideal sites to test
fundamental physics. They are found in spi-
rals, ellipticals as well as in Dwarfs or irreg-
ular galaxies. The Milky Way hosts hundreds
of GCs, preferentially located in its halo and
bulge. A typical GC contains between 10° and
107 almost coeval stars, as old as 13 Gyr.
It is the presence of such a large number of
stars with similar properties that makes these
objects a good laboratory to investigate new
physics. The thermal production of weak in-
teractive particles, such as neutrinos, starts to
affect the evolution of GC stars after their de-
parture from the main sequence, when they en-
ter the RGB and the temperature within the
core attains a few 10% K. Figure show an im-
age of the GC M3 and its color-magnitude dia-
gram. Bremsstrahlung ALPs may be efficiently
produced during the RGB phase and, later
on, during the AGB phase, while Primakoff
and Compton are active during the HB phase.
Finally, Bremsstrahlung ALPs may acceler-
ate the cooling of the brightest white dwarfs.
Several observable properties of these stars
may provide hints on the coupling of ALPs
with Standard Model particles. For instance:

— RGB-tip luminosity (ALP-electron cou-
pling)

— RGB Luminosity Function (ALP-electron
coupling)

— ZAHB luminosity (ALP-electron cou-
pling)

— RR-Lyrae mass (ALP-electron coupling)

— R=number of HB stars/number of RGB
stars (ALP-photon and ALP-electron coup-
ings)

— R2=number of AGBstars/number of HB
stars (ALP-photon and ALP-electron coup-

ings)

2.1. RGB tip

When the central H is almost fully consumed,
GC stars leave the main sequence and move
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Fig. 1. An image of the globular cluster M3 (left) and the corresponding color-magnitude diagram (right).
Labels indicate the evolutionary phases during which an effective ALP production may take place, as driven

by different thermal processes.

toward the RGB. In this phase, the He-rich
core contracts, while the external H-rich enve-
lope expands. Then, the luminosity of the stars,
which is sustained by an efficient shell-H burn-
ing, progressively increases. Indeed, the lumi-
nosity of a RGB star depends on the mass of
the He-rich core that increases because of the
H into He conversion. Later on, as also the cen-
tral density increases, the condition for the de-
velopment of electron degeneracy are attained.
Thus, the production of neutrinos by plasma
oscillations becomes an important energy sink
process. In this conditions, the pressure by de-
generate electrons counterbalances the gravita-
tional contraction of the core, while plasma-
neutrinos emission causes an energy loss. In
practice, both these processes limit the increase
of the core temperature and, in turn, the mo-
ment at which the He burning starts. This oc-
currence coincides with the tip of the RGB,
whose luminosity is extensively used as cal-
ibrated standard candle in several cosmologi-
cal studies. However, an additional energy-loss
process would increase the He-core mass at the
He ignition and, in turn, the RGB-tip luminos-
ity.

In |Straniero et al.| (2020), we studied the
possible activation of additional energy sink
mechanisms in RGB stars, as predicted by
many extensions of the Standard Model. In
particular, we studied the possible production
of ALPs, mainly through their coupling with
electrons (Bremsstrahlung). Then, by com-
bining Hubble Space Telescope (HST) and
ground based optical and near-infrared photo-
metric samples, we derived the RGB tip abso-
lute magnitude of 22 galactic globular clusters
(GGCs). Different distance scales have been
adopted, among which those based on the as-
trometric measurements obtained by GAIA.
Then we compared the observed tip luminosi-
ties with those predicted by state-of-the-art
stellar models that include the energy-loss due
to the ALP production in the degenerate core
of red giant stars.

We found that theoretical predictions in-
cluding only the energy-loss by plasma neu-
trinos are, in general, in good agreement with
the observed tip bolometric magnitudes, even
though the latter are ~ 0.04 mag brighter, on
the average (see Figure [2). This small shift
may be the result of systematic errors affect-
ing the evaluation of the RGB tip bolomet-
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Fig. 2. The RGB tip bolometric magnitude vs cluster metallicity. The red dots represent the observed
values for 22 GCs, and the red-dashed line is a least square fit of these data. The black-solid lines are
the theoretical predictions as obtained under different assumptions for the ALP-electron coupling, namely,
8ae/10713 = 0,1,4, 10 and 20. Note that the larger the coupling the brightest the RGB tip. The observed
values are well reproduced for g,/ 10713 ~ 1. If the signal seen by the XENONIT collaboration (Aprile
et al.|2020) was due to solar axions, the coupling would be as large as g,./10™'* ~ 20, a value clearly

excluded by our analysis.

ric magnitudes or, alternatively, it could be as-
cribed to an ALP-electron coupling causing a
non-negligible thermal production of ALPs. In
order to estimate the strength of this possible
ALP sink, we performed a cumulative likeli-
hood analysis using the RGB tips of the whole
set of 22 GGCs. All the possible source of un-
certainties affecting both the measured bolo-
metric magnitudes and the corresponding theo-
retical predictions have been carefully consid-
ered. As a result, we found that the value of the
ALP-electron coupling parameter that maxi-
mizes the likelihood probability is g,./107!3 ~
0.6070-32. This hint is valid, however, if the
dominant energy sinks operating in the core of
red giant stars are standard neutrinos (0 mag-
netic dipole moment) and ALPs coupled with
electrons. Any additional energy-loss process,

not included in the stellar models, would re-
duce such a hint. Nevertheless, we found that
values g,/ 10713 > 1.48 can be excluded with
a 95% of confidence.

This new bound represents the most strin-
gent constraint for the ALP-electron coupling
available so far. The new scenario that emerges
after our work represents a great challenge for
future experimental ALP search. For instance,
we can exclude that the signal recently seen by
the XENONI1T experiment was due to solar ax-
ions (Aprile et al.|2020).

3. Massive stars

During the most advanced phases of the evolu-
tion of a massive stars (M> 10 M), the core
temperature rises above 1 GK, so that the ther-
mal production of small and weakly interac-
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Fig. 3. Left panel: the expected ALP luminosity is compared to the neutrino luminosity for a 20 My, stellar
model (from [Straniero et al.|(2019)). Note that during the advanced phases of the evolution, the luminosity
of these weak interactive particles largely overcomes the photon luminosity. Right panel: contributions to
the total ALP luminosity from different thermal processes.

tive particles becomes very efficient. Actually,
from the C-burning phase up to the final core
collapse and beyond, the production of thermal
neutrinos is the major energy-loss mechanism
that largely overcomes the energy loss due to
the electromagnetic radiation (see Figure [3).
The possible additional contribution by ALPs
to this energy sink has been investigated in
Straniero et al.|(2019) and | Xiao et al.|(2021)). In
the first paper, in particular, we found that the
activation of an ALP production may modify
the pre-explosive luminosity of a core-collapse
supernova progenitor. As a result, we found
that the estimation of the progenitor masses
based on pre-explosive images should be re-
vised, and that the discrepancy between these
masses and those estimated from the explosive
yields is reduced.

3.1. ALPs from Betelgeuse

Betelgeuse is a nearby red supergiant of about
20 Mg. The precise evolutionary stage is un-
certain. Comparing the luminosity and the ef-
fective temperature of Betelgeuse with extant

stellar models we can only conclude that the
time to the core collapse is less than a few
10* yr. As shown in Figure [3| in this inter-
val of time the ALP luminosity, mainly from
Compton scattering, can grow up, from ~ 1038
erg/s (He-burning pase) up to 10** erg/s (just
before the core collapse). Can this ALP flux
be detected at a distance of less than 200 pc?
Obviously the answer depends on the strength
of the ALP interaction used by a specific de-
tector. However, passing through an external
magnetic field, ALPs emitted by the star can
be efficiently converted into photons (inverse
Promakof). Therefore, if the electromagnetic
spectrum from Betelgeuse, or any other nearby
red supergiant, would show a clear signature of
this ALP-photon conversion, we could be able
to measure the corresponding intensity of the
ALP flux and, in turn, we could determine the
time left to the final core collapse.

In Xiao et al.| (2021) we used observation
of Betelgeuse in hard x rays to constrain the
coupling between ALP and photons. Note that
Betelgeuse is not expected to be a standard
source of x rays, but light ALPs produced in
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the stellar core could be converted back into
photons in the galactic magnetic field, produc-
ing a detectable flux that peaks in the hard x-
ray band (E, > 10 keV). Using a 50 ks obser-
vation of Betelgeuse by the NuSTAR satellite
telescope, we found no significant excess of
events above the expected background. Then,
using models of the galactic magnetic field in
the direction of this red supergiant, we ob-
tained a 95% C.L. upper bound for the ALP-
photon coupling of g,, < (0.5 —1.8) x 10711
GeV~! (depending on magnetic field model)
for ALP masses m, < (5.5 —3.5) x 107!l eV.
We have estimated that this promising search
for detectable ALPs from stars can be extended
to about 20-30 red supergiant in the galactic
neighborhood.
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