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We calculate the production of ultralight axionlike particles (ALPs) in a nearby supernova progenitor.

Once produced, ALPs escape from the star and a part of them is converted into photons during propagation
in the Galactic magnetic field. It is found that the MeV photon flux that reaches Earth may be detectable by
y-ray telescopes for ALPs lighter than ~1 neV when Betelgeuse undergoes oxygen and silicon burning.

The dependence of the y-ray flux on the stellar mass is much smaller than the uncertainty that originates

from the Galactic magnetic field. If ALPs are lighter than ~0.1 neV and the supernova progenitor is close

enough to the Solar System, the y-ray flux is insensitive to the distance d because the ALP-photon

conversion probability is proportional to d>. (Non)detection of y rays from a supernova progenitor with
next-generation y-ray telescopes just after presupernova neutrino alerts would lead to an independent
constraint on ALP parameters as stringent as a SN 1987A limit.

DOI: 10.1103/PhysRevD.105.023020

I. INTRODUCTION

Axionlike particles (ALPs) are a class of pseudoscalar
bosons beyond the standard model of particle physics
(e.g., [1,2]). They are thought to interact with photons as
described by the Lagrangian [3]

1 -
an = _ZgayF;wFﬂya’ (1)

where g,, is the coupling constant, F,, and F™ are the
electromagnetic tensor and its dual, respectively, and a is
the ALP field. The ALP-photon interaction leads to the
production of ALPs in hot astrophysical plasma and ALP-
photon conversion in external magnetic fields.

Light ALPs have been pursued experimentally and
astronomically because they are a candidate of the dark
matter [4-8]. Since core-collapse supernovae (SNe) can
produce a lot of ALPs via the Primakoff process, a nearby
SN can be used as a probe of the ALP mass m, and the
coupling constant g,, [9-13]. Since ALPs are converted
into photons by the Galactic magnetic field during their
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propagation, y rays from SNe can be a signature of SN
ALPs. Nondetection of y rays from SN 1987A has provided
constraints of go = g,,/(1071° GeV~') < 0.05 for m, <
1 neV [11]. If a future nearby SN is observed by Fermi
Large Area Telescope [14], the SN bound will be signifi-
cantly improved [13].

In the previous works on the SN bounds of light ALPs,
only ALPs produced after the core bounce have been
discussed. However, in principle, ALPs can be produced in
advanced burning phases of massive stars as well because
the temperature is sufficiently high. If y-ray telescopes are
pointed at an SN progenitor following a pre-SN neutrino
alert [15-20], it may be possible to obtain information
on ALPs.

The ALP parameters have been explored by ALP
helioscopes, haloscopes, and astronomical observations.
The CERN Axion Solar Telescope obtained a bound ¢, <
0.66 for m, <20 meV [21]. Although the mass range is
narrow, the Axion Dark Matter Experiment obtained a
very stringent bound of ¢,y < 107> for m, ~ ueV [22].
Searches for y- and x-ray spectral irregularities of NGC
1275 have provided a constraint of g;5 < 0.05 for m, <
5neV [23] and gy < (6-8) x 107 for m, < 1073 neV
[24]. Observations of globular clusters have also provided a
constraint of g;, < 0.66 for m, < 1 keV [25]. Interestingly,
ALPs with g;y 2 0.2 and m, < 0.1 ueV might be respon-
sible for the observed very-high-energy y-ray transparency
of the Universe [26]. Also, a recent observation of the
spectra of the cosmic infrared background found excesses
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FIG. 1. The evolution of the central temperature 7', and density
p. in the stellar model. The dots show the time before the core
collapse.

which can be interpreted as a hint of photon-ALP mixing
[27]. It has also been pointed out that ultralight ALPs with
m, € [6 x 107*,1072] neV are excluded to avoid the super-
radiance instability of black holes regardless of g,, [28].

In this paper, we propose to use nearby SN progenitors to
investigate the nature of light ALPs independently of the
other methods. There are 31 known SN candidates in the
Solar neighborhood within a radius of 1 kpc, as listed in
Ref. [19]. As a benchmark of a nearby SN progenitor, we
calculate the y-ray flux from a Orionis, which is known as
Betelgeuse. The ALP production from Betelgeuse and the
resultant x-ray flux have been calculated in previous works
[29,30]. However, the photon spectrum peaks at MeV y-ray
regions in the last evolutionary stages of massive stars. We
discuss the observability of the signature of ALPs by y-ray
telescopes and possible constraints on ALPs.

This paper is organized as follows. In Sec. II, we describe
our stellar model. In Secs. III and IV, we explain the
prescription of ALP production rates and the ALP-photon
conversion caused by the interaction with the Galactic
magnetic field. In Sec. V, the y-ray flux from Betelgeuse
observed on Earth is calculated. In Sec. VI, we provide a
fitting formula for the pre-SN ALP spectrum. In Sec. VII,
we study the sensitivity of the y-ray flux on the stellar mass
and the distance to the star. In Sec. VIII, the results are
summarized and discussed.

II. STELLAR MODEL

In order to compute a SN progenitor model, we used
modules for experiments in stellar astrophysics (MESA)
[31-35] release 15140. Since the initial mass of Betelgeuse
is estimated to be 18-21 M, [36], the initial stellar mass is
set to 20 M. Because of the mass loss [37,38], the mass

just before the core collapse is reduced to 16.3 M.
The initial metallicity is set to Z = Z, = 0.0148 [39].
The calculation is stopped when the infall speed of the iron
core reaches 300 kms~!.

Figure 1 shows the evolution of the central temperature
T. and density p. of the model. The temperature increases
as the stellar evolution goes on and exceeds 100 keV in the
neon-, oxygen-, and silicon-burning phases. As shown
below, the ALP production in such hot plasma can be so
significant that photons that are converted from ALPs by
magnetic fields may be observable.

III. ALP PRODUCTION RATES

ALPs are produced by the Primakoff process induced by
the Coulomb field of electrons and ions. The Primakoff rate
is given by [40-42]

2 T’ p (((k+p)* + &) ((k = p)* + &)
32 E 4kpx?

e (i) 1)

y—a

(2)

where p and k are the momenta of ALPs and photons,
respectively, E is the ALP energy, T is the temperature, and
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u

(3)

is the Debye-Hiickel screening scale. Here « is the fine
structure constant, p is the density, m, is the atomic mass
unit, Z; is the atomic number of the jth ion, ¥, and ¥; are
the mole fractions of electrons and ions, respectively, and
Rgey is the dimensionless degeneracy parameter defined
in Ref. [43].

The ALP emissivity per a unit volume is given by

Pk ©  dn
= 2 7F == dEE d 5
Qu / (27)? r=a®f (@) [n didE

where w is the photon energy, f(w) is the Bose-Einstein
distribution, and d?n,/dtdE is the ALP production rate per
unit of volume, time, and energy. The factor 2 in the second
term comes from the polarization of photons. The intrinsic
ALP luminosity is then calculated as

(4)

L,=4n /R Q,(r)r’dr, (5)
0

where R is the stellar radius. The ALP luminosity reaches
L,~2x10¥g ergs™' just before the core collapse.
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This value is almost independent of ALP masses
if m, < 10 keV.

IV. ALP-PHOTON CONVERSION

Since they interact with stellar matter only feebly, ALPs
escape from the star once produced and propagate in the
interstellar space. The interaction between ALPs and the
Galactic magnetic field causes the conversion between
ALPs and photons [3]. If the magnetic field is constant
along the path, the probability for an ALP to be converted
into a photon is given by [11]

sin? (%)

(5’

Pay = (Aayd)z ’ (6)

where d is the distance which the particle has traveled and

Aosc = \/(Aa - Apl)2 + 4A§y (7)

is the oscillation wave number with A, = —m2/2E,
Ay = —wpy/2E, Ay = goyBr/2, @y is the plasma fre-
quency, and By is the transverse component of the
magnetic field.

The distance to Betelgeuse is estimated to be d =
0.168J_r8:81257 kpc [36]. On the basis of the proximity of
the star to the Sun, we assume that the magnetic field along
the path of ALPs is constant. The fiducial value of the
transverse magnetic field By is fixed to 1.0 uG, although
the Galactic magnetic field configuration is uncertain. The
value of Br is dependent on the magnetic field models
and can vary between 0.4 and 3.0 4G [30,44-46]. Since
the amplitude of P,, is approximately proportional to B2,
the y-ray flux observed on Earth is simply proportional to
B2. The uncertainty in the y-ray flux that propagates from
the model dependence of By is then estimated to be a factor
of 0.16-9.0. In order to calculate Wy in the interstellar gas,
the electron number density of 1.1 x 1072 cm™ [47] is
adopted.

Figure 2 shows P,, as a function of the distance to the
SN progenitor for ALPs with E = 1 MeV. Itis seen that the
amplitude of P, is larger when ALPs are lighter and hence
it is easier to search lighter ALPs. It is also notable that the
wavelength of P, is shorter for heavier ALPs. This makes
the photon flux on Earth sensitive to the distance d between
the star and the Solar System.

V. PHOTON FLUX ON EARTH

Photons converted from ALPs can be observed by y-ray
telescopes if their flux is large enough. The photon
spectrum observed on Earth is written as

my=0.1 neV
L ma=1 neV
ma=10 neV ------

Distance [kpc]

FIG.2. The ALP-photon conversion probability as a function of
the distance d to the SN progenitor. The coupling constant is fixed
to g0 = 0.05 and the ALP energy is fixed to E = 1 MeV.

dzny 1 R {’n
= _4zP < y2dr. 8
didE and2 " “VA arde’ " (8)

The spectra of photons that originate from ALPs produced
in Betelgeuse just before the core collapse are shown in
Fig. 3. The peak is at 1-5 MeV and thus the photons
converted from ALPs can be a target of MeV y-ray
telescopes. Since P,, is dependent on ALP energies, the
spectrum is distorted by the factor P,,. When ALPs are
heavier, the energy dependence of P, becomes more
significant. As a result, the photon spectra for m, =
1 neV oscillate as a function of the energy. This spectral
irregularity would be a signature of the ALP-photon
conversion if it is detected.

Figure 4 shows the energy flux of photons observed on
Earth as a function of time before the core collapse. The
upper and lower panels show the result with g;; = 0.05 and
0.01, respectively. Since P, is higher for lighter ALPs, the
photon flux becomes higher for lower m,. In the case of
g1o = 0.05, the spectrometer on board INTEGRAL (SPI)
[48] may observe y rays from Betelgeuse ~ 10° s before

d’ny/dtdE [y cm? 57! MeV-1]

Energy [MeV]

FIG. 3. The spectra of photons which originate from ALPs
produced in Betelgeuse just before the core collapse. The
coupling constant is fixed to g, = 0.05.
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FIG. 4. The energy flux of photons which originate from
ALPs produced in Betelgeuse as a function of remaining time
before the core collapse. The upper (lower) panel adopts g, =
0.05 (0.01). The thickness of the curves indicates uncertainties
due to the error in the distance to the star. The horizontal lines
show the 3¢ sensitivities of INTEGRAL/SPI and AMEGO for
1 MeV photons.

its collapse. Since both the intrinsic ALP luminosity L, and

the amplitude of P, are proportional to gﬁy, the photon flux

is approximately proportional to g%, This strong depend-
ence on g, makes observations of ALPs with low g,,
difficult.

In Fig. 4, the uncertainty that stems from the distance to
Betelgeuse is shown by the thickness of the curves. For
ALPs lighter than 1 neV, the uncertainty is smaller than a
factor of 2. However, when ALPs are as heavy as 10 neV,
the wavelength of P, is so short that coherence is lost. As a
result, it would be difficult to detect the signature of such
ALPs.

Observing MeV y rays with high sensitivity is so
challenging that instruments more sensitive than the
Imaging Compton Telescope (COMPTEL) [49] have not
been operated [50]. Currently, next-generation MeV y-ray
telescopes including the All-sky Medium Energy Gamma-
ray Observatory (AMEGO) [51], e-ASTROGAM [52], and
sub-MeV/MeV gamma-ray imaging loaded-on-balloon
experiments [53] are being developed. These projects
aim to achieve higher sensitivity than COMPTEL. The
next-generation y-ray telescopes are designed to achieve

the sensitivity of ~10712-107!! ergcm™2s~! for MeV
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FIG. 5. The spectra of photons which originate from ALPs
produced in Betelgeuse at 0, 10?, 10*, and 10° s before the core
collapse. The ALP mass is fixed to 1 neV and the coupling is
fixed to g;o = 0.05.

photons. If these instruments do not detect MeV y rays
from Betelgeuse ~ 10° s before its collapse, the coupling
would be constrained to be g,y < 0.05 for m, < 1 neV.

VI. FITTING FORMULA

Recently, Ref. [30] calculated the ALP production in
Betelgeuse and proposed a fitting formula:

’

©)

&N, /R dny 5
0

= 477,' r - 1047Cg%() E ﬁe_(ﬁ+l)%
dtdE dtdE

~ MeVs \E,

where C is the normalization factor, f is the spectral index,
and E, is the average energy. The parameters for 7 <
Ieollapse — 1.4 yr have been tabulated in Ref. [30] on the
basis of their model. In Table I, the parameters which are
obtained by fitting the expression to our pre-SN models are
shown. It is seen that the average energy shifts from the
hard x-ray region to the y-ray region as time goes on
because the temperature becomes higher. Using Eqgs. (8)
and (9), the photon spectrum on Earth can be evaluated as

TABLE I. The parameters for the ALP production in pre-SN
massive stars. Each parameter is defined in Eq. (9).

tcollapse -1 [S] C EO [MCV] ﬂ
0 1.68 x 10° 2.54 2.50
107 1.19 x 103 2.08 2.49
10° 9.33 x 107 1.77 2.50
10* 5.98 x 107 1.57 247
10° 1.63 x 10? 1.13 2.10
10° 2.15 x 10? 0.85 2.39
107 7.31 x 10! 0.61 2.10

023020-4



PRESUPERNOVA ULTRALIGHT AXIONLIKE PARTICLES

PHYS. REV. D 105, 023020 (2022)

10_7 ;;;; ool I g A
__ 108 o
o 1079F -
g 10-10E A m,=0.1 neV
5
< 10711 E » |
E [T met nev 25M,------
. 1 20M,
15M®7 T ‘

10-13 | | | | |
108 107 10° 10 104 10° 102 10!
teollapse~t [S]

FIG. 6. The energy flux of photons which originate from ALPs
produced in massive stars with the initial masses of 15 M,
20 Mg and 25 M. The ALP masses are fixed to 0.1 and 1 neV.
The ALP-photon coupling is fixed to g;, = 0.05. The distance to
the stars is assumed to be 0.168 kpc.

d’n, 10YCg?,P,, [ E\# £
ro_ 107 ar (= )" ~F+Dz5 =2 ¢~ MeV—!
didE dnd <E0> ¢ s Nen

(10)

The photon spectra are plotted in Fig. 5. It is seen that
photons become more energetic as a function of time
because the temperature becomes higher.

VII. DEPENDENCE ON STELLAR MASS
AND DISTANCE

In the previous sections, we investigated the ALP
production in a 20 My star. In order to discuss the
sensitivity of the stellar mass on the results, we prepared
additional stellar models with the initial masses of 15 Mg
and 25 M. The final mass of the 15 M modelis 13.8 M
and that of the 25 Mg model is 16.7 M. Figure 6 shows
the y-ray flux from the stars. In this figure, the ALP-photon
coupling is fixed to g;; = 0.05 and the distance to the stars
is assumed to be 0.168 kpc, which is equal to the distance to
Betelgeuse. It is found that the dependence on the stellar
masses is smaller than a factor of 3, except for a short
period around ~10* s before the core collapse.

The y-ray flux is also dependent on the distance d to the
star. If the ALP-photon conversion probability P, is
constant, the flux would be proportional to d~2. In reality,
the flux is modified by the oscillations in P,, which are
shown in Fig. 2 and deviates from the inverse-square law.
We can see from Eq. (6) that P,, is proportional to d’ if
Ayed/2 < 1. This implies that the y-ray flux becomes
independent of d if the star is close enough to the Solar
System.

Figure 7 shows the y-ray flux with different distances to
the star. The upper panel adopts m, = 0.1 neV and the
lower panel adopts m, = 1 neV. In both panels, the 20 M
model is adopted and the ALP-photon coupling is fixed to
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FIG. 7. The energy flux of photons which originate from ALPs

produced in the 20 My model. The ALP masses are fixed to
(upper) 0.1 and (lower) 1 neV. The ALP-photon coupling is fixed
to g9 = 0.05.

gio = 0.05. In the case of m, = 0.1 neV, the flux decreases
as a function of d more slowly than expected from the
square-inverse law. This is because P, is proportional to d
in this case. As a result, it is possible to obtain a limit as
stringent as the SN 1987A limit [11] with AMEGO even if
the star is as far as ~1 kpc. On the other hand, in the case of
m, = 1 neV, the y-ray flux almost follows the inverse-
square law because the wavelength of P, is shorter. As a
consequence, it would be difficult to obtain a stringent limit
on g, if d2 0.5 kpc. In the case of m, <0.1 neV, 31
candidates of pre-SN stars closer than 1 kpc listed in
Ref. [19] would be useful to obtain a new constraint on
ALPs. Although it may be possible to detect pre-SN y rays
from farther stars, the treatment of the ALP-photon con-
version across 21 kpc is beyond the limitation of our
model because the magnetic field can deviate from its local
value [44-46]. If the ALP mass is around m, ~ 1 neV, the
number of candidates decreases to 21 if we adopt the
threshold of d = 0.5 kpc.

VIII. POSSIBLE CONSTRAINT ON ALPS

As we have discussed, observations of pre-SN y rays
from Betelgeuse would provide information on the ALP
parameters. Figure 8 shows possible upper limits on gy.
It is assumed that AMEGO observes Betelgeuse for 10° s
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FIG. 8. The lower limits on g;o. The solid line shows the

possible limits from pre-SN y rays from Betelgeuse. It is assumed
that AMEGO observes the star for 10° s before its collapse. The
pessimistic limit adopts Bt = 0.4 4G and the optimistic limit
adopts Bt = 3.0 uG. The dotted lines are astrophysical limits that
have been obtained so far [11,24,30,55] and a possible limit from
an SN at the Galactic center [13].

before its core collapse since Jiangmen Underground
Neutrino Observatory (JUNO) [54] is expected to announce
an early SN alarm a few days before the event [20].
We considered the uncertainty of the Galactic magnetic
field because it is the most dominant source of uncertainty
for the y-ray flux. The limit in the pessimistic case
assumes Bt = 0.4 uG while the optimistic limit assumes
Bt = 3.0 uG. In the mass range of m, ~ 0.01-1 neV, the
pre-SN y-ray limit can be the most stringent constraint on
g1o of the astrophysical limits reported so far, although
ALPs from the core collapse itself would provide an even
more stringent limit.

IX. SUMMARY AND DISCUSSION

In this study, we calculated the ALP production in a pre-
SN massive star and the y-ray flux that originates from the
ALP-photon conversion by the Galactic magnetic field.
In particular, we discussed the observability of y rays from
Betelgeuse. It was shown that nondetection of y rays
from Betelgeuse by next-generation y-ray satellites would
lead to a constraint g;o < 0.05 for ultralight ALPs with
m, < 1 neV. This constraint is as stringent as the SN
1987A limit [11].

We investigated the dependence of the y-ray flux on the
distance to the SN progenitor and the stellar mass. Since the
ALP-photon conversion probability P,, is proportional to

d*> when d < 2/ A., the flux is insensitive to d if the star is

close enough to the Solar System. In the case of
m, = 0.1 neV, the flux stays almost constant as a function
of d for d <4 kpc. However, if ALPs are heavier, P,,
deviates from the @ law and the flux decreases as a
function of d. Also, if the initial stellar mass is between
15 My and 25 Mg, the difference in the flux is much
smaller than the uncertainty in the Galactic magnetic field.

Since the ALP luminosity from an SN progenitor is
lower than that from an SN explosion, the limit that is
achievable with the pre-SN signals is weaker than the
limit with a nearby SN [13]. However, the temperature and
density profiles near a protoneutron star in an SN is
not known well because of large uncertainties in physics
in extreme environments such as nuclear equations
of state (e.g., [56-60]), collective neutrino oscillation
(e.g., [61-64]), and approximations of the neutrino trans-
port (e.g., [65]). The ignorance on SN microphysics may
lead to significant systematic uncertainties on the constraint
on ALPs. On the other hand, the structure of massive stars
in advanced burning stages is less uncertain. Therefore
nearby SN progenitors would provide more robust con-
straints than SNe.

Observations of an SN progenitor before its explosion
will be enabled by pre-SN alerts from neutrino detectors
[66]. The most sensitive detector for pre-SN neutrinos is
JUNO [54], which can detect signals from Betelgeuse a
few days before its core collapse. Since the inverse f
decay of protons is insensitive to direction, it is difficult to
uniquely identify the SN progenitor with the pre-SN
alerts. Nevertheless, AMEGO would detect signatures
of ALPs if m, < 0.1 neV and gy > 0.01 even without
directional information since it plans all-sky surveys with
the field of view of 2.5 sr and the cadence of 3 h. On the
other hand, when other y-ray telescopes such as
INTEGRAL are not performing surveys, it is desirable
for them to visit every candidate of the SN progenitor just
after the pre-SN alerts.

Aside from SN alerts, pre-SN neutrinos would also
provide information on the temperature profile in the stellar
core. Since stars are optically thin in terms of neutrinos and
ALPs, the temperature profile inferred from pre-SN neu-
trinos would coincide with the environment where ALPs
are produced. On the other hand, since the SN core is
opaque to neutrinos, we cannot infer the environment at the
ALP production site from SN neutrinos. It is hence
expected that nearby SN progenitors provide a unique
opportunity to explore ALP production rates.

The prediction performed in this study is expected to
have uncertainties. It has been pointed out that the
production of pre-SN neutrinos in massive stars is sensitive
to properties of oxygen and silicon shell burning [16], of
which our understanding is limited. Similarly, the produc-
tion of ALPs would depend on stellar models. It is hence
desirable to perform systematic investigations on model
dependence.
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Because of difficulties in parallax measurements, the
distance to Betelgeuse is uncertain. However, the uncer-
tainty in the photon flux due to the distance is moderate, as
seen in Fig. 4. The most important source of uncertainties
is the Galactic magnetic field because P,, is proportional
to B%. The uncertainty of the y-ray flux due to the
magnetic field is estimated to be almost 2 orders of
magnitude. However, because of proximity of the SN
progenitors to the Solar System, the uncertainty is smaller
than the one which limits from other objects like SN
1987A [11] and NGC 1275 [23,24] suffer from. Since
each limit suffers from different systematic uncertainties,
it is important to explore various methods to explore the
ALP parameter space.
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