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Protoneutron stars as cosmic factories for massive axionlike particles
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The parameter space of massive axionlike particles (ALPs) with m, ~ O(100) MeV and coupled with
nucleons is largely unexplored. Here, we present new constraints in this parameter region. In doing so, we
characterize the supernova emissivity of heavy ALPs from a protoneutron star, including for the first time
mass effects in both nucleon-nucleon Bremsstrahlung and pionic Compton processes. In addition, we
highlight novel possibilities to probe the couplings with photons and leptons from supernova ALP decays.
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I. INTRODUCTION

Core-collapse supernovae (SNe) are powerful cosmic
laboratories to probe the emission of light particles with
masses <O(100) MeV (see, e.g., Refs. [1,2] for reviews).
Particularly relevant, in this respect, was the observation
of a neutrino burst from the SN 1987A explosion [3-5].
Despite the sparseness of the recorded neutrino events in
the existing experiments, this observation was a milestone
event in astroparticle physics, allowing the setting of
stringent bounds on standard and nonstandard neutrino
properties [6,7]. Furthermore, the data were used to
constrain other novel particles emission such as axions
[8—11], muonic bosons [12], dark photons [13], gravitons
[14], unparticles [15], scalars mixed with Higgs boson [16]
and particles escaping in extra dimension [17], since their
emission might have shortened the observed duration of the
neutrino burst.

Arguably, the most studied cases in this context are those
of QCD axions or generic axionlike particles (ALPs)
coupled with nucleons. In presence of a dominant nucleon
coupling, the ALP emissivity in the SN nuclear medium
is dominated by nucleon-nucleon (NN) Bremsstrahlung
[9,18-21] NN — NNa, and by pionic Compton-like
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scatterings z#~p — na, which convert a pion into an
ALP [19,22,23]. The characterization of these processes
is still a field of intense investigations with significant
developments. In particular, the naive approach for the
NN process was based on the one-pion-exchange (OPE)
scheme, where the interaction was assumed to be mediated
by a pion [8,9,18]. However, it has been recognized that
different corrections, namely a nonvanishing mass for the
exchanged pion [24], the contribution from the two-pions
exchange [25], effective in-medium nucleon masses and
multiple nucleon scatterings [26,27] would significantly
reduce the ALP emissivity (see Ref. [21] for a state-of-the-
art calculation). On the other hand, after a few seminal
papers discussed it in the late 1980s and early 1990s, the
Compton pionic process (zN) was largely neglected until
Ref. [28] pointed out that it may dominate over the NN
process for typical conditions in the SN core.

Traditionally, the ALP emissivity from a protoneutron star
(PNS) has been calculated neglecting the ALP mass. This
assumption is valid as long as m, < 3T =90 MeV. At
larger masses, the rate is suppressed by the Boltzmann factor
e /T and by the ALP velocity , ~3T/m,. The ALP
parameter space for ALPs with mass m, ~ O(100) MeV
and coupled with nucleon is very poorly constrained.
Therefore, PNS would represent a unique source to constrain
massive ALPs. A first attempt to include the effects of a
finite ALP mass in the SN emissivity goes back to Ref. [29],
which calculated the NN process within the OPE scheme.
The goal of our work is to extend these results to include
all the relevant corrections beyond OPE, and to compute, for
the first time, the effects of the axion mass in the zN process.
Furthermore, we will present several phenomenological
implications of our results, new constraints, and future
prospects.

Published by the American Physical Society
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The plan of our work is as follows. In Sec. II, we
characterize the ALP emissivity in a SN core via NN
and zN process including the effect of the ALP mass. In
Sec. III, we investigate the phenomenological conse-
quences of the ALP mass on the SN cooling bound and
on the ALPs gravitationally trapped near the SN core. In the
subsequent sections, we extend our phenomenological
analysis to ALPs coupled also to photons or to leptons
and therefore unstable. In particular, in Sec. I'V, we consider
radiative decays that, depending on the decay length, would
give additional bounds from energy-deposition in the SN
or from the production of a gamma-ray flux. In Sec. V, we
develop analogous considerations referring to ALP decays
into electrons or muons. Finally, in Sec. VI, we summarize
our results and we conclude.

II. MASS EFFECTS ON AXION EMISSIVITY
IN NUCLEAR MATTER

The ALP nucleon interaction is described by the follow-
ing Lagrangian terms [30,31]

ﬁim = Ya [CupﬁyﬂySP + Cunﬁyﬂ},Sn
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where g, is a dimensionless constant characterizing
the ALP coupling with nuclei,' f, = 92.4 MeV is the
pion decay constant, C,,y = (C,), — Can)/ V294 [32] and
Cuna = —V3/2(C,, — C,,), with g4 ~ 1.28 [33] the axial
coupling. The second term in Eq. (1) gives rise to a four-
particle interaction vertex, i.e. a contact interaction,
whose contribution to the ALP emissivity was originally
discussed in Ref. [18] and recently rediscussed in
Ref. [32]. Finally, the last term describes the ALP
couplings to the A-resonance which give rise to an
enhancement of the ALP emissivity, as recently discussed
in Ref. [34]. It is convenient to define the ALP couplings
with protons and neutrons as g,y = ¢,C,n, for N = p, n,
where C,y are model-dependent coupling constant.
To compare with the literature, in this work we will
often refer to the benchmark values C,, = —0.47 and
C,, =0, inspired by the Kim-Shifman-Vainshtein-
Zakharov (KSVZ) axion model [35].

The interaction Lagrangian in Eq. (1) allows one to
characterize the ALP emissivity in a nuclear medium,
where the dominant processes are NN Bremsstrahlung,

'In the literature, especially that concerning QCD axions,
it is common to find this coupling expressed in terms of the
axion decay constant, f,. The relation between g, and f, is

9a = mN/fa~

NN — NNa [9,18-21], and the Compton-like scattering,
7~ p — na, which converts a pion into an ALP [1,2,8,36,37]
(see also Refs. [21,28] for recent developments). As dis-
cussed in the previous section, traditionally the calculation of
these two processes has been performed assuming that the
ALP mass m, is negligible compared to the environment
temperature 7, ie., m, < 7T. In this case, one expects
a negligible Boltzmann suppression, e~"«/T, of the ALP
emissivity. A first attempt to relax the massless ALP
hypothesis in the NN process, within the OPE framework,
was presented in Ref. [29]. In our work, we generalize these
results and extend them also to the case of pionic processes.
At first we notice that in the ALP massive case, for an ALP
with mass m, < my, the spin-summed matrix element of the
NN Bremsstrahlung can be written as [29]

SYIMP = ("’“')2|M<°>|2, @

spins Dq

where |M (|2 is the spin-summed matrix element in the
massless case [9,21], @, and |p,| are the ALP energy and
momentum, respectively. Note that the only difference
with the massless ALP case is the ALP velocity factor
Ba = |Pal/®,- Then we can extend the ALP spectrum per
unit volume calculated in Eq. (2.15) of Ref. [21] for massless
ALPs to

d’n, Ja "B, 5 u Da
<da)adt> o Ty, (@ T M) exp <_ 7)

5,(%)0(a - m). 6)

where np is the baryon density in the SN core, and the
Heaviside-® function guarantees that the minimum ALP
energy is given by its mass. In the previous expression, S, is
the nucleon structure function, including the nuclear part of
the matrix element [20]

S(;(wa) = (wa/T) ) (4)

% &

where s(x) and the spin-fluctuation rate I', are given in
Ref. [21]. The Lorentzian form of Eq. (4) takes into account
multiple scattering effects [20] and the line-width I'" is chosen
in such a way to have a properly normalized structure
function (see Ref. [38]). In particular, this structure function
contains all the corrections beyond the OPE approximation
introduced in Ref. [21] to take into account the possibility of
two pions exchange effects [25], nucleons multiple scatter-
ings [20] and the effective nucleon mass inside the SN core
due to a many body potential [39—41]. We highlight that in
Eq. (4) we include also a contribution related to the contact
interaction term. This term has a negligible effect on the
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Bremsstrahlung emissivity in the whole range of masses
studied, in agreement with the conclusions of Ref. [32]
obtained in the massless ALP case. As previously argued in
Ref. [18], this is an expected result since the term due to this
additional diagram gives a contribution of higher order in
1/my that is suppressed.

&n, B BT3S g—AZ(a)Q—mz)
do,dt) y, 29°m% \2f, @

1Ch ©

The other contribution to the ALP emissivity comes from
the pion conversion that, as recently shown in Refs. [28,42]
is competitive with the NN Bremsstrahlung for typical SN
conditions. We extend the results of Eq. (11) in Ref. [28] to
the case of massive ALPs, calculating the spectrum per unit
volume of ALPs as

(wa - mﬂ>®(wa B ma)

A (@3 —m3):
exp (xa — Yz _qur) -1

1 , (5)

% 1
x [ dyy? - .
A exp (y* —1,) + Lexp (=y* + f1,) + 1

where m, is the pion mass, y, =m,/T, x, = w,/T,
p=(u—m)/T, with u the pion and nucleon chemical
potentials, © is the Heaviside theta function, required to fix
the minimal threshold energy at the ALP mass, and C/"
can be written as

2
My

Cflm_ = g_zﬂ%tga(lpn

A

): (6)

where G,(|p,|) is taken from Eq. (39) of Ref. [34],
neglecting terms of higher order in 1/m,. Notice that in
the computation of the squared matrix element for massive
ALPs we found a factor of difference 2 w.rt. to the
massless case [32,34]. In addition, we highlight that
A-mediated and contact interactions give rise to terms of
the same order as the contribution coming from nucleon-
mediated diagrams. Therefore, in agreement with what
found in Refs. [32,34], we observe that each of these
two couplings enhances the ALP emissivity by at least a
factor of ~ 2 in the mass range of interest m, < 500 MeV.
These results are obtained employing a pion chemical
potential and a pion abundance deduced from the procedure
in Ref. [42], including the pion-nucleon interaction as
described in Ref. [43].

III. PHENOMENOLOGICAL CONSEQUENCES

A. ALP Energy spectrum

The ALP emission is affected by the gravitational
field of the PNS, in particular time dilation and the
redshifting of the energy [44,45]. In particular, the observed
energy at infinity w}, is shifted with respect to the local
energy @, as
wy = a(r)a)a, (7)
where a(r) <1 is the so-called “lapse factor,” which
encodes effects due to the PNS gravitational potential

®(r), evaluated locally at the PNS interior. The values
of a at each radius are obtained from the SN simulation,

e.g., Ref. [46]. Similarly, for a local observer, time dilation
must be taken into account as follows

dr = a~'(r)di(r), (8)

where the dit(r) refers to the local observer interval of
time at distance r, while dr* refers to the simulation
time corresponding to that of a distant observer. Since
dwldt* = dw,dt, the integrated ALP spectrum over the
local time adt* is given by

dN, dn?
= [ &Prdt* i —
dw, / rdt'alr) o i /

ALPs with sufficient kinetic energy can escape the stellar
gravitational field. Relativistically, this condition can be
expressed as w, > m,/a (see. e.g., Ref. [44]). In the weak
gravitational field limit and for nonrelativistic ALPs, this
condition reduces to the well known result 52 > 2M/r
(in units with ¢ = G = 1), where f, is the ALP velocity,
r is the radius where it is produced, and M(r) the mass
enclosed in this radius. The spectrum of the gravitationally
unbounded ALPs, integrated over a time window of 10 s
after the core bounce, is shown in Fig. 1 (continuous
curves) for two representative masses, m, = 20 MeV
(black curve) and m, = 200 MeV (red curve), and for
Jap = 10710, Since this value is well below the cooling
bound for m, < 1 MeV (see next section), the ALPs
feedback on the neutrino signal can be reasonably
neglected in the whole time domain. As a consequence,
we are allowed to integrate the production spectra over the
unperturbed SN profiles in the considered time window.
In particular, the curves were obtained numerically, using a
1D spherically symmetric and general relativistic hydro-
dynamics model of an 18 M progenitor, based on the Agile
BOLTZTRAN code [47,48]. The shaded regions in the figure,
delimited by the dashed lines, show the spectrum of ALPs
with energies m, < w, < m,/a, which are trapped in the
stellar gravitational field. We will discuss some phenom-
enological implications of these gravitationally bounded

dn
Prdt—2. (9
rdt o a9
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FIG. 1. ALP energy spectra for g,, = 107'° and two represen-
tative masses, m, = 20 MeV (black curve) and m, = 200 MeV
(red curve), integrated over 10 s after the core bounce. Continuous
curves are obtained including gravitational effects, while in dashed
curves the lapse function a = 1. The spectrum of gravitationally
trapped ALPs is in the shaded bands.

ALPs in Sec. IV E. Assuming the pion abundance given in
Ref. [43], Fig. 1 shows that the ALP spectrum correspond-
ing to m, = 20 MeV has a bimodal shape, with the lower
peak at w, ~ 80 MeV due to the NN process, and the
higher peak at w, ~200 MeV associated to the zN
production. This behavior is not present for the m, =
200 MeV case where, because of the mass threshold, NN
gives a subdominant contribution included in the pion
conversion peak.

B. ALP luminosity

The total (energy integrated) luminosity of ALPs pro-
duced in the PNS and observed at infinity can be written as

d
L, :/d3ra2(r)/dwaa)adw’;h. (10)

Figure 2 shows the ALP luminosities, at the post-bounce
time 7y, =1s, as a function of the ALP mass for
Gap = 8.5 x 1071%, which is close to the cooling bound
we will find in the massless case. As discussed before, the
pion conversion zN (red dashed line) provides the dom-
inant contribution to the total luminosity (black solid line).
Furthermore, the NN Bremsstrahlung rate becomes
more and more subdominant as the ALP mass increases.
This is due to the Boltzmann suppression of the rates for
high ALP masses. This suppression is more efficient for
Bremsstrahlung ALPs since their average energies are
considerably smaller than in the case of the pionic
processes [28,42]. In a model-independent way, it is
possible to express the ALP luminosity as a function of
the ALP-nucleon couplings through the following fitting
formula

Lo~ ey + b2y = CGangap) X 1070 ergs™,  (11)
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FIG. 2. ALP luminosity at post-bounce time 7, =1s as a
function of the ALP mass for g,, = 8.5 x 10710 for NN Brems-
strahlung (black dashed line), pion conversion zN (red dashed
line) and total (black solid line).

where €, b, ¢ are fitting parameters. Notice that the minus
sign in front of the ¢ parameter is due to the dependence of
Cuzy and Cyyp on Cy), and C,,. Table I gives the values of
these parameters for some representative ALP masses.

C. Cooling bound

The luminosity calculated in Eq. (10) can be used to set a
constraint on the ALP-nucleon coupling by imposing at
postbounce time 7, = 1 s [1,12]

L.SL, (12)

to avoid an excessive energy-loss that would shorten the
duration of the neutrino burst observed during the SN
1987A explosion. For our SN model L, ~ 3 x 10°? ergs™!
at f,, = 1 s. Assuming ALPs coupled only to protons, this
constraint excludes the light-blue region in the ALP
parameter space shown in Fig. 3. As expected, the bound
obtained by including only the NN Bremsstrahlung (dark-
blue region) is significantly less stringent. In particular, for
ALP masses m, = m, the bound is essentially fixed solely
by the pion conversion. For m, < 1 MeV, the bound
becomes g,, < 8.5 x 10719, which updates the result of
Ref. [28]. As the ALP-nucleon coupling increases,
the probability of ALP interactions with the nuclear
medium gets larger and, eventually, ALPs may no longer
be able to freely stream out of the star. This is known as the

TABLE I.  Fitting parameters of ALP luminosity in Eq. (11) for
representative values ALP masses.

m, (MeV) €9 b c
0 3.86 1.10 0.26
30 3.32 1.17 0.36
90 2.03 1.37 0.79
150 1.13 1.48 1.11
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FIG. 3. Exclusion plot in the plane g,, vs m, by means of the
SN 1987A cooling. The dark blue region refers to NN Brems-
strahlung only, while the light blue is referred to the total
luminosity including also pionic processes.

trapping regime. After this regime sets in, the efficiency of
the ALP cooling diminishes with increasing couplings. A
rough criteria for the trapping regime can be defined
imposing that the ALP mean free path [29]

dn,
dw,dt’

A7 = 272 (@2 — m2)™! exp<“’”> (13)

is comparable to the radius of the PNS. A crude
estimate indicates that this condition is satisfied for
Gap 2 2.5 %X 107°. Trapped ALPs may contribute signifi-
cantly to the energy transport in the SN core [2,12,49].
Thus, complementary bounds can be placed on the ALP-
nucleon couplings in this regime. Anyhow, a reliable study
of the ALP emission rate in this regime would require
a dedicated numerical analysis that we postpone to a
future work.

IV. ALP COUPLING WITH PHOTONS
A. ALP radiative decay

Going beyond the minimal model of ALPs interacting
only with nucleons, in the next two sections we consider
ALPs coupled also with photons or leptons (never both at
the same time), besides nucleons. We begin by considering
the ALP-photon coupling, described by the following
Lagrangian term [30]

L

ay:

1 -
—Zga;,Fle”’“a, (14)

where g, is the ALP-photon coupling (in units of inverse
energy), F, is the electromagnetic tensor and F™ its dual.

The photon coupling would allow for the Primakoff
production of ALPs in a SN core [50]. However, given
the relatively strong current constraints on g, for
m, 2 1 MeV (see, e.g., Ref. [51], which places the bound

Gy <5 %107 GeV™!), this production channel would be
subleading with respect to the ones associated to the
nucleon couplings [52] in the region of the parameters
space considered. Therefore, we will ignore it in the
following discussion. Nevertheless, despite the photon
coupling is inefficient in the ALP production in the
presence of nucleon coupling, it may open the channel
of radiative ALP decay leading to an interesting phenom-
enology. The ALP radiative decay has a rate [53]

3
2ma

Fayy Yay 75— 647 (15)

This rate corresponds to a decay length [54]
},aﬂa a)(l m(l -4
A ~13k
' T,, pe (100 MeV) <10 MeV)

Gay 2 [ (0,2
>(<1o-13 Gev-1> ! <m> (16)

where y, is the ALP Lorentz factor. Depending on the
value of 4,, ALPs can decay inside or outside the SN, giving
a qualitatively different phenomenology. In particular, taking
for definiteness the envelope radius of type II SNe R.,, ~
3x 10" cm [55], for A, < Reyy, ALP decays can deposit
energy inside the SN, while for 4, > R.,, they decay outside
the star, producing an observable gamma-ray signal. We will
discuss both these effects in the following Sections. For the
sake of clarity, in the following analysis we fix the axion-
proton coupling to g,, = 10719, a value sufficiently small to
ignore the ALP feedback on the cooling mechanism and
integrate the spectra over the unperturbed profiles.

B. ALP energy deposition inside the SN envelope

We consider at first the case in which ALPs decay inside the
SN. Following the analysis in Ref. [44], massive ALPs
decaying into photons can deposit energy in the outer layers
of the SN volume. In particular, if the decay length satisfies
Rpns < 4, < Reyy, the whole energy produced in nuclear
processes in the form of decaying ALPs is dumped into the
progenitor star. This deposited energy can contribute to the
SN explosion, providing a “calorimetric” constraint to
radiative decays [56,57]. At this regard, Ref. [44] used a
SN population with particularly low explosion energies
as the most sensitive calorimeters to constrain this possibility.
Their low energies limit the energy deposition from particle
decays to less than about 0.1 B, where 1 B (Bethe) =
107! erg. The energy dumped inside the mantle can be
computed as [44]

d
Egep = /dt/ dramr? / da)aa)a#:dt

|:€ RPNS_r)/ly —e (chv_r)/l i| (17)
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FIG. 4. Bounds on the ALP-photon coupling g,, for massive
ALPs from SNe at g,, = 107'" and g,, = 0. The green area is
referred to the energy deposition mechanism in SN 1987A, the
magenta region is associated to radiative decays of escaping
ALPs from SN 1987A, the pink area is the excluded region by
means of the DSNALPB while the light blue one refers to the
decay of ALPs trapped inside the Cas A gravitational potential.
Finally, the gray region is the excluded region discussed in
Ref. [52], considering y-decays of massive ALPs produced by
Primakoff processes (see text for more details).

where the radial integral extends over the ALP production
region. The first exponential in the right-hand side (rhs)
implies that only ALP decaying at r > Rpyg contribute to the
energy deposition, while the second exponential selects only
photons produced in decays within R,,,. Requiring that the
deposited energy in the mantle is less than 0.1 B, we have
obtained the bounds in the plane g, vs m, shown in the green
region in Fig. 4. Notice that the constraint extends only to
m, < 450 MeV. For heavier ALPs, the bound disappears
since the Boltzmann suppression is so large that the energy
deposited in the mantle is less than 0.1 B, even if all the
produced ALPs decay inside it.

C. Nonobservation of gamma-rays from SN 1987A

If the ALP decay length 4, is sufficiently large, ALPs
would escape the SN envelope and if they decay before
reaching the Earth, they would originate an observable
photon signal. Following the analysis displayed in
Ref. [12], we take as a reference the observation performed
by the Gamma-Ray Spectrometer (GRS) on board of
the Solar Maximum Mission (SMM), working during
the SN 1987A explosion event, occurred at a distance
dgn = 51.4 kpe. Since no excess in photon counts in the
energy range 25-100 MeV was observed in the time
interval 7 = 232.2 s after the detection of the neutrino
burst, the induced photon flux must be smaller than the
y-fluence limit of the detector [58]

¢, < 1.38 cm™2. (18)

The differential photon flux expected at the Earth as a
consequence of the decay of the emitted ALPs can be

computed analogously to Eq. (51) of Ref. [12] and Eq. (18)
of Ref. [58] as

d¢y 2 e_Rz‘nv 2E},Fay}, e_ZErrnyyt /00 dw - dNa
= y mq
dE,dt  dndly m, g P e,
(19)

which is derived extending the discussion about the
neutrino decays in Ref. [58,59]. Here, I',,, is the rest-
frame ALP decay rate given by Eq. (15), while the integral
term is obtained considering a parent particle decaying into
photons with energy uniformly distributed in the interval
[(wa - Pa)/27 <a)a + pa)/z}? with Pa=V a)g - mz [see
Eq. (16) of Ref. [58] for further details]. Moreover we
have introduced the exponential factor exp [~Rey,/4,] to
exclude from the analysis ALPs which decay inside the
SN volume.

The resulting constraint on the ALP parameter space
is shown in the magenta region reported in Fig. 4.
Remarkably, our bound significantly enlarges the excluded
region, obtained in Ref. [52], assuming the Primakoff
process as the only ALP production channel (the gray
area in Fig. 4). We mention that the upper limit of our
bound reaches lower values of g,, since in Ref. [52] an
envelope radius of 3 x 10'?> cm was assumed, two orders of
magnitude lower than the one used here.

D. Diffuse SN ALP background

In this section we are going to revisit another enthralling
phenomenolgical prediction of ALPs coupled with nucle-
ons and photons: the existence of a Diffuse SN ALP
Background (DSNALPB) [60], analogous to the diffuse
neutrino background [61], generated by the ALP emission
from all SN explosions occurred at an epoch recent enough
to be contained in the current event horizon. The radiative
decay of the DSNALP has been studied in Ref. [45,62].
The results presented in this work allow us to revisit the
previous analyses by including the corrections to the
Bremsstrahlung production rate in the SN core induced
by a finite ALP mass. Moreover here we include also the
contribution due to pionic processes.

To obtain the diffuse photon flux induced by decays of
the DSNALPB it is necessary to integrate above the redshift
to take into accounts all the contributions coming from the
past core-collapse SNe in the Universe as done in Ref. [63]

dt

dz] .
Z

Rov(2)] || -
(20

dgpdit o dN,(E,(1+z))
JF :A (L+a)—

14 14

In this expression Rgy(z) is the SN explosion rate, taken
from Ref. [64], with a total normalization for the core-
collapse rate R,. = 1.25 x 10™* yr~! Mpc™3 and computed
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assuming an average progenitor mass of about 18 M,
as the one considered until now. Furthermore, here
\dt/dz|™" = Ho(1 + 2)[Qx + Qy(1 +2)’]? with the cos-
mological parameters H, = 67.4 kms~! Mpc™!, Q, = 0.7
and Q) = 0.3. Moreover the photon spectrum dN,/dE,
induced by the decay of heavy ALPs, observed at a distance
d(z) from the ALP source can be computed as [63]

dn,(E,)
dE

dN,(2E,)

_Renv/}“y 21
dw, ¢ - @D

=2x [1 - e‘d/’lr]

14

where the last exponential factor takes into account a
possible fraction of ALPs which decay inside the SN
envelope and does not contribute to the DSNALPB. Indeed,
we notice that for ALP masses m, > 100 MeV the decay
lengths are comparable to R.,,. Following Ref. [63], in
order to constrain the gamma-ray flux associated with
DSNALPB decays we use the isotropic y-ray background
measurements provided by the Fermi-LAT Collaboration,
by means of Pass 8 R3 processed data (8-yr dataset) for
the ULTRACLEANVETO event class section. For E >
50 MeV this data can be well fitted with a power law [63]

d¢, (E)
dE

=22x107E22 MeV-em™'s7hsrmll (22)
y

In Fig. 5 we compare the diffuse gamma-ray flux from
DSNALPB decays for different choices of g,, and m, with
the gamma-ray flux measured by Fermi-LAT. We exclude
parts of the ALP parameter space that would give a gamma-
ray flux exceeding the measured one. Our excluded region
is reported as the pink one in the ALP parameter space
shown in Fig. 4. In particular it extends the results reported
in Ref. [63] to ALP masses up to m,~400 MeV,

= Wy
7y r — Fermi — LAT ]
T, 5 — my = 40MeV (g4, = 42x 107GeV™") ]
OI'E ' — m, = 240MeV(g,, = 3.2 x 102GV
5 i
T
> .
(]
=
7
s Iy .
X [ ]
> d 0.5 -
%% L Lo v b N | I R A
40 60 80 100 120 140 160180
E,[MeV]
FIG. 5. Diffuse gamma-ray fluxes induced by the decay of

DNSALPB assuming ALPs with given masses. The red line
refers to the diffuse gamma-ray background measured by Fermi-
LAT. The dot-dashed part of the line is an extrapolation of the
Fermi line at energies 30 MeV < E < 50 MeV.

while larger masses cannot be probed due to an inefficient
ALP production.

E. Gamma-ray halo from SN remnants

As discussed in Sec. III A, a portion of the heavy ALPs
produced in the SN core would not have sufficient kinetic
energy to escape its strong gravitational potential. These
ALPs would accumulate around the SN remnant forming
an “ALP halo.” To gain some intuition about the properties
of this halo, let us assume that ALPs are generated at a
typical radius R = 10 km, and let us model the lapse factor
as in the Schwarzschild case, a = (1 —264)1/2 Working in
the Newtonian limit [which here is a valid assumption,
since a = 1, as evident from Eq. (23)], the condition for
gravitational trapping, w, < m,/a, leads to a relation
for the maximal radius of the cloud. Exploiting the
conservation of energy K — GMm,/R = —GMm,/R .
one obtains

max KR -l
=(1- , 23
R ( GMm, 23)

where K is the ALP kinetic energy. Notice that

KR R 1.4M
— 024 ———
GMm, 10 km M

§ <10 fm) <200m1\a/IeV>. o)

Thus, for ALPs with mass 200 MeV, the maximum
kinetic energy permitted by the trapping condition is
Koax ®40 MeV. This is in good agreement with the
numerical analysis shown in Fig. 1, where we see that
the unbounded spectrum of the 200 MeV ALPs (continuous
red line) begins at about 240 MeV. Therefore, the SN ALP
halo is composed of slow (nonrelativistic) ALPs, with
kinetic energies of a few MeV.

If ALPs couple to photons, their decay could lead to a
detectable MeV photon signal from the ALP halo. Notice
that a similar argument was proposed in Ref. [65] for the
case of massive Kaluza-Klein gravitons. The signal would
appear as point source in gamma-ray telescopes. In fact,
according to Eq. (23), the radius of the cloud is expected
to be quite small, on astronomical scales, except for ALPs
with energies extremely close to the maximal allowed
kinetic energy. For example, ALPs with energy within 1%
of the maximal kinetic energy might be found no further
than ~10° km from the SN remnant.

According to Ref. [63], the photon flux per unit energy
expected on Earth after a time ¢ from the moment the
explosion was observed, can be computed as

d¢l;alo 2 dNu (ZE}/) h e_r‘;;z/jt (25)
dEy trap 7

dE,  And?

Ya
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where d is the Earth-SN distance, E, is the energy of the
emitted photon and y,, is the Lorentz factor of the ALP with
energy 2E,. Here, Iy, /v, exp [T, /7,t] is the probability
per unit time to observe an ALP decay, while the spectrum
of the gravitationally trapped ALPs could be simply
computed as

(dNa> dN,
da)d Lrap da)d
where, as explained in Sec. Il A, dN,/dw,|,_, and
dN,/dw,|.; are the ALP spectra with and without
gravitational effects, respectively.

A favorable environment to apply our considerations is
Cassiopeia A (Cas A), which is a supernova remnant in the
constellation of Cassiopeia at a distance d ~ 3.4 kpc. The
explosion occurred f ~ 320 yrs ago. Following Ref. [65],
since the Fermi-LAT experiment has not found any gamma-
ray signal in the range 100 MeV-1 GeV close to the site of

Cas A [66], one can put the following limit on the photon
flux for photon energies in this range

_dN,
dw,

, (26)
a#l

a=1

GE=100 Mev 52 x 1078 ecm™2 57!, (27)

where this value is the sensitivity of the Fermi-LAT
experiment in this range of energies. Applying this con-
straint on the photon flux computed as in Eq. (25),
which depends both on g,y and g,,, we can introduce
the bound depicted as the light blue area in Fig. 4 for ALP
masses m, > 200 MeV.

V. ALP COUPLING WITH LEPTONS
A. ALPs leptonic decays

As next case we can consider the ALP coupling with
leptons, described by the following Lagrangian [30]

'Caf = Jac (;ﬂy;ﬂ/Sf)aﬂa’ (28)
/= 2Mf
e

where the sum runs over the lepton flavors (electron
and muon) and g, is the ALP coupling to the lepton ¢
with mass m,. In a SN, ALPs coupled with electrons
would be produced via electron-proton Bremsstrahlung
(e”p — e pa) and electron-positron fusion (e”e™ — a)
[67,68], while the dominant contributions due to muons are
the Compton scattering (yu — ap) and the muon-proton
Bremsstrahlung (up — upa) [69,70]. However, in almost
the entire range of parameters we are exploring in this
work, the contribution of the lepton processes to the SN
ALP production remains subdominant with respect to the
nuclear production mechanisms. A possible exception will
be discussed in Sec. V B.

Due to their couplings to leptons, massive ALPs can
decay into leptons trough pair productions a — £7

if m, > 2m,. The decay length for these processes is
given by [52,71]:

2/ 2
8z w, |1—m;/w;
2 )
Gopamg \| 1 —4mz/mg

Gar \2( my, \7! |@2—m?
=0.16 k . (29
pc<10_15> (1 MeV) \| m3 —4m> 29)

For the sake of the simplicity, in the following we consider
ALPs coupled with a single species of leptons (electrons or
muons) at a time. We remark that the ALP-lepton coupling
induces at one loop an ALP photon coupling, which for
masses m, > 2m, is given by [12,68,72,73]

j.f:

eff _ a 30
gay ﬂ_mfgafv ( )

with @ = 1/137. Due to this induced coupling, ALPs
interacting with electrons may decay into photons. This
allowed the authors of Ref. [68] to constrain g, from the
nonobservation of gamma-rays after the SN 1987A explo-
sion. However, it is easy to check that in the mass range we
are studying in this work (m, < 300 MeV) lepton decays
are dominant over the induced photon channel. Therefore,
we can neglect this subleading effect hereafter.

B. ALP energy deposition inside the SN envelope

ALPs decaying into charged leptons inside the SN
envelope would deposit energy in the form of ete™ or
ut ™, contributing to the SN explosion energy. Proceeding
as in the photon decay case, presented in Sec. IV B, we
compute the energy dumped in the SN mantle by leptonic
decays substituting 4, with 1, in Eq. (17) and obtain the
corresponding constraints. In particular, in Fig. 6 we
consider the plane g,, vs g,, at fixed value of the ALP
mass m, = 100 MeV. As shown by the blue region, at
Gap #8x 1071% we exclude values of the ALP-electron
coupling 4 x 107" < g,, 4 x 107, As g,, decreases,
the excluded region becomes smaller until it disappears
completely for g,, < 1.5 x 107!, due to the inefficient
ALP production. The horizontal gray band is excluded by
the cooling bound on the ALP-electron coupling [67,68],
while the yellow region is the loop-induced photon decay
bound recently discussed in Ref. [68]. We notice that for
ALP-electron coupling g, = 107'° the ALP production via
electron processes becomes significant and might be
competitive with nuclear processes (see the hatched region
in Fig. 6) [67,68].

To analyze the mass dependence of the bound, in
the upper panel of Fig. 7 we show the constraints in the
Jae VS Jap plane for three different values of the ALP mass
m, = 10 MeV (dotted contours), m, = 100 MeV (dashed
contours) and m, = 200 MeV (solid contours). As the
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FIG. 6. Bounds in the plane g,, vs g,, for an ALP mass
m, = 100 MeV. In the blue hatched region, the energy deposi-
tion bound is uncertain since ALP production by means of
electron-positron fusion becomes competitive to nuclear proc-
esses. Furthermore, we show in gray the cooling bound [68] and
in dark yellow the loop-induced radiative decay bound on g,,
discussed in Ref. [68].

mass increases, the energy deposition bound (the blue
regions) requires larger values of g,,, since the ALP
production is Boltzmann suppressed. In addition, it is
shifted toward lower values of g,, beacause of the depend-
ence of the ALP decay length on the mass. Finally, when
the ALP mass becomes larger than the pion mass, the
excluded region becomes smaller. The reason is that the
ALP production in the pionic Compton process, which is
the dominant one at high mass, is kinematically suppressed
for masses above the pion mass. Indeed, for kinematical
consistency, the ALP energy in the pionic process must be
larger than the pion mass.

Finally, ALPs with masses larger than 2m,, are allowed to
decay also in u*u~. Therefore, the ALP-muon coupling can
be constrained by the energy deposition argument. In the
lower panel of Fig. 7 we show the bounds for m, = 220,
250, 280 MeV. The shape of the bound is analogous to
the electronic decays. In particular, since m, > m,, in this
case the excluded region becomes smaller and smaller as
the ALP mass increases, as previously discussed in this
Section.

C. ALP decays outside the SN envelope

As a final possibility, we consider now the case in
which ALPs are so weakly coupled to leptons that they
decay outside the SN envelope. If they decay into
electron-positron pairs, they would contribute to the
Galactic 511 keV photon line” (see Ref. [74] for more
details on the production mechanism of this line). Using
the 511 keV line observations by the spectrometer SPI

At the moment, we do not have the knowledge of any
observable which can be used to constrain ALPs decaying into
wu~ outside the SN envelope.

10—8;_ __________
e T
10“0;r ...........
E
10-'2;r -
o 1074 (
E 1
10—16 E_ o ‘\ -----
; N
107 — m, = 200MeV _
o o Mg =100MeV
1077E .. m, = IOMEI:V ~~~~~~~
o e o
8ap
1078
. 1
i | 1
3 E !
o 1077 I
E .
104F  —m, = 220MeV
E --m, = 250 MeV
E mg = 280 MeV
—16 [ . \ ' L
10 10'_10

gap

FIG. 7. Upper panel: excluded regions in the plane g,, vs g,
due to energy deposition (blue regions), 511 keV line from
Galactic (red regions) and Extra-galactic (green regions) SNe, for
three different values of the ALP mass m, = 10, 100, 200 MeV.
Lower panel: excluded regions from energy-deposition bounds in
the plane g,, vs g,,, for three different values of the ALP mass
m, = 220, 250, 280 MeV.

(SPectrometer on INTEGRAL) [54] feebly interacting
particles having decay channels with positrons in the final
state can be constrained [13,54,55].

Using the morphology of the signal observed by
SPI [75], in Ref. [54] some of us constrained ALPs with
mass m, < 30 MeV simultaneously coupled with nucleons
and electrons, produced via nucleon Bremsstrahlung and
decaying into electron-positron pairs. Note that ALPs with
mass m, 2 30 MeV were not considered in that paper since
their production flux was not characterized yet.

In this section we present the results of a refined analysis
of the 511 keV line bound, which accounts for the ALP
mass effects in the SN production, allowing us to extend the
constraint to heavier ALPs. We recall that the SPI obser-
vations imply a bound on the number of positrons injected
in the Galaxy [55]

Npos < 1.4 x 1072, (31)
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where N is given by

dN _pl _pl
NPOS p— /da)d—a)a (elle Renv/ﬂe + 6'16 RSHV/26‘>

x {1 —exp(—;—fﬂ. (32)

Following Ref. [13], we consider the contribution of two
types of core-collapse SNe, namely type Ib/c and type II
SNe, characterized by envelope radii R.,, =2 x 10'?> cm
and R, = 10'* cm [13], and average fraction €, = 0.33
and ¢;; = 1 — ¢; [76], respectively. Moreover, rg = 1 kpc
is a typical escape radius from the Galaxy.

The red region in Fig. 6 represents the Galactic bound
from the 511 keV line, obtained by saturating Eq. (31),
for m, = 100 MeV. Here, we exclude 1.5 x 107"? < g,, <
8x 1072 at g,, ~8x 107 and 1071% < g,, <6 x 107!
at g,, ~3 x 10712, As shown by the red regions in Fig. 7
(upper panel), the dependence of the bound on the ALP
mass is similar to the energy deposition bound, since the
constraint is shifted toward lower couplings as the mass
increases and the excluded region becomes smaller for ALP
masses larger than the pion mass. We mention that the
bound at m, = 10 MeV (the light red region) excludes
larger values of g, than the one in our previous work [54],
since here we are considering the contribution of both
type Ib/c and II SNe, while in Ref. [54] we considered only
type II SNe, with an escape radius R, > R. . In addition,
here the bound reaches lower values of the ALP-nucleon
coupling (g,, ~ 3 x 107!2) since the ALP production is
enhanced by the pion conversion.

If ALPs are produced by extragalactic SNe and
decay into electron-positron pairs outside our Galaxy,
the produced positrons would slow down and annihilate
at rest, giving two photons, each one with energy m,,
as in the Galactic case. However, these photons are
redshifted and thus they contribute to the cosmic x-ray
background (CXB), measured by different experiments,
e.g. the High Energy Astronomy Observatory (HEAO) [77]
and the Solar Maximum Mission (SMM) [78]. In this
case, as discussed in Ref. [54], the cumulative energy
flux of ALPs from past core-collapse SNe and decaying
into electron-positron pairs in a small redshift interval
(24> 24 — dz4) comes from z < 2 and it is well approximated
by [54]

<a’2¢a(Ea)>
dEadZd dec
_ /00(1 L) dNa(E;él +2))

x [Rsn(2)] eXp<— ZHL,?) H; T Hj—; a’z]. (33)

Due to the redshift, the produced photons reach us with an
energy E, = m, /(1 + z,), thus the produced photon flux is
given by

¢, _ 5, dpadza
dE, "~ " dz, dE,
% &¢ (E
= 2k, =< | dE, (‘M) . (34)
E}' mg dEadZd dec

where k,; = 1/4 accounts for the fraction of positrons
annihilating through parapositronium, producing two pho-
tons with energy m,. In this case, we can constrain the ALP
parameter space by requiring that the produced photon flux
from ALP decays does not exceed the measured CXB by
more than 20 (see, e.g., Fig. 8 in Ref. [54]). The green
region in Fig. 6 represents the extra-galactic bound for
m, = 100 MeV, excluding 3 x 107! < g,, <7 x 1076 at
Gap ~8x 1071 In this case, g,, can be reduced by less
than one order of magnitude before the disappearance of
the bound. Also for the extragalactic bound, as shown by
the green regions in the upper panel of Fig. 7, the mass
dependence is analogous to the cases previously discussed.

VI. CONCLUSIONS

In this work, we have presented a detailed study of the
PNS emission of heavy ALPs with m, ~ O(100) MeV
coupled to nucleons, and presented several phenomeno-
logical consequences not discussed previously.

Concerning the emission process, we have extended the
previous analysis of the Bremsstrahlung emission rate [29]
beyond the OPE approximation and added the contribution
of the Compton pionic process. As we have shown, this
last process, which was largely overlooked in the past,
dominates the rate in a large section of the massive ALP
parameter space. Equipped with this new results, we have
been able to extend the SN 1987A cooling bound up to
m, ~ 300 MeV and couplings g,, 2 8.5 X 10719 for the
massless case, a limit that extends well below the current
experimental constraints and sensitivity.

Though out of reach for direct detection experiments,
heavy ALPs with couplings in the region allowed by the
SN 1987A bound have a quite rich phenomenology. We
presented a comprehensive analysis of this phenomenology
in Secs. [V and V, for the case of ALPs coupled respectively
with photons or with leptons, besides nucleons. Such ALPs
have finite decay lengths, 4;(m,, g,;), controlled by their
mass and couplings. Depending on the value of 4;, the ALP
decay products can deposit energy inside the SN envelope,
impacting the explosion mechanism, or they can propagate
in the space outside the SN, originating observable sig-
natures. Our results are summarized in Figs. 4 and 5, in
the case of a nonvanishing ALP-photon coupling, and in
Figs. 6 and 7, for a finite ALP-lepton coupling.
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Our study confirms once more the high physics potential
of SNe as laboratories for exotic particles. The case of
massive ALPs coupled with nucleons has been overlooked
so far. We hope that our analysis in this work will stimulate
further developments.
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