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Axion-like particles (ALPs) can be copiously produced in binary neutron star (BNS) mergers through
nucleon-nucleon bremsstrahlung if the ALP-nucleon couplings g,y are sizable. The ALP-photon coupling
Jay may trigger conversions of ultralight ALPs into photons in the magnetic fields of the merger remnant
and of the Milky Way. This effect would lead to a potentially observable short gamma-ray signal, in
coincidence with the gravitational-wave signal produced during the merging process. This event could be
detected through multimessenger observation of BNS mergers employing the synergy between gravita-
tional-wave detectors and gamma-ray telescopes. Here, we study the sensitivity of current and proposed
MeV gamma-ray experiments to detect such a signal. As an explicit example, we consider ALP couplings
related as in the Kim-Shifman-Vainshtein-Zakharov axion model, and show that in this case the proposed
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instruments can reach a sensitivity down to g,, 2 few X 10713 GeV~! for m, < 10~ eV, comparable with

~

the SN 1987A limit.
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I. INTRODUCTION

Axion-like particles (ALPs) are predicted in several
extensions of the Standard Model of particle physics
[1-6]. In particular, string theory can account for an
“axiverse” with the QCD axion [7-10] and several ultra-
light ALPs [11-13]. Stellar environments represent ideal
engines to produce ALPs, via their interactions with
Standard Model particles. Typically, one expects that
ALPs are produced by (quasi)thermal processes, so that
the stellar ALP spectrum would show typical energies set
by the temperature of the stellar plasma (see Ref. [14] for a
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review of different stellar axion fluxes). Remarkably, core-
collapse supernovae (SNe), reaching a core temperature
T ~30 MeV, are the most energetic sources of stellar
ALPs. Their production from the hot and dense nuclear
medium in the SN core can be copious if ALPs would be
coupled to nucleons [15-21]. The ALP-nucleon inter-
actions are commonly described by the following
Lagrangian [3]:

0#61

EaN = Z gaNNyﬂy5N7 (1)

ZmN N=pun

where a is the ALP field, my is the nucleon mass, and g,y
is the ALP coupling to nucleon species, with N = p, n for
protons and neutrons, respectively. This Lagrangian allows
for ALP production via nucleon-nucleon (NN) bremsstrah-
lung [19]. An enhancement in ALP emissivity can be
achieved if a significant fraction of thermal pions is present
in the SN core, allowing for ALP production via pionic
Compton-like (zN) processes [22]. In such a situation, SN
1987A neutrino observations would exclude values of

Jan = 107 in order to avoid a significant shortening of
the neutrino burst [21].

Published by the American Physical Society
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Furthermore, one can consider scenarios in which ALPs
are also coupled to photons through the following
Lagrangian [23,24]:

1 -
[/a = _ZgayaFﬂuFﬂD = gayaE - B, (2)

4

where g,, is the ALP-photon coupling, F,, is the electro-
magnetic field, and F w :%eﬂyl,{,F/”’ is its dual. In the
presence of the ALP-photon coupling, ultralight ALPs
produced thanks to the ALP-nucleon coupling in
Galactic SNe (m, <1071 eV) would efficiently convert
within the Milky Way magnetic field, giving rise to a
gamma-ray signal observable by gamma-ray experiments
operating in the MeV energy range. The search of gamma
rays induced by ALPs from SNe would benefit from the
simultaneous detection of SN neutrinos, which could serve
as an external time trigger, linking the ALP signal to a
specific supernova event.

This connection has been pointed out since the SN
1987A explosion [25-29]. At that time, the nonobservation
of the ALP-induced gamma-ray signal in the Gamma-Ray
Spectrometer of the Solar Maximum Mission in coinci-
dence with the neutrino signal from SN 1987A provided
strong bounds on ALPs from SNe [30-34]. Recently, it has
been shown that previous bounds can be strengthened
significantly if one also accounts for ALP-photon con-
versions in the magnetic field of the progenitor star [35].

Binary neutron star (BNS) merger events represent an
environment with similar physical properties with respect
to SNe. Therefore, mutatis mutandis, one expects ALP
production in the merger remnant by ALP-nucleon cou-
pling (see Ref. [36] for merger simulations considering the
effects of ALP bremsstrahlung) and conversions in gamma
rays in the magnetic field of the Milky Way as well as of the
BNS remnant itself, thanks to the ALP-photon coupling.
The NN bremsstrahlung process was considered in
Ref. [37] as a production process for ALPs in BNS
mergers. However, corrections beyond the one-pion-
exchange approximation [19] were not included in that
paper. Therefore, the authors obtained an overproduction of
ALPs with respect to the correct calculation (see, e.g.,
Refs. [19-21] for the SN case). Furthermore, the ALP
production from BNS mergers was also estimated in the
recent Ref. [35]. However, in that work, the authors
adopted an SN model, rather than a self-consistent model
for the BN'S merger event, to get a rough estimation of the
ALP production from mergers. It is apparent that, at the
moment, the characterization of ALP-induced signals from
BNS mergers has not been carried at the same level of
sophistication as in SNe. We devote this current work to fill
this gap.

Unlike the case of SNe, BNS mergers are likely extra-
galactic events. This prevents the possibility of using the
neutrino signal as an external trigger for the ALP-induced

gamma-ray burst with current detectors, as is possible in the
case of Galactic SNe. However, for BNS merger events,
one expects to detect a gravitational-wave (GW) signal with
current detectors like LIGO [38] and VIRGO [39]; see, e.g.,
the recent multimessenger observation of the BNS merger
event GW170817 [40-43].

Due to the simultaneity of the ALP-induced gamma-ray
burst and the GW signal, one would replace the neutrinos
with a GW detection as an external trigger to determine the
time at which one has to search for the ALP-induced
gamma-ray signal in a gamma-ray telescope. Therefore, the
possible multimessenger detection of BNS merger events
with GW interferometers plus gamma-ray telescopes
widens the search for ALP-induced signals to an extra-
galactic horizon. We remark that in the case of the multi-
messenger observation of the BNS merger GW 170817,
Fermi-LAT was entering the South Atlantic Anomaly
at the time of the LIGO/Virgo trigger and therefore cannot
place constraints on the existence of a gamma-ray burst
emission associated with the moment of binary coalescence
[41]. However, a gamma-ray burst peaked at energies
E ~270 keV was observed by the Fermi Gamma-ray
Burst Monitor [40] with a delay of 1.7 s with respect to
the GW trigger. Based on this observation, we assume that
the standard gamma-ray burst expected after the merging
can be distinguished from the ALP-induced signal due to
this time delay. This expectation needs further investiga-
tions when better theoretical modeling of gamma-ray bursts
from BNS mergers are available. Furthermore, it is not clear
if every BNS merger produces a beamed relativistic out-
flow. At any rate, one would not expect a gamma-ray burst
signal for the majority of merger events observed from
equatorial directions.

In the following we discuss this proposal in detail. In
Sec. I we present the BNS merger model used in our work.
Then, in Sec. III we calculate the ALP energy spectrum
from NN bremsstrahlung. In Sec. IV we characterize
the ALP-photon conversions in the BNS remnant
and in Milky Way magnetic fields. In Sec. V we briefly
describe the gamma-ray telescopes we use in our analysis
and present their sensitivity to the ALP-photon
coupling g,,. Finally, in Sec. VI we discuss our results
and conclude.

II. BNS MERGER MODEL

The merging of compact objects is a complex dynamical
process, which requires expensive numerical simulations
involving three-dimensional relativistic (magneto)hydro-
dynamics, neutrino transport, and a model for the hot
nuclear equation of state (see, e.g., Ref. [44]). These
simulations show that during the postmerger evolution
densities of a few times the nuclear saturation density and
temperatures of several tens of MeV occur in the merger
remnant. The merging is an inherently three-dimensional
process with a distinguished axis defined by the orbital
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angular momentum of the binary. The postmerger remnant
evolves into an approximately axisymmetric object, which,
due to the large amount of angular momentum, is strongly
deformed. As an initial assessment, we consider radially
averaged properties of the merger remnant, which simplify
the analysis while still providing transparent and reason-
ably accurate physical insights.

For the present analysis, we adopt data from a simulation
of a 1.375 — 1.375M 5 BNS merger simulation using the
DD2 equation of state [45]. The calculation was conducted
with a three-dimensional relativistic smooth particle hydro-
dynamics code, which includes a neutrino treatment to
model energy losses by neutrinos and neutrino reabsorption
[46,47]. The simulation covers the postmerger evolution
until about 23 ms after merging.
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FIG. 1.

The properties of the characteristic environment produced
in the merger are shown in Fig. 1, where we display the
radial temperature profile T (upper left panel) and the matter
density p profile (upper right panel) at different times after
merging. The quantities are averaged over polar and
azimuthal angles. For » <5 km, the temperature declines
from ~25 MeV atf =5 ms to ~15 MeV at t = 15-20 ms.
At larger distances, the T profile is similar for the different
postmerging times considered, and monotonically drops
fromT ~ 15 MeV atr ~ 10 kmto afew MeVat r = 50 km.
The matter density p increases with time for r <5 km, with
a maximum in the center from p~6 x 10'* g/cm? at
t=>5ms to 7x 10" g/cm? at t = 20 ms. At larger dis-
tances, the density shows a sharp drop around » ~ 10 km,
marking the radius of the remnant of the BNS merger.
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Radial evolution at different postmerging times for different quantities from the adopted BNS merger model. Left panels:

temperature T (top), effective proton mass m), (middle), and effective neutron mass m;, (bottom). Right panels: density p (top), proton
degeneracy factor 7, (middle), and neutron degeneracy factor 7, (bottom).
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A. Nuclear matter effects

In presence of ALP-nucleon Lagrangian in Eq. (1), ALPs
can be produced in BNS mergers by NN bremsstrahlung,
involving protons and neutrons as relevant targets (see
Sec. III). To accurately evaluate the ALP production rate, it
is crucial to account for key aspects of the nuclear matter
present in the BNS merger. In particular, the very high
density reached in these environments, which exceeds
nuclear saturation, requires a careful treatment of nucleon
properties, as standard descriptions may no longer be valid.
The combination of high density and relatively low temper-
ature results in significant degeneracy effects, which cannot
be neglected when modeling the nucleon population.
Additionally, finite-density effects modify the bare nucleon
mass, further influencing their role in ALP production.
Accounting for these effects, the nucleon distribution can
be written as

1
1 +exp [(ESM(p.my) —uy)/T]

Iy (3)

where the kinetic energy is given by the modified
dispersion relation [48-50]

EN" = \/p* + my2, (4)

where p is the nucleon momentum and mj, denotes the
nucleon effective mass [18]. This latter is defined as

my = my + Zg, (5)

where Xg is the nucleon scalar self-energy and
m, =938 MeV (m, =939 MeV) is the bare mass of
the proton (neutron). In Fig. 1 we show the radial evolution
of mj, (middle left panel) and m;, (bottom left panel). For
r <5 km, the effective masses of both species can be
reduced down to ~300 MeV.

It is convenient to also consider the nucleon degeneracy
parameters 7y, defined as [49]

py —my —U
Ny = T , (6)
where uy is the nucleon chemical potential and
U = X4+ Xy the nonrelativistic mean-field potential of
nucleons, with X, being the nucleon vector self-energy and
uy = py — U the so-called effective or kinetic chemical
potential [49]. In particular, nucleons can be considered
essentially degenerate for ny 2 1 and nondegenerate for
ny < 0. Figure 1 displays the radial evolution of 77, (middle
right panel) and 7,, (bottom right panel) at different times
after merging. One realizes that protons are degenerate for
r < 6 km and the transition to a nondegenerate state occurs
at r 2 6 km. Additionally, the degeneracy parameter
decreases more rapidly as time increases and presents a

sharp drop at r ~ 15 km. On the other hand, neutrons show
a significantly higher degeneracy parameter than protons in
the inner regions of the remnant, so that they can be
considered degenerate until » < 10 km as the transition to a
nondegenerate state occurs at r 2 10 km.

III. ALP PRODUCTION IN BNS MERGER
REMNANT

The ALP production via the ALP-nucleon Lagrangian of
Eq. (1) has been widely studied in the context of SNe, where
NN bremsstrahlung N+ N - N+ N +a [15-19] and
pionic Compton processes 7 + N — N + a [17,22,51] have
been considered. In particular, recent NN bremsstrahlung
calculations have introduced corrections to the naive one-
pion-exchange approximation. Notably, these include
many-body effects on the nucleon dispersion relations in
the medium and its finite lifetime due to multiple scattering
[19] (see also Ref. [52] for a recent work on a self-consistent
approach for ALP production in dense environments).
Furthermore, in the presence of a significant fraction of
thermal pions, it has been shown that pionic processes may
significantly increase the ALP emissivity, as shown in
Ref. [20]. We refer to this latter paper for the state-of-the-
art calculation of the SN emissivities for these processes.

In the following, we apply the results of these previous
works to evaluate the ALP emissivity from BNS due to the
ALP-nucleon coupling g,y. In particular, we focus on the
NN bremsstrahlung process only, neglecting the pionic
process. This choice is motivated by the very high densities
reached during the merging event, which may lead to the
bosonic condensation of pions in vast regions of the
environment under study with only a smaller contribution
of thermal pions [53,54]. The role of pions in ALP
production deserves a dedicated study, which we postpone
to a future work. Moreover, under these assumptions, our
results should be considered as conservative.

Effects due to the strong gravitational field in the BNS,
such as time dilation and energy redshift, significantly
impact the ALP emission. Here, these effects have been
incorporated into the ALP spectrum by introducing the
lapse factor agr(r) <1 (see Refs. [20,55]). The lapse
factor modifies energy and time as follows:

E = E*(r)acr(r),
dt = dr*(r)agk(r), (7)

where E*(r) and dr*(r) are the local energy and time
interval, while E and dt are the same quantities as observed
at infinity. The relations in Eq. (7) imply that

dE*dt* = dEd:t. (8)

In Fig. 2 we show the evolution of the radial profile
of agr(r) for different times after merging. We see that
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FIG. 2. Radial evolution at different postmerging times of the
lapse factor aggr ().

agr ~ 0.5 for r <10 km, while it approaches 1 at
r 2 100 km.

Given the above considerations, starting from the
expressions for the ALP production spectrum per unit
volume d’n,/dE,dt introduced in Ref. [20], the redshifted
ALP spectrum is obtained by integrating over the volume of
the merger remnant using the angle averaged profiles and
time,

dN d*n
— = [ dVdt—=% =
dE dtdE

/ avar g 1. (9)

dt*dE* AR

In the time integration, we assume that the input
quantities of the BNS models remain constant from
20 ms up to 1 s after merging, as done in previous ALP
studies [56,57]. This approach may somewhat overestimate
the strength of the signal because the cooling time scale of
the merger remnant is of order 1 s and the merger remnant
may collapse to a black hole, which would significantly
reduce the production of ALPs.

The resulting time-integrated spectrum is shown in Fig. 3
(solid curve), where we set g, = 107" and g, = 0. Since
m, < T, the ALP spectrum can be approximated with
excellent precision using the following analytical expres-
sion [32]:

AN [ Gup \}(E\* (B+1E
=) (5) e (-V57) o

where we obtain C =157 x 10> MeV~!, E,=
36.9 MeV, and f = 1.3. For comparison, in Fig. 3 we
show as a black dashed curve the SN ALP spectrum
obtained by setting g,, ~ 107'° and g,, = 0, in analogy
with the BNS case. We highlight that for SN emission the
spectrum presents two peaks: the first at E ~ 50 MeV
associated with the NN process, and the second at
E ~ 150 MeV due to the zN production. Comparing the
ALP spectrum from BNS mergers with that from SNe, we

25 e
r — BNS 1
T2k S SN ]
> L[ ‘ ]
5 o/ ]
= I5pf; 1
o ff ]
S i ]
— 104! —
X rf ]
— -
= |LL1 ]
SIs 0 ]
TR B R R b b b ]

0 50 100 150 200 250 300

E [MeV]
FIG. 3. Time-integrated ALP emission spectrum by means of

NN bremsstrahlung from the BNS (solid curve) and from SN
(dashed curve). Here we set g,, = 107 and g,,, = 0. Note that
in the case of the SN the pionic processes are included.

realize that the first one is peaked at lower energies
E ~30 MeV and it is suppressed by ~2 orders of magni-
tude with respect to the SN one for the same ALP-nucleon
couplings. This trend can be related to the lower temper-
ature of BNS matter compared to that in the SN core. In
addition, the stronger degeneracy of the nucleon population
leads to a further reduction of the emission rates. Finally,
ALP emission from BNS mergers has been assumed to
occur on a time scale of <1 s, shorter than the ~10 s
emission from SNe. All of these effects go in the same
direction, resulting in a suppression of the ALP emission
rate in BNS mergers with respect to the SN case. Although
assuming two identical neutron stars in the merging process
typically enhances the temperature of the profile [57], we
note that averaging the thermodynamic properties of the
merger remnant may lead to an underestimation of the
emission because of the nonlinear temperature dependence.
Averaged out, high-temperature regions may affect the
emissivity more significantly. We also remark that the
average temperature of the merger remnant approximately
increases with the softness of the EoS [58] (see Fig. 18
therein), while we adopted the rather stiff DD2 equation of
state [45] in our merger model.

In the following, when accounting for both ALP-nucleon
and ALP-photon couplings, we consider an exemplary
scenario inspired by the Kim-Shifman-Vainshtein-
Zakharov (KSVZ) axion model [59,60]. In this case, the
ALP couplings to photons and protons can be related as
follows:

- 27[mN C(lp

YGap = a Cay Yay»

(11)

where « is the electromagnetic fine-structure constant, and
C,p =2—047 and C,, ~—1.92 are model-dependent con-
stants set by the UV completion of the model [61]. Here, we
remark that g,, ~ 0 in the canonical KSVZ axion model.
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For the couplings of this model, the bremsstrahlung
production rate is always dominant over the Primakoff
one associated with g,,, so we will neglect this latter
hereafter. We also stress that for axion-nucleon couplings
below the SN 1987A bound, i.e., g,y < 107, it was shown
in Ref. [62] that ALPs would be in a free-streaming regime,
so we can safely neglect reabsorption in the nuclear
medium inside the dense BNS merger environments.

IV. ALP-PHOTON CONVERSIONS IN MAGNETIC
FIELDS

A. BNS magnetic field

After being emitted during the BNS merger event, ALPs
travel long distances before reaching the observer located
on the Earth. Notably, along their path from the emission
site, ALPs can encounter regions hosting magnetic fields
around the remnant, within the host galaxy, in the inter-
galactic medium and the Milky Way. In particular, the
postmerger remnant is expected to be surrounded by a
strongly magnetized medium. The evolution of the BNS
merger system is usually described by complex general-
relativity magnetohydrodynamics simulations tracking the
evolution of the BNS system from the pre- to postmerging
phase (see Refs. [44,63-65] for some recent reviews on the
topic). Initial magnetic fields are significantly amplified
during the merging and subsequent evolution of the differ-
entially rotating merger remnant by various processes, such
as the Kelvin-Helmholtz instability in the shear layer,
|

magnetic winding, and the development of the magneto-
rotational instability. Ultimately, magnetic fields in the
remnant and its surroundings can even exceed 10" G.
For the sake of simplicity, in the following we assume
that a few milliseconds after the merging the remnant B
field can be modeled through a dipolar magnetar-like
structure,

B(r) = B (ir")} (12)

where ro = 10 km is the remnant radius and we conserva-
tively assume a surface magnetic field strength B, = 10" G.

For relativistic ALPs following radial trajectories, the
conversions within the remnant magnetosphere of ALPs
into photons can be tracked by employing a Schrédinger-
like equation of the form [24,66,67]

(ii_E) (7” <r>> _ <AHE<r> AW> <r <r>> )
dr a(r) Ay A,/ \a(r)

where Ay{E is the QED vacuum polarization term in the
Euler-Heisenberg limit [68], A, is the ALP-photon mixing
term, and A, is the ALP mass term. We highlight that in this
expression the ALP only mixes with the polarization of the
photon field parallel to the projection of B in the transverse

plane with respect to the beam propagation direction B.
Moreover, in this context we have

I Ta ) 15 E G R A
— % ER~47x10 o) kmT
M 00aBY, (10 MeV) (10” G> o
1 Ya BO r\~

A, =2g. By~49x 10° L o)

ar = 5 9arBr =49 % <1o—n Gev—1> (1015 G) <ro) "

m2 m g E -
A, =—=2x25x10"° < ) .
a °F x (1()—4 eV> <10 MeV> o

with B_; = 4.41 x 10'* G. For simplicity, in these expres-
sions we neglect the angular dependence in the remnant
magnetic field. From Eq. (14), it is apparent that ALP-
photon conversions are strongly suppressed by QED
vacuum effects close to the remnant surface. Conversely,
we observe that conversion probabilities become sizable at
r 2 10%ry, where Aj, ~ A, [66].

We plot the conversion probability P,, in the BNS
remnant field as the black curves in the left panels of
Fig. 4, assuming g,, = 107> GeV~!. We realize that for
m, 51077 eV, P, is in the range 1077~10~°. Then, for
ALP masses m, > 107 eV, at the surface r ~ 10*r, one
finds A, 2 A,,. Thus, ALP-photon oscillations become
incoherent and energy dependent. Therefore, as shown

|
in the lower left panel for m, = 1073 eV, related conver-
sion probabilities are strongly suppressed in this mass
range.

B. Milky Way magnetic field

As they are extremely weakly interacting, the probability
of ALPs escaping the remnant magnetosphere to interact
with matter in the interstellar medium is negligible for all
practical purposes. Furthermore, for the range of param-
eters we are interested in, the ALP lifetime

V3 (10710 GeV-1) 2
Tay7:1.32X1025<e—> (76’) s (15)
mg Yay
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FIG. 4. Left panels: ALP-photon conversion probability as a function of the ALP energy for g,, = 10~'> GeV~!, in the BNS remnant
field (black curves) and in the Milky Way magnetic field (red curves). Conversions in the Milky Way are computed modeling the
Galactic magnetic field as in Ref. [69] and assuming an ALP beam propagating in the direction (¢, b) = (308.38°,39.30°). Right panels:
Photon spectra induced by ALP-photon conversions in sequence in the BNS remnant magnetic field and in the Galactic magnetic field.
ALP emission is assumed to occur from a BNS event located at d = 40 Mpc from the observer on the Earth. From top to bottom the
panels refer to ALPs with masses n, = 107,107, 1078, 1073 eV, respectively. Note that at 7, ~ 10> eV the conversion probability
in the Milky Way magnetic field is negligible.
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is much larger than the age of the Universe. Moreover, as
discussed in Sec. IVA, in the range of couplings
Jay < 10710, only a negligible fraction of ALPs can be
converted into photons in the remnant magnetosphere.
Then, we are allowed to assume that the emitted ALP flux
during the BNS merger remains unaffected when escaping
the remnant volume and can encounter other large-scale
astrophysical magnetic fields along its path.

Concerning the galaxy hosting the BNS merger event,
one would expect B-fields of size ~10 kpc characterized by
the same strength of the Milky Way magnetic field, i.e.
O(1) pG [70-72]. As we will comment below, for such
values conversion probabilities are expected to be O(107%).
Therefore, one does not expect a sizable depletion of the
initial ALP flux due to this effect. Conversely, the produced
photon flux by conversion in the host galaxy would be of
the same level as that produced by conversions in the
Milky Way. However, lacking detailed models of the
magnetic fields, in order to avoid additional uncertainties
we prefer to neglect ALP conversions in the host galaxies.
This is a conservative choice that implies that we are
neglecting a component of the gamma-ray flux produced
by ALP conversions at the same level as that produced in
the Milky Way. Then, magnetic fields in intergalactic
regions may play a significant role in ALP-photon con-
versions, depending on the parameters characterizing these
fields [73,74]. However, extragalactic magnetic fields are
subject to very large uncertainties regarding their strength
and typical correlation scales [75-77]. Therefore, in our
estimation of the ALP conversion probability, we also
conservatively neglect the contribution from magnetic
fields outside the Milky Way.

On the other hand, the large-scale Galactic magnetic
field can be well described by different models able to
reproduce related gamma-ray observations [69,78,79]. In
this work, we assume the Jansson-Farrar model [69] as a
benchmark model for the Milky Way regular magnetic
field, which takes into account a disk field and an extended
halo field with an out-of-plane component, based on the
WMAP7 Galactic synchrotron emission map [80] and
extragalactic Faraday rotation measurements. In particular,
we employ the updated parameters given in Table C.2 of
Ref. [81] (“Janssonl2c” ordered fields), matching the
polarized synchrotron and dust emission measured by
the Planck satellite [82—-84].

In general, the description of the ALP propagation
throughout the Galactic magnetic field model requires a
full three-dimensional approach. In this work, we closely
follow the treatment outlined in Ref. [85] to numerically
solve the dynamics of the coupled ALP-photon system
along a given line of sight. As an exemplary scenario, in
the following we consider the case of an ALP beam
propagating from a generic source located at a distance
d = 40 Mpc from the observer in the same sky location as
the GW170817 event (£, b) = (308.38°,39.30°), where ¢

and b are the Galactic latitude and longitude, respectively
[86]. Moreover, we trace ALP-photon conversions within
the Milky Way magnetic field for L = 20kpc, which is the
typical size associated with the Galactic disk. The left
panels of Fig. 4 depict in red the behavior of the ALP-to-
photon conversion probability as a function of the ALP
energy and for four representative ALP masses.
As discussed in Ref. [87], for ALP masses

E 1/2 L -1/2
0.36 neV [ . (16
Ma <520 0€ (100 MeV) (10 kpc) (16)

ALP-photon oscillations become energy independent. In
this regime, the conversion probability can be well approxi-
mated by

Ja 2 L 2 BT 2
P, ~23x 10~ r ,
ar =23 (10—12 Gev—l) (10 kpc) (10—6 G

(17)

where By is the magnitude of the transverse component of
the magnetic field averaged along the given line of
sight [87]. In this regard, we point out that the Galactic
ALP-photon conversion probability depends on the arbi-
trary choice of the line of sight along which the event is
located. To evaluate the impact of this choice on the
analysis, we estimate the value of the conversion proba-
bility by averaging over all of the possible lines of sight. We
obtain that this procedure leads to a variation of less than a
factor of 2 in the conversion probability. We can observe
that for ALPs with mass m, = 107! eV the condition in
Eq. (16) is always met in the energy range of interest for
this study, and conversions in the BNS remnant are
subleading with respect to those in the Milky Way. We
point out the different trends of the conversion probability
at low energies for the Galactic magnetic field compared to
the source field. In particular, for £ — 0, the mass term,
which dominates ALP-photon conversions in the
Milky Way, is rapidly increased. Therefore, the Galactic
conversion probability becomes energy dependent and gets
suppressed. On the other hand, conversions in the remnant
field are dominated by QED vacuum effects, which are
washed at £ =0 [see Eq. (14)]. Thus, ALP-photon
oscillations can take place in the inner region of the
remnant magnetosphere where fields are stronger, resulting
in a larger conversion probability.
In the coherent regime, the induced gamma-ray flux

dg, 1 dN
iE, (E,L) = And dE (E)Pay(E, L) (18)
reproduces the same spectral shape of the ALP emission
rate from the BNS event (see right panels of Fig. 3). On the
other hand, the Galactic conversion probability for ALPs
with masses m, = 10~ eV starts to be suppressed in the
energy range of interest, still remaining dominant with
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respect to the conversion probability in the remnant
magnetic field. Thus, the related gamma-ray spectrum
appears 1 order of magnitude smaller with respect to the
previous case and shows a peculiar oscillatory behavior in
the energy range E < 100 MeV. Finally, ALP-photon
oscillations in the Galaxy become incoherent across the
entire energy range considered for ALPs with masses
m, > 107 eV. As aresult, for m, > 1078 eV, conversions
in the BNS remnant become the dominant contribution.
Nevertheless, even when accounting for the magnetic
field of the remnant, the gamma-ray flux associated with
ALPs of mass m, larger than a few neV is significantly
suppressed.

V. SENSITIVITY OF GAMMA-RAY
EXPERIMENTS TO ALPs FROM BNS MERGERS

A. Gamma-ray experiments

The detectability of the gamma-ray burst induced by
conversions of ALPs emitted during BNS events is directly
related to the properties of current and planned gamma-ray
detectors operating in the 1-200 MeV energy range. Among
the ones considered in this work, only Fermi-LAT is
currently operational, while the others have been proposed
for future missions. The main characteristics of these
experiments are summarized in Fig. 5 and Table 1. In
particular, Fig. 5 displays the effective area of the different
experiments in their operational energy ranges. This feature
is crucial in determining whether the expected gamma-ray
spectrum falls within the experiment’s sensitivity.
We observe that proposed gamma-ray experiments such
as e-ASTROGRAM [88] and AMEGO-X [89] would be
able to cover the entire range of energies associated
with ALP emission from BNS merger events. Conversely,
Fermi-LAT [90] is subject to a dramatic loss of sensitivity at
energies E < 30 MeV, where a significant fraction of the
flux is expected. Similarly, both  GRAMS-satellite and

T L | L L |
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FIG. 5. Effective areas of e-ASTROGRAM [88], AMEGO-X
[89], Fermi-LAT [90], GRAMS-balloon [91], GRAMS-satellite
[91], and MAST [92] as functions of the energy of the incoming
photon in the energy range relevant for this work.

TABLE I. Main features characterizing the current and future
gamma-ray experiments considered in this work.

FoV o0 Nykg
Experiment (sr) (®) (countss~!)
e-ASTROGRAM [88] =2.5 <1.5 0.06
AMEGO-X [89] 2.5 3 0.25
Fermi-LAT [90] 24 <0.15 0.08
GRAMS-balloon [91] 6.3 3 0.27
GRAMS-satellite [91] 6.3 1.8 0.35
MAST [92] 2.5 <1 0.0004

GRAMS-balloon [91] are limited to detecting photons up
to 100 MeV, missing the high-energy tail of the spectrum.
Therefore, the effects of the large effective areas of Fermi-
LAT and GRAMS-satellite on the sensitivity is counterbal-
anced by the lack of coverage of the entire energy range of
interest. It is worth noting that GRAMS-satellite offers an
improvement in the effective area of approximately 1 order
of magnitude compared to its balloon counterpart. Indeed,
according to Ref. [91], the satellite version, which could be
launched in the 2030s, will incorporate upgrades to the
detector that are expected to significantly enhance the
experiment’s sensitivity. Finally, MAST [92] exhibits a
higher effective area for £ > 10 MeV. However, since in
Ref. [92] other specifics of the detector were defined only
above 100 MeV, our analysis is conducted assuming this
latter energy value as a threshold. From Table I, we observe
that GRAMS-satellite and GRAMS-balloon feature a broad
field of view, FoV = 6.3 sr, covering half of the sky for each
single pointing. This significantly increases its probability of
detecting an ALP-induced gamma-ray signal from a BNS
merger event.

The number of background events Ny, for each experi-
ment is shown in Table I. For e-ASTROGRAM, this
number is obtained by summing the background rate of
all of the energy bins of interest provided in Table 4 of
Ref. [88]. For all of the other experiments, the background
events are estimated based on a background flux
dg, pie/dE expressed in units of cm?s™' MeV~'sr!,
assumed to be isotropic. Given the background flux, the
effective area Ay illustrated in Fig. 5, and the angular
resolution of the considered experiment, the number of
background events can be computed as

Ernax d¢ bk
Ny = Q dE—1=%
bkg - ‘/E'min dE

Acr(E), (19)

where
Q =2x(1 —cos 50) (20)

is the solid angle corresponding to the angular resolution 560
[for 60 < 1, Q ~ 27(50)?], and E,;, and E,,, represent the
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lowest and highest energy values of the considered
experiment. Specifically, the background events reported
in the third column of Table I are obtained using informa-
tion in Refs. [90,93] for Fermi-LAT, Ref. [88] for
e-ASTROGRAM, Refs. [89,94] for AMEGO-X, Ref. [91]
for GRAMS-satellite and GRAMS-balloon, and Ref. [92]
for MAST. The specific energy ranges of interest in our
study correspond to the energy coverage of the effective
area shown in Fig. 5. Among the considered experiments,
MAST exhibits the lowest number of background events
(see Table I). Conversely, GRAMS-balloon and AMEGO-
X, due to their poor angular resolution, yield a higher
number of background events. Finally, GRAMS-satellite
records the highest number of background events, surpass-
ing even the standard version of the experiment. This
increase is attributed to the larger effective area (see Fig. 5),
which counterbalances the improvements in angular
resolution.

B. Sensitivities

The number of gamma-ray events from ALPs emitted in
BNS merger events and converting in the magnetic fields
can be estimated as

Ens d
Ne, = Ami" dE%Aeff(E)’ (21)
where d¢,/dE is the flux of photons reaching the Earth
[see Eq. (18)]. The sensitivities to the ALP-photon coupling
for the considered experiments are obtained by requiring
that the number of ALP-induced gamma-ray events, N.,,
exceeds the number of background events, N¢, 2 Ny,
[see Eq. (19)].

Table II shows the sensitivities of the six experiments in
the massless ALP limit (m, <107'° eV) for a signal
coming from a source located at d = 4,40, 100 Mpc in
the same direction as the GW170817 event. We recall that,
on average, choosing another sky location would affect the
conversion probability by a factor of approximately a few

TABLE II. Sensitivities of e-ASTROGRAM [88], AMEGO-X
[89], Fermi-LAT [90], GRAMS-balloon [91], GRAMS-satellite
[91], and MAST [92] in the massless ALP limit for a signal
coming from a source located at d = 4,40, 100 Mpc in the same
direction as the GW170817 event, assuming g,, and g,, related
as in Eq. (11).

Sensitivity on

Gay X107 GeV]
Experiment d =4 Mpc d=40 Mpc  d =100 Mpc
e-ASTROGRAM |[88] 0.3 1.1 1.7
AMEGO-X [89] 0.6 2.0 32
Fermi-LAT [90] 0.3 1.1 1.7
GRAMS-balloon [91] 0.4 1.4 22
GRAMS-satellite [91] 0.3 1.0 1.6
MAST [92] 0.08 0.27 0.4

(see Sec. IV B). Nevertheless, since the photon fluxes scale
as ~gfly, our limits on the ALP-photon coupling go as

~P,11£4. Thus, our limits are expected to show a weak
dependence on the sky location of the given event. Here g,,,
and g,, are correlated as in Eq. (11). We find that the best
sensitivity is achieved by MAST, which probes g,, 2
0.27 x 10712 GeV~! for d = 40 Mpc, while at that dis-
tance the other experiments have similar sensitivities,
Gay 2 10712 GeV1.

In Fig. 6, we show the sensitivities associated with the
different experiments in the plane g,, vs m, for a BNS
system at the same sky location as the GW170817 event at
d = 4 Mpc (upper panel), d = 40 Mpc (middle panel), and
d = 100 Mpc (lower panel). Just like we did in Table II,
here we also assume that g,, and g,, are correlated as in
Eq. (11). The shapes of these sensitivity curves exhibit a
plateau in g, for m, < 107° eV that corresponds to
coherent ALP-photon conversions in the magnetic field
of the Milky Way. For larger masses, the sensitivity
deteriorates, until conversions in the magnetic field of
the BNS mergers become dominant in the mass range
1078 eV < m, <1073 eV, producing another plateau. For
higher values of m,, the conversions in the remnant are also
strongly suppressed, producing a strong worsening in the
sensitivity on g,, (see Fig. 4).

The green region in Fig. 6 is excluded by astrophysical
constraints [35,96-99]. For comparison, we also show the
most recent CAST bound from solar ALPs (dashed black
curve) [95]. For the sake of clarity, we highlight that these
constraints are placed by considering ALPs coupling to
photons only. We also depict in yellow the band where
preferred QCD axion models live (see, e.g., Ref. [14]). We
remark that the BNS sensitivities as the other represented
bounds (except the CAST one at higher masses) are very far
from the canonical QCD axion band. An exception is the
case of an ALP signal from a very nearby BNS merger at
d = 4 Mpc, where the sensitivity of the MAST experiment
would touch the QCD axion band for m,~ 1073 eV.
Furthermore, we show in light blue the bound from SN
1987A based on an excessive shortening of the observed
neutrino burst, in the presence of a copious ALP emission
by nuclear processes [21]. In order to have a direct
comparison with a similar physics case, we also update
the long-standing bound from the nonobservation of a
gamma-ray signal in coincidence with SN 1987A [32,33],
taking into account as the initial ALP spectrum the one
shown in Fig. 3. Furthermore, we characterize ALP-photon
conversions in the magnetic field of the SN following
the same model of Ref. [35], while for conversions in the
Milky Way we refer to Sec. IVB. We remark that
the conversions in the SN magnetic field produce a
plateau in the exclusion plot in the mass range
1078 eV <m, <107 eV, due to an enhancement in the
conversions for higher ALP masses, associated with the
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FIG. 6. Sensitivities of e-ASTROGRAM [88], AMEGO-X
[89], Fermi-LAT [90], GRAMS-balloon [91], GRAMS-satellite
[91], and MAST [92] in the plane g,, vs m, assuming that g,, and
Jay are related as in Eq. (11). We assume a BNS system at the
same sky location as the GW170817 event, at a distance of d =
4 Mpc (upper panel), d =40 Mpc (middle panel), and d =
100 Mpc (lower panel) from the observer, respectively. The gray
bound represents the limit for the SN 1987A derived using the
spectra shown in Fig. 3 and taking into account the conversion
probability in the progenitor and in the Milky Way magnetic
fields [32,33], and the dashed line the most recent CAST bound
from solar axions [95]. Finally, the bounds in green correspond to
constraints from other astrophysical observations [96-99]. We
highlight that bounds in green are derived by assuming ALPs
coupled to photons only. We refer the reader to Table II.

strong B field in the source. Notice that the factor ~2
difference with respect to the results of Ref. [35] has to be
attributed to different models of SN and Galactic magnetic
fields, as well as the analysis methodologies adopted in the
two works. We realize that, due to the lower emissivity of
ALPs from BNS mergers, the SN 1987A bound is always

stronger than possible sensitivities from BNS mergers,
expect for the case of the MAST experiment. Indeed, due to
an extremely small background, MAST can probe ALP-
photon couplings comparable to the SN 1987A one for
ALP masses m, <107 eV and d = 40 Mpc, and even
better in the best-case scenario of d = 4 Mpc.

C. Probability of joint GW-gamma detection

Finally, a key aspect to clarify is the typical rate at which
a gamma-ray signal from extragalactic BNS mergers might
be expected. This rate depends on the probability of
observing an extragalactic ALP-induced gamma-ray burst
simultaneously with GW detection. Therefore, first one
should evaluate the rate at which GWs from BNS systems
can be observed by GW detectors. The authors of
Ref. [100] proposed using the B luminosity, i.e., the
luminosity in the blue band, as a good tracer of recent
star formation in the Universe. Therefore, starting with the
estimated rate of BNS mergers in the Milky Way, one can
extrapolate it to extragalactic distances, rescaling it through
the ratio of B luminosity at a certain distance d with respect
to that in the Galaxy Lyw. Specifically, one gets [100]

Lo (d
Row = Rmw <—tLt1vi\Ev )), (22)

where the BNS merger rate in the Milky Way is given by
Raw = 4273 Myr~!, (23)

as inferred from the Galactic pulsar population.

Choosing 100 Mpc as the GW detector horizon, as in the
case of Advanced LIGO [101], the resulting GW detection
rate would be given by [100]

d 3
Rgw ~ 0.187033 x (m) yrrlo (24)

Thus, Advanced LIGO is expected to detect a BNS merger
event at 100 Mpc from Earth approximately once every
3-8 yrs. We note, however, that for the next observing run
starting in a few years, a detection horizon of 200 Mpc is
anticipated, which would enhance the detection rate by
approximately an order of magnitude.

Based on the above estimate [Eq. (24)], one can evaluate
the probability of a joint gamma-GW signal detection.
The gamma-ray detection probability P, is determined by
the product of two factors, namely, the probability of the
gamma-ray experiment being active during the occurrence
of the BNS event (P,,), times the probability of the event
falling within the experiment FoV (Pg,y). For all of the
experiments, the first contribution is evaluated by assuming
a survey mode similar to that of Fermi-LAT, i.e.,
P,, = 85%, which accounts for the turning off of the
instrument when passing through the South Atlantic
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TABLE III.  Total probabilities P, to observe the portion of the
sky in which the BNS event occurs for e-ASTROGRAM [88],
AMEGO-X [89], Fermi-LAT [90], GRAMS-balloon [91],
GRAMS-satellite [91], and MAST [92]. In particular, P,
represents the probability of the experiment being switched on
during the occurrence of the BNS event and Pg,y denotes the
probability of the event lying within the experiment FoV. With
these definitions, P, = P, X Pgov-

Experiment Py, Prov Piot

Fermi-LAT, e-ASTROGRAM, 85% 19% 16%
AMEGO-X, MAST
GRAMS-balloon, GRAMS-satellite 85% 50% 43%

Anomaly [102]. Moreover, by assuming isotropic distri-
bution mergers, the probability of getting a BNS merger
event in the experiment FoV is given by Pg,y = FoV/4x.
We remark that, in the case of MAST, in the absence of
detailed information, the FoV is assumed to be the same as
that of Fermi-LAT. These probabilities computed for each
of the considered experiments are shown in Table IIL
Finally, one can estimate the time interval between two
joint-detection events by Advanced LIGO and gamma-ray
experiments as

Tioint = (Rgw X Poy X Proy) ™" (25)
We show the computed values of Tjyy, for the different
considered experiments in Table IV, where the given range
is attributed to the uncertainty related to the GW detection
rate. From Table IV, we can see that for a source at a
distance d = 4 Mpc, the expected time to observe a BNS
merger event is ~10° yrs, making this event extremely
unlikely. Also the probability to get a joint detection at
d = 40 Mpc, i.e., the same distance as GW 170817, is less
than one per century. For sources at a distance of 100 Mpc,
GRAMS-balloon and GRAMS-satellite are expected to
achieve a joint detection of a BNS merger event approx-
imately every 8-20 yrs. In contrast, the other experiments
are expected to achieve joint detections roughly once every
20-50 yrs. These results highlight the importance of
achieving wider sky coverage [35]. If one assumes the
employment of three experiments (for instance, AMEGO-
X, Fermi-LAT, and GRAMS-satellite) in orbit at different

points of the sky at the same time, it would be possible to
cover up to 88% of the sky. Moreover, the probability of
operational downtime could be considered negligible, as at
least two out of the three experiments would remain
operational. Under such conditions, the joint detection of
a BNS event at 100 Mpc would be reduced to approx-
imately once every 4-9 yrs.

Finally, we remark that a significant improvement in our
analysis would be achieved thanks to the third-generation
GW detectors, like the Einstein Telescope [103] or Cosmic
Explorer detector [104], which could be operating in the
mid-2030s with an improvement of 1 order of magnitude in
GW sensitivities from BNS mergers with respect to
detectors like Advanced LIGO. It has been estimated that
such detectors can collect GW signals a few days before the
neutron stars merge, for a distance d <200 Mpc. This
opportunity would be useful to get a localization and early
warning of a BNS merger event, which could be exploited
to allow the gamma-ray detectors to point in advance at the
BNS merger and search for the ALP-induced gamma-ray
burst. With this exciting possibility, one would expect to
collect at least a BNS merger per decade in the relevant
horizon for ALP searches.

VI. CONCLUSIONS

In this work, we have considered the physics potential of
a multimessenger detection of a gamma-ray burst induced
by ALPs produced in extragalactic BNS merger events, and
then converting into photons in the remnant and Galactic
magnetic field. We used as an external trigger for such an
event the detection of the associated GW signal. We have
shown that, assuming ALPs coupled to both nucleons and
photons as in a canonical KSVZ model, current and
planned gamma-ray telescopes operative in the MeV region
can reach a sensitivity to the ALP-photon coupling down to
Gay 2 few x 10713 GeV~! for m, <107 eV, comparable
with the SN 1987A limit. We remark that our analysis relies
on conservative assumptions, such as spherical averaging
over hydrodynamical quantities and ALPs coupling with
only protons, which may underestimate the ALP flux and
thus the predicted sensitivities. Furthermore, we have
shown that in the most optimistic situation one can hope
for a joint GW-gamma-ray signal every 5-10 yrs in a radius
of 100 Mpc. Therefore, given sufficient time, one can

TABLE IV. Average time interval Tj,, between two joint GW-gamma detection by employing Advanced LIGO together with
e-ASTROGRAM [88], AMEGO-X [89], Fermi-LAT [90], GRAMS-balloon [91], GRAMS-satellite [91], and MAST [92] for a BNS

merger event located at d = 4,40, 100 Mpc.

Tjoim
Experiment d =4 Mpc d =40 Mpc d =100 Mpc
Fermi-LAT, e-ASTROGRAM, AMEGO-X, MAST ~(3-8) x 10° yr ~(3-8) x 10% yr ~20-50 yr
GRAMS-balloon, GRAMS-satellite ~(1-3) x 10° yr ~(1-3) x 10% yr ~8-20 yr

023001-12



PROBING AXIONLIKE PARTICLES WITH MULTIMESSENGER ...

PHYS. REV. D 112, 023001 (2025)

accumulate statistics, improving the expected sensitivity
through a stacked analysis.

In conclusion, our work shows that multimessenger BNS
merger detection could be exploited to search for ALPs,
combining the unprecedented sensitivity of GW interfer-
ometers and gamma-ray detectors, to catch signals from
merging neutron stars in the farthest regions of the
Universe.
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