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We use multimessenger observations of the neutron star merger event GW170817 to derive new
constraints on axionlike particles (ALPs) coupling to photons. ALPs are produced via Primakoff and
photon coalescence processes in the merger, escape the remnant, and decay back into two photons, giving
rise to a photon signal approximately along the line of sight to the merger. We analyze the spectral and
temporal information of the ALP-induced photon signal and use the Fermi Large Area Telescope (Fermi-
LAT) observations of GW 170817 to derive our new ALP constraints. We also show the improved prospects
with future MeV y-ray missions, taking the spectral and temporal coverage of Fermi-LAT as an example.
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Introduction.—The extreme astrophysical environments
in the vicinity of black holes (BHs), neutron stars (NSs),
magnetars, and binary BH and NS mergers have recently
emerged as a new tool for probing light dark-sector physics,
complementary to and beyond the traditional arena of
stellar and supernova environments [1]. Much of this recent
progress is driven by data from across the electromagnetic
spectrum, as well as neutrinos and gravitational waves
(GWs), together with the exciting prospects of multimes-
senger studies [2,3]. In particular, the discovery of the NS
merger event GW170817 [4] has opened a new window to
beyond-the-standard-model (BSM) particle searches, such
as axions and axionlike particles (ALPs) [5-11], CP-even
scalars [12], and dark photons [13]. The purpose of this
Letter is to utilize the multimessenger studies of
GW170817 [4,14,15] to derive new constraints on ALPs.

Our main idea is depicted in Fig. 1. A generic feature of
the QCD axion [16-21], or any pseudoscalar ALP [22,23],
is its coupling to photons g,,,, which is central to most of
the ALP searches [24,25]. The relevant Lagrangian is

1 1 1 =
LD =0"ao a——mﬁaz—zgawaF”ywa (1)

where a is the ALP field, m, is its mass, F* is the
electromagnetic field strength tensor, and F L 18 its dual.
ALPs can then be produced via the Primakoff and photon
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coalescence processes in the NS merger. Depending on
their mass and coupling, they could escape the merger
environment and subsequently decay into two photons.
This ALP-induced photon spectrum, which mostly falls in
the (soft) y-ray or (hard) x-ray regime, is compared to the
flux upper limits obtained by x- and y-ray observations of
GW170817 for various energy ranges and time intervals

NS Merger

FIG. 1. An artist’s rendition of our main idea. The ALP (dashed
line), after being produced in the NS merger, escapes and decays
outside the merger environment into photons, which can be
detected by the Fermi satellite (or future MeV y-ray telescopes).
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relative to the GW signal [15,26-29] to derive the first
merger constraints in the (m,, g,,,) parameter space.

ALP production.—The hot, dense matter in a NS merger
remnant would efficiently produce ALPs coupling to pho-
tons. The two main production mechanisms are the
Primakoff process y + p — a + p (p being a proton), where
electromagnetic scattering essentially converts a photon into
an ALP, and photon coalescence y 4+ y — a. These processes
occur in medium, where the properties of the photon are
modified due to the high densities [1]. The photon picks up a
longitudinal mode (though we will neglect this degree of
freedom in this Letter), and the two conventional transverse
modes are altered—in essence, the photon picks up a mass

y» Which is equal to the plasma frequency . Our
Primakoff calculation includes the recoil of the charged
particle, as well as the electromagnetic screening of the
exchanged photon, while the photon coalescence calculation
is computed in the usual manner. In both processes, we
include the full distribution functions—Fermi-Dirac or Bose-
Einstein. More details pertaining to electromagnetism in a
dense medium and the local production rate calculations are
presented in the Supplemental Material [30].

The production spectrum is then integrated over the entire
merger remnant. We use one of the merger profiles calculated
in Ref. [50] (available on Zenodo [51]), which use the ALF2
equation of state [52,53]. We include the gravitational
gravitational redshift and trapping factor that prevents
ALPs with sufficiently low kinetic energy from escaping
the deep potential well of the merger remnant. In the region of
parameter space that we study, the ALP mean free path in the
merger remnant is long enough that ALP trapping due to
inverse Primakoff or two-photon decay is negligible.

After the two NSs collided in GW170817, the resulting
merger remnant [54] survived for about 1 sec before
collapsing to a BH [55]. While ALPs would be produced
in the (cold) constituent NSs before they merge, the
production rate strongly increases with temperature [56].
When the two NSs merge, their temperature rises from keV
[57] to tens of MeV [58]. Thus the ALP production rate
from the binary NS system as a function of time will
dramatically upsurge once the stars merge and heat up. We
assume that the merger remnant produces ALPs at a
constant rate for 1 sec, starting from the time of collision
(heating occurs within a few milliseconds of this time) and
ending when the remnant collapses to a BH. Since the
merger profiles provided in Ref. [50] are time-independent
configurations, we use the same profile for the entire
lifetime of the remnant. We have checked that, in the
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FIG. 2. ALP production spectrum from a merger remnant,
assuming constant emission for 1 sec and for g,, =
10719 GeV~!. Note the switchover between Primakoff and
photon coalescence at m, ~ 100 MeV.

parameter space we eventually constrain, the ALP emission
does not substantially cool the remnant.

The time-integrated ALP production spectrum (as
observed at infinity) is plotted in Fig. 2 for several different
values of the ALP mass. The Primakoff and photon
coalescence contributions are displayed separately. The
ALP-photon coupling is set to g,,, = 107'® GeV~!, and
gravitational redshift and trapping are included. Without
gravitational trapping, the spectra would start at o, = m,,
representing a zero kinetic energy ALP. However, such an
ALP could not escape the potential well of the merger
remnant and thus would not reach an observer at infinity.
Gravitational trapping is much more severe for high-mass
ALPs, for example, the m, = 1 GeV case in this figure.
The dominant production mechanism for low-mass ALPs is
Primakoff and for high-mass ALPs is photon coalescence.
The switchover occurs somewhere around m, ~ 100 MeV.
For low-mass ALPs, the production peaks around energies
of 100 MeV, which is due to the temperature 7 of the
environment in which they are produced. For ALPs with
masses m, 2 3T, the dominant contribution to their energy
comes from their rest mass, so their spectrum peaks at
energies just above their rest mass (which is why gravi-
tational trapping so diminishes their spectrum).

Photon spectrum.—The photon flux F, observed at
Earth is given by

PN,

2 D= [ [Tar (0. D+t = Lo — L,)Jac(wg, )
Y de, di " _/_1 ZA 4zD(L, + Lz) dw, dt Pa = Ly JJac(w,,

mz €Xp (_L/fa)

Xa)g(l _ﬂaz)z l’ﬁa

O(L-R,)O(L-D/\1-27?). (2)
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The various parameters in Eq. (2) are the photon energy w,,
the Earth-merger distance D, the photon arrival time ¢
compared to GW arrival time (with ¢ = O being the arrival
time of the GW), the ALP-to-photon decay angle z = cos «
in the ALP frame (see Fig. S6 of the Supplemental Material
[30]), the distance L traveled by the ALP before decaying,
the distance L, traveled by the photon before reaching the
detector, the ALP spectrum N, as a function of the ALP
energy @, (cf. Fig. 2), the Jacobian Jac(w,,®,) of the
transformation from ALP energy to photon energy, the
ALP velocity f,, the (boosted) ALP decay length #,, and
the minimal distance R, that ALPs must reach before
decaying such that the emitted photons are unlikely to be
absorbed by the ejecta in the outskirts of the remnant. The
different contributions to Eq. (2) are explained in detail in
the Supplemental Material [30]. We take benchmark values
of D =40 Mpc and R, = 1000 km for a GW170817-like
NS merger (see Ref. [13]).

An important feature of Eq. (2) pertains to the temporal
dependence of the photon signal, which is critical for
multimessenger studies. Although the production of
ALPs from the merger environment lasts for 1 sec and
is taken to be time independent, the photon flux from
ALP decay has a nontrivial time dependence, as
shown in Fig. 3, coming from the decay geometry
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(cf. Fig. S6 [30]). Two benchmarks (both currently uncon-
strained by other methods) for the ALP mass and coupling
are chosen: benchmark 1 (m, =398 MeV, g,, =
5.01 x 107! GeV~!) and benchmark 2 (m, = 200 MeV,
Gayy = 141 x 10712 GeV™"), in the left and right panels of
Fig. 3, respectively. The top (bottom) panels of Fig. 3
display the flux as a function of the arrival time ¢ (photon
energy w,), and the contours of different colors correspond
to spectral (temporal) snapshots of photon energy (arrival
time). The time window corresponding to Fermi Large
Area Telescope (Fermi-LAT) data [28] is shown by the
vertical gray-shaded region in the top right panel.
Several observations are in order: (i) For ALPs that are
longer-lived, corresponding to smaller values of g,,, and/or
m, (benchmark 2), the photon flux reaches a temporal
plateau around t~ 1 sec that persists up to ¢z~ 10* sec
for the photon energies displayed (top right panel in Fig. 3).
For this time span ¢~ (1-10*) sec, the spectral peak
lies at w, ~ 300 MeV corresponding to w?d*F,/dw,dt ~
1073 MeV/cm?/ sec (bottom right panel). At these early
times, a y-ray telescope that has its peak sensitivity around
w, ~ O(300) MeV would be most suitable for multimes-
senger studies. The photon signal typically diminishes
around ¢~ O(10°) sec, signifying the latest times that a

g w, = 316 MeV

L . e ~
a _

g 107 w, = 79.4 MeV

[$]

= T

= .
=, R wy = 39.8 MeV

%F 1079 ;

=

< g
~

K 10712) =
. m, = 200 MeV E
N Guyy = 141 x 1072 GeV 8

0.1 1 10 100 1000  10* 10°
t [sec]

T 105l e =200 MeV

L Garyy = 141 x 10712 GeV !

™ . >
.

I~ 1077}

<

=3

3 1079

3F

=

= 107"

e

e

3 qo8 ‘ s ‘ ‘

50 100 500 1000
w,y [MeV]

Temporal (top) and spectral (bottom) behaviors of the photon flux coming from ALP decays. Left: correspond to benchmark 1

(shorter-lived ALPs with m, = 398 MeV and g,,, = 5.01 X 10~'" GeV~!). Right: correspond to benchmark 2 (longer-lived ALPs with
m, = 200 MeV and g,,, = 1.41 x 10712 GeV~!). The colored contours correspond to various spectral (top) and temporal (bottom)
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correlated photon-GW study of the merger is likely to be
competitive. At such late times, the flux becomes softer and
diminishes, with the spectral peak at @, ~ 50 MeV corre-
sponding to w;d*F,/dw,dt ~ 107" MeV /cm?/ sec (see
the r = 10° sec curve in the bottom right panel); therefore,
an instrument with peak sensitivity around w, ~ 50 MeV
would be more effective there. (i) For ALPs with shorter
lifetimes corresponding to larger values of g,,, and/or m,
(benchmark 1), the photon flux reaches a temporal plateau
and starts diminishing very early, around # ~ O(1) sec (see
top left panel). For the time span ¢~ (0.1-1) sec, the spectral
shape is broad between w, ~ 100 and 600 MeV, correspond-
ing to w?d*F, /dw,dt~(0.1-1) MeV /cm?/ sec (see bottom
left panel). At later times ¢ ~ 10 sec, the spectrum softens
considerably, peaking at w, ~ 120 MeV, corresponding
to w’d’F,/dw,dt ~ 107 MeV /cm?/ sec.

From these benchmarks, two lessons for multimessenger
studies of ALPs can be learned. First, timing and early
coordination with the GW signal (within the first second)
are most critical for short-lived ALPs, although the studies
generally lose competitiveness for ALPs of all lifetimes
beyond 10° sec. Interestingly, Fermi-LAT data from
GW170817 [28] are just at this threshold. Second, instru-
ments that are able to collect photon data early should have
peak sensitivity in the hundreds of MeV; conversely, at late
times, instruments with softer sensitivity in the tens of MeV
are preferred.

Constraints.—We now turn to the constraints on the
ALP mass versus coupling plane coming from multi-
messenger studies of GW170817. While a suite of x- and
y-ray instruments observed the event at different time
slices, the data corresponding to Fermi-LAT observations
[28] are the most optimal available data. Fermi-LAT was
unable to obtain data from the prompt emission phase of
the y-ray burst associated with GW170817; the data
collected corresponded to the time window (1153—
2027) sec after the GW signal, in the (0.1-1) GeV
energy range. The upper limit on the flux in this time and
energy interval is 4.5 x 1071° erg/cm?/ sec [95% confi-
dence level (CL)]. It should be noted that while the high-
energy hard s-ray modulation telescope Insight was able
to obtain data from much earlier times, its sensitivity
range is (0.2-5) MeV [29], making it unsuitable for our
purposes, as is evident from Fig. 3. Similarly, data from
AGILE-GRID [(0.03-3) GeV, 1~0.011 days] [59],
Fermi y-ray burst monitor (Fermi-GBM) [(20-
100) keV, t~ +£1 days] [60], INTEGRAL IBIS/ISGRI
[(20-300) keV, t~ (1-5.7) days] [27], INTEGRAL SPI
[(300-4000) keV, t~ (1-5.7) days] [27], and H.E.S.S.
[(0.27-3.27) TeV, t ~ 1.22 days] [61] yield weaker con-
straints due to a combination of spectral peak and timing,
as do x-ray instruments like as do Swift-XRT [62],
Chandra [63], and NuSTAR [62], which operate at even
lower energies.
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FIG. 4. Exclusion and sensitivity contours in the (m,. g,,)
plane; see text for details. The red square and purple triangle
correspond, respectively, to benchmarks 1 and 2 in Fig. 3.

Figure 4 displays the main results of our study. The
purple-shaded region is our 95% CL exclusion derived
using Fermi-LAT data [28]. Here the merger remnant was
assumed to survive for 1 sec, but varying this, and hence the
ALP emission duration, between 0.72 and 1.29 sec (the
range estimated by Ref. [55]) leads to very little change in
the exclusion region. Furthermore, this constraint region
depends little on the merger profile employed (see
Fig. S3 [30]). Benchmark 1 (2) is shown with a red square
(purple triangle) in Fig. 4. Some future projections are also
displayed. The first projection, labeled as “(stacked)” (dot-
dashed purple curve), corresponds to constraints coming
from a stacked analysis of several mergers, all taken to be at
D =40 Mpc. The number of mergers in the stacked
analysis depends on the predicted merger rate, which is
(10-1700)/Gpc? /yr [64]. Within 40 Mpc, this rate predicts
a merger every 2.2-370 yr; taking a mission lifetime of
~20 yr, we take the optimistic case of nine mergers in the
stacked analysis. The second projection, labeled as “(x10
closer)” (dashed purple curve), is for a single future merger
that occurs at a distance 10 times closer to Earth
(D =4 Mpc), which is expected to happen every 2200-
370000 yr based on the same merger rate. A more likely
projection is shown by the short-dashed black curve,
obtained for the current Fermi-LAT flux upper limit
[28], but with an early observation window of 0.1-
100 sec. We also show a more futuristic projection
(long-dashed black curve) for a hypothetical instrument
with 100 times better flux sensitivity than the current
Fermi-LAT limit and in a broader energy window of
1 MeV-1 GeV. This can happen, in principle, given the
whole array of proposed MeV y-ray missions, such as
AMEGO-X [65], e-ASTROGAM [66], PANGU [67],
AdEPT [68], APT [69], GAMMA-400 [70], and
GECCO [71].
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For comparison, the existing astrophysical constraints
are also shown in Fig. 4, including those from horizontal
branch (HB) star evolution (shaded red) [72], the diffuse y-
ray background from supernovae (shaded orange) [56], the
SN1987A energy loss constraint from neutrino signal
(shaded magenta) [56], calorimetric constraints from
low-energy supernovae (shaded green) [56], and the
SN1987A (shaded blue) [73,74] and SN2023ixf (shaded
gray) [75] analogs of the y-ray constraints. Also shown are
the fireball formation (dashed brown) and exclusion
(shaded brown) regions [76,77]. While the fireball region
is taken directly from Ref. [77], and thus is based on
different merger profiles than what we use here, the lower
edge of the fireball region is almost independent of the
merger profile (see Figs. 3 and S2 in Ref. [77]) and
therefore is unlikely to affect our exclusion region or even
the future sensitivity in the small g,,, region. There are
additional cosmological constraints from cosmic micro-
wave background and big bang nucleosynthesis on ALP
coupling to photons [78,79], which are model dependent
and hence not shown here.

Discussion and conclusions.—(i) This pertains to the
relative utilities of mergers and supernovae in probing ALPs.
If one ignores multimessenger and stacked analyses of
mergers, supernovae enjoy an advantage that can be under-
stood from the following considerations. Assuming that both
merger and supernova emit equal ALP fluxes, and that the
ALP decay length L (in the laboratory frame) is short
compared to the distance D between the source and Earth,
the photon flux from ALP decays F', goes as the probability
that a given ALP has decayed by the time it reaches
Earth, divided by D2. Thus the ratio of F3N from a supernova
at distance Dgy from the Earth and F;"“*" from a merger at
distance Dmerger is (Dmerger/DSN)2 [1 — eXp (_DSN/
L)]/[l — €Xp (_Dmerger/L)]' Since DSN.merger > L, the
above ratio is dominated by the quantity (Dperger/Dsn)?;
therefore, a close-by supernova will provide a higher photon
flux than a far-away merger. This is the main reason why our
GW170817 constraint in Fig. 4 (purple shaded) is weaker
than the SN1987A constraint (blue shaded).

However, after incorporating temporal information of the
photon signal, the situation might change. Mergers offer a
natural arena for such temporal multimessenger studies,
since the time = 0 can be defined relatively cleanly as the
time of arrival of the GW signal. This is unlike the
supernova case, where the timing uncertainty can be really
large, especially if the neutrino signal is not detected, as,
e.g., in the case of SN2023ixf [80]. As shown in Fig. 4, a
combination of temporal-spectral merger data can be a
powerful future probe of hitherto unconstrained parts of
ALP parameter space.

(ii) It is important to emphasize that, since only flux
upper limits from electromagnetic observations are used
in our study, the conservative constraints derived here do
not depend on the detailed modeling of the complex

astrophysical background. However, the question of
discriminating ALP-induced photons from astrophysical
photons becomes very interesting in the early time
window ¢~ (0-1) sec. Generally, photons emanating
from BSM species like ALPs are expected to arrive
before photons emanating from standard astrophysical
processes. This is because BSM species couple feebly to
material in the merger environment and escape promptly,
thereafter decaying to photons in a more pristine envi-
ronment away from the merger. As for the astrophysical
MeV photon background from r-process nucleosynthesis
[81-83], an analysis of panchromatic dataset from
GW170817 [26] suggests a delayed x-ray and/or y-ray
signal with respect to the GW signal, consistent with the
Fermi-GBM detection of the electromagnetic signal
1.7 sec after the GW detection [60]. Therefore, as shown
by our temporal analysis, electromagnetic observations of
the merger within the first second of the GW detection
(possible with the early-warning system [84]) would be
crucial to isolate the ALP-induced signal from astro-
physical background. This is the subject of our upcoming
work [85].

We also list here other possible follow-up studies. During
a NS merger, the nuclear matter profiles change consid-
erably over time [58,86], so ALP production should be
calculated on top of these time-dependent profiles (as has
been done for supernovae [87]) and ultimately included in
the simulations themselves (also done in the case of
supernovae for alternative ALP models [88,89]). Finally,
the local ALP production rates can be refined by improving
the treatment of the photon screening in dense matter [90]
and by including other production channels like the electro-
Primakoff effect [91,92].

Data used in this Letter are available from the Zenodo
repository [51].
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