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Multimessenger signals from compact axion star mergers
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Axion dark matter can form stable, self-gravitating, and coherent configurations known as axion stars,
which are rendered unstable above a critical mass by the Chern-Simons coupling to electromagnetism.
We study, using numerical relativity, the merger and subsequent decay of compact axion stars. We show
that two subcritical stars can merge, and form a more massive, excited, and critical star, which survives for a
finite period before rapidly decaying via electromagnetic radiation. We find a rich multimessenger signal,
composed of gravitational waves, electromagnetic radiation, and axion radiation. The gravitational wave
signal is broken into two parts: a weak and broad signal from the merger, followed by a much stronger
signal of almost fixed frequency from the decay. The electromagnetic radiation follows only the
gravitational waves from the decay, while the axion signal is continuous throughout the process. We briefly

discuss the detectability of such a signal.
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I. INTRODUCTION

Axion stars are self-gravitating compact objects formed
of the QCD axion [1-11] or axionlike particles [12—17]. If
the axion forms part or all of dark matter (DM), these stars
would be expected to be abundant inside DM halos (for
initial formation mechanisms, see Refs. [18-22]). As a
time-periodic solution of the FEinstein-Klein-Gordon
equations, axion stars belong to the solitonic class of
oscillatons [23,24]. In the regime of strong gravity, these
stars are compact, relativistic objects, where the mass of the
compact star goes as M ~ m12>1 /m. Throughout this work,
units of the axion mass, m, are absorbed by choice of length
and time units, and we furthermore use geometrized units
with G =c = 1.!

Axions are coupled to electromagnetism (EM) through a
Chern-Simons term with coupling constant g,,. In
Ref. [25], we studied the instability of compact stars
induced by g,,. Compact axion stars decay into a less
massive and less compact remnant for masses M, larger
than a critical value, which is set by the coupling constant,
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'"To convert from our simulation units, as displayed on the
figures, to physical units, the unit of m has to be multiplied by
mp? before doing the usual conversion from geometrized units
with factors of G and c.
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gt o M'35. We demonstrated how this decay process is
due to parametric resonance between the axion star and the
EM field, which causes the star to lose energy by emitting
EM radiation at its characteristic frequency. More specifi-
cally, when the characteristic frequency of the oscillating
axion star lies within the parametric resonance band of the
underlying scalar field, ¢, the oscillations of the star drive
photons out of the electromagnetic field, causing a strong
burst of EM radiation. We discuss the shutting down of
the parametric resonance process in more detail in
Appendix A. The instability of compact axion stars in
the strong gravity regime studied in Ref. [25] is in agree-
ment with previous studies of the instability of non-
compact axion stars in the weak field regime [26,27],
and other related work (e.g., Refs. [8,9,28-33]).

Hence, the existence of compact axion stars is restricted
by their coupling to electromagnetism, which naturally
raises the possibility of mergers as a formation mechanism
for compact axion stars, as any “pristine” supercritical stars
created in the early Universe, e.g., following Ref. [20],
would rapidly decay. Therefore, in the following, we
investigate the EM interaction of an axion star created
by a head-on collision of two less compact but gravita-
tionally stable stars. The original stars belong to the
subcritical compactness2 region found in Ref. [34], where
the merger leads to the formation of another excited but
stable star (for more compact stars the merger leads to the

’In this paper, we use the same definition for the compactness
parameter C as in [34]. For an axion star mass M, C = GM, /R,
where R is the effective radius of the star (includes 95% of its
mass).
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FIG. 1. Multimessenger signal of axion star decay by electromagnetic instability, for an isolated supercritical star: gravitational power

(luminosity) (top), total flux of electromagnetic energy (middle), and corresponding total flux of the scalar energy (bottom). Note that
power is dimensionless in geometrized units. Signals are extracted over a sphere of radius » = 80m ™', and the power in electromagnetic
and scalar radiation is obtained by integrating the corresponding flux. We note that the electromagnetic and GW signal reach the
observer at the same time, as both travel at the speed of light, whereas the scalar emission is delayed as it is massive. The different
frequency wave modes in the scalar emission are responsible for the long tail in the total scalar flux, as lower frequency modes travel
more slowly away from the decaying star. The EM and scalar fluxes are calculated according to the method from Eq. (11) in Ref. [36],
and the gravitational power with the usual gravitational luminosity formula [see Eq. (C1)].

prompt formation of a black hole). Compact axion stars
are gravitational objects, and thus, one expects their
merger [35] and subsequent decay to produce gravitational
waves, in addition to the EM and axion (scalar) radiation
seen already in Ref. [25]. We extract, for the first time, the
full multimessenger signal in GW, EM, and axions caused
by axion star collisions and decays. An example signal
extracted from the clean decay of an isolated compact axion
star [25] is shown in Fig. 1 (the more complex signal from
mergers will be shown later in the paper).

Our calculations are performed in the strong grav-
ity regime, using the 3 4+ 1 numerical relativity code
GRChombo [37-39], hence capturing all backreactions and
other gravitational effects. We show that two stars origi-
nally in the stable region of the plane given by the two-
dimensionful parameters (M, g,,) [i.e., below the critical
line gi'(M,)] can merge and form a highly excited, more
compact star that correspondingly has a lower critical
coupling and is thus unstable electromagnetically. This
merged star then decays through parametric resonance just
as the single stars studied in [25], emitting a strong EM
burst.’ The GW signal of the decay in Fig. 1 does not

’As in Ref. [25], an EM seed is required to trigger the
resonance: in our simulations such a seed is given by a weak
propagating EM wave, modeling ambient radiation in the galaxy.

exhibit any ringdown hierarchy as no black hole is formed.
Instead, its frequency matches the axion mass, implying
that it is primarily sourced by the quadrupole moment
during the decay process. The GW signal from the merger
is largely unaffected by the EM coupling and agrees
with the results of Ref. [34] (which included axion self-
interactions but no EM coupling). Thus, the multimessen-
ger signal of compact axion star mergers has a distinct
portrait: an initial weak GW signal from the merger,
followed by a louder GW burst and accompanying EM
signal, and finally, a delayed and prolonged axion signal.
This paper is organized as follows: Sec. II introduces our
oscillaton model and the initial setup of our simulations.
Section III outlines the story of two axion star colliding
head-on, merging, and the merged star decaying through
the electromagnetic instability demonstrated in [25].
Section IV shows the gravitational wave signal from the
electromagnetic decay of axion stars, and the combined
signal from the merger and decay process, followed by the
full multimessenger signal in Sec. V. Finally, we discuss the
observational consequences of our findings in Sec. VL.

II. THEORY

Our work in this paper uses the same oscillaton model as
in our previous study [25]. The total action is
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where ¢ denotes the axion field and R the Ricci scalar. The
electromagnetic field strength tensor and its dual are
defined as

F,, =0,A,—0d,A v =

uv (L v 8yupaF/)m (2)

2\/=9

with the totally antisymmetric Levi-Civita symbol &**°,
defined through 2% = +1.

The axion pseudoscalar field is coupled to the field
strength tensor through the Chern-Simons term [last term in
Egq. (1)], where the coupling constant g,, sets the strength
of the interaction. Moreover, the stress-energy tensor can be
calculated from the action in Eq. (1) to solve Einstein’s
equations G, = 87rm]§,2T”y (see, e.g., Ref. [40]), where we
note that the Chern-Simons topological term does not enter
the stress-energy tensor.

The parametric resonance process, as described in Sec. I,
is driven by the sourced Maxwell’s equation for the
evolution of the field strength tensor, Eq. (4),

V= i = F P, (3)

V, ¥ = —q,J", (4)

where the current J¥ is given by J¥ = 6#¢F””. In general,
resonance can happen provided that the photon frequency
lies within the parametric resonance band. As we discussed
in [25], the axion mass implies that the oscillations of the
star go as @ ~ m ~ R7!, hence setting a bandwidth for the
photon frequencies that can drive the parametric resonance
process.

Our system of coupled axion star, electromagnetism,
and the metric is solved using GRChombo [37-39]. We follow
the same procedure to find initial conditions for the axion
star and the electromagnetic field as in our previous
work [25]. The axion star initial setup is built following
Refs. [23,34,41-45], while the implementation of the
electromagnetic field follows the methodology introduced
in Refs. [46-50]. Specifically, for the superposition of
two axion stars as initial conditions, we use the profiles
introduced in Refs. [34,51,52] where the spatial metric is
renormalized to reduce gauge artifacts. The EM initial con-
ditions were set up as outlined in Ref. [25], with the initial
EM amplitude kept the same for all stars (C, = 0.001mpy),
but a frequency of k¥) = 27/ ~ 0.10m for the single, more
massive star and k&) ~ 0.12m for the colliding stars.

As we solve the fully nonlinear evolution equations
numerically, our simulations include all backreactions.
We implement periodic boundary conditions in the propa-
gation direction of our electromagnetic plane wave seed to
keep the radiation in the simulation box, and Sommerfeld
boundary conditions in the remaining two directions. The
Sommerfeld boundary conditions absorb outgoing radia-
tion at the boundary of our simulation box, which improves
the accuracy of gravitational wave signal extraction from
the simulation. The evolution of the scalar field is not
affected by the choice of boundary conditions, as the main
effect of implementing Sommerfeld boundary conditions is
to absorb outgoing gravitational and electromagnetic radi-
ation. The convergence of our simulation, along with the
convergence of the extracted gravitational waves, is dis-
cussed in Appendix B.

III. MERGERS AND ELECTROMAGNETIC
INSTABILITY

Our story of two axion stars colliding head-on and
merging, is captured in Fig. 2, which demonstrates the
evolution of the energy density in the scalar and EM fields
over time in a slice through our simulation box. We start
with two gravitationally and electromagnetically stable
stars that collide and form a highly excited merged star
that is stable gravitationally, but which after some time,
decays electromagnetically through parametric resonance.
From now on, we will call the star resulting from the
collision and merger of the two original axion stars
“merged star”, as opposed to the “single star,” which is
directly set up by the initial conditions.

More specifically, we start with compact axion stars in
the subcritical region demonstrated in [34], where the head-
on merger of these stars leads to a highly excited, more
compact star. Our stars are initially separated by a distance
of 40m™~! and have a mass of M, = 0.36m3/m. Using the
scaling relation between the critical coupling of a compact
star and its mass gii' o« M7'%, which we demonstrated in
Ref. [25], this gives our initial stars a critical coupling
of gt ~24.6mp .

Hence, we collide these stars with a coupling value of
Gay = 20m5;', which ensures that the interaction between
the stars and the electromagnetic field is negligible before
the merger, since the coupling value lies in the stable region
of the (M, g,,) plane [under the critical line g¢i(M)], as
demonstrated in Ref. [25]. In other words, the decay of the
original stars through the parametric resonance process, as
outlined in Sec. I, is forbidden.

However, the stars collide and merge to form a single
highly excited star, as shown in [34]. This merged star
potentially possesses a critical coupling below the coupling
set in the simulation (g,, = 20mp). We note that evalu-
ating the critical coupling of this merged star analytically is
not straightforward, as the star is highly excited with some
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Evolution of the energy density in the scalar (blue panels) and EM field (black panels) as a slice through the center of our

simulation box. We start with two stable stars of mass M = 0.36111}2,l /m at t = Om™", which merge to form a highly excited, but stable
star (around ¢ ~ 180m™"). Our coupling value is Jay = 20my,!, implying that the final merger star is supercritical according to Ref. [25],
resulting in the decay of the merged star through parametric resonance (see the lower set of panels). This happens because, due to the
higher mass, the critical coupling of the merged star is lower than the critical coupling of the original stars, allowing the parametric
resonance process after the merger. The initial seed electromagnetic field (not visible on this scale) is polarized in the x direction and
propagating from the right to the left. A movie of our simulations can be found through this link [53].

“breathing mode” oscillation patterns and gravitational
cooling by axion emission [24], and hence does not map
directly to the simple compact stars with critical line
found in Ref. [25]. Nonetheless, approximating the merged
star’s effective radius by the location where the scalar
energy density has dropped to 5% of its central value,

we compute the Arnowitt-Deser-Misner (ADM) mass
of the merged star, which gives us an estimate of its
critical coupling from the critical line in [25]. We find
geit ~ 16mp]', which is below the simulated value. Hence,
we expect parametric resonance to kick in after the merger

and cause the merged star to decay.
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This is indeed what we observe in our simulations, with
the merging of the original stars shown in the upper set of
panels of Fig. 2, corresponding to t = Om~"' to t = 340m™"!,
and the parametric decay of the merged star at later times
t = 630m~! to t = 700m~" in the lower set of panels. The
electromagnetic decay leaves behind a less compact rem-
nant, and we discuss the corresponding shutting down of
the resonance process in Appendix A.

The same merger and decay process is shown in terms of
the total energy in the scalar and electromagnetic field in
Fig. 3. The green area corresponds to the merging process,
while the gray area shows the time span of the parametric
resonance decay of the merged star. We have scaled the
energies to the mass of the original star (M), and hence,
the solid line representing the scalar energy starts at 2M .
The total scalar energy in the simulation box stays roughly
constant before and after the merger of the stars, but decays
through the parametric resonance process after t ~ 600m =",
as expected. Accordingly, the electromagnetic energy in
the box is strongly amplified during parametric resonance.
The decay process pictured in Fig. 3 is in perfect agree-
ment with the decay of single compact stars that we
studied in [25], and the whole merger and decay process
agrees with previous work on axionlike oscillons (see,
e.g., Ref. [54]).

We use Sommerfeld boundary conditions for our sim-
ulation box, and hence, the electromagnetic radiation is
constantly being absorbed at the boundaries of our box,
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FIG. 3. Total simulation box energy in the scalar (solid line) and

electromagnetic field (dashed line) for the merger and electro-
magnetic decay process. The merger timescale is shown in green,
and the decay through parametric resonance of the resulting
highly excited merged star in gray. The energy is in units of the
original colliding stars’ mass. The electromagnetic energy EM,,
immediately before the decay has been subtracted from the total,
the decrease in the EM energy is due to the absorbing boundary
conditions. Strong amplification of the EM field during the decay
of the excited merged star is clearly visible (AE, ). The unphysical
bump in the total scalar energy corresponds to the lapse being
driven to its minimum value due to the large curvatures present at
merger.

which explains its decrease until the parametric resonance
kicks in. Furthermore, note the tofal EM energy of the box
is larger than that of the scalar—this is due to the large box
size we used in our simulations since the EM seed wave
fills the entire domain. The key physical effect is the EM
energy “bump” occurring at t = 600m™~!, i.e., AE, ~ AE,,
where scalar energy is converted into EM energy via
parameteric resonance.

The power spectrum of the electromagnetic field at the
start of the simulation and right after the decay of the
merged star has happened is shown in Fig. 4. The dashed
black line demonstrates the original seed (polarized in the
x direction), while the colored lines corresponding to ¢ =
700m=! show all the components of the EM field (E,, E,,
E,), with a clear excitation around k~ 0.5m, which
corresponds to the characteristic frequency of the star,
and demonstrates parametric resonance. Similar to the
power of a single star decay discussed in [25], the EM
power is approximately isotropic. Interestingly, there is a
small double peak around k ~ 0.5m, which is likely due to a
slight difference in excitation frequency of the oscillations
around the collision axis and that perpendicular to it.

IV. GRAVITATIONAL WAVES

In Fig. 5, we show the gravitational wave signal corre-
sponding to the electromagnetic decay of a single compact
star with mass M = 0.60m$, /m, using g, = 16mp,. The
two polarization modes of GWs are captured through the
real and imaginary parts of the Newton-Penrose Weyl
scalars ¥, (see, e.g., Ref. [55]). Figure 5 shows the real
and imaginary part of the / = 2, m = 0 mode, although the
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FIG. 4. The power spectrum of the electromagnetic field at the
start of the simulation (r = Om~') and after the decay of the
merged star (f = 700m~"). A clear excitation in all the EM
components around the characteristic frequency of the star,
k ~0.5m, is visible. The E, component of the emission does
not acquire energy at the seed frequency due to our Sommerfeld
boundary conditions.
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FIG. 5. Gravitational wave waveform of the [ = 2, m = 0 mode

for the electromagnetic decay of a single star. The waveform is
extracted at » = 80m~! at refinement level 2. This gravitational
wave, corresponding to a burst of electromagnetic energy, does
not exhibit a ringdown. We note that the [ = 2, m = +2 modes
were of similar order of magnitude.

[l =2, m==+2 modes were observed to be of similar
amplitudes. The signal is extracted at r = 80m~".

As the decay of the star is not symmetric (for example,
our electromagnetic seed is polarized in one direction and
propagating in another), both gravitational polarization
modes are excited, corresponding to the real and imaginary
parts of the Weyl scalar. In contrast, the merger signal is
axisymmetric, and hence, only a single polarization mode

is excited. We also notice that this decay signal does not
have a ringdown hierarchy like black hole mergers, creating
a distinct signature.

Moreover, in Fig. 6, we map the whole gravitational wave
waveform for the merger of two stars and the subsequent
parametric decay process, outlined in Sec. III. The gravi-
tational wave signal from the merger at around 7 ~ 350m ™!
has already been studied in [34]. We note that the GW signal
from the decay of the merged star into photons around
t ~750m™! closely matches the signal from the decay of a
single star shown in Fig. 5.

The frequency of the oscillations in the GW signal were
computed by taking a Fourier transform and found to be
around @ ~ m for the decay, which matches the frequency
of the EM flux through the same surface (see Sec. V) and
moreover, the mass of the scalar field. The frequency match
@ ~ m can be understood from linearizing the axion-GW
interaction. The frequency of the merger signal, on the
other hand, is around one order of magnitude lower,
@ ~ 0.1 m. For an axion mass of m = 10713 eV, the decay
frequency corresponds to f ~ 10* Hz, implying that both
the decay and the merger frequencies lie close to the current
peak sensitivity of the LIGO band.

Finally, we study the gravitational wave energy resulting
from the electromagnetic decay of the star. Figure 7 shows
the cumulative energy in the gravitational wave signal
from the decay of the merged star for the dominant /
modes, extracted from the signal between ¢ = 600 m™! to
t =900 m~". This spans the decay process of the merged

Natis
0.0040 T @——@ -
& 0.0020
= 0.0000 F——""—— W
= RN .
& —0.0020 )
0.00025
—0.0040 . . . . .
0.00000
—0.00025
= 0.0025 0 10
S 0.0000
=
N —0.0025
300 400 500 600 700 800 900
time [1/m]

FIG. 6. Gravitational wave waveforms for the merger and subsequent decay process, showing the dominant quadrupole mode / = 2,
m = 0. We note that the / = 2, m = £2 modes were of the same order of magnitude than the mode shown. The wave fronts were
extracted at radius r = 80 m~!, refinement level 2. The first excitation around ¢ = 350 m~! in the real part corresponds to the merger
signal, and the second excitation around ¢ = 750 m~" is the signal from the electromagnetic decay of the star. In the case of the decay,
both the real and imaginary parts are excited, meaning that both gravitational polarization modes are present. A zoomed in picture of the
signal from the merger of the stars is depicted as a green wave front, corresponding to the shaded green region in the main plot.
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FIG. 7. Cumulative gravitational energy in each / mode for the

decay of the merged star (corresponding to the signal at t ~
750 m~! in Fig. 6). The dashed lines indicate the maximum
energy of the corresponding mode for the single star decay. We
note that the / = 2 mode dominates, as expected, and that the
spectrum of the merged star is more varied than the single one,
where most of the energy is in the dominant / = 2 mode.

star. As expected from other compact objects, the dominant
mode is the quadrupole, / = 2. Comparing these modes to
the modes excited by the decay of the single star (maximum
energy in each mode shown as dashed lines), we note that
the spectrum of the merged star has more power in higher
multipoles as the merger excites asymmetric spatially
oscillating modes in the star (the single star, on the other
hand, is spherically symmetric before the decay process).
Concretely, less than 1% of the GW energy from the
decay of a single star is found in modes [ > 2, whereas the
merged star has around 10% of the energy in the [ = 3 and
[ = 4 modes.

The total gravitational energy (Egy) from the decay is
~0.03% of the total energy of the original stars (2M,),
comparable to the ratio in black hole head-on mergers. We
expect this efficiency to be similar for non-head-on mergers
as it is driven by the decay process. On the other hand, the
electromagnetic decay of the merged axion star carries
around 10 times more energy in gravitational waves than
the merger of axion stars.

Our simulations also demonstrate that the total gravita-
tional energy emitted by the single star decay scales roughly
linearly with compactness, with an increase of over 90% in
the energy emitted from C = 0.10 to C = 0.14, keeping the
coupling constant fixed at g,, = 16my!. However, as the
value of the axion-photon coupling affects the decay process
significantly, a multiparameter study would be required for a
full understanding of the energy scaling.

V. MULTIMESSENGER SIGNAL

As the previous sections have explored in detail, the
electromagnetic instability of the axion star results in a

multimessenger signal, with both an electromagnetic and a
gravitational component. The gravitational wave front and
the electromagnetic energy ejected are expected to reach an
observer away from the source at the same time, traveling at
the speed of light. This is represented in Fig. 1, where the
upper two panels represent the gravitational power (in
black) from the decay of a single star (corresponding to the
wave front in Fig. 5), and the corresponding total flux of
electromagnetic energy (in orange), integrated over a
sphere at the same radius (r = 80 m™).

The bottom panel (in blue) represents the scalar (axion)
waves ejected by the star, captured by the total scalar flux
over the same sphere. These total energy fluxes are
calculated by integrating over the flux in Eq. (11) of
Ref. [36]. Firstly, we observe that the scalar energy is
around 2 orders of magnitude lower than its electromag-
netic counterpart (the power units are the same in both
panels), hence being a subdominant effect. Secondly, the
total scalar flux is delayed compared to the EM and GW
signals, as massive modes travel slower than light.* In
addition, in the decay process, different wave modes of the
scalar field are excited as the star transitions from one state
to another. These scalar waves of different wavelengths
travel at different speeds, resulting in a long tail of total
scalar flux as shown in Fig. 1, as longer wavelength modes
travel slower (recall that w? = k*> + m? for a free scalar
wave) resulting in the characteristic “dispersion” of the
wave packet.

In Fig. 8, we show the corresponding GW, EM, and
scalar signals for the merger simulations. The GW and EM
signals from the decay phase are strikingly similar to the
single star case, with a relatively small GW bump from the
merger. On the other hand, the merged star emits scalar
waves immediately following the merger at t ~ 300m~!,
due to being in an excited state [24] ending in a burst during
the electromagnetic decay phase.

Finally, we comment on the energy scales of the system:
the largest source of emitted energy in the parametric,
electromagnetic decay of an axion star is the electromag-
netic emission from the star, which is around 2 orders of
magnitude larger than the scalar emission. The gravita-
tional energy emitted is a further 2 orders of magnitude
smaller than the scalar emission, hence creating a clear
hierarchy in the magnitude of the signals emitted. For a
scalar field mass of m = 10713 eV, the total electromag-
netic energy ejected by the parametric decay of the merged
star is around 10°° J, which compares to the energy scale
of a supernova.

*To confirm the delay of the massive modes compared to the
EM and GW signal, we computed the expected time delay for the
single star decay using the relativistic dispersion relation and
k ~ 0.5m, which corresponds to the characteristic frequency of
the star, assuming it matches the maximum group velocity. This
gives us At ~ 100 m™', which matches the time delay in Fig. 1.

063506-7



CHUNG-JUKKO, LIM, and MARSH

PHYS. REV. D 110, 063506 (2024)

%105
5,
5 st —— gravitational
= TS
o
0
x10~2
0
5}
2
B —17 electromagnetic
x10~*
0
5}
g 5
~ scalar
200 400 600 800 1000 1200
time [1/m)]
FIG. 8. Multimessenger signal from the merger of two axion stars and subsequent decay of the merged star, caused by an

electromagnetic instability: the gravitational power (top), total flux of electromagnetic energy extracted over a sphere at the same radius
as the GW signal, » = 80 m~! (middle), and corresponding total flux of the scalar energy (bottom), where the power in electromagnetic
and scalar radiation is obtained by integrating the corresponding flux. The different frequency wave modes in the scalar emission are
responsible for the long tail in the scalar flux, as lower frequency modes travel slower away from the decaying star. The system starts
shedding scalar waves already due to the merger which happens around ¢ ~ 300 m™~!, resulting in a complex pattern of scalar radiation

after the electromagnetic decay (around  ~ 750 m=1).

VI. DISCUSSION AND CONCLUSIONS

In this work we have studied, in fully nonlinear simu-
lations, the multimessenger signal produced by the colli-
sion of two compact axion stars close to the critical mass
defined by the axion-photon coupling. The initial merger
produces a GW signal consistent with that expected for real
scalar boson stars [34,35]. This signal is relatively small in
amplitude, due to the low compactness of C < 0.14. The
merger forms an excited, more massive axion star that
crosses the threshold of electromagnetic stability. This star
subsequently decays into electromagnetic radiation via
parametric resonance, triggered by ambient photons. The
excited supercritical star first cools by emission of axions,
and then explodes, emitting axions, GWs, and photons. The
GWs from the decay are almost monochromatic, at a
frequency 1 order of magnitude larger than the GWs from
collision, and do not follow a ringdown hierarchy. GWs
from the decay carry over 1 order of magnitude more
energy than those from the merger.

The length of time of the delay between merger and
decay is fixed by the coupling g,,, the mass of the merged
star (which defines its critical coupling), as well as the
amplitude of the EM seed through a logarithmic depend-
ence, as we confirmed in [25]. The dominant energy in the
decay is carried by photons, since criticality is governed by
parametric resonance of the Chern-Simons interaction
between axions and photons. The energy in photons is

2 orders of magnitude larger than the energy in axions,
which itself is 2 orders of magnitude more than the energy
in GWs.

This paper has been concerned with the theory and
simulation of axion star mergers and explosions, computing
for the first time the decay channels. We discuss briefly
here the observational consequences but leave full study to
a future work. By colliding two axion stars of mass
Mg = 0.36m3,/m, C = 0.03 each, with axion parameters
m=10"" eV, g,, = 20 mp/', selected to give rise to GWs
from merger and decay in the LIGO frequency band, we
determined that the GWs would be visible up to distances
of ~360 Mpc and 860 Mpc, for merger and decay,
respectively. The calculations follow Eq. (13) in [47],
assuming a detected strain & = 10722, which is the current
LIGO peak sensitivity for the decay frequency range. If
GW emission and photon emission from the decay could
both be observed, then with the right waveform model and
timing data, this may allow the weaker merger GW signal
to be extracted from noise in postprocessing.

An axion star explosion from higher mass axions produces
high frequency GWs, for example m~ 107% eV gives
GWs in the GHz band, although the luminosity would be
smaller as the axion star mass scales inversely to m. Such
high frequency GWs can be detected using microwave
cavities [56] (such as the ones commonly used in axion
dark matter haloscopes) or phononic materials [57]. We have
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not considered this possibility in detail for GWs from axion
star explosions, as the signal is likely too weak to give
sensitivity to large astronomical distances, but this may
warrant further investigation.

For GWs in the LIGO band, the EM radiation is emitted
in the kHz band with total energy comparable to a super-
nova. Some consequences of the EM radiation emitted by
an axion star explosion in this band are discussed in
Refs. [58,59]. However, for a multimessenger signal
including GWs, there are several important differences
to consider for the photon emission compared to
Refs. [58,59]. Compact stars giving a GW signal require
a different formation mechanism: the core halo-mass
relation [18] for axion stars in dark matter halos predicts
that compact axion stars are extremely rare, if present at all.
One possible mechanism to form compact axion stars is
outlined in Ref. [20], which involves a spike in the axion
primordial power spectrum, which could emerge due to
phase transitions and string network decay after inflation
(e.g., as axiton formation in Ref. [60]), or blue inflationary
isocurvature [61]. In such mechanisms, compact axion stars
can form at rare density peaks, much like primordial black
holes. Another possibility involves an extended matter
dominated epoch [62]. The physics of an individual
explosion will be the same as studied in Refs. [58,59],
but the population level effects will be absent. Furthermore,
a multimessenger signal involving GWs will probe only the
local Universe at D <900 Mpc, rather than the early
Universe z > 10 considered in Refs. [58,59].

The EM emission from the explosion of an axion star
in the kHz band is efficiently absorbed by neutral hydro-
gen, causing it to ionize [63]. Thus, we would observe the
EM emission indirectly from the heating of the surround-
ing gas. Following Refs. [58,59], we find that in the
Milky Way, taking values for the free electron density and
baryon temperature in virial equilibrium, the absorption
length for photons in the kHz band is short, on the order of
parsecs. Thus the photons from an exploding axion star in
the local Universe heat the surrounding gas and rapidly
ionize and shock it; the resulting emission in optical
frequencies from the hot expanding gas may resemble a
supernova with no associated production of heavy
elements.

It may also be possible to detect the semirelativistic
axions produced. Axion dark matter haloscope data is
normally analyzed assuming a search for the cold galac-
tic axions of the standard halo model [64]. However,
the physics of axion-photon conversion can happen
also for relativistic axions, such as those of the “cosmic
axion background” [65]. In particular, the broadband
DMRadio proposal [66] covers the correct frequency range
for axions that are part of a multimessenger signal of an
axion star explosion with accompanying GWs in the
LIGO band.
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APPENDIX A: SHUTTING DOWN
OF RESONANCE

Axion stars can experience an electromagnetic instability
if their characteristic frequency lies within the electromag-
netic resonance band, as we first demonstrated in [25], and
further in this work for the case of a merged star. In Fig. 9,
we show how the parametric resonance process responsible
for the decay of the star into electromagnetic radiation does
not dissipate the whole star, but shuts down due to the
dilution of the star.

As the star enters parametric resonance, its shedding of
energy causes the star to dilute, increasing its size. Since the
characteristic frequency of the star is linked to its size,
the change in frequency means that the star slides off the
resonance frequency band and hence the process stops,
leaving behind a less compact, dilute remnant. This is seen
in the upper plot of Fig. 9 for the single star, where the original
star represented by the black line has decayed into a
significantly less energetic, less compact star, shown in green.
The magnification of the energy density of the remnant star,
shown with a dashed green line, demonstrates its broader
energy distribution. This indicates a larger radius, and hence
different characteristic frequency to the original star.

Similarly, in the bottom plot the original two stars are
shown in black, the merged star created by their collision in
orange, and the remnant after the electromagnetic decay in
green, with the magnification of the remnant energy with a
dashed green line. The corresponding times, shown in the
legend, can be mapped to the process represented as a
whole in Fig. 3. As the merged star is created by the
collision of the single stars, its energy distribution has some
additional features compared to the single star, which are
discussed in Sec. III. These features are also present in the
remnant, which exhibits a broader energy distribution and
hence a larger radius than the original stars, as expected.
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FIG. 9. Radial profiles of the scalar energy density p, of a
single star decay (top) and the merger process (bottom). The
original set up is shown in black (single star on the top and two
stars on the bottom plot), and the remnant after the electromag-
netic decay has happened, in green. The dashed green line is a
magnification of the remnant energy density, to demonstrate its
energy distribution, which indeed has a larger radius and broader
shape than the corresponding original star, as the star has diluted
in the parametric resonance process. The magnification factors
are 100 and 10, for the single and merged stars, respectively. The
merged star created trough the collision of the two single stars in
the bottom plot, which subsequently decays through parametric
resonance, is shown in orange. We note that these radial profiles
have been taken through the center of the simulation box, with the
other two coordinates at 512 m~!, and we have chosen the x-axis
for the merger process, as the stars are originally aligned along x.

APPENDIX B: CONVERGENCE TESTING

1. Single star convergence

We demonstrate the convergence of our single star decay
in Figure 10, by tracking the evolution of the average
Hamiltonian and momentum constraint violation in a
sphere of r =60 m~!, centred on the star with radius

— lowres: N3 =128

high res: N3 = 1923
_____ 2nd

1.00 A

order

t [1/m]

FIG. 10. Convergence testing for the single star decay: average
Hamiltonian 7{ and momentum M constraint violation in a
sphere of radius r = 60 m™' centred on the star. The number of
coarse grid points in the low and high resolution run is N3 = 1283
and N3 = 1923, respectively. The simulation box size is
L =512m™", while the star radius Ry < 10m~!.

Rg < 10m~!. Our simulation box size is L = 512m™",
and we increased the number of coarse grid points from
N3 =128 to N? = 192° for the higher resolution, with 7
refinement levels for both simulations. From Fig. 10 we
show that the convergence of the simulation is close to 2nd
order (black dashed line), with both constraints being
clearly under control throughout the simulation. We note
that this convergence figure is similar to the one shown in
our previous work [25] for the single star decay (see
Appendix B of that paper), as we have exactly the same set
up. However, in our current case we have the gravitational
wave extraction tool turned on throughout the simulation
which requires a tuning of the regridding thresholds as we
discuss further in this appendix. This is responsible for the
small differences in convergence rates between our pre-
vious work [25] and the current one.

In addition to the constraint violations, we monitored the
convergence of the gravitational wave waveforms, which is
demonstrated in Fig. 11. The figure shows the imaginary
part of the [ = 2, m = 0 mode of the Weyl scalar, but we
note that the real part followed a similar pattern.
Convergence can be clearly seen by eye, as the difference
between the high and medium resolution waveforms is
smaller than that between the medium and the low
resolutions.

We analysed Fig. 11 further by computing the order of
convergence of the peaks of the waveform, and found a
general convergence of order ~3. Our expectation is that
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FIG. 11. Convergence testing of the gravitational wave wave-

form for the decay of a single star. The number of coarse grid points
used for each resolution is shown in the legend. Convergence can be
seen by eye as the higher resolutions (in green and red dashed) are
closer together than the lower ones (red dashed and black). The
waveforms were extracted at refinement level 2 at r = 80 m ™!, with
a simulation box size of L = 1024 m™!.

full convergence will only occur at the next higher
resolution (roughly a doubling of the coarse grid), but as
it is computationally too expensive, we did not attempt to
increase the resolution further.

2. Merger convergence

In Fig. 11 we demonstrated the convergence for the GW
signal from the decay of a single, stable star of mass
M, = 0.60m3,/m. The merger GW signal (shown in
Fig. 6) had better convergence. Furthermore, we also con-
firmed the GW convergence for the full combined merger
and decay process. Due to the high frequency of the
gravitational wave waveform of the decay, it was challenging
to keep track of it, and indeed we found linear drift in the
waveforms between different resolution runs for the decay
after merger, corresponding to 3-4 wavelengths in time.
However, the frequencies of the different resolution wave-
forms matched. The behaviour of these waveforms is partly
explained by the fact that the GW frequency for the decay is
an order of magnitude higher than for the merger, and hence
our system needs to deal with two different scales.

In addition to the GWs, we demonstrate the convergence
of our merger simulation by monitoring the ratio of the
difference in the scalar field ¢ value between the high and
medium, and the medium and low resolution runs, sum-
ming over a stencil of 7 points, centered at the middle of our
simulation box. The box had a size L = 1024 m~! and a
maximum of 7 refinement levels. The number of coarse
grid points used for each resolution was N* = 256,
N3 = 3843, and N3 = 512° (from lower to higher reso-
lution). The region of convergence, defined by the ratio
being below 1, is demonstrated by the grey area in Fig. 12,
alongside the ratio values (shown with the black solid line),
as a function of time.

1.50
high d
Ao/ Adioy

convergence

—--= 2" order

1.00+

0.754

Ratio of >~ A¢;

0.50

0.257

0.00 T T T
200 400 600 800 1000
time [1/m)]

FIG. 12. Convergence testing using a stencil of 7 points
centered in the middle of the simulation box. We plot the ratio
of the difference in the scalar field ¢ value between the high and
medium, and the medium and low resolution runs, summing over
the stencil. Hence, all data points within the grey region indicate
convergence. The simulation box size is L = 1024 m~!, and low,
medium, and high resolution runs have N3 = 2563, N3 = 3843,
and N = 5123 number of coarse grid points, respectively.

We note that there is a peak at around ¢ ~ 400 m~! which
does not fall in the region of convergence. This is due to the
regridding forced on the simulation by the gravitational
wave extraction tool. Our numerical relativity code
GRChombo includes an adaptive mesh refinement system
that automatically adds refinement levels in specific regions
of the simulation box, based on set conditions and threshold
values. However, the extraction of gravitational waves at a
set radius and refinement level overrides the original,
smooth refinement process by forcing a specific refinement
layer on the simulation at each time step. As the boundaries
of each layer introduce numerical errors to the simulation,
we postulate that it is this regridding process that is
responsible for the peak in our convergence plot. This
was shown by running the same simulation without GW
extraction, in which case the peak at around t ~ 400m™!
disappeared. Moreover, the differences in the ¢ value as
shown in Fig. 12 get smaller as the simulation progresses,
which is consistent with convergence.

3. Regridding

In order to extract an overall clean waveform, we had to
tune our regridding for the merger and the decay signal
separately, using our adaptive mesh refinement code. The
goal of regridding is to add higher resolution meshes in the
simulation box areas where the interesting physics, and
hence the need for higher resolution, is happening. For our
simulations, this means that the star is resolved with a
higher resolution grid than the empty space around it.
(However, as mentioned above, the extraction of gravita-
tional waves away from the star, closer to the boundaries of
the box, means we also force a higher resolution at the
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extraction radius). In practice, this tuning of the regridding
means that we had to change the threshold values for the
variables with respect to which the refinement is happening
(in our case, the scalar field ¢ and the conformal factor y).

To get the full signal as shown in Fig. 6, we had to
decrease the thresholds between the merger and the decay
signal. The merger signal exhibited some numerical noise
that was reduced with lesser regridding, while the high
oscillation frequency of the decay signal required more
regridding and higher extraction levels. The decrease in the
regridding thresholds (hence, more frequent regridding),
moving from the merger to the decay, was 18% and 23%,
for ¢ and y, respectively. This regridding change had no
effect on the overall evolution of the system, and demon-
strates the difficulty of gravitational wave extraction from
our oscillating scalar star.

Finally, we note that we found some linear drift in time in
the energy fluxes and gravitational wave signals from the
simulation due to this change of regridding in the middle of
the run (between the merger and the decay of the merged
star). Hence, the gravitational signal in Fig. 8 has been

corrected to match the electromagnetic one, as we con-
firmed by running the simulation from the middle that
those two indeed line up (our full GW signal displayed
in Fig. 6 has the regridding change in the middle, as
explained above).

APPENDIX C: GRAVITATIONAL LUMINOSITY

The gravitational wave power (luminosity) was calcu-
lated according to the well-known equation (see e.g.,
Appendix C in Ref. [68] for similar use):

dE 1 ;
% lim— Wi gy
d = m e /,0 4

I.m
where we used the modes up to / = 6 for the decay signal of
the star and / = 2 for the merger signal of the star. To deal
with the numerical error causing a cumulative drift in the total
gravitational energy of the system, the integral of r‘I’f{” was
processed with a Butterworth high-pass filter (5th order), as
the numerical error introduces low-frequency modes.

2
, (C1)

[1] R.D. Peccei and H.R. Quinn, CP conservation in the
presence of instantons, Phys. Rev. Lett. 38, 1440 (1977).

[2] S. Weinberg, A new light boson?, Phys. Rev. Lett. 40, 223
(1978).

[3] F. Wilczek, Problem of strong p and t invariance
in the presence of instantons, Phys. Rev. Lett. 40, 279
(1978).

[4] J.E. Kim, Weak interaction singlet and strong CP invari-
ance, Phys. Rev. Lett. 43, 103 (1979).

[5] M. A. Shifman, A.I. Vainshtein, and V.I1. Zakharov, Can
confinement ensure natural CP invariance of strong inter-
actions?, Nucl. Phys. B166, 493 (1980).

[6] M. Dine, W. Fischler, and M. Srednicki, A simple solution
to the strong CP problem with a harmless axion, Phys. Lett.
104B, 199 (1981).

[7] A.R. Zhitnitsky, On possible suppression of the axion
hadron interactions. (In Russian). Sov. J. Nucl. Phys. 31,
260 (1980).

[8] J. Preskill, M. B. Wise, and F. Wilczek, Cosmology of the
invisible axion, Phys. Lett. 120B, 127 (1983).

[9] L. F. Abbott and P. Sikivie, A cosmological bound on the
invisible axion, Phys. Lett. 120B, 133 (1983).

[10] M. Dine and W. Fischler, The not so harmless axion, Phys.
Lett. 120B, 137 (1983).

[11] L. Di Luzio, M. Giannotti, E. Nardi, and L. Visinelli,
The landscape of QCD axion models, Phys. Rep. 870, 1
(2020).

[12] M. S. Turner, Coherent scalar field oscillations in an
expanding universe, Phys. Rev. D 28, 1243 (1983).

[13] E. Witten, Some properties of O(32) superstrings, Phys.
Lett. 149B, 351 (1984).

[14] M. Khlopov, B. A. Malomed, and 1. B. Zeldovich, Gravi-
tational instability of scalar fields and formation of primor-
dial black holes, Mon. Not. R. Astron. Soc. 215, 575 (1985).

[15] P. Svrcek and E. Witten, Axions in string theory, J. High
Energy Phys. 06 (2006) 051.

[16] P. Arias, D. Cadamuro, M. Goodsell, J. Jaeckel, J. Redondo,
and A. Ringwald, WISPy cold dark matter, J. Cosmol.
Astropart. Phys. 06 (2012) 013.

[17] D.J.E. Marsh, Axion cosmology, Phys. Rep. 643, 1
(2016).

[18] H.-Y. Schive, T. Chiueh, and T. Broadhurst, Cosmic
structure as the quantum interference of a coherent dark
wave, Nat. Phys. 10, 496 (2014).

[19] D. G. Levkov, A. G. Panin, and I. I. Tkachev, Gravitational
Bose-Einstein condensation in the kinetic regime, Phys.
Rev. Lett. 121, 151301 (2018).

[20] J. Y. Widdicombe, T. Helfer, D. J. E. Marsh, and E. A. Lim,
Formation of relativistic axion stars, J. Cosmol. Astropart.
Phys. 10 (2018) 005.

[21] B. Eggemeier and J.C. Niemeyer, Formation and mass
growth of axion stars in axion miniclusters, Phys. Rev. D
100, 063528 (2019).

[22] J. Chen, X. Du, E.W. Lentz, D.J.E. Marsh, and J.C.
Niemeyer, New insights into the formation and growth of
boson stars in dark matter halos, Phys. Rev. D 104, 083022
(2021).

[23] E. Seidel and W. M. Suen, Oscillating soliton stars, Phys.
Rev. Lett. 66, 1659 (1991).

[24] E. Seidel and W.-M. Suen, Formation of solitonic stars
through gravitational cooling, Phys. Rev. Lett. 72, 2516
(1994).

063506-12


https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.43.103
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1103/PhysRevD.28.1243
https://doi.org/10.1016/0370-2693(84)90422-2
https://doi.org/10.1016/0370-2693(84)90422-2
https://doi.org/10.1093/mnras/215.4.575
https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1088/1475-7516/2012/06/013
https://doi.org/10.1088/1475-7516/2012/06/013
https://doi.org/10.1016/j.physrep.2016.06.005
https://doi.org/10.1016/j.physrep.2016.06.005
https://doi.org/10.1038/nphys2996
https://doi.org/10.1103/PhysRevLett.121.151301
https://doi.org/10.1103/PhysRevLett.121.151301
https://doi.org/10.1088/1475-7516/2018/10/005
https://doi.org/10.1088/1475-7516/2018/10/005
https://doi.org/10.1103/PhysRevD.100.063528
https://doi.org/10.1103/PhysRevD.100.063528
https://doi.org/10.1103/PhysRevD.104.083022
https://doi.org/10.1103/PhysRevD.104.083022
https://doi.org/10.1103/PhysRevLett.66.1659
https://doi.org/10.1103/PhysRevLett.66.1659
https://doi.org/10.1103/PhysRevLett.72.2516
https://doi.org/10.1103/PhysRevLett.72.2516

MULTIMESSENGER SIGNALS FROM COMPACT AXION STAR ...

PHYS. REV. D 110, 063506 (2024)

[25] L.M. Chung-Jukko, E.A. Lim, D.J.E. Marsh, J.C.
Aurrekoetxea, E. de Jong, and B.-X. Ge, Electromagnetic
instability of compact axion stars, Phys. Rev. D 108,
L061302 (2023).

[26] M. P. Hertzberg and E. D. Schiappacasse, Dark matter axion
clump resonance of photons, J. Cosmol. Astropart. Phys. 11
(2018) 004.

[27] D. G. Levkov, A. G. Panin, and I. I. Tkachev, Radio-emission
of axion stars, Phys. Rev. D 102, 023501 (2020).

[28] M. A. Amin, A.J. Long, Z.-G. Mou, and P. Saffin, Dipole
radiation and beyond from axion stars in electromagnetic
fields, J. High Energy Phys. 06 (2021) 182.

[29] T. W. Kephart and T.J. Weiler, Luminous axion clusters,
Phys. Rev. Lett. 58, 171 (1987).

[30] M. Boskovic, R. Brito, V. Cardoso, T. Ikeda, and H. Witek,
Axionic instabilities and new black hole solutions, Phys.
Rev. D 99, 035006 (2019).

[31] T. Ikeda, R. Brito, and V. Cardoso, Blasts of light from
axions, Phys. Rev. Lett. 122, 081101 (2019).

[32] T.F. M. Spieksma, E. Cannizzaro, T. Ikeda, V. Cardoso, and
Y. Chen, Superradiance: Axionic couplings and plasma
effects, Phys. Rev. D 108, 063013 (2023).

[33] M. A. Amin, A.J. Long, and E. D. Schiappacasse, Photons
from dark photon solitons via parametric resonance, J. Cosmol.
Astropart. Phys. 05 (2023) 015.

[34] T. Helfer, E. A. Lim, M. A. G. Garcia, and M. A. Amin,
Gravitational wave emission from collisions of compact
scalar solitons, Phys. Rev. D 99, 044046 (2019).

[35] G.F. Giudice, M. McCullough, and A. Urbano, Hunting for
dark particles with gravitational waves, J. Cosmol. Astropart.
Phys. 10 (2016) 001.

[36] K. Clough, Continuity equations for general matter: Appli-
cations in numerical relativity, Classical Quantum Gravity
38, 167001 (2021).

[37] K. Clough, P. Figueras, H. Finkel, M. Kunesch, E. A. Lim,
and S. Tunyasuvunakool, GRChombo: Numerical relativity
with adaptive mesh refinement, Classical Quantum Gravity
32, 245011 (2015).

[38] T. Andrade et al., GRChombo: An adaptable numerical
relativity code for fundamental physics, J. Open Source
Software 6, 3703 (2021).

[39] M. Radia, U. Sperhake, A. Drew, K. Clough, P. Figueras,
E. A. Lim, J. L. Ripley, J. C. Aurrekoetxea, T. Franca, and
T. Helfer, Lessons for adaptive mesh refinement in numeri-
cal relativity, Classical Quantum Gravity 39, 135006
(2022).

[40] E. V. Gorbar, K. Schmitz, O. O. Sobol, and S. I. Vilchinskii,
Gauge-field production during axion inflation in the gra-
dient expansion formalism, Phys. Rev. D 104, 123504
(2021).

[41] T. Helfer, D.J. E. Marsh, K. Clough, M. Fairbairn, E. A.
Lim, and R. Becerril, Black hole formation from axion stars,
J. Cosmol. Astropart. Phys. 03 (2017) 055.

[42] M. Alcubierre, R. Becerril, S.F. Guzman, T. Matos,
D. Nunez, and L. A. Urena-Lopez, Numerical studies of
@* oscillatons, Classical Quantum Gravity 20, 2883
(2003).

[43] F. Michel and I. G. Moss, Relativistic collapse of axion
stars, Phys. Lett. B 785, 9 (2018).

[44] L. A. Urena-Lopez, T. Matos, and R. Becerril, Inside
oscillatons, Classical Quantum Gravity 19, 6259 (2002).

[45] L. A. Urena-Lopez, Oscillatons revisited, Classical Quan-
tum Gravity 19, 2617 (2002).

[46] M. Zilhao, H. Witek, and V. Cardoso, Nonlinear interactions
between black holes and Proca fields, Classical Quantum
Gravity 32, 234003 (2015).

[47] T. Helfer, J. C. Aurrekoetxea, and E. A. Lim, Cosmic string
loop collapse in full general relativity, Phys. Rev. D 99,
104028 (2019).

[48] C. Gundlach, J. M. Martin-Garcia, G. Calabrese, and 1.
Hinder, Constraint damping in the Z4 formulation and
harmonic gauge, Classical Quantum Gravity 22, 3767
(2005).

[49] C. Palenzuela, L. Lehner, and S. Yoshida, Understanding
possible electromagnetic counterparts to loud gravitational
wave events: Binary black hole effects on electromagnetic
fields, Phys. Rev. D 81, 084007 (2010).

[50] D. Hilditch, An introduction to well-posedness and free-
evolution, Int. J. Mod. Phys. A 28, 1340015 (2013).

[51] T. Helfer, U. Sperhake, R. Croft, M. Radia, B.-X. Ge, and
E. A. Lim, Malaise and remedy of binary boson-star initial
data, Classical Quantum Gravity 39, 074001 (2022).

[52] T. Evstafyeva, U. Sperhake, T. Helfer, R. Croft, M. Radia,
B.-X. Ge, and E. A. Lim, Unequal-mass boson-star binaries:
Initial data and merger dynamics, Classical Quantum
Gravity 40, 085009 (2023).

[53] https://www.youtube.com/watch?v=SItsbjsr_tg.

[54] M. A. Amin and Z.-G. Mou, Electromagnetic bursts
from mergers of oscillons in axion-like fields, J. Cosmol.
Astropart. Phys. 02 (2021) 024.

[55] T. W. Baumgarte and S. L. Shapiro, Numerical Relativity:
Solving Einstein’s Equations on the Computer (Cambridge
University Press, Cambridge, England, 2010).

[56] A. Berlin, D. Blas, R. Tito D’Agnolo, S. A.R. Ellis, R.
Harnik, Y. Kahn, and J. Schiitte-Engel, Detecting high-
frequency gravitational waves with microwave cavities,
Phys. Rev. D 105, 116011 (2022).

[57] Y. Kahn, J. Schiitte-Engel, and T. Trickle, Searching for
high frequency gravitational waves with phonons, Phys.
Rev. D 109, 096023 (2024).

[58] M. Escudero, C. K. Pooni, M. Fairbairn, D. Blas, X. Du,
and D.J. E. Marsh, Axion star explosions: A new source
for axion indirect detection, Phys. Rev. D 109, 043018
(2024).

[59] X. Du, D.J. E. Marsh, M. Escudero, A. Benson, D. Blas,
C. K. Pooni, and M. Fairbairn, Soliton merger rates and
enhanced axion dark matter decay, Phys. Rev. D 109,
043019 (2024).

[60] A. Vaquero, J. Redondo, and J. Stadler, Early seeds of axion
miniclusters, J. Cosmol. Astropart. Phys. 04 (2019) 012.

[61] S. Kasuya and M. Kawasaki, Axion isocurvature fluctua-
tions with extremely blue spectrum, Phys. Rev. D 80,
023516 (2009).

[62] A.L. Erickcek and K. Sigurdson, Reheating effects in the
matter power spectrum and implications for substructure,
Phys. Rev. D 84, 083503 (2011).

[63] B. Bolliet, J. Chluba, and R. Battye, Spectral distor-
tion constraints on photon injection from low-mass

063506-13


https://doi.org/10.1103/PhysRevD.108.L061302
https://doi.org/10.1103/PhysRevD.108.L061302
https://doi.org/10.1088/1475-7516/2018/11/004
https://doi.org/10.1088/1475-7516/2018/11/004
https://doi.org/10.1103/PhysRevD.102.023501
https://doi.org/10.1007/JHEP06(2021)182
https://doi.org/10.1103/PhysRevLett.58.171
https://doi.org/10.1103/PhysRevD.99.035006
https://doi.org/10.1103/PhysRevD.99.035006
https://doi.org/10.1103/PhysRevLett.122.081101
https://doi.org/10.1103/PhysRevD.108.063013
https://doi.org/10.1088/1475-7516/2023/05/015
https://doi.org/10.1088/1475-7516/2023/05/015
https://doi.org/10.1103/PhysRevD.99.044046
https://doi.org/10.1088/1475-7516/2016/10/001
https://doi.org/10.1088/1475-7516/2016/10/001
https://doi.org/10.1088/1361-6382/ac10ee
https://doi.org/10.1088/1361-6382/ac10ee
https://doi.org/10.1088/0264-9381/32/24/245011
https://doi.org/10.1088/0264-9381/32/24/245011
https://doi.org/10.21105/joss.03703
https://doi.org/10.21105/joss.03703
https://doi.org/10.1088/1361-6382/ac6fa9
https://doi.org/10.1088/1361-6382/ac6fa9
https://doi.org/10.1103/PhysRevD.104.123504
https://doi.org/10.1103/PhysRevD.104.123504
https://doi.org/10.1088/1475-7516/2017/03/055
https://doi.org/10.1088/0264-9381/20/13/332
https://doi.org/10.1088/0264-9381/20/13/332
https://doi.org/10.1016/j.physletb.2018.07.063
https://doi.org/10.1088/0264-9381/19/23/320
https://doi.org/10.1088/0264-9381/19/10/307
https://doi.org/10.1088/0264-9381/19/10/307
https://doi.org/10.1088/0264-9381/32/23/234003
https://doi.org/10.1088/0264-9381/32/23/234003
https://doi.org/10.1103/PhysRevD.99.104028
https://doi.org/10.1103/PhysRevD.99.104028
https://doi.org/10.1088/0264-9381/22/17/025
https://doi.org/10.1088/0264-9381/22/17/025
https://doi.org/10.1103/PhysRevD.81.084007
https://doi.org/10.1142/S0217751X13400150
https://doi.org/10.1088/1361-6382/ac53b7
https://doi.org/10.1088/1361-6382/acc2a8
https://doi.org/10.1088/1361-6382/acc2a8
https://www.youtube.com/watch?v=SItsbjsr_tg
https://www.youtube.com/watch?v=SItsbjsr_tg
https://www.youtube.com/watch?v=SItsbjsr_tg
https://doi.org/10.1088/1475-7516/2021/02/024
https://doi.org/10.1088/1475-7516/2021/02/024
https://doi.org/10.1103/PhysRevD.105.116011
https://doi.org/10.1103/PhysRevD.109.096023
https://doi.org/10.1103/PhysRevD.109.096023
https://doi.org/10.1103/PhysRevD.109.043018
https://doi.org/10.1103/PhysRevD.109.043018
https://doi.org/10.1103/PhysRevD.109.043019
https://doi.org/10.1103/PhysRevD.109.043019
https://doi.org/10.1088/1475-7516/2019/04/012
https://doi.org/10.1103/PhysRevD.80.023516
https://doi.org/10.1103/PhysRevD.80.023516
https://doi.org/10.1103/PhysRevD.84.083503

CHUNG-JUKKO, LIM, and MARSH

PHYS. REV. D 110, 063506 (2024)

decaying particles, Mon. Not. R. Astron. Soc. 507, 3148
(2021).

[64] B. M. Brubaker, L. Zhong, S. K. Lamoreaux, K. W. Lehnert,
and K. A. van Bibber, HAYSTAC axion search analysis
procedure, Phys. Rev. D 96, 123008 (2017).

[65] J.A. Dror, H. Murayama, and N.L. Rodd, Cosmic
axion background, Phys. Rev. D 103, 115004 (2021);
106, 119902(E) (2022).

[66] L. Brouwer et al. (DMRadio Collaboration), Proposal for a
definitive search for GUT-scale QCD axions, Phys. Rev. D
106, 112003 (2022).

[67] www.dirac.ac.uk.

[68] R. Croft, T. Helfer, B.-X. Ge, M. Radia, T. Evstafyeva, E. A.
Lim, U. Sperhake, and K. Clough, The gravitational after-
glow of boson stars, Classical Quantum Gravity 40, 065001
(2023).

063506-14


https://doi.org/10.1093/mnras/stab1997
https://doi.org/10.1093/mnras/stab1997
https://doi.org/10.1103/PhysRevD.96.123008
https://doi.org/10.1103/PhysRevD.103.115004
https://doi.org/10.1103/PhysRevD.106.119902
https://doi.org/10.1103/PhysRevD.106.112003
https://doi.org/10.1103/PhysRevD.106.112003
www.dirac.ac.uk
www.dirac.ac.uk
www.dirac.ac.uk
www.dirac.ac.uk
https://doi.org/10.1088/1361-6382/acace4
https://doi.org/10.1088/1361-6382/acace4

