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Transient Radio Signatures from Neutron Star Encounters with QCD Axion Miniclusters
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The QCD axion is expected to form dense structures known as axion miniclusters if the Peccei-Quinn
symmetry is broken after inflation. Miniclusters that have survived until today will interact with neutron
stars (NSs) in the Milky Way to produce transient radio signals from axion-photon conversion in the NS
magnetosphere. We quantify the properties of these encounters and find that they occur frequently
[O(1-100)day~'], last between a day and a few months, are spatially clustered toward the Galactic Center,
and can reach observable fluxes. These radio transients are within reach of current generation telescopes
and therefore offer a promising pathway to discovering QCD axion dark matter.
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Introduction.—Peccei-Quinn (PQ) theory [1,2] predicts
the existence of the QCD axion [3,4], which could
simultaneously solve the strong-CP problem and act as
a compelling candidate for particle dark matter (DM) [5-8].
The QCD axion is the pseudo—Nambu-Goldstone boson
[9-11] of the new global PQ symmetry. Laboratory
searches are underway worldwide to directly detect this
QCD axion [12-15]. Astrophysical observations are also a
promising avenue for detecting the axion [16-20]. In
particular, radio observations could be used to look for
emission from the conversion of axions into photons in
neutron star (NS) magnetospheres [21-27]. In this Letter,
we propose and characterize a new class of radio source,
arising from encounters between NSs and overdense
structures known as axion miniclusters (AMCSs)
[28-33]. (We use the terms miniclusters and AMCs
interchangeably.)

As axions fall toward a NS, they can resonantly convert
into photons within the magnetosphere. This occurs at a
radius R., at which the plasma frequency w, in the
magnetosphere equals the axion mass m, [23]. Assuming
a Goldreich-Julian model for the NS magnetosphere [34], the
power radiated per unit solid angle is derived in the Wentzel-
Kramers-Brillouin and stationary phase approximations as
[21-24]
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dP, m , _,Rxs® pa
~= ra 1
dq ~ 3 a0 RS> m,’ (1)

where p,, is the axion density at the conversion radius [23],
Jayy 18 the axion-photon coupling, and we have averaged over
viewing angles. We also fix the rotation axis to be aligned
with the NS dipole field and set the NS radius Ryg = 10 km
(see Supplemental Material for details of the NS modeling
[35]). The power scales with Bj—where B, is the magnetic
field strength at the NS poles—emphasizing why NSs are the
most promising astrophysical target for these searches, with
the highest known magnetic fields in the Universe
O(10'°-10'%) G [55]. The flux also scales with p,,, meaning
that regions of large axion density—such as AMCs—can
give rise to very bright radio sources.

AMC:s are a generic feature of models in which the PQ
symmetry is broken after the end of inflation [32]. Large
spatial variations of the axion density around the QCD
epoch lead to the formation of minicluster “seeds” [56],
which collapse into gravitationally bound AMCs around
matter-radiation equality [57]. This evolution has been
confirmed by numerical simulations, which show that a
significant fraction of DM axions might be contained
within such bound structures [56,58]. Despite their low
mass (1071 My < Maye S 107 My) and large radius
(1078 <R <1072 pe), the density of an AMC can be
many orders of magnitude larger than the local DM density
[59]. On the other hand, AMCs are significantly more
diffuse than stars. In our companion paper [60], we show
that tidal interactions with stars can have a dramatic effect
on the survival of AMCs in the Milky Way (MW). AMCs
toward the inner regions of the Galaxy undergo significant

Published by the American Physical Society


https://orcid.org/0000-0002-2258-6191
https://orcid.org/0000-0002-3634-4679
https://orcid.org/0000-0001-7958-8940
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.127.131103&domain=pdf&date_stamp=2021-09-23
https://doi.org/10.1103/PhysRevLett.127.131103
https://doi.org/10.1103/PhysRevLett.127.131103
https://doi.org/10.1103/PhysRevLett.127.131103
https://doi.org/10.1103/PhysRevLett.127.131103
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 127, 131103 (2021)

stripping and disruption, whereas those further out remain
intact. This, in turn, is reflected in the observational
signatures of AMCs.

Here, we build upon the results of [60] to predict the rate,
brightness, and sky distributions of encounters between
AMCs and NSs. For a typical MW wvirial velocity of
v ~200 km/s ~ 101! pc/s, the time taken for a NS to pass
through an AMC is expected to be O(10°-10°) s, meaning
that these interactions would appear as radio “transients.” As
we will show, this is particularly true for the brightest events,
which last between 10° and 107 s. We consider a Kim-
Shifman-Vainshtein-Zakharov—like QCD axion [61,62] of
mass m, = 20ueV, motivated by recent simulations [58,63].
This corresponds to a radio frequency of f = 4.84 GHz and
an axion-photon coupling of g,,, ~ 8 x 107> GeV~'. All
code associated with this Letter is available online [64] and
makes use of the Python scientific computing packages
NumPy [65] and SciPy [66], as well as the graphics environ-
ment Matplotlib [67].

Axion miniclusters in the Milky Way.—Because of the
randomness of the initial overdensity fluctuations, mini-
clusters are born with a wide range of masses and densities.
During matter domination, the minicluster halo mass
function (HMF) evolves under hierarchical structure for-
mation, allowing ever heavier AMCs to form. N-body
simulations modeling AMC evolution from recombination
to z ~ 99 predict a featureless HMF with a characteristic
slope dn/dlog M ~ M7 [33], corroborating semianalytic
studies [36,68,69]. We consider AMC masses between
33x 1071 <M ppe/Mg <5.1x 1073 [68,69] and assume
that these AMCs make up 100% of the DM, tracing the
Navarro-Frenk-White (NFW) profile of the MW halo.
Miniclusters are also characterized by their overdensity
parameter 6, which depends upon the random initial
conditions of the axion field and its gradient at the onset
of axion oscillations [29-31]. We take the distribution of &
from recent simulations [58] and map it to the AMC
characteristic density pavc as in Ref. [31].

Tidal interactions between AMCs and their local envi-
ronment can have a significant effect on AMC properties
[60,70-73]. Stellar encounters prove to be the most
important and can easily lead to the total disruption of
AMC:s. In addition, many successive weak encounters can
cause surviving AMCs to lose mass, as well as altering their
internal density. In [60], we present Monte Carlo simu-
lations used to assess the effects of these stellar tidal
interactions, starting from the initial distribution of masses
and densities described above. These simulations allow us
to describe the properties of AMCs across the MW today.

The internal density profiles of AMCs are not well
understood. For example, Ref. [33] finds that AMCs with
masses M yyc 2 10713 M have approximately NFW [74]
profiles in their outer regions, whereas lighter AMCs are
expected to have power-law (PL) profiles [57]. For each
simulation, we therefore treat the entire population of AMCs
as having a single universal structure given by either a NFW

or PL density profile (see Supplemental Material [35] for
examples). For a fixed characteristic density pyc, the mean
internal density p of our assumed NFW profile is O(10%)
times lower than for the PL profile. This leads to quantitative
differences in the survival probability and distributions of
masses and radii. Using these two density profiles therefore
allows us to generously bound the uncertainties coming from
the internal AMC structure.

Another source of uncertainty is related to the formation of
axion stars (ASs). These are nonrelativistic compact objects,
described by solutions to the Schrodinger-Poisson equation
[29,75], which can potentially form in the centers of
miniclusters [76-78]. ASs have an inverse relationship
between their mass and radius, leading to a potentially
problematic scenario for a low-mass AMC in which its
radius is smaller than that of the AS in its center. To avoid this
issue, we first follow the evolution of all AMCs, described
initially by the HMF above, then apply a cut to remove these
potentially problematic light AMCs [79]. The remaining
miniclusters form our fiducial sample and are used through-
out the rest of this Letter (see Supplemental Material [35] and
our companion paper [60] for further details).

Minicluster-neutron star encounters.—The AMC-NS
encounter cross section is given by o(u) = zR*[1+
2GMys/(Ru?)], where R is the minicluster radius and
Mys = 1.4 M, is the NS mass. This expression includes
a gravitational focusing term [[80], p. 627] that depends on
the relative velocity of the encounter u. We assume that the
velocity dispersion of the NS and minicluster populations is
6,(r) = \/GMq(r)/r ~ 200 km/s, depending on the
enclosed MW mass M, () within a galactocentric radius r.
The encounter velocity then follows a Maxwell-Boltzmann
distribution £, (u) with dispersion o,(r) = v/26,(r) ([80]
problem 8.8). The velocity-weighted cross section can then
be written as

(ou)(r) = / Puf,(w)uc(u)~ 7o, ()R 1+ R/R), (2)

where R = GMyg /6% ~ O(1077 pe).

Interactions on the outskirts of large, diffuse AMCs
dominate the encounter rate but do not produce a signifi-
cant increase in the axion density close to the NS. We
therefore consider only interactions with impact parameters
b < by (with b, < R), such that the peak overdensity
during the encounter is at least 10% of the local DM density
pom(r). We parametrize this in terms of an effective cross
section (ou)(r), which saturates at the standard cross
section (ou)(r) for dense AMCs. The expected rate of
encounters over the entire MW is then [81,82]

r= [ar aR D), )G ). ()

where nyg(r) is the NS number density at position r and
dnapc(r)/dR is the differential number density of AMCs
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FIG. 1. AMC-NS encounter rate incorporating the effects of

AMC disruptions due to stellar encounters. We show results
assuming that AMCs are solely on circular orbits (dashed) and
assuming a distribution of orbital eccentricities (dotted). The
vertical dotted line marks the position of the Solar System, rg.

with radius R, computed in [60]. Taking into account the
distribution of AMC properties, we find that dI"/dM syc~
1/M pnpc, rising more steeply than this at low AMC masses,
where the gravitational focusing effect becomes important
for R < R. We assume a population of 10° NSs in the MW,
with 60% formed in the bulge and 40% in the disk [83,84],
of which 20% have become unbound due to natal kicks
[84]. Explicit expressions for nyg(r) are given in the
Supplemental Material [35].

In Fig. 1, we show the integrand dI"/dr of Eq. (3). At the
largest radii (r 2 10-20 kpc), encounters are rare due to the
falling number of both AMCs and NSs. Near the Galactic
Center, the densities of both AMCs and NSs instead rise
rapidly. However, the encounter rate is suppressed by the
low survival probability of AMCs in this dense environ-
ment, leading to a plateau. Note that the dip at 3—4 kpc is a
coincidence between the falling survival probability toward
the Galactic Center and scale at which the bulge population
of NSs becomes dominant. We find that the encounter rate
is larger for eccentric than for circular orbits; AMCs on
eccentric orbits spend less time at small radii, leading to a
larger survival probability. For NFW profiles, there is a
comparable contribution from encounters with bulge NSs at
small radii and encounters with disk NSs at larger radii
(close to the solar circle rg). Miniclusters with PL profiles
are more dense and therefore smaller than those with NFW
profiles, leading to an overall decrease in the encounter
rate. However, these dense AMCs are also more resistant to
disruption in the Galactic Center, leading to a greater
survival probability at small r. This compensates for their
smaller size and means that for PL miniclusters most
encounters occur with NSs in the bulge. Over the entire
Galaxy, we expect encounter rates of I'pp = 3.4 and

Inpw = 186.7 day™'. If we had neglected the stellar
disruption of AMCs described in [60], these encounter
rates would be larger by a factor of 1.4 and 45.4 for PL and
NFW profiles, respectively.

Signal estimation.—For each choice of minicluster
profile, we sample 107 encounters to calculate the expected
distributions of fluxes, durations, and sky locations. We
sample the galactocentric radius of the encounter according
to the encounter rate dI"/dr in Fig. 1. We draw the height of
the encounter z., above the Galactic plane from the
distribution of NSs along the z; axis (assuming that the
AMC distribution is spherically symmetric), and we draw
the galactocentric azimuth angle uniformly between 0 and
27. We sample the AMC radius R following dI"/dR at fixed
galactocentric radius and sample the AMC density, given
R, from the distributions derived in [60]. The impact
parameter b € [0, b is sampled according to P(b) x b.

The NS magnetic field at the poles B, and the period P are
drawn from log-normal distributions, with mean and dis-
persion given by log;((B/G) = 12.65, o5 = 0.55 [85,86],
and log;((P/ms) = 2.7, 6p = —0.34 [87] respectively.

Considering the trajectories of individual axions close to
the NS, the maximum impact parameter that still crosses
the conversion radius R, is

2GM
Bmax = Rey [ 1+ ERNS ~O(107%) pe. (4)
Uk,

AMCs have radii several orders of magnitude larger than
this, so we can consider the NS as tracing the internal AMC
density p;,(R) during the encounter. Such a direct encoun-
ter is likely to completely disrupt the AMC. However, the
relaxation time for the AMC is much longer than the
encounter time and we therefore neglect the evolution of
the minicluster during the NS transit.

For each encounter, we estimate the radio flux density

1 1 ar,

S BWanl d

(5)
where s is the distance of the encounter from Earth. The
signal bandwidth (BW) is typically set by the axion
velocity dispersion far from the NS [23], leading to narrow
band line emission. However, because of the small internal
velocity dispersion of the AMCs (<1 km/s), this is
unlikely to be the main source of the signal bandwidth.
We therefore fix the bandwidth of the signal to a larger
value, 1 kHz, representative of the resolution of current and
planned radio telescopes [88-90]. Determining the full
directional dependence of the radio emission is highly
nontrivial, though there have been a number of recent
developments dealing, for example, with nonradial infall of
axions [26,91]. Here, we assume for simplicity that the
emission is isotropic; Eq. (1) has been averaged over
viewing angle and we have fixed R, to its angular average.
If future studies show that the radio emission is instead
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FIG. 2. Mean flux density and duration of the radio signal for a random sample of 10* AMC-NS encounters, colored by mean AMC
density. Overlaid are 1-, 2-, 3-, and 4-¢ contours for the distribution of (S) and T, derived from a larger sample of 107 simulations.
The diagonal dashed lines show the minimum 5S¢ detectable flux estimated using the radiometer equation [92] (where we assume that the
observation time equals the duration of the encounter) for the VLA [88], SKA1-mid [93,94], and SKA2 [24]. We assume AMCs have

power-law (left) or NFW (right) internal density profiles.

concentrated in a fraction fy,, of the unit sphere, then our
results can be straightforwardly reinterpreted: the observed
rate will be reduced by a factor ~f.,, and the flux density
increased by a corresponding factor ~ fyeam-

We estimate the mean flux density (S) of each encounter
by averaging Eq. (5) over the duration of the encounter

Tene = 2V R? — b?/u. Note that the peak flux during the
encounter is generally comparable to the mean flux. Since
each encounter is independent, the number of expected
encounters starting within a time step Ar is Poisson
distributed with mean I"A¢. Our simulations can therefore
be combined into a time series for the predicted signal by
taking a uniform distribution of start times. In Fig. 2, we
show the distributions of T, and (S) derived from our full
sample of AMC-NS encounters. We also plot a smaller
sample of 10* individual encounters, colored by the mean
internal density of the AMC.

For PL. AMC:s, the distribution of encounters peaks at
flux densities between 107 and 10? uJy, with a typical
duration of 1-100 days. The distribution also includes a
number of bright events O(1 Jy), which should be detect-
able by current radio telescopes such as the Very Large
Array (VLA) [95]. These brightest events come from
encounters with dense AMCs (210° Mg pc=>). AMCs
with NFW internal density profiles have a density around
10° times smaller than their PL counterparts, making high-
flux events rarer. However, this is partially compensated by
the larger encounter rate between NSs and NFW AMCs.
The rate of encounters above a flux of 1 mly (a sensitivity
which has been achieved in recent searches for NS radio
emission [26,27,96]) is Tpp (¥ > 1 mJy) = 0.04/day and
I'new (¥ > 1 mJy) = 0.007/day for PL and NFW mini-
clusters, respectively. Given the rate and duration of the

encounters, we expect at least one bright event in the sky at
all times. We also note that the rate of the brightest events
((S) > 1 Jy) is relatively insensitive to our assumptions on
the AMC density profile, once stellar perturbations are
taken into account (see Supplemental Material [35]).

The sky distribution of AMC-NS encounters is shown in
Fig. 3 for AMCs with NFW profiles. In this case, the
encounters occur predominantly toward the Galactic
Center, although there is also a population of events
extending along the disk, to a longitude of || < 60°.
This morphology reflects the two populations of NSs in
the bulge and disk. In the case of PL AMCs (not shown),
encounters are concentrated almost exclusively toward the

All events

Galactic latitude b [deg]

(S) > 1mlJy

—100 —50 0 50 100
Galactic longitude £ [deg]

FIG. 3. Expected distribution of all AMC-NS encounters (top)
and bright AMC-NS encounters (bottom), assuming NFW
internal AMC density profiles. For AMCs with PL density
profiles, 68% of all encounters lie within 7° of the Galactic
Center.
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Galactic Center, with 68% of events lying within 7° of the
center. Considering only the brightest events, we find that
the distributions become even more concentrated toward
the Galactic Center, as shown in the bottom panel of Fig. 3.

Discussion and conclusion.—In this Letter, we have
characterized the radio signatures of axion-photon con-
version from encounters between NSs in the Milky Way
and a population of QCD axion miniclusters (see
companion paper [60]). These signatures will appear as
regular transient radio point sources (Fig. 1) with time-
scales varying from days to over a year. Interestingly, these
transients will be spatially clustered toward the Galactic
Center (Fig. 3) with potentially observable fluxes (Fig. 2).
This suggests that radio observations could be used to
discover QCD axion DM in the near future.

Within the MW, there are a variety of sources of transient
radio emission, especially from the Galactic Center. A recent
analysis of archival VLA data [97] found a number of
potential transients within ~0.001° of Sgr A* (see also
Ref. [98]). Potential explanations of these radio transients are
pulsar emission, radio flares from dwarf stars, and outflows
from x-ray binaries, all of which emit a broad energy
spectrum. AMC-NS encounters could contribute to a pop-
ulation of transients toward the Galactic Center. However,
our results predict a characteristic linelike emission that
would need to be confirmed with dedicated search strategies.

The slope of the AMC halo mass function is not well
constrained [33,36,68,69]. To test the dependence of our
results on this slope, we reran the entire pipeline assuming
dn/dlog M ~ M~%3, as obtained using the Press-Schechter
formalism [68]. Flattening the HMF increases the mean
AMC mass and therefore reduces the total number of
AMCs in the MW. (Note that the brightness of an
individual event is only mildly dependent on the AMC
mass.) Fortunately, this is partially counteracted by an
increase in the encounter cross section in Eq. (2), which
scales as R? ~ M?/3, Overall, we find that the encounter
rate has only a mild dependence on the slope; flattening
from —0.7 to —0.5 leads to a factor of 5-10 fewer events
above 1 mJy. A recent study [99] found an HMF slope that
broadly agrees with the results of Ref. [33], but with an
overall shift to lower masses. This would primarily result in
a decrease to the number of AMCs passing the AS cut and
therefore a reduced encounter rate.

The typical AMC density payc ~ 6* is more strongly
affected by the uncertainty in the AMC internal density
profile (Pp./Pnrw ~ 10°) than by a change in 6. We
therefore do not expect that small variations in the
distribution of 6 would affect the detectability of the signal.

The production of axion miniclusters in the early
Universe is a robust prediction of the postinflationary
scenario of axion cosmology [28-32]. The fraction of
axions bound in these structures remains unclear [33],
but is likely to be substantial. As we show in [60], if this
fraction is large then direct detection efforts may be

ineffective. Our results are therefore complementary to
these ongoing direct searches, alongside searches for
continuous radio emission from the smooth halo of axions
interacting with NSs [21-24].

Although we have calculated the population-level dis-
tribution of signals, much work is still needed to character-
ize the details of each event. More concretely, the precise
signal bandwidth [100] and the modeling of the conversion
process in realistic NS magnetospheres remain unclear.
Both of these can have dramatic effects on the properties of
the final signal and should be addressed in future work. We
therefore emphasize that a nondetection cannot be reliably
used to set upper limits on the axion parameter space.
Nevertheless, this Letter characterizes the unique transient
nature of these interactions and shows that current and near
future radio telescopes have the sensitivity required to
detect QCD axion DM.

Supporting data for this Letter are openly available from
the Zenodo repository [64].
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