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Detecting axion dark matter with radio lines from neutron star populations
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It has been suggested that radio telescopes may be sensitive to axion dark matter that resonantly converts
to radio photons in the magnetospheres surrounding neutron stars (NSs). In this work, we closely examine
this possibility by calculating the radiated power from and projected sensitivity to axion dark matter
conversion in ensembles of NSs within astrophysical systems like galaxies and globular clusters. We use
population synthesis and evolution models to describe the spatial distributions of NSs within these systems
and the distributions of NS properties. Focusing on three specific targets for illustration, the Galactic Center
of the Milky Way, the globular cluster M54 in the Sagittarius dwarf galaxy, and the Andromeda galaxy, we
show that narrow band radio observations with telescopes such as the Green Bank Telescope and the future
Square Kilometer Array may be able to probe the quantum chromodynamics axion over roughly 2 orders of
magnitude in mass, starting at a fraction of a micro-electron-volt.
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I. INTRODUCTION

It was recently shown that axion dark matter (DM) may
be detectable through radio telescope observations of
narrow lines from axion DM conversion to photons in
neutron star (NS) magnetospheres [1-3]. The axion DM
falls into the gravitational potential of the NS, where it is
accelerated to semirelativistic speeds. The axion-photon
conversion takes place in the strong magnetic fields in
the NS magnetosphere, though the conversion is stymied
by the fact that the axion mass prevents efficient mixing
with the massless photon. However, as was shown in
Refs. [1-3], the plasma in the magnetosphere gives the
photon an effective mass, which increases with decreasing
radius from the NS surface. There exists a radius, which we
refer to as the conversion radius, where the axion mass
equals the effective photon mass, and in the vicinity of this
radius, resonant conversion takes place between the axion
DM and electromagnetic radiation.

In the present work, we explore the sensitivity to axion
DM from radio observations of systems that contain large
ensembles of NSs. For example, we examine observations
towards the Galactic Center of the Milky Way; nearby
dwarf galaxies and globular clusters, such as M54; and
nearby galaxies, such as M31. Calculating the predicted
axion-induced radio flux in these systems requires combin-
ing spatial models for the distribution of NSs, models for
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the distribution of DM, and models for the distributions of
NS properties. We address these models within this work,
pointing out those with the largest quantifiable systematic
uncertainties, and demonstrate that radio observations with
current and near-term telescopes of the targets listed above
have the potential to cover vast regions of so-far uncharted
axion DM parameter space.

The possibility of detecting axion DM through radio ob-
servations of systems of NSs is important, considering that
the QCD axion is one of the best-motivated DM candidates
at present. The QCD axion was originally proposed as a
new particle to solve the strong CP problem [4-7], though
it was realized shortly thereafter that this particle could also
naturally explain the observed DM of the Universe within a
cosmological framework [8—10]. In addition to coupling to
QCD, the axion a also couples to electromagnetism through
the operator £L=g,,,aE-B, where E (B) is the electric
(magnetic) field and g,,,, is the coupling constant. For the
QCD axion, g,,, = gagm/ (27f,,), With agy, the fine-structure
constant, f, the axion decay constant, and g a number
order unity that depends on the UV completion of the
model; for the Dine-Fischler-Srednicki-Zhitnitsky [11,12]
(Kim-Shifman-Vainshtein-Zakharov [13,14]) models, g~
0.75 (—1.92). In the presence of a static, external magnetic
field, this operator causes an initial axion field to rotate into
an electromagnetic wave of the same frequency polarized
along the direction of the magnetic field [15,16].

The axion decay constant, which normalizes the axion’s
coupling to QCD, also determines the QCD axion’s mass:
m, ~ 1.3 x 107 eV(10'> GeV/f,). Axion-photon con-
version in NSs produces a narrow line at this frequency,
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which is in the radio band for f,~ 102 GeV [1-3].
However, in string compactifications, it is common to find
a plethora of light psuedoscalars [17] called axionlike
particles (ALPs), which may couple to QED but not to
QCD. The ALP masses are thus not necessarily related to
their electromagnetic couplings, unlike for the QCD axion.
The primary goal of this work is to reach sensitivity to the
QCD axion, though we will see that in the process large
regions of ALP parameter space may also be covered.

To calculate the axion-induced signal from ensembles of
NSs, we must use NS population and evolution models to
predict the distributions of NSs and their properties in
galaxies. We use population models such as Refs. [18,19],
which have been tuned to observable pulsar data, to
describe the distributions of initial NS magnetic field
strengths and spin periods. We then evolve the NSs to
the present day using spin-down and magnetic field decay
models [18-24], though there are uncertainties on these
processes which we describe.

To date, we have detected more than 2000 rotation-
powered pulsars, but this only makes up a very small
fraction of the total NS population. The active isolated
pulsars tend to be have an age 7 < 100 Myr, whereas a
large population of undetectable “dead” pulsars should be
lying dormant, undetectable, with a small number of them
recycled by accretion from a companion star, spun up and
detectable as millisecond pulsars. The majority of NSs will
not produce any pulsed emission in the radio band. This is
because, as the pulsar spins down, at some point it will not
be able to sustain the voltage required for pair creation,
which is believed to produce the required plasma for
coherent radio emission. This happens around the so-called
pulsar “death line” (see, e.g., Ref. [25], though also the
recent [26] for a pulsar that appears beyond the death line).

Following previous works [1-3], we model the magneto-
spheres of the active pulsars by the analytic model developed
by Goldreich and Julian (GJ) [27]. However, both analytical
models (e.g., Ref. [28]) and numerical simulations (e.g.,
Ref. [29]) have shown that, without pair production, the
magnetosphere of a NS falls back to a solution with finite
extent, called the electrosphere solution, that differs quali-
tatively from the GJ model. Apart from a “torus” of plasma
around the equator and a “dome” above each pole, the
solution is very similar to a vacuum spinning dipole. For
oblique rotators, the spin-down rate is well described by the
vacuum approximation, and for aligned rotators, the system
is stable and does not spin down anymore. A small amount of
plasma can still leak from the tip of the equatorial torus due
to the diochotron instability, which is the non-neutral plasma
analog of the Kelvin-Helmbholtz instability [30]. As this is a
very robust configuration for the NS magnetosphere, we
believe it describes well the fate of all pulsars after they cross
the death line [31]. We use numerical simulations of the
electrosphere solution to describe the magnetospheres of the
dead NSs.

As we show, ensembles of active pulsars and dead NSs in
systems like the center of the Milky Way produce narrow
and bright radio lines in the presence of axion DM, which
may be detected through dedicated observations with
current and near-term telescopes, such as 100 m class
telescopes like the Effelsberg telescope and the Green
Bank Telescope (GBT) and radio interferometer arrays
such as the Square Kilometer Array (SKA). This new
indirect path to axion DM detection is complementary to
traditional axion DM direct detection. For example, the
Axion Dark Matter Experiment (ADMX), which is a
resonant cavity experiment, has already constrained a
narrow region of axion DM parameter space with axion
masses around 10~® eV, and ongoing as well as future runs
of ADMX may be able to cover nearly a decade of possible
axion masses, from approximately 107 eV to approxi-
mately 1075 eV [32-34]. At higher frequencies, planned
experiments such as HAYSTAC [35-37] and MADMAX
[38] may extend the reach in axion mass to approximately
10~* eV, while at lower masses experiments including
ABRACADABRA [39-42], DM-Radio [43,44], and
CASPEr [45] may potentially reach all the way down to
approximately 107 eV or below. The indirect radio
searches proposed in this work may reach sensitivity to
the QCD axion from masses in the range few x 1077 to
few x 107 eV, depending on the target, telescope, and
systematics such as the DM density profiles and the
distributions of NS properties.

An indirect detection discovery with a radio telescope at
a specific frequency may be verified with one of the direct
detection efforts described above, as for most of these
experiments the most difficult aspect is scanning over all of
the possible axion masses. Resonant cavity experiments
such as ADMX, for example, must scan over approxi-
mately 10° independent frequencies, by stopping and
changing the resonant frequency of the cavity each time,
to cover a decade of possible axion mass. If the frequency
of the axion is known in advance, this would thus cut down
the amount of time needed to verify the signal by a factor
approximately 10° compared to a blind axion search. On
the other hand, a laboratory axion signal would predict at
which frequency the radio lines discussed in this work
should appear.

The remainder of this paper proceeds as follows. First, in
Sec. II, we review the calculation of the radiated power in
the GJ model from axion-DM conversion to radio photons
in the NS magnetosphere, and we use numerical simula-
tions to discuss how the radiated power changes in the
electrosphere model. In Sec. III, we develop population
models to describe the distributions of NS magnetic fields
and spin periods. In Secs. [IV=VI, we present models for the
expected spatial distributions of NSs and DM in the
Milky Way, the globular cluster M54, and M31, respec-
tively. Then, in Sec. VII, we combine the formalisms
developed to predict the sensitivity to axion DM from radio

123021-2



DETECTING AXION DARK MATTER WITH RADIO LINES FROM ...

PHYS. REV. D 99, 123021 (2019)

observations with current and future telescopes, such as
GBT and SKA. We conclude in Sec. VIIIL

II. AXION-PHOTON CONVERSION IN NEUTRON
STAR MAGNETOSHERES

In this section, we discuss the axion-induced radio flux
in the electrosphere model. First, we review the GJ-model
calculation from Ref. [1]. Then, we generalize that frame-
work to apply to arbitrary plasma distributions, and we use
these results to numerically calculate the radio flux in the
electrosphere model that applies to inactive, dead NSs.

A. Resonant conversion in the Golreich-Julian model

Axion DM of mass m, and axion-photon coupling g,
may convert to radio photons as the DM falls into the
potential well of the NS. Following Ref. [1], the radiated
power per solid angle for resonant conversion in the GJ
model is given by

dPGJ qg 2
—45x 108 W[
i) % (10—12 Gev-!

(@) (50ra) (o)
% <0.3 Gio\of/cm3> <1M AZ) <200v11m/s>’ (m)

where the conversion radius r.(Q) and the magnetic field
B(Q) depend on the angular coordinates Q. We will discuss
the calculation of the conversion radius within the GJ
model shortly. Above, p,, is the ambient DM density, not
accounting for gravitational focusing from the NS itself,
and v, is a parameter specifying the velocity dispersion of
the DM distribution, which will be defined more precisely
later. The NS is assumed to have a mass Mg ~ 1 M and a
radius ro ~ 10 km.

For an aligned NS, where the magnetic dipole axis is
aligned with the rotation axis,

B(0) = %(3 cos? 0+ 1)1/2, (2)

where 0 is the polar angle from the rotation and magnetic
axis and By is the magnetic field at the poles. We focus on
the aligned NS throughout this section for simplicity. Note
that B(0) is the magnetic field at the NS surface; since the
field is a dipole configuration, the magnetic field is
assumed to fall of with radius like B(r) ~ B(ry)(ro/r)>.
In this case, no physical quantities depend on the azimuthal
angle ¢ by symmetry.

In the GJ model, the plasma charge density is given by

_2Q-B
N e

n. + (relativistic corrections), (3)

where € is the angular velocity vector for the NS and
B is the magnetic field vector. This implies that when
Q- B < 0, the plasma is negatively charged, while when
the product is positive, the plasma is positively charged. In
the GJ model, the plasma is completely charge separated,
so that the number density of electrons (ions) in the
negatively (positively) charged regions is given by —n,
(n.). If the NS is inactive, then there are no positrons, and
the plasma simply consists of charge-separated electrons
and ions. The difference between the electron- and ion-
dominated regions is important because the plasma fre-
quency is given by wy & \/4zan,/m., where m, is the
mass of the charge carrier. The conversion radius is solved
for by setting m, = w,,, which implies that the conversion
radius r¥ in the ion-dominated regions is smaller by a factor
~(m,/m,) 1/3 2 0.08 compared to the conversion radius ¢
in the electron-dominated regions, where m, (m,) is the
electron (proton) mass.

To solve for the conversion radius, first note that
combining (3) with the definition of the plasma frequency
and the dipole assumption for the magnetic field yields
a plasma-density profile that scales with radius like
ONES r=3/2. As expected, the plasma frequency increases
monotonically towards the NS surface. In the electron-
dominated region, the conversion radius is given by [1]

7 (6) = 224 km x |3c0s%0 — 1]1/3 <]0rﬁ>

By 1 1 GHz\2]1/3
o 140 sec z , @)
10 G P m,
where P = 27/Q is the rotation period of the NS.
Note that resonant conversion only takes place if

r. > ro. When the resonant conversion criterion is satis-
fied, then the conversion takes place over a length

Lgy = \/2zr.v./(3m,), where v, is the DM velocity at

the conversion radius. The radiated power in (1) may be
understood from the fact that the axion-photon conversion
probability scales like p3~g2,,B(r.)*L%;/ v, and dP/dQ~
PEpIMVar:/ vy (see Ref. [1] for details). The velocity v, is

well approximated by +/2GMys/r., since the DM is
assumed to start off nonrelativistic far away from the NS.

Note that when the resonant conversion criterion is not
satisfied, radiated flux may still originate from nonresonant
conversion, though we have checked explicitly that this is
not important in practice for the systems we consider. For an
explicit calculation of the nonresonant conversion proba-
bility, see the Appendix.

B. Resonant conversion in the electrosphere model

In this subsection, we numerically calculate the radiated
power in the electrosphere model for the NS magneto-
sphere. We simulate the electrosphere using the Particle-in-
Cell code APERTURE first described in Ref. [46]. We solve
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FIG. 1. An illustration of the electrosphere from our simula-
tions. The blue particles are electrons, and red ones are ions.
Electrons concentrate around the two poles to form two domes,
while the ions stay around the equator to form a torus. In this
example, the magnetic axis is parallel to the rotation axis; if the
two are antiparallel, then the electrons and ions are swapped.

the time-dependent plasma dynamics with Maxwell equa-
tions on a spherical grid with logarithmic spacing in r. We
assume axisymmetry, and the magnetic axis of the star is
taken to be aligned with the rotation axis. Although we
have a two-dimensional grid, all three components of E
and B fields are evolved, and particle motion is integrated
in full three dimensions. A schematic diagram of the charge
distribution is given in Fig. 1. The figure shows the tracked
particles from one of our runs, clearly demonstrating that
the magnetosphere settles down to a “dome-and-torus”
structure. This is qualitatively very similar to the result
obtained in Ref. [29]. We take the electron and ion density
profiles from the simulation for our subsequent analysis.

In the electrosphere model, the magnetic field is still
distributed like a dipole, but the plasma no longer follows
the relation in (3). However, given the numerical plasma
density profile, we may, for each 6, solve for the conversion
radius r.. Around this conversion radius, the plasma will
take a profile,

on(r) =y ()" (5)

for some index n, which equals 3/2 in the GJ model. We fit
the numerical plasma profile to the functional form above in
the vicinity of r,. to find the best-fit n. Note that this is only an
approximation, since the plasma does not have a simple
power-law form in general, but we have verified explicitly
through numerical simulations along the lines of those in
Ref. [1] that this approximation works well for the electro-
sphere for the purpose of calculating the radiated power.
For a plasma with a radial dependence as in (5),
the axion-photon conversion probability still scales like

P ~ g%, B(r.)*Li/v,, for some length L,, but that length
now differs from the GJ value. In particular, it is straight-
forward to generalize the formalism described in Ref. [1] to
account for a general index n, and this leads to the result
L, = Lgy\/1.5/n, where Lg; is the GJ conversion length.
This, in turn, implies that

dQ  dQ

dp _ dpY (3 22) ©)

where dPY'/dQ is given in (1). In the electrosphere model,
we find n ~3/2 at small r, though n increases quickly at
large r since the electrosphere model has a smaller spatial
extent than the GJ model.

In the left panel of Fig. 2, we plot the plasma frequency in
the magnetosphere in the electrosphere model as a function
of radius r for three different angles (0 = 5°,45°, 85°), and
we compare these profiles to those in the GJ model. For this
example, we have taken the NS to have the parameters of the
isolated NS J0806.4-4123; namely, we took P =11 s,
B~25x 108 G, Mys~1 Mg, and ry=~10 km [47].
Changing between different NS models simply rescales
the y axis. While the GJ model and electrosphere plasma
frequency profiles are similar for r ~ r, it is important to
note that at larger r, the electrosphere plasma profile falls
faster than the GJ model. This results in an increased flux
at low masses, for some angles 6, in the electrosphere
model, as compared to the GJ model. This is illustrated in
the right panel of Fig. 2, which shows the power dP/dQ
as a function of mass for this NS and for the different
angles @ illustrated in the left panel. Note that we assume
Gayy = 10712 GeV~! for illustration. The sharp cutoffs at
large m, in these curves come from the transition where
the conversion radius falls below r, and resonant con-
version no longer takes place. At higher frequencies,
nonresonant conversion still takes place, and an estimate
for the nonresonant power is included in the figures.
However, the power induced by non-resonant conversion
is orders of magnitude below the resonant power, making
the resonant power the most important contribution across
the relevant frequency range.

On a final note, the discussions and illustrations above
have assumed that the NS rotation axis is parallel to the
magnetization axis. If there is an offset between these two,
the flux as observed on Earth can acquire periodic time
dependence [1]. We will not consider this possibility in this
work, since we are mostly interested in the ensemble of
signals over populations of NSs, for which the time
dependence is washed out. Moreover, older NSs will have
less time dependence, as their alignment angles decay over
time. However, another possibility that needs to be con-
sidered is that the rotation axis is antialigned with the
magnetization axis, as this should happen roughly half of
the time. In this case, the physics is exactly as discussed
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(Left) A comparison between the plasma frequency profiles in the electrosphere model and the GJ model for three different

polar angles 6, which indicate the alignment angle between the NS and Earth. For illustration, these figures assume NS properties similar
to the nearby isolated NS J0806.4-4123 (P ~ 11 s, B~ 2.5 x 10'3 G [47]). (Right) The radiated power for the example NS illustrated in
the left panel and assuming g,,,, = 10712 GeV~!. This estimate includes both resonant and nonresonant conversion, which is responsible

for the low-power tails at high masses.

above, except that the positively and negatively charged
regions are swapped according to, e.g., Eq. (3). When
constructing NS population models, as discussed below, we
assign each NS a 50% chance of having its magnetic field
aligned parallel or antiparallel to the rotation axis.

III. NEUTRON-STAR POPULATION MODEL

In this section, we construct a population model for NSs.
We build upon the significant effort that has gone into
constructing population models for active pulsars (see, e.g.,
Refs. [18,19]), tuned to the available radio and x-ray datasets
that probe these populations. However, little attention has
been paid to the properties of the dead NSs, which have
crossed below the pulsar death line and are no longer easily
detectable by radio or even x-ray emission. These dead NSs,
though, greatly outnumber the pulsar population. As we will
show, depending on how their magnetic fields evolve
over time, the dead NSs may be the dominant contributors
to the axion-induced radio signal. We construct two
different models for the NS populations, which we label
as model 1 and model 2, in order to begin to address the
level of systematic uncertainty mismodeling the NS pop-
ulation has on the axion-induced radio flux. The first model
does not incorporate magnetic field decay, while the
second does.

The initial conditions for our NS models follow closely
Refs. [18,19]. Our NS model 1 uses the results of Ref. [18],
while our NS model 2 uses Ref. [19]. The key difference
between these two models is that model 2 allows the NS
magnetic fields to decay over time. Both analyses yield
similar populations of active pulsars, as we will show, but

there are important differences in the populations of dead
NSs. Both models, however, share a similar framework.
A population of NSs is produced with an initial distribution
of magnetic fields, spin periods, alignment angles, and
ages. The NSs are evolved until the present day. Following
Refs. [18,19], we then distribute the NSs within the
Galactic disk and perform simulated radio observations
consistent with the main surveys that make up the australia
telescope national facility (ATNF) pulsar catalog [48], and
we confirm that the properties of the simulated pulsar
catalogs match those of the real ATNF catalog. Below, we
summarize the key features of these models, show they
there are able to reproduce the observed properties of
pulsars in the ATNF pulsar catalog, and discuss how the
properties of the dead NSs differ between the models.

A. Neutron star birth properties

In this subsection, we summarize the distributions of NS
initial conditions taken in models 1 and 2. Since pulsar
lifetimes tend to be much less than the age of a galaxy like the
Milky Way, the precise form of the NS birth rate is important
for properly calculating the ratio of active to dead NSs.
However, for definiteness, we assume that the NS birth
rate has been constant over the age of the galaxy, which is
approximately 13 x 10° yr for the Milky Way. All NS
masses and radii are fixed to Mys=1Mg and ry=10km,
respectively, as small deviations from these values do not
significantly affect the axion-induced radio flux.

The initial magnetic field distribution of the NSs is taken
to follow a log-normal distribution with central value
(log By) and standard deviation 64, p,, so that
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TABLE I. Initial distribution parameters for the magnetic fields
and periods of NS models 1 and 2. Note that model 2 includes
magnetic field decay, while model 1 does not. These parameters
are taken from Refs. [18,19] for models 1 and 2, respectively.

(log(Boy/G)) Olog(By/G) (Po) (8) op, (8)
Model 1 12.95 0.55 0.3 0.15
Model 2 13.25 0.6 0.25 0.1
1 _ (log By—(log Bg))?
e 2”]ogBO (7)

By) =—
p(By) /_2”610g80

represents the probability to find initial field value By, at the
magnetic pole.1 The best-fit values for By and 6y, 5, as
found in Refs. [18,19] for models 1 and 2, respectively, are
given in Table I. Note that Ref. [18] quotes magnetic fields
in terms of those at the midplane, which are half as large as
the fields at the poles. In Table I, all field values have been
converted to those at the poles. Also note that the central
field value (By) is larger for model 2 than model 1 because
model 2 includes field decay.

While Ref. [19] included magnetic field decay in their
analysis, it is important to note that the form of their field
decay differs from the form we consider in this work. This
is because Ref. [19] concentrated on timescales much
shorter than those considered in this work and thus did
not consider possible late-time effects that could cause
NS magnetic fields to decay on timescale approximately
10'% years. Still, we find that on the 1-100 Myr timescale,
our decay model is a reasonable match to that taken in
Ref. [19], which justifies our use of their initial conditions.

The distribution of initial spin periods P is taken to
follow a normal distribution with central value (P,) and
standard deviation parameter op . Note that only positive
values of P, are considered. The best-fit values for (P) and
op, for models 1 and 2 are given in Tab. L

The initial misalignment angle «, between the NS
rotation and magnetic axis is taken to be randomly
distributed, following the simple geometric distribution
p(ag) = sin(ag). This initial alignment angle distribution,
however, will turn out to play only a minor role in
determining the properties of the final NS population, as
we will discuss.

B. Neutron star evolution

The NS spin-down for active pulsars is a complicated
dynamical question that involves a careful consideration of
both the dipole radiation and the plasma effects (see, e.g.,

n this section, all magnetic field values will refer to the values
at the poles, and B, will be reserved for the initial field value at
birth. Explicitly, B(¢) will give the magnetic field value at the pole
a time ¢ after birth.

Refs. [18,20,23,24]). If the pulsar is inactive, then it is
assumed to spin down through dipole radiation alone. In
this case, the period and alignment angle evolve through the
differential equations [23,49]

P(1)P'(1) = %P—% sin’a(t)

%o
d 2 cos?
Elog sina(t) = _500;050’ (8)

where’

I 102 G\2/ P, \2
- ~ 10* 0 . 9
0 Ay ( B ) <0~01> . ©)

Above, we have taken the canonical value I = 10°® kg m?
for the moment of inertia and related the magnetic moment
u to the magnetic field at the pole B by y = 2ﬂBr8. The
alignment angle approaches zero exponentially,

21cos? ay

sina(t) = sinage” 0 (10)

while the pulsar period evolves according to

41 cos? o
P(1) :PO\/1+tan2a0(1 —e O). (11)

Note, however, that, since the period evolution stops as
a(t) — 0, as may be seen in (14), it is difficult in this case
for the final pulsar period to be significantly larger than the
initial period P,.

It is thought that active pulsars lose energy not only by
dipole radiation but also by plasma effects, which cause the
spin-down luminosity to remain nonzero as a(¢) — 0,
yielding significantly longer final pulsar periods. For
example, Ref. [20] found that in numerical simulations
of the pulsar magnetosphere in the “force-free” limit, the
spin-down luminosity may be described by

/"294

pulsar ~
4z

L (1 +sin’ a), (12)

which differs qualitatively from the vacuum formula

Ly == in? a, 13
vac T sm- ( )

used to derive (11), in the limit @ — 0. In particular, the
plasma-filled pulsar continues to spin down even when
a — 0, while this is not the case for the NS in vacuum that

Note that we use Systeme International units, and not the
more conventional Gaussian units, to describe the pulsar mag-
netic moment.
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spins down only from dipole radiation. This is important
because if the NS continues to spin down even as a — 0,
then much longer periods are obtainable. We model this
effect following Ref. [18] by modifying the period spin-
down equation for active pulsars from (14) to

27

P(1)P'(1) = 37,

(14)

which, assuming a constant magnetic field, yields the

solution
/ 4t
P(t) = Poy |1 +—. (15)
3’[0

For our NS model 1, we model the period evolution
using (15) until the pulsars reach the death line and become
inactive. For the pulsar death line, we use the approxima-
tion that active pulsars have B/P? greater than [50]

B
= =034% 102 Gs2, (16)

P

where again we emphasize that B refers to the magnetic
field at the pole. While the pulsars are active, the alignment
angles should also evolve according to (10). The result is
that by the time the pulsars reach the death line, most of the
alignment angles are close to aligned. After the pulsars
reach the death line, we continue to evolve them until today
using the pure dipole spin-down equations. However, we
find that this postdeath evolution makes little difference,
given (11) and that tan® o after the death line is close to
zero for most NSs.

Model 2 proceeds in an analogous manner, except now
the magnetic field evolves over time. In general, magnetic
fields in NSs decay over time through one of three main
channels: Ohmic dissipation, ambipolar diffusion, and Hall
drift [51]. Ohmic dissipation is simply the effect of small
but finite conductivity inside the NS, which slowly dis-
sipates magnetic field through Ohmic heating whenever
there is nonzero current. Ambipolar diffusion is the net drift
motion of electrons and protons with respect to the neutron
fluid. The motion is driven by magnetic stress and creates
local drag between the charged particle species and the
neutrons as well as breaks chemical equilibrium between
the species and driving weak interactions, dissipating
magnetic energy. Hall drift does not dissipate energy
directly, but it can tangle the magnetic field and enhance
Ohmic dissipation especially in the NS crust.

The question of how the magnetic fields in NSs evolve is
far from settled, and answering this question involves
performing detailed simulations (see, e.g., Refs. [52-56]).
In this work, we take as a starting point a simple parametric
model to roughly capture the physics of magnetic field
decay described above, combining some recent theory as
well as simulation results.

If a NS is born with a high magnetic field (B > 10'® G)
and high temperature (T, > 10° K), the dominant proc-
ess to dissipate magnetic energy in its core is ambipolar
diffusion, as the rate of this process scales as B> [51],

7212
52 2yr, (17)
12

tambip ~3 x 109

where Ty = T,../10% K, Ls = L/10° cm with L the thick-
ness of the crust, and B, = B/10'?> G with B the magnetic
field at the pole. According to Ref. [55], the temperature of
the NS core rapidly cools to T, ~ 10° K in approximately
1 yr even if it is born with a much higher temperature.
Furthermore, the decay of the magnetic field through
ambipolar diffusion in the core will heat the star, bringing
the temperature to a plateau for approximately 1 kyr.
Therefore, we assume that all NSs that are born with high
magnetic fields evolve according to 7,p, until the timescale
becomes comparable to the dissipation timescale of the field
in the NS crust. We take T'core ~ 108(10° yr/£)!/¢ K, where
is time since the NS birth [57]. This cooling law arises from
assuming that the NS cools according to Urca neutrino
emission [57].

When ambipolar diffusion is no longer efficient, the
evolution of the NS magnetic field is dominated by the drift
of magnetic flux tubes from the core to the crust, which are
then dissipated in the crust through a combination of Hall
drift and Ohmic heating [58]. Detailed numerical simu-
lations of this process were carried out recently by
Ref. [56], which found that the timescale for this process
iS Zohm ~ 150 Myr for young NSs with higher crust temper-
atures and can be as large as approximately 1.8 Gyr when
the crust has cooled down to T, ~ 10° K. The actual
decay timescale at low temperatures depends on the level of
impurities in the crust Qjp,:

1.8 Gyr
tothTy- (18)
imp

Note that NSs with Q;,,, < 0.13 will decay on the Hubble
timescale, which means their magnetic field will be frozen
out for the purpose of our work. Estimates for Qy,,, in the
literature span the range from 10~ [59] to 10 [60]. In our
simplified model, we simply take the low-temperature
impurity-dominated timescale in (18) and consider a log-
flat distribution for Qj,, over the range [1073, 10]. That is,
for each NS in our simulation, we randomly assign a value
Oimp from this distribution.

Explicitly, we solve for the B-field evolution using the

equation
dB 1 B\2 1
& _ _B + (= , (19)
dt Tohm BO Tambip
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FIG. 3. Magnetic field evolution in NS model 2, averaged over
a population of NSs with randomly assigned impurities from a
log-flat distribution over [1073, 10]. Larger initial magnetic fields
cause the magnetic field to decay sooner as a result of ambipolar
diffusion. At late times, almost all magnetic fields are at
approximately 10'' G or below in this model, which will lead
to the result that active pulsars typically dominate the axion-
induced radio flux in NS model 2.

where 7, is the decay rate for ambipolar diffusion (17),
evaluated with B = By, and 7, is the timescale for Hall
drift and Ohmic heating with impurities (18). We fix the
crust thickness at L = 10° cm. In Fig. 3, we show
examples of the B-field evolution in our decay model,
for a range of initial magnetic field values. Note that in
constructing these curves, we have averaged of a popula-
tion of NSs with randomly assigned impurities as dis-
cusses above.

C. Population simulations and comparison
to ATNF pulsars

Following the procedure above, we generate a large
ensemble of NSs for both models 1 and 2, keeping track of
the active pulsars and the dead NSs. For the active pulsars,
it is useful to cross-check the simulations by comparing
them to the measured properties in the ATNF catalog.
Of course, since the works [18,19] tuned their models to
the measured pulsar properties in the P—P plane, it is
unsurprising that we find good agreement between the
simulated pulsar measurements and the observed pulsar
properties. Still, this is a useful check to both validate the
models and also understand how the measured pulsar
properties differ from those of the pulsar population as a
whole and from the populations of dead NSs.

We simulate ATNF pulsar catalogs from the simulated
NS populations following a simplified version of the
procedure outlined in Ref. [18]. First, we distribute the
simulated pulsars across the Galactic disk using the spatial

distribution described in Sec. IV. Note that, for simplicity,
we do not account for the spiral arms structure. For each
NS, we model the intrinsic radio luminosity L at 1.4 GHz
using the best-fit empirical model from Ref. [18], for which

P\
logL = log {LOPSP (_10__15> } + Loy (20)
Here, L, is randomly drawn for each NS from a Gaussian
distribution with standard deviation ;. Reference [18]

found best-fit parameters L, = 0.18 m Jy kpc?, €, =—1.5,
€, = 0.5, and 0L, = 0.8, and we use these parameters in

our simulations. We note that the period derivative P may
be inferred using (14), which implies that

PP
B~64x10"/—G. (21)
S

After simulating the luminosity of each pulsar, we may
calculate the flux observed at Earth. We then simulate
observations with the Parkes [61] and Swinburne [62]
multibeam surveys at 1.4 GHz, which make up most of the
ATNF catalog. The observational parameters for these
surveys, such as latitude and longitude ranges, integration
times, sampling intervals, bandwidths, and signal-to-noise
thresholds, are summarized in Ref. [18]. We also follow
Ref. [18] in accounting for the fraction of pulsars that are
beamed towards Earth and in accounting for the degrada-
tion to the minimum detectable spectral flux density by the
dispersion measure. To calculate the dispersion measure,
we use the free electron parametrization with position along
the Galactic disk presented in Ref. [63].

There are approximately 1941 pulsars in the ATNF
pulsar catalog that are not identified as belonging to binary
systems and which are reported with positive periods. In
Fig. 4, we histogram their observed periods and magnetic
field values, where we note that the magnetic field values at
the poles are inferred using (21). Note that we also display
Poisson 1o error bars on the histogram values to account for
the finite statistics in inferring the true underlying distri-
bution of observed pulsars. In those figures, we also show
example simulated pulsar catalogs for models 1 and 2. In
performing those simulations, we did not attempt to
reproduce the number of pulsars observed in the ATNF
catalog. Rather, we sequentially simulated NSs and their
observations one at a time until the number of observed
pulsars in our simulated catalogs matched the number in the
ATNF catalog.

In Fig. 4, we compare the real ATNF catalog to example
simulated ATNF catalogs, the samples of all active pulsars,
and the sample of all dead NSs, for both models 1 and 2.
The distributions of observed periods and magnetic
fields are seen to be a reasonably good match to the
simulated ATNF catalog for both models. In both models,
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(Left) Histogram of the NS periods for the ATNF catalog and example simulations. The data values include Poisson 1o error

bars from finite statistics. We compare the data to simulated ATNF catalogs, for both NS models. The simulated catalogs are a good
match to the observed pulsar periods. On the other hand, we also show the period distributions for the whole populations for active
pulsars and dead NSs. These distributions are centered at much higher periods than those for the observed pulsars. (Right) As in the left
panel, but for the magnetic fields at the poles. The simulated catalogs are a reasonable match to the ATNF catalog, except that both
models underpredict the number of high-field magnetars. The biggest difference between NS models 1 and 2 is seen in the magnetic field
distributions of the dead NSs; the distribution for model 1 extends to high-field values, while that of model 2 is shifted to lower values as

the result of field decay.

the simulated observed pulsar periods are systematically
lower than the periods for the simulated pulsar populations
as a whole. This is likely due to the fact that lower pulsar
periods have a higher luminosity within these models and
are thus more likely to be detected. On the other hand, the
observed pulsar magnetic fields appears to be a relatively
unbiased tracer for the population of active pulsars as a
whole, within these models. With that said, both models
underpredict the number of low- and high-field pulsars. The
high-field tail in particular, which is observed in the data
but not in our simulations, could be important because
these pulsars are the most efficient at axion-photon con-
version. It is unclear, however, whether the lack of observed
magnetars predicted in our simulations arises from unmod-
eled detector bias, for example in the luminosity of such
objects, or in the intrinsic distribution of magnetic fields.
Moreover, it is also unclear if the magnetosphere models
that we use in this work accurately account for the plasma
profiles of magnetars. A dedicated population synthesis
study of magnetars in the context of the axion-induced
radio signature would be an interesting avenue for future
work.

While the properties of the active pulsars are relatively
similar between the two models, the properties of the dead
NSs differ substantially between the two models and
relative to the active pulsars. The dead NSs tend to have
higher spin periods than the active pulsars in both models.
This is likely a results of the fact that the dead NSs have had
more time to evolve to higher spin periods. In model 1, the
dead NSs typically have larger magnetic fields than the

active pulsars. This is because higher initial magnetic fields
cause the NSs to die sooner. On the other hand, in model 2,
the dead NSs have low-field values because after the NSs
die their fields continue to decay within this model. Since
we assume a constant birth rate within these models over
approximately 13 x 10° years, almost all of the dead NSs
have fields less than or equal to <10'! G, except for those
which happen to be relatively young.

The differences between the dead NS populations for
models 1 and 2 have significant implications for radio
searches for axions. We illustrate this point by calculating,
for each NS, the maximum mass attainable through
resonant conversion within the GJ model. That is, taking
6 = 0°in (4), we solve for the m,, such that r. = ry, with B
and P fixed to the parameters for the NS under consid-
eration. Explicitly, the maximum mass detectable through
resonant conversion within the GJ model is

B 1s
0 " Zev.

m™- 9.9 x 1073 o
10" G P

(22)

In Fig. 5, we illustrate example distributions of mj®
over the dead NS and active pulsar populations found in
realizations of models 1 and 2. The normalization of the
distributions is such that the integrated distribution of
active pulsars and dead NSs adds to unity, but the relative
difference in normalizations between the active and dead
NS populations reflects the fraction of NSs that are active
vs dead. In particular, for both models, we find that
approximately 0.4% of the NSs are active pulsars, though
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FIG. 5. Distributions of maximum attainable axion masses

miy®- through resonant conversion within the GJ model for
NS models 1 and 2. We show both the active and dead NS
populations, and unlike in Fig. 4, here we normalize the
combination of both populations, with the relative normalization
taken to be approximately 0.4%, which is the fraction of NSs
expected to be active pulsars in these models with a constant birth
rate over the age of the galaxy. While the active pulsar properties
are similar between the models, the dead NS population in model
2 only probes low-mass axions.

we emphasize that this fraction depends sensitively on our
assumption that the NS-formation rate has been constant
over the past approximately 13 x 10° years.

The distributions of m}®*- agree well across the entire
mass range for the active pulsars between models 1 and 2.
This is perhaps not surprising, since the NS models were
tuned to match the properties of the active pulsars.
However, the distributions of mi?*- for the dead NS
populations are seen to behave significantly differently
between the two models. In model 1, the distribution of
my®- is maximum around log;, m3** /eV ~ —5.5, and the
distribution extends all the way to masses mP™ ~ 10~ eV.
On the other hand, the dead NS mJ**- distribution for
model 2 is skewed towards lower values. This is because of
the lower field values in NS model 2 for the dead NSs. The
NSs with higher values of m}®*- not only allow for higher-
mass axion models to be tested, but also these NSs tend to
dominate the sensitivity at lower masses, due to the
increased magnetic fields.

D. Impact of NS models on axion dark matter sensitivity

In this subsection, we quantify how the different NS
models affect the sensitivity to axion DM. To estimate the
sensitivity of a radio telescope to a potential axion signal, it
is not sufficient to only know the flux; also, we need to
know the width of the signal in frequency space. This
question will be addressed in more detail later in this work,

but for now, we follow Ref. [1] and assume that the width of
the signal from an individual NS is §f/f ~ (vy/c)?, where
vy 18 of order the local virial velocity. Given the bandwidth
6f, we may calculate the flux density S = F/6f, where
F = dP/dQ/d” is the flux and d is the distance between
the NS and Earth.

To illustrate the difference between the NS models,
we take a reference NS located at d = 250 pc from
Earth and assume g, =10"'2GeV~!, along with §f/f ~
(200 km/s/c)> # 5 x 1077. Note that the central fre-
quency of the signal is given by f = m,/(2x). We take
our reference NS to have the average properties of the NS
population. That is, we generate a large number of NSs and
calculate the average flux density over the population. Of
course, this is not physical for a single NS located 250 pc
away from Earth, but having the flux density for such a
reference NS allows us to easily rescale the flux density to
NS populations located, for example, at the Galactic Center
or in other galaxies.

The results for the flux density as computed in NS
models 1 and 2 are shown in Fig. 6. Note that we show the
flux density for both the dead NS population and the pulsar
population, with the relative normalization between the two
fixed at the predicted approximately 0.4%. That is, in
averaging over the NS properties, we have assumed that the
dead NSs and active pulsars are created in the predicted
relative ratios assuming a constant birth rate over approx-
imately 13 x 10° years. The two different NS models yield
similar results for the active NS population. On the other
hand, the two different NS models yield qualitatively
different results for the dead NS population. In NS model
1, the dead NSs dominate the flux across almost all masses,
while in NS model 2, it is instead the active pulsars that
dominate the flux.

In the left panel of Fig. 6, we have modeled the dead NSs
by the numerical electrosphere solution and the active
pulsars by the analytic GJ model. In the right panel, we
explore how sensitive the results are to this choice. In
particular, we compare how the dead NS flux-density
curves change between the electrosphere and GJ models.
The two solutions are seen to give remarkably similar flux
densities, when averaged over the NS populations, sug-
gesting that the plasma-density profile is a subdominant
source of uncertainty compared to, for example, the
properties of the NS population model. One noticeable
difference between the two models is that the GJ model
extends to higher frequencies than the electrosphere sol-
ution. We caution that this may be a numerical artifact. Due
to numerical error, we are not able to extend the electro-
sphere all the way to the NS surface. Thus, it is possible that
the electrosphere plasma density continues to rise all the
way to the NS surface, allowing for resonant conversion at
the higher masses accessible by the GJ model. Higher-
resolution simulations would be needed to address this
possibility.
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(Left) The flux density from a reference NS, with properties indicated, as a function of the putative axion mass m, in both NS

models 1 and 2. Note that this flux density is for a reference NS with properties given by averaging over the entire NS population; we
show the contributions from the active pulsars and dead NSs separately. In NS model 1, the dead NSs dominate the flux, while in model
2, the active and dead NSs produce similar flux levels at lower masses, with the active NSs dominating at higher masses. (Right) As in
the left panel, but here we only show the dead NS populations, and we compare the fluxes predicted within the GJ and electrosphere
models for the magnetospheres. The differences between the flux densities is minimal compared to the uncertainty between, e.g., NS

models 1 and 2 themselves.

IV. NEUTRON STARS AND DARK MATTER IN
THE MILKY WAY

In this section, we discuss the distribution
of NSs and DM in the Milky Way for the purpose
of computing the integrated signal from axion-
photon conversion over the ensemble of NSs. We then
calculate the expected flux distribution within the inner
Galaxy and the frequency spectrum of the putative
signal.

A. Neutron star distribution

We model three components of the NS distribution
within the Milky Way: (i) the disk component, (ii) the
bulge component, and (iii) the nuclear star cluster (NSC)
component. Of these contributions, we will see that the
bulge component is the most important, unless there is a
central DM spike, in which case the NSC can also play an
important role.

Most of the NSs in the Galaxy are in the disk and bulge.
We assume that approximately 10° NSs have been created
in the Milky Way over its lifetime, with approximately
60% created in the bulge and approximately 40% in the
disk [64,65]. The fact that the bulge contains less stellar
mass than the disk but produced more NSs can be under-
stood from the observation that the bulge stellar mass
function is skewed towards heavier stars than the disk’s
mass function, and heavier stars more readily form
NSs [64].

1. Galactic disk

We model the number density of NSs in the disk 74y by
a double exponential profile,

N (7, 7) = ——k_ "2 o717, (23)

where 7 is the cylindrical radius, z is the height above the
disk, and N gy ~ 4 x 108 is the total number of NSs in the
disk. Following Ref. [66], which studied the distribution of
millisecond pulsars in the disk, we take o, = 5 kpc and
{|lz]) = 1 kpc. Since millisecond pulsars are the oldest
known pulsar population, their spatial distribution is likely
a good proxy for the inactive and old NS populations. It is
possible that many of the isolated NSs born in the disk
subsequently ended up in the stellar halo [65] due to natal
velocity kicks during the supernova process, but we do not
consider this possibility in detail because, as will be
illustrated below, the disk contribution to the radio signal
is subdominant compared to that from the bulge and the
NSC.

2. Galactic bulge

Given the lack of pulsars observed in the inner regions
of the Milky Way, there is no direct measure of the
distribution of isolated NSs in the bulge. We thus simply
assume that the isolated NS density distribution follows the
distribution of matter in the bulge, though this need not be
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the case given the NS natal velocity kicks. The bulge
potential is assumed to take the simple, spherically sym-
metric form [67]

_ GMbulge

O(R) = R+a’

(24)
where My is the bulge mass, a =~ 0.6 kpc is the bulge
scale radius [65,67], and R is the distance from the Galactic
Center. The potential (24) is generated from a spherical
density profile p(R) o R™'(R + @)™, and so we assume
that the NS density profile follows this same form,

Nbu]ge a 1
nbulge(R) = o ﬁ(R+a)3’

(25)

with Nyyjee & 6 X 10® the total number of NSs in the bulge.

3. Nuclear star cluster

We model the Milky Way NSC using the results of the
simulation in Ref. [68]. The dynamics of stellar objects
within the inner few parsecs of the Galactic Center are
strongly influenced by the presence of the massive black
hole Sgr A* at the center of the Galaxy, with a mass
M. ~3-4 x 10° M. Bahcall and Wolf showed that within
the sphere of influence of a central black hole, the stars in a
NSC would approach the universal density profile n(r) ~
r~7/4 if all of the stars have the same mass [69]. Two-body
dissipation between stars is the driving mechanism in this
case that allows the stars to fall towards the center of the
Galaxy. The formation of the central Bahcall-Wolf cusp
then takes place over the relaxation time, which is the
timescale for two-body interactions to take place and which
can be significantly shorter than the age of the Galaxy.
However, real astrophysical systems are more complicated
because the NSCs consist of multiple populations with
different masses. Reference [70] solved the coupled
Boltzmann system for stellar populations of different masses
orbiting central massive black holes and showed that each
population follows a cusped distribution n(r) ~ r77, where
the index y depends on the mass of the population. The
heavier populations lose energy to the lighter ones through
two-body interactions and tend to form steeper profiles, with
y ~ 1.85. The lighter populations, on the other hand, follow
less-steep profiles with y ~ 1.5.

Reference [68] performed numerical simulations of the
evolution of the Milky Way NSC in the presence of the
central black hole to quantify the properties of the inner
stellar cusps for the different mass species. They included
main-sequence stars that were able to turn into compact
remnants, including white dwarfs, NSs, and black holes, at
the end of their lifetimes. The white dwarfs were taken to
have mass 0.6 M, while the NSs and black holes had
masses 1.4 My and 10 M, respectively. The NSs and
black holes were given natal velocity kicks, as expected

from the supernova process. In that work, it was shown
that, for a variety of initial conditions, the black holes
develop a steep cusp with y ~ 1.8, while the other stellar
remnants and main-sequence stars evolve to a flatter profile
with y ~ 1.3. After approximately 13 Gyr, there were
approximately 10* NSs within 1 pc of the Galactic
Center. We expand the NS number density profile to
arbitrary distances R from the Galactic Center using the
“eta-models” for systems with a central object [71,72],

N R\"3 R\ -1
n(R) =12 (= 1+— . (26)
4T[Rb Rb Rb

wheren = 3 — y. The radius of gravitational influence of the
central black hole, defined as the radius where the velocity
dispersion due to all enclosed matter is equal to twice
the velocity dispersion due to the central black hole alone,
is around 3 pc. The break radius R, is simply related to the
radius of gravitational influence, and for the fiducial model
in Ref. [68], it is given by R, ~ 28 pc(2n — 1)~!. For our
fiducial NS model, we take y = 1.3, so that n = 1.7,
R, ~12 pc, and Ny, =7 x 10°, implying that there are
approximately 10* NSs within a parsec (and approximately
220 NSs within 0.1 pc).

It is also useful to model the velocity dispersion of the
NS population as a function of radius from the Galactic
Center. We assume the velocity distribution is isotropic and
takes the form

1
V) =

e 2/1/‘12\15.0’ (27)

where the three-dimensional velocity dispersion is given by
03 = 3035 0/2- The subscript NS is used to differentiate the
velocity dispersion of the NSs from that of the DM. We
define the circular velocity V2(R) = GM(R)/R, where
M (R) is the mass enclosed within the radius R.
Moreover, we assume that both the density of the NSs
and the circular velocity follow power laws, with n(R) ~
R77and V. ~ R*. Then, we may solve the Jeans equation to
find [73]

2
2.0 =——V%(R). 28
UNs,0 Y —2a (R) (28)

Within the sphere of influence of the central black hole
a~ —1/2; taking y = —1.3 and M. = 3.5 x 10° M, this
gives

km /1 pc

UNS.0 ~ 97? R R 5 3 pPc. (29)
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B. Dark matter distribution

The DM density profile in the central regions of the
Milky Way is highly uncertain. We consider a variety of
models for the DM profile to encompass the range of
possibilities and understand how the DM profile uncer-
tainty affects the radio signal. Our fiducial model is the
Navarro-Frenk-White (NFW) [74,75] profile,

Po (30)

pNFW(R) =R/ R
x(1+3)?

where R; is the scale radius, which we take to be 20 kpc.
Our secondary model is the cored Burkert profile [76]

_ Po
pBurk(R) - (1 +%)[] + (5)2] ’ (31)

where R, is the core radius. The smaller the core radius, the
larger the DM density near the Galactic Center. To quantify
the full uncertainty that could arise from a large DM core,
we take a large core radius R, = 9 kpc [77]. In both cases,
we normalize the profile by requiring the local DM density
to be 0.3 GeV/cm’.

Regardless of the DM distribution at large R, within the
sphere of influence of Sgr A*, it is possible for the DM to
develop a kinematic cusp with p(R) ~ R and y ~ 1.5 for
the same reasons that the stellar populations may develop a
density cusp. Following Ref. [78], we consider the possibil-
ity that within the radius of influence (3 pc), the DM density
profile smoothly transitions to the power-law p(R) ~ R™!.
Within 3 pc of the Galactic Center, the DM velocity
dispersion may also be calculated from (28). We refer to
the possible DM kinematic cusp as the “DM spike.”

C. Radio flux from axion-photon conversion

In this subsection, we create a simulated population of
NSs following the spatial distributions described above in
order to describe the spatial morphology of the radio signal.
It is useful to factorize the flux dependence from the NS’s
position from the flux dependence from the NS’s internal
properties. Thus, in this subsection, we only consider the
dependence of the flux on factors arising from the spatial
distributions of NSs and DM.

We normalize the flux distribution relative to the flux
from a NS d = 250 pc away from Earth in a DM back-
ground with density 0.3 GeV/cm? and velocity dispersion
vy = 200 km/s. We take the reference NS to be at rest
within the frame in which the DM velocity dispersion is
isotropic. We will assume that all NSs are identical (or,
more appropriately, that we average over a large population
of NSs such that the variation of the ensemble-average
properties does not vary significantly across the sky). Then,
the relative flux F™ from a NS at distance d in DM density
ppm relative to our reference NS is given by

107
10°F T
£ 10°F
S
v
= |
E s
&, 10
— NFW, no spike
oty e NFW, with spike
— Burkert, no spike
----- Burkert, with spike
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107 1073 107! 10!

Oine. [degrees|

FIG. 7. The relative flux F™® contained within an angle 6,,. of
the Galactic Center for different DM models. We consider NFW
and Burkert DM profiles, and in each case, we consider the
possibility of a kinematic DM spike with y = 1.5.
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Above, it is important to differentiate the NS velocity
dispersion parameter wyns, from the DM velocity
dispersion parameter v,. The combination of the two
appearing in (32) is the relevant factor to account for the
change in DM density at the conversion radius from
gravitational focusing [1]. Note, however, that for the disk
stars, we simply use the circular velocity instead of vyg ,
since the disk stars are to a good approximation following
circular trajectories. In addition to the relative fluxes across
the sky, it is also important to understand how the
frequency spectrum of the signal changes with sky location.
We will return to this question in the following subsection.

In Fig. 7, we show the enclosed relative flux F™ (6 <
0inc.) When observing at the Galactic Center out to a radius
0;.c» as a function of 6;,. . We illustrate the inclosed flux
for both NFW and Burkert DM models, and we also show
the variations to both scenarios in the case of a central DM
spike. Note that, roughly, we can consider the NSC to be
the dominant source of NSs out to distances approximately
1 pc away from the GC, corresponding to 6, ~ 1072°.
The bulge extends out to approximately 1 kpc and thus
dominates the flux out to €;,. =~ 5°. At larger angles from
the GC, the disk is most important.

(32)

D. Frequency spectrum of radio emission

In this subsection, we describe the expected spectral
morphology of the signal. We begin by considering a single
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NS in its rest frame. We assume that the DM velocity
distribution is Maxwell-Boltzmann distributed with a
velocity as in (27) with dispersion parameter v,. We take
the NS to be boosted with respect to the frame in which the
DM velocity distribution is isotropic by speed vg. Recall
that in the NS frame, we may relate the frequency of
outgoing radio waves, asymptotically far from the gravi-
tational potential of the NS, to the energy of the in-falling
axions by @ = m,\/1 + vi,,, where vpy is the speed of
the in-falling DM asymptotically far from the NS. Thus, we
may write down the following frequency distribution for
the outgoing radiation in the NS frame, which we chose to
do in terms of the quantity @ = w/m, [1]:

2-12 26

2 £ 20pV20 -2
F@)=——e % sinh(ZEYSPTS) (33
NZZTD V5

Importantly, in the NS frame, @ > 0. However, to calculate
the frequency spectrum in the observer’s frame, we need to
apply the appropriate relativistic doppler shift. For sim-
plicity, let us assume that the observer’s frame coincides
with the frame in which the DM velocity distribution is
isotropic. If this is not true, it would only induce a constant-
frequency offset. Then, the frequency @,y in the observer’s
B [—LOS.

frame is given by @ops = @ | /71 tos> Where vpOS . is the
B

projection of the boost velocity along the line of sight,
defined to be positive if the NS is moving away from the
observer.

The frequency dispersion in the radio signal from the
individual NSs is of order v(z), as may be seen in (33), while
the frequency dispersion between different NSs is order the
NS velocity dispersion, vyng o, Which determines the boosts
vg. Thus, when averaging over an ensemble of NS targets,
the dominant source of frequency dispersion comes
from the velocity dispersion of the NSs and not the
velocity dispersion of the DM. Typically, in natural units
within a system such as the Milky Way, we expect
Vg ~ UNS.0 ~ 1073, This implies that the expected velocity
dispersion over an ensemble of NSs is éw/w ~ 1073, while
that from an individual NS is dw/@ ~ 107°. Specifically,
in the limit where the number of NSs is large so
that the frequency distribution is continuous over scales
dw/w ~ vys g, we may describe the frequency distribution
of the radio signal by

1 _(o=mg
= e ¥, 34
\2ro, (34)
2 _

where o2, = mivkg /2.

In Fig. 8, we illustrate simulated frequency spectra
of an observation at the Galactic Center with an axion
of mass m, = 107 eV, corresponding to f ~ 2.4 GHz,

and g,,, = 10712 GeV~'. Specifically, we show the flux
density at Earth, S, which is defined as dF/df.

f(o)

10[]
Galactic Center — NS model 1
_1||NFW DM
10! My = 105 &V — NS model 2
Gary = 10712 GeV’l
1072
— 107
210
1075
1076
10*( ‘
—0.004 —0.002 0.000 0.002 0.004
w/mg—1
FIG. 8. The simulated frequency spectra from the axion-

induced signal contribution only (that is, not including other
backgrounds) from an axion with parameters indicated and with a
field of view of radius 2.5’, which is appropriate for GBT at the
relevant frequency f ~ 2.4 GHz corresponding to the example
mass shown. We display Monte Carlo realizations of the two NS
models. Bright, individual NSs arise from fortuitous spatial
locations and from the NS’s internal properties, which are drawn
from the appropriate distributions.

We illustrate both NS model 1 and model 2, with a field
of view of radius 2.5’, which, as will be discussed later, is
consistent with that expected for GBT at this frequency.
To construct this simulation, we first distribute the NSs
spatially and in velocity space. Then, we use the formalism
described in Sec. III to attribute, randomly, intrinsic
properties to each of the NSs. To calculate the flux density,
we also need to know the alignment angle between us and
the NSs, which we assign randomly as well.

We emphasize that the frequency spectra in Fig. 8
include the signal component only and not any back-
grounds that may be present. The inclusion of backgrounds
and estimates for the sensitivity of radio telescopes to such
a signal will be discussed later in this work. Still, it is worth
emphasizing that the unique frequency structure of the
signal shown in Fig. 8 could be detected through different
means. For example, one search strategy might be to
average S over 8f/f~ 1072 and look for the broad
emission from all of the NSs. On the other hand, this
strategy does not take advantage of the fact that the signal
really consists of a forest of individual lines, many of which
are much brighter than average due either to their fortuitous
spatial location, intrinsic properties, or the alignment angle
with respect to Earth. Thus, another simplified strategy
would instead be to search for the brightest individual line
with 8f/f ~ 107, Later, we will compute the sensitivity
from each of these strategies. Of course, the optimal
strategy, which we do not pursue here, would likely
construct a joint likelihood over the search for each
individual line. This is difficult, however, because we do
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not know a priori where the lines are and which ones will
be brightest.

V. AXION-INDUCED RADIO SIGNAL IN M54

The globular cluster M54 is unique in that it sits at the
dynamical center of the nearby Sagittarius dwarf galaxy.
M54 should host many NSs, making the globular cluster an
excellent target for axion-DM radio searches, since the
Sagittarius dwarf should host a large and cold DM halo.
Below, we describe the models we use for the distribution
of NSs and DM in Sagittarius, and then we calculate the
projected radio flux from axion-DM conversion.

A. Neutron stars in M54

M54 has a total stellar mass of around approximately
2x 10 M o and is at a distance d = 25 kpc from Earth, at
the heart of the Sagittarius dwarf galaxy [79-81].
Reference [82] performed simulations of NS histories in
globular clusters, for a variety of different metallicities, to
address the question of how many NSs remain in the
globular clusters, accounting for the natal velocity kicks that
the NSs receive. M54 is an old and metal-poor globular
cluster, with [Fe/H] ~ —1.55 [83]. This corresponds most
closely to the Z = 0.0005 metal-poor simulation in Ref. [82],
though we note that the differences between the Z = 0.0005
through z = 0.02 simulations are small for our purposes
(approximately 20%) [82]. Core collapse supernovae only
account for a small fractions of the retained NSs, due to the
high velocity kicks that the resulting NSs receive; Ref. [82]
(see also Ref. [84]) found that most retained NSs arise from
electron-capture supernovae processes, since these have
smaller velocity kicks. The metal-poor simulations in
Ref. [82] find that approximately 114 NSs per 2 x 10° M
are retained within the core of the globular cluster, while
approximately 126 NSs per 2 x 10° M, are retained within
the outer halo of the cluster. This implies that for M54, we
expect approximately 2400 NSs retained within the cluster,
with approximately 48% within the core.

M54 appears to have arelatively flat core with a core radius
approximately 6”, although there are indications that the
density could rise towards the inner 1” due to the possible
presence of a central black hole [80,81]. We do not account
for the possibility of a central density cusp and instead
assume a constant-density NS core with core radius
a ~ 0.7 pc. We populate the inner core with 1152 NS targets.
Outside of the inner core, for radii » > a, we model the halo
NSs by a Plummer sphere model; the halo is populated with
1248 NS targets. In practice, the NSs within the core are more
important since they reside in a region of higher DM density.

B. Dark matter in Sagittarius

The DM density profile in Sagittarius is highly uncertain,
in part because the density profiles in dwarf galaxies are
uncertain in general and also because Sagittarius in

particular is disrupted from its recent merger with the
Milky Way. We consider both cored and cusped DM
profiles within the Sagittarius dwarf, the center of which
is assumed to coincide with the center of M54. For the
cusped DM profile, we take the NFW profile in (30) with
scale radius R, ~0.2 kpc and density parameter Rlp, ~
3.3 x 107 M, [85]. For the cored DM profile, we take the
isothermal sphere model

_va 3RI4+ R
472G (R? + R*)*’

Peore(R) (35)

where G is Newton’s constant and v, ~ 13.4 km/s is
related to the central velocity dispersion [85]. Here, R,
is the core radius. Reference [85] assumed a small core
radius R. = 1.5 pc on the order of the radius of M54 itself.
However, some simulations suggest that DM cores form in
dwarf galaxies at the scale of the half-light radius of the
stellar component [86] because of feedback from, e.g.,
supernovae. Assuming Sagittarius has properties similar to
the Draco dwarf galaxy, we take R. = 230 pc [87]. It is
important to emphasize that the core DM density varies by
over 4 orders of magnitude when switching between the
two core radii discussed above; we assume the more
conservative choice to better understand the possible
systematics from the DM profile. The DM density at the
location of the M54 is uncertain, and this, in turn, is a
significant source of uncertainty in the calculation of the
resulting radio flux from axion-photon conversion. To
bracket the range of possibilities, we will consider both
the cusped NFW DM profile and the cored profile with
R. ~ 230 pc. However, it is important to point out that
because Sagittarius is disrupted, it is possible that the DM
density at the location of M54 is even lower than the cored
value we assume.

C. Radio signal from axion-photon conversion in M54

M54 is centered at the sky location ¢ ~ 5.6072° and
by~ —14.0872° [80]. We use the definition of the relative
flux density, defined in (32), to construct the relative flux
F*® contained within an angle 6,,. of the globular cluster
center, shown in Fig. 9. We illustrate both the NFW and
cored DM profiles.

The frequency spectra of the radio signals from M54 are
qualitatively different from those expected in observations
of the Galactic Center because of the fact that there are
fewer NSs in M54 and they inhabit a region with a smaller
DM and NS velocity dispersion. The projected velocity
dispersion profile of M54 rises towards the center of the
galaxy from values approximately 5 km/s at distances of
order approximately 35" to values approximately 10 km/s
at distances approximately 3.5 from the center [80].
The velocity dispersion profile appears to continue to rise
towards the center of the cluster, potentially indicating
a density cusp from a central intermediate-mass black
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FIG. 9. As in Fig. 7 except for an observation centered on the
globular cluster M54 in the Sagittarius dwarf galaxy. The cored
DM profile has a large core radius R. = 230 pc, leading to a
significantly smaller DM density at the location of the globular
cluster and thus a much smaller radio signal.

hole [80], though we do not consider this possibility
here. We will take the simplifying assumption that both
the DM and NS populations have homogeneous and
isotropic Maxwell-Boltzmann velocity distributions with
vg = 11 km/s (corresponding to a projected velocity
dispersion approximately 8 km/s). While it is possible
that the NS population has a slightly higher velocity
dispersion due to the natal velocity kicks, given that the
NSs we consider are still bound to the globular cluster, the
velocities cannot be that much greater.

1 Mb4
NEV\I DM — NS model 1
10'f{ mq = 107" eV — NS model 2
Gayy = 10712 GeV!

S [Jy]

100
10!
10-2
107°
107
1072 02 0
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FIG. 10. As in Fig. 8 except for the NFW DM profile in the
M54 globular cluster, within the Sagittarius dwarf galaxy.
The width of each NS signal is 6f/f ~ 1078, and the width of
the ensemble of NSs is 6f/f ~ 107*. In the case of NS model 2,
there are only three participating NSs within the field view in this
particular Monte Carlo realization.

In Fig. 10, we show an example of a simulation of the
radio signal from M54 for an NFW DM profile, for NS
models 1 and 2 and assuming the same axion properties and
observational setup as in Fig. 8. In particular, notice that at
this frequency (m, = 107 eV, f=2.4 GHz), there are
only three NSs, for this particular realization, within the
field of view for NS model 2 that are participating in axion-
photon conversion. While the flux from these three NSs is
comparable to the flux from the individual NSs in NS
model 1, there are significantly more participating NSs in
model 1 than in model 2. In both models, the spread of the
signal in frequency space is significantly narrower than in
the Galactic Center observations.

We note that the number of participating NSs in NS
model 2 in Fig. 10 appears to be relatively typical among
MC realizations, though in some small fraction of the time
in simulations, the number of participating NSs at this
frequency is zero in this model. However, the number of
participating NSs quickly grows as the frequency of the
observation is reduced.

VI. ANDROMEDA GALAXY

The Galactic Center of the Milky Way has the advantage,
from the point of view of the putative radio signal from
axion-photon conversion, of being the closest galactic
center. However, as we will see in the subsequent section,
while this means that the DM-induced flux from the
Milky Way center is high, it does not necessarily ensure
that the Galactic Center has the highest signal-to-noise ratio
at fixed g,,. This is because the sky temperature at the
center of the Milky Way is significantly higher than the
average sky position due to normal radio emission from
the central regions of the Galaxy. This leads us to consider
the possibility that other galaxies, beyond the Milky Way
and its dwarfs, could be promising targets, especially at low
frequencies where the Galactic Center signal is limited by
astrophysical emission arising from the same location.

A. Neutron stars and dark matter in M31

A natural starting point is to consider the Andromeda
Galaxy (M31), which is the largest galaxy in the Local
Group and relatively nearby at d ~ 780 kpc from Earth. For
the purpose of this explorative analysis, we take a simplistic
model for M31 that mostly involves rescaling the
Milky Way parameters to match those expected in M31.
The stellar masses of the stellar disk and stellar bulge in
M31 are expected to be approximately 5.6 x 10'° M and
approximately 3.1 x 10'0 M, respectively [88]. If we
assume that the stellar mass—to-NS ratio is the same when
comparing M31 to the Milky Way, this would lead us to
expect Ny &4 X 108 (Npyge #2 x 10%) in the disk
(bulge). Note that here we have used the disk and bulge
mass estimates for the Milky Way from Ref. [89].
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The M31 disk and bulge are modeled using the same
functional forms as used for the Milky Way. The bulge core
radius is taken to be a ~ 0.6 kpc, following Ref. [90]. Note
that this is the same core radius that we assumed for the
Milky Way bulge in (25). We assume that the disk NSs
follow the thick disk of M31, which has been measured to
have a vertical scale height approximately 2.8 kpc and a
radial scale length approximately 8.0 kpc [91]. We thus
model the disk NSs using (23) with (|z|) = 2.8 kpc and
o, = 5.7 kpc.

The nucleus of M31 is both more complicated than that
of the Milky Way and also less well studied, given that it is
farther away. Unlike the stellar nucleus of the Milky Way,
which appears to be mostly spherical and dynamically
centered on the central black hole, the nucleus of M31
appears to consist of multiple primary components.
The two main clusters consist of P1, which is offset from
the nucleus by approximately 1.8 pc, and P2, which is at
the dynamical center of the Galaxy; additionally, there
appears to be a disk of young stars embedded within
P2 and centered around the central black hole called
P3 [92]. From observations of P3 with the Hubble Space
Telescope, the mass of the central black hole is estimated at
M.~ 1.4x10% M [92].

The currently accepted model for the P1-P2 system is
that both nuclei are part of the same eccentric disk, with P2
centered around the black hole, with a rising stellar density
towards the black hole, and P1 centered around the
apocenter. The increased brightness at P1 results from an
accumulation of stars at the apocenter [93]. The P1-P2
system may be modeled as an eccentric disk with a radius
approximately 8 pc and a mass Mysc ~2 x 107 M
[92,93]. Estimating the mass of the Milky Way NSC to
be approximately 7 x 10" M, from Ref. [68] and rescaling
the number of NSs within the Milky Way NSC, we estimate
Nxsc & 2.3 x 10° NSs within the M31 nuclear disk. For the
purpose of our simplified analysis, we model the spatial
distribution of NSs in the P1-P2 system by a thin expo-
nential disk with a scale radius of 8 pc. The line-of-sight
velocity dispersion around the central black hole, measured
in, e.g., Refs. [92,93], is roughly consistent with rescaling
the circular velocity by a constant, radius-independent
factor approximately 1/2. That is, the line-of-sight velocity
dispersion o,,, which determines the width of the signal in
frequency space, is taken to be

k~0.5. (36)

Cy RK

We consider two models for the DM distribution within
M31, the NFW DM model (30) and the Burkert DM model
(31), and for each model, we also consider the possibility of
a kinematic DM spike near the central black hole. For the
NFW model, we take the scale radius to be R, ~ 16.5 kpc,
while for the Burkert model, the core radius is assumed to
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FIG. 11. As in Fig. 7, except for an observation centered
on M31.

be similar to that of the MW: R.~9.1 kpc [88]. To
calculate the effect of a possible kinematic DM spike,
which we define as the possibility that the DM density
profile rises as ppy ~ ! for r < ryyn, we need to know
the radius of influence r;,; of the M31 black hole. Using
the estimate M.~ 1.4 x 108 M, we obtain ry,q =25 pc
[92], which is significantly larger than the radius of
influence of the Milky Way’s black hole. However, we
note that it is nontrivial to determine whether the possible
DM spike would survive the presence of the asymmetric
eccentric nuclear disk; such studies are beyond the scope of
the current work.

B. Axion-induced radio flux from M31

In Fig. 11, we show the simulated radio flux distribution
for M31. In particular, we illustrate the relative flux F el
included within an angle 6;,. from the center of M31, as in
Fig. 7, for various assumptions for the DM density.
Compared with the Milky Way observations, we see that
the included flux approaches a constant at smaller ;.
since M31 is farther away. This also means that there are
more NSs per beam relative to the Milky Way observations.
For example, for an observation with rye,, = 10’ centered
on the center of M31, there are approximately 2 x 10° NSs
within the field of view. The frequency distribution of the
signal is also similar to that expected for the Milky Way,
with 8f/f ~ 1073 for the ensemble of NSs and 6f/f ~
107 for the individual NSs.

VII. RADIO OBSERVATIONS

In this section, we calculate the projected sensitivity
from radio observations of astrophysical populations of
NSs. First, we discuss how to combine the formalisms
developed in the previous sections for predicting the axion-
induced signal with the properties of radio telescopes to
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project sensitivities to axion DM. Then, we use this
formalism to project sensitivities to axion DM from
observations of the Galactic Center, M54, and M31 with
GBT, very large array (VLA), and SKA.

A. Observational details

In this subsection, we outline how we estimate the
sensitivity of radio telescopes to axion-induced lines using
single dishes and interferometer arrays.

1. Single-dish telescopes

Before calculating sensitivities for specific observations,
we discuss some relevant properties for single-dish radio
telescopes such as the GBT. It is common when describing
radio signals to work with the flux density S = F/B, where
B is the bandwidth used in the analysis and F is the flux
contained within that bandwidth. Note that we previously
defined S = dF/df, where f is the frequency, but for
observational purposes, it is more appropriate to work with
the finite version of the derivative, where the flux is
averaged over the bandwidth B. The minimal detectable
flux density, at a given signal-to-noise ratio (SNR), is then

SEFD

vV npolBAtobs

where 7, is the number of polarization channels, Az, is
the observation time, and SEFD is the system-equivalent
flux density, which is a property of the radio telescope in
the given band and which will be described in more detail
below.

The SEFD may be written as

_ Ty(f)
SEFD = YT (38)

Soin = SNR (37)

where T(f) is the frequency-dependent system temper-
ature and G is the telescope gain. The system temperature
receives contributions from astrophysical backgrounds, the
atmosphere, and the telescope electronics. It is convenient
to combine the latter two contributions into one telescope-
specific temperature Tk (f), such that we may write

Tsys (f) - Tastro(f) +Tg (f)? (39)

where T ., (f) is the astrophysical temperature, which will
be discussed more later.

The gain is defined by G = A./(2k), where k is
Boltzmann’s constant and A.y is the effective telescope
area. It is defined by Ay =n,A,, where A, is the real
projected area and 7, is the aperture efficiency. Note that
for GBT, the gain is typically approximately 2 K/Jy.
At GBT, the temperature Tr(f) is typically between
approximately 10-30 K, depending on weather conditions
and the frequency band, for frequencies less than

approximately 2 GHz; Tg(f) rises to approximately
100 K at f ~40 GHz.? Since the focus of this work is
primarily at frequencies f <2 GHz, we will assume a
constant T(f) = 25 K.

The beam width of a radio telescope is proportional
to the wavelength of radiation under consideration, with
the full width at half maximum 6, obeying the ratio
0, ~ 1.251/D, where D is the telescope diameter. In
general, we may approximate

| GHz\ /100
9;,%12.5/( ; Z> <Tm) (40)

2. Simplified likelihood for radio arrays

The sensitivity calculation is more complicated when
surveying an extended region, such as the Galactic Center
region, with a radio array. This is because there are multiple
synthesized beams within the primary beam area, and
one must construct a joint likelihood over these different
regions. In this subsection, we outline a simplified
approach to constructing such a joint likelihood. We will
focus in this section on the combined signal from all the
NSs within the field of view instead of analyses that try to
resolve the individual NSs in frequency space. That is,
within each synthesized beam, we will use a broad
bandwidth determined by the velocity dispersion of the
NSs within that beam. With that said, accounting for the
narrower bandwidth of the individual, resolved NSs within
the synthesized beams could increase the sensitivity to the
axion DM signal dramatically, and constructing such a
likelihood and search strategy would be an interesting
direction for future work.

First, we note that the individual beam elements, con-
sisting of dishes of diameter D, have approximate gains

K/ D \?
2> (o — 41
Jy<100m> (41)

and approximate beam diameters as given in (40). In our
simplified treatment, the primary beam radius is simply
Tprim & 0),/2. On the other hand, the synthesized beam
diameter Og,q = 2rgng is determined by the maximum
baseline B, of the array:

1 GHz\ /1 km
s (L5 (1)

We treat the signal as a collection of synthesized beams

with beam radius 7y, Within the primary beam radius 7y,

. - ~ 2 2
The number of synthesized beams is Ny % I/ Tsynth-

G(D)~

The combined chi-square distribution is then simply

*https://science.nrao.edu/facilities/gbt/proposing/GBTpg.pdf.
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Nsymh (S—S —S ‘)2
i b,i sig,i
)(z(gayy) = E 0% - s (43)
i=1 b.i

where S; (ogbi) is the observed flux density (flux density
variance) in each of the synthesized beams, labeled by i, S}, ;
is the predicted background flux density within the syn-
thesized beam area, and S, ; is the predicted signal flux
density, which depends on the coupling g,,,. Note that the
chi-square distribution is a function of the signal coupling
Jayy the best-fit g, is that which minimizes the chi-square
distribution, and the significance of the detection of axion
DM may be computed from the difference of the chi-square
distribution between the best-fit signal coupling and the null
value g,,, = 0. This quantity is defined as 5y°.
We may estimate o5, by

SEFD;

O'S N
b, B. A
' vV npol iBlobs

where SEFD; is the SEFD for that particular synthesized
beam, depending on the sky location and the frequency, and
B; is the bandwidth of the signal. Note that we are using the
convention where SEFD; = T';/Gy,y, Where T; is the

temperature and G,y = G X \/N(N —1) is the array
gain, which is related to the gain G from the individual
antennas and the number N of array elements.

We may estimate the sensitivity to a putative axion signal
by assuming that the data are given by the background plus
the signal: S; = S;; + S, [94]. Thus,

(44)

Nsymh F2
L

5)(2 = npolAtobngrray Z ﬁ ’ (45)
i=1 Tt

where F; is the predicted signal flux within each syn-
thesized beam. The significance of the detection is given by

\/6;(_2 ; note that in the single-beam case the significance is
simply the SNR as given in (37).

Typically, single dishes are better suited for searching for
the axion-induced signal from the ensemble of NSs than
interferometer arrays. This is because if the signal is
extended beyond the synthesized beam area, then one
loses its sensitivity by having to construct the joint like-
lihood in (45) over the different regions. To illustrate this
point, suppose that the fluxes F;, bandwidths B;, and the
temperatures 7'; entering into (45) are constant over the
primary beam area. Then, we can write F; = Fpyin/Nynihs
where Fp, is the total flux over the primary beam area.

This implies that 5y « G* 22— F2
sy

N nth prim,
gain for the individual array elements and where we have
assumed N > 1. Thus, the larger the Ny, or equivalently

the larger the baseline, the smaller the Jy?.

where G is again the

3. Searches for brightest individual neutron star

The discussion in the previous subsection relates to
searches for the combined emission from all NSs. However,
it is also possible to search for the individual NSs
themselves by focusing on narrower frequency bandwidths.
Consider Fig. 8, which shows an example frequency
spectrum from a signal at the Galactic Center. While most
of the power in that case is distributed across a bandwidth
of order &f/f ~ 1073, the brightest individual NSs are
clearly visible, with relative bandwidths 8f/f ~ 107, The
signal-to-noise ratio SNR for the flux density scales like

F/\/B, where F is the signal flux and B is the bandwidth.
That is, even if the flux is 1.5 orders of magnitude smaller
for an individual NS compared to the sum over all NSs, the
individual NS can have the same SNR as the broader signal,
for the case of the Galactic Center.

One additional advantage of searches for the brightest,
individual NSs compared to searches for the broader signal
from the combination of NSs is that the former is better
suited for searches with radio interferometer arrays. This is
because the brightest NSs are point sources and thus the
sensitivity to them is independent of the array baseline.

4. Benchmark telescope configurations

To estimate the sensitivity of radio observations to axion
DM, we will assume a few simplified telescope configu-
rations based on the GBT, a single 25 m dish, VLA
(in configuration D), and the future SKA?2. The assumed
properties of these configurations are summarized in
Table II. Note that for SKA2, we have calculated the
number of array elements by requiring the total telescope
area to be equal to a square kilometer, since precise designs
do not yet exist for SKA2. Similarly, the synthesized beam
area is not known. However, we will only project sensi-
tivities with SKA?2 for searches for the brightest individual
NSs, for which the synthesized beam area is not important.
This is because the brightest NSs are point sources.

TABLE II.  List of benchmark telescope configurations used in
this work. We consider two single dishes (GBT and a 25 m dish)
and two arrays (VLA and SKA?2). Note that for SKA2, we do not
specify the baseline because precise plans do not yet exist and
because it is not important, at leading order, for the point source
analysis we consider with SKA2. Note that G refers to the gain
from the individual array elements, N is the number of elements
in the arrays, and the primary and synthesized beam radii are
normalized at f = 1 GHz.

dprim G TR
Name m) (K/Jy) N G 1o (K)
GBT 100 2.0 1 63 w25
25 m dish 25 0.13 1 25 s 25
VLAconfigurationD 25 0.13 27 25 058 25
SKA2 15 0.045 5659 42 TBD 25
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The 25 m dish is also a hypothetical telescope, though it
could be one of the single VLA dishes. The point of
including this smaller telescope in the list is to illustrate
how the sensitivity changes with dish size for a single dish.

We will consider all of these telescope configurations over
the frequency range approximately 30 MHz to 20 GHz.
However, we stress that in actuality, GBT does not observe
below approximately 290 MHz, and VLA is not currently
optimized below approximately 230 MHz, though in
principle, it can go as low as approximately 54 MHz.
The low-frequency component of SKA is targeted at an
approximately 50 MHz threshold. On the other hand, the
LOFAR array has a low-frequency threshold of 30 MHz
[95], and the FAST single-dish telescope has a low-
frequency threshold of 70 MHz [96]. With this in mind,
we extend our GBT, VLA, and SKA?2 sensitivity curves
down to 30 MHz, but it is important to remember that these
specific telescopes do not actually extend all the way down
to such low frequencies, even though there are others that do.

5. Background astrophysical temperature

We estimate the background astrophysical sky temper-
ature from the Haslam map [97-99], which is illustrated in
Fig. 12. Note that in that map, we also show the sky
locations of the three targets of interest discussed in this
work. The Haslam map is a 408 MHz all sky radio map that
combines data taken by multiple radio surveys. We use the
reprocessed version [99] that is source subtracted and
destriped. The map is smoothed to an angular resolution
of approximately 51,

The radio emission is dominated by Galactic synchrotron
radiation. To infer the sky temperature beyond 408 MHz,
we assume that the spectrum is a power-law T (f) =
T403(408 MHz/f)?. The index 8 has been measured to be
p~2.76 in the frequency range 0.4-7.5 GHz, averaged
across the full sky [100]. We will assume f = 2.76 when
extrapolating beyond 408 MHz, though we note that small

Ms4

M31

[ |
1.0 log Tastro/ K 3.0

FIG. 12. The Haslam map in Galactic coordinates, with the
Galactic Center indicated at the center, showing the sky temper-
ature at 408 MHz. In addition to the Galactic Center, we also
show the locations of M54 and M31.

variations to this index have little effect on our sensitivity
projections.

We also note that, while the angular resolution of the
Haslam map is sufficient for sensitivity projections in most
regions of the sky, which lack bright point sources, it is
likely insufficient to describe the region around the Galactic
Center. For example, Ref. [101] found that the radio flux
from the Galactic Center falls off at angular scales
approximately 20’ from the center, which is a significantly
smaller scale than the approximately 51’ resolution of the
Haslam map. Thus, we caution that, while we use the
Haslam map for background temperature estimates in
the Galactic Center region, these should be revisited with
higher-resolution studies before interpreting the results of
radio searches in this region.

Attenuation from free-free absorption may also play a
role for radio searches in the inner regions of the Galactic
Center. The free-free optical depth in the inner pc of the
Galactic Center may be estimated by (see, e.g., Ref. [102])

-2.1 -13s
7~04 f EM T. ,
GHz 5x10° cm™pc/ \5 x 103K

(46)

where EM is the emission measure and 7', is the electron
temperature. Measurements in the inner parsecs of the
Milky Way gives EM~5 x 10° cm™pc for T, =5 x
10° K [103], though the EM drops off significantly on
scales approximately 10 pc [103] and then exponentially at
scales approximately 100 pc from the Galactic Center
[104]. This implies that radio emission from NSs within the
NSC will be significantly attenuated at frequencies less
than approximately 600 MHz. However, even at the lowest
frequencies f ~50 MHz that we consider, attenuation
should become unimportant at angular scales approxi-
mately 0.7° away from the Galactic Center. Referencing
Fig. 7, a significant fraction of the total axion-induced flux
from the central regions of the Galaxy is produced at such
large angular scales. Moreover, the inner regions of the
Galaxy also have the highest background intensity, which is
relevant at low frequencies. For these reasons, low-fre-
quency axion radio searches towards the Galactic Center
should concentrate on the outer regions of the Galactic
bulge. However, in the absence of detailed EM maps in the
inner parts of the Milky Way, it is difficult to precisely
account for the low-frequency absorption in our projec-
tions. As such, we do not consider this effect in our
projected sensitivities, but it is important to keep in mind
that absorption is certainly relevant at low frequencies in
the inner parts of the Galaxy.

B. Projected sensitivities

In this subsection, we use the formalism described in
the previous subsection to project the sensitivity to axion

123021-20



DETECTING AXION DARK MATTER WITH RADIO LINES FROM ... PHYS. REV. D 99, 123021 (2019)
[ =ma/(27) [Hz] f=ma/(2m) [He]
108 10° 101 108 10° 1010
Galactic Center Galactic Center
1o~ LNFW DM 1ot Burkert DM
10-2f 10tk
= N——"T =
< <3
% 1071 % 1071
5 €
S e S |
10-19F — GBT (Model 1) -=-- 25m-dish (Model 2) 10-10f =
---- GBT (Model 2) QCD Axion
== GBT (Model 2) 4+ DM spike El CAST — GBT (Model 1) -=-= VLA (Model 2)
— VLA (Model 1) El ADMX === GBT (Model 2) 25m-dish (Model 1)
1075 o VLA (Model 2) ADMX Projection 107" GBT (Model 2) + DM spike === 25m-dish (Model 2) ]
— 25m-dish (Model 1) — VLA (Model 1)
1077 1076 107° 1074 1077 10°6 107° 1074
mq [eV] my [eV]
f=ma/(2m) [H] I =ma/(2m) [H]
108 10° 101 10% 10° 101
10—1(] 10—10
10—12 10—12 d',
3 =
& &
I (U e (U
= =
10-16] 107101
| — BT -=== SKA (DM spike) | — BT -=== SKA (DM spike)
1075 . GBT (DM spike)  — GBT: (Al NSs) W s GBT (DM spike)  — GBT (AIINSs)
— SKA — SKA
1077 1070 107° 107 1077 1076 107° 1074
m, [eV] m, [eV]
FIG. 13. Projected sensitivities to axion DM from 24 hours of observation time towards the Galactic Center with the telescopes

indicated and requiring 5o detection. We consider variations to the DM profile, with NFW DM (top left) and Burkert DM (top right), as
well as a possible DM spike at the Galactic Center. The top two panels are for the analysis that looks for the broad (5f/f ~ 1073)
emission from the ensemble of NSs, while the bottom two panels compare the sensitivity of this technique to that which looks only for
the brightest individual NS, with §f/f ~ 107°. In addition to variations in the DM density profile, we also show the uncertainty arising
in these projections from the NS population models by switching between models 1 and 2. All sensitivity curves exhibit two noticeable
features: a slight increase in sensitivity below approximately 107 eV and a sharp decrease in sensitivity at high m,,. The former feature
is due, in part, to the transition to masses small enough that axions may resonantly convert in the ion-dominated part of the plasma. The
latter feature is due to the fact that at high masses, the conditions for resonant conversion are not obtained, and the axion-photon
transition occurs nonresonantly. Note that, in addition to the projected sensitivities, we also display the motivated region for the QCD
axion, current constraints from the CAST experiment, and current and projected constraints from the ADMX experiment. Note that GBT
and VLA do not currently operate well below approximately 200-300 MHz, though the future SKA?2 is planned to extend to 50 MHz,
and other telescopes, such as LOFAR, go as low as 30 MHz.

DM from radio observations with GBT, VLA, and the
future SKA.

5.0, corresponding to 8y = 25 or 5¢ detection. Using the
sky temperature for the Galactic Center and the parameters
described above, we find the projected sensitivities to g,
shown in Fig. 13, as functions of the axion mass m,. The
top left and right panels, which we discuss first, are for
searches for the broad-spectrum (5f/f ~ 107%) emission
from the collection of NSs within the field of view. The top

1. Galactic Center

We begin by considering the Galactic Center region. We
assume 24 hours of observation time and require a SNR of
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left panel assumes an NFW DM profile, while the top
right takes the Burkert DM profile. In both panels, we show
the sensitivities calculated for NS models 1 and 2 and for
three different telescope configurations, as described in
Table II: GBT, VLA, and a 25 m dish. Additionally,
for GBT, we show how the sensitivity changes, for NS
model 1, if there is a DM spike at the center of the Galaxy.
The ranges between the NS models 1 and 2 curves can be
thought of as an estimate for the current systematic
uncertainty on the sensitivities arising from the NS model
assumptions. The differences between the two panels, on
the other hand, is an estimate for the systematic coming
from the DM density distribution model assumptions.
Except at the highest frequencies, the dominant uncertainty
is the NS population model in this case.

In Fig. 13, we compare the projected sensitivities to the
limit set by CAST [105-107], the current (dark red) and
possible future (light red) limits by ADMX [32,33], as well
as the parameter space (roughly indicated in orange) where
the QCD axion is expected to live. In the case of NFW DM
and NS model 1, searches around a few GHz with GBT
could approach sensitivity to QCD axion DM with this
search strategy. However, we stress that any sensitivity
curve passing below the CAST limit and outside of the
ADMX limit would probe uncharted parameter space for
ALP DM.

One takeaway point from Fig. 13 is that a telescope array
such as VLA is not the ideal instrument for searching for
the extended signal. This should not be too surprising,
given the discussion in Sec. VIIA2 for why telescope
arrays lose sensitivity compared to single dishes of the
same total area when the source size is larger than the
synthesized beam. This is especially clear when comparing
the VLA array sensitivity to the hypothetical 25 m dish
sensitivity, since VLA itself is an array of 25 m dishes. In
the case of a Burkert DM profile, where the inner regions of
the galaxy are not necessarily brighter than the outer
regions of the stellar bulge in terms of the DM-induced
signal, a single 25 m dish can actually outperform an array
of such dishes. This is because, recalling the discussion in
Sec. VII A 2, the significance in favor of detection increases
with the number of array elements but decreases with the
number of synthesized beams, which is a function of the
array baseline. In fact, in this case, the 25 m single dish can
even outperform a 100 m single dish, when pointed at the
Galactic Center. This is due to the fact that the regions
farther away from the Galactic Center have a higher signal-
to-noise ratio, due to the decreased background temper-
ature, compared to the Galactic Center itself. In this case, it
would be better to point the 100 m telescope slightly off the
Galactic Center, though we do not consider this possibility
in detail since it is a small perturbation to the sensitivities
shown in Fig. 13.

Lastly, we note that the data from the VLA array need
not be combined in the interferometer mode but rather
could be combined in the naive fashion (i.e., in series) to

effectively increase the integration time by the number of
array elements, with the gain at the single-element level.
This would be the best use of VLA in this case; the
sensitivity to g,,, may simply be estimated by dividing the
25 m dish sensitivity by 27'/4,

In the bottom two panels in Fig. 13, we compare the
sensitivity estimated using GBT and searching for the
ensemble signal over all NSs (solid black) to the estimated
sensitivities for the searches for the brightest individual
NSs. As a reminder of this strategy, we refer back to Fig. 8.
In that figure, the emission over all NSs spans a relative
frequency bandwidth 6f/f ~ 1073, while the individual
NSs have 8f/f ~ 107°. The search for the single brightest
NS can have increased sensitivity compared to the search
for the combined emission if a significant portion of the
combined emission actually comes from a single NS, since
one gains sensitivity by having a narrower bandwidth §f.
Generally, as we go to higher frequencies, the number of
NSs contributing to the axion-induced signal shrinks, since
the beam area shrinks and the fraction of NSs with
appropriate m)** decreases as well. This behavior is seen
in the bottom right panel of Fig. 13, for example, which
takes the NFW DM profile and the NS model 2. The solid
blue curve is the estimated sensitivity with GBT, which can
be directly compared to the solid black curve. Note that the
dotted curves estimate the sensitivity including the possible
DM spike, which can play a more important role here since
it may enhance the flux of the brightest NS. The red curves
show the estimated sensitivity using the future SKA2, as
described in Table II.

For NS model 1, as illustrated in the bottom left panel of
Fig. 13, the brightest NS search is seen to be highly variable
over the entire frequency range, and even at low frequen-
cies, there are regions where the single-NS GBT search is
more sensitive than the GBT search for the ensemble
signal. This variability is due to the fact that for NS model
1, even at low frequencies, the signal is dominated by a few
NSs with high mj®*; these are NSs with very high magnetic
fields. In the case of SKA2 and NS model 1, this means that
sensitivity to the QCD axion could be reached from
frequencies as low as m,~ 107 eV all the way to
m, ~5 x 107 eV. However, it is important to note that
the sensitivities in Fig. 13 for the single NS searches appear
jagged because these are from individual simulations of the
NSs at the Galactic Center. That is, performing a different
simulation, with the same initial conditions, would give rise
to a slightly different-looking sensitivity curve. The ensem-
ble NS curves are smoother, in part, because these have
been averaged over many different simulations.

Note that in all of the Galactic Center projections, we
have assumed that there are approximately 10° NSs in the
Galaxy, distributed between the disk and the bulge.
However, there is currently an order unity uncertainty in
the total number of NSs (see, e.g., Ref. [64]). In the
pessimistic scenario where, for example, the number of
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FIG. 14. Asin Fig. 13, except for observations of the globular cluster M54. The left panel assumes NS model 1, while the right panel
takes NS model 2. The solid black curves illustrate the sensitivity for the broad search for the (§f/f ~ 107*) signal from the ensemble of
NSs, while the colored curves project the sensitivity to the single brightest NS (with §f/f ~ 10~8) for one illustrative Monte Carlo

realization.

NSs in the Galaxy is in fact 108, this would have the effect
of making the projected sensitivities in Fig. 13 weaker by
around a factor of 3. However, since this uncertainty is
subdominant compared to the uncertainty arising from the
NS population models themselves, we do not explore it
further.

We also note that in Fig. 13, we have assumed that the
24 hours of observation time are performed over the entire
frequency range. It is worth pointing out that for a telescope
such as GBT, this is unrealistic, since the receivers only
cover a small portion of the frequency range at once. To
cover the entire frequency range, one has to switch between
receivers and perform new observations for each receiver.
With GBT, it would take approximately eight different
receivers to cover the entire frequency range from approx-
imately 300 MHz to 20 GHz, though future instruments
may require fewer receivers to cover the full frequency
range. The data rates may be kept within a reasonable
range, even at such high spectral resolution, by using an
appropriately large integration time. The point here is that,
since the high-spectral resolution features do not neces-
sarily have interesting time dependence, the integration
time can be kept large to reduce the data rate. As a concrete
illustration, at GBT, the L-band (approximately 1.1-
1.7 GHz) could be covered with six VEGAS spectrometers,
each with 100 MHz bandwidth, at a spectral resolution of
0.8 kHz and an integration time of 0.1 s, with a total data
rate of 100 Mb/s that is well below the approximately
400 Mb/s maximum. If higher spectral resolution is
required, as is the case in the M54 analyses discussed
below, the integration time can be increased by the
appropriate amount in order to reduce the data rate.

2. M54

In this subsection, we consider the projected sensitivity
from observations of M54. The projected sensitivities for
24 hours of observation with GBT-like and SKA2-like
telescopes, with requirements analogous to those taken for
the Galactic Center examples, are shown in Fig. 14. In the
left panel, we use NS model 1, while in the right panel, we
instead take NS model 2, which has fewer high m** and
high-B NSs. In both panels, we consider the NFW and
cored DM profiles in solid and dashed lines, respectively.
Also, we estimate the sensitivity for the search for all
NSs, with §f/f ~ 107, and the search for the brightest
individual NS, with 5f/f ~ 1078, Note that the brightest
NS search sensitivity estimates are shown for individual,
though typical, Monte Carlo realizations. The scatter
between simulations is most important at high axion
masses, where the expected number of participating NSs
is low and can sometimes fluctuate to zero.

In this case, unlike for the Galactic Center observation,
the brightest NS search outperforms the search for the
ensemble signal over almost the entire frequency range.
This is because the relative width of the individual NSs is
much narrower, in the case of M54, and because there are
simply fewer NSs to begin with in the beam area. The M54
observations appear very promising; in the case of an NFW
DM profile, GBT and SKA observations could have
sensitivity to significant regions of the QCD axion param-
eter space. Even in the case of a cored DM profile, if NS
model 1 is correct, then the SKA observations would still
reach the QCD axion region at high frequencies. M54
appears to be one of the most promising targets for future
radio-line observations of axion DM.
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FIG. 15. As in Fig. 13, except for observations of the nearby

galaxy M31. Here, we only consider the search for the ensemble
of NSs, since there are many more NSs within the field of view
for the case of M31 relative to the Galactic Center. The frequency
spread of this signal is expected to be §f/f ~ 1073. We illustrate
the sensitivity for NS model 1 and for the Burkert and NFW DM
profiles.

3. M31

Radio observations of the nearby galaxy M31, which is
similar in size to the Milky Way, will contain more NSs
within the field of view relative to Milky Way Galactic
Center observations because of the increased distance to the
source. Figure 15 shows the projected sensitivities of
observations of M31, assuming the same observational
setups as used in the previous subsections. For illustration,
we use NS model 1 for all the projected sensitivities, and
we also only consider the search for the ensemble of NSs,
with 8f/f ~ 1073, The search for the brightest individual
NS is not competitive in this case, since each individual NS
is quite dim, but there are many more NSs within the field
of view compared to even, e.g., the Milky Way Galactic
Center case. For the NFW DM profile, we show both the
GBT and VLA projected sensitivities. While again GBT
outperforms VLA, the difference is smaller compared to the
Galactic Center observations since M31 is a smaller target
on the sky. Changing between DM profiles, we see that the
difference between the Burkert and NFW DM profiles is
also less pronounced than in the Galactic Center case. This
is again related to the fact that there are more NSs within
the field of view, so the signal is dominated by NSs farther
away from the Galactic Center of M31, where the
differences in DM density between the two models is less
severe. Similarly, including the central DM spike of M31
makes virtually no difference to the sensitivity, despite
the large central black hole of M31, because the contribu-
tions of the inner NSs are subdominant compared to the

contributions of the ensemble of NSs farther away from the
center of the galaxy.

Observations of M31 appear less promising than
Galactic Center and M54 observations. On the other hand,
the M31 observations appear to be remarkably robust,
owing to the fact that there are more NSs within the field
of view.

VIII. DISCUSSION

In this work, we have outlined a framework for estimat-
ing the sensitivity of radio observations of astrophysical
systems containing NSs to axion DM. This work expands
upon the recent work in Ref. [1], which outlined how to
calculate the radio flux from axion-photon conversion in an
individual NS, in four main directions:

(i) We consider the expected spatial distributions of
NSs in galactic systems, in conjunction with the
spatial distribution of DM.

(i1) We model the distribution of NS properties using NS
models that have been tuned to observable pul-
sar data.

(iii) We model the inactive NS magnetosphere using
state-of-the-art numerical simulations of the electro-
sphere solution.

(iv) We precisely model the sensitivity, including back-
grounds, for specific telescopes such as GBT and for
specific astrophysical targets, such as the Galactic
Center, M54, and M31.

We find that observations with modest observing times
(e.g., 24 hours) of the targets listed above would probe a
large range of possible ALP masses. Observations of the
Galactic Center and M54 have the potential to reach
sensitivity to the QCD axion scenario, even with GBT.
However, this conclusion is subject to systematic uncer-
tainties from the DM profiles within these systems and the
distributions of NS properties. The former systematic,
related to the distribution of DM within galaxies and dwarf
galaxies, is one that affects all indirect DM searches.
Improving upon this systematic will likely require better
hydrodynamic simulations of galaxies and their DM halos,
in addition to better measurements of kinematic tracers of
the gravitational potentials within these systems. The latter
systematic, concerning the distribution of NS properties, is
unique to this search strategy. Depending on the evolution
of magnetic fields of NSs on timescales of order the age of
the Galaxy, the large population of dead NSs could
dominate the axion-induced flux. On the other hand, if
those fields decay on these long timescales, then the
younger active pulsars still provide a significant source
of axion-induced radio flux that can be used to constrain
axion DM.

Understanding the evolution of magnetic fields of dead
NSs at late times is crucial for making more accurate
predictions for the sensitivity of radio searches to axion
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DM. Additionally, more work is needed to properly model
the magnetar population and the magnetospheres of these
systems, since such high-field NSs are an important
contribution to the flux from the active population. We
hope that this potential avenue towards axion DM detection
can serve as motivation for dedicated efforts to further
understand the properties of these systems.

On the observational side, we outlined the advantages
and disadvantages of using telescope arrays, such as VLA
or the future SKA, vs large single dishes, like GBT, in
searching for the axion-induced signal. For the Galactic
Center, for example, the emission from the ensemble of
NSs is extended on angular scales typically much larger
than the synthesized beam areas of telescope arrays,
making single dishes more favorable instruments. On the
other hand, we showed that searches for the brightest
individual NSs can give comparable or increased sensitiv-
ity, relative to searches for the broader-spectrum emission
from the ensemble of NSs. Searches for the narrow-band
bright single NSs may be performed equally well with
either telescope arrays or single dishes; in this case, arrays
have the advantage of larger primary beam areas over
which to search. However, there is likely an analysis
framework between these two extremes that gives superior
sensitivity. For example, instead of looking for the brightest
NS, one could look for the brightest two NSs or the
brightest N NSs. However, accounting for the trials factor
in such a search is nontrivial, given that the signals from the
NSs are doppler shifted. We leave the construction of such
an analysis technique to future work.

Lastly, we emphasize the complementarity with direct
detection efforts. If a signal candidate is seen in an indirect
search along the lines of that outlined here, it would likely
be straightforward to verify that this candidate is in fact due
to axion DM by performing a laboratory search. This is
because resonant cavity searches such as ADMX are
difficult in part because they do not know the frequency
of the particle they are looking for, and they must scan over
millions of different possible frequencies, each time adjust-
ing the cavity resonant frequency, to cover a single decade
of mass. If the mass of the axion is known ahead of time, for
example by an indirect detection signal candidate, checking
this frequency with direct detection would be straightfor-
ward because the cavity experiments would not have to
scan over a large range of frequencies.
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APPENDIX: NONRESONANT CONVERSION
PROBABILITY

In the main text, we claimed that the conversion
probability for nonresonant conversion is negligible for
the systems that we consider. Here, we estimate the
conversion probability in this case. Following Ref. [1],
we find that the nonresonant conversion probability pEIyR
may be calculated using the formalism of time-dependent
perturbation theory, giving
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where B is the field at the surface, v is the escape velocity at
the surface, and @ is the angle between the propagation
direction and the magnetic field. Note that we have taken the
limit m,ry > 1 in the last line above. The resonant con-
version probability pzy, on the other hand, scales like [1]
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where r,. is the conversion radius. Thus, for r,. ~ ry, with r
the NS radius, the difference between the resonant and
nonresonant conversion probabilities is pg; / ijrR ~My X FoR
10° x (m,/107>eV). We see that the nonresonant conversion
probabilities are highly suppressed compared to the resonant
ones, and they become increasingly suppressed at high axion
masses.
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