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As a well-motivated dark matter candidate, axions can be detected through the axion-photon
resonant conversion in the magnetospheres of magnetic white dwarf stars or neutron stars. In this work,
we utilize Omega Centauri, which is the largest globular cluster in the Milky Way and is suggested to
be the remnant core of a dwarf galaxy, to probe the axion dark matter through radio signals that
originate from all the neutron stars and magnetic white dwarf stars in it. With 100 h of observation, the
combination of the radio telescopes Square Kilometer Array phase 1 and Low-Frequency Array can

effectively probe the parameter space of the axion-photon coupling g,, up to 107 ~ 10715 GeV~! for

the axion mass range of 0.1 ~30 peV. Depending on the choice of neutron star evolution model,
this limitation is 2 or 3.5 orders of magnitude higher than that of the single neutron star or magnetic

white dwarf.
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I. INTRODUCTION

The quantum chromodynamics (QCD) axion, which was
proposed to solve the strong CP problem [1-4], has been
regarded as one of the most compelling dark matter (DM)
candidates and gained more and more attention in the past
decade [5-10]. Based on the coupling between axion and
electromagnetic sector, ie., £, = —(1/4)g,aF,, F" =
JayaE - B, it suggests that the axion DM could be detected
through the axion-photon conversion process, which can
happen in the presence of external magnetic field. As the
axion-photon conversion probability is positively associ-
ated with the magnetic field strength [11,12], the compact
stars (CSsl), including magnetic white dwarf stars (MWDs)
and neutron stars (NSs), are potentially very promising
probes to search for the axion DM because of their
extremely strong magnetic fields. Besides, due to the
existence of plasma in CSs’ magnetosphere, the conversion
probability can be further greatly enhanced (called resonant
conversion) when the axion mass m,, is equal to the plasma
frequency w,, [11,12]. Interestingly, the plasma frequency
of a typical CS happens to be in the radio frequency
band [11,12]. This means that the axion-induced signal
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could be detected by radio telescopes, such as the Square
Kilometer Array (SKA) [13-15] and the Low-Frequency
Array (LOFAR) [16].

Recently, there have been several investigations utilizing
the single isolate NS [11,17-25] or MWD [12] to detect
axion DM through radio signals that originate from the
axion-photon conversion in the magnetosphere of these CSs.
The results show that both targets give comparable sensi-
tivities, that is, the lower limit of g,, from the SKA phase 1
(SKA1) with 100 h of observation can reach ~10~'2 GeV~!
for the ~ueV axion [12]. Based on these works, it could be
also intriguing to investigate the signature of axion DM from
the astrophysical systems that contain a lot of CSs, such as
globular clusters (GCs) [26]. It can be expected to get a much
stronger signal from these systems than a single CS.

In this work, we propose to use the GC Omega Centauri
(w Cen) as a probe to detect the axion DM. Among the
Milky Way’s ~200 GCs, @ Cen is very unique. It is the
most massive (~4.05 x 10° M), the most luminous, and
has the largest core and half-light radius [27-30]. Besides,
@ Cen also possesses multiple stellar populations with a
large spread in metallicity and spatial distributions that
include a trailing stellar stream [31-34]. All these obser-
vations suggest that @ Cen may be the remnant core of a
dwarf galaxy whose outskirts were tidally stripped as it fell
into the Milky Way [29,34,35]. If so, that means @ Cen
probably contains amounts of DM and thus has a much
higher DM density compared to the local DM density
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~0.3 GeV/cm? (see Sec. 111 A).2 In addition, astronomical
observations indicate that the DM velocity dispersion in @
Cen is around ~30 km/s, which is about one order of
magnitude smaller than that in the Milky Way field. As
shown in Ref. [11], a smaller velocity dispersion can render a
larger energy flux density. Finally, as a rough estimate,
the stellar mass in @ Cen is about ~3 x 10° M. This means
that there are about 10* NSs and 10° MWDs (see Sec. ITI B).
Consequently, the combination of so many “isolate sources”
can greatly enhance the observed signal strength. Therefore,
all of these unique properties/advantages make @ Cen an ideal
detection target compared with a single NS or MWD [12].

This paper is organized as follows. In Sec. II, we introduce
the properties of individual or ensembles of CSs, including
the structure of the magnetic field and the plasma, the
evolution and/or distribution of magnetic field strength,
mass, and spin period. In Sec. I1I, we introduce the properties
of w Cen, e.g., the DM profile, the number and spatial
distribution of CSs, and characteristics of the frequency
spectrum. In Sec. IV, we estimate the sensitivity of SKA1
and LOFAR. In Sec. V, we calculate the radio flux density of
 Cen as well as the constrains on the axion-photon coupling
strength g,, at the SKA1 and LOFAR. Conclusions and
discussions are given in Sec. VI.

II. THE PROPERTIES OF COMPACT STARS

In order to calculate the axion-induced radio signal from
the ensemble of CSs, it is necessary to know some specific
parameters of CSs, such as the mass, radius, magnetic field
strength, and so on. In this section, we construct the
population models of CSs to describe the distribution
and/or evolution of these important parameters. Note that
some of the content has already been covered in previous
studies [11,12,26], so here we just show the necessary
conclusions for this part.

A. The configuration of magnetic field and plasma

For the magnetic field of a single CS, we adopt the dipole
configuration and assume that its rotation axis is parallel or
antiparallel to the magnetization axis® [12,39],

*Note that whether or not GCs are born within DM minihalos is
still under debate. For example, the observation of GC NGC 3201
shows that there is no direct evidence for the existence of DM in it
[36,37], while for GC 47 Tuc the maximum likelihood analysis
reveals that the DM component is significantly preferred (~1% total
mass of GC 47 Tuc) [38]. The masses of these two GCs are about
one order of magnitude smaller than @ Cen. The analysis in Ref. [29]
su%gests that there are amounts of DM in @w Cen (see Sec. III A).

This is actually a reasonable assumption. For NSs, this misalign-
ment angle tends to O (or x) as the evolution of NSs, although its
initial value could be an order one number (see I C). For MWDs, we
have adopted the static plasma distribution assumptions (see below),
which are independent of magnetic field, so for an ensemble of
MWDs, the effect of this misalignment angle can be absorbed into
the angle between line of sight and rotation axis.

3
_ %%(3@ Bp—m) forr>R, (1)
where R is the radius of CSs, B, is the value of the
magnetic field strength at the CSs’ surface in the direction
of the magnetic pole, m = 2zByR’*m is the magnetic
dipole moment, r = r#* is the spatial coordinate, and
r = |r| represents the distance from the center of CSs.
Clearly, we can find that in this case the direction of B only
depends on the 8, which denotes the angle between 7z and 7.
Its magnitude can be expressed as [12,26]

ByR?
B=|B|= 7()?\/300529—&— 1 forr>R. (2)

In addition to the magnetic field structure of the CSs, the
plasma distribution is also crucial to the calculation of
the axion-photon conversion probability. For the structure
properties of the MWDs’ coronae, we adopt the same
assumptions as in Refs. [12,40]: (1) the corona is composed
of fully ionized hydrogen plasma uniformly covering the
entire surface of MWDs; (2) the field-aligned temperature
of the electrons T, is a constant throughout the corona.
Under these conditions the distribution of the electron
density is described by the barometric formula [40,41].

The situation for NSs, however, is more complicated. As
pointed in Ref. [26], the active NSs only make up a very
small fraction (~0.4%) of the total NS population, while the
rest are dead NSs. With the evolution of NSs, the rotation
period P becomes larger and larger. At some point, NSs
will not be able to sustain the voltage required for the pair
production. This happens around the so-called “death line”
(see Ref. [42] for details). For the evolution of NSs, there
are two different models, which are dubbed model 1
and model 2 (see Sec. I C) [43,44]. The key difference
between these two models is that model 2 allows the NSs’
magnetic field strength to decay with time, while in
model 1 the magnetic field does not vary with time.
Note that, in this work, we adopt the same approximate
criteria for both models; that is to say, the active NSs fulfill
By/P? > 0.34 x 10'> Gs72 [45].

For the active NSs, the plasma charge density is given by
the Goldreich-Julian model [26,46], while for the dead NSs
the electron density profile is described by the electro-
sphere model, which is derived by solving the time-
dependent plasma dynamics with Maxwell equations on
a spherical grid [26]. Interestingly, as verified in Ref. [26],
for an ensemble of NSs, the plasma density profile is a
subdominant source of uncertainty compared to the uncer-
tainty between, e.g., NS model 1 and model 2. Therefore,
we simply ignore the differences between the two plasma
density distribution models and use the Goldreich-Julian
model to describe both active and dead NSs. More technical
details can be found in Ref. [26] and the relevant references
therein.
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Left: the magnetic field distribution of isolated MWDs [50]. The red solid line represents the approximate PDF with linear

interpolation. Right: same plot as the left one, but for the mass of MWDs [50].

Once we have the plasma density profile of CSs, the
resonant conversion radius r, can be derived by using the
resonant conversion condition, i.e., m, = ,. The resonant
radii of MWDs and NSs are given by [11,12]

r}VD = RWD + 2190

40 l’levz
X |:2634 -+ In (W) -+ ln< m% >:|

% Teor Mwp R4WD -2 km, (3)
10° k) \ M, ) \10* km
NS = 168.62 x |3cos? — 1|/3 x Rns
¢ 10 km
By 1 1 peV\211/3
) LO”OG IS’CC ( . ) ] k. ®)
ma

where n, is the electron density at the base of the MWDs’
corona, T, is the temperature of the MWDs’ corona, Ryp
(Rys) is the radius of MWDs (NSs), My is the mass of the
MWDs, and P is the rotation period of NSs.

B. The properties of magnetic white dwarf stars

For each individual MWD, there are five parameters
that need to be fixed in order to calculate the corresponding
r'® and energy flux density Sy,° [see Egs. (3) and (13)].
Thereinto, the n,q and T, closely depend on the nature of
the MWD’s corona. For simplicity, we set n,o = 10! cm™3
and T, = 10° K as benchmarks, which fulfill the con-
straints set by x-radiation searches [12,40,41]. Besides, the
mass and radius of a MWD are not independent variables,
and they are related by the equation of state. Therefore,
there are only two parameters, i.e., Rwp and B, that need
to be determined for each individual MWD.

However, the origin of the MWDs’ magnetic field and
the incidence of magnetism in WDs remains poorly
estimated [47,48]. The volume limited samples of nearby
WDs present the most unbiased estimates of the magnetic
incidence when considering all WD subtypes. It suggests a

13 4% incidence of magnetism for the WD sample
within 20 pc [49], and this result is further verified by
the work of Holberg et al. [48]. According to the result in
Ref. [49], the portion of MWDs with B 2 0.1 MG is about
~9.5% among all WDs.

Instead of a single MWD, in order to calculate the radio
signal of an ensemble of MWDs, it is necessary to know
their magnetic field strength and mass distributions, which
are summarized in a recent review of MWDs (see Fig. 1)
[50]. The blue bars represent the magnetic field strength
(left) and mass (right) statistical distribution of the MWDs.
These statistics include hundreds of samples of MWDs.
The red solid lines are the approximate probability density
functions (PDFs) that are derived by using the linear fitting.
In this work, we assume that these PDFs represent the real
mass and magnetic field distributions of MWDs.*

Before using these PDFs, it is important to examine the
correlation between these two variables. In Fig. 2 (left), we
show the scatter plot of magnetic field strength and mass of
MWDs (these data are taken from Table 1 of Refs. [51,52]).
Based on these data, we can calculate a Pearson correlation
coefficient of ~0.29; thus we may approximately treat
the Ryp and B, as independent variables. Once the MWD
mass is given, its radius is determined by the equation of
state of MWDs, as shown in the right panel of Fig. 2
[53,54], where the red dashed line represents the
Chandrasekhar limit ~1.44 M.

C. The properties of neutron stars

Similar to MWDs, in order to calculate rXS and SL?,
there are also five parameters associated with each NS
needed to be determined [see Eqs. (4) and (14)]. However,
unlike in the case of MWDs, there are still many uncer-
tainties in the equation of state of NSs. Specifically, for a
typical solar mass NS, different equations of state give a

“These PDFs may not accurately represent the realistic dis-
tributions of MWDs, since there are only a few hundreds of
MWD samples available. Nevertheless, we could treat them as an
approximate estimate with a limited database.
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FIG. 2. Left: the scatter plot of magnetic field strength B, and mass of MWDs My [51,52]. Right: the mass-radius relationship for a
WD (solid blue line), while the red dashed line is the Chandrasekhar limit ~1.44 M.

radius of 10-15 km [55]. For simplicity, we fix the mass
and radius of all NSs to be the average value, i.e., Myg =
1.44 M, [56], Rys = 10.3 km [57]. Note that a small
deviation from these values does not significantly affect the
final results.

As for the other three NS parameters—magnetic field B,
rotation period P, and misalignment angle a—they are
determined by the NS evolution model. Following
Refs. [26,43,44], we construct two different NS evolution
models, which are labeled as model 1 and model 2. The key
difference is that model 2 includes magnetic field decay,
while model 1 does not.

For these two models, the initial value of the logarithm of
the magnetic field log B;, and rotation period P;, follow a
normal distribution. The best-fit central value as well as the
standard deviation of log B;, and P;, for models 1 and 2 are
listed in Table I. The initial misalignment angle « between
the NS rotation and magnetic axis follows the simple
geometric distribution p(a,) = 3 sin(a,) with a;, € [0, 7.
However, we find that as the evolution goes on this
alignment angle exponentially approaches zero, and thus
turns out to play only a minor role in determining the
properties of the final NS population.

For models 1 and 2, the evolution of P(¢) and a(¢) has
the same form, which is given by [26,58,59]

2 P2 .
S for active NSs
Tin

PP =" . (5
20 SiHZOf(t) for dead NSs

3 T

TABLE I. Initial distribution parameters for the magnetic field
strength and periods of NS models 1 and 2 [43,44].
<10g(Bm/G)> Olog(B;,/G) <Pin> (S) op, (S)
Model 1 12.95 0.55 0.3 0.15
Model 2 13.25 0.6 0.25 0.1

2cos? o
%log sina(t) = — gcoimam , (6)

where

1 102 G\ 2/ P, \2
Tin = T ~ 8904< ) < L > yr (7)
T fy By 0.01

is the “decaying" timescale of the misalignment angle a(¢).
From Eq. (6), we find that sina(z) approaches zero
exponentially. This means that the magnetic axis tends
to be either parallel or antiparallel to the rotation axis,
depending on whether the initial misalignment angle «;, is
less or greater than /2. The evolution of P(¢) depends on
the state of the NS [see Eq. (5)]. Again, here we have
adopted the approximate criteria that the active NSs fulfill
By/P* > 0.34 x 10'?> Gs™2 [45]. In particular, once a NS
becomes inactive and a(f) — 0, the evolution of P() stops,
making it unlikely that the final rotation period will be
much larger than the initial value P;,. Besides, for model 1,
the B, in Eq. (7) is a constant (is equal to B;,), which
means P(¢) as well as a(¢) in this case can be solved
analytically [26].

In model 2, the B, in Eq. (7) is no longer a constant but
also evolves over time and, more specifically, decays as it
evolves. In general, there are three main decaying channels:
Ohmic dissipation, ambipolar diffusion, and Hall drift
[26,60]. If a NS is born with a high magnetic field B, 2
10' G and high core temperature T, > 10° K, the
dominant dissipation is through ambipolar diffusion [60],
while at low temperature the dissipation process is through
a combination of Hall drift and Ohmic heating [61]. The
evolution of magnetic field By () is given by [26]

dB 1 By\? 1
—L=-B, + (5 ; (8)
dt Tohm Bin Tambip

where
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1.8 x 10°

Tohm ~ —H~
Qimp

tg -1/3 Bi -2
7’-ambip ~3 X 109 (106 yr> 1012I1G yr, (9)

represent the timescale for Hall drift and Ohmic heating,
and ambipolar diffusion, respectively. Qi is the impurity
in a NS’s crust, and g is the age of the individual NS.
As in Ref. [26], we randomly assign a value Qjy,,, for a log-

flat distribution over a range [1073, 10]. For tg, since we
have adopted the assumption that NS-formation rate is a
constant over the whole life of @ Cen (~11.52 Gyr), we just
assign a random number within 0-11.52 Gyr for each
individual NS.

By solving Egs. (5), (6), and (8), we can get the
distribution of the parameters of evolved NSs. In Fig. 3,
we demonstrate the distribution of rotation period (left) as
well as the magnetic field strength (right) for both model 1
(red lines) and model 2 (blue lines). The solid and dashed
lines represent the results of active and dead NSs, respec-
tively. We find that the distribution of P and By, of active
NSs agree well between models 1 and 2. This is reasonable,
since the NS models are turned to match the properties of
the active pulsars. In addition, due to the attenuation of the
magnetic field in model 2, the magnetic field of the dead
NS in model 2 is almost 2 orders of magnitude smaller than
that in model 1. According to our simulations, the ratio of
dead NSs is predominant (~99.7%) in both models, so such
a huge gap in magnetic fields would cause model 1 to
produce a stronger radio signal than model 2 (see Sec. V).

yt,

III. THE DARK MATTER AND COMPACT STAR
DISTRIBUTIONS IN @ CEN

In addition to the parameters of CSs, it is also crucial to
know the properties of @ Cen, such as the spatial and
velocity dispersion distribution of the CSs, the DM profile,

and so on. Combining all these parameters, we can
compute the integrated signal from axion-photon conver-
sion over the ensemble of CSs in w Cen. Moreover, we also
discuss the spectral characteristics of @ Cen, which is
important for the signal detection on SKA1 and LOFAR
(see Sec. IV).

A. The dark matter in ® Cen

As we mentioned in Sec. I, many astrophysical obser-
vations show that @ Cen is unique and may be a remnant
core of a dwarf galaxy, so the DM density in @ Cen might
be high. In addition, Refs. [29,62] show that the DM
annihilation scenario can indeed explain the Fermi Large
Area Telescope data on y-ray emission from the direction of
o Cen [63]. As shown in Ref. [29], the mass distribution in
@ Cen can be obtained by solving the spherical Jeans
equation, assuming that the gravitational potential contains
three components of mass: luminous stars, a central black
hole, and nonluminous DM. By fitting the tangential
velocity dispersion data of stars [64], the hypothesis that
@ Cen contains no DM is ruled out with p < 0.05 [29]. To
model the DM distribution in @ Cen, we adopt the Navarro-
Frenk-White (NFW) profile [65], which is given by

\ -1 #\ -2
PNFW = Ps <> <1 + > ;
rS rS

where p, and r, are the scale density and radius, respec-
tively. For these two parameters, we take benchmark values
as r; = 1.63 pc and p, = 7650.59 M pc=3.° With these
parameters, we can estimate the total DM mass in @ Cen
is ~10® M.

(10)

>The value of r, is the median value in Ref. [29], while the
value of p, is derived by demanding the J factor of @ Cen is also
the corresponding median value J = 10**! GeV?cm™.

103015-5



JIN-WEI WANG, XIAO-JUN BI, and PENG-FEI YIN

PHYS. REV. D 104, 103015 (2021)

In order to investigate the impact of the NFW profile
on the final result, here we also adopt another two sets
of parameters: r, = 1.0 pc, p, = 27860.5 My pc™ and
ry = 2.0 pc, p, = 4391.65 My pc=>. With these parame-
ters, the total DM mass in @ Cen is fixed to be 10® My so
that the stellar mass of @ Cen is ~3 x 10® M. This is
consistent with the scaled result based on the N-body
simulation of GCs [66], as mentioned in Sec. III B. In
addition, all these parameters, as well as the corresponding
J factor and DM mass inside the optical half-light radius
of w Cen, are within one standard deviation of the best fit as
shown in [29]. We find that, for different NFW parameters,
their impact on the limit of g,, (shown later) is less than
10% compared to the benchmark values. As for other
different DM profiles, e.g., Burkert [67] and Moore et al.
[68], a detailed study on the GC kinematics is needed. This
is beyond the scope of this work. Therefore, in the
following sections, we only show the results of the bench-
mark NFW profile.

B. The population and spatial distribution
of compact stars in @ Cen

The simulation of the formation of WDs and NSs in GCs
has been studied in Refs. [66,69-71]. Reference [66]
demonstrates a set of 148 independent N-body simulations
of GCs, which is derived by using the Cluster Monte Carlo
code. These results roughly cover the full range of cluster
properties in the Milky Way. For each simulation, there are
four initial cluster parameters: virial radius r,, that indicates
the initial cluster size, total number of particles (single stars
plus binaries) N, galactocentric distance R,., and metal-
licity Z. Note that, for N = 10°, the direct N-body inte-
gration becomes extremely computationally expensive
[72]. As a practical approach, we choose the model that
is most similar to @ Cen and then scale the corresponding
simulation results to the realistic @ Cen sizes [73].

The age of w Cen is 11.52 Gyr and its metallicity is
[Fe/H| ~ —1.35 (or Z, =0.045Zy) [30,74]. The right
ascension and declination of @ Cen are 13 h 26 m
4728 s and —47° 28 46.1” [75], so its galactocentric
distance Rg. is ~6.5 kpc. With these properties, we find
that model 52 (with N=16x10°, r, = 1 pc, R, = 8 kpc,
and Z = 0.01Z;) in Ref. [66] is the best option, which is
consistent with the choice in Ref. [71].

There are about ~107 stars in @ Cen. With the given star
number and stellar mass in the simulation, we can obtain
the stellar mass in @ Cen ~2.94 x 10 M via scaling.
This is consistent with the value ~2.92 x 10° M, which is
obtained by subtracting the DM mass given by the bench-
mark NFW profile from the total mass. After the scaling,
we can also conclude that in @ Cen there are about 1084100
WDs (meaning the number of MWDs with By 2 0.1MG is
~102990) and 12531 NSs. Note that, for the bright low-
mass x-ray binaries (LMXBs) as well as cataclysmic

variables (CVs), the accretion is very active and may
change the plasma distribution around the CSs and make
the axion-photon conversion calculation much more com-
plicated. Fortunately, according to the simulation in
Ref. [66], both LMXBs and CVs represent only a very
small fraction (<1%) of the total number of CSs, so these
special cases can be safely ignored.

Given that the DM density is very location dependent
[see Eq. (10)], the spatial distribution of CSs in @ Cen is
crucial for the final result. It is well known that the
distribution of stars in GCs can be well fitted by the
King model, which is derived by solving the collisionless
Liouville equation for a given velocity distribution [76].
The King model profile is described by two parameters:
the core radius R, and the concentration parameter
¢ =log(R,/R.), where R, is the tidal radius. These two
parameters can be derived by fitting the normalized surface
number density profile of the given GC. For w Cen, these
two parameters are R. = 141.676” and ¢ = 1.224 [30].
After determining the King model, it is straightforward to
derive the spatial distribution of stars in @ Cen. As shown in
Fig. 4 (left), the solid blue line represents the desired spatial
PDF, while the red dashed line represents the location of
R.. In our analysis, we adopt the assumption that all the
CSs fulfill this spatial distribution.

C. Radio spectrum of CS ensemble in @ Cen

In comparison with the single CS case, the axion-
induced radio spectrum of the GC is more complicated
due to the velocity dispersion of CSs [26]. In Fig. 4 (right),

we show the radial (1/(v%), red dashed) and tangential

(+/(v2), blue dashed) proper motion dispersion as a
function of the projected radius of @ Cen. We find that
both profiles are comparable and vary from ~10 km/s at
distance ~23" to ~20 km/s at the center region [30]. The
black solid line represents the total velocity dispersion (v?),
which is derived from (v?) = 3 (v} + v%) [77]. The values
in the R > 23" region are derived by using the linear
interpolation. Here we take the simplifying assumption that
both DM and CSs have the same homogeneous and
isotropic Maxwell-Boltzmann velocity distribution with
v§ ~%(v?). In this case, the DM velocity dispersion is
clearly position dependent.

For an isolated CS, the center frequency of the spectrum
in the CS rest frame is around f,.~m,/(2z) with a
bandwidth of Bcg ~ v3m,/(27), which originates from
the velocity dispersion of DM. However, for an ensemble
of CSs, each CS has different f, in the observer’s
frame due the Doppler shift. In the observer’s frame, the

observed center frequency of each CS fc is given by
fo=Ffen /%ﬁzfc(l —vLos)- ULos 18 the projection
of the CS’s velocity along the line of sight and is
defined to be positive for the CS moving away from
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FIG. 4. Left: the spatial probability distribution of stars in @ Cen for a King profile with R, = 141.676", ¢ = 1.224 (solid blue line),
while the red dashed line indicates the position of R. [30]. Right: radial (red dashed) and tangential (blue dashed) proper motion
dispersion profiles as a function of projected radius [30]. The black solid line is the total velocity dispersion (v?). Note that, for the

R > 23" region, we use the linear interpolation.

the observer. According to the characteristics of the
Maxwell-Boltzmann velocity distribution, we find
P(|vios| < 3vg) = 1. Therefore, in order to include all
the CSs’ contribution, we set the GC bandwidth
as Bge ~ 6vF™ f . ~6 x 107*m,/ (2x).

IV. RADIO TELESCOPE SENSITIVITY

In this section, we introduce several key parameters of
SKA1 and LOFAR and describe how to estimate their
detection sensitivity. SKA1 consists of a low-frequency
aperture array (SKA1 low) and a middle-frequency aperture
array (SKAT mid). The LOFAR contains low-band anten-
nas (LBAs) and high-band antennas (HBAs). In Table II,
we list the detailed parameters of frequency range, reso-
lution B, and field of view (FOV) for each band. It is not

TABLE II. The frequency range, spectral resolution, and FOV
of the different frequency bands for SKA1 and LOFAR [13,16].
Note that the B3 and B4 bands are not formally part of the design
baseline, so the FOV of these two bands are set to be the mean
value of SKA1 mid [14].

Resolution FOV
Channel Range (GHz) (kHz) (arc min)
SKAI low 0.05-0.35 1.0 327
Bl 0.35-1.05 3.9 109
B2 0.95-1.76 3.9 60
. B3* 1.65-3.05 9.7 42
SKAImid gy 580518 9.7 42
B5a 4.6-8.5 9.7 12.5
B5b 8.3-15.3 9.7 6.7
LOFAR LBA 0.03-0.08 195 470.9
LOFAR HBA 0.11-0.24 195 94.8

hard to see that SKA1 covers a much wider frequency
range 0.35-15.3 GHz, while the LOFAR can detect a
lower frequency ~0.03 GHz. Therefore, the combination of
SKAT1 and LOFAR can make a more effective detection of
axion DM.

For the detection purpose, a useful physical quantity
is the minimal detectable flux density, which is given
by [11,12]

SEFD
Smin - ) (1 1 )
Msy/ npOIBtObS
where
2k
SEFD = ——2 (12)
Aeff/Tsys

is the system-equivalent flux density (SEFD), 5, is the
system efficiency, n,, = 2 is the number of polarization,
B = max{Bgc, By} is the optimized bandwidth for the
GC, 1. 1s the observation time, kg is the Boltzmann
constant, 7', is the antenna system temperature, and A is
the antenna effective area of the array. In Fig. 5 (left), we
show the sensitivity (Acf/Tys) of SKAT and LOFAR at
different frequency bands [15].

In this analysis, we take 7, = 0.9 for SKA1 [13] and
ns = 1.0 for LOFAR [16]. The 7, is set to be 100 h as a
benchmark. With these parameters, we can calculate the
combined S, of SKAI and LOFAR for different fre-
quency bands [see Fig. 5 (right)]. Note that the telescope’s
FOV gradually decreases as the frequency increases, so for
each frequency band, we need to carefully subtract the
contribution of CSs outside the corresponding FOV.
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Left: the sensitivity of SKA1 (blue) and LOFAR (red) at different frequency bands [15]. Note that the dashed blue line

represents the B3 and B4 bands. Right: the combined S,;;, of SKA1 and LOFAR.

V. RESULTS

For the purpose of calculating the total energy flux density of all CSs in @ Cen, an important step is to calculate
the energy flux density of an individual CS. The detailed derivation of this part of the calculation can be found in
previous literature [11,12,39]. Following Refs. [11,12], the axion-induced radio flux density from a single MWD and NS

are given by

&(r,)?

r

SWD ~ 0,003 J( 2
y HY\6in2(8) 12 (r) Heoor — 3E(r,)]

3c0s2(0) + 1 )(

c _% Hcor MNS % DM
10* km 10> km/ \ Mg 10° GeV/cm?

» RNS 6710 km/s Yay
10* km %0 1012 Gev-!

&(re)?

>2<105;0G>2<UIZV> (1 lfp0>_2<1 llez>_l’ (13)

SNS o~ 2.96,uJy(

3cos(0)? + 1 = (Mys\? PpM Rys \°
sin(0)2 |€' (re)re — 3§(rc)|) (102 km> <M®> (103 GeV/cm3> (10 km)

10 km/s Gay 2/ By \%[1lueVv d \2/ B \!
X 12 i 12 ’ (14)
% 10-2 GeV 10°G) \Um, J\1kpc) \1kHz

where
. Zé
) =—o—, with ©
1 — 222 cos20
o*(r)
Hcor _ 2kB Tcor

m,g
T M R -2

=21.90( —= WD D km  (16)
105 K/ \ Mg ) \10* km

is the scale height of the isothermal corona of MWDs [12],
and d represents the distance from the CS to us.
Combining Eqgs. (3) and (4) and Eqgs. (13)—(16), we can
calculate the specific energy flux density for any NS or
MWD sample in our simulation. Therefore, the total energy
flux density of all CSs in @ Cen can be expressed as

2
P

mc) for MWDs
for NSs

{ m2exp (—

LA

(15)

FOV
Szaytal _ <Zs(ljys + ZSXJ/’D> X ®<T - PCS) s (17)

NNS NWD

where the Nyg and Nwp represent the number of NSs
and MWDs, and Pcg is the projected position of each CS
on the plane of sky. The step function ensures that, in each
frequency band, only the contribution of the CS in the
corresponding FOV will be counted. Another thing to note
is that the second factor in Egs. (13) and (14) is dimension-
less and roughly an order one number. Therefore, some
rough qualitative estimates can be obtained by ignoring this
item. Roughly speaking, we have [see Eqs. (20) and (21) in
Ref. [12]]
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SUD < pon v B,
Say & pDMvalgtzzyP7/6B(5)/6m2/3d_2‘ (18)

Note that Eq. (18) is very helpful to understand the
following results. In summary, the whole calculation
process can be reduced to the following steps:

(1) Generate 102990 MWD and 12531 NS samples. For
MWDs, the mass and magnetic field strength are
randomly sampled through the distribution functions
shown in Fig. 1, while the radius of each sample is
determined by the equation of state [see Fig. 2
(right)]. For NSs, the final rotation period of each NS
is determined by Eq. (5). The magnetic field in
model 2 evolves according to Eq. (8), while in model
1 it is equal to the corresponding initial value Bj,.

(i) For each CS, its position in @ Cen is randomly
produced according to the King model [see Fig. 4
(left)]. The corresponding DM density as well as the
velocity dispersion are derived through Eq. (10) and
Fig. 4 (right), respectively. Additionally, 8, which
denotes the angle between the CS’s rotation axis and
the line of sight, is randomly generated based on
P(0) = 1sin@ with 6 € [0, z].

(iii) With the parameters of these CS samples, we can
calculate the total energy flux density S by using
Eqgs. (13), (14), and (17).
(iv) By comparing S¥ with S,,, we can finally obtain
the limitation of axion-photon coupling coefficient
Jay at different axion mass m,.
In Fig. 6, we show the projected sensitivity for the
axion-photon coupling g,,, taking into account only the
contribution of NSs in @ Cen. The left panel assumes NS

f = m,/(2r) [MHz]

10° 102 10° 10*

| NS Model 1

ADMX] Projection

s, [GeV']

1077 F a0 MO°

1078 1077 107° 107° 107
m, [eV]

model 1, while the right panel takes NS model 2. The green
band shows the detection potential of SKA1 and LOFAR
with 100 h of observation. To illustrate the effect of
statistical fluctuation, we show the results of ten separate
NS samples. The upper and lower boundaries of the green
band represent the maximum and minimum values of the
sensitivity among the ten samples at each m,, respectively.
The black solid line represents the median value. For
comparison, we also show the results of isolate MWD
WD 2010 + 310 and NS RX J0806.4-4123 with blue and
purple solid lines [12]. The yellow band represents the
typical parameter region predicated by the QCD axion
models. The limits set by CAST [78-80] and ADMX
(current and projected) [81-83] are indicated by the gray
and red regions, respectively.

Compared to the single NS results, we find that for NS
model 1 the limitation on g,, has improved by 3.5 orders
of magnitude, which is mainly due to the enhancement of
large DM density in @ Cen. In addition, the large NS
sample number as well as relatively small DM velocity
dispersion also have a noticeable effect [see Eq. (18)].
According to the calculation results, the top 5% of NS
samples contribute about 90% of the total flux density of @
Cen (similar for the NS model 2 case). Typically, these NSs
with large contributions have relatively larger magnetic
fields and are surrounded by a higher DM density envi-
ronment, compared to other NSs. In comparison with
model 1, the sensitivity of model 2 is reduced by 1.5
orders of magnitude, and this is due to the difference in the
magnetic field strength (see Fig. 3). Additionally, we also
find that the largest detectable axion mass mj** in model 1
is larger than in model 2. For NSs, the m'** can be derived
by solving Eq. (4) with r. = Ryg, that is,

f = m,/(2r) [MHz]

10’ 102 10° 10*

S
11 [ NS Model 2 3
10 g
o107 o
|
3 10"
124 107
‘: -15
&> 10
10—18
Ao
10717 E QOD PO(\O
10—18 L L L
1078 1077 107® 107° 107
m, [eV]

FIG. 6. The combined projected sensitivity (pure NSs case) to g,, as a function of the axion mass m, for SKA1 and LOFAR with 100 h
observations of @ Cen is shown in the green band. The green band contains ten separate sets of NS samples, and its upper and lower
boundaries represent the maximum and minimum values, and the black solid line represents the median value. Left: assumes NS model
1, while the right takes NS model 2. For comparison, the results of the isolated NS RX J0806.4-4123 and MWD WD 2010 + 310 are
shown with purple and blue solid lines. The QCD axion is predicted to lie within the yellow band. The limits set by CAST and ADMX
(current and projected) are indicated by the gray and red regions, respectively.
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FIG.7. AsinFig. 6, except that only the contribution of MWDs
is included. Again, ten separate sets of MWD samples are
considered. The black solid line represents the median value,
while the green band is too narrow to be seen, because the
statistical fluctuations are very small.

By 1
M 69,2 x [3cos?0 — 1124 | 1014°G?S ueV. (19)

Clearly, we can see that this difference is also caused by
the difference in NSs’ magnetic field [see Fig. 3]. For the
m, 2 10 ueV region, the green band in model 2 is much
wider than in model 1. This is because the statistical
fluctuation of the magnetic field with B, > 102 G in
model 2 is much larger.

In Fig. 7, we show the projected sensitivity of @ Cen
only considering the contributions of MWDs. Again, ten
separate sets of MWD samples are included. Compared to
Fig. 6, the green band is extremely narrow and almost
invisible. The main reason is that there are so many MWDs,
the statistical fluctuation between different sets of MWD
samples is small (law of large numbers). According to

f = m,/(2r) [MHz]

TR NS Model 1
10 + MWD

ADMX] Projection

s, [GeV"]

10715 ¢
1018 |
10717 | acd pxion

10—18 L T N L
1078 1077 1078 107° 1074

m, [eV]

FIG. 8.

Fig. 1 (left), there are about 8% of MWDs with magnetic
fields greater than 100 MG. Therefore, it can be expected
that the pure MWDs give comparable results with the pure
NS case of model 2. The calculation results show that the
top 5% of MWD samples contribute about 98% of total flux
density. Considering that we have chosen the same bench-
mark corona parameters for all MWDs, for the pure MWDs
case, the mj™ =~ 3.7 peV is a constant for every individual
MWD [see Eq. (3)]. Even so, for different MWD corona
parameters n,q and T, their influence on the final result
can also be easily evaluated by using Sy° o« n% T, and

M o ni(/)zT(c)or [12]. In Fig. 8, we show the projected

sensitivity of all CSs in @ Cen. We find that the contribution
of NSs in model 1 is always dominant over the entire mass
interval, while for NS model 2, the contribution of MWDs
is relatively larger in the region of m, <2 ueV.

VI. CONCLUSIONS

In this work, we propose to use @ Cen as a probe to
detect the axion DM through the radio signals. As the
largest GC in the Milky Way, @ Cen is quite unique and is
suggested to be the remnant core of a dwarf galaxy whose
outskirts were tidally stripped as it fell into the Milky Way
[29,34,35]. Compared to the single NS or MWD, @ Cen has
three compelling advantages: (1) very high DM density,
(2) large number of CSs, and (3) relatively small DM
velocity dispersion. All of these properties/advantages
make @ Cen an ideal target for detecting axion DM.

In order to calculate total axion-induced radio signal
from w Cen, it is necessary to know the distribution of CSs’
properties, the number and spatial distribution of CSs, and
the DM profile in @ Cen. For the properties of MWDs, we
get the parameter distribution by using the current available
MWDs data with linear interpolation, while for NSs, two
evolution models are constructed to derive the parameter of
NS ensemble. The DM distribution in @ Cen can be derived

f = m,/(2r) [MHz]

c
o
41 [ NS Model 2 3]
1077 EL wwp S
— -12 o
> 1013
O e
@ —15
> 10
1071
10717 QCD P\{\OT‘
10—18 N N T L
1078 1077 107° 107° 107
m, [eV]

As in Fig. 6, except that the contributions of all MWDs and NSs are included. Compared with Fig. 7, the contribution of NSs in

model 1 is always dominant over the entire mass interval, while for NS model 2, the contribution of MWDs is relatively larger in the

region of m, <2 peV.
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by solving the spherical Jeans equation [29]. In our
analysis, we adopt the NFW profile with r, = 1.63 pc
and p; = 7650.59 M pc~>. With these parameters, we can
estimate the total DM mass in w Cen is ~10° M.

The population of CSs in @ Cen can be approximately
estimated by using the N-body simulations of GCs in
Ref. [66]. After scaling the evolution results of model 52
with N=16x10°, r, =1pc, Ry =8kpc, and Z = 0.01Z,
in Ref. [66], we find that there are about 102990 MWDs
with By 2 0.1MG and 12531 NSs in @ Cen. With respect to
the spatial distribution of these CSs, we adopt the King
model with R, = 141.676"” and ¢ = 1.224 [30,76]. Unlike
the case of a single CS, the frequency spectra of @ Cen is
much wider due to the Doppler shift effect. In order to
include all CSs’ contribution, we set the GC bandwidth
as Bge ~ 608 f, ~6 x 107*m,/(2x).

In Figs. 6-8, we demonstrate the combined projected
sensitivity to g,, on the SKAl and LOFAR with 100 h
observation. The green band contains ten separate sets of
CS samples, and its upper and lower boundaries represent
the maximum and minimum values, while the black solid
line represents the median value. In comparison with the
single MWD (blue solid) and NS (purple solid) result
[11,12], the sensitivity limit of g,, has been improved by 2
or 3.5 orders of magnitude, depending on the choice of NS

evolution model. Note that, in some regions, the limitation
even reaches the QCD axion scenario.

However, it should be noted that there are still some
uncertainties in our calculations, such as the NS evolution
model, the DM profile and its velocity dispersion in @
Cen, number of CSs in w Cen, and so on. In order to better
deal with these uncertainties, more observational data
(e.g., mass and magnetic filed of MWDs) and more careful
numerical simulations (e.g., DM and CSs evolution in @
Cen) are needed, which are beyond the scope of this paper.
Considering such promising results of @ Cen, a more
detailed study of these uncertainties is deserved and will be
left for our future work.
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