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Searching for axion dark matter with the MeerKAT radio telescope
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Axions provide a natural and well-motivated dark matter candidate, with the capability to convert
directly to photons in the presence of an electromagnetic field. A particularly compelling observational
target is the conversion of dark matter axions into photons in the magnetospheres of highly magnetised
neutron stars, which is expected to produce a narrow spectral peak centerd at the frequency of the axion
mass. We point the MeerKAT radio telescope towards the isolated neutron star J0806.4—4123 for
10-hours of observation and obtain the radio spectra in the frequency range 769-1051 MHz. By modeling
the conversion process of infalling axion dark matter (DM), we then compare these spectra to theoretical
expectations for a given choice of axion parameters. Whilest finding no signal above 5¢ in the data,
we provide a unique constraint on the Primakoff coupling of axion DM, g,,, < 9.3 x 10712 GeV~! at the
95% confidence level, in the mass range 3.18-4.35 peV. This result serves the strongest constraint in the
axion mass range 4.20—4.35 ueV.

DOI: 10.1103/PhysRevD.106.083006

I. INTRODUCTION

As a minimal extension of the Standard Model, and
in particular, the Peccei-Quinn solution of the strong CP
problem [1-4], axions, and axionlike particles occupy a rare
point of convergence in theoretical physics, in that they are
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also a generic prediction of the exotic physics of string and M
theory [5,6]. Despite the profound differences between these
contexts, their resultant properties are also largely universal,
creating an easily characterizable theoretical target.

As typically light, long-lived pseudoscalar particles,
axions are also natural candidates for the mysterious
dark matter (DM) comprising much of the mass of our
observable Universe [7,8], becoming a topic of intense
ongoing investigation [9,10]. In recent years, a particularly
compelling observational mechanism has emerged,
Primakoff conversion of these DM axions into photons

© 2022 American Physical Society
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in the magnetospheres of highly magnetized neutron stars
(NS) [11]. Following Ref. [11], this idea was revisited more
thoroughly in Refs. [12,13], leading to a flurry of theo-
retical activities [14—19].

Based on the observed DM density, the so-called QCD
axions which solve the strong CP problem are favored to
have masses in the 10-100 ueV range [20]. This corre-
sponds to a characteristic signature of NS conversion in the
MHz-GHz frequency range, exactly covered by midfre-
quency radio telescopes (e.g., Square Kilometre Array [21],
and FAST [22]). Radio antennae can therefore provide a
unique and complementary method to laboratory axion DM
haloscope experiments (e.g., ADMX [23]). Several obser-
vational studies recently have been performed using the
Karl G. Jansky Very Large Array [24-26], and the Green
Bank and Effelsberg radio telescopes [27,28] to search for
the signature of this conversion mechanism.

In the following, we will also search for this phenome-
non by observing the isolated NS J0806.4 —4123 with the
MeerKAT radio telescope [29]. MeerKAT has a good
sensitivity along with a wide UHF band coverage to search
for this type of axion signature in the low mass window
where there is a gap between ADMX [30] and RBF [31]
laboratory experiments.

II. AXION CONVERSION IN NS
MAGNETOSPHERES

Our starting point is the Lagrangian that represents
coupling between the electromagnetic field and the axion
field a, £,, = —(1/4)gy,,aF,, F* = gawaE - B, where Gayy
is the coupling constant and E / B are the electric/magnetic
fields [10,24,25] (we work throughout in natural units
where 7 = ¢ = 1, such that mass and frequency have the
same dimension).

To estimate the resulting radio flux we follow the
analysis of Ref. [12], in common with the other observa-
tional studies presented in Refs. [24,25,27]. Therein, using
a variant of the Goldreich-Julian model [32] assuming
the presence of electrons and positrons only, we have a
magnetosphere plasma frequency w, ~ (4zan./m,)"/?,
where «a is the fine structure constant and n./m, are the
electron number density and mass, respectively. Since
the axion/photon conversion probability is maximized on
resonance, when m, ~ w,, we focus on the critical radius
where this condition is satisfied,

re = 224 km|3 cos Ori - £ — cos 0,,|'/3
o s By, 1 sec /1 GHz\Z2]|!/3
10 km/ [10* G P my, ’
Here, 6 and 6, are the angles between the NS axis of
rotation and respectively, our observational line of sight

and the magnetic dipole axis, m -t = cosé,,cos6 +
sin 6, sin @ cos(wt). P is the NS period and @ = (2z/P),

rns 1s the NS radius, and B, is the magnetic field strength at
the poles.

Since the NS is relatively close to the Earth (d ~ 250 pc
[33]), we assume a standard Maxwell-Boltzmann DM veloc-
ity distribution with local density p%; = 0.45 GeV cm™>
[34,35] asymptotically far from the NS surface, which
leads to a radio signal with intrinsic linewidth Af/f =~ v}
[12], where v, ~ 1073 is the DM velocity dispersion.

There are however additional effects which can further
broaden our expected signal. It has, for example, been
argued in Refs. [15,18] that misalignment of the NS
rotation axis and the critical surface of axion/photon
conversion can result in significant broadening above the
intrinsic linewidth, although the conclusions of Ref. [27]
differ on this point. More recently, this issue has been
revisited in more comprehensive detail in [17], where it was
found that various effects can broaden the signal linewidth
by more than an order of magnitude, albeit primarily in the
large |@| regime. However, in the |@| ~ 0.1 s~! regime, we
currently operate for NS J0806.4-4123, the additional
broadening was found to be minimal, for the fiducial
models considered therein.

Therefore, we adopt Af/f=~5x107% in line with
Ref. [27] and the original analysis in Ref. [12]. For the
frequency range of our interest the resulting linewidth is
then comparable with the 16 kHz MeerKAT channel width,
such that the expected signal can be completely contained
in three adjacent channels. The average flux density in
channel i is then given by

- F 100 pc\2 /16 kHz
S, =—=38x10"%1]
o Av % y< d ) < Av )

Vi max _(v—ma)z
. (_dP/dQ ey )
57x10°W) J,. . /270,

where we assume a Gaussian shape of the spectrum with
intrinsic width 6y =5 x 10™%m,. v; i, and v; ., are the
start and end frequencies of the channel, and Av is the
channel width. The radiated power is given by

dp g, 2 NS 52/ m 4/3
—~57x10°W wtd -
=" (10—12 Gev') \10km) \GHz

% By \%° P /6 Pbum Mys\'/?
104G sec 0.45GeVem™ ) \ Mg
200 kms™! 3(m-£)2+1
X PR 7/6° (3)
g |3 cosOmm -t —cosb,,|

where, following Ref. [17] we have reintroduced the
missing factor of 1/v(r.) identified in Ref. [18] as being
absent from the original expression in Ref. [12]. Time
dependence enters in “m - £ terms, but lacking sufficient
time resolution we average over the NS period to derive our

resulting constraint.
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It is important to emphasize that this theoretical approach
relies on various simplifying assumptions and so has some
limitations. For example, following Refs. [16-18], incor-
porating ray tracing of the emitted photons can diminish
the estimated total emitted power relative to the analysis of
[12], corresponding to an O(1) increase in the minimum
detectable g,,,. In this sense, our estimated limit can be
viewed as less conservative than those arrived at from a full
ray-tracing procedure.

A more realistic modeling of the NS magnetosphere and
axion/photon conversion in this environment is also
needed. However, from this perspective, our estimate
can be regarded as conservative insofar as the analysis
of Ref. [19] suggested that more thorough modeling
can provide an enhanced signal strength. Most recently,
it has also been suggested in Ref. [36] that the underlying
resonance condition could be extended to arbitrarily light
axions, further modifying the underlying theoretical
picture.

General relativistic corrections are also absent, although
as noted in Ref. [16] these typically amount to a percent-
level correction overall. Reference [18] furthermore sug-
gested that these effects can in fact be helpful insofar as
they can counterbalance refractive effects of the magneto-
sphere, although for our analysis this point is not salient.

As an overall perspective, it is worth noting that as a
relatively novel approach to axion discovery there is at
present no analysis in the literature accounting for all these
effects. As emphasized in Ref. [17] various aspects of the
radio flux estimation, especially the true broadening of the
expected signal, are still ongoing topics of debate. As such,
any limits derived therefrom are to be understood within
this context.

III. DATA ACQUISITION

MeerKAT was pointed towards NS J0806.4—4123
(RA = 08"06™m23.3471°, DEC =—41°22/30.179", J2000),
in six observing epochs of ~100 minutes, in 2021
(11 March/64 antennas, 14 March/63 antennas, 24
March/61 antennas, 2 April/62 antennas, 4 April/63
antennas, 11 May/60 antennas functional). The complete
UHF band (544-1087.983 MHz including the tapered
edges of the band) was covered in shared-risk commission-
ing observations. The backend was configured in 32k mode
(32768 channels), resulting in a frequency resolution of
16.602 kHz. The integration time was 8 s and all (linear)
polarization products were observed and recorded,
although the cross-polarization data were not used for
the generation of final data products.

To avoid systematic effects associated with the wuov-
coverage we observed the source over three different hour
angle ranges. In each period, a bandpass calibrator (either
JO408—-6545 or J1939—-6342, depending on the LST range)
was observed for 8 min at the beginning and end of the
observations, and a gain calibrator (JO828—-3731) was

observed for 2 min before each of the 3 target observations,
each lasting 26 min.

We made use of the data products provided by the
MeerKAT science-data-processor (SDP) pipeline, which
can be accessed through the MeerKAT archive interface.
The SDP pipeline provides raw images (channel maps)
from an automated calibration routine, which performs
flagging of the data for radio frequency interference (RFI),
cross calibration, including bandpass and gain calibrations.
It then performs a continuum calibration based on the OBIT
data reduction package [37], with two rounds of self-
calibration.

Wide-field effects are dealt with using a faceting approach
and wideband effects are mitigated by using subbands. The
continuum model is then subtracted from the visibilities. The
continuum-subtracted data are used to produce CLEANed
images with Briggs’s robust weighting 0 [38] at full
frequency resolution (16.602 kHz) employing a dedicated
imaging software created for the usage on GPU units. We
combined the single channel maps from the archive into a
data cube and performed a further continuum-subtraction
employing a median filter. The original images cover the
primary beam size ranging from 104 arcmin to 208 arcmin
(HPWB), but we made use of an inner fraction of the images
only (14.9 arcmin x 14.9 arcmin) only, sufficient to mea-
sure the flux density in the central pixel. The channel maps
were convolved with Gaussians such that the resulting
synthesized beam size was identical at all frequencies and
in all observations, 20.9 arcsec x 13.4 arcsec (half-power-
beam-width, HPBW) and regridded to the identical pixel
size (3.5 arcsec, fully sampling the synthesized beam). This
gave us six data cubes, which were inspected individually to
identify potential problems or artifacts in the data, then
averaged into a final data cube.

IV. ANALYSIS AND RESULTS

Channels with frequencies below 769 MHz and in the
interval of [935, 961] MHz were discarded because the
former showed systematic features possibly due to corre-
lator issues, and the latter due to RFI (Fig. 1). Our final
spectrum covers the ranges of 769-935 MHz and
961-1051 MHz, thus occupying 256 MHz total bandwidth
(16,000 channels, as shown in Fig. 1). Voxel unit is
mly/beam, a measure of the intensity, also representing
the flux density in units of mJy in the case of point sources.

We now analyze the cleaned cube to extract the flux
density and search for potential axion signal. The central
pixel coincides with the pulsar’s location and its value
reflects the source’s flux density (d,). We adopt an
“aperture photometry” method to characterize the back-
ground fluctuations [39,40]. We draw two circles that cover
the center pixel with radii 2.25 arcmin and 6 arcmin,
respectively. The outer circle is sufficiently large so that
the ring area can represent the background fluctuations.
We then compute the mean (u,.) and root-mean-square
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FIG. 1. The measured flux density, i.e., spectra of the NS (top),
the root-mean-square (rms; middle), and signal-to-noise ratio
(SNR; bottom) as a function of frequency for the 10-hour
MeerKAT observation. The grey shaded region is the frequency
range 935-961 MHz most affected by radio frequency interfer-
ence (RFI). In the bottom panel, we plot the 26 CL (orange) and
36 CL (red) limits for visual comparison.

(rms; o,.) values of all pixels contained in the region
enclosed by the two circles (roughly 28,500 pixels). We
treat (u,,, 0,,) as the mean and rms of the background
continuum, so any possible detection of axion signal in the
pulsar location should have an excess compared with
the background value [see also Eq. (4)]. We compare the
measured and the expected rms for five channels using the
SEFD provided in the MeerKAT description in the radi-
ometer equation [41], to then multiply with a typical
correction factor of 1.45. This “fudge factor” is typical
for MeerKAT, accounting for Robust-0 weighting (as
compared to Natural weighting, for which the radiometer
equation is valid). The measured rms matches the theo-
retical prediction well, confirming the integrity of the data.

The mean and rms values for each channel are plotted
in the top and middle panels of Fig. 1. One can see that
the measured flux density varies for each frequency
channel but the mean is about zero across all frequency
bands. In addition, the absolute flux value decreases
slightly from low to high frequency bands. This trend
is exactly captured in the middle panel, in which we plot
the rms value (6,,) for all channels. The rms decreases
from 0.4 to 0.28 mJy/beam and therefore strengthens
the constraint at higher frequencies. The trend can be
understood as a consequence of a lower system temper-
ature in the UHF band towards higher frequencies,
although the amplitude of the decrease is slightly higher
than expected.

In the bottom panel of Fig. 1, we plot the signal-to-noise
ratio, defined as the ratio between flux density and the
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FIG. 2. Posterior distribution of the axion coupling constant g,,,,
for five representative axion masses. The 95% CL upper limits
from these five probability distributions are (g,,, x 10'° GeV) <
0.213(3.212 peV),  0.054(3.353 peV),  0.104(3.392 ueV),
0.069(3.820 peV), and 0.149(4.238 peV). Notice that although
being significant apparently, the red line does not give more than
40 CL detection.

corresponding channel’s rms, and overlaid the 2¢ (orange)
and 30 (red) confidence level (CL) limits for visual
comparison. It is clear that the SNR of each channel varies,
but is centered at zero. In addition, we checked that there
are 40 channels with SNR exceeding +30, and only one
channel exceeding +4¢ SNR. Since there are 16,000
channels in total, the expected numbers of channels that
can exceed 30 and 40 CL due purely to the noise
fluctuation are 16,000 x 0.27% = 43.2, and 16,000 x
0.0063% = 1.01. These numbers are in perfect consistency
with the measurements. No peak exceeding 5S¢ has been
found in our data. The statistics indicates that the rare peaks
we have found are within the allowance of noise fluctua-
tions. We therefore regard the measured flux density as
consistent with noise in the radio continuum background,
and derive upper limits on the Primakoff coupling constant
between axions and photons from the data. The worry
might arise whether the signal might have been reduced
by the clipping algorithm of the data reduction pipeline.
However, since the source is at the phase centre, its
potential signal in one channel would be constant over
all times and hence either be clipped in the majority of all
visibilities (reducing in a missing channel) or just in the
minority of all channels (resulting in the preservation of
the signal). In the frequency ranges 769-935 MHz and
961-1051 MHz as analyzed in this work no signal was
totally clipped, which suggests that the nondetection of the
signal is not due to data processing. A possible test by
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ingesting an artificial source before data processing was not
done because the pipeline was not directly available to the
authors.

A Bayesian approach is employed to obtain the con-
straints on axion parameters. The likelihood function for
axions with mass m, and coupling g,,, is given by

Nch C 2
1 (du —Hy, Su (mauga ))
L(my, ga,,) = exp | ——————— e,
e 3 o
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FIG.3. The 95% CL upper limits on g,,, derived from 10-hours
of MeerKAT observations of NS J0806.4 — 4123 (blue), com-
pared with other results. The top panel is a cutout of the
MeerKAT-relevant regime from the bottom panel (3 peV <
m, < 6 ueV). Other constraints including those from the same
observational technique for various targets (green, yellow)
[24-27], as well as laboratory experiments [30,31,44-52].
The orange shaded region in the lower panel represents the
parameter space of typical QCD axion models, such as the well-
known DFSZ/KSVZ models, where the mass and couplings are
inversely correlated. Figure was produced using the AxionLimits
code [53].

where the product runs over all channels. We substitute
the theoretical Su,. value calculated via Eq. (2) into
Eq. (4) by inserting ryg = 10km, Mys = Mg, P=11.4s5,
d=250pc, By =25x10"% G [33,42] and adopting
P = 0.45 GeVem™  [34,35] and v = 200 kms™!.
The velocity dispersion is close to the canonical value
usually adopted in direct detection experiments (e.g., [43]).
For other choices of parameters, the results can be easily
scaled according to Eq. (3). We then sample g,,, in the
range [0,2x1071°]GeV~! and marginalize over 6, 6,, in the
ranges [0, z], [0, z/2], respectively, to obtain the posterior
distribution of g,,, with a flat prior in its sampling range.

Figure 2 shows the posterior probability distributions
of g,, for five selected axion masses. One can see that
because of differing SNRs, the distribution functions are
centered at different values of g,,. However, even the
distribution function with the highest significance
(my = 3.212 peV) does not favour nonzero g,, at more
than 40. We therefore regard all of the distributions as
providing upper limits of g,,,. Our final 95% CL limits of
Jayy along with other observational and experimental
constraints are shown in Fig. 3.

V. CONCLUSION

From 10 hours of MeerKAT observations, we have
explored the conversion of DM axions into radio-frequency
photons in the magnetosphere of the isolated neutron star
J0806.4 — 4123, constraining the axion/photon coupling to
be gy, $9.3 % 10712 GeV~! at 95% CL in the mass range
of 3.18 —4.35 peV. This result provides the strongest
known constraints in the mass range of 4.20 —4.35 ueV,
which is not covered by ADMX [30]. Compared with the
other constraints derived from the NS magnetospheric
axion/photon conversion, we have extended the studied
window of axion to lower masses thanks to the UHF
receiver of MeerKAT and have reached better performance
at overlapping frequencies due to the high sensitivity of
MeerKAT in this range.

These constraints can be improved via future observa-
tions in several ways. Given the time-dependent nature of
the anticipated signal induced by NS rotation, an increased
sensitivity can in principle be achieved by exploiting time-
series data, as discussed in [12]. More observations of other
highly magnetized sources can also lead to tighter con-
straints. In the future, the analysis procedure, especially the
possible confusion of signal with RFI may also be inves-
tigated through injecting synthetic signals either in the
experiment or the simulation. On the theoretical side, there
are also a number of aspects, recently explored in literature
[15-19], which can be incorporated to improve the accu-
racy of our constraints. These include corrections due to
gravitational and relativistic effects, ray tracing of the
emitted photons and a more sophisticated modeling of
magnetospheric plasma effects.
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