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We apply novel, recently developed plasma ray-tracing techniques to model the propagation of
radio photons produced by axion dark matter in neutron star magnetospheres and combine this
with both archival and new data for the galactic centre magnetar PSR J1745-2900. The emission
direction to the observer and the magnetic orientation are not constrained for this object leading to
parametric uncertainty. Our analysis reveals that ray-tracing greatly reduces the signal sensitivity
to this uncertainty, contrary to previous calculations where there was no emission at all in some
directions. Based on a Goldreich-Julian model for the magnetosphere and a Navarro-Frank-White
model for axion density in the galactic centre, we obtain the most robust limits on the axion-photon
coupling, to date. These are comparable to those from the CAST solar axion experiment in the
mass range ~ 4.2 — 60 peV. If the dark matter density is larger, as might predicted by a “spike”
model, the limits could be much stronger. The dark matter density in the region of the galactic
centre is now the biggest uncertainty in these calculations.
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Introduction: Axions have long been known to offer
a compelling candidate for dark matter [1-3] and are
motivated by a wide range of models [4-10]. There has
recently been a lively theoretical interest in the possi-
bility of axion dark matter detection via its coupling to
photons in the magnetospheres of neutron stars [11-14]
which relies on resonant conversion at some critical ra-
dius 7. where the plasma mass, w, = m,, the axion mass.
Radio data have been used to obtain limits on the axion-
photon coupling, ga,~ as a function of m, [15-17] under
the assumption that photon trajectories are radial.

Recent work [18, 19] has shown that this assumption
is not sufficiently accurate to predict the signal due to
the effects of the plasma and gravity which modify the
ray tracing techniques first explored for straight line tra-
jectories in [13]. These techniques allow calculation of
the angular, frequency and time-dependence of the sig-
nal resulting from the propagation of photons through
the magnetosphere. This includes lensing, refraction and
frequency distortions, leading, amongst other things, to
the Doppler broadening of the line profile [14].

In this Letter, we combine our novel ray-tracing proce-
dure [18] with new and archival spectral observations of
the Galactic Center magnetar PSR J1745—2900, hence-
forth GCM, using the Karl G. Jansky Very Large Array
(VLA?) to search for signatures of axion-photon conver-
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sion in the magnetar magnetosphere. The new obser-
vations are the most sensitive to date, and when com-
bined with archival VLA observations of Sgr A* already
used in [16, 17] that include the magnetar in the field of
view, provide the strongest constraints on g,,, to date
over the mass range 4.2 — 60 ueV for a frequency range
~1—15GHz.

Modelling the magnetosphere and galactic density: We
use the Goldreich-Julian (GJ) profile [20] for number
density of the charge carriers, n. in the magnetosphere
of the GCM. The parameters describing the model are
magnetic field density at the radius of the neutron star,
By ~ 1.6 x 10'* G [21], the pulse period, P =~ 3.76s
[22] which are deduced from fitting to the characteris-
tics of the pulsation, and the mass of the neutron star,
M =~ 1M assumed to be a similar value to those de-
rived in neutron star models. The object is viewed from
position (0, ) - ¢ being equivalent to the pulse phase -
and the magnetic orientation angle being denoted 6.

Within the GJ model there is a maximum axion mass
for conversion which is set by the critical surface having
some part outside the star. After solving for r. and max-
imising over 6 and ¢, which involves setting 8 = 6,,/2
and ¢ = 0, this is given by

1 1 1
max _ Bo 2/ P\ 2 1 2
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corresponding to a maximum observing frequency of
~ 20 GHz with the same parametric dependence. For
the case of the GCM, where 6, is not known, this cor-
responds to a maximum mass ~ 60 ueV and a magnetar
radius rg ~ 10km.

The local density of dark matter is assumed to be
plocal 2 0.43 GeVem—3. We can use this to extrapolate
to the magnetar’s position which is &~ 0.1pc from the
dark matter peak (assumed to coincide with Sgr A*).
In ref. [23], two models were used to make this extrap-
olation: model A uses an NFW profile with scale ra-
dius 18.6kpc [24, 25] to obtain p, = 6.5 x 10* GeV cm 3.
Model B has a maximal dark matter spike with density
6.4 x 108 GeVem™2 at the projected magnetar location
[26]. Note we also incorporate the local increase in den-
sity due to the gravitational field of the pulsar which
enhances the density p, — po/2GM/r. [12, 13, 18].

Ray tracing vs. radial trajectories: Here, we briefly
describe our ray-tracing procedure (more details can be
found in [18]). For each photon trajectory, we solve the
following equations which describe the evolution of posi-
tion 4-vector of the photon a* = (¢,r, 6, p) with respect
to a worldline parameter A and its frequency w = w(t)
along rays. They are given by
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where w, = \/4man./me, me is the electron mass, o =
e?/4r. Here, 'y, are the Christoffel symbols associated

to the Schwarzschild metric with Schwarzschild radius
rs = 2GM. The first of these equations describes the
spatial evolution of rays, thereby determining the angular
properties of the emission around the pulsar. The second
gives the frequency evolution along rays, which allows us
to compute not just the signal width, but also make a
prediction for the precise line shape of the signal.

These photons result from the conversion of axions
along rays, with each ray, labelled i carrying power P;
into a solid angle ; set by
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where ppas(Xem) is the dark matter density at the point
of emission, Mep, is the refractive index, vg,, is the axion
velocity, and f(rem, rs) = 1 —74/rem is a red-shift factor,
all evaluated at the point of emission. The final quantity
is the conversion probability [27]
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where B, is the magnetic field in the direction perpen-
dicular the photon trajectory. For a given observing di-
rection connecting the observer to the origin at the centre
of the pulsar, a plane is constructed perpendicular to the

line of sight, with trajectories back-propagated in a nor-
mal direction of the plane until they strike the critical
conversion surface, where they are assigned a value ac-
cording to (4) with the total power given by

dP dp;
o — 9, (6)

Combining egs. (4) and (5), one obtains that the total
radiated power scales as ggw. One makes use of this fact
to put limits on ga~.

Upper limits on flux density in the direction of the
GCM: We have obtained upper limits on the time-
averaged spectral line flux density in the direction of the
GCM as a function of frequency from three sources. The
first two are VLA archival data described in [16, 17].
The third is new VLA observations in its most extended
configuration with maximum baseline 36.6 km that pro-
vides the angular resolution needed to separate the GCM
emission from Sgr A*, which are =~ 2.4 apart. Ob-
servations were obtained during seven single-transit ses-
sions between MJD 59184 and 59253 (program 20B-
154) in two circular polarizations with 8-bit sampling
and 2 sec recording times. The new observations are
in C-, X-, and Ku-bands (6-8 GHz, 10-12 GHz, and
12-13 GHz) and have integration times in the range
1.4 — 1.6 x 10* sec achieving r.m.s. noise levels in 4 MHz
channels of 0.13 mJy in C-band and ~50-60 pJy in the
higher frequency bands. The data were reduced and
calibrated using standard techniques within the CASA
package [31] following previous work [16, 17]. The con-
tinuum emission from Sgr A* is used for interferometric
self-calibration (the magnetar continuum is detected but
is 2-3 dex fainter than Sgr A*).

Continuum emission was removed by a linear uv sub-
traction to make null-centered spectral image cubes. We
extracted the GCM spectrum from the cubes using an
aperture slightly larger than the synthesized beam and
the point source flux density was corrected channel-by-
channel. To assess the significance of features in the spec-
tra we form a sky noise spectrum using the r.m.s. noise
in regions away from the GCM and Sgr A*, and these
typically agree with the spectral noise in the GCM spec-
trum.

The new and archival GCM and sky spectra were
Gaussian smoothed to 4 MHz channels, except for L-
band (1-2 GHz), which was smoothed to 2 MHz chan-
nels. Noise values range from 0.57 mJy to 52 uJy (1.5
and 12.5 GHz). Unlike the lower-resolution observations
presented in [17], no molecular or radio recombination
lines were detected in 20B-154. Spatial filtering of the
maximum-resolution array removed contaminating sig-
nals from the galactic center environment.

Limits of gayy: No significant (> 40) single-channel
emission lines were detected at the position of the GCM?

2 One 5.10 channel at 10.9 GHz was identified with a sidelobe of
Sgr A* that was not captured in the sky noise spectrum.
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FIG. 1. New exclusion limits on axion-dark matter combining archival and recent VLA data and novel plasma ray-tracing
techniques [18]. The maximum value of m, for which there is a signal corresponds to eq. (1), beyond which the critical surface
disappears entirely inside the star. The thickness of the bands corresponds to the maximum and minimum limits of the signal
with respect to the viewing angle 6 and magnetic angle 0,,. The dark coloured bands extremize over 6 for a fixed value of
the magnetic angle 6,, = 18°, whilst the lighter bands extremize over both 6 and 6,,. We also display two possibilities for the
axion dark matter density corresponding to models A and B described in the main text. We also show experimental limits
from CAST [28], ADMX [29] and HAYSTAC [30]. For comparison with our ray tracing analysis, we also display equivalent
limits based on a single radial ray connecting the observer to the conversion surface also for 6, = 18°. For the radial formula,
above a certain mass cutoff, the signal is zero for some values of 6 and so there is no limit in those cases. For 0,, = 18°, this

cutoff occurs at when m, > 14.5 ueV.

and hence there are no candidate axion signals. These
upper limits were then compared with model predictions
as a function of m,, 6 and 0,, in order to extract 95%
confidence limits on gay~. The limits are presented in
Fig. 1 for the two axion densities for halo models A and
B described above. In both cases we have calculated
limits for all values of the unconstrained angles 6 and
0, and presented the range. We see that for halo model
A the limits are similar to those from the CAST solar
axion experiment [28], while they are a couple of orders
of magnitude stronger (the limit on gay, is o< /pa) for
model B.

It is interesting to contrast this state-of-the-art treat-
ment with the original toy-setup considered in ref. [12]
that only considered radially outgoing photons where the
angular dependence factorises and
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where m is the magnetic dipole and hats denote unit
vectors. We have also presented limits for these radial
trajectories in Fig. 1. These are somewhat stronger than
one gets from ray tracing, and also cut-off at a lower

axion mass, m, = 14 ueV, due to the fact that beyond
that there are points in the 8 — 6, plane where there is
no predicted signal.

Conclusions: Our principle conclusion is that robust
constraints on axion dark matter cannot be obtained us-
ing simplistic radial trajectories [12, 15] and therefore
ray-tracing [13, 18, 19] becomes unavoidable. The prin-
ciple reason for this is that radial trajectories connect
each viewing angle in the sky with a single point on the
emission surface resulting in a very undemocratic spread
of power across the sky. This leads to very sharp angular
variation in the signal with a few narrow bright-spots
that are associated to trajectories with high emission
rates and for higher masses, so much angular variation
that for many viewing angles the pulse averaged power
vanishes entirely. As a result, in the radial approxima-
tion, one cannot be sure a signal is even present.

In future work it may be possible by modelling the pul-
sar beam and fitting to radio observations of the pulse
width, one could infer something about 6., and per-
haps the viewing angle relative to the beam axis 6 — 6,
this may allow us to attach some probability distribu-
tion to 6 and 6,,, reducing the parametric uncertainty.
Nonetheless, at present the most conservative approach is



to assume the viewing and magnetic angles are unknown
parameters, and take those values (6, 6) for which the
pulse-averaged power is minimal. With this in mind, the
radial-trajectory approximations of [12] clearly make it
impossible to place reliable bounds since the signal en-
tirely vanishes for many viewing angles at higher masses.

Rather pleasingly, our analysis also reveals that the
angular variation in power is actually under good control,
typically around an order of magnitude for the values
chosen in this paper. This translates to less than an
order of magnitude uncertainty in the sensitivity to ga-
which scales as the square root of the power.

To summarise, one can identify three principle uncer-
tainties in axion-constraints. (i) The dark matter profile
and therefore the dark matter density near the neutron
star. (ii) The sensitivity of axion limits to the struc-
ture of the magnetosphere in terms of the magnetic field
and plasma density profiles. (iii) The angular, frequency
and time-dependence of the signal which depends on
the propagation of photons through the magnetosphere.
Point (i) is of course a challenge for any attempt to detect
dark matter, even here on earth where the velocity and
density is not necessarily known. It can also be that this

uncertainty can be reduced by choosing pulsar further
from the galactic centre where there is less disagreement
between different halo models. Future observations may
also allow better determination of the dark matter den-
sity around the magnetar. However, at the moment this
is the primary uncertainty. It may be possible to amelio-
rate point (ii) in future work by applying state-of-the-art
magnetosphere modelling and examining the variation in
signal properties across different models. The subject
of this letter is point (iii), which has recently been re-
solved by sophisticated ray-tracing techniques as we have
shown. In addition it may be necessary to include the full
range of effects considered in refs. [19] and [14].
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