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Axion dark matter passing through the magnetospheres of magnetars can undergo hyper-efficient
resonant mixing with low-energy photons, leading to the production of narrow spectral lines that
could be detectable on Earth. Since this is a resonant process triggered by the spatial variation
in the photon dispersion relation, the luminosity and spectral properties of the emission are highly
sensitive to the charge and current densities permeating the magnetosphere. To date, a majority of
the studies investigating this phenomenon have assumed a perfectly dipolar magnetic field structure
with a near-field plasma distribution fixed to the minimal charge-separated force-free configuration.
While this may be a reasonable treatment for the closed field lines of conventional radio pulsars, the
strong magnetic fields around magnetars are believed to host processes that drive strong deviations
from this minimal configuration. In this work, we study how realistic magnetar magnetospheres
impact the electromagnetic emission produced from axion dark matter. Specifically, we construct
charge and current distributions that are consistent with magnetar observations, and use these
to recompute the prospective sensitivity of radio and sub-mm telescopes to axion dark matter.
We demonstrate that the two leading models yield vastly different predictions for the frequency
and amplitude of the spectral line, indicating systematic uncertainties in the plasma structure are
significant. Finally, we discuss various observational signatures that can be used to differentiate the
local plasma loading mechanism of an individual magnetar, which will be necessary if there is hope

of using such objects to search for axions.

I. INTRODUCTION

The quantum chromodynamics (QCD) axion, a
pseudo-Nambu Goldstone boson arising from the spon-
taneous breaking of a global U(1) symmetry, is among
the most well-motivated candidates for new fundamen-
tal physics beyond the Standard Model [1-4]. This is in
part because this particle offers the most promising and
long-standing solution to explain the absence of CP vio-
lation in QCD (i.e., the so-called ‘Strong CP problem’),
and in part because it can naturally explain the existence
of dark matter (it is cosmologically stable, feebly inter-
acting, and can easily be produced non-thermally in the
early Universe with the correct abundance) [5-7].

Today, enormous experimental efforts are underway to
detect both the QCD axion, as well as the broader class
of axion-like particles, which is often extended to include
low-energy pseudoscalars that possess discrete shift sym-
metries that serve to protect the smallness of their mass.
A majority of these efforts attempt to measure the cou-
pling of the axion to electromagnetism, which at low en-
ergies arises via the dimension-five coupling

Lo —g‘% aFuF" = g, aB-B, (1)

where a is the axion field, g,,~ is the axion-photon cou-
pling constant, F and F are the electromagnetic field
strength tensor and its dual, respectively, and E and B
are the electric and magnetic field, respectively. For the
QCD axion, goyy = (E/N —1.92) x o/(27f,), where o
is the fine structure constant, /N are the electromag-
netic/color anomalies of the ultraviolet theory, and f,
is known as the axion decay constant (and is related to
the symmetry breaking scale), while for the more general
class of axions this coupling gq- is typically treated as
a free parameter of the theory.

This interaction allows axions to mix with photons in
the presence of an external magnetic field, with the effi-
ciency of this mixing being roughly set by a combination
of the magnetic field strength, plasma frequency wy, the
spatial extent of the magnetized plasma, and the rela-
tive momentum difference of the axion and the photon,
0k = |kq — ky|. The interaction is limited by an inherent
mismatch in the axion and photon dispersion relations,
which arises from the fact that the axion has a finite mass



that is unconnected with the effective mass of the photon
in the plasma — see e.g. [8-12].

It has been known for some time that neutron stars
(NSs) offer extremely promising conditions in which to
search for axion-photon mixing [8, 13-37]; this is because
they host the strongest magnetic fields in the observable
Universe, and because they are surrounded by a dense
plasma which can drive resonant axion-photon transi-
tions, which occur when dk — 0 (corresponding to the
point where the axion and photon dispersion relation are
degenerate).

The general problem of interest is the following. As-
suming axions contribute non-negligibly to the dark mat-
ter abundance in the Universe, axions will be continu-
ously falling into, and out of, the gravitational wells pro-
duced by individual NSs in the galaxy. During the traver-
sal of the magnetosphere, axion-photon mixing will be
naturally enhanced by the strong background magnetic
field sourced by the NS itself; while this enhancement
alone is not typically sufficient to generate observable sig-
natures, photon production can be further stimulated via
local resonances which are triggered by the spatially vary-
ing photon dispersion relation. These resonances occur
when the four momentum of the axion matches the four
momentum of the photon, kf ~ k£, which in the limit
of non-relativistic (or semi-relativistic) axions traversing
a non-relativistic plasma (as is relevant, for example, in
the closed field lines of pulsars) reduces to m, =~ w,.

For standard radio pulsars, these resonances are nat-
urally encountered for axion masses mq, <5 x 107° eV,
corresponding to photons with frequencies f < 10 GHz.
Photons sourced at these resonances tend to escape the
magnetosphere, producing a radio signal that may be
detected on Earth. Since the initial axion velocity distri-
bution in the galaxy prior to in-fall is extremely narrow,
Swjw ~v2/2 ~ 5x 1077 (where v & 300 km/s is the typ-
ical root-mean-square (RMS) velocity of dark matter in
the Milky Way), one naively expects the observable sig-
nal to manifest as an extremely narrow radio line roughly
situated at the axion mass (up to an apparent Doppler
shift due to the relative motion of the NS) 1. Several fac-
tors modify this overly simplified picture; for example,
low-energy photons can (in some systems) be absorbed,
the refraction of the newly produced photons induces a
sizable broadening of the spectral line (although the line
typically still remains at the level of dw/w < O(107%)),
the resonance itself contains a mild phase space depen-
dence which broadens the resonance region, and so on
(see e.g. [22, 28, 31, 38] for further details). Never-
theless, the description above paints the general picture

1 Although axions pick up kinetic energy as they fall into the grav-
itational well of the NS, this effect is exactly canceled by the
gravitational redshift of the produced photons climbing out of
the well [15].

which, at least at the qualitative level, holds true.

Existing searches have attempted to detect either the
presence of such a line in isolated NSs [19, 27, 39], or by
searching for the collective signature of all radio lines
produced from the population of NSs in dense stellar
environments such as the Galactic Center (GC) [25].
In the latter case, the signal appears as a forest of
narrow lines [16], centered about the axion mass but
Doppler broadened by the characteristic velocity disper-
sion of the NSs in the population (being of the order of
dw/w ~ O(1073)). These searches have yielded leading
constraints on axions in the mass range 15-35 peV [25]
and competitive constraints around ~ 4 peV [27].2

To date, most studies have assumed that the magneto-
spheres of NSs can be described by the Goldreich-Julian
(GJ) model [41]. This assumes the NS is surrounded
by the minimal charge density required to screen the
rotationally-induced parallel electric field £ = E-B/|B],
corresponding to a charge number density ngy ~ —2 -
B/e, where e is the electron charge and € is the an-
gular velocity of the NS. An underlying assumption in
this description is that the magnetic field of the pulsar is
frozen into its solid crust; while this is thought to be a
reasonable assumption for typical pulsars, this assump-
tion is expected to break down for NSs with the strongest
magnetic fields.

Magnetars are a class of magnetically-powered NSs,
with surface magnetic fields potentially reaching and
even exceeding values as high as 105 G (see [42] for
reviews). For such strong magnetic fields, the Lorentz
force, j x B (j being the current density) can shear the
crust of the NS, launching powerful currents into the oth-
erwise dormant closed magnetosphere [43]. These cur-
rents power non-thermal emission in the form of hard X-
ray, gamma-ray, infrared, optical, and radio emission [44].
Intriguingly, coherent radio emission has been observed
from some magnetars (e.g., PSR J1745-2900) at frequen-
cies as high as 291 GHz (=~ 1.2 meV/2m). This suggests
that the magnetosphere hosts regions where the plasma
frequency can reach the meV range. In the context of ax-
ion searches, this would imply that magnetars are sites
for resonant conversion across a much wider range of m,
than previously thought possible; should this be the case,
magnetars may offer a unique avenue for probing one of
the best motivated and experimentally challenging parts
of m, space.

The goal of this paper is to investigate how realistic
magnetar magnetosphere models impact the detectabil-

2 Axions can also be directly sourced in NS magnetospheres from
small-scale oscillations in the electromagnetic fields [20, 29], giv-
ing rise to anomalous radio signatures [20, 29, 32, 33|, the for-
mation of bound axion clouds [32, 34], producing fast radio
bursts [40], and inducing a short-scale nulling of the coherent
radio emission [33]. Consequently, these searches do not rely on
the assumption that axions comprise the dark matter.



ity of spectral lines produced by the resonant conver-
sion of axion dark matter. We begin by reconstructing
the spatially inhomogeneous charge and current densi-
ties in the two leading models of magnetar electrody-
namics. This includes a self-consistent description of the
non-potential magnetic field outside the magnetar, non-
local pair production, and the distribution of relativis-
tic plasma. We fit these models to hard X-ray observa-
tions of nearby magnetars, and then apply a state-of-the-
art ray tracing algorithm which computes the differential
power and spectral properties produced by each plasma
configuration. For each model, we determine the poten-
tial detectability of the spectral line using current and
near-future radio and sub-mm telescopes.

The outline of this paper is as follows. We begin in
Section II by discussing the observational evidence for
strong deviations in magnetar magnetospheres from the
baseline GJ model, as well as early attempts at a self-
consistent description of magnetar electrodynamics. In
Section IIT and Section IV, we present two self-consistent
solutions to the magnetar circuit that have been proposed
in the literature, review the relevant QED interactions,
and present analytic and numerical models of the mag-
netospheric plasma distributions. In Section V we dis-
cuss the consistency of each model with observations of
Galactic magnetars and suggest some diagnostics. Sec-
tion VI summarizes how, given a fixed magnetosphere
model, we compute the axion-induced spectral line; Sec-
tion VII illustrates the projected sensitivity for a variety
of telescopes and a representative sample of magneto-
sphere models. We conclude in Section VIII. In the Ap-
pendices, we provide additional details that support and
extend the analysis in the main text. Appendix A exam-
ines how strong-field Euler—Heisenberg corrections to the
photon dispersion relation affect resonant axion-photon
mixing in ultra-strong magnetic fields. In Appendix B,
we present further results from our ray-tracing simula-
tions of axion-to-photon conversion. Appendix C details
the telescope parameters used to estimate experimental
sensitivity. In Appendix D, we compare the results of
the full 3D ray-tracing simulations with those obtained
from the commonly used 1D approximation. Finally, Ap-
pendix E explores how turbulence in the magnetic field
suppresses resonant axion-photon conversion.

II. MAGNETAR ASTROPHYSICS

A growing body of observations indicates that magne-
tar electrodynamics are poorly described by the standard
pulsar model. For instance, even in relatively quiescent
states, magnetars emit spectrally hard (E 2 10 keV) X-
ray continua with a luminosity far exceeding their spin-
down luminosities, £ = 477211\151.3/P37 where Ing & 10%°
g cm? is the NS moment of inertia, P is the rotation

3

period, and P is the rate of change of the rotation pe-
riod [45-47].

The hard X-ray emission is believed to be powered
by large currents flowing in the closed magnetosphere.
Independent support for this picture comes from ob-
servations of order-of-magnitude variations in spin-down
torque that can persist for months (see, e.g., [48]), and
optical /IR emission some 10% times brighter than ex-
pected from the low-energy (Rayleigh-Jeans) tail of a
surface X-ray blackbody [49, 50].

The required currents are carried by plasma whose
density must exceed the minimum co-rotational charge
density predicted by the GJ model by several orders of
magnitude. The force-free condition, E-B = 0, combined
with Gauss’ law, provides an estimate of the minimum
charge density in the magnetosphere,

Peo=—22-B+Q-[rxV xB], (2)

where €2 is the spin angular velocity of the magnetar, and
B is the local magnetic field. The first term on the right-
hand side of Eq. (2) is the minimal co-rotational charge
density, pgy, in a potential magnetic field (V x B = 0);
the second term is a correction arising from the magnetic
twist. When the magnetosphere is weakly twisted, as
expected in weaker-field radio pulsars, the second term
is subdominant?.

The net electron (positron) density, n_(,, is derived
from the charge and current densities,

p=e(ny —mn_), (3)
i =B (V xB)/4r = e(njvy —n_v_), (4)

where e is the positron charge and v_(4) is the electron
(positron) velocity along the field line. The bright X-ray
emission of a magnetar implies the presence of strong
currents with density jp > |peolc, or equivalently with
[ny —n_| < |jB|/ec, except near the magnetic poles.

In the models considered in this paper, currents flow-
ing in the closed magnetosphere are assumed to flow over
only a small part (~ 1 — 10%) of the magnetar surface.
This is motivated, in significant part, by detections of
hot spots following bright X-ray outbursts (see [51] for
a list of hot spot sizes observed in transient magnetars).
The persistence of the measured X-ray and IR emission,
and torque changes, suggest the presence of a long-lived
non-potential component of the magnetic field outside
the star. These localized currents have been called a ‘j-
bundle’ or ‘magnetospheric arcades’, depending on the
geometry of the current-carrying regions. The term ‘j-
bundle’ typically refers to magnetic flux tubes whose

3 An exception is if the magnetosphere contains twist on small
scales. We explore this scenario in Appendix E.



footpoints form a roughly circular region near the mag-
netic pole of the magnetar surface. In contrast, an ‘ar-
cade’ describes magnetic field lines anchored in sheet-like
regions characterized by a small extent in one angular di-
rection (either polar, Af, or azimuthal, A¢) and a signifi-
cantly larger extent in the other (see Fig. 3 for examples).
These regions can, in principle, be located anywhere on
the magnetar surface, not just near the poles.

The collection of currents flowing in the magnetosphere
forms a circuit with an enormous self-inductance. The
large bolometric output following an outburst, Lx ~
1035 erg s—!, assumed to be powered by magnetospheric
particles bombarding the surface, combined with the par-
ticle residency time in the magnetosphere t..s ~ Rng ~
3x107% s, where Ryg ~ 10 km is the NS radius, implies a
total energy Epary ~ 3% 1030 erg. This energy is negligible
compared to the total energy stored in the non-potential
magnetic field, Epon—pot ~ BiRIP(IS ~ 102 — 10% erg,
where B, is the toroidal (non-potential) component of
the magnetic field. As a result, the magnetosphere is
well-described by force-free electrodynamics, with j || B.

In the absence of a sufficient number of charged par-
ticles, the large self-inductance implies the presence of
an enormous voltage drop along twisted field lines. The
strength of this voltage is regulated by microphysical
processes which supply the magnetosphere with electron-
positron pairs. Two particular channels for e* pair pro-
duction have been subject to particular scrutiny: (i) the
current forms a double layer structure with voltage ~ 100
MeV-GeV along B, in which relativistic e* spawn new
pairs by scattering keV photons emitted from the mag-
netar surface at the first Landau resonance [52]; and
(ii) collisional plasma containing trans-relativistic e*, in
which pairs are regenerated self-consistently as annihi-
lation photons gain energy by repeated electron scatter-
ing [53].

To some extent, these mechanisms of pair creation are
not mutually consistent. In order for a double layer to
form, the current must become slightly charge-starved,
with density falling slightly below |V x B|/e [52]. The
collisional plasma, on the other hand, is a powerful source
of ~ MeV photons that bathe large parts of the magneto-
sphere outside the current-carrying zones [53, 54]. These
photons may produce pairs through v+~ — et + e,
the cross section of which is enhanced in super-Schwinger
magnetic fields, B > Bq = 4.41 x 10'3 G [55]. Pairs can
be created in sufficient quantity to screen the field-aligned
voltage in places where the magnetic field is more weakly
sheared, especially near the magnetic poles, where double
layers would otherwise be expected to form.

Of additional importance is the fact that magnetar
magnetospheres are dynamical over a range of scales.
Twist may be transferred from the interior to the ex-
terior impulsively due to a magnetohydrodynamic insta-
bility in the core or a sudden fracture of the crust in
response to a build-up of magnetic stresses [56, 57|, or

gradually due to slow elastic, plastic, and thermal evo-
lution of the magnetar crust [58]. Once twist has been
injected into the magnetosphere it is dissipated either
rapidly, through magnetospheric instabilities [59-62], or
gradually via Ohmic dissipation [52, 63]. The evolution
of twist in the magnetosphere may be associated with
radiative events. Rapid injection and dissipation of twist
in the magnetosphere can explain X-ray bursts [64-68]
and fast radio bursts [69-71]. Following these outbursts
are extended phases of ‘afterglow’ emission that can en-
dure on timescales from ~ months—years [44]. The ra-
tio of energy radiated in outbursts to that in the after-
glow emission can range from ~ 1072 — 10? [72]. The
long timescale associated with afterglow emission can be
explained by gradual lengthening of crustal faults [58],
sudden deposition of heat into the crust [73, 74], or slow
untwisting of the magnetosphere through Ohmic decay
of currents [63, 75]. If the average injection timescale
exceeds the average dissipation timescale, the endpoint
of evolution is a quiescent magnetar, with only potential
fields, and lower plasma density.

A. Intensity of Magnetospheric Currents

Given the importance of the location of magneto-
spheric twist and the plasma state surrounding a mag-
netar on the resonant conversion of axions, we pause
to review a concrete model. We consider a differen-
tial axisymmetric twisting of an axisymmetric magnetic
field, with poloidal component B, = (r2sin®#)~1dyF,
By = —(rsin )19, F. The function F(r,0) is defined as
the total magnetic flux through a circular loop around
the axis, from the axis out to angle 6 at radius r. In
the case of a dipole with magnetic moment u, this is
F = psin® f/r, which may be expressed in terms of the
maximum radius R = r/sin? @ to which a field line ex-
tends, as F = pu/R.

Consider a weak twisting of this field, with one hemi-
sphere rotating by an angle A¢(F) < 1 with respect to
the opposing hemisphere. This creates a toroidal field
By < A¢. The twist may be smooth, with A¢ approxi-
mately constant over some range of polar angle; or alter-
natively, the crustal shearing may have significant power
on small scales, with dA¢/dInF > 1. We further ne-
glect the rotation of the star, which is valid so long as
Ag¢ > Qr/c. Then, the force-free condition (j x B = 0)
corresponds to V xB = A(F)B, with the coefficient \(F)
constant on each magnetic field line, since B - VA = 0.

Expressing By in terms of F gives
_d(Byrsing) 2dl
A T T ®)

where I is the poloidal current closed by the flux sur-
face. The twist is related to A by integrating along a flux



surface,

% By : o de
A= 0 d0 Bgsinf (Borsind)z /90 Byrsin®6’
(6)
where 0y and 6; represent two foot points of the flux
surface. Since the integrand on the right-hand side of the
equation above only depends on the background poloidal
field, we can use the expression for a magnetic dipole to
obtain
(Byrsind)r = 2—5}"2 cosOr (7)
in a dipolar geometry where flux surface F intersects the
magnetar surface at polar angle 8. Combining this with
Eq. (5) gives

L A9 (A6), 1dlnAd

R 4dnfz’ (8)

when 8 — 0. One observes that strong local gradients in
the foot point motions translate into higher current den-
sities outside the star. The emergence of local gradients
in foot point motions is well-motivated in some models
of NS magnetic field evolution. For example, Hall drift
in NS crusts can transfer magnetic energy from large to
small scales (analogous to a turbulent cascade), ampli-
fying the current density at small scales [76-78]. Small-
scale non-potential magnetic fields B, possess current
fluctuations with intensity Jj oc k1 0B, where k1 ~ V.
is the wave number associated with gradients perpendicu-
lar to the background (non-potential) magnetic field. De-
pending on the spectrum of magnetic field fluctuations,
J|| can grow with k_ , leading to the formation of intense,
small-scale currents.

The minimal number density to conduct the cur-
rent, achieved when electrons and positrons are counter-
propagating with speed close to the speed of light, is

J B
= = AGf(A9) )

= 1.6 x 10'°B1,R;'Ad f(A¢p) cm™3,

where B14 = B/(101* G), and Rg = R/(10° cm).

On a fixed flux surface, ny;, and B are proportional,
scaling as r~3 in a dipole geometry. This density exceeds
the co-rotation number density ngy ~ —2Q - B/e by
a factor of the ratio of the light cylinder radius to the
maximum radius of the field line,

i g0t as a0 RS (). a0

nGJ R\ sec

fAg) =1+

Nmin =

If we assume momentarily that the plasma is, at most,
semi-relativistic (we revisit the general case in a self-
consistent manner in the following sections), then the
plasma frequency

1/2
wp = 1% 1072V [Ad f(A)]/2 (RRNS) Biy?, (11)

sets the characteristic axion mass for which resonant
axion-photon transitions occur. The plasma frequency
scales as ~ 773/2 along a flux surface and, for a uniform
twist, as ~ 772 at fixed polar angle. Here, we see that
the plasma frequency near the surface of the star can be
around one hundred times larger than that predicted in
the GJ model, suggesting such objects may be a powerful
way to probe heavier axions.

B. Implications for Axion Conversion

While the current density is determined by the dis-
tribution of magnetospheric twist, this current does not
uniquely define the full phase space of the plasma, and
therefore the location and efficiency of resonant axion-
photon mixing. Resonant axion-photon mixing occurs
when the four-momentum of the axion matches that of
the associated electromagnetic mode, i.e. ki = k. For
a semi-relativistic axion passing through a magnetized
plasma, this reduces to the condition that m, >~ wp s,
where one can define an ‘effective plasma frequency’
w2og = >, (wis/72), where the sum runs over the
species s, wfj’s = e2ng/m. is the plasma frequency of that
species, ng is the number density, 7, is the gamma factor
of the flow of species s, and (...) represents the average
over the plasma distribution function (see Sec. VI for
additional details). Here, one can see that the location
and efficiency of this resonant mixing process therefore
depend on the full 6D phase space distribution of the
magnetospheric plasma (although in a very strong mag-
netic field, particle motion is effectively confined to flow
along magnetic field lines, reducing the dimensionality of
the phase space), which is not uniquely constrained in
the discussion above.

In Sections III and IV, we describe concrete models
of the double layer and collisional plasma states, which
are then used in Section VI to compute the intensity of
the photon line emerging from resonant conversion of ac-
creted dark matter axions. The properties of the mag-
netar circuit described above have the following implica-
tions for conversion of dark matter axions to photons (as
demonstrated in the remainder of this paper):

1. Most of the detectable resonant conversion is concen-
trated outside the j-bundles or magnetospheric arcades.
In situations where collisional plasma fails to form out-
side the magnetar, and the pair plasma is sustained by
relativistic Landau scattering, we consider the same cur-
rent profile as modeled by Ref. [52] (hereafter referred
to as ‘BT07’): the current is strongly localized within a
bundle centered on the magnetic pole (Figure 1). In this
case, we find that the peak sensitivity to axion conversion
signals is highly sensitive to the opening angle of the po-
lar bundle. When the opening angle is large 6. = 0.2 rad,
the peak sensitivity to axions is suppressed, but spread



over a wide range of frequencies. For smaller opening an-
gle 6. < 0.2 rad, conversion takes place efficiently in the
equatorial region, where the plasma distribution is well-
described by the GJ model. In the alternative scenario in
which collisional plasma does form, we consider a range
of different arcade profiles (see Figure 3), showing how
the conversion surface and radio flux depend on the un-
derlying arcade geometry. Here, the resonant conversion
is concentrated outside the arcades, where the magnetic
field is assumed to be nearly potential. In this case, the
plasma number density far exceeds the co-rotation den-
sity, reducing the efficiency of photon production from
light axions with m, < 107* eV, but extending sensitiv-
ity to axions in the ~ meV range (orders of magnitude
higher than expected in the GJ model).

2. The sensitivity to axions evolves with time. Unlike
in radio pulsars, whose magnetospheres (in the closed
zone) evolve over the ~ kyr-Myr spindown time, mag-
netars’ magnetospheres may evolve over much shorter
timescales. Shortly after an outburst, magnetars are
both highly dynamical and radiative, imposing model-
ing difficulties and large backgrounds. As the magne-
tosphere quiesces, the current density in the magneto-
sphere drops, magnetospheric twist is erased, and radia-
tive backgrounds are reduced. Consequently, magnetar
observations over human timescales probe a broad range
of axion masses.

To summarize, the efficiency of axion-photon conver-
sion in magnetar magnetospheres is sensitive to the dis-
tribution of currents in the closed magnetospheres, the
channels for producing the plasma required to conduct
this current, and the equilibrium state into which this
plasma settles. We have identified two qualitatively dif-
ferent models for explaining the wealth of magnetar ob-
servations that have received particular scrutiny in the
literature: the relativistic double layer model (‘BT07’)
and the collisional model (‘TK20’). In the following sec-
tions, we review these models and derive analytical ex-
pressions describing their respective plasma states. In
Sec. V, we examine observational evidence from specific
sources that may favor one model over the other.

III. RELATIVISTIC DOUBLE LAYER

In this section we review the relativistic double layer
model (‘BT07’). In canonical radio pulsars, the magneto-
spheric twist, which is localized to the open zone, is sus-
tained by a rotationally-generated longitudinal voltage.
At low magnetic fields (B ~ 1012 G), this voltage is natu-
rally regulated to be about e® ~ 10"m, ~ 5 TeV via the
creation of e* pairs sourced by curvature/synchrotron
radiation emitted from seed particles [79, 80].

Near a magnetar, which is a bright source of keV pho-
tons (luminosity ~ 10 — 100 Ly ), the dominant channel

for pair creation by relativistic et is inverse Compton
scattering of X-rays at the first Landau resonance. The
excited electron or positron will return to the ground
Landau state by emitting a photon. When b = B/Bq >
4 this photon can sometimes directly convert to a pair;
where the magnetic field is somewhat weaker, its energy
in the frame of the star is still large enough to convert
with some delay as it propagates through the curved mag-
netic field*.

In this way, collisionless and relativistic e* plasma may
be sustained anywhere in the magnetar magnetosphere,
as long as the field is smoothly twisted [52]. The energy
of the resonantly scattering photons drops with increas-
ing radius and decreasing magnetic field strength. On
field lines that extend far enough from the star, their
energy drops below 2m,. and pair creation freezes out.
At even greater distances from the magnetar, the out-
flowing pair creation emits a broad and spectrally hard
X-ray continuum [83, 84].

This process regulates the longitudinal voltage to be
about e® ~ GeV, which causes the plasma state to dif-
fer significantly from that in the open zone of a radio
pulsar. The location of the twisted field bundle is also
constrained if the magnetar is to be a bright source of 10—
100 keV X-rays. The magnetic field in the outer parts
of the twisted bundle must drop below ~ 10'3 G, which

limits where it is anchored on the magnetar surface: the
—-1/6

polar angle must be smaller than 0 ~ 25° Bpolo’1

Bpole,15 = Bpole/1015 G.

Beloborodov [63] describes how twist implanted at
larger 6 can migrate Ohmically toward the magnetic
pole, forming a ‘j-bundle’ with an approximately circu-
lar cross-section that encloses all of the magnetospheric
twist. As a result, a current-depleted ‘cavity’ opens
up around the magnetic equator. This process offers
a promising explanation for the months-delayed onset
of accelerated spin-down following a bright X-ray out-
burst [85]; twist that is initially distributed through the
magnetosphere is transferred to the polar region on the
resistive timescale. Enhanced twist in the polar region
leads to a higher torque exerted by the magnetic field
on the star. It is worth mentioning that, in sources like
the GC magnetar PSR J1745—2900, where the hard X-
ray continuum is accompanied by small-area afterglow
following the outburst, some localization of the forcing
motion near the pole is still required. Additionally, it is
possible for magnetospheric twist to migrate towards the
polar region without a current-depleted cavity forming
in the equatorial region if, for example, the diffusion of
currents is mediated by internal processes (as opposed to

5 where

4 Resonant Inverse Compton scattering (RICS) is also believed
to be the dominant pair creation process for radio pulsars with
strong magnetic fields, B ~ 103 G [81, 82].



Y L
hand ) >
S - Q $
3 s/ S P, QD
5 i S N S \g,
LY BN A g
& 6\5\ &
FIFo= 0.06
7
A Last Closed Field Line
Radiative zone
A (r2 L. M ~ 10°)

Equatorial Build-up
=1, >1)

‘ ‘ Pair-loading zone
(r>1)

ot e Non-local
e pair-loading
e) et
o
Collisional, Semi-relativistic
Plasma State
Surface
Shearing
Enhanced s-channel ¢* scattering
¥
«— e* ¢
Z, sheart
—
Magnetic Arcade
e e
Soft photons from ¢* annihilation
et soft
e~ Thard

FIG. 1. Schematic diagrams illustrating the two models under consideration. Left panel: Relativistic Double Layer (“BT07”)
Model. Magnetospheric twist in the closed magnetosphere is confined to the j-bundle (region bounded by the ‘Last Closed Field
Line’ and the flux surface ‘F = F.’). The j-bundle divides into three main regions: the pair-loading zone (light blue, shaded),
where pairs are produced by up-scattered thermal photons, the radiative zone (light green, shaded), where non-thermal X-ray
emission is sourced and particle motion is governed by radiative drag forces, and the equatorial region (light orange, shaded),
where the e flow slows and the pair density builds up. Also shown are various flux surfaces with different values of F. Right
panel: Collisional, Transrelativistic (“TK20”) Model. Shearing of the magnetospheric surface occurs in a region represented
by the red band, with typical width fshear. The plasma state on magnetic field in the shear zone is determined by strong-field
quantum electrodynamic (QED) processes shown in the inset. High energy photons produced in the shear zone populate the
remainder of the magnetosphere through v+« — e 4+ e~ pair creation.

external Ohmic dissipation) such as magnetic reconnec-
tion [86].

This section provides a detailed kinetic description of
relativistic e* in such a polar j-bundle. The magnetic
field lines are assumed to reach far enough from the star
that outflowing e* experience a strong outward radia-
tion pressure force by cyclotron scattering keV photons,
so that the e* do not return to the star [83, 87]. In
this sense, the j-bundle is analogous to the open zone in
canonical radio pulsars. When modeling axion-to-photon
conversion, we consider a few possible values for the open-
ing angle 6. of the bundle and the corresponding flux
surface F..

A. J-bundle Plasma State

Below we describe the plasma state in the j-bundle
by separating it into two distinct regions with qualita-
tively different plasma-radiation interactions. The pair-
loading zone in which kinetic energy from high-energy
seed particles is reprocessed into a flow with lower aver-

age momentum, but higher multiplicity, and the radiative
zone in which particles experience strong radiative drag
from the ambient photon field, and decelerate through
the emission of hard X-ray photons that lie below the
pair-production threshold. A depiction of these regions
is shown in Fig. 1.

Pair loading zone.— In the ultra-strong magnetic fields
found near the surfaces of NSs, electrons and positrons
are effectively confined to the ground Landau state,
which forces particles to flow nearly perfectly along mag-
netic field lines. In this limit, the dynamics are effectively
one-dimensional, being governed by

1o}
%:(VXB)HijE% (12)

In the force-free limit, i.e. when plasma supply is suf-
ficiently abundant to drive E| = 0 and 0;E) = 0, the
twisted magnetic field configuration is sustained by a
steady-state current density.

The force-free limit is, in general, expected to break
down in localized regions; for standard pulsars, this is



known to occur in the polar caps (i.e. the footprints of the
open field lines), while for magnetars the breakdown may
occur over much more extended regions (since the twisted
magnetic field is not confined to the open field lines).
When a sufficient current cannot be supplied, a large E
develops along the field line, accelerating particles and
driving pair cascades, which in turn serve to replenish
the supply of plasma, screen the electric field, and re-
establish the required current density.

The total voltage drop along the j-bundle is regulated
by the interaction of accelerated e* pairs with the am-
bient photon field. Once pairs reach a critical energy,
MeYe, they resonantly scatter thermal photons from the
magnetar surface (or X-rays produced in other regions
of the magnetosphere). The resonance condition is ob-
tained from energy and momentum conservation in the
electron rest frame:

W’ +me = 7E37 w' = 57E37 (13)

where w’ = w7.(1—cos 0) is the photon energy in the elec-
tron rest frame. The quantities w, 6, and vy, = 1/4/1 — /32
are the frequency of the photon, the angle its momentum
makes with the magnetic field, and the electron Lorentz
factor, all in the frame of the star. The quantity - is
the Lorentz factor of the electron after it absorbs the
photon (in the pre-absorption electron rest frame), and
Ep = me¢v2b+ 1 is the energy of the first Landau level.
Here, and below, we define b = B/Bg. The Lorentz
factor for electrons to resonantly scatter photons is

bm B w \ !
P LCRS 1) (i (0 NV
e = 0= Booost) © 0 (1014 G) (keV) (14)

Resonant scattering may be viewed as a two-step pro-
cess: resonant absorption of a photon by an accelerated
pair followed by radiative de-excitation. When b 2 1, the
de-excitation photon carries away a significant fraction of
the electron energy, with average energy [84]

(B)) = e (1- 1= ) (15)

Resonant scattering with thermal photons gives rise
to a drag force on outflowing e* pairs. Simulations of
particle motion in the ambient radiation field around a
NS [84] demonstrated that the e* flow self-regulates to
resonantly scatter photons with frequency w ~ 10 Tns
(where Tng is the surface temperature of the NS), slightly
above the main peak of the thermal spectrum wpeak ~
3 Tns. From (14), the self-regulated gamma factor is

bm,
10Txs

Yse(b) ~ (16)

Combining this with Eq. (15), one finds (E,) > 2m.c?
for b > 0.2, in which case the up-scattered photon is

above threshold for single-photon pair conversion. The
radial distance where b falls below by ~ 0.2 marks the
end of the pair production zone.

Resonant scattering creates a broad distribution of
particle energies. After scattering, the energy of a parti-
cle is reduced by a factor ~ 1/4/2b + 1 and the secondary
particles have a characteristic energy

(E,)  bm, ( 1 )
b) ~ = 1-— , 17
O e T W »i)

where (E,) is given in (15). Further broadening in the
distribution of e* energies results from variations in the
emission angle of the de-excitation photon and delays in
pair creation. In magnetic fields by =~ 0.2 < b < 4, several
secondary particles are created with v,(b) < v < Ysc (D).
Monte Carlo (MC) simulations of particle motion and
production performed in [84] find that the particle dis-
tribution function (of both seed and secondary particles)
shows two peaks, located near v = 5. and v = ,.

Excitation of a two-stream instability will tend to
flatten the double-peaked distribution function that is
sourced by e® creation. When evaluating the electro-
magnetic dispersion, we will therefore adopt a simple flat
“waterbag” distribution,

pr —p_ |0, otherwise.

Here, b is a proxy for position along a field line. Bulk
motion of the plasma corresponds to taking p_ +py # 0.

In the polar j-bundle considered here, the e* do not
return to the star and already form a bulk outflow in the

pair creation zone. We adopt py = /7sc(b)? — 1 and

p— = y/7e(b)2 — 1. Conservation of energy and momen-
tum imply

n(0)7(6) 1) +9-(b)
b 2 ’

where 7 > 1 represents the average gamma factor which
has been computed using the waterbag distribution. The
constant in Eq. (19) is obtained by balancing the kinetic
energy of the et with the Ohmic losses in the circuit,
which are concentrated near the base of the pair creation
zone. For net rate Ny of pair creation, j-bundle current
I and longitudinal potential drop ®, this gives Ny ym, =
19, or equivalently [84]

= const., ¥(b) = (19)

" 2mey(b)bo | (20)

The net result is that, at the top of the pair creation
zone where b ~ by ~ 0.2, the average e Lorentz factor
has dropped to 5(bg) ~ Ys¢/2 ~ 10 (Tns/0.5 keV) ™!, and
the multiplicity has grown to

Ni ed TNS
~ = 1009y [ —>_ 21
I~ 29(bo)me ’ (0.5 keV) @Y
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where g = e®/GeV. Note that overall charge neutrality
ny ~ n_ along with the constraint equation on the cur-
rent, jp = enyvy —en_v_, implies n_ > jg/e. There is
equivalently a small imbalance between the average flow
speeds of positive and negative charges,

By 2
By M1

(22)

Below we describe dynamics in this “radiative zone”.

Radiative Zone.— Far from the stellar surface (r >
Rns), when b < by, up-scattered photons are not suffi-
ciently energetic to pair-produce. Therefore, the number
flux of particles is conserved until the pairs reach the
outer part of the loop (see “equatorial build-up” in the
left panel of Fig. 1) where they may annihilate to pho-
tons [83]. In the outer parts of the loop, pairs experience
a strong radiative drag from ambient X-rays, and will
decelerate to trans-relativistic speeds. The equilibrium
speed B depends on the angular distribution of the X-
rays, which may be modified substantially by resonant
scattering. We follow [83] in taking the X-ray flow to be
unperturbed and radial, which gives 3 = | B,/B| and

B,

By = 2m, cot 8, (23)

p(r,0) = me

assuming a mostly dipolar field. Radiative drag tends to
attract particles towards p = p(r,#), but electrons and
positrons must maintain a small velocity mismatch in
order to sustain the required current density.

We adopt a simplified two-fluid description of the
charge distribution in which the electron and positron
distribution functions are broad,

1

_Jpi, 0<p<ps
felp) = { 0, otherwise ’ (24)

along with the condition that (p; +p_)/2 = p. Combin-
ing this condition with Eq. (22) gives

=p+ _2+1(M2 HI1 1+@ (25)
pr =pE,| P+ 5 e )
In the limit that M > p, |p+ — p|/p ~ /M. This
suggests that the most energetic particles in both the et
and e~ flows have momenta very close to p.

B. Global Model

In this section, we build on the results of the previous
section to construct a simplified global model of a magne-
tosphere featuring a polar j-bundle (V x B # 0) and an
equatorial cavity (V x B = 0). Specifically, we connect

the near-surface plasma regime — shaped by pair creation
and radiative drag — with the far-field plasma behavior,
which is governed by radiative drag alone.

At present, the j-bundle and cavity are assumed to
be separated by a critical flux surface F., with F < F,
corresponding to the j-bundle and F > F, to the cavity.
During this phase, twist has been erased from the cavity
(F > F.) and we adopt the simplified twist profile

w(e) = 1pO(_)(ec - 0)? (26)

where O(z) is the Heaviside theta function and 6. is the
polar angle of the intersection of flux surface F, with the
NS surface.

Within the j-bundle, the plasma number density is
given by

B(r,0)sin? @ ed
2 (i) 7

where a nearly dipole field is assumed. We consider a sin-
gle distribution function that captures the physics in both
the pair-loading and radiative zones. The momentum-
space distribution in the j-bundle is taken to be a wa-
terbag distribution, i.e.

f(b,p) = {(p+(b> == p-0) <P <21 ),

ni (Ta 9) =1y

, otherwise ’

(28)
where

p+(r,0) = max [\ (6(r, ) = 1,5(0)|
p-(r,0) = V3 (b, 8)” =1 x O[b(r.6) = bol.  (29)

Here, vsc(b) and ~,(b) are given by Eqs. (16) and (17),
respectively, and p(6) is given by (23). By construction,
the distribution function (28) is continuous across the
boundary between the pair-loading zone and the radia-
tive zone. This follows from our definition of the edge
of the pair-loading zone: 74(bg) = 1, which means that
p—(by) approaches zero from both sides of the boundary.

A global view of the effective plasma frequency
throughout the magnetosphere is shown in Fig. 2 for
a surface magnetic field strength Byoe = 10Bg, a twist
parameter ¢y = 1.6, a critical surface 6. = 0.1, a rota-
tional period of 3.76 s, and assuming aligned magnetic
and rotational axes. In the left plot, one can see the
sharp enhancement of the plasma frequency along the
j-bundle, which allows for resonant axion-photon conver-
sion at much higher axion masses. In the right panel, one
can see that the radial plasma frequency profile at fixed
6. Values are compared to that of the GJ model (dashed
line), and are typically enhanced by one to two orders of
magnitude, but only radial distances r beyond some crit-
ical threshold r.(#). Note that the appearance of a local
minimum in the plasma frequency implies that photons



100

Global Model (Bpgl. = 10B0)

z [km)]
y [km]

—50 —50

Side Plane (¢ =0) Midplane (6 = 90°)

—100 —100

100 5 0 5 100
x [km]

00 —50 0
x [km]

50

10

—2.2
ey — =3 — 6=60
— 0 =5° 0 =T75°
30 — =15 0 =90°
—34 % ’? — 6 =230° —---- GJ-average
NG )
s & ~ —
3.8 :E P
—42 5 =
2 3
—46 < =}
o0 a0
-50 2 éc
—54
—5.8
L L !
100 . 0.5 1.0 1.5 2.0 2.5 3.0 3.5 1.0

logo(r/rxs)

FIG. 2. Effective plasma frequency (wp,es) profile in the globally-twisted relativistic double layer magnetar model (“BT07”)
with Bpole = 10 Bg, ¥ = 1.6, . = 0.1, and assuming a rotation period of 3.76s. Left panel: vertical slice through the center
of the magnetosphere. Middle panel: midplane slice. Right panel: radial profile of wy g at different polar angles. The gray
dashed line shows the polar angle-averaged Goldreich-Julian (GJ) plasma profile.

sourced for a particular range of axion masses may ac-
tually become trapped in localized under-densities — we
comment on this possibility in the future sections.

IV. COLLISIONAL, DILUTE PAIR PLASMA

We now turn to an alternative framework for under-
standing the non-thermal behavior of magnetars in their
relatively quiescent states, as proposed in Thompson &
Kostenko (2020) (TK20) [53]. The TK20 model differs
significantly from the BT07 model described in the previ-
ous section — most notably in the assumed location of the
magnetic twist and the mechanism of plasma generation.
Despite their differences, both models have successfully
accounted for various magnetar phenomena in distinct
sources. However, there is currently no consensus on
which framework provides a more accurate description.
In Sec. V, we examine specific observations that may help
discriminate between the two models in individual cases.

In the TK20 model, strong, localized currents once
again play a central role in powering non-thermal X-ray
emission. However, the underlying QED processes dif-
fer from the resonant scattering mechanism discussed in
Section I[II. In this case, the emission originates from a
collisional, trans-relativistic plasma confined to compact
magnetic loops near the magnetar surface, rather than
from a polar j-bundle extending far from the surface.

The possibility that magnetar currents are supported
by trans-relativistic and collisional e* plasma is moti-
vated most directly by a similarity between data and ab
initio QED calculations of e* annihilation. The mea-
sured > 10 keV X-ray spectrum in several sources bears
a strong similarity to the photon spectrum of annihilat-
ing pairs in a super-Schwinger magnetic field. The an-
nihilation line produced by trans-relativistic e* becomes
broader as the background magnetic field approaches Bq,
and when b > 4 the spectrum asymptotes to the same flat
distribution as ordinary bremsstrahlung [55].

In this approach, constraints are relaxed on the lo-
cation of the currents flowing into the exterior of the
magnetar, thereby allowing the possibility of more ex-
tended, current-carrying arcade structures. Fig. 3 shows
some possible configurations in which the sheared mag-
netic field is tied to fault-like features in the crust.

An important consequence of the collisional plasma
state is the appearance of a broad halo of pair cre-
ation outside the primary current-carrying structures,
mediated by collisions between out-flowing gamma rays,
v+ — et + e [54]. This is the most significant
distinction with the double layer circuit model, where
gamma rays are emitted nearly tangent to the magnetic
field and secondary pair creation is more tightly confined
around the j-bundle. In the collisional state, non-local
pair creation is further aided by the enhancement in the
cross section for photon collisions, by a factor ~ b in the
strong magnetic field [55, 88]. The net effect is to raise
the plasma frequency over a broad part of the magnetar
magnetosphere.

Below, we review the key QED processes that lead
to the emergence of a collisional, trans-relativistic equi-
librium in magnetar magnetospheres. In particular,
we highlight how the cross sections for these processes
are modified in the presence of super-critical magnetic
fields. For detailed derivations and further discussion,
see [55, 89].

A. Enhanced e — e~ Collisions

Backscattering of et and e~ introduces resistance into
the magnetar circuit. The dynamics of electrons and
positrons is essentially one-dimensional near the star;
where B > Bq, Landau excitations are kinematically
forbidden when the particle motion is only mildly rela-
tivistic.

The ultrastrong magnetic field opens up an enhanced
channel for backscattering via the reaction et +e~ —
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FIG. 3. Current carrying arcades (red) anchored to narrow shear zones in the magnetar crust (gray). Electron-positron plasma
supporting the current is transrelativistic and collisional when the current density is high due to small-scale magnetic braiding
(“TK20” model). These are referred to (left to right) as the “quarter”, “half”, and “slice” geometries. Coordinate axes are

shown for reference.

v — et 4+ e~. Annihilation into a single photon is
kinematically allowed because generalized momentum
e(A; — A_), corresponding to a relative displacement
of the electron and positron across the magnetic field,
can be interchanged with the kinetic momentum of the
gamma ray. This enables s-channel scattering to proceed
through annihilation into an on-shell photon. When the
intermediate photon re-converts to a pair, half the time
the particle momenta are interchanged, leading to back-
scattering. The cross section for b 2 1 is [89]

3me—277/b

“Shvab " (30)

o+ =

in the center-of-mass frame, where o = 87(a?/m.)?/3 is
the Thomson cross section and « is the fine structure con-
stant. Compared with unmagnetized pair plasma, there
is a net enhancement by a factor of ~ (ab)~t (for y ~ 1).

B. Annihilation Bremsstrahlung Cooling

Ohmic heating of the circuit is balanced by two-photon
annihilation of pairs, et + e~ — v 4 ~. This process
acts as a calorimeter: when v > 2 it is possible for both
photons to convert directly to pairs, thereby reducing the
temperature of the plasma. Otherwise, one annihilation
photon may convert, with the remainder of the energy
released as a softer “bremsstrahlung” photon. The cross
section for this process is

doann 3o

=222 1(8), (31)

dlnw

where

and v = 1/4/1 — B2. This cross section can also be ob-
tained by multiplying the single-photon decay cross sec-
tion by the appropriate soft photon factor.

The equilibrium pair density is obtained by balancing
energy loss via this “annihilation bremsstrahlung” emis-
sion with Ohmic heating in the circuit. Using the Drude
conductivity

e2

S 32
Byimecoy’ (32)

Oohm —
one finds that n4 must exceed npi, = |j|/ec by a multi-
plicity factor M ~ 15 [53].

C. Enhanced Two-photon Pair Creation

As is the case for e* annihilation, the presence of a
strong magnetic field alters the kinematics of two-photon
pair creation. In vacuum, energy-momentum conserva-
tion gives rise to the following kinematic threshold for
two-photon pair creation:

2wiwa (1 — cos B1o) > 4m?, (33)

where w; and w9 are the frequencies of the incoming pho-
tons, and 5 is the angle between their three-momenta.
In the presence of a strong magnetic field, kinetic mo-
mentum is conserved only in the direction along B,
where translational symmetry is preserved. The kine-
matic threshold for pair creation is [55]

C = (w1 +ws)? — (w1 cos by + wo cos by)? > 4m§, (34)

when b > 4; here, #; and 65 are the angles between the
photon momenta and the magnetic field. According to
Eq. (33), in vacuum a low-energy photon cannot pair
create unless it collides with a photon with energy far
above the pair creation threshold. By contrast, in the
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they intersect the arcades.

presence of a magnetic field, a low-energy photon can
pair create by colliding with a photon only slightly above
the pair creation threshold. The cross-section for two-
photon pair creation (valid at b > 4) is [55]

/ 4
|1—COS912|0’(91,92,[)): 1—5><

1207bC? sin? 6; sin? 0,
wiw3[C'sin? O sin? O + 4(cos Oy — cos 2)2]2

(35)

The modification of these fundamental QED processes
leads to a qualitatively new equilibrium plasma state in
twist zones, as we now discuss.

D. Shear Zone Plasma State

The Ohmically heated plasma zones described here
are localized in a small part of the magnetosphere. Di-
verse arguments suggest that these current carrying ar-
cades have a sub-kilometer thickness. These are based on
measurements of surface hotspot emission and, indepen-
dently, on global models of magnetic field drift, plastic
flow and thermal evolution in magnetar crusts [58, 78]. A
natural thickness A for the arcade is the crustal vertical
thickness AR, ~ 0.3 km (as weighted by shear modu-
lus). Such a structure of horizontal length L has a cross
sectional area A ng at the surface comprising a fraction
A\ ns/ATR%g ~ 0.01(L/7Rns)(A/AR),) of the star.



A collisional and mildly relativistic plasma state can
be sustained where the magnetic field experiences a crit-
ical level of shear. The strength of the current may
be characterized in terms of a shear length flghear =
B/|V x BJ. The corresponding pair density is ny =
Mngin = (2/3)abM /o1lshear- Taking a characteristic
thermal speed 8 for the e, we may integrate the rate
for a e* to collide with a counter-flowing eT, obtaining

Loponpen I
B 4 16 5’7 Eshear
where we have approximated n4 o |j| oc =3 along the
magnetic flux surface. Although a large-scale magnetic
twist is limited by hydromagnetic stability to fshear 2
Rns, small-scale braiding can enhance the current den-
sity, generating k; 6B, > B/Rns and an effective shear
length lgpear ~ 1 km.

Balancing Ohmic heating with radiative cooling (M =

15) yields the following equilibrium number density,

(36)

na(f) =2 x 10 em™3 ( km ) b(¢)

shear

bz5), (37)

~ 15 Nmin

where we have dropped the exponential in Eq. (30), which
is a good approximation in the large-field limit, b > 1.
An interesting point to notice is that ni /B is constant
along a field line, which is expected in a collisionless
plasma, due to the balance of forces along a field line,
but not necessarily in a collision-dominated plasma. The
corresponding plasma frequency is

km \ /2
wp =~ 0.1 eV < ) bl/2(0). (38)
shear

The collisional e* plasma described here is a source
of annihilation bremsstrahlung radiation that permeates
much of the remainder of the magnetosphere. The spec-
trum of this radiation is slightly modified from the two-
photon vacuum annihilation spectrum. Detailed MC
simulations described in [53] account for (i) various an-
nihilation channels, with 0, 1 or 2 decay photons individ-
ually reconverting to pairs in the ultrastrong magnetic
field; (ii) scattering of low-energy photons off e* pairs
(including the strong wu-channel resonance encountered
when the photon energy approaches the threshold for pair
creation); as well as (iii) Breit-Wheeler pair creation. A
fit to the escaping X-ray and gamma-ray MC spectrum
is [54]

Uy _ o Lo et (39)
dw wo
where C'is a normalization constant, Lg is the total anni-
hilation bremsstrahlung luminosity, and wg = 1.5m,. As
this spectrum extends above w = m,, the highest energy
annihilation photons are a significant source of pairs even
in zones of weak current density.
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E. Non-local Pair Creation and the Global
Magnetosphere

We now summarize our approach to computing the
structure of the large-scale e* cloud surrounding a mag-
netar, following [54]. We find in Section VI that the
dominant contribution to the resonant a — 7 conversion
comes not from the strongest current arcades, but from
the halo of trans-relativistic pairs that are suspended
around these structures, in zones that may carry little
or no current. When the magnetar is rotating relatively
slowly (e.g. with a spin period P = 1—10 s) this e halo
is still much denser than the baseline corotation particle
population.

This global e® halo has been computed with a MC
procedure in [54]. The super-Schwinger magnetic field
acts as a capacious reservoir for pairs, for a few reasons.
First, photons of energy ~ m.c? have a significantly lower
density than e* in the lowest Landau state when pho-
tons and pairs are in approximate kinetic equilibrium.
The cross section (31) for two photon pair creation is
enhanced by a factor b, whereas the corresponding an-
nihilation cross section (30) is suppressed by a factor
~ b1, Equilibrium between pair creation and annihila-
tion yields ny /n., ~ (0, /0+)'/? ~ b. Second, positrons
flowing down to the surface of the magnetar are mainly
reflected, with only ~ 1/3 being absorbed and annihilat-
ing [54].

The computation of the equilibrium pair density at an
arbitrary position in the magnetosphere is carried out
as follows. First, an arcade structure is chosen from
the sample in Fig. 3. Photons are drawn from a spec-
trum (39) and emitted isotropically from the arcade sur-
face with uniform flux per unit surface area and total
luminosity Lg. Gravitational lensing significantly influ-
ences which parts of the magnetar exterior directly re-
ceive rays from the arcade structure and is computed
assuming a non-rotating Schwarzschild geometry. The
space around the magnetar is discretized and the pho-
ton occupancy computed in each spatial cell for a dis-
crete set of propagation directions. The steady state
pair density is computed assuming that pairs have time
to sample the full volume of a magnetic field bundle,
with density at radius r > Ryng diluted according to
ni (T) = n:t,NSB(T)/BN57 where N4 NS and Byg are the
surface number density and field strength where the bun-
dle intersects the star.

We compute the equilibrium density by balancing the
total pair creation rate with the pair loss rate in the en-
tirety of the tube. The main processes considered here
and in [54] are: two-photon pair creation (v + v —
et +e7), pair annihilation (et +e~ — y+7) into pairs be-
low the pair production threshold, surface annihilation,
and outflow through radiative drag.



The total pair production rate in a field bundle is

é>4
Noygysette- = /0 dé / dA L () / d>prdps

dsnw N d3n,y . . N
o ) Sl o B (10

where ¢4 is the length along the tube where B > 4B,
p1 and P, are the photon three-momenta, dn./d>p is
the differential number density of photons at the given
location along the bundle, and the final term |1 — py -
Pa2|o (D1, D2, B) is given in (34).

The two-photon annihilation channel of interest is the
one in which both decay photons are below threshold
for immediate pair conversion (this channel is distinct
from the annihilation bremsstrahlung channel in which
one pair is quickly regenerated). The cross section is
approximately can, = 1.42 op/b [53]. The volumetric
annihilation rate is then computed as

. £>1
N = / d / dAL(0) 12 () (b(0)) B
0
= AL,NS n2i7NS Uann(bNS)£>lﬁy (41)

where ¢~ is the length of the field line with B > Bg.
In the second line, we use the fact that oany, o B~1, and
ny (0)/b(¢), and ny (¢)dA, (£) are constant on a field line.
A significant flux of particles moving in the tube can
annihilate in a thin surface layer at the magnetar surface.
The total annihilation rate was derived in [54] to be

NS

Nsurf = AL67 n:l:,NSﬁ7 (42)
where § = 0.6 is the typical particle velocity in the trans-
relativistic state. Pairs may also be evacuated from the
tube due to radiation pressure from the surface. As dis-
cussed in Sec. III, pairs moving along field lines that
extend sufficiently far from the magnetar surface experi-
ence powerful radiative drag due to resonant scattering
with thermal photons. Field lines whose foot points sat-
isfy 6 < Opmax, where

[ (TNS>1/6 ~12° (bh]s)l/ﬁ (43)
max mesz’y(l =+ ﬂ) 10 ’

where Tng ~ keV is the surface temperature of the mag-
netar, and S = 0.6. The pair loss rate in this region is
[54]

- AL Ns
Niad = ——nxNsf (0 < Omax). (44)
The loss of pairs through pair annihilation, surface an-
nihilation, and radiation-driven outflow is balanced by

two-photon pair creation (y + v — e + e7) in the
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magnetosphere. Photon collision is an inherently non-
local process; photons created with energies 2m, < E <
2m./ sin Oep,, where ey, is the angle at which the pho-
ton is emitted relative to the background magnetic field,
can propagate to neighboring field lines before pair pro-
ducing. Inclusion of photon propagation effects and non-
local pair creation can be found in [54]. The simulations
consider four non-azimuthally symmetric geometries for
the shear zones® with corresponding plasma frequency
profiles shown in Fig. 4. We use the results of these sim-
ulations to predict the two-photon pair creation rate in
the magnetosphere.

Finally, the equilibrium pair density at the surface of
the NS is given by the solution to,

Nann + Nsurf + Nrad - Nﬂy—s—'y—)e*-&-e* = Oa (45)

which is quadratic in n4 ng.  Recall that to com-
pute the density elsewhere, one simply uses the relation
n(()B(é) = n(RNs)BNs.

V. OBSERVATIONAL DISCRIMINATION

To summarize, the BT07 (Sec. I1T) and TK20 (Sec. IV)
models make significantly different predictions about the
location of magnetospheric twist in the magnetosphere
and the state of plasma in their respective twist zones.
In the BT07 model, currents are concentrated around the
magnetic pole; this twisted j-bundle contains relativistic
plasma whose dynamics are dominated by radiative drag
(see Fig. 1). In the TK20 model, magnetospheric twist
may be localized to shear zones with field lines that do
not extend far from the star (see Fig. 1). These shear
zones host a collisional, semi-relativistic plasma that sup-
plies the remainder of the magnetosphere with plasma
through non-local two-photon pair creation. In this sec-
tion, we discuss how observations can be used to distin-
guish the two models and examine a few test cases where
such methods have been applied.

A key feature of magnetars that distinguishes them
from their lower-field counterparts is the fact that their
magnetospheres are dynamic, exhibiting transient behav-
ior, both temporal (e.g., spin-up glitches, spin-down anti-
glitches, and large variations in spin-down rate) and ra-
diative (e.g., X-ray bursts and outbursts, giant flares,
and fast radio bursts), with time scales ranging from a
fraction of a second to years. Transient behavior is often

5 We only consider three of the four geometries present in Ref. [54].
The model not considered, the ‘double quarter model,” contains
two arcades like the one in the ‘quarter model’ (see Fig. 3), lo-
cated diametrically opposite from one another. We neglect it be-
cause it provides almost identical axion projections to the ‘half
model.’



temporally localized to active “bursting phases,” which
commence with large and sudden increases in X-ray flux,
and outbursts that decay on a timescale of minutes to
hours and are followed by “afterglow” emission that de-
cays over weeks to months. A long time (months to years)
after the initial outburst, the magnetar may relax to a
quiescent state, characterized by a 2-10 keV X-ray spec-
trum that is dominated by a blackbody with a temper-
ature in the range of Txg ~ 0.5 keV and a steep power
law that dominates at w 2 3 keV [90]. The models de-
scribed in this paper are therefore most applicable to
X-ray bright Anomalous X-ray Pulsars — magnetars that
have not yet been observed to emit hyper-Eddington X-
ray bursts. The more actively bursting Soft Gamma Re-
peaters have flatter 2-100 keV energy spectra [47], and by
implication stronger and more broadly distributed mag-
netospheric currents.

In a search for axions, quiescent magnetars are pre-
ferred targets to their bursting counterparts due to their
lower backgrounds and the fact that their global magne-
tospheric structures are expected to remain static over an
hours-long observational window. In this section, we out-
line key observations of quiescent magnetars that may be
used to distinguish between the BT07 and TK20 models.

Hard X-ray Emission.— Non-thermal X-ray emission
provides a powerful tracer for magnetospheric twist in
quiescent magnetars. The common detection of a hard,
rising energy spectrum in the 10-70 keV band, some-
times extending to at least 100 keV [47], imposes strong
constraints on models of the current-carrying plasma.

In the BT07 model, hard X-ray photons are produced
by resonant inverse Compton scattering in the radiative
zone, where the upscattered photons are below the pair
production threshold. The total Ohmic dissipation rate
in the j-bundle is given Lgijss = 1P, where [ is the total
current flowing in the loop, and @ is the longitudinal
voltage. This is approximately

Byl
Laies = 6 x 1035 &8 Ppole ) g4, ga 46
diss X S ]-OBQ 9¢ co ( )

where Bl is the dipolar magnetic field evaluated at the
pole, ¥ is the twist in the bundle, and 6. is the angular
extent of the j-bundle. Most of this energy is dissipated
in the form of hard X-ray and gamma-ray emission pro-
duced at the edge of the radiative zone and with typical
energy E ~ 4 MeV (see (17)), and a steep spectral in-
dex [84].

A similar X-ray luminosity is expected from annihila-
tion bremsstrahlung in the TK20 model. An estimate for
the luminosity can be obtained by integrating the Ohmic
dissipation j2/0onm along a magnetic flux tube of surface
cross section A ng, using the conductivity oonm given in
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Eq. (32)

L ~ 4 % 1035 % Bns 3 AL,NS/gghear .
ann s \10Bg 100 ’
(47)

here, we adopt an RMS particle velocity 5 = 0.6 and
take a length [ ~ RNSbll\j/SS for the length of the emitting
tube.

A key observable that can be used to distinguish the
two models is therefore the photon spectrum in the MeV
range. Resonant scattering in the BT07 model can gen-
erate photons of energy well above 1 MeV whereas the
TK20 model predicts a hyper-exponential cutoff above
0.5-1 MeV.

Another observational diagnostic is the relative output
from thermal hot spots and hard X-ray emission. For a
given magnetic twist, the relativistic double layer pro-
duces a much higher energy flux in particles impacting
the surface than does the collisional e* plasma state; but
this effect may be compensated if the j-bundle is confined
close to the pole, where the current density j o< #2. Then
the polar energy flux is

choleef
417 RNs

Bhpol 0.\
~ 4x 1022 2B Dreole ) (e ) gy
A0 s 10Bq ) \ 0.1 e

(48)

FX,pole:j'(p: 1/)@

For comparison, the energy flux released by the annihila-
tion of downmoving et in a collisional flux bundle with
magnetic shear length fgpear 18

ng
FX,NS = fannﬁ? < 2me

(Bns/10 Bg)
(éshear/km) '
(49)

erg
= 1.5 x 10% nn
cm? s f

Here, fann is the fraction of downmoving et that anni-
hilate rather than reflecting and we have taken a multi-
plicity M = 15.

Another remarkable phenomenon that has been ob-
served in some quiescent magnetars is that of shrink-
ing hot spots, in which the size and luminosity of hot
spots are observed to decrease over months to years-long
timescales (see, e.g., magnetar XTE J1810-197 [91, 92]).
This could be connected with resistive untwisting of a
non-potential magnetic field near the magnetic pole fol-
lowing an impulsive injection of twist into the magneto-
sphere [63]; alternatively, it could reflect residual plastic
flow in narrow fault-like zones in the magnetar crust [58].
The implications are discussed further in Sec. V A 1.

Correlation of X-rays and Radio Emission/
Spindown.— Spin-down measurements of magnetars



carry direct information about the magnetic twist, and
hence the current, in the polar region. Another way to
distinguish the two models is to search for correlations
between X-ray emission and changes in the observed spin-
down rate, as an enhanced spindown rate implies injec-
tion of twist into the open field lines.

A significant delay between an X-ray outburst and a
change in spindown rate is a key prediction of both the
BT07 and TK20 models. In the BT07 model, the delay
is related to the resistive timescale for a global twist (im-
parted by the outburst) to migrate to the polar region.
The delay may be more significant in the TK20 model
since currents are typically injected further from the po-
lar region. Such a delay has been observed in a number
of sources such as 1E 1048.1-5937 and is on the order of
months to years, consistent with the expected resistive
timescale [93]. Magnetospheric twist near the open zone
may also lead to phase overlap between X-ray and ra-
dio emission, which has been observed in sources such as
XTE J1810-197 Y. Some sources such as 1E 22594586,
however, exhibit hard X-ray emission in the absence of
both anomalous spindown [48] and pulsed radio emis-
sion [94], which implies a spatial separation between re-
gions sourcing hard X-ray emission and the open field
lines, as predicted by the TK20 model.

Cyclotron Absorption Features.— Cyclotron ab-
sorption is the direct absorption of photons with en-
ergy equal to the cyclotron frequency of charged particles
in a magnetic field. Phase-dependent cyclotron absorp-
tion features are indicative of powerful localized magnetic
loops, such as those described in the TK20 model, and
have been observed in multiple sources. Magnetar SGR
04184572913 has exhibited a phase-dependent cyclotron
absorption line which, if interpreted as a proton cyclotron
line, implies the existence of a near-surface magnetic field
in the range of 2 x 104 G — 10'® G, much stronger than
its spindown-inferred dipole field of ~ 6 x 10'? G near
the equator [95]. Similar features have been observed in
other sources including SWIFT J1822.3-1606 [96], and 1E
22594586 [97], both of which infer small-scale magnetic
fields with strengths larger than the dipole component.

In the following section, we examine two sources: PSR
J1745-2900 (the GC magnetar) and AXP 1E 2259+586,
and discuss observational support for their associations
with the BT07 and TK20 models, respectively.

6 This argument assumes magnetar radio emission comes from the
open field lines as in a canonical radio pulsar. The mechanism
for magnetar radio emission is not currently understood, so this
statement should be taken with some caution.
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A. Application to Galactic Magnetars

Below, we apply the polar j-bundle (BT07) and
collisional trans-relativistic (TK20) models to observa-
tions of two specific sources: the GC magnetar PSR
J1745-2900 and AXP 1E 2259+586. In the literature,
PSR J1745-2900 has been analyzed in the context of both
the BT07 model [98, 99] and AXP 1E 2259+586 in the
context of the TK20 model [54]. We briefly review these
interpretations, while emphasizing that neither source
has been conclusively described by either model. Addi-
tional data and analysis will be necessary to distinguish
between them for any given object.

1. Galactic Center Magnetar PSR J1745-2900

The GC magnetar, PSR J1745-2900, has been identi-
fied as an ideal candidate to search for axion dark matter
(see e.g. [15, 18, 19, 23, 25, 28, 38]). Observations by
the Chandra and Neil Gehrels Swift observatories local-
ized the magnetar to a projected distance of ~0.1 par-
sec from the GC supermassive black hole, Sagittarius
A* [100]. Subsequent observations of X-ray pulsations
by NuSTAR revealed a rotation period of P = 3.76 sec
and a period derivative P =65 x 10712, which, if in-
terpreted in the context of rotational spin down, would
imply a polar surface magnetic field of Bpole = 3.3 X 10
G ~ 8Bg [100, 101]". PSR J1745-2900 is one of six
magnetars observed to emit pulsed radio emission, with
an approximately flat spectrum between 1.2 GHz and 291
GHz [103-105]. Although the precise mechanism of radio
emission is not known, it is likely related to plasma os-
cillations at the corresponding frequencies (as in the case
of standard pulsars); should this be the case, it would
imply that axions with masses between approximately
5 peV and 1 meV can efficiently resonantly convert in
the magnetosphere.

Following its initial outburst in April 2013, PSR
J1745-2900 has exhibited spectral evolution consistent
with emission from a shrinking hotspot on the magne-
tar surface. We now fit this data to a contracting polar
j-bundle in the BTO7 circuit model. This allows us to
infer the properties of the j-bundle in the source’s quies-
cent state, and to test the consistency of the model. The
j-bundle is defined by its twist ¢ and size [63]. The latter
can be directly inferred from the measured temperature
and luminosity, whereas the former is independently con-
strained by the luminosity and by changes in spindown

7 Crucially, spin-down measurements only provide information
about the strength of the dipole component of the magnetic field.
Much stronger multipolar fields may exist on the magnetar sur-
face (e.g. [102]). Modeling of such fields is expected to enhance
axion-photon mixing, but robust modeling of multipolar fields of
PSR J1745-2900 is left to future work.



rate once 6, and Bpole are known. In this way, we obtain
fiducial parameters to be used in the sensitivity analyses
in the following sections.

The luminosity Lx of the surface hotspot below an
untwisting j-bundle can be obtained from Eq. (46) in
the approximation where one half of the current above
the polar cap is carried by charges returning to the star.
Exchanging the angular boundary 6. for the blackbody
radius Rpp ~ 0.Rns/2, we have

1 erg [ Bpol
Lx o —Laiss = 4 x 1033 =2 [ Z22€ ) RLL\ dgo).
x =5kla X 10 — <1OBQ)RBB,km oY
(50)

Note that the blackbody radius Rpp is defined by
App = 4mR%g, where App is the area of the thermal
hot spot on the NS surface. This has been determined
for PSR J1745—2900 in [98]. Eq. (50) assumes the twist
and voltage are constant across the j-bundle, but not nec-
essarily in time, and vanish outside the bundle. A joint
simultaneous measurement of Ly and Rgg would allow
one to infer the product of 1)®g, but not uniquely 1. This
degeneracy can be broken by noting that high twist near
the polar zone leads to enhanced spindown [63]

AP 2 » Rrc
—~ —1 — . 1
P 2w . <9€ Rns (5 )

Therefore, a unique determination of % can be ob-
tained by combining X-ray measurements with informa-
tion on the rate of change of spindown. The difficulty
in the context of PSR J1745-2900 stems from the fact
that recent archival observations are not readily avail-
able. Following the initial outburst in 2013, the X-ray
luminosity was measured by the Chandra High Resolu-
tion Camera (HRC) and the Advanced CCD Imaging
Spectrometer array (ACIS-S) as well as the European
Photon Imaging Cameras (EPIC) aboard XMM-Newton.
The data span about three and a half years, from April
29, 2013, until October 14, 2016. Using this information,
we can attempt to extrapolate the X-ray luminosity and
the evolution in the size of the hot spot to infer ) ®q.

The evolution of the post-outburst X-ray luminosity
(in the range 0.3-10 keV) can be well-fit by a double
exponential model [98],

Lx(t) =Y Awe /™ + Lo, (52)

i=1,2

where the best-fit parameters are (see Fig. 5) A =
2.46 x 10%° erg s71, Ay ~ 2.04 x 10%% erg s™!, 7, ~ 106.9
days, and 7 ~ 444.3 days. The quantity Lg is the
quiescent luminosity. The absence of X-ray emission in
archival Chandra data at the position of PSR J1745—
2900 indicates that Lo < 1032 erg s=! [106]. We adopt
Lg = 103 erg s™!, although the choice does not affect
results considerably.

The evolution of the hot spot size can be obtained by
generalizing the simplest j-bundle model with constant
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1 = O(1) to allow for an increase of the twist with time as
the j-bundle shrinks in size. We assume a power-law de-
pendence @y x Rgg, or equivalently ¢®g o L)_(a/(‘l_a).
Applying this to the data, one finds « ~ 1.42 (see Fig. 5,
right panel) and

€er,
Lx (Rppm) = 3.7 x 103 Tg x REEa . (53)

The fits outlined in Egs. (52) and (53) are shown explic-
itly alongside the aforementioned X-ray data in Fig. 5.
Taking Bpole = 3.3 x 10 G (as measured from spin-
down) we infer from Eq. (50) that ¢)®g¢ ~ 12 at the point
in the evolution where Rgg = 1 km.

The X-ray luminosity and hot spot size are readily
extrapolated to the present, given that no further X-
ray outbursts have been observed from PSR J1745-2900
since 2019 [99]. We infer Lx = 1.15 x 1032 erg s=! and
ReBxm ~ 0.1 km. Then the surface j-bundle radius
2Rpp is only slightly larger than the polar cap radius,
rpe = RnsvQRNs ~ 75 m. Taking Rpp = 0.1 km, one
can infer that the twist has increased substantially from
the earlier value, and now ¥ ®9 ~ 300.

We conclude that a large combination of polar mag-
netic twist ¢ and voltage ® is required to fit the j-bundle
model to the cooling behavior of PSR J1745-2900. As de-
scribed in Sec. II1, the polar voltage is regulated by sec-
ondary e* pair creation. Near the magnetar surface, the
threshold for resonant scattering of blackbody photons is
first reached by et or e~ returning to the star. A conser-
vative bound on the voltage is obtained by drawing tar-
get X-ray photons from the blackbody peak, with energy
~ 3kpTns. Then for PSR J1745-2900, we deduce e® =
YscMe < bmg/GkBTNS = 0.8 GeV(kBTNs/0.5 keV)il.
This is a robust limit, since e* of this energy experience a
very high rate of resonant scattering; in fact, pairs will be
mainly seeded by lower-energy particles that scatter pho-
tons drawn from well above the peak. (Given a resonant
cross section (2m2e%/m.)é(w — eB/m,), the cumulative
optical depth for an ingoing e or e~ to scatter a photon
of energy 3kThp, is ~ 105 (Fx pole/10% erg cm ™2 S_1)3/4.)

Next consider the implications for the polar twist .
Assuming the voltage drop along the bundle remains
fixed, Egs. (50) and (53) imply that the twist angle
P L}O'55. Therefore, from Eq. (51), the increment
in the spindown rate is expected to grow with decreasing
hotspot brightness as AP / P L;(l'l. This behavior may
be inconsistent with data showing constant spindown
rates during the later stages of X-ray dimming [99]. The
spindown rate grew by a factor ~ 2—5 from the first tim-
ing measurements [98], suggesting a twist of ¢» = 1— 1.6,
but a further increase is required to maintain the power-
law relation between L x and Rpp to the lowest measured
flux level.

Another challenge introduced by large twist is that the
j-bundle will be susceptible to non-axisymmetric kink in-
stabilities (see, e.g., [62]). The non-potential magnetic



energy would be released in the form of enhanced X-ray
emission, which is in conflict with the reduced Lx of
PSR J1745-2900. While some compensating increase in
the voltage @ is expected with decreasing temperature
of the polar cap, keeping v less than unity implies much
larger values of ® than are allowed by considerations of
resonant scattering.

2. AXP 1F 2259+586: Collisional, Transrelativistic Model

The prototypical Anomalous X-ray Pulsar 1E
22594586 was observed in supernova remnant G109.1—
1.0 as a pulsating X-ray source with periodicity P = 6.98
sec [107]. The polar magnetic field inferred from spin-
down is Bpgle =~ 1.2 x 10'* G. In addition to this large-
scale dipolar magnetic field, there is indirect evidence
that AXP 1E 2259+586 hosts stronger magnetic fields
in its interior, or in the form of higher multipoles. This
source has exhibited bursts, spin-up glitches, and spin-
down anti-glitches [44]. Additionally, XMM-Newton ob-
servations revealed a phase-dependent, low-energy (F =
0.7 keV) absorption feature that can be explained by
resonant proton cyclotron scattering [97]. Follow-up ob-
servations with IXPE, NICER, and XMM-Newton con-
firmed this feature and modeled it as X-rays scattering
off of non-relativistic protons in a plasma loop confined
close to the magnetar surface and with a magnetic field
greater than 10'® G [108]. Such plasma loops share the
properties of the magnetic arcades in the TK20 model,
namely that they have B > Bg and are localized close
to the surface.

AXP 1E 2259+586 also displays a hard X-ray spectrum
in the 20-50 keV range that agrees remarkably with the
prediction of annihilation bremsstrahlung as the source
of hard X-rays [53]. Moreover, and as mentioned above,
this source has exhibited only a few timing anomalies
(glitches and anti-glitches), but otherwise has a relatively
quiet spindown history [48] and no observed radio emis-
sion [94]. The observation of hard X-ray emission with-
out either radio emission or significant spindown vari-
ations suggests a spatial separation between the X-ray
emitting region and the polar zone. Finally, AXP 1E
22594586 has exhibited pulsed near-IR emission that is
much brighter than expected from a blackbody with tem-
perature T' &~ 0.5 keV [49]. Coherent optical and IR
emission are a natural consequence of current-driven in-
stability either in the magnetosphere or NS atmosphere
[53].

To summarize, we have discussed a number of observa-
tions that can be used to distinguish the BT07 and TK20
models, and discussed particular sources whose observa-
tional characteristics are particularly consistent with one
source or another. At present, there is no consensus on
a unified magnetar model to describe all sources. Given
the source-to-source variability, it is entirely possible that
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different models must be adopted to describe different
sources. We leave more in-depth modeling of individual
sources to future work.

VI. AXION-PHOTON MIXING

We now return to the question at hand: namely, how
do the expected charge distributions found in the near-
field regime of magnetars, which are believed to differ
markedly from the baseline GJ model, influence the elec-
tromagnetic signal produced from the conversion of in-
falling axion dark matter. Below, we outline the pro-
cedure taken in this work to compute the character-
istic flux and the properties of the spectral line pro-
duced from the mixing in these environments. This sec-
tion relies heavily on the formalism and code developed
in [28, 31, 38], which has been used to compute observ-
ables arising from axion-photon mixing around standard
pulsars (see e.g. [25, 29]).

In order to compute the electromagnetic signal, we
begin by fully defining the magnetic field structure and
plasma distribution around the NS of interest. Assum-
ing a quasi-stationary solution (valid for NSs), the total
electromagnetic power sourced by axions flowing out of
the magnetosphere is given by

P= / d*x d°k, E, Ck,,X] (54)

where
cliex = 55 [ ¢ Too o)t 5, (kg ) Ea (k)
”’X_akOH 328, 7y X7 BalKa

x 6 (ley — kq) [Masa | fa(ka,x) . (55)

Here, we have defined k,/k, and E,/E, as the pho-
ton/axion momentum and energy, M, as the axion-
photon conversion matrix element (where we have implic-
itly assumed that photons are only sourced at resonance),
and f, as the axion phase space distribution. The disper-
sion relations of electromagnetic modes can be obtained
from the effective Hamiltonian H of the photon by solv-
ing for the roots, i.e., H = 0. In the strongly magnetized
limit, H is given by [9, 28, 38, 109]

Hx,K) = ¢k + (o k)<wc;)73>. (56)

Here, kj = k- B/V B - B; the photon frequency w =
ut'k,, is measured in the local inertial frame, which we
take to be the pulsar rest frame, corresponding to u =

(\/—95*,0,0,0). Also, the factor

< > Z/ (w— kl\“\l f@ i1(py) dpy,  (57)
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FIG. 5. Fits and extrapolation of X-ray observations of GC magnetar PSR J1745-2900. Left panel: fit of X-ray luminosity
data (black points) as a function of time since outburst to a double-exponential as in [98], as well as an extrapolation to present
day (dashed). Right panel: fitted correlation between X-ray luminosity and thermal blackbody radius (in km).

where fs ), p|, v, and 75 are the distribution function,
the parallel momentum, velocity, and boost factor of
charged particle species s, and @ = w — kjv|. Note that
in the infinite magnetic field limit, particles are forced
to flow along magnetic field lines, and thus p; = 0, or
equivalently p) = p.

When considering the BT07 model, we use the distri-
bution function defined in and below Eq. (28) and eval-
uate (57) analytically. In the TK20 model, the plasma is
trans-relativistic (v ~ 1.25), so we neglect the factor of
<773>. We neglect strong-field Euler-Heisenberg correc-
tions to the photon Hamiltonian in Eq. (56).

In practice, axions accreted around the magnetar are
only semi-relativistic, and thus we approximate © =~ w.
This simplification allows one to re-define an ‘effective
plasma frequency’

o0
2 2
Wp eff = § :wp,s/
s — o0

the computations of the axion-photon conversion surface
and conversion probability are readily generalized from
the case of a static, non-relativistic plasma (discussed in
e.g. [28, 38]) to the case of relativistic streaming by
substituting w, — wp ex.

Resonantly enhanced mixing occurs when £}, = k..
For a fixed axion momentum k, one can define a 2-+1
dimensional resonant conversion surface ¥y, defined by

T (58)

To (o) dp, :

Yk=x:E,k,x)— E,(k)

0,

(59)

where E, is the axion energy and FE,(k,x)
L (K4 e+ \Jh p + R 2002 (1 — 208 0p))
is the associated energy of the sourced electromagnetic
mode. Here, fp is the angle between the wave vector
and the magnetic field, and the functional dependence

of x is understood to enter implicitly in both w, . and
fp. This definition allows one to write Eq. (51) as

P:/d3k/d2k Uy Pary B fa,
where we have defined the conversion probability I, as

7T|Ma—>’y|2
E, Ok, H|Us - V2 E,| '

The conversion probability in strongly magnetized
plasma has recently been computed using kinetic the-
ory [10] and wave optics [12], with the results yielding
excellent agreement with independently run numerical
simulations [11]. The result in the non-adiabatic limit
(Pay < 1) is given by

(60)

P.,

(61)

‘2
7r w4gl2WBg sin“ g 1

2 wz%,eﬁ(wzzw,eﬁ — 2B3) cos? 0p +w* |t - VE, |

(62)
where By is the local magnetic field strength, and v, =
k /w is the phase velocity. All quantities in this expres-
sion should be understood to be evaluated on resonance.
Eq. (60) can then be computed via a MC integration pro-
cedure outlined in [28, 38]; for completeness, we provide
a brief discussion of this procedure below.

P.,
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Quarter Model; m, = 1072 eV; g,,, = 107! GeV™!
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FIG. 6. Left Panel: Ray-traced resonant conversion surface in the TK20 collisional plasma model. View is of the quarter
arcade geometry, with the arcade positioned on the opposite side of the magnetar. Parameters: Bpoie = 10Bg (corresponding
to the GC magnetar PSR J1745-2900), m, = 10~3eV, and Jayy = 10~ GeV~1. The color scale represents the resonant
conversion photon power on the unit sphere. The gray sphere represents the NS surface and photons originating behind the NS
are masked. The resonant conversion surface follows the shape in Fig. 4 and the highest power regions are those at the rear of
the NS, converting close to the surface where magnetic fields are strongest. Resonant conversion surfaces for the other arcade
geometries are shown in App. B. Right Panel: Azimuthally averaged differential power, (dP/dS?), as a function of polar angle 6
for the same model and parameters as the left panel. Maximum differential power is recorded near the midplane (i.e. 6 ~ 7/2)
where axion-photon conversion occurs close the NS surface. We also display the minimum sensitivity for the Atacama Large
Millimeter /submillimeter Array (ALMA) in purple, assuming a ten-hour observation, and the expected signal flux density, S, in
Jansky (Jy) using a calculated signal bandwidth of ~ 10™* m, (see App. B). Overall, ALMA could be sensitive to axion-photon
conversion around the GC magnetar PSR J1745-2900 after ten hours of observation for mg, ~ 1073 eV if PSR J1745-2900’s
magnetosphere has a similar structure to the quarter model.

Assuming the asymptotic axion phase space distribu-
tion to be uniform and isotropic °, i.e.

Na,c0

. - 7 _EZ k,2
limyz) 0 fa (7, k) = (k22 k1*/ko

(63)

where 4 o is the axion number density far from the
NS, the conversion probability can be computed by: (7)
drawing a sample from the asymptotic axion speed distri-
bution, (i4) drawing a random direction on a two-sphere
which characterizes the direction of the local axion veloc-
ity (note that fixing the local direction and asymptotic
velocity fixes k at any point &, implying this sampling
procedure pre-selects a two-dimensional surface of the
foliation defined by Xy), (ii) sampling a point on the

8 Inhomogeneous and anisotropic distributions can also be dealt
with, however tend to require modifications to the MC sampling
procedure — see e.g. [26] for an example where this is applied to
NS-minicluster encounters.

two-dimensional surface ¥y, (iv) expressing the local ax-

ion phase space as
-1 ( , QGMmgﬂ
exp |5 (k" ——=—" )|, (64)
{ké |7

Na, 00
fa(z, k) = (k23
and, finally, (v) averaging the weighted samples.

In general, one is often interested not in the total radi-
ated power but rather in the flux as observable on Earth.
The latter can be obtained by using techniques from ge-
ometric ray tracing, where the evolution of the photon
world lines can be obtained by solving the coupled dif-
ferential equations:

dzt _ OH
d\ Ok,

dkﬂ —

dky _ _OH
-

Qe

(65)

The power radiated in a direction (6, ¢) can then be ob-
tained by averaging the weighted samples that asymp-
totically enter a small bin (6 + §0,¢ £ 0¢). The ray
tracing procedure naturally allows one to account for the
non-linear propagation of photons in the highly magne-



tized and relativistic background, include dispersive ef-
fects arising from the time evolution of the background
plasma (which serve to modify the line profile), and incor-
porate the possibility of resonant cyclotron absorption,
which can in some cases lead to a strong suppression of
the radiated power (see e.g. [38] for further discussion).

It is worth highlighting that the above procedure is
valid as long as photon production remains relatively in-
efficient. For strong magnetic fields and couplings near
the current upper limits, one can find scenarios in which
this condition is no longer met. Should this occur, the
mixing can modify the initial axion phase space in a
highly non-trivial way, and a more detailed MC integra-
tion approach is required [31].

A. Comment on Small-Scale Structures

The resonant enhancement in axion-photon mixing
seen in Eq. (62) is valid when the background magnetic
field and plasma frequency vary slowly compared to the
wavelength of the axion/photon field. This assumption is
well justified in the majority of the magnetosphere, where
the magnetic field and current density vary over length
scales that are on the order of the NS radius. Regions
containing magnetospheric twist, however, may develop
large spatial gradients in the current density, which would
significantly reduce the axion-to-photon conversion prob-
ability. An example of this can be seen in the open zones
of radio pulsars, where the current density can vary on
scales much smaller than the NS radius due to either in-
homogeneous pair creation in the polar cap region [110-
116] or due to the excitation of high-wavenumber tearing
modes during magnetic reconnection [117, 118].

The excitation of small-scale currents may also arise
within magnetar twist zones. In general, magnetic twist
is expected to exhibit a spectrum, B (k) < k%, where
B, represents the non-potential component of the mag-
netic field and « is the spectral index. For a < 1, as
in the case of Alfvénic turbulence, the current spectrum
(k) ~ kB, (k) increases with wavenumber, indicating a
buildup of structure at small scales (see Appendix E).
In the collisional model, small-scale current overdensi-
ties can further enhance collisionality, which may modify
the results of Sec. I'V. Another possible source of small-
scale magnetic structure is streaming instabilities. For
example, in the relativistic double layer model (Sec. IIT),
plasma in the pair production zone is susceptible to such
instabilities, which can lead to the formation of fluctua-
tions at the plasma scale [52, 83, 84].

The presence of small-scale fluctuations may invalidate
the assumption of a slowly varying background and ren-
der the WKB approximation inapplicable in the deriva-
tion of Eq. (62). As aresult, prior studies of axion-photon
mixing in NS magnetospheres have typically excluded the
open field line region and focused solely on conversion
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within the closed zone (see, e.g., [28]; although, it is worth
highlighting that the open field lines contribute volumet-
rically at a very small level in the near-field regime, and
thus cutting these regions induces negligible corrections).
We adopt a similar approach in our analysis of axion-
photon mixing in magnetar magnetospheres and do not
consider axion masses for which axion-photon conversion
would occur near the twisted arcades in the collisional
model, as discussed in the following section.

VII. SENSITIVITY PROJECTIONS: PSR
J1745-2900

In this section, we revisit sensitivity projections using
the j-bundle (BT07) model and the collisional (TK20)
model. We focus on using the GC magnetar PSR, J1745—
2900 as a target, as its close proximity to the GC guar-
antees a large flux of ambient axion dark matter”.

Many studies attempting to probe axion-photon con-
version in magnetar magnetospheres have assumed the
plasma state is described by the GJ model [14, 15, 18, 38].
In the GJ model, magnetospheric twist arises from the
breakdown of co-rotation of the magnetosphere at the
light cylinder, located at a distance Rpc = ¢/ from
the center of the NS. The twist is localized to the po-
lar cap region, which makes up a very small fraction of
the NS surface and has a negligible impact on axion-
induced photon production. Though applicable to lower-
field pulsars, the GJ model is expected to be a poor de-
scriptor of the plasma state in magnetar magnetospheres.
Ref. [28] presents a more accurate treatment, in which
the magnetar magnetosphere is described by a globally
twisted dipole with number density roughly compatible
with Eq. (37), and including a global multiplicity factor
A which serves to account for the fact that the plasma is
not charge separated (the adopted values are taken to be
A =1 and A = 20, the latter being chosen to reproduce
the characteristic plasma frequencies identified in [53])
— note that the assumption of uniformity is adopted for
simplicity, with more complicated twist geometries likely
falling between these more limiting cases. While this ap-
proach is useful to get a rough handle on how enhanced
charge densities in magnetar magnetospheres alter the
expected signal, it is neither fully self-consistent, nor does
it capture a number of interesting features that naturally
arise in the BT07 and TK20 models discussed here (such
as non-local pair production, streaming plasma, broad

9 Although we previously discussed AXP 1E 22594586 in the con-
text of the TK20 model, we do not include it in our analysis
here due to its unfavorable location within the dark matter halo.
Since PSR J1745-2900 has not been definitively associated with
either the BT07 or TK20 model, we consider both frameworks
when modeling PSR J1745-2900.
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FIG. 7. Upper Left Panel: Sensitivity to radio and microwave lines produced by the resonant conversion of axions (of mass
mq and coupling gay~) in the magnetosphere of the GC magnetar PSR J1745—2900. We assume Bpoe = 10 Bg and consider
measurements by four facilities: the Green Bank Telescope (GBT), the Square Kilometre Array in Phases One and Two
(SKA1 and SKA2), and the Atacama Large Millimeter/submillimeter Array (ALMA). Datapoints show the result of extensive
MC ray-tracing simulations; error bars represent the 1-o containment region of the distribution of photon flux, averaged over
viewing angle. The best sensitivity of ALMA and GBT is adopted for each value of m,. To fill in the rest of m, space,
we log-linearly extrapolate the differential fluxes from the simulations and then calculate sensitivities for each telescope. All
sensitivities assume an integration time of ten hours and a bandwidth of ~ 107% mg. See the Appendices for further details of
the calibration by ray-tracing simulations. The yellow band roughly highlights the parameter space of the QCD axion, while
the gray regions have been excluded by existing axion searches [29, 119-139]. Upper Right Panel: Same as upper left panel but
using the half arcade geometry. Lower Left Panel: Same as upper row plots but using the slice geometry. Lower Right Panel:
Same as the other panels but assuming the global j-bundle model with the same parameters as in Fig. 2. In all cases, we find
that current and future-generation ground-based telescopes are uniquely sensitive to axions with feeble couplings to Standard
Model photons and will be able probe currently unconstrained parameter space. However, the specific sensitivities and mass
ranges vary depending on the magnetosphere model assumed.

distribution functions, and spatial inhomogeneities). Be-
low, we outline the modeling assumptions adopted in
each framework and use them to estimate the correspond-
ing sensitivity to axions.

A. Magnetosphere Model Parameters

In the BT07 model, three parameters (apart from the
dipole magnetic field strength, the rotation period, and

the misalignment angle) are required to describe the
magnetospheric plasma in the inner magnetosphere (see
Sec. IT1 B): the surface temperature, Tns, the polar angle
corresponding to the boundary of the j-bundle, 6., and
the twist within the bundle, ¥ '°. The first X-ray ob-
servations of PSR J1745-2900 using Swift and NuSTAR

10 In general, the twist may be non-uniform within the bundle, but
we assume it to be constant for simplicity.
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FIG. 8. Top Left Panel: Profile of wp g in the global twist model, viewed from the side, for Bpole = 10Bg and j-bundle
surface opening angle 6. = 0.01 (as derived for the quiescent state of PSR J1745-2900 in Sec. V A 1). This profile bears some
similarity to the baseline GJ distribution in a rotating magnetosphere. Dashed white line: contour where wpes = 5 x 107°
eV, here located close to the NS surface. Upper Right Panel: Same as upper left panel but now for . = 0.1. The plasma
density in the polar region now greatly exceeds GJ and the contour wpeg = 5 x 107° extends much further from the magnetar
surface. Lower Left Panel: Same as the upper panels but now for . = 0.2 (close to the expected maximum value for PSR
J1745-2900 given the fits in Sec. V A 1). The low-current cavity is now pushed much close to the NS surface and the contour
Wpet = 5 x 1077 bifurcates into two surfaces. Resonant axion-photon conversion in the inner cavity is effectively “shielded”
by the outer j-bundle, except in narrow, pole regions. Lower Right Panel: Interpolated ray-traced median sensitivities for the
global twist model and various opening angles 6., otherwise adopting the same magnetar parameters as Fig. 7. Sensitivity is
weakened at the highest 8. = 0.2 because the j-bundle suppresses the escape of photons emitted close to the magnetar surface;
the escaping photons tend to be emitted at greater radii, where the conversion probability is suppressed.

show a spectrum associated with a blackbody with tem- erned by smaller-scale current structures that need not
perature Tys = 0.956 705012 keV [101]. Tn Sec. VA1, we  extend far from the surface. We estimate the sen-

discussed how X-ray observations can be used to infer sitivity using the three trial arcade geometries shown
the properties of the j-bundle in a more recent quiescent  in Fig. 3. Another key parameter in determining the
state: radius R =~ 0.1 km, corresponding to an opening magnetospheric plasma distribution is the total anni-
angle 0. ~ 0.01 rad, and a twist angle 1) ~ 1.6 rad. We hilation bremsstrahlung luminosity, Lo, defined in and
compute the axion sensitivity assuming these values, but below Eq. (39). Determining Lo observationally re-
also explore the impact of varying the opening angle by quires multi-wavelength X-ray and gamma-ray observa-
considering additional values . = 0.1 and 0.2 rad. tions up to ~ MeV photon energies. In the absence of
such data, we adopt a fiducial value for the luminos-
While the BT07 model describes large-scale twist lo- ity Lo = 10%% erg s~ but also calculate axion-photon
cated near the polar region, the TK20 model is gov-
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FIG. 9. Interpolated ray-traced sensitivities in the collisional
TK20 model for various values of the arcade gamma-ray lu-
minosity L. Quarter arcade geometry is adopted and other
magnetar parameters and telescope sensistivies are the same
as in Fig. 7. Lowering L results in lower w, due to a sup-
pressed rate of photon collisions. For axion masses in the
range 107 eV < my < 1072 eV, lower L pushes the conver-
sion closer to the magnetar, where B is stronger and the con-
version probability is enhanced. The w,, profiles have different
slopes at low frequency, resulting in differing sensitivities at
low myg.

coupling sensitivities for two other fiducial luminosities:
Lo = 103*, 10345 erg s™'. We report the axion-photon
coupling sensitivities for the TK20 models in Fig. 7 as-
suming a fiducial luminosity of 103° ergs~!; however, for
the sake of completeness, we also report sensitivities us-
ing alternative luminosities in Fig. 9.

The plasma density in the j-bundle is defined by Egs.
(27)-(29) along with the model parameters described
above. Stellar rotation cannot be neglected when de-
termining the particle density outside the j-bundle, since
the current density is assumed to vanish in the equatorial
cavity at 0 > .. A similar effect occurs in the collisional
TK20 model, where the pair density is determined by
the procedure described in Section IV . The 0.5-1 MeV
gamma rays emitted by the arcade do not reach a part of
the magnetosphere antipodal to the arcade, where v — v
pair creation is suppressed. We therefore add a minimal
number density, ngy = pgy/e throughout the magneto-
sphere, which gives an equilibrium plasma frequency of

Wp =4/ wZ,GJ + wz,effa (66)

where w? 5 = €’naj/me and wyep is as given in
Eq. (57).

B. Signal Computation

Combining the magnetospheric plasma distribution
(66) with the ray-tracing procedure outlined in Sec. VI,
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we derive the expected flux density for different viewing
angles using the following formula:

1 dP

5= D2Av dQ’

(67)
where D is the distance to the NS, and the differential
power should be evaluated along the line-of-sight from
the pulsar to the Earth. We use a galactocentric dis-
tance D = 8.178kpc [140], with a offset from the GC
black hole Sagittarius A* of ~ 0.097 pc [99, 100]''. The
orientation of the magnetar spin and magnetic moment
are not known, and so we average the differential power
over the azimuthal direction, weighted by sin § where 6 is
the magnetic polar angle, and compute the 15.7%, 50%,
and 84.3% containment regions. At each viewing an-
gle, we also compute the width of the photon spectra,
Av, which we use to calculate the differential flux den-
sity (we find that for most axion masses and models we
test, Av ~ 107 m,,).

For illustration, we show an example of a resonant con-
version surface, as well as the phase-resolved differential
power produced from axion-photon mixing, in Fig. 6. On
the left panel, we show the surface of resonant axion-
photon conversion assuming a collisional magnetosphere
with the quarter arcade geometry as well as the axion pa-
rameters m, = 103 eV and Jayy = 10711 GeV L. The
photon rays on the resonant surface are colored by their
asymptotic power on the unit sphere. The highest power
regions are on the side of the NS opposite to the emitting
arcade, where the resonant surface intersects the NS sur-
face. There, the magnetic fields are strongest and axion-
photon conversion is greatest. This is also reflected in
the right panel, where the rotation-averaged differential
power is seen to peak near the magnetic equator.

C. Observation and Backgrounds

Observations of a given magnetar are most sensitive
to axions whose mass coincides with the effective plasma
frequency close to the stellar surface. Examining Figs.
2 and 4, the sources considered in this work are most
sensitive to axions with mass in the range 107° eV <
mg < 1072 eV. This mass range is best probed with sen-
sitive radio and millimeter telescopes. In this section, we
compute the sensitivity of current radio and millimeter
telescopes, the Green Bank Telescope (GBT) [141-143]

and the Atacama Large Millimeter/submillimeter Array

11 Technically, this is the inferred two-dimensional projected dis-
tance. Should the line of sight distance be significantly larger,
our approach may lead to an overestimation of the dark matter
density; nevertheless, adopting this value serves as useful bench-
mark in understanding future capabilities.



(ALMA) [144, 145], and the projected sensitivities of the
upcoming Square Kilometer Array (SKA) [146, 147].

To project our sensitivities, we use the system equiv-
alent flux densities (SEFD) for each telescope array and
use the radiometer equation to derive the minimum ob-
servable photon line flux density (Smin):

SEFD
vV 2Av Atobs ’

Here, Av is the axion signal bandwidth, which we com-
pute using our ray-tracing code for different viewing an-
gles, and Atqps is the total observation time (our sen-
sitivities assume Atons = 10 hours). For ALMA, we
use the sensitivities calculator tool analysisUtils [148].
For GBT, we use the SEFDs listed in the Proposer’s
Guide [143] assuming average weather conditions and the
12-meter telescope array. For SKA, we project the sensi-
tivity to future array’s phase-1 and phase-2 observational
programs (i.e. SKA1 and SKA2) based on their antici-
pated performance [147]. Individual SEFDs are shown in
App. C.

To derive the minimum observable axion-photon cou-
pling using a given telescope, we compare Eq. (68) to
the signal flux density in Eq. (67), and use the rela-
tion S ggw. These quantities then form the axion-
photon coupling sensitivities and uncertainties we report
in Figs. 7, 8, and 9.

An important consideration when calculating the ex-
pected resonant conversion signals from the GC magne-
tar is extinction by dust in the galactic plane. Three-
dimensional dust maps exist [149] but we conservatively
model the expected extinction assuming all emission
originates at infinity as in [150]. As a result, the ex-
pected dust extinction of the resonant conversion sig-
nal exp (— fos ds' ng 0) becomes 1070444x where ng is
the dust density, o is the wavelength-dependent dust-
photon cross section, and Ay is the galactic dust extinc-
tion at wavelength A. Using the galactic dust models in
[151, 152] and the extinction curve from [153], we find
that our expected resonant conversion flux from the GC
is multiplied by an attenuation factor < 0.90 for axion
masses m, 2> 4 x 1073 eV. As a result, we ignore all
resonant conversion in our sensitivities for greater axion
masses m, > 4 x 1073 eV to neglect the effects of GC
dust extinction.

We note that there are significant uncertainties re-
garding the precise dark matter densities and velocity
dispersions expected in the inner halo. Using Jeans
analyses to calculate equilibrium inner velocity disper-
sions will likely not capture the disequilibrium caused
by mergers like the Large Magellanic Cloud and Sagit-
tarius and other sources of systematic uncertainties (see
[154, 155] for examples of how recent mergers have dis-
rupted the galactic disk). Additionally, N-Body simu-
lations of Milky Way-like galaxies are often not able to
finely resolve the inner ~ 0.1 pc due to resolution limits

Smin = (68)
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(e.g. [156]), although new simulation methods are begin-
ning to resolve the inner accretion disks around central
supermassive black holes as well as the larger-scale struc-
tural properties of Milky Way-like galaxies [157-159]. To
be conservative, we assume a dark matter velocity dis-
persion of 220 kms~! and calculate the dark matter den-
sity in the GC using the best-fit generalized NFW pro-
file'” in [155] evaluated at a galactocentric distance of
0.097 pc [99, 100]. We note that assuming an Einasto
profile [155] or cored Burkert profile [160] would decrease
our assumed inner densities by a factor of ~ 10* — 10°,
resulting in weaker axion-photon coupling sensitivities by
a factor of ~ 102 — 1025, On the other hand, assuming a
spiked inner dark matter density profile, as hypothesized
for regions close to the Milky Way’s supermassive black
hole Sagittarius A* [161], would enhance our assumed
densities by a factor of ~ 104, resulting in sensitivities
to axion-photon couplings two orders of magnitude lower
than our current projections.

D. Results

The sensitivities of observations of PSR J1745-2900
to axion dark matter are shown in Figs. 7, 8, and 9.
The analysis in Fig. 7 includes four different magnetar
magnetosphere geometries across a broad range of ax-
ion masses, including the sensitivities for the telescopes
GBT, ALMA, and SKA (phases 1 and 2). We calcu-
late all sensitivities assuming a total observation time
of 10 hours and use the detailed ray-tracing procedure
in Sec. VI to calculate differential fluxes as a function of
viewing angles, as in Fig. 6. The 1-¢0 containment regions
for the individual simulations run are shown as error bars
in each panel of Fig. 7, where we calculate the differential
power percentiles based on the distribution of rotation-
averaged differential power vs. viewing angle. We then
log-linearly interpolate these rotation-averaged differen-
tial power values as a function of axion mass to generate
the full sensitivity curves.

In Fig. 7, the quarter, half, and slice magnetosphere
geometries for the collisional TK20 model all display the
most competitive sensitivities in the region of 10~4eV <
me < 1073eV. For these axion masses, ten hours of
observation time would provide the leading sensitivities
to such dark matter candidates. Sensitivities drop off
at greater m, because of the loss of sensitivity of the
telescope (ALMA) and because the resonant conversion
surface has a low area despite being close to the NS
surface. The slice geometry stands out in that it pro-
vides a competitive sensitivity at lower axion masses

12 The best fit inner density slope for the generalised NFW profile
in [155] is &~ —0.9, which is similar to the traditional NFW inner
slope of —1.



me < 3x107% eV, although the viewing-angle dependent
scatter is more severe. In this configuration, it turns out
that the resonant surface extends close to the NS surface
at low w,, although only in narrow regions as shown in
Fig. 4. (See App. B for an example surface.)

The final model shown in Fig. 7 is the BT07 globally
twisted j-bundle, with opening angle 6§, = 0.01, appro-
priate to PSR J1745-2900 in its present quiescent state.
Here, the surface plasma frequency, which is determined
by the low corotation particle density, does not rise above
wp ~ 107* eV, too low to be observed by ALMA. The im-
proved sensitivity in the 1075 — 10™* eV mass range is
a direct result of the fact that the conversion surface is
closer to the star (implying a larger magnetic field, and
thus more efficient axion-photon conversion). We pre-
dict for SKA phase 2, that observations of PSR J1745—
2900 could be sensitive to QCD axions in the mass range
2x107%eV <m, <8 x 107 %eV.

This model assumes that most of the magnetosphere
of PSR J1745-2900 has relaxed close to the baseline
GJ particle density in its quiescent state; the results
are therefore consistent with previous analyses of GJ-like
magnetars with similar magnetic field strengths [28, 38].
Note that the j-bundle fit to the X-ray data of PSR
J1745-2900 predicts larger 6, at higher fluxes (up to 6, ~
0.25), a configuration that might be repeated during later
outbursts. We therefore calculate the median sensitivi-
ties for the global twist model assuming different opening
angle values in Fig. 8, specifically 6. = 0.01, 0.1, 0.2.

This increase in j-bundle opening angle can generate
significantly different plasma profiles, and thus different
axion-photon conversion sensitivities. In Fig. 8, we plot
the plasma profiles for various values of 6., as well as
the projected median sensitivities from ALMA and GBT
(bottom right). For small 6., the plasma closely resem-
bles a GJ plasma. For larger 6., one sees an enhancement
in the plasma density, and the appearance of local plasma
under-densities, which effectively trap low energy pho-
tons, blocking out near-field resonant conversion. The
net effect is that increasing 6. leads to a decrease in sen-
sitivity, but broadens the sensitivity to much higher m,
than would be possible in the GJ limit.

Our results highlight an interesting feature of the
global j-bundle model with large opening angle: the in-
ner resonant conversion surface is surrounded by a high-
density plasma “wall”. This could have significant im-
plications for the observability of axions. Low-frequency
photons deposited inside the cavity may be channeled
through holes in this plasma wall, thereby producing
bright spots across the sky. In order to avoid overstating
sensitivity to current radio observations, we adopt the
procedure of excising any conversion photons that inter-
cept a high-density plasma zone.

One of the systematic uncertainties entering the anal-
ysis of the collisional TK20 model arises from the un-
known total luminosity of annihilation bremsstrahlung
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photons. In our ray-tracing simulations (and in the sen-
sitivity projections shown in Fig. 7), we adopt a fidu-
cial luminosity of Ly = 103 ergs~!. However, lower lu-
minosities would result in lower density magnetospheres
and thus lower plasma frequencies. In Fig. 9, we calcu-
late the median sensitivities for the quarter arcade struc-
ture, using the same procedure as in Fig. 7, but now
with Ly = 103*%ergs™! and Ly = 103*ergs™!, while
adopting the same SEFDs for ALMA and GBT. We find
that the conversion of axions with masses m, < 1073
eV is pushed closer to the NS, where the magnetic field
is stronger. As a result, lowering the dissipation in the
magnetospheric circuit increases the sensitivity to heav-
ier axions and reduces the sensitivity to very light axions
(which convert much further from the star). This analy-
sis suggests that one may optimistically be able to probe
axion-photon couplings down to ~ 2 x 10712 GeV ™! for
axion masses m, > 10~ eV. Lowering Lo also has the
effect of restricting the range of m, that can convert,
this being below ~ 1073eV for L < 103*?ergs™!, as
compared with ~ 5 x 1072 eV for the fiducial luminos-
ity. Spectral measurements around 1 MeV are needed to
accurately calibrate the gamma ray output.

VIII. CONCLUSION

In this paper, we have revisited the constraints on ax-
ion dark matter that may be derived from observations
of magnetars in the radio and microwave bands. We have
adopted up-to-date models of the plasma state around a
magnetar. These models have been developed already in
some detail but are based on simple mechanisms of et
multiplication in super-Schwinger magnetic fields. They
are motivated and constrained by the remarkable X-ray,
infrared, radio, and spindown phenomenology of mag-
netars. Independent of the underlying mechanism, it is
clear that the current flow around a magnetar must de-
part dramatically from the predictions of the standard
pulsar model. One expects significant modifications to
the brightness and frequency range of the emission line
arising from resonant axion-photon conversion.

The two models considered apply to relatively quies-
cent magnetars and involve different plasma states and
mechanisms of pair creation. The first model (which we
term the BT07 model) applies in a situation where the
current density is not too high, the e flow is collision-
less and relativistic, and pair creation is sustained by
scattering of keV photons at the Landau resonance. The
relativistic pairs source a hard X-ray continuum simi-
lar to that observed from most quiescent magnetars if
the current is concentrated in a narrow j-bundle near
the magnetic dipole axis. We consider j-bundles of var-
ious angular widths. The resonant conversion of axions
is concentrated outside the j-bundle, where the plasma



density may not much exceed the baseline GJ value.

The second approach (termed the TK20 model) is
based on the possibility of enhanced current density in
zones of strong magnetic shear. In this situation, the e®
gas can relax to a collisional, transrelativistic, but still
dilute state. Ohmic heating of the circuit is mediated
by repeated e™ — e~ annihilation and compensated by
the emission of a broad spectrum of annihilation X-rays.
Here, the location of the currents is less constrained; we
consider various arcade structures tied to narrow crustal
slip zones. In contrast with the BT07 model, much of
the remaining magnetosphere is bathed with 0.5—1 MeV
photons that collide and form an extended cloud of pairs.
As a result, the plasma density and resonant conversion
frequency are generally higher than in the BT07 model.

It should be emphasized that all magnetars appear
to be variable on month-to-year timescales, whether or
not they emit brief (0.1-1000 s) and ultraluminous X-ray
bursts. This variability has been ascribed to a combina-
tion of continued crustal flow and resistive evolution in
the magnetosphere. As a result, the plasma state around
a given source is not expected to be fixed. In many re-
spects, magnetar states of lower luminosity and plasma
density turn out to be more favorable for the detection
of a microwave axion conversion line.

We summarize our main conclusions here:

e Radio and sub-mm observations of magnetars may
be sensitive to axions with mass in the meV range.
The highest m, that can be probed by resonant
conversion to photons is set by the plasma fre-
quency near the magnetar surface. In the GJ
model, the surface plasma frequency of PSR, J1745—
2900 is about w,(Rns) &~ 0.1 meV. This rises to
about 30 meV in the TK20 model when the arcade
gamma-ray luminosity is Lo ~ 10% erg s7!. We
show that dedicated ALMA observations of PSR
J1745-2900 could be sensitive to meV-scale axions
with couplings as low as ~ 2 x 10712 GeV~! if the
TK20 model is correct and L is as low as ~ 1034
erg s !; the constraint weakens with increasing lu-
minosity. Measurements of the gamma ray spec-
trum around 1 MeV are key to testing the plasma
state.

e Since the the magnetospheric plasma state evolves
over long timescales, the sensitivity to axions
varies accordingly with observing epoch. Follow-
ing an outburst, the magnetosphere becomes highly
twisted, resulting in enhanced plasma densities.
This environment enhances sensitivity to higher-
mass axions, although it also increases radiative
background levels. As the magnetosphere untwists
and the rate of plastic flow diminishes, the plasma
density drops, shifting the sensitivity to lower m,,.
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e In a situation where the BT07 model applies — e.g.
the magnetic twist is too weak to support collisional
e* plasma — future observations of PSR J1745-2900
with the SKA may yield sensitivity to the QCD
axion. This conclusion is consistent with previous
studies [8, 15, 17] that employed the GJ model for
the magnetar magnetosphere. If instead this mag-
netar forms stronger currents supported by tran-
srelativistic e*, ALMA observations yield sensitiv-
ity to axion-like particles in the meV-range, but
not to the QCD axion. This conclusion is consis-
tent with the approximations made in [28].

Another possibility we do not consider here is a ‘hy-
brid” model. While we have treated BT07 and TK20
as distinct models, a realistic magnetar magnetosphere
may exhibit features of both. For example, a mag-
netosphere could simultaneously support magnetic ar-
cades with dense e* plasma in combination with zones
of weaker twist (on the opposing side of the star [54])
where a relativistic double layer structure would emerge.
A magnetar in this configuration would combine sensitiv-
ity to meV-mass axions with a sensitivity to QCD axions
approaching that of the pure j-bundle — even though the
hard X-ray continuum would arise from the collisional
plasma and not from resonant scattering in the polar
zone. Considerable variability may be expected in the
density of the reflecting plasma wall forming on extended
field lines, this being sensitive to the rate of pair creation
near the magnetic dipole axis. A more comprehensive
treatment of these hybrid magnetospheric configurations
is left to future work.

Future observations of the GC may yield a population
of sources like PSR J1745-2900 that both have favor-
able magnetic and plasma conditions for axion conversion
and are located in a particularly dense region of the dark
matter halo. The baseline GJ plasma frequency may de-
crease only slowly with time as a magnetar spins down, as
wp o< BY/2¢=1/4; this means that older magnetars with
magnetic fields frozen into their superconducting cores
can still be viable sites for resonant conversion. Finally,
in addition to converting dark matter axions into narrow
radio signals, magnetars may themselves be prolific axion
factories. The production efficiency varies significantly
between the BT07 and TK20 models. In the former,
there is a relatively low plasma density, which admits re-
gions with Ej # 0, particularly in the pair production
zone, which can source axions as in [29, 162]. We defer
a dedicated analysis of axion production from magnetar
magnetospheres to future work.
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Appendix A: Axion-photon Conversion in
Super-critical Magnetic Fields

The Lagrangian describing axion-photon mixing in-

medium is

1
LD == gayyaF,, F* — A, JV+

4
18 ad’a — 1m2a2 = 1F Fhrg (A1)
27 2 ¢ 4= ’
where F* is the electromagnetic tensor, FH =

"B E,5/2, € is the Levi-Civita symbol, J* = (gi),/f) is
the matter four-current, ¢ the electrostatic potential, and
A the vector potential. The axion field, mass, and cou-
pling constant are represented by a, m,, and ga~, respec-
tively. In a strong background magnetic field, the QED
Lagrangian receives quantum corrections. The renormal-
ized one-loop QED Lagrangian was computed exactly by
Euler and Heisenberg [163],

_ 1 dn__pm?
Len = 72 7’
e?abn? e*n?
—b%) - 1], (A2
[tanh(ebn) tanh(ean) * 3 (a ) ]’ (42)

where a and b are related to Lorentz invariant quantities
F =F?/4, G = FF /4, according to

a=\\VF2+G—F, b=\VF>+G2+F. (A3)
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where (20 (z,2) = 9.((z,2), ((z,x) is the Hurwitz
zeta-function, I'(z) is the Gamma function, and ¢ (z) =
I(x)/T(z) is the polygamma function.

The plasma susceptibility for a general anisotropic
plasma can be derived by substituting a plane wave so-
ik-Z—iwt (:\ lft\?@)
coordinate system in which k= kZz, and the magnetic

lution, « e , into Egs. We consider a
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The Lagrangian leads to the equations of axion elec-
trodynamics

V-D= JayyVa - B, (A4)
V-B=0, (A5)
. . 0B
E=-2 A
V x 5 (A6)
i =22 g (Bowa+Vax E), (A7)
(82 v2 +m2)a = gayE - B, (A8)

where D and H are the displacement and magnetizing
fields, respectively. They are defined by the constitu-
tive relations, D; = ¢;;E; and B; = p;;H;, where € and
1 are the permittivity and permeability tensors, respec-
tively. These tensors receive contributions from both the
surrounding medium (in this case, defined by the four-
current), as well as QED vacuum polarization,

Gy = Oy T (A9
(,Lllil)ij — 5” + 77Platsrna + 772;“ , (AlO)

where x (€) represents the electric (magnetic) susceptibil-
ity. The vacuum susceptibilities were derived explicitly
n [164],

X[ = —Csdi; + Cebyb;
,r];/]ac = —C&(Sij—cubibj

(A11)
(A12)

where b = B/B, and B. = m?2/e ~ 4.4 x 10" G is the
Schwinger critical field strength. For magnetic fields of
arbitrary strength,

(7; —%m (r (21b>> —é] (A13)
)G
- (e (1)) +1] A

field lies in the yz plane at an angle 6 to the z-axis. The
resulting plasma susceptibility is [9, 165]
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where w, = > 4/¢?ns/ms is the plasma frequency,
summed over all species (e.g., electrons, positrons, ions,

etc.), and gs, ns, ms are the charge, number density, and
mass of species s, respectively. In the case of plasma sur-
rounding magnetars, the relevant species are electrons
and positrons, so we drop the species label going for-
ward. The plasma is assumed to move along the mag-
netic field with speed v, with corresponding boost factor

J
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vy=(1- UH) /2 and @ = w — kjvy (where kj = k- B),
in the NS frame'®. The one-dimensional assumption is
an excellent approximation in magnetar-strength fields,
as particles are generally confined to their ground Lan-
dau levels and move along magnetic fields as “beads on a
wire”. The angled brackets (...) represents an ensemble
average,

(A17)

0) = Z/jO Ofs(p)) dpy,

where f, | is the distribution function of species s.
Putting together (A11) and (A16), the electric permit-
tivity is

1-0Cs 0 0
€ij = 0 1-0Cs+ (CE — <7§§;2 >) sin® 6 (CE + <,YU;%>> sin @ cos 0 (A18)
0 <C€+<7§§2>) sin 6 cos 0 1705+<C€f<;%>> cos2 6
1-Cs 0
(1) = 0 1-Cs—Cyusin?0 —C,sinfcosd (A19)

0 —C,,sinf cos 6

We have assumed above that the magnetic permeabil-
ity receives no contribution from the plasma. In the limit
of large magnetic field,

ab «
Ce - 3 ) CM - _gv
Cs = (; In(2b) + 4¢H9(~1,0) — é) . (A20)

where 4¢(19)(—1,0) — 1/6 ~ —0.83. Magnetic fields of
astrophysical relevance have b < 103, for which C,,, Ce <
1 and can be safely neglected. The fastest-growing term,
C¢, becomes order unity at b = 3/« & 400, corresponding
to a magnetic field of B ~ 1.8 x 106 G,

Magnetic fields of such strength have been inferred
from very long period magnetars, making this contri-
bution significant. Keeping just terms containing C.,
the magnetic permeability tensor becomes trivial and the
electric permittivity tensor takes the simpler form

13 The rest-frame of a NS is technically a frame co-rotating with the
star (and is thus non-inertial). Since the timescale over which
axion-photon mixing takes place is much smaller than the rota-
tion period, for the purposes of this computation, we assume the
NS frame to be static.

1—C§—CNCOSQH
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Appendix B: Computationally Ray-Traced Diagrams

In this section, we show the resonant conversion sur-
faces (specifically, we plot point samples from the MC
sampling procedure, with the color coding reflecting the
relative weight of the sample itself) for all the sheared
model geometries in Fig. 10, including the collisional
quarter, half, and slice models. We also display Moll-
weide projections for the collisional quarter model in
Fig. 11, showing both the radiated power and the rel-
ative width of the line across the sky. Here, one can
see a mild azimuthal asymmetry in the flux, reflective of
the ‘quarter’ feature itself. Note that rotationally aver-
aging implies that this translates into a time dependence
of the radio line, which in turn could be used to further
differentiate a potential signal from background. In the



right panel of Fig. 11, one can see that the character-
istic width is typically < 10~*, justifying the choice of
bandwidth adopted in the previous section.

Appendix C: Telescope Sensitivities

In order to project sensitivities to axion-photon conver-
sion in the mass ranges of 107%eV < m, < 1073 eV, we
compute the sensitivity of current radio and millimeter
telescopes, the Green Bank Telescope (GBT) [141-143]
and the Atacama Large Millimeter Array (ALMA) [144,
145], and the projected sensitivities of the upcoming
Square Kilometer Array (SKA) [146, 147]. The individ-
ual SEFDs for each telescope are shown in Fig. 12. Note
that in the sensitivities shown in the main text, we ig-
nore the frequency range 2.6 GHz < v < 3.96 GHz for
GBT since the official proposer’s guide does not report a
receiver sensitivity in that frequency range [143].

Appendix D: One-dimensional Approximation

In this appendix, we apply a simplified one-
dimensional model of axion-photon conversion to the
same magnetar plasma profiles, as a check of the more
precise, but largely numerical, methodology adopted in
Secs. VI and VII. This method has been employed in a
number of early studies of axion-photon conversion in NS
magnetospheres (see e.g. [15]).

The underlying assumptions of this one-dimensional
model are that all in-falling axion trajectories are ra-
dial, that all photons propagate along straight lines from
their point of production, that the conversion surface is
exactly two-dimensional, and that, more generally, the
effects of spacetime curvature are ignorable. The first
of these assumptions is perhaps the most inaccurate, as
the conversion probability can depend sensitively on the
local phase space; nonetheless this approach provides a
reasonable estimate in various regimes.

Here, an in-falling axion experiences a plasma profile
wp(r,0,¢), where § and ¢ are fixed. Resonant axion-
photon conversion takes place at critical radius, r., de-
fined using the resonance condition (see, e.g., [9])

w? 2
¥ 2 = ma -2 ) (D]')
V3w — k) m2 cos? O + w?sin” 0p

where w is the frequency of produced radiation, and 0
is the angle between the magnetic field and the pho-
ton/axion momentum. An important complication aris-
ing in the magnetar magnetosphere modeled considered
in Sec. I1I and Sec. IV is that the plasma profile along a
given trajectory need not increase monotonically toward
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the star.'’ In the BT07 model, there is a steep plasma
frequency gradient at the boundary between the equato-
rial cavity and the j-bundle (see the rightmost panel in
Fig. 2). The steepness of the transition between the cav-
ity and j-bundle is an artifact of assuming a threshold for
pair creation [63]. In a more realistic model, the transi-
tion is expected to be smooth. A non-monotonic plasma
profile implies multiple solutions to (D1). The solution
at smaller radius (usually within the cavity) necessarily
leads to enhanced conversion to photons; however, these
photons will be reflected at the boundary of the cavity
upon their attempted exit from the magnetosphere, lead-
ing to a possible build-up of radio photons in the cavity
(see main text for a discussion). For simplicity, we do
not consider this scenario and instead set the conversion
radius to be the largest solution to (D1). At the conver-
sion radius, the conversion probability is approximated
by a simplified version of (62),

™ gg'\/'yB(TC)2rc

P, ==
T3 mava(re)

(D2)
where v, (r.) is the axion velocity at the conversion ra-
dius, and we have assumed the plasma profile gradient at
the conversion radius to be |wj(r.)| = 3mg/2r., consis-
tent with the requirement that the plasma number den-
sity n o< B oc r73.

As pointed out in [15], for conversion radii r. <
GMxys/v3, where vy is the axion velocity far from the
NS, the DM density at the conversion radius is

2G' Mg

pom(7e) = ppm,o e

(D3)

where ppum,o is the DM density at distances large com-
pared to the NS radius, but small compared to the DM
halo scale radius. Applying the simplifying approxima-
tion that axions and photons execute 1D motion along
radial trajectories, the outgoing photon power is

dP

m = 2Pa—>’y /ODM(TC) Uch,

where v, = «/vg + 2G Mg/ is the axion velocity at the

conversion radius. The flux density of this photon signal
can then be computed as before. As in the main text, we
adopt a plasma broadened bandwidth of Av = 10"%4m,,.

In Fig. 13, we show the sensitivities of the telescopes
GBT, ALMA, and SKA (phases 1 and 2) to axion-
photon coupling, assuming the same magnetar mag-
netosphere models and observational parameters as in

(D4)

14 Care must be taken when computing the axion-photon conver-
sion probability near an extremum of the plasma distribution.
There, phase interference effects can lead to orders-of-magnitude
deviations from standard expectations [166].
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Ray-traced resonant conversion surface for the quarter, half, and slice arcade geometries in the collisional TK20

model, as viewed from the side of the magnetar opposite to the gamma-ray emitting arcade. We assume m, = 107 %€V,
Garvy = 1072 GeV™!, Byole = 10Bg, and a local dark matter density of 0.4 GeVem™2. Color scale indicates the resonant
conversion photon power on the unit sphere. The gray sphere represents the NS surface and photons originating in front of
the NS surface are masked. The highest-power emission zones are those behind the magnetar, close to the surface where the

magnetic field is strongest.
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Mollweide projections of the escaping line power (left panel) and line width (right panel) for the collisional TK20

model with quarter arcade geometry, here assuming m, = 1073 eV, Jayy = 10712 GeV ™, and a local dark matter density of

The central regions of these Mollweide projections correspond to the azimuthal angles directly in front of the

gamma-ray emitting arcades. Both line power and line width peak on the side of the magnetar opposite to the current-carrying

0.4GeVem™3.
arcade.
Fig. 7. The different colored bands show the mini-

mum, maximum, and average sensitivities when calcu-
lating the one-dimensional rotation-averaged power dis-
tributions for different viewing angles (i.e. the minimum
sensitivity corresponds to the viewing angle with the low-
est rotation-averaged differential power). Note that cau-
tion should be taken when comparing with the ray trac-
ing results, as there we plot the 1o flux containment
regions, which are necessarily narrower than the maxi-
mal range. We find that the results of the sensitivities
predicted by the one-dimensional approximation agree
with the computationally ray-traced sensitivities (shown
as error bars) to within ~ 20, assuming that we use
the bandwidth calibrated by the ray-tracing simulations

(i.e. Av ~ 107*eV). However, for lower axion masses
me < 107%eV, the TK20 slice model’s ray-traced me-
dian axion-photon coupling sensitivities are over an or-
der of magnitude lower than those predicted by the one-
dimensional approximation. This is because the plasma
frequency is significantly lower on the side of the magne-
tar opposite to the emitting arcade, where axion-photon
conversion occurs close to the NS surface. In the ra-
dial approximation, the plasma profile is not monotonic
and does rise locally with distance (e.g. see Fig. 4) and
thus photons are not able to follow purely radial trajecto-
ries. The ray-tracing scheme we employ accounts for non-
radial trajectories and allows those photons to escape, re-
sulting in greater differential power and thus sensitivity
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FIG. 12. Telescope system equivalent flux densities (SEFDs)
for the four telescope used to project sensitivities in this in-
vestigation: the Green Bank Telescope (GBT), the Atacama
Large Millimeter Array (ALMA) and the Square Kilometer
Array’s Phase 1 and Phase 2 (SKA1 and SKA?2).

to lower axion-photon coupling strengths. We also find
that the radial approximation does poorly for the BT07
global twist model when conversion occurs close to the
neutron surface (i.e. m, ~ 107%eV). These results em-
phasize the importance of using the detailed ray-tracing
procedure outlined in Sec. VI in order to calculate sensi-
tivities to these complex magnetosphere geometries.

Appendix E: Axion-Photon Conversion in a
Turbulent Magnetic Field

Here, we estimate the effect of a turbulent component
of the magnetic field on the axion-to-photon conversion
probability. We consider anisotropic incompressible mag-
netohydrodynamic (MHD) turbulence in the background
of a strong, constant magnetic field, B = By, which
represents the potential (untwisted) component of the
NS’s magnetic field. Here &) is the unit vector in the
direction of the magnetic field. We add to this ordered
magnetic field a turbulent field 6§(x|‘,i‘]_), where 7 is
the position in the plane perpendicular to the background
magnetic field, and |6B|/By < 1. We can expand the
turbulent field in Fourier modes,

S Bk~ - B2
5Bi($\l>xl-):/W(;Bi(ku,h_)em”x”ﬂh L. (E1)

The root-mean-square (RMS) magnetic field can be
written in the form

kik;
k2

(3B.0,(@) = (2m)* (5, -
(£

where (...) denotes a statistical average over different
field configurations. The amplitude Pp(k),kL) repre-

) Py(ky, k1) 6(k — @),
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sents the breakdown of isotropy due to the presence of
the background magnetic field. The dependence on the
magnitude of k. is a result of the assumed axisymmetry
about the background magnetic field. The root-mean-
square (RMS) magnetic field is

%<5BQ> = /dgk PB(k||,I€L)~ (ES)

Pp(kj, kL) can be interpreted as the differential mag-
netic energy density carried by fields with wave vector
k. As a concrete example, we consider Goldreich-Sridhar
turbulence [167, 168], a key feature of which is that ed-
dies are highly elongated along magnetic field lines, with
k1 > k). The magnetic power spectrum can be written
in the form

67 §2/3

32 _ kLl/S
1

(E4)

where L is the scale on which energy is injected (taken
to be ~ Rns), which sets the infrared cutoff of the tur-
bulent spectrum. The delta function follows from the
assumption of a scale-independent cascade rate, which
imposes the condition that kJHLl/3/ki/3 is a constant that
we denote C. Eq. (E4) is normalized such that the aver-
age energy density in the turbulent field (§B?%) /B3 = e.
The effect on the non-resonant axion-to-photon conver-
sion probability, P~ ox B2, is therefore altered by O(e),
which is taken to be much less than unity. In resonant
conversion, however, the turbulent spectrum can lead to
the formation of plasma overdensities, which can lead to
many new resonances. To demonstrate this, we observe
the RMS current density, 3: V x 0B, is

2 4/3 2/3
sBo(L) Lo (KL) ] (E6)
diss

N 82 Ediss
where (giss 18 the turbulent dissipation scale, which sets
the ultraviolet cutoff of the spectrum. Integrating over
Ky, and keeping the leading order terms in kj/k; < 1,
Eq. (E5) can be rewritten as a one-dimensional power
spectrum,

eB2EY®

SR (ET)

(7%) = /dkLPJUfL), Py(ky) =

The blue tilt of Py(k,) ) suggests that the current ampli-
tude may be dominated by small-scale fluctuations. In
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FIG. 13. Upper Left Panel: Axion-photon conversion sensitivities for the GC magnetar PSR J1745-2900 assuming Bpole =
10B¢g and the collisional TK20 model with quarter arcade geometry. Curves correspond to the GBT, SKA1 and SKA2, and
ALMA facilities. As in Fig. 7, the data points represent the 1-sigma range obtained from MC ray tracing simulations, with
the line sensitivity adjusted to the GBT or ALMA value (whichever is greater). Colored bands show sensitivities in the one-
dimensional approximation of the resonant surface. All sensitivities assume an integration time of ten hours and a bandwidth of
1075 mq. Upper Right Panel: Same as upper left panel but using the half arcade model. Lower Left Panel: Slice arcade model.
Lower Right Panel: Same as the other panels but assuming the global j-bundle model. Note that sensitivities computed in the
one-dimensional approximation generally agree to within 20 with the ray tracing MC results, but there are notable exceptions.
Below mq ~ 3 x 107* €V in the collisional model, the one-dimensional approximation predicts weaker sensitivities.

the presence of such fluctuations, there may be many res-
onant crossings, but each will be suppressed by the large
spatial gradient of the fluctuations.

Ay (z,t) = _ W0 —iwti [ ke (212
ky(2)
To estimate the effect of small-scale fluctuations, we g (') 2
first revisit the computation of resonant axion-to-photon / dz! 20—~ o , exp (l / dz”(k,y(z”) - ka)) )
conversion. For simplicity, we consider axions propa- Z) 0

gating perpendicular to a background magnetic field. (E8)
We ignore the effect of the turbulent field on the an-

gle between the axion momentum and the magnetic field

since cosf ~ 0B/By < 1. For an axion plane wave,

a(z,t) = ag e*a*~t where k, = \/w? —m2, and wis  where k,(2) = /w? — w,(2)2, and wp,(2) is the effective
the frequency of the wave, the outgoing photon field in plasma frequency. Using the stationary phase approxi-
the WKB limit is [8] mation,



A2, 1) o — 200 itk f§ ko ("
ky(2)
B . 2
Z ot O(Zn) elon / i ’ (EQ)

where the sum is performed over all solutions z, to the
equations k(z) = k,, and

bn = /0 (ky (') = ka) d=' + Tsign(k) (20)).  (E10)

Most resonant crossings will still take place near the
unperturbed resonant point, where the magnetic field is
taken to be B.. Resonant crossings may still take place
away from the unperturbed resonant point in the pres-
ence of large-amplitude current fluctuations. This can
lead to enhancements in the conversion probability if
those fluctuations occur closer to the surface than the
unperturbed conversion location, but we neglect this pos-
sibility. We can then write the effective conversion prob-
ability,

2
_4yEPE T, 1y eion

Pa - — 5. Ya c I e
-7 lao|? 20,77 w1 ()]
(E11)

where v, is the axion speed at the unperturbed resonant
crossing point, and the expression is taken in the limit
z — o0. As a lower bound, let us assume the resonant
crossings are dominated by the highest-k modes possible,
|, (2n)] ~ wp(2n)kmaz ~ Ma/laiss- We also treat ¢, to
be random phases chosen from the uniform distribution
¢ € [0, 27]. The magnitude of the sum of N > 1 random
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phasesis | Y exp(i¢,)|? = N. Therefore, the conversion
probability is

T L giss N
Pa—)'y > 2 2 £diss{V x

T 20,7 my

(E12)

where Ny is the number of resonant crossings. Assum-
ing current fluctuations are dominated by the high-k,
modes, the expected number of resonant crossings in a
region of length r., taken to be the conversion radius,
is Ny ~ +/7¢/laiss- Assuming the dissipation scale,
laiss ~ 1/w, =~ m, in the resonance region, we get an
effective conversion probability of

1 T

2 2 c
Poyry ~ 7vcgach ol
a

which is less than the conversion probability in a smooth
plasma by a factor of ~ (mgr.)~ /2. A few comments on
this result are in order. Firstly, this result relies on the as-
sumption that the dissipation length scale is larger than
the plasma scale. Computation of the axion-to-photon
conversion probability presented here and in the main
text relies on the WKB approximation, which breaks
down for modes with wavelength less than or compara-
ble to the axion wavelength. Secondly, we have computed
the probability in the one-dimensional approximation. In
one dimension, photons from resonant conversion will not
be able to escape if they encounter a downstream plasma
overdensity. In two or three dimensions, photons can re-
fract (or diffract for overdensities on scales comparable
to, or smaller than, the wavelength) around overdensi-
ties and escape the magnetosphere. This may lead to
interesting interference effects, a thorough investigation
of which we leave to future work.

(E13)



