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Novel Constraints on Axions Produced in Pulsar Polar-Cap Cascades
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Axions can be copiously produced in localized regions of neutron star magnetospheres where the
ambient plasma is unable to efficiently screen the induced electric field. As these axions stream away from
the neutron star they can resonantly transition into photons, generating a large broadband contribution to
the neutron star’s intrinsic radio flux. In this Letter, we develop a comprehensive end-to-end framework to
model this process from the initial production of axions to the final detection of radio photons, and derive
constraints on the axion-photon coupling, g,,,, using observations of 27 nearby pulsars. We study the
modeling uncertainty in the sourced axion spectrum by comparing predictions from 2.5 dimensional
particle-in-cell simulations with those derived using a semianalytic model; these results show remarkable
agreement, leading to constraints on the axion-photon coupling that typically differ by a factor of no more

than ~2. The limits presented here are the strongest to date for axion masses 1078 eV < m, <107 eV, and
crucially do not rely on the assumption that axions are dark matter.

DOI: 10.1103/PhysRevLett.131.111004

Introduction.—Axions are among the best-motivated
candidates for physics beyond the standard model; these
particles are a fundamental prediction of the leading
solution to the strong CP problem [1-4], are an ideal
candidate to explain the “missing matter” in the Universe
(i.e., dark matter) [5-8], and are expected to arise naturally
in string theory from the compactification of gauge fields
on topologically nontrivial manifolds [9,10].

Axions generically couple to electromagnetism via the
Lagrangian term £ = —i 9ayy E - Ba, where a is the axion,

E and B are the electric and magnetic fields, and g,,, is a
dimensionful coupling constant. This interaction allows for
axions and photons to mix in the presence of external
magnetic fields, a process which is searched for in both
laboratory experiments (e.g., axion haloscopes [11-30],
helioscopes  [31-33], and light-shining-through-walls
experiments [34-36]) and in indirect astrophysical
searches, such as those looking for spectral features in
x rays and gamma rays (see, e.g., [37-49]) and radio
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searches for spectral lines [50-52] (note that there also exist
searches for radio lines from axion decay [53-57], however
the detection prospects are significantly weaker).

One environment in which axion-photon mixing is
particularly strong is the magnetosphere of a neutron star,
where the large coherent magnetic field and the ambient
plasma allow for highly efficient resonant transitions
(resonant transitions occur when an axion or photon
traverses a medium where the axion and photon momentum
are approximately equal, i.e., k, ~ k,). If axions contribute
to the dark matter, one expects this conversion to generate
narrow spectral lines that can be observed using radio
telescopes [50-52,58-66]; this idea has ignited numerous
observational efforts [50-52], with the most recent
study setting world-leading limits for axion masses near
~30 peV [52]. Despite the success and future promise of
these spectral line searches, they are limited by the
assumption that axions contribute significantly to dark
matter, that the dark matter is smoothly distributed through-
out the Galaxy, and that the Galactic dark matter halo is
cuspy. Furthermore, such searches are confined to masses
1077 eV < m, <107* eV, as the mass must be sufficiently
high to produce observable radio emission and sufficiently
low so that resonances may be encountered.

Recently, Ref. [67] proposed an alternative way to detect
axions in neutron star magnetospheres that overcomes the

Published by the American Physical Society
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Schematic figure showing axion production in neutron star vacuum gaps. The vacuum gap is depicted by a truncated cone on

the neutron star surface. The left inset shows a time snapshot of E (from the simulations of [69]), with the brown and green coloring
reflecting negative and positive values of E. The right inset depicts the microphysical processes responsible for the pair cascade, with
green arrows indicating the direction the cascade flows with time. Axions (red) are emitted from the gap and convert to photons (purple)

in the presence of the neutron star’s magnetic field, B (gray).

aforementioned challenges. The idea is based on relativistic
axions sourced locally in the magnetosphere from the
spacetime oscillations of E - B (axions may also be pro-
duced at the neutron star rotational frequency if there is a

large-scale unscreened E-B [68]). Reference [67] showed
that the electromagnetic fields are strong enough in the
polar caps of neutron stars [situated above the magnetic
poles, and spanning distances of order r,. ~ O(10-100)
meters—see Fig. 1] to produce an enormous flux of axions.
As these axions traverse the magnetosphere they may
encounter resonances, generating a broadband radio flux
in the MHz—GHz regime. This axion-induced radio flux
provides an alternative observable in the search for these
evasive particles.

In this Letter, we construct the first pipeline to compute
the intrinsic spectrum of axions produced in neutron star
polar caps, their resonant conversion to photons, and the
nonlinear evolution of these radio photons as they escape
the magnetosphere. Our analysis uses both state-of-the-art
numerical simulations as well as a newly developed semi-
analytic model to predict the axion production rate; the
overall agreement of these approaches illustrates that our
procedure is not strongly sensitive to reasonable modeling
uncertainties in the gap dynamics. We use this pipeline to
constrain the axion-photon coupling by comparing the
predicted radio flux with measurements of 27 nearby
pulsars. The constraints derived here are the strongest to
date for axion masses spanning 1078 eV <m, <107 eV.

Axion production from vacuum gap discharges.—The
e* pair plasma populating the magnetospheres of neutron

stars is expected to efficiently screen the component of the
background electric field along the magnetic field lines
(E)), except in small localized regions referred to as
vacuum gaps which are responsible for particle acceleration
and production of the pair plasma itself [70,71].

Vacuum gaps are expected to arise in a variety of
locations, including in the polar caps [72], the slot gap
(located near the neutron star along the last closed field
lines) [73], and the outer gap (located near the light cylinder
along the last closed field lines) [74]. Recent progress in
global particle-in-cell (PIC) simulations of the magneto-
sphere has shown that e* pairs can be produced in the
current sheet near the light cylinder, and efficiently screen
gaps situated along the last closed field lines [75,76]. We
therefore choose to focus on the dynamics of the vacuum
gaps in the polar caps, which also have the highest local

values of E - B.

Recently, local PIC simulations of the neutron star polar-
cap pair cascade have been performed [69,77,78]. These
simulations show that the discharge is an oscillatory
process: e* pairs accelerated in the gap produce gamma
rays that convert to more e* pairs, which proceed to screen
the gap, shutting down pair production [79]. It was
proposed that this process can produce coherent electro-
magnetic radiation, potentially answering the long-standing
puzzle of the origin of pulsar radio emission [78].

The oscillatory pair discharge process will in general
lead to inductively driven oscillations of E| at a frequency
set by the local plasma frequency, which is expected
to evolve from the Goldreich-Julian (GJ) oscillation
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frequency wgy = \/4nangy/m, (we work in units

where ¢ = 7= 1) to a value O(10-100) times greater as
the density of the pair plasma increases [79—82]. Here
we have introduced the GJ charge density, given by
ngy = 2§0 . éNS /e, with By and Qug being the surface
magnetic field strength and rotational frequency of the
neutron star, e the elementary charge, m, the electron mass,
and o the fine structure constant. The presence of an
oscillating E directly enters as a source term in the axion’s
equation of motion,

(O + m2)a(x) = =gy, (E - B)(x). (1)

The differential production rate of axions per momenta k
can subsequently be expressed as [83]

dv ik

Pk 2022 30®)T @)

-

where w(k) is the axion energy, T is the quasiperiodic

timescale of the gap collapse, and j(k) is the Fourier
transform (FT) of the source term,

-

IE) = ~gury / d*x (B - B) (x). 3)

The rate and spectrum of axions produced during the
collapse of the vacuum gap is fully determined by the
spacetime evolution of E|. The condition that axions be on
shell inherently connects the spatial and temporal evolution
of E|, meaning a given k mode can only be produced if the
spatial component of the FT contains support on scales
~k™! and the temporal component contains support on
scales ~(k? +m2)~1/2.

In order to provide a quantitative understanding of axion
production, we briefly estimate the production rate for a
pulsar with B, = 10'> G and Qg = 27 Hz. The polar-
cap radius for such a pulsar is rp. ~ 150 m, and the
maximum value of the unscreened electric field is roughly
Ej~6x 107% By, see the Supplemental Material [84]. We
expect production to be most efficient when E is largest,
which occurs prior to the screening phase when the
characteristic scale is k. ~ 27x/ry. ~ 10~% eV. Neglecting
the phase in Eq. (3), and taking d*k/w ~ k2, T ~ 1077 s,
and g,,, ~ 10711 GeV~!, we find N ~ O(10°°) axions per
second, which is comparable to the values obtained from
more careful calculations in the Supplemental Material [84].

Modeling gap collapse.—We adopt two approaches to
estimate the axion spectrum produced from the gap
dynamics, one based on a semianalytic model and the
other on a numerical simulation.

Semianalytic model: We begin by highlighting the key
physical features entering our 2 + 1D semianalytic model;

a more detailed description of each step is deferred to the
Supplemental Material [84].

We model two stages of gap evolution: pair cascade
and gap collapse. The pair cascade phase begins with an
initially unscreened E| and low charge density. As the pair
cascade progresses, the number density increases exponen-
tially until it reaches ngy. At this point the gap locally
collapses, marking the end of the pair cascade.

A single seed particle (electron) is assumed to initiate the
pair cascade. Because of the presence of E|, the electron is
accelerated to the radiation-reaction-limited Lorentz factor,
Ymax» 10 time #,... Since particles move along curved field
lines, they then emit curvature radiation (CR) photons with
characteristic energy ecp o 7:.x/p.» Where p, is the field
line curvature [80,109]. CR photons may be absorbed by
the magnetic field to produce new pairs and synchrotron
photons. Newly produced electrons (positrons) are accel-
erated away from (towards) the neutron star surface,
producing their own CR photons, which may again produce
new pairs. Synchrotron photons can also produce new pairs
if their mean free path is less than the size of the gap
(see Fig. 1).

In our model, we compute the creation positions, times,
and energies of all photons and pairs produced by the single
seed particle. Our model iterates over “generations” of
particles, where the first generation is the seed particle, and
generation n particles are sourced by generation n — 1. We
run five generations of the cascade for different seed
particle locations within the gap, identifying points where
the plasma density locally reaches ng;j as the starting points
for gap collapse—these points, which we refer to as “pair
production seeds,” define the initial conditions of the
semianalytic model (see Supplemental Material [84]).

The initial stages of the gap collapse have been studied
using analytic toy models and numerical simulations; in both
cases, one expects the initial burst of particle production to
induce exponentially damped oscillations in Ej. These
oscillations initially occur locally, and subsequently propa-
gate outwards along the magnetic axis [69,78,82,110-116].
The frequency of the damped oscillations is set by the local
plasma frequency (which itself is set by the charge density
and typical Lorentz factor), and will evolve from wg; (i.e.,
the minimum value necessary to collapse the gap) to a value
10-100 times greater as more pairs are produced. The
characteristic screening timescale 7. is set by the time
required for pair production processes to yield a GJ charge
density, which is roughly equivalent to the time required to
accelerate charges to y..c [82]; for realistic pulsars this
timescale lies between 107°-107° .

In order to capture the general features of the gap
collapse process, we model the unscreened electric field
E| with a static profile, and describe the screening of E as
the combination of outward propagating 2D plane waves.
Each plane wave is exponentially damped on a timescale 7.,
and has a time-evolving oscillation frequency growing
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from an initial value wg;. In total, we source four
propagating plane waves (this number must be sufficiently
large to cover the gap, but cannot be too large as
interference effects are not properly accounted for in this
treatment; in the Supplemental Material [84] we show that
taking 3 or 5 plane waves leads to a negligible difference)
evenly spaced across the width of the gap, and with initial
conditions determined by the one-dimensional pair-
production process discussed above.

PIC simulation: Our second model used to compute
the axion spectrum relies on a 2.5 dimensional (2.5D means
using azimuthal symmetry to reduce the problem to 2D, but
still evolving all 3 components of vector quantities) PIC
simulation developed in [81]. Working in axisymmetric
cylindrical coordinates (r, z), the authors impose a dipolar
magnetic field. A rotating disk of radius r is established at
the stellar surface to produce a potential drop in the open
field line zone of the neutron star. Outside r = Fpes E I is
forced to zero to model the plasma-filled closed field line
zone. Particles are extracted from the surface at a rate that
depends on the local value of E|; these particles are
accelerated to the radiation-reaction limit and emit gamma
rays through synchrocurvature radiation. Those gamma
rays subsequently produce e® pairs in the ultrastrong
magnetic field through one-photon magnetic pair produc-
tion [117]. This process is modeled using the state-of-
the-art QED module in the PIC code OSIRIS [118].
Videos showing the dynamical screening of E| are avail-
able at [119]; a snapshot of the simulation is shown in the
left inset of Fig. 1.

Performing simulations from first principles of the gap
collapse process is extremely challenging due to the large
separation of scales between the size of the polar cap and
the kinetic scale of the plasma (typically differing by 4-5
orders of magnitude). The simulations performed in [81]
overcame this difficulty by rescaling the quantum param-

eters y+, = 1/ (p,F*)*/(B.m,) for both photon emission

and pair production, multiplying them by a numerical
constant; here, p u is the 4-momentum of the corresponding
et or y, and B,~4.4x10% G is the Schwinger field
strength. This rescaling effectively allows pair production
to occur at a much lower voltage drop. However, it also
significantly reduces the inherent scale separation in the
problem: the kinetic plasma length scale becomes only a
few hundredths of the polar-cap size. As a result of this
compression of scales, the FT necessarily compresses the
power to an artificially narrower range of k modes
(the largest scales are expected to be unaffected, however
power in small scales, i.e., large k modes, will have been
shifted to intermediate scales). We describe in Sec. I of the
Supplemental Material [84] a procedure for rescaling the
power of the FT, along with additional details on the PIC
simulation.

The radio flux—Once the initial axion spectrum has
been determined, we employ an updated version of the

ray-tracing algorithm developed in [65] to compute
the radio spectrum. We describe the general features of
this procedure below, and defer further details to the
Supplemental Material [84].

We begin by calculating the rate of axion production
for momenta spanning from the escape momentum to
~O(10 GHz) (the phenomenology of gravitationally
bound axions differs markedly, and thus we leave a detailed
study of bound states to a companion paper [120]). For
each momentum state the corresponding axion trajectory
is propagated to the light cylinder, and all resonances
encountered during propagation are identified. Resonances
occur when [65,121]

) mie?
Wp =75 2 229’
m,cos-6 + wsin“6

(4)

where @ is the angle between the axion momentum and the
magnetic field.

At every level crossing we compute the conversion
probability, P,_,,, and axion survival probability, P,_,, =
1 = P,_,,, and subsequently weight each photon sourced at
crossing i by P(all,, =P, X H’};‘ngllg (we do not com-
pute the axion production probability for subsequent
resonances encountered by sourced photons, as this quickly
becomes computationally prohibitive; for the pulsars and
couplings studied here, we do not expect this secondary
contribution to be significant). The conversion probability at
an individual level crossing is given by the Landau-Zener
formula [62]

Py, =1-eT, (5)

with

4 A20002
7 w3 A*cos 0\ (wg,,,BA\? 1
r==(1+-2= o . (6
2 ( * (‘)4 ) < ka ) |asky| ( )

Here, we have introduced A = sin 6/ (1 — w?cos?0/w*) and
defined [121]

d; =0, — (wpAcos0/w?)o; (7)

with IAcH (k) representing the parallel (perpendicular)
direction to the axion momentum. Photons are propagated
to the light cylinder using the dispersion relation for a
Langmuir-O mode (see Ref. [65]). The observed spectrum is
obtained by summing over the final distribution of binned
and weighted photons—example spectra are included in the
Supplemental Material [84].

Results and discussion.—The radio emission mechanism
of active pulsars is not well understood, making it diffi-
cult to identify signatures arising from this process.
Nevertheless, one can constrain the existence of axions
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FIG. 2. Upper limits on the axion-photon coupling derived in
this Letter using a combination of a 2.5D PIC simulation and the
semianalytic model. The band reflects a conservative estimate of
the modeling uncertainties (see Supplemental Material [84]). We
compare to existing constraints from neutron stars [52] (blue),
haloscopes [11-27,122] (gray), helioscopes [33] (teal), and
astrophysics [37-46,123,124] (light green). The former two have
reduced opacity to highlight that they rely on axions being dark
matter.

without knowing the intrinsic pulsar flux by requiring that
their contribution not exceed the observed flux. In this
section we derive limits on g,,, using observations of 27
nearby pulsars; our sample includes representative nearby
pulsars, whose surface magnetic field and rotational period
roughly span 102G <B;<10"° G and 107! s <Pyg <2s.
For computational ease, we choose to focus on pulsars
whose radio emission geometry is constrained by obser-
vations, thus evading the need to marginalize over the
misalignment and viewing angles. Details of all pulsars
used in this analysis are presented in the Supplemental
Material [84].

We present our fiducial 95% confidence level upper
limits in Fig. 2, which are obtained by computing the
constraints for both models (a comparison between models
is left to the Supplemental Material [84]) and taking the
weaker limit at each mass. The bands around the fiducial
limit represent a conservative estimate of the systematic
uncertainties (see Supplemental Material [84]). For com-
parison, we plot constraints from radio line searches using
neutron stars (blue), axion haloscopes (grey), the CAST
experiment (teal) and x-ray and gamma-ray telescopes
(light green). The limits derived in this Letter significantly
improve upon existing bounds, and unlike axion haloscope
experiments (and radio line searches), do not assume
axions contribute to the dark matter. In addition, since
the radio flux scales « giw, the constraint is largely

insensitive to minor mismodeling errors. The mass range
covered by our constraints is limited by the frequency of
radio observations (higher frequencies could probe higher
masses), and the computational expense (computing time
increases at both lower and higher masses).

In the Supplemental Material [84] we show that the
derived bound is controlled by observations of a few strong
pulsars, with high frequency observations providing the
most constraining power. A comprehensive analysis of all
pulsars in the ATNF catalog, as well as more dedicated
pulsar observations at high frequencies, could significantly
improve upon these results; we reserve this broader
analysis for future work.
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