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Pulsar Nulling and Vacuum Radio Emission from Axion Clouds
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Nonrelativistic axions can be efficiently produced in the polar caps of pulsars, resulting in the formation
of a dense cloud of gravitationally bound axions. Here, we investigate the interplay between such an axion
cloud and the electrodynamics in the pulsar magnetosphere, focusing specifically on the dynamics in the
polar caps, where the impact of the axion cloud is expected to be most pronounced. For sufficiently light
axions m, <1077 eV, we show that the axion cloud can occasionally screen the local electric field
responsible for particle acceleration and pair production, inducing a periodic nulling of the pulsar’s intrinsic
radio emission. At larger axion masses, the small-scale fluctuations in the axion field tend to suppress the
backreaction of the axion on the electrodynamics; however, we point out that the incoherent oscillations of
the axion in short-lived regions of vacuum near the neutron star surface can produce a narrow radio line,
which provides a complementary source of radio emission to the plasma-resonant emission processes
identified in previous work. While this Letter focuses on the leading order correction to pair production in
the magnetosphere, we speculate that there can exist dramatic deviations in the electrodynamics of these

systems when the axion backreaction becomes nonlinear.
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The QCD axion and axionlike particles are amongst the
most compelling candidates for physics beyond the stan-
dard model, owing to their ability to resolve major out-
standing problems in modern physics (such as the question
of why QCD conserves charge-parity symmetry [1-4], and
the nature of dark matter [5,6]), and the fact that they arise
ubiquitously in well-motivated high-energy theories such
as string theory [7-11].

Significant progress has been made in understanding
how to search for and detect axions, with a majority of
experiments and proposals attempting to observe the
coupling of axions to electromagnetism (see, e.g., [12]
for a review). One of the particularly promising ideas that
has been put forth to indirectly detect axions is to point
radio telescopes at neutron stars—the idea being that the
large magnetic fields and ambient plasma filling the
magnetospheres can dramatically enhance axion-photon
interactions. Various observational signatures arising in
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these systems have been identified [13-38], and prelimi-
nary searches have already extended sensitivity to unex-
plored parameter space [24,25,28].

Recent work in this field has demonstrated that the
quasiperiodic vacuum electromagnetic fields in the polar
caps of neutron stars can give rise to an enormous injection
of axions (i.e., axion field amplitude) with energies (i.e.,
frequencies) o, ~ O(MHz-GHz) [27,28]. Should the axion
mass m,, lie roughly between (107 eV <m, <107 eV)
[39], a sizable fraction of the produced axions will be
gravitationally bound to the neutron star [40]. As these are
feebly interacting particles, the energy stored in gravita-
tionally bound axions cannot be easily dissipated, and
accumulates over the lifetime of the pulsar, generating
enormous axion densities [29]. In this Letter, we study
the interplay between the growing axion cloud and the
electromagnetic fields sourced by the pulsar itself, identify-
ing striking signatures arising from axions in these systems.
We focus specifically on the dynamics taking place in the
polar caps of pulsars, as they contain large axion field values
[29] and pockets of low plasma density that allow for the
effect of axion-induced electric fields to be particularly
pronounced.

The primary findings of this Letter are twofold. First, we
demonstrate that for sufficiently small axion masses, the
axion field will induce a periodic screening of the electric
field, suppressing particle acceleration and pair production,
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FIG. 1. Parameter space in which bound axions could induce a
periodic nulling of (orange), or an observable radio line from
(red), the three pulsars studied in this Letter. Shown for reference
is the QCD axion band (purple), constraints from indirect
astrophysical searches [28,43-54] (teal), CAST [55] (dark blue),
axion haloscopes [56-73] (grey; assumes axions are dark matter),
and radio line searches in neutron stars [20,25] (grey; assumes
axions are dark matter).

and leading to a quasiperiodic cancellation of radio pulses.
For heavier axions, the small-scale fluctuations of the axion
field drive the axion-induced voltage drop across the polar
cap to zero, washing out the impact of the axion.
Nevertheless, in this mass range we show that during the
so-called “open phase,” i.e., a short-lived phase that
precedes the onset of pair production, axions can produce
a spectral line with O(5)%-level width (set by the axion
velocity dispersion) that may be observable using existing
radio telescopes; owing to the variation in neutron star
mass/radius ratios [41,42], there should also exist fre-
quency variations at the ((20)% level across the neutron
star population due to gravitational redshifting. We use
three known pulsars to illustrate the potential sensitivity of
such probes, showing that future observations may be able
to significantly improve sensitivity to axions over a wide
range of parameter space (see Fig. 1).

Polar cap dynamics in the presence of axions—The
generalization of Gauss’s and Ampere’s laws in the
presence of axions is given by [74]

V-E=p-gu,B-Va, (1)
V xB—E =]+ G4, B+, Va x E, (2)

which suggests the axion field a produces effective
charge and current densities p, = —gawé -Va and

Ja = gmaé +Gay,Va x E. In most contexts, the correc-
tions from the axion are sufficiently small to only pertur-
batively alter the -electrodynamics; we show below,
however, that this is not necessarily true in the polar caps
of pulsars.

Let us start with an overview of the conventional picture
of electrodynamics in the polar caps (see, e.g., [75-77] for
further details). In the absence of a dense ambient plasma,
the large-scale magnetic field together with the rotating,
conducting, neutron star will induce a large electric field;
the force exerted by the component of this electric field
oriented along the magnetic field, E), can greatly exceed
that of gravity, and can serve to directly extract charges
from the stellar atmosphere. Along open magnetic field
lines, this process drives an out-flowing current which
serves to sustain the large-scale twist of the magnetic field,
Jjm =V x B. When the current is super-Goldreich-Julian
(G)), ju > pgy, Where pgy = —2Q- B (with Qand B being
the angular velocity and magnetic field of the pulsar), the
system develops a large voltage drop, accelerating elec-
trons, which in turn generate high-energy curvature pho-
tons that initiate e production. The resulting dense plasma
dynamically screens the electric field via a nonlinear
quasiperiodic process that has been shown to source
coherent radio emission (see, e.g., [78]). If instead the
supplied current is sub-GJ (i.e., j < pgj), the extracted
charges screen the field, and the system instead tends
toward a steady state in which acceleration, pair produc-
tion, and coherent radio emission are suppressed.

The stark difference in behavior observed between
super- and sub-GJ current densities can be illustrated using
a simplified one-dimensional evolutionary model [77]. This
toy model is expected to be a reasonable approximation to
the initial behavior of the open phase of the gap (particu-
larly for young, active, pulsars). Here, we generalize this to
include the impact of an axion background, showing that
axion charge densities p, = O(10%) x pgy can profoundly
alter the dynamics of these systems. The one-dimensional
model follows the acceleration of the primary particles,
which to a very good approximation propagate along the
magnetic field lines. The electromagnetic field is assumed
to be that of a global force-free magnetosphere with a
constant charge density pg; and current density apgy,
determined by the (rotating) boundary conditions, plus
an additional electric field parallel to the magnetic field and
corresponding charge density which are present because
the supply of charge from the neutron star atmosphere does
not match that of the force-free configuration. Using (1),
(2), and the Lorentz force law, and assuming a single sign
for the charge (a good approximation when starting with a
vacuum field at the polar cap), one can solve for the charge
density and velocity [or Lorentz factor y(s)] and the electric
field component E as functions of distance s along the
field lines, with the boundary conditions y(0) = 1,y ((0) =
0 at the surface of the star, s = 0. This yields
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with s in units of the Debye length scale, 1p = 1/, gy.

The ratio a = j,,/pg; is called the discharge parameter,
since it governs the screening of the electric field. We show
in Fig. 2 the evolution of the electron Lorentz factor without
axions (black) for @ = 0.9 (top panel) and @ = 1.1 (bottom
panel). For a > 1, the energy continues to increase as the
primary particles move away from the surface. As these
particles are accelerated they emit curvature radiation along
the field line; when the primary particles reach boost factors
of y ~ 10°-108, the gamma rays begin pair producing in the
background magnetic field, and the production of these
pairs leads to a screening of the ambient electric field
[75,79-81]. The evolution of the dynamical screening
phase is highly nonlinear, and understanding how axions
affect this screening (and the subsequent generation of
coherent radio emission) requires dedicated simulations;
nevertheless, for the purposes of this Letter it is sufficient to
focus on pair production as being a necessary step in this
process. For a < 1 [82], on the other hand, the evolution of
the primary current density is dramatically different. Here,
the primary particles immediately begin screening the
electric field; consequently, these particles never reach
large Lorentz factors, and pair production never occurs.
In general, a is a spatially varying function over the foot-
prints of the open field lines, typically taking on a ~ O(1)
values, and with the characteristic variance on the order of
O(10%) [83,84].

The impact of axions on the evolution of the primary
particles is shown in Fig. 2. We assume the axion charge
and current densities are oscillatory functions (as expected
for classical fields) which are constant over the time and
length scales corresponding to the evolution in Fig. 2, and
we set j, = 3p, ~ (w/k)p,, which is a natural value of
axions gravitationally bound to the neutron star—see the
section Axion production in polar caps and pulsar nulling.
The shaded regions encompass the maximal and minimal y
at each point along the trajectory, for values of p, falling
between the indicated limits. For sufficiently large p,, the
presence of the dense axion field induces transitions
between the qualitatively different regimes [85]. When
the axion coherently suppresses particle acceleration along
not just one, but a sufficiently large bundle, of open
magnetic field lines, one expects a coincident suppression
of coherent radio emission—this is a novel signature which
could provide striking evidence of axions in these
systems [86].

Thus far we have shown that the behavior of pair
production can be dramatically altered by an axion field
with p, 2 0.1 x pg;—in the following section we demon-
strate that such field values can naturally be reached in
many systems. Note that we do not address the impact of
axions on the nonlinear dynamical screening phase.
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FIG. 2. The evolution of the primary electron beam Lorentz
factor [i.e., the solution to Eq. (3)] as a function of distance s from
the neutron star surface (in units of A) for different initial
discharge parameters a. The standard case without axions is
shown in black for @ = 0.9 (top) and 1.1 (bottom), and the effect
of perturbing the system with a constant axion charge density p,,
is highlighted in the colored bands.

Instead, we focus on the fact that coherent radio emission
requires pair production, which in turn requires high-
energy particles. Future work will develop simulations of
axion electrodynamics extending to the nonlinear phase.

Axion production in polar caps and pulsar nulling—We
now turn our attention to the question of how, and when,
large axion field values near the surfaces of neutron stars
are expected to arise.

It has recently been shown that oscillations induced by
the dynamical screening of the electric field in the polar cap
source axions with characteristic energies w, < 107 eV

(this is a consequence of the fact that gay},E - B enters as a
source term in the axion’s equation of motion). If the axion
mass lies in the range 1071 <m, <107 eV, a sizable
fraction of the produced axions will be, at most, semi-
relativistic, and will remain gravitationally bound to the star
itself. Furthermore, since axions interact feebly with the
ambient matter they naturally accumulate on long, astro-
physical, timescales. For axions in this mass range one thus
concludes that pulsars are generically surrounded by dense
clouds of axions. That said, is the density of these clouds
high enough to impact the electrodynamics as described in
the previous section? The answer will be affirmative
provided axion production is large and energy dissipation
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(extracting energy from the cloud) remains small. For
simplicity we focus here on the case of light axions (with
Aq 2 hgap), showing that both conditions can be satisfied for
a wide range of parameter space. In the Supplemental
Material (SM) [87] we derive similar conclusions for the
case of heavy axions (4, < hgyp)-

The production of axions in polar caps has been studied
using both a semianalytic model and a kinetic plasma
simulation [28]. Here, we use the result of [28] to derive
analytic estimates of the energy injection rate and the axion
density in the polar caps.

The rate at which axions extract energy from the
electromagnetic fields is approximately given by [27,28]

dElHJ zg y M 4
arr™a 4 g4 BRI, 4

where 7. ~ Rysy/Rns€ is the polar cap radius, Rys is the
radius of the neutron star, €2 its rotational frequency, B, the

surface magnetic field strength, 7~ 10h,,, is the gap
periodicity, and

hgap ~ 12 m<107 —

R, 7~ 37x_
c ) 9_3/7B04/7 (5)

is the gap height. In Eq. (5§), we have introduced the
characteristic radius of curvature of open field lines R, ~

9 x 10" ecmy/P/(1 sec) [81,88], with P =2z/Q, and
used the X notation to denote quantities X which are
normalized with respect to those of the Crab pulsar [89,90]
(e.g., Q= Q/Q,). Finally, we have also introduced an
order-one fudge factor ¢, characterizing the size of E}| with

respect to the maximal value E, ., ~ pgs X Hgap, With pgy ~

gap>
—2B-Q being the Goldreich-Julian (GJ) charge density
(e, £ =CEna) [7591].

Assuming the cloud grows linearly on long timescales
(compared to the variability of E- B), the axion energy
density at the surface of the neutron star after a time ¢ is
roughly given by

31 dEy, GeV -
W53 102 — 2 1,m3 g Tage (BoQ)S/,
167”’Ns d[ Cm3 g—12m ( 0 )

—8tage
(6)

where gx = g,,,/10¥ GeV~! and my = m,/10* eV, and
the exponent 8/7 comes from the implicit dependence on
B, and Q entering hy,, and r,.. We can now determine
whether sufficiently large axion densities are achievable in
these systems by comparing Eq. (6) with the backreaction
density, defined as the energy density for which p, = &pg;
[with £~ O(1) an order-one prefactor]. Given an axion
field energy density 3 m2a® and the axionic charge density
Pa ~ YayyBkaa [Eq. (1)], we have

eo(t) ~

2 2
~ 22 ~5x1020 Gevszz( ! 5). (7)

ayy a Cm\ g- 12Ol

Comparing this with Eq. (6), we see that backreaction
densities are achievable in many systems provided
g-12 2 O(0.1).

Next, one must determine whether there exists an energy
dissipation mechanism that could quench the growth of the
cloud before reaching ey,. For light axions, on-shell photon
production is kinematically blocked by the presence of the
plasma, and thus all energy dissipated from the axion field
must proceed indirectly through the local current—that is to
say, the axion-induced electric field helps to accelerate
local charges, which in turn dissipate energy via radiation
[92]. The net (time-averaged) energy loss can be obtained
by computing <; Ea>, where E, is the axion-induced
electric field and j, the current. In the SM [93] we show
that the leading-order contribution to the axion-induced
electric field is given by

V2e,

E,~g
a ayy m

Be el X F (g, hggps @,),  (8)

a

where the factor F captures the in-medium suppression,
with a uniform vacuum yielding 7 =1, and a dense
uniform plasma yielding F ~ (m,/w,¢)* < 1 (where
W, et = (@3 /7*)1/%, with () denoting the average over
the distribution functions and the species present in the
plasma, and the plasma frequency of a single species s
defined as w? ; = g2n,/m,, with g, n,, and m, the charge,
number density, and mass [98]) (with nonuniform geom-
etries, as is relevant for this case, one obtains a suppression
interpolating between these limiting regimes, see SM). One
can see from Eq. (8) that the electric field is heavily
suppressed once plasma is produced, and thus the energy
dissipation will be most efficient during the open phase of
the gap. Equating the axion production and dissipation
rates, one can estimate the maximal axion energy density
(i.e., the saturation density) at the neutron star surface as

GeV ~0/7
€ ~ 8 x 1019 ?sziSBgﬁQWT (9)
Pulsar nulling requires efficient axion production,

€0/ €y x B¥7Q%7 > 1, and inefficient energy dissipation,
€pr/€s  B~2/7Q3/7 < 1. These conditions can be accom-
modated for pulsars with large magnetic fields and large
periods.

In Fig. 1 we highlight the parameter space for which the
axion can dramatically impact the polar cap dynamics. For
sufficiently small axion masses (with 1, > hg,,), the axion
cloud will uniformly suppress acceleration (and thus pair
production and dynamical screening) across the polar cap,
leading to a short-lived nulling of the radio signal (see
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shaded region in Fig. 1 labeled “Pulsar Nulling”). Since
axions are on-shell, any nulling is only temporary, implying
the suppression of the radio emission should be approx-
imately periodic with the characteristic timescale set by the
axion energy. This implies a well-defined periodic structure
in the radio emission on timescales ¢t ~ O(ns — ps), which
is observable using current telescopes (see, e.g., [99] for an
example of high time-resolution observations).

Incoherent dipole emission—The previous section
focused on the case where axions could be treated as
being coherently in-phase across the gap, which is only
valid for sufficiently light axions. There are two primary
differences that arise when one considers the implications
of heavier axions (with 4, < ). First, high-mass axions
are produced by rapid small-scale fluctuations in the
plasma—since the amplitude of these fluctuations is much
smaller than the vacuum field, the production rate is
suppressed relative to the low-mass limit. Second, the
axion field is now incoherent over the gap, meaning one
must account for the stochasticity of the axion phase; the
incoherence heavily suppresses the effect of the axion on
the electrodynamics, and in this regime the existence of
local densities € ~ €,, may not guarantee the existence of
pulsar nulling (see SM where we adopt the approach of
Ref. [100]). Nevertheless, the oscillation timescale of the
axion field is now sufficiently fast to produce on-shell
electromagnetic radiation during the open phase of the gap.
In particular, we find that the axion field can produce a
narrow, highly beamed, radio line. The origin of this line
stems from the fact that an oscillating axion in a back-
ground magnetic field behaves equivalently to an oscillat-
ing dipole moment. The radiation produced from the
oscillating dipole is highly incoherent in the limit
Aq > hgyp, and is thus heavily suppressed at large masses;
nevertheless, the total emission is sufficiently strong to give
rise to observable signatures. Assuming that the axion
coupling is sufficiently large that the backreaction density
is reached, ie., g,, > g5 where g§™ is the minimum
coupling required for pulsar P to produce an axion cloud
with density ¢, and that beaming [101] confines the
emission to an angular opening of the size of the polar
cap (i.e., Opa ~7pc/Rns), we infer (see the SM) an
observable flux density of

9’

mm) _ dE, /dt

& 2kpc 227497
S}’(gayy 29p _dQBd2~38J <_ :

Y01 Mg

where we set the bandwidth to be B = m,/50 (note that
this includes a suppression from the incoherence). For
reasonable parameters this flux can greatly exceed the
intrinsic radio flux of the pulsar. Finally, we note that at
couplings g,,, < gi™ the flux density scales as S, « gi,,,
and thus this signal is strongest for pulsars reaching the
backreaction density.

Results and conclusions—Throughout this Letter we
have chosen to use the well-studied Crab pulsar as a
reference. There exist pulsars, however, that are more
favorable targets to observe both pulsar nulling and
nonresonant radio emission. We thus use the Australia
Telescope National Facility catalogue to identify better
targets for both observables [102-105]. In doing the
selection, we enforce that the inferred magnetic field
remains below the Schwinger field strength, the pulsar
is not a millisecond pulsar, and the spin-down rate is
E > 10* erg/s (the latter condition being a rough estima-
tor for when pair cascades are one dimensional [106]).
Among the optimal candidates for pulsar nulling is J1119-
6127, while the preferred pulsar for radio emission is
B1055-52; the parameters for each pulsar are given in
Table I of the SM. In the SM we also provide a discussion
about pulsar magnetic field evolution [107-111], and
identify the parameter space for which backreaction, pulsar
nulling, and observable radio emission would arise for each
of the three pulsars. These results are combined in Fig. | in
order to provide an idea of the axion parameter space that
could be explored using future observations.

This Letter is an initial investigation into previously
unknown phenomena, providing rough estimates illustrat-
ing when axion backreaction can occur, and identifying
what might be the most robust associated signatures.
Figure 1 shows that both pulsar nulling and nonresonant
axion-induced radio emission from the polar cap region may
provide sensitive probes of axions across a wide range of
unexplored parameter space. The complexity of axion
electrodynamics in these environments necessitates
follow-ups using state-of-the-art numerical simulations
(see, e.g., [78,112]) that include strong axion backreaction;
this highly nonlinear regime might produce striking new
signatures, such as a persistent quasiperiodic suppression of
the radio emission and shifts in the neutron star death line.
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