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Axion-photon conversion is a prime mechanism to detect axion-like particles that share a coupling to 
the photon. We point out that in the vicinity of neutron stars with strong magnetic fields, magnetars, 
the effective photon mass receives comparable but opposite contributions from free electrons and the 
radiation field. This leads to an energy-dependent resonance condition for conversion that can be met 
for arbitrary light axions and leveraged when using systems with detected radio component. Using 
the magnetar SGR J1745-2900 as an exemplary source, we demonstrate that sensitivity to |gaγ | ∼
10−12 GeV−1 or better can be gained for ma � 10−6 eV, with the potential to improve current constraints 
on the axion-photon coupling by more than one order of magnitude over a broad mass range. With 
growing insights into the physical conditions of magnetospheres of magnetars, the method hosts the 
potential to become a serious competitor to future experiments such as ALPS-II and IAXO in the search 
for axion-like particles.

Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.
1. Introduction

Axions, originally introduced as a solution to the strong CP-
problem of QCD [1–8], with the additional benefit of serving as 
dark matter (DM) candidates [9–11] are now broader appreciated 
as low-energy messengers of high-scale new physics. For example, 
in string constructions, axion-like particles (ALPs) appear in multi-
tude [12–18], populating a great range of masses ma and couplings, 
representing viable targets for astronomical and laboratory-based 
searches [19–23]. Cumulatively, the largest efforts have gone into 
probing the axion-photon coupling. Here, once the axion mass is 
below the μeV scale, the leading probes are from high energy as-
trophysics: axions can be produced in stars or supernovae [24,25]
and subsequently convert into X- and γ -rays in galactic magnetic 
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fields [26–28]. Alternatively, photon-ALP oscillations can leave their 
imprint on high energy photon spectra, e.g. leading to the dim-
ming of sources [29–32], or, sometimes, even explain their bright-
ness [33,34].

Some of the strongest constraints limiting the axion-photon 
coupling to |gaγ | � 10−12 GeV−1 have been placed from non-
resonant conversion using well-measured spectra of radio galax-
ies, such as from NGC 1275 in the Perseus cluster [35,36] and 
M87 [37] in the Virgo cluster. In turn, resonant conversion has 
been used to search for axion DM through radio lines produced 
in the conversion to photons using the strong magnetic fields of 
neutron stars (NS) [38–44], and significant recent effort is be-
ing invested in pinning down the physical circumstances of signal 
formation [45–47]. Of central importance to these studies is the 
account of the medium-dependent mixing between photons and 
axions [48]. Photons experience a modification of their disper-
sion relation in media that may be cast in terms of an effective 
mass meff . As is well known, the forward scattering on free, non-
relativistic charges leads to a positive, energy-independent contri-
bution m2

eff|charge � ω2
p , where ωp is the plasma frequency [49]. 
se (http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.
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Fig. 1. Real branch of the effective photon mass as a function of photon frequency ν
and electron densities as labeled. The solid (dashed) red lines represent a neutron 
star environment with B = 1014 G (1015 G). For comparison, the gray horizontal line 
shows a typical galaxy cluster central density [51]. The 1σ -3σ shaded bands are 
inferred from the free electron distribution of the large scale structure at z = 0 [52].

Resonant conversion becomes possible when m2
a = m2

eff, and is 
hence believed to be relevant only in a narrow range of ALP mass 
where m2

a = ω2
p is met along the propagation path associated with 

significant conversion probability.
The purpose of this paper to point out that resonant conver-

sion is possible over a large range in ma , considerably improving 
the sensitivity to gaγ and independent of the condition that ALPs 
constitute DM. The central observation is that photons also receive 
an energy-dependent, negative contribution to their dispersion re-
lation from the background radiation field [50], m2

eff|EM(ω) < 0, 
where ω is the photon energy. This has important ramifications for 
photon-ALP conversion: because the contribution grows in mag-
nitude with photon energy as ω2, the resonance condition m2

a =
m2

eff(ω) that can eventually be met for any axion mass ma ≤ ωp . 
In the magnetospheres of NS with the strongest magnetic fields, 
magnetars, this condition is met for radio frequencies (GHz-THz) 
close to the surface. As the strength of resonances increases with 
energy, the flux of photons can reduce significantly. Together with 
the presence of a geometric boundary given by the NS surface, this 
imprints a sharp spectral feature that can be searched for in radio 
data. Our objective here is to point out the main ideas and study 
the principal sensitivity to gaγ .

The paper is organized as follows. First, we establish the reso-
nance conditions and the expected photon flux. We then demon-
strate our ideas using the radio measurements of the magnetar 
SGR J1745-2900 close to the Galactic center before concluding.

2. Resonant axion conversion

Axion-like particles a interact with photons through the effec-
tive Lagrangian,

Lint = − gaγ

4
aFμν F̃ μν = gaγ a�E · �B, (1)

where Fμν ( F̃ μν ) is the (dual) photon field strength; gaγ and ma
are the only other relevant model parameters. For the QCD axion 
gaγ ∼ α/(π fa) and ma ≈ mπ fπ/ fa holds, whereas for ALPs one 
keeps ma as a free parameter while g−1

aγ is still expected to be in-
formative on the UV scale fa of symmetry breaking; we use the 
term axion and ALP interchangeably. In a magnetic field �B the in-
teraction (1) enables the conversion of photons (with electric field 
�E) into axions and vice verse [48,53,54]. If the condition m2

a = m2
eff

is satisfied along the photon’s path, such conversion becomes res-
onant.

The energy dependent photon-axion conversion probability 
at the point of resonance depends on the orientation of the 
2

(anisotropic) magnetic field. Furthermore, a resonance could be 
met several times, and in a highly magnetized, potentially semi-
relativistic plasma the propagating photon eigenmodes differ from 
those of a non-relativistic unmagnetized one. The accurate calcu-
lation of the photon-axion conversion can hence be a formidable 
theoretical problem [47]. However, once the conversion probability 
becomes O (1), those details tend to fade. For example, if several 
strong resonances were met, photon and axion populations are 
driven towards equipartition, and as is generally true about any 
equilibrium state, information about the history how it got there is 
lost. Similarly, if a single, strong adiabatic conversion were to damp 
out the entire flux, the only information retained is encoded in the 
frequency range of where this happens. As we shall see below, we 
indeed expect to enter such saturated regime by virtue of an in-
creasing conversion probability with frequency. Here, the smallest
saturated conversion with 1/3 probability is attained when both 
photon polarization degrees were to take part with comparable 
strength. We therefore employ the simplified conservative model 
for the overall photon-to-axion conversion probability [55]

P tot ≈ 1

3

(
1 − e−3P lin

)
, P lin = π g2

aγ ω

m2
a

∑
i

B2
T ,i Ri . (2)

Here, P lin is found from the Landau-Zener transition probabil-
ity, BT ,i = BT (�i) is the component of the magnetic field or-
thogonal to the direction of photon/axion propagation and Ri =∣∣d ln m2

eff/d�
∣∣−1
�=�i

is the scale parameter with � being the distance 
along the line-of-sight; negligible redshift has been assumed. The 
derivative of R is calculated at each point of resonance m2

a =
m2

eff(�i). The loss of photons into axions is imprinted onto an ini-
tial photon flux F in(ω) as,

Fobs(ω) = F in(ω)[1 − P tot(ω)]. (3)

For unpolarized sources, the effective photon mass receives two 
important contributions (“double lens”),

m2
eff = ω2

p + m2
eff|EM, m2

eff|EM = −88α2ω2

135m4
e

ρEM, (4)

where ω2
p = 4παne/me . The second, negative term is the photon-

photon scattering contribution m2
eff|EM of the radiation field [50]. 

It implies that the resonance condition m2
a = m2

eff can eventually 
be met for any axion mass satisfying ma ≤ ωp . This observation 
is instrumental to our proposal. In a supplement, we show that 
while the condition of the resonant conversion in the strongly 
magnetized plasma is modified (see e.g. [47]), Eq. (4) and condi-
tion m2

a = m2
eff serves as a good representation of the resonance 

condition over a wide range of relative angles of magnetic field 
and photon propagation. It allows us to exhibit the central ideas 
without entering the difficult subject of detailed geometric depen-
dencies; for a quantitative discussion of the latter we refer the 
reader to the supplementary material.

Before proceeding, we emphasize that the applicability of (2)
and hence the formulation of resonant conversion requires a 
well-separated two-level system away from the resonance point, 
i.e., an off-diagonal mixing that is much smaller than its di-
agonals in the Hamiltonian. This translates into the condition 
ε ≡ 2|gaγ |BT ,iω/|m2

eff(�) − m2
a | 	 1 for |� − �i | 
 0 and it guides 

the selection of potential sources and frequency bands for ob-
serving axion-photon conversion. If we are—for the sake of the 
argument—to neglect m2

eff in ε , we may write for a single reso-
nance P lin ∼ ε|gaγ |B R . This shows that to compensate for ε 	 1
one should maximize the product B R . Saturating R by the size L
of the system, we estimate for the product BL ∼ 10−8 G Mpc for 
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the Milky Way and 10−6 G Mpc for galaxy clusters. In the centers 
of clusters, the contribution from the photon-photon scattering 
in (4) is of the same size as the plasma frequency ω2

p ∼ m2
eff|EM

for GeV energies but the condition ε 	 1 is violated. If we look 
at magnetars with their extremely large magnetic field strengths 
B ∼ 1014 G and size L ∼ 10 km, we find BL ∼ 10−4 G Mpc while 
retaining ε 	 1 for GHz-THz frequencies.1 This demonstrates that 
NS have a unique potential to probe the smallest values of gaγ

through resonant conversion, and for the remainder of the paper 
we focus on this case.

3. Magnetosphere model and expected signal

For an estimate of the electron density we use the Goldreich-
Julian (GJ) model [58] that predicts the required magnetospheric 
co-rotating spatial charge density nc as the difference of positive 
and negative charge carriers,

nc = �� · �B√
πα

1

1 − �2r2 sin2 θ
, (5)

where �� is the vector along the axis of rotation with magnitude 
� = 2π/P the NS angular frequency (P is a rotation period); θ
is the angle between �r and ��. We then take ne = |nc| as an es-
timate on the electron (or positron) number density; we caution 
that larger values from one [59] to several [60–62] orders of mag-
nitude are argued for.2 On the account that �r 	 1 out to large 
radii, the electron density only depends on the ẑ-component of 
the magnetic field, ne � �B| cos θB |/√πα, where θB is the angle 
between �B and ��.

We are now in a position to study the condition m2
eff = m2

a
from (4). Using ρEM = B2/2, we may write it as m2

a = C1| cos θB |B −
C2ω

2 B2 with C1 = 4�
√

πα
me

and C2 = 44α2

135m4
e

. Being a quadratic equa-

tion in B , we observe that resonant conversion is only possible for 
energies below a critical value

ωc = C1| cos θB |
2ma

√
C2

≈ 10−2 eV | cos θB |
(

1 s

P

)(
10−5 eV

ma

)
,

which also highlights that, in the GJ model, the charge density van-
ishes for cos θB = 0. For ω < ωc there are two physical solutions for 
the resonant magnetic field value. In the limit of small frequencies, 
the photon-photon scattering contribution can always be neglected 
and one obtains a resonance that is associated with a small mag-
netic field value at a distance from the NS surface,

B− ≈ m2
a

C1| cos θB | ≈ 1012 G

| cos θB |
(

P

1 s

)( ma

10−5 eV

)2
.

In turn, for growing photon energy, the cancellation between 
plasma frequency and the photon-photon scattering term becomes 
possible (“double lens”). In the limit ω 	 ωc any parametric de-
pendence on ma can be neglected and the solution is given by,

B+ ≈ C1| cos θB |
C2ω2

≈ 1015 G | cos θB |
(

1 s

P

)(
10−3 eV

ω

)2

.

For ω � 10−3 eV, the required B+ field values are found at radii 
close to the magnetar’s surface. They are associated with sig-
nificant efficiency of conversion and P tot ≈ 1/3 can be attained. 

1 Resonances of the type (4) with qualitative different phenomenology have also 
been considered for keV-scale thermal radiation emanating from the dense neutron 
star atmospheres; see e.g. [56,57] and references therein.

2 This may in part be compensated by relativistic corrections in electron-positron 
plasma, ω2

p = 4παne/me〈γ −3
e 〉 where 〈γ −3

e 〉 ∼ 〈γe〉−1 = 10 − 103 [63].
3

Hence, a sharp feature at ω = ωkink on the emanating photon flux can 
be imprinted once the B+ resonance is found. The second sharp fea-
ture is at ω = ωc but is difficult to access observationally; note 
that ω = 10−3 (10−2) eV corresponds to ν � 240 GHz (2.4 THz). Fi-
nally, we note that for large gaγ and ma values, the B− resonance 
may become efficient enough to deplete the photon flux already 
for ω < ωkink, with the general effect of washing out the spectral 
feature at ωkink; we take this into account below.

To make progress, we may follow previous investigations [39–
44] in assuming that the magnetic field is well described by a 
dipole configuration,

�B = 1

4π

[
3�r(�r · �m)

r5 − �m
r3

]
, (6)

with magnetic moment �m = 2π B0r3
0n̂, where B0 is the maxi-

mum field value at the surface of magnetic poles, r0 = 10 km is 
the assumed radius of the neutron star, and n̂ is the unit vector 
along �m. Taking the star’s rotation axis along the ẑ-direction and 
the magnetic moment misaligned by an angle θm one arrives at 
�n(t) = (sin θm cos�t, sin θm sin �t, cos θm). Plugging this expression 
into (6) yields the time-dependent magnetic field.

This model has several features. First, for lines-of-sight that end 
on the polar regions,3 the conversion probability is suppressed be-
cause of the parallel magnetic field structure, B T 	 B0. Second, 
the GJ model has a quadrupolar structure with directions of van-
ishing charge density. Both these features suggest strong geometric 
dependencies. However, to a certain degree, they can be consid-
ered artifacts. First, there can be small-scale magnetic features 
of comparable strength close to the NS surface [65], the region 
most relevant to us. Second, the actual electron density may dif-
fer from the GJ one. From Fig. 1 one observes that an increase 
of ne = 1013 cm−3 by two orders of magnitude shifts the spectral 
break by one order of magnitude into the observationally difficult 
THz regime. Our proposal hence hinges on electron densities that 
are not too different from the GJ ones paired with magnetic field 
values in the 1014 − 1015 G ballpark, inducing a spectral break at 
several hundred GHz or lower.

The above findings are derived from (4) which is applicable 
to unpolarized radiation and under the assumption that the ra-
dio signal is generated close to the NS surface. More generally, the 
photon-photon scattering contribution is birefringent [66,67], and 
in an ultra-strong magnetized plasma, it is the Langmuir-O mode 
with both longitudinal and transverse components that is being 
converted into axions. Indeed, recent proposals put the origin of 
radio emission—produced in form these O-modes—very close to 
the surface of pulsars [68], provided that such mechanism is also 
operative in the pulsed radio emission from magnetars—a process 
that is still poorly understood [69]. Ultimately, our proposal re-
lies on a sufficient mixing between axion and emergent photon 
radiation. Although favorable examples such as the one mentioned 
above exist, we do not understand the physics of magnetars well 
enough to make a robust claim in the positive and a caveat on 
polarization-dependence persists. Nevertheless, in the supplemen-
tal material we show that the dependence on the assumption of 
the location of radio emission is rather mild: when the radio sig-
nal is created at 2r0 or 3r0, instead of very close to the surface, 
the sensitivity is only mildly affected.

Finally, in recent work [70], a modification of the Landau-Zener 
formula due to the finite region of resonant conversion and fluc-
tuation of magnetic field was discussed for the condition when 

3 Ray-tracing [38,44,45,64] in our analysis is not required as we are strictly 
concerned with photon frequencies larger than ωp and photon deflection from a 
straight line is small.
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Fig. 2. High-frequency radio spectrum of SGR J1745-2900 during two observational 
campaigns over several days in 2014 [71] and 2015 [72] together with reported 
fitted power laws that include additional data points below 10 GHz (not shown.) 
The solid lines show the effect of photon-axion conversion for ma ≤ 10−8 eV and 
gaγ = 3 × 10−12 GeV−1.

plasma frequency ωpl equals axion mass ma . In the current con-
text, the resonant condition m2

eff = m2
a , is fulfilled when two large 

contributions— plasma frequency and vacuum polarization—cancel 
each other with high precision. We may estimate the radial extend 
of the region where this cancellation happens with the precision 
of axion mass,

r = m2
a∣∣∣∣∣

dm2
eff

dr

∣∣∣∣∣
≈ 10 m

( ma

10−6 eV

)2
(

10−3 eV

ω

)2 (
1014 G

B

)2

.

(7)

We see that for characteristic numbers used in this work, the size 
of the resonance region is much smaller than the characteristic 
size of the neutron star (10 km) and the assumed zone of conver-
sion (few km). We therefore expect the Landau-Zener formula to 
be applicable.

Having mentioned important caveats to our proposal, we now 
proceed studying its sensitivity potential by making some simplify-
ing assumptions. Importantly, in the regime where the conversion 
becomes saturated, P tot ≈ 1/3, all geometric dependencies are dis-
tilled into the position of the sharp feature in frequency only. In 
fact, the latter does not depend on direction but only on B-field 
magnitude at the respective region very close to the surface, and 
we expect ωkink to remain preserved over the typical observa-
tional time windows of several hours. Therefore, for the purpose 
of illustration, we keep the asymptotic radial scaling of a mag-
netic dipole, B = B0(r0/r)3, but take its direction to be random. 
We replace occurrences of the angle θB by its average assuming 
its uniform distribution: 〈| cos θB |〉 = 1/2 so that ne = �B/e, and 
take 〈sin2 θB〉 = 2/3 in the conversion probability. Taken together, 
these assumptions allow for a simple exposition of our ideas while 
retaining the essential features.

4. SGR J1745-2900 as an exemplary source

We choose the radio-loud magnetar SGR J1745-2900, 0.1 pc 
near the galactic center with a period P = 3.76 s [73,74] and 
B0 = 1.6 × 1014 G [74] as an exemplary source. Its pulsed radio 
emissions with mJy flux density have been measured over an un-
precedented broad range from 2.54 GHz (118 mm) up to 225 GHz 
(1.33 mm) [71] and to 291 GHz (1.03 mm) [72] over a period of 
several days in 2014 and 2015, respectively. The observed mean 
spectral densities were relatively flat, with respective power law 
4

Fig. 3. Sensitivity region on photon-ALP resonant conversion bounded by the 
solid (dashed) red line based on the assumption that a 20% (5%) spectral fea-
ture can be detected. Astrophysical constraints are cumulatively shown by the blue 
shaded region labeled “high energy astrophysics” (see [76]) from magnetic white 
dwarfs (MWD) [77] and pulsar polar caps [78]. Laboratory limits from CAST [79], 
SHAFT [80], ABRACADABRA [81] and projections for ALPS-II [82], IAXO(+) [83], 
DANCE [84], and ADBC [85] are shown as labeled. Additional constraints that as-
sume ALPs being DM are from haloscopes [86–92], previous analyses using neutron 
stars [42,43,46], or axion stars [93].

indices 〈α〉 = −0.4 ± 0.1 and 〈α〉 = +0.4 ± 0.2, with a possibility 
of a spectral break at tens of GHz. Flux density and spectral index 
variabilities are observed on long and short time scales and there 
is evidence for some degree of linear polarization up to the highest 
frequencies [72]. The details of pulsed (radio) emission from mag-
netars remain poorly understood but are generally expected to be 
associated with open field lines of polar regions [75].

Fig. 2 shows the averaged radio spectral densities of
SGR J1745-2900 as a function of frequency of the two observa-
tional campaigns over several days in 2014 [71] and 2015 [72]. The 
dashed lines show the reported fitted power laws (which are addi-
tionally anchored by low-frequency data from 1-10 GHz.) The solid 
line is obtained by multiplying the fits by 1 − P tot for ma = 10−8 eV
and gaγ = 3 × 10−12 GeV using the simplified magnetospheric 
model described above. As can be seen, for ν � 200 GHz, the reso-
nance associated with B+ can be met, leading to a sharp saturated 
reduction of the flux by a factor one third.

Fig. 3 explores the sensitivity in the (ma, |gaγ |) plane to res-
onant conversion assuming that a sharp spectral feature, i.e., a 
sudden flux reduction F |kink can be detected at the frequency 
where B+ becomes available. The solid (dashed) red line depicts 
F |kink = 20% (5%), which corresponds to the exclusion condi-
tion P tot > 20% (5%). The former thereby represents a minimal 
required sensitivity while the latter illustrates the reach of a bet-
ter instrument. As can be seen, for ma � 10−5 eV, the result is 
independent of axion mass and sensitivity as good as |gaγ | �
1.4 × 10−12 (6 × 10−13) GeV−1 can be reached. For ma � 10−6 eV
and/or for large |gaγ |, the conversion associated with B− is strong 
enough to deplete the photon flux for frequencies below the on-
set of B+ . This washes out the kink and the red shading indicates 
the region unaffected by it. Existing ALP constraints and other lab-
oratory projections are additionally shown as labeled. As can be 
seen, an improvement over current limits by more than an or-
der of magnitude is possible, putting astrophysics in competition 
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with upcoming laboratory searches that target a wide range of ALP 
masses, in particular from 10−11 eV to 10−6 eV.

5. Conclusions

In this work, we show that observations of the high-frequency 
end of the radio band of magnetars host the possibility to put 
very stringent constraints on the ALP-photon coupling from res-
onant conversion at the 10−12 GeV−1 level. The method works for 
an arbitrarily small and hence wide range of ma , leveraging the 
energy-dependent negative contribution from the radiation field to 
the effective photon mass (“double lens effect”). It removes the di-
rect relation between axion mass and resonant electron number 
density and, at the same time, places the resonance radius close 
to the neutron star surface with ensuing strong conversion proba-
bility. Because of the sharp NS surface boundary, a spectral feature 
that can be searched for in high-quality radio data is imprinted.

Currently, an incomplete understanding of the magnetospheres’ 
physical conditions and the ensuing production and propagation 
of radio photons from there prevents us from claiming real lim-
its. However, many uncertainties are expected to be mitigated 
by future observations with SKA [94–98], complemented by the 
steady stream of high-frequency observations in the few hun-
dred GHz range by mm/sub-mm arrays such as ALMA, IRAM, or 
JCMT [99–101], and through paralleling advances in the simulation 
and modeling of these extreme objects [68,102–107]. Together, 
photon-axion conversion in neutron stars may well become a seri-
ous competitor to the experimental ALPS-II and IAXO programs.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

We thank Yuri Levin and Andrii Neronov for helpful discus-
sions. KB is partly funded by the INFN PD51 INDARK grant. AB 
is supported by the European Research Council (ERC) Advanced 
Grant “NuBSM” (694896). AS is supported by the Kavli Institute 
for Cosmological Physics at the University of Chicago through an 
endowment from the Kavli Foundation and its founder Fred Kavli. 
This work has been supported by the Fermi Research Alliance, LLC 
under Contract No. DE-AC02-07CH11359 with the U.S. Department 
of Energy, Office of High Energy Physics.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi .org /10 .1016 /j .physletb .2023 .138238.

References

[1] R.D. Peccei, H.R. Quinn, CP conservation in the presence of instantons, Phys. 
Rev. Lett. 38 (1977) 1440–1443.

[2] R.D. Peccei, H.R. Quinn, Constraints imposed by CP conservation in the pres-
ence of instantons, Phys. Rev. D 16 (1977) 1791–1797.

[3] S. Weinberg, A new light boson?, Phys. Rev. Lett. 40 (1978) 223–226.
[4] F. Wilczek, Problem of strong P and T invariance in the presence of instan-

tons, Phys. Rev. Lett. 40 (1978) 279–282.
[5] J.E. Kim, Weak interaction singlet and strong CP invariance, Phys. Rev. Lett. 43 

(1979) 103.
5

[6] M.A. Shifman, A.I. Vainshtein, V.I. Zakharov, Can confinement ensure natural 
CP invariance of strong interactions?, Nucl. Phys. B 166 (1980) 493–506.

[7] A.R. Zhitnitsky, On possible suppression of the axion hadron interactions, Sov. 
J. Nucl. Phys. 31 (1980) 260 (in Russian).

[8] M. Dine, W. Fischler, M. Srednicki, A simple solution to the strong CP problem 
with a harmless axion, Phys. Lett. B 104 (1981) 199–202.

[9] J. Preskill, M.B. Wise, F. Wilczek, Cosmology of the invisible axion, Phys. Lett. 
B 120 (1983) 127–132.

[10] L.F. Abbott, P. Sikivie, A cosmological bound on the invisible axion, Phys. Lett. 
B 120 (1983) 133–136.

[11] M. Dine, W. Fischler, The not so harmless axion, Phys. Lett. B 120 (1983) 
137–141.

[12] P. Svrcek, E. Witten, Axions in string theory, J. High Energy Phys. 06 (2006) 
051, arXiv:hep -th /0605206.

[13] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper, J. March-Russell, String 
axiverse, Phys. Rev. D 81 (2010) 123530, arXiv:0905 .4720.

[14] B.S. Acharya, K. Bobkov, P. Kumar, An M theory solution to the strong CP 
problem and constraints on the axiverse, J. High Energy Phys. 11 (2010) 105, 
arXiv:1004 .5138.

[15] A. Ringwald, Searching for axions and ALPs from string theory, J. Phys. Conf. 
Ser. 485 (2014) 012013, arXiv:1209 .2299.

[16] M. Kamionkowski, J. Pradler, D.G.E. Walker, Dark energy from the string axi-
verse, Phys. Rev. Lett. 113 (25) (2014) 251302, arXiv:1409 .0549.

[17] M.J. Stott, D.J.E. Marsh, C. Pongkitivanichkul, L.C. Price, B.S. Acharya, Spectrum 
of the axion dark sector, Phys. Rev. D 96 (8) (2017) 083510, arXiv:1706 .03236.

[18] J. Halverson, C. Long, B. Nelson, G. Salinas, Towards string theory expecta-
tions for photon couplings to axionlike particles, Phys. Rev. D 100 (10) (2019) 
106010, arXiv:1909 .05257.

[19] G.G. Raffelt, Astrophysical axion bounds, Lect. Notes Phys. 741 (2008) 51–71, 
arXiv:hep -ph /0611350.

[20] J. Jaeckel, A. Ringwald, The low-energy frontier of particle physics, Annu. Rev. 
Nucl. Part. Sci. 60 (2010) 405–437, arXiv:1002 .0329.

[21] P.W. Graham, I.G. Irastorza, S.K. Lamoreaux, A. Lindner, K.A. van Bibber, Exper-
imental searches for the axion and axion-like particles, Annu. Rev. Nucl. Part. 
Sci. 65 (2015) 485–514, arXiv:1602 .00039.

[22] D.J.E. Marsh, Axion cosmology, Phys. Rep. 643 (2016) 1–79, arXiv:1510 .07633.
[23] I.G. Irastorza, J. Redondo, New experimental approaches in the search for 

axion-like particles, Prog. Part. Nucl. Phys. 102 (2018) 89–159, arXiv:1801.
08127.

[24] G.G. Raffelt, Astrophysical methods to constrain axions and other novel parti-
cle phenomena, Phys. Rep. 198 (1990) 1–113.

[25] M. Giannotti, I.G. Irastorza, J. Redondo, A. Ringwald, K. Saikawa, Stellar recipes 
for axion hunters, J. Cosmol. Astropart. Phys. 10 (2017) 010, arXiv:1708 .02111.

[26] C. Dessert, J.W. Foster, B.R. Safdi, X-ray searches for axions from super star 
clusters, Phys. Rev. Lett. 125 (26) (2020) 261102, arXiv:2008 .03305.

[27] M. Xiao, K.M. Perez, M. Giannotti, O. Straniero, A. Mirizzi, B.W. Grefenstette, 
B.M. Roach, M. Nynka, Constraints on axionlike particles from a hard X-ray 
observation of betelgeuse, Phys. Rev. Lett. 126 (3) (2021) 031101, arXiv:2009 .
09059.

[28] A. Payez, C. Evoli, T. Fischer, M. Giannotti, A. Mirizzi, A. Ringwald, Revisiting 
the SN1987A gamma-ray limit on ultralight axion-like particles, J. Cosmol. 
Astropart. Phys. 02 (2015) 006, arXiv:1410 .3747.

[29] A. Mirizzi, G.G. Raffelt, P.D. Serpico, Signatures of axion-like particles in the 
spectra of TeV Gamma-ray sources, Phys. Rev. D 76 (2007) 023001, arXiv:0704 .
3044.

[30] D. Hooper, P.D. Serpico, Detecting axion-like particles with Gamma ray tele-
scopes, Phys. Rev. Lett. 99 (2007) 231102, arXiv:0706 .3203.

[31] K.A. Hochmuth, G. Sigl, Effects of axion-photon mixing on Gamma-ray spectra 
from magnetized astrophysical sources, Phys. Rev. D 76 (2007) 123011, arXiv:
0708 .1144.

[32] A. De Angelis, O. Mansutti, M. Roncadelli, Axion-like particles, cosmic mag-
netic fields and Gamma-ray astrophysics, Phys. Lett. B 659 (2008) 847–855, 
arXiv:0707.2695.

[33] A. De Angelis, M. Roncadelli, O. Mansutti, Evidence for a new light spin-zero 
boson from cosmological gamma-ray propagation?, Phys. Rev. D 76 (2007) 
121301, arXiv:0707.4312.

[34] D. Horns, L. Maccione, M. Meyer, A. Mirizzi, D. Montanino, M. Roncadelli, 
Hardening of TeV gamma spectrum of AGNs in galaxy clusters by conver-
sions of photons into axion-like particles, Phys. Rev. D 86 (2012) 075024, 
arXiv:1207.0776.

[35] M. Berg, J.P. Conlon, F. Day, N. Jennings, S. Krippendorf, A.J. Powell, M. Rum-
mel, Constraints on axion-like particles from X-ray observations of NGC1275, 
Astrophys. J. 847 (2) (2017) 101, arXiv:1605 .01043.

[36] C.S. Reynolds, M.C.D. Marsh, H.R. Russell, A.C. Fabian, R. Smith, F. Tombesi, 
S. Veilleux, Astrophysical limits on very light axion-like particles from Chan-
dra grating spectroscopy of NGC 1275, Astrophys. J. 890 (7, 2019), arXiv:
1907.05475.

[37] M.C.D. Marsh, H.R. Russell, A.C. Fabian, B.P. McNamara, P. Nulsen, C.S. 
Reynolds, A new bound on axion-like particles, J. Cosmol. Astropart. Phys. 12 
(2017) 036, arXiv:1703 .07354.

https://doi.org/10.1016/j.physletb.2023.138238
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib6412C41B0882C484C2D68FC5AB303216s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib6412C41B0882C484C2D68FC5AB303216s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib53464C6E0209AD12A804687EAC717BD8s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib53464C6E0209AD12A804687EAC717BD8s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib00DC55BA470B40D194A16A5E5B8030CBs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib7E33BCB1FE222F68F29E45868F2CF4A2s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib7E33BCB1FE222F68F29E45868F2CF4A2s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibCBC02970DE39EAB467E71CF232E6D3EFs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibCBC02970DE39EAB467E71CF232E6D3EFs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib235E48A808C7A763ADE0A515C596CFBAs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib235E48A808C7A763ADE0A515C596CFBAs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2F1711526680033C0CA481E302B29C7As1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2F1711526680033C0CA481E302B29C7As1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib1EE55C351F519FD2479E258EEB941C80s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib1EE55C351F519FD2479E258EEB941C80s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib98A24F8AC9E204F7CC432F37F81D4E78s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib98A24F8AC9E204F7CC432F37F81D4E78s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibE2D736480AE4440AA0F84BD2035D5B67s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibE2D736480AE4440AA0F84BD2035D5B67s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib0D5D1BC9703755155CCDD380449EBD38s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib0D5D1BC9703755155CCDD380449EBD38s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib84E70E405823A01B1DD0BD87B4D89CF6s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib84E70E405823A01B1DD0BD87B4D89CF6s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibD96ADC9AF8F27AA77CF8C3A86EA15BC1s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibD96ADC9AF8F27AA77CF8C3A86EA15BC1s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibA3836916B9FAA4ECEC1717A094CCD47Es1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibA3836916B9FAA4ECEC1717A094CCD47Es1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibA3836916B9FAA4ECEC1717A094CCD47Es1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibDC476BFE790321C43E4378CF5FE4A871s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibDC476BFE790321C43E4378CF5FE4A871s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib520660DDDAB3A9267EF1A515DB6CBD91s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib520660DDDAB3A9267EF1A515DB6CBD91s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib82EA5FC8D0CE10DF7DA3A0E08879BE7As1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib82EA5FC8D0CE10DF7DA3A0E08879BE7As1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibC4EEB046D0FAC93814991F5327A3895Es1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibC4EEB046D0FAC93814991F5327A3895Es1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibC4EEB046D0FAC93814991F5327A3895Es1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib9B8F97DD1CFFE7DAB1D284FC80BB9E56s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib9B8F97DD1CFFE7DAB1D284FC80BB9E56s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib13161493CF9CCC1DB77377DD7509DB86s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib13161493CF9CCC1DB77377DD7509DB86s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib01D4028082484A619B64FB6F839AEB98s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib01D4028082484A619B64FB6F839AEB98s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib01D4028082484A619B64FB6F839AEB98s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibEF5DDCDAD9F16990839BD4D69323D699s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib7B7A4C6CEB0546F4F3663DD757ADB97Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib7B7A4C6CEB0546F4F3663DD757ADB97Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib7B7A4C6CEB0546F4F3663DD757ADB97Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib20AB4B392603D670FF7F1A736AE31463s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib20AB4B392603D670FF7F1A736AE31463s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib54546E86311379FD7B01C1E0977177B3s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib54546E86311379FD7B01C1E0977177B3s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib976E6DFE5F1A2806781594258286581Ds1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib976E6DFE5F1A2806781594258286581Ds1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib3E025896F649FB5FFD8E839AA54A6077s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib3E025896F649FB5FFD8E839AA54A6077s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib3E025896F649FB5FFD8E839AA54A6077s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib3E025896F649FB5FFD8E839AA54A6077s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib773F981FABAC8C3286B8FD3759FCCB6Fs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib773F981FABAC8C3286B8FD3759FCCB6Fs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib773F981FABAC8C3286B8FD3759FCCB6Fs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibE5EF1FE73253AC2593BB99D7CBF6D05Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibE5EF1FE73253AC2593BB99D7CBF6D05Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibE5EF1FE73253AC2593BB99D7CBF6D05Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib316BCBD51558EAF3317EAA593785B270s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib316BCBD51558EAF3317EAA593785B270s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib88578C7438EAE9C9D46B35DCDE6CA87Bs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib88578C7438EAE9C9D46B35DCDE6CA87Bs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib88578C7438EAE9C9D46B35DCDE6CA87Bs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib5E78A88F656345D07957B9C542B77AD1s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib5E78A88F656345D07957B9C542B77AD1s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib5E78A88F656345D07957B9C542B77AD1s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib69DA8156A68F4C67E277366BC1E8E1CCs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib69DA8156A68F4C67E277366BC1E8E1CCs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib69DA8156A68F4C67E277366BC1E8E1CCs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib7DDA27649C6389F7773FB5B8DD2F10F6s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib7DDA27649C6389F7773FB5B8DD2F10F6s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib7DDA27649C6389F7773FB5B8DD2F10F6s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib7DDA27649C6389F7773FB5B8DD2F10F6s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2B64C06EF1E10C8132D029D3CC9F1112s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2B64C06EF1E10C8132D029D3CC9F1112s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2B64C06EF1E10C8132D029D3CC9F1112s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib29405BC461383B10A6CA168132791181s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib29405BC461383B10A6CA168132791181s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib29405BC461383B10A6CA168132791181s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib29405BC461383B10A6CA168132791181s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibDF83E892242BD6ECA626B3042771C563s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibDF83E892242BD6ECA626B3042771C563s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibDF83E892242BD6ECA626B3042771C563s1


K. Bondarenko, A. Boyarsky, J. Pradler et al. Physics Letters B 846 (2023) 138238
[38] A. Hook, Y. Kahn, B.R. Safdi, Z. Sun, Radio signals from axion dark matter 
conversion in neutron star magnetospheres, Phys. Rev. Lett. 121 (24) (2018) 
241102, arXiv:1804 .03145.

[39] M.S. Pshirkov, S.B. Popov, Conversion of dark matter axions to photons in 
magnetospheres of neutron stars, J. Exp. Theor. Phys. 108 (2009) 384–388, 
arXiv:0711.1264.

[40] F.P. Huang, K. Kadota, T. Sekiguchi, H. Tashiro, Radio telescope search for the 
resonant conversion of cold dark matter axions from the magnetized astro-
physical sources, Phys. Rev. D 97 (12) (2018) 123001, arXiv:1803 .08230.

[41] B.R. Safdi, Z. Sun, A.Y. Chen, Detecting axion dark matter with radio lines 
from neutron star populations, Phys. Rev. D 99 (12) (2019) 123021, arXiv:
1811.01020.

[42] J.W. Foster, Y. Kahn, O. Macias, Z. Sun, R.P. Eatough, V.I. Kondratiev, W.M. Pe-
ters, C. Weniger, B.R. Safdi, Green bank and effelsberg radio telescope searches 
for axion dark matter conversion in neutron star magnetospheres, Phys. Rev. 
Lett. 125 (17) (2020) 171301, arXiv:2004 .00011.

[43] J. Darling, Search for axionic dark matter using the magnetar PSR J1745-2900, 
Phys. Rev. Lett. 125 (12) (2020) 121103, arXiv:2008 .01877.

[44] R.A. Battye, B. Garbrecht, J.I. McDonald, S. Srinivasan, Radio line properties of 
axion dark matter conversion in neutron stars, J. High Energy Phys. 09 (2021) 
105, arXiv:2104 .08290.

[45] S.J. Witte, D. Noordhuis, T.D.P. Edwards, C. Weniger, Axion-photon conversion 
in neutron star magnetospheres: the role of the plasma in the Goldreich-
Julian model, Phys. Rev. D 104 (10) (2021) 103030, arXiv:2104 .07670.

[46] R.A. Battye, J. Darling, J. McDonald, S. Srinivasan, Towards robust constraints 
on axion dark matter using PSR J1745-2900, arXiv:2107.01225.

[47] A.J. Millar, S. Baum, M. Lawson, M.C.D. Marsh, Axion-photon conversion in 
strongly magnetised plasmas, J. Cosmol. Astropart. Phys. 11 (2021) 013, arXiv:
2107.07399.

[48] G. Raffelt, L. Stodolsky, Mixing of the photon with low mass particles, Phys. 
Rev. D 37 (1988) 1237.

[49] E. Braaten, D. Segel, Neutrino energy loss from the plasma process at all 
temperatures and densities, Phys. Rev. D 48 (1993) 1478–1491, arXiv:hep -ph /
9302213.

[50] A. Dobrynina, A. Kartavtsev, G. Raffelt, Photon-photon dispersion of TeV 
gamma rays and its role for photon-ALP conversion, Phys. Rev. D 91 (2015) 
083003, arXiv:1412 .4777, Phys. Rev. D 95 (2017) 109905, Erratum.

[51] C.L. Sarazin, X-ray emission from clusters of galaxies, Rev. Mod. Phys. 58 
(1986) 1–115.

[52] A.A. Garcia, K. Bondarenko, S. Ploeckinger, J. Pradler, A. Sokolenko, Effective 
photon mass and (dark) photon conversion in the inhomogeneous Universe, J. 
Cosmol. Astropart. Phys. 10 (2020) 011, arXiv:2003 .10465.

[53] P. Sikivie, Experimental tests of the invisible axion, Phys. Rev. Lett. 51 (1983) 
1415–1417, Phys. Rev. Lett. 52 (1984) 695, Erratum.

[54] P. Sikivie, Detection rates for ‘invisible’ axion searches, Phys. Rev. D 32 (1985) 
2988, Phys. Rev. D 36 (1987) 974, Erratum.

[55] Y. Grossman, S. Roy, J. Zupan, Effects of initial axion production and pho-
ton axion oscillation on type Ia supernova dimming, Phys. Lett. B 543 (2002) 
23–28, arXiv:hep -ph /0204216.

[56] D. Lai, W.C.G. Ho, Resonant conversion of photon modes due to vacuum po-
larization in a magnetized plasma: implications for x-ray emission from mag-
netars, Astrophys. J. 566 (2002) 373, arXiv:astro -ph /0108127.

[57] D. Lai, J. Heyl, Probing axions with radiation from magnetic stars, Phys. Rev. 
D 74 (2006) 123003, arXiv:astro -ph /0609775.

[58] P. Goldreich, W.H. Julian, Pulsar electrodynamics, Astrophys. J. 157 (Aug. 1969) 
869.

[59] D.N. Sob’yanin, Breakdown of the Goldreich-Julian relation in a neutron star, 
Astron. Lett. 42 (2016) 745, arXiv:1612 .09139.

[60] M. Lyutikov, Neutron star magnetospheres: the binary pulsar, Crab and mag-
netars, AIP Conf. Proc. 968 (1) (2008) 77–84, arXiv:0708 .1024.

[61] A.N. Timokhin, A.K. Harding, On the polar cap cascade pair multiplicity of 
young pulsars, Astrophys. J. 810 (2) (2015) 144, arXiv:1504 .02194.

[62] F. Cruz, T. Grismayer, L.O. Silva, Kinetic model of large-amplitude oscillations 
in neutron star pair cascades, Astrophys. J. 908 (2) (2021) 149, arXiv:2012 .
05587.

[63] M. Gedalin, D.B. Melrose, E. Gruman, Long waves in a relativistic pair plasma 
in a strong magnetic field, Phys. Rev. E 57 (Mar. 1998) 3399–3410.

[64] M. Leroy, M. Chianese, T.D.P. Edwards, C. Weniger, Radio signal of axion-
photon conversion in neutron stars: a ray tracing analysis, Phys. Rev. D 
101 (12) (2020) 123003, arXiv:1912 .08815.

[65] V.M. Kaspi, A. Beloborodov, Magnetars, Annu. Rev. Astron. Astrophys. 55 
(2017) 261–301, arXiv:1703 .00068.

[66] W.-y. Tsai, T. Erber, Photon pair creation in intense magnetic fields, Phys. Rev. 
D 10 (1974) 492.

[67] W.-y. Tsai, T. Erber, The propagation of photons in homogeneous magnetic 
fields: index of refraction, Phys. Rev. D 12 (1975) 1132.

[68] A.A. Philippov, A. Spitkovsky, B. Cerutti, Ab-initio pulsar magnetosphere: 
three-dimensional particle-in-cell simulations of oblique pulsars, Astrophys. 
J. Lett. 801 (1) (2015) L19, arXiv:1412 .0673.

[69] R. Turolla, S. Zane, A. Watts, Magnetars: the physics behind observations. a 
review, Rep. Prog. Phys. 78 (11) (2015) 116901, arXiv:1507.02924.
6

[70] P. Carenza, M.C.D. Marsh, On the applicability of the Landau-Zener formula 
to axion-photon conversion, J. Cosmol. Astropart. Phys. 04 (2023) 021, arXiv:
2302 .02700.

[71] P. Torne, et al., Simultaneous multifrequency radio observations of the Galactic 
Centre magnetar SGR J1745−2900, Mon. Not. R. Astron. Soc. 451 (1) (2015) 
L50–L54, arXiv:1504 .07241.

[72] P. Torne, G. Desvignes, R.P. Eatough, R. Karuppusamy, G. Paubert, M. Kramer, 
I. Cognard, D.J. Champion, L.G. Spitler, Detection of the magnetar SGR 
J1745−2900 up to 291 GHz with evidence of polarized millimetre emission, 
Mon. Not. R. Astron. Soc. 465 (1) (2017) 242–247, arXiv:1610 .07616.

[73] J.A. Kennea, et al., Swift discovery of a new soft Gamma repeater, SGR J1745-
29, near Sagittarius A*, Astrophys. J. Lett. 770 (2013) L24, arXiv:1305 .2128.

[74] K. Mori, et al., NuSTAR discovery of a 3.76-second transient magnetar near 
Sagittarius A*, Astrophys. J. Lett. 770 (2013) L23, arXiv:1305 .1945.

[75] A.M. Beloborodov, Untwisting magnetospheres of neutron stars, Astrophys. J. 
703 (2009) 1044–1060, arXiv:0812 .4873.

[76] C. O’Hare, Axionlimits, https://github .com /cajohare /AxionLimits, 2021.
[77] C. Dessert, D. Dunsky, B.R. Safdi, Upper limit on the axion-photon coupling 

from magnetic white dwarf polarization, Phys. Rev. D 105 (10) (2022) 103034, 
arXiv:2203 .04319.

[78] D. Noordhuis, A. Prabhu, S.J. Witte, A.Y. Chen, F. Cruz, C. Weniger, Novel con-
straints on axions produced in pulsar polar-cap cascades, arXiv:2209 .09917.

[79] CAST Collaboration, V. Anastassopoulos, et al., New CAST limit on the axion-
photon interaction, Nat. Phys. 13 (2017) 584–590, arXiv:1705 .02290.

[80] A.V. Gramolin, D. Aybas, D. Johnson, J. Adam, A.O. Sushkov, Search for axion-
like dark matter with ferromagnets, Nat. Phys. 17 (1) (2021) 79–84, arXiv:
2003 .03348.

[81] C.P. Salemi, et al., The search for low-mass axion dark matter with 
ABRACADABRA-10cm, arXiv:2102 .06722.

[82] M.D. Ortiz, et al., Design of the ALPS II optical system, Phys. Dark Universe 35 
(2022) 100968, arXiv:2009 .14294.

[83] I. Shilon, A. Dudarev, H. Silva, H.H.J. ten Kate, Conceptual design of a new large 
superconducting toroid for IAXO, the new international AXion observatory, 
IEEE Trans. Appl. Supercond. 23 (June 2013) 4500604, arXiv:1212 .4633.

[84] Y. Michimura, Y. Oshima, T. Watanabe, T. Kawasaki, H. Takeda, M. Ando, K. 
Nagano, I. Obata, T. Fujita, DANCE: dark matter axion search with riNg cavity 
experiment, J. Phys. Conf. Ser. 1468 (1) (2020) 012032, arXiv:1911.05196.

[85] H. Liu, B.D. Elwood, M. Evans, J. Thaler, Searching for axion dark matter with 
birefringent cavities, Phys. Rev. D 100 (2) (2019) 023548, arXiv:1809 .01656.

[86] S. DePanfilis, A.C. Melissinos, B.E. Moskowitz, J.T. Rogers, Y.K. Semertzidis, 
W.U. Wuensch, H.J. Halama, A.G. Prodell, W.B. Fowler, F.A. Nezrick, Limits on 
the abundance and coupling of cosmic axions at 4.5 < ma < 5.0 μev, Phys. 
Rev. Lett. 59 (Aug 1987) 839–842.

[87] HAYSTAC Collaboration, L. Zhong, et al., Results from phase 1 of the HAYSTAC 
microwave cavity axion experiment, Phys. Rev. D 97 (9) (2018) 092001, arXiv:
1803 .03690.

[88] ADMX Collaboration, T. Braine, et al., Extended search for the invisible ax-
ion with the axion dark matter experiment, Phys. Rev. Lett. 124 (10) (2020) 
101303, arXiv:1910 .08638.

[89] HAYSTAC Collaboration, K.M. Backes, et al., A quantum-enhanced search for 
dark matter axions, Nature 590 (7845) (2021) 238–242, arXiv:2008 .01853.

[90] J. Jeong, S. Youn, S. Bae, J. Kim, T. Seong, J.E. Kim, Y.K. Semertzidis, Search 
for invisible axion dark matter with a multiple-cell haloscope, Phys. Rev. Lett. 
125 (22) (2020) 221302, arXiv:2008 .10141.

[91] S. Lee, S. Ahn, J. Choi, B.R. Ko, Y.K. Semertzidis, Axion dark matter search 
around 6.7 μeV, Phys. Rev. Lett. 124 (10) (2020) 101802, arXiv:2001.05102.

[92] ADMX Collaboration, C. Bartram, et al., Search for invisible axion dark matter 
in the 3.3–4.2 μeV mass range, Phys. Rev. Lett. 127 (26) (2021) 261803, arXiv:
2110 .06096.

[93] M. Escudero, C.K. Pooni, M. Fairbairn, D. Blas, X. Du, D.J.E. Marsh, Axion star 
explosions: a new source for axion indirect detection, arXiv:2302 .10206.

[94] M. Kramer, A.G. Lyne, J.T. O’Brien, C.A. Jordan, D.R. Lorimer, A periodically 
active pulsar giving insight into magnetospheric physics, Science 312 (2006) 
549–551, arXiv:astro -ph /0604605.

[95] A. Watts, et al., Understanding the neutron star population with the SKA, PoS 
AASKA14 (2015) 039, arXiv:1501.00005.

[96] E.F. Keane, et al., A cosmic census of radio pulsars with the SKA, PoS AASKA14 
(2015) 040, arXiv:1501.00056.

[97] A. Karastergiou, et al., Understanding pulsar magnetospheres with the SKA, 
PoS AASKA14 (2015) 038, arXiv:1501.00126.

[98] J. Antoniadis, L. Guillemot, A. Possenti, S. Bogdanov, J. Gelfand, M. Kramer, 
R. Mignani, B. Stappers, P. Torne, Multi-wavelength, multi-messenger pulsar 
science in the SKA era, PoS AASKA14 (2015) 157, arXiv:1501.05591.

[99] C.-Y. Chu, C.Y. Ng, A.K.H. Kong, H.-K. Chang, High-frequency radio observations 
of two magnetars, PSR J1622 − 4950 and 1E 1547.0 − 5408, Mon. Not. R. 
Astron. Soc. 503 (1) (2021) 1214–1220, arXiv:2102 .02466.

[100] P. Torne, et al., Searching for pulsars in the Galactic centre at 3 and 2 mm, 
Astron. Astrophys. 650 (2021) A95, arXiv:2103 .16581.

[101] P. Torne, et al., Submillimeter pulsations from the magnetar XTE J1810-197, 
Astrophys. J. Lett. 925 (2) (2022) L17, arXiv:2201.07820.

http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2134469B97D6778F2F40C813FFF5392Fs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2134469B97D6778F2F40C813FFF5392Fs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2134469B97D6778F2F40C813FFF5392Fs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibB6BB119A954F19FF2B711CBDD81C4560s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibB6BB119A954F19FF2B711CBDD81C4560s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibB6BB119A954F19FF2B711CBDD81C4560s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib64085E04AD422F762D659EBC0CA61B8Fs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib64085E04AD422F762D659EBC0CA61B8Fs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib64085E04AD422F762D659EBC0CA61B8Fs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib208216F29AC3530D7CCDF86BDF89AC18s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib208216F29AC3530D7CCDF86BDF89AC18s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib208216F29AC3530D7CCDF86BDF89AC18s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibF94B76404D706A244B8C318CDF2C3890s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibF94B76404D706A244B8C318CDF2C3890s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibF94B76404D706A244B8C318CDF2C3890s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibF94B76404D706A244B8C318CDF2C3890s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibC364A5816C99FCECDD2CE19EEE870BA8s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibC364A5816C99FCECDD2CE19EEE870BA8s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibF799ED0EA42022BC106DEB4F088C2534s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibF799ED0EA42022BC106DEB4F088C2534s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibF799ED0EA42022BC106DEB4F088C2534s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib98705AA5EDFE6D660C0C3A401CCCA7DCs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib98705AA5EDFE6D660C0C3A401CCCA7DCs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib98705AA5EDFE6D660C0C3A401CCCA7DCs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib767A3A7BA96186EF2D48579DAFA6D7BAs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib767A3A7BA96186EF2D48579DAFA6D7BAs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib137D4D1F9A29B94B8D54C2F149D33B3Es1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib137D4D1F9A29B94B8D54C2F149D33B3Es1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib137D4D1F9A29B94B8D54C2F149D33B3Es1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibFD30F71BF066CAD543B993C6A6E69A28s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibFD30F71BF066CAD543B993C6A6E69A28s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib9B7F43217137080BD20F072326CA398Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib9B7F43217137080BD20F072326CA398Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib9B7F43217137080BD20F072326CA398Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibBB8D235B1EDD163BA17645F31BECC5A5s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibBB8D235B1EDD163BA17645F31BECC5A5s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibBB8D235B1EDD163BA17645F31BECC5A5s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib3CC4F8AE19560525CD6B9DC9EE4DF287s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib3CC4F8AE19560525CD6B9DC9EE4DF287s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib71B60BA7A4241739B024186B12CBBA69s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib71B60BA7A4241739B024186B12CBBA69s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib71B60BA7A4241739B024186B12CBBA69s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibF99DD7DD12FD25C57FAAA981BC77460Fs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibF99DD7DD12FD25C57FAAA981BC77460Fs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibB2CE0B18F611A39FEF538A603F6DC48Es1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibB2CE0B18F611A39FEF538A603F6DC48Es1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibE6E5165C7D99A37C50F29A6164C10A77s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibE6E5165C7D99A37C50F29A6164C10A77s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibE6E5165C7D99A37C50F29A6164C10A77s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib56AC38E89385A05B84DBB4A046C60617s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib56AC38E89385A05B84DBB4A046C60617s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib56AC38E89385A05B84DBB4A046C60617s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibAC1C0B8C6F5FABDE481C0AA81086A4B7s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibAC1C0B8C6F5FABDE481C0AA81086A4B7s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibD553FA75DB0CFAB28676DDED25C18D6Fs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibD553FA75DB0CFAB28676DDED25C18D6Fs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibBF28B14D85DE734C29B814125F4A30C6s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibBF28B14D85DE734C29B814125F4A30C6s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibC5C007E0287BF772C7C283791AF9F6D0s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibC5C007E0287BF772C7C283791AF9F6D0s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibB77D31AFB15508C9951FEB0B4B9DCB2As1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibB77D31AFB15508C9951FEB0B4B9DCB2As1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib7C61D3D7233A046E386E1A8859122E15s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib7C61D3D7233A046E386E1A8859122E15s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib7C61D3D7233A046E386E1A8859122E15s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib15A03FA296B5F7D3EB2EBF9357B06F53s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib15A03FA296B5F7D3EB2EBF9357B06F53s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibD80C7402503612EB72695CD835C7BF3Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibD80C7402503612EB72695CD835C7BF3Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibD80C7402503612EB72695CD835C7BF3Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2DE10AA29C54503037685C23A01AD31Es1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2DE10AA29C54503037685C23A01AD31Es1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib627905F593DBE6552949FCC20BB6C715s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib627905F593DBE6552949FCC20BB6C715s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib194DA80E14D83988ED41B5E045BFC83Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib194DA80E14D83988ED41B5E045BFC83Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib4CCB927F6BECEFB7958D5926DBD6E5CEs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib4CCB927F6BECEFB7958D5926DBD6E5CEs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib4CCB927F6BECEFB7958D5926DBD6E5CEs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibCB6B9384661EE4E26118E3C57E93DA48s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibCB6B9384661EE4E26118E3C57E93DA48s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib695220969932727AB0B66FE3ABBD2269s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib695220969932727AB0B66FE3ABBD2269s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib695220969932727AB0B66FE3ABBD2269s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib53A239AEEC247A9EF04ACABAE6AEDFDAs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib53A239AEEC247A9EF04ACABAE6AEDFDAs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib53A239AEEC247A9EF04ACABAE6AEDFDAs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibCB23EB84600E939B17D22A82B97F66D2s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibCB23EB84600E939B17D22A82B97F66D2s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibCB23EB84600E939B17D22A82B97F66D2s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibCB23EB84600E939B17D22A82B97F66D2s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib128F029BAA41FBF0A2C4E619C39C06D0s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib128F029BAA41FBF0A2C4E619C39C06D0s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibF791BAF4A62CAB2D4628195A5E093C31s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibF791BAF4A62CAB2D4628195A5E093C31s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib4243DC60A441CB6B9D093E5BF72E3E71s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib4243DC60A441CB6B9D093E5BF72E3E71s1
https://github.com/cajohare/AxionLimits
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib7C981DE8F3332FCE328D614875A52E87s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib7C981DE8F3332FCE328D614875A52E87s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib7C981DE8F3332FCE328D614875A52E87s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib9622AED2A2591F523A856B8B1DC27145s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib9622AED2A2591F523A856B8B1DC27145s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib10AB142B5F1FB7F1770908116D6505CDs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib10AB142B5F1FB7F1770908116D6505CDs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib9AD2C6343C7AC08D28469C8A633FD33Ds1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib9AD2C6343C7AC08D28469C8A633FD33Ds1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib9AD2C6343C7AC08D28469C8A633FD33Ds1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibFEB1901F64785A60202937BC74EE2AAEs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibFEB1901F64785A60202937BC74EE2AAEs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibE88A9DC5FB3D55503EC96DFC45E3DB9Bs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibE88A9DC5FB3D55503EC96DFC45E3DB9Bs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib422C14CC05814814D299461FD4A51E0Bs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib422C14CC05814814D299461FD4A51E0Bs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib422C14CC05814814D299461FD4A51E0Bs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib9749E4C891707627DA76FBA59A6DC24Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib9749E4C891707627DA76FBA59A6DC24Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib9749E4C891707627DA76FBA59A6DC24Cs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib66C77EDD479CBCACADA5594BB2B59935s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib66C77EDD479CBCACADA5594BB2B59935s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibBCC5F47607E23D1FB1F1ED9A350533BCs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibBCC5F47607E23D1FB1F1ED9A350533BCs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibBCC5F47607E23D1FB1F1ED9A350533BCs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibBCC5F47607E23D1FB1F1ED9A350533BCs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib1CC74634ADD6132D6A91ED0D1825BCF3s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib1CC74634ADD6132D6A91ED0D1825BCF3s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib1CC74634ADD6132D6A91ED0D1825BCF3s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibFC4684CCC6F275DE0FE5E37377C81EE5s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibFC4684CCC6F275DE0FE5E37377C81EE5s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibFC4684CCC6F275DE0FE5E37377C81EE5s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib463969979FC29A0ECDAF30BE68AAE434s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib463969979FC29A0ECDAF30BE68AAE434s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib6198F130E859A5E52E84F8CABE405622s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib6198F130E859A5E52E84F8CABE405622s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib6198F130E859A5E52E84F8CABE405622s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib93919E7F06D2410AE83303455D908076s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib93919E7F06D2410AE83303455D908076s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib6804F78472FABA24652EDEB47BC5EC46s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib6804F78472FABA24652EDEB47BC5EC46s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib6804F78472FABA24652EDEB47BC5EC46s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2649741D20D6429A3881DB01D7445659s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2649741D20D6429A3881DB01D7445659s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib02975419C6B97E3C003C6B1EDF431161s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib02975419C6B97E3C003C6B1EDF431161s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib02975419C6B97E3C003C6B1EDF431161s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibEF1725AC6D7C5019AC74517CB52029B5s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibEF1725AC6D7C5019AC74517CB52029B5s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib6B26EFF5B3F85D139A71DDBD5C8AC375s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib6B26EFF5B3F85D139A71DDBD5C8AC375s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib0F755EAFE59E2C9E04D4D4D0CF863120s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib0F755EAFE59E2C9E04D4D4D0CF863120s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib02E001010D4EBBC10314EE376A654263s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib02E001010D4EBBC10314EE376A654263s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib02E001010D4EBBC10314EE376A654263s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibD38EEC184B0C661C2145EA048E3B7853s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibD38EEC184B0C661C2145EA048E3B7853s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibD38EEC184B0C661C2145EA048E3B7853s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib1EE8AB3F08552D94B3454B5B4215B65Es1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib1EE8AB3F08552D94B3454B5B4215B65Es1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib0B736B9DE9B40F858643FF7C46589E79s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib0B736B9DE9B40F858643FF7C46589E79s1


K. Bondarenko, A. Boyarsky, J. Pradler et al. Physics Letters B 846 (2023) 138238
[102] J. Pétri, Theory of pulsar magnetosphere and wind, J. Plasma Phys. 82 (5) 
(2016) 635820502, arXiv:1608 .04895.

[103] A.Y. Chen, A.M. Beloborodov, Particle-in-cell simulations of the twisted mag-
netospheres of magnetars. I, Astrophys. J. 844 (2) (2017) 133, arXiv:1610 .
10036.

[104] B. Cerutti, A. Beloborodov, Electrodynamics of pulsar magnetospheres, Space 
Sci. Rev. 207 (1–4) (2017) 111–136, arXiv:1611.04331.

[105] G. Brambilla, C. Kalapotharakos, A. Timokhin, A. Harding, D. Kazanas, 
Electron–positron pair flow and current composition in the pulsar magneto-
sphere, Astrophys. J. 858 (2) (2018) 81, arXiv:1710 .03536.

[106] F. Carrasco, M. Shibata, Magnetosphere of an orbiting neutron star, Phys. Rev. 
D 101 (6) (2020) 063017, arXiv:2001.04210.

[107] A.Y. Chen, F. Cruz, A. Spitkovsky, Filling the magnetospheres of weak pulsars, 
Astrophys. J. 889 (Jan. 2020) 69, arXiv:1911.00059.
7

http://refhub.elsevier.com/S0370-2693(23)00572-5/bibAED1E842E4C6649BBAEC810D290C2C73s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibAED1E842E4C6649BBAEC810D290C2C73s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib9CA54B37C453BB15BC9E4EEBD2C45CCBs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib9CA54B37C453BB15BC9E4EEBD2C45CCBs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib9CA54B37C453BB15BC9E4EEBD2C45CCBs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2DED87F0300617EA803AB15BD967ADF7s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2DED87F0300617EA803AB15BD967ADF7s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2548DF8AD894CA9B97FF65FE894652AEs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2548DF8AD894CA9B97FF65FE894652AEs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib2548DF8AD894CA9B97FF65FE894652AEs1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibB9081FCCE559876E5C4C696926DE2B81s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bibB9081FCCE559876E5C4C696926DE2B81s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib22150D97169275946BC0F7FC9ECF1636s1
http://refhub.elsevier.com/S0370-2693(23)00572-5/bib22150D97169275946BC0F7FC9ECF1636s1

	Neutron stars as photon double-lenses: Constraining resonant conversion into ALPs
	1 Introduction
	2 Resonant axion conversion
	3 Magnetosphere model and expected signal
	4 SGR J1745-2900 as an exemplary source
	5 Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary material
	References


