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Axion-photon conversion is a prime mechanism to detect axion-like particles that share a cou-
pling 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 elec-
trons 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 |gay| ~ 1072 GeV ™! or better can be gained for m, < 107%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-IT and TAXO in the search for axion-like particles.

Introduction. Axions, originally introduced as a solu-
tion to the strong CP-problem of QCD [1-8], with the
additional benefit of serving as dark matter (DM) candi-
dates [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 multitude [12-18], populating a great range of masses
m, and couplings, representing viable targets for astro-
nomical and laboratory-based searches [19-23]. Cumu-
latively, the largest efforts have gone into probing the
axion-photon coupling. Here, once the axion mass is
below the peV scale, the leading probes are from high
energy astrophysics: axions can be produced in stars or
supernovae [24, 25] and subsequently convert into X- and
~-rays in galactic magnetic fields [26-28]. Alternatively,
photon-ALP oscillations can leave their imprint on high
energy photon spectra, e.g. leading to the dimming of
sources [29-32], or, sometimes, even explain their bright-
ness [33, 34].

Some of the strongest constraints limiting the
axion-photon coupling to [gey] < 10712GeV~! have
been placed from non-resonant conversion using well-
measured spectra of radio galaxies, 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 sig-
nificant recent effort is being 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 ax-

ions [48]. Photons experience a modification of their dis-
persion relation in media that may be cast in terms of an
effective mass meg. As is well known, the forward scat-
tering on free, non-relativistic charges leads to a positive,
energy-independent contribution mZg|charge ~ w3, where
wp is the plasma frequency [49]. Resonant conversion be-
comes possible when m? = mgﬁ, and is hence believed to
be relevant only in a narrow range of ALP mass where
m2 = wg is met along the propagation path associated

with significant conversion probability.

The purpose of this paper to point out that reso-
nant conversion is possible over a large range in mg,
considerably improving the sensitivity to g., and in-
dependent of the condition that ALPs constitute DM.
The central observation is that photons also receive an
energy-dependent, negative contribution to their disper-
sion relation from the background radiation field [50],
mZg|Em(w) < 0, where w is a photon energy. This has
important ramifications for photon-ALP conversion: be-
cause the contribution grows in magnitude with photon
energy as w?, the resonance condition m2 = m?2g(w) that
can eventually be met for any axion mass m, < wp. In
the magnetospheres of NS with the strongest magnetic
fields, magnetars, this condition is met for radio frequen-
cies (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 ge-
ometric boundary given by the NS surface, this imprints
a sharp spectral feature that can be searched for in ra-
dio data. Our objective here is to point out the main
ideas and study the principal sensitivity to g.. It is to
be followed up by more detailed analyses of the involved
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FIG. 1. Real branch of the effective photon mass as a function
of photon frequency v and electron densities as labeled. The
solid (dashed) red lines represent a neutron star environment
with B = 10" G (10'® G). For comparison, the gray hori-
zontal line shows a typical galaxy cluster central density [52].
The 1o-30 shaded bands are inferred from the free electron
distribution of the large scale structure at z = 0 [53].

stellar systems [51].

The paper is organized as follows. First, we estab-
lish the resonance conditions and the expected photon
flux. We then demonstrate our ideas using the radio
measurements of the magnetar SGR J1745-2900 close to
the Galactic center before concluding.

Resonant azxion conversion. Axion-like particles a in-
teract with photons through the effective Lagrangian,

—

Lint = 7%01}7‘“”##’/ = ga’yE : év (1)

where F,,, (F") is the (dual) photon field strength; g,
and m, are the only other relevant model parameters.
For the QCD axion goy ~ o/(7f,) and mq = mx fr/ fa
holds, whereas for ALPs one keeps m, as a free param-
eter while g;} is still expected to be informative on the
UV scale f, of symmetry breaking; we use the term ax-
ion and ALP interchangeably. In a magnetic field B the
interaction (1) enables the conversion of photons (with
electric field E) into axions and vice verse [48, 54, 55]. If
the condition m2 = m?; is satisfied along the photon’s
path, such conversion becomes resonant.

The resonance condition is naturally met several times,
as the background medium typically undergoes spatial
variations on small scales on top of an overall varying
trend; see e.g. [53, 56, 57]. The net result is that the pho-
ton and axion populations are driven towards equipar-
tion. When both photon polarization degrees of free-
dom participate in the mixing, it yields the smallest and
hence most conservative overall photon-to-axion conver-
sion probability [58],

1 . Tga,w
Piot = 3 (1—e SPI‘“) , Pin = m% ;B%,iRi- (2)

Here, P, is found from the Landau-Zener transition
probability, Br; = By (¢;) is the component of the mag-
netic field orthogonal to the direction of photon/axion
propagation and R; = ’dln mgﬁ/ dl ‘Z_:l& is the scale pa-
rameter 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 m?2 = m24(¢;).
The loss of photons into axions is imprinted onto an ini-
tial photon flux Fi,(w) as,

Fops(w) = Fin(w)[1 — Prot(w)]. (3)

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

2 _ 2 2 2 _
Meg = Wy — meff|EMa meff|EM -

where wg = 4mran./m.. The second, negative term is the
photon-photon scattering contribution mgﬁ‘|EM of the ra-
diation field [50]. It implies that the resonance condition
m2 = mgﬁ can eventually be met for any axion mass sat-
istying m, < wy,. This observation is instrumental to our
proposal.

Before proceeding, we emphasize that the applicabil-
ity of (2) and hence the formulation of resonant con-
version requires a well-separated two-level system away
from the resonance point, i.e., an off-diagonal mix-
ing that is much smaller than its diagonals in the
Hamiltonian. This translates into the condition ¢ =
2|gar|Briw/Im2g(0) — mZ| < 1 for |[¢ — ¢;] > 0 and it
guides the selection of potential sources and frequency
bands for observing axion-photon conversion. If we are—
for the sake of the argument—to neglect m2; in €, we
may write for a single resonance P, ~ €|gq|BR. This
shows that to compensate for ¢ < 1 one should maximize
the product BR. Saturating R by the size L of the sys-
tem, we estimate for the product BL ~ 1078 G Mpc for
the Milky Way and 1076 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 wg ~ m2g|em for GeV energies but the condi-
tion € < 1 is violated. If we look at magnetars with their
extremely large magnetic field strengths B ~ 104 G and
size L ~ 10 km, we find BL ~ 10~ G Mpc while retain-
ing € < 1 for GHz-THz frequencies. This demonstrates
that NS have a unique potential to probe the smallest
values of g,, through resonant conversion, and for the
remainder of the paper we focus on this case.

Magnetosphere model and expected signal. For an es-
timate of the electron density we use the Goldreich-
Julian (GJ) model [59] that predicts the required mag-
netospheric co-rotating spatial charge density n. as the
difference of positive and negative charge carriers,
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- Jmal—Q%2sin? 6’

N

()



where O is the vector along the axis of rotation with
magnitude = 27 /P the NS angular frequency (P is a
rotation period); @ is the angle between 7 and Q. We
then take n. = |n.| as an estimate on the electron (or
positron) number density; we caution that larger densi-
ties are sometimes considered, see [60, 61]. On the ac-
count that Qr < 1 out to large radii, the electron density
only depends on the Z-component of the magnetic field,
ne >~ QB cosOp|/\/Ta, where fp is the angle between B
and Q.

We are now in a position to study the condition mZ; =
m?2 from (4). Using ppy = B?/2, we may write it as
m?2 = C4|cos 0| B—Cow? B? with C; = mmﬂ and Cy =
440> ‘
135m2 "
resonant conversion is only possible for energies below a
critical value

_ CifcosOp| . 5 1s 1075 eV
wc—mwlo eV‘COSGB‘ ? Ta 5

which also highlights that, in the GJ model, the charge
density vanishes for cos g = 0. For w < w, there are two
physical solutions for the resonant magnetic field value.
In the limit of small frequencies, the photon-photon scat-
tering contribution can always be neglected and one ob-
tains a resonance that is associated with a small magnetic
field value at a distance from the NS surface,

pon_ M LRGP me yt
~ Ci|cosOp|  |cosfOp| \1s) \10=5eV/ ~
In turn, for growing photon energy, the cancellation be-
tween plasma frequency and the photon-photon scatter-
ing term becomes possible (“double lens”). In the limit

w < w. any parametric dependence on m, can be ne-
glected and the solution is given by,

Being a quadratic equation in B, we observe that

l

Cow? w
For w 2> 1072 eV, the required B, field values are
found at radii close to the magnetar’s surface. They
are associated with significant efficiency of conversion
and Pyt &~ 1/3 can be attained. Hence, a sharp fea-
ture at w = wiink on the emanating photon flux can be
imprinted once the By resonance is found. The second
sharp feature is at w = w, but is difficult to access ob-
servationally; note that w = 1073 (1072) eV corresponds
to v ~ 240 GHz (2.4 THz). Finally, we note that for
large gq and m, values, the B_ resonance may become
efficient enough to deplete the photon flux already for
w < Wkink, with the general effect of washing out the
spectral feature at wyink; we take this into account be-
low.

To make progress, we may follow previous investiga-
tions [39-44] in assuming that the magnetic field is well
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FIG. 2. High-frequency radio spectrum of SGR J1745-2900
during two observational campaigns over several days in
2014 [64] and 2015 [65] 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 con-
version for m, < 1078 eV and Jay = 3 X 1072 GeV L.

described by a dipole configuration,

S 1 [3F(F-m)
B_47T|: T5 7“3:|7 (6)

with magnetic moment 1m = 2w Borifn, where By is the
maximum field value at the surface of magnetic poles,
ro = 10 km is the assumed radius of the neutron star,
and 7 is the unit vector along m. Taking the star’s ro-
tation axis along the Z-direction and the magnetic mo-
ment misaligned by an angle 6,, one arrives at 7i(t) =
(sin @, cos Qt, sin 0,,, sin Qt, cos b, ). Plugging this expres-
sion into (6) yields the time-dependent magnetic field.

This model has several features. First, for lines-of-sight
that end on the polar regions, the conversion probability
is suppressed because of the parallel magnetic field struc-
ture, By < By. Second, the GJ model has a quadrupo-
lar structure with directions of vanishing charge density.
Both these features suggest strong geometric dependen-
cies. However, to a certain degree, they can be consid-
ered artifacts. First, there can be toroidal and turbulent
magnetic field components of comparable strength close
to the NS surface [62], the region most relevant to us.
Second, the actual electron density may differ from the
GJ one. From Fig. 1 one observes that an increase of
ne = 10" ecm™3 by two orders of magnitude shifts the
spectral break by one order of magnitude into the obser-
vationally difficult THz regime. Our proposal, therefore,
hinges on electron densities that are not too different
from the GJ ones paired with magnetic field values in
the 10'* — 10*® G ballpark, inducing a spectral break
at several hundred GHz or lower. Finally, we are sen-
sitive to the assumption that the pulsed radio signal is
produced close to the NS surface—a process that is still
poorly understood [63].

Having mentioned important caveats to our proposal,



we now proceed studying its sensitivity potential by mak-
ing some simplifying assumptions. Importantly, in the
regime where the conversion becomes saturated, Pioz =
1/3, all geometric dependencies are distilled into the po-
sition 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 wyjyk to remain preserved
over the typical observational time windows of several
hours. Therefore, for the purpose of illustration, we
keep the asymptotic radial scaling of a magnetic dipole,
B = By(ro/r)3, but take its direction to be random. We
replace occurrences of the angle 0p by its average as-
suming its uniform distribution: (] cosf@g|) = 1/2 so that
ne = QB/e, and take (sin®€p) = 2/3 in the conversion
probability. Taken together, these assumptions allow for
a simple exposition of our ideas while retaining the es-
sential features.

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 = 3.76s [66, 67] and
By = 1.6 x 10 G [67] as an exemplary source. Its pulsed
radio emissions with mJy flux density have been mea-
sured over an unprecedented broad range from 2.54 GHz
(118 mm) up to 225 GHz (1.33 mm) [64] and to 291 GHz
(1.03 mm) [65] over a period of several days in 2014 and
2015, respectively. The observed mean spectral densi-
ties were relatively flat, with respective power law indices
(a) = —0.4£0.1 and (@) = +0.4 £ 0.2, with a possibil-
ity of a spectral break at tens of GHz. Flux density and
spectral index variabilities are observed on long and short
time scales. The details of pulsed (radio) emission from
magnetars remain poorly understood but are generally
expected to be associated with open field lines of polar
regions [68].!

Figure 2 shows the averaged radio spectral densities of
SGR J1745-2900 as a function of frequency of the two
observational campaigns over several days in 2014 [64]
and 2015 [64]. The dashed lines show the reported
fitted power laws (which are additionally anchored by
low-frequency data from 1-10 GHz.) The solid green
line is obtained by multiplying the fits by 1 — P for
me = 107%eV and g,y = 3 x 10712 GeV using the sim-
plified magnetospheric model described above. As can
be seen, for v 2 200 GHz, the resonance associated with
B, can be met, leading to a sharp saturated reduction
of the flux by a factor one third.

1 There is evidence for some degree of linear polarization up to the
highest frequencies [65]. It is well known that the photon-photon
scattering contribution is birefringent [69, 70] and that the elec-
tric field of the converted radio wave is aligned with the tangen-
tial component Bp. This may induce O(1) variations within a
pulse, which we are not able to resolve at the current state. A
study of polarization effects is left for future work.
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FIG. 3. Sensitivity region on photon-ALP resonant conver-
sion bounded by the solid (dashed) red line based on the
assumption that a 20% (5%) spectral feature can be de-
tected. Astrophysical constraints are cumulatively shown by
the blue shaded region labeled “high energy astrophysics”
(see [71]). Laboratory limits from CAST [72], SHAFT [73],
ABRACADABRA [74] and projections for ALPS-II [75],
IAXO(+) [76], DANCE [77], and ADBC [78] are shown as
labeled. Additional constraints that assume ALPs being DM
are from haloscopes [79-85] and previous analyses using neu-
tron stars [42, 43, 46].

Figure 3 explores the sensitivity in the (mq, |gq+|) plane
to resonant conversion assuming that a sharp spectral
feature, i.e., a sudden flux reduction AF|iink can be de-
tected at the frequency where B, becomes available. The
solid (dashed) red line depicts AF|kink = 20% (5%).
As can be seen, for m, < 107°eV, the result is in-
dependent of axion mass and a sensitivity as good as
|gary] < 1.4 x 10712 (6 x 10713) GeV~! can be reached.
For m, 2 107%eV and/or for large |ga,|, the conver-
sion associated with B_ is strong enough to deplete the
photon flux for frequencies below the onset of B, . This
washes out the kink and the red shading indicates the
region unaffected by it. Existing ALP constraints and
other laboratory projections are additionally shown as
labeled. As can be seen, an improvement over current
limits by more than an order of magnitude is possible,
putting astrophysics in competition with upcoming lab-
oratory searches that target a wide range of ALP masses,
in particular from 107! eV to 1076 eV.

Conclusions. 1In 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 resonant conversion at
the 10712 GeV~! level. The method works for an arbi-



trarily small and hence wide range of m,, leveraging the
energy-dependent negative contribution from the radia-
tion field to the effective photon mass (“double lens ef-
fect”). It removes the direct 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 probability.
Because of the sharp NS surface boundary, a spectral fea-
ture that can be searched for in high-quality radio data
is imprinted.

Currently, an incomplete understanding of the magne-
tospheres’ physical conditions and the ensuing produc-
tion and propagation of radio photons from there pre-
vents us from claiming real limits. However, many un-
certainties are expected to be mitigated by future obser-
vations with SKA [86-90], 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 [91-93], and through paralleling ad-
vances in the simulation and modeling of these extreme
objects [94-100]. Together, photon-axion conversion in
neutron stars may well become a serious competitor to
the experimental ALPS-IT and IAXO programs.
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