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Magnetic fields between a supernova (SN) and Earth convert axions into gamma rays. The absence of
such a signal in coincidence with SN 1987A neutrinos, using the coherent Milky Way field, provides well-
studied constraints on gap × gaγ (axion-proton times axion-photon couplings) and on gaγ alone. We show
that the small-scale power of the turbulent magnetic field component boosts axion-photon conversion and,
crucially, extends sensitivity to larger masses. The turbulent field components of the Milky Way and of the
Large Magellanic Cloud (hosting SN 1987A) yield improvements of up to 2 orders of magnitude in
gap × gaγ . Turbulence should likely impact the sensitivity of other searches based on other axion-photon
conversion sites, such as starburst galaxies.
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Introduction—Axions are among the best motivated new
particles because they could explain CP conservation in
QCD [1–9] and also could be the dark matter of the
universe [10–13]. Other axionlike pseudoscalar bosons are
predicted by string theory compactifications, realizing the
so-called axiverse [14–20]. The smallness of the axion
mass, ma, opens search strategies with low-energy tech-
niques and astrophysical methods. The generic axion–two-
photon interaction, gaγaE ·B, enables a → γ conversion in
macroscopic B fields [21,22], which is the basis for most
systematic axion searches [23–27] and, through astrophysi-
cal B fields, for many constraints [28], and possible future
detection, e.g., by SN γ rays [29–32].
Axions interact extremely feebly, so the B-field-induced

conversion probability, Paγ ¼ ðgaγBL=2Þ2, is strong only if
the path length L is large. However, Paγ drops quickly
when L ≫ k−1a , where ka ¼ m2

a=2Ea is the axion-photon
momentum mismatch. The resulting “loss of coherence” in
a-γ conversion bedevils all axion searches: the conversion
volume or path length should be large to overcome the
smallness of gaγ but is limited by k−1a . One way to reach
larger masses is to give photons an effective mγ ≃ma

through a dispersive medium [33]. Alternatively, spatial

B-field variations with strong Fourier power at ka would
have a similar effect [34].
In this Letter, we show that the turbulent component of

the Milky Way (MW) B field, in the manner of a magnetic
undulator, opens a new ma range, notably for converting
axions from the historical SN 1987A. This peculiar Type II
SN resulted from the collapse of the blue supergiant
Sanduleak −69202 in the Large Magellanic Cloud
(LMC) at a distance of 51.4 kpc [35,36] (see Ref. [37]
for a slightly smaller distance). The unique neutrino
observations [38–45] provided many particle constraints
through the duration of neutrino cooling [46–48], notably
gaN ≲ 10−9 for the axion-nucleon coupling [31,49–55]. In
addition, the absence of a contemporaneous γ-ray signal in
the Solar Maximum Mission (SMM) satellite [56–59]
provided constraints on a → γ conversion in the MW B
field [60–63]. Assuming axion production through their
proton coupling in np → npa bremsstrahlung, the latest
bounds on gap × gaγ [31] are shown in Fig. 1. Conversion
in the presumed progenitor field was recently added
[30,31], extending sensitivity to larger masses due to the
smaller spatial scale of B-field variation. For self-consis-
tency, we have recomputed these constraints with the axion
flux spectrum adopted here (see below).
In a similar vein, we here include another previously

ignored component, the turbulent MW field. The impact of
B-field stochasticity or turbulence on astrophysical a → γ
conversion was previously studied in the context of TeV
gamma rays [64–67]. For SN axions, the relevance of a
turbulent MW field was proposed in Ref. [29], mostly
focusing on a possible boost (up to a factor of 2) compared
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to the regular field and the spectral irregularities that would
appear in a γ-ray signal from the next Galactic SN for
massive axions.
We show that the gains from including turbulent fields in

the conversion go far beyond this effect. For the first time,
we derive constraints from SN 1987A including the
turbulent fields of the MW and of the LMC, separately.
For large axion masses, the bounds on gap × gaγ improve
by up to 2 orders of magnitude for neV-range masses, as the
turbulent magnetic field provides small-scale structure that
facilitates resonant a–γ conversion.
Axion-photon conversion—In all cases of interest here,

the conversion probability is small, Paγ ≪ 1, and back-
conversion is irrelevant. In this perturbative regime, the
conversion amplitude to a photon with polarization j is, up
to a global phase, the line of sight (LoS) integral

Aaγj ¼
gaγ
2

Z
L

0

dsBjðsÞe−ikas; ð1Þ

where ka ¼ m2
a=2E, the photon plasma mass can be

neglected, and BjðsÞ are the transverse field components.
The conversion probability, summed over both polariza-
tions, then is

PaγðkaÞ ¼
g2aγ
4

Z
L

0

ds
Z

L

0

ds0B⊥ðsÞ ·B⊥ðs0Þcos½kaðs− s0Þ�;

ð2Þ

whereB⊥ is the field transverse to the LoS. We denote with
PaγðkaÞ the conversion probability of an axion with
momentum mismatch ka, and with Paγ, implicitly depend-
ing on ma, a spectral average. Both quantities coincide for
ma ¼ 0. Moreover, we use hPaγðkaÞi for an average over
B-field configurations. Axions from SN 1987A traveled
through one specific realization of the turbulent B field.
The conversion probability PaγðkaÞ is one draw from a
distribution with average hPaγðkaÞi.
For massless axions, Paγ ¼ ðgaγ=2Þ2j

R
dsB⊥ðsÞj2. For

the LoS to SN 1987A, the result [31] is given in Table I,
derived from the baseline case of the latest coherent MW B-
field models of Unger and Farrar [68]. The SN has Galactic
coordinates bSN ¼ −31.8° and lSN ¼ 279.7°, high above the
plane. The BjðsÞ components along the LoS are shown in
Fig. 6 of Ref. [31]. The transverse parts are somewhat weak
relative to the longitudinal one, and sizeable fields occur
only for about 20 kpc near the Galactic plane. The same Paγ

descends from a uniform field with BL ¼ 3.0 μGkpc.
For ma so large that k−1a ≪ L, there are many a-γ

oscillations within L so that Aaγ mostly cancels. For
L ¼ 10 kpc, this occurs for ka ≫ 6 × 10−28 eV, which
for E ¼ 100 MeV implies ma ≫ 0.4 neV. For a uniform
field, one finds PaγðkaÞ ¼ ðgaγBÞ2k−2a sin2ðkaL=2Þ, which
for ka → 0 returns to ðgaγBL=2Þ2, while for ka ≫ L−1,
PaγðkaÞ oscillates around ðgaγBÞ2k−2a =2. For inhomo-
geneous fields, the same k−2a scaling is obtained when
k−1a is far below any typical scale of B-field variation.
Turbulent fields—The MW has a strong turbulent field

(Table I), mostly inferred from the excess of synchrotron
radiation on top of the one expected from the regular field
measured through Faraday rotation. It was obtained in
Ref. [69] and later updated with Planck observations [70],
where it was modeled as a Gaussian random field with a
Kolmogorov power spectrum and an outer scale equal to
2π=kL ¼ 100 pc. This value is consistent with that inferred

FIG. 1. New constraints (red) on gap × gaγ from nondetection
of SN 1987A gamma rays. We assume np → npa bremsstrah-
lung production and a → γ conversion in the turbulent B fields of
the MW and LMC with kH=kL ¼ 1000 for the ratio of high and
low turbulence scales. In gray, we show previous SN 1987A
constraints, labeled “Coherent MW” and “Progenitor,” resulting,
respectively, from conversions in the coherent MW field and in
the putative dipole field of Sanduleak −69202, the progenitor of
SN 1987A (assumed radius 30 R⊙ and surface magnetic field
30 G) [31].

TABLE I. Adopted B-field parameters and a → γ conversion
probability, Paγ , for massless axions with gaγ ¼ 10−11 GeV−1.
The turbulent case uses Eq. (3). The coherent MW case uses an
integration over the actual profile (see text), whereas the stated
jBj and Lwere chosen to provide the same BL and the same high-
ka suppression of a uniform field.

jBj; B0 k−1L L Paγ ; hPaγðkaÞi
[μG] [pc] [kpc]

Milky Way
Coherent [68] 0.15 … 20 2.1 × 10−3

Turbulent [69,70] 5 250 4 3.7 × 10−3

Large Magellanic Cloud
Coherent [71,72] 1 … 1 2.3 × 10−4

Turbulent [73] 5 200 0.8 5.9 × 10−4
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in the halo from the fluctuations in the Faraday rotation
measure [74,75], although it could be lower in the spiral
arms [76]; this is not relevant for this work due to SN
1987A high Galactic latitude. We do not include the striated
disk field, introduced in Refs. [69,70], to boost synchrotron
radiation compared to the field implied by Faraday rotation.
The striated field may not be needed—its effect can also
be mimicked by a correlation between cosmic-ray density
and B field [69] or the effect of the Local Bubble [77,78].
In any case, for the high-latitude SN 1987A, it is likely
unimportant.
For a-γ conversion, a B-field undulating with a given

wave number kB resonantly enhances Paγ for ka ≃ kB. If the
Fourier modes are randomly oriented, in projection on the
LoS, the resonance condition is met for any 0 ≤ ka ≤ kB,
leading to a nearly flat hPaγðkaÞi for ka ≲ kB, and to the
usual k−2a variation for ka ≫ kB. The average is taken over
field configurations.
The turbulent field is modeled as an isotropic random

collection of Fourier modes with a power-law spectrum
jBkj2 ∝ k−β−2 in a range kL ≲ k≲ kH and otherwise zero.
The dissipation scale kH cannot be determined observa-
tionally—we show in Supplemental Material [79] that
kH=kL ¼ 1000 is a conservative analytical estimate, to
be used in our analysis, while observations hint at much
larger values [85]. A Kolmogorov spectrum has β ¼ 5=3;
Goldreich-Sridhar turbulence [86] has an analogous spec-
trum for the wave number perpendicular to the local
magnetic field. The value of this index determines the
shape of the constraints for axion masses at which con-
version is resonantly enhanced. For k−1H < k−1L ≪ L, the a-γ
conversion depends only on the statistical properties of the
B field as worked out in Supplemental Material [79].
For low-mass axions, one finds a flat function of ka, as

anticipated earlier,

hPaγðkaÞi ¼ g2aγB2
0L

πðβ − 1Þ
8βkL

; if ka ≪ kL: ð3Þ

Here, B2
0 ¼ hjBðrÞj2i, and we use the schematic values

for the injection scale kL collected in Table I; for the LMC,
this is extracted from Ref. [87]. For the MW, our choice
of kL is somewhat larger than the typical values in
Refs. [69,70,74,75], which range from 16pc≲k−1L ≲175pc.
For larger ka, fewer B-field modes are on resonance, and

the average conversion efficiency declines with the same
power law as the turbulence spectrum,

hPaγðkaÞi ¼ g2aγB2
0L

ðβ2 − 1Þ
4βðβ þ 2ÞkL

�
kL
ka

�
β

;

if kL ≪ ka ≪ kH: ð4Þ

For yet larger ka, the now-familiar k−2a scaling sets in,

hPaγðkaÞi ¼
g2aγB2

0

3

1

k2a
; if kH ≪ ka; ð5Þ

independent of any length scale associated with the B-field
configuration.
LMC magnetic field—The SN 1987A host galaxy also

contributes to conversion. The coherent LMC field was
measured with polarized synchrotron emission at 1.4 GHz
[71]. Fermi-LAT γ-ray detections imply, without assuming
equipartition, B≲ 7 μG after summing the plane-of-the-
sky and LoS components, consistent with 2 μG expected
from equipartition [71]. Slightly smaller values of ∼1 μG
derive from Faraday rotation [72]. A larger field of ∼11 μG
exists along two filaments, but the LoS to SN 1987A does
not intercept these structures.
The small-scale LMC field is studied in Ref. [87], where

Faraday rotation from 250 different sources is isolated
through the structure-function method with higher-order
stencils. Assuming isotropic Gaussian random fields and
log-normal thermal electron densities, the magnetic energy
is found to follow a power law consistent with Kolmogorov
shape. The general properties that we use here are collected
in Table I. Finally, the LoS depth to SN 1987A obtained
from pulsar dispersion measures is L ∼ 800 pc for the
region RII in Table 5 of Ref. [73], where Sanduleak was
located. A larger value of several kpc was gathered from red
clump star observations [88], a value sometimes used in
cosmic-ray studies [89]. To be conservative, we use the
smaller value that we show in Table I.
SN 1987A as an axion source—Axions are emitted by

the proto-neutron star (PNS) that has formed in the core
after its collapse. The main relevant PNS parameters are its
internal temperature (which depends on the assumed
equation of state), baryon density, total mass, and cooling
speed. These properties cannot be inferred from SN 1987A
observations, and the neutrino signal is also not very
constraining [45]. Among a suite of PNS models [31],
we select their Cold Model, which produces a conservative
axion emission. It has an average T ≃ 30 MeV and final
baryonic mass of 1.35M⊙.
For production, we assume either Primakoff scattering

or nucleon bremsstrahlung. Inspired by the Kim-Shifman-
Vainshtein-Zakharov model, we assume that axions couple
only to protons with a structure ðgap=2mpÞp̄γμγ5p∂μa. We
ignore pion production, π−p → na, because of the very
uncertain π− abundance [31]. We may then use directly the
time-integrated spectral fluxes that were provided in the
following form [31]:

dNa

dEa
¼ Na

ðαþ 1Þαþ1

Γðαþ 1Þ
Eα
a

Eαþ1
av

exp

�
−
ð1þ αÞEa

Eav

�
; ð6Þ

where Na is the total number of emitted axions, Eav

their average energy, α ¼ ð2 − hE2i=E2
avÞ=ðhE2i=E2

av − 1Þ
the pinching parameter, and Γ the Gamma function
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(Table II). Despite a different microphysical treatment, the
flux parameters of the Bari group for the Cold Model [90]
agree reasonably well with ours [31].
Fluctuations of the conversion probability—The sto-

chastic nature of turbulent fields causes fluctuations of Paγ ,
depending on LoS and also on axion energy through ka, as
detailed in Supplemental Material [79]. This effect is
particularly pronounced for massless axions (ka ¼ 0).
Assuming Gaussian distributions, Aaγ in Eq. (1) follows
an independent Gaussian for each photon polarization,
implying an exponential distribution for PaγðkaÞjka¼0. The
energy-averaged version Paγjma¼0 also follows an expo-
nential distribution; therefore, it is affected by large
LoS-dependent fluctuations. The physical origin is clear:
at all energies, axions probe in essence the power at a
single wave number (ka ¼ 0), which has large chances of
fluctuating.
For nonvanishing ma, implying a nonvanishing and

energy-dependent ka, these fluctuations diminish because
resonant conversion happens for all wave numbers spanned
by the energy spectrum—it is unlikely that, for a given LoS,
all modes are simultaneously suppressed. Fluctuations are
suppressed when ka ≳ 2π=L, a regime in which the con-
version probability is distributed as ∝ Pκ−1

aγ e−κPaγ=hPaγi. For
the large shape parameter κ, it features a much smaller
dispersion compared to the exponential distribution, which
itself corresponds to κ ¼ 1. In the heavy-mass regime
(ka ≳ kH), there is no resonance, and Paγ is once more
exponentially distributed. The intermittency of turbulence,
which breaks its Gaussianity, would likely increase the
chances of large Paγ values, but for deriving constraints, we
stick to the conservative Gaussian assumption.
We have validated our estimates with a Monte Carlo

simulation of axion conversion in a synthetic turbulent
Gaussian field. We have computed Paγ from 104 realiza-
tions for a grid of ka values and convoluted these
probabilities with the thermal spectrum of Eq. (6). The
results are shown in Fig. 2. Our simulations confirm the
large LoS-dependent fluctutations of Paγ for ka < 2π=L
and ka ≳ kH. On the other hand, in the intermediate regime,
fluctuations are indeed diminished.

Results—The SMM satellite did not see any excess γ rays
coincident with the neutrino burst, tagged by the time of the
first event in the IMB detector, which had a reliable clock.
Following Ref. [31], we use the 25–100 MeV channel with
an effective area of 90 cm2. In Table II, we show the number
of axions,N a, passing through this area and with energies in
this range. Within three time bins (length 2.048 s each)
encompassing the axion signal that lasted for less than 5 s,
SMM counted Nobs ¼ 60 events, with an expected back-
ground of B ¼ 54 [31], consistent with no additional events.
Assuming a Poisson distribution forNobs, these values imply
a constraint on a possible signal S < 20.1 (95% CL) [31].
One expects S ¼ PaγN a signal events, leading to the shown
limits on Paγ . In the massless limit, one finds from the
coherent MW field Paγ ¼ 2.1 × 10−3ðgaγGeVÞ2 (Table I),
implying jgap × gaγj < 3.7 × 10−24 GeV−1 (95% CL).
For larger masses, PaγðkaÞ depends on energy through
ka ¼ m2

a=2E so that one needs to convolve the spectrum
with PaγðkaÞ.
For the turbulent fields, we use the parameters specified

in Table I and kH=kL ¼ 1000. We stress that, while we have
observational information on kL, the value of kH and then
of the ratio kH=kL cannot be measured. As we argue in
Supplemental Material [79], kH ¼ 1000kL is a conservative
choice. If this ratio were larger, the resonant enhancement
would extend to larger axion masses, as the value of ma at
which the transition between the intermediate regime and
the heavy regime occurs scales as ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
kH=kL

p
.

In this case, the expected number of events S is itself a
random variable, which we model as a Gamma distribution

TABLE II. Axion flux parameters for Eq. (6), inspired by the
Cold Model of Ref. [31], with g ¼ gaγGeV for Primakoff
production and g ¼ gap for bremsstrahlung. N a is the number
of axions passing through the SMM effective area of 90 cm2 in
the 25–100 MeV channel. Paγ

95 is the SMM limit (95% CL) on the
a-γ conversion probability.

Source reaction Na Eav α N a g2Paγ
95

½1073g2� [MeV] ½1027g2� ½10−28�
Primakoff (γp → pa) 1.6 86 2.1 2.8 71
Brems (np → npa) 34 59 1.6 69 2.9

FIG. 2. Representative Monte Carlo results for Paγ, the a–γ
conversion probability, for 500 of our 104 realizations, using the
bremsstrahlung spectral axion flux. The red line is hPaγi. Vertical
lines indicate the characteristic axion masses at which a typical ka
(evaluated at E ¼ Eav) is comparable to the inverse of the length,
L, of the conversion region, the injection scale kL, or the
dissipation scale of turbulence kH .
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Γðκ; hSiÞ and which then has to be convolved with the
Poisson distribution. We use our Monte Carlo simulations
to extract, for each value of ma, the value of the shape
parameter κ, using the 25–100 MeV channel of SMM.
Therefore, in this case, the expected number of SMM
signal events depends also on ma. As an example, for
ma ¼ 3 neV and in the MW case, we find S̄ < 24.1
(95% CL). Using the value of hPaγi given by our simu-
lations, which matches our analytical predictions, this
translates into jgap×gaγj<6.4×10−24GeV−1. Doing so
for each ma value leads to the constraints shown in Fig. 1.
The large fluctuations of S̄ as a function of B-field

configuration weaken the turbulent bounds considerably
for smallma. While in the massless limit, the MW turbulent
hPaγi is larger than the coherent one, the turbulent con-
straint is S̄ < 158.8 (95% CL), and the bound on jgap × gaγj
a factor of 2 weaker. For larger ma, on the other hand, due
to the resonant enhancement and the smaller fluctuations in
the turbulent case, the turbulent bounds vastly supersede
the coherent ones. Moreover, for a larger CL, the bounds
will diminish much more for massless axions because of
the larger Paγ fluctuations. This issue is further discussed in
Supplemental Material [79]. For both coherent and turbu-
lent fields, the strongest constraints derive from the MW, as
shown in Fig. 1.
In Fig. 3, we show the bounds in the gap-gaγ plane for the

specific value ma ¼ 3 neV, representative of the strongest
enhancement by turbulence. Our results are leading con-
straints for 6 × 10−15 GeV−1 ≲ gaγ ≲ 2 × 10−12 GeV−1

and 3 × 10−12 ≲ gap ≲ 1 × 10−9. The bound flattens out

for gap ≲ gaγmp, where the flux from Primakoff production
prevails over bremsstrahlung [31].
The bound on gaγ shown in Fig. 3 arises from a magnetic

white dwarf with a particularly low linear polarization
signal amplitude [91], whereas the bound on gap from the
cooling of SN 1987A [31,46]. The product of these
individual limits implies gap × gaγ ≲ 2 × 10−21 GeV−1

and as such is the main competing bound to those of
Fig. 1. It is comparable to the one from conversion in the
assumed but unmeasured B field of the SN 1987A
progenitor. A supplemental probe on gaγ × gaN is offered
by the deexcitation of sodium through axion emission
during the late-stage evolution of massive stars [92], but
even optimistic future projections are far less sensitive than
the bounds of Fig. 1.
Discussion—The nonobservation of γ rays in coinci-

dence with SN 1987A neutrinos has led to restrictive limits
on axions. Turbulent fields offer a new target for con-
versions. A previous work found that the average con-
version probability for massless axions is boosted by up to
a factor 2 [29]. While we recover this result, the constraints
are actually less restrictive because turbulent conversions in
this regime are highly fluctuating and cannot confidently
exclude any new parameter space.
On the other hand, we identify a novel resonant target,

offered by small-scale turbulent fields, for the conversion of
massive axions. In this way, we extend SN 1987A sensi-
tivity to much larger masses (Fig. 1), surpassing previous
bounds by up to 2 orders of magnitude in gap × gaγ . When
axions are produced by Primakoff scattering through their
photon coupling alone, corresponding constraints on gaγ
exist, as shown in Supplemental Material [79].
The conversion probability Paγ in such random fields

arises from the resonance with the undulating modes of the
turbulent B field. For axions so light that ka ≪ kL, the
resonance takes place for all the B-field modes, and the
average conversion probability, hPaγðkaÞi, is maximized and
independent of ma. If the axion is so heavy that k−1a is much
shorter than the turbulence scales, hPaγðkaÞi is suppressed as
m−4

a . However, we also find an intermediate regime, where
only a fraction of the modes are in resonance, a regime
characterized by ka between the cutoffs of the B-field power
spectrum. In this regime, hPaγðkaÞi is suppressed as m−2β

a ,
where the power-law index of the turbulent B field is
β ¼ 5=3 for a Kolmogorov spectrum. The intermediate
regime features small dispersion around hPaγi since the
fluctuations are averaged out when integrating over the axion
spectrum. What matters most, however, is that in this regime
axions maintain resonant conversion over the entire propa-
gation length, so the conversion probability is parametrically
enhanced by a rather large factor Lka.
A natural future extension of these results would be to

apply our formalism to other kinds of turbulent magnetic
fields. For example, the turbulent fields of starburst

FIG. 3. Constraints in the gap–gaγ plane for fixed ma ¼ 3 neV.
Existing limits include the bound from SN 1987A cooling [31,46]
and from the nonobservation of axion-induced linearly polarized
light from magnetic white dwarfs [91].
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galaxies such as M82 and M87, recently targeted for axion
searches [93–95], can potentially boost the conversion
probability, extending existing bounds on, e.g., gaγ and
gaγ × gae. Yet other possible targets are stellar surfaces,
such as on the Sun [96], and on red supergiants (RSG) [30],
the typical progenitors of core-collapse SNe. Stars can be
covered by convective cells, where turbulent fields exist, so
that existing constraints and projected sensitivities might be
parametrically affected.
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della Ricerca through the FIS 3 Project No. FIS-2024-03087
(DD No. 18010 12-11-2025, CUP No. E53C25002700001).
This article is based on work from COST Action COSMIC
WISPers (CA21106), supported by COST (European
Cooperation in Science and Technology).

Data availability—There are no publicly available
research data or software supporting this manuscript.
Requests for further information or data should be sent
to the authors.

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

[2] R. D. Peccei and H. R. Quinn, Constraints imposed by CP
conservation in the presence of instantons, Phys. Rev. D 16,
1791 (1977).

[3] S. Weinberg, A new light boson?, Phys. Rev. Lett. 40, 223
(1978).

[4] F. Wilczek, Problem of strong P and T invariance in the
presence of instantons, Phys. Rev. Lett. 40, 279 (1978).

[5] J. E. Kim, Weak interaction singlet and strong CP invari-
ance, Phys. Rev. Lett. 43, 103 (1979).

[6] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, Can
confinement ensure natural CP invariance of strong inter-
actions?, Nucl. Phys. B166, 493 (1980).

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

[8] A. R. Zhitnitsky, On possible suppression of the axion
hadron interactions, Yad. Fiz. 31, 497 (1980) [Sov. J. Nucl.
Phys. 31, 260 (1980)].

[9] L. Di Luzio, M. Giannotti, E. Nardi, and L. Visinelli,
The landscape of QCD axion models, Phys. Rep. 870, 1
(2020).

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

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

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

[13] C. A. J. O’Hare, Cosmology of axion dark matter, Proc. Sci.
COSMICWISPers (2024) 040 [arXiv:2403.17697].

[14] P. Svrcek and E. Witten, Axions in string theory, J. High
Energy Phys. 06 (2006) 051.

[15] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper,
and J. March-Russell, String axiverse, Phys. Rev. D 81,
123530 (2010),

[16] M. Cicoli, M. Goodsell, and A. Ringwald, The type IIB
string axiverse and its low-energy phenomenology, J. High
Energy Phys. 10 (2012) 146.

[17] M. Demirtas, C. Long, L. McAllister, and M. Stillman, The
Kreuzer-Skarke axiverse, J. High Energy Phys. 04 (2018)
138.

[18] J. Halverson, C. Long, B. Nelson, and G. Salinas, Towards
string theory expectations for photon couplings to axionlike
particles, Phys. Rev. D 100, 106010 (2019).

[19] M. Demirtas, N. Gendler, C. Long, L. McAllister, and
J. Moritz, PQ axiverse, J. High Energy Phys. 06 (2023) 092.

[20] N. Gendler, D. J. E. Marsh, L. McAllister, and J. Moritz,
Glimmers from the axiverse, J. Cosmol. Astropart. Phys. 09
(2023) 071.

[21] P. Sikivie, Experimental tests of the invisible axion, Phys.
Rev. Lett. 51, 1415 (1983); 52, 695(E) (1984).

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

[23] P. W. Graham, I. G. Irastorza, S. K. Lamoreaux, A. Lindner,
and K. A. van Bibber, Experimental searches for the axion
and axion-like particles, Annu. Rev. Nucl. Part. Sci. 65, 485
(2015).

[24] I. G. Irastorza and J. Redondo, New experimental ap-
proaches in the search for axion-like particles, Prog. Part.
Nucl. Phys. 102, 89 (2018).

[25] P. Sikivie, Invisible axion search methods, Rev. Mod. Phys.
93, 015004 (2021).

[26] A. Berlin and Y. Kahn, New technologies for axion and dark
photon searches, Annu. Rev. Nucl. Part. Sci. 75, 83 (2025).

[27] M. Baryakhtar, L. Rosenberg, and G. Rybka, Searching for
the QCD dark matter axion, arXiv:2504.10607.

[28] C. O’Hare, Github Page https://github.com/cajohare.
[29] P. Carenza, C. Evoli, M. Giannotti, A. Mirizzi, and D.

Montanino, Turbulent axion-photon conversions in the
Milky Way, Phys. Rev. D 104, 023003 (2021).

[30] C. A. Manzari, Y. Park, B. R. Safdi, and I. Savoray, Super-
nova axions convert to gamma rays in magnetic fields of
progenitor stars, Phys. Rev. Lett. 133, 211002 (2024).

PHYSICAL REVIEW LETTERS 137, 121002 (2026)

121002-6

https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.43.103
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.22323/1.454.0040
https://doi.org/10.22323/1.454.0040
https://arXiv.org/abs/2403.17697
https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1007/JHEP10(2012)146
https://doi.org/10.1007/JHEP10(2012)146
https://doi.org/10.1007/JHEP04(2018)138
https://doi.org/10.1007/JHEP04(2018)138
https://doi.org/10.1103/PhysRevD.100.106010
https://doi.org/10.1007/JHEP06(2023)092
https://doi.org/10.1088/1475-7516/2024/09/071
https://doi.org/10.1088/1475-7516/2024/09/071
https://doi.org/10.1103/PhysRevLett.51.1415
https://doi.org/10.1103/PhysRevLett.51.1415
https://doi.org/10.1103/PhysRevLett.52.695.2
https://doi.org/10.1103/PhysRevD.37.1237
https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1016/j.ppnp.2018.05.003
https://doi.org/10.1016/j.ppnp.2018.05.003
https://doi.org/10.1103/RevModPhys.93.015004
https://doi.org/10.1103/RevModPhys.93.015004
https://doi.org/10.1146/annurev-nucl-121423-101015
https://arXiv.org/abs/2504.10607
https://doi.org/10.1103/PhysRevD.104.023003
https://doi.org/10.1103/PhysRevLett.133.211002


[31] D. F. G. Fiorillo, Á. Gil Muyor, H.-T. Janka, G. G. Raffelt,
and E. Vitagliano, Axion-photon conversion in transient
compact stars: Systematics, constraints, and opportunities, J.
Cosmol. Astropart. Phys. 03 (2026) 053.

[32] F. R. Candón, D. F. G. Fiorillo, Á. Gil Muyor, H.-T. Janka,
G. G. Raffelt, and E. Vitagliano, Stripped-envelope super-
novae for QCD axion detection, Phys. Rev. Lett. 136,
171001 (2026).

[33] K. van Bibber, P. M. McIntyre, D. E. Morris, and G. G.
Raffelt, A practical laboratory detector for solar axions,
Phys. Rev. D 39, 2089 (1989).

[34] K. Van Bibber, N. R. Dagdeviren, S. E. Koonin, A.
Kerman, and H. N. Nelson, Proposed experiment to pro-
duce and detect light pseudoscalars, Phys. Rev. Lett. 59,
759 (1987).

[35] N. Panagia, Distance to SN 1987A and the LMC, in New
Views of the Magellanic Clouds, Proceedings of the IAU
Symposium No. 190, Victoria, Canada, 1998, edited by
Y.-H. Chu et al. (Astronomical Society of the Pacific, 1999),
pp. 549–553, https://articles.adsabs.harvard.edu/pdf/1999
IAUS..190..549P.

[36] N. Panagia, A geometric determination of the distance to SN
1987A and the LMC, Springer Proc. Phys. 99, 585 (2005).

[37] G. Pietrzyński et al., A distance to the Large Magellanic
Cloud that is precise to one per cent, Nature (London) 567,
200 (2019).

[38] K. Hirata et al. (Kamiokande-II Collaboration), Observation
of a neutrino burst from the supernova SN 1987a, Phys. Rev.
Lett. 58, 1490 (1987).

[39] K. S. Hirata et al., Observation in the Kamiokande-II
detector of the neutrino burst from supernova SN 1987a,
Phys. Rev. D 38, 448 (1988).

[40] R. M. Bionta et al., Observation of a neutrino burst in
coincidence with supernova SN 1987a in the Large Mag-
ellanic Cloud, Phys. Rev. Lett. 58, 1494 (1987).

[41] C. B. Bratton et al. (IMB Collaboration), Angular distri-
bution of events from Sn1987a, Phys. Rev. D 37, 3361
(1988).

[42] E. N. Alekseev, L. N. Alekseeva, V. I. Volchenko, and I. V.
Krivosheina, Possible detection of a neutrino signal on 23
February 1987 at the Baksan underground scintillation
telescope of the Institute of Nuclear Research, JETP Lett.
45, 589 (1987), https://ui.adsabs.harvard.edu/abs/1987Zh
PmR..45..461A/abstract.

[43] E. N. Alekseev, L. N. Alekseeva, I. V. Krivosheina, and V. I.
Volchenko, Detection of the neutrino signal from SN1987A
in the LMCUsing the INR Baksan underground scintillation
telescope, Phys. Lett. B 205, 209 (1988).

[44] M. Koshiba, Observational neutrino astrophysics, Phys.
Rep. 220, 229 (1992).

[45] D. F. G. Fiorillo, M. Heinlein, H.-T. Janka, G. Raffelt, E.
Vitagliano, and R. Bollig, Supernova simulations confront
SN 1987A neutrinos, Phys. Rev. D 108, 083040 (2023).

[46] G. G. Raffelt, Stars as Laboratories for Fundamental
Physics (University of Chicago Press, Chicago, 1996).

[47] G. G. Raffelt, H.-T. Janka, and D. F. G. Fiorillo, Neutrinos
from core-collapse supernovae, arXiv:2509.16306.

[48] A. Arza et al., The COSMIC WISPers White Paper: The
physics case for Weakly Interacting Slim Particles,
arXiv:2603.03433.

[49] R. Mayle, J. R. Wilson, J. R. Ellis, K. A. Olive, D. N.
Schramm, and G. Steigman, Constraints on axions from
SN 1987A, Phys. Lett. B 203, 188 (1988).

[50] M. S. Turner, Axions from SN 1987A, Phys. Rev. Lett. 60,
1797 (1988).

[51] A. Burrows, M. S. Turner, and R. P. Brinkmann, Axions and
SN 1987A, Phys. Rev. D 39, 1020 (1989).

[52] R. Mayle, J. R. Wilson, J. R. Ellis, K. A. Olive, D. N.
Schramm, and G. Steigman, Updated constraints on axions
from SN 1987A, Phys. Lett. B 219, 515 (1989).

[53] A. Burrows, M. T. Ressell, and M. S. Turner, Axions and SN
1987A: Axion trapping, Phys. Rev. D 42, 3297 (1990).

[54] G. G. Raffelt, Astrophysical axion bounds, Lect. Notes
Phys. 741, 51 (2008).

[55] P. Carenza, T. Fischer, M. Giannotti, G. Guo, G. Martínez-
Pinedo, and A. Mirizzi, Improved axion emissivity from a
supernova via nucleon-nucleon bremsstrahlung, J. Cosmol.
Astropart. Phys. 10 (2019) 016; 05 (2020) E01.

[56] D. Forrest, E. Chupp, J. Ryan, M. Cherry, I. Gleske, C.
Reppin, K. Pinkau, E. Rieger, G. Kanbach, R. Kinzer et al.,
The gamma ray spectrometer for the solar maximum
mission, Sol. Phys. 65, 15 (1980).

[57] E. L. Chupp, W. T. Vestrand, and C. Reppin, Experimental
limits on the radiative decay of SN 1987A neutrinos, Phys.
Rev. Lett. 62, 505 (1989).

[58] E.W. Kolb and M. S. Turner, Limits to the radiative decays
of neutrinos and axions from gamma-ray observations of SN
1987A, Phys. Rev. Lett. 62, 509 (1989).

[59] L. Oberauer, C. Hagner, G. Raffelt, and E. Rieger, Super-
nova bounds on neutrino radiative decays, Astropart. Phys.
1, 377 (1993).

[60] J. W. Brockway, E. D. Carlson, and G. G. Raffelt, SN 1987A
gamma-ray limits on the conversion of pseudoscalars, Phys.
Lett. B 383, 439 (1996).

[61] J. A. Grifols, E. Masso, and R. Toldra, Gamma-rays from
SN 1987A due to pseudoscalar conversion, Phys. Rev. Lett.
77, 2372 (1996).

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

[63] S. Hoof and L. Schulz, Updated constraints on axion-like
particles from temporal information in supernova
SN1987A gamma-ray data, J. Cosmol. Astropart. Phys.
03 (2023) 054.

[64] A. Mirizzi, G. G. Raffelt, and P. D. Serpico, Signatures of
axion-like particles in the spectra of TeV gamma-ray
sources, Phys. Rev. D 76, 023001 (2007).

[65] M. Meyer, D. Montanino, and J. Conrad, On detecting
oscillations of gamma rays into axion-like particles in
turbulent and coherent magnetic fields, J. Cosmol. Astro-
part. Phys. 09 (2014) 003.

[66] M. C. D. Marsh, J. H. Matthews, C. Reynolds, and P.
Carenza, Fourier formalism for relativistic axion-photon
conversion with astrophysical applications, Phys. Rev. D
105, 016013 (2022).

[67] P. Carenza, R. Sharma, M. C. D. Marsh, A. Brandenburg,
and E. Ravensburg, Magnetohydrodynamics predicts
heavy-tailed distributions of axion-photon conversion,
Phys. Rev. D 108, 103029 (2023).

PHYSICAL REVIEW LETTERS 137, 121002 (2026)

121002-7

https://doi.org/10.1088/1475-7516/2026/03/053
https://doi.org/10.1088/1475-7516/2026/03/053
https://doi.org/10.1103/bqpl-zyr8
https://doi.org/10.1103/bqpl-zyr8
https://doi.org/10.1103/PhysRevD.39.2089
https://doi.org/10.1103/PhysRevLett.59.759
https://doi.org/10.1103/PhysRevLett.59.759
https://articles.adsabs.harvard.edu/pdf/1999IAUS..190..549P
https://articles.adsabs.harvard.edu/pdf/1999IAUS..190..549P
https://articles.adsabs.harvard.edu/pdf/1999IAUS..190..549P
https://articles.adsabs.harvard.edu/pdf/1999IAUS..190..549P
https://articles.adsabs.harvard.edu/pdf/1999IAUS..190..549P
https://articles.adsabs.harvard.edu/pdf/1999IAUS..190..549P
https://articles.adsabs.harvard.edu/pdf/1999IAUS..190..549P
https://articles.adsabs.harvard.edu/pdf/1999IAUS..190..549P
https://articles.adsabs.harvard.edu/pdf/1999IAUS..190..549P
https://doi.org/10.1007/b137830
https://doi.org/10.1038/s41586-019-0999-4
https://doi.org/10.1038/s41586-019-0999-4
https://doi.org/10.1103/PhysRevLett.58.1490
https://doi.org/10.1103/PhysRevLett.58.1490
https://doi.org/10.1103/PhysRevD.38.448
https://doi.org/10.1103/PhysRevLett.58.1494
https://doi.org/10.1103/PhysRevD.37.3361
https://doi.org/10.1103/PhysRevD.37.3361
https://ui.adsabs.harvard.edu/abs/1987ZhPmR..45..461A/abstract
https://ui.adsabs.harvard.edu/abs/1987ZhPmR..45..461A/abstract
https://ui.adsabs.harvard.edu/abs/1987ZhPmR..45..461A/abstract
https://ui.adsabs.harvard.edu/abs/1987ZhPmR..45..461A/abstract
https://ui.adsabs.harvard.edu/abs/1987ZhPmR..45..461A/abstract
https://ui.adsabs.harvard.edu/abs/1987ZhPmR..45..461A/abstract
https://ui.adsabs.harvard.edu/abs/1987ZhPmR..45..461A/abstract
https://ui.adsabs.harvard.edu/abs/1987ZhPmR..45..461A/abstract
https://ui.adsabs.harvard.edu/abs/1987ZhPmR..45..461A/abstract
https://doi.org/10.1016/0370-2693(88)91651-6
https://doi.org/10.1016/0370-1573(92)90083-C
https://doi.org/10.1016/0370-1573(92)90083-C
https://doi.org/10.1103/PhysRevD.108.083040
https://arXiv.org/abs/2509.16306
https://arXiv.org/abs/2603.03433
https://doi.org/10.1016/0370-2693(88)91595-X
https://doi.org/10.1103/PhysRevLett.60.1797
https://doi.org/10.1103/PhysRevLett.60.1797
https://doi.org/10.1103/PhysRevD.39.1020
https://doi.org/10.1016/0370-2693(89)91104-0
https://doi.org/10.1103/PhysRevD.42.3297
https://doi.org/10.1007/978-3-540-73518-2
https://doi.org/10.1007/978-3-540-73518-2
https://doi.org/10.1088/1475-7516/2019/10/016
https://doi.org/10.1088/1475-7516/2019/10/016
https://doi.org/10.1088/1475-7516/2020/05/E01
https://doi.org/10.1007/BF00151381
https://doi.org/10.1103/PhysRevLett.62.505
https://doi.org/10.1103/PhysRevLett.62.505
https://doi.org/10.1103/PhysRevLett.62.509
https://doi.org/10.1016/0927-6505(93)90004-W
https://doi.org/10.1016/0927-6505(93)90004-W
https://doi.org/10.1016/0370-2693(96)00778-2
https://doi.org/10.1016/0370-2693(96)00778-2
https://doi.org/10.1103/PhysRevLett.77.2372
https://doi.org/10.1103/PhysRevLett.77.2372
https://doi.org/10.1088/1475-7516/2015/02/006
https://doi.org/10.1088/1475-7516/2015/02/006
https://doi.org/10.1088/1475-7516/2023/03/054
https://doi.org/10.1088/1475-7516/2023/03/054
https://doi.org/10.1103/PhysRevD.76.023001
https://doi.org/10.1088/1475-7516/2014/09/003
https://doi.org/10.1088/1475-7516/2014/09/003
https://doi.org/10.1103/PhysRevD.105.016013
https://doi.org/10.1103/PhysRevD.105.016013
https://doi.org/10.1103/PhysRevD.108.103029


[68] M. Unger and G. R. Farrar, The coherent magnetic field of
the Milky Way, Astrophys. J. 970, 95 (2024).

[69] R. Jansson and G. R. Farrar, The galactic magnetic field,
Astrophys. J. Lett. 761, L11 (2012).

[70] R. Adam et al. (Planck Collaboration), Planck intermediate
results. XLII. Large-scale Galactic magnetic fields, Astron.
Astrophys. 596, A103 (2016).

[71] S. A. Mao, N. M. McClure-Griffiths, B. M. Gaensler, M.
Haverkorn, R. Beck, D. McConnell, M. Wolleben, S.
Stanimirović, J. M. Dickey, and L. Staveley-Smith, Mag-
netic field structure of the large magellanic cloud from
Faraday rotation measures of diffuse polarized emission,
Astrophys. J. 759, 25 (2012).

[72] B. M. Gaensler, M. Haverkorn, L. Staveley-Smith, J. M.
Dickey, N. M. McClure-Griffiths, J. R. Dickel, and M.
Wolleben, The magnetic field of the large magellanic cloud
revealed through Faraday rotation, Science 307, 1610
(2005).

[73] J. D. Livingston, N. M. McClure-Griffiths, Y. K. Ma, C.
Bustard, S. A. Mao, B. M. Gaensler, and J. Kaczmarek,
Magnetic fields in the large magellanic cloud and their
connection to the magellanic system, Mon. Not. R. Astron.
Soc. 535, 1944 (2024).

[74] P. Mertsch and S. Sarkar, Loops and spurs: The angular
power spectrum of the Galactic synchrotron background, J.
Cosmol. Astropart. Phys. 06 (2013) 041.

[75] M. C. Beck, A. M. Beck, R. Beck, K. Dolag, A. W. Strong,
and P. Nielaba, New constraints on modelling the random
magnetic field of the MW, J. Cosmol. Astropart. Phys. 05
(2016) 056.

[76] M. Haverkorn, J. C. Brown, B. M. Gaensler, and N. M.
McClure-Griffiths, The outer scale of turbulence in the
magneto-ionized Galactic interstellar medium, Astrophys. J.
680, 362 (2008).

[77] A. Korochkin, D. Semikoz, and P. Tinyakov, The coherent
magnetic field of the MilkyWay halo, the Local Bubble, and
the Fan Region, Astron. Astrophys. 693, A284 (2025).

[78] M. Unger and G. R. Farrar, The galactic magnetic field and
UHECR deflections, Proc. Sci. UHECR2024 (2025) 003
[arXiv:2502.15876].

[79] See Supplemental Material at http://link.aps.org/suppleme
ntal/10.1103/wdbg-66y1. It includes bounds on gap × gaγ
when varying the assumed CL, bounds on gaγ alone, a
discussion on dissipation scale for the turbulence, and its
structure function. Finally, we detail how fluctuations in the
magnetic field affect the conversion probability in the
massless and heavy axion regimes. It includes References
[80–84].

[80] K. Altenmüller et al. (CAST Collaboration), New upper
limit on the axion-photon coupling with an extended CAST
run with a Xe-based micromegas detector, Phys. Rev. Lett.
133, 221005 (2024).

[81] D. Noordhuis, A. Prabhu, S. J. Witte, A. Y. Chen, F. Cruz,
and C. Weniger, Novel constraints on axions produced in

pulsar polar-cap cascades, Phys. Rev. Lett. 131, 111004
(2023).

[82] A. N. Kolmogorov, The local structure of turbulence in
incompressible viscous fluid for very large Reynolds
numbers, Akad. Nauk SSSR Dokl. 30, 299 (1941)
[Sov. Phys. Usp. 10, 734 (1968) Proc. R. Soc. A 434,
9 (1991)].

[83] P. Padmanabhan, Theoretical Astrophysics. Vol. 1: Astro-
physical Processes (Cambridge University Press, Cam-
bridge, England, 2000).

[84] M. Haverkorn and S. R. Spangler, Plasma diagnostics of the
interstellar medium with radio astronomy, Space Sci. Rev.
178, 483 (2013).

[85] J. W. Armstrong, B. J. Rickett, and S. R. Spangler, Electron
density power spectrum in the local interstellar medium,
Astrophys. J. 443, 209 (1995).

[86] P. Goldreich and S. Sridhar, Toward a theory of interstellar
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