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▸ CP-violation: 

Axion Introduced to Solve Strong CP Problem
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▸ Axion: 

▸ Axion potential: 

▸ Axion mass:  

Axions interact with electromagnetism 
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Axions from string theory?

Axions from zero 
modes of 2-form 
fields generate 10’s 
- 100’s of ALPs 
from compactifion 
on internal space 

Axion-like particles ALWAYS arise in string theory
QCD axion not guaranteed, but ingredients are there



Axion-like particles versus QCD Axion
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QCD Axion can also Explain Dark Matter
L = ga��aE ·B
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QCD Axion can also Explain Dark Matter
L = ga��aE ·B
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QCD Axion can also Explain Dark Matter
L = ga��aE ·B
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Figure S10. 3D→2D projection of the total axion energy density ωa = 1
2 ȧ

2 + 1
2 (↑a)2 + V (a) from a simulation of the QCD

phase transition. From left to right: (1) Axion string network before the QCD phase transition. (2) The beginning of the phase
transition. The axion mass starts growing and domain walls form. (3) The extra tension from the domain walls causes the
network to collapse. (4) The QCD phase transition is complete. All strings have vanished and just a few oscillons are visible
as bright point-like spots, though we do not investigate these features in this work. An animated version of this simulation can
be found here.

tension. Oscillons, also referred to as axitons, appear in the final stages of the network collapse. We defer a more
detailed study of them to future work.

It is useful to define a few important time periods during the epoch of the QCD phase transition to understand the
dynamics of string-wall network collapse. First, we define t→ as the time at which the axion begins to oscillate when
ma(t→) = 3H(t→). In our simulations, this time occurs at ω → 32 or equivalently log(mr/H) → 7.3. Prior estimates
of the axion abundance in e.g. [46] neglected axion emission by strings after this somewhat arbitrary time. More
physically, strings will continue to emit axions, though possibly with reduced e!ciency, until the total collapse of the
defect network.

The next relevant time is tma , which defines when the axion mass begins to play a role in determining the string
emission spectrum. In particular, once ma ↑ H, the axion provides an IR cuto” to the string emission spectrum,
suppressing emission at momenta k < ma. To estimate this e”ect, let us assume a simple, analytic functional form
for the instantaneous emission spectrum F [k/H]. In particular, note that for t < t→ we may reproduce our fiducial
result by approximating F [k/H] ↓ 1/(k/H) for xL < k/H < mr/H, where we take xL = ε1

↔
ϑ, and zero otherwise.

(Throughout this section we assume the strings radiate a conformal spectrum of axions; i.e., we assume q = 1 for
definiteness.) That is, we assume simply that F [k/H] is a power-law for all k/H above some critical value xL, which
slowly moves to the UV like

↔
ϑ as ϑ grows with time. Now accounting for the time-dependent axion mass we simply

use the above functional form but with xL = max(ε1
↔

ϑ, ma(t)/H). Then we have tma defined as the time at which
ma/H = ε1

↔
ϑ. Note that from our primary simulation we measure ε1 → 8.6 and ϑ→ ↗ (11, 15). For concreteness in

this section, we fix ε1 = 8.6 and ϑ→ = 13, while ϑ→ → 0.8 for the simulations which we study.
At later times, after tma , the string network begins to collapse, and we define t0 to be the time at which the string

length parameter ϑ begins to shrink. Finally, the collapse completes at tcoll. After this time, the axion field is (with
the exception of some oscillons), to good approximation, linear, and no additional processes contribute to the axion
abundance. In Fig. S11, we illustrate ϑ as a function of time as measured in our QCD-epoch simulation, with the four
critical times indicated. We also show the corresponding domain wall area parameter ϑdw as defined in Sec. 3 D.

Given an axion mass parametrization ma(t) and string length parameter ϑ, the times t→ and tma are analytically
calculable, whereas computing t0 and tcoll is less straightforward. We begin by recognizing that, at t→, in addition
to abundant subhorizon-scale defects, there will also exist defects that are superhorizon-scale at this time. These
superhorizon defects are comparatively less numerous but appear with nonzero probability due to the horizon-scale
statistics associated with the axion field configuration via the Kibble mechanism, see, e.g. [75] for more details.
Further evidence for the presence of these superhorizon defects in our simulations is presented in Sec. 9, particularly
in Fig. S16 and the surrounding discussion.

The evolution of defects at times after t→ when the axion field becomes dynamic depends sharply on their size. A
subhorizon string loop that bounds a domain wall will rapidly collapse (within roughly a Hubble time) under the joint
string and domain wall tension.3 By comparison, a string loop bounding a domain wall that is superhorizon at t→ will
not begin to e!ciently collapse until it enters the horizon, and in the intervening time, its physical size will grow due

3 Note that this di!ers from the time-evolution of relatively large
but still subhorizon string loops at early times, which do not

collapse rapidly absent the domain wall tension.
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The quantum chromodynamics (QCD) axion arises as the pseudo-Goldstone mode of a sponta-
neously broken abelian Peccei-Quinn (PQ) symmetry. If the scale of PQ symmetry breaking occurs
below the inflationary reheat temperature and the domain wall number is unity, then there is a
unique axion mass that gives the observed dark matter (DM) abundance. Computing this mass has
been the subject of intensive numerical simulations for decades since the mass prediction informs
laboratory experiments. Axion strings develop below the PQ symmetry-breaking temperature, and
as the string network evolves it emits axions that go on to become the DM. A key ingredient in
the axion mass prediction is the spectral index of axion radiation emitted by the axion strings. We
compute this index in this work using the most precise and accurate large-scale simulations to date
of the axion-string network leveraging adaptive mesh refinement to achieve the precision that would
otherwise require a static lattice with 262,1443 lattice sites. We find a scale-invariant axion radiation
spectrum to within 1% precision. Accounting for axion production from strings prior to the QCD
phase transition leads us to predict that the axion mass should be approximately ma → (45, 65)
µeV. However, we provide preliminary evidence that axions are produced in greater quantities from
the string-domain-wall network collapse during the QCD phase transition, potentially increasing the
mass prediction to as much as 300 µeV.

The quantum chromodynamics (QCD) axion is cur-
rently the subject of a rapidly growing worldwide exper-
imental program [1]. The axion is well motivated be-
cause it can explain the dark matter (DM) of our Uni-
verse, resolve the strong-CP problem of the neutron elec-
tric dipole moment [2–8], and appear in string theory
compactifications [9, 10]. On the other hand, labora-
tory experiments for axion DM are notoriously di!cult
because the mass of the QCD axion particle is currently
unknown to within roughly 10 orders of magnitude; many
axion laboratory experiments and astrophysical probes,
in contrast, need to know the axion mass to roughly one
part in a million. This work aims to accelerate the search
for axion DM by predicting the QCD axion DM mass in
the cosmological scenario where the axion is generated as
a pseudo-Goldstone boson from a spontaneously broken
U(1) symmetry – the Peccei-Quinn (PQ) symmetry – at
temperatures below the inflationary reheating tempera-
ture (see [11, 12] for reviews).

The axion field a would be massless but for its in-
teractions with QCD of the form L →

g2

32ω2fa
aG

a
µεG̃

aµε ,
with g the strong coupling constant and G the QCD
field strength. This operator generates an axion mass
ma ↑ 5.7 (1012 GeV/fa) µeV [13] at temperatures below
the QCD phase transition. The parameter fa is the axion
decay constant, which is related to the vacuum expecta-
tion value (VEV) of the complex scalar that undergoes
U(1)PQ symmetry breaking. Let us denote that complex
scalar field as ” = (r+ va→

2
)eia/va , where r is a real scalar

degree of freedom referred to as the radial mode, and va

is the VEV of ” in the broken phase. The VEV va and fa

are related by fa = va/Ndw, with Ndw the domain wall
number. In this work, we restrict to Ndw = 1 to avoid
long-lived domain walls. In the thermal universe, the PQ
symmetry is restored at high temperatures, such that for
T ↓ fa the VEV is ↔|”|

2
↗ = 0. The universe under-

goes a phase transition at T ↘ fa, where |”|
2 acquires a

VEV. By the Kibble-Zurek mechanism [14, 15], a defect
network consisting of axion strings develops for temper-
atures below that of the PQ phase transition. The string
network evolves to a scaling solution [16], with roughly a
constant number of strings per Hubble patch – up to log-
arithmic corrections [17] – for temperatures T < fa. At
low temperatures, the radial mode is everywhere frozen
at its VEV except in the vicinity of the string cores. In
Fig. 1 we illustrate the axion-string network in a snapshot
of one of our simulations.

The axion-string network persists in the scaling regime
until the QCD phase transition at T ↘ GeV. The axion-
string network maintains the scaling solution by radiat-
ing energy mostly in the form of axions (but see [18–23]).
The axions are relativistic until the QCD phase transi-
tion. At this point, the rapidly rising axion mass renders
them nonrelativistic, and thereafter they act as cold DM.
Also at the QCD phase transition domain walls develop
between the strings, but with Ndw = 1 the string-wall
network collapses promptly. (See [24–29] for Ndw > 1.)

Significant e#ort has been dedicated to date to simu-
lating the axion-string network in order to compute the
axion DM abundance and, in turn, the axion mass that
leads to the observed amount of relic DM [16, 17, 30–
49]. On the other hand, recent simulations by di#er-
ent groups disagree dramatically on the predicted axion
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QCD Axion can also Explain Dark Matter
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Figure S10. 3D→2D projection of the total axion energy density ωa = 1
2 ȧ

2 + 1
2 (↑a)2 + V (a) from a simulation of the QCD

phase transition. From left to right: (1) Axion string network before the QCD phase transition. (2) The beginning of the phase
transition. The axion mass starts growing and domain walls form. (3) The extra tension from the domain walls causes the
network to collapse. (4) The QCD phase transition is complete. All strings have vanished and just a few oscillons are visible
as bright point-like spots, though we do not investigate these features in this work. An animated version of this simulation can
be found here.

tension. Oscillons, also referred to as axitons, appear in the final stages of the network collapse. We defer a more
detailed study of them to future work.

It is useful to define a few important time periods during the epoch of the QCD phase transition to understand the
dynamics of string-wall network collapse. First, we define t→ as the time at which the axion begins to oscillate when
ma(t→) = 3H(t→). In our simulations, this time occurs at ω → 32 or equivalently log(mr/H) → 7.3. Prior estimates
of the axion abundance in e.g. [46] neglected axion emission by strings after this somewhat arbitrary time. More
physically, strings will continue to emit axions, though possibly with reduced e!ciency, until the total collapse of the
defect network.

The next relevant time is tma , which defines when the axion mass begins to play a role in determining the string
emission spectrum. In particular, once ma ↑ H, the axion provides an IR cuto” to the string emission spectrum,
suppressing emission at momenta k < ma. To estimate this e”ect, let us assume a simple, analytic functional form
for the instantaneous emission spectrum F [k/H]. In particular, note that for t < t→ we may reproduce our fiducial
result by approximating F [k/H] ↓ 1/(k/H) for xL < k/H < mr/H, where we take xL = ε1

↔
ϑ, and zero otherwise.

(Throughout this section we assume the strings radiate a conformal spectrum of axions; i.e., we assume q = 1 for
definiteness.) That is, we assume simply that F [k/H] is a power-law for all k/H above some critical value xL, which
slowly moves to the UV like

↔
ϑ as ϑ grows with time. Now accounting for the time-dependent axion mass we simply

use the above functional form but with xL = max(ε1
↔

ϑ, ma(t)/H). Then we have tma defined as the time at which
ma/H = ε1

↔
ϑ. Note that from our primary simulation we measure ε1 → 8.6 and ϑ→ ↗ (11, 15). For concreteness in

this section, we fix ε1 = 8.6 and ϑ→ = 13, while ϑ→ → 0.8 for the simulations which we study.
At later times, after tma , the string network begins to collapse, and we define t0 to be the time at which the string

length parameter ϑ begins to shrink. Finally, the collapse completes at tcoll. After this time, the axion field is (with
the exception of some oscillons), to good approximation, linear, and no additional processes contribute to the axion
abundance. In Fig. S11, we illustrate ϑ as a function of time as measured in our QCD-epoch simulation, with the four
critical times indicated. We also show the corresponding domain wall area parameter ϑdw as defined in Sec. 3 D.

Given an axion mass parametrization ma(t) and string length parameter ϑ, the times t→ and tma are analytically
calculable, whereas computing t0 and tcoll is less straightforward. We begin by recognizing that, at t→, in addition
to abundant subhorizon-scale defects, there will also exist defects that are superhorizon-scale at this time. These
superhorizon defects are comparatively less numerous but appear with nonzero probability due to the horizon-scale
statistics associated with the axion field configuration via the Kibble mechanism, see, e.g. [75] for more details.
Further evidence for the presence of these superhorizon defects in our simulations is presented in Sec. 9, particularly
in Fig. S16 and the surrounding discussion.

The evolution of defects at times after t→ when the axion field becomes dynamic depends sharply on their size. A
subhorizon string loop that bounds a domain wall will rapidly collapse (within roughly a Hubble time) under the joint
string and domain wall tension.3 By comparison, a string loop bounding a domain wall that is superhorizon at t→ will
not begin to e!ciently collapse until it enters the horizon, and in the intervening time, its physical size will grow due

3 Note that this di!ers from the time-evolution of relatively large
but still subhorizon string loops at early times, which do not

collapse rapidly absent the domain wall tension.
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The quantum chromodynamics (QCD) axion arises as the pseudo-Goldstone mode of a sponta-
neously broken abelian Peccei-Quinn (PQ) symmetry. If the scale of PQ symmetry breaking occurs
below the inflationary reheat temperature and the domain wall number is unity, then there is a
unique axion mass that gives the observed dark matter (DM) abundance. Computing this mass has
been the subject of intensive numerical simulations for decades since the mass prediction informs
laboratory experiments. Axion strings develop below the PQ symmetry-breaking temperature, and
as the string network evolves it emits axions that go on to become the DM. A key ingredient in
the axion mass prediction is the spectral index of axion radiation emitted by the axion strings. We
compute this index in this work using the most precise and accurate large-scale simulations to date
of the axion-string network leveraging adaptive mesh refinement to achieve the precision that would
otherwise require a static lattice with 262,1443 lattice sites. We find a scale-invariant axion radiation
spectrum to within 1% precision. Accounting for axion production from strings prior to the QCD
phase transition leads us to predict that the axion mass should be approximately ma → (45, 65)
µeV. However, we provide preliminary evidence that axions are produced in greater quantities from
the string-domain-wall network collapse during the QCD phase transition, potentially increasing the
mass prediction to as much as 300 µeV.

The quantum chromodynamics (QCD) axion is cur-
rently the subject of a rapidly growing worldwide exper-
imental program [1]. The axion is well motivated be-
cause it can explain the dark matter (DM) of our Uni-
verse, resolve the strong-CP problem of the neutron elec-
tric dipole moment [2–8], and appear in string theory
compactifications [9, 10]. On the other hand, labora-
tory experiments for axion DM are notoriously di!cult
because the mass of the QCD axion particle is currently
unknown to within roughly 10 orders of magnitude; many
axion laboratory experiments and astrophysical probes,
in contrast, need to know the axion mass to roughly one
part in a million. This work aims to accelerate the search
for axion DM by predicting the QCD axion DM mass in
the cosmological scenario where the axion is generated as
a pseudo-Goldstone boson from a spontaneously broken
U(1) symmetry – the Peccei-Quinn (PQ) symmetry – at
temperatures below the inflationary reheating tempera-
ture (see [11, 12] for reviews).

The axion field a would be massless but for its in-
teractions with QCD of the form L →

g2

32ω2fa
aG

a
µεG̃

aµε ,
with g the strong coupling constant and G the QCD
field strength. This operator generates an axion mass
ma ↑ 5.7 (1012 GeV/fa) µeV [13] at temperatures below
the QCD phase transition. The parameter fa is the axion
decay constant, which is related to the vacuum expecta-
tion value (VEV) of the complex scalar that undergoes
U(1)PQ symmetry breaking. Let us denote that complex
scalar field as ” = (r+ va→

2
)eia/va , where r is a real scalar

degree of freedom referred to as the radial mode, and va

is the VEV of ” in the broken phase. The VEV va and fa

are related by fa = va/Ndw, with Ndw the domain wall
number. In this work, we restrict to Ndw = 1 to avoid
long-lived domain walls. In the thermal universe, the PQ
symmetry is restored at high temperatures, such that for
T ↓ fa the VEV is ↔|”|

2
↗ = 0. The universe under-

goes a phase transition at T ↘ fa, where |”|
2 acquires a

VEV. By the Kibble-Zurek mechanism [14, 15], a defect
network consisting of axion strings develops for temper-
atures below that of the PQ phase transition. The string
network evolves to a scaling solution [16], with roughly a
constant number of strings per Hubble patch – up to log-
arithmic corrections [17] – for temperatures T < fa. At
low temperatures, the radial mode is everywhere frozen
at its VEV except in the vicinity of the string cores. In
Fig. 1 we illustrate the axion-string network in a snapshot
of one of our simulations.

The axion-string network persists in the scaling regime
until the QCD phase transition at T ↘ GeV. The axion-
string network maintains the scaling solution by radiat-
ing energy mostly in the form of axions (but see [18–23]).
The axions are relativistic until the QCD phase transi-
tion. At this point, the rapidly rising axion mass renders
them nonrelativistic, and thereafter they act as cold DM.
Also at the QCD phase transition domain walls develop
between the strings, but with Ndw = 1 the string-wall
network collapses promptly. (See [24–29] for Ndw > 1.)

Significant e#ort has been dedicated to date to simu-
lating the axion-string network in order to compute the
axion DM abundance and, in turn, the axion mass that
leads to the observed amount of relic DM [16, 17, 30–
49]. On the other hand, recent simulations by di#er-
ent groups disagree dramatically on the predicted axion
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white dwarf polarization

Christopher Dessert ,1,2,3 David Dunsky ,1,2 and Benjamin R. Safdi 1,2

1Berkeley Center for Theoretical Physics, University of California, Berkeley, California 94720, USA
2Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

3Leinweber Center for Theoretical Physics, Department of Physics, University of Michigan,
Ann Arbor, Michigan 48109, USA

(Received 15 March 2022; accepted 12 May 2022; published 27 May 2022)

Polarization measurements of thermal radiation from magnetic white dwarf (MWD) stars have been
proposed as a probe of axion-photon mixing. The radiation leaving the surface of the MWD is unpolarized,
but if low-mass axions exist then photons polarized parallel to the direction of the MWD’s magnetic field
may convert into axions, which induces a linear polarization dependent on the strength of the axion-photon
coupling gaγγ . We model this process by using the formalism of axion-photon mixing in the presence of
strong-field vacuum birefringence to show that of all stellar types MWDs are the most promising targets for
axion-induced polarization searches. We then consider linear polarization data from multiple MWDs,
including SDSS J135141 and Grwþ 70°8247, to show that after rigorously accounting for astrophysical
uncertainties the axion-photon coupling is constrained to jgaγγj ≲ 5.4 × 10−12 GeV−1 at 95% confidence
for axion masses ma ≲ 3 × 10−7 eV. This upper limit puts in tension the previously-suggested explanation
of the anomalous transparency of the Universe to TeV gamma-rays in terms of axions. We identify MWD
targets for which future data and modeling efforts could further improve the sensitivity to axions.
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I. INTRODUCTION

Ultralight axion-like particles are hypothetical exten-
sions of the Standard Model that could be remnants of new
physics at energies well above those that may be probed by
collider experiments [1–3]. For example, in string theory
compactifications it is common to find a spectrum of
ultralight axions [4,5]. At low energies the axions interact
with the Standard Model through dimension-5 operators
suppressed by the high scale fa ≳ 107 GeV [6]. In par-
ticular, an axion a may interact with electromagnetism
through the Lagrangian term L ¼ gaγγaE ·B, where E and
B are the electric and magnetic fields, respectively, and
gaγγ ∝ 1=fa is the coupling constant. In this work, we
set some of the strongest constraints to-date on gaγγ for
low-mass axions using white dwarf (WD) polarization
measurements.
Axions are notoriously difficult to probe experimentally

due to their feeble interactions with the Standard Model.
The most powerful approach at present to probe ultralight

axions purely in the laboratory is that employed by light
shining through walls experiments, which leverage the fact
that photons and axions mix in the presence of strong
magnetic fields; the ALPS [7] experiment has constrained
jgaγγj≲ 5 × 10−8 GeV−1 at 95% confidence for axion
masses ma ≲ few × 10−4 eV. The upcoming experiment
ALPS-II [8] may reach sensitivity to jgaγγj ≲ 2 ×
10−11 GeV−1 for a comparable mass range. Going to lower
coupling values, however, requires making use of astro-
physical axion sources in order to access strong magnetic
fields, longer distances, and higher luminosities. For
example, the CAST [9] experiment (see Fig. 1) has set
strong constraints on gaγγ by looking for axions produced in
the Sun and then converting to X-rays in the magnetic field
of their detector, and the followup project IAXO [10] may
be able to cover significant unexplored parameter space
(jgaγγj≲ 4 × 10−12 GeV−1 for ma ≲ 5 × 10−3 eV). Purely
astrophysical probes currently set the strongest constraints
on gaγγ at ultralow axion masses. Observations of horizon-
tal branch (HB) star cooling [11] constrain gaγγ at a level
comparable to CAST (jgaγγj ≲ 6.6 × 10−11 GeV−1, as illus-
trated in Fig. 1, for axion masses less than the keV scale).
The nonobservation of gamma-rays from SN1987A—
which would be produced from Primakoff production
in the supernova core and converted to photons
in the Galactic magnetic fields—leads to the limit
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axion masses. Observations of horizontal branch (HB)
star cooling [14] constrain ga�� at a level comparable to
CAST (|ga�� | . 6.6 ⇥ 10�11 GeV�1, as illustrated in
Fig. 1, for axion masses less than the keV scale). The
non-observation of gamma-rays from SN1987A — which
would be produced from Primako↵ production in the su-
pernova core and converted to photons in the Galactic
magnetic fields — leads to the limit |ga�� | . 5.3 ⇥ 10�12

GeV�1 for ma . 4.4 ⇥ 10�10 eV [9] (but see [25]). The
non-observation of X-rays from super star clusters, which
may arise from axion production in the stellar cores and
conversion in Galactic magnetic fields, leads to the limit
|ga�� | . 3.6 ⇥ 10�12 GeV�1 for ma . 5 ⇥ 10�11 eV [7].
Ref. [26] claims to constrain |ga�� | . 8 ⇥ 10�13 GeV�1

for ma . 10�12 eV using searches for X-ray spectral ir-
regularities from the active galactic nucleus NGC 1275,
though the magnetic field models in that work, and thus
the resulting limits, are subject to debate [27, 28].

There are a number of astrophysical anomalies that fa-
vor axions at |ga�� | below current constraints. For exam-
ple, the unexplained transparency of the Universe to TeV
gamma-rays may be explained by the existence of axions
with ga�� ⇠ 10�12�10�10 GeV�1 and ma ⇠ 10�9�10�8

eV (see Fig. 1) [29–34] (but see [35, 36]). The high-energy
gamma-rays would convert to axions in the magnetic
fields surrounding the active galactic nuclei sources and
then reconvert to photons closer to Earth in the inter-
galactic magnetic fields, e↵ectively reducing the attenua-
tion of gamma-rays caused by pair-production o↵ of the
extragalactic background light. The gamma-ray trans-
parency anomalies are constrained in-part by searches
for spectral irregularities from gamma-ray sources with
the H.E.S.S [12] and Fermi-LAT [10, 11] telescopes (but
see [27]).

Magnetic WDs (MWDs) are natural targets for axion
searches because of their large magnetic field strengths,
which can reach up to ⇠109 G at the surface. Ref. [8] re-
cently constrained the coupling combination |ga��gaee|,
with gaee the axion-electron coupling, using a Chandra
X-ray observation of the MWD RE J0317-853. Axions
would be produced from electron bremsstrahlung within
the MWD cores and then converted to X-rays in the
magnetosphere. Depending on the relation between gaee

and ga�� the constraint on ga�� alone could vary from
|ga�� | . few ⇥ 10�13 GeV�1 to |ga�� | . 4.4 ⇥ 10�11

GeV�1 for ma . 5⇥10�6 eV; the most conservative con-
straint from that work is illustrated in Fig. 1. (See [37–40]
for similar searches using neutron stars (NSs) as targets.)
Note that WD cooling provides one of the most sensitive
probes of the axion-electron coupling alone, since the ax-
ions produced by bremsstrahlung within the stellar cores
provide an additional pathway for the WDs to cool [41].

Refs. [42, 43] were the first to propose using MWD
polarization measurements to constrain ga�� . The ba-
sic idea behind this proposal, which is the central focus
of this work, is illustrated in Fig. 2. The MWD radi-
ates thermally at its surface temperature. The thermal
radiation is unpolarized, but it may e↵ectively acquire

unpolarized light

MWD

B-field

linear polarization

axion (unobserved)

Figure 2. The MWD emits thermal, unpolarized light, but
this light may acquire a linear polarization when traversing
the magnetosphere by photon-to-axion conversion. Photons
polarized along the direction of the transverse magnetic field
may convert to axions, while those polarized in the orthogonal
direction are una↵ected. Note that the conversion process
may take place well away from the MWD surface.

a linear polarization when traversing the magnetosphere
because photons polarized parallel to the transverse mag-
netic fields may convert to axions, which are unobserved,
while the orthogonal polarization direction is una↵ected.
Ref. [43] claimed that MWD linear polarization measure-
ments of the MWDs PG 1031+234 and Sloan Digital Sky
Survey (SDSS) J234605+38533 may be used to constrain
|ga�� | . (5 � 9) ⇥ 10�13 GeV�1 for ma . few ⇥ 10�7 eV.
Here we critically reassess the upper limits from these
MWDs and show that, while strong, the upper limits on
ga�� from these MWDs are around an order of magni-
tude weaker than claimed in [43], when accounting for
astrophysical uncertainties on the magnetic field and its
geometry. Additionally, we identify two other MWDs
— SDSS J135141.13+541947.4 (hereafter SDSS J135141)
and Grw 70�8247 — whose linear polarization measure-
ments lead to strong constraints on ga�� . The upper
limits on ga�� from this work represent the strongest to-
date for few ⇥ 10�9 eV . ma . 10�6 eV. We show that
the axion-induced polarization signal is determined only
by the magnetic field strength and geometry far away
from the MWD surface, outside of the atmosphere, where
the free-electron plasma does not play an important role.
Lastly, we identify future MWD targets whose polariza-
tion observations could further constrain ga�� or lead
to evidence for axions at currently un-probed coupling
strengths. We begin, in Sec. II, by outlining the formal-
ism for how to compute the axion-induced polarization
signal.

II. AXION-INDUCED POLARIZATION

In this section we outline the formalism for comput-
ing polarization signals from astrophysical sources due
to axion-photon mixing. While we ultimately focus on
MWDs in this work, we begin with a more general sur-
vey of possible astrophysical targets. The basic idea be-
hind this work is to focus on sources where the initial
electromagnetic emission is known to be unpolarized but
where the radiation must traverse regions of large mag-

Warmup: axion induced MWD polarization
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Figure 2. Top panel : The wavelengths of the three Hω absorp-
tion lines considered as a function of magnetic field strength
for the J033320 analysis. For the dipole (harmonic) model,
we shade in gray (blue) between the 16th and 84th percentiles
of the magnetic field strength distribution across the observ-
able hemisphere of the star, for a randomly chosen sample
in the 68% credible region of the posterior distribution of
the magnetic field model parameters. Middle panel : The
flux measurement from the Kast spectrograph after 20-fold
down-binning (gray points), and the fit for a representative
o!set-dipole (ε = 2 harmonic) model chosen from the poste-
rior. Bottom two panels: The measured Stokes parameters
u and q, with 1ϑ statistical uncertainties, shown with 50-
fold down-binning for clarity. We also indicate the statistical
and instrumental systematic uncertainties of the wavelength-
independent models for the q and u data (shaded), and the
best-fit astrophysical plus systematic model (black), which is
consistent with the null hypothesis. In all panels we indicate
absorption bands for atmospheric oxygen, which are masked
in our work.

frequentist discovery test statistic (TS) in favor of this
model over the null hypothesis of Aastro = 0 is TS → 0.55
(see Tab. I). We also show the best-fit q and u values
for the constant u and q models over wavelength (labeled
“averaged measurement”) with 1ω statistical uncertain-
ties indicated in red. In contrast, the instrumental sys-

tematic uncertainties are shown in gray for reference and
dominate over the statistical uncertainties. As shown
in Tab. I (with figures in the SM), some of the MWDs
show modest evidence in favor of the astrophysical model,
though all at less than ↑3ω significance. Moreover, it is
hard to conclusively say that the linear polarization is
arising from the MWD and not another form of terrestrial
or astrophysical contamination. Thus, to prevent setting
overly strong constraints, and given our primary MWD
shows no signs of polarization whatsoever, we perform
our axion search with the wavelength-averaged data, as
described below, and neglect the possibility of an astro-
physical contribution to the polarization.

Search for axion-induced linear polarization
in wavelength-averaged data The axion-induced po-
larization signal is proportional to g2aωω and is approxi-
mately independent of ma for ma ↓ 10→6 eV. At higher
axion masses the axion-to-photon dispersion relations are
noticeably di!erent over the characteristic distance scale
of the MWDs, which suppresses the conversion probabil-
ities. (See App. C for details of this computation.) The
axion-induced linear polarization signal is roughly inde-
pendent of wavelength over the wavelength range of inter-
est for ma ↓ 10→6 eV. We thus compute the wavelength-
averaged Stokes parameters s̄ =

∑
i(siω

→2
si )/(

∑
i ω

→2
si )

with s again denoting u and q and with ωsi the statistical
uncertainty in the measurement si. The uncertainty in s̄

is ωs̄ = 1/
√∑

i ω
→2
si . We then compute the likelihood for

the axion model M with parameter vector ω by

L(d | M,ω) ↔

∏

s↑{u,q}

(
1

ωs̄
e

→(s̄→s̃(ω))2

2ω2
s̄ e

→s2sys

2ω2
sys,s

)
. (2)

Here, the data vector d consists simply of {ū, q̄}, with
the associated statistical uncertainties. The model M

is parameterized by ω = {Aaxion , εm, usys , qsys } for a
fixed MWD magnetic field geometry, and s̃(ω) denotes
the axion model plus systematic prediction for the av-
eraged linear polarization for u, q (see App. C). Note
that in (2), the systematic-uncertainty nuisance param-
eters, ssys, stand for both usys and qsys, with ωsys,s for
s = u, q described previously. The angle εm describes
the orientation angle of the detector plane with respect
to the MWD; the u and q values rotate into each other
through a unitary transformation under the action gen-
erated by εm. The signal parameter of interest is Aaxion,
which rescales the axion-induced signal and which may
be mapped uniquely to |gaωω | for a given MWD mag-
netic field model and axion mass ma. We compute the
95% one-sided upper limit on Aaxion, and thus |gaωω | at
fixed ma and magnetic field model, and search for evi-
dence in favor of the signal model over the null hypoth-
esis (Aaxion = 0) using standard frequentist techniques
(see, e.g., [9]). As we show through the discovery TSs
in Tab. I, none of our analyses find significant evidence
for axions, even without accounting for the possibility of
astrophysical contributions to the polarization. We thus

Collected dedicated data at Keck (Hawaii) and 
Lick (California)

No linear polarization

Intensity has spectral 
dips -> Zeeman 
effect -> B-field 
measurement
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We present the most sensitive search to date for light axion-like particles with masses below a
micro-eV, using spectropolarimetric data collected from the Lick and Keck Observatories. The
conversion of optical photons emitted from the surface of a magnetic white dwarf (MWD) into
axions in the strong magnetic field around the star induces a nearly wavelength-independent linear
polarization in the observed starlight. We analyze the Stokes parameters (U,Q, I) measured with
the Kast spectrograph at the Lick Observatory toward the MWDs SDSS J033320+000720 and
ZTF J190132+145807, and with the LRISp-ADC instrument at the Keck Observatory toward ZTF
J190132+145807, SDSS J002129+150223, and SDSS J100356+053825 to search for this e!ect. The
data show no evidence of axion-induced linear polarization, and we set world-leading constraints
on the axion-photon coupling |gaωω | ↭ 1.7 → 10→12 GeV→1 at the 95% confidence level for masses
ma ↭ 2→ 10→7 eV.

Introduction Axion-like particles, which are closely
related to the quantum chromodynamics (QCD) ax-
ion [1–4], are strongly motivated hypothetical particles
that emerge naturally in (for example) string theory com-
pactifications [5, 6]. Axions couple to electromagnetism
through the operator L → gaωωaE · B, with a the axion
field, E and B the electric and magnetic fields (respec-
tively), and gaωω the axion-photon coupling. The cou-
pling strength gaωω is inversely proportional to the axion
decay constant fa, which is the mass scale for the ultravi-
olet (UV) completion. In string theory UV completions
fa is often related to the string scale, while in field the-
ory UV completions it is tied to the vacuum expectation
value of the field that undergoes spontaneous symmetry
breaking to give rise to the axion as a pseudo-Goldstone
boson (see [7–10] for reviews). QCD axions acquire a
mass ma ↑ !2

QCD/fa, with !QCD the QCD confinement
scale; on the other hand, for axion-like particles (referred
to simply as axions in this work) there is no direct rela-
tion between gaωω and ma, allowing us to consider the full
parameter space illustrated in Fig. 1. Explicit string the-
ory constructions predict axions with |gaωω | only slightly
below the current constraints in Fig. 1, strongly moti-
vating more sensitive probes [11, 12] (but see [13, 14]).

In this Letter we search for axions through the axion-
photon coupling by studying the conversion of pho-
tons emitted from the surface of magnetic white dwarf
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Figure 1. Upper limits on the axion-photon coupling |gaωω | as
a function of the axion mass ma produced in this work from
five dedicated spectropolarimetric observations of four MWDs
(see Tab. I) for axion-induced linear polarization, with the re-
sult from the most constraining MWD in red. Existing terres-
trial and astrophysical constraints are shaded in gray (see [15]
and text). We also shade the parameter space claimed to be
consistent with an axion explanation of the gamma-ray trans-
parency anomaly, for conservative (blue) and optimistic (light
blue) assumptions about the intracluster magnetic field [16];
we disfavor the axion explanation of this anomaly and axion
explanations of the GRB 221009A gamma-ray burst.
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through the operator L → gaωωaE · B, with a the axion
field, E and B the electric and magnetic fields (respec-
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decay constant fa, which is the mass scale for the ultravi-
olet (UV) completion. In string theory UV completions
fa is often related to the string scale, while in field the-
ory UV completions it is tied to the vacuum expectation
value of the field that undergoes spontaneous symmetry
breaking to give rise to the axion as a pseudo-Goldstone
boson (see [7–10] for reviews). QCD axions acquire a
mass ma ↑ !2

QCD/fa, with !QCD the QCD confinement
scale; on the other hand, for axion-like particles (referred
to simply as axions in this work) there is no direct rela-
tion between gaωω and ma, allowing us to consider the full
parameter space illustrated in Fig. 1. Explicit string the-
ory constructions predict axions with |gaωω | only slightly
below the current constraints in Fig. 1, strongly moti-
vating more sensitive probes [11, 12] (but see [13, 14]).
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photon coupling by studying the conversion of pho-
tons emitted from the surface of magnetic white dwarf

↑ Corresponding authors: J. N. Benabou, C. Dessert, B. R. Safdi;
joshua benabou@berkeley.edu

† cdessert@flatironinstitute.org
‡ brsafdi@berkeley.edu

10�14 10�12 10�10 10�8 10�6

ma [eV]

10�13

10�12

10�11

10�10

|g
a�

�
|
[G

eV
�

1 ]

A
D

M
X

SLIC

�
an

om
al

y

j100356+053825 (Keck)
j002129+150223 (Keck)
j190132+145807 (Keck)

j190132+145807 (Lick)
j033320+000720 (Lick)

NGC 1275
(Chandra)

Figure 1. Upper limits on the axion-photon coupling |gaωω | as
a function of the axion mass ma produced in this work from
five dedicated spectropolarimetric observations of four MWDs
(see Tab. I) for axion-induced linear polarization, with the re-
sult from the most constraining MWD in red. Existing terres-
trial and astrophysical constraints are shaded in gray (see [15]
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consistent with an axion explanation of the gamma-ray trans-
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New proposal! Convert on progenitor stellar magnetic field
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Supplementary Material for Gamma rays from supernova axions converting in stellar
magnetic fields: limits from SN1987A and a proposed future observatory

Claudio Andrea Manzari, Yujin Park, Benjamin R. Safdi, and Inbar Savoray

I. AXION EMISSION FROM SUPERNOVAE

Axions are produced in hot PNS through the diagrams illustrated in Fig. S1. Here, we provide formulae for their
emissivities, summarizing the results of Refs. [38, 47, 61].

� a

Z e

n n

a

⇡

n n n n

⇡ a

n nn/�

⇡ a

Figure S1. Diagrams contributing to axion production within a hot PNS from (left to right) Primako↵ production, nucleon
bremsstrahlung, pion-axion conversion, and pion-axion conversion with virtual nucleon or � exchange. Diagrams related to
these by symmetry are suppressed.

I.a. Primako↵

The two-photon coupling of the axion

L �
1

4
ga��Fµ⌫ F̃µ⌫a = ga�� E · B a . (S1)

allows for axion-photon conversion in the electric field of a spectator charged particle, as shown in Fig. S2.

� a

Z e

Figure S2. Primako↵ conversion of a photon into an axion in the electric field of a particle with charge Ze.

The axion production rate per unit energy is

dṄa

d!
= 4⇡

Z
dRR2

dṅa

d!
. (S2)

where the integral is over the SN radius and calling ��(!) the primako↵ conversion rate,

dṅa

d!
=

!2(1 � !2

p/!2)

⇡2

1

e!/T � 1
��(!) . (S3)

Ignoring recoil e↵ect one finds

��(!) =
g2

a��Z2 ↵ ne↵

8

Z
d⌦

|k� ⇥ ka|
2

|q|2(|q|2 + 2)
. (S4)

where ne↵ is the e↵ective number density of target, Z is the atomic number of the the target, k� ,ka are the momentum
of the incoming photon and outgoing axion, and q = k� � ka is the momentum transfer. Following Ref. [61] we

(Loop-induced production from nucleons important for ALPs)

9

V. SN SIMULATIONS: INTERMEDIATE QUANTITIES

In this section we provide additional information related to the SN simulations used in this work from Ref. [57].
Figure S6, Fig. S7 and Fig. S8 show the radial dependence of the temperature, density profiles, and proton mass
along with chemical potentials (note that for nucleons we show the non-relativistic chemical potentials), respectively,
across the three simulations considered in this work. Figure S9 shows the gravitational redshift z (more precisely, we
illustrate (1 + z)⇤1) due to the extreme densities reached in the SN core. These quantities are used to compute the
axion emissivity.

In this work, we assume a thermal distribution of pions, with a chemical potential dictated by weak equilibrium,
µ�� = µe � µ⌫e . Note that the modeling of the pion abundance in dense nuclear matter is still an open question.
The main uncertainties concern the presence and description of a Bose-Einstein condensation phase [126] as well
as the e↵ects of pion-nucleon interactions on the pion dispersion relation [52, 127, 128]. Ultimately, dedicated SN
simulations accounting for pions are needed to properly assess their impact on the SN thermodynamical evolution
and axion luminosity.
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Figure S6. Temperature Profiles as a function of the radius R within the PNS at di�erent times for the three SN simulations
used in this work.
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Figure S7. As in Fig. S6 but for the nuclear density profiles.

VI. SOLAR MAXIMUM MISSION ANALYSIS AND COMPARISON TO GALAXIS / FERMI-LAT

We use the SN1987A data from the SMM provided in [9] for the energy bins 4.1-6.4 MeV, 10-25 MeV, and 25-100
MeV, with time binned in �t = 2.048 s intervals. We model the data using a Poisson likelihood. For the background
model contribution we use a linear ansatz of the form

µbkg

i,j = b(0)j + b(1)j

ti � t⌫
�t

, (S34)

where ti corresponds to the ith time bin and j corresponds to the index over the three energy bins. The six parameters

{b(0)j , b(1)j }
3

j=1
are the background nuisance parameters. For the signal model, with mean prediction µsig

i,j , we take the

Simulations from the 
Garching Core-Collapse 
Supernova archive
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Figure S8. Profiles of the proton mass (left) and chemical potentials (right) at 1 s after the core collapse in the PNS. In the left
panel we illustrate the results across the three simulations considered, while in the right panel we show results for our fiducial
simulation SFHo-18.6.
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for di�erent times after the SN explosion.

axion emission spectrum and calculate the mean expected photon counts by convolving with the instrument response:

µsig

i,j =
Ae↵,j

4!d2

Z E�
j

Ej

dEa

Z t�i

ti

dt Pa�(ga�� , ma, Ea)
d2Na(ga�� , Ea, t)

dtdEa
, (S35)

where Pa� corresponds to the conversion probability of axions-to-photons, d is the distance to the SN, d2Na/dt/dEa

is the di↵erential number of axions generated by the PNS per unit time per unit energy, Ae↵,j is the SMM e↵ective
area in energy bin j, and Ej E⇤

j (ti t⇤i) are the values of the bin edges for the jth energy (ith time) bin. The values
of Ae↵,j are approximately 28, 115, 63 cm2 in energy bins j = 1, 2, 3, respectively. In Fig. S10 we illustrate the SMM
e↵ective area and compare it to that of the Fermi-LAT. Note that we assume the proposed GALAXIS constellation
has the same e↵ective area as the Fermi-LAT but with full-sky angular coverage. In addition to gaining in e↵ective
area, the Fermi-LAT also has significantly improved background rate with respect to SMM. For Fermi-LAT (and thus
also for GALAXIS) we project zero background events within the �10 s of the SN event, while for SMM the number
of background events was around 50 events per 10 s.

Note, also, that while we assume that the GALAXIS network will have 4! angular coverage, it is possible that the

Nontrivial populations of thermal protons, neutrons, pions

Semi-degenerate protons

Thermal (non-condensed) 
pions — weak equilibrium 

Weak equilibrium 
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where m⇤
p is the e↵ective proton mass. Finally, the plasma frequency in a degenerate medium as in a PNS is given by

!2

p =
4⇡↵ne

EF
=

4↵

3⇡
p2F vF , (S8)

where ne is the electron number density and EF , pF , vF are the Fermi energy, momentum and velocity, respectively.
Note that vF � 1 for the electron.

I.b. Nucleon-Nucleon Bremsstrahlung

A relevant process of axion production in a PNS is the nucleon-nucleon (NN) axion bremsstrahlung, which involves
the axion-nucleon coupling. In this work we follow Ref. [46], modelling this process including the e↵ect of a massive
pion propagator, the contribution of the -meson exchange to mimic the e↵ects of two-pion exchange, the medium
modification of the nucleon mass, and accounting for nucleon multiple scatterings.

n n

a

�

n n

Figure S3. Nucleon-Nucleon Bremsstrahlung production of an axion.

With the axion-nucleon interaction defined as

L �
CaNN

2fa
⇠µaN̄⇢µ⇢5N , (S9)

the axion production rate per unit energy is

dṅa

d!
=

!3

16⇡2

��

!2 + �2

nB

f2
a

Z
snn(!/T ) + spp(!/T ) + snp(!/T )


, (S10)

where �� is the nucleon “spin fluctuation rate” and snn(!/T ), spp(!/T ) and snp(!/T ) are 5-dimensional integrals,
depending of the coe�cients Capp and Cann, that can be found in Ref. [46], and � accounts for many-body e↵ects
caused by multiple nucleon scatterings (see discussion in Ref. [46]).

I.c. Pion-Axion Conversion

The Feynman diagrams for pion conversion are shown in Fig. S4. The axion emission rate per unit energy is [56, 114]

n n

� a

n nn/�

� a

Figure S4. Axion-pion conversion processes in a SN through a contact interaction or the exchange of a virtual nucleon or �
baryon.
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Supplementary Material for Gamma rays from supernova axions converting in stellar
magnetic fields: limits from SN1987A and a proposed future observatory

Claudio Andrea Manzari, Yujin Park, Benjamin R. Safdi, and Inbar Savoray

I. AXION EMISSION FROM SUPERNOVAE

Axions are produced in hot PNS through the diagrams illustrated in Fig. S1. Here, we provide formulae for their
emissivities, summarizing the results of Refs. [38, 47, 61].
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Figure S1. Diagrams contributing to axion production within a hot PNS from (left to right) Primako↵ production, nucleon
bremsstrahlung, pion-axion conversion, and pion-axion conversion with virtual nucleon or � exchange. Diagrams related to
these by symmetry are suppressed.

I.a. Primako↵

The two-photon coupling of the axion

L �
1

4
ga��Fµ⌫ F̃µ⌫a = ga�� E · B a . (S1)

allows for axion-photon conversion in the electric field of a spectator charged particle, as shown in Fig. S2.
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Figure S2. Primako↵ conversion of a photon into an axion in the electric field of a particle with charge Ze.

The axion production rate per unit energy is

dṄa

d!
= 4⇡

Z
dRR2

dṅa

d!
. (S2)

where the integral is over the SN radius and calling ��(!) the primako↵ conversion rate,

dṅa

d!
=

!2(1 � !2

p/!2)

⇡2

1

e!/T � 1
��(!) . (S3)

Ignoring recoil e↵ect one finds

��(!) =
g2

a��Z2 ↵ ne↵

8

Z
d⌦

|k� ⇥ ka|
2

|q|2(|q|2 + 2)
. (S4)

where ne↵ is the e↵ective number density of target, Z is the atomic number of the the target, k� ,ka are the momentum
of the incoming photon and outgoing axion, and q = k� � ka is the momentum transfer. Following Ref. [61] we
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We improve the calculation of the axion luminosity
relative to previous works on gamma-ray signals from
SN1987A (e.g., [8, 53]) by making use of more mod-
ern SN simulations. In particular, we use the SN sim-
ulations presented in Ref. [57], whose radial profiles are
accessed through the Garching Core-Collapse Supernova
archive [68]. (See also the recent SN simulations in [69].)
These are spherically symmetrical (1D) models that in-
clude PNS convection [70], the presence of muons and
muon-neutrinos, general relativity, and neutrino trans-
port [58, 59, 71].

To assess the impact of the astrophysical uncertainties
related to the mass of NS1987A formed by SN1987A, we
consider three di↵erent simulations: SFHo-18.6, SFHo-
18.8 and SFHo-20.0. Model SFHo-18.6, which is our fidu-
cial model, assumes an 18.6 M� progenitor and has a NS
mass of 1.553 M�, well within the range expected for
NS 1987A (e.g., [11]). Model SFHo-18.8 assumes an 18.8
M� progenitor, and the remnant NS mass is 1.351 M�,
at the lower edge of the expected range, while in model
SFHo-20.0 the progenitor star has a mass of 20 M� and
the NS mass is 1.947 M�, near the upper edge of the
expected range. The SFHo equation of state (EOS) that
is implemented in these simulations is fully compatible
with all current constraints from nuclear theory and ex-
periment [72–74] and astrophysics, including pulsar mass
measurements [75–77] and the radius constraints deduced
from gravitational-wave and Neutron Star Interior Com-
position Explorer (NICER) measurements [78–80].

The simulations cover the first ⇠10 s after bounce,
with the explosion triggered at t ⇠ 0.16 s. The data are
provided in intervals of 0.025 s for 0 s < t < 0.5 s, in
intervals of 0.25 s for 0.5 s < t < 3 s, in intervals of 0.5
s for 3 s < t < 6 s, and in intervals of 1 s until the end
of the simulation. The radially-dependent temperature
peaks around 40 MeV at ⇠1 s after the explosion and
maintains a temperature &5 MeV until 10 s after.

We compute the axion luminosities in each time slice
of the simulation using the radial profiles of the temper-
ature and the chemical potentials. In Fig. 2 we illus-
trate the di↵erential axion spectra dNa/dE integrated
over the 10 s simulation (our fiducial model) for two dif-
ferent theory assumptions for the axion. Both cases have
ga�� = 10�12 GeV�1, but that labeled ‘ALP’ has no
tree-level coupling to quarks and only the loop-induced
couplings described previously. The second case, labeled
‘QCD KSVZ’, has Cann/Ca�� ' 0.01, Capp/Ca�� ' 0.24
and Ca⇡N/Ca�� ' 0.13, which are the ratios expected
in the KSVZ QCD axion model. (See also the ‘light’
QCD axion models proposed in [81, 82].) For each sce-
nario we show the contributions to the luminosity from
Primako↵ production, nucleon bremsstrahlung involving
nucleons only, and processes involving pions. Interest-
ingly, even in the axion-like particle scenario with no
tree-level fermion couplings the contribution to the lumi-
nosity from hadrons dominates the Primako↵ production.

0.0 0.2 0.4 0.6 0.8 1.0

E [GeV]

1039

1043

1047

1051

1055

dN
a
/d

E
[G

eV
�

1 ]

ALP

QCD KSVZ

ga�� = 10�12 GeV�1SMM

Primako� Bremsstrahlung PionPrimako� Bremsstrahlung Pion

Figure 2. The di↵erential axion spectra integrated over the
first 10 s after the SN for our fiducial SN1987A simulation
SFHo-18.6 [57], corresponding to the formation of a 1.553 M�
NS. We separate the spectra into contributions from the Pri-
mako↵ production, bremsstrahlung from nucleons, and pro-
cesses involving pions. The ALP curves assume no UV con-
tributions to the axion-quark couplings, with the couplings
generated in the IR under the RG flow, while the curve la-
beled ‘QCD KSVZ’ uses the relations Cann/Ca�� ' 0.01,
Capp/Ca�� ' 0.24 and Ca⇡N/Ca�� ' 0.13 appropriate for
a KSVZ-type QCD axion.

We also indicate the energy range of the SMM telescope
that observed SN1987A; the majority of the pion-induced
emission is outside of SMM’s energy range.
Axion-photon conversion.— We consider, for the

first time, the conversion of axions-to-photons on the stel-
lar magnetic fields surrounding the progenitor star for the
SN. First, it is instructive to make a rough estimate of
the Galactic versus stellar conversion probabilities, with
the low-axion-mass approximation Pa!� ⇠ g2a��B2L2,
with B the astrophysical magnetic field strength and L
the length of the magnetic field domain. Typical val-
ues for Galactic magnetic fields are B ⇠ µG and L ⇠ 1
kpc, yielding Pa!� ⇠ 10�5(ga��/10�12 GeV)2. On the
other hand, the progenitor of the SN1987A was a blue
supergiant (BSG), with a surface magnetic field strength
B0 ⇠ kG [83] and a radius r0 ⇡ 45 ± 15 R� [84]. (We
fix r0 = 45 R� as this is a subdominant source of un-
certainty relative to the surface magnetic field strength.)
Given that µG ⇥ kpc ⇠ kG ⇥ (45R�), we estimate that
the axion-to-photon conversion probability on the stel-
lar magnetic fields should be comparable to that on the
Galactic fields. On the other hand, the estimates above
are only valid in the low mass limit; in particular, they
are valid when m2

a/(2E) ⇥ L ⌧ 1, where E is the energy
of the axion. Taking E ⇠ 100 MeV, we thus estimate
that the axion-conversion probability becomes degraded
for ma & 2⇥10�11 eV (ma & 5⇥10�5 eV) for conversion
on the Galactic (stellar) magnetic fields.

Core-collapse supernova form PNS when the collapsing
core reaches nuclear densities; the formation of the PNS
causes the in-falling matter to bounce outwards, form-
ing a rapidly expanding shock-wave that blows apart the
star. The outward propagating shock-wave travels slower

Average over 10 s
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I. AXION EMISSION FROM SUPERNOVAE

Axions are produced in hot PNS through the diagrams illustrated in Fig. S1. Here, we provide formulae for their
emissivities, summarizing the results of Refs. [38, 47, 61].
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Figure S1. Diagrams contributing to axion production within a hot PNS from (left to right) Primako↵ production, nucleon
bremsstrahlung, pion-axion conversion, and pion-axion conversion with virtual nucleon or � exchange. Diagrams related to
these by symmetry are suppressed.

I.a. Primako↵

The two-photon coupling of the axion

L �
1

4
ga��Fµ⌫ F̃µ⌫a = ga�� E · B a . (S1)

allows for axion-photon conversion in the electric field of a spectator charged particle, as shown in Fig. S2.
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Figure S2. Primako↵ conversion of a photon into an axion in the electric field of a particle with charge Ze.

The axion production rate per unit energy is

dṄa

d!
= 4⇡

Z
dRR2

dṅa

d!
. (S2)

where the integral is over the SN radius and calling ��(!) the primako↵ conversion rate,

dṅa

d!
=

!2(1 � !2

p/!2)

⇡2

1

e!/T � 1
��(!) . (S3)

Ignoring recoil e↵ect one finds

��(!) =
g2

a��Z2 ↵ ne↵

8

Z
d⌦

|k� ⇥ ka|
2

|q|2(|q|2 + 2)
. (S4)

where ne↵ is the e↵ective number density of target, Z is the atomic number of the the target, k� ,ka are the momentum
of the incoming photon and outgoing axion, and q = k� � ka is the momentum transfer. Following Ref. [61] we

3

We improve the calculation of the axion luminosity
relative to previous works on gamma-ray signals from
SN1987A (e.g., [8, 53]) by making use of more mod-
ern SN simulations. In particular, we use the SN sim-
ulations presented in Ref. [57], whose radial profiles are
accessed through the Garching Core-Collapse Supernova
archive [68]. (See also the recent SN simulations in [69].)
These are spherically symmetrical (1D) models that in-
clude PNS convection [70], the presence of muons and
muon-neutrinos, general relativity, and neutrino trans-
port [58, 59, 71].

To assess the impact of the astrophysical uncertainties
related to the mass of NS1987A formed by SN1987A, we
consider three di↵erent simulations: SFHo-18.6, SFHo-
18.8 and SFHo-20.0. Model SFHo-18.6, which is our fidu-
cial model, assumes an 18.6 M� progenitor and has a NS
mass of 1.553 M�, well within the range expected for
NS 1987A (e.g., [11]). Model SFHo-18.8 assumes an 18.8
M� progenitor, and the remnant NS mass is 1.351 M�,
at the lower edge of the expected range, while in model
SFHo-20.0 the progenitor star has a mass of 20 M� and
the NS mass is 1.947 M�, near the upper edge of the
expected range. The SFHo equation of state (EOS) that
is implemented in these simulations is fully compatible
with all current constraints from nuclear theory and ex-
periment [72–74] and astrophysics, including pulsar mass
measurements [75–77] and the radius constraints deduced
from gravitational-wave and Neutron Star Interior Com-
position Explorer (NICER) measurements [78–80].

The simulations cover the first ⇠10 s after bounce,
with the explosion triggered at t ⇠ 0.16 s. The data are
provided in intervals of 0.025 s for 0 s < t < 0.5 s, in
intervals of 0.25 s for 0.5 s < t < 3 s, in intervals of 0.5
s for 3 s < t < 6 s, and in intervals of 1 s until the end
of the simulation. The radially-dependent temperature
peaks around 40 MeV at ⇠1 s after the explosion and
maintains a temperature &5 MeV until 10 s after.

We compute the axion luminosities in each time slice
of the simulation using the radial profiles of the temper-
ature and the chemical potentials. In Fig. 2 we illus-
trate the di↵erential axion spectra dNa/dE integrated
over the 10 s simulation (our fiducial model) for two dif-
ferent theory assumptions for the axion. Both cases have
ga�� = 10�12 GeV�1, but that labeled ‘ALP’ has no
tree-level coupling to quarks and only the loop-induced
couplings described previously. The second case, labeled
‘QCD KSVZ’, has Cann/Ca�� ' 0.01, Capp/Ca�� ' 0.24
and Ca⇡N/Ca�� ' 0.13, which are the ratios expected
in the KSVZ QCD axion model. (See also the ‘light’
QCD axion models proposed in [81, 82].) For each sce-
nario we show the contributions to the luminosity from
Primako↵ production, nucleon bremsstrahlung involving
nucleons only, and processes involving pions. Interest-
ingly, even in the axion-like particle scenario with no
tree-level fermion couplings the contribution to the lumi-
nosity from hadrons dominates the Primako↵ production.
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Figure 2. The di↵erential axion spectra integrated over the
first 10 s after the SN for our fiducial SN1987A simulation
SFHo-18.6 [57], corresponding to the formation of a 1.553 M�
NS. We separate the spectra into contributions from the Pri-
mako↵ production, bremsstrahlung from nucleons, and pro-
cesses involving pions. The ALP curves assume no UV con-
tributions to the axion-quark couplings, with the couplings
generated in the IR under the RG flow, while the curve la-
beled ‘QCD KSVZ’ uses the relations Cann/Ca�� ' 0.01,
Capp/Ca�� ' 0.24 and Ca⇡N/Ca�� ' 0.13 appropriate for
a KSVZ-type QCD axion.

We also indicate the energy range of the SMM telescope
that observed SN1987A; the majority of the pion-induced
emission is outside of SMM’s energy range.
Axion-photon conversion.— We consider, for the

first time, the conversion of axions-to-photons on the stel-
lar magnetic fields surrounding the progenitor star for the
SN. First, it is instructive to make a rough estimate of
the Galactic versus stellar conversion probabilities, with
the low-axion-mass approximation Pa!� ⇠ g2a��B2L2,
with B the astrophysical magnetic field strength and L
the length of the magnetic field domain. Typical val-
ues for Galactic magnetic fields are B ⇠ µG and L ⇠ 1
kpc, yielding Pa!� ⇠ 10�5(ga��/10�12 GeV)2. On the
other hand, the progenitor of the SN1987A was a blue
supergiant (BSG), with a surface magnetic field strength
B0 ⇠ kG [83] and a radius r0 ⇡ 45 ± 15 R� [84]. (We
fix r0 = 45 R� as this is a subdominant source of un-
certainty relative to the surface magnetic field strength.)
Given that µG ⇥ kpc ⇠ kG ⇥ (45R�), we estimate that
the axion-to-photon conversion probability on the stel-
lar magnetic fields should be comparable to that on the
Galactic fields. On the other hand, the estimates above
are only valid in the low mass limit; in particular, they
are valid when m2

a/(2E) ⇥ L ⌧ 1, where E is the energy
of the axion. Taking E ⇠ 100 MeV, we thus estimate
that the axion-conversion probability becomes degraded
for ma & 2⇥10�11 eV (ma & 5⇥10�5 eV) for conversion
on the Galactic (stellar) magnetic fields.

Core-collapse supernova form PNS when the collapsing
core reaches nuclear densities; the formation of the PNS
causes the in-falling matter to bounce outwards, form-
ing a rapidly expanding shock-wave that blows apart the
star. The outward propagating shock-wave travels slower
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I. AXION EMISSION FROM SUPERNOVAE

Axions are produced in hot PNS through the diagrams illustrated in Fig. S1. Here, we provide formulae for their
emissivities, summarizing the results of Refs. [38, 47, 61].
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Figure S1. Diagrams contributing to axion production within a hot PNS from (left to right) Primako↵ production, nucleon
bremsstrahlung, pion-axion conversion, and pion-axion conversion with virtual nucleon or � exchange. Diagrams related to
these by symmetry are suppressed.

I.a. Primako↵

The two-photon coupling of the axion

L �
1

4
ga��Fµ⌫ F̃µ⌫a = ga�� E · B a . (S1)

allows for axion-photon conversion in the electric field of a spectator charged particle, as shown in Fig. S2.
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Figure S2. Primako↵ conversion of a photon into an axion in the electric field of a particle with charge Ze.

The axion production rate per unit energy is
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where the integral is over the SN radius and calling ��(!) the primako↵ conversion rate,
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=
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Ignoring recoil e↵ect one finds
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where ne↵ is the e↵ective number density of target, Z is the atomic number of the the target, k� ,ka are the momentum
of the incoming photon and outgoing axion, and q = k� � ka is the momentum transfer. Following Ref. [61] we
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We improve the calculation of the axion luminosity
relative to previous works on gamma-ray signals from
SN1987A (e.g., [8, 53]) by making use of more mod-
ern SN simulations. In particular, we use the SN sim-
ulations presented in Ref. [57], whose radial profiles are
accessed through the Garching Core-Collapse Supernova
archive [68]. (See also the recent SN simulations in [69].)
These are spherically symmetrical (1D) models that in-
clude PNS convection [70], the presence of muons and
muon-neutrinos, general relativity, and neutrino trans-
port [58, 59, 71].

To assess the impact of the astrophysical uncertainties
related to the mass of NS1987A formed by SN1987A, we
consider three di↵erent simulations: SFHo-18.6, SFHo-
18.8 and SFHo-20.0. Model SFHo-18.6, which is our fidu-
cial model, assumes an 18.6 M� progenitor and has a NS
mass of 1.553 M�, well within the range expected for
NS 1987A (e.g., [11]). Model SFHo-18.8 assumes an 18.8
M� progenitor, and the remnant NS mass is 1.351 M�,
at the lower edge of the expected range, while in model
SFHo-20.0 the progenitor star has a mass of 20 M� and
the NS mass is 1.947 M�, near the upper edge of the
expected range. The SFHo equation of state (EOS) that
is implemented in these simulations is fully compatible
with all current constraints from nuclear theory and ex-
periment [72–74] and astrophysics, including pulsar mass
measurements [75–77] and the radius constraints deduced
from gravitational-wave and Neutron Star Interior Com-
position Explorer (NICER) measurements [78–80].

The simulations cover the first ⇠10 s after bounce,
with the explosion triggered at t ⇠ 0.16 s. The data are
provided in intervals of 0.025 s for 0 s < t < 0.5 s, in
intervals of 0.25 s for 0.5 s < t < 3 s, in intervals of 0.5
s for 3 s < t < 6 s, and in intervals of 1 s until the end
of the simulation. The radially-dependent temperature
peaks around 40 MeV at ⇠1 s after the explosion and
maintains a temperature &5 MeV until 10 s after.

We compute the axion luminosities in each time slice
of the simulation using the radial profiles of the temper-
ature and the chemical potentials. In Fig. 2 we illus-
trate the di↵erential axion spectra dNa/dE integrated
over the 10 s simulation (our fiducial model) for two dif-
ferent theory assumptions for the axion. Both cases have
ga�� = 10�12 GeV�1, but that labeled ‘ALP’ has no
tree-level coupling to quarks and only the loop-induced
couplings described previously. The second case, labeled
‘QCD KSVZ’, has Cann/Ca�� ' 0.01, Capp/Ca�� ' 0.24
and Ca⇡N/Ca�� ' 0.13, which are the ratios expected
in the KSVZ QCD axion model. (See also the ‘light’
QCD axion models proposed in [81, 82].) For each sce-
nario we show the contributions to the luminosity from
Primako↵ production, nucleon bremsstrahlung involving
nucleons only, and processes involving pions. Interest-
ingly, even in the axion-like particle scenario with no
tree-level fermion couplings the contribution to the lumi-
nosity from hadrons dominates the Primako↵ production.
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Figure 2. The di↵erential axion spectra integrated over the
first 10 s after the SN for our fiducial SN1987A simulation
SFHo-18.6 [57], corresponding to the formation of a 1.553 M�
NS. We separate the spectra into contributions from the Pri-
mako↵ production, bremsstrahlung from nucleons, and pro-
cesses involving pions. The ALP curves assume no UV con-
tributions to the axion-quark couplings, with the couplings
generated in the IR under the RG flow, while the curve la-
beled ‘QCD KSVZ’ uses the relations Cann/Ca�� ' 0.01,
Capp/Ca�� ' 0.24 and Ca⇡N/Ca�� ' 0.13 appropriate for
a KSVZ-type QCD axion.

We also indicate the energy range of the SMM telescope
that observed SN1987A; the majority of the pion-induced
emission is outside of SMM’s energy range.
Axion-photon conversion.— We consider, for the

first time, the conversion of axions-to-photons on the stel-
lar magnetic fields surrounding the progenitor star for the
SN. First, it is instructive to make a rough estimate of
the Galactic versus stellar conversion probabilities, with
the low-axion-mass approximation Pa!� ⇠ g2a��B2L2,
with B the astrophysical magnetic field strength and L
the length of the magnetic field domain. Typical val-
ues for Galactic magnetic fields are B ⇠ µG and L ⇠ 1
kpc, yielding Pa!� ⇠ 10�5(ga��/10�12 GeV)2. On the
other hand, the progenitor of the SN1987A was a blue
supergiant (BSG), with a surface magnetic field strength
B0 ⇠ kG [83] and a radius r0 ⇡ 45 ± 15 R� [84]. (We
fix r0 = 45 R� as this is a subdominant source of un-
certainty relative to the surface magnetic field strength.)
Given that µG ⇥ kpc ⇠ kG ⇥ (45R�), we estimate that
the axion-to-photon conversion probability on the stel-
lar magnetic fields should be comparable to that on the
Galactic fields. On the other hand, the estimates above
are only valid in the low mass limit; in particular, they
are valid when m2

a/(2E) ⇥ L ⌧ 1, where E is the energy
of the axion. Taking E ⇠ 100 MeV, we thus estimate
that the axion-conversion probability becomes degraded
for ma & 2⇥10�11 eV (ma & 5⇥10�5 eV) for conversion
on the Galactic (stellar) magnetic fields.

Core-collapse supernova form PNS when the collapsing
core reaches nuclear densities; the formation of the PNS
causes the in-falling matter to bounce outwards, form-
ing a rapidly expanding shock-wave that blows apart the
star. The outward propagating shock-wave travels slower
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Figure S11. The SMM data provided in [9] in the three energy bins within the time-frame of SN1987A. We illustrate the
best-fit signal plus background model at ma = 0 accounting for axion-to-photon conversion on the stellar magnetic field of the
progenitor star, assuming B0 = 1 kG; in this case the best-fit coupling strength is ga�� ⇠ 5.6⇡ 10�12 GeV�1 and the discovery
test statistic is TS ⇠ 0.3.

magnetic field at the surface of the star of 1 kG, are shown in Fig. S16.
In Fig. S17 we project the upper limits under the null hypothesis, as in Fig. 1, but assuming a RSG progenitor.

As discussed more in Sec. IV IV.b, RSGs are more likely core-collapse SN progenitors than BSGs, but their magnetic
field distributions are more uncertain as the relevant fields arise dynamically from the conducting fluid dynamics in
the outer layers of the star.

Given the uncertainties in the pion-conversion processes, it is instructive to illustrate projected upper limits with
GALAXIS for the next Galactic SN assuming no pion-induced emission processes. As seen in Fig. S18, including
pions does not strongly a↵ect the low-mass sensitivity and has a slightly more pronounced a↵ect at higher masses,
since the pions give rise to higher-energy axions relative to e.g. bremsstrahlung processes. Note that pion emission is
not relevant for SN1987A given the limited energy range of the SMM instrumentation.

Lastly, it is useful to rephrase our limits from SN1987A in terms of limits in the space of ga�� , gann, and gapp
without assuming any relations between these EFT parameters. However, to simplify the parameter space we assume
ma � 10⇤10 eV so that we may neglect the axion mass when computing the Galactic axion-to-photon conversion
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Future supernova

Galactic supernova rate ~1 per 100 years: 

 what would we learn about axions from next Galactic 
supernova?

Answer: likely nothing! 

Chance of Fermi-LAT seeing next SN is ~1 in 10



Future supernova

But what if Fermi did catch the next Galactic SN?



Supernova axions convert to gamma-rays in magnetic fields of progenitor stars
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(Dated: May 31, 2024)

It has long been established that axions could have been produced through the Primako↵ process
within the nascent proto-neutron-star formed following the type II supernova SN1987A, escaped the
star due to their weak interactions, and then converted to gamma-rays in the Galactic magnetic
fields; the non-observation of a gamma-ray flash coincident with the neutrino burst leads to strong
constraints on the axion-photon coupling for axion masses ma . 10�10 eV. In this work we use
SN1987A to constrain, for the first time, higher mass axions, all the way to ma ⇠ 10�3 eV, by
accounting for axion-photon conversion on the still-intact magnetic fields of the progenitor star.
Moreover, we show that gamma-ray observations of the next Galactic supernova, leveraging the
magnetic fields of the progenitor star, could detect quantum chromodynamics axions for masses
above roughly 50 µeV, depending on the supernova. We propose a new full-sky gamma-ray satellite
constellation that we call the GALactic AXion Instrument for Supernova (GALAXIS) to search for
such future signals along with related signals from extragalactic neutron star mergers.

Supernova (SN) 1987A (SN1987A) was a type II
SN that exploded in February 1987, producing roughly
two dozen neutrino events that were detected at the
Kamiokande II, IMB, and Baksan neutrino detectors over
a time interval of around 10 s [1–3]. The SN took place
in the Large Magellanic Cloud at a distance of approxi-
mately 51.4 kpc from Earth. SN1987A provides some of
the most stringent and well-established constraints on a
class of hypothetical ultra-light pseudo-scalar particles
known as axions [4–10]. These constraints have been
made all the more robust recently by the tentative dis-
covery of the NS formed after SN1987A, helping establish
that the SN formed a neutron star (NS) and not a black
hole [11, 12]. In this work we point out for the first time a
novel constraint from SN1987A that has promising impli-
cations for future SN; axions produced within the proto-
NS (PNS) can convert to observable gamma-rays in the
stellar magnetic field of the progenitor star.

Axions may address a number of outstanding problems
in nature such as the strong-CP problem [23–26] (i.e.,
the lack of a neutron electric dipole moment) and the
measured dark matter abundance in the Universe [27–
29]. Moreover, axions are now understood to arise gener-
ically in string theory compactifications [30–35]. String
theory motivates the picture of the ‘axiverse,’ where the
quantum chromodynamics (QCD) axion that solves the
strong-CP problem is accompanied by a number of axion-
like particles, which interact through higher dimensional
operators with the rest of the Standard Model but not
with QCD. The QCD axions receive a mass contribution
from QCD of the order mQCD

a ⇡ 5.70 µeV(1012 GeV/fa),
with fa the axion decay constant. The axion field a has
an interaction with photons L = ga��aE · B, with E
(B) the electric (magnetic) field, that is parameterized
by the coupling constant ga�� ⌘ Ca��↵EM/(2⇡fa), with
↵EM the fine-structure constant and Ca�� a coe�cient of
order unity that depends on the ultraviolet (UV) comple-
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Figure 1. Existing constraints (notably [13–20] and [21, 22]
for reviews) on the axion-photon coupling ga�� as a function
of the axion mass ma are shaded in grey, with the previously-
leading constraint from the non-observation of axion-induced
gamma-rays from SN1987A highlighted [8, 9]. We point out
in this work that the axions could convert to gamma-rays
in the stellar magnetic field of the progenitor star, extend-
ing the upper limit on ga�� to higher masses as indicated in
shaded blue. We take the surface field strength of the pro-
genitor to be 100 G to be conservative (⇠1 kG is favored).
Note that the KSVZ-like axion model assumes the couplings
to photons and hadrons are related as in the KSVZ QCD-
axion model (see text). The non-observation of gamma-rays
from the next Galactic SN (assumed to be at d = 10 kpc)
with the proposed GALAXIS full-sky gamma-ray telescope
network (modeled as being equivalent to the on-axis Fermi-
LAT instrument response with full-sky coverage) could cover
vast regions of QCD axion parameter space (red), depending
on the properties of the progenitor star (BSG shown here, as-
suming a typical 1 kG surface field strength) and the axion.

tion. For the QCD axion we thus expect ga�� / ma, as
illustrated by the gold band in Fig. 1; axion-like particles
are motivated throughout the ga��-ma plane.
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Future supernova

Huge opportunity for axion physics, but we are 
not even close to being ready!



Proposal: Full-Sky constellation of SmallSats for 
continuous, full-sky ~100 - 500 MeV gamma-ray detection 

Exciting Update: Received funding to build a 
prototype detector! 

5

see the SM for details.) We make these projections us-
ing our fiducial SFHo-18.6 SN simulation, and we assume
a distance of 10 kpc to the next Galactic SN. We only
account for axion-photon conversion on the stellar mag-
netic fields of the progenitor star, assuming a 1 kG surface
magnetic field for a BSG SN that is otherwise the same as
SN1987A. (The axions could also convert to photons on
the Galactic magnetic field, enhancing the low-mass sen-
sitivity.) In the SM we discusses red supergiant (RSG)
SN, which are more prevalent and as we show have com-
parable sensitivity.

Without new instrumentation the opportunity to
probe QCD axions using gamma-ray observations of the
next Galactic SN will almost certainly be lost, since
the event will likely have no advanced warning (but
see [97]) and not be within the FOV of the Fermi-LAT.
The proposed Advanced Particle-astrophysics Telescope
(APT) [98, 99] may have an increased FOV relative to the
Fermi-LAT, though it will likely also not be 4⇡. We thus
propose a full-sky gamma-ray telescope network, which
we call the GALactic AXion Instrument for Supernova
(GALAXIS) (see Fig. 3).

Proto-NS 
Interior

Gamma-ray satellites

Figure 3. The GALAXIS gamma-ray satellite constellation
proposed in this work to search for axion-induced gamma-ray
signatures from core-collapse SN and NS-NS mergers. The
axions are generated in the hot PNS cores and then convert
to gamma-rays on the stellar magnetic fields of the progenitor
stars. Such an instrument with a Fermi-LAT-level e↵ective
area could potentially probe QCD axions for any ma & 50
µeV, depending on the properties of the event.

The idea behind GALAXIS is to establish a full-sky
constellation of gamma-ray satellites to provide contin-
uous 4⇡ coverage of the gamma-ray sky between ⇠100
MeV and ⇠1 GeV. (See also the recent work [100] that
made a related proposal.) The network would consist
of multiple (e.g., ⇠5 or more) gamma-ray telescopes on
di↵erent orbital trajectories, such that any future SN
would be in view of at least one telescope in the net-
work. Such an instrument would complement the multi-
ple gamma-ray telescope constellations in planning stages
at energies below ⇠10 MeV (see [101] and references
therein). We leave a full technical investigation to future
work. In Fig. 1 we simply assume for the projections
that the GALAXIS instrument response is identical to
that of the on-axis Fermi-LAT (see the SM). The main
improvements with the future projections relative to the
SN1987A constraints come from the distance to the SN,

the large e↵ective area and improved background rate of
GALAXIS (i.e., Fermi-LAT) relative to the SMM, and
the inclusion of higher-energy photons above ⇠100 MeV
that allow for probing pion-induced axions. GALAXIS
may reach sensitivity to the QCD axion, making it com-
petitive with upcoming e↵orts to target QCD axions such
as IAXO [102], MADMAX [103], and ALPHA [104].

Discussion.— In this Letter we focus on axion-
induced gamma-ray signals from nearby PNS formed
after core-collapse SN due to axion-photon conversion
in the stellar magnetic fields of the progenitor stars.
However, there are a number of related axion-induced
gamma-ray signals that may proceed similarly and be
detectable with the proposed GALAXIS gamma-ray ob-
servatory. For example, in cases where the compact rem-
nant of the core-collapse SN is a black hole (as suggested
could be the case for SN1987A in [105], though this is now
disfavored [11, 12]), a hot, massive PNS remnant forms
prior to collapse. It would be interesting to study the
axion-induced gamma-ray signal from such a short-lived
remnant with dedicated simulations. Similarly, NS-NS
mergers can lead to stable NSs or hypermassive remnants
that collapse to black holes; in either case, exceedingly
hot PNSs form within the first tens of ms, with tem-
peratures that can exceed those in core-collapse SN. As
we show in the SM, nearby NS-NS mergers (within ⇠50
Mpc of Earth) are promising targets for gamma-ray axion
searches. (See also [106–108].) Given the compact sizes
of the NSs, these objects can potentially probe higher
axion masses and may even reach QCD axion sensitivity
near ⇠1 meV (see the SM). NS-NS mergers, along with
SN within the local group and nearby galaxy clusters,
can be expected on a near yearly basis, meaning that
the proposed GALAXIS instrument would have frequent
opportunities for axion science.
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nant of the core-collapse SN is a black hole (as suggested
could be the case for SN1987A in [105], though this is now
disfavored [11, 12]), a hot, massive PNS remnant forms
prior to collapse. It would be interesting to study the
axion-induced gamma-ray signal from such a short-lived
remnant with dedicated simulations. Similarly, NS-NS
mergers can lead to stable NSs or hypermassive remnants
that collapse to black holes; in either case, exceedingly
hot PNSs form within the first tens of ms, with tem-
peratures that can exceed those in core-collapse SN. As
we show in the SM, nearby NS-NS mergers (within ⇠50
Mpc of Earth) are promising targets for gamma-ray axion
searches. (See also [106–108].) Given the compact sizes
of the NSs, these objects can potentially probe higher
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1. Multiple 16U CubeSats (will construct 1 
over next 3 years) 

2. Alternating layers of converting and 
tracking scintillators 

3. Read out by silicon photomultipliers  

4. Will validate with radioactive sources + 
accelerator beams



1. Dependence of axion signal on progenitor B-field? 

2. Calculation of axion emissivity could be improved 
(pion condensate possible, ultra-high densities, 3d 

simulation, …) 

3. What are other science targets for GALAXIS & how 
does that inform design?

GALAXIS Science & Collaboration: Let’s chat!
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Figure S16. As in Fig. 1 but varying between the three SN simulations discussed in this work, with all other parameters as in
Fig. 1. The stronger limits arise from more massive PNSs. The curves within the shaded regions show the fiducial results used
in Fig. 1.
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Figure S17. As in Fig. 1 but only showing projections for the next Galactic SN and assuming a RSG progenitor at 10 kpc
from Earth instead of a BSG progenitor. The RSG projections are slightly less strong than those for the BSG, though we stress
that the RSG results are subject to large uncertainties on the magnetic field modeling.

SN1987A progenitor: BSG

1. Strong dipole fields: B ~ 1 kG 

2. Compact: R ~ 40 Rs

Most SN: RSG progenitors

1. Weak dipole fields: B ~ kG 

2. Large: R ~ 400 Rs 

3. Turbulent fields from 
convection: B ~ 100 G, L ~ 40 Rs 



Heavy axions also exciting gamma-ray science from SN
Heavy axions coupling to QCD expected in 

string axiverse 
Time-delayed gamma-ray signatures of heavy axions from core-collapse supernovae
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Heavy axions that couple to both quantum electrodynamics and quantum chromodynamics with
masses on the order of MeV – GeV and high-scale decay constants in excess of →108 GeV may arise
generically in e.g. axiverse constructions. In this work we provide the most sensitive search to-date
for the existence of such heavy axions using Fermi-LAT data towards four recent supernovae (SN):
Cas A, SN1987A, SN2023ixf, and SN2024ggi. We account for heavy axion production in the proto-
neutron-star cores through nuclear and electromagnetic processes and then the subsequent decay of
the axions into photons. While previous works have searched for gamma-rays from SN1987A using
the Solar Maximum Mission that observed SN1987A during the SN itself, we show that using Fermi
Large Area Telescope data provides an approximately five orders of magnitude improvement in flux
sensitivity for axions with lifetimes larger than around 10 years. We find no evidence for heavy
axions and exclude large regions of previously-unexplored parameter space.

Introduction Heavy axions are motivated extensions
to the Standard Model that are closely related to the
quantum chromodynamics (QCD) axion, which may
solve the strong-CP problem and explain dark matter
(DM) [1–7]. The QCD axion is an ultra-light pseudo-
scalar whose small mass is generated by non-perturbative
QCD e!ects. Heavy axions would interact with the Stan-
dard Model through the same operators as the QCD ax-
ion but would acquire their dominant mass contributions
by interactions with other sectors, such as instantons of
non-abelian dark sectors or through string theory instan-
tons such as Euclidean D-branes. String axiverse con-
structions, for example, argue for a nearly log-flat dis-
tribution of axion masses including the →MeV – GeV
masses considered in this work [8–19]. Heavy axions may
leave unique, observable signatures in a variety of astro-
physical and cosmological probes. (See Fig. 1.)

In this work we probe new regions of heavy axion pa-
rameter space in the MeV to GeV mass range for ax-
ions that couple to quantum electrodynamics (QED) and
QCD through operators of the form

L ↑
a

Fa

[
ωem

8ε
EFµω F̃

µω +
ωs

8ε
NG

a
µωG̃

a,µω
]
, (1)

with E (N) the electromagnetic (color) anomaly coef-
ficient, ωEM (ωs) the electromagnetic (QCD) fine struc-
ture constant, F (G) the QED (QCD) field strength, and
2εFa the periodicity of the axion field from hidden-sector
instantons (not shown), which dominate the axion’s po-
tential. While such heavy axions that couple to both
QCD and QED do not solve the strong-CP problem, they
allow for a standard, lighter QCD axion that does (see
the Supplementary Materials (SM)). We search for these
axions using Fermi Large Area Telescope (LAT) gamma-
ray data towards the past supernovae (SN) Cas A and SN
1987A along with more recent SN2023ixf and SN2024ggi.
Our work builds upon previous searches for heavy ax-
ion production and decay from SN1987A [21–24]. Cru-
cially, however, prior works only make use of data from
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Figure 1. Excluded regions found in this work (at 95% con-
fidence or greater) in the ma-gaωω parameter space for heavy
axions that couple to QED (with anomaly coe!cient E) and
QCD (anomaly coe!cient N) with E/N = 8/3, as in GUT
models, from gamma-ray observations with the Fermi-LAT
towards SN1987A, Cas A, SN2023ixf, and SN2024ggi, along
with SMM gamma-ray observations of SN1987A. (Note that
the SN2023ixf and SN2024ggi results are joined together.)
We find no evidence for an axion-induced signal. Addition-
ally, we show in light gray constraints we derive from compar-
ing the di”use SN axion-induced gamma-ray background to
Fermi data and from the cooling of SN1987A (see the SM). In
dark gray we show the irreducible axion background (‘Freeze-
in’) constraint [20]. In dashed gray (black) we indicate con-
tours of constant axion lifetime (axion-proton coupling); see
also SM Fig. 3 for the constraints illustrated in terms of gapp
and fa. We also show the mass ma,res where gaωω vanishes,
#QCD ↑ 300 MeV, below which axion-pion mixing occurs,
and 3mε, above which the axions can decay to three pions.

the Solar Maximum Mission (SMM), which famously col-
lected data in the direction of SN1987A (through its side
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Heavy axions that couple to both quantum electrodynamics and quantum chromodynamics with
masses on the order of MeV – GeV and high-scale decay constants in excess of →108 GeV may arise
generically in e.g. axiverse constructions. In this work we provide the most sensitive search to-date
for the existence of such heavy axions using Fermi-LAT data towards four recent supernovae (SN):
Cas A, SN1987A, SN2023ixf, and SN2024ggi. We account for heavy axion production in the proto-
neutron-star cores through nuclear and electromagnetic processes and then the subsequent decay of
the axions into photons. While previous works have searched for gamma-rays from SN1987A using
the Solar Maximum Mission that observed SN1987A during the SN itself, we show that using Fermi
Large Area Telescope data provides an approximately five orders of magnitude improvement in flux
sensitivity for axions with lifetimes larger than around 10 years. We find no evidence for heavy
axions and exclude large regions of previously-unexplored parameter space.

Introduction Heavy axions are motivated extensions
to the Standard Model that are closely related to the
quantum chromodynamics (QCD) axion, which may
solve the strong-CP problem and explain dark matter
(DM) [1–7]. The QCD axion is an ultra-light pseudo-
scalar whose small mass is generated by non-perturbative
QCD e!ects. Heavy axions would interact with the Stan-
dard Model through the same operators as the QCD ax-
ion but would acquire their dominant mass contributions
by interactions with other sectors, such as instantons of
non-abelian dark sectors or through string theory instan-
tons such as Euclidean D-branes. String axiverse con-
structions, for example, argue for a nearly log-flat dis-
tribution of axion masses including the →MeV – GeV
masses considered in this work [8–19]. Heavy axions may
leave unique, observable signatures in a variety of astro-
physical and cosmological probes. (See Fig. 1.)

In this work we probe new regions of heavy axion pa-
rameter space in the MeV to GeV mass range for ax-
ions that couple to quantum electrodynamics (QED) and
QCD through operators of the form

L ↑
a

Fa

[
ωem

8ε
EFµω F̃

µω +
ωs

8ε
NG

a
µωG̃

a,µω
]
, (1)

with E (N) the electromagnetic (color) anomaly coef-
ficient, ωEM (ωs) the electromagnetic (QCD) fine struc-
ture constant, F (G) the QED (QCD) field strength, and
2εFa the periodicity of the axion field from hidden-sector
instantons (not shown), which dominate the axion’s po-
tential. While such heavy axions that couple to both
QCD and QED do not solve the strong-CP problem, they
allow for a standard, lighter QCD axion that does (see
the Supplementary Materials (SM)). We search for these
axions using Fermi Large Area Telescope (LAT) gamma-
ray data towards the past supernovae (SN) Cas A and SN
1987A along with more recent SN2023ixf and SN2024ggi.
Our work builds upon previous searches for heavy ax-
ion production and decay from SN1987A [21–24]. Cru-
cially, however, prior works only make use of data from
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Figure 1. Excluded regions found in this work (at 95% con-
fidence or greater) in the ma-gaωω parameter space for heavy
axions that couple to QED (with anomaly coe!cient E) and
QCD (anomaly coe!cient N) with E/N = 8/3, as in GUT
models, from gamma-ray observations with the Fermi-LAT
towards SN1987A, Cas A, SN2023ixf, and SN2024ggi, along
with SMM gamma-ray observations of SN1987A. (Note that
the SN2023ixf and SN2024ggi results are joined together.)
We find no evidence for an axion-induced signal. Addition-
ally, we show in light gray constraints we derive from compar-
ing the di”use SN axion-induced gamma-ray background to
Fermi data and from the cooling of SN1987A (see the SM). In
dark gray we show the irreducible axion background (‘Freeze-
in’) constraint [20]. In dashed gray (black) we indicate con-
tours of constant axion lifetime (axion-proton coupling); see
also SM Fig. 3 for the constraints illustrated in terms of gapp
and fa. We also show the mass ma,res where gaωω vanishes,
#QCD ↑ 300 MeV, below which axion-pion mixing occurs,
and 3mε, above which the axions can decay to three pions.

the Solar Maximum Mission (SMM), which famously col-
lected data in the direction of SN1987A (through its side
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Heavy axions that couple to both quantum electrodynamics and quantum chromodynamics with
masses on the order of MeV – GeV and high-scale decay constants in excess of →108 GeV may arise
generically in e.g. axiverse constructions. In this work we provide the most sensitive search to-date
for the existence of such heavy axions using Fermi-LAT data towards four recent supernovae (SN):
Cas A, SN1987A, SN2023ixf, and SN2024ggi. We account for heavy axion production in the proto-
neutron-star cores through nuclear and electromagnetic processes and then the subsequent decay of
the axions into photons. While previous works have searched for gamma-rays from SN1987A using
the Solar Maximum Mission that observed SN1987A during the SN itself, we show that using Fermi
Large Area Telescope data provides an approximately five orders of magnitude improvement in flux
sensitivity for axions with lifetimes larger than around 10 years. We find no evidence for heavy
axions and exclude large regions of previously-unexplored parameter space.

Introduction Heavy axions are motivated extensions
to the Standard Model that are closely related to the
quantum chromodynamics (QCD) axion, which may
solve the strong-CP problem and explain dark matter
(DM) [1–7]. The QCD axion is an ultra-light pseudo-
scalar whose small mass is generated by non-perturbative
QCD e!ects. Heavy axions would interact with the Stan-
dard Model through the same operators as the QCD ax-
ion but would acquire their dominant mass contributions
by interactions with other sectors, such as instantons of
non-abelian dark sectors or through string theory instan-
tons such as Euclidean D-branes. String axiverse con-
structions, for example, argue for a nearly log-flat dis-
tribution of axion masses including the →MeV – GeV
masses considered in this work [8–19]. Heavy axions may
leave unique, observable signatures in a variety of astro-
physical and cosmological probes. (See Fig. 1.)

In this work we probe new regions of heavy axion pa-
rameter space in the MeV to GeV mass range for ax-
ions that couple to quantum electrodynamics (QED) and
QCD through operators of the form

L ↑
a

Fa

[
ωem

8ε
EFµω F̃

µω +
ωs

8ε
NG

a
µωG̃

a,µω
]
, (1)

with E (N) the electromagnetic (color) anomaly coef-
ficient, ωEM (ωs) the electromagnetic (QCD) fine struc-
ture constant, F (G) the QED (QCD) field strength, and
2εFa the periodicity of the axion field from hidden-sector
instantons (not shown), which dominate the axion’s po-
tential. While such heavy axions that couple to both
QCD and QED do not solve the strong-CP problem, they
allow for a standard, lighter QCD axion that does (see
the Supplementary Materials (SM)). We search for these
axions using Fermi Large Area Telescope (LAT) gamma-
ray data towards the past supernovae (SN) Cas A and SN
1987A along with more recent SN2023ixf and SN2024ggi.
Our work builds upon previous searches for heavy ax-
ion production and decay from SN1987A [21–24]. Cru-
cially, however, prior works only make use of data from
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Figure 1. Excluded regions found in this work (at 95% con-
fidence or greater) in the ma-gaωω parameter space for heavy
axions that couple to QED (with anomaly coe!cient E) and
QCD (anomaly coe!cient N) with E/N = 8/3, as in GUT
models, from gamma-ray observations with the Fermi-LAT
towards SN1987A, Cas A, SN2023ixf, and SN2024ggi, along
with SMM gamma-ray observations of SN1987A. (Note that
the SN2023ixf and SN2024ggi results are joined together.)
We find no evidence for an axion-induced signal. Addition-
ally, we show in light gray constraints we derive from compar-
ing the di”use SN axion-induced gamma-ray background to
Fermi data and from the cooling of SN1987A (see the SM). In
dark gray we show the irreducible axion background (‘Freeze-
in’) constraint [20]. In dashed gray (black) we indicate con-
tours of constant axion lifetime (axion-proton coupling); see
also SM Fig. 3 for the constraints illustrated in terms of gapp
and fa. We also show the mass ma,res where gaωω vanishes,
#QCD ↑ 300 MeV, below which axion-pion mixing occurs,
and 3mε, above which the axions can decay to three pions.

the Solar Maximum Mission (SMM), which famously col-
lected data in the direction of SN1987A (through its side
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Heavy axions that couple to both quantum electrodynamics and quantum chromodynamics with
masses on the order of MeV – GeV and high-scale decay constants in excess of →108 GeV may arise
generically in e.g. axiverse constructions. In this work we provide the most sensitive search to-date
for the existence of such heavy axions using Fermi-LAT data towards four recent supernovae (SN):
Cas A, SN1987A, SN2023ixf, and SN2024ggi. We account for heavy axion production in the proto-
neutron-star cores through nuclear and electromagnetic processes and then the subsequent decay of
the axions into photons. While previous works have searched for gamma-rays from SN1987A using
the Solar Maximum Mission that observed SN1987A during the SN itself, we show that using Fermi
Large Area Telescope data provides an approximately five orders of magnitude improvement in flux
sensitivity for axions with lifetimes larger than around 10 years. We find no evidence for heavy
axions and exclude large regions of previously-unexplored parameter space.

Introduction Heavy axions are motivated extensions
to the Standard Model that are closely related to the
quantum chromodynamics (QCD) axion, which may
solve the strong-CP problem and explain dark matter
(DM) [1–7]. The QCD axion is an ultra-light pseudo-
scalar whose small mass is generated by non-perturbative
QCD e!ects. Heavy axions would interact with the Stan-
dard Model through the same operators as the QCD ax-
ion but would acquire their dominant mass contributions
by interactions with other sectors, such as instantons of
non-abelian dark sectors or through string theory instan-
tons such as Euclidean D-branes. String axiverse con-
structions, for example, argue for a nearly log-flat dis-
tribution of axion masses including the →MeV – GeV
masses considered in this work [8–19]. Heavy axions may
leave unique, observable signatures in a variety of astro-
physical and cosmological probes. (See Fig. 1.)

In this work we probe new regions of heavy axion pa-
rameter space in the MeV to GeV mass range for ax-
ions that couple to quantum electrodynamics (QED) and
QCD through operators of the form

L ↑
a

Fa

[
ωem

8ε
EFµω F̃

µω +
ωs

8ε
NG
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µωG̃

a,µω
]
, (1)

with E (N) the electromagnetic (color) anomaly coef-
ficient, ωEM (ωs) the electromagnetic (QCD) fine struc-
ture constant, F (G) the QED (QCD) field strength, and
2εFa the periodicity of the axion field from hidden-sector
instantons (not shown), which dominate the axion’s po-
tential. While such heavy axions that couple to both
QCD and QED do not solve the strong-CP problem, they
allow for a standard, lighter QCD axion that does (see
the Supplementary Materials (SM)). We search for these
axions using Fermi Large Area Telescope (LAT) gamma-
ray data towards the past supernovae (SN) Cas A and SN
1987A along with more recent SN2023ixf and SN2024ggi.
Our work builds upon previous searches for heavy ax-
ion production and decay from SN1987A [21–24]. Cru-
cially, however, prior works only make use of data from
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Figure 1. Excluded regions found in this work (at 95% con-
fidence or greater) in the ma-gaωω parameter space for heavy
axions that couple to QED (with anomaly coe!cient E) and
QCD (anomaly coe!cient N) with E/N = 8/3, as in GUT
models, from gamma-ray observations with the Fermi-LAT
towards SN1987A, Cas A, SN2023ixf, and SN2024ggi, along
with SMM gamma-ray observations of SN1987A. (Note that
the SN2023ixf and SN2024ggi results are joined together.)
We find no evidence for an axion-induced signal. Addition-
ally, we show in light gray constraints we derive from compar-
ing the di”use SN axion-induced gamma-ray background to
Fermi data and from the cooling of SN1987A (see the SM). In
dark gray we show the irreducible axion background (‘Freeze-
in’) constraint [20]. In dashed gray (black) we indicate con-
tours of constant axion lifetime (axion-proton coupling); see
also SM Fig. 3 for the constraints illustrated in terms of gapp
and fa. We also show the mass ma,res where gaωω vanishes,
#QCD ↑ 300 MeV, below which axion-pion mixing occurs,
and 3mε, above which the axions can decay to three pions.

the Solar Maximum Mission (SMM), which famously col-
lected data in the direction of SN1987A (through its side
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Heavy axions that couple to both quantum electrodynamics and quantum chromodynamics with
masses on the order of MeV – GeV and high-scale decay constants in excess of →108 GeV may arise
generically in e.g. axiverse constructions. In this work we provide the most sensitive search to-date
for the existence of such heavy axions using Fermi-LAT data towards four recent supernovae (SN):
Cas A, SN1987A, SN2023ixf, and SN2024ggi. We account for heavy axion production in the proto-
neutron-star cores through nuclear and electromagnetic processes and then the subsequent decay of
the axions into photons. While previous works have searched for gamma-rays from SN1987A using
the Solar Maximum Mission that observed SN1987A during the SN itself, we show that using Fermi
Large Area Telescope data provides an approximately five orders of magnitude improvement in flux
sensitivity for axions with lifetimes larger than around 10 years. We find no evidence for heavy
axions and exclude large regions of previously-unexplored parameter space.

Introduction Heavy axions are motivated extensions
to the Standard Model that are closely related to the
quantum chromodynamics (QCD) axion, which may
solve the strong-CP problem and explain dark matter
(DM) [1–7]. The QCD axion is an ultra-light pseudo-
scalar whose small mass is generated by non-perturbative
QCD e!ects. Heavy axions would interact with the Stan-
dard Model through the same operators as the QCD ax-
ion but would acquire their dominant mass contributions
by interactions with other sectors, such as instantons of
non-abelian dark sectors or through string theory instan-
tons such as Euclidean D-branes. String axiverse con-
structions, for example, argue for a nearly log-flat dis-
tribution of axion masses including the →MeV – GeV
masses considered in this work [8–19]. Heavy axions may
leave unique, observable signatures in a variety of astro-
physical and cosmological probes. (See Fig. 1.)

In this work we probe new regions of heavy axion pa-
rameter space in the MeV to GeV mass range for ax-
ions that couple to quantum electrodynamics (QED) and
QCD through operators of the form

L ↑
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Fa

[
ωem

8ε
EFµω F̃

µω +
ωs

8ε
NG
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µωG̃

a,µω
]
, (1)

with E (N) the electromagnetic (color) anomaly coef-
ficient, ωEM (ωs) the electromagnetic (QCD) fine struc-
ture constant, F (G) the QED (QCD) field strength, and
2εFa the periodicity of the axion field from hidden-sector
instantons (not shown), which dominate the axion’s po-
tential. While such heavy axions that couple to both
QCD and QED do not solve the strong-CP problem, they
allow for a standard, lighter QCD axion that does (see
the Supplementary Materials (SM)). We search for these
axions using Fermi Large Area Telescope (LAT) gamma-
ray data towards the past supernovae (SN) Cas A and SN
1987A along with more recent SN2023ixf and SN2024ggi.
Our work builds upon previous searches for heavy ax-
ion production and decay from SN1987A [21–24]. Cru-
cially, however, prior works only make use of data from
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Figure 1. Excluded regions found in this work (at 95% con-
fidence or greater) in the ma-gaωω parameter space for heavy
axions that couple to QED (with anomaly coe!cient E) and
QCD (anomaly coe!cient N) with E/N = 8/3, as in GUT
models, from gamma-ray observations with the Fermi-LAT
towards SN1987A, Cas A, SN2023ixf, and SN2024ggi, along
with SMM gamma-ray observations of SN1987A. (Note that
the SN2023ixf and SN2024ggi results are joined together.)
We find no evidence for an axion-induced signal. Addition-
ally, we show in light gray constraints we derive from compar-
ing the di”use SN axion-induced gamma-ray background to
Fermi data and from the cooling of SN1987A (see the SM). In
dark gray we show the irreducible axion background (‘Freeze-
in’) constraint [20]. In dashed gray (black) we indicate con-
tours of constant axion lifetime (axion-proton coupling); see
also SM Fig. 3 for the constraints illustrated in terms of gapp
and fa. We also show the mass ma,res where gaωω vanishes,
#QCD ↑ 300 MeV, below which axion-pion mixing occurs,
and 3mε, above which the axions can decay to three pions.

the Solar Maximum Mission (SMM), which famously col-
lected data in the direction of SN1987A (through its side
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QUESTIONS?



Axions from NS-NS mergers may produce gamma rays

axion
gamma-ray
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Figure S20. Projected 95% upper limits under the null hypothesis on ga�� from an observation of Fermi / GALAXIS towards a
NS-NS merger at a distance of 30 Mpc. As a rough estimate, we use the SFHo-20.0 SN simulation to describe the remnant from
the merger. We also model the magnetic field of the remnant as a dipole with surface field strengths as indicated (we consider
two possibilities). These approximations are rough but motivate future work that more accurately computes the axion-induced
signal from NS mergers.

D = 30 Mpc
(Rough estimate)



GW170817 (NS-NS merger) in 2017 at d = 40 Mpc 

Fermi missed it!


