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CTA and SWGO can Discover Higgsino Dark Matter Annihilation
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Thermal higgsino dark matter (DM), with a mass near 1.1 TeV, is one of the most well-motivated
and untested DM candidates. Leveraging recent hydrodynamic cosmological simulations that give
DM density profiles in Milky Way analogue galaxies we show that the line-like gamma-ray signal
predicted from higgsino annihilation in the Galactic Center could be detected at high significance
with the upcoming Cherenkov Telescope Array (CTA) and Southern Wide-field Gamma-ray Obser-
vatory (SWGO) for all but the most pessimistic DM profiles. We perform the most sensitive search
to-date for the line-like signal using 15 years of data from the Fermi Large Area Telescope, coming
within an order one factor of the necessary sensitivity to detect the higgsino for some Milky Way
analogue DM density profiles. We show that H.E.S.S. has sub-leading sensitivity relative to Fermi
for the higgsino at present. In contrast, we analyze H.E.S.S. inner Galaxy data for the thermal wino
model with a mass near 2.8 TeV; we find no evidence for a DM signal and exclude the wino by
over a factor of two in cross-section for all DM profiles considered. In the process, we identify and
attempt to correct what appears to be an inconsistency in previous H.E.S.S. inner Galaxy analyses
for DM annihilation related to the analysis e↵ective area, which may weaken the DM cross-section
sensitivity claimed in those works by around an order of magnitude.

I. INTRODUCTION

Weakly interacting massive particle (WIMP) dark
matter (DM) has been increasingly constrained in recent
years from null results for DM scattering at large-scale di-
rect detection experiments using liquid noble gases [1, 2],
searches for DM production at the large hadron col-
lider [3], and gamma-ray telescope searches for DM an-
nihilation [4, 5]. For all this progress, it has been em-
phasized recently that in many ways the most canoni-
cal WIMP candidate – the higgsino – has remarkably
yet to be definitively probed by any direct or indirect
experiment [6–10]. In this work we demonstrate that
this situation will soon change. As shown in Fig. 1, for
a wide range of assumptions about the amount of DM
in the inner Galaxy, the upcoming Cherenkov Telescope
Array (CTA) and the Southern Wide-field Gamma-ray
Observatory (SWGO) will be able to detect the thermal
higgsino.

The higgsino is an example of minimal WIMP DM [11],
whereby the DM is assumed to interact with the
Standard Model (SM) through the electroweak force
SU(2)L ⇥ U(1)Y and is put into a representation of
the electroweak theory containing a neutral component
that becomes the DM mass eigenstate after electroweak
symmetry breaking. Scenarios where the SM is aug-
mented only with a thermal bino (SU(2)L singlet) or
wino (SU(2)L triplet) are largely ruled out by col-
lider [12, 13] and indirect detection [14, 15] searches, re-
spectively. Conversely, the thermal higgsino is an SU(2)L
doublet fermionic DM candidate that is too heavy to be
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Figure 1. A projection of the expected discovery test statis-
tics (TSs) in favor of the thermal higgsino annihilation signal
for CTA (orange) and SWGO (blue). The projected reach
is shown for a wide range of DM profiles and for optimal
analyses (light) and more realistic analyses that account for
mismodeling uncertainties (dark), as discussed in this work.

produced at existing colliders, with an expected mass
around 1 TeV, too weakly interacting to scatter in direct
detection experiments [16–19], and so far too weakly an-
nihilating to give a decisive signal in gamma-ray searches.
The higgsino is not, however, unreachable; existing stud-
ies have suggested that the forthcoming Cherenkov Tele-
scope Array (CTA) South in Chile [20] may be able to
reach the thermal signal [6]. In this work we go beyond [6]
by projecting the sensitivity to higgsino DM annihilation
accounting for realistic analysis procedures that are ro-
bust to systematic background mismodeling while main-
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1. Thermal higgsino DM one of remaining, 
WIMP benchmarks (1.08 TeV) 

2. Within reach of upcoming CTA 

1. Even accounting for astrophysical 
uncertainties on DM and gamma-ray 
backgrounds 

3. Existing H.E.S.S. results wrong by ~order 
of magnitude but wino still ruled out
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M. Buschmann, J. Foster, B.S., A. Hook, AMReX Collaboration,                                   
Nature Communications (2022) + work in progress 

ma 2 (40, 180) µeV



Motivated axion dark matter mass ranges
L = ga��aE ·B
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Other groups disagree with our mass prediction
L = ga��aE ·B
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In Progress: large-scale AMR axion strings simulations
Joshua Benabou, Malte Buschmann,  Joshua Foster, B.S.

2022: 120^3 Hubble volumes 
at PQ phase transition 

1. Large-scale AMR simulation of axion string from PQ into scaling regime 

New simulation: 200^3 Hubble 
volumes at PQ phase transition 

Size

Dynamic Range
2022: finest level would need 
65,536^3 cells to fill full lattice

New Simulation: finest level 
would need 262,144^3 cells to 
fill full lattice

Use ~1/10th of cluster over 
~1 month (memory limited)

*significant code 
improvements since 2022

~30 million 
CPU-hours

Evolution time

2022: log(mr/H) ⇠ 9

New Simulation: log(mr/H) ⇠ 10
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In Progress: large-scale AMR axion strings simulations
Joshua Benabou, Malte Buschmann,  Joshua Foster, B.S.

1. Large-scale AMR simulation of axion string from PQ into scaling regime 

Preliminary!

conformal spectrum to ~1.5% precision
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In Progress: large-scale AMR axion strings simulations
“fake” log growth of index by choosing too aggressive UV/IR cut-offs 

‣ Suspicion: source of other group’s log growth (can discuss more)

Preliminary!



Kibble-Zurek: defect formation requires a spontaneously broken global 
symmetry 

1. PQ theory: U(1)_PQ is spontaneously broken -> strings 

2. Extra-dimension scenario: no spontaneous symmetry breaking as T 
passes below f_a ~ 1/R -> no strings 

1. Exception: brane inflation gives second order phase transition for 
tachyonic mode -> string formation possible (e.g., wrapped brane 
production that may source axion strings) 

PQ theory:  radial mode -> 0 at core string theory:  extra dim 
decompactifies at core

2312.08425
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Upper limit on the axion-photon coupling from magnetic
white dwarf polarization

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

DOI: 10.1103/PhysRevD.105.103034

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

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
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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-

Chris Dessert David Dunsky



unpolarized light MWD B-field

axion (unobserved)

observe linear pol. light

basic idea: Gill, Heyl 2011

L = �ga��
aF F̃

4
= ga��aE ·B

only convert photons 
polarized along B-field

*Side-note: MWDs are optimal. 
E.g. NS B-fields too large 
(Euler-Heisenberg effect)

Axion contribution to optical MWD polarization



unpolarized light MWD B-field
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unpolarized light MWD B-field
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Compare to Linear Polarization Data 

limb darkening rule that changes the spectral shape of the
template with inclination angle i. The template is then
convoluted with a Gaussian that has standard deviation
σstark. This broadening is due to the Stark effect, accounting
for the electric field that is also present on the MWD
surface, and is the dominant broadening effect for these
lines. We treat σstark as a nuisance parameter that is
determined by maximum likelihood estimation.
For the 761 MG case, the absorption line appears at

approximately the same location across the entire hemi-
sphere, so that the resulting feature is highly localized
around 8530 Å. On the other hand, if the MWD had a lower
field strength of 400 MG, the feature would be significantly
broadened because the transition is not stationary at those
field strengths, and additionally the feature would appear at
shorter wavelengths∼8200–8600 Å. In the lower panel, we
fit expected flux models for each case to the SDSS data
[75]. The models are a power law background with free
index and normalization with the multiplicative absorption
template as shown in the middle panel. For the 761 MG
case, we see that the model prefers an absorption line,
indicating that the 761 MG dipole is a reasonable fit to the
data. On the other hand, for the 400 MG case, the fit finds
no evidence for a line. Following a similar procedure SDSS
J135141 was determined to have a 761.0! 56.4 MG field
[75], although that work fit to the broad-band flux spectra
over a much larger wavelength range encompassing many
absorption lines. In fact, Ref. [75] did not include the
wavelength range shown in Fig. 3 in their fit; the fact that
their best-fit model from lower wavelengths also explains
the 3d−1 − 2s0 absorption line feature provides nontrivial

evidence that the magnetic fields on the surface of the
MWD are ∼400−700 MG.

2. Polarization data

The linear polarization of SDSS J135141 was measured
in 2007 by [77] using the Special Astrophysical Observatory
(SAO) 6-m telescope with the Spectral Camera with Optical
Reducer for Photometric and Interferometrical Observations
(SCORPIO) focal reducer [78]. Across the wavelength
range 4000 Å to 6500 Å the linear polarization fraction
was measured to be Lp ¼ 0.62%! 0.4%. The uncertainty
on Lp is dominated by the systematic uncertainty, arising
from effects such as scattered light and ghosts [78], though
the exact systematic uncertainty accounting that goes into
the Lp measurement is not detailed in [77]. The linear
polarization fraction data from [77] is reproduced in Fig. 4.
An upper limit on the average axion-induced polariza-

tion fraction over the wavelength range Lp;axion may be
estimated by the requirement that axions not overproduce

FIG. 3. Top: the wavelength of the 3d−1 − 2p0 absorption line
as a function of magnetic field. The red shaded region indicates
the range of field strengths present on the surface, assuming the
best-fit dipole field of 761 MG from [75]. Middle: in solid black
is the 3d−1 − 2p0 line template for a 761 MG dipolar field; in
dashed black for 400 MG. Bottom: the flux of SDSS J135141 as
measured by SDSS DR7 (gray). In solid black is the best fit
spectrum assuming a 761 MG dipole field. In dashed black is the
best fit spectrum assuming a 400 MG dipole field.

FIG. 4. The linear polarization data as a function of wavelength
toward the MWD SDSS J135141 as observed by [77] with the
SAO 6-m telescope. We use a Gaussian likelihood to fit a model
to the data with three components: (i) the axion signal, (ii) the
astrophysical background, and (iii) an instrumental systematic
contribution. We assume that the axion signal and the instru-
mental systematic are wavelength-independent, while the astro-
physical background depends on wavelength as described in
Sec. III A 2. The axion signal and the instrumental systematic
contributions would be completely degenerate, given that the
systematic normalization parameter can take either sign, but
for the prior on the systematic nuisance parameter. The best fit
model, along with the axion contribution to that model, are
illustrated, along with the best-fit statistical uncertainties on the
data; the statistical uncertainty is treated as a hyperparameter that
is determined by maximum likelihood estimation. The red band
illustrates the allowed axion contribution at 1σ confidence. At the
best-fit point the astrophysical normalization is zero. Still, we
illustrate the astrophysical linear polarization model, with an
arbitrary normalization.
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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 ga�� . 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 Grw+70�8247,
to show that after rigorously accounting for astrophysical uncertainties the axion-photon coupling
is constrained to |ga�� | . 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 e↵orts could further improve the sensitivity to axions.

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 exam-
ple, 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 particular, an axion a may
interact with electromagnetism through the Lagrangian
term L = ga��aE · B, where E and B are the electric
and magnetic fields, respectively, and ga�� / 1/fa is
the coupling constant. In this work, we set some of the
strongest constraints to-date on ga�� for low-mass axions
using white dwarf (WD) polarization measurements.

Axions are notoriously di�cult to probe experimen-
tally 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 em-
ployed by light shining through walls experiments, which
leverage the fact that photons and axions mix in the pres-
ence of strong magnetic fields; the ALPS [22] experiment
has constrained |ga�� | . 5 ⇥ 10�8 GeV�1 at 95% con-
fidence for axion masses ma . few ⇥ 10�4 eV. The up-
coming experiment ALPS-II [23] may reach sensitivity to
|ga�� | . 2 ⇥ 10�11 GeV�1 for a comparable mass range.
Going to lower coupling values, however, requires mak-
ing use of astrophysical axion sources in order to access
strong magnetic fields, longer distances, and higher lu-
minosities. For example, the CAST [13] experiment (see
Fig. 1) has set strong constraints on ga�� by looking for
axions produced in the Sun and then converting to X-
rays in the magnetic field of their detector, and the fol-
lowup project IAXO [24] may be able to cover significant
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Figure 1. Constraints on the axion-photon coupling ga��
arise from searches for axion-induced X-rays from super star
clusters [7] and a nearby MWD [8] in addition to gamma-
rays from SN1987A [9], searches for spectral irregularities
with Fermi-LAT [10, 11] and H.E.S.S. [12], the CAST ax-
ion helioscope [13], HB star cooling [14], and constraints from
SHAFT [15], ABRACADABRA [16, 17], ADMX [18, 19], and
RBF+UF [20, 21] that are contingent on the axion being dark
matter. The fiducial 95% upper limit from this work from the
non-observation of linear polarization from SDSS J135141 is
computed assuming the most conservative (at 1�) magnetic
field strength, MWD radius, and orientation. The shaded or-
ange region shows how the limits change when considering
astrophysical uncertainties; the dominant uncertainty is the
inclination angle. The limit found using the best-fit astro-
physical parameters for the MWD is also indicated.

unexplored parameter space (|ga�� | . 4 ⇥ 10�12 GeV�1

for ma . 5 ⇥ 10�3 eV). Purely astrophysical probes cur-
rently set the strongest constraints on ga�� at ultra-low
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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 ga�� . 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 Grw+70�8247,
to show that after rigorously accounting for astrophysical uncertainties the axion-photon coupling
is constrained to |ga�� | . 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 e↵orts could further improve the sensitivity to axions.

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 exam-
ple, 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 particular, an axion a may
interact with electromagnetism through the Lagrangian
term L = ga��aE · B, where E and B are the electric
and magnetic fields, respectively, and ga�� / 1/fa is
the coupling constant. In this work, we set some of the
strongest constraints to-date on ga�� for low-mass axions
using white dwarf (WD) polarization measurements.

Axions are notoriously di�cult to probe experimen-
tally 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 em-
ployed by light shining through walls experiments, which
leverage the fact that photons and axions mix in the pres-
ence of strong magnetic fields; the ALPS [22] experiment
has constrained |ga�� | . 5 ⇥ 10�8 GeV�1 at 95% con-
fidence for axion masses ma . few ⇥ 10�4 eV. The up-
coming experiment ALPS-II [23] may reach sensitivity to
|ga�� | . 2 ⇥ 10�11 GeV�1 for a comparable mass range.
Going to lower coupling values, however, requires mak-
ing use of astrophysical axion sources in order to access
strong magnetic fields, longer distances, and higher lu-
minosities. For example, the CAST [13] experiment (see
Fig. 1) has set strong constraints on ga�� by looking for
axions produced in the Sun and then converting to X-
rays in the magnetic field of their detector, and the fol-
lowup project IAXO [24] may be able to cover significant
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Figure 1. Constraints on the axion-photon coupling ga��
arise from searches for axion-induced X-rays from super star
clusters [7] and a nearby MWD [8] in addition to gamma-
rays from SN1987A [9], searches for spectral irregularities
with Fermi-LAT [10, 11] and H.E.S.S. [12], the CAST ax-
ion helioscope [13], HB star cooling [14], and constraints from
SHAFT [15], ABRACADABRA [16, 17], ADMX [18, 19], and
RBF+UF [20, 21] that are contingent on the axion being dark
matter. The fiducial 95% upper limit from this work from the
non-observation of linear polarization from SDSS J135141 is
computed assuming the most conservative (at 1�) magnetic
field strength, MWD radius, and orientation. The shaded or-
ange region shows how the limits change when considering
astrophysical uncertainties; the dominant uncertainty is the
inclination angle. The limit found using the best-fit astro-
physical parameters for the MWD is also indicated.

unexplored parameter space (|ga�� | . 4 ⇥ 10�12 GeV�1

for ma . 5 ⇥ 10�3 eV). Purely astrophysical probes cur-
rently set the strongest constraints on ga�� at ultra-low
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Axions can “shine through walls” in astrophysics
Leading Axion-Photon Sensitivity with NuSTAR Observations of M82 and M87
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We perform the most sensitive search to-date for the existence of ultralight axions using data
from the NuSTAR telescope. We search for stellar axion production in the M82 starburst galaxy
and the M87 central galaxy of the Virgo cluster and then the subsequent conversion into hard X-
rays in the surrounding magnetic fields. We sum over the full stellar populations in these galaxies
when computing the axion luminosity, and we account for the conversion of axions to photons by
using magnetic field profiles in simulated IllustrisTNG analogue galaxies. We show that analyzing
NuSTAR data towards these targets between roughly 30 to 70 keV shows no evidence for axions
and leads to robust constraints on the axion-photon coupling at the level of |ga�� | . 6.4 ⇥ 10�13

GeV�1 for ma . 10�10 eV at 95% confidence.

Low-mass axions with weak couplings to the Standard
Model are strongly-motivated particle candidates. They
are predicted to solve observational conundrums such as
the strong CP problem of the neutron electric dipole mo-
ment and the dark matter of our Universe [1–7]. Ax-
ions also emerge generically in string theory from the
compactification of the higher-dimensional theory to four
dimensions [8–12]. Low-mass axions may leave observ-
able signatures in astrophysical data sets through their
feeble interactions, which may be magnified in extreme
environments. In this work we produce the strongest
constraints to-date on the axion-photon coupling at low
axion masses, finding no evidence for new physics, from
searches for hard X-rays from the M82 and M87 galaxies.

The basic idea behind the proposed search is illustrated
in Fig. 1. Axions are produced through the Primako↵
process within the hot stellar cores of stars in the galaxy
and then the axions convert to photons through the in-
verse Primako↵ process in the strong galactic magnetic
fields, leading to hard X-ray signals on Earth that we
search for using data from the NuSTAR telescope. The
hot photons within the stellar cores are trapped by their
electromagnetic interactions and unable to directly es-
cape the stars. In this sense, the searches we perform
towards M82 and M87 are analogous to terrestrial light-
shining-through-walls experiments [13, 14].

The region of axion parameter space we probe in this
Letter is illustrated in Fig. 2. We are primarily sensitive
to axions with any mass ma . 10�9 eV. Such ultra-light
axions are motivated by string theory compactifications,
which predict a large number N ⇠ O(10 � 103) of axion-
like particles that arise as the zero modes of compacti-
fied gauge fields (see, e.g., [15–18]). One linear combina-
tion of these axions couples to quantum chromodynamics
(QCD) and is responsible for solving the strong-CP prob-
lem. The other N � 1 axions, however, primarily receive
their masses from non-QCD instantons, such as stringy
instantons, and can be ultralight (ma ⌧ 10�9 eV). Both
the QCD axion and axion-like particles (which we refer
to simply as axions) are expected to couple to Standard

Figure 1. Axions are produced through the Primako↵ pro-
cess within the ensemble of stars in the M82 and M87 galaxies
and then convert to hard X-rays in the strong magnetic fields
permeating these systems. We search for the axion-induced
hard X-rays with archival NuSTAR data. We illustrate the
Primako↵ process occurring in the core of a typical red super-
giant (RSG) star in M82; RSGs are a class of stars contribut-
ing a dominant component of the total axion luminosity pre-
dicted from M82. The conversion probabilities are computed
using an analogue galaxy in the TNG50 simulation within the
IllustrisTNG cosmological hydrodynamic simulation project;
we show here a stellar composite image as well as the corre-
sponding magnetic field from one such analogue galaxy.

Model matter and gauge fields through dimension-5 op-
erators that are suppressed by the axion decay constant
fa. In field theory axion constructions the axion arises as
the pseudo-Goldstone mode of U(1) symmetry breaking.
In this case, fa is related to the vacuum expectation value
of the complex scalar charged under the U(1) symmetry.
In string theory constructions instead fa is inversely pro-
portional to the size of the extra-dimensional cycle that
gives rise to the axion in the low-energy e↵ective field
theory (EFT). (See [19–22] for axion reviews.)

The axion EFT contains the interaction
L � ga��aE · B, with a the axion field and E (B)
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Axion Signal in M82/M87

Leading Axion-Photon Sensitivity with NuSTAR Observations of M82 and M87
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We perform the most sensitive search to-date for the existence of ultralight axions using data
from the NuSTAR telescope. We search for stellar axion production in the M82 starburst galaxy
and the M87 central galaxy of the Virgo cluster and then the subsequent conversion into hard X-
rays in the surrounding magnetic fields. We sum over the full stellar populations in these galaxies
when computing the axion luminosity, and we account for the conversion of axions to photons by
using magnetic field profiles in simulated IllustrisTNG analogue galaxies. We show that analyzing
NuSTAR data towards these targets between roughly 30 to 70 keV shows no evidence for axions
and leads to robust constraints on the axion-photon coupling at the level of |ga�� | . 6.4 ⇥ 10�13

GeV�1 for ma . 10�10 eV at 95% confidence.

Low-mass axions with weak couplings to the Standard
Model are strongly-motivated particle candidates. They
are predicted to solve observational conundrums such as
the strong CP problem of the neutron electric dipole mo-
ment and the dark matter of our Universe [1–7]. Ax-
ions also emerge generically in string theory from the
compactification of the higher-dimensional theory to four
dimensions [8–12]. Low-mass axions may leave observ-
able signatures in astrophysical data sets through their
feeble interactions, which may be magnified in extreme
environments. In this work we produce the strongest
constraints to-date on the axion-photon coupling at low
axion masses, finding no evidence for new physics, from
searches for hard X-rays from the M82 and M87 galaxies.

The basic idea behind the proposed search is illustrated
in Fig. 1. Axions are produced through the Primako↵
process within the hot stellar cores of stars in the galaxy
and then the axions convert to photons through the in-
verse Primako↵ process in the strong galactic magnetic
fields, leading to hard X-ray signals on Earth that we
search for using data from the NuSTAR telescope. The
hot photons within the stellar cores are trapped by their
electromagnetic interactions and unable to directly es-
cape the stars. In this sense, the searches we perform
towards M82 and M87 are analogous to terrestrial light-
shining-through-walls experiments [13, 14].

The region of axion parameter space we probe in this
Letter is illustrated in Fig. 2. We are primarily sensitive
to axions with any mass ma . 10�9 eV. Such ultra-light
axions are motivated by string theory compactifications,
which predict a large number N ⇠ O(10 � 103) of axion-
like particles that arise as the zero modes of compacti-
fied gauge fields (see, e.g., [15–18]). One linear combina-
tion of these axions couples to quantum chromodynamics
(QCD) and is responsible for solving the strong-CP prob-
lem. The other N � 1 axions, however, primarily receive
their masses from non-QCD instantons, such as stringy
instantons, and can be ultralight (ma ⌧ 10�9 eV). Both
the QCD axion and axion-like particles (which we refer
to simply as axions) are expected to couple to Standard

Figure 1. Axions are produced through the Primako↵ pro-
cess within the ensemble of stars in the M82 and M87 galaxies
and then convert to hard X-rays in the strong magnetic fields
permeating these systems. We search for the axion-induced
hard X-rays with archival NuSTAR data. We illustrate the
Primako↵ process occurring in the core of a typical red super-
giant (RSG) star in M82; RSGs are a class of stars contribut-
ing a dominant component of the total axion luminosity pre-
dicted from M82. The conversion probabilities are computed
using an analogue galaxy in the TNG50 simulation within the
IllustrisTNG cosmological hydrodynamic simulation project;
we show here a stellar composite image as well as the corre-
sponding magnetic field from one such analogue galaxy.

Model matter and gauge fields through dimension-5 op-
erators that are suppressed by the axion decay constant
fa. In field theory axion constructions the axion arises as
the pseudo-Goldstone mode of U(1) symmetry breaking.
In this case, fa is related to the vacuum expectation value
of the complex scalar charged under the U(1) symmetry.
In string theory constructions instead fa is inversely pro-
portional to the size of the extra-dimensional cycle that
gives rise to the axion in the low-energy e↵ective field
theory (EFT). (See [19–22] for axion reviews.)

The axion EFT contains the interaction
L � ga��aE · B, with a the axion field and E (B)
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Figure S2. Spatial map of total stacked counts between 30-70 keV from all archival NuSTAR observations of M82. The hard
X-ray emission from the galaxy is clearly visible, though the spectral morphology of these excess counts is not consistent with
an axion origin.

frequencies !pl much less than the temperature T , so that there exists a thermal distribution of photons. Through
the Primako↵ process, the di↵erential axion luminosity per unit volume is given by [28, 35]

dLa(E)

dE
=

g2a��
8⇡2

⇠2T 3E

eE/T � 1

s

1 �
!2
pl

E2


(E2 + ⇠2T 2) log

✓
1 +

E2

⇠2T 2

◆
� E2

�
, (S4)

with E > !pl the axion energy. The parameter ⇠ is defined by ⇠ ⌘ /(2T ), where 2
⌘ (4⇡↵EM/T )

P
i Z

2
i ni is the

Debye screening scale, Zi is the charge of the scattering target (electron or ion), and ni is the target number density.
The quantity dLa/dE has units of erg/s/keV/cm3, and so it should be integrated over the star in order to obtain a
di↵erential luminosity. Note that the photon plasma frequency is given by !2

pl = 4⇡↵EM
P

i Z
2
i ni/mi, which tends to

be dominated by the electron contribution since it has the smallest mass.
For an individual star we are able to compute the axion luminosity through the Primako↵ process given radial

profiles for T and {ni}, where {ni} stands for the set of ion and electron number densities. These profiles are given
by MESA simulations, described later. Finally, the axion-induced photon spectrum at Earth, for a given star, is

dF

dE
(E) = Pa!�(E)

1

4⇡d2
dLa(E)

dE
, (S5)

where d is the distance, and Pa!� is the conversion probability, computed later.

MESA SIMULATIONS

To simulate the individual stellar components used in this work, we use MESA (release r23.05.1), a one-dimensional
stellar evolution code which solves the equations of stellar structure and returns detailed stellar profiles at any point
in the evolution of the star. In our fiducial analysis for both M82 and M87 we construct and evolve stellar models
at a metallicity of Z = 0.02 over a grid of stellar masses spaced betweeen 0.5 M� and 100 M�, as indicated in the

⇠ = /(2T )
 : Debye Screening Scale
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Figure S8. Radial profiles over the interior of an initial 20 M� star undergoing an RSG phase. The profiles are taken at an
age of ⇠8.3 Myr, which falls under the star’s core carbon-burning phase. (Top Left) The temperature profile. (Top Right)
The density profile. (Bottom) The abundance profile of hydrogen, helium, carbon, and oxygen. In this phase of the star’s life,
carbon is being burned in the core at high temperatures while the surrounding cooler helium and hydrogen envelopes continue
to expand outwards.

As mentioned in the main Letter, we adopt specific IMFs and SFHs for both M82 and M87 and derive a total
number of stars Ntot for each galaxy. From these choices, we draw from our distribution of MESA simulations Ntot

times according to the probabilistic weights given by the IMF and SFH. For each MESA simulation draw, we compute
the axion luminosity emitted by that simulated star at that age using the corresponding MESA stellar profiles. The
total axion luminosity emitted from a galaxy, then, is the sum of all of these draws.

SFH.— The SFH dictates the distribution of stars in a galaxy according to their ages. The SFHs that we use for
our fiducial models of both M82 and M87 are presented in Fig. S13. In the case of M82, we follow [41] and describe the
star formation history as primarily a ‘two-burst’ model, with each burst modeled as (for t < tburst) R0e�(tburst�t)/tsc

where tsc is the characteristic decay time scale, given as tsc = 1.0 Myr. For the old burst, the complete constraints
on tburst and R0 are given as tburst = 9.0+0.2

�0.2 Myr and R0 = 31+7
�8 M�/yr, while for the younger burst tburst = 4.1+0.5

�0.7

and R0 = 18+9
�8 M�/yr. As mentioned in the main Letter, for our fiducial model we use the quoted values of these

parameters, and we also show in Fig. S20 that scanning over the uncertainties in all four of these parameters does not
significantly a↵ect our final limits. For M87, we follow [43] and model the SFH as a combination of two exponential
⌧ models: an exponential ⌧ model with ⌧ = 5 Gyr for ages t � 1 Gyr, and another exponential ⌧ model with ⌧ = 3.5
Gyr for ages t < 1 Gyr. Since the SFR below 1 Gyr is relatively poorly constrained, we account for this uncertainty
by examining reasonable ranges of ⌧ in this age range based on [43], settling on the prescription where below 1 Gyr
we vary 2  ⌧  5 and show in Fig. S21 that our final limits are relatively una↵ected by these bounds.

IMF.— The IMF dictates the distribution of stars in a galaxy according to their masses. The IMFs that we
use for our fiducial models of both M82 and M87 are presented in Fig. S14. In the case of M82, we follow [41],
who compare population synthesis models with infrared spectroscopy data to determine that the IMF behaves as
dn/dM / 1/M2.35 at high masses and significantly ‘flattens out’ below ⇠3 M�, with a high-mass cut-o↵ of 100 M�.

Example 20 Solar Mass star in RSG phase
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Figure S15. (Left) The axion luminosity spectrum for a fixed ga�� = 1⇥10�12 GeV�1, over all the stars in M82, with breakdown
by stellar classification. Our analysis region is shaded in gray, with approximate numbers of each stellar type in the legend.
(Right) The same but for M87.
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Figure S16. (Left) The individual contributions of each stellar classification to the total M82 axion luminosity spectrum for a
fixed ga�� = 1 ⇥ 10�12 GeV�1. We zoom in around our analysis region, in gray. (Right) The same but for M87.

⇠10 µG in the inner tens of kpc, but, importantly, maintain a relatively consistent level of ⇠1 µG out to hundreds of
kpc.

For M82 we also illustrate, in Fig. S17, the magnetic fields deduced for the inner ⇠2 kpc from far-infrared polarimetry
observations of the High-resolution Airborne Wideband Camera-plus (HAWC+) on the Stratospheric Observatory for
Infrared Astronomy (SOFIA), as done in [51]. We find that, in the same inner ⇠2 kpc, the fields found in [51] are
at least an order of magnitude greater than the ones found from the IllustrisTNG simulations; since the conversion
probabilities directly depend on the strength of the magnetic fields, we can interpret our final probabilities using
IllustrisTNG as likely more conservative than that which might have been obtained using the actual magnetic fields of
M82. As a check, we perform an analysis implementing the ordered magnetic field component obtained in [51] for the
inner 2 kpc and using the free-electron density obtained from our fiducial IllustrisTNG simulation within the same
region. We orient the magnetic field perpendicular to the line of sight, and restrict our analysis to the inner 2 kpc,
only counting the fraction of stars inside this inner region. We obtain a strong upper limit of |ga�� | . 3.8 ⇥ 10�13

GeV�1 under these assumptions, illustrated in Fig. S20, and hence show that our fiducial analysis is indeed more
conservative. This also suggests our limit may be improved with a more robust and accurate magnetic field description
of M82.

For the case of M87 we also illustrate, in Fig. S17, the magnetic field model adopted in [24], which is deduced from

NuSTAR axion search — M82
M82 Facts
1.  Starburst galaxy: 

high star-formation 
rate = lots of hot, 
young, massive 
stars 

2. Around 3x1010 stars 

3. ~3.5 Mpc from 
Earth 

4. Starburst = high 
magnetic fields 

5. Seen almost edge 
on -> high axion-
photon conversion

Axion luminosity 
dominated by RSG 
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NuSTAR axion search — M82
M82 Analysis
1. ~4 Ms of archival NuSTAR data 

1. no excess over bkg. + astro model (PL) 

2. Model magnetic field using analogues in 
IllustrisTNG Radio haloes and B fields in IllustrisTNG 3

Figure 1. Gas column density map (left-hand side) and density-weighted projection of the magnetic field intensity (right-hand side) for the TNG300 box at
z = 0. The projection extends for the full size of the TNG300 box (' 300 Mpc) for a thickness of ' 22.13 Mpc and is centred on the most massive galaxy
cluster. The zoomed panels on this structure show the X-ray emission (colours) overlayed with the extended (⇠ 1 Mpc) radio emission as seen with two
di↵erent instruments. The zoomed panels on the small object illustrate the link between the magnetic field topology within a galaxy (on scales ⇠ 10 kpc) and
the galaxy morphology.

tion. Donnert et al. (2013) studied radio halo emission in an ide-
alized MHD simulation of a merging galaxy cluster with cosmic
ray transport, again with the same limitations. Moreover, most of
the theoretical work has focused recently on studying the accel-
eration of particles to relativistic speeds in the ICM, an essential
ingredient in synchrotron radio emission, with di↵erent levels of
sophistication (Pinzke et al. 2013; Vazza et al. 2014a, 2016; Wit-
tor et al. 2016). Therefore, in the study of radio haloes the superior
statistical power that uniformly sampled magnetohydrodynamical
cosmological simulations, which evolve magnetic fields (the other

key ingredient for synchrotron emission) self-consistently and in-
clude the most important baryonic physics processes in galaxy for-
mation, can o↵er is paramount to make decisive steps forward in
our theoretical understanding.

In this paper we extend previous work based on cosmologi-
cal simulations by analysing the general magnetic field properties
and the di↵use radio halo emission in galaxy clusters in the Il-
lustrisTNG project, a set of cosmological magnetohydrodynamics
simulations run with the moving-mesh code arepo (Springel 2010)
that include a comprehensive module for galaxy formation physics.

MNRAS 000, 1–28 (2018)
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Leading Upper Limits from M82/M87 2
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Figure 2. The parameter space of axion-photon couplings
versus axion mass ma for ultra-light axions [23]. The 95%
upper limits on |ga�� | from this work for our analyses of NuS-
TAR data towards M82 and M87 are indicated, along with
the expectations for the upper limits at 1�/2� confidence un-
der the null hypothesis. Our upper limits at low masses are
competitive with those from the Chandra spectral modula-
tion searches (e.g., [24–27]) and surpass those from searches
for axion-induced X-ray signatures from SSCs [28], which also
used NuSTAR data.

the electric (magnetic) field. Here, ga�� / ↵EM/fa, with
↵EM the fine-structure constant, is the dimension-full
axion-photon coupling, which we constrain in this
work. Modern string theory constructions motivate the
strongest coupled axion having ga�� ⇠ 10�13 GeV�1 for
N ⇠ 100 total axions [16, 18]. This is directly the level
of coupling strength probed in this work.

There are two notable existing axion search strategies
that are especially relevant to this work. The X-ray
spectral modulation searches use data mostly from the
Chandra telescope below ⇠10 keV to search for spectral
distortions of otherwise smooth X-ray sources in galax-
ies and galaxy clusters hosting large and extended mag-
netic fields [24–27]. In the presence of extended mag-
netic fields and non-trivial photon plasma frequencies,
the photons have a non-trivial, energy-dependent sur-
vival probability P�!�(!), due to energy loss to axions,
that distorts the otherwise smooth spectra. The absence
of such spectral distortions in Chandra data from the
quasar H1821+643 leads to the currently-leading upper
limit (before this work) on ga�� at low axion masses [27],
though the magnetic field of the host cluster is uncertain
(see, e.g., [29, 30]). Searches for spectral modulations
with Chandra data from the Perseus cluster produced
similar though slightly weaker limits [26].

Less sensitive upper limits at low axion masses also
come from NuSTAR observations of Betelgeuse [31] as
well as Galactic super star clusters (SSCs) [28]. Our
search is especially similar to that performed in [28].
In [28], the axions would be produced in the hot and
massive Wolf-Rayet (WR) stars through Primako↵ emis-

sion and then convert to hard X-rays in the Milky Way’s
magnetic fields. The absence of hard X-rays towards the
Quintuplet SSC near the Galactic Center leads to the
upper limit shown in Fig. 2.

It is useful to roughly compare the SSC NuSTAR
search in [28] with the M82 search performed in this work.
While the Quintuplet cluster has around 104 M� in stel-
lar mass, the M82 galaxy, which is a starburst galaxy
with a high star-formation rate, has a stellar mass ⇠1010

M� [32]. M82 is around 3.6 Mpc from Earth [33, 34]
and is viewed almost edge on. Making the very rough as-
sumptions that the axion-luminosity-per-stellar mass in
the hard X-ray band (between around 30 to 70 keV) is
constant between Quintuplet and M82, that the axion-
to-photon conversion probability Pa!� for M82 is the
same as for Quintuplet, that the NuSTAR observations
of M82 and Quintuplet have the same exposure time, we
estimate just based o↵ of stellar mass and distance alone
that the axion-induced X-ray emission in M82 should be
around 10 times brighter than that from Quintuplet. The
majority of the M82 stars are within a few kpc of its cen-
ter, which means that most of the stars fall within the
NuSTAR 90% containment radius of the point spread
function (PSF) or around 1.70 and, like for Quintuplet,
can be treated as a point source. This strongly suggests
that M82 will be more sensitive than Quintuplet.
Axion production calculation.—We model the pro-
duction of axions within the population of stars in the
M82 and M87 galaxies by accounting for the Primako↵
production rate in populations of simulated stars. We
treat the stellar interiors as thermal systems, and we fo-
cus on stars with plasma frequencies !pl much less than
the temperature T , so that there exists a thermal dis-
tribution of photons. These thermal photons may con-
vert to axions via processes of the form � + (e�, Z) !

a+(e�, Z), with (e�, Z) standing for either free electrons
or ions, using the axion-two-photon vertex. The di↵eren-
tial axion luminosity per unit volume from this process is
computed in [28, 35] as a function of temperature, den-
sity, and composition, and is described in detail in the
Supplementary Material (SM).

The axion luminosity from an individual star is com-
puted from radial profiles of T and {ni}, where {ni}

stands for the set of ion and electron number densi-
ties. We compute these profiles using the Modules for
Experiments in Stellar Astrophysics (MESA) code pack-
age [36, 37]. The inputs for the MESA simulations are the
initial stellar mass and metallicity. MESA then evolves
the star over time until its end-point; we may thus ex-
tract the stellar profiles at the desired stellar age. Note
that since we are only interested in stars with T > !pl,
we do not track compact objects such as neutron stars
and white dwarfs. As we show below, we are primarily
sensitive to hot massive stars. Additionally, we verify
that for the values of ga�� probed in this work we may,
to good approximation, neglect the back-reaction of the
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Proto Neutron Stars from SN also produce axions

1

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

Average axion luminosity over 10 s (this work)

(Loop-induced production from nucleons important for ALPs)
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

(SN simulations from the Garching core-collapse supernova archive)
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New proposal! Convert on progenitor stellar magnetic field
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SN1987A progenitor: Sk -69 202 

1. Blue Supergiant   

2.   
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R ⇡ 45R�

progenitor conversion probability: 
Pa!� ⇠ g2a��B

2L2

⇠ 10�5

✓
ga��

10�12 GeV�1

◆2

Matches Galactic conversion prob.!

‣ when does mass-dependence come in?

�kL ⇡ m2
a

2!
L ⇠ m2

a

200 MeV
45R� ⇠

⇣ ma

4 · 10�5 eV

⌘2
> 1

New Idea: gamma-rays from SN1987A progenitor B-field
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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

(pre-SN neutrinos could give indication for SN within 
~1 kpc) 



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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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 

Also ~annual axion science from extragalactic SN and NS-NS mergers

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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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!



QUESTIONS?
IF IT’S OUT THERE, WE WILL FIND IT! 
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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
axion emission spectrum and calculate the mean expected photon counts by convolving with the instrument response:

µsig

i,j =
Ae↵,j

4⇡d2

Z E0
j

Ej

dEa

Z t0i

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 E0

j (ti t0i) 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

9

simulations accounting for pions are needed to properly assess their impact on the SN thermodynamical evolution
and axion luminosity.

103 104 105

R [m]

0

10

20

30

40

50

60

T
[M

eV
]

SFHo-18.6 EoS 0.12 s

0.25 s

1 s

5 s

10 s

103 104 105

R [m]

0

10

20

30

40

50

60

T
[M

eV
]

SFH0-18.8 EoS 0.12 s

0.25 s

1 s

5 s

10 s

103 104 105

R [m]

0

10

20

30

40

50

60

T
[M

eV
]

SFH0-20.0 EoS 0.12 s

0.25 s

1 s

5 s

10 s

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.

103 104 105

R [m]

0

2

4

6

8

�
[g

/c
m

3 ]

⇥1014

SFHo-18.6 EoS

0.12 s

0.25 s

1 s

5 s

10 s

103 104 105

R [m]

0

2

4

6

8

�
[g

/c
m

3 ]

⇥1014

SFHo-18.8 EoS

0.12 s

0.25 s

1 s

5 s

10 s

103 104 105

R [m]

0.0

0.2

0.4

0.6

0.8

1.0

�
[g

/c
m

3 ]

⇥1015

SFHo-20.0 EoS

0.12 s

0.25 s

1 s

5 s

10 s

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

µsig

i,j =
Ae↵,j

4⇡d2

Z E0
j

Ej

dEa

Z t0i

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
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area in energy bin j, and Ej E0

j (ti t0i) 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
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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
network could still have a high chance of detecting the next Galactic SN with slightly less angular coverage, considering
that the next SN will likely lie in the Galactic plane. We leave a technical optimization of the sky coverage for future
work.

We analyze the data using the joint signal plus background model, fixing the start of the SN to the observed
time from the neutrino burst. We include data from ⇠150 s before the event until ⇠220 s afterwards. At fixed ma

we compute the profile likelihood as a function of the signal strength parameter ga�� profiling over the background
nuisance parameters. Note that for consistency, to account for downward fluctuations, we also allow for negative signal
strengths; we then use Wilks’ theorem, relying on the observation that the numbers of counts per bin are typically
above 10, to set the 95% upper limits and compute the discovery test statistics (see, e.g., [91]).

The data are illustrated in Fig. S11 along with the best-fit signal plus background model for the axion-like particle
scenario with ma = 0 eV accounting for conversion on the stellar magnetic field with B0 = 1 kG; the best-fit coupling

Internal simulation quantities
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is ga�� = 5.6 ⇥ 10�12 GeV�1 in that case, with discovery test statistic TS ⇡ 0.3.
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Figure S10. The e↵ective area as a function of energy for both Fermi-LAT (P8R3 TRANSIENT020 V2 event class) and SMM. In
our projections we assume that the proposed GALAXIS instrument has the Fermi-LAT on-axis instrument response but with
4⇡ angular coverage.

VII. ANALYSIS VARIATION

In this section we summarize a number of analysis variations that are aimed to assess the robustness of the results
presented in the main Letter. First, in Fig. S12 we show comparisons of the di↵erential axion spectra, integrated over
time, for Primako↵, bremsstrahlung and pion conversion, obtained with the three di↵erent simulations discussed in
Sec. V. Pion conversion dominates in all cases, though there is roughly an order of magnitude spread in the predicted
spectra across the simulations. In Fig. S13 (top panel) we show the mean di↵erential number of axions generated in
the PNS, integrated over energy, as a function of time for our fiducial SN simulation. We again separately break down
the contributions from Primako↵, bremsstrahlung and pion conversion. The bottom panel of Fig. S13 illustrates the
mean energy hEai of axions emitted from the SN for each process. The pion conversion processes emit more energetic
axions than Primako↵ and bremsstrahlung.

In Fig. S14 we compare the SN1987A limits obtained using di↵erent models for the Galactic magnetic field (see
Sec. IV IV.a for a discussion). These limits are obtained with the simulation SFHo-18.6, assuming a BSG progenitor
star with a radius of 45 R� as in our fiducial limits. On the other hand, in Fig. S15 we consider our fiducial SN1987A
scenario but vary the surface magnetic field B0 from 100 G to 10 kG to, broadly, encapsulate the uncertainty in the
magnetic field for a typical BSG. (Note that the 100 G assumption leads to the weakest limits, with 10 kG giving
the strongest results.) We also show, as in Fig. 1, the projections for a next BSG Galactic SN. The analogous results
obtained with the three di↵erent SN simulations, assuming a BSG progenitor star with a radius of 45 R� and a
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

Effective Area
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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.

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
probabilities. The limits illustrated in Fig. 1 may then be expanded into limits on ga��-gann (assuming gapp = 0)
and ga��-gapp (assuming gann = 0); see Fig. S19. These new upper limits computed in this work surpass those on
the axion-photon coupling only (e.g., [15, 20]) and the nucleon couplings only (e.g., [126]) for some of the parameter
space.

VIII. NEUTRON STAR MERGER ESTIMATES

In the main Letter we focus on axion-induced gamma-ray signals from PNSs formed after core-collapse SN. On the
other hand, it is also interesting to consider similar signals created from the hot PNSs formed after NS mergers. A key
di↵erence between SN and NS mergers for the signal of interest is that for SN the axions must escape the much larger

SMM gamma-ray data SN1987A
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Figure S14. As in Fig. 1 for the low-mass SN1987A limits accounting for axion-to-photon conversion on the Galactic magnetic
fields, but varying over magnetic fields models. Note that for the 8 UF models we shade the range of upper limits found across
those models; our fiducial limit is, at each ma, taken to be the weakest across that ensemble.
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Figure S15. As in Fig. 1 but only showing the results for conversion on the stellar magnetic field and varying the magnetic
field strength at the surface of the BSG between B0 = 100 G and B0 = 10 kG.

Systematic: changing the BSG surface field strength
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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.

Systematic: changing the SN simulation
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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.

Systematic: BSG instead of RSG
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Figure S18. As in Fig. 1 for future SN projections with GALAXIS including (as we do in our fiducial calculations) or removing
the axion production from axion-pion conversion.
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Figure S19. Upper limits computed in this work on the EFT parameter space ga�� � gann, with gapp = 0 (left panel), and
ga�� � gapp, with gann = 0 (right panel), from the non-observation of gamma-rays from SN1987A. We account for axion-to-
photon conversion in the Galactic magnetic field and assume ma ⌧ 10�10 eV such that the axion mass does not play a role
in the axion-photon conversion process. Our new upper limits exclude previously allowed regions of the illustrated parameter
space.

Systematic: removing pions


