
Axion lines from nuclear de-excitations in galactic stellar populations

Orion Ning ,1,2 Anupam Ray ,3 and Benjamin R. Safdi 4,5,6

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

3Department of Physics, University of California, Berkeley, California 94720, USA
4Berkeley Center for Theoretical Physics, University of California, Berkeley, California 94720, USA

5Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
6Theoretical Physics Department, CERN, 1211 Geneva, Switzerland

(Received 10 November 2025; accepted 21 January 2026; published 11 February 2026)

We show that mono-energetic axions are produced in abundance through nuclear de-excitations in
nearby galaxies such as M87, which is the central galaxy of the Virgo cluster, and the starburst galaxy M82.
If the axion couples to both nucleons and photons and is ultralight, then monochromatic hard x-ray
signatures are induced by the subsequent axion-to-photon conversion in the magnetic fields permeating
these systems. We search for evidence of such signals using NuSTAR data, focusing specifically on the 57Fe
de-excitation line at 14.4 keV, and we catalog other potentially relevant nuclear lines. We find no evidence
for axions from M87 or M82 and set stringent constraints on the combined axion-nucleon and axion-
photon coupling at the level of jgann × gaγγ j≲ 1.1 × 10−22 GeV−1 in the limit ma ≲ 10−10 eV at
95% confidence.
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I. INTRODUCTION

Axions may solve the strong-CP problem and provide a
viable candidate for dark matter (DM) [1–7]. Further, they
are generically predicted in string theory, where they arise
as the zero modes of higher-dimensional gauge fields
upon compactification [8–12]. Axions may be classified
into the quantum chromodynamics (QCD) axion, whose
mass arises predominantly from QCD contributions, and
axion-like particles, whose masses are unrelated to QCD.
Ultralight axion masses, well below, e.g., 10−10 eV, are
natural and indeed expected in string theory constructions
since in these cases the mass contributions must be non-
local and are exponentially suppressed by instanton actions
(see, e.g., [13–17] for explicit constructions). While ultra-
light axions do not interact with QCD (but see [18]), they
are expected to have interactions with quantum electrody-
namics (QED) and Standard Model (SM) fermions, includ-
ing quarks (see [19–22] for reviews). Below the QCD
confinement scale the axion-quark interactions induce
derivative couplings of the axions to nucleons. As we
show in this work, this allows axions to be produced in
abundance through nuclear de-excitations in hot, massive

stars found in nearby galaxies. In the case of ultralight
axions, the mono-energetic axions may then convert
efficiently to monochromatic x-rays in the magnetic fields
in these systems. We search for these x-rays using NuSTAR
data as in [23,24], which searched for axion-induced hard
x-ray signatures in these same galaxies but focused on
emission from Primakoff and electron Compton and
bremsstrahlung processes. Unlike in those works, however,
the axion-induced signals that we search for here are mono-
energetic at known energies. The detection of such a line
would thus be a smoking-gun signature of axions.
It is well established in the context of the Sun that axions

may be emitted from the de-excitations of thermally excited
nuclear excited states. The excitation energies of typical
nuclei tend to be around OðMeVÞ. Therefore, such emis-
sion processes have excitation probabilities that are highly
Boltzmann suppressed under normal stellar conditions.
However, there exist certain nuclei with low-lying nuclear
energy levels in the Oð10Þ keV range. Among the nuclei
with low-lying nuclear energy levels, 57Fe, with a transition
energy of E� ¼ 14.4 keV, is perhaps the most well studied
[25–37]. Yet even this excited state is Boltzmann sup-
pressed at the level of ∼10−5 in the Sun, which has a core
temperature of ∼1 keV. On the other hand, we show in this
work that accounting for axion production in stellar
populations allows us to probe stars with much higher
core temperatures, for which the 14.4 keV 57Feaxion line is
not Boltzmann suppressed at all. Our search is similar to
that performed in [37], which searched for the 57Fe axion
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line with NuSTAR data toward the nearby supergiant
Betelgeuse, though this work achieves superior sensitivity
by summing over full stellar populations.
In addition to 57Fe, previous studies have also explored

axion emission and nuclear line searches involving
a myriad of other isotopes, each with their own unique
line energies, abundances, and other properties, for exam-
ple, 83Kr [38], 23Na [25,39], 125Te [40], 139La [41], and 65Cu
[42]. We show in this work that 61Ni and 73Ge lines at
67.4 keV and 68.8 keV, respectively, are the next most
luminous emission lines in axions relative to the 57Fe
line, though the 57Fe line dominates in typical stellar
populations.
The 14.4 keV 57Fe line has been searched for using the

CERNAxion Solar Telescope (CAST) [29], where the solar
axions are converted to x-rays in the strong magnetic fields
in the CAST experiment (see also [31] for a related search
using the CUORE detector). The upper limit from this
search constrains jgeffann × gaγγj≲ 10−16 GeV−1, where gaγγ
is the axion-photon coupling, and geffann is an effective axion-
nucleon coupling (see Fig. 1); these couplings are defined
more precisely later in this work. We improve upon this
bound by approximately six orders of magnitude for axion
masses less than roughly 10−10 eV.
Strong constraints also exist independently on the axion-

photon and axion-nucleon couplings for low-mass axions;
these may be combined to constrain jgann × gaγγj, as
illustrated in Fig. 1. In particular, constraints at the level

of jgaγγj≲ 7.8 × 10−13 GeV−1 for ma ≲ 10−10 eV at
95% confidence arise from searching for x-ray signatures
with the same NuSTAR data considered in this work
toward the nearby active galaxy M82, accounting for axion
production in the stellar population in the galaxy through
the Primakoff effect and then conversion of axions-to-
photons in the magnetic field of the galaxy through inverse
Primakoff [23]. Searches for axion-induced spectral modu-
lation in Chandra x-ray data taken toward NGC 1275 are
comparable [45] (see also [46–48]). Above ma ≳ 10−10 eV
constraints from the nonobservation of gamma-rays fol-
lowing SN1987A become prominent [49–53], as are the
constraints from axion searches in magnetic white dwarfs
(MWD), in particular from axion-induced polarization [54]
(see also [55–57]). Two different classes of constraints
exist on the axion-nucleon couplings that are nearly
degenerate in magnitude. Strong constraints exist at the
level of jgannj≲ 1.3 × 10−9 and jgappj≲ 1.5 × 10−9 for the
axion-neutron and axion-proton couplings, respectively,
from neutron star (NS) cooling [58]. Similar constraints
arise by considering axion production in the proto-NS
formed after SN1987A; more strongly-coupled axions
would have over-cooled the neutron star and modified
the observed neutrino burst [59–64]. On the other hand, the
most stringent constraints on the axion-nucleon times
axion-photon parameter space can be inferred from the
nonobservation of axion-induced gamma-rays from SN
1987A [53]. There, Solar Maximum Mission (SMM)
observations were used to search for strong axion signals
from the Primakoff effect and nucleon bremsstrahlung in
the proto-neutron star, which then convert to gamma-rays
from Galactic and stellar magnetic fields. Given various
assumptions about the exact nature of the supernova
emission, we show the benchmark constraint from [53]
as the hatched region in Fig. 1.

II. NUCLEAR LINE SEARCHES

In stellar environments, a finite axion-nucleon cou-
pling opens a novel channel for axion production
through nuclear isotope de-excitations. The key idea is
that if the temperature of the star becomes comparable to
the nuclear transition energy, the nucleus can become
thermally excited, and its subsequent de-excitation can
result in axion emission. The emitted axion is mono-
chromatic, with an energy corresponding to the transition
energy of the specific nucleus. Before describing the
calculations of these transition rates, we briefly review
the axion effective field theory (EFT) in order to set
the notation used throughout the rest of this work (see
[19–22] for in-depth reviews).
At energy scales below the electroweak symmetry

breaking scale but above the QCD confinement scale
we may parametrize the relevant interactions of the axion
EFT by

FIG. 1. The 95% upper limits (bolded) on the combined axion-
nucleon and axion-photon couplings gann × gaγγ from our two
most stringent searches for ultralight axions produced from
nuclear isotope de-excitations in galactic stellar populations.
The axions convert to x-rays in the magnetic fields permeating
the host galaxies, and we search for these x-rays using NuSTAR
data. We also illustrate the 1σ=2σ containment intervals for the
expected 95% upper limits on gann × gaγγ under the null hypoth-
esis. Our illustrated constraints come from the 57Fe searches in
M87 and M82, assuming gann ¼ gapp [see (8)]. Our results
disfavor the axion interpretation of the previously observed M7
x-ray excess from nearby neutron stars [43,44] for lowmass axions.
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L ⊃
1

2fa

X
q

Caqq∂
μaq̄γμγ5q −

1

4
Caγγ

e2

8π2fa
aFμνF̃μν; ð1Þ

where fa is the axion decay constant that sets the energy
scale of the ultraviolet (UV) completion, a is the axion
field, and in the first term, Caqq is a dimensionless Wilson
coefficient, and the q stands for the light quarks with
masses below the energy scale of the EFT. In the second
term e is the electric charge, Caγγ is the dimensionless
axion-photon coupling, and F is the quantum electrody-
namics (QED) field strength. The second term in (1) may
be written as L ⊃ agaγγE · B, with gaγγ ≡ Caγγe2=ð8π2faÞ
being the dimension-full axion-photon coupling and E (B)
being the electric (magnetic) field. Below the QCD con-
finement scale, the second term in (1) is unchanged, but the
first must be matched to axion interactions with nucleons
and pions, though only the axion-nucleon interactions are
relevant here. In particular, we may write

L ⊂
1

2fa

X
N

CaNN∂
μaN̄γμγ

5N; ð2Þ

with N ¼ n, p for neutrons and protons and [65] as

Cann ≈ 0.88Cauu − 0.39Cadd;

Capp ≈ 0.88Cadd − 0.39Cauu; ð3Þ

with subdominant contributions from Cass. From the
coefficients above, we may define the dimensionless
axion-nucleon couplings as

gann ≡ CannmN

fa
; gapp ≡ CappmN

fa
; ð4Þ

with mN the nucleon mass.
We now turn to the calculation of the axion emissivity for

magnetic dipole (M1) transitions in nuclear isotopes. The
axion emission rate per unit mass may be parametrized as
[25,29]

Ṅ a ¼ Nω�
1

τm

1

1þ α

Γa

Γγ
ð5Þ

where N denotes the number of the isotope of interest per
unit mass, ω� denotes the probability that the excited state
responsible for the axion emission is excited (i.e., the
excited state occupation fraction), τm is the total mean
lifetime of the excited state, α is the internal conversion
coefficient, and Γa=Γγ is the ratio of the axion decay rate to
the photon decay rate. This ratio may be parametrized as
follows [25]:

Γa

Γγ
¼

�
ka
kγ

�
3 1

2παEM

1

1þ δ2

�
gappðβþ1

2
Þ þ gannðβ−12 Þ

ðμ0 − 0.5Þβ þ μ1 − η

�2
: ð6Þ

In the above equation, αEM ¼ 1=137 is the fine structure
constant, and δ is the electric quadrupole (E2) to M1
mixing ratio. Additionally, μ0 ¼ ðμp þ μnÞ=μN ≈ 0.88 and
μ1 ¼ ðμp − μnÞ=μN ≈ 4.706 [66] are the isoscalar and
isovector nucleon magnetic moments, with μp (μn) denot-
ing the magnetic moment of the proton (neutron) and μN
the nuclear magneton. The coefficients β and η are nuclear-
structure dependent ratios and are calculated from the
nuclear shell model formalism [25]. Lastly, ka ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
γ −m2

a

q
and kγ ¼ Eγ denote the momenta of the out-

going axions and photons, respectively, for the two decay
channels. For ultralight axions, which are the focus in this
paper, ka=kγ becomes unity.
For 57Fe, with a de-excitation energy of E� ≈ 14.4 keV,

the various nuclear factors are taken to be δ ≈ 0.002,
β ≈ −1.19, and η ≈ 0.8 [25]. This leads to

Γa

Γγ
≈ 1.83ðgeffannÞ2; ð7Þ

where we define

geffann ≡ gann −
�
β þ 1

2

�
ðgapp þ gannÞ

≈ gann þ 0.095ðgapp þ gannÞ: ð8Þ

The total mean lifetime of the excited state is assumed to be
τm ≈ 141.8 ns, with the internal conversion coefficient α ≈
8.56 [67]. The occupation fraction at temperature T for the
first excited state is

ω� ¼
ð2J1 þ 1Þe−E�=T

ð2J0 þ 1Þ þ ð2J1 þ 1Þe−E�=T
; ð9Þ

where J0 ¼ 1=2 is the angular momentum of the ground
state, and J1 ¼ 3=2 is the angular momenta of the first
excited state [67].
The parameters β and η are uncertain in that they depend

on nonunique choices of the nuclear shell model calcu-
lation, such as the effective interaction Hamiltonian and
the effective diagonalization scheme. References [34,35]
use different schemes than those we adopt above, yielding
β ≈ −1.3065, and η ≈ 1.2054. With this choice of
parameters, one computes Γa=Γγ ≈ 2.42ðgeffannÞ2, where
the effective axion-nucleon coupling is given by geffann ≈
0.15gapp þ 1.15gann [34,35]. We choose not to adopt this
parameter set in our analysis and instead use (7) (i.e., as in
Ref. [25]) because it leads to more conservative results.
Still, this computational uncertainty should be kept in mind

AXION LINES FROM NUCLEAR DE-EXCITATIONS IN … PHYS. REV. D 113, 035010 (2026)

035010-3



when interpreting our results, and we cannot rule out the
possibility that Γa=Γγ is, in reality, even lower than we
assume.
While 57Fe provides the most sensitive probe of axions in

our work, we also conduct a search for other potentially
promising isotopes with low-lying energy transition ener-
gies E� accessible via the NuSTAR hard x-ray telescope
(i.e., E� ≲ 85 keV). In particular, we find that 61Ni and
73Ge, which have E� around 67.4 keV and 68.7 keV,
respectively, are competitive with 57Fe in terms of axion
production in particular stellar environments. We detail
these findings later in this work, with details described in
Appendix B.
Given a stellar model, which we discuss shortly, the

axion-induced line emission rate at energy E� in units of,
e.g., erg/s, which we call La, is found by integrating over
the stellar interior,

La ¼ 4πE�
Z

R

0

dr r2ρðrÞṄ aðTðrÞÞ; ð10Þ

where we make explicit the radial dependence of the stellar
temperature. We note that the axion emission spectral shape
is not precisely monochromatic at E� but is broadened by a
number of effects, ranging from the finite lifetime of the
excited state to the finite temperature of the stellar plasma.
In reality, however, quantum and Doppler broadening are
negligible compared to the broadening by the finite energy
resolution of the NuSTAR telescope (see also [37]).
Following the procedure in [23,24], each star in the

stellar population of interest is described by a state from
dedicated simulations in the Modules for Experiments in
Stellar Astrophysics (MESA) code package [68,69], which
is designed to evolve stars over time, given inputs such as
stellar mass and metallicity. MESA then returns radial
profiles for the star at a stellar age, providing, e.g., the star’s
temperature and density, as well as its ion and electron
number densities, which allows us to calculate (10) above.
On the other hand, the abundances N of the rare isotopes
considered in our work, such as 57Fe, 61Ni, and 73Ge, are
primarily informed by the initial metallicity of our galactic
population models. These abundances are taken to be
mostly solar,1 as described more below. This simplification
is justified, as we estimate that the existing primordial
abundance of these isotopes make up the dominant con-
tribution to a star’s isotope abundance, given that these
heavy, evolved isotopes are not substantially produced in
stellar interiors for most of the stars’ lives (see [36] which
verifies this point, but also [37] for another approach). Note

that we still attempt to include the production of these
isotopes from stellar evolution, roughly estimated by, e.g.,
taking the 56Fe abundances outputted by MESA and scaling
them to 57Fe abundances through solar abundance ratios
(and analogously for other isotopes). While we reiterate
that this is only a rough estimate, a more precise treatment
(e.g., similar to [37]) would suggest that the relevant
s-process nucleosynthesis reactions would only produce
slightly more heavy elements like 57Fe toward the latest
periods of a star’s life, which would overall have a minimal
impact on large population studies such as the ones
considered in this work.

III. STELLAR POPULATIONS

Following and extending the ultralight axion searches in
[23,24], here we choose four different galactic targets to
analyze: M82, M87, M31, and the Milky Way Galactic
Center (GC). For each of these targets, we calculate the
summed axion luminosity at energy E� from the de-
excitation transitions described in the previous section.
M82, an archetypal starburst galaxy host to a myriad of
young, hot, massive stars, has been shown to be particularly
promising in the context of axion searches [23,24,72]. On
the other hand, M87 and M31 provide complementary
targets with generally older but larger stellar populations.
M87 has the advantage of having significantly stronger
magnetic fields ideal for axion-to-photon conversion by
nature of being embedded in the Virgo cluster, while M31
is the closest galaxy to our own, around ∼785 kpc away.
We additionally adopt a simplified model of the Milky Way
GC as a point of comparison to these extragalactic targets,
which has the advantage of proximity.
Our stellar population modeling for M82 and M87 is

identical to that presented in [23], while the model for M31
is detailed in [24]. Briefly, we detail the salient features of
these models here. For M82, following [23] we take as our
fiducial model a stellar population of Ntot ≈ 1010 stars
drawn from a modified Salpeter initial mass function
(IMF), a “two-burst” star formation history (SFH) across
∼107 years, and an initial metallicity of Z ¼ 0.02. For
M87, following [23] we adopt a canonical Salpeter IMF, an
exponential τ SFH model, Ntot ≈ 1012 stars, and Z ≈ 0.02.
Our model for M31 is similar to that of M87 with slightly
differing Ntot and τ (see [24]). We also estimate the stellar
population of the GC in this work, assuming a similar
population as M31 but with a fraction of the number of stars
determined by the estimated mass of the GC central bulge
population [73]. Systematic uncertainties on quantities
such as the IMF, SFH, Ntot, and metallicity are explored
in [23,24]; briefly, they involve varying the IMF cutoff,
SFH burst and/or decay parameters, total numbers of stars
inferred from mass estimates, and metallicity variations, all
in accordance with observational uncertainties (see
[23,24]). Stars from these stellar population models are

1We note that for the exceptional case of M82, there is
evidence that specific heavy elements such as Fe likely have
subsolar abundances [70,71]. To account for this, we take the
average in [70] and set the fiducial abundances to be ≈0.38 times
solar. See Fig. 17 in Appendix A for an illustration.
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drawn from corresponding evolved MESA simulations in
stellar mass and age, which are then used to construct our
total, summed axion signal in combination with the
formalism for nuclear-transition-induced axions discussed
earlier.
In Fig. 2, we illustrate a comparison of the total axion

luminosity from our three strongest targets: M82, M87,
M31, and the three main nuclear isotopes we consider in
our work. We see that at the level of the raw axion emission,
the three galaxies are roughly comparable, although M87,
due to its larger number of stars, has the highest axion
luminosity across all three isotopes. Additionally, we note
that among the three galaxies, M82 has the highest ratio of
61Ni to 57Fe emission, which comes from its starburst nature
and larger fraction of massive stars with higher core
temperatures. This benefits 61Ni line emission slightly more
than 57Fe. Finally, we note that, of course, Fig. 2 only
represents the axion emission from each galaxy; other
aspects of the signal model, such as the conversion
probabilities and distances, are also integral to the final
photon spectrum for which we search.

IV. SEARCHING FOR ULTRALIGHT AXIONS

If axions are ultralight, they can efficiently convert to
x-ray photons in the magnetic fields of our galactic targets.
This idea was first fully explored in [23], where, as a
summary, full-scale galactic models of magnetic fields and
free-electron densities were chosen from ensembles of
candidate galaxies in the IllustrisTNG TNG50 and

TNG300 simulations [74,75]. These analogue galaxies
were filtered to have similar properties to the galaxies of
interest, including star formation rate, stellar mass, and disk
morphology. The associated magnetic field and free-
electron density models allow for the calculation of the
probability of an axion-to-photon conversion, Pa→γ , given
an axion mass ma (see, e.g., [23]).
In this work, we follow the same setup [23] for modeling

axion-to-photon conversion and refer to that work for
further details, although we give a brief summary here.
After selection of the analogue galaxy candidates in the
simulations and randomly choosing orientations for a given
galaxy, we draw stellar positions from the simulated
baryonic distributions, and axion-to-photon conversion
probabilities are calculated along the line-of-sight from
those points. These conversion probabilities, derived from
the ensemble of galaxy candidates and orientations, are
then used to compute the upper limits on the axion
couplings. Following [23], our choice of a fiducial model
is the conservative one that minimizes the expected
sensitivity (i.e., yields the weakest low-mass limit at 1σ
containment). In Fig. 3, we give an illustration of our axion-
to-photon conversion probabilities as a function of ma,
across our galaxy targets, evaluated at the 57Fe line energy.
We also show the 1σ containment bands on these proba-
bilities, derived from our usage of IllustrisTNG galactic
magnetic field models of M82, M87, and M31. For the GC,
we calculate conversion probabilities for the eight para-
metric galactic magnetic field models in [76] as well as the

FIG. 2. Comparison of the total axion luminosity from the
indicated nuclear transitions across our M82, M87, and M31
stellar populations. We note that since our GC model is similar to
that of M31, with corresponding luminosities ∼5 orders of
magnitude smaller, we do not illustrate it here. Note that these
luminosities are constructed with the indicated effective axion-
nucleon coupling. This figure shows that the 57Fe and 61Ni de-
excitations are the most significant sources of axions.

FIG. 3. Illustration of the axion-to-photon conversion proba-
bilities across the four galactic targets considered in this work.
Here, we show the conversion probabilities as a function of axion
mass ma, evaluated at the 57Fe line, i.e., E� ¼ 14.4 keV. For
M82, M87, and M31, whose conversion probabilities are calcu-
lated from IllustrisTNGmodels (see main text and [23]), we show
our fiducial conversion probabilities (bold lines) as well as the 1σ
containment bands for the conversion probabilities across our
galaxy candidates and orientations. For the Milky Way GC, we
calculate conversion probabilities from parametric magnetic field
models (see main text) and show the resulting containment bands
with the adopted probabilities given as the bold dash dotted line.
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older model in [77], and we also assume the ne2001 free-
electron density model [78]. To account for uncertainties in
the GC magnetic field modeling, we choose the weakest (in
terms of conversion probability) of the parametric models
detailed in [76,77] as our fiducial model, which is illus-
trated, along with the uncertainty bands, in Fig. 3. Note that
for the case of the IllustrisTNG-based models, we show the
uncertainty bands over the full ensemble of analogue
galaxies and orientations, with details for how these
analogues are chosen given in [23,24].
We emphasize an overall remark here that by construc-

tion our choices for the adopted fiducial conversion
probabilities are meant to be conservative, as can be seen
in Fig. 3. This is especially important since the magnetic
field uncertainties dominate the uncertainties in our overall
analysis, exactly analogous to the situations in [23] and
[24] (we defer further discussion of the astrophysical
population uncertainties to those works, as they are
identical). Taking the more conservative side of the
magnetic field modeling, as well as other previously
discussed choices in our analysis such as the more
conservative set of nuclear factors in our axion production
calculation, gives us confidence that our final results are
reasonably robust to systematic uncertainties. For example,
taking instead the median conversion probabilities instead
of our fiducial, lower 1σ values for M82, M87, M31, and
the GC would result in our low-ma upper limits on geffann ×
gaγγ being 1.4, 1.5, 1.4, and 1.7 times stronger, respectively,
than our fiducial limits.
Proceeding forward, these conversion probabilities are

finally combined with our axion luminosity signal to
construct the expected axion-induced photon spectrum at
Earth for a given galaxy distance d,

Φ ¼ La × Pa→γðma; E�Þ × 1

4πd2
: ð11Þ

Above, we explicitly emphasize the energy and axion mass
dependence of the conversion probability. In particular, the
axion conversion probability becomes suppressed when,
roughly, the axion and photon become out of phase over the
coherence length of the magnetic fields, which roughly

translates to δkL ∼ m2
a

2E� kpc > 1, with δk being the momen-
tum mismatch between the axion and photon and L ∼ kpc
the typical galactic magnetic field coherence length. (Note
that in practice we exactly solve the axion-photon mixing
equations at the relevant E� and ma.) We forward model
this monochromatic flux through the NuSTAR detector to
find a line-like signal that is spectrally broadened at the
level of ∼10%.
We search for the resulting axion-induced spectra using

NuSTAR data toward the appropriate targets, following the
procedures and analyses developed in [23,24], with the
crucial difference being that the signal considered here is
not spectrally broad but is instead a narrow line at a known

energy E�. First, we compile archival NuSTAR data for
M82, M87, M31, and the GC for each of the two NuSTAR
Focal Plane Modules (FPM). Our archival data for M82 and
M87 are detailed in [23], while that for M31 is detailed in
[24] and that for the GC is listed in Table II in Appendix A.
We reduce the data using HEASoft version 6.28 [79],
ultimately deriving counts spectra for source (ON) and
background (OFF) regions, as defined in [23,24], as well as
the redistribution matrix files (RMFs) and auxiliary
response files (ARFs) used for forward modeling the axion
signal. Unlike the methods in [23,24], we keep the counts
spectra in bins defined by the native NuSTAR energy
resolution channels (with bin widths ∼40 eV) since we are
searching for a narrow spectral feature.
The forward-modeled axion signal is computed by

μtotS;iðθSÞ¼
X
e

te
Z

dE0RMFei ðE0ÞARFeðE0ÞSðE0jθSÞ; ð12Þ

where we sum over the different exposures with exposure
times te. The physical axion spectrum S has units of
[cts=cm2=s=keV] and has support only in a single input
energy bin, with signal parameters θS ¼ fma; geffann × gaγγg.
The quantity μtotS;i reflects the expected signal counts for
signal S in energy bin i. We combine the signal model with
a power-law background model with two nuisance param-
eters θB ¼ fα; βg for the normalization and spectral
index to describe the data under the null hypothesis.

FIG. 4. Illustration of the data analysis performed for the 57Fe
line over the stellar population of M87. The inset shows the
broader region around the E� ¼ 14.4 keV line, with the main plot
showing the best-fit axion signal and background model (red),
compared against the OFF-subtracted NuSTAR data in the
analysis energy range around the expected line emission. Also
shown is a large example axion-induced signal (purple) with the
indicated couplings. The signals shown here are taken in the low
ma limit.
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This combined signal and astrophysical background is then
compared to the NuSTAR OFF-subtracted counts data
using a Gaussian likelihood. We profile over the back-
ground nuisance parameters using standard frequentist
techniques [21,80,81] to obtain, given a fixed ma, quan-
tities such as the best-fit signal, the 95% upper limit on our
signal parameters geffann × gaγγ , as well as the 1σ and 2σ
expectations for the 95% upper limits under the null
hypothesis.
Note that in performing the analyses, we select data

within �3σ of the line energy E�, with σ defined as the
approximate standard deviation of the NuSTAR energy
resolution at central energy E�. For 57Fe (61Ni) (73Ge), we
find σ ≈ 0.19 keV (σ ≈ 0.29 keV) (σ ≈ 0.29 keV). We also
note that our analysis energy ranges do not coincide with
known NuSTAR instrumental lines [82].
In Fig. 4, we illustrate the best-fit signal model and

background over our OFF-subtracted NuSTAR data for our
most stringent constraint, the search for 57Fe from M87.
The signal shows up as a narrow bump in the spectra
around the de-excitation energy E� ¼ 14.4 keV. More
illustrations, i.e., those for a selection of our other targets,
can be found in Appendix A.
Ultimately, we find no evidence for axions in our targets

and for the nuclear isotope de-excitation energies consid-
ered (see Table I). Interpreting our results first under the
fiducial assumption of gann ¼ gapp, we show our two most
stringent 95% upper limits and their 1=2σ containment
intervals on gann × gaγγ under the null hypothesis in Fig. 1
(a more complete illustration of our results can be found in
Appendix A). Our most stringent constraints come from
57Fe searches from M87 and M82, where we constrain
jgann × gaγγj ≲ 1.1 × 10−22 GeV−1 and jgann × gaγγj≲

3.1 × 10−22 GeV−1, respectively, with the significance of
axion discovery being 0.87σ and 0.17σ, respectively. We
also derive slightly less competitive constraints from the
57Fe search in M31 and the GC, as well as the 61Ni searches
from M82 and M87 (see Appendix A).

V. DISCUSSION

In this work, we derive stringent constraints on jgeffann ×
gaγγj for ultralight axions with masses ma ≲ 10−10 eV,
where geffann is approximately equal to gann but includes a
small admixture of gapp. Axions coupled to nucleons
through geffann may be emitted efficiently from nuclear de-
excitations in massive, hot stars with core temperatures near
the excitation energies E�. Our strongest constraints come
from considering the 57Fe transition, though 61Ni and 73Ge
are competitive. We consider axions emitted from nearby
stellar populations in the Milky Way, M31, M82, and M87.
While the emission rates are not sensitive to ma for
ma ≲ keV, the efficient conversion of these axions to
x-rays in the magnetic fields permeating these galaxies
requires ultralight axion masses. We search for the con-
verted hard x-rays using data from NuSTAR toward these
targets. Our strongest constraints arise from M87 partially
due to the efficient axion-to-photon conversion rates in the
Virgo cluster that hosts M87.
As we show in Fig. 1, our results disfavor the axion

interpretation of the M7 neutron star x-ray excess [44] for
axion masses below roughly 10−10 eV by over two orders
of magnitude in jgann × gaγγj. In that figure, we show the 1σ
best-fit parameter space to explain the excess high-energy
x-rays observed toward the nearby M7 neutron stars by the
Chandra and XMM-Newton telescopes [43]. These x-ray

TABLE I. The resulting discovery of TS’s for a two-sided test, 95% upper limits (U.L.) and best fits (B.F.) for
geffann × gaγγ from our search for nuclear de-excitation-induced axions over our selected galaxy targets and nuclear
isotopes. The upper limits and best fits are quoted for the massless axion limit, and the (−) symbol indicates a
negative best fit. Finding no significant evidence for axions, our most stringent constraints come from 57Fe searches
in M82 and M87.

Isotope Energy [keV] Target Discovery TS geffann × gaγγ [GeV−1] 95% U.L. geffann × gaγγ [GeV−1] B.F.

57Fe 14.4 M82 0.03 4.0 × 10−22 7.6 × 10−23

M87 0.76 1.4 × 10−22 (−)
M31 0.30 5.6 × 10−22 (−)
GC 0.17 1.2 × 10−21 (−)

61Ni 67.4 M82 1.5 1.2 × 10−21 7.9 × 10−22

M87 1.9 1.0 × 10−21 6.8 × 10−22

M31 1.9 4.2 × 10−21 3.0 × 10−21

GC 0.68 2.3 × 10−21 (−)
73Ge 68.8 M82 0.18 4.7 × 10−21 (−)

M87 2.5 5.3 × 10−21 3.5 × 10 − 21

M31 0.06 1.9 × 10−20 5.3 × 10−21

GC 1.4 1.1 × 10−20 (−)
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excesses could be explained by axions produced within the
cores of these neutron stars through nuclear bremsstrahlung
and then subsequently the axions converting to x-rays in the
neutron star magnetic fields. However, our work shows that
if the M7 excess is indeed arising from axions, the axion
mass must be above roughly 10−10 eV.
While this work requires the axion to couple to both

nucleons and photons, it is worth contextualizing our
results with those of searches that are only sensitive to
the axion-photon coupling. In Fig. 7, we show our results in
the jgaγγj—ma plane under two different assumptions for
the dimensionless EFT coefficients Cann=Caγγ . Under the
assumption Cann ¼ Caγγ , which would be expected in, e.g.,
DFSZ type UV completions [20], our results surpass in
sensitivity those of all prior searches for gaγγ alone at low
masses. Thus, in classes of models where axions couple
strongly to quarks, our search is the most sensitive to date.
On the other hand, in models such as KSVZ where the
axion has no tree-level coupling to quarks and the axion-
quark couplings are loop induced (see Appendix C), our
constraints are subleading relative to existing searches for
gaγγ alone.
In this work, we show that axions are produced in

abundance through nuclear de-excitations in nearby gal-
axies. It would be interesting to try to use this aspect of our
analysis, independent of the axion-to-photon conversion
phenomena which is crucial to this work but requires low
axion masses, to probe higher mass axions. For example,
heavier axions could decay in-flight (see, e.g., [72,83]) or
more strongly coupled axions could lead to such large
energy losses in parts of the stellar population that the
back-reaction of the axions on the stellar population
modeling would be important. We leave such studies to
future work.
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APPENDIX A: ADDITIONAL FIGURES
AND TABLES

In this section, we illustrate additional figures and a
table closely related to those presented in the main text.
In Fig. 5, we illustrate the 95% upper limits on gann ×
gaγγ resulting from our complete searches across our four
selected galactic targets and our three selected nuclear
isotopes. In Fig. 6, we illustrate our 57Fe constraints cast

FIG. 5. The 95% upper limits on the combined axion-nucleon
axion-photon coupling gann × gaγγ from our search for ultralight
axions produced from nuclear isotope de-excitation across our
four selected galactic targets and our three selected nuclear
isotopes. In gray, we illustrate existing astrophysical constraints,
with more details in the main text (the red band indicates the 1σ
signal for axions found in [44]).

FIG. 6. Similar to Fig. 5, although only illustrating constraints
which directly probe geffann × gaγγ , which include [29,37,84]
[rescaled using our Γa=Γγ coefficient in (7)]. We show only
our analogous constraints for 57Fe over our galactic targets and
display all results in terms of geffann × gaγγ .
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as limits on the effective nucleon coupling geffann × gaγγ ,
compared to other direct constraints on geffann × gaγγ . Here,
we also rescale the constraint from [37] to our Γa=Γγ

coefficient in (7). Figure 8 is the constraint from Fig. 1
recast as constraints on the gaγγ − gann parameter space
for gann ¼ gapp and massless axions. Figures 9–11 are
illustrations similar to Fig. 4, where we show our data
analyses searching for axions from 57Fe and 61Ni de-
excitation lines across our two most powerful targets,
M82 and M87. Also, for these two targets and for 57Fe
(the strongest constraints in this work), we illustrate in

Fig. 12 the explicit ON data, OFF data, and OFF-
subtracted data used in our analyses.
Additionally, we also illustrate in Fig. 13 the dis-

tributions of the core temperatures of the stars compris-
ing the stellar populations of M82 and M87. This gives
one a general idea of the accessible energies available
for the types of nuclear transition line searches dis-
cussed in this work. In Fig. 14, we illustrate the
axion luminosity emitted by an example 20M⊙ star
throughout various representative stages of its lifetime.

FIG. 7. The 95% upper limits from Fig. 1 translated to limits on
gaγγ alone under the assumptions of a tree-level axion-nucleon
coupling where Cann ¼ Caγγ , as well as a one-loop induced
axion-nucleon coupling where Cann ∼ 10−4Caγγ (see Appendix C
for details). Existing limits taken from [85].

FIG. 8. Illustration of our limits from Fig. 1 recast as constraints
on the gaγγ − gann parameter space (for gann ¼ gapp) in the
massless axion limit. We illustrate the leading constraint in this
limit on gaγγ from the Primakoff production of axions from M82
[23], the leading constraint on gann from neutron star cooling
[58], and the constraint on both of these parameters from the
nonobservation of axion-induced gamma-rays in SN 1987A [53].

FIG. 9. Same for Fig. 4 but for M82, with the search for 57Fe.
Again, the inset shows the broader region around the E� ¼
14.4 keV line, with the main plot showing the best-fit axion
signal and background model, compared against the OFF-
subtracted NuSTAR data in the 3σ region around the expected
line emission.

FIG. 10. Same forFig. 4 but forM82,with the search for 61Ni. The
inset shows the broader region around the E� ¼ 67.4 keV line.
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FIG. 11. Same for Fig. 4 but for M87, with the search for 61Ni.

FIG. 12. (Left) Illustration of the ON data, the OFF data, and the OFF-subtracted data for our analysis of the 57Fe line search in M82, with 68% Poisson
uncertainties shown for the OFF-subtracted data. (Right) As in the left panel but for M87. We see in both cases that the overall high number of counts per
bin justifies the use of Gaussian errors in our analyses.

FIG. 13. (Left) The distribution of stellar core temperatures across our stellar population for M82. This illustration gives a broad idea of the available
energies one has access to in the context of the search for nuclear line transitions discussed in this work. (Right) The same but for M87.
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In Fig. 15 we show the total axion luminosity emitted
from the M87 stellar population by the burning core
element, along with stellar numbers. In Fig. 16, also for
M87, we show the total axion luminosities and stellar
numbers across our main stellar subtype populations. In
Fig. 17, we illustrate the effect on axion luminosity
from various choices for Fe abundances in M82 (which
is likely to be subsolar, see main text). Finally, Table II

FIG. 14. Illustration of the total axion luminosity emitted from
a 20M⊙ star throughout various representative points in its
lifetime. We show the luminosities for our three main isotopes
at the indicated axion-nucleon coupling. We note that the axion
luminosities are primarily due to primordial elemental abundan-
ces, given that heavy elements are not substantially produced in
stellar interiors for the vast majority of a star’s life (see main text).

FIG. 15. Illustration of the total axion luminosities (black) and
the stellar numbers (red) across our stellar population in M87
distributed according to the main fusing element in the stellar
core for the 57Fe transition and with the indicated axion-nucleon
coupling. Across our population, for our axion searches we are
primarily sensitive to He core-burning stars. While there is
evidence for a factor of a few enhancement in produced heavy
elements such as 57Fe, mostly during the C burning stages and
beyond [37]. This would only have a minor effect on our overall
population signal.

FIG. 16. Illustration of the total axion luminosities (black) and
stellar numbers (red) across our main stellar subtype populations
for the 57Fe transition in M87 at the indicated axion-nucleon
coupling. The phases include main sequence for low-mass/high-
mass stars (MSL, MSH), red giant (RG), horizontal branch (HB),
asymptotic giant branch (AGB), supergiants (SG), and O-type
(O) stars.

FIG. 17. Illustration of the various choices of Fe abundances
possible for M82 and their resulting axion luminosities. Shown
are the minimum and maximum measured abundances from [86]
(Lopez et al.), as well as the stellar Fe abundance quoted in [71]
(Origlia et al.). The fiducial abundance adopted is taken from the
average of the abundances found in [86].

TABLE II. Observation IDs and exposure time (in [ks]) of the
archival NuSTAR data used in our GC analysis, in which the
target is chosen to be the center-most region of the galactic bulge,
and the observations are away from known bright x-ray tran-
sients.

ObsID texp [ks]

30001002001 154.2
30001002003 77.1
30001002004 49.6

Total 280.9
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lists the NuSTAR observations used in our analysis of
the GC, which are chosen to correspond to the most
central region of the bulge while also keeping away
from known bright X-ray transients.

APPENDIX B: NUCLEAR TRANSITION
CALCULATIONS AND ISOTOPES

In this section, we summarize a survey and comparison
of a variety of isotopes besides the ones highlighted in the
main text. These additional isotopes with stable nuclear
ground states, while not further explored in this work,
could be potentially interesting for other related ideas
exploring axion production from nuclear de-excitation
(e.g., such as any search which might only be sensitive to
one of gann or gapp separately). We leave any such ideas
for future work.
First, in Table III, we list, in order of increasing

excitation energy E�, various selected isotopes whose
de-excitation energies could in principle be probed by
x-ray axion searches within the range of a hard x-ray
telescope such as NuSTAR (i.e., with E� ≲ 85 keV). We
list parameters relevant to axion emission [see (5), (6)],
such as the angular momenta of the ground and excited
states (J0 and J1, respectively), the total mean lifetime

τm, the internal conversion coefficient α, the δ mixing
ratio, as well as solar abundances of each isotope and
their unpaired nucleons. We note that the precise
determination of the nuclear factors β and η for each
nuclei in general should come from detailed calculations
of nuclear shell models, which is beyond the scope of
this work. However, one can adopt rough approxima-
tions of these factors given in [87], which estimates that
a nuclei with an unpaired neutron should have values
close to β ¼ −1 and η ¼ 0.5, whereas a nuclei with an
unpaired proton would instead have β ¼ 1 and η ¼ 0.5.
For this reason we include the unpaired nucleon for
each isotope as the final column of Table III. We note
that while these are only rough estimates, they still
serve as useful guidelines for computing branching
ratios, i.e., (7), in the absence of precise nuclear shell
model calculations, which would be of great interest for
future work.
The isotopes in Table III were estimated to be the

strongest in terms of axion emission, relevant for either
high-mass or low-mass stars, and we compare these
isotopes in both stellar cases in Figs. 18 and 19, respec-
tively. For the case of a solar-like low-mass star, i.e.,
Fig. 19, it is clear that 57Fe is indeed the strongest isotope
for axion de-excitation production by a large margin,

TABLE III. A survey of isotopes potentially interesting for nuclear de-excitation axion line searches with NuSTAR ðE� ≲ 85 keVÞ).
Nuclear parameter inputs are taken from [67], solar abundances are taken from [88], and further details, including parameter definitions,
are in the main text.

Isotope E� (keV) J0 J1 τm (ns) α δ Solar abundance (M−1
⊙ ) Unpaired nucleon (p/n)

169Tm 8.4 1=2 3=2 5.9 263 0.033 1.4 × 1045 p
83Kr 9.4 9=2 7=2 226.2 17.09 0.013 2.0 × 1047 n
187Os 9.7 1=2 3=2 3.43 280 0.04 2.9 × 1044 n
119Sn 23.9 1=2 3=2 26 5.06 0.003 1.0 × 1046 n
201Hg 26.3 3=2 5=2 0.91 72.9 0.012 1.6 × 1045 n
125Te 35.5 1=2 3=2 2.14 13.69 0.031 1.1 × 1046 n
121Sb 37.1 5=2 7=2 5 10.88 0.06 6.9 × 1045 p
129Xe 39.6 1=2 3=2 1.4 12.03 −0.027 5.1 × 1046 n
183W 46.5 1=2 3=2 0.27 8.4 −0.084 6.9 × 1044 n
157Gd 54.5 3=2 5=2 0.19 12.1 0.19 1.8 × 1045 n
127I 57.6 5=2 7=2 2.81 3.72 −0.083 5.4 × 1046 p
159Tb 58 3=2 5=2 0.08 10.73 0.119 2.1 × 1045 p
155Gd 60 3=2 5=2 0.28 9.14 −0.198 1.7 × 1045 n
171Yb 66.7 1=2 3=2 1.14 12.6 0.684 1.2 × 1045 n
61Ni 67.4 3=2 5=2 7.7 0.137 0.008 1.9 × 1049 n
73Ge 68.7 9=2 7=2 2.57 0.238 0.074 3.1 × 1047 n
193Ir 73 3=2 1=2 8.79 6.1 −0.558 3.5 × 1046 p
197Au 77.3 3=2 1=2 2.76 4.36 −0.368 6.6 × 1045 p
173Yb 78.6 5=2 7=2 0.07 7.01 −0.224 1.4 × 1045 n
167Er 79.3 7=2 9=2 0.17 5.7 −0.32 2.0 × 1045 n
131Xe 80.2 3=2 1=2 0.69 1.57 0.1 4.0 × 1046 n
133Cs 81 7=2 5=2 9.06 1.7 0.158 1.2 × 1046 p
191Ir 82.4 3=2 1=2 5.92 10.54 −0.871 8.0 × 1045 p
153Eu 83.4 5=2 7=2 1.14 3.76 0.81 5.1 × 1045 p
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whereas in the case of a typical high-mass star, i.e.,
Fig. 18, 61Ni is a factor of a few stronger, and 73Ge is
only a little over an order of magnitude weaker than
57Fe. Hence, we only focus on these isotopes, with
particular emphasis on 57Fe, in our main text. While the
numerical values of the de-excitation parameters certainly
influence the total axion flux considerably, one general

reason why the other numerous isotopes in Table III are
largely subdominant in axion flux is because their
abundances are far too low in normal stellar matter,
which is increasingly true with heavier isotopes. For all
of our isotopes, as discussed in the main text, our isotope
abundances are primarily informed from galactic metal-
licities, which we mostly take as roughly solar and hence
extract from tables in [88].
We finally note that there exist potentially interesting

isotopes beyond the x-ray range considered here; for
example, 23Na was explored in [39], and among other
isotopes we separately explored, 55Mn, 47Ti, and 21Ne (with
transition energies of order Oð0.1Þ −Oð1Þ MeV), they
seemed to potentially have combinations of nuclear param-
eters and abundances, making them marginally compa-
rable, in terms of axion flux, to the isotopes considered in
our main work, although for only very narrow choices of
stellar masses and lifetimes. The difficulty, furthermore, of
transitions on the order of Oð0.1Þ −Oð1Þ MeV lies in the
reduced sensitivity and general dearth of current tele-
scopes probing these energy ranges. This was the original
reason why an isotope such as 57Fe was special; it is an
isotope that balances an unusually low transition energy in
the Oð10Þ keV range with a high enough stellar abun-
dance. Upcoming MeV telescopes such as the COSI
instrument [89] would, however, be able to efficiently
search for higher energy transitions from other isotopes
which could be potentially interesting for axion searches
similar to those described in this work. We leave such
studies for future work.

APPENDIX C: LOOP-INDUCED
AXION-NUCLEON COUPLING

In this section, we additionally consider a benchmark
scenario where our axion-like particles possess couplings
generated under the renormalization (RG) flow [90–92].
We consider the scenario where the axion only couples to
electroweak gauge bosons in the UV, in which case the
couplings of axions to the nucleons relevant in this work are
induced through RG running. Following the derivation in
[53] and calculating the running at one-loop with a
benchmark UV scale of Λ ¼ 109 GeV, one finds that
the axion-nucleon coupling coefficients Capp and Cann

can be derived as

Capp ∼ 3.5 × 10−5CaBB þ 2.1 × 10−4CaWW;

Cann ∼ −5.6 × 10−6CaBB þ 2.1 × 10−4CaWW; ðC1Þ

which means that for a generic UV completion where we
impose CaWW ∼ CaBB, we find the coupling relations
Capp=Caγγ ∼ Cann=Caγγ ∼ 10−4, which we adopt when
recasting our original limits on gann × gaγγ to that of gaγγ
alone, as in Fig. 7.

FIG. 18. Axion emission rates for various isotopes in a stellar
core with a temperature of Tc ¼ 30 keV normalized to the
emission rate from 57Fe. We note that the excitation/de-excitation
energies E� are in parentheses next to the isotope name. For
visual clarity, we only select the top ten isotopes with respect to
axion luminosity relative to 57Fe. Here, we see that the three most
prominent isotopes are 57Fe, 61Ni, and 73Ge, and so we focus on
these isotopes in the main text.

FIG. 19. Same as Fig. 18 but for a stellar core temperature of
Tc ¼ 1.3 keV (approximately the core-temperature of the Sun).
Only isotopes with contributions above 10−5 relative to 57Fe are
shown.
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