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The recently launched James Webb Space Telescope can resolve eV-scale emission lines arising from
dark matter decay. We forecast the end-of-mission sensitivity to the decay of axions, a leading dark matter
candidate, in the Milky Way using the blank-sky observations expected during standard operations.
Searching for unassociated emission lines will constrain axions in the mass range 0.18 to 2.6 eV with
axion-photon couplings gaγγ ≳ 5.5 × 10−12 GeV−1. In particular, these results will constrain nucleophobic
QCD axions to masses ≲0.2 eV.
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Introduction—Pseudoscalar particles with feeble cou-
plings to photons are ubiquitous in beyond the standard
model constructions and are natural dark matter (DM)
candidates. A famous example is the quantum chromody-
namics (QCD) axion, which was originally proposed to
resolve the strong CP problem [1–7]. Similar pseudoscalar
axionlike particles (ALPs) arise independently in string
theory. The nondetection of weak-scale DM candidates
strengthens the case that the missing ∼85% of the matter of
the Universe is composed of axions and/or ALPs.
Therefore, the detection of pseudoscalars is pivotal if we
hope to complete our cosmological and particle physics
models of the universe. Here, we identify the recently
launched James Webb Space Telescope (JWST) as a
uniquely well-suited instrument to look for the astrophysical
photon signatures of decaying axion and ALP DM at the
eV scale.
In flavor-universal models, the QCD axion mass is

constrained to be ma ≲ 0.02 eV by anomalous cooling
bounds from neutron stars [8] and supernovae [9].
However, cooling constraints can be relaxed for axions
with nucleophobic couplings, e.g., flavor-nonuniversal

scenarios [10–13], opening up the possibility of eV-scale
QCD axions. Additionally, the minimal coupling of the
QCD axion to gluons may lead to a hot component that can
be constrained by cosmological probes, ruling out ma >
0.16 eV [14,15]. However, these constraints are relaxed for
low reheating temperatures, i.e., below the QCD scale.
Axions around the eV scale may also be produced in the

correct abundance to account for DM. In the simplest
scenario, misalignment production, a QCD axion with
ma ≈ eV can account for DM, but requires unnatural tuning
of the initial misalignment angle, jπ − θ0j ≲ e−1000 [16,17].
While there exist mechanisms that dynamically drive
jπ − θ0j → 0 [18], such models may be ruled out by
isocurvature constraints [17]. More exotic mechanisms exist
to produce axions in the range 0.1 eV≲ma ≲ eV.
Examples of such mechanisms include unified inflaton
and DM models [19,20], kinetic misalignment [21], avoided
level crossing in axiverse constructions [22], and thermal
production [23].
Much of the effort to detect axions in the laboratory and

in astrophysical settings relies on the axion-photon inter-
action L ⊃ −gaγγaðxÞFF̃=4, where aðxÞ is the axion field,
gaγγ ¼ Caγγα=2πfa is the axion-photon coupling constant,
with Caγγ an Oð1Þ number, F represents the electromag-
netic field strength tensor, and F̃ is its dual. In the mass
range of interest, model-independent constraints on gaγγ
come from the CAST helioscope experiment [24,25] and
stellar evolution in globular clusters [26]. In addition,
laboratory experiments have been proposed to probe the
same region of parameter space [27–29] and their projected
sensitivities are displayed in Fig. 1. Another powerful
technique for detecting axions is to look for their decay
products. In particular, axions can decay into photons with
rate Γa ¼ g2aγγm3

a=64π [30]. Searches for photons from
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decaying axions range from radio [31] to gamma rays
[32–42]. Searching for photons from decaying axion DM in
the range 0.1 eV≲ma ≲ eV requires a highly sensitive
infrared telescope, such as the JWST [43].
JWST represents a substantial leap in space-based

imaging technology and is the scientific successor to the
Hubble Space Telescope. Designed for infrared (IR)
observation at the diffraction limit, JWST is capable of
broad- and narrowband imagery and integral-field spec-
troscopy in the wavelength range of 0.6 μm ≤ λ ≤ 29 μm,
which corresponds to photon energies between about 0.05
and 2 eV [46]. JWST is equipped with instruments that are
uniquely suited for the search for IR-scale decaying DM,
namely, the Near-Infrared Spectrograph (NIRSpec) Integral
Field Unit (IFU) [47], and the Mid-Infrared Instrument
(MIRI) Medium Resolution Spectrometer (MRS) [48].
In this Letter, we show that JWST will have leading

sensitivity to eV-scale axion decay at the end of mission.
Because the Earth is embedded in the Milky Way (MW)
DM halo, every JWSTobservation ever taken is sensitive to
axion decay. A particularly efficient approach for DM
decay searches is to analyze blank-sky observations
[38,39,49], which are observations of low-surface-bright-
ness locations in the sky. In the Mikulski Archive for Space
Telescopes (MAST) database [50], we find 9.4 Ms of data
usable for this purpose.
Computing the axion-decay photon flux—The expected

flux density from axion decays is expressed as [51]

dΦ
dλ

ðλ; l; bÞ ¼ ma

2

Γa

4πma

dNγðl; bÞ
dλ

Dðl; bÞ; ð1Þ

wheredΦ=dλ has units ofMJy=sr Hz=μm;dNγ=dλ is the axi-
ondecay fluxatEarth,whichdependsonGalactic coordinates
ðl; bÞ through Doppler broadening, shifting, and dust extinc-
tion; and the D factor D ¼ R

LOS dsρaðds; l; bÞ is the inte-
grated DM density along the line of sight (LOS) in units of
eV=cm2. Often the Doppler broadening and shifting of the
DM particles can be ignored, but JWST hasOð0.1%Þ energy
resolution, meaning that it can resolve emission lines pro-
duced by axion decay. Furthermore, lines of sight near the
Galactic plane (GP) can be attenuated due to extinction by
interstellar dust [52]. Including all these effects, we have

dNγ

dλ
¼ ma

2

R
LOS ds expð− R

s
0 ds

0ndσÞρaðsÞf½vðλÞ; r�R
LOS dsρaðsÞ

; ð2Þ

where f½vðλÞ; r� is the isotropic DM velocity distribution in
[49]. That velocity is a function of the observed wavelength
via jvðλÞj ¼ 2=½maλð1 − n̂ · v⊙Þ� − 1, where n̂ is the direc-
tion along the line of sight and v⊙ is the velocity of the Sun
with respect to theGalaxy [53,54]. The extinction is provided
by the exponential factor, where ndðs; l; bÞ is the dust density
and σðλÞ is its cross section with photons. Although some
three-dimensional models of the Galactic dust distribution
exist [55], they are typically not reliable out to distances of
order the Milky Way scale radius, so in this Letter we
conservatively model the extinction as if all emission origi-
nated at infinity, so that expð− R

s
0 ds

0ndσÞ → 10−0.44Aλ ,
where Aλ is the Galactic extinction at wavelength λ. We
use the Galactic dust models in [56,57] and the extinction
curve from [58] to compute the Galactic extinction [for
details, see Supplemental Material (SM) [59] ]. The axion
decays to a diphoton final state, meaning that

R
dλdNγ=dλ ¼

2 × 10−0.44A2=ma and the total expected flux simplifies to
Φ ¼ ΓaDeff=4π, where Deff is the D factor times the
attenuation due to dust. We compute the D factor in the
MilkyWay using aNavarro-Frenk-White profile [60,61]with
DM density at Earth ρEarth ¼ 0.29 GeV=cm3 and a scale
radius rs ¼ 19.1 kpc, using recent results calibrated on Gaia
DR2 data [62], along with a Galactic Center-Earth distance
dEarth ¼ 8.23 kpc [63]. Using different DM profiles such as
those in [64,65] does not change our final projections
significantly (see SM for details). Deff at 1 μm (i.e.,
ma ¼ 2.5 eV) is shown in Fig. 2. With knowledge of the
astrophysical parameters, the axion DM decay flux is given
by [37]

Φðl; bÞ ¼ 1.0 × 10−9 erg=cm2=s=sr

�
gaγγ

10−11 GeV−1

�
2

×

�
ma

1 eV

�
3
�

Deff

1031 eV=cm2

�
; ð3Þ

where the line wavelength λ ¼ 2.5ð1 eV=maÞ μm, corre-
sponding to an energy Eγ ¼ ma=2. In particular, the MIRI

FIG. 1. The expected 95% upper limits (dotted lines) on the
axion-photon coupling from an end-of-mission analysis of JWST
observations. The solid green (yellow) region encloses our
projections at 1ð2Þ-σ containment. We show in solid gray the
existing constraints on axions [24–26,44,45] and future exper-
imental projections [27–29] as hatched gray lines. Possible QCD
axion models live in the transparent yellow region. In order to
consistently compare our projections with the recent JWST
analysis [44], we rescale their constraints according to the
Navarro-Frenk-White profile adopted in this Letter.
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MRS filters are sensitive to axions with masses
0.089 eV ≤ ma ≤ 0.506 eV, while the NIRSpec IFU filters
are sensitive to 0.47 eV ≤ ma ≤ 2.75 eV, so that our pro-
jections cover unexplored parameter space over an order of
magnitude in axion mass.
In this Letter, we compute the expected sensitivity of

JWST to axion decays in the Milky Way halo. To this end
we need to know the total exposure time usable for blank-
sky observations. Every IFU observation taken is useful,
unless the source is sufficiently extended such that emis-
sion will dominate the observation. On the other hand,
point sources can be removed via a spatial mask. JWST’s
lifetime is fuel-limited, and the telescope was designed to
operate for 10 yr, but is expected to continue operating for
about 20 yr. Not all of this time will be spent observing the
blank sky; in particular, the observing efficiency is
expected to be around 70% [66]. We pay an additional
penalty because only some fraction of this time will be
spent observing with the IFU modes. We compute the
expected exposure time in each instrument mode in a data-
driven way by extrapolating the first ∼1.5 yr of observa-
tions, taken between March 17, 2022, and November 6,
2023, to that expected in 10 yr of operation. We obtain the
exposure times from the MAST database. In this

computation we exclude observations with extended
sources and observations within the GP mask, which
collectively account for approximately 30% of the total
exposure time. However, we note that extended source
observations are typically accompanied by dedicated back-
ground observations, so that this approach is extremely
conservative. Our expected exposure times are shown in
Table I. Given that the JWST IFU field of view (FOV),
Oð10 arcsec2Þ depending on the observing mode, is only 1
part in 1011 of the full sky at any time, we need to know the
observing pattern. We assume that JWSTobserves isotropi-
cally across the full sky. In the SM, we show results where
we instead assume the end-of-mission exposure time
distribution is given by that derived from completed
observations to date in the MAST database, which does
not appreciably alter the results.
We use the JWST_BACKGROUNDS [67] tool developed by

JWST to compute the background contribution at a given
point on the sky. The astrophysical background is modeled
with four components. The dominant contributions are the
in-field zodiacal light [68–70] and the in-field interstellar
medium emission [56]. Zodiacal emission arises through
the reflection of sunlight by dust in our Solar System and
thus dominates the background at low ecliptic latitudes.

FIG. 2. Left panel:Deff in Galactic coordinates at 1μm, corresponding toma ¼ 2.5 eV. The gray dashed lines delineate our ring edges
and the dashed white lines are jbj ¼ 10°, below which we mask out in our analysis. Right panel: angular-averaged Deff at a wavelength
of 1 μm (solid line) and without any dust extinction (dotted line), avoiding the masked Galactic plane region. Lines of sight close to the
Galactic plane at θGC ¼ 0° and θGC ¼ 180° experience the strongest dust extinction. At wavelengths greater than 1 μm, the dust
extinction decreases as shown in detail in the SM.

TABLE I. The exposure times texp in Ms for MIRI and ks for NIRSpec assumed in our projections for each
observing mode.

MIRI MRS Grating Short Medium Long

texp (Ms) 12.5 12.4 12.5

NIRSpec
Filter

F070LP
G140M

F100LP
G140M

F170LP
G235M

F290LP
G395M

F070LP
G140H

F100LP
G140H

F170LP
G235H

F290LP
G395H

texp (ks) 1.4 750 1060 1980 5.9 1300 6900 8070
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The interstellar medium background is produced by dust
emission within the Milky Way and thus dominates at low
Galactic latitudes. Other background components include
the astrophysical and detector stray light [71,72] and
the thermal self-emission that dominate at wavelengths
≳20 μm. For further details and a measurement of the
astrophysical background, see Ref. [73].
Projecting JWST’s sensitivity to axion decays—Using

the procedure developed in Ref. [39], we bin the data in 30
concentric rings around the Galactic Center (GC) of width
6° and mask the GP up to b ≤ 10° so that the innermost and
outermost rings are entirely masked. This mask is moti-
vated by the fact that the dust extinction can be difficult to
calculate in the GP due to a larger variety of dust molecules
[58], and we wish to remain insensitive to such details. As
we show in the SM, smaller masks actually reduceDeff near
the GP, although we would gain ∼10% in exposure time.
We compute the expected exposure time in each JWST
spectroscopic mode and ring. Note that there are 12 MRS
modes, but they are split into groups of three by wave-
length, and the entire group is observed simultaneously.
There are eight NIRSpec filters over four wavelength
bands. Each band is observed in high and medium
resolution. We do not consider the NIRSpec PRISM mode,
which has reduced spectral resolution.
The axion decay flux is modeled as in Eq. (1), whereDeff

is computed by averaging over each ring. In the course of
this averaging, the line is broadened beyond the intrinsic
width of 220 km=s of Doppler broadening because the
Doppler shifting can change significantly over a ring. We
could shift the data to the Galactic rest frame, but this
introduces difficult-to-model bin-to-bin correlations in the
data [74]. We compute the root-mean-square Doppler shift
in each ring and add it in quadrature to the Doppler
broadening to determine the observed width of the line
vline. For the innermost ring, nearly transverse to the Solar
motion, the width is 220 km=s; for the rings 90° from the
GC the width increases to ∼275 km=s, (for details,
see SM).
To model the expected signal-to-noise ratio (SNR) for

the axion decay, we use the output of the JWST Exposure
Time Calculator (ETC) [75] in each analysis ring assuming
a fixed exposure time texp and axion-photon coupling gaγγ .
This approach is agnostic to any particular analysis
strategy, such as parametric likelihood-based frequentist
modeling as in Ref. [38] or nonparametric approaches such
as Gaussian processes as in [39,76], which should be
developed when performing analysis on real data.
However, we verified on simulated data that the parametric
approach, where, e.g., the signal line is modeled along with
a quadratic background model, returns results consistent
with that of the ETC. Note, however, that we have not
included possible systematics into this projection. For
instance, we do not account for diffuse astrophysical line
emission. In the vicinity of bright astrophysical lines, our
limits may disappear; however, these lines exist over only a

small fraction of the parameter space. There are known
possible spurious line signals [66]: scattered light from a
bright line emitters and the 12.2 μm MRS spectral leak.
The former should affect only a few individual observa-
tions, and particular wavelengths with less-understood
instrumental spectral features can be avoided, so we expect
these issues to have minimal impact on our results.
The ETC incorporates sky-dependent background mod-

els; we query the background model at the point in the ring
closest to the ecliptic plane where the backgrounds are
largest outside jbj ≤ 10°. We show the effects of other
choices in the SM. We query the ETC for each observing
mode at an axion mass such that the decay occurs in the
mode’s wavelength range. The axion signal in each ring is
input as a spectral line positioned at a frequency ma=2 with
the observed ring-dependent width. We use the scaling
relation in Eq. (4), verified empirically with the JWST
ETC, to determine the SNR across the entire filter band-
width and repeat this process for each NIRSpec and MIRI
filter of interest (where the Na and Nbkg represent the
detector counts for axions and background, respectively, ϵλ
represents the wavelength-dependent filter throughput, and
Φbkg;λ represents the wavelength and line-of-sight-depen-
dent background and instrumental noise flux). We then
compute Asimov likelihoods [77] in each ring and filter and
multiply the likelihoods in each ring to obtain a joint
likelihood. For each value of ma, we solve for the 95%
upper limit on the axion-photon coupling strength g95aγγ such
that SNRjλ¼2=ma

¼ ffiffiffiffiffiffiffiffiffi
2.71

p
, given that Wilks’ theorem

holds,

SNRðλÞ ¼ Naffiffiffiffiffiffiffiffiffi
Nbkg

p ∝ m3
ag2aγγDefft

1
2
expϵ

1
2

λΦ
−1
2

bkg;λ: ð4Þ

We present our projected 95% upper limits in Fig. 1,
along with their 1- and 2-σ enclosing regions. In particular,
we show that JWST will have leading sensitivity to axions
over an order of magnitude in mass 0.18 eV ≤ ma ≤
2.6 eV. The NIRSpec IFU filters, covering axion masses
between 0.5 eV ≤ ma ≤ 2.6 eV, reach axion-photon cou-
plings down to 5.5 × 10−12 GeV−1. We show our MIRI
MRS projections in the 12 bands at smaller masses, which
are somewhat weaker, although they promise to probe
nucleophobic QCD axion scenarios down to 0.18 eV. Our
analysis shows that JWST has the ability to rule out a QCD
axion DM candidate above about 0.2 eV, whether or not it is
coupled to baryonic matter, making this analysis particu-
larly complementary to other astrophysical probes.
Discussion and conclusion—JWST is the first telescope

with exquisite enough sensitivity to near- and mid-IR
emission lines to probe viable axion DM. Although
JWST was not designed with axion decay searches in
mind, it is nevertheless a powerful tool in the search for
axions owing to its spectral resolution, which is precise
enough to resolve lines resulting from DM decay. In this

PHYSICAL REVIEW LETTERS 134, 071003 (2025)

071003-4



Letter, we show that an analysis of the end-of-mission
blank-sky observations will cover novel axion parameter
space in a region that is currently unexplored by terrestrial
experiments. This will effectively rule out a QCD axion
DM candidate heavier than about 0.2 eV, regardless of its
matter couplings. Importantly, the blank-sky observations
discussed in this Letter will be made in the course of the
normal operations of JWST, and require no changes in the
observing strategy.
Another search strategy could be to observe a dwarf

galaxy such as Draco dSph. Typically the blank-sky
strategy is stronger, but the JWST FOV is significantly
smaller than most telescopes used to search for DM decay,
while the dwarf D factors increase when averaged over
smaller FOVs around their centers. Furthermore, dust
extinction reduces the MW D factor while it is irrelevant
for dwarfs not in the plane of the Galaxy. Accounting for
these effects, Draco hosts a larger D factor than any
MW location, which we estimate to be ∼ð9� 2.5Þ ×
1031 eV=cm2 in the JWST FOV (the variation with
observing mode is small) [78], which is conservatively
about 3 times as large as the MW average. The typical
dwarf velocity dispersion is also smaller than the MW,
Oð10−4Þ [79], which means that DM decay lines originat-
ing in dwarfs would be unresolved by JWST, but this has a
relatively minor effect on our sensitivity. Draco and other
dwarfs have not to date been observed by JWST except in
imaging modes, and are unlikely to be observed in normal
operations. A typical single-target observation could
achieve total exposure times of around 100 ks, about
200 times smaller than that of our combined exposure.
Therefore, such an analysis could not exceed the sensitivity
of an end-of-mission blank-sky analysis (except in the mass
range from 2.55 to 2.66 eV, which is probed only by the
low-exposure F070LP filters). For example, assuming a
100 ks observation of Draco across the four high-resolution
NIRSpec modes, we estimate a peak sensitivity of
g95aγγ ≈ 8 × 10−12 GeV−1. However, a 100 ks dwarf obser-
vation in one particular filter would result in sensitivity over
a smaller mass range, which is competitive with that
forecasted here.
In this Letter, we focus on forecasting the JWST end-of-

mission sensitivity to axion decay. JWST has now been in
operation for ∼1.5 yr, and therefore has collected 15% of
its total data. An analysis of only the currently available
data would still provide leading sensitivity, but weaker than
that projected here by a factor of 0.15−1=4 ∼ 1.6, which we
leave to future work.
This research made extensive use of the publicly

available codes ASTROPY [80–82], DUST_EXTINCTION

[83], DUSTMAPS [55], HEALPIX [84], HEALPY [85],
IPYTHON [86], JUPYTER [87], MATHEMATICA [88],
MATPLOTLIB [89], NUMPY [90], PYTHON [91] SCIPY [92],
and UNYT [93].

Note added—Recently, Ref. [44] appeared on the arXiv,
also studying Milky Way axion decay signatures using
JWST. Our works have some overlap but are complemen-
tary; the main result of that work is the analysis of two
NIRSpec observations. While that work projects the end-
of-mission sensitivity for two NIRSpec filters through
extrapolation of their limits, we take into account spatial
information in both the decay signal and the astrophysical
backgrounds to project sensitivity for all JWST IFU
detectors. We note that we find that our NIRSpec projec-
tions are weaker by a factor of ∼2.
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