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Dark matter particles with a mass around 1 eV can decay into near-infrared photons. Utilizing available
public blank sky observations from the NIRSpec IFU on the James Webb Space Telescope (JWST), we
search for a narrow emission line due to decaying dark matter and derive leading constraints in the mass
range 0.8–3 eVon the decay rate to photons, and more specifically, on the axion-photon coupling for the
case of axionlike particles. We exclude τ < 3.5 × 1026 s at mDM ≃ 0.8 eV and, in the case of axions,
gaγγ > 1.3 × 10−11 GeV−1 for ma ≃ 2.2 eV. Our results do not rely on dedicated observations, rather we
use blank sky observations intended for sky subtraction, and thus our reach may be automatically
strengthened as JWST continues to observe.
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Introduction—Revealing the nature of dark matter (DM)
is one of the most important goals of modern physics.
Despite the overwhelming cosmological and astrophysical
evidence of its existence, the microscopic properties of
DM remain an enigma (see, e.g., [1] for a review). One
enticing possibility is that DM is unstable and decays to
standard model (SM) states on a cosmological timescale.
Astronomical telescopes are ideal instruments to look for a
signal from decaying DM in its cosmological environment,
where we expect DM to be particularly abundant.
DM candidates decaying into two particles including a

photon are of particular interest as they produce a nearly
monochromatic emission line which can stand out from the
astrophysical background. For instance, DM of mass mDM
may decay to two photons yielding a line of frequency
ν ¼ mDM=4π. The mass of the DM candidate then deter-
mines the wavelength at which we expect to find an
emission line. In particular, DM with mass on the order
of an electronvolt would produce photons in the infrared
and optical bands. In this work, and for the first time, we
search for a DM-produced infrared line in the James Webb
Space Telescope (JWST) spectroscopic data. Launched in

2021, JWST is one of the most advanced infrared tele-
scopes, sensitive to wavelengths between 0.6 and 28.3 μm,
which corresponds to DM masses between 0.1 and 4.1 eV
for a two-photon decay signal.
Our DM search is motivated in particular by the

possibility of discovering or constraining axionlike particle
DM. Among the numerous theories beyond the standard
model that predict compelling DM candidates, axions
remain one of the most promising possibilities (see [2,3]
and the references therein for a detailed review). They are
ultralight pseudoscalar particles which can interact with
SM particles such as photons through a dimension-5
operator, and indeed generically decay directly to two
photons. Axionlike particles (ALPs) represent the primary
example of decaying DM considered in this work.
Throughout this work we use natural units, in which

ℏ ¼ c ¼ 1, unless stated otherwise.
Dark matter signal—We will search for an infrared

emission line produced by DM. We can parametrize the
strength of such emission by the total luminosity produced
per DM mass, which we call the emission rate and denote
Γγ. For decaying DM, Γγ is simply the decay rate to
photons. The resulting differential energy flux of photons
observed by a particular instrument is

ΦDM ¼ dϕ
dνdΩ

¼ Γγ

4π

�
df
dν

�W
�
D; ð1Þ

where D denotes the so-called D factor, i.e., the integral of
the DM mass density ρ along the line of sight. In this work
we consider the decay of DM particles in the Milky Way
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halo, and we assume a standard NFWDM profile [4,5] with
rs ¼ 24 kpc and ρs ¼ 0.18 GeV=cm3 [6]. Since we do not
consider lines of sight that pass near the Galactic Center, we
are insensitive to the exact behavior of ρ as r → 0.
The emission spectrum df=dν specifies the fraction of

the total luminosity that is emitted within a frequency
interval dν. For simplicity we have assumed that df=dν is
uniform in space. We consider the case of monochromatic
emission in the DM rest frame, so that df=dE is set only by
Doppler broadening. The fractional width of the line is
roughly 10−3, given by the velocity dispersion of the
Milky Way. This is the case for decay to two photons,
which results in a line at frequency ν0 ¼ mDM=4π. The
Doppler width is comparable to the fractional resolution of
the medium resolution gratings of JWST NIRSpec used in
this work, which have Δλ=λ ≈ 10−3 [7], and so we include
the Doppler line shape df=dE in this analysis. We adopt a
uniform, isotropic Maxwellian speed distribution, with
dispersion σv ¼ 160 km=s [8]. This is a good approxima-
tion for lines of sight that do not pass near the Galactic
Center, as we consider here.

The spectrum df=dν is convolved with the instrumental
response function W to produce the observed spectrum.
For the instrumental response we take a Gaussian in
wavelength [7,9], where the instrumental dispersion σλ is
related to the FWHM resolution Δλ as σλ ¼ Δλ=2

ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
.

James Webb space telescope observations—Launched
on 25December 2021, the JamesWebb space telescope [10]
is a high-sensitivity and high-resolution infrared telescope
covering wavelengths 0.6–28.3 μm. In this work we focus
on a select pair of NIRSpec IFU observations [9,11,12],
and leave the incorporation of all available and suitable
JWST data for future work.
We obtained public data from DDT Program 4426 in

Cycle 1, previously used in [13–15]. These are observations
from 22–23 May 2023 of the galaxy GN-z11, from which
we use only the sky frames. They use two filter or grating
combinations, given in Table I. These observations are a
good starting point, with a large integration time, sufficient
spectral resolution, and targeting a compact source so that
much of the field is blank sky. The target is located at
Galactic latitude b ¼ 54.8° and longitude l ¼ 126° (Note
that the absorption in this location is negligible [16,17].), so
the line of sight is away from the Galactic Center with
D ≈ 3.8 GeVkpc=cm3 ≈ 1.0 × 107M⊙=kpc2. We use the
F100LP-G140M spectrum between 0.99–1.66 μm and
F170LP-G235M between 1.66–3.2 μm, which have inte-
gration times of 1167 and 1897 s, respectively. The
resulting sky spectrum is shown in Fig. 1 and is as expected
from studies of the JWST background [18–20].

FIG. 1. Top: The spectrum used in this work, with filter-grating F100LP-G140M in blue and F170LP-G235M in red. See text for
details. The solid black line illustrates an example continuum fit and DM line at λ ¼ 2.44 μm, also indicated by the dotted vertical line.
The width of the black line extends over the continuum modeling subregion. See text for details. Bottom: An enlargement of the same
spectrum and example DM line, now with the observed spectrum in black, its errors in gray, and the continuum þ DMmodel in red. This
DM example corresponds to an ALP of ma ¼ 1.016 eV and gaγγ ¼ 3.5 × 10−11 GeV−1, which is allowed at 2σ.

TABLE I. Filters and gratings used in this work [7].

Filter-Grating Wavelengths [μm] Resolution [μm]

F100LP-G140M 0.97–1.9 1.4 × 10−3

F100LP-G140M 1.7–3.2 2.3 × 10−3
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Analysis and results—We derive two distinct bounds on
the DM line emission, and thus on the DM decay lifetime
and gaγγ in the case of ALPs. The first we call the total flux
limit, which roughly requires that the DM flux of Eq. (1)
does not exceed the observed flux. This does not rely on a
background model and is in that sense conservative. For
this bound we use the statistic of [6,21,22]

χ2> ¼
X
i

�
max½ΦDM;iðΓγ; mDMÞ − ϕi; 0�

σi

�
2

; ð2Þ

where ΦDM;i denotes the predicted flux from DM, ϕi is the
observed flux and σi its uncertainty, and the sum runs over
all observed wavelengths. With Gaussian errors and fixed
mDM, this statistic follows a χ2 distribution with one degree
of freedom.We scan overmDM and set a 2σ constraint on Γγ

by requiring χ2> ¼ 4. Our results are shown in Fig. 2.
The second bound constrains the presence of a DM line

on top of a generic, smooth continuum, which we call the
continuum model constraint. This procedure rests on the
fact that the JWST background spectrum is dominated by

continuum emission which varies with wavelength only on
scales much larger than the DM linewidth [18,19]. This
allows the possibility of a DM discovery even without a
physical background model, and in the absence of a
detection it sets a strong limit by essentially requiring
the DM flux to not exceed the size of the fluctuations in the
observed spectrum. Thus it is also more constraining when
more data is used. Note that we verify the robustness of the
continuum background assumption using the JWST back-
ground tools [30,31].
We search for a DM line using the test statistic

of [6,21,22]

χ2 ¼
X
i

�
ΦDM;iðΓγ; mDMÞ þ PiðβjÞ − ϕi

σi

�
2

: ð3Þ

Here the sum runs over an interval of wavelengths centered
on the decay wavelength with a width 150 times the
FWHM of the DM model line, and P is a cubic-spline
interpolant between five points ðλj; βjÞ, where λi are fixed
wavelengths uniformly dividing the analysis window and

FIG. 2. Top: our results, shown as 2σ power-constrained limits on τ ¼ 1=Γγ as a function of the DM mass mDM, where Γγ is the
DM line luminosity per mass and τ is equivalent to the DM to two photon decay rate. Bottom: our 2σ power-constrained limits on the
ALP-photon coupling gaγγ as a function of ALP massma, assuming a single ALP species comprises all of galactic DM. Constraints from
the total flux are shown in black and constraints using a smooth continuum model in red. Models corresponding to the QCD axion are
indicated by the yellow band. The estimated reach after including all JWST data currently observed with NIRSpec using the filters and
gratings considered in this work is shown as a green dashed line, as well as after fifteen years of operating time as a blue dotted line. See
text for details. The shaded gray regions are already constrained by indirect searches for DM decay [23–26]. The region above the dotted
gray line is disfavored by considering the effect of ALP emission on stellar evolution [27,28], however, there is considerable complexity
in setting such bounds [29].
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βj are free parameters. This is illustrated in Fig. 1. We
estimate the error σi by computing a clipped standard
deviation of the residuals of a continuum-only fit within
each analysis interval, which results in a noise estimate
about 2–3 times larger than that provided with the data.
At fixedmDM we determine the best-fit Γ̂γ > 0 and bβj by

minimizing χ2 and characterize its local Nσ significance as

Δχ2 ¼ χ2ðΓ̂γ; β̂jÞ −min
βj

h
χ2ð0; bβjÞi ¼ N2: ð4Þ

Scanning over 918 DM mass trials, we find only one line
detection with significance exceeding 5σ, located at
1.718 μm with local significant 5.6σ, as well as the strong,
known helium line at 1.038 μm [33,34]. We leave further
scrutiny of this line and possible astrophysical backgrounds
to future work with more data, and here set upper bounds.
To set upper bounds we use the test statistic of [6,21,22]

Δχ2ðΓγÞ ¼ max
βj

h
χ2ðΓγ; βjÞ

i
− χ2ðΓ̂γ; bβjÞ: ð5Þ

As argued above for the total flux statistic, Δχ2 is
equivalent to a log-likelihood ratio between the models
ΦDM þ P with vanishing or positive Γγ , respectively, with
nuisance parameters βj and assuming the errors are
Gaussian distributed. Thus, Δχ2 follows a χ2 distribution
with 1 degree of freedom and we set a 2σ upper limit by
taking Δχ2 ¼ 4. Note that these limits are robust to
astrophysical emission lines, as the best-fit Γ̂γ will model
this line and then Δχ2 provides a constraint on additional
DM emission. We further power constraint our bounds, as
in [22] and following the procedure of [35], in order to
avoid spurious exclusions due to downward fluctuations in
the data. This also makes our limits robust against the
presence of background absorption lines.
The analysis presented here employs data with an

integration time of roughly 2000 s per data point. The
continuum model reach will strengthen as more data is
added, and a key virtue of a blank sky search is that a large
fraction of all JWST observations will contain blank sky
observations. Thus our results may be immediately
improved by including all currently available data, and
then progressively updated over the lifetime of the instru-
ment. We include in Fig. 2 an estimate of this improved
reach, given by scaling the smoothed results of this
work to an effective combined integration time according to
Γγ ∝ t1=2int and gaγγ ∝ t1=4int . There is currently 1.6 × 106 sec
of public data spanning 1.7 calendar years of observing
available on MAST from the NIRSpec IFU and MSA,
using the high and medium resolution gratings. In Fig. 2 we
present an estimate reach for an analysis using all of this
data, which we label current. Further, we estimate the reach
over the lifetime of JWST, which we take to be 15 yr.
We take the total future integration time to be 3% of the

mission time, matching the ratio of the first 1.7 yr of
available data.
Conclusions—In this work, for the first timewe constrain

the lifetime of decaying DM using measurements from the
James Webb space telescope. This work confirms the
competitiveness of infrared astronomy to search for and
constrain compelling DM candidates. We make use of
public blank sky observations, originally collected for the
purpose of sky subtraction. In particular, our blank sky
approach will allow this DM search to be updated and
strengthened as JWST continues to operate, regardless of
the specific targets chosen for future observations.
We consider here NIRSpec IFU measurements, which

are well suited for blank-sky DM searches. This work
focuses on sky spectra collected in tandem with observa-
tions of the galaxy GN-z11. We find no significant
detection of DM line emission in this data and we
considerably improve the bounds on decaying DM in
the range 0.8 to 2.5 eV compared to the current bounds
in the literature. We exclude a lifetime of τ < 2.6 × 1026 s
for a DM mass of 1 eV, and up to a maximal constraint of
τ < 3.5 × 1026 s at mDM ¼ 0.806 eV. Among the numer-
ous DM candidates in this mass range, axionlike particles
(ALPs) are one of the most compelling. For ALP DM, we
exclude photon couplings gaγγ > 2.25 × 10−11 GeV−1 for
ma ¼ 1 eV, down to a maximal constraint of gaγγ > 1.25 ×
10−11 GeV−1 for ma ¼ 2.19 eV.
We predict that by using all currently collected data

we will test lifetimes up to 3 × 1027 s, corresponding to
ALP-photon couplings down to 5 × 10−12 GeV−1, across
the mass window of NIRSpec, 0.5 to 4 eV. We leave this
analysis for a future work. With 15 yr of data taking,
this may be improved to lifetimes up to 7 × 1027 s and
ALP-photon couplings down to 3 × 10−12 GeV−1.
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