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The identity of dark matter has been a mystery in astronomy, cosmology, and particle theory for about a
century. We present the first dark matter search with a high-dispersion spectrograph by using WINERED
at the 6.5 m Magellan Clay telescope to measure the photons from the dark matter decays. The dwarf
spheroidal galaxies (dSphs) Leo V and Tucana II are observed by utilizing an object-sky-object nodding
observation technique. Employing zero consistent flux data after the sky subtraction and performing
Doppler shift analysis for further background subtraction, we have established one of the most stringent
limits to date on dark matter lifetime in the mass range of 1.8–2.7 eV. The conservative bound is translated
to the photon coupling, gϕγγ for axionlike par ticles around gϕγγ ≲ ð2–3Þ × 10−11 GeV−1 (10−10 GeV−1) for
the case that ultrafaint dSphs have the Navarro-Frenk-White (generalized Hernquist) dark matter profile.
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Introduction—Dark matter has played a crucial role in
the evolution of the universe, and its existence is now
considered certain in the current universe. Yet, despite
numerous experimental searches, the basic properties of
dark matter, such as mass and nongravitational interactions,
have remained unknown for about a century. The spatial
distribution of dark matter within galaxies is typically
inferred from gravitational interactions, evident in pheno-
mena like the rotation curves of galaxies.
One candidate for dark matter is an undiscovered

elementary particle known as the axionlike particle
(ALP), which couples with photons. Theoretically, scenar-
ios like the “ALP miracle” [1,2] (see Refs. [2,3] for the
detailed parameter region and [4] for the scenario that the
strong CP problem can be explained) predict dark matter in
the mass range of 0.01–7.7 eV with a particular mass-
photon coupling relation. In this scenario, the ALP gluon
coupling is suppressed, and various constraints from,
e.g., thermal production and astrophysical productions, are
alleviated, c.f. Refs. [5–8]. It predicts the existence of the
ALP with masses near eV, decaying into two photons,
producing narrow-line emissions in the infrared region.
Alternatively, the hot dark matter paradigm, prevalent about
40 years ago, suggests a dark matter mass around the eV
scale. Although dark matter produced thermally tends to

have too long a free-streaming length, it can be cold dark
matter if theBose-enhancement effect is significant in thermal
production. This is because stimulated emission is IR domi-
nant and reaches a steady state that the small momentum
modes are populated [9,10]. Phenomenologically, when
the photon coupling of the ALP dark matter is gϕγγ ¼
Oð10−10Þ GeV−1, it can explain two independent excesses
relevant to the cosmic infrared background simultaneously if
the mass is around 2 eV [16–18] (see also Refs. [19–24]).
Recently, motivated by those nontrivial coincidences,

the authors in Ref. [25] proposed that the state-of-the-art
infrared spectrographs, such as the Warm INfrared Echelle
spectrograph for Realizing Extreme Dispersion and sensi-
tivity (WINERED) installed at the 6.5 m Magellan Clay
telescope and the Near-Infrared Spectrograph (NIRSpec)
on the James Webb Space Telescope (JWST), can effi-
ciently search for the eV range dark matter. This is
particularly relevant if the dark matter decays into a photon
with a narrow line spectrum, as background noises usually
constitute continuous spectra.
In this Letter, we use WINERED [26–31], a near-

infrared, high-resolution spectrograph developed by the
University of Tokyo alongside the Laboratory of Infrared
High-resolution Spectroscopy at Kyoto Sangyo University,
to search for dark matter. It is a PI-type instrument that
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began operatingwith the 3.58mNewTechnologyTelescope
(NTT) at La SillaObservatory in 2017 andwas subsequently
fitted to the 6.5mMagellan Clay telescope at Las Campanas
Observatory. Offering unparalleled sensitivity with an
instrumental throughput reaching up to 50%, WINERED
stands out among near-infrared high-resolution spectro-
graphs, attachable to telescopes ranging from intermediate
(3–4 m class) to large (8–10 m class), especially in the
short NIR spectrum (0.9–1.35 μm).WINERED is equipped
with three observational settings: the “WIDE” mode
(R ¼ 28 000), the “HIRES-Y” mode (R ¼ 68 000), and
the “HIRES-J” mode (R ¼ 68 000). Here R≡ λ=ΔλFWHM
quantify the spectral resolution with λ (ΔλFWHM) being the
wavelength (peak full width at half of the maximum hight).
On July 6, 2023, we used the WIDE mode of WINERED

on the Magellan Telescope to perform a 1 h observation of
the Leo V dwarf spheroidal galaxy (dSph), and a 0.5 h
observation for the blank sky to subtract the background
noise to search for dark matter. We found some excesses in
the data. One way to further reduce the noise is to examine
the Doppler shift of the wavelengths, which arises from the
varying radial velocities among different dSphs as sug-
gested in [25]. Specifically, we will check if the potential
intrinsic sources of the line spectra are at rest in any
dSphs. Therefore, we performed the second observation on
November 2, 2023, by looking at the Tucana II for 1.2 h
with a blank sky observation of 0.7 h.
In this Letter, we use data consistent with zero after sky

subtraction to establish a limit on the dark matter, assuming
that dark matter decays into two particles, one of which is a
photon. We find that our observational data can set one of
the strongest limits on the dark matter decay rate in the
mass range of 1.8–2.7 eV. Our result is robust because we
do not rely on a specific background model.
Here, we mention the dark matter search using the

NIRSpec at JWST. Although it was discussed that inter-
stellar absorption makes the search around the Milky Way
galactic center less effective compared to searching for dark
matter in certain dSphs [25], the search of the nongalactic
center was performed by analyzing public blank sky data by
subtracting continuous spectra [32]. This turned out to be an
economical approach without proposing a specific obser-
vation, and the result is adjusted by including the effects of
interstellar absorption and different choices of the D factor
[see Eq. (3) for definition] [33]. The future reach was also
estimated in Refs. [25,32,33]. In the optical range, indirect
detection of dark matter was also performed [34–36]. Since
the observational targets, dark matter mass ranges, and
methods are different, the constraints are complementary.
For instance, our analysis can also constrain spectra other
than line ones (e.g., Ref. [37]), while the analysis subtracting
continuous spectra cannot.
Lines from dark matter in dSphs—Our main focus in this

Letter is the dark matter that decays into two particles, one
of which is a photon. Here, we define the decay rate as Γϕ,

which also represents the inverse of the lifetime, and denote
the number of photons in the final states by q. The mass of
the dark matter is mϕ. We assume that both daughter
particles are significantly lighter than the dark matter and
thus neglect their masses. For instance, the well-studied
ALP dark matter has Γϕ ¼ ðg2ϕγγ=64πÞm3

ϕ, where gϕγγ is the
ALP coupling to photons, and q ¼ 2.
The photon differential flux at the outer surface of the

Earth’s atmosphere from this decay comprises two parts,

dΦγ

dEγ
¼ dΦextra

γ

dEγ
þ
X

i

dΦγ;i

dEγ
ð1Þ

where the first term on the right-hand side represents an
isotropic extragalactic component with a characteristic
energy scaling. We do not consider this component in
our analysis as it would induce a continuous spectrum that
gives lower sensitivity compared to the second term on the
right-hand side. In addition, it will be reduced by the sky
subtraction in our analysis. The second term is our focal
point, and we consider the emission from a given nearby
galaxy i in the angular direction of Ω. Angular differential
flux can be expressed as

∂
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In this equation, s denotes the line-of-sight distance. ρiϕ
and ð∂2Nϕ;i=q∂E∂ΩÞ½s;Ω� signify the dark matter density
profile and the emission spectrum of each photon from an
individual dark matter decay in the vicinity of galaxy i,
respectively. Both of the factors are contingent upon the dark
matter profile models and the attributes of galaxy i in
general. In the approximation, we assume that the depend-
ence on s and Ω in ∂

2Nϕ;i=∂E∂Ω is not significant, and we
factorize the integral. Indeed, those decay signals from
dSphs look like line spectra for theWINERED in theWIDE
mode, in which R ¼ 28 000, given that the typical velocity
dispersion of the dark matter around the center of a dSph is
much smaller than 10 km=s [25]. Then, by neglecting the
velocity dispersion of the dark matter we can approximate
ð∂2Nϕ;i=q∂E∂ΩÞ¼ 2δ½E− ðmϕ=2Þð1−viÞ�. Here and here-
after, we use the natural units. Note that we cannot neglect
the radial velocity, vi, of the dSph since it is typically much
larger than 1=R ≈ 3.57 × 10−5. For instance, the helio-
centric radial velocities of Leo V and Tucana II are [38]
vLeoV ≈ 5.78 × 10−4 and vTucII ≈ −4.31 × 10−4, respec-
tively. The term

∂ΩDi ≡
Z

ds ρiϕ ð3Þ
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is the so-called differential D factor [39–48], which is
carefully derived in [49] as a function of the angle Ω
measured from the center of the galaxy (see also [50,51]).
For Leo V, log10ð∂ΩDLeoV=½GeV=cm2=sr�Þ ≈ 21.4þ0.9

−0.7
around the center of the galaxy in the level of OðarcsecÞ,
which will be the position we look at. For Tucana II,
log10ð∂ΩDTucII=½GeV=cm2=sr�Þ ≈ 22.2þ1.4

−0.9 . Here, we
adopted the estimation in Ref. [49], by using the latest
observational data for the dSphs, by utilizing a generalized
Hernquist profile [52,53],which takes account of nonspheri-
cal mass distributions and the possibilities of cored and
cuspy dark matter profiles, fitted to observational data. τ
represents the (averaged) optical depth. For the targets
and wavelengths of interest, we can neglect the scattering
or absorption of the photon during the propagation to the
outer surface of Earth’s atmosphere. However, those effects
due to the atmosphere of Earth cannot be neglected. To
estimate the flux on ground-based telescopes, we simply
use η½2π=Eγ� × ð∂2Φγ;i=∂Ω∂EγÞjτ¼0, where η½λ� denotes the
atmospheric transmittance, which wewill measure from the
observation of a standard star by using the software package
MOLECFIT [54,55].
From those discussions and by applying the estimate in

Ref. [49], ∂ΩΦγ;LeoV≈1.33þ8.28
−1.07 ×10−6 cm−2 s−1 arcsec−2

ð2 eV=mϕÞ½qΓϕ=ð1.65×1024 sÞ−1�, ∂ΩΦγ;TucII ≈ 9.83þ−8.59
210.14 × 10−6 cm−2 s−1 arcsec−2ð2 eV=mϕÞ½qΓϕ=ð1.65×
1024 sÞ−1�. The flux will be compared with the observa-
tional data to set a limit on the dark matter decay rate.
Observation—Observations were conducted using the

WINERED [56] attached to the 6.5 m Magellan Clay
telescope on July 6 and November 2 in 2023. We used the
WIDE mode with a 0.29 arcsec slit that allows us to cover
the wavelength region of λ ¼ 0.92–1.35 μm with a spectral
resolution of R ¼ 28 000. The observation targets were Leo
V (July 6, 2023) and Tucana II (on November 2, 2023),
which are dSphs located at a distance of 178 kpc and
57 kpc, respectively. The spectrometer slit (0.29 arcsec ×
8.6 arcsec) was positioned near the optical centroids of the
dSphs. At that time, we took care to ensure that members
of dSphs or foreground stars did not enter the slit using
WINERED’s slit viewer, which is sensitive to the R band
(λ0 ¼ 0.659 μm) and I band (λ0 ¼ 0.800 μm). The inte-
gration time per frame was set to 900 sec for Leo V and

600 sec for Tucana II. The maximum integration time per
frame was determined to minimize the effects of (i) satu-
ration from telluric night airglow and (ii) spectral shifting
on the detector due to changes in ambient temperature.
(Since the slight spectral shifting appeared on the obser-
vation in July, we reduced the maximum integration time to
600 sec for the observation in November.) Four frames of
Leo Vand seven frames of Tucana II were taken with a total
exposure time of 3600 sec and 4200 sec, respectively. In
order to subtract the components of the telluric lines, and
ambient background radiation, such as zodiacal light, sky
frames were obtained with the same integration time for
each target. The sky regions (one region for Leo Vand two
regions for Tucana II) were selected to be more than
15 arcmin away from targets in areas without known
infrared point sources. Furthermore, for the absolute flux
calibration, HD134936 (A0V, Jm ¼ 9.44) was observed as
the photometric standard star. A0V stars have only a few
strong intrinsic absorption lines from the photosphere in the
WINERED wavelength region, making them suitable for
use as photometric standard stars in high-resolution spec-
troscopy. The spectrum of HD134936 was used not only
for the flux calibration of Leo Vobserved on the same night
but also for that of Tucana II on a different night. The
atmosphere transmittance, ηðλÞ, is also measured. On the
night ofNovember 2, thewindwas extremely strong, anddue
to the observatory’s regulations, we were forced to interrupt
the observations midway. As a result, we were unable to
acquire spectra of the standard star on the November run.
However, it is known that the efficiency of the WINERED
instrument is very stable, and even including variations in
atmospheric transmittance, the impact of using a standard
star fromdifferent nights is not very significant, especially for
the wavelength regime ηðλÞ ≈ 1 (see, e.g., Ref. [57]). The
observation log is shown in Table I.
Data reduction—For the data analysis, we utilized the

WINERED Automatic Reduction Pipeline (WARP, [58]),
provided as the standard pipeline for WINERED. WARP
is capable of executing the basic analysis necessary for
spectra obtained byWINERED, including sky and scattered
light subtractions, flat fielding, interpolation of cosmic-
ray-contaminated and bad pixels, transformation of two-
dimensional spectra, and wavelength calibration. However,

TABLE I. Obervation logs. Here, Regions 1, 2, and 3 are for Leo V, Tucana II, and Tucana II, respectively. R is the spectral resolution.
TI denotes the total integration time.

Object name Object type RA(J2000) DEC(J2000) Date for the observation Jm R TI (sec)

Leo V dSph 11∶31∶09.6 þ02∶13∶12 2023.06.06 � � � 28 000 3600
Tucana II dSph 22∶51∶55.1 −58∶34∶08 2023.11.02 � � � 28 000 4200
Sky region 1 � � � 11∶31∶56.97 þ02∶09∶19 2023.06.06 � � � 28 000 1800
Sky region 2 � � � 22∶51∶06.5 −57∶28∶46 2023.11.02 � � � 28 000 1200
Sky region 3 � � � 22∶38∶08.1 −58∶24∶39 2023.11.02 � � � 28 000 1200
HD134936 A0V 15∶14∶41.4 −52∶35∶42 2023.06.06 9.44 28 000 90
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sincewe foundawavelength shift of approximately0.1pixels
during a single exposure (t ¼ 900 sec) in the raw data of
Leo V (even such a small shift can introduce significant
systematic errors after sky subtraction due to the peaky
profile of airglow lines), we prepared corrected two-
dimensional images for the wavelength shifts beforehand
and input these data sets into WARP for analysis. By
summing up the two-dimensional echelle spectra along
the spatial direction (along the slit length) for each order
produced by WARP, we finally obtained the average spec-
trum FðλÞ and error spectrum σðλÞ of the central regions of
targets. They are defined in the units of cm−2 s−1 sr−1. In
conducting flux calibration for the slit spectrometer, it was
necessary to estimate the amount of slit loss due to the
standard star’s image size beingwider than the slit width.We
estimated the slit loss from the assumption that the stellar
image is a Gaussian profile and the seeing size (FWHM)was
measured from the spatial-direction cross section of the two-
dimensional spectrum of the standard star on the detector.
Spectrum-independent analysis—We can set a 2σ limit

on the decay rate of dark matter by requiring the dark
matter flux to be smaller than the reduced spectra in the 2σ
range, i.e., ∂ΩΦγ;i < 2σi½4π=mϕð1−viÞ�=η½4π=mϕð1−viÞ�.
In our analysis, we exclusively utilized data where jFðλÞj <
2σðλÞ, excluding data points where jFðλÞj > 2σðλÞ. This
threshold ensures that we consider only data consistent
with statistical fluctuations around zero following sky
subtraction. To synthesize the data, we selected the most
stringent limits among those derived from the data of
Tucana II and Leo V for each bin. Each bin is defined by
the range ½mϕð1 − 1=28 000Þ−1=2 −mϕð1 − 1=28 000Þ1=2�.
We varied mϕ discretely to cover the whole range from
1.8 eV to 2.7 eV without overlapping. We include the effect
of the Doppler shifts due to the radial velocities of the
dSphs (by taking account of the rotation and orbital motion
of the Earth). Thus our analysis is done on the dSph frames.
Therefore the intrinsic line emission and absorption on the
Earth frame is further reduced. The combined results are
given in the Supplemental Material [59]. In the analysis so
far, we did not assume the signal to be a line spectrum, and
the data can be useful for various other scenarios.
Results—To constrain line spectra, we perform a sub-

traction using a spline fit over each echelle order by using
20–50 points. This method helps to eliminate some
systematic errors, particularly under the assumption that
the signal conforms to a line spectrum. It allows us to
increase the number of bins with a photon flux consistent
with zero. The resulting limit on the decay rate is illustrated
in the red band in the upper panel of Fig. 1 by taking
account of the uncertainty in the D factor, and the gray
shaded region is excluded even with the conservative D
factor in the generalized Hernquist profile in the coredlike
profile limit in the ultrafaint dSphs [49]. However, accord-
ing to the recent N-body and hydrodynamical simulations
(e.g., [60,61]), the conventional Navarro-Frenk-White

(NFW) profile [62–64] is predicted. This could be under-
stood from suppressed baryonic feedback in the ultrafaint
dSphs. Thus, we also employ the differential D factor for
the NFW profile [45], log10ð∂ΩDNFW

LeoV=½GeV cm−2 sr−1�Þ ≈
22.4þ0.5

−0.4 and log10ð∂ΩDNFW
TucII=½GeV cm−2 sr−1�Þ ≈ 22.9þ0.4

−0.3
for setting the limit in the blue band for comparison (see
Supplemental Material for the derivation). The region
above the blue band is excluded by using the smallest
values in the uncertainty.
The lower panel of the figure is the same one translated

into the photon coupling of the ALP dark matter with
q ¼ 2 [65]. For comparison, the bounds from the globular
clusters (the horizontal dashed line) [66,67], JWST blank
sky observations adopting NFW profile of the Milky Way
galaxy [32,33], and MUSE indirect detection adopting
NFW profiles of various dSphs (in the right region) [36]
(see Ref. [68] for some data we used) are also shown

FIG. 1. We show the 2σ limit for dark matter decaying into two
massless particles, one of which is a photon. The top panels show
the constraints on the decay rate multiplied by the number of
photons in the final state, q, as a function of the massmϕ. The red
band (blue band) corresponds to the uncertainty in the differential
D factor from the generalized Hernquist profile (the NFW
profile). The gray region is excluded even in the generalized
Hernquist profile case, while above the blue band is excluded in
the NFW profile case by assuming conservative D factors. The
bottom panel displays the translated constraints on the photon
coupling, gϕγγ , for the ALP dark matter (q ¼ 2). The horizontal
dashed line denotes the bound from stellar cooling. The
limits from JWST blank sky observations by Refs. [32,33] and
MUSE [36] are also shown for comparison.
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together with the ALP miracle prediction [1–3] (see
Ref. [25] for the plot). Our observations and analysis
enable us to set one of the strongest limits to date on dark
matter decaying into a photon with a line spectrum in the
mass range of 1.8–2.7 eV.
Discussion—We note that Oð1Þ% of the total bins

remain unconstrained, since the condition, jFi½4π=mϕð1 −
viÞ�j > 2σi½4π=mϕð1 − viÞ� holds both for Tucana II and
LeoV. They are, therefore, not included in the figures,
although they are difficult to see due to the high resolution.
In this sense, we did not completely exclude the region that
can be seen. These data points will be crucial in our future
studies. In the data that were not included in the present
analysis, we also found excesses of more than 5 sigma local
significance by performing a fit by a narrow Gaussian line
combined with a smooth spline function. Interestingly,
a few of these excesses overlap in the dSphs’ frames.
However, it must be noted that the observational conditions
were not ideal. Therefore, while we observe intriguing
excesses, we are cautious about claiming the detection of
intrinsic line signals at this stage. Nonetheless, these
findings underscore the importance of conducting further
observations.
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