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Spectroscopic search for optical emission lines from dark matter decay
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We search for narrow-line optical emission from dark matter decay by stacking dark-sky spectra from the
Dark Energy Spectroscopic Instrument (DESI) at the redshift of nearby galaxies from DESI’s Bright
Galaxy and Luminous Red Galaxy samples. Our search uses regions separated by 5 to 20 arcsec from the
centers of the galaxies, corresponding to an impact parameter of approximately 50 kpc. No unidentified

spectral line shows up in the search, and we place a line flux limit of 10~!% ergs/s/cm?/arcsec’ on

emissions in the wavelength range of 2000-9000A. This places the tightest constraints yet on the two-
photon decay of dark matter in the mass range of 5 to 12 eV, with a particle lifetime exceeding 3 x 10? s.
This detection limit also implies that the line surface brightness contributed from all dark matter along the
line of sight is at least 2 orders of magnitude lower than the measured extragalactic background light (EBL),
ruling out the possibility that narrow optical-line emission from dark matter decay is a major source
of the EBL.

DOI: 10.1103/PhysRevD.110.103007

I. INTRODUCTION

Dark matter is an important cornerstone for the standard
ACDM cosmological model and a main component of
current large-scale structure formation history. Cosmo-
logical observations have shown that a comparable amount
of dark matter is needed at low redshift for galaxy rota-
tion curves, strong gravitational events, and galaxy cluster-
ing. Although dark matter is often considered as stable
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long-lived particles, deviations from this empirical limit
would provide critical information about the true nature of
dark matter. There are many hypotheses about how particle
candidates beyond the Standard Model appear from dark
matter decay, for instance, sterile neutrinos [1], gravitinos
[2], and axions [3]. These models typically describe how
dark matter particles are able to decay through weak
coupling with Standard Model particles to radiation, such

© 2024 American Physical Society
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as two photons [4,5] or one photon and one other particle
(such as Z boson or neutrino) [6]. In certain scenarios, weak
coupling with baryons prompts the decay of dark matter into
a photon line. One such example is the decay of axionlike
particles, which are known to be unstable and can decay into
two photons [7-9]. Additionally, in the neutrino minimal
standard model (1MSM), decay of sterile neutrinos as dark
matter candidates emit monoenergetic photons [10].

Dark matter decay properties can be constrained with
different processes. References [11,12] study the decay
behavior directly from a laboratory setup or detectors
and [13] used cosmological N-body simulations to make
predictions. There are also ongoing endeavors to probe these
properties with high-energy astronomical observations at
the galactic center and dwarf galaxies [14], of the gamma-
ray extragalactic background [15], and in the x-ray [16].
Reference [17] discovered an unidentified x-ray emission at
around 3.5 keV in the stacked spectrum of 73 galaxy
clusters; one hypothesis to explain this new line is dark
matter decay, especially the decay of sterile neutrinos in keV
mass range. Although blank sky observations from XMM-
Newton have declined this hypothesis [18], our work is
motivated by a similar idea of monoenergetic dark matter
decay into a single photon line. Similar searches have been
done with the MUSE spectroscopic observations of the dwarf
galaxies [19-21] looked for optical line emission from
decaying relic axions with spectra of galaxy clusters from
VIMOS (visible multiobject spectrograph) at the Very Large
Telescope.

In this work, we use a high-fidelity map of the location of
galaxies/dark matter to cross-correlate with the spectral
map of the dark sky or faint background object observa-
tions to look for the additional spectral line that corre-
sponds with monoenergetic dark matter decay in the optical
range, based on a large dataset from Dark Energy Spectro-
scopic Instrumentation (DESI) [22-26]. As dark matter
halos are extended much further compared with optically
observable regions of galaxies, we target the far outskirts of
the bright galaxies at redshift around 0.2 and of luminous
red galaxies at redshift around 0.7 to avoid the influence
of optical light. Compared with annihilation which follows
the square of density profile p?, dark matter decay scales
by p [27], which makes far outskirts of galaxies still a
reasonable place to search for evidence. We stack the
spectra in the rest frame of corresponding nearby galaxies
to avoid observational or instrumental systematics that
could arise at fixed observed wavelength. Although indi-
vidual sources of dark matter are not detectable, we search
for emission by coadding large number of spectra with
accumulations of long exposure times.

This paper is structured as follows. In Sec. II we describe
the data samples being used together with selection criteria
and preparations. In Sec. III we present our methods for
coaddition to obtain the stacked spectrum. We show our
results in Sec. IV about line detection and the detection

limit, and we compute the mass-luminosity relation for
dark matter decay in Sec. V. Finally, we summarize and
discuss the results further in Sec. VL.

II. DATA

This study makes use of data from the DESI survey,
including the foreground galaxy position and redshift data
and the spectra from both sky fibers and faint background
galaxies. We use the data from the Year 1 dataset, collected
through June 2022, with processing via the “iron” version
of the data compilation [28]. It will be released as part of
DESI Data Release 1 (DR1), in a manner similar to that of
the Early Data Release [29,30].

DESI target selection is based on the Legacy Imaging
Surveys Data Release 9 [31,32], specifically the ¢, r, z
optical bands and the Wide-field Infrared Survey Explorer
(WISE, [33]) photometry. We use the bright galaxies (BGs)
at low redshift from the Bright Galaxy Survey (BGS) [34]
and only select those that the redshift pipeline assesses to
have bitmask ZWARN = 0, as these have been found to
yield a robust set with few redshift errors. We choose
5914291 galaxies from the BGS in total with an average
redshift of 0.24. To enlarge the wavelength range of our
search, massive galaxies at higher redshift are also selected
from DESI Luminous Red Galaxy (LRG) Sample in the
redshift range 0.3 < z < 1.0 [35]. We make use of 2492017
LRGs in total with an average redshift of 0.72.

We then collect the sample of spectra from the dark-time
survey tiles that we will consider for stacking. The dark-
time survey has longer exposures and lower moon con-
tamination, so it is better for searching for faint signals. We
seek spectra that have relatively little light from their
intended target. Many such spectra exist because of the
sky fibers, intentionally placed on areas that were blank in
the optical imaging used for target selection and spectral
calibration [36]. These sky fibers point at pixel-level blank
sky locations that are expected to include minimal flux
from astronomical sources when integrated over a DESI
fiber. But many DESI targets are also rather faint, and
we opt to use these as well, provided that they are at a
well-separated redshift. To keep the spectra in a faint
enough level, the faint background galaxies are selected
within a fiber total flux range of F; < 0.63, Fy < 1.0,
and F; < 1.58 in unit of nanomaggies in the correspond-

ing photometric bands ¢(3980-5480 A), (56807160 A),

z(7100-8570 A) We do not use quasar targets, as these are
often brighter and have more variations in their spectra. To
avoid including spectral pixels of known emission from
these spectra of faint background targets, we further
preprocess these spectra by masking wavelengths corre-
sponding to strong oxygen and hydrogen emission lines at
the redshift of the target. This is simply to avoid including
pixels with large narrow-band lines that we know have a
familiar physical cause, but that will add noise to the stack.
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We convert the angular positions of the primary galaxy
samples into Cartesian coordinates on a unit sphere and
search for nearby sky or faint background objects as
targets for the spectral map. We set a separation threshold
of 20” to look for pairing within this angular distance
range. When pairing with the faint background targets, we
reject the pairs with similar redshift, ||z, — zpgs|| < 0.05 x
(1 4 zpgs), to sharply reduce any correlations with the
primary object.

With this search, we find 80472 sky fiber spectra around
the bright galaxies and 40659 sky fiber spectra around
LRGs. We also find 437502 background galaxies fibers on
faint background objects around BGs and 150958 back-
ground galaxies fibers around LRGs. For each foreground
galaxy-faint spectrum pair, the spectra of the sky (or
qualified faint galaxy targets) are shifted to the rest-frame
wavelength of the corresponding primary galaxy. We note
that the DESI errors on redshift calibration are typically
better than 9 km/s for the BGS and 42 km/s for the
LRGs [29], which are much smaller than the 200 km/s line
width we are integrating over for coaddition which
is described in Sec. III. Further, the instrumental line-
broadening effect is negligible with a spectral resolution of
approximately 40 km/s [24], which is again much smaller
than the line width we are integrating over for coaddition.

The fiber positioners can block neighboring fibers from
targeting certain objects, and objects can be missed in
regions with high number density of targets. These fiber
collision effects will suppress the number of pairs with
small angular separation, but because DESI returns to one
sky region multiple times with different targets, there are
plenty of small-angle measurements and when averaging
within the angular bin, the fiber collision effect will
drop out.

III. COADDITION

To stack the faint spectra in the rest frame of nearby
galaxies, we coadd the rest-frame spectra into a wavelength

grid from 2000 to 10000 A with 1 A bins. Coaddition is
done by assigning individual pixels from each spectrum
into single bins of the final wavelength grid. The final
stacked spectrum ¢ after coaddition is given by

1 N
&= =N E w;F;, (1)
i=1 @i T

where N is the total number of pixels in each bin of the grid,
w; = 1/07 is the inverse variance of flux at each pixel, and
F; is the flux. Masked pixels are given the inverse variance
of zero.

First, we coadded all available spectra within the impact
parameter of 50 kpc to create an overall stacked spectrum.
Moreover, to investigate the relation between distance and
luminosity profile, we classify the faint spectra based on

their angular separation or physical separation from the
corresponding primary galaxies and stacked the spectra in
these different bins. The angular separation bins are
logarithmically spaced from 2.5 to 20 arcsec. The physical
separation is calculated using a flat cosmological model
with matter density €,, = 0.3 and cosmological constant
density , = 0.7 at the redshift of the foreground galaxy,
and then we use four logarithmically spaced bins of
separation from 10 to 160 kpc.

We search for prominent lines in these stacked spectra.
For each stack, we utilize a Savitzky-Golay filter with a
window size of 205 A to smooth the data and then remove
the smoothing curve to rescale the average flux level
around zero. Then, we convolve the spectrum with a 1D
Gaussian kernel to calculate the line flux. We use two such
kernels with different sizes. The primary narrow kernel
with a standard deviation of 3 A is physically motivated by
the general line broadening of an intrinsically narrow line
due to the normal velocity dispersion of halos of dark
matter particles. However, the line could also be intrinsi-
cally broader. To investigate this possibility, we also make

use of a broad kernel with a standard deviation of 15 A.
This kernel size is limited by the fact that the high-pass
filtering needed to remove the continuum flux left over
from the faint galaxies would artificially remove signals of
broader lines.

The final step is to find the signal-to-noise ratio (SNR) at
each wavelength. We first calculate the robust estimated
error using half the interval between the 16% and 84%
quantiles in subsets of data within 400 A bins separated by
200 A, and then fit a smooth curve with these points. The
SNR is generated by the convolution spectrum over the
error level. An example of this process is displayed in
Fig. 1, which shows the stacked spectrum for all sky fiber-
bright galaxy pairs.

We constrain the wavelength range from 3000 to 9000 A
for BG pairs as most of the pairs could inform these
wavelengths. For pairs with LRGs, we switch the wave-
length range to 2000-7000 A to take advantage of the
higher redshift.

IV. RESULTS

We first focus on the bright galaxies at lower redshift.
We show the SNR of all bright galaxy-sky fiber pairs and
bright galaxy-faint background target pairs in Fig. 2.
We did not find unknown signals that might be correlated
with dark matter decay in the galaxy halo, but we do
recognize several famous spectral lines in the SNR of the
cross-correlation between faint targets and bright galaxies,
including the [OII] emission doublet at 3726 and 3729 ./QX,
Calcium H and K absorption at 3969 and 3934 A, [OI1I]
lines at 4959 and 5007 A, Sodium D absorption at 5890
and 5896 A, Ha at 6563 A, [NII] at 6583 A, and two lines
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FIG. 1. An example of data processing for pairs of bright

galaxies and sky fibers. The upper panel shows the original
stacked spectrum after coaddition in blue, and the pink curve is
the smoothed curve generated by the Savitzky-Golay filter. The
middle panel (blue) shows the Gaussian convolution with a 3 A
kernel of the spectrum after subtracting the smooth continuum to
find out the line flux. The red line is the estimated error curve
from calculating half the interval between the 16% and 84%
quantiles in successive subsets of adjacent data points. The last
panel shows the SNR.
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FIG. 2. The SNR of all pairs of BGs and faint background
objects in black and SNR of all sky pairs in blue. The SNR of sky
pairs is shifted by —10 from O to —10 on the plot.

from singly ionized sulfur ([SII]) at 6716 and 6731 A.
Figure 3 shows an enlarged plot of the SNR around each
prominent spectral line in angular separation and physical
separation bins. The figures demonstrate that the line
intensity is negatively correlated with the distance between
the pair for the emissions. We propose the absorption
features as coming from the circumgalactic gas. The
emission lines are only seen when using background
galaxies, rather than sky fibers, so we expect that these
lines must come from emission that is superposed on the
background galaxy, but that would be rejected by the sky-
fiber selection. Possible emission sources could be dwarf
galaxies satellites, scattered light from the galactic center
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FIG. 3. The SNR of all available bright galaxy-faint back-

ground object pairs enlarged around prominent lines. The upper
panel shows the result in angular separation bins, and the lower
panel shows the result in physical separation bins. The bins are
specified on the upper-right corner of each panel. The black
“general” curve is the sum of all available pairs with a separation
below the threshold of 20”.

by the dust around the galaxy, or direct light from the
extended gaseous halo. However, we are not able to infer
surface brightness as a function of distance at the outskirts
of the bright galaxies because these dark background target
positions are not selected randomly around a sample from
BGS. Rather, DESI is preferentially choosing fainter
locations, such that we would deselect brighter satellites
of the bright galaxy.

We repeat the same process for pairs with LRGs, and the
comparison between stacked spectra is shown in Fig. 4.
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2000 3000 4000 5000 6000 7000 8000

FIG.4. Comparison between stacked spectrum of BG and LRG
pairs at all separations. The SNR of LRG pairs are shifted by —10
from O to —10 on the plot.

In the enlarged wavelength range, the 2800 A magnesium
absorption line from the circumgalactic medium is also
visible. We see stronger magnesium absorption features
compared with the spectrum of bright galaxy pairs, which
makes sense as LRGs tend to reside in denser regions with
more absorbing gases around. The emission features are
less prominent because the dust scattered light from dwarf
galaxy neighbors is the major source for emissions, but the
interstellar mediums are hot around these massive galaxies
and they do not have star-forming neighbors with strong
emission features. Again, we are not able to interpret the
difference in line intensities between the two groups
directly due to the biased target selection algorithm.

Instead, we are more interested in the general noise level
of the flux density, which can be an indicator of our
detection limit. We show in Fig. 5 the overall level of error
in the stacked spectrum from all BG and LRG pairs
including those of sky objects and of dark background
targets. The result indicates that the uncertainty of flux is
within +107!% ergs/s/cm? for both groups.

Thus, the corresponding flux density in normal broad-
band centered at 5000 A is

F[10~1%ergs/s/cm?]

F[10~"%ergs/s/cm?]

2000 3000 3000 ~—"5000 6000 7000
MA]

FIG. 5. The convolution spectra of all blank sky and faint
background objects with foreground galaxies after coaddition.
The upper panels show the BG pairs and the lower panel shows
the LRG pairs. The red line shows the level of noise estimated by
68% error.

107" ergs/s/cm?
Y 1.5x10% Hz

(2)

~ 1073 ergs/s/cm?/Hz = 10710 Jy, (3)

which is 33.9 in AB magnitude. The threshold magnitude
for DESI BGS is 20 [37], and the faintest object observed in
Hubble eXtreme Deep Field is at AB magnitude 31 [38].
Compared with these, our detection is much fainter than
observable light from direct imaging.

With an angular diameter of 1.5” of the DESI fiber, the
line surface brightness (flux per unit solid angle) is around
the level of 107! ergs/s/cm?/arcsec’. Moreover, fluxes
should be divided by 1.3 to undo the aperture corrections
that were applied for point-source spectrophotometry. After
this correction, the 5o detection limit for BG pairs in
angular separation bins is displayed in the upper panel of
Fig. 6. We quote our results conservatively using a 5o limit
as there are many spectral channels that are being searched,
such that a single-detection of 3 or even 46 would not be
sufficient to claim a line detection. For reference, the
strongest detection of abnormal lines from the LRG sample
is of 3.2¢ at 2187 A.

To provide a single result averaged over angle, we
construct another measurement weighting each pair by
10”/r, following the motivation that a singular isothermal
sphere (SIS) density profile of 1/r> would have this
projected profile. The resulting 5o detection limit of narrow
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FIG. 6. The 50 detection limit of surface brightness for narrow-
line emissions (top) and for broad-line emissions (bottom)
generally and in angular separation bins for all BG pairs. The
5o detection limit for narrow-line emissions is on the level of
107'° ergs/s/cm? /arcsec?, whereas the detection limit for broad
lines is around twice this value. The general line is calculated
from the sum of all spectra weighted by 10”/r, which is the
expected model for signal strength from dark matter decay. If re-
scaling the detection limits in different angular bins with this
model, they appear on similar levels, while the error in the 2.5-5"
separation bin is a little overestimated as there are a more limited
number of pairs in this subset.
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FIG. 7. Comparison between the 50 detection limit of surface
brightness for narrow or broad line searches for both BG and
LRG pairs. The y axis represents values of surface brightness on a
logarithmic scale, and the shaded regions show the cutoff in the
selected wavelength for each group.

line emission at this 10” reference separation is about
1071 ergs/s/cm? /arcsec?, with wavelength dependence
shown in the upper panel of Fig. 6.

While the search is mainly designed for narrow-line
emissions and chooses the primary kernel size according to
the dispersal velocity of galaxies, we also estimate the
detection limit for broader-line emissions by increasing the
sizes for both the Savitzky-Golay filter and the Gaussian
convolution kernel. In the bottom panel of Fig. 6, we show
the detection limit when using a Savitzky-Golay filter with
window size 505 A to remove the flux continuum and then

a Gaussian convolution kernel with a width of 15 A for the
same sample of BG pairs. We observe that the 5S¢ detection
limits for broad-line emissions are less constrained than
for narrow-line emissions, due to the larger size of the
convolution kernel. These results for BG pairs are again
shown in Fig. 7, compared with the 5o detection limits for
LRG pairs.

We repeat the same process for the LRG pairs. The
weighted 5o detection limit for narrow-line emissions and
broad-line emissions is shown in Fig. 7, along with the
comparison with those from the BG pairs. The constraints
overlap in the wavelength range 3000-7000 A with similar
emission line sensitivity but different corresponding dark
matter density. We highlight our 5S¢ detection limit of
surface brightness for narrow-line emissions from dark
matter decay to be less than 107!° ergs/s/cm?/arcsec? for
both the BG and LRG group in the wavelength range of
concern, with a minimum value of approximately
0.5 x 10712 ergs/s/cm? /arcsec®. For simplicity, we cite
the detection limit as 10~'° ergs/s/cm?/arcsec? for future
calculations.

V. COMPUTATION OF DARK MATTER
EMISSIVITY

The motivation of our search is to look for unidentified
lines corresponding with dark matter decay. To interpret our
detection limits in terms of a luminosity-to-mass ratio for

dark matter particles, we will need to know the total mass of
dark matter contributing to the measured surface brightness.

To estimate surface mass density associated with our line
search, we could adapt measurements from galaxy-galaxy
weak gravitational lensing [39]. As there are no measure-
ments yet available with DESI BG or LRG samples, we use
prior lensing signals detected with a similar flux-limited
sample of low-redshift galaxy targets from the Sloan
Digital Sky Survey (SDSS) for the BGS galaxies and
use the lensing signals detected with the BOSS CMASS
sample, a class of high-redshift color-magnitude selected
galaxies, for the LRGs. While our detection limits of
surface brightness are similar for BGs and LRGs, the
surface dark matter densities for the two groups of galaxies
are different. Therefore, we calculate dark matter emissivity
based on the two samples separately.

From the galaxy-mass correlation function measured
from weak lensing of galaxies in the main sample of SDSS
[40], we assume the proper surface mass density for the
BGs at 10” scale to be Z(R) ~ 70hM,/pc® ~0.011 g/cm?
for R =40 kpc. Further, we assume the LRG surface
mass density at 10” scale to be X(R) ~ 145hM/pc? ~
0.021 g/cm? for R = 70 kpc in proper units, following the
lensing signal measured by [41]. We will compute the dark
matter decay rates using these assumed values, noting that
the results will scale inversely with the true values, to be
measured in future DESI work.

If the dark matter had a line luminosity per unit mass of
€pm,» then this mass overdensity around the galaxies would
produce a line flux in our apertures of solid angle Q of

o Q€DME(R)

F—
4z(1 + 2)*

(4)

where the (1 + z)* arises from cosmological surface bright-
ness dimming. Inserting the proper surface mass densities
for both galaxy samples and using the corresponding
redshift (0.24 for BGs and 0.71 for LRGs, obtained from
the average redshift of foreground galaxies in the galaxy-
spectrum pairs), we find that our So surface brightness limit
of 1071 ergs/s/cm?/arcsec? corresponds to a limit on the
dark matter emissivity of epy ~ 1073 ergs/s/g from the
BGs and epy ~ 2 x 1073 ergs/s/g for the LRGs.

A well-motivated way to produce a monochromatic
photon line, given the conservation of energy and momen-
tum, is a two-photon decay in which the dark matter
particle has a mass equal to twice the photon energy.
Therefore, the wavelength range of our search from 2000 to
9000 A corresponds to a dark matter particle mass range of
2.8-12.4 eV, and the emissivity epy; relates to the decay
time I' by I' = epy/c® In particle physics, axionlike
particles are a class of dark matter candidates in some
extensions to the Standard Model [42]. In this case,
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FIG. 8. Bounds on the two-photon decay rate of axionlike dark

matter particle derived from this work, compared with previous
constraints from telescope searches. The bounds from our work
are obtained from the 5S¢ detection limits on the surface bright-
ness, with the shaded bands indicating the uncertainty in the
surface mass density assumptions. The MUSE curve represents
the 95% one-sided confidence limit constraint from dwarf galaxy
observations, and the VIMOS result is the 95% limit from galaxy
clusters. This difference in the confidence level produces a factor
of 3 shift in the curves, with our result being more conservative.
Nevertheless, the MUSE results are up to a factor of 30 tighter at
low masses, while our results are the strongest above 5 eV.

unstable axionlike particles decay into two photons with a
coupling parameter g, yielding a decay rate
@m’

F =
64r

(5)

in natural units, where m is the axionlike particle mass [43].

This relation enables us to compare our detection limit
with previous bounds on the coupling of axionlike dark
matter particles from telescope searches. In Fig. 8, we
compare the limit on the decay rate I" obtained from our 5S¢
detection limits based on the BG and LRG group with
previous 95% C.L. bounds measured with MUSE and
VIMOS [19-21]. The shaded regions around our limits
indicate the systematic uncertainty resulting from the
extrapolation of the surface mass density from the SDSS
samples; these regions mark a 30% variation between the
yet unknown DESI surface density measurements and
the assumed values based on SDSS measurements. With
proper measurements of weak lensing signals around DESI
BGs and LRGs in the near future, this uncertainty would be
eliminated, and one could rescale the measured limits to the
proper level. While the MUSE observations of dwarf
galaxies provides tighter constraints on the particle lifetime,
the MUSE instrument only covers the red optical range,
restricting the particle mass range of the detection to be less
than 5 eV. Our search, extending to much larger particle
mass using observations at higher redshifts, offers the
tightest bounds on the dark matter particle lifetime in

the blue and UV regime, over an order of magnitude better
than the bounds probed with HST measurements of the
cosmic optical background (COB) anisotropies [44].

In the particle mass range of m <5 eV, the 95% C.L.
constraints from MUSE is approximately 30 times better
than our bounds based on the 5¢ detection limit on surface
brightness. We believe that the raw spectroscopic sensi-
tivity in our DESI stack is mildly better, given the large
number of galaxy-spectrum pairs. However, the dark matter
constraining power is lessened, primarily by the higher
surface mass density of dark matter in the centers of dwarf
galaxies compared to the density in the outskirts of more
massive galaxies. Further effects are the (1 + z)™* dimin-
ution of cosmological surface mass density in our higher
redshift sample, as well as the fact that the spectral lines
from dwarf galaxies are narrower, allowing MUSE to take
more advantage of spectral resolution in measuring the line
flux. Nevertheless, our search can still add value compared
with those in dwarf galaxies, as we probe dark matter in a
different physical regime, namely the outskirts of massive
galaxies, where the amount of dark matter is measured
accurately from weak lensing. Further, DESI data is
processed with nonlocal sky subtraction, avoiding self-
subtraction of the dwarf galaxy profile, and we use data at
different redshifts, thereby mitigating the effects of strong
sky emission lines.

Aside from the specific particle model, generally, epy ~
1073 ergs/s/g is a very small emissivity, likely undetect-
able in terrestrial experiments. For instance, given the dark
matter density of ~1072° g/cm? in our solar system [45],
the emissivity of dark matter decay is at a level of 10713
photons per second per cubic meter.

Beyond nearby dwarf galaxies, would we have noticed
such an emissivity in other astronomical data sets? We first
compute the impact of this emissivity on the extragalactic
background light (EBL). To do this, we integrate along the
line of sight to find the contribution to luminosity from the
total mass of dark matter. Using the average dark matter
density of the universe ppy = 2.1 x 10730 g/cm? and the
dark matter emissivity derived with BG pairings, the
general surface brightness after integration is

z D% (1 2
SB—/ZGDM—C 7"4( +2Z)
2 H(z) 4zD7
C
47Z'H0

pomdz (6)

epmpPom ~ 5 x 1071 ergs/s/cm? /arcsec®.  (7)

The EBL measured by total optical light subtracting
zodiacal light (ZL) and diffuse Galactic light (DGL) is
on the order of magnitude of 10~° ergs/s/cm?/sr/A in a
40007000 A filter [46], which corresponds to a surface
brightness around 10716 ergs/s/cm?/arcsec’. This shows

that our detection limit is more than 2 orders of magnitude
fainter than the EBL.
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NASA’s New Horizons spacecraft has measured an
anomalous component of flux coming from unknown
origins at the level of 3 x 1077 ergs/s/cm?/arcsec® in
the cosmic optical background (COB) using images of New
Horizons’ Long Range Reconnaissance Imager (LORRI)
[47,48], which they find is not significantly different from
zero due to instrumentation uncertainties. Nevertheless, one
hypothetical source of this extra flux is dark matter decay,
and Line Intensity Mapping (LIM) is suggested as a useful
tool for detection [49-51]. However, the integrated surface
brightness calculated with our detection limit from the co-
added spectra of over three hundred thousand pairs is 2
orders of magnitude lower than the observed level of the
anomalous flux, which makes this hypothesis implausible.

The wavelength range from 2000 to 9000 A in our search
allows for the alternative possibility that the extra light in
the COB could also be coming from an ultraviolet line at
higher redshifts. It is possible to enlarge the wavelength
range of the search by cross-correlating with objects at
higher redshifts, such as emission line galaxies (ELGs).
Nevertheless, we suggest that narrow optical-line emissions
from dark matter decay cannot be the major source of
the EBL.

We next consider the signal that our own Milky Way
galaxy would produce from such an emissivity. For this, we
consider the surface brightness integrating along of line of
sight perpendicular to the galactic plane. As most of the
signal will be generated near the solar circle, where the
Milky Way has an approximately flat rotation curve, we
approximate the galactic density profile as an SIS. The
integration yields a surface brightness of

) (8 kpC/r)z ZZ
4rz?

SB = /eDMpDM,solar dZ (8)

~7 x 10720 ergs/s/cm? /arcsec?, 9)

where z is the axis perpendicular to the galactic plane,
and r* = z2 + (8 kpc)?.

This signal is mildly larger than the limits we have found
from the distant galaxies. However, it is not observable in
the DESI experiment because its uniformity on the degree-
scale field of view of the instrument causes it to be nulled
by the algorithm that measures and subtracts the foreground
emission from the atmosphere and zodiacal light (known as
the “sky” emission).

Further, this signal is so faint that it is unlikely to be
recognized as not being due to the foreground emission. To
see this, we compare to the flux density of the sky emission
in the optical. Taking the predicted line surface brightness
of 7 x 10720 ergs/s/cm? /arcsec? and considering the 3 A
Gaussian convolution kernel, the peak flux density of the
line surface brightness is estimated as

SB; ~ 1072 ergs/s/cm?/arcsec?/A. (10)

The optical dark-sky background is normally at AB
magnitude of 22 per square arcsecond, which corresponds
to a flux density per frequency of about 107> Jy/arcsec?
and a flux density per wavelength of

Figy = I/—;F,,ysky ~ 1077 ergs/s/cm?/arcsec?/A.  (11)

Hence, the potential signal level is 3 orders of magnitude
lower than the sky background. With such low signal
strength, given a blank sky spectrum, it can be hard to
distinguish whether the anomalous contribution is from
atmosphere, back scattered light from the sun, scattered
light from galactic stars and interstellar medium, or actually
dark matter decay in the halo. More importantly, practical
observations subtract the sky differentially in angle, making
the signal hard to detect. Of course, pointing toward the
inner Milky Way would encounter more dark matter, but at
the cost of more light from the stars and interstellar medium
and more extinction from interstellar dust. Still, we suggest
that slit spectroscopic observations between the stars and
utilizing the stability of a space telescope to compare
background signals from tens of degrees apart might allow
one to isolate the blank-field infrared emissivity of the inner
galaxy. Such emissivity would almost certainly be domi-
nated by the glow and scattering of the interstellar medium,
so one would then need to look for unrecognized lines.

VI. CONCLUSIONS

In this work, we use positions of galaxies/dark matter
to cross-correlate the spectral map of sky and faint
background object emissions with DESI Y1 data. The
spatial cross-correlation function gives no evidence of
unidentified spectral lines caused by dark matter decay.
Still, we obtain a 5o detection limit for any potential narrow
optical-line emission from dark matter of less than
10! ergs/s/cm?/arcsec® in the wavelength range from
2000 to 9000 A. This corresponds with 34 in normal
broadband in the AB magnitude system. The mass-lumi-
nosity relation estimated from the surface mass density of
galaxies indicates that dark matter decay can produce at
most 3 x 107 photon per year in a cubic meter on Earth.
It is also suggested that narrow optical-line emissions
from dark matter decay cannot be the major source of
the EBL, as the total surface brightness contributed by all
dark matter integrated along the line of sight is orders of
magnitude fainter than the observed cosmic background. If
adopting the well-motivated particle model of axionlike
dark matter decaying into two photons, our 5¢ detection
limit offers the tightest constraints on the particle lifetime in
blue optical and UV regime, namely over the mass range
of 5Sm=<12eV.
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Increasing observational efforts nowadays have great
potential to advance astrophysical searches for dark matter.
For nearby dwarf galaxies, studies of individual objects
with integral field spectrographs has already proved effec-
tive. While current MUSE observations of dwarf galaxies
only covers the red optical regime, an upcoming blue-
optimized extension, BlueMUSE, will extend the wave-
length range down to 3500 A [52]. Meanwhile, the Keck
Cosmic Web Imager (KCWI) conducts integral field
spectroscopy of low surface brightness phenomena down
to 3500 A [53]. From the same particle model, this
wavelength limit of 3500 A corresponds to a particle mass
of m ~ 7 eV following the two-photon decay model. If with
similar sensitivity as previous MUSE detection based on
dwarf galaxies, these extensions can improve the current
constraints on particle lifetime up to an order of magnitude
for the particle mass range of 5 <m <7 eV.

We expect that stacking of wide-field surveys will also
see substantial near-term improvements. Given the heavy
investment in ground-based optical spectroscopy, stacking
spectra at higher redshift is likely to be the best way to
deepen the search in the rest-frame ultraviolet and hence
larger particle masses. Wide-field surveys like DESI are
expanding rapidly, and the number of spectrum-galaxy
pairs available will grow as the square of the survey areal
density, providing much more data that could enhance the
search. Moreover, one could target regions with more dark
matter, particularly using spectra of galaxies behind galaxy
clusters, to provide a significant improvement in the signal
strength. Eventually one must separate the dark matter
signal from the diffuse starlight around the galaxies or
clusters, since that will stack in the rest frame of the
foreground object and produce narrow spectral features.
However, these stellar populations are typically old and
hence weak in the rest-frame UV. We therefore expect that
future analyses with DESI and newer instruments will
produce substantial improvements.

All data points shown in the published graphs are
available in machine-readable form [54].
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