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The nature of dark matter is a longstanding mystery in cosmology, which can be studied with laboratory
or collider experiments, as well as astrophysical and cosmological observations. In this work, we propose
realistic and efficient strategies to detect radiative products from dark-matter decays with line-intensity
mapping (LIM) experiments. This radiation will behave as a line interloper for the atomic and molecular
spectral lines targeted by LIM surveys. The most distinctive signatures of the contribution from dark-matter
radiative decays are an extra anisotropy on the LIM power spectrum due to projection effects, as well as a
narrowing and a shift towards higher intensities of the voxel intensity distribution. We forecast the
minimum rate of decays into two photons that LIM surveys will be sensitive to as function of the dark-
matter mass in the range ∼10−6–10 eV, and discuss how to reinterpret such results for dark matter that
decays into a photon and another particle. We find that both the power spectrum and the voxel intensity
distribution are expected to be very sensitive to the dark-matter contribution, with the voxel intensity
distribution being more promising for most experiments considered. Interpreting our results in terms of the
axion, we show that LIM surveys will be extremely competitive to detect its decay products, improving
several orders of magnitudes (depending on the mass) the sensitivity of laboratory and astrophysical
searches, especially in the mass range ∼1–10 eV.
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I. INTRODUCTION

Cold dark matter, which interacts with baryons only
through gravity, is a cornerstone of the successful standard
model of cosmology, ΛCDM. However, there is yet to be a
microscopic model for dark matter backed by experimental
and observational evidence. There is a vast variety of dark-
matter candidates [1], which can be probed by astrophysi-
cal and cosmological observations (see, e.g., [2] for a recent
review), as well as direct detection [3] and collider [4]
experiments.
Some of these models involve a very weak coupling with

baryons that prompts the decay of dark matter into a photon
line; some examples include the axion (a pseudo-Goldstone
boson proposed to solve the strong-CP problem that turns
out to be a natural dark-matter candidate) [5–11] and sterile
neutrinos [12]. There is an ongoing endeavor to study and
constrain this possibility, looking for photons produced in
dark-matter decays with astrophysical observations at
various energies (hence probing different dark-matter
masses), such as radio [13,14], IR [15], x-rays [16–19],
or gamma-rays [20,21]. Short-lived dark-matter particles
(with lifetimes τ ≲ 1012 s) are constrained by spectral dis-
tortions [22–24] and big bang nucleosynthesis [25–27],

while CMB anisotropies strongly disfavor lifetimes
≲1025 s if all dark-matter decays [28–31].
Line-intensity mapping (LIM) is an emerging observa-

tional technique that uses the integrated intensity at a given
observed frequency as target observable, holding much
promise for both astrophysical and cosmological research
[32,33]. Most proposals to characterize dark matter involv-
ing LIM observations rely on the effect of the exotic dark
matter in the surrounding medium. For instance, exotic
energy injection (e.g., from dark-matter decay or annihi-
lation into Standard Model particles, and the subsequent
cascades) heats and ionizes the intergalactic medium. This
makes the neutral hydrogen hyperfine transition mean
intensity and its fluctuations, both depending on the neutral
fraction and gas temperature, a powerful probe of dark
matter (see, e.g., [34–42]).
However, given that LIM experiments use the informa-

tion from all incoming photons, they have the potential to
directly observe the electromagnetic radiation produced in
dark-matter decays. This way, it is possible to circumvent
most of the astrophysical uncertainties that may limit the
inference of dark-matter properties from their effect on the
21 cm line intensity. Following this idea, and inspired by
previous works [15,43,44], Ref. [45] proposed using LIM

PHYSICAL REVIEW D 103, 063523 (2021)

2470-0010=2021=103(6)=063523(20) 063523-1 © 2021 American Physical Society

https://orcid.org/0000-0002-0961-4653
https://orcid.org/0000-0001-7018-2055
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.103.063523&domain=pdf&date_stamp=2021-03-19
https://doi.org/10.1103/PhysRevD.103.063523
https://doi.org/10.1103/PhysRevD.103.063523
https://doi.org/10.1103/PhysRevD.103.063523
https://doi.org/10.1103/PhysRevD.103.063523


surveys to search for radiative dark-matter decays in the
extragalactic background light.
In this paper, we build upon this prior work by proposing

realistic and feasible strategies to detect the radiation from
such decays using LIM surveys, which will target atomic
and molecular lines. The observed redshift in a LIM survey
is derived from the relation between the observed frequency
and the rest-frame frequency of the targeted spectral line.
However, line emission at different frequencies may red-
shift into the observed frequency, although its signal will be
interpreted as coming from the expected observed redshift
anyways. These “line interlopers” contaminate line-inten-
sity maps and need to be cleaned or taken into account to
avoid biased cosmological or astrophysical parameter
inference (see, e.g., Refs. [46–54]). In the case of mono-
energetic photons from dark-matter decays, there will be an
additional spectral line, the frequency of which will be
determined by the masses of the dark matter and the other
daughter particle. In this scenario, this emission will
unexpectedly act as an interloper of the targeted line.
We propose to turn this contamination into the signal of
interest.
We describe the modeling of the effect of radiative dark-

matter decays as interlopers for the LIM power spectrum and
voxel intensity distribution (the distribution of measured
intensities in each voxel, i.e., three-dimensional pixels) of
atomic and molecular spectral lines. The first feature of a
dark-matter line is an increase in the anisotropy of the power
spectrum, which is imprinted on the quadrupole and higher
multipoles of the clustering. The additional radiation from
dark-matter decays also shifts the voxel intensity distribution
towards higher intensities, and at the same time narrows it.
We forecast the sensitivity of current and forthcoming

LIM surveys to detect radiative dark-matter decays follow-
ing these strategies as a function of the dark-matter mass.
We focus on the dark-matter decays into two photons, but
provide an easy way to reinterpret our results for other
radiative dark-matter decays. Our results are very promis-
ing, improving by several orders of magnitudes the
sensitivity of current studies using the CMB power spec-
trum. Interpreting our results in the framework of axion
dark matter, which decays into two photons, we show that
LIM surveys will be extremely competitive. LIM experi-
ments have the potential to dramatically improve current
and forecasted bounds, especially in the mass range
∼1–10 eV, opening the possibility of a detection of the
QCD axion.
Unlike Ref. [45], our strategies do not rely on cross-

correlations with other tracers of the large-scale structure;
this thus facilitates detection of decays from higher red-
shifts where tracers may be lacking. This means that we can
probe more masses with the same observed frequency
band. We also propose the use of the voxel intensity
distribution, which turns out to be more sensitive to the
contribution from dark-matter decays than the power

spectrum. In addition, following the strategies proposed in
this work grants access to features of the dark-matter
contribution to LIM observables that depend on the redshift
of decay, hence allowing for the determination of the dark-
matter mass in case of detection. Furthermore, these strat-
egies are completely achievable and realistic. Although we
focus on the power spectrum and the voxel intensity
distribution, our proposal can be easily extended to other
summary statistics.
This article is structured as follows. We review the

formalism regarding the computation of the LIM observ-
ables considered in Sec. II, present the model for such
observables using the electromagnetic radiation from dark-
matter decays as a spectral line in Sec. III, propose the
strategies to detect the intensity of photons from dark-
matter decays in Sec. IV, report the detection potential
sensitivity from ongoing and forthcoming LIM surveys in
Sec. V; and discuss the results and conclude in Secs. VI and
VII, respectively. Technical details about the model and
calculations are provided in the Appendixes.
Throughout this work we assume a fixed ΛCDM

cosmology (with the exception of the decaying dark
matter), taking the best-fit parameter values from Planck
temperature, polarization and lensing power spectra [55] as
our fiducial values: a reduced Hubble constant h ¼ 0.6736,
physical dark-matter and baryon densities today Ωdmh2 ¼
0.12 and Ωb ¼ 0.02237, respectively, a spectral index ns ¼
0.9649 and an amplitude As ¼ 2.1 × 10−9 of the primordial
scalar power spectrum.

II. LIM OBSERVABLES

The brightness temperature T observed for a given line in
a LIM experiment is related to the line’s rest-frame
frequency ν and emission redshift z, by1

TðzÞ ¼ c3ð1þ zÞ2
8πkBν3HðzÞ ρLðzÞ ¼ XLTðzÞρLðzÞ; ð1Þ

where c is the speed of light, kB is the Boltzmann constant
and H is the Hubble expansion rate [56]. The luminosity
density ρLðzÞ in the line depends on the spectral line under
consideration, but in general (except for the HI line during
and before reionization) it is assumed that all radiation
comes from halos.2 Therefore, in terms of the mass function
ðdn=dMÞðM; zÞ and mass-luminosity relation LðM; zÞ, it is

hρLiðzÞ ¼
Z

dMLðM; zÞ dn
dM

ðM; zÞ: ð2Þ

1We use the terms “temperature” (by which we mean bright-
ness temperature) and “intensity’ interchangeably hereinafter; the
relation between the two is spelled out in Appendix A.

2The Lyman-α line is an ambiguous case, since the observed
emission may extend beyond the dark-matter halo due to radiative
transfer. Nonetheless, we assume that this is not the case and
leave the study of such a scenario for future work.
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LIM fluctuations combine astrophysical and cosmologi-
cal dependence and are very non-Gaussian, so that several
summary statistics have been proposed to exploit the
information contained in them. In this work we focus on
the power spectrum and the voxel intensity distribution
(VID). We use LIM

3 to compute all the LIM observables and
related quantities.

A. LIM power spectrum

In this subsection we describe our modeling of the LIM
power spectrum and its covariance, following Ref. [58]. We
refer the reader to that reference and to Appendix A for
more details.
Since the emission originates in halos, the temperature

fluctuation is a biased tracer of the matter density fluctua-
tions. In addition, there is a scale-independent shot-noise
contribution to the LIM power spectrum due to the discrete
distribution of halos. Adding the clustering and the shot-
noise contributions, the total anisotropic LIM power
spectrum is given by

Pðk; μ; zÞ ¼ hTi2ðzÞb2ðzÞF2
rsdðk; μ; zÞPmðk; zÞ

þ X2
LT

Z
dML2ðM; zÞ dn

dM
; ð3Þ

where μ≡ k · kk=k2 is the cosine of the angle between the
Fourier mode k and its component kk along the line of sight,
bðzÞ is the luminosity-weighted linear halo bias, Frsd is a
factor encoding the effect of redshift-space distortions, and
Pmðk; zÞ is the matter power spectrum. Regarding Frsd,
we include the Kaiser effect at large scales [59] and
a suppression at small scales, determined by the velocity
dispersion σv, for which we take the linear prediction,
σ2vðzÞ ¼

R
Pmðk; zÞdk=6π2, as the fiducial value. LIM

observations are limited by the spectral and angular
resolutions and also by the volume probed by the experi-
ment or the presence of foregrounds. Therefore, there are
modes that are inaccessible. This can be modeled applying
window functions to the power spectrum:Wres to model the
smoothing due to instrumental resolution, and Wvol to
account for the finite size of the volume probed and
potential presence of foregrounds. Thus, the measured
LIM power spectrum is given by

P̃ðk; μ; zÞ ¼ Wvolðk; μ; zÞWresðk; μ; zÞPðk; μ; zÞ: ð4Þ

It is not possible to obtain a well-defined μ from actual
observations due to the change of the line of sight with the
pointing. Nonetheless, using, e.g., the Yamamoto estimator
[60], it is possible to directly measure the Legendre
multipoles of the LIM power spectrum, given by

P̃lðkÞ ¼
2lþ 1

2

Z
1

−1
dμP̃ðkμÞLlðμÞ; ð5Þ

where Ll is the Legendre polynomial of degree l.
The limitations of LIM experiments also introduce

instrumental white noise in the measurement. The variance
of such noise depends on whether the signal from each
antenna is cross-correlated with the rest or not, and is given
by (see, e.g., Ref. [61])

Pdish
N ¼ σ2NVvox

Nant
; Pinterf

N ¼ σ2NVvoxΩFoV

ns
; ð6Þ

where σ2N is the instrumental noise variance per voxel per
antenna, Vvox is the volume of the voxel (the size of which
is assumed here to be determined by the instrumental
resolution unless otherwise stated),ΩFoV ¼ c2=ðνobsDdishÞ2
is the field of view, νobs is the observed frequency, Ddish is
the diameter of each antenna, and ns is the average number
density of baselines.
Assuming Gaussianity, neglecting mode coupling, and

accounting for the instrumental noise and sample variance,
the variance per k and μ bins is given by σ̃2ðk; μÞ≡
½P̃ðk; μÞ þ PN�2=Nmodes, where Nmodes is the number of
modes observed per bin. The total covariance matrix for
themultipoles of theLIMpower spectrum is the combination
of the subcovariance matrices of each multipoles and those
between different multipoles. The subcovariance matrix
between the multipoles l and l0 is given by

C̃ll0 ðkÞ ¼
ð2lþ 1Þð2l0 þ 1Þ

2

×
Z

1

−1
dμσ̃2ðk; μÞLlðμÞLl0 ðμÞ: ð7Þ

B. Voxel intensity distribution

Exploiting the one-point distribution function of the
brightness temperature allows to access the non-Gaussian
components of its fluctuations, that are not included in the
power spectrum. Moreover, it has been shown that, while
the LIM power spectrum can efficiently constrain cosmol-
ogy, the VID is a very powerful summary statistic to
constrain the luminosity function of the spectral line of
interest [62]. We follow the formalism described in
Ref. [62], which is briefly reviewed below.
The VID is the probability distribution function PðTÞ for

the measured brightness temperature in a voxel, which is
related with the luminosity function and the number Ne of
halos or emitters in the voxel. Observing a voxel that
contains no emitter with a perfect experiment (i.e., without
noise) returns zero brightness temperature, hence
P0 ¼ δDðTÞ, where δD is the Dirac delta. In turn, the
brightness temperature observed in a given voxel contain-
ing Ne emitters is3See Ref. [57]
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T ¼ XLT

Vvox

XNe

i

Li; ð8Þ

where Li is the luminosity of each emitter [56]. We neglect
edge and beam effects, which is equivalent to consider that
a source contributes entirely to the voxel in which it is
contained.
The probability of observing a brightness temperature T

in the voxels that only contain one emitter is

P1ðTÞ ¼
Vvox

n̄XLT

dn
dL

����
L¼ρLðTÞVvox

; ð9Þ

where n̄ is the mean comoving number density of emitters.
Now consider two emitters a and b; the sum of their
emission is Ta þ Tb ¼ T. Accounting for the probability
distribution function of each emitter:

P2ðTÞ¼
Z

dTaP1ðTaÞP1ðT−TaÞ¼ ðP1 �P1ÞðTÞ; ð10Þ

where “�” denotes the convolution operator. Repeating this
argument iteratively, the probability of observing a bright-
ness temperature T in a voxel with Ne emitters is

PNe
ðTÞ ¼ ðPNe−1 � P1ÞðTÞ: ð11Þ

The conditional probability of a voxel with total brightness
temperature T containing Ne is given by the product of
PNe

ðTÞ and the probability PeðNeÞ of the voxel containing
such number of emitters. Therefore, the total probability
density distribution of the brightness temperature in a voxel
is the sum of the conditional probabilities mentioned above:

PastroðTÞ ¼
X∞
Ne¼0

PNe
ðTÞPeðNeÞ: ð12Þ

However, there is no perfect experiment and there will
always be some instrumental noise that contributes to the
total brightness temperature measured in the voxel. We
assume that the instrumental noise per voxel follows
Gaussian distribution with zero mean and variance
PN=Vvox (i.e., the final survey instrumental variance per
voxel). Therefore, the probability of the instrumental noise
being T in a voxel is

PnoiseðTÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
Vvox

2πPN

s
exp

�
−
T2Vvox

2PN

�
: ð13Þ

Similarly to the contribution from the cases with different
number of emitters, the contribution from instrumental
noise is added to the VID convoluting Eqs. (12) and (13):

Ptot ¼ ðPsignal � PnoiseÞðTÞ: ð14Þ

In practice, continuous probability distribution functions
are impossible to obtain directly from intensity maps.
Instead, the VID can be inferred through the computation
of histograms of the number Bi of voxels for which the
measured T is within a given brightness temperature bin
with width ΔTi:

Bi ¼ Nvox

Z
TiþΔTi

Ti

PtotðTÞdT; ð15Þ

where Nvox is the number of voxels that the volume probed
is divided into. We assume that the bins follow a Poisson
distribution, hence the variance σ2i of Bi is equal to Bi. This
is a good approximation for bins containing many pixels,
which in the end are the ones that dominate the signal-to-
noise ratio. Finally, although each voxel is located at
slightly different redshift, we compute Eq. (15) at the
mean redshift of the volume probed (as it is customary for
the power spectrum, too).
The combination of the VID and the power spectrumwas

explored in Ref. [63], accounting for their covariance using
simulations. We leave the combination of both summary
statistics for future work, and consider them independently.

III. DARK-MATTER DECAY INTENSITY
MAPPING

We focus this section and the results shown hereafter on
dark matter that decays into two photons. We discuss other
radiative decay channels and the corresponding reinterpre-
tation of our results at the end of the section. We limit our
analysis to radiative decays of dark matter because LIM
techniques require a narrow, well-defined emission line to
target.
Consider a dark-matter model in which a fraction fχ of

all of the dark matter is made of particles χ with mass mχ .
While we assume that the rest of the dark matter is standard
cold dark matter, χ particles decay into Standard Model
particles, with a branching ratio fγγ for decays into two
photons. These photons have a specific energy, depending
on mχ , corresponding to a rest-frame frequency

χ → γγ; νγγ ¼
mχc2

4πℏ
; ð16Þ

where ℏ is the Planck constant over 2π.
The mean energy injection by unit of time t and volume

V for dark-matter decays into photons is given by [64–66]

dE
dVdt

����
inj;γγ

¼ fγγfχΩdmρcð1þ zÞ3c2Γχð1þ 2F γÞ; ð17Þ

where Ωdm and ρc are the total dark-matter density
parameter and the critical density of the Universe today,
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respectively, and Γχ ≡ τ−1χ is the decay rate of dark matter
into photons, defined as the inverse of the lifetime τχ . We
assume that the decay rate is constant in time, and low
enough to neglect the reduction in the abundance of dark
matter as the Universe evolves.
The additional term 2F γ in Eq. (17) accounts for the

stimulated decays due to the cosmic microwave back-
ground radiation with phase-space distribution F γ [13,14].
Our results can then be considered conservative, as any
other background source, such as the extragalactic back-
ground, would enhance the signal. Background radiation
may equally induce the inverse decay, but this effect is
negligible for the masses and redshifts of interest. While
stimulated emission can be significant for low frequencies,
it has no effect on our results at mχc2 ≳ 10−3 eV.
Equation (17) addresses the energy density rate produced

in the form of photons from dark-matter decays, but not all
that energy reaches us: some photons interact with matter in
their path towards us. Only a fraction fesc of that radiation
escapes its environment and reach us. fesc is very small for
photons with energies above the excitation energy of
hydrogen atoms, 10.2 eV. Therefore, we limit our study
to mχc2 ≲ 20 eV, which corresponds to frequen-
cies νγ ≲ 4.6 × 106 GHz.
Taking all this into account, the mean luminosity density

of radiation created in dark-matter decays is

hρχLi ¼ ΘχΩdmρcð1þ zÞ3c2ð1þ 2F γÞ; ð18Þ

where we have defined Θχ ≡ fχfγγfescΓχ to encode all
degenerate dark-matter quantities related with the observed
intensity of dark-matter decays.
Note that the luminosity density of dark-matter decays is

proportional to the dark-matter density. Therefore, dark-
matter decays trace perfectly dark-matter perturbations,
which can be approximated as using a unity bias.
Moreover, since the distribution of dark matter is not
discrete but continuous, there is no shot noise contribution
to the power spectrum. Therefore, the dark-matter decay
intensity mapping power spectrum is

Pχðk; μ; zÞ ¼ X2
LThρχLi2ðzÞF2

rsdðk; μ; zÞPmðk; zÞ: ð19Þ

Similarly, the VID associated to dark-matter decays is
related with the probability distribution function P ρ̆ of the
normalized total matter density ρ̆m ≡ ρm=ρ̄m, where ρ̄m is
the mean matter density, as

PχðTÞ ¼
P ρ̆ðρ̆mÞ

XLTΘχΩdmρcð1þ zÞ3c2ð1þ 2F γÞ
: ð20Þ

Pρ̆ depends on the variance σ2m of the matter perturbations
smoothed over a voxel. We use different models for P ρ̆

depending on redshift and value of σm. For z < 1 and

σm > 0.7 we use a double-exponential probability distri-
bution function [67]

Pρ̆;DEðρ̆mÞ ¼ Aρ̆ςm exp

�
−
�
ρ0
ρ̆m

�
1.1

−
�
ρ̆m
ρ1

�
0.55

�
; ð21Þ

which has been shown to provide a good fit to simulations.
We use fitting functions for the parameters ς ≈ −2, ρ0 and
ρ1 that can be found in Appendix B, while A is a
normalization factor [67]. For higher redshifts or lower
values of σm we assume the more general lognormal
distribution, which has been for long proposed as a
phenomenological fit to the total matter distribution for
both observations and N-body simulations [68–71]:

Pρ̆;LNðρ̆mÞ ¼
exp

n
− ðlog ρ̆mþσ2LN=2Þ2

2σ2LN

o
ρ̆m

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2πσ2LN

p ; ð22Þ

where σ2LN ≡ logð1þ σ2mÞ.
We also notice that there has been a significant effort to

calculate the probability distribution function of matter
fluctuations from first principles, especially using a path-
integral approach [72–75]. In particular, Ref. [75] high-
lights that the lognormal probability distribution function
leads to results that are very similar to those theoretically
derived. We leave an exploration of the systematic uncer-
tainty associated to the choice of functional form for P ρ̆ for
future work, and limit our analysis to the double expo-
nential and lognormal phenomenological models.

A. Decays into a photon and another particle

What has been discussed in this section (and the results
reported in Sec. V) so far applies to bosonic dark matter that
decays into two photons. However, it is also possible for the
dark matter (both bosonic and fermionic) to decay into a
photon and a daughter particle ξwith mass mξ. In this case,
the photon rest-frame frequency is given by

χ → γξ; νγ ¼
mχc2

4πℏ

�
1 −

m2
ξ

m2
χ

�
; ð23Þ

and the corresponding mean energy injected by unit of time
and volume in form of photons through this decay channel is

dE
dVdt

����
inj;γξ

¼ fγξfχΩdmρcð1þ zÞ3c2

× Γχ

1 −m2
ξ=m

2
χ

2
; ð24Þ

where in this case fγξ is the branching ratio of the χ particles
decaying into a photon and a ξ particle. Note that in this case
there is no stimulated or inverse decay from the partner
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particle, since the occupation number for ξ particles is
expected to be small, especially if ξ is a fermion.
All our results for the χ → γγ can be reinterpreted

through an analogy with the case discussed in this sub-
section. The analogy is based in a rescaling of the decaying
dark-matter mass as

m0
χc2 →

mχc2

1 −m2
ξ=m

2
χ
; ð25Þ

and a redefinition of the effective parameter:

Θ0
χ → Θχ

fγξð1 −m2
ξ=m

2
χÞ

2fγγð1þ 2F γÞ
; ð26Þ

where we have denoted the quantities for the γγ case (those
reported in this work) with a prime. We will report results
assuming the decay into two photons without including the
stimulation of such decay (i.e., removing the ð1þ 2F γÞ
term) to ease the reinterpretation of our analysis.
Note that there are stringent lower limits for the mass of

fermionic particles that are all the dark matter [76–78], so
that the value of fχ may be forced to be very small,
especially if mξ is small.

IV. DETECTING DARK-MATTER DECAY
AS LIM INTERLOPER

There is a plethora of LIM experiments that have from
HI to Lyman-α as their main targeted spectral lines,
covering all together over seven orders of magnitude in
observed frequency.4 This allows us to probe more than at
least eight orders of magnitude of the mass of the decaying
dark-matter particles while still fulfilling mχ ≲ 20 eV=c2

so that the produced photons can reach us (in the case of
massless daughter particles). We illustrate this scenario
with some LIM experiments in Fig. 1.
If dark matter indeed decays into photons, the radiation

emitted would appear as interlopers of LIM experiments that
target other spectral lines.We take inspiration from strategies
to detect, model and clean atomic or molecular interlopers in
LIM experiments (see, e.g., [46,47,49–54]) to propose novel
ways to probe dark matter with LIM experiments.
In actual LIM observations, there are several line

interlopers. Since these lines are known and there is an
ongoing program to identify them and model them or
remove them from the maps, we do not include them in this
work; extending the ideas presented in this article adding
known line interlopes is straightforward. Therefore, we
consider dark-matter decays as the only interloper of the
targeted line with rest-frame frequency νl. The correspond-
ing redshifts at which the targeted and interloper photons
originate are

zl ¼
νl
νobs

− 1; zχ ¼
νγγ
νobs

− 1: ð27Þ

We focus on the effect of line interlopers in the power
spectrum, detecting additional contributions with projec-
tion effects [54,80,81], and in the VID, through the changes
in its shape due to additional radiation sources [62].

A. Projection effects in power spectrum

In order to compute the LIM power spectrum, redshifts
must be converted into distances, and an incorrect redshift
estimation introduces projection effects in the measure-
ment. This is what happens when two spectral lines are
confused, and it can be used to model and detect the
contribution from interlopers. This effect is similar to the
Alcock-Paczysnki effect [82], for which the anisotropic
distortion comes from the difference between the fiducial
and the actual cosmology.
As with the Alcock-Paczynski effect, projection effects

can be modeled with rescaling parameters. When dark-
matter lines at zχ are misidentified as corresponding to the
atomic or molecular targeted spectral line coming from zl,
the inferred distances along the transverse and line-of-sight
directions in the volume where the dark-matter decays
occur are incorrect by a factor q⊥ and qk, respectively,
given by

q⊥ ¼ DMðzχÞ
DMðzlÞ

; qk ¼
ð1þ zχÞ=HðzχÞ
ð1þ zlÞ=HðzlÞ

; ð28Þ

where DM is the comoving angular diameter distance. The
correction between inferred and true Fourier modes is
ktrue⊥ ¼ kinfer⊥ =q⊥ and ktruek ¼ kinferk =qk, or, in terms of k and

μ [83]:

FIG. 1. Redshift-observed frequency relation for radiative dark-
matter decays for different dark-matter masses, assuming mass-
less daughter particles. Frequency bands covered by the LIM
experiments considered in this work are marked by colored
vertical bands.

4See, e.g., Ref. [79].
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ktrue ¼ kinfer

q⊥
½1þ ðμinferÞ2ðF−2

proj − 1Þ�1=2;

μtrue ¼ μinfer

Fproj
½1þ ðμinferÞ2ðF−2

proj − 1Þ�−1=2; ð29Þ

where Fproj ≡ qk=q⊥.
Taking this into account, the measured interloper-line

power spectrum will be distorted due to those projection
effects. In practice, the power spectrummust be computed at
zχ following Eq. (19), applying the window functions from
Eq. (4) also at zχ , and later applying the distortion of scales
from Eq. (29). Therefore, the measured multipoles of the
projected LIM power spectrum from dark-matter decays is

P̃χ
lðkinfer;zχÞ¼

1

q2⊥qk
2lþ1

2

×
Z

1

−1
dμinferP̃χðktrue;μtrue;zχÞLlðμinferÞ; ð30Þ

where the factor q2⊥qk is due to the isotropic dilation of the
volume from the projection effect. The total LIM power
spectrummultipoles in the presence of dark-matter decays as
interloper is given by

P̃tot
l ðkinferÞ ¼ P̃l

lðkinfer; zlÞ þ P̃χ
lðkinfer; zχÞ; ð31Þ

where we assume that νl and νχ are different enough so that
the volumes they come from do not overlap, and therefore
there is no cross-correlation between them. Otherwise,
Eq. (31) should account for that contribution, but the
projection effect would be minimal and the contribution
from dark-matter decays would be almost completely

degenerate with the clustering power spectrum of the atomic
or molecular line.
Equation (7) can be used to compute the covariance

evaluated at zl, but using P̃tot
l in this case, since the isotropic

dilation from the projection effects cancel the changes in
the number of modes depending on the volume probed,
and the instrumental noise is projected also in the targeted
volume at zl.
We illustrate how the LIM power spectrum changes with

the addition of the projected contribution from dark-matter
decays in Fig. 2. Note that the monopole is completely
dominated by the contribution from dark-matter decays for
light masses (which means zχ < zl). However, the large
anisotropy introduced by the projection effects significantly
modify the quadrupole and hexadecapole of the power
spectrum. The level of anisotropy then provides informa-
tion about the dark-matter mass. Moreover, exploiting the
information in the power spectrum anisotropies allows us to
constrain higher dark-matter masses for which zχ > zl.

B. Shape of the VID

As discussed in Sec. II B, any radiation contributes to the
temperature measured in a voxel, and its probability
distribution function can be included in the total VID
convolving it with the rest. In this case, the total brightness
temperature is given by T ¼ T l þ Tχ þ Tnoise, contribu-
tions that follow the probability distribution functions given
in Eqs. (12), (20), and (13), respectively. Note that Pl and
Pχ are computed at their respective redshifts. Therefore, the
VID for the total brightness temperature is

Ptotþχ ¼ ððPl � PχÞ � PnoiseÞðTÞ: ð32Þ
Note that the changes in the VID due to the presence of

dark-matter decays is not as straightforward as in the case

FIG. 2. Monopole (left), quadrupole (middle), and hexadecapole (right) of the CO power spectrum observed at νobs ¼ 30 GHz
(magenta) and the total power spectrum adding the contribution of the projected dark-matter decay power spectrum with
Θχ ¼ 10−30 s−1. We consider dark-matter masses, corresponding to zχ ∈ ½0; 10�, except for the redshift range corresponding to the
volume probed by the CO line (marked in white in the color bar). Dashed and dotted lines denote negative values. No window functions
are applied.
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of the power spectrum. According to Eqs. (18) and (20), at
a given νobs, Tχ ∝ Θχð1þ zχÞ2=HðzχÞ and PχðTχÞ ∝
HðzχÞ=½Θχð1þ zχÞ2�. Hence both argument and function
depend on the details of the dark matter. Therefore, for a
given νobs and Θχ , the heavier the dark matter, the higher
the brightness temperature associated to its decays.
Moreover, since at higher redshifts P ρ̆ tends to a narrower
distribution centered at ρ̆m ¼ 1 due to smaller clustering, it
may have a stronger effect on the total VID. Note also that
for low enough Θχ , the brightness temperature due to dark-
matter decays would be significantly smaller than the one
associated with atomic or molecular lines, and the effect on
the total VID would be minimal.
We illustrate the effect that an extra contribution to the

observed brightness temperature from decaying dark matter
has in the VID of the CO line in Fig. 3. Note that the shift of
the VID towards higher values of T is influenced by Θχ, but
the shape of the overall VID depends on zχ , and thus mχ .
Therefore,we expect that themass of the darkmatter can also
bedetermined in aVID search.Aswas the case for thepower-
spectrum searches, VID analyses are limited by instrumental
noise, leaving space for improving the sensitivity to dark-
matter decays. However, unlike the case of the power
spectrum, we expect a more significant signature from the
dark-matter contribution for higher values of mχ .
Fortunately, since the VID is an one-point statistic and the

probability distribution function associated to dark-matter
decays is very different to those for atomic and molecular
lines, there is no complication with the correlation between
the targeted and the interloper lines. Therefore, we do not
need to remove the dark-matter masses corresponding to the
redshifts probed by the targeted line from our analysis.

V. DETECTION PROSPECTS

As shown in Fig. 1, there are many upcoming LIM
experiments, covering a vast frequency range, which

translate to a wide mass range for decaying dark-matter
particles. We aim to exploit this rich experimental land-
scape and consider HI, CO, CII, Hα, and Lyman-α lines.
We assume our fiducial astrophysical models to follow the
relation LðM; zÞ between the line luminosity and the halo
mass from Refs. [84–88] for postreionization HI, CO, CII,
Lyman-α, and Hα emission, respectively. We make an
exception for the HI emission during ionization and model
directly the mean temperature and the luminosity weighted
bias, as done in, e.g., [89]. We assume that the mean neutral
hydrogen fraction evolves with redshift as [90,91]

hxHIiðzÞ ¼
1

2

�
1þ tanh

�
z − zr
Δzr

�	
; ð33Þ

where zr and Δzr are the midpoint and duration of
reionization, respectively; we adopt zr ¼ 8 and Δzr ¼
0.5 as our fiducial parameters. The mean brightness
temperature is related to the mean neutral fraction as
hTi ≈ 27hxHIi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1þ zÞ=10p
mK. Regarding the bias, we

follow the parametrization

bHIðzÞ ¼ ηðhxHIiðzÞ − 1Þ þ 1; ð34Þ

taking the value η ¼ 14.8 from fits to seminumerical
simulations [92] as our fiducial value.
We consider the following experiments: HERA [93],

HIRAX [94], and CHIME [95] for HI (HERA probes the
epoch of reionization and HIRAX and CHIME the post-
reionization Universe), COMAP [96] (phases 1 and 2) for
CO, CCAT-prime [97] and AtLAST [98] for CII, HETDEX
[99] for Lyman-α, and SPHEREx [100] for Lyman-α and
Hα. We combine results from HIRAX and CHIME (since
they observe the south and north galactic caps, respec-
tively), as well as SPHEREx Hα and Lyman-α surveys,
since they do not overlap in redshift. Details on the
experimental specifications of all these experiments can
be found in Tables I and II.
We use the Fisher-matrix formalism [101–104] to fore-

cast the sensitivity of power-spectrum measurements and
the VID to decaying dark matter. Note that, since we do not
model the covariance between the LIM power spectrum
multipoles and the VID, we only consider these probes
separately. We assume a ΛCDM Universe as our fiducial
case, which corresponds to Θχ ¼ 0. In all cases all redshift
bins and fields observed by each experiment are indepen-
dent, and therefore the only parameter common to all of
them is Θχ .

A. Power spectrum

We use the quantity Θ2
χ to parametrize the amplitude of

the dark-matter contribution to the power spectrum, and
follow Ref. [105] to obtain upper limits to Θχ . We include
the phenomenological parameters fðhTibÞ2; Pshot; σ2v; g in

FIG. 3. Voxel intensity distribution of the CO spectral line
(magenta) and the total emission including contributions from
dark-matter decay with Θχ ¼ 10−30 s−1 for an experiment like
COMAP 2 (without including instrumental noise). We consider
dark-matter masses corresponding to zχ ∈ ½0; 10�.
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our Fisher analysis and then marginalize over them for each
redshift bin and field observed. The parameter σ2v;χ con-
trolling small-scale redshift-space distortions at zχ might
also be included in the Fisher matrix analysis. However, we
decide to leave it to future work because its effect is
significantly smaller than that of Θχ , and it will only be
important for a scenario where the radiation from dark-
matter decays is detected.
We compute the Fisher matrix for each redshift bin and

field observed, and marginalize over all parameters but Θ2
χ .

Afterwards, we generate numerical samples of Θ2
χ assum-

ing a Gaussian distribution with the inverse of the sum of
the marginalized Fisher matrices as variance. Finally, we
apply a flat prior in Θχ , enforce Θ2

χ > 0, transform the
samples to Θχ , and estimate the corresponding sensitivity
as the minimum value of Θχ that could be measured for a
specific mχ at 95% confidence level.
We perform this process for all dark-matter particlemasses

between 10−6 and 20 eV, for which zχ ∈ ½0.05; zmin� ∪
½zmax; 10�, where zmin and zmax are the limiting redshifts of
the observed redshift bin. We use kmax ¼ 0.5 Mpc−1 as the
maximum value of k in the forecast. We model the power-
spectrum covariance and window functions as described in

Sec. II A and Appendix A. We neglect foregrounds for
molecular lines, but model the loss of information due to
foreground removal for HI surveys. We amplify the restric-
tion of the volume window function Wvol, assuming N⊥ ¼
Nk ¼ 2 for postreionization HI observations (HIRAX and
CHIME) [106]. For HI observations during the epoch of
reionization (HERA) we implement a foreground wedge, for
which all modes kk < kk;min ¼ Aþ Bk⊥ are lost [107,108].
We adopt A ¼ 0.05 h=Mpc−1 (∼0.034 Mpc−1 for our fidu-
cial choice of h), and B ¼ 6, values that correspond to a
standard moderate scenario of foreground removal
for HERA.
We show forecasted minimum values of Θχ for the decay

into two photons that could be detected at the 95% con-
fidence level using the LIM power spectrum multipoles to
be measured by the experiments considered in this work in
Fig. 4. HI surveys like the combination of HIRAX and
CHIME and, particularly, HERA (because it targets HI
emission at higher redshift), are the most sensitive ones. As
the frequency bands of the experiments shift towards higher
frequencies (probing heavier dark-matter masses), the
forecasted sensitivity become weaker. This, which is
consistent with the results of Ref. [45], is due to lower

TABLE I. Specifications for experiments observing at centimeter wavelengths, which use the conventions of brightness temperature.
Note that HERA, CHIME, and HIRAX are interferometers, while COMAP is a dish-autocorrelation-only experiment, and that we use
Ntot ¼ NantNfeedsNpol.

Experiment Line
νobs

[GHz]
Δν

[MHz]
δν

[kHz]
Tsys
[K]

Ddish
[m]

Dmin
[m]

Dmax
[m]

Ωfield
[deg2]

tobs
[hours] Ntot

HERA HI 0.11,0.13,0.15,0.18 18.9, 22.5,
26.8, 31.8

97.8 100þ 120ð νobs
150 MHzÞ−2.55 14 14.6 876 1440 3000 700

CHIME HI 0.44, 0.52,
0.62, 0.74

76, 90, 107,
127

390 50 20a 0.4 60 15000b 10000 2048

HIRAXc HI 0.44, 0.52,
0.62, 0.74

76, 90, 107,
127

390 50 6 2 250 15000 10000 2048

COMAP 1 CO 30 8000 7324 40 10.4 � � � � � � 2.25 6000 19
COMAP 2 CO 30 8000 7324 40 10.4 � � � � � � 60 10000 95

aCHIME employs four contiguous cylinders of 20 × 100 meters with 256 double-polarization detectors each. 20 m is the equivalent
Ddish value to compute ΩFoV.

bCHIME has the potential to scan half of the sky every day. However, we limitΩfield to account for masks covering the MilkyWay and
ensure that the footprint of CHIME and HIRAX do not overlap.

cFOR VID analyses of the two lowest redshift bins of HIRAX, we combine each two frequency channels, as well as use combined
pixels of 2 × 2 pixels for the lowest redshift bin, to have larger voxels and ease the computations.

TABLE II. Specifications for experiments observing at subcentimeter wavelengths, which use the conventions of specific intensity.

Experiment Line νobs [GHz] Δν [MHz] R σFWHM
a [arcsec] Ωfield [deg2] σN;I [Jy=sr]

CCAT-prime CII 220, 280, 350, 408 40, 40, 40, 40 100 57, 45, 35, 30 8 (0.6, 1.0, 2.5, 5.7)104

AtLAST CII 345, 422, 543, 760 63, 95, 158, 317 1000 4.4, 3.6, 2.8, 2.0 7500 (0.4, 0.7, 1.4, 3.9)105

SPHEREx Hα ð83; 109; 157; 295Þ103 ð20; 32; 65; 210Þ103 41.4 6.2 200 733, 747, 948, 1030
SPHEREx Ly-α ð252; 308; 366Þ103 ð63; 48; 68Þ103 41.4 6.2 200 1006, 1022, 981
HETDEX Ly-α ð578; 647; 724; 811Þ103 ð65; 73; 82; 92Þ103 700 5.47 300þ 150

b 57
aFor VID analyses we combine the pixels of some experiments to have larger voxels and ease the computations. We consider

combined pixels of 30 × 30, 2 × 2, and 5 × 5 for AtLAST, SPHEREx and HETDEX, respectively.
bHETDEX will observe two different fields, one on the spring sky and another on the fall sky, covering 300 and 150 deg2,

respectively. We assume that the observing time is distributed in a way that tpix is the same for both fields.
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values of XLT and FCMB
γ , so that Pχ is smaller for the

same Θχ .

B. VID

Each of the astrophysical models considered for each
atomic or molecular line included in this analysis involves
different assumptions and parameters. Nonetheless, the
important quantity for VID studies is the luminosity
function, rather than LðM; zÞ. Therefore, in order to
homogenize the Fisher matrix analysis for VID measure-
ments, we consider a modified Schechter function as the
luminosity function [109]:

dn
dL

¼ ϕ⋆
�
L
L⋆

�
α

exp

�
−

L
L⋆

−
Lmin

L

�
; ð35Þ

where ϕ⋆, L⋆, Lmin, and α are free parameters. We obtain
the luminosity function for each line at each redshift of
interest from LðM; zÞ and the halo mass function as
detailed in Appendix C, and use it to find the best-fit
values of the free parameters of Eq. (35). We use these
values, reported for each case in Table III, as the fiducial
values for our Fisher matrix analysis.
Taking this into account, the parameters we vary in the

Fisher matrix analysis of each redshift bin and field
observed are fϕ⋆; L⋆; Lmin; α;Θχg. As in the case for the
power spectrum, we need to apply a prior enforcing
Θχ > 0. Hence, we proceed similarly but applying only
this prior and working directly with Θχ . Contrarily to the
power spectrum, we use all dark-matter masses between
10−6 and 20 eV for which zχ ∈ ½0.05; 10�.

By default, we use the angular and spectral resolution of
the experiment to define the voxel. However, if the
resolution is too good, the resulting voxels would be too
small and too many of them would not contain any emitter.
Therefore in some cases we combine pixels or spectral
channels to obtain larger voxels: we combine each two
frequency channels for the two lower redshift bins of
HIRAX (and use 2 × 2 pixels for its lowest redshift bin),
and use combined pixels of 30 × 30, 2 × 2, and 5 × 5 for
AtLAST, SPHEREx, and HETDEX, respectively.
Contrarily to experiments using only the auto-correlation

of their antennas, interferometers are not well suited to
measure the total brightness temperature but its spatial
fluctuations.5 Moreover, the presence of bright foregrounds
for HI observations add additional difficulties to the
measurements. We avoid these complications considering
the probability distribution function PδTðδTÞ≡PðδTþhTiÞ
of just the temperature fluctuations δT [62] for CHIME and
HIRAX. Note that in this case the mean temperature also
includes the noise root mean square. Finally, we do not
include HERA in this analysis because we cannot compute

FIG. 4. Minimum Θχ values that could be detected at 95% con-
fidence level as function of fixed dark-matter particle masses
using measurements of the power spectrum multipoles of each
LIM survey considered. Dashed lines do not include the con-
tribution from the stimulated emission to ease the interpretation
of these results for other models of radiative decaying dark
matter. Thin and wide red lines correspond to COMAP 1 and
COMAP 2, respectively.

TABLE III. Parameters for the modified Schechter function for
the luminosity function in Eq. (35), for all atomic and molecular
lines and redshifts under consideration.

Line z ϕ⋆ [Mpc−3L−1
⊙ ] L⋆ [L⊙] α Lmin [L⊙]

HI 0.93 8.44 × 10−16 9.95 × 106 −2.03 1.1
1.29 2.60 × 10−16 1.31 × 107 −2.10 1.7
1.73 5.32 × 10−17 1.51 × 107 −2.22 2.6
2.24 2.67 × 10−18 1.85 × 107 −2.42 4.4

CO 2.84 1.60 × 10−9 3.98 × 105 −1.88 102
CII 1.50 1.67 × 10−11 7.00 × 107 −1.42 0.09

2.50 4.37 × 10−12 2.04 × 108 −1.44 0.29
3.50 5.52 × 10−12 2.07 × 108 −1.47 2.2
3.65 5.51 × 10−12 2.01 × 108 −1.48 2.8
4.43 1.82 × 10−12 3.65 × 108 −1.54 11.5
4.50 1.54 × 10−12 3.93 × 108 −1.54 13.0
5.79 1.47 × 10−12 2.34 × 108 −1.67 80.5
7.64 6.50 × 10−13 1.83 × 108 −1.78 229

Hα 0.55 1.66 × 10−11 9.93 × 107 −1.40 0.19
1.90 2.88 × 10−12 2.98 × 108 −1.47 1.36
3.20 3.13 × 10−12 2.64 × 108 −1.55 15.6
4.52 1.53 × 10−12 3.18 × 108 −1.61 39.2

Ly-α 2.00 1.58 × 10−11 1.08 × 108 −1.56 26.8
2.40 7.71 × 10−12 1.9 × 108 −1.56 35.8
2.81 3.37 × 10−12 3.6 × 108 −1.56 48.2
3.27 2.48 × 10−12 5.49 × 108 −1.55 66.1
5.74 4.77 × 10−14 6.70 × 109 −1.63 889
7.01 2.93 × 10−14 6.43 × 109 −1.70 2875
8.78 2.22 × 10−15 1.24 × 1010 −1.84 9863

5Interferometers are sensitive to the total mean brightness
temperature only if certain conditions are fulfilled, see,
e.g., [110].
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the VID for the HI emission from the epoch of reionization
with the model assumed.
We show the forecasted minimum Θχ values that could

be detected at the 95% confidence level as function of dark-
matter mass using VID measurements from each LIM
survey considered in this work in Fig. 3. While the general
trend of having weaker upper limits for higher masses
appears in this case too, we forecast higher sensitivity than
using the power spectrum for most experiments. This is not
surprising, since, for standard spectral lines, the VID is
more sensitive to the luminosity function than the power
spectrum (which is more sensitive to the cosmology). In
turn, the contribution from dark-matter decays to the power
spectrum that is not degenerate with the astrophysical
uncertainties of the atomic or molecular line is mostly
encoded in the quadrupole and hexadecapole, which have
lower signal-to-noise ratio.
However, the largest difference with respect to the

forecasts from power spectrum measurements is that in
this case the sensitivity within the same experiment
increases for more massive dark-matter particles. This is
because for the same νobs, decays of more massive dark-
matter particles happen at higher redshift, which corre-
spond to higher brightness temperatures. Therefore, it is
easier that the emission from dark-matter decays dominate
the VID in this case than for lighter masses. As in the
previous subsection, we also show results without the
stimulated emission to ease the interpretation of the results
for other models.

VI. DISCUSSION

The results reported in the previous section show the
great promise of LIM surveys to seek the product of
radiative dark-matter decays. While we build upon the
ideas discussed in Ref. [45], here we propose more realistic
strategies that are achievable and will not require further
observations or dedicated searches.
The main difference with respect to previous works is

that we do not look just for an excess of radiation over the
expected smooth extragalactic background light using the
power spectrum. Instead, we account for the atomic and
molecular spectral lines that will be targeted by LIM
experiments and model the effect of unaccounted
dark-matter decays on the LIM measurements. Applying
methodologies designed to detect and account for line
interlopers in LIM experiments, we interpret the unex-
pected contribution from dark-matter decays as another
interloper, model its contribution, and turn it into our
targeted signal. Furthermore, we perform a Fisher-matrix
analysis to account for potential degeneracies with astro-
physical uncertainties of the standard LIM signal and
obtain a more reliable estimation of the sensitivity to detect
dark-matter decays.
The sensitivity estimates above (Figs. 2 and 3) have

assumed a search for a dark-matter particle of a specific

mass. If, however, that mass is unknown a priori and the
search scans over all masses, then the interpretation of a “3-
sigma” detection would need to take into account the
marginalization over the unknown dark-matter mass.
To assess the effects of marginalization over the dark-

matter mass, we consider a decaying dark-matter model
that, according to the previous Section, would be detected
by LIM experiments. We assume a dark-matter mass of
10 eV, and Θχ values three times larger than the minimum
values that would grant a 95% confidence level detection
by HETDEX, as reported in Figs. 4 and 5. This results in
Θχ ¼ 3.4 × 10−28 s−1 and 8.0 × 10−30 s−1 for the power
spectrum and the VID, respectively. In this case, we repeat
the Fisher matrix analysis as described above, but add the
dark-matter mass as a free parameter. Moreover, since we
are assuming a detection, we also add σ2v;χ in the forecast
regarding the power spectrum.
We demonstrate the sensitivity of our proposed strategies

to dark-matter masses in Fig. 6, where we show the
marginalized forecasted constraints to the Θχ −mχc2 plane
for the dark-matter model mentioned above from HETDEX
LIM measurements. We see how the dark-matter mass can
be constrained with the LIM power spectrum. The dark
matter mass and its decay rate are very degenerate, but this
degeneracy can be broken thanks to the information from
the LIM power spectrum.

A. Comparison to other limits for axion models

Throughout this work we have considered radiative dark-
matter decays without specifying a model, focusing on the
decays into two photons to forecast the sensitivity of LIM
experiments to detect these decays. Nonetheless, as
explained in the end of Sec. III, our results are general

FIG. 5. Forecasted 95% confidence level marginalized upper
limits of Θχ as function of the dark-matter particle mass from
measurements of the VID of each LIM survey considered.
Dashed lines do not include the contribution from the stimulated
emission to ease the interpretation of these results for other
models of radiative decaying dark matter. Thin and wide red lines
correspond to COMAP 1 and COMAP 2, respectively.
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and can be recast to any dark-matter model that decays into
two particles, at least one of them being a photon.
Still, the axion is a longstanding and compelling dark-

matter candidate that decays to two photons and that has
been sought through a variety of experimental and obser-
vational avenues. We compare the forecasted sensitivity of
LIM experiments to detect axions with existing and
forecasted bounds in Fig. 7. We see that LIM experiments
have the potential to significantly contribute to the search
for axions, especially for masses ∼1–10 eV. This mass
range is difficult to probe with helioscopes due to loss of
coherence in the axion-photon conversion probability.
Therefore, the most competitive bounds in this mass range
correspond to spectroscopic observations of the dwarf
spheroidal galaxy Leo T with MUSE [111] and searches
for optical line emission in the galaxy clusters Abell 2667
and 2390, using VIMOS spectra [112] (both denoted as
“spectroscopic” in the figure). SPHEREx and HETDEX
have the potential to improve the sensitivity to axion decays

several orders of magnitude compared to existing and
forecasted bounds from other probes. In addition AtLAST
will probe the QCD axion for masses ∼10−2 − 10−1, being
more sensitive than current bounds from the helioscope
CAST [113] and the cooling of horizontal branch stars in
globular clusters [114], reaching a potential comparable to
the next-generation helioscope IAXO [115].
Note that the bounds using VIMOS and MUSE obser-

vations shown in Fig. 7 essentially assume fχfescfγγ ¼ 1,
while bounds from helioscopes and globular clusters do not
assume the axion to be the dark matter. Therefore, Θχ ¼ Γχ

for all these results. Nonetheless, for axion(like) particles
we can assume fγγ ≃ 1. In addition, if we assume that all
the dark matter is made of axions, we can assume fχ ¼ 1,
and we expect fesc close to 1 for the masses considered in
this work. Taking this into account, the comparison
between our results and other axion searches in Fig. 7 is
appropriate.

B. Extending and improving dark-matter
detection with LIM

We have focused on the LIM power spectrum and VID in
this work. However, the basic concept of our strategies,
namely interpreting the radiative dark-matter decays as an
interloper of atomic or molecular lines, can be easily
extended to other summary statistics of the line-intensity
maps. The combination of different summary statistics will
improve the sensitivity. While we do not combine the
power spectrum and VID results because we do not model
their covariance, we note that the correlation between Θχ

and mχ is very different for each of them (see Fig. 6). In
addition, while the power spectrum is more sensitive to

FIG. 6. 68% and 95% confidence level marginalized constraints
on the Θχ −mχc2 plane for an assumed decaying dark-matter
model that would grant a detection by HETDEX using the power
spectrum (top) and VID (bottom). We assumemχc2 ¼ 10 eV and
Θχ to be three times the minimum values that would grant a
95% confidence level detection. The fiducial model assumed is
marked by a black dot. Note the change of scale in both axes
between the two panels.

FIG. 7. Comparison between the minimum values of Θχ that
would be detectable by LIM surveys at 95% confidence level
derived in this work (choosing, but not combining, between
results from the LIM power spectrum and the VID) interpreted in
the context of axion dark matter and existing bounds and
forecasted sensitivity (dotted lines) from independent observ-
ables, at the same significance. We include the theoretical
prediction for the QCD axion in cyan.
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decays at lower redshift than the targeted emission, it is
opposite for the VID. All this makes us expect large
improvements upon consistent combination of different
measurements.
On the other hand, while we rely only on LIM obser-

vations of one line at a time, radiative decays can also be
searched cross-correlating different spectral lines, or a line
intensity and another tracer of the large scale structure such
as galaxies. The multitracer approach partially cancels the
sample variance, boosting the significance of power spec-
trum measurements. This would boost the signal-to-noise
ratio of the power spectrum quadrupole and hexadecapole,
therefore improving the determination of the anisotropy of
the power spectrum and the sensitivity to the dark-matter
decay rate and mass. Furthermore, cross-correlating line-
intensity fluctuations at different νobs would probe two
dark-matter masses at the same time. On the other hand,
cross-correlations of LIM and galaxy surveys will have a
smaller contribution from dark-matter decays.
The astrophysical modeling of the line emission is very

uncertain, and strong variations from the expected model
might be confused with the contribution from dark matter
decays. On top of it, the effect of unaccounted for fore-
grounds may hinder the measurements. However, the
strategies discussed above are robust against these uncer-
tainties, and we have modeled the loss of information due
to foreground contamination. The phenomenological para-
metrization of the astrophysical terms in the power spec-
trum allows us to marginalize over the astrophysical
uncertainties without relying on a specific model. Since
the LIM power spectrum is mostly sensitive to cosmology,
a different astrophysical model for the emission would
change the amplitude of the power spectrum, which would
only affect the over all signal-to-noise ratio of the power
spectrum measurement. This would change the sensitivity
to the contribution from dark matter decays but would not
allow for a biased determination. The only case that may be
problematic is the HI emission from reionization, for which
variations of the model such as the presence of extreme
clumping may alter also the shape of the power spectrum.
We have used a simplistic model as illustration, but a more
comprehensive modeling and marginalization may be
required when dealing with actual observations. The
VID is more sensitive to the astrophysics, but we margin-
alize over all free parameters of the Schechter function
assumed to model the luminosity function, so we cover a
wide range of astrophysical scenarios.
Nonetheless, as we have shown in Secs. III and IV, we can

reliably model the contribution from dark matter decays to
the power spectrum and the VID. More importantly, this
contribution is very characteristic in the two summary
statistics we consider. Therefore, the combination of the
VID and power spectrum will not only allow us to increase
the sensitivity to the dark matter but, given that both
measurements are affected by astrophysical uncertainties

and foregrounds in different ways, it will significantly
increase the reliability of an eventual detection. Multitracer
studies will also increase the robustness against potential
systematic errors in the analysis or measurements.
Finally, there are other ways to increase the relative

contribution from dark-matter decays to the total LIM
measurements. For instance, most of the spectral lines
considered in this work are sourced by processes triggered
by star formation. Masking the brightest sources can help to
reduce the standard astrophysical contribution to the line
intensity. This procedure can be optimized if the brightest
sources are identified using external observations
[48,52,86]. The information from the dark-matter decays
is not significantly affected by the mask because their
contribution is not related with star formation at all. A
similar approach has been proposed to reduce the con-
tamination of line interlopers (see, e.g., Ref. [50]).

C. Detecting annihilations and nonradiative processes

The search techniques discussed here can also be
applied, with minimal modifications, to seek lines from
dark-matter annihilation. If the dark matter is cold and
annihilates to a two body final state with at least one
photon, then that annihilation will produce an emission
line. Note, however, that if dark matter annihilates to two
photons that can be observed by LIM experiments, it will
mean that dark matter is warm.
Like the lines from dark-matter decay, annihilation lines

trace the distribution of dark matter. However, the annihi-
lation rate is proportional to the square of the dark matter
density, rather than have a linear relation as is the case of
the decay rate. Therefore, annihilation lines will be boosted
in dense halos and will provide a biased tracer of the mass
distribution.
Although the contribution from the fluctuation signal we

seek to the LIM power spectrum is thus expected to be
more significant relative to the decay signal, for the same
mean line luminosity density, the effects of biasing on the
clustering will need to be taken into account. The VID from
annihilation will, however, have to be modeled and will
experience larger theoretical uncertainties due to imprecise
knowledge of the details of dark-matter distributions within
halos. The VID from annihilations is also likely to more
closely resemble the VID from atomic and molecular lines
and its contribution to the total VID will thus be more
difficult to distinguish.

VII. CONCLUSIONS

Characterizing the nature of dark matter at a microscopic
level is one of the main goals of cosmology, and consid-
erable efforts have been made to address this challenge.
One possibility is that dark-matter decays into Standard
Model particles; more specifically, those decays may
involve photons. In the case of a two-body decay, the
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produced photons are monoenergetic, in such a way that
they become a well-defined emission line in the electro-
magnetic spectrum.
Here we have proposed two new techniques to seek

radiative dark-matter decays with LIM. Our analysis and
forecasts take into account astrophysical uncertainties and
limitations and capabilities of realistic experiments. These
proposed techniques can be applied to LIM measurements
that are already planned, and they do not require any further
augmentations of these projects nor dedicated programs.
Even so, they have the potential to open up new regions of
discovery space, including some of the parameter space for
the longstanding Peccei-Quinn axion.
The core idea of our proposal is that the dark-matter

emission line will appear as a line interloper of the atomic
and molecular spectral lines targeted by LIM experiments.
However, unlike standard interloper lines, we do not take
the contribution from dark matter as a contaminant but as
the signal we look for, marginalizing over the astrophysical
uncertainties dominating the contribution of the standard
spectral lines.
Building upon this idea, we have applied methodologies

designed to detect and model the contribution from known
faint lines that will contaminate LIM observations, adapting
them to our purposes. Specifically, we have focused on the
LIM power spectrum multipoles and the VID. The con-
tribution from dark-matter decays to the LIM power
spectrum, coming from different redshifts than the standard
emission, is subject to projection effects that heavily
increases the anisotropy of the power spectrum, in addition
to contribute to the monopole. On the other hand, the
probability distribution function of the brightness temper-
ature associated to dark-matter decays is expected to be
very different than the one related to astrophysical lines.
Hence, the total probability distribution function, inferred
using the VID, is expected to change its shape and shift
towards higher temperatures due to the additional, exotic
contribution.
We have considered a very general dark-matter scenario in

which a fraction fχ of the dark-matter decays with a decay
rate Γχ , a fraction fγx of such decays involves at least a
photon as daughter particle (wherex canbe another photonor
a different particle), and a fraction fesc of such photons
reaches the LIM experiment. Under these considerations,
LIM observables are sensitive to Θχ ¼ fχfγxfescΓχ . After
modeling the contribution from dark-matter decays as a line
interloper for the measurements under study, we have
forecasted the sensitivity to this exotic contribution of
ongoing and forthcoming LIM experiments, spanning sev-
eral orders of magnitude in frequency. We have found that in
general the VIDwill be more sensitive to dark-matter decays
than the power spectrum, but both of them are also sensitive
to the dark-matter mass. Therefore, if a detection of decaying
dark matter with LIM surveys is accomplished, it will also
return information about the dark-matter mass.We report our

results in the context of dark matter decaying into two
photons but provide a simpleway to reinterpret our results for
different daughter particles.
More importantly, the potential sensitivity of LIM experi-

ments will be extremely competitive compared to other
observational probes. As an illustration, we interpret our
results in the context of axion dark matter, and compare our
forecasts with existing and forecasted bounds from other
probes. We find that HETDEX and SPHEREx will improve
the sensitivity to radiative dark-matter decays several orders
of magnitude for axion masses of 1–10 eV, while AtLAST
will improve current constraints and present comparable
potential than IAXO at masses 10−2 − 10−1 eV.
LIM surveys hold great promise to address astrophysical

and cosmological questions. Thanks to the strategies pro-
posed in this work, LIM experiments will be extremely
sensitive to radiative dark-matter decays, even without a
dedicated program focused on darkmatter.We eagerly await
for these surveys to complete their observations to tackle the
challenge of characterizing the nature of dark matter.

ACKNOWLEDGMENTS

The authors thank Ely D. Kovetz for useful comments on
the manuscript. J. L. B. is supported by the Allan C. and
Dorothy H. Davis Fellowship. A. C. acknowledges support
from the Israel Science Foundation (Grant No. 1302/19),
the US-Israeli BSF (Grant No. 2018236) and the German
Israeli GIF (Grant No. I-2524-303.7). A. C. acknowledges
hospitality of the Max Planck Institute of Physics in
Munich and of JHU where this work started, as well as
support of the Centre of Cosmological Studies and the
Balzan Foundation Award. This work was supported at
Johns Hopkins by NSF Grant No. 1818899 and the Simons
Foundation.

APPENDIX A: DETAILS ON THE MODELING
OF LIM OBSERVABLES

In this appendix we complete the description of the
modeling of the LIM power spectrum and its covariance,
filling the details that were left out of the main text.

1. Specific intensity

In this work, we have used the brightness temperature to
quantify the integrated emission of a given spectral line.
However, this convention is used only for experiments
observing millimeter and larger wavelengths. For sub-
millimeter and shorter wavelength experiments, it is cus-
tomary to use the specific intensity I, given by

IðzÞ ¼ c
4πνHðzÞ ρLðzÞ ¼ XLIðzÞρLðzÞ: ðA1Þ

Throughout this work we have used T for conciseness, but
all the expressions can be adapted to the specific intensity
changing XLT by XLI.
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2. LIM bias and redshift-space distortions

The bias factor relating brightness temperature and
matter density perturbations can be approximated at large
scales as the luminosity-weighted linear halo bias:

bðzÞ ¼
R
dMLðM; zÞbhðM; zÞ dn

dM ðM; zÞR
dMLðM; zÞ dn

dM ðM; zÞ ; ðA2Þ

where bh is the halo bias and we assume the halo mass
function and halo bias fitting function from Ref. [116].
Brightness temperature maps are taken in redshift space,
hence the measured power spectrum is affected by redshift-
space distortions. We model this effect with the Kaiser
effect [59] at large scales and a Lorentzian function that
empirically reproduces the effects at small scales. The
resulting redshift-space distortions factor is given by

Frsdðk; μ; zÞ ¼
�
1þ fðzÞ

bðzÞ μ
2

�
1

1þ 0.5ðkμσvÞ2
; ðA3Þ

where fðzÞ is the growth rate.

3. Instrumental resolution and window functions

The angular resolution is related with the width of the
effective beam profile, σbeam ¼ θFWHM=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
8 log 2

p
, where

θFWHM ¼ 1.22c=νobsD is the full-width half maximum of
the telescope beam, and D is the diameter Ddish of the dish
or the maximum baseline distance Dmax whether only the
autocorrelation of each antenna is exploited or interfero-
metric techniques are used, respectively. On the other hand,
the spectral resolution is determined by the width of the
frequency channel, δν. The characteristic resolution limits
along the line of sight and transverse directions are

σk ¼
cδνð1þ zÞ
HðzÞνobs

; σ⊥ ¼ DMðzÞσbeam; ðA4Þ

Note that a physical broadening of the spectral line due to
peculiar velocities or dispersion of the photon frequency
also limits a precise determination of the line, which may
limit the spectral resolution if too accused. The effect of the
line broadening can be folded in σk, using the maximum
between the broadening and δν. With this in mind, the
resolution window can be computed as [85]:

Wresðk; μÞ ¼ exp f−k2½σ2⊥ð1 − μ2Þ þ σ2kμ
2�g: ðA5Þ

The volume within a solid angle Ωfield and a frequency
band Δν probed by a survey is

Vfield ¼ L2⊥Lk ¼ ½DMðzÞ2ðzÞΩfield�
�
cð1þ zÞ2Δν

HðzÞν
	
: ðA6Þ

In the absence of complex observation footprints, Vfield can
be considered as the volume observed by a survey. This

volume determines the characteristic largest scales that are
available, corresponding to Fourier modes kmin;dish

⊥ ≡
2π=L⊥ and kmin

k ≡ 2π=Lk. The window function that

accounts for the loss of modes beyond these scales is

Wvolðk; μÞ ¼
�
1 − exp

�
−
�

k
N⊥kmin⊥

�
2

ð1 − μ2Þ
��

×

�
1 − exp

�
−
�

k
Nkkmin

k

�
2

μ2
��

; ðA7Þ

where we have introduced N⊥ and Nk to allow for addi-
tional loss of modes due to the presence of foregrounds
[106,117].

4. Covariance of the LIM power spectrum

The definition of the total noise variance per voxel per
antenna depends on the convention used to quantify the
intensity of the line, either using brightness temperature or
specific intensity. For low-frequency experiments that use
T, the total variance per voxel and antenna is

σ2N;T ¼ T2
sys

NfeedsNpolδνtpix
; ðA8Þ

where Tsys is the system temperature of the telescope,Nfeeds

is the number of detectors in each antenna, Npol ¼ 1, 2 is
the number of polarizations that the detector is able to
measure, and tpix ≡ tobs=Npix is the observing time per
pixel. We assume that the total observing time tobs is
uniformly distributed among all pixels.
In turn, for high-frequency experiments that work

with specific intensities, the total variance per voxel and
antenna is

σ2N;I ¼
σ2pix

NfeedsNpoltpix
; ðA9Þ

where σpix is typically given in terms of a noise equivalent
intensity in units of Jy s1=2/sr.
Regarding the experiments using interferometric tech-

niques, we consider always a constant number density of
baselines, for which

ns ¼
c2NantðNant − 1Þ

2πν2obsðD2
max −D2

minÞ
; ðA10Þ

where Dmin is the minimum baseline distance.
Finally, the number of modes observed per k and μ bin,

with respective widths Δk and Δμ, is

Nmodes ¼
Vfieldk2ΔkΔμ

8π2
: ðA11Þ
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Note that the loss of modes due to instrument resolution,
foregrounds, or the size of the volume probed is not
modeled in Nmodes but in the window functions to properly
account for all the accessible information in the multipoles
of the LIM power spectrum [58].

5. Probability of the number of emitters in a voxel

We approximate the halo number-count distribution with
a lognormal distribution [68], and assume that the expect-
ation value η for the number Ne of emitters within a voxel
depends on the lognormal matter density field in that point.
Under these assumptions Ne is a Poisson draw from a
distribution with mean η:

Pe ¼
Z

dηPLNðηÞPPoissðNe; ηÞ; ðA12Þ

where PLN and PPoiss are a lognormal and a Poisson
distribution, respectively. PLN can be expressed in terms of
the Gaussian random variable δG with standard deviation
σG as [69]:

PLNðηÞ ¼
1

η
ffiffiffiffiffiffiffiffiffiffiffi
2πσ2G

p exp

�
−1
2σ2G

�
log

η

N̄
þ σ2G

2

	
2
�
; ðA13Þ

where N̄ ¼ n̄Vvox, and we take σG to be the root-mean-
square of the linear density contrast of the emitters:

σG ¼
Z

d3k
ð2πÞ3 jWðkÞj2b2PmðkÞ; ðA14Þ

where WðkÞ is the Fourier transform of the voxel window
function. We use Wres [Eq. (A5)] as the voxel window
function, multiplying σ⊥ or σk by the corresponding integer
in the case of combining pixels or frequency channels.

APPENDIX B: PARAMETERS OF THE
DOUBLE-EXPONENTIAL PDF
OF MATTER FLUCTUATIONS

Here we report the fitting functions for the parameters ς,
ρ0 and ρ1 of the double-exponential probability density
function of the matter fluctuations [see Eq. (21)], as
proposed in Ref. [67]:

ς ¼ −2 −
0.05
gðzÞ

×

�
1 − 2.4σ0.05m exp

�
−
�

4.7
σmgðzÞ

	
2
��

; ðB1Þ

where

gðzÞ ¼ 0.075þ 0.25
ð1þ zÞ5 ; ðB2Þ

ρ0 ¼ 0.048þ 0.77
σm

; ðB3Þ

ρ1 ¼ 4.7σ1.9m exp

�
−

2

σm

�
: ðB4Þ

Note that the redshift dependence is encoded in gðzÞ
and σm.

APPENDIX C: LUMINOSITY FUNCTIONS

As described above, we use the relation LðM; zÞ between
the luminosity of a given line and the halo mass to model
the luminosity density of the line and other required
quantities to compute the LIM observables, especially
related to the power spectrum, except for the HI line from
reionization. The computation of the VID requires instead
the luminosity function dn=dL [see Eq. (9)]. One possible
way to obtain the luminosity function consists of inverting
the mass-luminosity relation [i.e., using LðM; zÞ to
obtain MðL; zÞ] and combined it with the halo mass
function. However, this is only possible when LðM; zÞ is
monotonous.
To overcome this complication, we use the conditional

probability distribution function PðLjMÞ of having a
luminosity L coming from a halo with massM. We assume
a lognormal distribution with mean LðM; zÞ for PðLjMÞ,
which allows us to introduce scatter in LðM; zÞ that
preserves the mean luminosity if needed, or a Dirac delta
distribution δDðL − LðM; zÞÞ otherwise; we assume a
scatter of 0.2 in log10 ¼ 0.2 for all lines but CO, for which
we assume a scatter of 0.3 [85]. Thus, the luminosity
function is given by

dn
dL

¼
Z

dMPðLjMÞ dn
dM

: ðC1Þ

In order to homogenize the analysis, we fit the lumi-
nosity functions for each astrophysical model, spectral line
and redshift under consideration to a modified Schechter
function [see Eq. (35)]. We provide the corresponding
parameters for each luminosity distance in Table III.
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