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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 ~107°-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, ACDM. 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 7 < 102 s) are constrained by spectral dis-
tortions [22-24] and big bang nucleosynthesis [25-27],
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while CMB anisotropies strongly disfavor lifetimes
<10% 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
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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 ACDM
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 4 = 0.6736,
physical dark-matter and baryon densities today Qy,,h*> =
0.12 and Q, = 0.02237, respectively, a spectral index n, =
0.9649 and an amplitude A; = 2.1 x 10~ of the primordial
scalar power spectrum.

II. LIM OBSERVABLES

The brightness temperature 7" observed for a given line in
a LIM experiment is related to the line’s rest-frame
frequency v and emission redshift z, by'

C3 2
(1+2) (D) = Xl ()

T(z) = ST
(2) 87kpi H(z

where c is the speed of light, kg is the Boltzmann constant
and H is the Hubble expansion rate [56]. The luminosity
density p; (z) 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.? Therefore, in terms of the mass function
(dn/dM)(M, z) and mass-luminosity relation L(M, z), it is

dn

b)) = [amLa Srong). @

'We 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.

The Lyman-a 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 LM’ 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

P(k,u,z) = (T)*(2)b*(2) Faq(k. pt, 2) Py (K, 2)

d
+X§T/dML2(M, ), (3)

dm

where y =k - k;/ k? is the cosine of the angle between the
Fourier mode k and its component k| along the line of sight,
b(z) is the luminosity-weighted linear halo bias, F is a
factor encoding the effect of redshift-space distortions, and
P (k,z) is the matter power spectrum. Regarding Fy,
we include the Kaiser effect at large scales [59] and
a suppression at small scales, determined by the velocity
dispersion o,, for which we take the linear prediction,
02(z) = [ Pn(k,z)dk/6x, 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: W, to model the
smoothing due to instrumental resolution, and W, to
account for the finite size of the volume probed and
potential presence of foregrounds. Thus, the measured
LIM power spectrum is given by

Pk, pt, z) = Woor (K, pt, 2) Wes (ko p1, 2) P(K, 1, 2). - (4)

It is not possible to obtain a well-defined y 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

3See Ref. [57]

1

Eww=”jl[fwﬂmwxm, (5)

where L, is the Legendre polynomial of degree .

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])

2
interf __ GNVVOXQFOV 6
. PR == (6)
N N
ant ng

2
Pdish _ O-NVVOX
N =

where 6%, is the instrumental noise variance per voxel per
antenna, V., is the volume of the voxel (the size of which
is assumed here to be determined by the instrumental
resolution unless otherwise stated), Qroy = 2/ (Vops Daish)?
is the field of view, v, is the observed frequency, Dy, 1S
the diameter of each antenna, and n 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 p bins is given by &°(k,u)=
[P(k,pt) + Px]?/Numodess Where Npoges is the number of
modes observed per bin. The total covariance matrix for
the multipoles of the LIM power spectrum is the combination
of the subcovariance matrices of each multipoles and those
between different multipoles. The subcovariance matrix
between the multipoles £ and ¢’ is given by

Eonlh) = (2f+1)2(zﬂ+1)

< [ wE L Lo, ()

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 P(T) for
the measured brightness temperature in a voxel, which is
related with the luminosity function and the number N, 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
Py = 6p(T), where & is the Dirac delta. In turn, the
brightness temperature observed in a given voxel contain-
ing N, emitters is
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T

Li? (8)

i

where L; 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

PT) = Viox dn
: - ﬁXLT dL L:/)L(T)V\'nx

: 9)
where 7 is the mean comoving number density of emitters.
Now consider two emitters a and b; the sum of their
emission is 7, + T, = T. Accounting for the probability
distribution function of each emitter:

Py(T) = / AT, P\(T)P\(T—T,) = (P« P)(T). (10)

17302

where “x” denotes the convolution operator. Repeating this
argument iteratively, the probability of observing a bright-
ness temperature 7 in a voxel with N, emitters is

Py (T) = (Pyo-1 * PI(T). (11)
The conditional probability of a voxel with total brightness
temperature 7' containing N, is given by the product of
Py, (T) and the probability P.(N.) 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:

Pa(T) = 3 Py TPV, (12)

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/ Vyox (i.e., the final survey instrumental variance per
voxel). Therefore, the probability of the instrumental noise
being T in a voxel is

/ Vyox Tzvv X
Pnoise(T) = ZH;N exp {_ 2PN0 } (13)

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

Plot = (Psignal * Pnoisc)(T)’ (14)

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 B; of voxels for which the
measured 7 is within a given brightness temperature bin
with width AT ;:

T,+AT;

Bi = Nvox 7)t0t<T)dT’ (15)

T;

where N, is the number of voxels that the volume probed
is divided into. We assume that the bins follow a Poisson
distribution, hence the variance 67 of B, is equal to B;. 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 spectrum was
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 f, of
all of the dark matter is made of particles y with mass m,.
While we assume that the rest of the dark matter is standard
cold dark matter, y particles decay into Standard Model
particles, with a branching ratio f,, for decays into two
photons. These photons have a specific energy, depending
on m,, corresponding to a rest-frame frequency
2

mxc

" 4nh

xX=rr. v (16)
where 7 is the Planck constant over 2.

The mean energy injection by unit of time ¢ and volume
V for dark-matter decays into photons is given by [64—66]

dE

dvdt = fwf;(Qdmﬂc(l + Z)3C2FZ(1 + Z‘FV)’ (17)

inj,yy
where Qg4, and p. are the total dark-matter density
parameter and the critical density of the Universe today,
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respectively, and I, = T;l is the decay rate of dark matter
into photons, defined as the inverse of the lifetime z,. 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, in Eq. (17) accounts for the
stimulated decays due to the cosmic microwave back-
ground radiation with phase-space distribution 7, [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 m,c* > 107 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 f . of that radiation
escapes its environment and reach us. f . is very small for
photons with energies above the excitation energy of
hydrogen atoms, 10.2 eV. Therefore, we limit our study

to m){c2 <20 eV, which corresponds to frequen-

cies v, < 4.6 x 10° GHz.
Taking all this into account, the mean luminosity density
of radiation created in dark-matter decays is

(L) =0, Q4mp.(1+2)°c2(1 +2F,),  (18)

where we have defined ©, = f,f,,fecl, 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

P, (k,p,z) = Xir(p{)*(2) Frg(k, pt, 2) Pr(k, 2). (19)

Similarly, the VID associated to dark-matter decays is
related with the probability distribution function P, of the
normalized total matter density p,, = pm/Pm» Where py, is
the mean matter density, as

Pﬁ(pm)

T) = .
PZ( ) XLT®;(Qdec(1 + Z)3C2(1 + 2?;,)

(20)

P; depends on the variance o2, of the matter perturbations
smoothed over a voxel. We use different models for Pj
depending on redshift and value of o¢,,. For z <1 and

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

1.1 %\ 0.55
Pﬁ,DE([’m) = -Aﬁrgn €xXp {— ('VD—O> - (p_m) } (21)
Pm P1

which has been shown to provide a good fit to simulations.
We use fitting functions for the parameters ¢ & —2, po and
p; that can be found in Appendix B, while A is a
normalization factor [67]. For higher redshifts or lower
values of o, 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]:

exp { - el a2 )

2
207y

Pu/270Ty

,Pb.LN (f’m) = (22)

where o7y = log(1 + 02,).

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, 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 £ with mass m;. In this case,
the photon rest-frame frequency is given by

m,c? m2
x=ré v = 4271 <1—m—§>, (23)
%

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

dE
N+ :fyffj(gdmpc(l +Z)362
dth inj.,]/§
1 —m2/m2
xT, # (24)

where in this case f . is the branching ratio of the y particles
decaying into a photon and a £ 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 & particles is
expected to be small, especially if £ is a fermion.

All our results for the y — yy 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

2
’ 2 m)fc 25

and a redefinition of the effective parameter:

1 —m2/m2
% = © fzyjf( § +§2/;f X)) ’ (26)
rr 7

where we have denoted the quantities for the yy 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 (1 +2F,)
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 f, may be forced to be very small,
especially if m; is small.

IV. DETECTING DARK-MATTER DECAY
AS LIM INTERLOPER

There is a plethora of LIM experiments that have from
HI to Lyman-a 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 m, <20 eV/ c?
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 v;. The correspond-
ing redshifts at which the targeted and interloper photons
originate are

*See, e.g., Ref. [79].

25

2.0

1.5

log1o((myc?/eV)

1.0

_____SPHEREX

0.5

10 10°
Vobs [GHZ]

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.

Wy =y (27)

Vobs Vobs

1 =

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 z, are misidentified as corresponding to the
atomic or molecular targeted spectral line coming from gz,
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 ¢, and g, respectively,

given by

DM(Z;()
Dy(z)’

~ (I+z,)/H(z,)
aW= (1+2z)/H(z)’

q. = (28)

where D,, is the comoving angular diameter distance. The
correction between inferred and true Fourier modes is
ktue = kinfer /g and ke = khnfe‘ /qy» or, in terms of k and

I
w [83]:
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FIG. 2. Monopole (left), quadrupole (middle), and hexadecapole (right) of the CO power spectrum observed at v,,, = 30 GHz
(magenta) and the total power spectrum adding the contribution of the projected dark-matter decay power spectrum with
0, = 107 s~'. We consider dark-matter masses, corresponding to z, € [0, 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.

Jtrue — inter [1 + ( infer)Z(F—z _ 1)]1/2
g : prol ,
Minfer )
e =B [ R (F - DR (29)

proj

where Fp.i =q)/q.-

Taking this into account, the measured interloper-line
power spectrum will be distorted due to those projection
effects. In practice, the power spectrum must be computed at
z, following Eq. (19), applying the window functions from
Eq. (4) also at z,, 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

. 1 2041
P){(klnfer’z ) —
‘ T dlq 2

ro :
X / d'umferPX (ktrue"utrue’ Zx)ﬁf (Mmfer) , (30)
-1

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

P?t(kinfer) — P}/ﬂ(kinfer’ Zl) 4 P?(kinfer’ Z)()’ (31)
where we assume that v} and v, 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 z;, but using P 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 z;.

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 z, < z;). 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 z, > z;.

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 =T, + T, + Ty, contribu-
tions that follow the probability distribution functions given
in Egs. (12), (20), and (13), respectively. Note that P; and
P, are computed at their respective redshifts. Therefore, the

VID for the total brightness temperature is
Ptot+)( = ((Pl * P;{) * Pnoise)(T)' (32)

Note that the changes in the VID due to the presence of
dark-matter decays is not as straightforward as in the case
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FIG. 3. Voxel intensity distribution of the CO spectral line

(magenta) and the total emission including contributions from
dark-matter decay with ©, = 107" s™! for an experiment like
COMAP 2 (without including instrumental noise). We consider
dark-matter masses corresponding to z, € [0, 10].

of the power spectrum. According to Egs. (18) and (20), at
a given vy, T, x0,(1+2,)%/H(z,) and P,(T,)
H(z,)/0,(1 + z,)?]. Hence both argument and function
depend on the details of the dark matter. Therefore, for a
given v, and ©,, the heavier the dark matter, the higher
the brightness temperature associated to its decays.
Moreover, since at higher redshifts P; tends to a narrower
distribution centered at p,, = 1 due to smaller clustering, it
may have a stronger effect on the total VID. Note also that
for low enough ©,, 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 ©,, but
the shape of the overall VID depends on z,, and thus m,,.
Therefore, we expect that the mass of the dark matter can also
be determined ina VID search. As was the case for the power-
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 m,,.

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, Ha, and Lyman-a lines.
We assume our fiducial astrophysical models to follow the
relation L(M, z) between the line luminosity and the halo
mass from Refs. [84—88] for postreionization HI, CO, CII,
Lyman-a, and Ha 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]

(@) = 1+ ()] )

r

where 7z, and Az, are the midpoint and duration of
reionization, respectively; we adopt z, =8 and Az, =
0.5 as our fiducial parameters. The mean brightness
temperature is related to the mean neutral fraction as

(T) ~27(xy) /(1 +z)/10 mK. Regarding the bias, we

follow the parametrization

b™(z) = n((xmr)(z) = 1) + 1, (34)

taking the value 5 = 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-a, and SPHERExX [100] for Lyman-a and
Ha. We combine results from HIRAX and CHIME (since
they observe the south and north galactic caps, respec-
tively), as well as SPHEREx Ha and Lyman-a surveys,
since they do not overlap in redshift. Details on the
experimental specifications of all these experiments can
be found in Tables I and IL.

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 ACDM Universe as our fiducial
case, which corresponds to ®, = 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 ©,.

A. Power spectrum

We use the quantity @f to parametrize the amplitude of
the dark-matter contribution to the power spectrum, and
follow Ref. [105] to obtain upper limits to ©,. We include

the phenomenological parameters {((T)b)?, Py, 62, } in
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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

Ny = Nantheedszol .

Vobs A ov

Experiment Line [GHz] [MIfIZ] [kHz]

HERA HI  0.11,0.13,0.15,0.18  18.9, 22.5, 97.8
26.8, 31.8

CHIME HI 0.44, 0.52, 76, 90, 107, 390
0.62, 0.74 127

HIRAX® HI 0.44, 0.52, 76, 90, 107, 390
0.62, 0.74 127

COMAP1 CO 30 8000 7324

COMAP 2 CO 30 8000 7324

Tsys D dish D min D max Qﬁelél Tobs

K] [m]  [m] [m] [deg”] [hours] Ny
100 + 120(2:) 255 14 146 876 1440 3000 700

50 20* 0.4 60  15000° 10000 2048

50 6 2 250 15000 10000 2048

40 10.4 s e 2.25 6000 19

40 10.4 e e 60 10000 95

*CHIME employs four contiguous cylinders of 20 x 100 meters with 256 double-polarization detectors each. 20 m is the equivalent

Dy, value to compute Qg,y .

"CHIME has the potential to scan half of the sky every day. However, we limit Qg4 to account for masks covering the Milky Way and

ensure that the footprint of CHIME and HIRAX do not overlap.

‘FOR VID analyses of the two lowest redshift bins of HIRAX, we combine each two frequency channels, as well as use combined
pixels of 2 x 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 Vops [GHZ] A, [MHz] R opwnm' larcsec]  Qpaq [deg?] ony [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)10*
AtLAST cl 345, 422, 543, 760 63, 95, 158, 317 1000 4.4, 3.6, 2.8, 2.0 7500 0.4, 0.7, 1.4, 3.910°
SPHEREXx Ha  (83,109,157,295)10° (20,32,65,210)10° 41.4 6.2 200 733, 747, 948, 1030
SPHEREx  Ly-a (252,308,366)103 (63,48, 68)10° 414 6.2 200 1006, 1022, 981
HETDEX Ly-a (578,647,724,811)10° (65,73,82,92)10° 700 5.47 300 4 150 57

"For VID analyses we combine the pixels of some experiments to have larger voxels and ease the computations. We consider
combined pixels of 30 x 30, 2 x 2, and 5 x 5 for AtLAST, SPHEREx and HETDEX, respectively.
PHETDEX will observe two different fields, one on the spring sky and another on the fall sky, covering 300 and 150 deg?,

respectively. We assume that the observing time is distributed in a way that ¢

our Fisher analysis and then marginalize over them for each
redshift bin and field observed. The parameter 67, con-
trolling small-scale redshift-space distortions at z, 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 ®,, 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 @5.
Afterwards, we generate numerical samples of 8)2{ 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 ®,, enforce @5 > 0, transform the
samples to ©,, and estimate the corresponding sensitivity
as the minimum value of ®, that could be measured for a
specific m, at 95% confidence level.

We perform this process for all dark-matter particle masses
between 107° and 20 eV, for which z, € [0.05, zyp,] U
[Zmax» 10], where z,;, and z,,, are the limiting redshifts of
the observed redshift bin. We use k., = 0.5 Mpc~! as the
maximum value of & in the forecast. We model the power-
spectrum covariance and window functions as described in

pix 18 the same for both fields.
Sec. IT 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 W, assuming N | =
N =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 k| < k| min = A + Bk are lost [107,108].

We adopt A = 0.05 h/Mpc~! (~0.034 Mpc~! for our fidu-
cial choice of &), and B = 6, values that correspond to a
standard moderate scenario of foreground removal
for HERA.

We show forecasted minimum values of ©, 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
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FIG. 4. Minimum ©, 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.

values of X;r and FSMB, so that P, is smaller for the
same O,.

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 L(M,z). 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 L\ L Ly
Lo (= — = Zmin { 35
T <L) e"p{ L. L } (35)

where ¢,, L,, Ly, and a are free parameters. We obtain
the luminosity function for each line at each redshift of
interest from L(M,z) 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 {¢,,L,, Ly, a, ®x}' As in the case for the
power spectrum, we need to apply a prior enforcing
©®, > 0. Hence, we proceed similarly but applying only
this prior and working directly with ®,. Contrarily to the
power spectrum, we use all dark-matter masses between
107 and 20 eV for which z, € [0.05, 10].

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 ¢, [MpcLg'l L, [Lo] a Lin [Lo]
HI 093 844x107'® 995x10° -2.03 1.1
1.29  2.60 x 10716 1.31 x 107 =2.10 1.7
.73 532x 107V 1.51 x 107 -2.22 2.6
224 267x107'8 1.85x 107 —-2.42 4.4
CO 284 1.60x107° 3.98 x 105 —1.88 102
CoI 150 1.67x107'"  7.00x107 —1.42 0.09
250 437x107'2  204x 108 -1.44 0.29
350 552x 10712 207 x 108 —1.47 2.2
365 551x10712 201 x10% —1.48 2.8
443 182x107"2  365x10%8 —-1.54 115
450 1.54x107'2  393x10%8 -154 13.0
579  147x1072  234x10® -1.67  80.5
7.64 650 x 10713 1.83 x 108 —1.78 229
Ha 055 1.66x 107! 993 x 107 —1.40 0.19
1.90 288x10712  298x 108 —1.47 1.36
320 3.13x 1072 264 x 108 —1.55 156
452 1.53x107'2  3.18x10%8 -1.61 392
Ly-a 200 1.58x 107! 1.08 x 108 —1.56  26.8
240 771 x 10712 1.9x 108 —-1.56 358
2.81 337x 10712 3.6 x 108 —1.56 482
327 248x107'2  549x10% -1.55  66.1
574 477x107%  670x10° -1.63 889
7.01  293x107*  643x10° -1.70 2875
878 222x 10715  1.24x10 -1.84 9863

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 x 2 pixels for its lowest redshift bin),
and use combined pixels of 30 x 30, 2 x 2, and 5 x 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.’ Moreover, the presence of bright foregrounds
for HI observations add additional difficulties to the
measurements. We avoid these complications considering
the probability distribution function Ps;(6T)=P(T+(T))
of just the temperature fluctuations 67 [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

’Interferometers 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 ©, 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 v, 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

X103
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FIG. 5. Forecasted 95% confidence level marginalized upper

limits of ©, 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.

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 ©, 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
©, =34x10"2 s7! and 8.0 x 107°° s™! 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 o7, 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 ®, — m, ¢ 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. IIl, our results are general
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s-{HETDEX]

FIG. 6. 68% and 95% confidence level marginalized constraints
on the ©, — m)(c2 plane for an assumed decaying dark-matter
model that would grant a detection by HETDEX using the power
spectrum (top) and VID (bottom). We assume mJ{c2 =10 eV and
®, 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.

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

10—25,
'_I"_| 10728,
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FIG. 7. Comparison between the minimum values of ©, 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.

several orders of magnitude compared to existing and
forecasted bounds from other probes. In addition AtLAST
will probe the QCD axion for masses ~1072 = 1071, 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 f, fefy, = 1,
while bounds from helioscopes and globular clusters do not
assume the axion to be the dark matter. Therefore, G)x = Fx
for all these results. Nonetheless, for axion(like) particles
we can assume f,, ~ 1. In addition, if we assume that all
the dark matter is made of axions, we can assume f, = 1,
and we expect f. 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 ©,
and m, is very different for each of them (see Fig. 6). In
addition, while the power spectrum is more sensitive to
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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 v,,, 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. IIT and I'V, 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 wusing 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 f,, of the dark-matter decays with a decay
rate I',, a fraction f,, of such decays involves at least a
photon as daughter particle (where x can be another photon or
a different particle), and a fraction f.. of such photons
reaches the LIM experiment. Under these considerations,
LIM observables are sensitive to O, = f, f,,fei [, 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 VID will 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 simple way 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 1072 — 107! 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 dark matter. We eagerly await
for these surveys to complete their observations to tackle the
challenge of characterizing the nature of dark matter.
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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 /, given by

1(z)

c

B 4zvH (z) (A1)

pL(2) = Xu(2)pL(2).

Throughout this work we have used T for conciseness, but
all the expressions can be adapted to the specific intensity
changing X;t by X
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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:

[ AML(M. 2)by(M.z) 3% (M. 2)
~ JdML(M.z) & (M, z)

b(z) . (A2)

where by, 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

f(z)
b(z)ﬂz) 1 +0.5(kpo,)?’

Foglkoin2) = (1 n (A3)

where f(z) is the growth rate.

3. Instrumental resolution and window functions

The angular resolution is related with the width of the
effective beam profile, 6peam = Orwam/ v/ 810g2, where
Orwim = 1.22¢ /vy D is the full-width half maximum of
the telescope beam, and D is the diameter Dy, of the dish
or the maximum baseline distance D,,,, 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, dv. The characteristic resolution limits
along the line of sight and transverse directions are

~cdu(l +z)

= o ey

) [ DM(Z)Gbeam’

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 o, using the maximum
between the broadening and ov. With this in mind, the
resolution window can be computed as [85]:
Wees (ko) = exp {=k?[07 (1 = pi?) + ojp’]}.  (AS)
The volume within a solid angle Q.4 and a frequency
band Av probed by a survey is

c(1+2)%Av
Viielda = LiLll = [DM(Z)Z(Z)QﬁeId][ ( )

L) o)

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

volume determines the characteristic largest scales that are
available, corresponding to Fourier modes k7™ =
2z/L, and h“in =2z/L|. The window function that

accounts for the loss of modes beyond these scales is

Wtk = (1=ex0 {~(33) 1-})
<(1-e0{-(33m) #}).

where we have introduced N, and N to allow for addi-

tional loss of modes due to the presence of foregrounds
[106,117].

(A7)

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

2
R =y (a8)
’ Nfeedszoléutpix

where Ty is the system temperature of the telescope, Nyeeqs
is the number of detectors in each antenna, N, = 1, 2 is
the number of polarizations that the detector is able to
measure, and i, = fos/Npix is the observing time per
pixel. We assume that the total observing time f.,, 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

2

O
oh =, (A9)
N feedsN pol tpix

where o, is typically given in terms of a noise equivalent
intensity in units of Jy s'/%/sr.

Regarding the experiments using interferometric tech-
niques, we consider always a constant number density of
baselines, for which

o czNam(Nant B 1)
ng = 2 Y
2nv2 (Diax — D

bl
obs min )

(A10)

where D,;, is the minimum baseline distance.
Finally, the number of modes observed per k and y bin,
with respective widths Ak and Ay, is

 Viek® AkAp

N odes = All
d 871'2 ( )
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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 N .4, but in the window functions to properly
account for all the accessible information in the multipoles
of the LIM power spectrum [58].

S. 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 5 for the number N, of emitters within a voxel
depends on the lognormal matter density field in that point.
Under these assumptions N, is a Poisson draw from a
distribution with mean #:

P :/anLN(n)PPoiss(Nef 77)’ (A12)

where Py and Ppy are a lognormal and a Poisson
distribution, respectively. Pj 5 can be expressed in terms of
the Gaussian random variable 65 with standard deviation
og as [69]:

1 -1 n  ox]?
G

where N = iV, and we take o to be the root-mean-
square of the linear density contrast of the emitters:

Pin(n) =

&k

%= | Gy W (k) 262 Py (K).

(A14)

where W (k) is the Fourier transform of the voxel window
function. We use W, [Eq. (AS)] as the voxel window
function, multiplying 6, or o) 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 ¢,
po and p; of the double-exponential probability density
function of the matter fluctuations [see Eq. (21)], as
proposed in Ref. [67]:

_0.05
9(2)

(ol L) o

c==

where
0.25
z) =0075+——=; B2
0.77
po = 0.048 + —, (B3)
Gm
1.9 2
p1 =476 expd —— 5. (B4)
Gm

Note that the redshift dependence is encoded in ¢(z)
and o,.

APPENDIX C: LUMINOSITY FUNCTIONS

As described above, we use the relation L(M, z) 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 L(M,z) to
obtain M(L,z)] and combined it with the halo mass
function. However, this is only possible when L(M, z) is
monotonous.

To overcome this complication, we use the conditional
probability distribution function P(L|M) of having a
luminosity L coming from a halo with mass M. We assume
a lognormal distribution with mean L(M, z) for P(L|M),
which allows us to introduce scatter in L(M,z) that
preserves the mean luminosity if needed, or a Dirac delta
distribution §,(L — L(M,z)) otherwise; we assume a
scatter of 0.2 in log;o = 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 dn
E_/dMP(LM)m.

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.

(C1)

063523-16



STRATEGIES TO DETECT DARK-MATTER DECAYS WITH LINE- ...

PHYS. REV. D 103, 063523 (2021)

[1] G. Bertone, D. Hooper, and J. Silk, Particle dark matter:
Evidence, candidates and constraints, Phys. Rep. 405, 279
(2005).

[2] J. M. Gaskins, A review of indirect searches for particle
dark matter, Contemp. Phys. 57, 496 (2016).

[3] M. Schumann, Direct detection of WIMP dark matter:
Concepts and status, J. Phys. G 46, 103003 (2019).

[4] A. Boveia and C. Doglioni, Dark matter searches at
colliders, Annu. Rev. Nucl. Part. Sci. 68, 429 (2018).

[5] L. Abbott and P. Sikivie, A cosmological bound on the
invisible axion, Phys. Lett. 120B, 133 (1983).

[6] M. Dine and W. Fischler, The not so harmless axion, Phys.
Lett. 120B, 137 (1983).

[7] J. Preskill, M. B. Wise, and F. Wilczek, Cosmology of the
invisible axion, Phys. Lett. 120B, 127 (1983).

[8] S. Weinberg, A New Light Boson? Phys. Rev. Lett. 40, 223
(1978).

[9] F. Wilczek, Problem of Strong p and t Invariance in the
Presence of Instantons, Phys. Rev. Lett. 40, 279 (1978).

[10] R.D. Peccei and H.R. Quinn, CP Conservation in the
Presence of Instantons, Phys. Rev. Lett. 38, 1440 (1977).

[11] R. D. Peccei and H. R. Quinn, Constraints imposed by CP
conservation in the presence of instantons, Phys. Rev. D
16, 1791 (1977).

[12] A. Kusenko, Sterile neutrinos: The dark side of the light
fermions, 2009. https://ui.adsabs.harvard.edu/abs/2009PhR
...481....1K/abstract.

[13] A. Caputo, C. P. Garay, and S.J. Witte, Looking for axion
dark matter in Dwarf spheroidals, Phys. Rev. D 98, 083024
(2018); Erratum, Phys. Rev. D99, 089901 (2019).

[14] A. Caputo, M. Regis, M. Taoso, and S. J. Witte, Detecting
the stimulated decay of axions at radio frequencies, J.
Cosmol. Astropart. Phys. 03 (2019) 027.

[15] Y. Gong, A. Cooray, K. Mitchell-Wynne, X. Chen, M.
Zemcov, and J. Smidt, Axion decay and anisotropy of near-
IR extragalactic background light, Astrophys. J. 825, 104
(2016).

[16] A. Caputo, M. Regis, and M. Taoso, Searching for sterile
neutrino with X-ray intensity mapping, J. Cosmol. Astro-
part. Phys. 03 (2020) 001.

[17] A.Boyarsky, J. Franse, D. lakubovskyi, and O. Ruchayskiy,
Checking the Dark Matter Origin of a 3.53 keV Line with the
Milky Way Center, Phys. Rev. Lett. 115, 161301 (2015).

[18] S. Riemer-Sgrensen, Constraints on the presence of a
3.5 keV dark matter emission line from Chandra obser-
vations of the Galactic centre, Astron. Astrophys. 590, A71
(2016).

[19] C. Dessert, N. L. Rodd, and B. R. Safdi, The dark matter
interpretation of the 3.5-keV line is inconsistent with
blank-sky observations, Science 367, 1465 (2020).

[20] C. Blanco and D. Hooper, Constraints on decaying dark
matter from the isotropic gamma-ray background, J.
Cosmol. Astropart. Phys. 03 (2019) 019.

[21] T. Cohen, K. Murase, N.L. Rodd, B.R. Safdi, and Y.
Soreq, y -ray Constraints on Decaying Dark Matter and
Implications for IceCube, Phys. Rev. Lett. 119, 021102
(2017).

[22] J. Ellis, J. E. Kim, and D. V. Nanopoulos, Cosmological
gravitino regeneration and decay, Phys. Lett. 145B, 181
(1984).

[23] W. Hu and J. Silk, Thermalization Constraints and Spectral
Distortions for Massive Unstable Relic Particles, Phys.
Rev. Lett. 70, 2661 (1993).

[24] J. Chluba and R.A. Sunyaev, The evolution of CMB
spectral distortions in the early Universe, Mon. Not. R.
Astron. Soc. 419, 1294 (2012).

[25] F. Iocco, G. Mangano, G. Miele, O. Pisanti, and P.D.
Serpico, Primordial nucleosynthesis: From precision cos-
mology to fundamental physics, Phys. Rep. 472, 1 (2009).

[26] M. Pospelov and J. Pradler, Big bang nucleosynthesis as a
probe of new physics, Annu. Rev. Nucl. Part. Sci. 60, 539
(2010).

[27] V. Poulin and P. D. Serpico, Nonuniversal BBN bounds on
electromagnetically decaying particles, Phys. Rev. D 91,
103007 (2015).

[28] V. Poulin, P. D. Serpico, and J. Lesgourgues, A fresh look
at linear cosmological constraints on a decaying Dark
Matter component, J. Cosmol. Astropart. Phys. 08 (2016)
036.

[29] T.R. Slatyer, Indirect dark matter signatures in the cosmic
dark ages. II. Ionization, heating, and photon production
from arbitrary energy injections, Phys. Rev. D 93, 023521
(2016).

[30] T.R. Slatyer and C.-L. Wu, General constraints on dark
matter decay from the cosmic microwave background,
Phys. Rev. D 95, 023010 (2017).

[31] M. Lucca, N. Schéneberg, D. C. Hooper, J. Lesgourgues,
and J. Chluba, The synergy between CMB spectral
distortions and anisotropies, J. Cosmol. Astropart. Phys.
02 (2020) 026.

[32] E.D. Kovetz et al., Line-intensity mapping: 2017 Status
Report, arXiv:1709.09066.

[33] E. D. Kovetz et al., Astrophysics and cosmology with line-
intensity mapping, arXiv:1903.04496.

[34] S.R. Furlanetto, S. P. Oh, and E. Pierpaoli, Effects of dark
matter decay and annihilation on the high-redshift 21 cm
background, Phys. Rev. D 74, 103502 (2006).

[35] Y. A. Shchekinov and E. O. Vasiliev, Particle decay in the
early Universe: Predictions for 21 cm, Mon. Not. R.
Astron. Soc. 379, 1003 (2007).

[36] M. Valdés, C. Evoli, A. Mesinger, A. Ferrara, and N.
Yoshida, The nature of dark matter from the global high-
redshift H 1 21 cm signal, Mon. Not. R. Astron. Soc. 429,
1705 (2013).

[37] C. Evoli, A. Mesinger, and A. Ferrara, Unveiling the nature
of dark matter with high redshift 21 cm line experiments, J.
Cosmol. Astropart. Phys. 11 (2014) 024.

[38] J. B. Muiioz, E. D. Kovetz, and Y. Ali-Haimoud, Heating
of baryons due to scattering with dark matter during the
dark ages, Phys. Rev. D 92, 083528 (2015).

[39] H. Liu, T.R. Slatyer, and J. Zavala, Contributions to
cosmic reionization from dark matter annihilation and
decay, Phys. Rev. D 94, 063507 (2016).

[40] J.L. Bernal, A. Raccanelli, L. Verde, and J. Silk, Signa-
tures of primordial black holes as seeds of supermassive
black holes, J. Cosmol. Astropart. Phys. 05 (2018) 017.

[41] O. Mena, S. Palomares-Ruiz, P. Villanueva-Domingo, and
S.J. Witte, Constraining the primordial black hole abun-
dance with 21-cm cosmology, Phys. Rev. D 100, 043540
(2019).

063523-17


https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1080/00107514.2016.1175160
https://doi.org/10.1088/1361-6471/ab2ea5
https://doi.org/10.1146/annurev-nucl-101917-021008
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevD.16.1791
https://ui.adsabs.harvard.edu/abs/2009PhR...481....1K/abstract
https://ui.adsabs.harvard.edu/abs/2009PhR...481....1K/abstract
https://ui.adsabs.harvard.edu/abs/2009PhR...481....1K/abstract
https://ui.adsabs.harvard.edu/abs/2009PhR...481....1K/abstract
https://ui.adsabs.harvard.edu/abs/2009PhR...481....1K/abstract
https://ui.adsabs.harvard.edu/abs/2009PhR...481....1K/abstract
https://ui.adsabs.harvard.edu/abs/2009PhR...481....1K/abstract
https://ui.adsabs.harvard.edu/abs/2009PhR...481....1K/abstract
https://ui.adsabs.harvard.edu/abs/2009PhR...481....1K/abstract
https://ui.adsabs.harvard.edu/abs/2009PhR...481....1K/abstract
https://ui.adsabs.harvard.edu/abs/2009PhR...481....1K/abstract
https://doi.org/10.1103/PhysRevD.98.083024
https://doi.org/10.1103/PhysRevD.98.083024
https://doi.org/10.1103/PhysRevD.99.089901
https://doi.org/10.1088/1475-7516/2019/03/027
https://doi.org/10.1088/1475-7516/2019/03/027
https://doi.org/10.3847/0004-637X/825/2/104
https://doi.org/10.3847/0004-637X/825/2/104
https://doi.org/10.1088/1475-7516/2020/03/001
https://doi.org/10.1088/1475-7516/2020/03/001
https://doi.org/10.1103/PhysRevLett.115.161301
https://doi.org/10.1051/0004-6361/201527278
https://doi.org/10.1051/0004-6361/201527278
https://doi.org/10.1126/science.aaw3772
https://doi.org/10.1088/1475-7516/2019/03/019
https://doi.org/10.1088/1475-7516/2019/03/019
https://doi.org/10.1103/PhysRevLett.119.021102
https://doi.org/10.1103/PhysRevLett.119.021102
https://doi.org/10.1016/0370-2693(84)90334-4
https://doi.org/10.1016/0370-2693(84)90334-4
https://doi.org/10.1103/PhysRevLett.70.2661
https://doi.org/10.1103/PhysRevLett.70.2661
https://doi.org/10.1111/j.1365-2966.2011.19786.x
https://doi.org/10.1111/j.1365-2966.2011.19786.x
https://doi.org/10.1016/j.physrep.2009.02.002
https://doi.org/10.1146/annurev.nucl.012809.104521
https://doi.org/10.1146/annurev.nucl.012809.104521
https://doi.org/10.1103/PhysRevD.91.103007
https://doi.org/10.1103/PhysRevD.91.103007
https://doi.org/10.1088/1475-7516/2016/08/036
https://doi.org/10.1088/1475-7516/2016/08/036
https://doi.org/10.1103/PhysRevD.93.023521
https://doi.org/10.1103/PhysRevD.93.023521
https://doi.org/10.1103/PhysRevD.95.023010
https://doi.org/10.1088/1475-7516/2020/02/026
https://doi.org/10.1088/1475-7516/2020/02/026
https://arXiv.org/abs/1709.09066
https://arXiv.org/abs/1903.04496
https://doi.org/10.1103/PhysRevD.74.103502
https://doi.org/10.1111/j.1365-2966.2007.11715.x
https://doi.org/10.1111/j.1365-2966.2007.11715.x
https://doi.org/10.1093/mnras/sts458
https://doi.org/10.1093/mnras/sts458
https://doi.org/10.1088/1475-7516/2014/11/024
https://doi.org/10.1088/1475-7516/2014/11/024
https://doi.org/10.1103/PhysRevD.92.083528
https://doi.org/10.1103/PhysRevD.94.063507
https://doi.org/10.1088/1475-7516/2018/05/017
https://doi.org/10.1103/PhysRevD.100.043540
https://doi.org/10.1103/PhysRevD.100.043540

BERNAL, CAPUTO, and KAMIONKOWSKI

PHYS. REV. D 103, 063523 (2021)

[42] K. Short, J.L. Bernal, A. Raccanelli, L. Verde, and
J. Chluba, Enlightening the dark ages with dark matter,
J. Cosmol. Astropart. Phys. 07 (2020) 020.

[43] M. A. Bershady, M. T. Ressell, and M. S. Turner, Tele-
scope Search for a 3-eV to 8-eV Axion, Phys. Rev. Lett. 66,
1398 (1991).

[44] D. Grin, G. Covone, J.-P. Kneib, M. Kamionkowski, A.
Blain, and E. Jullo, Telescope search for decaying relic
axions, Phys. Rev. D 75, 105018 (2007).

[45] C. Creque-Sarbinowski and M. Kamionkowski, Searching
for decaying and annihilating dark matter with line
intensity mapping, Phys. Rev. D 98, 063524 (2018).

[46] S.P. Oh and K. J. Mack, Foregrounds for 21-cm observa-
tions of neutral gas at high redshift, Mon. Not. R. Astron.
Soc. 346, 871 (2003).

[47] X. Wang, M. Tegmark, M. G. Santos, and L. Knox, 21 cm
tomography with foregrounds, Astrophys. J. 650, 529
(2006).

[48] E. Visbal, H. Trac, and A. Loeb, Demonstrating the
feasibility of line intensity mapping using mock data of
galaxy clustering from simulations, J. Cosmol. Astropart.
Phys. 08 (2011) 010.

[49] A. Liu and M. Tegmark, A method for 21 cm power
spectrum estimation in the presence of foregrounds, Phys.
Rev. D 83, 103006 (2011).

[50] P.C. Breysse, E.D. Kovetz, and M. Kamionkowski,
Masking line foregrounds in intensity-mapping surveys,
Mon. Not. R. Astron. Soc. 452, 3408 (2015).

[51] A. Lidz and J. Taylor, On removing interloper contami-
nation from intensity mapping power spectrum measure-
ments, Astrophys. J. 825, 143 (2016).

[52] G. Sun, L. Moncelsi, M. P. Viero, M. B. Silva, J. Bock, C. M.
Bradford et al., A foreground masking strategy for [C II]
intensity mapping experiments using galaxies selected by
stellar mass and redshift, Astrophys. J. 856, 107 (2018).

[53] Y.-T. Cheng, T.-C. Chang, and J.J. Bock, Phase-space
spectral line deconfusion in intensity mapping, Astrophys.
J. 901, 142 (2020).

[54] Y. Gong, X. Chen, and A. Cooray, Cosmological con-
straints from line intensity mapping with interlopers,
Astrophys. J. 894, 152 (2020).

[55] N. Aghanim, Y. Akrami, M. Ashdown, J. Aumont, C.
Baccigalupi er al. (Planck Collaboration), Planck 2018
results: VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020).

[56] A.Lidz, S.R. Furlanetto, S. P. Oh, J. Aguirre, T.-C. Chang,
O. Doré, and J.R. Pritchard, Intensity mapping with
carbon monoxide emission lines and the redshifted
21 cm line, Astrophys. J. 741, 70 (2011).

[57] https://github.com/jl-bernal/lim.

[58] J. L. Bernal, P. C. Breysse, H. Gil-Marin, and E. D. Kovetz,
User’s guide to extracting cosmological information from
line-intensity maps, Phys. Rev. D 100, 123522 (2019).

[59] N. Kaiser, Clustering in real space and in redshift space,
Mon. Not. R. Astron. Soc. 227, 1 (1987).

[60] K. Yamamoto, M. Nakamichi, A. Kamino, B. A. Bassett,
and H. Nishioka, A Measurement of the quadrupole power
spectrum in the clustering of the 2dF QSO survey, Publ.
Astron. Soc. Jpn. 58, 93 (2006).

[61] P.Bull, P. G. Ferreira, P. Patel, and M. G. Santos, Late-time
cosmology with 21 cm intensity mapping experiments,
Astrophys. J. 803, 21 (2015).

[62] P.C. Breysse, E. D. Kovetz, P. S. Behroozi, L. Dai, and M.
Kamionkowski, Insights from probability distribution
functions of intensity maps, Mon. Not. R. Astron. Soc.
467, 2996 (2017).

[63] H.T. Ihle, D. Chung, G. Stein, M. Alvarez, J. R. Bond,
P.C. Breysse et al, Joint power spectrum and voxel
intensity distribution forecast on the CO luminosity func-
tion with COMAP, Astrophys. J. 871, 75 (2019).

[64] X.-L. Chen and M. Kamionkowski, Particle decays during
the cosmic dark ages, Phys. Rev. D 70, 043502 (2004).

[65] D.P. Finkbeiner, S. Galli, T. Lin, and T.R. Slatyer,
Searching for dark matter in the CMB: A compact
parameterization of energy injection from new physics,
Phys. Rev. D 85, 043522 (2012).

[66] E. Pierpaoli, Decaying Particles, and the Reionization
History of the Universe, Phys. Rev. Lett. 92, 031301
(2004).

[67] A. Klypin, F. Prada, J. Betancort-Rijo, and F. D. Albareti,
Density distribution of the cosmological matter field, Mon.
Not. R. Astron. Soc. 481, 4588 (2018).

[68] P. Coles and B. Jones, A lognormal model for the
cosmological mass distribution., Mon. Not. R. Astron.
Soc. 248, 1 (1991).

[69] 1. Kayo, A. Taruya, and Y. Suto, Probability distribution
function of cosmological density fluctuations from a
gaussian initial condition: Comparison of one-point and
two-point lognormal model predictions with N-body
simulations, Astrophys. J. 561, 22 (2001).

[70] L. Kofman, E. Bertschinger, J. M. Gelb, A. Nusser, and A.
Dekel, Evolution of one point distributions from Gaussian
initial fluctuations, Astrophys. J. 420, 44 (1994).

[71] L. Hurtado-Gil, V. Martinez, P. Arnalte-Mur, M. Pons-
Borderia, C. Pareja-Flores, and S. Paredes, The best fit for
the observed galaxy Counts-in-Cell distribution function,
Astron. Astrophys. 601, A40 (2017).

[72] E. Bernardeau, S. Colombi, E. Gaztahaga, and R.
Scoccimarro, Large-scale structure of the Universe and
cosmological perturbation theory, Phys. Rep. 367, 1 (2002).

[73] P. Valageas, Dynamics of gravitational clustering, Astron.
Astrophys. 382, 412 (2002).

[74] P. Valageas, Dynamics of gravitational clustering v. sub-
leading corrections in the quasi-linear regime, Astron.
Astrophys. 382, 477 (2002).

[75] M. M. Ivanov, A.A. Kaurov, and S. Sibiryakov, Non-
perturbative probability distribution function for cosmo-
logical counts in cells, J. Cosmol. Astropart. Phys. 03
(2019) 009.

[76] V. Irsi¢, M. Viel, M. G. Haehnelt, J. S. Bolton, S. Cristiani,
G. D. Becker et al., New Constraints on the free-streaming
of warm dark matter from intermediate and small scale
Lyman-a forest data, Phys. Rev. D 96, 023522 (2017).

[77] D. Gilman, S. Birrer, A. Nierenberg, T. Treu, X. Du, and A.
Benson, Warm dark matter chills out: Constraints on the
halo mass function and the free-streaming length of dark
matter with eight quadruple-image strong gravitational
lenses, Mon. Not. R. Astron. Soc. 491, 6077 (2020).

063523-18


https://doi.org/10.1088/1475-7516/2020/07/020
https://doi.org/10.1103/PhysRevLett.66.1398
https://doi.org/10.1103/PhysRevLett.66.1398
https://doi.org/10.1103/PhysRevD.75.105018
https://doi.org/10.1103/PhysRevD.98.063524
https://doi.org/10.1111/j.1365-2966.2003.07133.x
https://doi.org/10.1111/j.1365-2966.2003.07133.x
https://doi.org/10.1086/506597
https://doi.org/10.1086/506597
https://doi.org/10.1088/1475-7516/2011/08/010
https://doi.org/10.1088/1475-7516/2011/08/010
https://doi.org/10.1103/PhysRevD.83.103006
https://doi.org/10.1103/PhysRevD.83.103006
https://doi.org/10.1093/mnras/stv1476
https://doi.org/10.3847/0004-637X/825/2/143
https://doi.org/10.3847/1538-4357/aab3e3
https://doi.org/10.3847/1538-4357/abb023
https://doi.org/10.3847/1538-4357/abb023
https://doi.org/10.3847/1538-4357/ab87a0
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1088/0004-637X/741/2/70
https://github.com/jl-bernal/lim
https://github.com/jl-bernal/lim
https://doi.org/10.1103/PhysRevD.100.123522
https://doi.org/10.1093/mnras/227.1.1
https://doi.org/10.1093/pasj/58.1.93
https://doi.org/10.1093/pasj/58.1.93
https://doi.org/10.1088/0004-637X/803/1/21
https://doi.org/10.1093/mnras/stx203
https://doi.org/10.1093/mnras/stx203
https://doi.org/10.3847/1538-4357/aaf4bc
https://doi.org/10.1103/PhysRevD.70.043502
https://doi.org/10.1103/PhysRevD.85.043522
https://doi.org/10.1103/PhysRevLett.92.031301
https://doi.org/10.1103/PhysRevLett.92.031301
https://doi.org/10.1093/mnras/sty2613
https://doi.org/10.1093/mnras/sty2613
https://doi.org/10.1093/mnras/248.1.1
https://doi.org/10.1093/mnras/248.1.1
https://doi.org/10.1086/323227
https://doi.org/10.1086/173541
https://doi.org/10.1051/0004-6361/201629097
https://doi.org/10.1016/S0370-1573(02)00135-7
https://doi.org/10.1051/0004-6361:20011663
https://doi.org/10.1051/0004-6361:20011663
https://doi.org/10.1051/0004-6361:20011584
https://doi.org/10.1051/0004-6361:20011584
https://doi.org/10.1088/1475-7516/2019/03/009
https://doi.org/10.1088/1475-7516/2019/03/009
https://doi.org/10.1103/PhysRevD.96.023522
https://doi.org/10.1093/mnras/stz3480

STRATEGIES TO DETECT DARK-MATTER DECAYS WITH LINE- ...

PHYS. REV. D 103, 063523 (2021)

[78] W.Enzi, R. Murgia, O. Newton, S. Vegetti, C. Frenk, M. Viel
et al., Joint constraints on thermal relic dark matter from a
selection of astrophysical probes, arXiv:2010.13802.

[79] https://lambda.gsfc.nasa.gov/product/expt/lim_experiments
.cfm.

[80] A. Lidz and J. Taylor, On removing interloper contami-
nation from intensity mapping power spectrum measure-
ments, Astrophys. J. 825, 143 (2016).

[81] Y.-T. Cheng, T.-C. Chang, J. Bock, C. M. Bradford, and A.
Cooray, Spectral line de-confusion in an intensity mapping
survey, Astrophys. J. 832, 165 (2016).

[82] C. Alcock and B. Paczynski, An evolution free test for
non-zero cosmological constant, Nature (London) 281,
358 (1979).

[83] W.E. Ballinger, J. A. Peacock, and A.F. Heavens, Meas-
uring the cosmological constant with redshift surveys,
Mon. Not. R. Astron. Soc. 282, 877 (1996).

[84] H. Padmanabhan and G. Kulkarni, Constraints on the
evolution of the relationship between H I mass and halo
mass in the last 12 Gyr, Mon. Not. R. Astron. Soc. 470,
340 (2017).

[85] T.Y. Li, R. H. Wechsler, K. Devaraj, and S. E. Church,
Connecting CO intensity mapping to molecular gas and
star formation in the epoch of galaxy assembly, Astrophys.
J. 817, 169 (2016).

[86] M. Silva, M. G. Santos, A. Cooray, and Y. Gong, Prospects
for detecting C II emission during the epoch of reioniza-
tion, Astrophys. J. 806, 209 (2015).

[87] M. B. Silva, M. G. Santos, Y. Gong, A. Cooray, and J.
Bock, Intensity mapping of Lya emission during the epoch
of reionization, Astrophys. J. 763, 132 (2013).

[88] Y. Gong, A. Cooray, M. B. Silva, M. Zemcov, C. Feng, M.
G. Santos, O. Dore, and X. Chen, Intensity Mapping of
Ha, Hp, [OI1], and [OIII] Lines at z<5, Astrophys. J. 835,
273 (2017).

[89] G. Sato-Polito, J.L. Bernal, E.D. Kovetz, and M.
Kamionkowski, Antisymmetric cross-correlation of line-
intensity maps as a probe of reionization, Phys. Rev. D
102, 043519 (2020).

[90] J.R. Pritchard and A. Loeb, Constraining the unexplored
period between the dark ages and reionization with
observations of the global 21 cm signal, Phys. Rev. D
82, 023006 (2010).

[91] E.D. Kovetz, V. Poulin, V. Gluscevic, K. K. Boddy, R.
Barkana, and M. Kamionkowski, Tighter limits on dark
matter explanations of the anomalous EDGES 21 cm
signal, Phys. Rev. D 98, 103529 (2018).

[92] K. Hoffmann, Y. Mao, J. Xu, H. Mo, and B. D. Wandelt,
Signatures of cosmic reionization on the 21-cm two- and
three-point correlation function I: Quadratic bias model-
ling, Mon. Not. R. Astron. Soc. 487, 3050 (2019).

[93] D.R. DeBoer et al., Hydrogen epoch of reionization
array (HERA), Publ. Astron. Soc. Pac. 129, 045001
(2017).

[94] L. B. Newburgh et al., HIRAX: A probe of dark energy
and radio transients, in Ground-based and Airborne Tele-
scopes VI, edited by H.J. Hall, R. Gilmozzi, and H. K.
Marshall, Vol. 9906 of Society of Photo-Optical Instru-
mentation Engineers (SPIE) Conference Series, p. 99065X
(2016), https://doi.org/10.1117/12.2234286.

[95] K. Bandura et al., Canadian hydrogen intensity mapping
experiment (CHIME) pathfinder, in Ground-Based and
Airborne Telescopes V, edited by L. M. Stepp, R. Gilmozzi,
and H.J. Hall, Vol. 9145 of Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series
(2014), p. 914522, https://doi.org/10.1117/12.2054950.

[96] K. Cleary, M.-A. Bigot-Sazy, D. Chung et al., The CO
mapping array pathfinder (COMAP), AAS Meeting
Abstracts 227, 426 (2016), https://ui.adsabs.harvard.edu/
abs/2016AAS...22742606C/abstract.

[97] S. K. Choi et al., Sensitivity of the prime-cam instrument
on the CCAT-prime telescope, J. Low Temp. Phys. 199,
1089 (2020).

[98] P. Klaassen, T. Mroczkowski, S. Bryan, C. Groppi et al.,
The Atacama Large Aperture Submillimeter Telescope
(AtLAST), in Bulletin of the American Astronomical
Society (2019), Vol. 51, p. 58 [arXiv:1907.04756].

[99] G.J. Hill, K. Gebhardt, E. Komatsu, N. Drory, P.J.
MacQueen et al., The Hobby-Eberly Telescope Dark
Energy Experiment (HETDEX): Description and early
pilot survey results, in Panoramic Views of Galaxy
Formation and Evolution, edited by T. Kodama, T.
Yamada, and K. Aoki, Vol. 399 of Astronomical Society
of the Pacific Conference Series (2008), p. 115, https://ui
.adsabs.harvard.edu/abs/2012AAS...21942401H/abstract.

[100] O. Doré, J. Bock, M. Ashby, P. Capak, A. Cooray et al.,
Cosmology with the SPHEREX all-sky spectral survey,
arXiv:1412.4872.

[101] R. A. Fisher, The fiducial argument in statistical inference,
Ann. Eugen. 6, 391 (1935).

[102] G. Jungman, M. Kamionkowski, A. Kosowsky, and D. N.
Spergel, Weighing the Universe with the Cosmic Micro-
wave Background, Phys. Rev. Lett. 76, 1007 (1996).

[103] G. Jungman, M. Kamionkowski, A. Kosowsky, and
D. N. Spergel, Cosmological parameter determination with
microwave background maps, Phys. Rev. D 54, 1332
(1996).

[104] M. Tegmark, A. N. Taylor, and A. F. Heavens, Karhunen-
Loeve eigenvalue problems in cosmology: How should we
tackle large data sets? Astrophys. J. 480, 22 (1997).

[105] Z.Li, V. Gluscevic, K. K. Boddy, and M. S. Madhavacheril,
Disentangling dark physics with cosmic microwave back-
ground experiments, Phys. Rev. D 98, 123524 (2018).

[106] P.S. Soares, S. Cunnington, A. Pourtsidou, and C. Blake,
Multipole expansion for HI intensity mapping experi-
ments: Unbiased parameter estimation, arXiv:2008.12102.

[107] J. C. Pober, A. R. Parsons, D. R. DeBoer, P. McDonald, M.
McQuinn, J. E. Aguirre, Z. Ali, R. F. Bradley, T.-C. Chang,
and M. F. Morales, The baryon acoustic oscillation broad-
band and broad-beam array: Design overview and sensi-
tivity forecasts, Astron. J. 145, 65 (2013).

[108] J. C. Pober, A. Liu, and O. Dillon, What next-generation
21 cm power spectrum measurements can teach us
about the epoch of reionization, Astrophys. J. 782, 66
(2014).

[109] P. Schechter, An analytic expression for the luminosity
function for galaxies, Astrophys. J. 203, 297 (1976).

[110] M. E. Presley, A. Liu, and A.R. Parsons, Measuring the
cosmological 21 CM monopole with an interferometer
Astrophys. J. 809, 18 2015.

063523-19


https://arXiv.org/abs/2010.13802
https://lambda.gsfc.nasa.gov/product/expt/lim_experiments.cfm
https://lambda.gsfc.nasa.gov/product/expt/lim_experiments.cfm
https://lambda.gsfc.nasa.gov/product/expt/lim_experiments.cfm
https://lambda.gsfc.nasa.gov/product/expt/lim_experiments.cfm
https://lambda.gsfc.nasa.gov/product/expt/lim_experiments.cfm
https://doi.org/10.3847/0004-637X/825/2/143
https://doi.org/10.3847/0004-637X/832/2/165
https://doi.org/10.1038/281358a0
https://doi.org/10.1038/281358a0
https://doi.org/10.1093/mnras/282.3.877
https://doi.org/10.1093/mnras/stx1178
https://doi.org/10.1093/mnras/stx1178
https://doi.org/10.3847/0004-637X/817/2/169
https://doi.org/10.3847/0004-637X/817/2/169
https://doi.org/10.1088/0004-637X/806/2/209
https://doi.org/10.1088/0004-637X/763/2/132
https://doi.org/10.3847/1538-4357/835/2/273
https://doi.org/10.3847/1538-4357/835/2/273
https://doi.org/10.1103/PhysRevD.102.043519
https://doi.org/10.1103/PhysRevD.102.043519
https://doi.org/10.1103/PhysRevD.82.023006
https://doi.org/10.1103/PhysRevD.82.023006
https://doi.org/10.1103/PhysRevD.98.103529
https://doi.org/10.1093/mnras/stz1472
https://doi.org/10.1088/1538-3873/129/974/045001
https://doi.org/10.1088/1538-3873/129/974/045001
https://doi.org/10.1117/12.2234286
https://doi.org/10.1117/12.2054950
https://ui.adsabs.harvard.edu/abs/2016AAS...22742606C/abstract
https://ui.adsabs.harvard.edu/abs/2016AAS...22742606C/abstract
https://ui.adsabs.harvard.edu/abs/2016AAS...22742606C/abstract
https://ui.adsabs.harvard.edu/abs/2016AAS...22742606C/abstract
https://ui.adsabs.harvard.edu/abs/2016AAS...22742606C/abstract
https://ui.adsabs.harvard.edu/abs/2016AAS...22742606C/abstract
https://ui.adsabs.harvard.edu/abs/2016AAS...22742606C/abstract
https://ui.adsabs.harvard.edu/abs/2016AAS...22742606C/abstract
https://doi.org/10.1007/s10909-020-02428-z
https://doi.org/10.1007/s10909-020-02428-z
https://arXiv.org/abs/1907.04756
https://ui.adsabs.harvard.edu/abs/2012AAS...21942401H/abstract
https://ui.adsabs.harvard.edu/abs/2012AAS...21942401H/abstract
https://ui.adsabs.harvard.edu/abs/2012AAS...21942401H/abstract
https://ui.adsabs.harvard.edu/abs/2012AAS...21942401H/abstract
https://ui.adsabs.harvard.edu/abs/2012AAS...21942401H/abstract
https://ui.adsabs.harvard.edu/abs/2012AAS...21942401H/abstract
https://ui.adsabs.harvard.edu/abs/2012AAS...21942401H/abstract
https://arXiv.org/abs/1412.4872
https://doi.org/10.1111/j.1469-1809.1935.tb02120.x
https://doi.org/10.1103/PhysRevLett.76.1007
https://doi.org/10.1103/PhysRevD.54.1332
https://doi.org/10.1103/PhysRevD.54.1332
https://doi.org/10.1086/303939
https://doi.org/10.1103/PhysRevD.98.123524
https://arXiv.org/abs/2008.12102
https://doi.org/10.1088/0004-6256/145/3/65
https://doi.org/10.1088/0004-637X/782/2/66
https://doi.org/10.1088/0004-637X/782/2/66
https://doi.org/10.1086/154079
https://doi.org/10.1088/0004-637X/809/1/18

BERNAL, CAPUTO, and KAMIONKOWSKI

PHYS. REV. D 103, 063523 (2021)

[111] M. Regis, M. Taoso, D. Vaz, J. Brinchmann, S.L.
Zoutendijk, N. Bouché, and M. Steinmetz, Searching
for light in the darkness: Bounds on ALP dark matter
with the optical MUSE-Faint survey, Phys. Lett. B 814,
136075 (2021).

[112] D. Grin, G. Covone, J.-P. Kneib, M. Kamionkowski, A.
Blain, and E. Jullo, A telescope search for decaying relic
axions, Phys. Rev. D 75, 105018 (2007).

[113] V. Anastassopoulos et al. (CAST Collaboration), New
CAST limit on the axion-photon interaction, Nat. Phys. 13,
584 (2017).

[114] A. Ayala, I. Dominguez, M. Giannotti, A. Mirizzi, and
O. Straniero, Revisiting the Bound on Axion-Photon

Coupling From Globular Clusters, Phys. Rev. Lett. 113,
191302 (2014).

[115] E. Armengaud et al. (IAXO Collaboration), Physics
potential of the international axion observatory (IAXO),
J. Cosmol. Astropart. Phys. 06 (2019) 047.

[116] J.L. Tinker, B. E. Robertson, A. V. Kravtsov, A. Klypin,
M. S. Warren, G. Yepes, and S. Gottlober, The large-scale
bias of dark matter halos: Numerical calibration and model
tests, Astrophys. J. 724, 878 (2010).

[117] S. Cunnington, L. Wolz, A. Pourtsidou, and D. Bacon,
Impact of foregrounds on H I intensity mapping cross-
correlations with optical surveys, Mon. Not. R. Astron.
Soc. 488, 5452 (2019).

063523-20


https://doi.org/10.1016/j.physletb.2021.136075
https://doi.org/10.1016/j.physletb.2021.136075
https://doi.org/10.1103/PhysRevD.75.105018
https://doi.org/10.1038/nphys4109
https://doi.org/10.1038/nphys4109
https://doi.org/10.1103/PhysRevLett.113.191302
https://doi.org/10.1103/PhysRevLett.113.191302
https://doi.org/10.1088/1475-7516/2019/06/047
https://doi.org/10.1088/0004-637X/724/2/878
https://doi.org/10.1093/mnras/stz1916
https://doi.org/10.1093/mnras/stz1916

