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b Dipartimento di Fisica, Università di Torino, via P. Giuria 1, I–10125 Torino, Italy

c Istituto Nazionale di Fisica Nucleare, Sezione di Torino, via P. Giuria 1, I–10125 Torino, Italy

Abstract

The cosmological X-ray emission associated to the possible radiative decay of sterile
neutrinos is composed by a collection of lines at different energies. For a given mass,
each line corresponds to a given redshift. In this work, we cross correlate such line
emission with catalogs of galaxies tracing the dark matter distribution at different
redshifts. We derive observational prospects by correlating the X-ray sky that will
be probed by the eROSITA and Athena missions with current and near future
photometric and spectroscopic galaxy surveys. A relevant and unexplored fraction
of the parameter space of sterile neutrinos can be probed by this technique.
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1 Introduction

Unveiling the nature of dark matter (DM) is one of the most intriguing goals of fundamental physics nowadays.
In fact, despite the compelling astrophysical and cosmological evidences, still we do not know what DM is
made of. The most popular DM candidates are those connected to additional problems faced by the Standard
Model (SM) of particle physics.

An example is the sterile neutrino. This particle is a singlet under the SM gauge group and arises in
scenarios of active neutrino mass generation, notably the see-saw mechanism [1, 2]. The mass of the sterile
neutrino can span a very large range, from the GUT scale [3–7] down to eV [8–10]. In particular, a sterile
neutrino with a mass around the keV scale has attracted a lot of interest since it constitutes a viable and
appealing DM candidate (see, e.g., the νMSM model [11] for a concrete implementation and Refs. [12–14]
for reviews).

A keV sterile neutrino mixes with ordinary active neutrinos and can be produced in the early Universe
through oscillations (Dodelson-Widrow mechanism) [15], resonantly enhanced oscillations in presence of a
primordial lepton asymmetry (Shi-Fuller mechanism) [16], through the decay of heavy particles [17–26] or
obtain the correct DM abundance via dilution of a thermal sterile neutrino component through entropy
production [27–30] 1.

As a basic requirement in order to be the DM, sterile neutrinos need to be cold enough to be confined
inside galaxies. Fermions obey the Pauli exclusion principle and in a system with N fermions, the minimum
momentum is therefore p ∼ N1/3h/R, where h is the Planck constant and R the size of the fermionic system.
Analyzing the DM phase-space distribution of galaxies one can deduce a lower limit on the mass of a fermionic
DM candidate, the so-called Tremaine–Gunn-type bound [33]. Additional and stronger constraints on the
coldness of DM can be obtained from the number of collapsed structures (like counts of the Milky Way
satellites) and measurements of the matter power spectrum at small scales, in particular through the Lyman-
alpha forest method. The corresponding bounds on the sterile neutrino mass depend on the production
mechanism. We refer to Refs. [12–14] for more details and discussions on the uncertainties affecting these
astrophysical constraints.

Sterile neutrinos decay into SM particles via the mixing with the active neutrinos, the main process being
νs → ννν. An additional channel is the radiative decay νs → νγ, occurring with a rate [34,35]:

ΓS ≡ Γνs→νγ ∼ (7.2 1029s)−1
( sin2(2θ)

10−8

)( mS

1 keV

)5

. (1)

where θ is the mixing angle between active and sterile neutrinos, and mS is the mass of the latter.
Therefore, a smoking gun signature for sterile neutrino DM would be to detect a monoenergetic X-ray

signal from the above process. Constraints on the sterile-active neutrino mixing have been set from the non-
observation of such decay line from different targets, including dwarf spheroidal galaxies, clusters of galaxies,
the Milky Way and the X-ray background (again see, e.g., reviews in Refs. [12–14] and references therein).
Interestingly enough, the detection of an unidentified line at energy E ' 3.5 keV was reported recently
in different astrophysical environments, including galaxy clusters, with both stacked [36] and individual
[36,37] spectra, the Andromeda galaxy [37] and the Galactic Center [38,39]. It has been suggested that this
observational finding may be a signature of the decay of a sterile-neutrino DM. Several works have been
trying to test the presence of such excess, finding controversial results (see, e.g., Ref. [40] and the review in
Ref. [12]). Future data and new analyses are therefore necessary to reach a conclusive answer.

In this work we entertain the possibility to detect the sterile neutrino decay signal produced in cosmic
structures. This cumulative emission is the superposition of all the X-ray lines produced in DM halos and

1See [31,32] for the production of sterile neutrinos in non-standard cosmologies.
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redshifted by the expansion of the Universe. In order to exploit the correlation between the energy of the line
and the redshift of the corresponding halos, we cross correlate the X-ray extragalactic emission with catalogs of
galaxies, tracing the DM distribution at different redshifts. We derive prospects for the eROSITA mission [41],
currently in operation, expanding over the study conducted in Ref. [42]. A significant improvement in the
sensitivity will be provided by the next-generation X-ray telescope Athena [43]. We compute forecasts
for its operations, and considering, on the galaxy catalog side, current and near future spectroscopic and
photometric surveys. In particular, Athena will allow to perform high-resolution spectroscopy thanks to the
X-IFU instrument. The combination with spectroscopic galaxy catalogs will provide a framework where to
fully perform a line intensity mapping analysis. Indeed, the Athena X-IFU detector will be able to resolve
the narrow line induced by sterile neutrino decay and will provide a good rejection of backgrounds, given by
continuum spectra and other emission lines at different energies, from the vast number of cross energy-redshift
bins where the DM signal is absent.

The role of line intensity mapping for DM searches has been highlighted also in Ref. [44].
The paper is organized as follows. Sec. 2 describes the formalism used to compute the cross-correlation

signal. In Sec. 3 we describe the experimental configurations considered in the derivation of the projected
bounds. The statistical analysis and results are presented in Sec. 4. Details on the astrophysical models are
in the Appendix. In Sec. 5 we conclude.

2 Models

The monopole of the intensity associated to X-ray emission IX can be described by means of an integral of
the window function WX as

IX(E) =

∫ ∞
0

dχ WX(E, z) , (2)

where E is the observed X-ray energy, and χ(z) is the comoving distance to redshift z, obeying, in a flat
Universe, cdz/dχ = H(z) with H(z) being the Hubble rate. It is clear that WX (also called weight function)
provides the fraction of intensity emitted in a given redshift slice.

We will consider four extragalactic emitters of X-rays: Active Galactic Nuclei (AGN), galaxies, clusters
of galaxies, and DM in the form of sterile neutrinos.

In the case of X-ray emission coming from the decay of sterile neutrinos DM, the window function takes
the form

WXS (E, z) =
ΩDMρc

4π

ΓS
mS(1 + z)

1√
2πσE

exp

[
−

(E − mS
2(1+z) )2

2σ2
E

]
, (3)

where the Gaussian function provides the broadening of the emission line (centered at E = mS
2(1+z) ) due to

the spectral resolution σE of the X-ray telescope. We neglect the velocity dispersion of sterile neutrinos in
halos, since it is always smaller than the experimental energy resolution considered (as we will comment in
the following).

Throughout the paper, we consider the sterile neutrino to be the only DM component in the Universe,
thus having a relic density set by ΩDMρc. We take the value of cosmological parameters from Ref. [45].

For AGN and galaxies, WX reads:

WXa(E, z) =
1

χ(z)2

∫ Lmax(Fsens,z)

Lmin

dL
dF

dE
(L, z)φ(L, z) , (4)
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Figure 1: Total X-ray intensity produced by AGN, galaxies and clusters (i.e., the sum of resolved and
unresolved sources). Data points show the total extragalactic X-ray background measured by Chandra [46].

where F is the flux provided by a source with rest-frame luminosity L at redshift z, φ is the X-ray luminosity
function, namely, the number of X-ray sources per unit volume and unit luminosity, and the maximum
luminosity Lmax of an unresolved source is dictated by the sensitivity flux Fsens, providing the minimum
detectable flux. Details concerning the models adopted for φ are given in the Appendix.

Clusters of galaxies can emit X-rays by means of bremsstrahlung radiation of their gas. We assume the
minimum mass of a cluster to be M500 = 1014 M�, which is also approximately the same value one obtains
from the temperature-mass relation [47] by requiring to have a sizable emission above 1 keV (i.e., in the
energy range we are considering). We checked that all clusters above this mass will be under the detection
reach of eROSITA and Athena, and are therefore masked in our analysis, see details in Appendix.

Note that by masking all halos above 1014 M�, we will be masking as well the possible contribution of
sterile neutrino decay from such massive halos. In our computation, we thus set the maximum halo mass to
be M500 = 1014 M� in the computation of the DM signal. In order to retain instead such DM contribution,
one could include clusters and treat them as a background component, as done in Ref. [42]. This approach
would increase the DM signal but at the cost of highly increasing the noise of the measurement.

The intensity provided by the astrophysical emitters is reported in Fig. 1, where we compare the predic-
tions of the adopted models with the measurement of Ref. [46].

In our modeling of the background we do not include emission lines. They can be given by several
atomic processes, but the exact strength, size, dependence on the type of astrophysical object, and redshift
scaling are typically quite unknown (for an example, see the debate on the interpretation of the 3.5 keV
line [48]). For sufficiently large energy bins, these lines are not expected to significantly alter our estimate
of the background, and therefore of the covariance entering the computation of the projected bounds (but
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Figure 2: Left: window functions of the catalogs of galaxies considered in the analysis. All the window
functions are normalized to unit,

∫
dz dNg/dz = 1. Right: average window function of sterile neutrino in

different energy bins, i.e., W̄XS (z) ≡ 1/∆E
∫

∆E
dEWXS (E, z). In this example, the DM mass is 7.2 keV and

sin2(2θ) = 3.4× 10−11.

see comments below on the Athena X-IFU case). On the other hand, in the case of detection of a line
feature, clearly, there will be some degeneracy between the interpretation in terms of sterile neutrino decay
and an atomic line. However, since the latter is associated to astrophysical processes, it typically has quite
different redshift behaviour and width with respect to the DM-induced line. These two handles can help in
disentangling between the two cases.

For what concerns the description of the catalogs of galaxies, the window function is simply provided
by the redshift distribution of the objects, dNg/dz. More precisely, Wg(z) = H(z)/c dNg/dz such that∫

dχWg(χ) = 1 for a redshift distribution dNg/dz normalized to unity. The form of dNg/dz for the different
catalogs adopted in our work is shown in the left panel of Fig. 2.

On the right panel of Fig. 2 we show the window function of DM, for an example mass of 7.2 keV and in a
few different energy bins. Note that they correspond to a given redshift bins. Therefore the cross correlation
of a given energy bin selects a specific redshift slice in the galaxy distribution, something which is not true
for the astrophysical sources (having a continuum energy spectrum) and is a key point of the line intensity
mapping strategy.

The angular power spectrum (APS) of the cross correlation between a map of X-rays in the ath energy
bin and a catalog of galaxies in the rth redshift bin can be computed as:

Car` =

∫
∆zr

dz

∫
∆Ea

dE
c

H(z)

WX(E, z)Wg(z)

χ(z)2
PX,g

[
k =

`

χ(z)
, z

]
, (5)

5



10
2

10
3

10
4

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

l

l(
l+

1
)/

2
π
C

l
[c

m
-

4
s
-

2
s
r-

2
]

Photon noise

AGN

Galaxies

DM

E: [3.4-3.6] keV ms=7.2 keV

10
2

10
3

10
4

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

l

l(
l+

1
)/

2
π
C

l
[c

m
-

4
s
-

2
s
r-

2
]

Photon noise

AGN

Galaxies

DM

E: [2.6-2.8] keV ms=7.2 keV

Figure 3: Auto-correlation APS of the different X-ray extragalactic emitters as predicted for eROSITA. The
DM mass and sin2(2θ) are as in Fig. 2. Left and right plots show different energy bins, [3.4, 3.6] and [2.6, 2.8]
keV, respectively. The blue line shows the photon noise, described in Sec. 4.

where PX,g is the three-dimensional cross power spectrum between a given X-ray population and a given
galaxy catalog. It is a function of both redshift and modulus of the physical wavenumber k. In the Limber
approximation [49], k and the angular multipole ` are linked by k = `/χ(z). This approximation is valid for
`� 1, i.e., in the range considered in the present work.

In the case of X-ray auto correlation (relevant to compute the covariance of the cross correlation), the
expression of the APS reduces to:

Cab` =

∫
dz

∫
∆Ea

dE

∫
∆Eb

dE′
c

H(z)

WX(E, z)WX(E′, z)

χ(z)2
PX

[
k =

`

χ(z)
, z

]
, (6)

We will compute the 3D power spectrum using the halo model formalism (for a review, see, e.g., Ref. [50]),
where the power spectrum is described in terms of the sum of the one-halo (P 1h) and two-halo (P 2h)
components. Their generic expression is given by (see, e.g., Ref. [51]):

P 1h
ij (k) =

∫
dM

dn

dM
f̂∗i (k|M) f̂j(k|M) (7)

P 2h
ij (k) =

[∫
dM

dn

dM
bi(M)f̂∗i (k|M)

] [∫
dM

dn

dM
bj(M)f̂j(k|M)

]
P lin(k)

where M is the halo mass, dn/dM is the halo mass function, f̂ is the Fourier transforms of the field under
consideration, b is the bias of the source with respect to matter and P lin is the linear matter power spectrum.
The expressions for the various cases considered in our work are detailed in the Appendix.
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Figure 4: Auto-correlation APS of the different X-ray extragalactic emitters as predicted for Athena WFI.
The DM mass is 7.2 keV and sin2(2θ) = 1.5×10−12. Left and right plots show different energy bins, [3.27, 3.6]
and [2.12, 2.25] keV, respectively. The blue line shows the photon noise, described in Sec. 4.

Let us note here that we will be considering the power spectrum of cold DM, even though the sterile
neutrino can be a warm DM candidate. The deviation of its power spectrum from a pure cold DM power
spectrum strongly depends on its production mechanism. On the other hand, luckily, this does not impact
our results, since the signal we are considering is mostly produced in massive halos, where differences between
cold and warm scenarios are negligible (see also Ref. [42]).

Examples of the auto- and cross-APS are shown in Figs. 3-6. In Fig. 3 and Fig. 5, we consider the
eROSITA experimental setup (described in the following), a sterile neutrino with mass mS = 7.2 keV,
and two energy bins [3.4, 3.6] and [2.6, 2.8] keV. For the cross-correlation plots we select the redshift bins
providing the DM signal ([0, 0.059] for cross correlation with the [3.4, 3.6] keV energy bin, and [0.29, 0.38]
for the [2.6, 2.8] keV energy bin) and consequently the two catalogs whose galaxy distribution is peaked in
such bins, that are, respectively, 2MPZ and SDSS. For the same DM mass, in Fig. 4 and Fig. 6 we show the
auto- and cross-APS as predicted for Athena. We cross correlate the X-ray signals with the Euclid survey of
galaxies. We select a low redshifit bin [0, 0.1] and one closer to the peak of the galaxy distribution, [0.6, 0.7].
The energy bins are those providing the DM signal, i.e. [3.27− 3.6] keV and [2.12− 2.25] keV.

Note that, while the auto correlation is largely dominated by AGN (and photon noise), the DM signal
becomes important in the cross correlation, especially at low redshift. This highlights the importance of a
tomographic approach involving DM tracers at different redshift in order to distentangle the DM cosmological
X-ray emission from astrophysical contributions.
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Figure 5: Same as in Fig. 3 but for the cross-correlation APS. The corresponding redshift bins are selected
from the relation z = mS/(2E)− 1.

3 Experiments

The eROSITA instrument, in orbit since July 2019, is going to perform a deep survey of the entire sky in
the 0.3 − 10 keV energy range, with unprecedented angular and energy resolution. It is therefore ideally
placed to search for the cosmological DM signal described in the previous Section. In Tab. 1 we summarize
its performances for those parameters more relevant to our analysis. The energy-dependent effective area
and spectral resolution are taken from Refs. [41, 52, 53]. We consider an observational time of four years,
corresponding to the duration of the all-sky survey program. For our sensitivity forecasts we focus on a
fraction of sky fXsky = 0.8, after masking the Galactic plane and resolved sources. As explained in Sec. 4, we
need to model the total intensity received by instrument, which is the sum of the extragalactic emission in
Eq. 2, the Galactic contribution and the instrumental background. The Galactic foreground, modeled as in
Section 4.2 of Ref. [41], is relevant only at energies . 1 keV. The particle background is generated by the
interactions of particles, mostly protons and secondary electrons, with the instrument. The expected rate is
1151 counts keV−1 s−1 sr−1 [41].

The Athena X-ray observatory is planned to be launched in early 2030s. The experiment will host two
instruments, the Wide Field Imager (WFI) and the X-ray Integral Field Unit (X-IFU). The performances of
the instruments, taken from Ref. [43], are summarized in Tab. 1.

Athena WFI will have a field of view similar to eROSITA, with a dramatically improved effective area
(taken from Ref. [54]). Athena X-IFU will deliver in-depth spectroscopic observations, thanks to a superior
spectral resolution (2.5 eV for E < 7 keV and E/∆E = 2800 for E > 7 keV, see Ref. [55]), but over a more
limited field of view.
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Figure 6: Same as in Fig. 4 but for the cross-correlation APS. The corresponding redshift bins are selected
from the relation z = mS/(2E)− 1.

For the sake of definiteness, we consider the average exposure for each field observed by Athena to
be 450 ks. Taking a total observing time of 5 years, corresponding to the integrated nominal mission
lifetime, this leads to a number of observed fields of 5yr/450ks ' 350. The sky coverage is thus computed as
fXsky = 350 ΩFOV , resulting to fWFI

sky = 5.9× 10−3 and fX−IFUsky = 1.2× 10−4.
The rate of particle background is obtained following Ref. [56].

In order to maximize the cross-correlation signal, we selected the deepest and widest, in terms of number
of objects and sky coverage, surveys of galaxies at mid-low redshift of the near past/future. Photometric
surveys have the advantage of detecting a larger number of galaxies, while spectroscopic surveys are superior
in the search for a spectral line. We consider both cases.

Concerning available data, we selected 2MPZ [57] at low-z and SDSS [58] at mid-z. At the time of
writing, the largest photometric survey is DES [59], which has completed data-taking and is finalizing the
data-reduction. The spectroscopic survey DESI [60] just started observations and will have a timeline similar
to eROSITA. In a few years, two wide-field surveys, Euclid [61] and LSST [62], will reach the milestone of ob-
serving billions of galaxies, thanks to their deep sensitivity (35 gal/arcmin2 and 50 gal/arcmin2, respectively).
They are expected to complete observations before/around the launch of Athena satellite.

In Tab. 2, we list the catalogs considered in our analysis and report the relevant properties entering the
computation of the cross-correlation signal and covariance matrix. The redshift distribution of the galaxies
in each catalog is shown in Fig. 2.
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eROSITA Athena WFI Athena X-IFU

Energy range [keV] 0.3-10 0.1-12 0.3-12

Aeff at 3 keV [m2] 0.03 0.79 0.68

ΩFoV [deg2] 0.66 0.69 0.014

HEW [arcsec] 28 5 5

Spectral resolution (FWHM)
at 7 keV [eV]

138 138 2.5

Fsens

[erg cm−2 s−1]
1.1 × 10−14 2.4 × 10−17 2.4 × 10−17

Particle bkg
[counts keV−1 s−1 sr−1]

1.2 × 103 1.2 × 103 5.8 × 103

Table 1: Key performances of the three X-rays instruments considered in the analysis. The rows report
the energy range, the effective area at 3 keV, the field of view, the angular resolution (Half Energy Width),
the energy resolution (at 7 keV), the source sensitivity in the 0.5− 2 keV band (considering observations in
survey mode for eROSITA, while 450 ks exposure in the Athena cases) and the rate of particle background.

4 Results

In Sec. 2, we depicted how to compute the auto- and cross-correlation APS, and in Sec. 3 we summarized
the experimental quantities needed for their estimates. Now we describe how bounds on the sterile neutrino
properties are derived from such forecasts and we discuss our findings.

In order to define a statistical significance, we need first to introduce the covariance matrix associated to
the cross-correlation APS. In the Gaussian approximation, it can be written as:

Γar`,br′`′ =
δK
``′

(2`+ 1)∆`fsky

[
Car` Cbr

′

`′ +
(
Cab` + CabN δ

K
ab

)(
Crr

′

`′ + Crr
′

N
)
δK
rr′

]
, (8)

where again a and b label energy bins of X-ray measurements, and r and r′ label redshift bins in the catalogs.
The analysis is performed over 40 multipole bins in the `-range [102, 104], with even logarithmic spacing.
The size of the bins is pretty large, and this further justifies the Gaussian approximation of the covariance.

The auto- and cross-correlation APS entering in Eq. 8 are described in Sec. 2. The photon noise term
is given by CaN = 4πfXsky W

−2
` 〈IaX〉2/Na

X , where 〈IaX〉 is the sky-averaged X-ray intensity observed by the
telescope in the ath energy bin and given by the sum of the extragalactic contributions computed from Eq. 2
plus the Galactic emission plus the particle background, with the latter two described in Sec. 3; the number
of observed photons is Na

X = 〈IaX Aaeff〉 tobs ΩFoV ; W` is the beam window function whose effect is however
negligible at ` < 104 given the angular resolution (HEW) reported in Tab. 1. The shot noise term for galaxies
is given by CrN = 4πfgsky/N

r
g , where the number of galaxies in the rth redshift bin is computed from the

distribution shown in Fig. 2. Here we neglect the beam window function since again the typical angular
resolution is significantly smaller the smallest scale considered in our analysis.
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2MPZ SDSS DES DESI Euclid LSST

# of galaxies 6.7 × 105 1.5 × 107 2 × 108 3.5 × 107 2 × 109 3.6 × 109

Sky coverage 0.66 0.26 0.12 0.34 0.36 0.49

z-range 0-0.08 0.08-0.8 0.08-2 0-2 0-2 0-3

# of z-bins 1 4 6 132∗ 7 8

Reference [57] [58] [59] [60] [61] [62]

Table 2: Properties of the galaxy catalogs considered in this work. First line reports the total number of
objects in the catalog, second line is the fraction of sky covered by the survey (after masking), third and
fourth lines show the redshift range and number of bins we considered in our analysis for each catalog.
∗The number of z-bins quoted for DESI is in the case of cross correlation with Athena data, see text for the
case of eROSITA.

The fraction of sky in Eq. 8 is taken to be the smallest between X-ray and galaxy surveys, i.e., fsky =
min[fXsky, f

g
sky]. In the case of eROSITA, the galaxy surveys have a smaller sky coverage, while we have the

opposite picture in the case of Athena.
The upper limits on the sterile neutrino parameter space are derived at 95% C.L. by requiring χ2 = 2.71

with the estimator assumed to follow a χ2 distribution with one dof (i.e., sin2(2θ) for a given mS) defined
as:

χ2 =
∑
a,b,`

Car`,SΓ−1
ar`,br′`C

br′

`,S . (9)

There are two things to note. First, only the cross-correlation term involving sterile neutrinos is present in
the signal part of Eq. 9. This is because we assume to be able to extract the background associated to X-ray
emitting AGN and galaxies to a good precision, and so we neglect model uncertainties in the astrophysical
components. This assumption is well justified in the case of spectroscopic surveys, where there is a huge
number of cross energy-redshift terms not entering in the signal of Eq. 9, and that can be used to fit a
continuum term. In the case of photometric surveys, it has instead to be checked with data at hands whether
this assumption is fully valid. As stated in the Introduction, this is the reason why a spectroscopic approach
that fully exploits the line intensity mapping can be considered more robust. The second crucial point to
note in Eq. 9 is that the sum does not run over the redshift bins. This is because for a given energy bin we
select the corresponding redshift bin from the relation z = mS/(2E)− 1. As already mentioned above, the
DM signal in the other redshift bins is predicted to be null.

The contamination from emission lines deserves a separate discussion. The emission from the Galaxy or
from the instrument only affects the covariance estimate (i.e., it is not correlated with extragalactic surveys).
In the case of eROSITA and Athena WFI this occurs at a negligible level (for the energy range of interest),
due to the smearing associated to the energy resolution, included in the model we are adopting [41]. For
Athena X-IFU, these lines can be sizable in a handful of energy bins. However, they can be just removed
from the analysis without compromising the sensitivity.

On the other hand, emission lines from extragalactic sources can be more degenerate with the sterile
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Figure 7: Projected 95% C.L. bounds for the different cross-correlation analyses. The left plot presents
the results in the sterile neutrino mS vs sin2(2θ) plane. The light red region is excluded by current X-
ray observations [13, 63]. The red and green contours are the 2-σ regions for the 3.55 keV line excess
respectively from the MOS stacked clusters [36] and M31 [37]. For the case of resonant production, the solid
(dashed) gray line shows where sterile neutrino accounts for all the DM for a lepton asymmetry L = 7 · 10−5

(L = 2.5·10−3, the maximum value allowed by BBN [64]). Below these lines sterile neutrino is a subdominant
DM component (for these choices of L and considering resonant production only). The right plot presents
the projected bounds and current X-ray constraints in the plane DM decay rate versus DM mass.

neutrino signal, if occurring at the same energy, and can have a larger impact on the error estimate (in
particular in the case of Athena X-IFU). The degeneracy might be broken looking at the different properties
of two lines, as mentioned in Sec. 2, but still the sensitivity on a few DM masses can be affected and the
final exclusion bound would result to be more jagged than our “smooth” projected curve, which is intended
to show the attainable level with a good cleaning of line contamination.

Results obtained with the assumptions and procedure outlined above are shown in Fig. 7, which reports
the 95% C.L. bounds in the plane sin2(2θ) versus mS .

4.1 eROSITA

We analyze the cross-correlation of the X-ray sky from eROSITA (which recently started its operation, as
mentioned in Sec. 3) with past/ongoing experiments. In particular, the red, black and blue lines in Fig. 7
show the bounds from the cross correlation with SDSS+2MPZ, DES+2MPZ, and DESI, respectively. In the
case of photometric surveys, we take 2MPZ as the catalog of reference at low-z considering a bin z = [0, 0.08],
and four (six) additional bins at z > 0.08 referring to SDSS (DES) data. Despite DES observes a significantly
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larger number of galaxies than SDSS, it covers a smaller portion of the sky (see Tab. 2), and the associated
bounds come out to be comparable. In other words, DES has a lower noise term but higher cosmic variance
contribution with respect to SDSS. This means to have a lower CN but also lower fsky in Eq. 8 with the two
effects (accidentally) compensating each other in the computation of the bound.

It is interesting to note that the case of cross correlation with the DESI catalog is more constraining
than SDSS despite having similar number of galaxies and sky coverage. This is because in the search for
a line, clearly, the closer the size of the energy/redshift bin is with respect to the line width the higher is
the signal to noise ratio. On the other hand, the increase in sensitivity is not dramatic because the spectral
resolution of eROSITA prevents to have very narrow bins. Namely their size ranges from E/σFWHM = 59
to E/σFWHM = 6 for E = 10 keV and E = 0.3 keV respectively.

In Fig. 7, we show also the preferred regions for the possible excess found in a few X-ray observations
and interpreted as a potential signature of sterile neutrino. The regions are taken from Refs. [36, 37]. Note
that with the technique proposed in this paper, it will be possible to test this interpretation with the data
acquired by eROSITA in the forthcoming years.

4.2 Athena WFI and X-IFU

In the epoch of Athena observations, the data from the surveys of DESI, Euclid, and LSST will be available.
We show the corresponding bounds on the sterile neutrino properties from the cross-correlation analysis with
orange, green, and brown lines, respectively.

The cases of photometric surveys (Euclid and LSST) cross correlated with Athena WFI provide an
improvement of more than one order of magnitude with respect to the case of eROSITA cross correlated with
DES. This is due to improvements on both sides: larger fsky and number of galaxies on the catalog side,
and improved effective area of Athena versus eROSITA. In particular the latter allows to significantly reduce
the photon noise term CaN in Eq. 8, overcoming the reduction in the sky coverage of ATHENA with respect
to eROSITA. The derived bound has the capability to close the allowed window for a resonantly produced
sterile neutrino parameter for mS > 7 keV (and lepton asymmetry of L . 7 · 10−5). Despite the number of
galaxies in LSST is larger with respect to Euclid, the bounds are similar. This is because those galaxies are
added at high redshift, where the contribution of the signal to the χ2 is very small.

Athena X-IFU is potentially a game-changer, in the sense that its superior spectral resolution makes the
line intensity mapping fully attainable. On the other hand, the reduced ΩFoV with respect to the WFI
detector (fifty times smaller, see Tab. 1), leads to a reduced sky coverage (for the same flux sensitivity). In
order to compensate for this, we should consider (around) fifty times more redshift bins than in the WFI
case. This is in principle possible at high X-ray energy. On the other hand, such a thinner binning would
bring us to consider a full 3D correlation instead of the 2D case analysed throughout the paper, in order to
include effects like redshift space distorsion. We leave this improvement for future developments, while here
we set the spectral resolution of the correlation DESI-Athena X-IFU to R = 120 (corresponding to ∆z ∼ 40
Mpc), which also corresponds to the X-IFU resolution at low energy. In this way, the DM velocity dispersion
in halos can be safely neglected. Note that this bound, contrary to the photometric case, does not benefit
from an improvement on the galaxy survey side since we consider DESI as for the eROSITA bound (whilst
we move from DES to Euclid/LSST in the photometric case). A future spectroscopic survey with enhanced
sensitivity will clearly tighten the constraint. Dedicated deep observations in the main Athena X-IFU fields
are foreseeable, also given the limited field of view of the instrument. It is also worth to stress again that the
prospects for background subtraction are much more favourable in the case of the spectroscopic sample than
in the photometric case, and consequently the forecast can be considered more robust in the former case.

Before concluding, we would like to mention that the strategy here proposed for the Athena telescope
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could be undertaken, on a shorter timescale, by the X-ray Imaging and Spectroscopy Mission (XRISM) [65],
expected to launch in 2022. XRISM has a reduced effective area with respect to Athena (by a factor of 45
at 1 keV, reducing to a factor of 6 at 7 keV and less at higher energies) but it can be able to improve the
bounds derived in the eROSITA case for large sterile neutrino masses.

5 Conclusions

We have studied the X-ray signal produced by the νs → ν γ decay of sterile neutrino DM in cosmological
structures. For a given energy, such monochromatic signal is associated to a certain redshift slice. Exploiting
this property, we have investigated the cross correlation of the X-ray emission with catalogues of galaxies in
the corresponding redshift range.

We have performed such line intensity mapping analysis for the eROSITA and Athena X-ray telescopes,
and considering current and near future photometric and spectroscopic galaxy surveys. Our main results are
summarized in Fig. 7.

eROSITA, which is currently in operation, will be able to slightly improve existing bounds and test the
DM interpretation of the 3.55 keV line excess. Thanks to the improved effective area, Athena WFI will test a
much larger and unexplored region of the parameter space. Finally, the line intensity mapping technique can
be fully exploited combining the superior spectral resolution of Athena X-IFU with spectroscopic surveys,
like DESI. The limited field of view of the X-IFU leads to sensitivities slightly worse than in the case of
the WFI. On the other hand, X-IFU spectroscopic observations can allow a more robust identification and
characterization of the DM cosmological line.

Summarizing, we found that, in the near future, X-ray line intensity mapping can become a suitable tech-
nique to search for a sterile neutrino decay signal, complementary to observations of individual targets [66].
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Appendix A
X-ray emission from clusters

The X-ray cluster emission is due to bremsstrahlung radiation. The associated window function WXc is given
by (see also Ref. [42])

WXc(E, z) =
kff exp

(
− E (1+z)
kBTgas(M)

)
4π
√
kBTgas(M)E (1 + z)

∫
dM

dn

dM

∫
dV ρ2

gas(r|M) . (10)

To easy the physical interpretation, we can decompose it as WXc = W 0
Xc
〈δ2

gas〉 with W 0
Xc

being defined as

W 0
Xc(E, z) =

kff (Ωb ρc)
2

4π
√
kBT 0

gasE (1 + z)
exp

(
−E (1 + z)

kBT 0
gas

)
, (11)

where T 0
gas is a reference temperature that can be arbitrarily chosen, and kff = 32πe6

3mec2

(
2π

3kBme

)1/2

(4πε0)−3gff ,

where gff = 1.1 is the Gaunt factor for the free-free emission.
The term 〈δ2

gas〉 involves mass-dependent quantities:

〈δ2
gas〉 =

(
1

Ωb ρc

)2 ∫
dM

dn

dM
f(T |M)

∫
dV ρ2

gas(r|M) , (12)

where the function f(T |M) is

f(T |M) =

√
T 0

gas

Tgas(M)
exp

(
E (1 + z)

kBT 0
gas

− E (1 + z)

kBTgas(M)

)
. (13)

ρgas and Tgas are the ICM density and temperature, respectively. To describe them, we consider state-
of-the-art models. More precisely, the shape of the ICM density g(R/R500) is taken from Eq. 7 in Ref. [67]
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Figure 8: X-ray flux from a cluster in the [0.5-2] keV band as a function of its mass and for three redshifts.
We show also the source sensitivities of eROSITA and Athena telescopes.

with values of the parameters from the best-fit in their Table 3. The overall normalization is set through
Mgas,500 = fgas,500M500 =

∫
dV ρ0 g(R/R500), considering fgas,500 = 0.131 [68]. For the temperature-mass

relation we adopt a power-law

Tgas(M500) = T0

(
M500E(z)

M0

)α
, (14)

setting the parameters of the relation from Ref. [47]: α = 0.6, T0 = 1 keV and M0 = 1013.57h−1
70 M�.

In Fig. 8, we show the predicted X-ray flux as a function of the cluster mass and for different redshift.
All clusters with mass M500 > 1014M� are expected to be within the reach of eROSITA and Athena. This
means they can be masked and for this reason they are not included in our analysis of the correlation of the
unresolved X-ray background.

Appendix B
X-ray luminosity function of AGN and galaxies

The X-ray luminosity function of AGN is taken from the model of Ref. [69], calibrated on X-ray Chandra
observations:

φ = K(z)

[(
L

L∗(z)

)γ1
+

(
L

L∗(z)

)γ2]
, (15)
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with γ1 = 0.62, γ2 = 3.01 and K(z) = 10−4.53−0.19 (1+z). The characteristic luminosity is

L∗(z) = L0

[(
1 + zc
1 + z

)p1
+

(
1 + zc
1 + z

)p2]−1

, (16)

with p1 = 6.36, p2 = −0.24, zc = 0.75 and L0 = 1044.77 erg s−1. The spectral energy distribution is taken to
be a power-law with spectral index of 1.45, the best-fit value in Ref. [46].

Concerning the galaxies, we adopt the model of Ref. [70]:

φ = φ∗

(
L

L∗

)1−α

exp

[
− 1

2σ2
log2

10

(
1 +

L

L∗

)]
, (17)

with α = 1.43, σ = 0.72, φ∗ = 10−2.23 Mpc−3 and L∗ = 1039.74
(

1+z
1.25

)1.9
erg s−1. As for AGN, we consider

a power-law spectral energy distribution, in this case with spectral index of 2 [71].

Appendix C
Three-dimensional power spectra

In Eq. 7, we described the general formalism used to estimate the 3D power spectra entering in our analysis.
In order to apply them to each specific case, we need to specify the functions f̂ (Fourier transforms of the
field) and b (bias of the source with respect to matter).

The case of auto correlation of X-rays from decaying DM (labeled with δ) is given by

P 1h
δ,δ(k, z) =

∫ Mmax

Mmin

dM
dn

dM
ṽδ(k|M)2 (18)

P 2h
δ,δ(k, z) =

[∫ Mmax

Mmin

dM
dn

dM
bh(M) ṽδ(k|M)

]2

P lin(k) ,

where ṽδ(k|M) is the Fourier transform of ρh(x|M)/ρ̄DM , with ρh being the DM halo profile, for which
we assume the NFW shape [72] with halo concentration from Ref. [73]. The bias of halos bh with respect
to matter is taken from Ref. [74], as well as the halo mass function dn/dM . This estimate agrees very
well with the non-linear matter power spectrum derived from N-body numerical simulations [51, 75]. Let us
remind that we are taking Mmax = 1014M�, due to the masking of galaxy clusters. For definiteness, we set
Mmin = 106M�.

We consider AGNs and galaxies (labeled with a) as point-like sources, since their average size is smaller
(or at most comparable) to the angular scales we analyze. Under this assumption, the 1-halo term is a
Poissonian contribution (i.e., independent on k) which reads:

P 1h
a,a(z) =

∫ Lmax(z)

Lmin(z)

dL Φa(L, z)
(
L
〈fa〉

)2

(19)

with 〈fa〉 =
∫
dLΦa L. This term is taken to be zero when cross correlating X-rays from AGNs with X-rays

from galaxies. The 2-halo term can be computed as P 2h
a,a′(k, z) = 〈ba(z)〉 〈ba′(z)〉P 2h

δ,δ(k, z). We take the
average bias 〈ba(z)〉 from Ref. [42].
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The power spectrum of cross correlation between X-rays from decaying DM and astrophysical sources is
modeled through Pδ,a(k, z) = 〈ba(z)〉Pδ,δ(k, z). This is exact for what concerns the 2-halo term, while just
an approximation for the 1-halo component. We use this approximate description since the latter is just a
highly subdominant contribution entering the covariance estimate.

In order to evaluate the correlation of galaxy catalogs with X-ray emitters, and since we adopt the halo
model approach for the structure clustering, we need to describe how galaxies populate halos.2 To this aim,
we employ the halo occupation distribution (HOD) formalism that provides the number of galaxies of a
certain catalogue residing in a halo of mass M at redshift z and their spatial distribution. We follow the
approach described, e.g., in Ref. [76], where the HOD is parameterized by distinguishing the contributions
of central and satellite galaxies, Ng = Ncen +Nsat. The details of the HOD model for the 2MPZ and SDSS
catalogs are provided in Refs. [77] and [78]. For the on-going/future surveys DES, DESI and Euclid, we
assume the same HOD as for SDSS. We expect this to be a good approximation, and small deviations from
this reference model would have a negligible impact on our results.

For the catalog auto correlation, we refer the reader to e.g. Ref. [50], while the power spectrum of cross
correlation between decaying DM and a catalog of galaxies (labeled with g) can be written as:

P 1h
g,δ(k, z) =

∫ Mδ
max

Mmin

dM
dn

dM

〈Ng 〉
n̄g

ṽg(k|M)ṽδ(k|M) (20)

P 2h
g,δ(k, z) =

[∫ Mg
max

Mmin

dM
dn

dM
bh(M)

〈Ng〉
n̄g

ṽg(k|M)

]

×

[∫ Mδ
max

Mmin

dM
dn

dM
bh(M) ṽδ(k|M)

]
P lin(k) ,

where the notation emphasises that the maximum mass considered for the X-ray signal is different (smaller)
than for galaxy catalogs.

The product 〈Ng〉 ṽg(k|m) is the Fourier transform of 〈Ncen(M)〉 δ3(x) + 〈Nsat(M)〉 ρh(x|M)/M . The
average number of galaxies at a given redshift is given by n̄g(z) =

∫
dM dn/dM 〈Ng〉.

The power spectrum of cross correlation between X-rays from astrophysical sources (AGN and galax-
ies) and galaxy catalogs is approximated with Pg,a(k, z) = 〈ba(z)〉Pg,δ(k, z), following the same reasoning
discussed above for the case of Pδ,a.

2A different approach is to directly describe the galaxy clustering with an effective bias term, as done in Ref. [42].
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