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by the free-streaming. In the initial conditions this is given
by [30]

Mfs ¼
4

3
!
!
"fs

2

"
3
!#: (2)

In Fig. 1 we show the relation between the free-
streaming mass scale and the mass of the WDM particle
candidate for our adopted cosmological model. Haloes that
would have masses below the free-streaming mass scale
will have their peaks in the primordial density field erased.
The impact of the free-streaming of the WDM particles
on the linear growth of structure can be further described
by the matter transfer function. This can be represented
[23,39],

TðkÞ $
#
PWDM
Lin

PCDM
Lin

$
1=2

¼ ½1þ ð$kÞ2%'( 5=%; (3)

where PWDM
Lin and PCDM

Lin are the linear mass power spectra
in the WDM and CDM models, respectively. Note that
in order to avoid cumbersome notation, we shall adopt
the convention PLin $ PWDM

Lin , likewise PNL $ PWDM
NL for

the nonlinear power spectrum in the WDM model. Fitting
to results of full Einstein-Boltzmann integrations gives
% ¼ 1:12, and $ of the order [41]:

$ ¼ 0:049
#
mWDM

keV

$( 1:11
#
"WDM

0:25

$
0:11

#
h

0:7

$
1:22

h( 1 Mpc:

(4)

In Fig. 2 we show how variations in the mass of the WDM
particles effects the linear matter power spectrum. Clearly,
the lighter the WDM particle the more the power is
damped on small scales.
Note that in the above we are assuming that the WDM

particle is fully thermalized, i.e. the gravitino. Following
[41], this can be related to the mass for the sterile neutrino
through the fitting formula:

m&s
¼ 4:43 keV

!
mWDM

1 keV

"
4=3

!
wWDM

0:1225

"( 1=3
: (5)

III. HALO MODEL APPROACH

A. Statistical description of the density field

We would like to know how the nonlinear matter power
spectrum changes for WDMmodels. In order to do this we
shall adapt the halo model approach. For the case of CDM,
the halo model would assume that all of the mass in the
Universe is in the form of dark matter haloes and so the
density field can be expressed as a sum over haloes. In
WDMmodels this ansatz can be no longer considered true,
owing to the suppression of halo formation on mass scales
smaller thanMfs. We modify this in the following way: we
suppose that there is some fraction of mass in collapsed

FIG. 1 (color online). Free-streaming mass scale (Mfs) as a
function of the mass of the WDM particle mass mWDM. Haloes
that have masses M>Mfs may form hierarchically (hatched
region). Haloes with M<Mfs (empty region) will have their
peaks in the primordial density field erased and so may not form
hierarchically. Haloes in this region may possibly form through
fragmentation. The solid red band shows the mWDM allowed
by the Lyman alpha forest [27] [note that we have rescaled
m&s

! mWDM using Eq. (5)].

FIG. 2 (color online). Linear mass power spectra as a function
of wave number in the WDM and CDM scenarios. The solid
black line shows results for CDM. From bottom to top, the dot-
dashed lines represent the WDM power spectra for the cases
where mWDM $ mX 2 f0:25; 0:5; 0:75; 1:0; 1:25g keV. The ligh-
ter the WDM particle the more the power is damped on small
scales.
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Figure 8. Constraints from Ly-↵ forest in the RPSN (m⌫s , sin
2 2✓) parameter space. The iso-L contours are

displayed in black along with the corresponding value of L6. Gold squares indicate the set of parameters for
which we computed the P'(k) by solving the non-linear hydrodynamics. The black dot with error bar denotes
the right-handed interpretation of the 3.55 keV X-ray line in the stacked spectra of galaxy clusters for which
we used the parameters reported in [80]: m⌫s = 7.14±0.07 keV and sin2 2✓ = 4.9+1.3

�1.6⇥10�11. The blue shade
encompasses models excluded by over 3� by the Ly-↵ forest BOSS power spectrum. The hatched rectangle
corresponds to the 3� island of the right panel of Fig. 7 (see text for details). The absence of monochromatic
X-ray lines (apart from the 3.55 keV signal) translate into upper bounds in sin2 2✓(m⌫s): the green shade are
models inconsistent beyond 3� with a compilation of X-ray data from the Milky Way, Andromeda and other
galaxies.
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value, ⟨q⟩a ≡ 7π4T0/180ζ(3) ≈ 3.15T0. Left: case 1. Right: case 2.

abundance account for all of the observed energy density in dark matter, leads to the (lepton

asymmetry dependent) mass–angle relation shown in Fig. 4.

The most direct constraint on the sterile neutrino dark matter scenario comes from com-

paring these curves with X-ray observations (Fig. 4). For nνe/s = 0.0 we are in the allowed

region only for M1 ≤ 3 keV. Increasing the asymmetry to nνe/s ≃ 8 × 10−6 opens suddenly

a whole range of allowed mass values, up to M1 ≃ 25 keV. Increasing the asymmetry further

relaxes the upper bound even more but rather slowly; for instance, if the asymmetry is in-

creased to nνe/s ≃ 25×10−6, then we read from Fig. 4 the upper bound M1 <∼ 40 keV, while

the maximal allowed asymmetry nνe/s ≃ 2500× 10−6 yields the upper bound M1 <∼ 50 keV.

Another important effect comes from the modification of the sterile neutrino spectrum

through a lepton asymmetry. As already found in ref. [2], the non-equilibrium spectrum

of the dark matter sterile neutrinos created in the presence of a lepton asymmetry is very

different from the thermal one. Some examples are shown in Fig. 5.

Now, an observation of small scale structures in the Lyman-α data puts an upper bound

on the free-streaming length and, consequently, on the average velocity of the dark matter

particles. This converts to a lower bound on the inverse velocity, which, in the absence of an

actual analysis with non-equilibrium spectra, can be roughly estimated as [32]

M1
⟨q⟩a
⟨q⟩s

>∼ M0 ⇔ M1 >∼ M0
⟨q⟩s
⟨q⟩a

, (5.1)

where ⟨q⟩a and ⟨q⟩s are the average momenta of active and sterile neutrinos, respectively, at

the moment of structure formation, and the value of M0 is M0 ≃ 14 keV (95% CL) according

17
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Figure 12. Constraints on decaying sterile neutrino dark matter, assuming that sterile neutrinos comprise all of the DM in the NFW
profile of Nesti & Salucci (2013). Limits include the XQC observation analyzed in this work (black); Micro-X median expectation from an
observation of the GC (1, dotted blue), an observation below the plane of the galaxy in the direction of l = 0�, b = �32� (2, short dashed
blue), and an observation within the XQC field in the direction of l = 162�, b = 7� (3, long dashed blue); constraints from M31 (Horiuchi
et al. 2014) (shaded orange); and constraints from the previous analysis of XQC data by Boyarsky et al. (2007) (gray). The putative signal
of Bulbul et al. (2014a) is also shown (red point).

like profiles.
These wide-FOV rocket observations are complemen-

tary to narrow-FOV observations of dwarfs, galaxies, and
clusters because they directly address whether an uniden-
tified line is present as an all-sky signal in the MW.
This confirmation would be crucial for distinguishing an
atomic interpretation from an exotic DM one, and for
establishing the signal scaling as a function of the inte-
grated DM density.

6. CONCLUSION

Microcalorimeters onboard sounding rockets have the
ability to place competitive bounds on keV sterile neu-
trinos or other dark matter models whose flux scales
linearly with dark matter density. We have analyzed
a subset of the data acquired during the 5th flight of
the XQC payload corresponding to an e↵ective exposure
of 106 s on 24 pixels and placed a upper limit on keV
sterile neutrinos between 4-10 keV which demonstrates
the prospect for future observations with this type of in-
strument. A study of future observations in and around
the Milky Way galactic center with the Micro-X pay-
load shows that it will have sensitivity to new parameter
space in the (ms, sin

2 2✓) sterile neutrino plane. Op-
timizations of the pointing direction, increased field of
view and energy resolution, and repeated observations
will all increase the sensitivity of this technique in the
future.
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Minor, Bootes I and Ursa Major II dSph galaxies. For
these galaxies the strength of the DM decay flux reaches

FUMaII ≃ 2× 10−7

[

sin2(2θ)

10−11

]

[ mDM

10 keV

]4 ph

cm2s
(6)

The signal from most of the brightest dSphs suffers from
a large uncertainty related to the narrow FoV of X-IFU.
Taking Ursa Major II as an example, one could find that
the FoV of X-IFU encompasses only the region within ≃
0.2r1/2. This leads to a large uncertainty of the DM decay
flux, by a factor of ≃ 5. Observation of the DM decay
signal from this galaxy would provide a measurement of
θ uncertain by at least this factor.
The upper limit on θ which could be derived from the

non-observation of the signal has to rely on the minimal
mass estimate. In this respect a better target is a dSph
with weaker expected signal which is less uncertain. This
is the case for example for Segue 1, which provides the
flux

FSegue1, min ≃ 0.5× 10−7

[

sin2(2θ)

10−11

]

[ mDM

10 keV

]4 ph

cm2s
(7)

The precision of the estimate of the flux from Segue 1 is
better because the X-IFU FoV will cover the region of
the size about the half-light radius of the dSph. As it is
discussed above, it is at this radius where the uncertainty
of the mass estimate is minimised.
Statistics of the DM decay line signal collected within

an exposure time Texp is determined by the flux (6) as
well as by the effective collection area of the telescope
Aeff (E), its energy resolution, ∆E and by the level of
the instrumental and sky background B(E) (measured in
photons per unit area, time and energy interval) on top
of which the signal is searched. The minimal detectable
line flux is

Fmin = 2

√

B ·∆E

AeffTexp
(8)

where a factor 2 corresponds to a 2σ level detection (or
a 95% upper limit in the case of non-detection). Com-
paring Fmin with FDM one could derive the range of
parameters mDM , θ accessible for the measurement.
To do such a comparison, we have simulated

the signal from the Segue 1 dSph for different
values of θ and mDM , using fakeit command of
XSPEC program with the response functions and
an estimate of the instrumental background for X-
IFU 1469 onaxis pitch265um v20150327.rsp and
int1arcmin2 athena xifu 1469 onaxis pitch265um

v20150327.pha (rescaled to 7’ FoV) correspondingly,
provided by Athena Collaboration2. We adopt the model

2 http://www.the-athena-x-ray-observatory.eu

FIG. 3. Sensitivity reach of future X-ray telescopes. The ex-
isting bounds on (mDM , θ) are the same as in Fig. 1 (grey
shading). Red thick solid curve shows the sensitivity limit
of Athena X-IFU, calculated assuming the minimal Segue 1
dSph signal, for a 1 Msec exposure. Dashed thin red curve
is the sensitivity limit for the average mass estimate. Green
curve shows the sensitivity of Astro-H / SXS, blue curve cor-
responds to the sensitivity of NuSTAR, also for 1 Msec long
exposures. Hatched range shows the sensitivity reach of the
future Lyα and weak lensing probes [12].

for the Cosmic X-ray background and the Galactic fore-
ground backgrounds from [25] and verified, that the
obtained results are similar to the results obtained for the
diffuse1arcmin2 athena xifu 1469 onaxis pitch265

um v20150327.pha template. Using the simulated
spectra, we have found the minimal value of θ at which
the DM decay line is detectable at a given energy
E = mDM/2. The minimal values of sin2(2θ) found in
this way are shown in Fig. 3 as a function of mDM . The
exposure time was assumed to be Texp = 1 Msec.
From this figure one could see that superior energy

resolution and large aperture of X-IFU lead to one-to-two
orders of magnitude improvement of sensitivity for the
DM decay line search compared to the currently available
bounds on sin2(2θ) from existing X-ray telescopes. This
level of improvement of sensitivity will allow Athena to
perform a test of the νMSM model in a wide DM sterile
neutrino mass range up to 20 keV. In the mass range 7-
20 keV, the sensitivity level is below the lower bound on
sin2(2θ). Below 7 keV, X-IFU sensitivity gets worse than
this lower bound. Above 20 keV the calculation of the
sensitivity limit of X-IFU was not possible because of the
lack of information on the behaviour of the effective area
and background of Athena in the energy range above
10 keV. In any case, the performance of the optics of
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Figure 1. a: A tritium �-decay spectrum with no mixing (dashed black line) compared to a spectrum
with a keV sterile neutrino mass of 10 keV and a mixing angle of sin2 ✓ = 0.2 (solid red line). One can
clearly see a kink-like signature of the keV-scale sterile neutrino at the electron energy E = E0 �ms

and its influence on the spectral shape below the kink energy. b: Ratio of a tritium �-decay spectrum
without mixing and a spectrum with a 10 keV neutrino mass and a mixing amplitude of sin2 ✓ = 10

�7.
The error bars correspond to a total statistics of ⇠ 10

18 electrons, as would be achieved with the
KATRIN tritium source after 3 years of measurement time.

2.2 Imprint of Active-Sterile Neutrino Mixing on the Beta-Decay Spectrum

If the electron neutrino contains an admixture of a neutrino mass eigenstate with a mass ms

in the keV range, the different mass eigenstates will no longer form one effective neutrino mass
term. In this case, due to the large mass splitting, the superposition of the �-decay spectra
corresponding to the light effective mass term mlight and the heavy mass eigenstate ms, can
be detectable. In the following analysis we assume a single heavy mass eigenstate ms and an
effective light neutrino mass eigenstate mlight. In this scenario the differential spectrum can
be written as

d�

dE
= cos

2 ✓
d�

dE
(mlight) + sin

2 ✓
d�

dE
(ms), (2.5)

where ✓ describes the active-sterile neutrino mixing, and predominantly determines the size of
the effect on the spectral shape. The light neutrino mass mlight is set to zero in our analysis,
as ms � mlight is assumed. Figure 1a shows for an (unrealistically) large mixing angle of
✓ ⇡ 26

�, how an admixture of a heavy mass eigenstate of ms = 10 keV manifests itself in the
shape of the tritium �-decay spectrum.

In the energy region E < E0�ms, the tritium � decay into a keV-scale sterile neutrino is
energetically allowed, leading to a kink in the spectrum at Ekink = E0 �ms. Due to its large
mass, a keV-scale sterile neutrino is still non-relativistic at energies of a few keV, resulting in
a characteristic spectral modification in the electron energy range up to E < Ekink.

In the case of very small mixing, it is helpful to visualize the effect of a keV-scale
sterile neutrino as the ratio of the spectrum with and without mixing, as shown in figure 1b.
Taking into account the statistical error bars expected for a total statistics of ⇠ 10

18 electrons
(as expected from the KATRIN tritium source, see section 3), a small mixing amplitude of
sin

2 ✓ ⇡ 10
�7 still leads to both a clearly visible kink signature and an extended spectral

distortion for E < Ekink.
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Figure 40. 90% statistical
exclusion limit of a Pre- and
Post-KATRIN-like experiment.
The Post-KATRIN measurement
is based on a 3-years measurement
with the full KATRIN source
strength. The Pre-KATRIN
measurement assumes a factor 105

reduction of count rate and a mea-
surement time of 7 days. The gray
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tory limits [642] and the parameter
space excluded by astrophysical
observations [397, 911].

One of the most dangerous systematic effects will be related to backscattering of electrons
from the detector surface. To mitigate this effect the detector location needs to be optimized.
By placing the detector at a distance from the maximal magnetic field at the exit of the
main spectrometer, most of the backscattered electrons are reflected back to the detector in
short time intervals of less than a few hundreds of nanosecond. Since the magnetic flux area
is increased at lower magnetic field, the detector area needs to be increased accordingly. A
minimal detector radius is rdet > 100 mm. Furthermore, the energy threshold needs to be low
enough (a few hundreds of eV) in order to detect backscattered electrons, which deposit only
a small fraction of their energy in the detector. This in turn, requires a very thin deadlayer
of the order of 10 nm.

To allow for a differential measurement of the tritium �-decay spectrum, a good energy
resolution of 300 eV at 20 keV is necessary. This requires a thin deadlayer, low capacity
and low leakage current. To combine the requirement of large pixel size with low capacity, a
design with small (point-like) read-out contact and steering electrodes is being considered.

Currently, detector prototyping in collaboration with the Max-Planck Semiconductor
Laboratory in Munich, Commissariat a l’énergie atomique et aux énergies alternatives (CEA),
Lawrence Berkeley National Laboratory (LBNL), Oak Ridge National Laboratory, and Karl-
sruhe Institute of Technology is ongoing.

Time-of-Flight (TOF) mode An alternative to an upgrade of the detector system might
be the introduction of a TOF mode. In a similar fashion to a novel detector, a TOF mode also
changes the measurement strategy towards obtaining a differential spectrum. However, this
approach is based on using the existing detector/DAQ infrastructure while applying minor
modifications in the spectrometer section.

The principal sensitivity enhancement of such a strategy has already been shown in the
context of light neutrino mass measurements in [912]. The basic idea is to measure and fit
the TOF distribution of the electrons rather than the integrated energy spectrum. Since the
TOF is dominantly a function of the electron surplus energy relative to the retarding poten-
tial as well as the polar emission angle of the electron, the measurement contains important
information about the energy distribution closely to the retarding potential besides the raw
count-rate (see figure 41). Having this supplementary information is statistically equivalent
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FIG. 4. Electron spectra of CνkeV Band SνBcaptures on
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by minimizing the following χ2 function

χ2 = −2 ·
∑

i

(Nobs(Ei)−Nexp(Ei)

+Nobs(Ei) · ln
Nexp(Ei)
NobsEi)

),

(9)

where Nobs and Nexp = NCνkeVB + (1 + β) · NSνB +
(1 + γ) · Nho are the observed and expected number of
counts, respectively. The nuisance parameters β, γ for
both the SνBcapture rate (NSνB) and the total 163Ho
decays (Nho) are left free in this analysis. After minimiz-
ing the χ2 function over the nuisance parameters β, γ, the
90% C.L. exclusion contours are computed as a function
of m4 and sin2 θe4 such that ∆χ2 = χ2(m4, sin

2 θe4) −
χ2
min < 4.6 since both m4 and sin2 θe4 could be measured

in a real-time experiment. Figure 5 shows the expected
sensitivity for CνkeV B real-time detection for two differ-
ent exposures, 300 kg·year and 100 ton·year, assuming
an energy resolution of 0.5 keV (FWHM). Using a few
100 kg of 163Dy a 90% sensitivity down to sin2 θe4 ∼ 10−6

is attainable for m4 varying from 2.83 to 100 keV. Mix-
ing angles as low as sin2 θe4 ∼ 10−9 could in principle be
explored with 100 tons of 163Dy, provided detector back-
grounds are less than the SνBcapture rate.

We presented and investigated a new method to search
for Cosmic keV Neutrino Background, in the keV mass
range, that could account for Dark Matter. This ap-
proach aims at the detection of hypothetical keV ster-
ile neutrinos confined inside our galactic halo and is
therefore complementary to projects using tritium β-
decay [76, 77] or xenon [78]. In this new concept the
CνkeV Bcould be captured on stable 163Dy if sterile neu-
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FIG. 5. 90% C.L. sensitivity for CνkeV B real-time detection
for two exposures, 300 kg·year and 100 ton·year (of 163Dy),
assuming an energy resolution of 0.5 keV (FWHM).

trino masses are greater than 2.83 keV. Two experimen-
tal cases are studied. First, by an integral experiment in
which one counts the number of 163Ho atoms in a 163Dy
ore exposed over a geologic time. In this case the sensitiv-
ity to the CνkeV B is strengthened through the accumu-
lation of the captures over the last 30000 years. This ap-
proach is limited by the capture of solar neutrinos (SνB),
at the level of sin2 θe4 ∼ 10−6. Second, by a real-time ex-
periment measuring the electron spectrum in a Dy-based
detector. The characteristic signal is a mono-energetic
peak at Te = E0 +m4, thus greatly reducing the impact
of the SνB.
To conclude, experiments using several kilograms

of 163Dy, for the integral approach, and ∼100 kg of
163Dy, for the real-time measurement, could already
reach an unprecedented sensitivity of sin2 θe4 ∼ 10−5 in
comparison with past laboratory searches. Thanks to
the stability of the dysprosium target this experiment
is scalable, in principle. Looking into a farther future
a cosmological relevant sensitivity of sin2 θe4 ∼ 10−9

could potentially be achievable with 100 tons of 163Dy
exposed for 10 years. Proof-of-concept experiments shall
be conducted to experimentally assess backgrounds and
technical feasibility, however.
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sions on ν-capture and detection techniques. We would
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