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The recent observation of an X-ray line at an energy of 3.5 keV mainly from galaxy clusters has initiated
a discussion about whether we may have seen a possible dark matter signal. If confirmed, this signal
could stem from a decaying sterile neutrino of a mass of 7.1 keV. Such a particle could make up all the
dark matter, but it is not clear how it was produced in the early Universe. In this letter we show that

it is possible to discriminate between different production mechanisms with present-day astronomical
data. The most stringent constraint comes from the Lyman-« forest and seems to disfavor all but one of
the main production mechanisms proposed in the literature, which is the production via decay of heavy
scalar singlets. Pinning down the production mechanism will help to decide whether the X-ray signal
indeed comprises an indirect detection of dark matter.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

A dream of particle physicists, cosmologists, and astrophysicists
is to discover the true nature of dark matter (DM), which makes
up more than 80% of the matter in the Universe [1]. The generic
candidate is a Weakly Interacting Massive Particle (WIMP), i.e. a
heavy particle which interacts as weakly as neutrinos. However,
the many recent attempts to directly detect such a particle [2] or
to produce it at colliders [3], as well as the hunts for its annihila-
tion products [4], have so far not found a clear indication. In this
situation, the detection of an X-ray line in several galaxy clusters
and in the Andromeda galaxy [5,6] has attracted the attention of
the community. This line, if stemming from DM decay, could be a
smoking gun signal for a very different type of DM particle: an ex-
tremely weakly interacting (“sterile”) neutrino with a mass smaller
than that of a WIMP by about seven orders of magnitude. WIMPs
are produced by thermal freeze-out [7] which means that they de-
couple from the primordial thermal plasma as soon as the Hubble
expansion becomes larger than the interaction rate. Sterile neutri-
nos with keV-masses cannot be produced in this way because their
interactions are too weak. However, even very feebly interacting
particles can be gradually produced in the early Universe [8]. For
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sterile neutrinos this can be achieved by their tiny admixtures 6
to active neutrinos, the so-called Dodelson-Widrow (DW) mecha-
nism [9], but this is known to produce a too hot spectrum [10,11],
i.e., too fast DM particles. However, active-sterile neutrino tran-
sitions could be resonantly enhanced if the background medium
carries a net lepton number. This production proposed by Shi
and Fuller [12] seems in a better shape when confronted with
data [13], and it has been recently advocated to be able to pro-
duce DM in agreement with the line signal [14,15].

What is the status of the 3.5 keV line? Refs. [5,6] have in-
dependently reported evidence in samples by the XMM-Newton
and Chandra satellites from nearby clusters and the Andromeda
galaxy (stating > 40 significance for the stacked signal). These
findings were criticised by Refs. [16,17], who state that Chandra
should see a line signal from the center of the Milky way and that
other chemical lines are able to explain the signal. However, these
remarks were again criticised in Refs. [18-21], arguing that the
centre of the Milky Way is too noisy for a clear signal. Ref. [19]
questions the range of validity of the background model assumed
in [17]. Finally, Ref. [22] has found no signal in stacked XMM-
Newton data from dwarf galaxies, which they claim should provide
a clean signal, although the constraint provided is not significantly
more stringent than previous ones [23]. Obviously the situation is
not clear at the moment and more data is required. On the other
hand, the technical development of satellites proceeds slower than
one would like, so that we cannot expect to see a very bright sig-
nal where none had been seen before. Ultimately, we should take
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the tentative 3.5 keV line as a motivation to scrutinize both the
signal and its implications - the latter we will do here.

With the signal taken seriously, to find out whether DM decay
causes it, non-standard production mechanisms must be tested. If
the sterile neutrino was charged beyond the SM gauge group [see
[24] for a review of several such settings], freeze-out may be re-
vived if a significant amount of entropy is produced to dilute the
abundance [25], but this is strongly constrained by Big Bang Nucle-
osynthesis [26]. However, there is another production mechanism
which is in a better shape, using a scalar that decays into ster-
ile neutrinos: S — vsvs. This scalar could be the inflaton [27] or a
general singlet S that is thermally produced in the early Universe
by either freeze-out [28] or freeze-in [29]. Ultimately the produc-
tion mechanism has an impact on the DM velocity profile and thus
on structure formation.

In this letter we present a snapshot of an extensive study to
be available soon [30]. We show that, contrary to common believe,
sterile neutrino production by scalar decays seems to be in bet-
ter agreement with data than Shi-Fuller production, in particular
when looking at the Lyman-« (Ly-o) bound. Knowing which mech-
anisms fit the data will be of uttermost importance when aiming
at identifying whether DM decay could be behind the X-ray signal.

2. Dark matter production from decays of scalar singlets

Just as the fermions in the SM obtain their masses by the so-
called “Yukawa” couplings to the Higgs scalar field H, sterile neu-
trinos vs could couple to a singlet scalar field S like %Svscvs + h.c.
If S settles at its vacuum expectation value vs = (S), this leads to
a sterile neutrino mass ms = yvs similarly to the ordinary Higgs
mechanism. However, the scalar field S is also allowed by all sym-
metries to couple to the SM Higgs field via a “portal” HTHS2. This
coupling could produce sizeable amounts of S particles (i.e., the
physical components of S) which will decay with strength y into
two sterile neutrinos. This mechanism can lead to efficient DM
production.

Because the S particles only decay efficiently once they are
non-relativistic, they do not contribute to the DM momentum dis-
tribution. Only their abundance is important for the DM abun-
dance, since every scalar singlet decays in exactly two sterile neu-
trinos.

The momentum distribution of a decay produced sterile neu-
trino with adjacent DW production is [31-33],

Bsb 2,2 Bow
= — — T _—
T = e exp (~p°) SD)+exp(p/TDw)+1

where apw = Tpw/T ~ 0.716 and asp = Tsp/T ~ 0.35 (T being
the photon-temperature). A detailed derivation of Eq. (1) is given
in Appendix A. The normalization factors Bsp and Bpw depend on
the details of the production mechanism and are fixed by the re-
quired DM abundance. This can be determined with the help of
the empirical formula from Ref. [34],

(1)

10-10 keV @)

sin®(20) "B me 12
QDW~7.8-10_5|: } ]
which gives an estimate for the fraction of DM produced non-
resonantly via the active-sterile mixing 6.

It becomes clear from Eq. (2) that the exact form of the
momentum distribution depends effectively on two parameters,
namely the mass mg of the sterile neutrino and the active-sterile
mixing ® = sin?(26). Both parameters can be unambiguously de-
termined from the energy spectrum and the flux of the observed
X-ray line and are reported to be mg = (7.14 £ 0.07) keV and
® =6.8%32.107"1, respectively [5,35]. The resulting momentum
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Fig. 1. Momentum distribution from scalar decay production (black), resonant pro-
duction (blue dashed, [14]) and non-resonant production (green dotted). The black
and the blue lines use parameters corresponding to the claimed signal [5]. The
green dotted line assumes a larger mixing angle to allow for the right DM abun-
dance. The red envelope around the black line corresponds to the 30 C.L. from
Ref. [5].

distributions are plotted in Fig. 1. The black line corresponds to
scalar decay production, cf. Eq. (1), while the thickness of the line
illustrates mixing with different neutrino flavors. The surrounding
red band designates the 30 confidence level on the flux mea-
surement. The distribution exhibits two maxima, one at very cold
momenta coming from scalar production and a much smaller one
at larger momenta associated with the subdominant active-sterile
mixing. The blue dashed line in Fig. 1 shows the momentum dis-
tribution resulting from resonant production, calculated in [14]. It
assumes a lepton number of L =4.6-10~% and has a characteristic
spike at low momenta due to the resonance in the active-sterile
mixing. The green dotted line in Fig. 1 illustrates the standard
non-resonant production based on the DW mechanism [9] as sole
source of DM. The X-ray line measurement trivially excludes this
mechanism, since non-resonantly produced sterile neutrinos would
require a considerably larger mixing angle to make up for all of the
DM in the Universe (and they would be too hot). We nevertheless
plot the non-resonant case as reference, however, with a mixing
angle ® =4-10719 to obtain the correct DM abundance.

3. Cosmological perturbations

DM particles with a mass in the keV-range are usually catego-
rized as warm DM (WDM) candidates because they generate an
important amount of free streaming, which suppresses perturba-
tions at dwarf galaxy scales. The free-streaming length (Ag) does
however not only depend on the particle mass but also on the
average particle momentum, i.e. Ag ~ (q)/ms. Since the average
momentum of scalar-decay produced sterile neutrinos is compara-
tively small, the effect of free-streaming is expected to be reduced
in comparison to production via active-sterile mixing. It is there-
fore important to properly calculate the free-streaming effect in
order to see how strongly scalar decay sterile neutrinos suppress
the collapse of dwarf galaxies and whether they act more like
warm or cold DM (CDM) [36].

We use the numerical Boltzmann solver CLASS [37] to com-
pute matter perturbations for the DM scenarios introduced above.
The suppression of small structures with respect to pure CDM is
shown in Fig. 2, where we plot the ratio of the transfer func-
tions (i.e., the square-root of the linear power-spectrum T/Tcpy =
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Fig. 2. Ratios of the transfer functions (i.e. square-root ratios of power spectra,
T/Tcom = ~/P/Pcpm) from scalar decay production (black, with red-shaded region,
corresponding to the 90% C.L.), resonant production [14] (blue dashed), and non-
resonant production (green dotted). The gray region represents the range of scales
disfavored by Ly-o [38].

~/P/Pcpm). The black line with red envelope corresponds to the
scalar decay momentum distribution, in agreement with the mea-
sured X-ray line and 3o errors [5]. The blue dashed (green dotted)
lines represent (non-)resonant production - the former is obtained
from Ref. [14]. The gray shaded region illustrates the bound on the
free-streaming from Ly-« data [38,39].

The transfer functions plotted in Fig. 2 all stem from sterile
neutrinos with the exact same mass. The fact that they exhibit
very different suppression scales illustrates the strong effect the
momentum distribution, and thus the production mechanism, has
on particle free-streaming. DM candidates in the keV mass range
can either act as cold, warm, or hot DM, depending on their aver-
age momentum and their distribution. For this reason it is crucial
to know the details of particle production to constrain sterile neu-
trino DM.

Fig. 2 clearly illustrates the power of the Ly-o method to dis-
criminate different DM scenarios. The non-resonant DW produc-
tion of sterile neutrinos can be ruled out at high significance [40].
More surprising is the fact that the resonant production mecha-
nism seems to be in tension with the Ly-« data, too, while the
scalar decay production mechanism is perfectly consistent. The
tension is at the 2.50 level and hence not strong enough to ex-
clude the resonant scenario as the driving production mechanism.
Moreover, there could be sources of error in both data and the-
ory that have to be clarified before drawing any final conclusions.
For example, changes in the temperature evolution of the plasma
could influence resonant production, or some previously unknown
feedback effects could affect the inter-galactic medium (IGM) and
therefore the Ly-a¢ analysis [41]. Another potential source of un-
certainty is the X-ray flux measurement. Recent constraints from
Ref. [23] clearly disfavor mixing angles above ® =5 -10"'! and
taking these more stringent limits into account increases the ten-
sion between resonant production and Ly-o data even further (cf.
Fig. 2 in Ref. [14]).

Despite these potential systematics, it is encouraging that
present-day astronomical data can start to discriminate between
different production mechanism of sterile neutrino DM. Future
weak lensing surveys, such as EUCLID, are expected to provide
robust constraints and yield an independent check of the Lyman-«
results [42], which would form a solid basis to discriminate the
known mechanisms.

4. Halo formation

Understanding the formation of DM haloes - the building
blocks of structure formation and main components of every
galaxy - is crucial to distinguish different DM scenarios with astro-
nomical data. Unfortunately, the smallest and most relevant scales
are dominated by complex nonlinear physics of both gravitational
and hydrodynamical origin. The modelling of the hydrodynamical
effects is particularly cumbersome because it depends on various
feedback mechanisms that are poorly understood and tend to sup-
press luminous sources, mimicking the expected suppression by
WDM.

It has been known for a long time that dwarf galaxy num-
ber counts and internal kinematics are in conflict with predictions
from N-body simulations in the standard ACDM scenario [43], i.e.,
the cosmological standard model including Dark Energy and cold
DM. Suggestions to solve these small scale problems are numer-
ous and go from invoking a more realistic treatment of baryonic
physics [44] to postulating alternative DM scenarios [45].

Studying small scale structure formation of sterile neutrino DM
in detail would therefore be very desirable. This would however
imply running extensive numerical simulations and lies beyond the
scope of this work. It is nevertheless possible to gain some insight
into nonlinear clustering by applying an extended Press-Schechter
(EPS) approach [46], which approximates structure formation by
combining linear growth with idealized ellipsoidal collapse. Stan-
dard EPS models are designed for ACDM cosmologies and it turns
out that they completely fail in the presence of suppressed power
spectra. We therefore use a modified EPS approach constructed to
cope with arbitrarily shaped power spectra and tested for warm
and mixed DM cosmologies [47]. In this approach the halo mass
function (i.e the number density of haloes per logarithmic mass
bin) can be written as

dn _p 1 P(1/R)
dlnM Mf(”)12n202(R) R3

ith (R)—/—dk3 P(k) O (1 — kR 3)
with o (R) = PISE (k) ®n (1 —kR),

where ©®pg(x) is the Heaviside step-function and f(v) =
AY2v/m (1 + v~P)e /2 is the ‘first-crossing distribution’ with
v = (1.686/0)%, A =0.322, and p = 0.3. The mass and length
scales are connected by the relation M = 47 6(cR)3/3, where
¢ =2.5. A detailed description of the procedure can be found in
Refs. [47].

In Fig. 3 we plot the halo mass function based on the transfer
functions from Fig. 2, where the black line (with red band) corre-
sponds to scalar decay production, the blue dashed line to resonant
production, and the green dotted line to the standard non-resonant
production. For comparison, the CDM halo mass function is given
by the dashed black line and the relevant dwarf galaxy scales are
highlighted in gray.

This figure shows that the halo mass function of scalar decay
produced DM is close to the CDM case at dwarf galaxy scales. The
halo abundance starts to be significantly suppressed below a mass
of 5 x 10’ M. Since haloes of this mass range are not able to form
stars (their gravitational potentials are not deep enough to allow
efficient cooling of the gas), the scalar decay scenario is expected
to behave very similarly to CDM on astronomically relevant scales.

The situation is very different for the case of resonant produc-
tion, where haloes below 10°M, are strongly suppressed. While
this scenario is in tension with Ly-« data, it is expected to alleviate
some of the small scale problems of CDM structure formation [48].
In the non-resonant scenario, finally, the halo mass function is sup-
pressed in the entire dwarf galaxy range. The suppression is so
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Fig. 3. Halo mass function for WDM from scalar decay production (black, with red-
shaded region corresponding to the 30 confidence level), resonant production (blue
dashed), and non-resonant production (green dotted). The CDM mass function is
given for reference (black dashed line). The gray region illustrates the typical range
of scales of dwarf galaxies.

strong that this scenario is not only ruled out by the Ly-« forest
but also because it predicts far fewer Milky-Way satellites than ob-
served [49].

5. Conclusions

In this letter we have examined the assumption that the re-
cently observed X-ray line in galaxy clusters stems from decays
of sterile neutrino DM. In order to check the validity of such a
scenario, it is crucial to understand the details of sterile neutrino
production in the early Universe. We compared the most promi-
nent production mechanisms and showed that they exhibit con-
siderable differences in the growth of perturbations, which can be
distinguished even with present-day astronomical observations. The
Ly-a signal from high-redshift quasars gives the most stringent
constraints and seems to disfavor all but one of the most named
sterile neutrino production mechanisms, namely the production via
scalar decay, while (non-)resonant oscillations of active into ster-
ile neutrinos seem to be in tension with the Ly-o measurement.
Indeed, production via the decay of heavy scalar singlets seems
in perfect agreement with the data and could remain as the only
valid production mechanism if the 3.5 keV line observation is so-
lidified.

Additionally, we showed that sterile neutrinos produced from
decays at rest have an unusually cold momentum distribution. As
a consequence, they are indistinguishable from cold DM at the rel-
evant scales of dwarf galaxies, and do not contribute towards a
solution of the highly contested small scale problems of ACDM.
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Appendix A. The phase space distribution function

In this appendix, we derive an analytical expression for the mo-
mentum (phase space) distribution function for a sterile neutrino
DM particle vs produced by the 2-body decay of a scalar S into
a pair of v, S — vsvs, which motivates the analytical distribution
used in Eq. (1).

The Boltzmann equation for the distribution function fy(q, t)
in terms of the comoving momentum q is [50]:

dfus q,t)
dt
where C[q] is the collision term.
The total number of sterile neutrinos, Ny, (t) = Rgnvs (t), within
a normalized volume Rg can be expressed in terms of the number
density (which depends on the distribution function),

= Clql, (4)

g
Ny (t) = R3 =%
w(® =Ri5 25

o0
/fmmmz/MWﬁx (5)
q=0
where g, = 2. In the last step we have introduced the momentum
spectral function

2R}
NE(©) = =500 fu (@, D), (6)

which yields the number of particles with momentum g at time
t. The number of particles produced within given momentum
([q, q +dq]) and time ([t, t’ +dt']) equals the number of DM parti-
cles produced per decay, times the number of daughter particles
produced within the time interval under consideration (i.e., the
negative decay rate of the parent particles times the length of the
time interval), times the comoving momentum spectrum g(q) of
these particles,

dNs(t’
s( )dt/

q _
AN (t) =2 x (— o

) x g(q), (7)
where Ng(t') = Ng je~ @' ~t)/T ~ Ng ;e~!'/7 is the number of parent
particles S as a function of time t’. Ns; is the initial number of
particles at time t; < t’, T is the lifetime of S. In this step we im-
plicitly assume that the parent particles are non-relativistic, since
otherwise the lifetime would be modified.

In the rest frame of the parent particle S both sterile neutri-
nos have the center-of-mass momentum p.yn = Ms/2, where Mg
is the mass of S. This momentum is redshifted by the cosmologi-
cal expansion, so that a particle produced at time t" will at a time
t have the physical momentum pcma(t’)/a(t). To compute the cor-
responding comoving momentum, we should calculate the physical
momentum today, pcma(t’) = q. The corresponding comoving mo-
mentum spectrum for a particle produced at time t’ is

g(q) =38[q — pema(t)l. (8)

In order to transform this result from the particle rest-frame to
the comoving cosmological frame, we need to assume a momen-
tum distribution of the parent particles. An approximate way of
doing this is to assume that all parent particles move with the
same momentum ps, leading to

Ptot =4/ Pém + P_zgv 9)

i.e a similar correction than the one used in Ref. [33].
Using —dNs(t')/dt' ~ Ns ;e~"/7 /T, we obtain the relation

g(q) =38[q — prota(t)],

dNY ()  2Nsi _. ,
&) %e U/T51q — prota(t’)]. (10)

dt’
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which can be integrated over the interval [t; >~ 0, t] to obtain the
momentum spectral function

2Ns i

Ni () =
T

o0
/ dt’ e™"/75[q — prora(t))]. (11)
t'=0

Since the DM production happens during the radiation dominated
regime, one can make use of a(t) « t'/? to derive

4Ns iqt

N () = —>—
R THE0)

¢ ot
exp [—ﬁ —] On[protalt) —ql. (12)
Prota” (@) T
For the limiting case of piot = pem (i.€. vanishing momenta of the
parent particles), this result exactly coincides with what has been
obtained in Refs. [32,33].

The distribution function can now be obtained by combining
the Egs. (12) and (6). Let Ns,,-/Rg =ns,; be the initial number den-
sity of parent particles S inside the comoving volume [51]. This
allows to write the physical distribution function as

_ B ® |:T a® i| 13
eI’ e P (13)

where we have defined normalization and temperature parame-
ters:

fvs(p’t) =

2m? ngg a(t

i — = Top= ptot(_)o (14)
gy, [a(®)Tspl a(t)
In order to fully recover the first part of Eq. (1) in the main text,
we still have to connect Tsp to the photon temperature T. This can
be achieved by determining pi¢ and a(t) in Eq. (14). Since every
parent particle decays into 2 sterile neutrinos (i.e. pcm = Ms/2) as
soon as it becomes non-relativistic (i.e. ps = Ms), the total mo-
mentum at decay is

Ptot =/ Pém + P% =~ /5/4 Ms. (15)

Furthermore, entropy conservation (ge(Ta)? = const.) yields
a(t) _ (geff,o>”3 T(t) _ (geff,o>”3 T(t)
a(t) 8eff, T T(7) 8eff, T Ms

Combining Egs. (14), (15), and (16) with the values gefr; = 109.5
and gefro = 3.36 finally leads to the ratio

p=

(16)

T

(XSD=2’ZO.35 (17)
T

used in the main text.
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