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  Fig. 2. The missing satellite and “too big to fail” problems. (Left) Projected dark matter distribution (600 kpc on a side) of a simulated, 1012M
�

CDM halo
(Garrison-Kimmel, Boylan-Kolchin, & Bullock, in preparation). As in Figure 1, the numerous small subhalos far exceed the number of known Milky Way satellites. Circles mark
the nine most massive subhalos. (Right) Spatial distribution of the “classical” satellites of the Milky Way. The central densities of the subhalos in the left panel are too high
to host the dwarf satellites in the right panel, predicting stellar velocity dispersions higher than observed. The diameter of the outer sphere in the right panel is 300 kpc; relative
to the simulation prediction (and to the Andromeda galaxy) the Milky Way’s satellite system is unusually centrally concentrated (Yniguez et al. 2013).

ciency of converting baryons to stars remains surprisingly low
(⇠ 0.1%� 1%) well above the photoionization threshold, and
it is unclear which if any of the ultra-faint dwarfs are “fossils”
from before the epoch of reionization (Bovill & Ricotti 2009).
Despite the gaps in understanding, it seems reasonable for now
to regard the relation between low mass subhalos and ultra-
faint dwarfs as a puzzle of galaxy formation physics rather
than a contradiction of CDM.

Instead, attention has focused recently on the most lumi-
nous satellites. Circles in Figure 2 mark the nine most mas-
sive subhalos in the simulation, which one would expect to
host galaxies like the Milky Way’s “classical” dwarf satellites.
However, the mass in the central regions of these subhalos
exceeds the mass inferred from stellar dynamics of observed
dwarfs, by a factor ⇠ 5 (Boylan-Kolchin et al. 2011, 2012;
Springel et al. 2008; Parry et al. 2012). While it is pos-
sible in principle that these massive subhalos are dark and
that the observed dwarfs reside in less massive hosts, this
outcome seems physically unlikely; in the spirit of the times,
Boylan-Kolchin et al. (2011) titled this conflict “too big to
fail.” The degree of discrepancy varies with the particular re-
alization of halo substructure and with the mass of the main
halo, but even for a halo mass at the low end of estimates
for the Milky Way the discrepancy appears too large to be a
statistical fluke, and a similar conflict is found in the satellite
system of the Andromeda galaxy (Tollerud et al. 2012). While
“missing satellites” in low mass subhalos may be explained by
baryonic e↵ects, the “too big to fail” problem arises in more
massive systems whose gravitational potential is dominated
by dark matter. In its present form, therefore, the satellite
puzzle looks much like the cusp-core problem: numerical sim-
ulations of CDM structure formation predict too much mass
in the central regions of halos and subhalos. Indeed, Walker
& Peñarrubia (2011), Amorisco et al. (2013), and others have
reported evidence that the Milky Way satellites Fornax and
Sculptor have cored density profiles.

Solutions in Baryonic Physics?
When the cusp-core problem was first identified, the conven-
tional lore was that including baryonic physics would only
exacerbate the problem by adiabatically contracting the dark
matter density distribution (Blumenthal et al. 1986; Flores
& Primack 1994). Navarro, Eke, & Frenk (1996) proposed
a scenario, which seemed extreme at the time, for producing
a cored dark matter distribution: dissipative baryons draw
in the dark matter orbits adiabatically by slowly deepening
the gravitational potential, then release them suddenly when
the supernova feedback of a vigorous starburst blows out a
substantial fraction of the baryonic material, leaving the dark
matter halo less concentrated than the one that would have
formed in the absence of baryons. Since then, hydrodynamic
simulations have greatly improved in numerical resolution and
in the sophistication with which they model star formation
and supernova feedback. With the combination of a high gas
density threshold for star formation and e�cient feedback,
simulations successfully reproduce the observed stellar and
cold gas fractions of field galaxies. The ejection of low angular
momentum gas by feedback plays a critical role in suppressing
the formation of stellar bulges in dwarf galaxies (Governato et
al. 2010), another long-standing problem in early simulations
of galaxy formation. The episodic gas outflows also produce
rapid fluctuations of the gravitational potential, in contrast to
the steady growth assumed in adiabatic contraction models.

Figure 3, based on Governato et al. (2012), illustrates the
impact of this episodic feedback on the dark matter density
profile. In the left panel, the upper dot-dashed curve shows
the final halo profile of an N-body simulation run with grav-
ity and dark matter only. Other curves show the evolution of
the dark matter density profile in a hydrodynamic simulation
with star formation and feedback, from the same initial con-
ditions. Over time, the central dark matter density drops,
and the cuspy profile is transformed to one with a nearly
constant density core (lower solid curve). Pontzen & Gov-
ernato (2012) present an analytic model that accurately de-
scribes this transformation (and its dependence on simulation
assumptions); essentially, the rapid fluctuations in the central
potential pump energy into the dark matter particle orbits, so
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3 – Sterile neutrino production in the EU

In an interaction involving active neutrinos, a N4 can be produced due to
loss of coherence
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The ”sterile” neutrino N4 production

• depends on |Va4|2 = sin2 θ

• is controlled by Γa and will stop at Tdec

3 – Sterile neutrino production in the EU
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where the first term is proportional to the identity and
!(p)"#m2/2p . In the context of the early universe it is
most convenient to take x!t , the Friedmann-Lemaitre-
Robertson-Walker coordinate time $age of the universe%,
while in supernovae we take x to be position. The weak
potential V(x ,p) represents the effects of neutrino neutral
current and charged current forward scattering on particles in
the plasma carrying weak charge. In the early universe we
have V(T ,p), but in supernovae, V also depends on position
x. We suppress the x and T dependence of V in the rest of the
paper. For a review of these issues and neutrino astrophysics,
see, e.g., Refs. &61–64'.
Neutrino mixing can be modified by the presence of a

finite temperature background and any asymmetry in lepton
number. The oscillation length is

lm!(!2$p %sin22)"&!$p %cos 2)#VD#VT$p %'2*#1/2.
$5.3%

The effective matter-mixing angle is

sin22)m!
!2$p %sin22)

!2$p %sin22)"&!$p %cos 2)#VD#VT$p %'2
.

$5.4%

Matter effects have been separated into finite density and
finite temperature potentials, VD and VT(p).
The finite density potential VD arises from asymmetries in

weakly interacting particles $i.e., nonzero lepton numbers%,
not from non-zero total densities alone. In general, the finite
density potential is &65,64'

VD!! !2GF&2$n+e
#n+ e

%"$n+,
#n+ ,

%"$n+-
#n+ -

%"$ne##ne"%#nn/2' for +e!+s ,

!2GF&$n+e
#n+ e

%"2$n+,
#n+ ,

%"$n+-
#n+ -

%#nn/2' for +,!+s ,

!2GF&$n+e
#n+ e

%"$n+,
#n+ ,

%"2$n+-
#n+ -

%#nn/2' for +-!+s .

$5.5%

The thermal potential VT arises from finite temperature
effects and neutrino forward scattering on the seas of ther-
mally created particles &64':

VT$p %!#
8!2GFp+

3mZ
2 $.E+/

0n+/
".E+ /

0n+ /
%

#
8!2GFp+

3mW
2 $.E/0n/".E/ 0n/ %, $5.6%

where n/ (n/ ) is the proper number density of charged lep-
tons $anti-leptons% of flavor / and .E/0 (.E/ 0) is the aver-
age energy of the lepton $antilepton%, and n+/

(n+ /
) and

.E+/
0 (.E+ /

0) are the proper number density and average
energy of the neutrinos $antineutrinos% of flavor / . The sec-
ond term in Eq. $5.6% must be included whenever the lepton
of the same flavor as the active neutrino in question is popu-
lated.
In this paper, we will assume that the initial neutrino dis-

tribution functions are close to Fermi-Dirac black bodies,
which for occupation of differential interval dp have the
form

dn+/
1

n+/

T3F2$2+/
%

p2dp

eE(p)/T#2+/"1
1" n3

4T34$3 %
# p2dp

eE(p)/T"1
,

$5.7%

where E(p)!(p2"m2)1/2, and E(p)1p in the relativistic
kinematics limit. In this expression 2+/

!,+/
/T is the de-

generacy parameter $chemical potential divided by tempera-
ture% for neutrino species +/ and F2(2)"50

6x2dx/(ex#2

"1) is the relativistic Fermi integral of order 2 &F2(0)
!(3/2)4(3)' . The distribution function for a neutrino spe-
cies / is

f /$p ,t %!1/$eE(p)/T#2+/"1 %. $5.8%

The last approximation in Eq. $5.7% follows if we take the
neutrino degeneracy parameter to be zero. This is frequently
a good approximation for almost all of the range of lepton
numbers which are interesting for our purposes. However, it
may not be valid over the broader range of allowed lepton
numbers given in Eqs. $4.2% and $4.3%. For small lepton num-
bers 2+/

11.46L+/
; in fact, whenever +/ has relativistic ki-

nematics, we can write

L+/
1

1
44$3 % ! 72

3 2+/
"
1
32+/

3 $ . $5.9%

This equation can easily be inverted to find 2+/
(L+/

).
In the early universe, for temperature ranges where the

number of degrees of freedom is constant, the time-
temperature relation is a simple power law and the quantity
8"p/T is a comoving invariant. The differential number
density for small lepton number in this case is then

dn+/
1" n3

44$3 % # 82d8

e8"1
. $5.10%

B. Quantitative formulation for the early universe

If one makes the assumption that the only net lepton num-
ber in the universe is that required for electric charge neu-
trality $i.e., half of the baryon number when there are equal
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production via decays

The Majorana masses arise after SSB

Sterile neutrinos are produced by S S decays
S S  N NN N
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Addressing'the'density'problem'

Present'and'Future'Neutrino'Physics'2014,'KITP' Shunsaku'Horiuchi' 16'

Schneider'et'al,'MNRAS'(2013)'
''''See'also:''''''''''

Lovell'et'al,'MNRAS'(2012)''
'''''''''''''Anderhalden'et'al,'MNRAS'(2012)'

•  Delayed'structure'formaMon'results'in'less'concentrated'halos'
•  the'warmer'the'dark'maeer,'the'larger'the'effect'
•  TooDbigDtoDfail'is'reduced'considerably'by'mDW'~ 10'keV'

warmer'

10'keV' 18'keV' 26'keV' CDM'

•  Typically,'total'removal'of'TBTF'underDpredicts'
subhalo'counts''

Sterile'neutrino'interpretaTon'

Present'and'Future'Neutrino'Physics'2014,'KITP' Shunsaku'Horiuchi' 20'Horiuchi'et'al,'PRD'(2014)'

(data'point:'Bulbul'et'al'2014)'
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FIG. 2: Restrictions on parameters of sterile neutrino (mass and mixing sin2(2θ) between sterile and active neutrinos) from
X-rays ([128, 133, 134, 135, 136]) and phase-space density considerations (this work). Our analysis excludes the region to the
left of the vertical line (34) (purple shaded region). Two dashed-dotted vertical lines mark the systematic uncertainties of this
bound. The dotted line on the left marks the bound (32) based on the Pauli exclusion principle. The double-dotted dark
orange line marks the bound (35). The black dashed-dotted line is the NRP production curve (i.e. pairs of mnrp and θ that
lead to the correct DM abundance) [65]. The gray region marked “NRP production” accounts for possible uncertainties in the
abundance computations (see [64, 65] for details).

In this work we chose not to use the bound, based on the “average PSD” Q [26, 27] (see discussion in the Section II).
However, as this bound is widely used in the literature, we quote analogs of lower limits (33) and (34) based on
inequality (9) (which we denote mfd,hd and mnrp,hd correspondingly):

mfd,hd = 0.9 keV ,

mnrp,hd = 4.0 keV .
(36)

For details see Appendix C.

VI. DISCUSSION

In this paper we suggested that a conservative way to put the bound on a DM particle mass may be based on the
requirements that the maximum of the observed coarse-grained phase space density should not exceed the maximum
of the initial distribution function of the DM particles. The maximum of the coarse-graned distribution function in
the final state may be conservatively estimated from the observed quantities. This bound relies on the assumption
that the maximum of the distribution function was not significantly increased by the interaction with baryons.

Although DM consists of the non-interacting particles, the remaining part of the galaxy – the baryons – interact with
one another and dissipate their energy, finally concentrating towards the center. The baryons, which are condensed in
the center, influence the shape of DM halo gravitationally, increasing the central DM density [137, 138]. The opposite
effect is the energy feedback from SNae, galactic winds and reionization, which creates the strong outflow, significantly
decreasing the mass of the gas and thereby affecting the DM halo shape. Such a feedback is thought to be responsible
to the formation of dwarf spheroidals from gas-rich dwarf spiral/irregular galaxies [139, 140, 141, 142, 143]. Clearly
both gas condensation and feedback strongly influence the central PSD of DM [144], and in principle can lead to the
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TABLE II: Subhalo counts for CDM and WDM simulations
with mass mDW

s = 3, 6, 10, and 15.5 keV (corresponding to
thermal masses of 0.76, 1.28, 1.88, and 2.62 keV, respectively),
with cuts of 8 < Vmax/(km/s) < 60 and various distance cuts
are applied as indicated. The number of observed dSph of M
31 is also shown.

Simulation D < 250 kpc D < 200 kpc D < 150 kpc

Central CDM 454± 122 368± 100 246± 62

Central 15.5 keV 72± 16.4 53± 13.2 32± 8.1

Central 10 keV 37± 9.3 28± 7.5 13± 4.3

Central 6 keV 19± 5.7 13± 4.3 8± 3.0

Central 3 keV 6± 2.4 5± 2.2 4± 2.0

Observed > 29 > 26 18

halo counts match or exceed the observed dSph counts.
The details of the simulations are described in Ref. [50];
here, we summarize the relevant properties. All simula-
tions were conducted with the N -body simulation code
GADGET-2 [51] with WMAP7 parameters [52]. We use
initial conditions simulated as part of the ELVIS project,
which is a suite of 48 zoom-in simulations designed to
study the Local Group [53]. The suite consists of 24
halos in paired systems that are chosen to resemble the
MW and M 31 in mass and phase-space configuration, in
addition to 24 halos that are isolated mass-matched ana-
logues. The halo mass varies between 1.0–2.8× 1012M!,
with associated virial radii rvir = 263–370 kpc and max-
imum circular velocities Vmax = 155–225 km/s. To build
the WDM initial conditions, CDM transfer functions gen-
erated using the CAMB code [54] for the ELVIS project
were modified according to the analytic prescriptions of
Ref. [34], Eqs. (10–12) to produce the WDM transfer
functions. The simulations were run with identical mass
resolution (particle mass 1.9 × 105M!). At this reso-
lution, the simulations are complete to subhalos with
Vmax ! 8 km/s [53]. Halo substructure was identified
with the Amiga Halo Finder [55].

The subhalo distributions, as functions of
Vmax/Vvir,host, where Vvir,host is the host halo virial
velocity, are shown in Figure 1. A distance cut of < 250
kpc is applied. The resolution limit Vmax > 8 km/s is
plotted for the mean Vvir of ≈ 263 km/s for clarity. By
normalizing by Vvir,host, some of the scatter in subhalo
distributions is reduced, but still captures the more
dominant and important scatter in the total number of
subhalos which, as described below, is used to obtain
limits on sterile neutrinos. The 48 ELVIS simulations
are shown in grey and provide a measure of the scatter
in predictions for a single ΛCDM cosmology, i.e., the
combined systematic uncertainty due to cosmic variance,
range of plausible M 31 halo mass, and low number
Poisson scatter. We take a flat prior on the host halo
mass; thus the scatter is a conservative overestimate of
the true scatter due to the uncertainty of the mass of
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FIG. 2: The number of subhalos seen in simulations (solid)
and its 1σ uncertainty (shaded), compared to the number
of dSphs of M 31 (dot-dashed line), for distance cuts of 250
kpc (top panel) and 150 kpc (bottom panel). The dashed line
denotes the one-sided 95% uncertainty and the vertical dotted
lines indicate the resulting one-sided 95% C.L. mass limit.

M 31. The overall scatter is non-neglible, being some
factors of ∼ 2 at the minimum and increasing as the
number of subhalos decrease.

In order to test whether the scatter in CDM changes
in WDM, we adopt three runs from ELVIS capturing the
two extremes (indicated by the green and red lines) and
the central behavior (indicated by the blue line). These
are simulated for mDW

s = 6 keV, shown by the dashed
lines. To compute the subhalo scatter for CDM, we cal-
culate the mean N̄CDM

subs and standard deviation σCDM
subs of

the cumulative subhalo counts according to the ELVIS
suite, and determine the normalized standard deviation,
σ̂ = σCDM

subs /N̄CDM
subs , as a function of Nsubs. We then ap-

ply this distribution according to the number of subhalos
in WDM simulations, i.e., σ̂(Nsubs = NWDM

subs ). The blue
shaded band in Figure 1 shows the 2σ region about the
Central-6keV run estimated by this method. The inclu-
sion of the two extreme WDM simulations within this
band demonstrates the applicability of this method.

Having established the validity of applying the CDM
scatter to WDM, we simulate the central initial condi-
tion for mDW

s masses of 3, 6, 10, and 15.5 keV (equiv-
alent to thermal masses of 0.76, 1.28, 1.88, and 2.62
keV, respectively). The subhalo counts using cuts of
8 km/s < Vmax < 60 km/s and various distance cuts are
summarized in Table II. We compare these to the ob-
served M 31 dSph counts, which are derived mainly from
Ref. [56], with the addition of recently discovered And
XXX [57], And XXXI, and And XXXII [58]. The vast
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show a WDM model that has the best fit values of the green model except for the WDM mass (red dashed curves). These data
span about two orders of magnitude in scale and the period 1.1-3.1 Gyrs after the Big Bang.

TABLE III: The final summary of the marginalized estimates
(1 and 2σ C.L.) and best fit values for mWDM. Planck priors
on σ8, ns and Ωm have been applied. The REF. model refers
to our reference conservative analysis; REF. w/o 30% refers to
the case in which we do not add an extra 30% uncertainty on
the data to account for underestimated bootstrap error bars;
REF. w/o covmat refers to the case in which we use only the
diagonal terms of the covariance matrix; REF+SDSS is the
joint analysis of our reference model and SDSS flux power.

model (1σ) (2σ) best fit χ2/d.o.f.

REF. > 8.3 keV > 3.3 keV 33 keV 34/37

REF. w/o 30% > 11.1 keV > 4.5 keV 100 keV 48/37
REF. w/o covmat > 7.7 keV > 3.1 keV 14.3 keV 33.2/37
REF. + SDSS > 7.2 keV > 3.3 keV 42 keV 183.3/170

lent probe of the matter distribution at intermediate and
high redshift in the mildly non-linear regime, from sub-

Mpc up to BAO scales. In this work we have focused on
constraining any possible suppression of the total mat-
ter power spectrum which could be induced by the free-
streaming of WDM particles in the form of a thermal
relic. Due to the non-linear nature of the the relation-
ship between the observed Lyman-α flux and underlying
matter density, departures from the standardΛCDM case
are expected over a range of scales that span at least one
decade in wavenumber space and can be constrained by
the data used in the present analysis. We model this
suppression by using a set of high-resolution hydrody-
namical simulations and by marginalizing over a large
range of physically motivated thermal histories.

The WDM cut-off exhibits a distinctive behavior which
we demonstrate is not degenerate with other physical ef-
fects due to its different redshift and scale dependence.
We consider possible sources of systematic errors includ-
ing metal line contamination, spatial fluctuations in the
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near the Milky Way center (Schödel et al. 2002). Nevertheless, the existence of such a sterile

neutrino halo at the centers of protogalaxies may still be possible. Sterile neutrinos decay
into lighter neutrinos and photons, and provide mass to fuel the growth of supermassive
blackholes. However, since most of these sterile neutrinos may have either decayed or fallen

into the supermassive blackhole, the total mass of the sterile neutrino halo at the galactic
center becomes very small (! 106M!) at present. Moreover, the existence of decaying sterile

neutrinos may help to solve the cooling flow problem in clusters (Chan and Chu 2007) as
well as reionization in the universe (Hansen and Haiman 2004). Therefore it is worthwhile

to discuss the consequences of the existence of massive sterile neutrinos at the centers of
protogalaxies, which decay into light neutrinos and photons.

On the other hand, recent observations have led to some tight relations between the
central black hole masses MBH,f and velocity dispersions σ in the bulges of galaxies. These

relations can be summarized as log(MBH,f/M!) = α log(σ/200 km s−1) + β, where α is
found to be 3.75 ± 0.3 (Gebhardt et al. 2000) and 4.8 ± 0.5 (Ferrarese and Merritt 2000)
by two different groups. Tremaine et al. (2002) reanalysed both sets of data and obtained

α = 4.02 ± 0.32 and β = 8.13 ± 0.06. These results indicate that blackhole formation
may be related to galaxy formation, which challenges existing galaxy formation theories

(Adams et al. 2001).

This relation has been derived in recent theoretical models (Adams et al. 2001; MacMillan and Henriksen

2002; Robertson et al. 2005; Murray et al. 2005; King 2005, 2003). We assume that a de-
generate sterile neutrino halo exists in the center of a protogalaxy. There are two different

decay modes for sterile neutrinos νs. The major decaying channel is νs → 3ν with decay
rate (Barger et al. 1995; Boyarsky et al. 2008)

Γ3ν =
G2

F

384π3
sin2 2θm5

s = 1.77 × 10−20 sin2 2θ
( ms

1 keV

)5

s−1, (1)

where GF and θ are the Fermi constant and mixing angle of sterile neutrino with active neu-
trinos respectively. The minor decaying channel is νs → ν + γ with decay rate (Barger et al.

1995; Boyarsky et al. 2008)

Γ =
9αG2

F

1024π4
sin2 2θm5

s = 1.38 × 10−22 sin2 2θ
( ms

1 keV

)5

s−1 ≈
1

128
Γ3ν , (2)

where α is the fine structure constant. It is quite difficult to detect the active neutrinos

produced in the major decaying channel. Therefore, we focus on observational consequence
of the radiative decay of the sterile neutrinos with rest mass ms ≥ 10 keV. They emit high

energy photons (≈ ms/2) which heat up the surrounding gas so that hydrostatic equilibrium
of the latter is maintained. The sterile neutrino halo also provides mass to form a super-

massive blackhole from a small seed blackhole. Without any further assumption, α ≈ 4 is
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where ⌧s = 1/�s is the lifetime, ⇢
�

= 0.4GeV cm�3 is
the local dark matter mass density, R

�

= 8.5 kpc is the
Sun’s distance to the GC, and dN/dE = �(E � ms/2)
is the dark matter decay spectrum. The first term in
the bracket is the Galactic component. The so-called
J-factor, J ( ), is the integral of the dark matter mass
density ⇢ in the Milky Way halo along the line-of-sight,
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where `max is the outer limit of the dark matter halo.
We assume the dark matter distribution is spherically
symmetric about the GC, hence
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GC

( , `)) = ⇢

✓q
R2

�

� 2 `R
�

cos + `2
◆

.

(5)
The value of `max di↵ers depending on the adopted
halo model, but the contribution to J ( ) from beyond
⇠ 30 kpc is negligible. We adopt `max = 250 kpc in this
work.

The second term in the bracket of Eq. (3) describes the
isotropic extragalactic component, where E0 = E(1+ z).
The factor R

EG

roughly compares the contribution of the
extragalactic component versus the Galactic component,
up to the shape of the energy spectrum.
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Normally, the extragalactic component can be ignored
as typically the analysis region is chosen to be a small
patch of the sky where the Galactic component is much
larger (e.g., the GC, where J � 1). However, in our
case, the large FOV of the GBM makes the extragalactic
component non-negligible.

The dark matter density profile ⇢(r) of the Milky Way
is not precisely known, in particular at small Galactic
radius. We consider several fitting functions that cap-
ture the results of numerical simulations of dark matter
halo profiles, which can be parameterized by the follow-
ing form,
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where parameters for commonly used profiles are sum-
marized in Table I. Another profile favored by recent
simulations is the Einasto profile,
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with ↵E = 0.17 and scale radius Rs = 20 kpc. These
profiles di↵er mainly at small Galactic radius. The first
three profiles have constant logarithmic slopes at small
radii, which are described by the � factor. The Einasto
profile has the same slope as the NFW profile at the scale
radius, but the slope decreases as the radius decreases.
In Fig. 1, we show the J-factor J ( ) for each dark mat-

ter profile as a function of the angle  viewed away from
the GC. The di↵erences between profiles are relatively
small, because the density ⇢ appears linearly in the de-
cay flux (as opposed to in the annihilation flux where the
density appears quadratically). We use the NFW profile
as our canonical profile in this work. As will be shown
in Sec. III B, the impact of varying the profile is minimal
after taking into account the detector response and the
FOV. Thus the sterile neutrino constraint obtained using
GBM is robust against dark matter profile uncertainties.
A crude estimate of the expected number of photons

⌫� per unit time T from Galactic dark matter decay is
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where we use representative values for the e↵ective area
and solid angle, the J-factor at  = 60�, J

60

, and a
nominal sterile neutrino mixing angle. It is immediately
clear that even a small fraction of the total Fermi-GBM
live time can yield significant number of signal photons.

III. INSTRUMENT AND SIGNAL MODELING

A. GBM Instrumentation

The GBM consists of 14 detectors: 12 NaI detec-
tors, each operating over energies from 8 keV to 1MeV,
and 2 BGO detectors, each operating over energies from
200 keV to 40MeV. The NaI detectors are located on the
corners and sides of the spacecraft, with di↵erent ori-
entations, and they together provide a nearly complete
coverage of the occulted sky. At any given time, typi-
cally 3–4 NaI detectors view the Earth within 60 degrees
of the detector zenith, i.e., their FOV is occulted by the
Earth.
Not all of the NaI detectors are best suited for dark

matter searches. At first consideration, det-0 and det-6
would seem to be the best detectors to use since they are
aligned close to the LAT zenith (' 20� o↵set). However,
we find that significant parts of the FOV of these two de-
tectors are actually blocked by the LAT itself. Also, half
of the detectors are pointed towards the Sun all the time,
and X-ray emissions from the Sun contaminate their low
energy spectrum. Lastly, some detectors are pointed side-
ways, i.e. ' 90� relative the LAT-zenith, which su↵er
large FOV blockage from the Earth. Ruling out these de-
tectors, only det-7 and det-9 seem to be suitable, which
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Sterile neutrinos are attractive dark matter candidates. Their parameter space of mass and
mixing angle has not yet been fully tested despite intensive efforts that exploit their gravitational
clustering properties and radiative decays. We use the limits on gamma-ray line emission from the
Galactic Center region obtained with the SPI spectrometer on the INTEGRAL satellite to set new
constraints, which improve on the earlier bounds on mixing by more than two orders of magnitude,
and thus strongly restrict a wide and interesting range of models.

PACS numbers: 95.35.+d, 13.35.Hb, 14.60.St, 14.60.Pq

Introduction.— The existence of dark matter is cer-
tain, but the properties of the dark matter particles
are only poorly constrained, with several attractive but
rather different candidates. One of these, sterile neutri-
nos, would be a very plausible addition to the Standard
Model [1, 2, 3, 4]. If their masses were in the range
∼ 0.1 − 100 keV, they would also act as “warm” dark
matter [2, 3, 4], which could be in better accord with ob-
servations than standard “cold” dark matter candidates.
Even if sterile neutrinos are not a dominant component
of the dark matter, they may still exist and cause other
interesting effects [5, 6], such as pulsar kicks [7], and may
affect reionization [8]. It is therefore important to deeply
probe the sterile neutrino parameter space, as defined
by the mass ms and mixing sin2 2θ with ordinary active
neutrinos, and shown in Fig. 1.

One means of testing sterile neutrino dark matter mod-
els is through cosmological searches, which rely on the
effects of sterile neutrino dark matter on the large-scale
structure of gravitationally-collapsed objects. While re-
cent results based on the clustering of the Lyman-α forest
and on other data have been interpreted as lower limits
on the sterile neutrino mass of up to about 10–13 keV, in-
dependent of the mixing angle [9], these constraints may
be weakened depending on the sterile neutrino produc-
tion model (e.g., Ref. [10]).

Another means of constraining sterile neutrino dark
matter is through their radiative decay to active neutri-
nos, νs → νa + γ. These decays produce mono-energetic
photons with Eγ = ms/2. While the decay rate is exceed-
ingly slow due to the tiny active-sterile mixing, modern
satellite experiments can detect even these very small
x-ray/gamma-ray fluxes, and such a signal could specif-
ically identify a sterile neutrino dark matter candidate.
The signal from nearby dark matter halos is line emission
and the cosmic signal from all distant halos is broad-
ened in energy by the integration over redshift. There

are limits obtained using the Cosmic X-ray Background
(CXB) data [4, 11] and, at lower masses, stronger lim-
its using data from a variety of nearby sources (see e.g.,
Refs. [12, 13] and references therein).

It is important to improve on both the cosmological
and radiative decay constraints; despite intensive efforts,
viable models that match the observed dark matter den-
sity still remain. In fact, it has recently been empha-
sized [2, 4] that some models may extend to regions of
the parameter space far from the earliest and simplest
models [3] to much smaller mixing angles. We calculate
the gamma-ray flux from dark matter decays around the
Milky Way center and compare this to the limits on the
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FIG. 1: The sterile neutrino dark matter mass ms and mixing
sin2 2θ parameter space, with shaded regions excluded. The
strongest radiative decay bounds are shown, labeled as Milky
Way (this paper), CXB [11], and X-ray Limits (summarized
using Ref. [12]; the others [13] are comparable). The strongest
cosmological bounds [9] are shown by the horizontal band
(see caveats in the text). The excluded Dodelson-Widrow [3]
model is shown by the solid line; rightward, the dark matter
density is too high (stripes). The dotted lines are models from
Ref. [14], now truncated by our constraints.
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DARK MATTER SEARCH USING CHANDRA OBSERVATIONS OF WILLMAN 1 AND A SPECTRAL FEATURE
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ABSTRACT

We report the results of a search for an emission line from radiatively decaying dark matter in the Chandra
X-ray Observatory spectrum of the ultra-faint dwarf spheroidal galaxy Willman 1. 99% confidence line flux
upper limits over the 0.4–7 keV Chandra bandpass are derived and mapped to an allowed region in the sterile
neutrino mass–mixing angle plane that is consistent with recent constraints from Suzaku X-ray Observatory and
Chandra observations of the Ursa Minor and Draco dwarf spheroidals. A significant excess to the continuum,
detected by fitting the particle-background-subtracted source spectrum, indicates the presence of a narrow emission
feature with energy 2.51 ± 0.07(0.11) keV and flux [3.53 ± 1.95(2.77)] × 10−6 photons cm−2 s−1 at 68%
(90%) confidence. Interpreting this as an emission line from sterile neutrino radiative decay, we derive the
corresponding allowed range of sterile neutrino mass and mixing angle using two approaches. The first assumes
that dark matter is solely composed of sterile neutrinos, and the second relaxes that requirement. The feature is
consistent with the sterile neutrino mass of 5.0 ± 0.2 keV and a mixing angle in a narrow range for which neutrino
oscillations can produce all of the dark matter and for which sterile neutrino emission from the cooling neutron
stars can explain pulsar kicks, thus bolstering both the statistical and physical significance of our measurement.

Key words: dark matter – galaxies: dwarf – galaxies: individual (Willman 1) – X-rays: galaxies
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1. INTRODUCTION

1.1. Context

None of the Standard Model particles can account for the
dark matter that makes up most of the mass in the universe.
We report the latest results of a search for dark matter in
the form of relic sterile neutrinos (see Kusenko 2009 for an
up-to-date review). The motivation for considering the sterile
neutrino, one of a number of feasible dark-matter candidates,
is twofold. First, the discovery of ordinary neutrino masses is
most easily accommodated by means of the so-called seesaw
mechanism, which calls for some new gauge-singlet fermions. If
all of these fermions have very large Majorana masses, there are
no additional degrees of freedom (particles) at the low energy
scale. However, if one of these mass parameters lies in the
1–30 keV range, the corresponding sterile neutrino can be the
long sought-after dark matter particle (Dodelson & Widrow
1994). Second, the physics of supernovae, that often assists
in ruling out hypothetical low-mass particles, provides some
intriguing clues in favor of the existence of sterile neutrinos with
the same parameters that are required to explain dark matter.
Such particles would be anisotropically emitted from a cooling
newly born neutron star, inducing a sufficient recoil momentum
in the neutron star to explain the observed velocities of pulsars
(Kusenko & Segrè 1997; Fuller et al. 2003). X-ray observations
offer the best probe of this well-motivated dark-matter candidate
(Kusenko 2009). In the early universe, sterile neutrinos may
be produced through non-resonant oscillations (Dodelson &
Widrow 1994), resonant oscillations (Shi & Fuller 1999), and
via various other channels (Kusenko 2006; Shaposhnikov &
Tkachev 2006; Petraki & Kusenko 2008). The kinetic properties
of dark matter relevant for structure formation on small scales

(i.e., how “warm” or “cold” the dark matter is) depend on the
production scenario, as well as the particle mass (Kusenko 2006;
Petraki 2008; Boyanovsky 2008b).

The generic prediction is that relic sterile neutrinos must
decay into a lighter neutrino and a photon (Pal & Wolfenstein
1982). Since this two-body decay of a 1–30 keV mass particle
produces a narrow line with energy Eγ = mstc

2/2, X-ray
astronomy provides a unique opportunity to discover these
relic particles. Archival X-ray data have been used to set
limits on relic sterile neutrinos (see the review in Kusenko
2009). In addition, a dedicated search for sterile neutrinos
using the Suzaku X-ray telescope has recently been conducted
by Loewenstein et al. (2009, hereafter LKB). Here we will
present new results from the search using the Chandra X-ray
Observatory. Our analysis of data on the Willman 1 dwarf
spheroidal galaxy yields evidence of a 2.5 keV line, consistent
with the decay of a relic sterile neutrino with mass 5 keV; and,
with an inferred line strength consistent with that expected if all
of the dark matter is composed of sterile neutrinos produced by
oscillations.

1.2. Target Selection

Given the uncertainty in sterile neutrino properties, and the
importance of dark matter discovery, one ought to explore the
X-ray band with existing instruments using well-chosen targets.
While the decay timescale greatly exceeds the Hubble time
(Pal & Wolfenstein 1982; Barger et al. 1995), the emissivity
may reach detectable levels in regions of large dark matter
surface density, such as galaxy clusters, M31, and Local Group
dwarf spheroidal galaxies (Abazajian et al. 2001a, 2001b;
Dolgov & Hansen 2002; Boyarsky et al. 2006). The last
offer, arguably, the most promising opportunity because of the
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ABSTRACT

We report the results of a search for an emission line from radiatively decaying dark matter in the ultra-faint dwarf
spheroidal galaxy Willman 1 based on analysis of spectra extracted from XMM-Newton X-ray Observatory data.
The observation follows up our analysis of Chandra data of Willman 1 that resulted in line flux upper limits over
the Chandra bandpass and evidence of a 2.5 keV feature at a significance below the 99% confidence threshold used
to define the limits. The higher effective area of the XMM-Newton detectors, combined with application of recently
developing methods for extended-source analysis, allows us to derive improved constraints on the combination of
mass and mixing angle of the sterile neutrino dark matter candidate. We do not confirm the Chandra evidence for
a 2.5 keV emission line.

Key words: dark matter – galaxies: dwarf – galaxies: individual (Willman 1) – X-rays: galaxies
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1. INTRODUCTION

Sterile neutrinos represent a plausible dark matter candidate
amenable to observation via X-ray spectroscopy of locations in
the universe where the dark matter surface density is high. Ster-
ile neutrinos, gauge-singlet fermions that emerge in extensions
of the standard model of particle physics that explain ordinary
neutrino masses, may comprise some or all of the dark matter if
the Majorana masses are below the electroweak scale (Kusenko
2009). If their mass lies in the 1–30 keV range, then non-
resonant oscillations produce sterile neutrinos at an abundance
comparable to that inferred for dark matter (Dodelson & Widrow
1994)—although several other production channels have been
suggested (Kusenko 2009). Sterile neutrinos in this mass range
may explain the observed velocities of pulsars by anisotropic
emission of sterile neutrinos from a cooling neutron star born
in a supernova explosion (Kusenko & Segrè 1997; Fuller et al.
2003) and can facilitate early star formation (Kusenko 2009).
As a form of warm dark matter (WDM), sterile neutrinos
(Abazajian et al. 2001; Petraki 2008; Boyanovsky 2008;
Boyanovsky & Wu 2011; Dunstan et al. 2011) may resolve
some of the discrepancies (Ferrero et al. 2011 and references
therein) between cold dark matter (CDM) models (Lovell et al.
2012; Menci et al. 2012) and the observed structure in the uni-
verse. A number of particle physics models have been pro-
posed to accommodate a sterile neutrino with the requisite mass
and mixing, including νMSM (Asaka & Shaposhnikov 2005;
Boyarsky et al. 2009), split seesaw (Kusenko et al. 2010), Higgs
singlet (Kusenko 2006; Petraki & Kusenko 2008), and other
models. For example, the split seesaw mechanism (Kusenko
et al. 2010) with one extra dimension causes the mass and mix-
ing of a sterile neutrino originating at a high scale to be expo-
nentially suppressed in the low-energy effective theory, which
makes it a good dark matter candidate, while preserving both
the standard seesaw explanation for the neutrino masses and the
explanation of the matter–antimatter asymmetry of the universe
by leptogenesis (Fukugita & Yanagida 1986).

The one-loop decay of relic keV sterile neutrinos into an ac-
tive neutrino and photon with energy Eγ = mstc

2/2 produces
an X-ray emission line with width corresponding to the velocity
dispersion of the dark matter distribution within the observed
solid angle. While the prospects of discovering a dark matter
sterile neutrino in a laboratory present a daunting challenge
(Ando & Kusenko 2010; Bezrukov & Shaposhnikov 2007), the
narrow decay line allows one to search for relic sterile neutrinos
using X-ray telescopes (Abazajian et al. 2001). The high dark
matter concentrations of dwarf spheroidal galaxies make them
prime targets for dark matter searches, with the additional advan-
tage of the total absence of competing intrinsic X-ray sources.
Moreover, as the most dark matter dominated objects known,
they are not subject to systematic uncertainties that derive from
decomposing the mass into baryonic and non-baryonic compo-
nents—although assumptions about membership and dynamical
equilibrium come into play in converting measured velocity dis-
persion profiles into dark matter mass estimates. We initiated a
dedicated search for sterile neutrinos with the Suzaku X-ray tele-
scope, placing new limits on sterile neutrinos over the 1–20 keV
mass range from XIS spectra of the Ursa Minor dwarf spheroidal
galaxy (Loewenstein et al. 2009).

We continued the search with Chandra observation of
the ultra-faint dwarf spheroidal Willman 1 (Loewenstein &
Kusenko 2010, hereafter LK10), considered at the time to be a
particularly compelling target for dark matter searches (though
its status subsequently changed somewhat, see below). 99%
confidence line flux upper limits over the 0.4–7 keV Chandra
bandpass were derived and mapped to an allowed region in the
sterile neutrino mass–mixing angle plane consistent with the
Suzaku constraints. In addition, we reported evidence for an
emission line with flux below this threshold from radiative de-
cay of a 5 keV sterile neutrino with a mixing angle in the narrow
range where oscillations produce all of the dark matter and for
which sterile neutrino emission from the cooling neutron stars
can explain pulsar kicks (LK10). This tentative result is best
confirmed (or refuted) by utilizing the large effective area of the
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ABSTRACT

Sterile neutrinos (or right-handed neutrinos) are a plausible warm dark matter candidate. We find that the excess
of the intensity in the 8.7 keV line (at the energy of the Fe xxvi Lyγ line) in the spectrum of the Galactic center
observed by Suzaku cannot be explained by standard ionization and recombination processes. We suggest that the
origin of this excess is via decays of sterile neutrinos with a mass of 17.4 keV. The estimated value of the mixing
angle sin2(2θ ) = (4.4±2.2)×10−12 lies in the allowed region of the mixing angle for a dark matter sterile neutrino
with a mass of 17–18 keV.

Key words: dark matter – line: identification – neutrinos

1. INTRODUCTION

Several astrophysical observations, including indications of
central cores in low mass galaxies and the sparcity of Milky Way
satellites, have revived interest in sterile neutrinos as a warm
dark matter candidate. Electroweak singlet sterile neutrinos
with masses in the few keV range naturally arise in many
extensions of the Standard Model and could be produced
in the early universe through non-resonant oscillations with
active neutrino species (Barbieri & Dolgov 1991; Dodelson &
Widrow 1994). The experimentally established phenomenon of
neutrino oscillations requires neutrinos to have non-zero mass,
and sterile neutrinos are a natural warm dark matter candidate.
Sterile neutrinos with masses in the few keV range could also
be produced from Higgs decays (Kusenko 2006; Petraki &
Kusenko 2008) or directly from the decay of a very light inflaton
(Shaposhnikov & Tkachev 2006).

Direct constraints on masses and mixing angles are obtained
both from the Lyman alpha forest power spectrum and X-ray
observations of the radiative decay channel, the latter providing
a photon with energy E = msc

2/2, where ms is the sterile
neutrino mass. X-ray observations of the local dwarf Willman
1 have shown marginal evidence for a 5 keV sterile neutrino
(Loewenstein & Kusenko 2010). The inferred mixing angle lies
in a narrow range for which neutrino oscillations can produce
all of the dark matter.

Constraints from the Lyα forest power spectrum and X-ray
observations seem to rule out sterile neutrinos produced via the
Barbieri–Dolgov mechanism as a dark matter candidate (Seljak
et al. 2006; Viel et al. 2006). Comparing the number of Milky
way satellites within the 0–50 kpc bin based on the Aquarius
simulations with the observed number of Milky Way satellites,
Polisensky & Ricotti (2010) find that the thermal warm dark
particle mass equals 3.2 keV if the number of satellites derived
from the corrected observations is equal to the number of dark
matter haloes and if Willman 1 is excluded from the observed
set. This value of a thermal warm dark particle mass has the
equivalent effect to the mass of a sterile neutrino of 17.8 keV,
produced from the decay of a very light inflaton.

In fact, if sterile neutrinos provide a significant fraction of the
dark matter, the Galactic center (GC) provides a more attractive
environment than the Willman 1 dwarf galaxy to search for

radiative decay signals. If the sterile neutrino mass is indeed
around 17 keV, we expect an X-ray line near 8.5 keV. The
diffuse X-ray emission from the GC using the X-ray imaging
spectrometer on Suzaku was analyzed by Koyama et al. (2007a),
who detect the 8.7 keV line corresponding to Fe xxvi Lyγ . We
have reanalyzed the data on hydrogen-like (hereafter H-like)
iron line strengths and find that there is an unexpected excess in
the 8.7 keV line from the GC in the Suzaku data that cannot be
explained by means of standard ionization and recombination
processes. We propose an explanation of the excess in the
8.7 keV line in terms of 17.4 keV neutrino decays.

2. THE EXCESS IN THE 8.7 keV LINE FROM THE
GALACTIC CENTER AND ITS ORIGIN

Diffuse X-ray emission from the GC is produced by a high
temperature plasma in the inner 20 pc of the GC (∼ 7 keV).
The most pronounced features in the emission lines are Fe i
Kα at 6.4 keV, and the K-shell lines 6.7 and 6.9 keV from
the helium-like (Fe xxv Kα) and H-like (Fe xxvi Lyα) ions
of iron, respectively. For the first time, the Fe xxvi Lyγ at
8.7 keV was detected by Suzaku (Koyama et al. 2007a). The
observed line intensities by Suzaku are listed in Table 2 of
Koyama et al. (2007a). We list below the most important
lines (for our analysis) taken from the paper by Koyama et al.
(2007a). The measured intensities of the H-like iron ion lines
(90% confidence level) are ILyα = 1.66+0.09

−0.11 × 10−4 photons
(cm2 s)−1, ILyβ = 2.29+1.35

−1.31 × 10−5 photons (cm2 s)−1, and
ILyγ = 1.77+0.62

−0.56 × 10−5 photons (cm2 s)−1.
The measured ratio of the Fe xxvi Lyβ to Fe xxvi Lyα

lines equals 0.138 ± 0.059 and is in agreement with the
theoretical value of ≈ 0.12 at gas temperatures 5–15 keV (see
line list4). We note that the measured intensity of the Fe xxvi
Lyγ = 1.77+0.62

−0.56 × 10−5 photons (cm2 s)−1 iron line has a
significant excess above the value derived from the MEKAL
model 1 and the measured intensity ILyα of the Fe xxvi Lyα
line. The ratio of the Fe xxvi Lyγ to Fe xxvi Lyα lines
≈0.035 in the gas temperature range 5 and 15 keV is from a
theoretical model (see Mewe & Gronenschild 1981). Therefore,
the expected value of the intensity in the Fe xxvi Lyγ line

4 http://www.sron.nl/divisions/hea/spex/version1.10/line/index.html
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and with flux (Fγ) given, after [60, 70], by:

Fγ = 10−7 erg s−1 cm−2 ×
(

MFOV
DM

1011M"

)

D−2m5
s sin

2 2θ

(9)
where MFOV

DM is the projected mass in the field of view of
the observation, D is the distance in Mpc (for which we
adopt 0.784 Mpc). We estimated MFOV

DM (1.6× 1010M"

for the on-axis spectrum) by integrating the DM surface
density, estimated from the model of [71], over the field of
view of each individual pointing. We then appropriately
averaged each value to ensure the correct line count-rate
in the composite spectra.
To determine an upper limit on sin2θ for a given ms,

the line (at fixed energy) was added simultaneously to the
on-axis and offset spectra, and its normalization varied
(while fitting all other parameters) until the fit statistic
increased by 4.61, corresponding to a 95% confidence in-
terval for two parameters of interest. This approach is
similar to the “statistical” method of [70], although we
have appropriately included the required statistical un-
certainties on the background model. In Fig 4, we show
our measured upper limits on sin2θ. Because the fluxes
of the astrophysical and instrumental lines are not known
a priori, they are degenerate with any coincident sterile
neutrino decay line. This reduction in sensitivity is im-
mediately apparent in the jagged upper limit curve. A
major source of uncertainty in this measurement is the
precise value of MFOV

DM [70]. For example, if we use the
DM profile model C1 of Ref. [72], MFOV

DM is increased by
∼15% in the core, resulting in correspondingly tighter
constraints on sin2θ.

V. DISCUSSION

The one-sided 95% C.L. lower and upper limits from
the Local Group are shown in Figure 4. These include
lower limits from phase-space arguments of MW dSphs
(mDW

s ! 2.5 keV), lower limits from subhalo counting
comparison to M 31 dSphs (mDW

s ! 8.8 keV), and up-
per limits based on X-ray observations of M 31. Com-
bined, these decisively constrain the canonical Dodelson-
Widrow (DW) production mechanism for generating suf-
ficient sterile neutrinos to match the DM abundance at
> 99% C.L.
Phase-space arguments have been argued to be among

the most robust methods to constrain WDM, but they
have not been strong enough to rule out the DM ster-
ile neutrino when coupled with X-ray limits [31] (indi-
cated by the larger arrow in Figure 4 at 1.8 keV). Our
newly added Segue I dSph, combined with updated X-
ray limits based on deep Chandra observations of M 31,
excludes the entire DW model parameter space, includ-
ing the wider range due to hadronic model uncertainties
[35] (red hatched), at 95% C.L. The exception is around
mDW

s ≈ 4.3 keV, where a strong X-ray background line in
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FIG. 4: Constraints on sterile neutrino parameters. Shaded
areas are excluded regions: 95% C.L. upper limits derived
from the X-ray modeling of M31 (labeled “M31 X-ray”), the
results from Ref. [60] shown for comparison (dotted; see text),
and upper limits from Suzaku observations of Ursa Minor
[73] (labeled “UMIN X-ray”); vertical lines show lower mass
limits from Tremain-Gunn phase-space considerations (ms ∼

0.4 keV) [28], Coma Berenices phase-space (mDW
s ∼ 1.5 keV,

dashed line), Segue I phase-space (mDW
s ∼ 2.5 keV), and

M 31 subhalo counts (mDW
s ∼ 8.8 keV). The big and small

arrows on the abscissa indicate lower limits from Ref. [31]
and Ref. [20], respectively. The DW sterile neutrino model
of Ref. [6] and its associated upper and lower bounds [35] are
shown and labeled.

the M 31 data prevents a strong limit on a sterile neutrino
decay line. However, limits from Suzaku—with vastly
different backgrounds and in particular weaker lines—
already exclude this region [73], as shown in Figure 4.
If Segue I is not included, the mass limit is weakened
to 1.5 keV (dashed vertical line) and allows a DW ster-
ile neutrino of mDW

s ≈ 2 keV to generate the observed
cosmological DM abundance. However, including limits
from subhalo counting, all of the DW parameter region
is comfortably excluded at > 99% C.L.

For the same dwarfs, our limits are weaker than
those of Ref. [30], where the authors adopted signifi-
cantly higher phase-space density estimates (e.g., 5 ×
10−3(M"/pc3)(km/s)−3 for Leo IV and Canes Venatici
II). These follow from Ref. [39], where the central density
is used to estimate Q, as opposed to our conservative es-
timate based on the mean density within rh. Also, the
stellar velocity dispersion is assumed in that work to be
the same as the DM velocity dispersion (η∗ = 1). For
these reasons, we obtain weaker but more robust lim-
its. Our limits are similar in numerical value to those of
Ref. [31], where the authors assume η∗ = 1 but consider
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Sterile neutrinos are attractive dark matter candidates. Their parameter space of mass and
mixing angle has not yet been fully tested despite intensive efforts that exploit their gravitational
clustering properties and radiative decays. We use the limits on gamma-ray line emission from the
Galactic Center region obtained with the SPI spectrometer on the INTEGRAL satellite to set new
constraints, which improve on the earlier bounds on mixing by more than two orders of magnitude,
and thus strongly restrict a wide and interesting range of models.

PACS numbers: 95.35.+d, 13.35.Hb, 14.60.St, 14.60.Pq

Introduction.— The existence of dark matter is cer-
tain, but the properties of the dark matter particles
are only poorly constrained, with several attractive but
rather different candidates. One of these, sterile neutri-
nos, would be a very plausible addition to the Standard
Model [1, 2, 3, 4]. If their masses were in the range
∼ 0.1 − 100 keV, they would also act as “warm” dark
matter [2, 3, 4], which could be in better accord with ob-
servations than standard “cold” dark matter candidates.
Even if sterile neutrinos are not a dominant component
of the dark matter, they may still exist and cause other
interesting effects [5, 6], such as pulsar kicks [7], and may
affect reionization [8]. It is therefore important to deeply
probe the sterile neutrino parameter space, as defined
by the mass ms and mixing sin2 2θ with ordinary active
neutrinos, and shown in Fig. 1.

One means of testing sterile neutrino dark matter mod-
els is through cosmological searches, which rely on the
effects of sterile neutrino dark matter on the large-scale
structure of gravitationally-collapsed objects. While re-
cent results based on the clustering of the Lyman-α forest
and on other data have been interpreted as lower limits
on the sterile neutrino mass of up to about 10–13 keV, in-
dependent of the mixing angle [9], these constraints may
be weakened depending on the sterile neutrino produc-
tion model (e.g., Ref. [10]).

Another means of constraining sterile neutrino dark
matter is through their radiative decay to active neutri-
nos, νs → νa + γ. These decays produce mono-energetic
photons with Eγ = ms/2. While the decay rate is exceed-
ingly slow due to the tiny active-sterile mixing, modern
satellite experiments can detect even these very small
x-ray/gamma-ray fluxes, and such a signal could specif-
ically identify a sterile neutrino dark matter candidate.
The signal from nearby dark matter halos is line emission
and the cosmic signal from all distant halos is broad-
ened in energy by the integration over redshift. There

are limits obtained using the Cosmic X-ray Background
(CXB) data [4, 11] and, at lower masses, stronger lim-
its using data from a variety of nearby sources (see e.g.,
Refs. [12, 13] and references therein).

It is important to improve on both the cosmological
and radiative decay constraints; despite intensive efforts,
viable models that match the observed dark matter den-
sity still remain. In fact, it has recently been empha-
sized [2, 4] that some models may extend to regions of
the parameter space far from the earliest and simplest
models [3] to much smaller mixing angles. We calculate
the gamma-ray flux from dark matter decays around the
Milky Way center and compare this to the limits on the

10-20 10-18 10-16 10-14 10-12 10-10 10-8 10-6

sin2 2θ

1.

10.

102

103

m
s  [k
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CXB

Milky Way Constraints

Limits

from γ-ray line search

Lyman-α Limits

X-ray

FIG. 1: The sterile neutrino dark matter mass ms and mixing
sin2 2θ parameter space, with shaded regions excluded. The
strongest radiative decay bounds are shown, labeled as Milky
Way (this paper), CXB [11], and X-ray Limits (summarized
using Ref. [12]; the others [13] are comparable). The strongest
cosmological bounds [9] are shown by the horizontal band
(see caveats in the text). The excluded Dodelson-Widrow [3]
model is shown by the solid line; rightward, the dark matter
density is too high (stripes). The dotted lines are models from
Ref. [14], now truncated by our constraints.
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Cosmic Frontier Workshop | CF3 | SLAC | March 7, 2013J. Siegal-Gaskins

The Gamma-ray Burst Monitor (GBM)

4

• 12 sodium iodide (NaI) detectors 
(8 - 1000 keV, in 128 energy bins)

• 2 bismuth germanate (BGO) 
detectors (150 keV - 40 MeV)

• GBM observes the entire 
unocculted sky

Cosmic Frontier Workshop | CF3 | SLAC | March 7, 2013J. Siegal-Gaskins

The Gamma-ray Burst Monitor (GBM)

5

NAI-0,1,2

NAI-3,4,5NAI-6,7,8

NAI-9,10,11
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+y

BGO-0
BGO-1

+x +y

NAI-0,1,2

NAI-3,4,5

NAI-6,7,8

NAI-9,10,11

BGO-0

BGO-1

detectors 0 and 6 point within ~ 20 deg of LAT pointing direction
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6 Riemer-Sørensen et al.

Figure 4. The derived constraints on sterile neutrino mixing angle as a function of mass compared to a selection of previous constraints.
The upper grey region is excluded by over-production of dark matter, and the lower by Big Bang nucleosynthesis (Laine & Shaposhnikov
2008; Canetti et al. 2013). Below ms = 1keV the Tremaine-Gunn limit applies (Tremaine & Gunn 1979; Boyarsky et al. 2008b). The green
points indicate the potential signal from (Bulbul et al. 2014) and (Boyarsky et al. 2014) and the coloured shaded regions are observation
bounds: M31 Chandra (Horiuchi et al. 2014), Chandra Sgr A* (Riemer-Sørensen 2014), HEAO di↵use background (Boyarsky et al. 2006a),
INTEGRAL di↵use background (Boyarsky et al. 2008b). The NuSTAR Bullet Cluster constraints are similar to previous constraints from
the di↵use cosmic background, but provide an important cross-check.

Figure 5. The derived constraints on two-photon decay rates as a function of photon energy compared to previous constraints: IN-
TEGRAL, COMPTEL and EGRET (Yüksel & Kistler 2008), INTEGRAL di↵use background (Boyarsky et al. 2008b), HEAO di↵use
background (Boyarsky et al. 2006a), Chandra Sgr A* (Riemer-Sørensen 2014), M31 Chandra (Horiuchi et al. 2014), prototype cryogenic
spectrometer (Boyarsky et al. 2007a), Chandra LETG NGC3227 (Bazzocchi et al. 2008). These constraints applies to all Majorana type
dark matter candidates with mono-energetic photon emission in the relevant energy range. The NuSTAR Bullet Cluster constraints are
similar to previous constraints from the di↵use cosmic background, but provide an important cross-check based on di↵erent assumptions.

Bullet	
  Clusster	
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1507.01378	
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I. Overview

I-3. Parameters

Properties SXS SXI HXI
SGD

(photo-abs)

SGD

(Compton)

Effective area

(cm2)

50/225

(@0.5/6 keV)

214/360

(@0.5/6 keV)

300

(@30 keV)

150

(@30 keV)

20

(@100 keV)

Energy range (keV) 0.3-12.0 0.4-12.0 5-80 10-600 40-600

Angular resolution

in HPD  (arcmin)
1.3 1.3 1.7 N/A N/A

Field of view

(arcmin2)
3.05x3.05 38x38 9x9

33x33 (<150 keV)

600x600

(>150 keV)

33x33 (<150 keV)
600x600

(>150 keV)

Energy resolution

in FWHM (eV)
5

150

(@6 keV)

< 2000

(@60 keV)

2000

(@40 keV)

4000

(@40 keV)

Timing resolution (s) 8x10-5 4 several x 10-5 several x 10-5 several x 10-5

Instrumental background

(/s/keV/FoV)

2x10-3/0.7x10-3 

(@0.5/6 keV)

0.1/0.1

(@0.5/6 keV)

6x10-3/2x10-4

(@10/50 keV)1

2x10-3/4x10-5

(@10/50 keV)2

1x10-4/1x10-5

(@100/600 
keV)

Table 2 Properties of ASTRO-H instruments (current best estimate)

Table 1 Properties of ASTRO-H telescopes (current best estimate)

Properties SXT HXT

Diameter (cm) 45 45

Focal length (m) 5.6 12

No. of nested shells 203 213

Reflector coating Au
Pt/C 

multilayer

Thermal shield

Al (0.03 µm)

+ polyimide 

(0.2 µm)

Al (0.03 µm)

+ PET(5 µm)

Properties SXT HXT

A
eff

 (cm2)
279/312

(@0.5/6keV)

338

(@30keV)

HPD (arcmin) 1.3 1.7

FoV (arcmin2)
22.22/19.82

(@0.5/6 keV)

6.42/5.32

(@30/50keV)

Stray-light
reduction rate

>99 (@30' 

off-axis)

>99 (@15'-

25' off-axis)

Thermal shield

transmission (%)

70

(@0.5keV)

92

(@5 keV)

3

14 layers, 21 layer

Astro-­‐H	
  quick	
  reference	
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the Galactic and the extragalactic components,

I( , E) ⌘ dN
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dN
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H
0

Z
dz
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dN

dE0
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4⇡ms⌧s

✓
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dN

dE
+R

EG

Z
dz

h(z)

dN

dE0

◆
,

where ⌧s = 1/�s is the lifetime, ⇢
�

= 0.4GeV cm�3 is
the local dark matter mass density, R

�

= 8.5 kpc is the
Sun’s distance to the GC, and dN/dE = �(E � ms/2)
is the dark matter decay spectrum. The first term in
the bracket is the Galactic component. The so-called
J-factor, J ( ), is the integral of the dark matter mass
density ⇢ in the Milky Way halo along the line-of-sight,

J ( ) =
1

⇢
�

R
�

Z `
max

0

d` ⇢( , `) , (4)

where `max is the outer limit of the dark matter halo.
We assume the dark matter distribution is spherically
symmetric about the GC, hence

⇢( , `) = ⇢(r
GC

( , `)) = ⇢

✓q
R2

�

� 2 `R
�

cos + `2
◆

.

(5)
The value of `max di↵ers depending on the adopted
halo model, but the contribution to J ( ) from beyond
⇠ 30 kpc is negligible. We adopt `max = 250 kpc in this
work.

The second term in the bracket of Eq. (3) describes the
isotropic extragalactic component, where E0 = E(1+ z).
The factor R

EG

roughly compares the contribution of the
extragalactic component versus the Galactic component,
up to the shape of the energy spectrum.

R
EG

⌘ c

H
0

⌦DM⇢c
⇢
�

R
�

' 2 . (6)

Normally, the extragalactic component can be ignored
as typically the analysis region is chosen to be a small
patch of the sky where the Galactic component is much
larger (e.g., the GC, where J � 1). However, in our
case, the large FOV of the GBM makes the extragalactic
component non-negligible.

The dark matter density profile ⇢(r) of the Milky Way
is not precisely known, in particular at small Galactic
radius. We consider several fitting functions that cap-
ture the results of numerical simulations of dark matter
halo profiles, which can be parameterized by the follow-
ing form,

⇢↵��(r) = ⇢
�

✓
r

R
�

◆
�� 1 + (R

�

/Rs)↵

1 + (r/Rs)↵

�
(���)/↵

, (7)

where parameters for commonly used profiles are sum-
marized in Table I. Another profile favored by recent
simulations is the Einasto profile,

⇢Ein(r) = ⇢
�

exp

✓
� 2

↵E

r↵E �R↵
E

�

R↵
E

s

◆
, (8)

with ↵E = 0.17 and scale radius Rs = 20 kpc. These
profiles di↵er mainly at small Galactic radius. The first
three profiles have constant logarithmic slopes at small
radii, which are described by the � factor. The Einasto
profile has the same slope as the NFW profile at the scale
radius, but the slope decreases as the radius decreases.
In Fig. 1, we show the J-factor J ( ) for each dark mat-

ter profile as a function of the angle  viewed away from
the GC. The di↵erences between profiles are relatively
small, because the density ⇢ appears linearly in the de-
cay flux (as opposed to in the annihilation flux where the
density appears quadratically). We use the NFW profile
as our canonical profile in this work. As will be shown
in Sec. III B, the impact of varying the profile is minimal
after taking into account the detector response and the
FOV. Thus the sterile neutrino constraint obtained using
GBM is robust against dark matter profile uncertainties.
A crude estimate of the expected number of photons

⌫� per unit time T from Galactic dark matter decay is

d⌫�
dT

⇠ 20 s�1

✓
A

e↵

⌦

20⇡ cm2 sr

◆✓
J
60

2

◆
⇥

✓
sin22✓

10�11

◆⇣ ms

20 keV

⌘
4

, (9)

where we use representative values for the e↵ective area
and solid angle, the J-factor at  = 60�, J

60

, and a
nominal sterile neutrino mixing angle. It is immediately
clear that even a small fraction of the total Fermi-GBM
live time can yield significant number of signal photons.

III. INSTRUMENT AND SIGNAL MODELING

A. GBM Instrumentation

The GBM consists of 14 detectors: 12 NaI detec-
tors, each operating over energies from 8 keV to 1MeV,
and 2 BGO detectors, each operating over energies from
200 keV to 40MeV. The NaI detectors are located on the
corners and sides of the spacecraft, with di↵erent ori-
entations, and they together provide a nearly complete
coverage of the occulted sky. At any given time, typi-
cally 3–4 NaI detectors view the Earth within 60 degrees
of the detector zenith, i.e., their FOV is occulted by the
Earth.
Not all of the NaI detectors are best suited for dark

matter searches. At first consideration, det-0 and det-6
would seem to be the best detectors to use since they are
aligned close to the LAT zenith (' 20� o↵set). However,
we find that significant parts of the FOV of these two de-
tectors are actually blocked by the LAT itself. Also, half
of the detectors are pointed towards the Sun all the time,
and X-ray emissions from the Sun contaminate their low
energy spectrum. Lastly, some detectors are pointed side-
ways, i.e. ' 90� relative the LAT-zenith, which su↵er
large FOV blockage from the Earth. Ruling out these de-
tectors, only det-7 and det-9 seem to be suitable, which

2

Usual DM Decay Signal: The di↵erential intensity
(flux per solid angle) from DM with massm� and lifetime
⌧ = 1/�, decaying within the MW, is

dI( , E)

dE
=

�

4⇡m�
R

�

⇢
�

J ( )
dN(E)

dE
, (1)

where R
�

' 8 kpc and ⇢
�

' 0.4GeV cm�3 [29] are the
distance to the Galactic center (GC) and local DM den-
sity. (We neglect the cosmologically broadened extra-
galactic signal, which contributes negligibly in Astro-H’s
narrow energy bins.) J ( ) is the dimensionless, astro-
physical J-factor defined by the LOS integral

J ( ) ⌘ 1

R
�

⇢
�

Z
ds ⇢�(r[s, ]) , (2)

where  is the angle relative to the GC and is related
to Galactic longitude and latitude via cos = cos l cos b.
dN(E)/dE is the particle decay spectrum.

The above treatment assumes that the astrophysical
factor, J ( ), and the particle physics factor, dN(E)/dE,
are separable. However, for detectors with energy resolu-
tion . 0.1%, this approximation is not valid because rela-
tive velocities between source and observer, and therefore
the spectral shape, vary along the LOS.

Modified DM Spectrum: We calculate modifica-
tions to the signal, accounting first for broadening due
to DM velocity dispersion and second for shifts due to
bulk relative motion.

We take the DM halo of the MW to be spherically
symmetric, in steady state, and to have no appreciable
rotation. The last is expected from angular momentum
conservation, as the baryons from the proto-halo have
collapsed significantly, while the DM has not; this is con-
firmed by simulations [30, 31]. Thus, h~v�i = 0.

DM particles do have non-zero velocity dispersion, de-
termined by the total gravitational potential due to DM
and baryons [32, 33]. Assuming an isotropic velocity dis-
tribution (�v,r = �v,� = �v,✓, so the virial velocity is
�v ' p

3�v,r), the radial velocity dispersion of DM is

�2
v,r(r) =

G

⇢�(r)

Z Rvir

r
dr0 ⇢�(r

0)
Mtot(r0)

r02
, (3)

whereMtot(r) is the total mass within a radius r. Typical
values are �v,r ' 125 km s�1.

To calculate �v,r(r), we adopt the mass model of
Ref. [34], which fits a contracted DM and three-
component baryon mass profile to MW rotation curve
data. The choice of mass model is not critical; kinematic
results from other models agree within O(10%) [35].

The spectrum from a point along the LOS is the con-
volution of the intrinsic spectrum with the DM velocity
distribution at that point. We assume a Maxwellian ve-
locity distribution throughout the halo, which, at each

point, yields a Gaussian distribution of the LOS velocity
component. The modified spectrum from each point is

d eN(E, r[s, ])

dE
=

Z
dE0

dN(E0)

dE0

G(E � E0;�E0) , (4)

where G(E;�E) is a Gaussian of width �E = (E/c)�vLOS
.

Based upon observations of the LOS velocity distribution
of MW halo stars reported in [36], we take �vLOS(r) '
�v,r(r) which implies �E = (E/c)�v,r(r[s, ]).
The line shift follows from the LOS velocity, vLOS ⌘

(h~v�i � ~v
�

) · r̂LOS, where positive velocities indicate re-
ceding DM. For vLOS ⌧ c, the resultant energy shift is
�EMW/E = �vLOS/c.
The Sun follows a roughly circular orbit about the

GC in the direction toward positive Galactic longitude
at a speed v

�

' 220 km s�1 [37]. (Recent work suggests
v
�

& 240 km s�1 [38, 39], which would help our results.)
The spectrum is therefore shifted by �EMW(l, b)/E =
+(v

�

/c) sin l cos b, which changes sign with l. We neglect
the solar peculiar velocity as well as Earth and satellite
motions, all of which are . 10 km s�1 [40, 41].
The final expression for the modified spectrum, includ-

ing broadening and shifts, is therefore

dJ
dE

=
1

R
�

⇢
�

Z
ds ⇢�(r[s, ])

d eN(E � �EMW, r[s, ])

dE
,

(5)
so that Eq. (1) is altered by J ( ) dN(E)/dE !
dJ ( , E)/dE. The observed signal, which is the con-
volution of dJ /dE with the detector response, is nearly
Gaussian and has width �e↵ .

Modified Astrophysical Spectrum: The details are
slightly di↵erent for astrophysical signals.
The widths of astrophysical lines are primarily deter-

mined by the mass of the emitting atom and by the gas
temperature. For potassium at T = 2keV, the intrin-
sic line width is �gas ' 0.8 eV, comparable to Astro-H’s
goal resolution, �AH ' 1.7 eV. The intrinsic width is
weakly sensitive to the gas temperature (/ p

T); higher
gas temperatures give nearly identical results.
For the shift of an astrophysical signal, we must ac-

count for co-rotation within the MW disc. (While there
is a non-rotating, gaseous halo at the outskirts of the
MW, it is not hot enough to produce significant emis-
sion at 3.5 keV [5, 42, 43]). For simplicity, we assume all
baryons follow circular orbits about the GC with speed
vcirc(r) =

p
GMtot(r)/r. With this circular speed and

the hot gas distribution of Ref. [44], we compute the
spectral shift by integrating the signal along the LOS
with the contribution from each point weighted by the
gas density. We call this fiducial model G2.
Because the spatial and speed distributions of MW X-

ray gas are uncertain, we compare to models in Ref. [45]
with smaller and larger line shifts. G1 is based on the dis-
tribution of free e� [46] and the MW rotation curve [47].
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Figure 48: Simulated spectra of the Perseus core at z = 0.0178 with (black) and without (red) a dark matter line at 3.55 keV after an
exposure of 1 Msec by SXS. For the dark matter line, we adopt the flux 3 ⇥ 10�5 ph s�1 cm�2 within the field-of-view of SXS from
Table 5 of Bulbul et al. (2014) and Wdm = 35 eV corresponding to the velocity dispersion �dm = 1300 km s�1. For the ICM thermal
emission, we assume kT = 4 keV and Z = 0.7 solar with no turbulent broadening.

mainly due to the Galactic line emission. A major improvement in the sensitivity is expected in the hard band
for the flux within the field-of-view of SXS, whereas the sensitivity is largely limited by the small grasp of
SXS for the flux from the larger sky area. We stress that a highly improved spectral resolution will still be
indispensable for identifying or rejecting any candidate lines once they are suggested.
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Appendix

A Systematic Errors in Gas Velocities

For bright X-ray sources such as cores of nearby galaxy clusters, the accuracy of gas velocity measurements
by ASTRO-H SXS can be limited by systematic errors rather than statistical errors. This section summarizes
potential sources of the systematic errors and how they a↵ect the measurements of bulk and turbulent velocities.

A.1 Bulk Velocity

Calibration errors in the energy gain �Egain directly lead to the uncertainty in the line-of-sight bulk velocity
measured by a line shift as

�vbulk = c
�Egain

Eobs
= 45 km/s

 

�Egain

eV

!

✓ Eobs

6.7 keV

◆

�1
, (8)
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Dark matter decays or annihilations that produce line-like spectra may be smoking-gun signals.
However, even such distinctive signatures can be mimicked by astrophysical or instrumental causes.
We show that velocity spectroscopy—the measurement of energy shifts induced by relative motion
of source and observer—can separate these three causes with minimal theoretical uncertainties. The
principal obstacle has been energy resolution, but upcoming and proposed experiments will make
significant improvements. As an example, we show that the imminent Astro-H mission can use Milky
Way observations to separate possible causes of the 3.5-keV line. We discuss other applications.

Introduction: What is the dark matter? Identifica-
tion depends upon more than just observation of its
bulk gravitational e↵ects; distinct particle signatures are
needed. Backgrounds make it di�cult to pick out these
signals, which are constrained to be faint. Among possi-
ble decay or annihilation signals, those with sharp spec-
tral features, such as a line, are especially valuable.

Given that the stakes and di�culties are so profound,
even such a “smoking-gun” signal may not be conclusive.
A line could have other causes: astrophysical emission or
detector backgrounds (or response e↵ects). For example,
the cause of the recently discovered 3.5-keV line is dis-
puted [1–8]. This problem is more general [9–15] and will
surely arise again. We need better evidence than just a
smoking gun—we need to see it in motion.

Premise and Motivation: We propose a general
method for distinguishing the cause of a sharp spec-
tral feature using velocity spectroscopy. Consider a line
of unknown cause—dark matter (DM), astrophysical or
detector—observed in the Milky Way (MW). Relative
motion between source and observer leads to distinctive
energy shifts as a function of line of sight (LOS) direction.
Figure 1 illustrates this schematically. Because typical
Galactic virial velocities are ⇠ 10�3c, the Doppler shifts
are only ⇠ 0.1%.

A potential target for velocity spectroscopy is the 3.5-
keV line recently observed in MW, M31, and galaxy clus-
ter spectra [1, 2, 4]. The line energy and flux can natu-
rally be explained by sterile neutrino DM [16–18], as well
as alternatives [19–26]. However, the significance of the
line is disputed [3, 5, 6], and it has been argued that it
can be explained by astrophysical emission [7, 8].

With present detectors, velocity spectroscopy of this
line is impossible. Excitingly, the Soft X-Ray Spec-
trometer (SXS) on Astro-H (launch date 2015 or 2016)
has a goal energy resolution of �AH = 1.7 eV (4 eV
FWHM) [27, 28], which is at the scale needed. We show
that, under optimistic assumptions on detector perfor-

Dark 
Matter
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χ
𝑣⃗஧ =  0

FIG. 1. Top: How DM, astrophysical, and detector signals
shift with Galactic longitude is starkly di↵erent. Bottom:

For DM signals at positive longitude, our motion through the
non-rotating DM halo yields a negative LOS velocity and thus
a blue shift. In contrast, for astrophysical backgrounds (e.g.,
gas), co-rotation in the disk leads to a positive LOS velocity
and thus a red shift. These signs reverse at negative longitude.
Detector backgrounds have zero shift.

mance, Astro-H can use velocity spectroscopy in the MW
to identify the cause of the 3.5-keV line. We also discuss
prospects if the performance is worse.

We emphasize that the applicability of DM velocity
spectroscopy is much more general. The purpose of this
paper is to introduce a new concept to increase the power
of DM searches and to spur innovation in detector design.
We conclude by discussing several generalizations.
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Dark matter decays or annihilations that produce line-like spectra may be smoking-gun signals.
However, even such distinctive signatures can be mimicked by astrophysical or instrumental causes.
We show that velocity spectroscopy—the measurement of energy shifts induced by relative motion
of source and observer—can separate these three causes with minimal theoretical uncertainties. The
principal obstacle has been energy resolution, but upcoming and proposed experiments will make
significant improvements. As an example, we show that the imminent Astro-H mission can use Milky
Way observations to separate possible causes of the 3.5-keV line. We discuss other applications.

Introduction: What is the dark matter? Identifica-
tion depends upon more than just observation of its
bulk gravitational e↵ects; distinct particle signatures are
needed. Backgrounds make it di�cult to pick out these
signals, which are constrained to be faint. Among possi-
ble decay or annihilation signals, those with sharp spec-
tral features, such as a line, are especially valuable.

Given that the stakes and di�culties are so profound,
even such a “smoking-gun” signal may not be conclusive.
A line could have other causes: astrophysical emission or
detector backgrounds (or response e↵ects). For example,
the cause of the recently discovered 3.5-keV line is dis-
puted [1–8]. This problem is more general [9–15] and will
surely arise again. We need better evidence than just a
smoking gun—we need to see it in motion.

Premise and Motivation: We propose a general
method for distinguishing the cause of a sharp spec-
tral feature using velocity spectroscopy. Consider a line
of unknown cause—dark matter (DM), astrophysical or
detector—observed in the Milky Way (MW). Relative
motion between source and observer leads to distinctive
energy shifts as a function of line of sight (LOS) direction.
Figure 1 illustrates this schematically. Because typical
Galactic virial velocities are ⇠ 10�3c, the Doppler shifts
are only ⇠ 0.1%.

A potential target for velocity spectroscopy is the 3.5-
keV line recently observed in MW, M31, and galaxy clus-
ter spectra [1, 2, 4]. The line energy and flux can natu-
rally be explained by sterile neutrino DM [16–18], as well
as alternatives [19–26]. However, the significance of the
line is disputed [3, 5, 6], and it has been argued that it
can be explained by astrophysical emission [7, 8].

With present detectors, velocity spectroscopy of this
line is impossible. Excitingly, the Soft X-Ray Spec-
trometer (SXS) on Astro-H (launch date 2015 or 2016)
has a goal energy resolution of �AH = 1.7 eV (4 eV
FWHM) [27, 28], which is at the scale needed. We show
that, under optimistic assumptions on detector perfor-
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FIG. 1. Top: How DM, astrophysical, and detector signals
shift with Galactic longitude is starkly di↵erent. Bottom:

For DM signals at positive longitude, our motion through the
non-rotating DM halo yields a negative LOS velocity and thus
a blue shift. In contrast, for astrophysical backgrounds (e.g.,
gas), co-rotation in the disk leads to a positive LOS velocity
and thus a red shift. These signs reverse at negative longitude.
Detector backgrounds have zero shift.

mance, Astro-H can use velocity spectroscopy in the MW
to identify the cause of the 3.5-keV line. We also discuss
prospects if the performance is worse.

We emphasize that the applicability of DM velocity
spectroscopy is much more general. The purpose of this
paper is to introduce a new concept to increase the power
of DM searches and to spur innovation in detector design.
We conclude by discussing several generalizations.
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FIG. 2. Comparison of received spectra for DM and gas (G2).
The emitted spectra are taken to have equal flux and centered
at 3.5 keV before velocity e↵ects. The line profiles include
velocity dispersion and shifts e↵ects, as well as the energy
resolution of Astro-H. Vertical bands indicate the 1-� centroid
uncertainties after 2-Ms observations. For contrast, the brown
line in the figure and inset show the same signal if Astro-H
had the energy resolution of XMM.

G3 is based on the observed distribution of 26Al gamma
rays [45]. G1 and G2 are in good agreement with MW
HI and CO data [48, 49]. Peak e↵ective LOS velocities
for G1, G2, and G3 are ' 50, 75, and 250 km s�1.

Line Detection: One prerequisite to detecting a spec-
tral shift is that the number of signal events be non-zero.
Another is that the background fluctuations be small in
comparison. Though Astro-H has a small e↵ective area
and field of view (FOV), its excellent energy resolution
strongly suppresses backgrounds for a line signal, so that
even a small number of signal events can be significant.

Viewing directions l ' 10� � 40� have advantages.
First, the balance between decreasing signal flux and in-
creasing energy shift at large l is optimized. Second,
theoretical uncertainties are minimized, as the DM den-
sity profile at r & few kpc is fixed by rotation curve
data. Third, continuum astrophysical backgrounds are
reduced; we reduce these further by going slightly o↵ the
Galactic plane, which minimally a↵ects the DM signal.

The expected signal intensity is calculated from
Eq. (1). For our DM example, this is

I( ) = 1.3⇥ 10�8 cm�2 s�1 arcmin�2 (6)

⇥
✓

sin2 2✓

7⇥ 10�11

◆⇣ m�

7 keV

⌘4
✓ J ( )

J (l = 20�, |b| = 5�)

◆
,

where we have integrated over energy in the line profile,

FIG. 3. E↵ective LOS velocity for DM and various gas models
(the realistic version of Fig. 1). Uncertainties are computed
assuming 2-Ms Astro-H exposures on each point.

calculated J (l = 20�, |b| = 5�) = 7.53 using Ref. [34],
and taken the DM parameters from Ref. [1]. For Astro-
H, ⌦FOV = 9arcmin2 and Ae↵ = 200 cm2 [27, 28], so the
expected number of events is

Ns( ) ' 46

✓ J ( )

J (l = 20�, |b| = 5�)

◆✓
t

2Ms

◆
. (7)

This assumed exposure is large, but appropriate to the
stakes (a potential discovery of DM) and the di�culties
(the total exposure of XMM, Chandra, and Suzaku used
in the 3.5-keV analyses is & 40 Ms) [1, 2, 4, 50, 51]. Fur-
thermore, due to Astro-H’s excellent energy resolution,
all pointings in a substantial fraction of the sky will help
test the 3.5-keV line.
For continuum backgrounds, we consider only the

contribution over the narrow energy range ±2�e↵ cen-
tered at 3.5 keV. (We do not need to include the
tails of nearby lines, which are & 50 eV away, as
they will be well-resolved, unlike in XMM.) One com-
ponent of the background is due to the isotropic
cosmic X-ray background (CXB) from unresolved
sources. We adopt the flux E d�CXB/dE = 8.2 ⇥
10�7(E/keV)�0.4 cm�2 s�1 arcmin�2 [52]. Another back-
ground, due to hot gas in the MW, varies strongly with
direction [53]. Finally, there are detector backgrounds
due to intrinsic and induced radioactivities as well as
cosmic-ray interactions; their intensity is expected to be
comparable to that of the CXB [54]. For  (l = 20�, |b| =
5�), backgrounds contribute Nb = 5.2 + 4.8 + 4.8 ' 15
events per 2 Ms within the ±2�e↵ ' ±4.6 eV band cen-
tered at 3.5 keV, compared to Ns ' 44.
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FIG. 2. Comparison of received spectra for DM and gas (G2).
The emitted spectra are taken to have equal flux and centered
at 3.5 keV before velocity e↵ects. The line profiles include
velocity dispersion and shifts e↵ects, as well as the energy
resolution of Astro-H. Vertical bands indicate the 1-� centroid
uncertainties after 2-Ms observations. For contrast, the brown
line in the figure and inset show the same signal if Astro-H
had the energy resolution of XMM.

G3 is based on the observed distribution of 26Al gamma
rays [45]. G1 and G2 are in good agreement with MW
HI and CO data [48, 49]. Peak e↵ective LOS velocities
for G1, G2, and G3 are ' 50, 75, and 250 km s�1.

Line Detection: One prerequisite to detecting a spec-
tral shift is that the number of signal events be non-zero.
Another is that the background fluctuations be small in
comparison. Though Astro-H has a small e↵ective area
and field of view (FOV), its excellent energy resolution
strongly suppresses backgrounds for a line signal, so that
even a small number of signal events can be significant.

Viewing directions l ' 10� � 40� have advantages.
First, the balance between decreasing signal flux and in-
creasing energy shift at large l is optimized. Second,
theoretical uncertainties are minimized, as the DM den-
sity profile at r & few kpc is fixed by rotation curve
data. Third, continuum astrophysical backgrounds are
reduced; we reduce these further by going slightly o↵ the
Galactic plane, which minimally a↵ects the DM signal.

The expected signal intensity is calculated from
Eq. (1). For our DM example, this is

I( ) = 1.3⇥ 10�8 cm�2 s�1 arcmin�2 (6)
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FIG. 3. E↵ective LOS velocity for DM and various gas models
(the realistic version of Fig. 1). Uncertainties are computed
assuming 2-Ms Astro-H exposures on each point.

calculated J (l = 20�, |b| = 5�) = 7.53 using Ref. [34],
and taken the DM parameters from Ref. [1]. For Astro-
H, ⌦FOV = 9arcmin2 and Ae↵ = 200 cm2 [27, 28], so the
expected number of events is

Ns( ) ' 46
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. (7)

This assumed exposure is large, but appropriate to the
stakes (a potential discovery of DM) and the di�culties
(the total exposure of XMM, Chandra, and Suzaku used
in the 3.5-keV analyses is & 40 Ms) [1, 2, 4, 50, 51]. Fur-
thermore, due to Astro-H’s excellent energy resolution,
all pointings in a substantial fraction of the sky will help
test the 3.5-keV line.
For continuum backgrounds, we consider only the

contribution over the narrow energy range ±2�e↵ cen-
tered at 3.5 keV. (We do not need to include the
tails of nearby lines, which are & 50 eV away, as
they will be well-resolved, unlike in XMM.) One com-
ponent of the background is due to the isotropic
cosmic X-ray background (CXB) from unresolved
sources. We adopt the flux E d�CXB/dE = 8.2 ⇥
10�7(E/keV)�0.4 cm�2 s�1 arcmin�2 [52]. Another back-
ground, due to hot gas in the MW, varies strongly with
direction [53]. Finally, there are detector backgrounds
due to intrinsic and induced radioactivities as well as
cosmic-ray interactions; their intensity is expected to be
comparable to that of the CXB [54]. For  (l = 20�, |b| =
5�), backgrounds contribute Nb = 5.2 + 4.8 + 4.8 ' 15
events per 2 Ms within the ±2�e↵ ' ±4.6 eV band cen-
tered at 3.5 keV, compared to Ns ' 44.
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Dark matter decays or annihilations that produce line-like spectra may be smoking-gun signals.
However, even such distinctive signatures can be mimicked by astrophysical or instrumental causes.
We show that velocity spectroscopy—the measurement of energy shifts induced by relative motion
of source and observer—can separate these three causes with minimal theoretical uncertainties. The
principal obstacle has been energy resolution, but upcoming and proposed experiments will make
significant improvements. As an example, we show that the imminent Astro-H mission can use Milky
Way observations to separate possible causes of the 3.5-keV line. We discuss other applications.

Introduction: What is the dark matter? Identifica-
tion depends upon more than just observation of its
bulk gravitational e↵ects; distinct particle signatures are
needed. Backgrounds make it di�cult to pick out these
signals, which are constrained to be faint. Among possi-
ble decay or annihilation signals, those with sharp spec-
tral features, such as a line, are especially valuable.

Given that the stakes and di�culties are so profound,
even such a “smoking-gun” signal may not be conclusive.
A line could have other causes: astrophysical (baryonic)
emission or detector backgrounds (or response e↵ects).
For example, the cause of the recently discovered 3.5-keV
line is disputed [1–8]. This problem is more general [9–
15] and will surely arise again. We need better evidence
than just a smoking gun—we need to see it in motion.

Premise and Motivation: We propose a general
method for distinguishing the cause of a sharp spec-
tral feature using velocity spectroscopy. Consider a line
of unknown cause—dark matter (DM), astrophysical, or
detector—observed in the Milky Way (MW). Relative
motion between source and observer leads to distinctive
energy shifts as a function of line of sight (LOS) direction.
Figure 1 illustrates this schematically. Because typical
Galactic virial velocities are ⇠ 10�3c, the Doppler shifts
are only ⇠ 0.1%.

A potential target for velocity spectroscopy is the 3.5-
keV line recently observed in MW, M31, and galaxy clus-
ter spectra [1, 2, 4]. The line energy and flux can natu-
rally be explained by sterile neutrino DM [16–18], as well
as alternatives [19–26]. However, the significance of the
line is disputed [3, 5, 6], and it has been argued that it
can be explained by astrophysical emission [7, 8].

With present detectors, velocity spectroscopy of this
line is impossible. Excitingly, the Soft X-Ray Spectrom-
eter (SXS) on Astro-H (launch date early 2016) has a goal
energy resolution of �AH = 1.7 eV (4 eV FWHM) [27, 28],
which is at the scale needed. We show that, assuming
this goal resolution is achieved, Astro-H can use velocity

FIG. 1. Top: How DM, astrophysical, and detector signals
shift with Galactic longitude is starkly di↵erent. Bottom:

For DM signals at positive longitude, our motion through the
non-rotating DM halo yields a negative LOS velocity and thus
a blue shift. In contrast, for astrophysical backgrounds (e.g.,
gas), co-rotation in the disk leads to a positive LOS velocity
and thus a red shift. These signs reverse at negative longitude.
Detector backgrounds have zero shift.

spectroscopy in the MW to identify the cause of the 3.5-
keV line. We also discuss prospects if the performance is
worse.

We emphasize that the applicability of DM velocity
spectroscopy is much more general. The purpose of this
paper is to introduce a new concept to increase the power
of DM searches and to spur innovation in detector design.
We conclude by discussing several generalizations.
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Sterile'neutrino'dark'maEer'limits'

Present'and'Future'Neutrino'Physics'2014,'KITP' Shunsaku'Horiuchi' 17'

Boyarsky'et'al'(2009)'
See'also'e.g.,'Kusenko'2009'

XDray'limits'
TargeMng'radiaMve'decays'of''
sterile'neutrino'(νs):'

   νs'!'νa'+'γ"

PhaseDspace'limits'
Limited'phaseDspace'packing'
gives'a'lower'mass'limit'(c.f.'
Pauli'exclusion'principle)'
'

BBN'limits'
Lepton'asymmetry'cannot'be'
too'large,'disrupts'4He'
'

Limits'not'shown:'
•  Subhalo'counMng'
•  LymanDα'probes'of'small'

scale'power'


