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(1) Introduction: X-ray search 
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The principal radiative decay modes of singlet neutrinos
are shown in Figure 2. Majorana neutrinos have contribu-
tions from conjugate processes. For the Majorana neutrino
case, the decay rate for is (Pal & Wolfenstein 1982)m2 ? m1
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D2

, (8)

where a B 1/137 is the Ðne-structure constant. Here, rb \
is the square of the ratio of the b Ñavor charged(mb/MW)2

lepton mass and the WB boson mass, and

F(rb) B [32 ] 34rb . (9)

The sum in equation (8) is over the charged lepton Ñavors.
For decay of a doublet neutrino into another Ñavor
doublet, the sum in equation (8) vanishes for the Ðrst term in
equation (9) on account of the unitarity property associated
with the transformation matrix elements in equation (3).
The second term in equation (9) causes the sum not to
vanish, but the resulting term is obviously very small
because it involves the fourth power of the ratio of charged
lepton to WB masses. This is the so-called Glashow-
Iliopoulos-Maiani (GIM) suppression (or cancellation).

For a singlet decay, the sum over the charged lepton
Ñavors in equation (9) does not cancel the leading contribu-
tion in equation (9) because there is no charged lepton
associated with the singlet state. The decay rate is conse-
quently greatly enhanced over the GIM-suppressed doublet
decay case. The rate of singlet neutrino radiative decay is

!c(ms
, sin2 2h) B 6.8 ] 10~33 s~1Asin2 2h

10~10
BA m

s
1 keV

B5
,

(10)

where we have identiÐed since the mixing is pre-m
s
B m2,

sumed to be small.
The singlet neutrino can also decay via two-photon emis-

sion, However, this decay has a leadingl2 ] l1 ] c ] c.
contribution scaling with the inverse square of the charged
lepton mass (Nieves 1983) and therefore is strongly sup-
pressed. Since the two-photon decay rate scales as it willm

s
9,

dominate over the single-photon mode for masses m
s
Z 10

MeV. However, singlet neutrino masses over 10 MeV are
excluded by other considerations (AFP).

In the case of the single-photon channel, the decay of a
nonrelativistic singlet neutrino into two (nearly) massless
particles produces a line at energy with a widthEc \ m

s
/2

given by the velocity dispersion of the dark matter. For
example, clusters of galaxies typically have a virial velocity
dispersion of D300 km s~1. Therefore, the emitted line is
very narrow, The observed width of the line*E D 10~3Ec.

will be given by the energy resolution of the detector in this
case. For example, the energy resolution of ChandraÏs
Advanced CCD Imaging Spectrometer (ACIS) is *E B 200
eV, while the Constellation X project hopes to achieve a
resolution of *E B 2 eV.

The luminosity from a general singlet neutrino dark
matter halo is (from eq. [1])

L B 6.1 ] 1032 ergs s~1A MDM
1011 M

_

BAsin2 2h
10~10

BA m
s

1 keV
B5

.

(11)

This implies that the radiative decay Ñux from singlet neu-
trinos in the halo is

F B 5.1 ] 10~18 ergs cm~2 s~1A D
L

1 Mpc
B~2

]
A MDM

1011 M
_

BAsin2 2h
10~10

BA m
s

1 keV
B5

. (12)

Therefore, for a general singlet neutrino candidate with rest
mass and vacuum mixing angle sin2 2h, the mass limitÈm

sassuming no detection of a line at a Ñux limit level of
FdetÈis

m
s
[ 4.6 keV

A D
L

1 Mpc
B2@5A Fdet

10~13 ergs cm~2 s~1
B1@5

]
A MDM

1011 M
_

B~1@5Asin2 2h
10~10

B~1@5
. (13)

Using equation (5), the dependence on mixing angle can
be eliminated, and with equation (1), we have for the L la B 0
case that the Ñux due to singlet neutrino decay is

F B 5.1 ] 10~14 ergs cm~2 s~1A D
L

1 Mpc
B~2

]
A MDM

1011 M
_

BA)ls h2
0.3

BA m
s

1 keV
B3

. (14)

For the production case, the corresponding singletL la B 0
mass limit from a null detection of a line at at ÑuxEc \ m

s
/2

limit isFdet

m
s
[ 1.25 keV

A D
L

1 Mpc
B2@3A Fdet

10~13 ergs cm~2 s~1
B1@3

]
A MDM

1011 M
_

B~1@3A)ls h2
0.3

B~1@3
. (15)

It should be noted that the decay limits presented here
derive from a speciÐc type of mass-generation mechanism

FIG. 2.ÈPrincipal radiative decay modes for massive singlet neutrinos
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Feng	  2010	  ARAA,	  “Dark	  Ma3er	  Candidates	  from	  Par@cle	  
Physics	  and	  Methods	  of	  Detec@on”	

AA48CH13-Feng ARI 16 July 2010 22:3

Table 1 Summary of dark matter particle candidates, their properties, and their potential methods of detection

WIMPs SuperWIMPs Light G̃ Hidden DM Sterile ν Axions
Motivation GHP GHP GHP/NPFP GHP/NPFP ν Mass Strong CP
Naturally Correct " Yes Yes No Possible No No
Production Mechanism Freeze Out Decay Thermal Various Various Various
Mass Range GeV-TeV GeV-TeV eV-keV GeV−TeV keV µeV−meV
Temperature Cold Cold/Warm Cold/Warm Cold/Warm Warm Cold
Collisional

√

Early Universe
√√ √

Direct Detection
√√ √ √√

Indirect Detection
√√ √ √ √√

Particle Colliders
√√ √√ √√ √

The particle physics motivations are discussed in Section 2.2; GHP and NPFP are abbreviations for the gauge hierarchy problem and new physics flavor
problem, respectively. In the last five rows,

√√
denotes detection signals that are generic for this class of dark matter candidate and

√
denotes signals that

are possible, but not generic. “Early Universe” includes phenomena such as BBN (Big Bang nucleosynthesis) and the CMB (cosmic microwave
background); “Direct Detection” implies signatures from dark matter scattering off normal matter in the laboratory; “Indirect Detection” implies
signatures of late time dark matter annihilation or decay; and “Particle Colliders” implies signatures of dark matter or its progenitors produced at colliders,
such as the Large Hadron Collider (LHC). See the text for details.

SM: Standard model
of particle physics

dark matter problem will not be easy to achieve and will likely rely on synergistic progress along
many lines of inquiry.

An outline of this review is provided by Table 1, which summarizes the dark matter candidates
discussed here, along with their basic properties and opportunities for detection.

2. THE STANDARD MODEL OF PARTICLE PHYSICS
The standard model (SM) of particle physics is a spectacularly successful theory of elementary
particles and their interactions. For a brief, pedagogical introduction, see, e.g., Herrero (1998).
At the same time, it has deficiencies, and the open questions raised by the SM motivate many of
the leading dark matter candidates and provide guidance for dark matter searches. I begin here
with a brief review of the SM’s basic features and open problems, focusing on those that are most
relevant for dark matter.

2.1. Particles
The particles of the SM are shown in Figure 1. They may be divided into three categories:

! Spin 1/2 Fermions. These matter particles include six flavors of quarks (up, down, charm,
strange, bottom, and top), three flavors of charged leptons (electrons, muons, and taus), and
three flavors of neutral leptons (the electron, muon, and tau neutrinos). These are grouped
into three generations, as indicated in Figure 1.

! Spin 1 Gauge Bosons. These force-carrying particles include the photon γ , which mediates
electromagnetism; eight gluons g, which mediate the strong force; and the W and Z gauge
bosons, which mediate the weak interactions. The photon and gluons are massless, but the
W and Z have masses 80 GeV and 91 GeV, respectively.

! Spin 0 Higgs Boson. The SM Higgs particle is a spin 0 boson. Although the Higgs boson has
not yet been discovered, its mass is constrained by a variety of collider results. Assuming
the SM, null results from direct searches at the LEP e+e− collider require mh > 114.4 GeV
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(1) Very low interaction →  detectable exclusively from cosmic object. 
(2) New particles discovered in the earth is the same dark matter in cosmic 

system ? 	
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DIRECT DETECTION OF WARM DARK MATTER IN THE X-RAY

KEVORK ABAZAJIAN,1 GEORGE M. FULLER,1 AND WALLACE H. TUCKER1,2
Received 2001 May 31; accepted 2001 July 31

ABSTRACT
We point out a serendipitous link between warm dark matter (WDM) models for structure formation

on the one hand and the high-sensitivity energy range (1È10 keV) for X-ray photon detection on the
Chandra and XMM-Newton observatories on the other. This fortuitous match may provide either a
direct detection of the dark matter or the exclusion of many candidates. We estimate expected X-ray
Ñuxes from Ðeld galaxies and clusters of galaxies if the dark matter halos of these objects are composed
of WDM candidate particles with rest masses in the structure formationÈpreferred range (D1 to D20
keV) and with small radiative decay branches. Existing observations lead us to conclude that for singlet
neutrinos (possessing a very small mixing with active neutrinos) to be a viable WDM candidate they
must have rest masses keV in the zero lepton number production mode. Future deeper observations[5
may detect or exclude the entire parameter range for the zero lepton number case, perhaps restricting
the viability of singlet neutrino WDM models to those where singlet production is driven by a signiÐ-
cant lepton number. The Constellation X project has the capability to detect/exclude singlet neutrino
WDM for lepton number values up to 10% of the photon number. We also consider di†use X-ray back-
ground constraints on these scenarios. These same X-ray observations additionally may constrain pa-
rameters of active neutrino and gravitino WDM candidates.
Subject headings : dark matter È elementary particles È neutrinos È X-rays : di†use background È

X-rays : galaxies È X-rays : galaxies : clusters

1. INTRODUCTION

In this paper we show how the Chandra, XMM-Newton,
and future Constellation X observatories can detect or
exclude several warm dark matter (WDM) candidates,
including singlet (““ sterile ÏÏ) neutrinos, heavy active neu-
trinos, and gravitinos in some models. In essence, we show
here how the technology of modern X-ray astronomy
allows the exploration of a new sector of particle physics,
one where interaction strengths could be characteristically
some 10 orders of magnitude weaker than the weak inter-
action. Processes with these interaction strengths likely
never could be probed directly in a laboratory.

The X-ray observatories, however, possess several advan-
tages when it comes to probing WDM candidate particles.
First, the sensitive energy range for X-ray photon detection
on these instruments is D1 to D10 keV. Serendipitously,
this is more or less coincident with the WDM candidate
particle rest mass range that is preferred in studies of struc-
ture formation (Bode, Ostriker, & Turok 2001). Some
models posit the production of WDM particles through
their tiny interactions with ordinary matter. In several cases
these very weak interactions lead to small radiative decay
branches, producing photons with energies of order the
WDM particle rest mass.

This is where the second advantage of X-ray astronomy
comes in. Even though the WDM particle decay rate into
photons can be very small (lifetimes against radiative decay
are typically D1016 ] Hubble time), the dark matter halos
of galaxies and galaxy clusters can contain huge numbers of
particles, e.g., in the latter class of objects, some 1079 par-

1 Department of Physics and Center for Astrophysics and Space Sci-
ences, University of California, San Diego, La Jolla, CA 92093-0319.

2 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street,
Cambridge, MA 02138.

ticles of rest mass D1 keV. In e†ect, dark matter halos can
serve as laboratories of enormous ““ Ðducial volumes ÏÏ of
dark matter particles.

The Ðrst evidence for dark matter was the velocity disper-
sion of galaxies in the Coma Cluster, which required mass-
to-light ratios in the cluster to exceed those inferred for our
Galaxy by many times (Zwicky 1933). Later, observations
of giant spiral galaxies implied that their disks are imbed-
ded in larger halos of dark matter (Ostriker, Peebles, &
Yahil 1974 ; Einasto, Kaasik, & Saar 1974). Recently, prob-
lems in cosmological structure formation models have led
to interest in alternatives to the standard cold dark matter
(CDM) model for structure formation.

The primary problem encountered in comparing calcu-
lations of structure formation in CDM models to obser-
vation is that simulations predict a large overabundance of
small halos near galaxies such as our own. Structure forma-
tion in these models occurs through hierarchical growth of
fragments into larger objects. This hierarchical structure is
obvious in clusters of galaxies, where the numerous constit-
uent galaxies are seen directly. Individual galaxy formation
is also hierarchical in CDM simulations. These simulations
predict a large number of dark matter subhalos, about 500,
for each Milky WayÈtype halo (Moore et al. 1999 ; Ghigna
et al. 2000) ; however, only 11 dwarf galaxies are observed
near our Galaxy. The observed paucity of such substructure
(dwarf galaxies) has been interpreted as a fundamental
failure of CDM models. The hallmark of cold dark matter
particles is a very small collisionless damping (free
streaming) scale, i.e., considerably smaller than the scale
associated with dwarf galaxies, D0.3 Mpc (D1010 M

_
).

Between the large free-streaming scale ““ top-down ÏÏ hot
dark matter (HDM) structure formation scenarios and the
““ bottom-up ÏÏ scenarios of CDM models lies the interme-
diate regime of WDM (Colombi, Dodelson, & Widrow
1996 ; Bode et al. 2001), with typical dark matter particles of
rest mass D1 keV.
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The principal radiative decay modes of singlet neutrinos
are shown in Figure 2. Majorana neutrinos have contribu-
tions from conjugate processes. For the Majorana neutrino
case, the decay rate for is (Pal & Wolfenstein 1982)m2 ? m1

!c \ aG
F
2

64n4 m25
C

;
b

U1b U2b F(rb)
D2

, (8)

where a B 1/137 is the Ðne-structure constant. Here, rb \
is the square of the ratio of the b Ñavor charged(mb/MW)2

lepton mass and the WB boson mass, and

F(rb) B [32 ] 34rb . (9)

The sum in equation (8) is over the charged lepton Ñavors.
For decay of a doublet neutrino into another Ñavor
doublet, the sum in equation (8) vanishes for the Ðrst term in
equation (9) on account of the unitarity property associated
with the transformation matrix elements in equation (3).
The second term in equation (9) causes the sum not to
vanish, but the resulting term is obviously very small
because it involves the fourth power of the ratio of charged
lepton to WB masses. This is the so-called Glashow-
Iliopoulos-Maiani (GIM) suppression (or cancellation).

For a singlet decay, the sum over the charged lepton
Ñavors in equation (9) does not cancel the leading contribu-
tion in equation (9) because there is no charged lepton
associated with the singlet state. The decay rate is conse-
quently greatly enhanced over the GIM-suppressed doublet
decay case. The rate of singlet neutrino radiative decay is

!c(ms
, sin2 2h) B 6.8 ] 10~33 s~1Asin2 2h

10~10
BA m

s
1 keV

B5
,

(10)

where we have identiÐed since the mixing is pre-m
s
B m2,

sumed to be small.
The singlet neutrino can also decay via two-photon emis-

sion, However, this decay has a leadingl2 ] l1 ] c ] c.
contribution scaling with the inverse square of the charged
lepton mass (Nieves 1983) and therefore is strongly sup-
pressed. Since the two-photon decay rate scales as it willm

s
9,

dominate over the single-photon mode for masses m
s
Z 10

MeV. However, singlet neutrino masses over 10 MeV are
excluded by other considerations (AFP).

In the case of the single-photon channel, the decay of a
nonrelativistic singlet neutrino into two (nearly) massless
particles produces a line at energy with a widthEc \ m

s
/2

given by the velocity dispersion of the dark matter. For
example, clusters of galaxies typically have a virial velocity
dispersion of D300 km s~1. Therefore, the emitted line is
very narrow, The observed width of the line*E D 10~3Ec.

will be given by the energy resolution of the detector in this
case. For example, the energy resolution of ChandraÏs
Advanced CCD Imaging Spectrometer (ACIS) is *E B 200
eV, while the Constellation X project hopes to achieve a
resolution of *E B 2 eV.

The luminosity from a general singlet neutrino dark
matter halo is (from eq. [1])

L B 6.1 ] 1032 ergs s~1A MDM
1011 M

_

BAsin2 2h
10~10

BA m
s

1 keV
B5

.

(11)

This implies that the radiative decay Ñux from singlet neu-
trinos in the halo is

F B 5.1 ] 10~18 ergs cm~2 s~1A D
L

1 Mpc
B~2

]
A MDM

1011 M
_

BAsin2 2h
10~10

BA m
s

1 keV
B5

. (12)

Therefore, for a general singlet neutrino candidate with rest
mass and vacuum mixing angle sin2 2h, the mass limitÈm

sassuming no detection of a line at a Ñux limit level of
FdetÈis

m
s
[ 4.6 keV

A D
L

1 Mpc
B2@5A Fdet

10~13 ergs cm~2 s~1
B1@5

]
A MDM

1011 M
_

B~1@5Asin2 2h
10~10

B~1@5
. (13)

Using equation (5), the dependence on mixing angle can
be eliminated, and with equation (1), we have for the L la B 0
case that the Ñux due to singlet neutrino decay is

F B 5.1 ] 10~14 ergs cm~2 s~1A D
L

1 Mpc
B~2

]
A MDM

1011 M
_

BA)ls h2
0.3

BA m
s

1 keV
B3

. (14)

For the production case, the corresponding singletL la B 0
mass limit from a null detection of a line at at ÑuxEc \ m

s
/2

limit isFdet

m
s
[ 1.25 keV

A D
L

1 Mpc
B2@3A Fdet

10~13 ergs cm~2 s~1
B1@3

]
A MDM

1011 M
_

B~1@3A)ls h2
0.3

B~1@3
. (15)

It should be noted that the decay limits presented here
derive from a speciÐc type of mass-generation mechanism

FIG. 2.ÈPrincipal radiative decay modes for massive singlet neutrinos
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A singlet or ““ sterile ÏÏ neutrino, that has a very smalll
s
,

mixing, with one or moresin2 2h B 4 o U1s
U2s

o2 > 1,
doublet (““ active ÏÏ) neutrinos, could be produced non-
thermally via active neutrino scattering in the early uni-
verse. This was proposed as a WDM candidate by
Dodelson & Widrow (1994). Singlet neutrino dark matter
also could be produced by matter enhancement (a
Mikheyev-Smirnov-Wolfenstein [MSW] resonance ; Mik-
heyev & Smirnov 1985 ; Wolfenstein 1978) driven by a pri-
mordial net lepton number residing in the active neutrino
seas (Shi & Fuller 1999). Interestingly, the singlet neutrino
could be produced in the requisite numbers to be a WDM
candidate in these scenarios even for extremely small
vacuum mixing angles, 10~13 [ sin2 2h [ 10~7.

Supernova constraints on these scenarios were con-
sidered by G. M. Fuller.3 Dolgov & Hansen (2000) did
another calculation of the Dodelson & Widrow nonreso-
nant scattering production scenario for WDM singlets and
also discussed di†use photon background and SN 1987A
limits on these models.

Singlets with rest mass keV are produced duringm
s
Z 1

or prior to the quark-hadron transition. In this case, the
e†ects of dilution, enhanced scattering rates, and the evolu-
tion of the thermal potential become important. Abazajian,
Fuller, & Patel (2001 ; hereafter AFP) considered singlet
WDM production in both the nonresonant Dodelson &
Widrow and resonant Shi & Fuller modes and explicitly
took account of these early universe thermodynamic e†ects.
AFP also considered in detail constraints on these models
arising from di†use photon backgrounds, cosmic micro-
wave background, 6Li and 2H, big bang nucleosynthesis,
and supernova e†ects limits.

In these models the singlet neutrino is produced in the
early universe through nonequilibrium scattering processes
involving active neutrinos and other weakly interacting
particles. (Singlet neutrinos could be produced via coherent
MSW resonance in one limit of matter-enhancement sce-
narios.) In the matter-enhanced, resonant singlet neutrino
production scenarios, the relic density and energy spectrum
of the singlet neutrinos can depend on the initial neutrino
lepton number residing in the active neutrino seas :

L la 4
nla [ nl6 a

nc
, (4)

where is the neutrino (antineutrino) number densitynla(nl6 a)and is the photon numbernc \ 2f(3)T 3/n2 B 0.243T 3
density. In the case of small initial neutrino lepton number
(““ small ÏÏ here means the same order of magnitude or
smaller than the baryon-to-photon ratio g D 10~10), L la B
0, the production occurs at larger mixing angles than in the
nonstandard yet plausible case of a large lepton number,

For large lepton numbers, production is0.001 [ L la [ 1.
resonantly enhanced at low energies, and the energy spec-
trum of the singlet neutrinos can be ““ cooler ÏÏ (that is,
possess a smaller collisionless damping scale) than for the
case of a thermal energy spectrum (Shi & Fuller 1999).

For the case, the fraction of the closure density inL la B 0
singlet neutrinos that is produced in the early universe was

3 Fuller, G. M. 2000, Neutrino Astrophysics and Cosmology (lectures
at the XXVIII SLAC Summer Institute on Particle Physics : Neutrinos
from the Lab, the Sun, and the Cosmos). Available at http ://
www.slac.stanford.edu/gen/meeting/ssi/2000/fuller.html.

found by AFP to be approximately

)ls h2 B 0.3
Asin2 2h

10~10
BA m

s
100 keV

B2
. (5)

Here h is the vacuum mixing angle deÐned by an e†ective
two-by-two unitary transformation between active laspecies and a singlet species l

s
:

o laT \ cos h o l1T ] sin h o l2T ,

o l
s
T \ [sin h o l1T ] cos h o l2T , (6)

where and represent neutrino energy (mass)o l1T o l2T
eigenstates corresponding to vacuum mass eigenvalues m1and respectively. Here we deÐne km s~1m2, h \ H0/(100
Mpc~1), where is the Hubble parameter at the currentH0epoch. It should be kept in mind that future calculations
with more sophisticated treatments of the singlet neutrino
production physics and the early universe environment may
sharpen up, shift, or possibly extend the mass/mixing
parameter range that gives interesting relic dark matter
contributions.

For nonnegligible lepton numbers, the singlet closure
fraction produced depends on the precise value of asL lawell as the mixing angle and mass of the singlet neutrino. In
general, the matter-enhanced singlet neutrino pro-(L la D 0)
duction modes can produce the same closure fraction as the

models but do so with orders of magnitude smallerL la B 0
vacuum mixing angles (Shi & Fuller 1999 ; AFP). As a
result, it is in general harder to constrain the singletL la D 0
neutrino production mode scenarios.

SigniÐcant constraints can be made on massive neutrinos
via the e†ects of their decay (Dicus, Kolb, & Teplitz 1978).
The primary decay channel of massive singlet neutrinos is
into three light active neutrinos and is shown in Figure 1.
The decay rate corresponding to this process is (Barger,
Phillips, & Sarkar 1995 ; Boehm & Vogel 1987)

!3l B sin2 2hGF2
A m

s
5

768n3
B

B 8.7 ] 10~31 s~1Asin2 2h
10~10

BA m
s

1 keV
B5

, (7)

where MeV~2 is the Fermi constant.G
F

B 1.166 ] 10~11
This process needs to be considered when comparing
number densities of singlets produced at a very early time
with those today, for example, in the calculation of the
di†use extragalactic background radiation (see ° 5).

FIG. 1.ÈPrincipal decay mode for massive singlet neutrinos with mass
less than twice the electron mass. There are three light active neutrinos in
the Ðnal state. (Here, a \ e, k, and q.)

Singlet or sterile neutrino	
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Next decade of sterile neutrino studies

Alexey Boyarsky a,b,c, Dmytro Iakubovskyi a,c, Oleg Ruchayskiy b,d,*

a Instituut-Lorentz for Theoretical Physics, Universiteit Leiden, Niels Bohrweg 2, Leiden, The Netherlands
b Ecole Polytechnique Fédérale de Lausanne, FSB/ITP/LPPC, BSP 720, CH-1015 Lausanne, Switzerland
c Bogolyubov Institute of Theoretical Physics, Metrologichna str. 14-b, Kyiv, Ukraine
d CERN Physics Department, Theory Division, CH-1211 Geneva 23, Switzerland

a r t i c l e i n f o a b s t r a c t

We review the status of sterile neutrino dark matter and discuss
astrophysical and cosmological bounds on its properties as well
as future prospects for its experimental searches. We argue that
if sterile neutrinos are the dominant fraction of dark matter,
detecting an astrophysical signal from their decay (the so-called
‘indirect detection’) may be the only way to identify these particles
experimentally. However, it may be possible to check the dark
matter origin of the observed signal unambiguously using its
characteristic properties and/or using synergy with accelerator
experiments, searching for other sterile neutrinos, responsible for
neutrino flavor oscillations. We argue that to fully explore this pos-
sibility a dedicated cosmic mission – an X-ray spectrometer – is
needed.

! 2012 Elsevier B.V. All rights reserved.

1. Dark matter problem and particle physics

The nature of dark matter is among the most intriguing questions of modern physics. There is a
body of strong and convincing evidence of its existence. Indeed, numerous independent tracers of
gravitational potential (observations of the motion of stars in galaxies and galaxies in clusters; emis-
sions from hot ionized gas in galaxy groups and clusters; 21 cm line in galaxies; both weak and strong
gravitational lensing measurements) demonstrate that the dynamics of galaxies and galaxy clusters
cannot be explained by the Newtonian potential created by visible matter only. Moreover, cosmolog-
ical data (analysis of the cosmic microwave background anisotropies and of the statistics of galaxy
number counts) show that the cosmic large scale structure started to develop much before decoupling

2212-6864/$ - see front matter ! 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.dark.2012.11.001

* Corresponding author at: Ecole Polytechnique Fédérale de Lausanne, FSB/ITP/LPPC, BSP 720, CH-1015 Lausanne,
Switzerland.

E-mail address: oleg.ruchayskiy@epfl.ch (O. Ruchayskiy).

Dark Universe 1 (2012) 136–154

Contents lists available at SciVerse ScienceDirect

Dark Universe

journal homepage: www.elsevier .com/locate /agee

Dark Universe 1 (2012) 136-	

Sterile neutrino is a right-chiral 
counterpart of the left-chiral neutrinos of 
the SM (‘active’). Adding these particles 
makes neutrinos massive and provides a 
simple and natural explanation of the 
observed neutrino flavor oscillations. 
These are singlet leptons … they can 
have a Majorana mass term.  
Neutrino Minimal Standard Model 
(νMSM) aims to explain  
(1) neutrino oscillations 
(2) baryon asymmetry of the Universe 
(3) the existence of dark matter	
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6.2 X-ray flux from Sterile Neutrinos (SN)

Here we give some relations among dark matter parameters and observables given below and
in § 5.1.

DM parameters
DM mass within the fov M fov M⊙
Luminosity and angular distance DL, DA pc
Surface mass density (column density) ΣDM M⊙ pc−2

νst parameters
decay rate Γ s−1

Mixing angle 2θ sin2 θ = 1
4 sin

2 2θ
SN mass mSN

Instruments/Observables
X-ray flux from SN FSN photons cm−2 s−1

X-ray flux from SN per solid angle fSN photons cm−2 s−1 str−1 (LU)
The followings are taken from [Abazajian et al.(2001)] (eq.1, eq.10).

L =
Eγ

mSN
MDMΓ, (40)

= 4πD2
LF (41)

Γ ≃ 6.8× 10−33s−1

(
sin2 2θ

10−10

)(
mSN

1keV

)5

(42)

For the SN decay,

Eγ = mSN/2. (43)

From [Loewenstein & Kusenko(2010)] (eq.2,3)

Γ ≃ 1.38× 10−32s−1

(
sin2 2θ

10−10

)(
mSN

1keV

)5

(44)

Note that eq. 44 gives two times larger decay rate compared with eq. 42. 3

FSN = 5.15× sin2 θ × (
mSN

keV
)4 ×M fov

7 d−2
100 (45)

= 1.3× 10−9 × sin2 2θ ×
(
mSN

keV

)4

× (M fov/M⊙)(DL/Mpc)−2photonscm−2s−1 (46)

fSN =
ΣDMΓ

4π(1 + z)3mSN
(47)

≃ 7.9× 1017
1

(1 + z)3
(

ΣDM

M⊙pc−2
)(

Γ

s−1
)(
mSN

keV
)−1 cm−2arcmin−2s−1 (48)

≃ 9.3× 10−3 1

(1 + z)3
(

ΣDM

103M⊙pc−2
)(

Γ

10−30s−1
)(
mSN

keV
)−1 cm−2sr−1s−1(LU). (49)

3From ML: On the difference between equations (40) and (42)... Eqn. (40) is for Dirac sterile neutrinos, and
Eqn. (42) is for Majorana sterile neutrinos – which picks up the extra factor of two by virtue of it being its own
anti-particle. It is generally acknowledged that the latter is more plausible, and that form is usually adopted
(including, now, by Abazajian and collaborators).

39
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Past	  observa@on	  targets	  	

Table 2: Proposed and observed targets. R is integrated Radius. Papers: Aba2001;
[Abazajian et al.(2001)], Boy2006a; [Boyarsky et al.(2006a)], Boy2008; [Boyarsky et al.(2008)],
Boy2010a; [Boyarsky et al.(2010a)], Boy2010b; [Boyarsky et al.(2010b)], L10;
[Loewenstein & Kusenko(2010)] L12; [Loewenstein & Kusenko(2012)], M10; [Mirabal(2010)].

paper Target D (Mpc) R (pc) Mass (M⊙ ) Σ (M⊙ pc−2) Ins.
Aba2001 Virgo 2.0e+01 5.6e+04 1.0e+13 1.0e+03 CXO
Aba2001 A85 2.3e+02 6.4e+05 3.5e+14 2.7e+02 CXO
Aba2001 Perseus 7.2e+01 2.0e+05 1.1e+14 8.4e+02 CXO
Aba2001 NGC 3198 1.8e+01 6.7e+04 4.3e+11 3.1e+01 Con-X
Aba2001 NGC 4123 2.2e+01 3.8e+04 7.0e+10 1.5e+01 Con-X
Boy2006a CL/Coma (core) 98 – – — XMM
Boy2006a CL/Coma (outer) 98 – – — XMM
Boy2006a CL/Virgo (core) 20 – – — XMM
Boy2006a CL/Virgo (outer) 20 – – — XMM
Boy2008 Cl/Bullet(Main) 1530 2.6e6 1.2e15 60 CXO
Boy2008 Cl/Bullet(Sub) 1530 2.8e5 5e13 210 CXO
Boy2008 dSph/Ursa Minor 0.066 270 3.3e7 150
Boy2010a M31/Core(r < 10′) 0.78 2.5e3 (0.4-1.2)e10 200–600 XMM
Boy2010a M31/Out(r ∼ 40′) 0.78 2e4 1.3e11 100
Boy2010a dSph/Fornax 0.138 560 55
Boy2010a dSph/Sculptor 0.079 100 150
Boy2010b MW/Center(θ < 10deg) – – – 100–1000 Int/SPI
Boy2010b MW/Core(θ < 30deg) – – – 100-200
Boy2010b MW/Off(θ > 90deg) – – – 50-80
L09 dSph/Ursa Minor 0.069 400 (6+12

−3 )e7 120 Suzaku
L10 Willman-I 0.038 55 2.6e6 210 CXO/ACIS
L12 ucd/Willman-I 0.038 100 4.2e6 135 CXO/ACIS
M10 ucd/Segue-1 0.023 67 6e5 43 Swift
Bul2014 Perseus 72 2.5e+5 1.49e14 76 EPIC

Coma/Cen/Oph ∼ 100 (2-4)e+5 (0.6-4.14)e14 60-80 EPIC
’other CL’ z=0.1-0.4 - - - EPIC

Boy2014 Perseus 72 2.5e+5 1.49e14 76 EPIC
M31 0.78 - - - EPIC

14



Part-1 Sterile Neutrino	

Current	  limit	  on	  (Mass	  vs.	  mixing	  angle)	

Boyarsky+ 2009a	

Tremaine-Gunn bound: 
DM dominated objects 
should not exceed the 
density of degenerate 
Fermi gas. 	

Lines represent 
production curves for 
a various types of 
productions, 
L6=106(Lepton 
number)/entropy. 
NRP: Nonresonance 
production, L6=0) 
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(6.	  Caveats)	  As	  intriguing	  as	  the	  dark-‐ma3er	  interpreta@on	  of	  
our	  new	  line	  is,	  we	  should	  emphasize	  the	  significant	  
systema@c	  uncertain@es	  affec@ng	  the	  line	  energy	  and	  flux	  
in	  addi@on	  to	  the	  quoted	  sta@s@cal	  errors.	  The	  line	  is	  very	  
weak,	  with	  an	  equivalent	  width	  in	  the	  full-‐sample	  spectra	  of	  
only	  ∼	  1	  eV.	  Given	  the	  CCD	  energy	  resolu@on	  of	  ∼	  100	  eV,	  
this	  means	  that	  our	  line	  is	  a	  ∼	  1%	  bump	  above	  the	  
con@nuum.	  This	  is	  why	  an	  accurate	  con@nuum	  model	  in	  the	  
immediate	  vicinity	  of	  the	  line	  is	  extremely	  important;	  we	  
could	  not	  leave	  even	  moderately	  significant	  residuals	  
unmodeled.	  …	  Disentangling	  these	  possibili@es	  is	  
impossible	  at	  the	  present	  energy	  resolu@on	  and	  has	  to	  wait	  
un@l	  the	  launch	  of	  Astro-‐H.	  The	  other	  systema@c	  
uncertain@es	  men@oned	  above	  also	  have	  the	  low	  energy	  
resolu@on	  as	  their	  root	  cause.	  	  	
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FIG. 2: The line’s brightness profile in M31 (left) and the Perseus cluster (right). An NFW DM distribution is assumed, the scale rs is fixed to
its best-fit values from [22] (M31) or [23] (Perseus) and the overall normalization is adjusted to pass through the left-most point.

For the Perseus cluster the observations can be grouped in
3 radial bins by their off-center angle. For each bin we fix
the line position to its average value across Perseus (3.47 ±

0.07 keV). The obtained line fluxes together with 1σ errors
are shown in Fig. 2. For comparison, we draw the expected
line distribution from dark matter decay using the NFW pro-
file of [23] (best fit value rs = 360 kpc, black solid line; 1σ
upper bound rs = 872 kpc, black dashed line). The isother-
mal β-profile from [26] is shown in magenta. The surface
brightness profile follows the expected DM decay line’s dis-
tribution in Perseus.

Finally, we compare the predictions for the DM lifetime from
the two objects. The estimates of the average column den-
sity within the central part of M31 give S(rs) ∼ 200 −

600M⊙/pc2 [13]. The column density of clusters follows
from the c − M relation [27–29]. Considering the uncer-
tainty on the profile and that our observations of Perseus go
beyond rs, the average column density in the region of interest
is within S̄ ∼ 100− 600M⊙/pc2. Therefore the signal from
Perseus can be both stronger and weaker than that of M31, by
0.2 − 3.0. This is consistent with the ratio of measured flux
from Perseus to M31 0.7− 2.7.

If DM is made of right-handed (sterile) neutrinos [30], the
lifetime is related to its interaction strength (mixing angle):

τDM =
1024π4

9αG2
F
sin2(2θ)m5

DM

7.2× 1029 sec

[

10−8

sin2(2θ)

] [

1 keV
mDM

]5

.

Using the data from M31 we obtain the mass mDM = 7.06 ±
0.05 keV and the mixing angle in the range sin2(2θ) = (2.2−
20) × 10−11. This value is consistent with previous bounds,
Fig. 4. This means that sterile neutrinos should be produced
resonantly [31–33], which requires the presence of significant
lepton asymmetry in primordial plasma at temperatures few
hundreds MeV. This produces restrictions on parameters of
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FIG. 3: Blank sky spectrum and residuals.

the νMSM.

The position and flux of the discussed weak line are inevitably
subject to systematical uncertainties. There are two weak in-
strumental lines (K Kα at 3.31 keV and Ca Kα at 3.69 keV),
although formally their centroids are separated by more than
4σ. Additionally, the region below 3 keV is difficult to model
precisely, especially at large exposures, due to the presence of
the absorption edge and galactic emission. However, although
the residuals below 3 keV are similar between theM31 dataset
(Fig. 1) and the blank sky dataset (Fig. 3), the line is not de-
tected in the latter. Although the count rate at these energies
is 4 times larger for M31, the exposure for the blank sky is 16
times larger. This disfavors the interpretation of the line as due
to a wiggle in the effective area. The properties of this line are
consistent (within uncertainties) with the DM interpretation.
To reach a conclusion about its nature, one will need to find
more objects that give a detection or where non-observation of
the line will put tight constraints on its properties. The forth-
coming Astro-H mission [34] has sufficient spectral resolution
to spectrally resolve the line against other nearby features and
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A	  hint	  of	  un-‐id	  lines	  from	  Galac@c	  Bulge	  
with	  Suzaku	  	  

(Koyama,	  Nakajima+	  2014,	  private	  comm.)	

4.7 Search for dark matter
Sterile neutrinos are viable candidates for dark matter, with their preferred mass lying in the
range of 1–30 keV. They have a decay channel emitting a photon at half the energy of its
mass. The Galactic center region may have high dark matter surface density and hence provides
an attractive environment to search for radiative decay signals. In the Suzaku GC spectrum,
possible sterile neutrino signal is found at 8.7 keV (Prokhorov & Silk, 2010; Chan & Chu,
2011). However this line is in the strong X-ray background (the GCXE). Since the scale-height
of the GCXE (high temperature component) is only 0◦.25 − −0◦.3 (Uchiyama et al., 2013), far
smaller than that of possible sterile neutrino distribution. Thus more suitable area for the sterile
neutrino search would be the Galactic bulge (BG) region. In fact, we find faint line-like features
at 9.4 keV and 10.1 keV in the Suzaku spectrum of most of the all BG observations (figure 12).
These line features are not found in the GCXE. Neither atomic line nor instrumental structure
exists at these energies (the closest line is Au-L at 9.71 keV). Although at the moment we have
only upper limits, these residuals should not be ignored as it can be a hint of new important
discovery, a decay line of sterile neutrinos. In fact many outstanding discoveries in the GC,
particularly the 6.4 keV echoes (and hence past Sgr A∗ flares), are established by an initial faint
signature in the ASCA and Chandra observations.

We will add all the SXI, HXI and SXS spectra in the GC/GB regions. The former two will
provide the data of large collecting area in the wide energy range up to ∼ 80 keV, while the later
will produce an unprecedented high resolution spectrum. We then will examine unidentified
line-like features as a possible candidate for the sterile neutrino line.
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decay of sterile neutrino?

Suzaku Galactic bulge merged spectrum

plasma + Fe lines + CXB

Figure 12: Suzaku spectrum obtained from the Galactic bulge region. Fitting with a CIE model gives line-like
residuals at the energies of no atomic line, 9.4 keV and 10.1 keV.
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Part-‐2	  
Suzaku	  search	  for	  uniden@fied	  lines	

Can	  we	  see	  the	  lines	  with	  other	  
detectors	  ?	  

Origin	  of	  uniden@fied	  features	  around	  
3.5	  keV	  ?	

14 
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Suzaku	  (Japan-‐US	  X-‐ray	  mission	  2005~)	  	

15 
Mitsuda et al. 2007 

XIS	  (X-‐ray	  Imaging	  Spectrometer)	  

-‐	  The	  most-‐advanced	  CCD	  in-‐orbit.	  
-‐	  Good	  energy	  response	  and	  
calibra@on.	  

-‐	  Comparable	  sensi@vity,	  17’x	  17’	  

-‐	  Spa@al	  resolu@on	  is	  ~	  1.5	  arcmin.	  
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Suzaku	  deep	  and	  wide	  observa@ons	  of	  
the	  Perseus	  cluster	

Calibra@on	  (center)	  and	  Key	  project	  
(large	  region)	  target	  

!  1st	  detec@on	  of	  X-‐rays	  from	  rare-‐
metals	  (Mn	  &	  Cr),	  Tamura+	  2009　→	  

!  “Baryons	  at	  the	  Edge	  of	  the	  X-‐ray-‐
Brightest	  Galaxy	  Cluster”,	  
Simionescu+	  2011	  (Science)	  

!  “A	  uniform	  metal	  distribu@on	  in	  the	  
intergalac@c	  medium	  of	  the	  Perseus	  
cluster	  of	  galaxies”,	  Werner+	  2014	  
(Nature)	  

!  “Gas	  Bulk	  Mo@on	  in	  the	  Perseus	  
Cluster	  Measured	  with	  Suzaku”,	  
Tamura+	  2014.	 16 
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The	  Perseus	  Suzaku	  spectra	  
Total	  exposure	  of	  655	  ks	  (sum	  of	  CCDs) 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R<2’	 2’<R<4’	

Possible Dark matter line at 3.57± 0.02 keV (rest-frame; Bulbul+, 
MOS) → 3.51 (observed) keV	

Plasma lines (keV) : Ar He-like (3.14), Ar H-like (3.32), Ca He-
like(3.90), Ca H-like (4.11).	
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The	  Perseus	  Suzaku	  spectra:	  R<10’	  
With	  the	  best-‐fit	  model.	  Right	  panel	  includes	  a	  line	  with	  

the	  flux	  in	  Bulbul+(2014;	  5e-‐5	  cts/sec/cm2).	  	
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Cr	  and	  Mn	  line	  detec@on:	  R<10’	  
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Very weak atomic 
lines (EW < a few 
eV) are detected. Cr 
(5.57keV) & Mn 
(6.07keV). 

Si-escape of He-like Fe 
at 4.8keV.	



Part-1 Sterile Neutrino	

The	  Perseus	  Suzaku	  spectra:	  10’<R<20’	  
Leu→No	  line,	  Right→	  A	  line	  

A	  weak	  line	  could	  be	  consistent	  with	  the	  data	
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100

200

~/thisFY/clusters/CrabCal/201405−sterileLine/0508−5.xcm (FI added)
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The	  Suzaku	  Crab	  spectrum	  	  
(non-‐thermal,	  power-‐law	  con@nuum)	
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21 

The Crab spectra integrated over 
observations of the XIS, fitted with 
a power-law in the 2.9-4.4 keV 
band. 	

The fit residuals using two 
different responses. Red are for 
early phase (~2006) and Green 
for later phase (~2012).	

Systematic residual → Effective area (+energy response) calibration → <2% 
errors	
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Au	  M	  edges	  in	  telescopes	  
(Suzaku	  and	  XMM	  telescopes)	
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22 

Effective areas of 
Telescope+CCD and Telescope used 
in the response. 	

Measurements of Au reflection 
parameters (f1,f2). These data 
are used to make Suzaku 
responses (Iizuka+, priv. 
comm. ). Note that E>3.4keV 
energy steps becomes coarse.	
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Suzaku	  analysis	  for	  the	  3.5	  keV	  line	
•  Bulbul	  et	  al.	  (2014)	  reported	  detec@on	  of	  an	  uniden@fied	  X-‐ray	  line	  at	  

around	  3.5	  keV	  from	  the	  Perseus	  cluster	  and	  other	  clusters	  with	  XMM	  
EPIC.	  Boyarsky	  et	  al.	  (2014)	  	  reported	  detec@on	  at	  the	  same	  energy	  from	  
the	  Perseus	  cluster	  and	  the	  Andromeda	  galaxy	  with	  EPIC.	  	  

•  Searching	  for	  the	  3.5	  keV	  line,	  we	  used	  spectra	  of	  the	  Perseus	  cluster	  with	  
Suzaku	  XIS.	  We	  used	  a	  deep	  exposure	  from	  the	  cluster	  center	  and	  spectra	  
from	  larger	  regions	  around	  the	  center.	  In	  both	  cases,	  no	  line	  has	  been	  
found	  so	  far.	  	

•  For	  the	  Perseus	  center	  data,	  XMM	  and	  Suzaku	  	  data	  are	  inconsistent	  with	  
each	  other.	  →	  errors	  in	  calibra@on	  in	  either	  detector.	  	  

•  One	  possible	  origin	  of	  miss-‐calibra@on	  →	  Au	  M	  edge	  fine	  structure.	  In	  X-‐	  
ray	  telescopes	  at	  least	  of	  XMM-‐Newton	  and	  Suzaku	  ,	  Au	  is	  used	  for	  
reflec@on	  coa@ng.	  The	  reflec@on	  	  has	  a	  small	  Mu	  edge	  around	  3.4–3.5	  keV.	  	  

•  →	  the	  energy	  resolu@on	  of	  current	  detectors	  (CCDs)	  is	  not	  enough	  to	  
detect	  a	  weak	  line,	  iden@fy	  the	  origin,	  separate	  it	  any	  astronomical	  lines	  
from	  baryons	  or	  instrumental	  effects.	
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Part-‐3	  :	  ASTRO-‐H	

Go	  to	  the	  ASTRO-‐H	  Video	  
And	  the	  Quick	  Reference	

24	
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25	

Tables	  and	  figures	  from	  	  
Mitsuda	  et	  al.	  2010,	  	  

The	  High-‐Resolu@on	  X-‐ray	  
Microcalorimeter	  Spectrometer	  System	  for	  

the	  SXS	  on	  ASTRO-‐H	  	
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Images	  of	  SXS	

Shield cooler (2ST)

Shield cooler (2ST)

He ll/
vent lines

Pre coolers (2STx2) JT cooler

dADR
Aperture Assembly

He tank

Support struts

Detector Assembly

JT compressors

Cooling fans for 
ground operation

Dewar HK 
connectors

Detector 
and ADR 

connectors

Figure 7. External view (left) and cutaway drawing (right) of the ASTRO-H SXS cryogenic Dewar. The gate valve which
will be mounted on the top of the Dewar outer shell is not shown. Two shield coolers are mounted on the side of the outer
shell, while the JT cooler and its pre coolers are mounted on the bottom. The detector assembly (DA) and the ADR
are installed as a unit on the He tank from the upper side. The third ADR is on the side of the DA but is not shown
here because it is in the unseen part of the Dewar in the cutaway drawing. The outer diameter of the Dewar outer shell
excluding mechanical coolers and other sticking-out structures is 950 mm. The height of the Dewar is 1292 mm including
the support struts but excluding the gate valve. The total mass of the Dewar is about 270 kg.

26	ADR (Adiabatic demagnetization refrigerator)	
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Table 1. ASTRO-H SXS key requirments

Requirement Goal
Energy range 0.3 - 12 keV
Effective area at 1 keV 160 cm2

Effective area at 6 keV 210 cm2

Energy resolution 7 eV 4 eV
Array format 6 × 6
Field of view 2.9′ × 2.9′
Angula resolution 1.7’(HPD) 1.3’ (HPD)
Lifetime 3 years 5 years
Time assignment resolution 80 µs
Maximum counting rate 150 c s−1 pixel−1

Energy-scale calibration accuracy 2 eV 1 eV
Line-spread-function calibration accuracy 2 eV 1 eV

Table 2. ASTRO-H SXS key design parameters

Parameter Value
SXS XRT (SXT-S, Thin-foil mirrors)∗

Focal length 5.6 m
Diameter of most outer mirror 45 cm
Reflecting surface Gold
Thermal shield Al (300 nm) + PET (0.22 µm) with SUS mesh

of a 94 % open fraction
SXS XCS (6 × 6 microcalorimeter array)

Operating temperature 50 mK
Pixel size 814 µm ×814µm
Pixel pitch 832µm
Field of view 3’.05 × 3’.05
X-ray absorber HgTe, 8µm thickness
Optical Blocking filters 5 filters, polyimide (460 nm) + Al (400nm)

total, Si mesh on two filters
∗ See Okajima et al. (2008)4 for more details of the mirror design.

microcalorimeters is very unique in X-ray astronomy, since no other spectrometers can achieve high energy
resolution, high quantum efficiency, and spectroscopy for spatially extended sources at the same time. The
demand from the science community for spectroscopy with microcalorimeters is even increasing. The following
three scientific objectives are the core science of the ASTRO-H SXS: (1) uncover entire pictures of galaxy-cluster
thermal energy, kinetic energy of intracluster medium, and directly trace the dynamic evolutions of galaxy
clusters, (2) measure the motion of matter governed by gravitational distortion at extreme proximity of black
holes, and reveal the structure of relativistic space-time, and (3) map the distribution of dark matter in galaxy
clusters and the total mass of galaxy clusters at different distances, and thereby study the roles of dark matter
and dark energy in the evolution of galaxy clusters.

The SXS system is being developed by international collaboration lead by ISAS/JAXA and NASA with
European contribution. In this paper, we describe the science and the instruments of the ASTRO-H SXS with
emphasis on the detector system.

2. SXS REQUIREMENTS AND KEY DESIGN PARAMETERS
In Table 1, we summarize the key requirements of the SXS with goals for some of the parameters. In Table 2, key
design parameters to fulfill the requirements/goals are shown. The photon collecting effective area is determined
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Effec@ve	  areas	  of	  SXS	  and	  other	  high-‐
resolu@on	  X-‐ray	  spectrometers	
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Figure 1. Effective areas of high-resolution X-ray spectroscopy missions as functions of X-ray energy. The curve for the
SXS is the present best estimate for a point source, where we assumed to sum all photons detected on the whole array, 1.3’
HPD of the X-ray mirrors, and no contamination of the optical blocking filters. The two crosses show the requirements.
The RGS effective areas is a sum of first order of the two instruments (RGS-1 and RGS-2), and was derived from the RGS
response matrix in SAS v9.0. The effective areas of LETG, MEG and HEG onboard Chandra are, respectively, derived
from the response files for the cycle 12 proposal, and are a sum of first order dispersions in ± directions. (Color on-line)

by the various design parameters of X-ray mirrors, the X-ray absorber thickness of the detector, and the X-ray
transmissions of thermal/optical blocking filters on the X-ray mirrors and inside the Dewar. It is also dependent
on the point spread function of the mirror and the array size of the detector. In Figure 1, the effective area for
a point source is plotted as a function of X-ray energy. The effective are of the SXS is larger than those of high
resolution spectrometers on board Chandra and XMM-Newton at most energies plotted here. Above ∼ 2 keV,
the difference is as large as a factor of five, and a factor of ten at 6 keV.

In Figure 2, we show the resolving power (E/∆E) as a function of energy for two cases, ∆E = 7 eV
(requirement) and 4 eV (goal). In the figure the resolving powers of not only high resolution spectrometers but
also a typical X-ray CCD camera are shown. The SXS has highest resolving power above 2 keV. The broken
lines show a resolving power required to resolve some spectral features of interest. The energy separation of
resonant and inter-combination lines of K emission of He-like ions is shown with a broken line labeled with
∆Res.−I.C(Helike)). The energy of the emission of each atom is indicated with the labels at the bottom of the
panel. It is found that the SXS can resolve these fine structures of emission for most of ions from O to Fe.
If non X-ray background and continuum emission is negligible compared to the line emission, the line-centroid
energy can be determined to a statisitical accuracy of ∼

√
∆E/N , where N is the number of photons in the

line. Accuracy of line-centroid determination is also limited by an uncertainty of energy scale calibration, which
will be ∼ 1 eV (Table 1). In Figure 2, we show E/∆E for doppler shift of 100 km s−1, the shift divided by a
factor of 10, and E/∆E for the calibration accuracy (dot-dash line denoted with 1eV). From these, we find that
the SXS is able to detect doppler shift of emission energy down to a velocity of ∼ 100 km s−1 if we accumulate
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Resolving	  Power	  of	  SXS	
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Figure 2. Resolving power of the ASTRO-H SXS as a function of X-ray energy for the two cases, 4 eV resolution (goal) and
7 eV (requirment). The resolving power of high resolution instruments on board Chandra and XMM-newton and typical
resolving power of X-ray CCD cameras are also shown for comparison. The typical energy separations between K emission
of H-like and He-like ions (∆H−Helike) and between resonant and inter combination lines of He-like ions (∆Res.−I.C(Helike))
are shown with broken lines, while the emission energies are shown at the bottom of the panel. The broken line denoted
with “Ion thermal motion” is the line broadening due to thermal motion of ions in a kT = 1 keV plasma. The broken
lines indicated with “100 km/s” and “100 km/s (100 photons)” are, respectively, the doppler shift by a bulk motion of
the velocity and a typical detection limit with 100 photons in photon-statistics limit, i.e.continuum emission and non
X-ray background are negligible. The dot-dash line denoted with “1 eV” shows the line shift/broadening detection limit
determined by 1 eV energy-scale or line-spread-function calibration uncertainty. (Color on-line)

more than 100 photons per line for He-like ions of Ar or heavier atoms. A similar argument is valid for line
broadening where line-spread-function uncertainty limits the detectability instead of energy-scale uncertainty.
From Figure 2 we find that thermal broadening of Fe-K line would not be detected for a 1 keV plasma (43 km
s−1). However, if kT = 10 keV (130 km s−1), it should be possible to detect this with sufficiently high statistics.

In Figure 3, we show a simulation spectrum for the central region of Centaurus cluster of galaxies. The SXS
cannot resolve spatially the central structure of the intra cluster medium (ICM) of the cluster spatially (left top
panel of the fitgure). However, it will resolve the fine structure of emission lines and thus macroscopic motions of
the ICM down to a speed of a few 100 km s−1 by the doppler shift of the line center and/or the line broadening.

3. SXS SYSTEM
In Figure 4 , we show the block diagram of the ASTRO-H SXS X-ray calorimeter spectometer (XCS) system.
The main responsibilities of international partners are indicated with national flags. On the left of the diagram
is the cryogenic Dewar whose outer shell is connected to radiators with heat pipes in order to remove the heat
generated by the mechanical coolers. The microcalorimeter array is mounted inside the detector assembly (DA)
and cooled to 50 mK by the adiabatic demagnetization refrigerator (ADR). The ADR are pre-cooled by superfluid
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An	  example	  of	  high	  resolu@on	  
spectroscopy	  
Galaxy	  cluster	

30 
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100	  ks	  
central	  3’×3’	  
5	  eV	  resolu3on	  

Kitayama,	  Sekiya	  20011	 31 
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•  Detect	  and	  locate	  the	  gas	  turbulence.	  	  
•  Combined	  with	  hard	  X-‐ray	  imaging,	  gas	  dynamics,	  par@cle	  	  

accelera@on,	  shocks	  and	  non-‐thermal	  processes	  will	  be	  inves@gated.	  

SXS simulation 
The brightest cluster core: The Perseus	

Sekiya	  20011	
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Search	  for	  a	  weak,	  	  extended	  line	  at	  
unknown	  energy:	  AH/SXS	  or	  CCDs	

•  E<	  1keV:	  The	  sou	  X-‐ray	  diffuse	  background	  dominates.	  Even	  
for	  SXS,	  search	  for	  a	  weak	  line	  with	  this	  line	  dominated	  
emission	  would	  be	  challenging.	  	  

•  	  Some	  strong	  instrumental	  lines	  in	  CCD	  spectra	  (NXB).	  Limited	  
energy	  resolu@on	  of	  CCD	  makes	  it	  difficult	  to	  search	  a	  line.	  SXS	  
spectra	  could	  be	  much	  clean.	  

•  Other	  bands:	  
–  Smaller	  extent	  source:	  SXS	  could	  be	  be3er,	  depending	  on	  DM	  distribu@on.	  

Photon	  limit:	  T-‐1.	  

–  Larger	  one:	  Large	  FOV	  CCDs	  could	  be	  be3er.	  Background	  limit	  T-‐1/2	  

•  If	  a	  line	  is	  detected:	  SXS	  can	  tell	  precise	  energy,	  making	  it	  easy	  
to	  separate	  from	  non-‐DM	  origins.	  CCD	  detec@on	  is	  difficult	  to	  
exclude	  non-‐DM	  possibili@es.	
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ASTRO-‐H	  （2015年，打ち上げ予定）	

34 

①，②　X線を集める望遠
鏡	  (SXT,	  HXT)	

⑤　X線のエネルギーを精
密に測る検出器 (SXS)	

⑥　ガンマ線の検出器	  
(SGD)	

④　高エネルギーのX
線の検出器	

③　X線のCCDカメラ	  
(XIS)	
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ASTRO-‐H	  instruments	  	  
(from	  AH	  Quick	  Reference)	

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)

200

(@30 keV)

30

(@100 keV)

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

Angular resolution

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

Field of view

(arcmin2)
3.05x3.05 38x38 9x9

0.55x0.55

(<150 keV)

0.55x0.55

(<150 keV)

Energy resolution

in FWHM (eV)
5

150

(@6 keV)

< 2000

(@60 keV)

2000

(@40 keV)

2000

(@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

(@40/600 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
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Part-‐4	  
ASTRO-‐H	  Observa@on	  Prospects	

Can	  ASTRO-‐H	  detect	  a	  signal	  ?	  

Can	  we	  improve	  sensi@vity	  and	  limit	  ?	  

What	  is	  the	  best	  targets	  for	  ASTRO-‐H	  ?	

36 
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Analy@cal	  Es@mates	  of	  Line	  Sensi@vity	
2.1 General case

See for example Yoshikawa et al. (2003) or Mitsuda et al. (deLuxs paper) for similar consider-
ations.

X-ray line flux FLine photons cm−2 s−1

X-ray line flux density fLine photons cm−2 s−1 str−1 = (Line Unit)
Background flux fB photons cm−2 s−1 keV−1 str−1

Solid Angle Ω str (arcmin2 = 8.46× 10−8 str)
Detector effective Area S cm2

Exposure time T sec
Energy resolution ∆E keV

Detected photon numbers for the source (CLine) and background (CB):

CLine = FLineST = fLineΩST (1)

CB = fBΩST ×∆E (2)

Her we assume that all photons are within ∆E. The signal to noise ratio, S/N , is expected
to be,

CLine = (CLine + CB)− CB (3)

(S/N)2 =
C2

Line

CLine + 2CB
(4)

Here we do not consider systematic errors.
Background could include cosmic, instrumental (NXB), and continuum flux from the source.

fB = fCXB + fNXB + fsource (5)

2.1.1 Fain source, low energy resolution, high background (background limit)

When CLine ≪ CB, or line equivalent width EW ≪ ∆E,

(S/N)2 ≃ C2
Line

2CB

(S/N) = FLine

(
ST

2fB∆EΩ

)1/2

(6)

= fLine

(
SΩT

2fB∆E

)1/2

(7)

From the above relation, the 3σ limit can be derived as,

f 3σ,bgd
Line = 3×

(
2fB∆E

SΩT

)1/2

(8)

F 3σ,bgd
Line ∝ f 3σ,bgd

Line Ω = 3×
(
2fB∆E

ST

)1/2

Ω1/2 (9)

5

2.1.2 Bright source, high energy resolution, low background (photon limit)

When CLine ≫ CB, or EW ≫ ∆E,

(S/N)2 ≃ C2
Line

CLine
(10)

(S/N) ≃ C1/2
Line (11)

= (FLineST )
1/2 (12)

= (fLineSΩT )
1/2 (13)

similarly above, the 3σ limit can be derived as,

3 = (f 3σ,photon
Line SΩT )1/2 (14)

f 3σ,photon
Line = 9(SΩT )−1 (15)

F 3σ,photon
Line = 9(ST )−1 (16)

In this case, the S/N is independent of ∆E and limited by the source count statistics.

2.1.3 Need for Monte Carlo simulation with instrumental responses.

Here we should note what ∆E is used. For example, if the line spread function (LSF) is an
Gaussian, within the FWHM of the LSF (2.35σ), only about 70% of the source flux is collected.
If we want to collect 99% of the flux, we need integrated an energy band within ±2.6σ, which
corresponds to 2.2 FWHM. In this case we may use 2.2 FWHM for ∆E 1. This estimation
may be too simple to calculate correct statistics. We may need Monte Carlo simulation of
instruments. We may also need to take care for any systematic uncertainty in fB.

1Note that 1/
√
(2.2) ∼ 0.7

6
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Analy@cal	  limit	  for	  3	  sigma	  detec@on.	  
Ω	  =	  9	  arcmin2	  and	  300	  ksec	  

Blue	  line	  from	  Monte-‐Carlo	  simula@on	  by	  
Loewenstein+2009	  with	  larger	  Ω.	  	

ASTRO-H/SXS	

Suzaku/XIS (2FI)	
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ASTRO-‐H/SXS+ΣDM=500	  M◉/pc2	  source	
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Limits	  on	  the	  decay	  rate	  with	  a	  SXS	  300ksec	  of	  500	  M◉/pc2	  source	  (black).	  
Red	  line	  shows	  the	  limit	  from	  Loewenstein+2009,	  
where	  the	  dwarf	  galaxy	  Ursa　Minor	  of	  Suzaku	  data	  of	  100ks	  (XIS1)	  and	  
140　ks(XIS0+3)	  exposures	  were	  used.	
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Search	  for	  a	  weak	  and	  extended	  line	  at	  unknown	  
energy:	  ASTRO-‐H/SXS	  or	  CCDs	

•  E<	  1keV:	  The	  sou	  X-‐ray	  diffuse	  background	  dominates.	  Even	  
for	  SXS,	  search	  for	  a	  weak	  line	  with	  this	  line	  dominated	  
emission	  would	  be	  challenging.	  	  

•  	  Some	  strong	  instrumental	  lines	  in	  CCD	  spectra	  (NXB).	  Limited	  
energy	  resolu@on	  of	  CCD	  makes	  it	  difficult	  to	  search	  a	  line.	  SXS	  
spectra	  could	  be	  much	  clean.	  

•  Other	  bands:	  
–  Smaller	  extent	  source:	  SXS	  could	  be	  be3er,	  depending	  on	  DM	  distribu@on.	  

Photon	  limit:	  T-‐1.	  

–  Larger	  one:	  Large	  FOV	  CCDs	  could	  be	  be3er.	  Background	  limit	  T-‐1/2	  

•  If	  a	  line	  is	  detected:	  SXS	  can	  tell	  precise	  energy,	  making	  it	  easy	  
to	  separate	  from	  non-‐DM	  origins.	  CCD	  detec@on	  is	  difficult	  to	  
exclude	  non-‐DM	  possibili@es.	
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What	  is	  best	  targets	  for	  X-‐ray	  dark	  ma3er	  
search,	  a	  general	  considera@on:	  	

①  Dark	  ma6er	  massive	  sources	  are	  essen@al.	  The	  source	  flux	  is	  
propor@onal	  to	  ΣDM	  and	  independent	  of	  the	  source	  distance,	  if	  the	  source	  
is	  larger	  than	  the	  instrument's	  FOV.	  

②  Toward	  the	  center,	  If	  density	  ↑	  ΣDM	  also	  ↑.	  In	  this	  case,	  inner	  and	  dense	  
regions	  give	  higher	  ΣDM.	  Nearby	  sources,	  where	  we	  can	  observe	  inner	  
region,	  are	  be3er.	  

③  Large	  Mtot/Mstar	  system	  is	  be3er.	  	  Stellar	  mass	  dominated	  system	  (e.g.	  
galaxy	  center)	  →	  the	  DM	  mass	  es@ma@on	  uncertain.	  

④  Large	  system	  is	  be3er.	  DM	  mass	  is	  more	  robust	  in	  large	  integrated	  
volumes.	  Small	  systems	  →	  local	  substructures	  or	  devia@on	  from	  
dynamical	  equilibrium.	  DM	  distribu@on	  smooth	  ?	  

⑤  Large	  Mtot	  /L	  system	  is	  be3er.	  found	  in	  small	  or	  large	  systems.	  

⑥  X-‐ray	  faint	  source	  is	  be3er.	  Dense	  and	  hot	  gas	  emits	  X-‐rays	  which	  is	  
background	  for	  this	  study.	
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Ultra	  compact	  dwarf	  galaxies	

Recently	  found	  by	  SDSS	  deep	  surveys	  
The	  most	  dark	  ma3er	  dominated	  
system	  with	  M/L	  >	  500-‐1000	  	  

But…	
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ABSTRACT

We investigate the kinematic properties and stellar population of the Galactic satellite Willman 1 (Wil 1) by
combining Keck/DEIMOS spectroscopy with Kitt Peak National Observatory mosaic camera imaging. Wil 1, also
known as SDSS J1049+5103, is a nearby, ultra-low luminosity Milky Way companion. This object lies in a region of
size–luminosity space (MV ∼ −2 mag, d ∼ 38 kpc, rhalf ∼ 20 pc) also occupied by the Galactic satellites Boötes II
and Segue 1 and 2, but no other known old stellar system. We use kinematic and color–magnitude criteria to identify
45 stars as possible members of Wil 1. With a systemic velocity of vhelio = −12.8 ± 1.0 km s−1, Wil 1 stars have
velocities similar to those of foreground Milky Way stars. Informed by Monte Carlo simulations, we identify 5 of
the 45 candidate member stars as likely foreground contaminants, with a small number possibly remaining at faint
apparent magnitudes. These contaminants could have mimicked a large velocity dispersion and abundance spread in
previous work. The significant spread in the [Fe/H] of the highly likely Wil 1 red giant branch members ([Fe/H] =
−1.73 ± 0.12 and −2.65 ± 0.12) supports the scenario that Wil 1 is an ultra-low luminosity dwarf galaxy, or the
remnants thereof, rather than a star cluster. However, Wil 1’s innermost stars move with radial velocities offset by
8 km s−1 from its outer stars and have a velocity dispersion consistent with 0 km s−1, suggesting that Wil 1 may not
be in dynamical equilibrium. The combination of the foreground contamination and unusual kinematic distribution
make it difficult to robustly determine the dark matter mass of Wil 1. As a result, X-ray or gamma-ray observations
of Wil 1 that attempt to constrain models of particle dark matter using an equilibrium mass model are strongly
affected by the systematics in the observations presented here. We conclude that, despite the unusual features in the
Wil 1 kinematic distribution, evidence indicates that this object is, or at least once was, a dwarf galaxy.

Key words: galaxies: dwarf – galaxies: individual (Willman 1) – galaxies: kinematics and dynamics – galaxies:
star clusters: general

Online-only material: color figures

1. INTRODUCTION

Since 2004, over a dozen Milky Way satellites have been
discovered via slight statistical overdensities of individual stars
in the Sloan Digital Sky Survey (SDSS) catalog and confirmed
by both follow-up imaging and spectroscopy (e.g., Willman et al.
2005a, 2005b; Zucker et al. 2006a, 2006b; Belokurov et al.
2006, 2007, 2008, 2009; Sakamoto & Hasegawa 2006; Irwin
et al. 2007; Walsh et al. 2007). These satellites are dominated
by old stellar populations and have absolute magnitudes of
−8 mag < MV < −1 mag. Their median MV is ∼−4, less
luminous than the median observed for Milky Way globular
clusters (GCs; Harris 1996). Stellar kinematics consistent with
mass-to-light (M/L) ratios >100 demonstrate that most of these
objects are dark matter dominated dwarf galaxies (Muñoz et al.
2006; Simon & Geha 2007; Martin et al. 2007; Strigari et al.
2008a).

Four of the new Milky Way companions—Willman 1
(Wil 1), Boötes II, Segue 1, and Segue 2—contain L ! 1000 L⊙
and have been difficult to classify. With estimated rhalf of
20–40 pc, these four objects lie in a gap between the sizes
of known old stellar populations (Milky Way GCs and dwarf

7 Hubble Fellow, now Menzel Fellow.
8 Hubble Fellow.

spheroidals) in size–luminosity space. They are less luminous
than all but three known objects classified as GCs, providing few
stars bright enough for kinematic study (Willman et al. 2005a;
Belokurov et al. 2007, 2009; Walsh et al. 2008). Moreover, their
proximity to the Milky Way (d ! 40 kpc) and their possible em-
bedding in the Sagittarius stream (Boötes II and Segue 1 and 2;
Belokurov et al. 2009; Niederste-Ostholt et al. 2009—although
see Law & Majewski 2010) complicate the interpretation of
their observed properties.

Measuring the dark mass content of satellites with MV > −3
is a critical ingredient to our understanding of the size and mass
scale of dark matter clustering, the abundance and distribution
of dark matter halos, and the extreme low mass limit of galaxy
formation. Koposov et al. (2007) and Walsh et al. (2009) showed
that Milky Way companions fainter than MV ∼ −3 could not
have been discovered at all in SDSS if they are more distant
than ∼50 kpc from the Sun. They may thus represent the tip
of an iceberg of such objects around the Milky Way (e.g.,
Tollerud et al. 2008). Moreover, these objects have been shown
to be excellent targets for observations seeking the gamma-ray
signature of annihilating dark matter (Strigari et al. 2008b; Geha
et al. 2009).

Two primary lines of reasoning have been used to argue for
dark matter content in, and thus a galaxy classification for, these

1
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(Pier et al. 2003); source identification, deblending, and photom-
etry (Lupton et al. 2001); photometricity determination (Hogg
et al. 2001); calibration (Fukugita et al. 1996; Smith et al. 2002);
and spectroscopic data processing (Stoughton et al. 2002).

We discovered SDSS J1049+5103 as part of an ongoing
SDSS survey for Milky Way satellite galaxies (Willman et al.
2002). This object was detected at (!2000; "2000) ¼ (162N35;
51N05) as a 12 # fluctuation over the average spatially smoothed
density of stellar sources with 21:0 < r < 22:5. (See Willman
et al. [2002] and B. Willman et al. [2005, in preparation] for de-
tails of the survey analysis technique.) Although we have ana-
lyzed"5000 deg2 of available photometric data thus far, the data
relevant for this discovery are included in Data Release 2 (DR2)
of the SDSS (Abazajian et al. 2004).

Figure 1 is a 0N57 ; 0N42 g, r, i image centered on the de-
tection. Because SDSS J1049+5103 is so sparse, it is difficult to
see in the image alone. However, the stellar overdensity is read-
ily visible in the overplotted spatial distribution of faint blue
stars (g# r < 0:3). To more clearly illustrate the strength of
the overdensity, we show a spatially smoothed density map of
stars with g# r < 0:65 covering 0N5 ; 0N5 around the detection
in Figure 2. This figure shows that the center of the cluster is
detected at more than 20 # over the foreground when only blue
stars are included in the analysis. The density contours do not
exhibit obvious evidence of tidal stripping, such as that seen
around Pal 5 (Rockosi et al. 2002; Odenkirchen et al. 2003) and
numerous other Milky Way GCs (Leon et al. 2000). However, a
lack of obvious tidal features in the SDSS data is unsurprising,
because the surface brightness of SDSS J1049+5103 is so faint.

Therefore, deeper observations may reveal tidal distortion in the
stellar distribution.

Our algorithm for detecting satellite galaxies is not optimized
for the discovery of small scale length blue stellar overdensities
such as SDSS J1049+5103. Therefore, to investigate whether
numerous such systems remain undetected in the Milky Way’s
halo, we performed a friends-of-friends search for groups of stars
with g # r < 0:3 and r > 23.We used a linking length of 0A8 and
examined groups with as few as five stars. Although this simple
search recovered both SDSS J1049+5103 and all the known GCs
and dSphs closer than 50 kpc in the area searched, no obvious new
candidates were found. Unfortunately, AM 4, the lowest luminos-
ity of the known clusters, is not in the SDSS area. It is thus unclear
whether a comparably faint GC would have been detected with
a simple friends-of-friends approach. Furthermore, the method
we used is only sensitive to very blue star clusters closer than
"50 kpc. It was nevertheless surprising that there appeared to be
no other systems similar to SDSS J1049+5103 in the"5000 deg2

currently covered in our search. However, if the Milky Way GC
luminosity function (GCLF) at ultrafaint magnitudes does not de-
viate from that observed in the range #4:0<MV <#7:4, one
would not expect to discover many additional GCs. Extrapolating
the known GCLF (McLaughlin 1994; McLaughlin & Pudritz
1996) to faint magnitudes predicts a total of only a few undis-
covered GCs fainter than MV ¼ #4:0 over the whole sky.

2.2. Follow-up Observations

On 2004 June 10 we obtained follow-up imaging of SDSS
J1049+5103 on the 3.5m telescope at Apache Point Observatory

Fig. 1.—SDSS true-color g, r, i image of 0N57 ; 0N42 centered on the detection. Stellar sources with colors consistent with blue horizontal-branch and main-
sequence turnoff stars (g# r < 0:3) are circled. The image is made with color-preserving nonlinear stretches (Lupton et al. 2004). [See the electronic edition of the
Journal for a color version of this figure.]
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Figure 2. Velocity distributions of the 58 stars that satisfy our Wil 1
color–magnitude selection criteria (open) and the 39 stars that do not sat-
isfy these criteria (gray filled). The dotted lines show the velocity range of
−30 km s−1 < vhelio < 0 km s−1 used to select Wil 1 member stars. Binsize is
4.7 km s−1, the median velocity error of the 58 stars passing the color–magnitude
criteria for membership.

and 0 km s−1. We identify these 45 color–magnitude–velocity
(CM–V) selected stars as likely Wil 1 members. This does not
necessarily mean that none of the 13 CM selected stars with out-
lying velocities are physically associated with Wil 1. However,
the spatial distribution of those 13 stars at outlying velocities is
not clustered around the Wil 1 center.

We present in Table 2 the equatorial coordinates, r magni-
tudes, g − r colors, heliocentric velocities, and spectral S/N of
the 45 CM–V selected Wil 1 member stars. We also include the
CaT W ′ (and uncertainty) for the 15 possible RGB, as calculated
in Section 2.5. Table 3 contains the same data (but not W ′) for
the 52 non-member stars.

3.2. Predicting the Number of Interlopers in the
Color–Magnitude–Velocity Sample

Figure 3 shows a CMD of the stars in our spectroscopic
catalog. Filled symbols represent the 45 candidate Wil 1
members selected in Section 3.1, and open symbols represent the
52 foreground Milky Way stars. The number of open symbols
overlapping with the filled symbols shows that 40% of stars with
colors and magnitudes consistent with the RGB of Wil 1 are
foreground stars belonging to the Milky Way. These foreground
stars were only identified because their line-of-sight velocities
were different than those of Wil 1 stars. The median velocity
of Milky Way stars passing the CM criterion for membership
is −35.7 km s−1 (based on the Besancon Galaxy model), with
16% of these having −30 km s−1 < vlos < 0 km s−1. How
many Milky Way interlopers remain in the CM–V sample of 45
candidate Wil 1 members?

We simulate the number of interloper stars expected among
the 45 candidate members using the Besancon Galaxy model.
Because photometric studies suggest the presence of tidal
features around Wil 1 (Willman et al. 2006; Martin et al. 2007),
we first predict the number of Milky Way contaminant stars
without assuming that all CM-selected stars outside the Wil 1

−0.5 0.0 0.5 1.0
(g − r)0

22

20

18

16

r 0

MS/BHB sample
faint RGB sample
bright RGB sample

filled − candidate Wil 1 members
open − MW stars

Figure 3. Color–magnitude diagram of the 97 stars with DEIMOS/Keck veloc-
ities. Open symbols show Milky Way stars. Filled symbols show probable Wil 1
member stars, as selected by color–magnitude and velocity (−30 km s−1 < v <
0 km s−1) criteria. Triangles, circles, and squares highlight stars belonging to
the bRGB, fRGB, and MS/BHB subsamples used to characterize foreground
contamination. Five-point stars show those stars that did not satisfy the initial
color–magnitude cut for membership.
(A color version of this figure is available in the online journal.)

velocity peak belong to the Milky Way. We instead use the
Besancon model to predict the absolute number density of
Milky Way stars satisfying the CM–V criteria for candidate
members. The predicted number of contaminant stars thus rests
on the assumptions that the velocity distribution of Besancon
model stars and the absolute numbers of stars in the Besancon
model are correct. We later verify that this yields a reasonable
prediction.

The primary ingredients in our calculation are the following:

1. nfg,vel, the projected number density of Milky Way stars
in the Besancon model satisfying the CM–V criteria for
Wil 1 membership. We calculated nfg,vel and its dispersion
in 1000 small fields randomly placed in a 1 deg2 Besancon
simulation centered on the position of Wil 1. To do this, we
shuffled the right ascensions and declinations of Besancon
model stars before selecting each random field. The random
fields each had an area approximately equal to that of
our spectroscopic survey footprint. Because the CM cuts
applied to our data were liberal, we simply used the
model Canada–France–Hawaii Telescope-Megacam g and
r magnitudes as a proxy for the observed SDSS g and
r magnitudes. We convolved 4.7 km s−1 measurement
uncertainties, the median for the 45 candidate members,
to the model velocities of each Besancon star. The average
number of possible interlopers in the CM–V sample within
a given area of sky, A, is then Ncont,vel = A ∗ nfg,vel.

2. ftarg, the fraction of stars in our photometric catalog satisfy-
ing the CM criteria for Wil 1 membership that also end up in
our spectroscopic catalog of 97 stars. Not all stars satisfying
the CM criteria for membership were targeted, and not all
targeted stars had spectra with high enough S/N to be in
the final spectroscopic catalog. To derive the true number
of Milky Way interlopers, Ncont,vel needs to be multiplied

5
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Dark	  ma3er	  column	  density	
Table 10: Mass distritbuion parameters. Cluster NFW parameters are taken from kT-M rela-
tion in Vikhlinin 2009. rs/R500 = 3 is assumed for clusters. NFW parameters (rs, ρs) for dwarf
galaxies are taken from [Strigari et al.(2008b)] (Fig.1) and Strigari et al. 2007. Those of MW
are from [Boyarsky et al.(2008)] and [Klypin et al.(2002)].

name DA rs ρs rsρs 1′

(pc) (pc) (M⊙ pc−3) (M⊙ pc−2) (pc)
Perseus 7.50e+07 4.27e+05 1.00e-03 4.27e+02 2.18e+04
Coma 9.62e+07 4.90e+05 1.01e-03 4.95e+02 2.80e+04
Virgo 1.63e+07 2.53e+05 1.00e-03 2.53e+02 4.74e+03
Ursa-majorII 3.2e+04 6.0e+02 1.5e-01 9.0e+01 9.3e+00
Coma-Berenices 4.4e+04 3.0e+02 2.5e-01 7.5e+01 1.3e+01
Will-I 3.8e+04 2.0e+02 3.0e-01 6.0e+01 1.1e+01
Ursa-Minor 6.6e+04 1.5e+02 6.0e-01 9.0e+01 1.9e+01
Draco 8.0e+04 8.0e+02 6.0e-02 4.8e+01 2.3e+01
MW/Favoured 8.0e+03 2.2e+04 4.9e-03 1.1e+02 2.3e+00
MW/maximum-disk-A 8.0e+03 4.6e+04 6.0e-04 2.8e+01 2.3e+00
MW/maximum-disk-B 8.0e+03 2.3e+04 3.1e-03 7.1e+01 2.3e+00
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Figure 15: Column mass density from the NFW density profile. Black and red lines show
density at and averaged (integrated) density within the scaled radius (R/Rs). Equations in
[Wright & Brainerd(2000)] (eq.11, 13) are used.
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Dark matter concentration (galaxy and 
cluster center) →　Gas and stars 
concentrate → X-ray emission, 
absorption 
Galaxy center → Dark matter has cusp or 
core ?	
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(1)	  ΣDM	  
(M◉/pc2)	

(2)　DM	  
es3mate	

(3)	  
Size/
arcmin	

(4)	  Lx/kT	 (5)Note	

1.	  Ultra	  compact	  
dwarf	

100-‐500	 Cusp	  or	  
core?	  
Equilibrium	  ?	

<	  5	 Very	  low	 Mtot/L	  ~	  1000.	  
New	  targets	  from	  
future	  deep	  
survey.	

2.	  Classical	  dwarf	 50-‐100	 OK	 >5	 Very	  low	

3.	  Spiral	  G	 50-‐150	 OK	  at	  outer	  
region	

>	  SXS	 Low	  (PS
+ISM)	

4.	  Elli.	  G.	 ↑	 ↑	 >	  SXS	 Lines	  at	  <	  
1keV,	  PS	

AH	  targets	

5.	  Off-‐center	  of	  
galaxies/Clusters	

<	  50	  	 Substructure	  	 >	  SXS	 Low/bright	

6.	  MW/Andromeda	  
core	

>	  
500-‐1000	

?,	  No	  DM	  	 >	  SXS	 Bright,	  
usually	

AH	  targets,	  
Galac@c	  
absorp@on	

7.	  Cluster	  core	 >	  
500-‐1000	

OK	 <	  3-‐5	  	 Very	  bright	 AH	  targets	
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A simulation of 1Msec observation with a dark matter line at 3.55keV. 
We assume a ICM thermal emission of kT=4keV, 0.7solar, z=0.0178, and a X-
ray flux of the Perseus center. No turbulent line broadening is assumed. For the 
dark matter emission, line broadening of a FWHM of 35eV  by σ=1300km/
velocity dispersion is assumed. Line flux is 3x10-5 ph/s/cm2 (Bulbul+2014).The 
model in red assumes no DM line.	
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1 Msec of a galaxy without X-ray emission. Only estimated instrumental 
background is included. DM line at 2.0, 4.0, 8.0, and 10.0 keV are assumed. 
No line broadening due to the DM velocity is assumed.  	

 Σ=500 M◉/pc2 , sin22θ=10-10	
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5.7 The ASTRO-H SXS simulations

(sxs-sim.tex, 2014-05-26)
In Table 9, we estimate ASTRO-H SXS count rates, using eq. 49.
Fig. 10 shows a simulation of 1 Msec SXS observation of the Perseus core. (copy from A-

H/WP/cluster) We confirm the results of [?] that a 1 Ms exposure by SXS through this cluster
will allow us to resolve the shape of the dark matter line inferred from the XMM-Newton data
and distinguish it from plasma lines and instrumental effects. Note that the bright thermal
emission from the intracluster plasma dominates the background toward the cluster cores. The
relative importance of the dark matter line over the thermal emission is likely to increase with
the distance from the core because the emissivity of the plasma is proportional to the gas
density squared whereas that of the decay line depends linearly on the dark matter density.
The spatial variation of the ratio between the two can in turn be used to test the origin of the
line.

Fig. 11 shows a simulation of 1 Msec SXS observation of a dwarf galaxy with no astronomical
X-ray emission. (copy from A-H/WP/cluster) Dwarf spheroidal galaxies such as Draco will
offer yet further tests of a dark matter line against diffuse plasma emission and instrumental
effects. Their observed stellar velocity dispersions of 10 − 30 km s−1 [Mateo(1998)] imply
that 1) broadening of the line should be well below the instrumental width (eq. [??]) and 2)
contamination by plasma emission is very low since the diffuse X-ray gas cannot be sustained
by their shallow gravitational potential. The caveats are the weaker decay signal and the larger
uncertainty of the mass profile than the other targets mentioned above. Simulated spectra of a
typical dwarf galaxy with a range of hypothetical sterile neutrino lines are shown in Figure ??.
The continuum is dominated by instrumental and cosmic X-ray backgrounds with the expected
brightness lower by about three orders of magnitude than the Perseus core (Fig. ??). For a
given value of θ, one expects a stronger line from the sterile neutrino decay at higher energies up
to ∼ 10 keV. This is a result of two competing effects; Γ increases rapidly with mdm (eq. [??])
whereas the effective area of SXS decreases with energy. It follows that the stronger limit on θ
will be derived at higher energies in the case of no detection.

Table 9: Expected signal flux and count in ASTRO-H sxs. ΣDM of 100 M⊙ pc−2is assumed.
Above the line for each energy, sin2(2θ) is taken from a current limit in [Abazajian et al.(2007)].

DM-mass X-ray Area sin2(2θ) Flux Flux Rate Rate
(keV) (keV) cm2 (LU) (cts/s/cm2/sxs) (cts/s) (cts/1Msec)
1.0 0.5 40 1.0e-07 1.3e-02 9.9e-09 4.0e-07 4.0e-01
2.0 1.0 200 2.0e-08 4.2e-02 3.2e-08 6.3e-06 6.3e+00
4.0 2.0 250 1.0e-09 3.3e-02 2.5e-08 6.3e-06 6.3e+00
8.0 4.0 250 1.0e-10 5.3e-02 4.1e-08 1.0e-05 1.0e+01
10.0 5.0 250 4.0e-11 5.2e-02 4.0e-08 9.9e-06 9.9e+00
20.0 10.0 100 2.0e-12 4.2e-02 3.2e-08 3.2e-06 3.2e+00

35



Part-1 Sterile Neutrino	

A	  strategy	  for	  dark	  ma3er	  search	  	  
with	  ASTRO-‐H	

1.  XMM	  and	  Suzaku	  show	  candidates	  of	  dark	  ma3er	  lines.	  In	  the	  early	  phase	  of	  
the	  mission	  some	  objects	  (Clusters	  and	  Milky-‐way)	  with	  hints	  of	  un-‐id	  lines	  will	  
be	  observed.	  High	  resolu@on	  clean	  and	  deep	  spectroscopy	  →	  separate	  the	  line	  
from	  plasma	  or	  instrumental	  features.	  

2.  Accurate	  line	  energy	  →	  iden@fy	  lines	  in	  objects	  in	  various	  redshius.	  

3.  Line	  shape	  (width)	  →	  velocity	  dispersion	  of	  dark	  ma3er,	  different	  from	  those	  
of	  metals	  in	  the	  plasma.	  

4.  If	  a	  line	  was	  established,	  measure	  spa@al	  distribu@on.	  Baryon	  X-‐ray	  ∝	  n2,	  dark	  
ma3er	  ∝　n	  .	  

5.  Dark	  ma3er	  massive	  but	  X-‐ray	  faint	  galaxies	  →	  higher	  S/N	  than	  X-‐ray	  bright	  
clusters	  and	  galaxies.	  Be3er	  objects,	  to	  be	  discovered	  from	  recent	  large	  area	  
surveys	  in	  op@cal	  and	  IR.	  

6.  Stacking	  analysis	  of	  various	  regions	  compensate	  lower	  grasp	  (SΩ)	  of	  SXS.	  

7.  Large　Ω	  CCD	  (SXI)	  helps	  SXS.	  	  

8.  New	  theory	  or	  mo@va@on	  of	  dark	  ma3er	  X-‐ray	  are	  welcome	  to	  check.	  
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Summary	  of	  the	  lecture	
1.  In	  the	  νMSM	  model,	  which	  aims	  to	  explain	  ν	  oscilla@ons	  and	  baryon	  asymmetry,	  sterile	  

neutrinos	  are	  introduced.	  Light	  sterile	  neutrino	  is	  a	  candidate	  of	  dark	  ma3er.	  	  Having	  a	  
possible	  mass	  range	  of	  around	  keV,	  this	  decays	  into	  X-‐ray	  photons.	  

2.  Because	  of	  an	  extremely	  low	  decay	  rate,	  this	  would	  be	  discovered	  exclusively	  from	  cosmic	  
sources.	  

3.  X-‐ray	  limit	  and	  DM	  mass	  assump@on	  provide	  constraints	  on	  sterile	  neutrino	  parameters.	  

4.  In	  2014,	  two	  groups	  reported	  detec@on	  of	  an	  uniden@fied	  X-‐ray	  line	  from	  clusters	  and	  a	  
galaxy	  at	  around	  3.5	  keV.	  Suzaku	  also	  suggested	  un-‐id	  lines	  from	  Galac@c	  bulge.	  

5.  In	  a	  search	  for	  the	  3.5~keV	  line,	  we	  have	  used	  deep	  Suzaku	  spectra	  of	  the	  Perseus.	  We	  
found	  no	  line	  so	  far.	  

6.  Dis@nguishing	  a	  uniden@fied	  line	  feature	  from	  any	  atomic	  lines	  or	  instrumental	  effects	  is	  
challenging,	  largely	  because	  of	  limited	  energy	  resolu@ons	  of	  current	  detectors	  (CCDs).	  

7.  ASTRO-‐H,	  to	  be	  launched	  in	  2015,	  is	  equipped	  with	  a	  X-‐ray	  calorimeter,	  as	  the	  prime	  
instrument.	  This	  improves	  energy	  resolu@on	  at	  E>1.5	  keV	  by	  a	  factor	  of	  >	  20.	  

8.  With	  deep	  	  ASTRO-‐H	  exposure,	  high	  energy	  resolu@on	  spectroscopy	  →	  resolve	  the	  
uniden@fied	  X-‐ray	  line	  and	  separate	  from	  atomic	  or	  instrumental	  effects.	  

9.  SXS	  spectra	  from	  clusters	  and	  the	  Galaxy	  →	  detect,	  separate,	  iden@fy,	  and	  resolve	  lines.	  
Central	  energy,	  spectral	  shapes,	  and	  spa@al	  distribu@ons	  are	  keys.	  

10. Dark	  ma3er	  massive	  but	  X-‐ray	  faint	  objects	  →	  Be3er	  chance	  of	  detec@on	  and	  constrains	  on	  
dark	  ma3er	  parameters.	  
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