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List	  of	  Suzaku	  Results	  on	  X-‐ray	  Hunt	  
for	  Dark	  Matter	  	  

3If	  you	  know	  more,	  please	  let	  us	  know.

-‐	  Loewenstein,	  M.,	  Kusenko,	  A.,	  &	  Biermann,	  P.	  L.	  (2009)	  ApJ	  
	  “New	  Limits	  on	  Sterile	  Neutrinos	  from	  Suzaku	  ObservaOons	  of	  the	  Ursa	  
Minor	  Dwarf	  Spheroidal	  Galaxy”	  
-‐	  Kusenko,	  A.,	  Loewenstein,	  M.,	  &	  Yanagida,	  T.	  (2013)	  Physical	  Review	  D	  
“Moduli	  dark	  maSer	  and	  the	  search	  for	  its	  decay	  line	  using	  Suzaku	  X-‐ray	  
telescope”	  
-‐	  Tamura,	  T.,	  Iizuka,	  R.,	  Maeda,	  Y.,	  Mitsuda,	  K.	  &	  Yamasaki,	  Y.	  N.	  (2015)	  PASJ	  
	  “An	  X-‐ray	  spectroscopic	  search	  for	  dark	  matter	  in	  the	  Perseus	  cluster	  with	  
Suzaku”	  
-‐	  Sekiya,	  N.,	  Yamasaki,	  Y.	  N.	  &	  Mitsuda,	  K.	  (2015)	  arXiv:1504.02826	  
	  “A	  Search	  for	  a	  keV	  Signature	  of	  Radiatively	  Decaying	  Dark	  Matter	  with	  
Suzaku	  XIS	  Observations	  of	  the	  X-‐ray	  Diffuse	  Background”	  

+	  unpublished	  results
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(1) Introduction: X-ray search 
for dark matter, Sterile 
Neutrino, model and past 
observations

(2) Suzaku X-ray search for 
unidentified lines

(3) ASTRO-H Observatory

By A. Foster 

Currently…

To be launched in 2015…
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Introduction	  for  
X-‐ray	  search	  for	  dark	  matter
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Feng	  2010	  ARAA,	  “Dark	  Matter	  Candidates	  from	  Particle	  Physics	  and	  Methods	  of	  Detection”
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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 ? Provided	  by	  T.	  Tamura	  
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Singlet or sterile neutrino

Provided	  by	  T.	  Tamura	  
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Provided	  by	  T.	  Tamura	  
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Past	  observation	  targets	  

Provided	  by	  T.	  Tamura	  



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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Bulbul	  et	  al.	  2014	  (B14)
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Detection	  of	  unidentified	  line  
	  in	  the	  Perseus	  cluster 15
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Figure 6. 3�4 keV band of the stacked MOS (left panel) and stacked PN (right panel) spectra of the Perseus cluster. The figures show
the energy band, where a new spectral feature at 3.57 keV is detected. The Gaussian lines with peak values of the flux normalizations of
K xviii and Ar xvii estimated using AtomDB were included in the models. The red lines in the top panels show the model and the excess
emission in both spectra. The blue lines show the total model after a Gaussian line is added, indicating that the unidentified spectral line
can be modeled with a Gaussian.

fits.

3.3. Stacked Spectra of the Nearby Bright Clusters;
Centaurus + Coma + Ophiuchus

We now check the MOS and PN spectra of the three
dominant nearby clusters, Coma, Ophiuchus, and Cen-
taurus. A total of 525.3 ks of good stacked MOS and
168 ks good stacked PN exposure times were obtained
for this sub-sample. The total source counts obtained in
the MOS and PN spectra were 3.2 ⇥ 106 and 2.1 ⇥ 106,
respectively.
We performed the fits as above. The best determina-

tions for the continuum temperature and normalizations
and the fluxes of the S xvi, Ca xix, and Ca xx are given
in Table 2. We detected an excess emission feature in
the same band, i.e. 3.4 � 3.7 keV as in the stacked MOS
spectra. To determine the flux of the emission line at 3.57
keV, we estimated the maximum fluxes of the K xviii, K
xix, and Ar xvii lines using the AtomDB and the mea-
sured fluxes of S xvi, Ca xix, and Ca xx as described
in §3.1. Using the 0.1 and 3 times these fluxes as lower
and upper limits, we found that the unidentified line has
a flux of 15.9+3.4

�3.8 (+6.7
�5.5) ⇥ 10�6 photons cm�2 s�1 in the

stacked MOS observations. Adding this Gaussian to the
model improves the fit by ��2 of 17.1 for an additional
degree of freedom for the stacked MOS spectrum.
We then allowed the energy of the additional Gaus-

sian model to vary to test whether the energy measured
from two di↵erent samples are the same. The best-fit
energy obtained from the stacked MOS observations of
Coma, Centaurus, and Ophiuchus clusters was 3.56 ±

0.02 (0.03), with a flux of 1.6+0.52
�0.44 (+0.81

�0.70) ⇥ 10�5 pho-
tons cm�2 s�1. This measurement is consistent with the
energy measured in the MOS observations of the full sam-
ple. The sterile neutrino mixing angle that corresponds
to this flux is sin2(2✓) = 18.2+4.4

�3.9 (+12.6
�11.5) ⇥ 10�11, con-

sistent at 2� with the full-sample value.
The fits to the stacked PN observations did not need an

additional Gaussian line, and resulted in a non-detection.
This could be due to the low count statistics of the

stacked PN observations (168 ks clean time). A 90%
upper limit on the flux of this line at 3.57 keV is 9.5
⇥ 10�6 photons cm�2 s�1 from this spectrum; the upper
limit on the mixing angle from this flux limit is consistent
with the full-sample and MOS detections.

3.4. Perseus

Initially, we extracted the spectrum of the Perseus clus-
ter using the entire MOS and PN field-of-view. We have
co-added the XMM-Newton MOS and PN observations
of the Perseus cluster in the cluster’s frame. The total
exposure time in the stacked MOS spectrum was 317 ks
with a total of 7⇥106 source counts in the 2 � 10 keV
band and 38 ks total exposure with 2⇥106 source counts
in the stacked PN observations.
Following the same approach we used for modeling the

full cluster sample, we first fit the MOS and PN observa-
tions with the line-free apec model and additional Gaus-
sian models. Count-weighted responses were used to fit
the plasma emission lines and the continuum emission.
Probing the 3�4 keV band the MOS observations re-
vealed residuals around 3.57 keV, at the same energy
band where we detected line emission in the previous
samples. The left panel of Figure 6 shows the detection
in the co-added MOS observations of the Perseus cluster.
Using the limits on the K and Ar lines (Table 3) as above
and adding a Gaussian model to the MOS spectrum at
the fixed energy of 3.57 keV improved the fit by ��2 of
15.7. The best-fit flux at 3.57 keV was 5.2+2.41

�1.52 (+3.70
�2.13)

⇥ 10�5 photons cm�2 s�1.
This flux corresponds to a mixing angle of sin2(2✓) =

5.5+2.6
�1.6 (

+3.9
�2.3) ⇥10�10. This angle is not only an outlier in

our measurements from the other samples, it is also not
consistent with the upper limits on the mixing angle at
this value of ms from the previous studies (e.g., Horiuchi
et al. 2013).
We were unable to detect the line in the short (38 ks

clean time) PN observation of Perseus and placed a 90%
upper limit on the flux of the line of 17.7 photons cm�2

s�1, which corresponds to an upper limit of sin2(2✓) <

Provided	  by	  T.	  Tamura	  
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From	  Bulbul+2014
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(6.	  Caveats)	  As	  intriguing	  as	  the	  dark-‐matter	  interpretation	  of	  our	  
new	  line	  is,	  we	  should	  emphasize	  the	  significant	  systematic	  
uncertainties	  affecting	  the	  line	  energy	  and	  flux	  in	  addition	  to	  
the	  quoted	  statistical	  errors.	  The	  line	  is	  very	  weak,	  with	  an	  
equivalent	  width	  in	  the	  full-‐sample	  spectra	  of	  only	  ∼	  1	  eV.	  
Given	  the	  CCD	  energy	  resolution	  of	  ∼	  100	  eV,	  this	  means	  that	  
our	  line	  is	  a	  ∼	  1%	  bump	  above	  the	  continuum.	  This	  is	  why	  an	  
accurate	  continuum	  model	  in	  the	  immediate	  vicinity	  of	  the	  
line	  is	  extremely	  important;	  we	  could	  not	  leave	  even	  
moderately	  significant	  residuals	  unmodeled.	  …	  Disentangling	  
these	  possibilities	  is	  impossible	  at	  the	  present	  energy	  
resolution	  and	  has	  to	  wait	  until	  the	  launch	  of	  Astro-‐H.	  The	  
other	  systematic	  uncertainties	  mentioned	  above	  also	  have	  the	  
low	  energy	  resolution	  as	  their	  root	  cause.	  	  	  

	  

Provided	  by	  T.	  Tamura	  



Internal	  issues	  in	  Bulbul+	  2014

1. MOS/PN	  fluxes	  are	  
inconsistent	  except	  for	  ‘All	  
other’.	  

2. Perseus	  center	  flux	  is	  ~10	  
times	  larger	  than	  others	  in	  
terms	  of	  DM	  decay-‐rate.	  

3. Detected	  line	  are	  very	  
weak.	  Fluxes	  are	  always	  <	  3	  
eV	  in	  EW	  or	  a	  few	  %	  in	  
excess	  of	  the	  continuum.	  

4. Line	  centers	  are	  not	  
formally	  consistent	  among	  
3	  data	  sets. 13

Provided	  by	  T.	  Tamura	  
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2014	  Detections	  (Bulbul+;	  Boyarsky+)
Sample Instrument Energy Flux	  *f Δχ2	  (Δdof) Comments

Coma+Cen
+Oph	  

XMM/MOS 3.57	  fix 15.9+3.4-‐3.8 17.1	  (1) *1

Perseus	  
(r>1’)

MOS 3.57	  fix 21.4 12.8 *1

Perseus	  
(full)

MOS 3.57	  fix 52.0	  
+24.1-‐15.2

15.7 *1

69	  clusters MOS	  	  
PN

3.57	  fix 2.1	  +0.4,-‐0.5	  
2.0	  +0.3	  -‐0.5

16.5	  
15.8

<	  1/10	  of	  the	  
Perseus

Perseus CXO/ACIS-‐S 3.56+-‐	  0.02 10.2+3.7-‐4.7 11.8 Suggested	  also	  
in	  ACIS-‐I	  

Virgo ACIS-‐I 3.56	  fix <	  9.1 … No	  detection

Perseus	  (off-‐
center)

MOS	  	  
PN

3.50+0.044-‐0.
036

7.0+2.6-‐2.3	  
9.2+3.1-‐3.1

9.1	  
8.0

R>20’

M31	  center MOS 3.53+-‐	  0.025 4.9	  +1.6-‐1.3 13

MW	  center MOS 3.54	  +-‐	  0.01 29+-‐5 (~	  6σ) No	  detection	  
with	  Suzaku*f 1e-6 cts/cm2/s, *1 No detection in PN

Provided	  by	  T.	  Tamura	  
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Suzaku	  search	  for	  unidentified	  lines	  	  

Independent	  check	  of	  3.5	  keV	  line	  
from	  the	  Perseus	  Cluster	  
by	  Tamura	  et	  al.	  2015	  PASJ

15

T.	  Tamura	  et	  al.	  2015
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14
Mitsuda et al. 2007

XIS	  (X-‐ray	  Imaging	  Spectrometer) 

-‐	  High	  sensitivity,	  17’x	  17’(0.5-‐12keV) 

-‐ Spatial	  resolution	  is	  ~	  1.5	  arcmin.	  

- Good	  energy	  response	  and	  
calibration.	  

HXD	  (Hard	  X-‐ray	  Detector)	  

-‐	  Broad	  band	  in	  15	  -‐	  600	  keV

Suzaku	  (Japan-‐US	  X-‐ray	  mission)	  
Provided	  by	  T.	  Tamura	  

XRT
XIS



Suzaku	  obs.	  of	  the	  Perseus	  cluster

(1)	  Calibration	  (center)	  and	  Key	  project	  
(large	  region)	  target	  

	   —>	  500	  ksec	  in	  total	  
!
(2)	  1

st
	  detection	  of	  X-‐rays	  from	  rare-‐

metals	  (Mn	  &	  Cr),	  (Tamura+	  2009)	  
	  	  	  	  —>	  Good	  weak	  line	  sensitivity	  
!
(3)	  	  Gas	  Bulk	  Motion	  Measured	  	  (Tamura

+	  2014)	  
	  	  	  —>	  Good	  understanding	  of	  response	  
!
■ Ozawa+	  2009,	  Uchiyama+2009,	  Nishino+2010,	  Simionescu+	  2011,2012,	  

Matsushita+2013,	  Werner+	  2014,	  etc.,	   17

T.	  Tamura	  et	  al.	  2015
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XMM	  vs.	  Suzaku	   
in	  expected	  photon	  counts

18

In terms of exposure x area (photon counts), the 
Suzaku obs. is 4 times larger than XMM/Bulbul+2014.

PN

Suzaku

XMM-‐Newton

T.	  Tamura	  et	  al.	  2015
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in the response. �

Measurements of Au reflection 
parameters (f1,f2). These data 
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1.1 BL15XU (WEBRAM)

今回利用した SPring-8 BL15XU (WEBRAM : Wide Energy range Beamline for Reserch in Advanced Materials)

は、物質 ·材料研究機構物質研究所の専用ビームラインとして設置されたものである。高度物質材料の精密解析に対
応できるための能力を兼ね備えたビームラインであるべく、広範囲のエネルギーに渡り、高度高輝度単色光が得られ
る様、様々な工夫が凝らされている。図 1に BL15XUの概要を示す。1∼60keVの広いエネルギー範囲を実現するた
めに、2組の磁石列を用意し切替えるリボルバー型アンジュレーターを採用している。二結晶分光器の上流側には４
極スリットが設置されており、二結晶分光器に当たるX線の量を調整できるようになっている。ここまでのエリアを
Front-endと呼ぶ。また、この広いエネルギー範囲の X線を分光するために、複数の二結晶分光器を切替えて使用し
ている。表 1に二結晶分光器の概要を示す。

図 1: SPring-8 BL15UX (WEBRAM)の概要—

表 1: 二結晶分光器の概要—今回の測定の目的は、1∼13keV の広いダイナミックレンジで精度の良い反射率を得ることを目的としている

ため、今回は二結晶分光器として Si(111) を採用した。

YB66 Si(111) Si(333)or(444)

[1∼2keV] [2∼20keV] [20∼60keV]

Energy resolution ∆E/E ∼ 10−4 ∆E/E ∼ 10−4 ∆E/E ∼ 10−4

Photon flux ∼ 108−9 photons/sec ∼ 1012−13 photons/sec ∼ 1012−13 photons/sec

Beam size: ≥0.8 mm (at the 1st experimental hutch, front-end slit : 0.3×0.3 mm)

今回の測定の目的は、1∼13keVの広いダイナミックレンジで精度の良い反射率を得ることを目的としている。その
ため、今回は二結晶分光器として Si(111) を採用した。この二結晶分光器を用いることによって、サンプルチャンバー
直前で、高エネルギー範囲に渡り、高い Fluxが得られると期待される。二結晶分光器の下流側には、薄い (25µm)の

2

図 3: セットアップの様子—右図がサンプルチャンバーの概観。左側のダクトから X 線が入射する。右図はサンプルチャンバー内の写真。

左上サンプルチャンバー入口から X 線が入射する。

図 4: サンプルチャンバー内の模式図—2θ ステージ上に固定したアルミの板に Zステージを設置し、その上に 150µmのスリット (回転

ステージに固定)と検出器として Si-PINを固定した。さらに 2θ ステージの上には θ ステージを設置し、その上にさらに Zステージを取り付け、

その Z ステージに治具を介して Astro-E2 反射鏡を固定した。

表 2: 持ち込んだエネルギー較正用 Filterの種類と LBL tableでの edgeのエネルギー

Filter Thickness edge(ref. LBL table) energy [eV]

Ar 25mm K 3205.9

Mo 5µm L3 2520.2

Ti 20µm K 4966.4

4

one	  witness	  sample	  —>	  175	  foil	  pairs

Tamura	  K.++	  2006Ground	  calibration	  for	  	  
the	  optical	  constant	  	  
on	  mirror	  reflector

Provided	  by	  T.	  Tamura	  



2015.04.21 IACHEK at 北京 Maeda. Y.

Modeling	  of	  the	  response	  feature	  with	  the	  Crab

18 
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Systematic	  error	  on	  line	  equivalent	  width	  

22

T.	  Tamura	  et	  al.	  2015
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The	  Perseus	  Suzaku	  spectra 

23

R<2’

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

(1) Line-free APEC+ Plasma lines 
(keV) : Ar He-like (3.14), Ar H-like 
(3.32), Ca He-like(3.90), Ca H-like 
(4.11). 

(2) VAPEC also gives similar fit result. 
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Suzaku	  Limits	  on	  Line	  fluxes
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Line search from the Perseus spectra.  
Black line: possible line flux in the 
Perseus. 
Red line: systematic uncertainties on 
the line flux from the Crab fitting. 
 At the DM line position (3.5 keV), 
statistical limit < 1/5 XMM detection,  
systematic limit ~ 2eV ~2/3 of the XMM 
detection. 

Line fluxes in the Perseus center at 
3.51~keV. The XMM and Chandra 
values are taken from Bulbul+ (2014) 
The detector name (sizes of spectral 
extraction in arcmin2) are shown.
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Abstract
We performed the deepest search for an X-ray emission line between 0.5 and 7 keV from
non-baryonic dark matter with the Suzaku XIS. Dark matter associated with the Milky Way
galaxy was selected as the target to obtain the best signal-to-noise ratio. From the Suzaku
archive, we selected 187 data sets of blank sky regions which were dominated by the X-ray
diffuse background. The data sets were from 2005 to 2013. Instrumental responses were
adjusted by multiple calibration data sets of the Crab Nebula. We also improved the technique
of subtracting lines of instrumental origin. These energy spectra were well described by X-ray
emission due to charge exchange around the Solar System, hot plasma in and around the
Milky Way and superposition of extra-galactic point sources. A signal of a narrow emission line
was searched for, and the significance of detection was evaluated in consideration of the blind
search method (the Look-elsewhere Effect). Our results exhibited no significant detection of
an emission line feature from dark matter. The 3σ upper limit for the emission line intensity
between 1 and 7 keV was ∼ 10−2 photons cm−2 s−1 sr−1, or ∼ 5× 10−4 photons cm−2 s−1

sr−1 per M⊙ pc−2, assuming a dark matter distribution with the Galactic rotation curve. The
parameters of sterile neutrinos as candidates of dark matter were also constrained.
Key words: dark matter, Galaxy: halo, X-rays: general

1 Introduction

The existence of “dark matter” (DM) in the Universe has been
demonstrated by modern astrophysical and cosmological obser-
vations, such as rotation curves of spiral galaxies, masses of
intra-cluster gas, gravitational lensing of clusters of galaxies,
and observational data of the Cosmic Microwave Background
anisotropy and Large Scale Structure. It is considered to consti-
tute about a quarter of the total energy density in the present
Universe and to occupy more than 80 % of the total mass
density. The current “standard cosmology”, the Λ-Cold Dark
Matter (ΛCDM) model, assumes that dark energy and DM play
prominent roles in gravitational effects in the formation of struc-
ture in the Universe.

Because nucleosynthesis models of the early Universe place
limits on the fraction of baryons, DM cannot be baryonic mat-
ter, which forms a part of the Standard Model (SM) of parti-
cle physics. The nature of DM is thus an issue of fundamental
significance. Several candidates such as “WIMPs” (weakly in-
teracting massive particles), “super-WIMPs” and “sterile neu-
trinos” have been assumed, and either direct or indirect DM
searches have been conducted to find them. However, none of
them have been successful at present, and more viable alterna-
tive approaches are needed.

Searching for photon emission from the decay or annihi-
lation of DM particles through astrophysical observations is a
promising approach to the discovery of DM, and the X-ray re-

c⃝ 2014. Astronomical Society of Japan.
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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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brightness of the XDB, the NXB would also limit the sensi-
tivity. The X-ray Telescope and X-ray Imaging Spectrometer
of Suzaku (XRT-XIS; Mitsuda et al. 2007; Serlemitsos et al.
2007; Koyama et al. 2007) combined to give the lowest and
most-stable NXB owing to combination of the low-Earth orbit
and the instrumental design, and is therefore suitable for this
study. In this paper, we used cleaned event files of the FI-CCDs
(XIS0, 2 and 3) and the BI-CCD (XIS1) of Suzaku.

2.2 Archival data selection

We collected approximately-pure XDB data in the Suzaku XIS
archive from 2005 to 2013 that satisfied the requirements shown
below:

1. Observational aims are blank sky fields or maskable faint
compact sources.

2. Galactic latitudes |b| > 20◦ to avoid the X-ray emission pe-
culiar to the Galactic disk (Masui et al. 2009).

3. Separate from the region occupied by the North Polar Spur
and other local X-ray sources.

4. The XIS was operated in the normal clocking mode and the
3× 3 or 5× 5 editing mode.

Ultimately, 187 Suzaku XIS observational data sets were se-
lected as shown in Fig. 1. We collected more XDB data than
has been observed previously by the Suzaku XIS. Since many
complex unresolvable emission appears in the low energy range
(< 0.7 keV) and XDB photons are not adequately available
(NXB photons dominate) in the high energy range (> 5 keV),
we used the 0.7 – 7 keV and the 0.5 – 5 keV ranges for the
FI-CCDs (XIS0, 2 and 3) and the BI-CCD (XIS1), respectively.
Signals from anomalous (hot and flickering) pixels in the XISs
were screened out with the Ftool cleansis.

180225270315
0

4590135

-80

-60

-40

-20

20

40

60

80

0

Fig. 1. 187 regions used to search for a keV signature of DM from Suzaku
archival data. These are plotted on the all sky map with the Galactic

coordinate system centered at the Galactic anti-center.

3 Data reduction and reproduction of
instrumental responses

3.1 Data reduction and point source removal

We first conducted an imaging analysis over all of the data in
order to reject resolvable X-ray point sources contaminating the
XDB spectra. The procedure was the following:

1. XIS images of the 0.5 – 7 keV range were extracted.
2. Point sources in the XIS FoVs were detected and rejected by
using a wavelet function of similar size to the point spread
function of the XRT-XIS using wavdetect from the Chandra
Interactive Analysis of Observations, version 4.6.

3. Point sources whose flux was larger than 1.0× 10−14 erg
cm−2 s−1 in the 0.5 – 7 keV range were removed with cir-
cular regions centered at their positions. The radius of the
circular regions > 1.5′ were determined such that these re-
gions included > 90 % of source photons.

Second, in order to remove X-ray emission from the Earth’s
atmosphere and from the Solar wind, and to reduce the NXB,
we also selected good time intervals by applying the following
criteria, as was done in Sekiya et al. (2014b):

1. The elevation angle from the bright/dark Earth limb was cho-
sen as > 20◦/5◦ to avoid fluorescent emission lines from the
Earth’s atmosphere.

2. Time intervals excluding the South Atlantic Anomaly pas-
sage

3. The Cut Off Rigidity (COR2) > 8 GV c−1 to reduce the
high-energy-charged-particle background due to the low
Earth’s magnetic field (Tawa et al. 2008).

4. Time periods when the proton flux in the Solar wind
fell below the typical threshold, 4.0 × 108 cm−2 s−1, to
lower effects of the Geocoronal-Solar wind charge exchange
(Fujimoto et al. 2007). The proton flux was observed with
monitoring satellites: ACE/SWEPAM2 and WIND/SWE3.

After this data screening, the total exposure time becomes
31.5 Msec ∼ 1 year, and we obtained ∼ 2× 106 counts of pho-
tons in the 0.5 – 7 keV range. This is the largest data for the
XDB with the Suzaku XIS.

3.2 Nominal instrumental responses and NXB
reproduction

We then reproduced instrumental responses at the time of each
observation. The energy redistribution matrix files (RMFs)
including quantum efficiency and energy responses (energy
scale and resolution) of the XISs were generated by the Ftools
xisrmfgen. The ancillary response files (ARFs) involving an-
gular responses and effective area of the XRT-XIS modules

2 http://www.srl.caltech.edu/ACE/ASC/level2/lvl2DATA SWEPAM.html
3 http://web.mit.edu/space/www/wind data.html

Direction	  for	  DM	  line	  searchSekiya	  et	  al.	  2015
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Table 1. Stacked data properties.

Period Date Total exposure∗ Total count† Average NH
‡

2005–2006 2005/10/01 – 2006/09/30 3.2 205071 0.029
(SCI operation started for all XISs from October, 2006.)

2006–2007 2006/10/01 – 2007/08/31 4.2 261725 0.035
2007–2008 2007/09/01 – 2008/08/31 3.4 212512 0.029
2008–2009 2008/09/01 – 2009/08/31 4.4 284447 0.030
2009–2010 2009/09/01 – 2010/05/31 4.0 242187 0.030
2010–2011 2010/06/01 – 2011/05/31 4.5 271709 0.029

(Injection charge increased to 6 keV for XIS1 on June 1, 2011.)
2011–2012 2011/06/01 – 2012/05/31 2.3 250229 0.027
2012–2013 2012/06/01 – 2013/07/01 3.5 220777 0.034

Notes.
∗ Exposure time (XIS0+1+2+3) in unit of Msec after data screening.
† Total photon count in the 0.5 – 7 keV range.
‡ The exposure-time-weighted average of the neutral hydrogen column density in unit of 1022 cm−2 derived from the LAB
Galactic H I Survey.

The redshifts of the three APEC models were fixed to zero.
In the power-law emission models for the CXB (powerlaw in
XSPEC), their photon indices were permitted to vary around
1.4. In Suzaku XIS observational data, an O I fluorescent line
from the Earth’s exosphere was sometimes found especially af-
ter 2011, at the time of Solar maximum, despite the fact that its
contamination was mostly removed by applying the elevation
angle criteria as described above (Sekiya et al. 2014b). When
we found a discrepancy in the spectral fitting result below 0.6
keV, we added a Gaussian with a centroid of 0.525 keV for O I
(gaussian in XSPEC). To summarize, the following model
for the spectral fitting was adopted: [“APEC1”+“Galactic
absorption”×(“APEC2”+“APEC3”+“CXB”)+“O I”] where
“Galactic absorption” was for a photoelectric absorption by
the interstellar medium of the Milky Way (phabs in XSPEC)
which were able to estimate from accurate observational data of
the neutral hydrogen column density NH (Kalberla et al. 2005),
APEC1, APEC2 and APEC3 correspond to the H-SWCX +
LHB, the MWH and the UHTP, respectively.
We fitted the stacked XDB spectra with the model for each

period. The results of the XDB spectral fitting and the best-fit
parameters of the XDB model are shown in Fig. 2 and Table 2.
As the goodness of fit, χ2/dof (dof) was 1.05 (3693), and the
null hypothesis probability was 2.5 %. The deviations between
the data and model were about 1.6, 2.9 and 4.0 % in the root-
mean-square at 0.5 – 2, 2 – 5 and 5 – 7 keV, respectively.

5 Search for a keV signature of DM
We simultaneously fitted the stacked XDB spectra with the
XDB model with a Gaussian emission line component corre-

C
o
u

n
ts

 s
1
 k

eV
1

4

4

10 3

0

10 2

10 1

0.5
Energy [keV]

1 2 5

2/dof = 1.05 (dof = 3693)

Model (total)  Response

+ UHTP

H-SWCX + LHB + MWH

Data

CXB

Instrumental lines

Al-K Si-K Au-M Mn-K , K

D
a
ta

/M
o
d

el
 R

a
ti

o

1.1

0.9

1
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Fig. 5. Upper limit on the DM line intensity normalized by its column density
corresponding to the ratio of DM decay rate and its mass. The

LEE-uncorrected, -corrected 3σ and the LEE-corrected 3σ statistical +
systematic upper limits are indicated by the black dotted, dashed and solid
lines, respectively. The typical 3σ upper limit by previous works (Boyarsky
et al. 2012) is expressed by the red dotted line. The parameters of the

possible 3.5 keV line (Bulbul et al. 2014; Boyarsky et al. 2014) are plotted
by the blue and magenta crosses.

studies, such as the non-resonant (Boyarsky et al. 2009a), the
resonant production with the maximal lepton asymmetry attain-
able in the νMSM (Shaposhnikov 2008; Laine & Shaposhnikov
2008). The Tremaine-Gunn phase-space density considerations
(Boyarsky et al. 2009a) and the Lyman-α analysis (Boyarsky
et al. 2009b; Boyarsky et al. 2009c) ruled out the region below 1
keV. We have added an exclude region for sin22θ in 3<ms<14

keV. Horiuchi et al. (2014) also claimed a tight upper limit by
using Chandra ACIS observational data of M31 with exposure
time of ∼ 400 ksec. They showed the LEE-uncorrected 95 %
limit. We converted it into the 3σ limit and found that our LEE-
uncorrected limit is more stringent than theirs in most of energy
range. We, however, considered that their limit was too tight
compared to the estimation in section 2.1. We did not include it
in our plot.

7 Conclusion and future prospects
In this paper, we searched for the signature of an X-ray emis-
sion line from DM associated with the Milky Way halo by us-
ing a set of 187 Suzaku XIS archival data sets of the XDB from
2005 to 2013. After improving reproducibility of the instru-
mental responses and the instrumental line contributions, we
searched for a non-baryonic emission line in the stacked XDB
spectra by spectral fitting with [(the corrected response by us-
ing the stacked Crab spectra) × (the best-fit XDB model + five-
instrumental lines + Gaussian emission line model for a DM
signature)]. Consequently, we did not detect a possible DM sig-
nature including the line at 3.5 keV reported by previous studies
(e.g. Bulbul et al. 2014), and determined the upper limit on the
emission line intensity taking into account the LEE. We tight-
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Fig. 6. Constraints on the sterile neutrino mass ms and mixing angle
sin

2
2θ by this and previous works. The definition of lines and marks are

the same as in Fig. 5. The grey shaded regions are excluded by the
production theories of sterile neutrinos in the νMSM.

ened the constraints on the ratio of DM decay rate and its mass
in the 0.5 – 7 keV range and the parameters of sterile neutrinos.

In the future, progressive instruments such as X-ray micro-
calorimeters with eV-level energy resolution and the large-FoV
telescopes will be introduced to X-ray observational satellites,
and more sensitive DM searches will be performed. Among
the more hopeful instruments of near future missions, we are
focussed on the Soft X-ray Spectrometer (SXS) of the ASTRO-
H satellite (Takahashi et al. 2010; Mitsuda et al. 2014) and the
extended ROentgen Survey with an Imaging Telescope Array
telescope with the PN-CCD camera module (eROSITA) of
the Spektrum-Roentgen-Gamma (SRG) satellite (Predehl et al.
2014; Meidinger et al. 2014). The ASTRO-H SXS is an X-ray
micro-calorimeter with doped semiconductor thermistors and
will have the highest energy resolution, other than for grating
instruments for point sources, though its grasp is lower than that
of the existing X-ray observatories. On the other hand, the SRG
eROSITA has the largest grasp and an all sky survey plan which
is suitable for deeper analysis of the XDB, though its energy
resolution is more modest. Especially in the ASTRO-H SXS
with the high line identification ability by the eV-level energy
resolution, it is suitable for a weak line search with “dense” tar-
gets such as clusters of galaxies and nearby galaxies although
their background plasma emission are strong. The future X-ray
observations will give a tighter constraint on DM conditions and
may reveal the DM nature.
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Fig. 5. Upper limit on the DM line intensity normalized by its column density
corresponding to the ratio of DM decay rate and its mass. The

LEE-uncorrected, -corrected 3σ and the LEE-corrected 3σ statistical +
systematic upper limits are indicated by the black dotted, dashed and solid
lines, respectively. The typical 3σ upper limit by previous works (Boyarsky
et al. 2012) is expressed by the red dotted line. The parameters of the

possible 3.5 keV line (Bulbul et al. 2014; Boyarsky et al. 2014) are plotted
by the blue and magenta crosses.

studies, such as the non-resonant (Boyarsky et al. 2009a), the
resonant production with the maximal lepton asymmetry attain-
able in the νMSM (Shaposhnikov 2008; Laine & Shaposhnikov
2008). The Tremaine-Gunn phase-space density considerations
(Boyarsky et al. 2009a) and the Lyman-α analysis (Boyarsky
et al. 2009b; Boyarsky et al. 2009c) ruled out the region below 1
keV. We have added an exclude region for sin22θ in 3<ms<14

keV. Horiuchi et al. (2014) also claimed a tight upper limit by
using Chandra ACIS observational data of M31 with exposure
time of ∼ 400 ksec. They showed the LEE-uncorrected 95 %
limit. We converted it into the 3σ limit and found that our LEE-
uncorrected limit is more stringent than theirs in most of energy
range. We, however, considered that their limit was too tight
compared to the estimation in section 2.1. We did not include it
in our plot.

7 Conclusion and future prospects
In this paper, we searched for the signature of an X-ray emis-
sion line from DM associated with the Milky Way halo by us-
ing a set of 187 Suzaku XIS archival data sets of the XDB from
2005 to 2013. After improving reproducibility of the instru-
mental responses and the instrumental line contributions, we
searched for a non-baryonic emission line in the stacked XDB
spectra by spectral fitting with [(the corrected response by us-
ing the stacked Crab spectra) × (the best-fit XDB model + five-
instrumental lines + Gaussian emission line model for a DM
signature)]. Consequently, we did not detect a possible DM sig-
nature including the line at 3.5 keV reported by previous studies
(e.g. Bulbul et al. 2014), and determined the upper limit on the
emission line intensity taking into account the LEE. We tight-
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ened the constraints on the ratio of DM decay rate and its mass
in the 0.5 – 7 keV range and the parameters of sterile neutrinos.

In the future, progressive instruments such as X-ray micro-
calorimeters with eV-level energy resolution and the large-FoV
telescopes will be introduced to X-ray observational satellites,
and more sensitive DM searches will be performed. Among
the more hopeful instruments of near future missions, we are
focussed on the Soft X-ray Spectrometer (SXS) of the ASTRO-
H satellite (Takahashi et al. 2010; Mitsuda et al. 2014) and the
extended ROentgen Survey with an Imaging Telescope Array
telescope with the PN-CCD camera module (eROSITA) of
the Spektrum-Roentgen-Gamma (SRG) satellite (Predehl et al.
2014; Meidinger et al. 2014). The ASTRO-H SXS is an X-ray
micro-calorimeter with doped semiconductor thermistors and
will have the highest energy resolution, other than for grating
instruments for point sources, though its grasp is lower than that
of the existing X-ray observatories. On the other hand, the SRG
eROSITA has the largest grasp and an all sky survey plan which
is suitable for deeper analysis of the XDB, though its energy
resolution is more modest. Especially in the ASTRO-H SXS
with the high line identification ability by the eV-level energy
resolution, it is suitable for a weak line search with “dense” tar-
gets such as clusters of galaxies and nearby galaxies although
their background plasma emission are strong. The future X-ray
observations will give a tighter constraint on DM conditions and
may reveal the DM nature.
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Astro-H SXS

- High Resolution Spectroscopy with a large effective area
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- High Resolution Spectroscopy with a large effective area
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210cm2@6keV

Astro-H SXS
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The	  SXS	  simulation	  (1)	  The	  Perseus	  center

38

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. Provided	  by	  T.	  Tamura	  


