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“Background” spectrum for DM search in keV band

3.4 Target selection 11

Moreover, many of atomic lines from this plasma interrupt the line search (Figure 3.2),

especially in the low or moderate instrumental energy resolution case (> 100 eV). On the

other hand, a relatively X-ray-faint target such as dwarf and spiral galaxies has an advantage

in background plasma emission although its possible dark matter emission is expected to be

lower than that of the X-ray-bright target. The lowest plasma emission is the “X-ray Diffuse

Background” (XDB) which consists of the Milky Way and unresolved extragalactic plasma

emission distributed over the whole sky (shown as the black line in Figure 3.1). In the

“blank sky” regions which are dominated by the XDB, we are also possible to find dark

matter associated with the Milky Way.
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Figure 3.1 Specific intensities of the typical XDB (Yoshino et al., 2009), the center

of the M31 and the Perseus cluster (Tamura et al., 2009) in the 0.5 – 12.0 keV range.

Note that detector responses are not convolved.

Dark matter density:  Milky Way  <  Galaxy  <  Cluster of galaxy 
Hot plasma:  Milky Way  <  Galaxy  <  Cluster of galaxy
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Sensitivity of DM search in keV band

3.5 X-ray Diffuse Background 15
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Figure 3.5 3σ line detection limits for various targets (the XDB, the M31 and the

Perseus) with the Suzaku XIS, 3′ × 3′ of FoV and 100 ksec of exposure time. LU (Line

Unit) is equal to photons cm−2 s−1 sr−1.
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Figure 3.6 Same as Figure 3.5 but for 3σ line detection limits normalized by their

column densities.

3.5 X-ray Diffuse Background

Since we are in the dark matter distribution of the Milky Way, we have potential to detect

its signal over the whole sky. In searching for dark matter associating with the Milky Way,

the XDB lies in this way as the background plasma emission. Fortunately, the XDB intensity

is lower than that of any other background plasma emission from possible targets for the

dark matter search. Furthermore, little atomic lines as obstacles for this search appear above

Sekiya 2015

Dark matter density:  Milky Way  <  Galaxy  <  Cluster of galaxy 
Hot plasma:  Milky Way  <  Galaxy  <  Cluster of galaxy

Suzaku/XIS 100ksec



International workshop on "Axion physics and dark matter cosmology”20-21 Dec 217 @ Osaka University 4

Understanding X-ray diffuse background (XDB)Understanding of “background Emission”
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(1) 太陽風と太陽圏中性物質との電荷交換反応による X 線放射
(2) 太陽系を取り巻く局所的な高温プラズマバブル (kT = 0.1 keV) からのX 線放射
(3) 銀河系を取り巻く高温プラズマハロー (kT = 0.2 keV) からの X 線放射
(4) 系外活動銀河核からの X 線放射

X 線背景放射の正確なモデル化
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Fig. 6 Cumulative number counts for the 4 Ms CDF-S in the a 0.5–2 keV and b 2–8 keV bands. The total
number counts (black) have been apportioned by source class, as labeled, into AGNs (blue), galaxies (red),
and stars (green). The bottom portions of each panel show the fractional contributions of each source class
to the cumulative number counts. Note that AGNs remain the numerically dominant source population
down to faint fluxes, although at still-fainter 0.5–2 keV fluxes galaxies will become numerically dominant.
The AGN number counts reach ≈ 14, 900 deg−2 at the faintest 0.5–2 keV fluxes, and this is the highest
sky density of reliably identified AGNs found at any wavelength. Taken from Lehmer et al. (2012)

these methods include Alexander et al. (2005a), Brusa et al. (2010), Laird et al. (2010),
Xue et al. (2011), Lehmer et al. (2012), Civano et al. (2012), and Wang et al. (2013).
Note that some of these methods rely upon having fairly precise redshift information
available while others depend much less upon redshift; AGN samples can often be
selected reasonably well using methods 3–6 together prior to redshift determination.
AGNs are generally found to make up 75–95 % of the sources by number in current
X-ray surveys, with their percentage contribution dropping with survey depth as many
starburst/normal galaxies are detected at faint fluxes (primarily at low X-ray energies).
The precise fractional contribution from AGNs as a function of survey depth has been
quantified in number counts apportioned by source type (see Fig. 6, e.g., Bauer et al.
2004; Civano et al. 2012; Lehmer et al. 2012).

In addition to the approaches above relying upon the direct use of X-ray data,
approaches relying upon independent multiwavelength data can also be used for AGN
selection/confirmation from a sample of X-ray sources. These include the detection
of broad and/or high-ionization emission lines in optical/NIR spectra, high surface
brightness radio core emission or extended radio jets/lobes, strong infrared emission
from hot dust heated by an AGN continuum, and distinctive optical variability. In
well-studied X-ray and multiwavelength survey fields, multiple independent methods
have been applied to cross-validate AGN candidates, leading to the most reliable and
pure samples of distant AGNs available.
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AGN

Galaxy
Star

Brandt&Alexander 2015 

12 3 Method to detect ALPs by X-ray observations

particle in near-Earth. Although a collisional ionization equilibrium (CIE) plasma is different

from the physical process of line emission from SWCX, we adopted a single component of

CIE plasma as well as previous works e.g. (Yoshino et al., 2009; Yoshitake et al., 2013) in

this thesis.

The Milky Way Halo (MWH) is a hotter spherical gas which spreads from the galactic

disk. This interstellar medium is represented by an absorbed CIE plasma with a temperature

of kT = 0.2− 0.4 keV and density of ∼ 10−3cm−3 (Yao et al., 2009; Sakai et al., 2014).

Mushotzky et al. (2000) and Moretti et al. (2003) show that the Cosmic X-ray Background

(CXB) is an extra-galactic emission stacked with a lot of faint point sources, such as active

galactic nucleus (AGN). The origin at ∼ 80% of total CXB has been reported to be a discrete

source resolved by observations of Chandra and XMM-Newton. The emission model of CXB

is represented by a power-law with its photon index of Γ = 1.4 (Kushino et al., 2002) or

modified power-law functions (Smith et al., 2007).

In recent years, some studies have shown that the High-Temperature Component (HTC)

exists in some locations (Sekiya et al., 2014). This can be interpreted through the hot and

optically thin plasma with a temperature of kT ∼ 1 keV. Little is known about the origin,

physical size, density, and distance of HTC.

In the study of this thesis, “SWCX+LHB”+“Galactic absorption”×(“MWH” + “CXB”

+ “HTC”) is applied as the model of XDB emission for ALPs search.
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Figure 3.2 Typical photon spectrum of X-ray diffuse emission. Note that detector

response function, and energy resolution are not taken into account.

Solar Wind Charge Exchange + Local Hot Bubble (kT ~ 0.1 keV) 
Milky Way Halo (kT ~ 0.2 keV) 
Cosmic X-ray Background (extragalactic point sources)

CXB flux is resolved ~ 80 %.

Γ~ 1.4

Brandt&Alexander  
2015XDB components
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Comparison among X-ray observatories

14 3 Method to detect ALPs by X-ray observations

Table 3.1 Summary of orbit and CCD imaging spectrometer on X-ray observatories.

Satellite Suzaku XMM-Newton Chandra

Orbit low earth highly elliptical highly elliptical

Perigee [km] 524 7.0× 103 13.2× 103

Apogee [km] 531 113.8× 103 135.7× 103

Inclination [deg] 31.38 66.17 76.9

Period [min] 95.19 2861.59 3809.54

CCD name XIS MOS+PN ACIS-I (FI)

ACIS-S(FI/BI)

Field of view 17′.8× 17′.8 30′ in diameter 16′ × 16′

Energy range [keV] 0.2–12 0.1–15 0.5–12

Effective area
[
cm2

]
390 at 1.5 keV (BI) 922 at 1 keV (2MOS) 380 at 4 keV

1227 at 1 keV (PN)

NXB ∗ 1–10 5–100 10–1000

∗ In unit of cm−2 s−1 sr−2 keV−1.

Figure 3.3 Schematic drawing of the XMM-Newton orbit. Original figure pro-

vided by Dornier Satellitensysteme GmbH. XMM-Newton Users Handbook (https://

heasarc.gsfc.nasa.gov/docs/xmm/uhb/XMM UHB.html).

Why Suzaku ?

4

Chandra/ACIS XMM-Newton/MOS+PN Suzaku/XIS

視野 [amin2] 8.3 × 8.3 × (4FI + 6BI) ~700 × (2MOS + 1PN) 17.8 × 17.8 × (3FI + 1BI)

エネルギーバンド [keV] 0.3 − 12 0.15 − 15 0.2 − 12

エネルギー分解能 [eV] 50 − 200 50 − 200 50 − 200

有効面積 @ 1 keV [cm2] 200 (4FI), 400 (6BI) 800 (2MOS), 1200 (PN) 660 (3FI), 320 (BI)

NXB 輝度 [cm-2 s−1 sr−2 keV−1] 10 − 1000 (不安定) 5 − 100 (不安定) 1 − 10 (安定)

       Suzaku (ISAS)           Chandra (CXC)         XMM-Newton (ESA)            !       Suzaku (ISAS)           Chandra (CXC)         XMM-Newton (ESA)            !       Suzaku (ISAS)           Chandra (CXC)         XMM-Newton (ESA)            !

「Chandra/ACIS」「XMM-Newton/PN, MOS」「すざく/XIS」の性能比較

輝線放射の計数を稼ぐために重要な性能である有効面積 × 視野の面で
は XMM-Newton/PN が最も有利
X 線背景放射の観測の障害となる非 X 線バックグラウンド (NXB) の低
さと安定性の面ではすざく/XIS が最も有利

暗黒物質輝線探索に用いる X 線天文衛星 / 検出器の検討

暗黒物質輝線探索に用いる X 線天文衛星 / 検出器の検討
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Strategy for DM search with X-ray satellite

20 3 Dark matter detection strategy
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Figure 3.9 NXB intensities of the five CCD instruments. For comparison, plasma

emission intensities of the XDB, the M31 and the Perseus are indicated. The lowest

cases of NXB for the XMM-Newton and Chandra instruments are shown.
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Figure 3.10 3σ line detection limits estimated from Eq.3.9 with the five CCD instru-

ment observations of the XDB for 10 Msec of exposure time. The lowest cases for the

XMM-Newton and Chandra instruments are shown.

Sekiya 2015

XDB + Suzaku/XIS is the best way!
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ALP-photon conversion probability in a vacuum (van Bibber+ 1989)

：coupling constantq = m2
a/2Ea

Axion Like Particle(ALP)-photon conversion: Pα→γ

qL < ⇡
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・ Pa→γ is simply proportional to (B⊥L)2    (qL < π) 

・CAST experiment: B⊥ = 9.0 T, L= 9.26 m → B⊥L ~ 83 Tm (Arik+ 2014)  

・Possible detection by a satellite observation using Earth’s magnetic fields is claimed  

　because a long line of sight with an order of the Earth’s diameter can compensate  
　the weak magnetic field (B⊥ ~ 30 μT) (Davoudiasl & Huber, 2006) 

ma <

r
2⇡Ea

L
ma < 1⇥ 10�6 eV

✓
Ea

keV

◆ 1
2
✓

L

104 km

◆� 1
2

<ma



International workshop on "Axion physics and dark matter cosmology”20-21 Dec 217 @ Osaka University 8

Potential solar axion signatures with XMM-Newton

・The result in Fraser et al. (2014) cannot be explained by this origin from the solar ALP. 

・To preserve the momentum of the photon by the Primakoff process in case of relativistic  

　ALP, the XMM-Newton cannot observe because it never points toward the Sun. 

Solar axion signatures in XMM–Newton data 2157

distribution differs between EPIC pn and EPIC MOS because of
their different out-of-field detector areas.

3.2 Results: EPIC pn

The EPIC pn in-orbit background has been very extensively stud-
ied (Lumb et al. 2002; Snowden et al. 2004; Rodriguez-Pascual &
Gonzalez-Riestra 2008). The non-X-ray component has been simu-
lated using the Monte Carlo package GEANT4 by Tenzer, Kendziorra
& Santangelo (2008). The laboratory background of a pn-CCD
camera (actually, the focal plane sensor for CAST) is described by
Kuster et al. (2005).

In the past, EPIC MOS has been generally preferred for studies
of the extragalactic CXB, because of:

(a) the imperfectly-characterized charge transfer efficiency in
individual pn CCDs;

(b) the factor ∼2 higher charged particle background in EPIC
pn;

(c) the relatively small out-FOV pn detector area for the deter-
mination of the cosmic ray flux (Section 3.1.3).

Here, we are concerned with possible seasonal differences in an
already faint diffuse signal, and the larger photon grasp of the EPIC
pn camera is the key parameter.

Fig. 14(a) shows the individual 2–6 keV X-ray spectra for space-
craft seasons A1–A4, integrated from 2000 to 12. The Winter spec-
trum A1 clearly lies below the other three, while A4 (Autumn)
is significantly higher than either A2 (Spring) or A3 (Summer).
Fig. 14(b) shows a typical result of randomizing10 the input obser-
vation files – i.e. randomly assigning the same observation files to
four new lists (A1∗–A4∗), each containing the same number of files
as the original A1–A4 (see Table 2).

For each spacecraft season, and for a common low-
energy correction for the absorbing Galactic hydrogen column
(nH = 5 × 1020 cm−2), a power law of the form of equation (10b) was
fitted to the spectrum (see Table 3). The spectral slopes differ little
from season to season, except for Summer/A3 – where the spectrum
is significantly softer. All four photon indices are significantly less
than the canonical value of 1.4 and certainly much less than the
asymptotic ∼2.2–2.4 expected on the basis of Figs 1(a) and (b). A
change of ±20 per cent to the absorbing column has no influence
on the derived photon indices and normalizations. The inclusion of
a hydrogen column of course assumes that all contributions to the
background are distant from the Earth.

All four seasonal spectra (and their randomized average) do ex-
hibit a ‘change of slope’ or ‘step feature’ at ∼2.2 keV, the energy at
which the telescope effective area changes discontinuously through
the MIV,V edges of the gold mirror coating. The instrument response
function does not account for a small excess of counts at an energy
of about 2.45 keV. This feature appears more prominent in the A4
spectrum than in its counterpart for spacecraft season A1, as if it
were related to the level of the underlying continuum.

The square of the reflectivity – governing the telescope response
– of a gold-coated Wolter Type 1 telescope in this energy range is
described by Owens et al. (1996) for an angle of grazing incidence

10 For example, 10 observation files (A, B, C, D, . . . , J) are initially grouped
in lists A1 = [A, B, C, D], A2 = [E, F, G], A3 = [H, I], A4 = [J]. Randomized
lists might be: A1∗ = [B, C, E, I], A2∗ = [A, F, H], A3∗ = [D, J], A4∗ = [G]
or A1∗ = [B, F, G, H], A2∗ = [A, E, J], A3∗ = [C, I], A4∗ = [D], etc.

Figure 14. (a) EPIC pn X-ray background spectra for each of the four
spacecraft seasons, with A1/Winter (black symbols) clearly differentiated
from A4/Autumn (blue symbols), A2/Spring (red) and A3/Summer (green).
Full curve – power-law fit to low-state A1/Winter data (see Table 3). (b) EPIC
pn randomized X-ray background spectra, all following a single common
curve. Here the same input observation files as in (a) are randomly assigned
to four new lists (A1∗–A4∗), each containing the same number of files as
the original A1–A4 in (a). These lists are then used in the same way as for
(a) to generate the randomized spectra shown in (b). A typical example of
the randomized spectra is shown.

of 27 arcmin. The range of grazing angles for an XMM–Newton tele-
scope is 17.4–39.7◦ arcmin for a point source on-axis. For a uniform
diffuse source filling the FOV, all nominal grazing angles ±15 ar-
cmin are excited simultaneously. As discussed in the appendix,
because X-ray reflectivity decreases with increasing grazing angle
even below the critical angle (∼1.5◦ for gold at 2.1 keV), the ef-
fective grazing angle for a given mirror shell is decreased for a
diffuse source compared to a point source. Measurements made on
gold mirror flats for the Astro-H mission by Sugita et al. (2012)
indicate that the depth of the Au MIV,V step decreases sharply with
decreasing grazing angle in the 1o regime. In the absence of a full
ray-trace analysis of an XMM–Newton telescope for a diffuse in-
put, we argue that the match between measured and modelled steps
is sufficiently convincing that we may retain the working hypoth-
esis that the seasonal spectra are largely constituted from X-rays
originating outside the EPIC pn camera structure, rather than from

MNRAS 445, 2146–2168 (2014)
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Solar axion signatures in XMM–Newton data 2149

Figure 2. Schematics in the GSE noon-midnight plane of the orthogonal
GECOSAX scenario, of the XMM–Newton orbit (elongated ellipse) and
of the Earth’s magnetic field, represented by field lines with McIlwain
L-values 5, 10 and 20 and by a parabolic approximation to the magnetopause.
The broken circle indicates the 40 000 km minimum altitude for XMM–
Newton observations. The shaded triangle indicates the allowed pointing
directions for XMM–Newton (approximately ±20o from perpendicular to
the Sun–Earth line); the triangle can ‘rotate’ about the X-axis (the Sun–
Earth line). X-ray conversion photons can enter the FOV of XMM–Newton
via various mechanisms, discussed in the text, shown schematically as (a)
elastic scattering, (b) non-colinear conversion plus axion-to-photon back-
conversion, and (c) non-colinear conversion. Top: Winter configuration,
2000 January 1. Bottom: Summer configuration, 2000 July 1.

conversion probability p due to ‘axion splitting’ in a number of
ideal magnetic field geometries (infinitely thin solenoid, square
well, Gaussian and δ-function) but not yet for the desired dipole ap-
proximation to the geomagnetic field. It is thought here that isotropic
scattering axion-to-photon conversion probabilities can attain val-
ues of the same order as for purely colinear scattering, especially
when the axion mass and the energy corresponding to the plasma
frequency are equal, and the conversion probability shows a reso-
nance and increases sharply (Guendelman et al. 2010).

Furthermore, the inverse Compton effect (e− + a → γ + e−)
should now be considered as a potential axion-to-photon conver-
sion mechanism alongside the (inverse) Primakoff effect. If inverse
Compton conversion is indeed significant, the geomagnetic dipole
field remains important, but only indirectly, in that it then acts as a

Figure 3. (a) Projection of the XMM–Newton orbit onto the ecliptic plane, at
three-monthly intervals at beginning of mission. The central circle represents
the minimum altitude for observations. The apogee of the orbit on 2001
January 1 is indicated by the radial line. The spacecraft ‘Winter solstice’,
when the apogee of the orbit lies on the Sun–Earth line, falls in 2001 mid-
January. (b) As Fig. 3(a), for mid-mission period 2006–2007. Precession
of the orbit means that the spacecraft Winter solstice now occurs in late
November. The Sun is far to the right at X = 23 450 RE, Y = 0 RE.

proxy for the number density of the contained charged particles that
scatter the conversion X-rays. Additionally, inside a magnetic field,
the Primakoff effect can give rise to axion-to-photon conversion
and also photon-to-axion back-conversion as soon as the photons
start appearing (Zioutas et al. 2006), leading to a mix of axions
and photons. Therefore, although the research along these different
lines of enquiry is still in its early stages, we postulate that there
may well be various mechanisms for conversion X-ray photons to
enter the XMM–Newton FOV (see Figs 2a and b).

Section 2 therefore explores, on a phenomenological basis, the
observational consequences of replacing pure forward or backward
scattering (Sikivie 1983) with isotropic (Guendelman et al. 2010)
X-ray propagation, post-conversion, of a multicomponent axion
spectrum.

MNRAS 445, 2146–2168 (2014)
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of the orbit means that the spacecraft Winter solstice now occurs in late
November. The Sun is far to the right at X = 23 450 RE, Y = 0 RE.

proxy for the number density of the contained charged particles that
scatter the conversion X-rays. Additionally, inside a magnetic field,
the Primakoff effect can give rise to axion-to-photon conversion
and also photon-to-axion back-conversion as soon as the photons
start appearing (Zioutas et al. 2006), leading to a mix of axions
and photons. Therefore, although the research along these different
lines of enquiry is still in its early stages, we postulate that there
may well be various mechanisms for conversion X-ray photons to
enter the XMM–Newton FOV (see Figs 2a and b).

Section 2 therefore explores, on a phenomenological basis, the
observational consequences of replacing pure forward or backward
scattering (Sikivie 1983) with isotropic (Guendelman et al. 2010)
X-ray propagation, post-conversion, of a multicomponent axion
spectrum.
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Fraser et al., 2014
・A seasonally varying X-ray background signal is observed. 

・They conclude that this variable signal is consistent with the conversion of solar axions in  
　the Earth’s magnetic field. 
・X-ray flux of 4.6 × 10−12 erg s−1 cm−2 deg−2 in 2–6 keV from geomagnetic conversion,  
　which has 2.2 × 10−22 GeV−1 for an axion mass in the μeV, has been interpreted.

Roncadelli & Tavecchio, 2015

Instrumental background depending on its orbit? or another ALP？

Black: winter 
Blue: autumn
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Possibility to detect X-ray originating from ALP

Dark Matter
lifetime =τΦ

mass：mΦ

ALP

mass：ma ~ 0 
momentum：mΦ/2

Geomagnetic field

photon

momentum：mΦ/2

When the lifetime decaying from DM to ALP is longer than age of the universe…

（Case-A）If ALP momentum is in the keV band, we can observe the single 
depending on the Earth's magnetic field.

If DM exists in the solar system neighborhood, the observed spectrum 
shape is monochromatic. (e.g. Cicoli+ 2015)

Observer

Additionally, in the case of the two-body decay…
（Case-B）

（Case-C）If DM is distributed over the universe uniformly, the observed spectrum 
shape is continuum as a simple power-low (Γ = +0.5) created by the 
superposition of monochromatic lines with different cosmological 
redshifts. (e.g. Asaka+ 1998)
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(Case-B) Detection limit of monochromatic spectrum
・From the Suzaku archive, Sekiya+ 2016 selected 187 data sets of blank-sky  
　regions that were dominated by the X-ray diffuse background.  
・Sekiya+ 2016 exhibited no significant detection of an emission line feature  
　from dark matter. 
・There is no feature on reported 3.5 keV line (e.g. Bulbul+ 2014).

Publications of the Astronomical Society of Japan (2015), Vol. 00, No. 0 7

Table 2. Spectral fitting results with the stacked energy spectra and the XDB model.

Period Norm1
∗ kT2

† Norm2
∗ kT3

† Ne‡ Mg‡

2005–2006 20.7+2.4
−7.3 0.22+0.01

−0.03 4.2+1.8
−0.4 0.85+0.06

−0.10 0.0+1.5
−0.0 0.0+1.9

−0.0

2006–2007 22.7+2.5
−2.9 0.24+0.01

−0.02 3.7+0.4
−0.4 0.89+0.10

−0.14 3.2+4.5
−3.2 6.5+3.3

−2.9

2007–2008 19.2+3.7
−16.0 0.23+0.02

−0.05 4.9+4.2
−0.6 0.79+0.10

−0.16 3.8+2.7
−2.5 0.1+2.3

−0.1

2008–2009 20.0+3.5
−11.9 0.22+0.02

−0.04 4.5+3.2
−0.5 0.77+0.09

−0.11 4.6+2.6
−2.2 0.0+1.2

−0.0

2009–2010 14.9+11.3
−14.9 0.19+0.04

−0.03 6.8+5.9
−2.7 0.67+0.10

−0.08 2.9+2.0
−1.6 0.5+1.5

−0.5

2010–2011 42.2+4.6
−8.4 0.24+0.02

−0.04 4.7+1.7
−0.6 0.69+0.08

−0.07 1.6+1.6
−1.6 0.0+0.0

−0.0

2011–2012 34.9+5.6
−14.6 0.22+0.02

−0.04 5.8+3.6
−0.7 0.64+0.14

−0.07 2.7+3.2
−1.1 2.8+2.7

−2.0

2012–2013 36.8+6.6
−14.0 0.22+0.02

−0.03 8.9+3.8
−0.8 0.55+0.07

−0.11 3.3+3.3
−1.1 4.0+3.8

−1.3

Period Norm3
∗ !CXB

§ SCXB
∥ O I♯ χ2/dof (dof)

2005–2006 0.4+0.1
−0.1 1.44+0.02

−0.02 7.0+0.2
−0.2 0.4+0.2

−0.2 1.19 (590)

2006–2007 0.5+0.1
−0.1 1.42+0.02

−0.02 7.8+0.2
−0.2 0.6+0.2

−0.2 1.41 (434)

2007–2008 0.6+0.2
−0.2 1.42+0.02

−0.03 7.8+0.2
−0.2 0.5+0.2

−0.2 1.22 (434)

2008–2009 0.6+0.2
−0.1 1.39+0.02

−0.02 7.7+0.2
−0.2 0.4+0.2

−0.2 1.42 (434)

2009–2010 0.7+0.3
−0.2 1.48+0.02

−0.03 8.4+0.2
−0.2 0.2+0.3

−0.2 1.26 (434)

2010–2011 0.7+0.3
−0.2 1.48+0.02

−0.02 7.9+0.2
−0.2 0.2+0.3

−0.2 1.44 (434)

2011–2012 0.6+0.3
−0.3 1.50+0.02

−0.02 8.2+0.2
−0.2 4.2+0.3

−0.3 1.19 (434)

2012–2013 0.8+0.4
−0.4 1.35+0.02

−0.02 7.3+0.2
−0.2 5.3+0.4

−0.4 0.99 (434)

∗The emission measure of the optically-thin thermal CIE plasma integrated over the line of sight (the APEC model normalization):
(1/4π)

∫
nenHds in units of 1014 cm−5 sr−1, where ne and nH are the electron and the hydrogen density (cm−3).

†The temperature of the optically-thin thermal CIE plasma in units of keV.
‡The abundances of Ne or Mg in units of the Solar-neighbor values given in Anders and Grevesse (1989).
§The photon index of the power-law model for the CXB component.
∥The surface brightness of the CXB component (the power-law model normalization) in units of photons cm−2 s−1 sr−1 keV−1 at 1 keV (the
photon index is fixed at 1.4).

♯The intensity of neutral oxygen (O I, centroid: 0.525 keV) in units of LU (photons cm−2 s−1 sr−1).
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Fig. 3. (a) Expected DM line intensity, its 1 σ statistical error range and its 3 σ upper limit. The unit of line intensity is defined as “LU”, which is equal
to photons cm−2 s−1 sr−1. (b) Five possible signatures and their statistical significances. Note that these significances are not and should be corrected
by considering the LEE.

data (e.g., Woodet al. 1991), and is also sometimes called
the “Look-elsewhere Effect” (LEE: Gross & Vitells 2010).
The trial factor is determined by the energy range and the
energy resolution. This is not analytically known, since

the energy-spread function is relatively broad, and since
the energy resolution is energy-dependent. We therefore
conducted Monte-Carlo simulations. We first generated a
simulation spectrum assuming the best-fit XDB model
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Sekiya+ 2016

No feature
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Possibility to detect X-ray originating from ALP

Dark Matter
lifetime =τΦ

mass：mΦ

ALP

mass：ma ~ 0 
momentum：mΦ/2

Geomagnetic field

photon

momentum：mΦ/2

When the lifetime decaying from DM to ALP is longer than age of the universe…

（Case-A）If ALP momentum is in the keV band, we can observe the single 
depending on the Earth's magnetic field.

If DM exists in the solar system neighborhood, the observed spectrum 
shape is monochromatic. (e.g. Cicoli+ 2015)

Observer

Additionally, in the case of the two-body decay…
（Case-B）

（Case-C）If DM is distributed over the universe uniformly, the observed spectrum 
shape is continuum as a simple power-low (Γ = +0.5) created by the 
superposition of monochromatic lines with different cosmological 
redshifts. (e.g. Asaka+ 1998)



International workshop on "Axion physics and dark matter cosmology”20-21 Dec 217 @ Osaka University 12

Field name （Ra, Dec） Number of observations  Exposure time
Lockman hole （162.9, 57.3） 9 times (every year) 542.5 ks

MBM16 （49.8, 11.6） 6 times (2012-2015) 446.9 ks

SEP （270.0, -66.6） 4 times (2009) 205.0 ks 

NEP （90.0, 66.6） 4 times (2009) 204.2 ks

In order to search for X-ray continuous emission from ALP, we selected 4  
observational targets from Suzaku/XIS archival data of XDB from 2005 to 2015.

(Case-C) Continuum created by cosmological redshift
When dark matter distributed over the universe uniformly is assumed, we observe 
the continuum spectrum of the superposition of such monochromatic spectrum
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ALP ∝ (B⊥L)2 

Γ = +0.5

CXB（Γ ~ -1.4）

local plasma

13

Spectral shapes of XDB and ALP
・We can estimated the surface brightness of ALP assuming the spectral shape. 

・The emission model of CXB is represented by a power-law with its photon index of Γ = -1.4  

　(Kushino+ 2002) above 2 keV. 
・The spectral shape of ALP is transcribed as a simple power-law function whose photon index  

　of Γ = +0.5 due to the effect of cosmological redshift (Asaka+ 1998).
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Line of sight
B⊥

・Suzaku goes round the earth in ~ 90 min, and an orbital plane changes. 

・Transverse magnetic field along the line of sight, B⊥, changes with the  

　satellite motion relative to the Earth.

Relation between Suzaku orbit and (B⊥L)2
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・The location of Suzaku every 60 seconds for XDB observation 

・B⊥, the transverse magnetic field along the line of sight estimated by IGRF-12 

・ (B⊥L)2 integrated to 6RE  
・Maximum: B⊥L ~ 300 Tm, Average: B⊥L ~ 140 Tm

Classification of dataset by (B⊥ L)2
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Observed spectrum (including detector response)

CXB（Γ ~ -1.4） 
Depending on observational direction

local plasma
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Surface brightness correlation between ALP and CXB
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- Estimated Pa→γ for 187 observations (31 Ms) used by Sekiya+ 2016 
- X-ray line detection limit by Sekiya+ 2016 converted into monochromatic  
  spectrum originating from ALP.
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Summary

We proposed a novel method to uncover ALP origin photons by 
space observatory using the Earth’s magnetic field in the X-ray 
background. 

The systematic uncertainty of NXB such as The NXB characterized 
by the relative position of the earth and the satellite, and time 
fluctuation from seconds to years are evaluated. 

We did not detect any possible continuous emission from ALP.

In the keV band, we can search a unknown signature … 
- Assuming of spectral shape 
- Depending the environmental parameter ( BL etc…)


