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X線背景放射とその重要性
• X線背景放射とは 

• 個々のX線源に分解されたもの以外 
• あらゆる方向から来る 

• 視線方向の様々な情報を届けてくれる 
• 2 keV以上のX線背景放射 

• 2-20 keV: ベキ1.4のパワーローでよく表される 
• 2-8 keV: 92.7±13.3 %が空間的に点源分解（Luo+ 2017) 

• ほとんどが暗いAGN（Xue+ 2017) 
• 2 keV以下のX線背景放射はもっと複雑

FIG. 6.ÈAito†-Hammer maps of the (a) R12, (b) R45, and (c) R67 band data. The projection is an Aito†-Hammer equal area centered on the Galactic
center with Galactic longitude increasing to the left. The values next to the color bars indicate the intensity and the units are 10~6 counts s~1 arcmin~2.
Regions of missing data are black.

SNOWDEN et al. (see 485, 127)
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Table 2.3: Budget of power-law intensities based on CDF-S 4 Msec (Lehmer et al. (2012)).

Intensity Reference
[10�12 erg cm�2 s�1 deg�2]

Item 0.5-2 keV 2-8 keV
1 Total CXB 8.15 17.3 Lehmer et al. (2012)
2 Unresolved CXB 2.05 3.6 Hickox & Markevitch (2006)
3 Resolved source† below cutoff flux 2.14 7.2 Liu et al. (2017)

Lehmer et al. (2012)
4 Resolved source† above cutoff flux 4 7 Kim et al. (2007)(Fig.19)

Resolved fraction 75% 82%
Note1: Including instrument efficiency for calculating integral log N -log S.
Note2: Bright end correction having done with cutoff flux above 5 ⇥ 10�15 and 1.4⇥10�14 [erg s�1 cm�2]

in 0.5-2 and 2-8 keV band respectively when integrating log N -log S plot.

2.4.3 Spectral synthesis of the X-ray background above 2 keV
The average spectrum of bright AGNs in local universe show a power-law index of ⇠ 1.8 in 2-10 keV band, thus is
different from that of the X-ray background. This was recognized as a spectral paradox of the X-ray background in
1980’s. This problem was solved by heavily absorbed AGNs, which have a hard spectrum , even a negative photon
index, in 2-10 keV, and show a peak called a Compton bump at 20 keV. The X-ray background spectrum shows an
exponential decay above 20 keV as we have seen in section 2.2. Many authors tried to explain the X-ray background
spectrum with a sum of un-absorbed and absorbed AGN spectra.

In Gilli et al. (2001), they synthesized AGN and QSO spectra with two models. They first assume local (at
z = 0) ratio, R, of unabsorbed AGNs to absorbed AGN is 4. They adopt R = 4 for all AGNs of different luminosities
at z = 0. Then in model A, R is assumed to be constant against the redshift, z, while they assumed that R to vary
with z in model B;

R (z) =

(
4 (1 + z)p (z < zcut)

R (zcut) = 10 (zcut � z)
, (2.4)

where zcut is the redshift at which AGNs stop evolving. Absorbed object have log NH  24 and it is assumed to
be constant with redshift both in models A and B. The contribution of those AGNs to the Xray Background is
evaluated by integrated luminosity function (XLF). They refer to the XLF derived from 700 AGN sampling observed
with ROSAT. The Integration starts from z = zcut = 4.6 to z = 0. The value of p was determined from absorbed
AGNs observation. Fig.2.10 shows their model spectrum together with observed spectra by ASCA, HEAO and
ROSAT . We see the models explain observed spectra well above 2 keV including the peak at around 20 keV. On
the other hands, the models do not reproduce the X-ray background below 2 keV.

Figure 2.10: Synthesized AGN emission reproduced by standard model A fast evolved model B (detail in text). The
data in the 3–40 keV and 15–100 keV ranges are respectively from the A2 HED and A4 LED detectors on board
HEAO–1

photon index=-1.4
Gill et al 2001

Chandra Deep Field South 
(l, b) = (161.26 deg, -22.81 deg)

Energy (keV)
100101

X線背景放射の観測スペクトル
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典型的な2 keV以下のX線背景放射のスペクトル

• これら以外にも、0.5-1keVには、宇宙論を起源とするWHIMなどの放射があるはずである 
• Warm-Hot (~100万Kelvin) Intergalactic Medium は z < 0.3 から形成され、0.5-1 keVのX線
背景放射の約20%程度に寄与するはずである (Takei+ 2011, Capelluti+ 2012, Fang+ 2018) 

• 3成分のうち、暗いAGNの集まりのモデルが最も不定性が大きいため、3成分以外の放射がマスクさ
れている可能性がある。

OVII
OVIII

1.0 2.00.5 Energy (keV)

No. 4] Soft X-Ray Diffuse Emission 811

Fig. 2. (Continued)

Downloaded from https://academic.oup.com/pasj/article-abstract/61/4/805/1540121
by guest
on 15 May 2018

5.0

Suzaku 衛星の観測


Yoshino+ 2009

0.5- 5 keV のX線背景放射の3成分のモデル  
a. 太陽圏での太陽風とH, Heの電荷交換反応 + LHB 
b. 銀河系ハロー起源のプラズマからの放射 
(~0.2 keV = 200万Kelvin のthin thermal放射) 

c. 暗いAGNの集まり: ベキ1.94と1.56 (1keV以下) 
0.5-2 keVを含めて3つのモデルで観測を説明できる

点源は、~10-13 erg s-1 cm-2 
in 0.3-1 keV まで除いていいる。

※図はレスポンスを含んだスペクトル
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本研究の目的・手法・結論

これからの発表内容（手法・結論）

本研究の目的

• できるだけ点源を分解し、取り除いた背景放射のスペクトルを解析する 
• 空間分解能が最も良い Chandra が 7 Msec (約80日) をかけて点源を分解したChandra Deep Field South
がある。また、1 keV以下で有効面積の広いXMM-Newton も同方向を長期間（3.6 Msec）観測している 

• 点源リストは Chandra を用いて、diffuse の解析には XMM-Newton を用いる 
• XMM-Newton を用いた背景放射の解析で遭遇した困難 
• 点源の除去における、望遠鏡Point Spread Function の裾の広がり （この後で詳しく説明） 
• XMM-Newton の非X線バックグラウンド (NXB) のレベルが非常に高く、推定も難しい （詳細は省略） 
• 望遠鏡により集光された 100 keV程度の低エネルギー陽子  
• 新しいやり方を開発して除去し、引き残りの上限を評価し系統誤差に取り込んだ 

• 上記以外のNXBの推定 
• 視野外から見積もる標準的な方法に加え、視野内外のカウントレート比のエネルギー依存性を補正
し、有効面積のない 10-11 keVで視野内外のカウントレートの比が1となるように調整した。10-
11 keVの比率の統計誤差 +/-2 シグマをNXBの系統誤差に取り込んだ 

• 3成分以外の放射成分についての上限値を求めた

• 暗いAGNの集まりのモデルが最も不定性があるので、できるだけモデルの不定性を排除して、X線背景
放射のスペクトルを議論する
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XMM-Newton 衛星と Chandra の結合解析

• Chandra Deep Field （左下図）には 約1000個の分解済みの点源（主に暗いAGN）がある 
• Chandra の観測によって、2-8 keVのX線背景放射の92.7±13.3%が点源分解されている 
• Chandra の検出効率を戻すと、CDFSにおいて、2-8 keVのX線背景放射は約76%が点源に分解
される。この約76%の点源を XMM-Newton の視野から除き、背景放射のスペクトルを解析する

with a matching radius of ´2. 5 for sources within 6′ of the
average aim point and 4 0 for sources at larger off-axis angles
(the distance between the source position and the average aim
point); we also visually inspected all ofthe sources beyond
8′of the average aim point and removed nine candidate sources
that are likely the same as their companion detections ≈4–7″
away. The X-ray source positions in the merged source list
were adopted from, in order of priority, the full-band, soft-
band, and hard-band positions. The resulting candidate source
list includes 1121 sources.

The relatively loose WAVDETECT source-detection threshold
of 10−5 introduces a non-negligible number of spurious
detections. We also performed WAVDETECT source searching
with the more stringent false-positive probability thresholds
of 10−6, 10−7, and 10−8. We then assigned a minimum
WAVDETECT false-positive probability to each of the 1121
candidate sources according to the minimum WAVDETECT
threshold value at which the source was detected. Of the 1121
sources, 644, 58, 102, and 317 have minimum WAVDETECT
false-positive probabilities of 10−8, 10−7, 10−6, and 10−5,
respectively. Candidate sources with smaller minimum WAVDE-
TECT false-positive probabilities are more likely real detections
and most of the spurious detections will have minimum false-
positive probabilities of 10−5 (e.g., see Figure 5 below).

Before filtering the candidate source list with AE, we
improved the source positions through the AE “CHECK_PO-
SITIONS” procedure. As was done in our previous CDF-S,
Extended Chandra Deep Field-South (E-CDF-S), and Chandra
Deep Field-North (CDF-N) catalogs (Luo et al. 2008; Xue
et al. 2011, 2016), we adopted AE centroid positions for
sources within 8′of the average aim point and matched-filter
positions for sources located at larger off-axis angles.35 We

further visually inspected the raw and adaptively smoothed
images for each source and manually chose centroid or
matched-filter positions for ≈60 sources,which align better
with the apparent source centers (mostly sources located within
6–8′of the average aim point where the matched-filter
positions are preferred).
We then utilized AE to extract photometric properties of the

candidate sources. The details of the AE photometric extraction
are described in the AE User’s Guide; a short summary is

Figure 4. (a) “False-color” image of the 7 Ms CDF-S. The image is a color composite of the exposure-corrected and adaptively smoothed images in the 0.5–2.0keV
(red), 2–4 keV (green), and 4–7 keV (blue) bands. The smoothed images have uneven weights in the composite for the purpose of enhanced display, and thus the
source color in the image does not reflect accurately the X-ray color of the source. The apparent smaller size and lower brightness of the sources near the field center
are due to the smaller PSF size at that location. The CDF-S boundary and the average aim point are shown, as was done in Figure 1. An expanded view of the central
8′×8′region (dashed square region) is displayed in panel (b). Extended faint color halos in panel (b) are usually artifacts instead of real extended sources.

Figure 5. Distribution of 1 minus the AE binomial no-source probability (PB)
for sources in the candidate-list catalog with different minimum WAVDETECT
false-positive probabilities. Sources having <P 0.007B were included in the
main source catalog, and they are indicated by the red shaded bars, which have
a slightly smaller width than the rightmost PB bin (0.007 vs. 0.01). The fraction
of main-catalog sources among each minimum WAVDETECT false-positive bin
is annotated, with the numbers of sources shown in the parentheses. The
fraction drops from 99.7% at a minimum WAVDETECT false-positive
probability of 10−8 to 70.3% at a minimum WAVDETECT false-positive
probability of 10−5.

35 The matched-filter position is the position found by correlating the merged
image in the vicinity of a source with the combined source PSF (see Section 5.3
of the AE User’s Guide).
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The Astrophysical Journal Supplement Series, 228:2 (30pp), 2017 January Luo et al.

Hubble Deep Field

285 arcmin2 の範囲

Chandra Deep Field South (Luo+ 2017)

Chandra の7 Msec観測

logN-logS plot

Chandra 
の検出効率を戻す

log S (erg s−1 cm−2)
10−16 10−15 10−14 10−13
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イメージ上での分解済み点源の除去

.0 0.1 0.4 1.0 2.0 4.2 8.6 17.2 34.7 69.2 137

Counts

実際の観測イメージ

シミュレーションイメージ

MOS2
• Chandraの7 Msecの分解済み点源のリスト（Luo et al. 2017）のシミュレーションイメー
ジの作成 

• XMM-Newton の実測したイメージ上の緑領域が、分解済み点源の漏れこみが0.4-1 keVの
背景放射の統計誤差程度の領域 

• 点源の漏れこみを考慮すると、2-8 keV の 
X線背景放射の約71.6%が点源に分解されるはず XMM-Newton



2019年3月19日 高宇連  東京大学 @本郷キャンパス

 7

• 分解済み点源を除くと、OVIIに対する連続的に見える成分（図紫）が減少


• XMM-Newton の観測の2-8 keVの点源除去率は誤差範囲でChandraの結果と一致


• XMM-Newton の除去率の誤差範囲はNXBの系統誤差を考慮したため、大きかったが、
Chandra の点源リストの除去率とXMM-Newtonでの漏れ込みを考慮し、誤差範囲を設定

観測したX線背景放射のスペクトルと表面輝度の見積もり 

4.7 +0.9 +3.1
−0.9 −3.7

3.9 ± 0.1 +0.3
−0.9

10−12 [erg/s/cm2/deg2]

点源を除く前のスペクトル
OVII

OVIII

0

0.05

0.1

0.15

0.2

no
rm

al
iz

ed
 c

ou
nt

s 
s−

1  k
eV

−1

data and folded model

10.5 2 5

−1

0

1

2

(d
at

a−
m

od
el

)/e
rro

r

Energy (keV)

Energy (keV)

no
rm

al
iz

ed
co

un
ts

s−
1

ke
V

−
1

(d
at

a
−

m
od

el
)/

er
ro

r

0.5 1 2 5

0
1

−1

no
rm

al
iz

ed
co

un
ts

s−
1

ke
V

−
1

(d
at

a
−

m
od

el
)/

er
ro

r

点源を除いた後のスペクトル

OVIII
OVII

0

5×10−3

0.01

no
rm

al
iz

ed
 c

ou
nt

s 
s−

1  k
eV

−1

data and folded model

10.5 2 5

−1

0

1

(d
at

a−
m

od
el

)/e
rro

r
Energy (keV)

Energy (keV)
0.5 1 2 5

0
1

−1

71.4 +5.9
−7.1 %

2-8 keVの点源除去率



2019年3月19日 高宇連  東京大学 @本郷キャンパス

 8

点源を抜く前後の表面輝度の比較 in 0.5-1 keV

• 0.5-1 keV 帯域の表面輝度は、Chandraカタログ点源を除くと約45%減少していた 
• 点源を除く前と後のOVIIとOVIII の表面輝度は統計誤差の範囲で一致 
• 酸素輝線が点源とは無相関で、これまで考えられている空間的に広がっている酸素輝線の起源の
考え方とも矛盾しない

0.5 1 0.5 1

Surface Brightness 

(10-12 erg cm-2s-1deg-2)
OVII

OVIII

OVII

OVIII

keV keV

5.74± 0.04+0.08
�1.02

0.95±0.07+0.07
�0.09

0.22±0.05±0.02
0.04±0.02±0.00

1.9± 0.2+0.25
� 0.61

3.19± 0.10+0.25
� 0.61

0.98±0.17+0.07
�0.09

0.28±0.10±0.02

The other The other

4.57± 0.09+0.10
� 1.02

点源を除く前の表面輝度 点源を除いた後の表面輝度



2019年3月19日 高宇連  東京大学 @本郷キャンパス

 9

点源除去後のChandra(先行研究)との比較 

• XMM-Newtonの解析により得られたスペクトルとChandraのスペクトルの比較 
• トータルの表面輝度 in 0.5-1 keVは、太陽活動時期の違いを考慮し、誤差の範囲で一致 
• OVIIとOVIIIが明確に分かれている（比較の図）

Energy (keV)

CHAPTER 8. DISCUSSION

Figure 8.4: Comparison between two spectra below 1 keV. This work is indicated by the blue crosses with error
bars. which is the same as Figure 7.7. The Chandra spectrum in the CDF-S is indicated by the black crosses cited
from Hickox & Markevitch (2006). This work separates the OVIII line from the OVII line.

Figure 8.5: Intensity ratio of solar wind emission lines to the OVII emission line as a function of ion temperature.
The ratios of C+N emission lines to OVII, and of OVIII to OVII are calculated using the simulation code by Smith
et al. (2012).

In Figure 8.5, we found that the OVIII emission line is negligible compared to the OVII emission line. However,
the CV and NVI emission lines are not negligible. Taking the difference in the photon energy (between OVII and
CV or NVI) and the Galactic absorption into account, the surface brightness ratio will be smaller than that plotted
in Figure 8.5. The correction factor was estimated to be 0.45. As the SWCX ion temperature is within the range of
0.1 to 0.13 keV according to the Ulysses observation, the surface brightness of CV and NVI emission will be larger

103

XMM-Newton (This work 1.6 Msec)

Chandra (Hickox & Markevitch 2006 0.5 Msec)
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4.5. AGN Classification, Source Spatial Distribution, and
Postage-stamp Images

We classified AGNs from the detected X-ray sources by
selecting sources having X-ray and/or multiwavelength
properties significantly different from those of typical normal
galaxies. Besides AGNs and Galactic stars, the other X-ray

sources are considered to be normal galaxies, although it is
possible that some of these galaxies host low-luminosity and/
or heavily obscured AGNs where the AGN signatures are not
evident based on our selection criteria; some of these missed
AGNs could be identified by other means such as X-ray

Table 2
Summary of Chandra Source Detections

Number of Detected Counts Per Source

Band (keV) Sources Maximum Minimum Median NMADa Mean

Full (0.5–7.0) 916 56916.2 11.2 98.9±6.1 104.4 571.6±93.2
Soft (0.5–2.0) 871 38817.0 6.1 47.7±2.0 47.6 343.5±65.9
Hard (2–7) 622 18137.8 9.2 94.6±6.0 90.6 356.0±46.1

Note.
a Normalized median absolute deviation, defined as = ´ -NMAD 1.48 median counts median counts(∣ ( ) ∣).

Table 3
Sources Detected in One Band but not Another

Detection Band Nondetection Energy Band

(keV) Full Soft Hard Either

Full (0.5–7.0) K 129 302 22
Soft (0.5–2.0) 84 K 364 84
Hard (2–7) 8 115 K 8

Note. For example, there were 129 sources detected in the full band, but not in
the soft band, and there were 22 sources detected in the full band,but not in
either the soft band or the hard band.

Figure 13. Band ratio vs. full-band count rate for the main-catalog sources.
Sources having upper limits on the count rates are indicated by the arrows.
Sources detected only in the full band (22 sources) are not included in this plot.
Red, blue, and green symbols represent AGNs, galaxies, and stars,
respectively. Filled symbols indicate newly detected sources, while open
symbols are sources that were present in the Xue et al. (2011) 4Ms CDF-S
catalogs. The horizontal dotted lines show the band ratios corresponding to
given effective photon indices; these were computed using the average of the
XSPEC-derived Γeff-to-band-ratio conversions. The top x-axis displays the full-
band fluxes at the corresponding count rates, derived assuming Γeff=1.4. The
cyan plus signs represent the stacked count rates and band ratios for all ofthe
sources within logarithmic count-rate bins of 0.4, while the black diamonds and
triangles are the stacked values for the AGNs and galaxies, respectively. The
error bars for the stacked AGN data points are shown to illustrate the typical
uncertainties of these stacked values; they become smaller than the symbol size
in high count-rate bins.

Figure 14. Distributions of X-ray fluxes for the main-catalog sources in the full
(top), soft (middle), and hard (bottom) bands. The black-solid histograms show
the flux distributions for all the sources in the CDF-S field, while the red-
dashed histograms show the distributions for the subgroups of sources within
6′ of the average aim point. Sources with upper limits on the fluxes are not
included in the plots. The vertical dotted lines indicate the median fluxes for
every distribution, and the corresponding median values are listed.

Figure 15. Soft-band flux distribution for the 7Ms CDF-S compared to those
for the 4Ms CDF-S (Xue et al. 2011) and 2Ms CDF-S (Luo et al. 2008),
showing the improvement of source detection from deeper exposures. The
same flux binning was used for all three histograms.

14

The Astrophysical Journal Supplement Series, 228:2 (30pp), 2017 January Luo et al.

Luo+ 2017
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• XMM-Newton で決めた2-8 keVの点源除去率の下側誤差範囲と、Chandra の2-8 keVの背
景放射の点源分解率の誤差範囲である100%までを考慮する 

• Chandra により、分解済みの暗いAGNのシングルパワーローのベキが決定されている 
• 2-8 keVの 点源除去率（ξ）と、暗い AGN のベキで決まる η という2パラメータで  
暗いAGNの表面輝度を推定する 

• 暗いAGNのベキは、Chandra が分解した最も暗い点源のベキ (2.0) と2 keV以上の背景放射
のベキ (1.4) を2 keV以下に外挿した場合を想定
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0.5-1 keVのOVIIとOVIII以外の表面輝度の内訳

上記起源以外の放射の上限値(1.6σ統計誤差 + 系統誤差) 2.3×10-12 erg s-1 cm-2 deg-2 
を得た
上記以外の放射の上限値は、WHIMなどの宇宙論起源の合計(~0.8×10-12 erg s-1 cm-2 deg-2）と
矛盾ない
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OVII = 0.98 ± 0.17 +0.07
−0.09

OVIII = 0.28 ± 0.10 ± 0.02
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Total − Lines = 1.9 ± 0.2 +0.25
−0.61

点源を除いた後のスペクトル
OVII

OVIII
(10-12 erg s-1 cm-2 deg-2) 0.77 +0.03 +0.86

−0.03 −0.20

• 銀河系ハロー起源のホットプラ
ズマ（酸素以外: 図内黄色） 
• 酸素以外のアバンダンスは、
0.3-1 太陽組成比とし、
thin thermal 放射で見積もっ
た  

• 暗いAGNの集まり 
• 2-8 keVの点源分解率とス
ペクトルの形を仮定（ベキ
1.4-2.0）

0.4 ± 0.4 ± 0.02

0.77 +0.03 +0.86
−0.03 −0.77
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X線背景放射（0.5-1 keV）の内訳

31 ± 3 %
21 ± 13 %

24+26
−24 %

24+48
−43 %

本研究のまとめ（発表内容）

• 暗いAGNの集まりのモデルに最も不定性があるので、できるだけ点源を取り除いた X線背景放射
のスペクトルを解析した 
• Chandra Deep Field - South の 7 Msec (約80日) に基づく点源リストを同方向の XMM-
Newton の長期間（3.6 Msec）に適用し、点源を除いた 

• XMM-Newton を用いた背景放射の解析で遭遇した様々な困難 → 新しい手法を導入し解決した 
• 以下の結果を得た 
• 点源を除く前後で、OVIIとOVIIIの表面輝度は 
誤差の範囲で一致していた 
• 従って、OVIIとOVIII は真に広がった 
放射である。 

• 3成分以外の成分についての上限値を  
求めた（右図） 
• 宇宙論起源の約20%と比較して  
矛盾ない結果であった 0.5 1

OVII

OVIII + Remaining thermal 

Energy (keV)

3 成分以外の未知の放射
暗いAGNの集まり


