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なぜ低エネルギー宇宙線 �2

   SNRで銀河宇宙線の何割を説明できるのか？ 
「SNRで加速される宇宙線の総量」は観測的に未解明 
  数が多いはずの低エネルギー側 (keV-MeV) は未測定

太陽変調の影響を受ける  
=> 唯一の観測例がVoyager 
       (Stone+2013)

直接観測

• 電離率 ζ  (H3+、DCO+/HCO+ ） 
  => 宇宙線密度やスペクトルは測定不可 
      （Indriolo & McCall 2012, Ceccarelli+2011） 

• GeV ガンマ線観測 (π0崩壊) 
 => 原理的に > 280 MeV の陽子を観測 
（Ackermann+2013）

間接観測

Voyager

NASA
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中性鉄輝線@6.4 keV
�3

(e.g. Tatischeff 03)

Fe

低エネルギー 
電子・陽子 
(keV-MeV)

6.4 keV輝線 
(内殻電離)

連続X線 
(制動放射 
  /逆制動放射)

冷たいガス

5 keV以上で低バックグラウンドかつ有効面積大きい
「すざく」のデータを用い、SNRで中性鉄輝線探査

アバンダンスも蛍光収率も高い  
=> 中性元素からの蛍光X線の中で 
    鉄輝線が最も観測しやすい

電子か陽子かで連続X線の
強度異なる  
=> 等価幅で粒子を区別可
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これまでの観測結果
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表面輝度 = several x 10−9 — several x 10−8 ph/s/cm2/arcmin2 

宇宙線のエネルギー密度 (MeV band) ~ 10—100 eV cm−3

10天体以上から低エネルギー宇宙線 (多くは陽子) 起源の
中性鉄輝線検出
• W28 (Nobukawa+18, Okon+18) 
• Kes 67 (Nobukawa+18) 
• Kes 69 (Nobukawa+18) 
• Kes 78 (Nobukawa+18) 
• Kes 79 (Sato+16) 

• 3C 391 (Sato+14) 
• W44 (Nobukawa+18) 
• G323.7-1.0 (Saji, Nobukawa+18) 

• G330.2+1.0 (佐治D論18) 
• G346.6-0.2 (佐治D論18) 
• G348.5+0.1 (佐治D論18) 
• Kes 17 (佐治D論18) 
• N132D (Bamba, Nobukawa+18) 
• IC 443 (Hirayama, Nobukawa+19)  
• W51C (preliminary)
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IC 443 �5

Nobukawa+ in prep.
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P3. INTRODUCTION

超新星残骸IC 443 (G189.1+3.0 )
▸ H3+吸収線観測でも高い電離率を得ている (Indriolo et al. 2010) 

▸ 分子雲との相互作用がある (Cornett et al. 1977) 

▸過電離プラズマをもつ (Kawasaki et al. 2002)

Observed region
1°.2

年齢: ~3000-30000 yr 
Middle-aged SNR (超新星残骸) 
(Petre et al. 1988; Olbert et al. 2001) 

場所: anti center,1.5 kpc 
              (Welsh & Sallmen 2003) 

銀河円盤のX線放射の影響が小さい
ため6.4 keV輝線検出に有利

画像の引用元:Focal Pointe Observatory / B. Franke  

(http://chandra.harvard.edu/photo/2015/ic443/) 

▸ すざく衛星を用いてIC 443の
6.4 keV輝線の探査を行った

B. Franke
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本講演のトピック

✓超新星残骸ではいつまで粒子加速を行っているか? 
✓低エネルギー宇宙線のエネルギー論 
✓高エネルギー宇宙線との比較  
✓将来の低エネルギー宇宙線研究

これまでの観測結果をふまえ、以下を議論する
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中性鉄輝線とSNRの年齢 �7

Very young  (< 1000 yr) none
Young  (< 10,000 yr) G330.2+1.0 / N132D 

Middle-aged  (< 100,000 yr)

W28 / Kes 69 / Kes 78 
Kes 79 / 3C 391 / W44 

G323.7-1.0 / G346.6-0.2 
G348.5+0.1 Kes 17  

 IC 443 / W51C
Old  (~100,000 yr) Kes 67 

✓ほとんどがMiddle-aged (+ old)
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観測バイアス 
• 宇宙線起源の中性鉄輝線は微弱で、若いSNRでは埋もれる 

- 強いシンクロトロン放射（例：RX J1713.7-3946） 

- 低電離プラズマ (鉄イジェクタ) からの~6.4 keV輝線                  

(e.g. RCW86) 

粒子加速への示唆 
• 低エネルギー宇宙線はすぐ冷える (102–103 yr) @100–1000 cm−3  

=> 宇宙線起源の中性鉄輝線の存在は、middle-agedやold SNRで 

　  少なくともMeVまで粒子加速が継続していることを示唆

中性鉄輝線とSNRの年齢
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中性鉄輝線とガンマ線
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GeV W44 / Kes 17 / 3C 391

GeV + TeV
W28 / Kes 78  

G323.7-1.0 / G348.5+0.1 
W51C /  IC 443 / N132D

Non-detection Kes 67 / Kes 69 / Kes 79 
G330.2+1.0 / G346.6-0.2

✓中性鉄輝線SNRの半分以上はガンマ線放射あり 
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W44

Fe line: Nobukawa+18  
Gamma-ray: Abdo+10

GeV TeV G323.7-1.0

中性鉄輝線とガンマ線放射はいつも相関があるわけではない  
• 低エネルギー側と高エネルギー側の拡散 or 逃亡の違い 
• 低エネルギー宇宙線は加速されているが高エネルギーまでは
加速されていない

Fe line: Saji, KN+18  
Gamma-ray;: Abdalla+18

中性鉄輝線とガンマ線
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Escape model
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Makino, Fujita, Nobukawa et al. 
submitted to PASJ 
(arXiv:190110477)

• GeV・TeV宇宙線はSNRからすでにescape 
• MeV宇宙線は相互作用している分子雲中にじわじわ漏れ出す 

=> 中性鉄輝線、Fermi、H.E.S.Sの結果を全て説明

Escape modelを用いて、W28、
W44の中性鉄輝線とガンマ線を
同時に説明できるか検証

4 Publications of the Astronomical Society of Japan, (2018), Vol. 00, No. 0

until the confinement region passes the surface of the cloud

(Resc �Wsh = rMC).

The photon number intensity of the neutral iron line is

given by

I6.4keV=
1
4⇡

Z
dE�6.4keV(E)vCR(E)nH

Z
dxnCR(E,x),(16)

where E, �6,4keV(E),vCR(E),nH,nCR(E,x) are the kinetic

energy of the CRs, the cross section to produce the iron

line at 6.4 keV, the CR velocity, the number density of

hydrogens in the molecular cloud, and the CR density in

the cloud, respectively. The depth of the cloud in the di-

rection of line of sight is represented by x. In figure 1a, we

assume that the angle between x-direction and r-direction

is zero (✓ = 0), and x= 0 corresponds to r = rMC. For the

the cross-section �6,4keV(E), we use the one for the solar

metallicity and 1<E<104 MeV calculated by Tatische↵ et

al. (2012). We assume that �6.4keV(E)=0 for E>104 MeV

and E < 1 MeV, which does not a↵ect the results.

If the injection and the cooling of CRs are balanced

in the cloud, the column density of the CRs is written

as nCR,shushtcool, where tcool is the cooling time of the

CRs and is calculated using the ionization loss rate given

by Mannheim & Schlickeiser (1994). The column density

corresponds to the second integral of equation (16). Thus,

the line intensity is represented by

I6.4keV =
1
4⇡

Z
dE [�6.4keV(E)vCR(E)nH

⇥nCR,sh(t,E)ushtcool(E)] . (17)

This equation is correct if the injection of CRs into the

molecular cloud is endless. However, the width of the con-

finement region Wsh is finite and the CR column density

nCR,shushtcool cannot be larger than nCR,shWsh. Since we

do not know how deep the confinement region is immersed

in the cloud at present, we simply assume that the region

is half immersed (dMC =Wsh/2 in figure 1a). Thus, equa-

tion (17) is modified as

I6.4keV =
1
4⇡

Z
dE [�6.4keV(E)vCR(E)nH

⇥nCR,sh(t,E)usht
0
cool(E)] . (18)

where t0cool(E)=min[tcool(E),0.5tpass] and tpass ⌘Wsh/ush

is the time scale in which the confinement region passes the

surface of the molecular cloud. This means that the CRs

that were originally in the overlapped region (the shaded

region in figure 1a) when dMC =Wsh/2 was satisfied have

escaped into the cloud.

However, this correction is not significant. The time

scale in which the confinement region passes the surface

of the molecular cloud (tpass) is ⇠ 20% of the age of the

SNR (⇠ 104 yr) for the parameters we choose in section 4.

Confinement Region

Shock Front

Molecular Cloud

ush

Resc

Wsh

MeV CRs

r

rMC

dMC

x

x = 0

GeV-TeV CRs

(a)

Rsh

Shock Front

Molecular CloudMeV CRs

r

θ

x

(b)

Observer

L
1

r=L
2

Fig. 1. (a) Schematic figure showing the interaction between the SNR and
the molecular cloud. MeV CRs seep into the cloud. The directions of r and
x are parallel (✓ = 0). The depth of the overlapped region is given by dMC,
Note that the relative position of the confinement region to the molecular
cloud changes as the shock front and the confinement region movies out-
ward with the velocity of ush. (b) enlarged view of (a), but the directions of r
and x are not parallel (✓ 6= 0).

While this time scale is too short to change the gamma-

ray spectrum produced by >⇠ GeV CRs, it is much larger

than the cooling time of MeV CRs. For example, CRs

with E ⇠ 10 MeV are most e↵ective to create the iron line

emissions due to a large �6.4keV(E); they have a cooing

time of tcool <⇠ 100 yr for nH > 1000 cm�3, which means

that t0cool = tcool at the energy.

For the sake of simplicity, we assume that CRs that

have entered clouds do not escape from the clouds before

they lose their energy through the rapid cooling. This may

be realized if magnetic fields are oriented in the clouds so

that they trap the CRs. In other words, the iron line emis-

sions are produced only in the clouds where the fields are

properly distributed. Under this assumption, the intensity

represented by equation (18) does not depend on the de-

tails of the molecular could such as the total length in the
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�12エネルギー論
✓中性鉄輝線の強度から分かる低エネルギー宇宙線の総エネルギー量と
爆発エネルギーの比較はあまり意味がない 

✓低エネルギー宇宙線はすぐ冷える (102–103 yr)  
　<=>  GeV宇宙線の冷却時間 > middle-aged SNRの年齢 

✓MeV陽子の運動エネルギーから中性鉄輝線光度への変換率 10−7 
(Tatischeff et al. 2012)

~

最近102–103 yrで低エネルギー宇宙線加速に注入されたエネルギー 
W44、IC443   =>  ~ 1038 erg/s 
Middle-aged でもこの程度のエネルギーは加速に使われている
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これまでの研究で分かってきたこと
✓ 超新星残骸ではいつまで粒子加速を行っているか? 

- Middle-aged以上でも低エネルギー宇宙線は加速されている 
✓ 低エネルギー宇宙線のエネルギー論 

- Middle-aged SNRでも1038 erg/s のエネルギーが低エネルギー
宇宙線加速に使われている 

✓ 高エネルギー宇宙線との比較 
- 中性鉄輝線とガンマ線放射に必ずしも空間的相関はない 
- escape modelで低エネルギー側 (MeV) と高エネルギー側 

(GeV—TeV) を同時に説明する解はある

低エネルギー宇宙線のスペクトル・密度は謎のまま
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将来への展望①
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• Line profile => 衝突粒子の判別  
• さらに微弱な中性鉄輝線検出 
    => 若いSNRからも？ 
• 他の元素からの中性輝線検出 
    => 宇宙線スペクトル測定
元
素
エネルギー  
(Kα1, Kα2)

K輝線生成断面積 アバンダンス (H=1)

Fe 6404 eV 
6391 eV

4×10−22 cm2 3×10−5

Si 1739 eV 
1740 eV

1×10−21 cm2 3.5×10−5

Si も Feと同程度の強度で中性輝線出ているはず 
CCDでは、Si I Kαは Mg XII Lyβ (1745 eV) と区別が困難
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TABLE 5

ENERGIES OF K X-RAY LINES FROM FAST IONSa

H-LIKE He-LIKE

Ka line Kb line Ka line Kb line
PROJECTILE (keV) (keV) (keV) (keV)

C . . . . . . . . . . . 0.37 0.44 0.31 0.35
N . . . . . . . . . . 0.50 0.59 0.43 0.50
O . . . . . . . . . . 0.65 0.77 0.57 0.67
Ne . . . . . . . . . 1.02 1.21 0.92 1.07
Mg . . . . . . . . 1.47 1.74 1.35 1.58
Si . . . . . . . . . . 2.01 2.38 1.86 2.18
S . . . . . . . . . . . 2.62 3.11 2.46 2.88
Fe . . . . . . . . . 6.97 8.25 6.70 7.88

a From Kelly 1987.

for Fe are in good agreement with the previous calculations
of et al. In particular, we agree that excita-Bussard (1978).
tion of 1s electrons is the dominant mechanism of Ka X-ray
production, that ambient O and Fe are the main contrib-
utors to electron capture by fast Fe ions, and that the peak
of the X-ray line production from fast Fe is at D9 MeV
nucleon~1. Both calculations of the total emissivity of Fe
Ka lines agree within 20% (see Table 2 and the notes added
in the manuscript of et al.Bussard 1978).

4.3. K X-Rays from the Ambient Atoms
The K X-ray line emission from the ambient atoms

results from the Ðlling of inner-shell vacancies produced by
the fast ions. In the case of proton impact, the line energies
correspond to the di†erence of the orbital energies because
both the vacancy production and the subsequent Ðlling of
the vacancy occur in times short compared to the relaxation
times for the atomic wave functions et al. For(Garcia 1973).
heavy-ion collisions, the lines could be shifted by several
tens of electron volts, signiÐcantly broadened and slitted up
into several components, owing to multiple inner-shell plus
outer-shell simultaneous ionizations et al.(Garcia 1973).
We have not taken into account these e†ects, although we
believe that they could provide interesting constraints on
the accelerated particle composition through Ðne spectros-

FIG. 7.ÈCross sections for the production of K X-ray lines for fast
protons interacting with ambient neutral C, O, Si, and Fe. We do not
consider Kb X-rays from Mg and lighter atoms because such atoms in
their ground state do not have 3p electrons.

TABLE 6

ENERGIES OF K X-RAY LINES

FROM AMBIENT IONS

EKa EKbElement (keV) (keV)

C . . . . . . . . 0.29 . . .
N . . . . . . . 0.40 . . .
O . . . . . . . 0.53 . . .
Ne . . . . . . 0.85 . . .
Mg . . . . . . 1.25 . . .
Si . . . . . . . 1.74 1.84
S . . . . . . . . 2.31 2.47
Ar . . . . . . . 2.95 3.19
Ca . . . . . . 3.69 4.01
Fe . . . . . . . 6.40 7.06

copy. We considered the Ka and Kb lines from ambient C,
N, O, Ne, Mg, Si, S, Ar, S, and Fe and have determined the
transition energies from the atomic electron(Table 6)
binding energy tables of We do not considerSevier (1979).
Kb X-rays from C, N, O, Ne, and Mg, since these atoms in
their ground state do not have 3p electrons.

The X-ray line production cross section can be written as

pX \ p
I
wk , (8)

where is the cross section for the collisional ionizationp
Ileading to the K shell vacancy, w is the Ñuorescence yield for

the K shell and k is the relative line intensity(Krause 1979),
among the possible transitions that can Ðll the inner-shell
vacancy Panossian, & Krause For proton(Salem, 1974).
impact, we calculated the ionization cross sections from the
semiempirical formula of & JohanssonJohansson (1976),
with an extrapolation at high energy from Appendix 2 of

et al. For heavier projectiles, we assumed aGarcia (1973).
dependence, as predicted by both the PWBA and theZ

i
2

impulse approximation theories. This assumption gives a
poor description of the available experimental data at low
energies due to molecular e†ects, but becomes reasonable as
the cross section reaches its maximum, i.e., for E

n
^

(in MeV nucleon~1), where is the binding(m
p
/m

e
)uK uKenergy of the K shell et al.(Garcia 1973).

K X-ray production cross sections for fast protons collid-
ing with C, O, Si, and Fe are shown in The Ka lineFigure 7.
production cross sections do not show a strong dependence
on the target charge even though the ionization cross
section varies as & JohanssonZ

j
~4 (Johansson 1976)

because this variation is partially compensated by the Z
j
3.25

dependence of the Ñuorescence yields up to Fe (Krause
1979).

5. RESULTS AND APPLICATIONS FOR ORION

We developed a code for the calculation of the X-ray
emission resulting from the various continuum- and line-
producing processes discussed above. The code allows the
use of various accelerated particle energy spectra and com-
positions in a steady state, thick target model. The ambient
medium is assumed to be neutral with a solar composition.
We discuss in the modiÐcations that would result for° 5.1
X-ray production in a partially ionized medium and in ° 5.2
those for a time-dependent model. We took into account
the photoelectric absorption of the X-rays, again using solar
abundances, and the cross sections of & McCam-Morrison
mon We present results normalized to the accom-(1983).
panying 3È7 MeV nuclear gamma-ray line emission that we
calculated as in et al.Ramaty (1996).

(Tatischeff+1998)

Fe

Si
— 超精密分光 — 
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将来への展望②
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• 中性鉄輝線分布の詳細な構造 
     => 低エネルギー宇宙線の密度分布 
• 中性鉄輝線分布の変化@10年スケール 
     (低エネルギー宇宙線の冷却時間100年) 
     => 低エネルギー宇宙線（陽子）加速・拡散の時間発展  
• 銀河面上の中性鉄輝線 (Nobukawa et al. 2015 ) の観測 
     => 未知の加速源 (隠れたSNR、統計加速) の解明

— 高角度分解能 — 
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中性鉄輝線を用いた低エネルギー宇宙線のサイエンスは、
超精密分光、高角度分解能のどちらでも面白みがある。
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まとめ
中性鉄輝線を用いた低エネルギー宇宙線研究で分かってきたこと 
✓ 超新星残骸ではいつまで粒子加速を行っているか? 

- Middle-aged以上でも低エネルギー宇宙線は加速されている 
✓ 低エネルギー宇宙線のエネルギー論 

- Middle-aged SNRでも1038 erg/s のエネルギーが低エネルギー
宇宙線加速に使われている 

✓ 高エネルギー宇宙線との比較 
- escape modelで低エネルギー側 (MeV) と高エネルギー側 

(GeV—TeV) を同時に説明する解はある 
将来の低エネルギー宇宙線研究 
✓超精密分光でも高角度分解能でも重要な成果 
　　(宇宙線のスペクトル、密度の測定 +α)


