
天の川銀河中心領域のＸ線観測

Ｘ線トモグラフィによるSgr A*の活動（1000年の活動）
GC South/North プラズマ（10万年の活動）
高階電離鉄輝線の起源（100万年？の活動）

銀河面の中性鉄輝線の起源

鶴 剛 (Kyoto University)

on behalf of the Suzaku GC team. 

20141003_GC_Suzaku_CTA_v2.key

1



1000年間の活動
～Ｘ線反射星雲の3-D配置～

2

Ryu et al. 2009, PASJ, 61, 751
Ryu et al. 2013, PASJ, 65, 33

Ryu FY2012 Doctor Thesis, Kyoto Univ.



1deg
Observation of the GC region with Suzaku

204pointings, 5.96Msec
SWG, AO, LP, KP x2  (|l|<3.5°, |b|<5°)

36 refereed papers, 
7 Doctor Theses. 

R: 0.5-2.0keV
G: 2.0-5.0keV
B: 5.0-8.0keV

3



1deg

011 2 5

0.0
1

0.1
1

Co
un

ts 
s−1

 ke
V−

1

Energy (keV)

Suzaku Spectrum of the GC region

⇒ Narrow Line 

Mapping

4

Neutral Fe Kα
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6.7keV (Continuum subtracted)

Sgr A*

100ly

6.7-keV Line Image (He-like Fe Kα)
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Fig. 2.17.—: Intensity profiles of the plasma emission lines from the GC by Suzaku (Uchiyama

et al., 2012). (a) Profile for the 6.7 keV line ( FeXXV Kα). (b) Profile for the 2.45 keV line ( SXV

Kα).

2001; Park et al. 2004; Muno et al. 2007). Origins of X-ray and sub-relativistic charged

particles (electron or proton) have been proposed for producing the 6.4 keV emissions.

X-ray Origin

The 6.4 keV line and the related continuum emission are respectively due to fluores-

cence and Thomson scattering taking place inside a MC, as consequences of irradiation by

external X-rays. For the fluorescence line, the injecting photons have to be harder than

E ≥7.1 keV, i.e., iron absorption edge, to generate an electron vacancy in the K-shell. Then

the characteristic X-rays are re-emitted isotropically. Assuming an power-law model with

photon index of Γ= 1.5 for the irradiating X-ray source, the resultant 6.4 keV flux (FX
6.4) can

be approximated to the following form (c.f., Sunyaev & Churazov 1998; Capelli et al. 2012).

FX
6.4 ≈ 1.2× ZFe

Ω

4πR2
GC

τT I8 keV [photon cm−2 s−1] (2.6)

Here Ω is the solid angle of the target cloud (with projected area S) seen from the illuminating

source (at distance D), i.e., Ω ≈ S/D2. The other parameters of RGC, ZFe, τT, and I8 keV

are the distance to the GC, the iron abundance w.r.t solar, optical depth due to Thomson

scattering, and the source flux at 8 keV (in unit of photon s−1keV−1). On the other hand,

the continuum emission depends on the angle of Thomson scattering (θ); its flux at 6.4 keV

(C6.4) is written in the following approximate expression.

- 20 -

GC

GR

6.7-keV

l* (deg, from Sgr A*)

r～500ly

F=10×exp(–l/0.6deg) + exp(–l/50deg) 

Uchiyama+11, +12

5

•Thermal Plasmas 
smoothly distribute in 
the GC region.

•The origin is still under 
debate. 

- Truly diffuse plasma 
filling in the GC region.

- Or, collection of faint 
unresolved point 
sources.



X-ray Reflection Nebula

⇒ Ionizing particle is X-ray
“X-ray Reflection Nebula (XRN)”

•Equivalent Width : 1–2keV

•K-edge : NH = 2–10 x 1023 cm-2

•Time Variable : 
        Size ~10 lys,  τ ~ 10 yrs

•Need a source 
       with LX ~ 1039ergs/s

•No such bright source.

• Sgr A* is only one possible source.
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(a) Sgr B2 

Fig. 2.20.—: X-ray spectra of giant MCs in the GC region after subtraction of the GCPE. (a)

spectrum of Sgr B2 (Koyama et al., 2007b). (b) spectrum of M 359.43−0.07 in Sgr C (Nakajima

et al., 2009). The spectral features suggest the X-ray origin (see text).
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Fig. 2.21.—: Time variabilities of the 6.4 keV fluxes from giant MCs in a few years. (a) Sgr B2

(Inui et al., 2009). (b) G0.11−0.11, (c) Bridge (Sgr A; Ponti et al. 2010).

2.4.3 X-ray Reflection Nebula and Past Activities of Sgr A*

XRN Model

In the context of the X-ray origin (see figure 2.22), a luminous external source emitting

hard X-rays is required to irradiate the MCs to produce the fluorescent 6.4 keV emission,

i.e., the X-ray reflection Nebulae (XRNe; Koyama et al. 1996; Sunyaev et al. 1993). The

estimation of X-ray (2–10 keV) luminosity of the irradiating source (LX) depends mainly

on the 6.4 keV flux by reflection (F6.4), the iron column density of the entire MC (NFe =

3.3×10−5ZFeNH), and the distance (D) between the MC/XRN and the source (c.f., Sunyaev

& Churazov 1998; Murakami et al. 2000; Muno et al. 2007; Nobukawa et al. 2008; Capelli
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2.4.3 X-ray Reflection Nebula and Past Activities of Sgr A*

XRN Model

In the context of the X-ray origin (see figure 2.22), a luminous external source emitting

hard X-rays is required to irradiate the MCs to produce the fluorescent 6.4 keV emission,

i.e., the X-ray reflection Nebulae (XRNe; Koyama et al. 1996; Sunyaev et al. 1993). The

estimation of X-ray (2–10 keV) luminosity of the irradiating source (LX) depends mainly

on the 6.4 keV flux by reflection (F6.4), the iron column density of the entire MC (NFe =

3.3×10−5ZFeNH), and the distance (D) between the MC/XRN and the source (c.f., Sunyaev

& Churazov 1998; Murakami et al. 2000; Muno et al. 2007; Nobukawa et al. 2008; Capelli
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4                          6           (keV)

6.4-keV line

Sgr B2
Koyama+07

Deep absorption edge

Echo of the past activity of Sgr A*
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Long Term Light Curve of Sgr A*

d

•LX(Sgr A*) ∝ LX(XRN) x Mass(XRN) x d^2

•Distance “d” between XRN and Sgr A*  
                          → Look back time.

Collecting the data of XRNe 
allows us to obtain past activity 
of Sgr A*  reaching ~1000yr.

Very Unique Study

Only Sgr A* allows us to access such 
a long-term activity of a SMBH.

Face on
(Top View)

Sgr A*

The line of sight 
position of XRN is 

necessary.

XRN 
is 

echo.
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“X-ray Tomography”
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•The GC thermal plasma 

distributes smoothly. 

•An XRN (e.g. Molecular Cloud: 
MC) is located in the GC thermal  
plasma. 

• If an XRN (MC) is located in the 
near side of the thermal plasma, 
then soft X-rays from the plasma 
is absorbed by the XRN due to 
photo-absorption. 

• In the case that the XRN (MC) is 
located in the far side of the 
thermal plasma, soft X-rays from 
the plasma is un-absorbed. 
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Quantitative studies allow us to obtain
 the line of sight potions of the XRNe. 

6.4-keV
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6.7-keV
(Plasma)

Strongly
Absorbed

Less 
Absorbed
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Light curve of Sgr A* in the past

With 90% errors

LX

CurrentTime (year) ← Past

• Sgr A* had been in active phase 50 - 600 years ago.
• Sgr A* made nearly one order of magnitude variation in a 

short time (<10 years) at a couple of times.

Sgr A* is very quiet at present. 

How about before 600 yrs ago ?

Ryu+0.9, +13

time variability
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GC South Plasma : 10万年前の活動
～再結合プラズマの発見～

13

Nakashima et al. 2013, ApJ, 773, 20

Nakashima FY2013 Doctor Thesis, Kyoto Univ.



Bipolar X-ray emission from the GC
14
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c
•M = 710M@　

E = 1.6x1051ergs　
n=0.16cm-3　

• 10~100個分のSNRに相当

•星団は無い．
⇒SNRやSuper Bubbleではない



Recombining Plasma
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Fig. 4.— (a) Spectrum extracted from the entire source region. Only the co-added FI spectra

and models are displayed for visibility, though the FI and BI spectra were simultaneously

fitted. The red, purple, and gray solid lines indicate the best-fit RP model, missing Fe L-
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イオン化平衡モデル

•強い再結合連続線(RRC)

•電離非平衡：イオン化温度 ＞ 電子温度（kTe=0.46keV）

•イオン化温度：初期 kTinit=1.63keV & 0.16cm3 ⇒ ~1×105yr経過



イオン化温度 > 電子温度 : ２つのシナリオ

•平衡状態から電子温度を下げる
• 105-107yr前に爆発的星生成活動あり (Matsunaga+11, Yusef-Zadeh+09)

•超新星爆発 ⇒ 銀河中心領域で高温プラズマ

•銀河面垂直に吹き出す
•断熱膨張によりkTeが下がった．

•音速で膨張に必要な時間 ~ 8x104yr ← 観測と無矛盾

•平衡状態からイオン化温度を上げる
•元々低温のプラズマが存在していた
• Sgr A*からのＸ線による光電離が起こる．LX ~ 7.6x1043ergs/s

• GC Plasma には，光電離 (RP)の痕跡がない．
⇒ Sgr A*からのＸ線放射はビーミングか？
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高階電離鉄輝線の起源：100万年？の活動

～点源寄せ集め or 真に拡がる？～

Uchiyama et al.  (2011) PASJ 63, S903
Uchiyama FY2009 Doctor Thesis, Kyoto Univ.



6.7keV Line Profile vs Stellar and Point Sources Distribution

Truly diffuse plasma

Sgr A*

Distribution of Point 
source flux (4.8-8 keV)

The 6.7keV has more 
extended distribution 
than point sources. 

Nobukawa, Hyodo+ 

6.7keV

6.7keV Lines Excess at GC

Uchiyama+11

No. ] Global Distribution of Fe Kα Lines in the Galactic Center Region 7
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Fig. 4. (a) The Fe XXV Kα line intensity distribution along the Galactic plane as a function of l∗ (distance from Sgr A∗). For
simplicity, only negative l∗ region is shown, except for those at |l∗| > 8.◦0 because the model in these region (Galactic disk) is
symmetric with respect to the positive and negative l∗. The green, purple, orange and yellow lines are the best-fit SMD model of
the nuclear stellar cluster (NSC), nuclear stellar disk (NSD), Galactic disk (GD) and Galactic bulge (GB), respectively. The black
solid line is the sum of the four components of NSC, NSD, GD and GB. The emissivities of these components are fixed to be the
same. The data of |l∗| > 1.◦5 and |b∗| > 0.◦5 regions are used simultaneously in the fitting.
(b) The same as the left panel (a), but those along the Galactic longitude at l∗ = −0.◦114 as a function of b∗ (distance from the
Galactic plane). The arrow shows the position of b = −1.◦4 which is almost the same region as Revnivtsev et al. (2009). For
simplicity, only negative b∗ region is shown.
(c) The same as the upper panel (a) but with the best-fit model in the whole region (GRXE and GCDX) with free parameters of
the emissivities (or stellar mass densities) of NSC and NSD.
(d) The same as the upper panel (b) but with the best-fit model same as the panel (c).

Table 4. Best-fit result with the stellar mass distribution
model.

Component Mass emissivity of
the Fe XXV Kα line ε ∗

Nuclear stellar cluster 111 ± 37
Nuclear stellar disk 22 ± 2

Galactic disk† 5.85 (fixed)
∗ See equation A7. The units are 1033 photons s−1 M−1

# .
† Mass emissivities of the Galactic bulge and the Galactic
disk are fixed to the best-fit of |l∗| > 1.◦5 and |b∗| > 0.◦5
regions.

5. Summary

1. We have obtained intensity profiles of the Fe I,
Fe XVV, and Fe XXVI Kα lines in the Galactic center

region of −3◦ < l < 2◦ and −2◦ < b < 1◦.
2. The intensity profile of Fe XXV Kα is nicely fitted

with the SMD model in the GRXE region (|l∗|> 1.◦5
or |b∗| > 0.◦6), while that in the GCDX (|l∗| < 1.◦5
and |b∗|<0.◦6) shows 3.8(±0.3)–19(±6) times excess
over the best-fit SMD model to the profile of the
GRXE region.

Appendix. Stellar Mass Distribution Model of
the Milky Way Galaxy

This appendix describes the details of the three-
dimensional stellar mass distribution (SMD) and actual
two-dimensional fitting model (SMD model) in section
4. The SMD model was originally compiled by Muno
et al. (2006) using the results of Launhardt et al. (2002)
and Kent et al. (1991) based on near infrared (NIR) ob-
servations with COBE, IRAS and IRT (Boggess et al.
1992; Clegg 1980; Koch et al. 1982). The major emis-

(at b =0.0)
*

6.7keV

Stellar 
Distribution



• Egas ~ 3×1052ergs　
• τesc = 2×104yr　
• エスケープエネルギー

 ~ 10-3 SN yr -1　
• 加熱 = 超新星爆発，Sgr A* の活動 ~10-5 SN yr-1  

⇒ 音速で逃げ出すと加熱が追いつかない
⇒ エスケープしていない．
⇒ 磁場で閉じ込めか？　

• B=0.1mG~1mG　
⇒ PB/k =106-108 K/cm3 ~ Pgas/k =2×107 K/cm3　
⇒ 可能性あり

プラズマはエスケープしているか?

~0.36°

~0.70°

R: 6.7keV, G:2.45keV, B: 6.4keV

Tsuru+ 
(Suzaku2007)

だが磁場に沿った方向にプラズマは移動できるのでは？
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Nishiyama+13, ApJL, 769, 28
磁場は銀河面に平行→閉じ込められる可能性あり



銀河面の中性鉄輝線(6.4keV)の起源

H.Uchiyama (Shizuoka), K.K.Nobukawa

T.Tsuru et al. (2014) arXiv:1408.0205v1
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6.4-keV line emission from Ridge
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BSgr D A C E

Ridge

Suzaku found that 6.4-keV line emission 
with nearly equal EW uniformly exist. 

Key Question. 
What is the origin of this 6.4-keV line 

emission in the Galactic ridge ?

EW map of the 6.4-keV line near GC

extends toward 
the Galactic ridge. 

No region with such high EW has been discovered except the GC. 



Suzaku KeyProject (PI=Tsuru)
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Suzaku Key Project

0.01.02.03.04.0 1.0 -2.0 -3.0 -4.0

-1.0

-1.0

l (deg)

b (deg)

Suzaku
6-7 keV band image 

GC East GC West

East side of GC in l ~ 2° to 4°
• Oct. 2012–Mar. 2014 
• 100 ksec × 10 pointngs

Clump2

West side of GC in l ~ –2° to –4°
• Oct. 2006–Feb. 2009 
• 50 ksec × 12 pointngs



24

6.4-keV 6.7-keV lines vs l
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6.4-keV line flux & 13CO vs l
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follows CO.

6.4-keV line : Diffuse Origin
Fluorescence from Cool Matter.



Excess Spectrum in East

Large excess in 6.4 keV!!
Model: Power-law + Gaussian (6.4 keV)

component value

6.4 keV normalization (2.5±0.6) ×10−8

Γ 3.1+0.9−0.8
PL normalization (1.3±0.1) ×10−4

6.4 keV equivalent 
width (keV) 1.3±0.4

• This result depends on the spectral subtraction (EAST–WEST)
   => Uncertainty in continuum
• Plasma (6.7 keV line) distribution has large gradient on the Galactic Plane.
  <=> The East and West regions are not completely symmetric. 
• The difference of 6.7 keV intensity between East and West is 2±7%
  => systematic error
• 6.4 keV equivalent width = 1.3±0.4 (–0.2+4.2)

East–West

reduced χ2 (d.o.f.) = 1.21 (8)
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• 中性Fe輝線の成分 =  

              東(中性Feが強い) − 西(中性Feが弱い)

Excess  Spectrum (the 6.4-keV component)

等価幅 大きい！
Prelim

inary !



27

No. 3] Neutral Iron Line from Sgr B2 by Subrelativistic Protons 537

Fig. 1. Cross section of electron and proton bremsstrahlung radiation
at the energy 6.4 keV, d!br=dEX (dashed line), and the cross-sections
!K of K˛ production for electron (thick solid line) and proton (thin
solid line). Here, E 0 = Ee for electrons and E 0 = (me=mp)Ep for
protons. Also, !K equals 0.3 and " is taken to be twice solar. The data
for this figure was kindly sent to us by Vincent Tatischeff.

is also generated by different processes: by bremsstrahlung
in the collisional scenario and by Thomson scattering in the
photoionization scenario.

The cross-sections of bremsstrahlung and K˛ production by
subrelativistic protons and electrons are shown in figure 1.

As one can see from the figure, the cross-section of the
proton bremsstrahlung with the energy Ep = (mp=me)Ee is
completely the same as for electrons with energy Ee and for
protons, as shown in figure 1 by the dashed line. However,
the cross-section !K of K˛ lines produced by electrons (thick
solid line) and by protons (thin solid line) are quite different.
If for electrons the cross-section !K of the iron line has a sharp
cut-off at E = 7.1 keV, that for protons is rather smooth,
and a contribution from protons with relatively small energies
can be significant.

The photoionization and collisional scenarios can be distin-
guished from the equivalent width of the iron line, eW depends
on the chemical abundance in the GC, which is poorly known.
Direct estimations of the iron abundance there provided by the
Suzaku group (Koyama et al. 2007b, 2009) gave values from
1 to 3.5 solar. Revnivtsev et al. (2004) obtained the iron abun-
dance for the cloud Sgr B2 at about 1.9 solar. Nobukawa et al.
(2010) found that the equivalent width of line emission from
a cloud near Sgr A requires an abundance higher than solar.
For line emission due to impacts of subrelativistic electrons,
the iron abundance in Sgr B2 should be about 4 solar, while
the X-ray scenario requires ! 1.6 solar. Therefore, Nobukawa
et al. (2010) concluded that the irradiating model seemed to
be more attractive than the electron impact scenario. This
abundance is compatible with the value " = 1.3 solar esti-
mated by Nobukawa et al. (2011) from the iron absorption
edge at 7.1 keV.

The eW value for the case of particle impact depends
on their spectrum. Its value for the power-law spectra of
particles (N / E# ) is a function of the spectral index, # ,

Fig. 2. Equivalent width of the K˛ line for the solar abundance
produced by electrons (thick solid line) and protons (thin solid line
for injection energy Einj = 80 MeV, dashed line for injection energy
Einj = 50 MeV) as a function of the spectral index, # .

and the abundance, ":

eW = "!K

R

E

v.E/!K.E/E#dE

R

E

E# Œd!br. NE;E/=dEX$v.E/ dE
= f .";#/ :

(8)

For the solar iron abundance the eW for electrons and protons is
shown in figure 2. It was assumed here that the proton spectrum
has a cut-off (N = 0 at E > Einj, see below).

One can see that the equivalent width of the K˛ line gener-
ated by electrons depends weakly on # , and varies from
! 250 eV for the soft spectra to ! 500 eV for the hard elec-
tron spectra (see also in this respect Yusef-Zadeh et al. 2007a).
In the case of protons, the width variations are significant,
reaching their maximum for very soft proton spectra. As one
can see from this figure, the equivalent width weakly depends
on the maximum energy of protons, Einj.

Sources of high-energy particles in the Galaxy generate quite
a wide range of characteristics of their spectra, though the most
effective process in the cosmic space, acceleration by shocks,
provides particle spectra with the spectral index, # , close to
"2. For the case of accretion, we approximated the spectrum of
proton injection by the delta-function distribution, which was
modified then by Coulomb losses into a power-law spectrum
with # = 0.5 (see Dogiel et al. 2009c). We notice, however,
that this delta-function approximation is a simplification of the
injection process. As shown by Ginzburg et al. (2004) for jets,
at first stages of evolution the jet material moves by inertia.
Then, due to the excitation of plasma instabilities in the flux,
the particle distribution functions, which were initially delta
functions both in angle and in energy, transform into complex
angular and energy dependence.

Below we briefly present parameters of the proton spectrum
for the case of a star capture by a massive black hole (for details
see Dogiel et al. 2009a, 2009c).
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Discussion: Origin of 6.4 keV line?
Extremely large equivalent width
=> Electron origin is excluded.
     X-rays from Sgr A*? 
     Cosmic ray proton?
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•大きなEW  ⇒ 電子は除外

• Sgr A* による光電離は等方的だろう

• Clump2 / footpoint は非等方を示唆
⇒ MeV陽子
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Fig. 1. Cross section of electron and proton bremsstrahlung radiation
at the energy 6.4 keV, d!br=dEX (dashed line), and the cross-sections
!K of K˛ production for electron (thick solid line) and proton (thin
solid line). Here, E 0 = Ee for electrons and E 0 = (me=mp)Ep for
protons. Also, !K equals 0.3 and " is taken to be twice solar. The data
for this figure was kindly sent to us by Vincent Tatischeff.

is also generated by different processes: by bremsstrahlung
in the collisional scenario and by Thomson scattering in the
photoionization scenario.

The cross-sections of bremsstrahlung and K˛ production by
subrelativistic protons and electrons are shown in figure 1.

As one can see from the figure, the cross-section of the
proton bremsstrahlung with the energy Ep = (mp=me)Ee is
completely the same as for electrons with energy Ee and for
protons, as shown in figure 1 by the dashed line. However,
the cross-section !K of K˛ lines produced by electrons (thick
solid line) and by protons (thin solid line) are quite different.
If for electrons the cross-section !K of the iron line has a sharp
cut-off at E = 7.1 keV, that for protons is rather smooth,
and a contribution from protons with relatively small energies
can be significant.

The photoionization and collisional scenarios can be distin-
guished from the equivalent width of the iron line, eW depends
on the chemical abundance in the GC, which is poorly known.
Direct estimations of the iron abundance there provided by the
Suzaku group (Koyama et al. 2007b, 2009) gave values from
1 to 3.5 solar. Revnivtsev et al. (2004) obtained the iron abun-
dance for the cloud Sgr B2 at about 1.9 solar. Nobukawa et al.
(2010) found that the equivalent width of line emission from
a cloud near Sgr A requires an abundance higher than solar.
For line emission due to impacts of subrelativistic electrons,
the iron abundance in Sgr B2 should be about 4 solar, while
the X-ray scenario requires ! 1.6 solar. Therefore, Nobukawa
et al. (2010) concluded that the irradiating model seemed to
be more attractive than the electron impact scenario. This
abundance is compatible with the value " = 1.3 solar esti-
mated by Nobukawa et al. (2011) from the iron absorption
edge at 7.1 keV.

The eW value for the case of particle impact depends
on their spectrum. Its value for the power-law spectra of
particles (N / E# ) is a function of the spectral index, # ,

Fig. 2. Equivalent width of the K˛ line for the solar abundance
produced by electrons (thick solid line) and protons (thin solid line
for injection energy Einj = 80 MeV, dashed line for injection energy
Einj = 50 MeV) as a function of the spectral index, # .
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For the solar iron abundance the eW for electrons and protons is
shown in figure 2. It was assumed here that the proton spectrum
has a cut-off (N = 0 at E > Einj, see below).

One can see that the equivalent width of the K˛ line gener-
ated by electrons depends weakly on # , and varies from
! 250 eV for the soft spectra to ! 500 eV for the hard elec-
tron spectra (see also in this respect Yusef-Zadeh et al. 2007a).
In the case of protons, the width variations are significant,
reaching their maximum for very soft proton spectra. As one
can see from this figure, the equivalent width weakly depends
on the maximum energy of protons, Einj.

Sources of high-energy particles in the Galaxy generate quite
a wide range of characteristics of their spectra, though the most
effective process in the cosmic space, acceleration by shocks,
provides particle spectra with the spectral index, # , close to
"2. For the case of accretion, we approximated the spectrum of
proton injection by the delta-function distribution, which was
modified then by Coulomb losses into a power-law spectrum
with # = 0.5 (see Dogiel et al. 2009c). We notice, however,
that this delta-function approximation is a simplification of the
injection process. As shown by Ginzburg et al. (2004) for jets,
at first stages of evolution the jet material moves by inertia.
Then, due to the excitation of plasma instabilities in the flux,
the particle distribution functions, which were initially delta
functions both in angle and in energy, transform into complex
angular and energy dependence.

Below we briefly present parameters of the proton spectrum
for the case of a star capture by a massive black hole (for details
see Dogiel et al. 2009a, 2009c).
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CTAへの示唆

• Sge A*のフレア活動

•GCの巨大分子雲

•Ｘ線の時間変動
⇒ Sgr A*の活動時間変化
⇒ TeVに時間変動は無い?

•銀河面放射
•Ｘ線はMeV陽子 ⇔ TeVはTeV陽子

•MeV陽子は大きく拡がれない ⇒ 加速源を見ている？

•加速源と伝搬
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model for point-like emission at the position of these excesses yields
the map shown in Fig. 1b. Two significant features are apparent after
subtraction: extended emission spatially coincident with the un-
identified EGRETsource 3EG J174423011 (discussed in ref. 10) and
emission extending along the Galactic plane for roughly 28. The latter
emission is not only very clearly extended in longitude l, but also
significantly extended in latitude b (beyond the angular resolution of
HESS) with a characteristic root-mean-square (r.m.s.) width of 0.28,
as can be seen in the Galactic latitude slices shown in Fig. 2. The
reconstructed g-ray spectrum for the region jlj , 0.88, jbj ,0.38
(with point-source emission subtracted) is well described by a power
law with photon index G ¼ 2.29 ^ 0.07stat ^ 0.20sys (Fig. 3; see the
Supplementary Information for a discussion of systematic errors).
Given the plausible assumption that the g-ray emission takes place

near the centre of the Galaxy, at a distance of about 8.5 kpc, the
observed r.m.s. extension in latitude of 0.28 corresponds to a scale of
,30 pc. This value is similar to that of interstellar material in giant

molecular clouds in this region, as traced by their CO emission and in
particular by their CS emission11. CS line emission does not suffer
from the problem of ‘standard’ CO lines12: that clouds are optically
thick for these lines and hence the total mass of clouds may be
underestimated. The CS data suggest that the central region of the
Galaxy, jlj ,1.58 and jbj ,0.258, contains about 3–8 £ 107 solar
masses of interstellar gas, structured in a number of overlapping
clouds, which provide an efficient target for the nucleonic cosmic
rays permeating these clouds. The region over which the g-ray
spectrum is integrated contains 55% of the CS emission correspond-
ing to a mass of 1.7–4.4 £ 107 solar masses. At least for jlj ,18, we
find a close match between the distribution of the VHE g-ray
emission and the density of dense interstellar gas as traced by CS
emission (Fig. 1b and Fig. 2).
The close correlation between g-ray emission and available target

material in the central 200 pc of our galaxy is a strong indication for
an origin of this emission in the interactions of cosmic rays.
Following this interpretation, the similarity in the distributions of
CS line and VHE g-ray emission implies a rather uniform CR density
in the region. In the case of a power-law energy distribution the
spectral index of the g-rays closely traces the spectral index of the
cosmic rays themselves (corrections due to scaling violations in the
cosmic-ray interactions are small, DG ,0.1; see Supplementary
Information), so the measured g-ray spectrum implies a cosmic-
ray spectrum near the Galactic Centre with a spectral index close to
2.3, significantly harder than in the solar neighbourhood (where an
index of 2.75 is measured). Given the probable proximity of particle
accelerators, propagation effects are likely to be less pronounced than
in the Galaxy as a whole, providing a natural explanation for the
harder spectrum which is closer to the intrinsic cosmic-ray-source
spectra. The main uncertainty in estimating the flux of cosmic rays in
the Galactic Centre is the uncertainty in the amount of target
material. Following ref. 3 and using the mass estimate of ref. 11 we
can estimate the expected g-ray flux from the region, assuming for
the moment that the Galactic Centre cosmic-ray flux and spectrum
are identical to those measured in the solar neighbourhood. Figure 3
shows the expected g-ray flux as a grey band, together with the
observed spectrum. While below 500GeV there is reasonable agree-
ment with this simple prediction, there are clearly more high-energy
g-rays than expected. The g-ray flux above 1 TeV is a factor of 3–9
higher than the expected flux. The implication is that the number
density of cosmic rays with multi-TeV energies exceeds the local
density by the same factor. The size of the enhancement increases
rapidly at energies above 1 TeV.
The observation of correlation between target material and TeV

g-ray emission is unique and provides a compelling case for an origin
of the emission in the interactions of cosmic-ray nuclei. In addition,
the harder-than-expected spectrum and the higher-than-expected
TeV flux imply that there is an additional component to the Galactic
Centre cosmic-ray population above the cosmic-ray ‘sea’ that fills the
Galaxy. This is the first time that such direct evidence for recently
accelerated (hadronic) cosmic rays in any part of our Galaxy has been
found. The energy required to accelerate this additional component
is estimated to be 1049 erg in the energy range 4–40 TeVor,1050 erg
in total if the measured spectrum extends from 109–1015 eV. Given a
typical supernova explosion energy of 1051 erg, the observed cosmic
ray excess could have been produced in a single supernova remnant,
assuming a 10% efficiency for cosmic-ray acceleration. In such a
scenario, any epoch of cosmic-ray production must have occurred in
the recent enough past that the rays that were accelerated have not
yet diffused out of the Galactic Centre region. Representing the
diffusion of protons with energies of several TeV in the form
D ¼ h £ 1030 cm2 s21 (where 1030 cm2 s21 is the approximate value
of the diffusion coefficient in the Galactic disk at TeV energies), we
estimate the diffusion timescale to be t ¼ R2/2D < 3,000(v/18)2/h
years, where v is the angular distance from the Galactic Centre.
Owing to the larger magnetic field and higher turbulence in the

Figure 1 | VHE g-ray images of the Galactic Centre region. a, g-ray count
map; b, the same map after subtraction of the two dominant point sources,
showing an extended band of gamma-ray emission. Axes are Galactic
latitude (x) and Galactic longitude (y), units are degrees. The colour scale is
in ‘events’ and is dimensionless. White contour lines indicate the density of
molecular gas, traced by its CS emission. The position and size of the
composite supernova remnant G0.9þ0.1 is shown with a yellow circle. The
position of Sgr A* ismarked with a black star. The 95% confidence region for
the positions of the two unidentified EGRETsources in the region are shown
as dashed green ellipses20. These smoothed and acceptance-corrected images
are derived from 55 hours of data consisting of dedicated observations of Sgr
A*, G0.9þ0.1 and a part of the data of the HESS Galactic plane survey21. The
excess observed along the Galactic plane consists of ,3,500 g-ray photons
and has a statistical significance of 14.6 standard deviations. The absence of
any residual emission at the position of the point-like g-ray source G0.9þ0.1
demonstrates the validity of the subtraction technique. The energy
threshold of the maps is 380GeV, owing to the tight g-ray selection cuts
applied here to improve signal/noise and angular resolution. We note that
the ability of HESS to map extended g-ray emission has been demonstrated
for the shell-type supernova remnants RXJ1713.7–3946 (ref. 22) and RX
J0852.024622 (ref. 23). The white contours are evenly spaced and show
velocity integrated CS line emission from ref. 11, and have been smoothed to
match the angular resolution of HESS.
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