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�8<�jl< 1015 eV vk�e�fIp`rh|BvKU|'.0gXvv�bK*
�wu�$/S34G|��;r�8=s�\9v|;� E5
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/�EGRET, HEGRA, HESS X γ g`;��� SNRs�� _8WU�2008-03-31 � o?WU�2008-05-15�EhP�H��K�	h���h� (10778702)
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_ 4|RAG�DE
�3Xg�;�v(g�/S\[
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>�8G#I|�3�(g�y|v�nD
�}^��*�0(.�>�m��
M�YI�|%�3eW(giw�~ 2 a�
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NsvNqv�m�;�(g�y�~ 3 a�f�8Nqv�mvDE�\�8�Nqv�m�;�(g�y/4r 4 >Nqv�m
���y�I?DE*���℄�a}��?\9�
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X� Gaisser zPX3�y|<wm π Ip�"u(g� ;.�_g�Nqv�mv�M(gv=℄ [4] � Baring zP4�$8�����mNqv�mvJ�v�`~p;��KU���|�[T�Nqv�mvfg�r TeV ;�v�M(g [5] ��XNs�y|� Sturner zP (1997) ��p;��e�t
�|~�87[me��s�v�`�U�XNqv�mv�`KU|>1��ve�/u3�/v(g/6D|�[T [6](�Q
S97 �y) �1Ns�y|�e� (<�?9�) 'p;���℄D?�`���v��/KJ{)Æ�1�(g� ;.�_g�"u(g�r�j�'��vz���/KJ{)Æ�r�j�8?�<Nz)Æ/K p-p 
_ 4�[3�(gu��dye���������yNqv�mv�M(g9�&�?�#4XXg�r X g`;��$u3�v γ g`;�R&�3|g�r X g`;�v(g��8��v1�(gIp��3� γ g`D83���v"u(g� ;.�_g�$u3�z�?�<Nz)Æ�uv π0 ��vÆ.Ip� S97�y|9���D
���z�
*y Kep ���T�Nqv�mv TeV (g}9�4G
}<�4G9Yiv2f�Kep qMl� TeV (g|v9�=℄
*<�=℄.M���|B
vDE�z|B�<v Kep qX�j 10 GeV `L= 1.33×10−2[7] �n}8<B�`a:m/�|B�<vq8>�l2�$�*(/ vq��;�/>1v*(3 Kep qD�>



� 1 2 B7"
{Q��ZBzOrw n N)hOt�zwÆ,�05 31���� S97 �y�lj5�`KU|��?z���Nv��
z�ur Kep ≃ 0.6 �t7�
Yamazaki zP (2006)�X!Nqv�mv�M(g�}m
+��\R_p;��℄vz���XNqv�mfiy#�Q|(g TeVjyv γ g`���4�nDErvX 1∼10 TeV? 2∼10 keV v�u*yTI� Kep vq��\ Kep = 10−3 D�\9v�nDE7>YRv���>K>I�~UJYi [8] �D
� Kep qv>I�quT�Nqv�mv TeV (g}9�4G
}<�4G�09Yiv>I�~��<X!Nqv�m�'p;��vEY���j�r1�(g[Hm/v2f�*�
�<!<Nqv�m�9�lv1�(g�r��8< p-p 
_ 4v��s��M�dy��vIpD$Ms�gX�*
��<X!Nqv�m�dy��v=℄>D^z�AyNqv�m��Xv'Q� X g`�vT!<vvQ Westerlund2 =+WT�iY TeV (g EG [9] �7�=s� HESS # ErT� 6>Nqv�mv TeV (g [10] �g�$u3�(gvDED�T�Nqv�mv�M(g�y7>��v^w�8�wu�T�Nqv�mv3� TeV (g}<�
}9�4Gv%��=ÆI� Fang T Zhang (2008) X S97 �yvg_
����\mNqv�mv�M(g�y�8R:|��y/4<DE
/�=W#v!<u!XvNqv�m
 [11,12] �
2.1 �Hm)ikuA.r>��Nqv�m�<Nz6S;09	
 n0 �^|
8p;v�h�
+Dn�Nqv�mv�`D#=^5����8(

�5M
 (Sedov 
) �(g
 [6,13] �XNqv"�℄vYx���x�8(

|�Nqv&[Nzvzji<(
sp;�aKvv�Nzvzj�&[AGS�j7(
�v�Nz'���E
q3���pp;�aKv�Nzzji<Nqv"��&[vNzzjs�Nqv�m�Y5M
�
s(g�rD$^z�T2v�j�[�p;j75MRb�p(g�rv�jYis�Nqv�m�Y(g
�
s(g�rYi�6(��[H�o℄Nqv�m��kr�?v�NzV=�(�[Nqv�m"��j= E = 1044E51J �p;Yx�
= v0(��= 109cm· s−1) �ZNqv�mX t = tSed = (3E/2πmHn0v

5
0)

1/3 ≈ 2.1 × 102(E51/n0)
1/3v

−5/3
0 a s�Y5M
�X

t = trad ≈ 4.0 × 104E
4/17
51 n

−9/17
0 a �Y(g
 [14] �3|� n0 = µnISM, nISM =�<>E�	
� µ =<wr�<MvgX�-Yv*� (�l�9 10 5>E��/gX�5ME�) �

mH =>E�zj�X$
��℄�p;�
v�`KU= [6,8]
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Rs(t) =































v0t , t < tSed

v0tSed

[

2.5

(

t

tSed

)2/5

− 1.5

]

, tSed ≤ t < trad
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2.2 C`L�QM4&.;\r>.0S=Nqv�m�ve�/KR_p;��iw'�� [15,16] ��lp;�℄vNz6S�8p;��~zDur�m�AvNz	
?bK9CT� nSNR = 4nISM, BSNR =

4BISM
[6] �<}e�v�jeuy= [6,17]

Ėshock = 100
BISMv

2
8(t)

fRJ
MeV· s−1 , (3)3| BISM =p;�<v��vbK9
� v8(t) = vs(t)/108 cm· s−1, f ≃ 10 2ie�$3d��)=mCv+6�8U� RJ ≃ 1 =<wrp;?bKrj�-Yv*��[^ze�v�j�r�Ze�euv���jD8<y (3) ��mv!ql#ur�

Emax1(t) ≈ 3.15 × 109

∫ t

0

dt

a

BISMv
2
8(t)

fRJ
MeV . (4)e�'p;���3/09
x$i�3���j8�m!q��j�ru��KU|v#&>14� [6,7,17] �������(g�riw|1�(g`�q�81�(g4�v���j= [6]

Emax2(t) = 2 × 105(fRJBISM)−0.5v8(t) MeV . (5)�z����8 p-p 
_ 4�quv�j�rs1=
tpp ≃ (n0σppc)

−1 ≃ 1.05 × 107n−1
0 (σpp/100 mb)

−1
a,3|� σpp = p-p 
_ 4v)Æ��� 1mb = 10−27cm2, e� p-p 
_ 4�uv�j�riwX���LX8>���p;��e�KU|��jr3ve�D#&[p;�e�8#&KU4�v���j= [6]

Emax3(t) =
eBISMλmax

f
, (6)

λmax ≈ 1017 cm [17] �8<y (6) D:[��jl< Emax3(t) ve�D'�0Xp;|��℄���?z�v���jD#42z=
Ee, max(t) = min (Emax1(t), Emax2(t), Emax3(t)) , (7)

Ep, max(t) = min (Emax1(t), Emax3(t)) . (8)8/XNqv�m|R_p;��iwvg)~z���?z�v(l+6v�Yy
Q(E, t) = dN/dV dtdE D2z= [6]

Qpri
e (Ee, t) = Q0

eG(t)
[

Ee(Ee + 2mec
2)
]−[(α+1)/2]

(Ee +mec
2) exp

(

−
Ee

Ee, max(t)

)

, (9)

Qpri
p (Ep, t) = Q0

pG(t)
[

Ep(Ep + 2mpc
2)
]−[(α+1)/2]

(Ep +mpc
2) exp

(

−
Ep

Ep, max(t)

)

. (10)
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{Q��ZBzOrw n N)hOt�zwÆ,�05 33�3| Ee T Ep #4=��Tz����me T mp #4=��Tz�vzj�r
 α ≃ 2.0�= lX(g
o8vR'sGNqv�mp;�mC2�l
'��ve�
�u G(t)�(=
G(t) =

{

[RS(tSed)/RS(t)] , t ≤ trad

0 , t > trad .
(11)3| Q0

e ? Q0
p =Gj`*� [6] �
�(�'A��m�Y(g
℄>|e����[S=j5Nqv�m�`KU|��9'��e���Nv��= Epar = ηMejv

2
0/2, Z9

Epar =

∫ trad

0

dtVSNR(t)

(

∫ Ee, max

0

dEEQe(E, t) +

∫ Ep, max

0

dEEQp(E, t)

)

, (12)

VSNR(t) = 4πR3
s (t)/3 =�mv(l�Xy (12) |�-�*���z�
*y Kep = Q0

e/Q
0
p ℄D�[Gj`*��X
+Nqv�mv3�(gs���?^'��e�v�j#?~z�\#4b4

ne(Ee, t) T np(Ep, t) l2��z�X t sGv�j;#	
���Nqv�mv�`�e�v�j#?~zD#48XX Fokker-Planck �U7[ [6,12] �
∂ne(Ee, t)

∂t
= −

∂

∂Ee

[

Ėtot
e ne(Ee, t)

]

+
1

2

∂2

∂E2
e

[D(Ee, t)ne(Ee, t)] +Qe(Ee, t) −
ne(Ee, t)

τesc
, (13)

∂np(Ep, t)

∂t
= −

∂

∂Ep

[

Ėtot
p np(Ep, t)

]

+
1

2

∂2

∂E2
p

[D(Ep, t)np(Ep, t)] +Qp(Ep, t) −
np(Ep, t)

τesc
. (14)Xy (13) ? (14) v:,�6g#4l2�j�r��jI�R_�e�Ip�e�#&�)F�Y<w��v�L (xy (13)) �3�j�r=

Ėtot
e (Ee) = Ėsyn(Ee) + Ėbrem(Ee) + Ėcomp(Ee) + Ėcoul(Ee) + Ėad(Ee) , (15)3|:,6g#4l21�(g�"u(g�;.�(g�J{)Æ?5M(
�uv�j�r��j= Ee v��XbK|T�v1�(g�ry=

Ėsyn(Ee) = −
4

3
σTcβ

2
eγ

2
e

B2
SNR

8π
, (16)3| βe = ve/c � ve =���
� γe =��v�{�*�� σT =!�b_g���<wr

Klein-Nishina �k℄��� ;.�_gKU|v��y=
Ėcomp(Ee) = −

4

3
σTcβ

2
eγ

2
e

∑

j

Ujκ(γeΘj) , (17)3| Θj = kTj/mec
2, κ(γeΘj) = σC(γeΘj)/[σT(1 + γeΘj)] =�k*�� j l26ZF�K (
<y (45)), σC(x) =��&sT|�j x = 2πh̄ν/mec

2 v;.�_g�� [18] �
σC(x) =

3

4
σT

[

1 + x

x3

{

2x(1 + x)

1 + 2x
− ln(1 + 2x)

}

+
1

2x
ln(1 + 2x) −

1 + 3x

(1 + 2x)2

]

. (18)
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Ėcoul(Ee) = −

3

2
σTmec

3nSNRβ
−1
e λ(t)[ψ(t) − ψ′(t)] , (19)3|

ψ(t) =
2√
π

∫ x(t)

0

dyy1/2 exp(−y) , (20)

ψ′(t) = dψ/dx, x(t) = mev
2
e/2kTe(t) �$u λ(t) ≃ 30. 85M(
�uv�j�rD2=

Ėad(Ee) = −
Ee

RSNR

dRSNR

dt
. (21)�<���jI�vJ{R_�R_T
= [6,12]

D(Ee, t) = Dcoul(Ee, t) = 3σTmec
3nSNRβ

−1
e λ(t)kTe(t)ψ(t) , (22)3| Te(t) =J{)Æ|%%��vE
�Nqv�m�Av\�E
D2= Ti(t) ≃

4.45× 107v2
8(t) K ���vYxE
L= meTi/mp

[13] �8��= \�vE
�3E
.`y= [6,19]

Ṫe(t) ≈ 2.25 × 10−13 (memp)
1/2nSNRλ(t)

[meTi(t) +mpTe(t)]
3/2

[Ti(t) − Te(t)] K · s−1 . (23)y (13) |v��v�Yy�Ni5#j�3�=y (9) 7[vEY#j�3�=8< p-p
_ 4Ipvdy��#j (�P e+ ? e−) �x
Qe(E, t) = Qpri

e +Qsec
e+ (E, t) +Qsec

e−
(E, t) , (24)3|

Qsec
e+ (E, t) = 4πnSNR

∫

dEpJp(Ep, t)
dσ(Ee+ , Ep)

dEe+

, (25)

Qsec
e−

(E, t) = 4πnSNR

∫

dEpJp(Ep, t)
dσ(Ee− , Ep)

dEe−

, (26)

Jp(Ep, t) = (cβe/4π)np(Ep, t), βp = vp/c, vp =z��
� np(Ep, t) l2z�X t sG��j= Ep mC(l�ve�
� σ(Ee+ , Ep) ? σ(Ee− , Ep) = p-p 
_ 4| e+ ? e− Ipv;#���*= SNR vil9^�'��ve��f SNR #&�quI�R_m/��/v'��v��v#&s1=
τesc =

R

D(E)
, (27)3|R= SNRvilTD(E)=R_T
�ea<w Bohmr^v�L�xD(E) = (1/3)(cE/eB).3d�<w'��z�v�L (xy (14))�3��y= Ėtot

p (Ep) = Ėcoul(Ep)+ Ėad(Ep)�3|J{�rv��y=
Ėcoul,p(Ep) = −

3

2
σTmec

3nSNRβ
−1
p λ(t)

(

me

mp

)[(

mp

me

)

ψ(t) − ψ′(t)

]

. (28)
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{Q��ZBzOrw n N)hOt�zwÆ,�05 35�5M�j�ry=
Ėad(Ep) = −

Ep

RSNR

dRSNR

dt
. (29)�jI�R_T
=

D(Ee, t) = Dcoul(Ee, t) = 3σTmec
3nSNRβ

−1
p λ(t)kTe(t)ψ(t) . (30)�<z��8< p-p 
_ 4�gX�V.�r�3s1= [6]

τpion(Ep) = [cβpnSNRσpp]−1 , (31)

σpp = p-p 
_ 4KUv)Æ���D2= [20]

σpp(Ep) = (34.3 + 1.88L+ 0.25L2)

[

1 −
(

Eth

Ep

)4
]

mb , (32)3| L = ln(Ep/1TeV), Eth = mp + 2mπ +m2
π/2mp =Ip π ��v!��<}�Xy (14)|�:�,v�℄�g/= (τ−1

pion + τ−1
esc )np(Ep, t) �XX
<wX�y (13) ? (14) /Kw4 Crank-Nicholson 9^H#��C� [12] �

2.3 6XS.([Xur SNR |�sGv�j#?℄�3Ipv�M(g/-Dur�
2.3.1 	������XbK|T�s���{�hv 4�F�fd��`T��8Ip(g��
�|e�Ipv(g��d�(g��
�|e�Ipv(gQ=1�(g���b"u(g [18] �X*(b'|�
�|��XbK|vT��[v1�(g}�5r=��vKU�.Nqv�m�����'p;��t
�|~�?�m�vbK 4/K1�(g�[fg�r X g`;�v(g�XNqv�m�A���t(v1�(g/D2z=

Qsyn(Eγ , t) =

(

2
√

3e3BSNR

h̄Eγmec3

)

∫ π/2

0

dθ sin2 θ

∫ Ee,max

Ee,min

dEeJe(Ee, t)F

(

Eγ

Ec

)

, (33)3| Eγ =F��j�e=���j�me =��zj�BSNR =�m�vbK9
�.WFL

h̄ ≡ h/2π = 1.0546×10−34 J ·s�c =F��θ=��?bK�Æ�Je(Ee, t) = (cβe/4π)ne(Ee, t),

ne(Ee, t) l2��X t sG��j= Ee, mC(l�ve�
�t7�
F (y) = y

∫ ∞

y

dzK5/3(z) , (34)3| y = Eγ/Ec � Ec = 4.2 × 106hBSNRγ
2
e sin θ, K5/3 = 5/3 ��k&℄�P
�

2.3.2 Æ����XNqv�m|�3���?�<k�e��p )Æ�
sJ{hw��eu��
�8�["u(g�
sv"u(gD#=��?\�)Æ$u��?��)Æi�(g�3
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Qbrem(Eγ , t) = 4πnSNR∆e,n

He

∫ Ee,max

Ee,min

dEeJe(Ee, t)

(

dσ

dEγ

)

e−e,p

, (35)3| nSNR =�m|>E�
	
� ∆e
He T ∆n

He =<wrMv�k*�� (∆e
He = 1.2 u

∆n
He = 1.4), dσ/dEγe−e u dσ/dEγe−p #4=�����)Æ?���\�)Æv;#_g���3| dσ/dEγe−p = dσ1/dEγ =	�v Bethe-Heitler �� [5] �

dσ1

dεγ
=

4r20α

εγ

[

1 +

(

1

3
−
εγ

γe

)(

1 −
εγ

γe

)]{

ln

[

2γe
γe − εγ

εγ

]

−
1

2

}

, (36)3| α ≃
1

137
=#W�?L
� εγ = Eγ/mec

2, r0 =��$��)��� – ��)Æv�L�=,U� Haug 4j���h���7[3|�<y [21] �nr=WM�>b<|�� Fedyushin T Garibyan 7[m�
�|r^Xv�`<y [22,23] ��r�
�|Xv<y8 Baier zP7[ [24] �F|�Vei�<y�}|��#��jE=
2MeV [5] �
�|�LX�

dσR
e−e

dεγ
=

(

dσ1

dεγ
+

dσ2

dεγ

)

A(εγ , γe) , (37)

dσ2

dεγ
=
r20α

3εγ















































[

16(1 − εγ + ε2γ) ln
(γe

εγ

)

−
1

ε2γ
+

3

εγ
− 4+

4εγ − 8ε2γ − 2(1 − 2εγ) ln(1 − 2εγ)
( 1

4ε3γ
−

1

2ε2γ
+

3

εγ
− 2 + 4εγ

)]

,
(

εγ ≤
1

2

)

;

2

εγ

[(

4 −
1

εγ
+

1

4ε2γ

)

ln(2γe) − 2 +
2

εγ
−

5

8ε2γ

]

,
(

εγ >
1

2

)

.

(38)

A(εγ , γe) = 1 −
8

3

(γe − 1)
1
5

γe + 1

(

εγ

γe

)1/3

. (39)X�
�|�LX�
dσNR

e−e

dεγ
=

4r20α

15εγ
F

(

4εγ

γ2
e − 1

)

, 0 < εγ <
1

4
(γ2

e − 1). (40)

F (x) = B(γe)

[

17 −
3x2

(2 − x)2
− C(γe, x)

]√
1 − x +

[

12 × (2 − x) −
7x2

2 − x
+

3x4

(2 − x)3

]

ln
1 +

√
1 − x√
x

. (41)

B(γe) = 1 +
1

2
(γe − 1), C(γe, x) =

10xγeβe(2 − γeβe)

1 + x2(γ2
e − 1)

. (42)
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Ėbrem(Ee) = −
3α

π
σTmec

3nSNR(γe + 1)(ln γe + 0.36) . (43)

2.3.3 ������
�|��XZF�K|T�s�?ZF�)Æeu��
�8�[(g�e�v(gKUx};.�(g ( ;.�_g) �X;.�(g|�ZF�v�jZ	l<��v�j����A#��
"7F��w_gF�v�j[��;.�(g} X g`*F�T γ g`*F�|v����(giw�.+WT�vNqv�m���
�|���<vZF�DT�;;%%(g (CMB) �\7F� (IR) $uvF (5000/10000)�enZF�KvE
$u�j	
#4= [6]2.7 K �
25 K � 5000 K � 10 000 K T UCMB = 2.5 × 10−7 MeV· cm−3, UIR = 2.2 × 10−7 MeV· cm−3,

U5000 = 2.2 × 10−7 MeV· cm−3, U10000 = 2.2 × 10−7 MeV· cm−3 �XNqv�m|��D'��r 1014 eV, 
s+�<w Klein-Nishina �k�Z��v ;.�_g(g:yD2z=
Qcomp, j(Eγ , t) = 4π

∫ ∞

0

dεnj(ε, r)

∫ Ee,max

Ee,thresh

dEeJe(Ee, t)F (ε, Eγ , Ee) , (44)3|� ε l2ZF�v�j� j l26ZF�KR#� nj =F�Kv
	
�
nj(ε) =

15Uj

(πkTj)4
ǫ2

exp(ε/kTj) − 1
, (45)

Ee,thresh =
Eγ +

(

E2
γ + Eγ(mec

2)2/ε
)1/2

2
, (46)

F (ε, Eγ , Ee) =
3σT

4(Ee/mc2)2
1

ε

[

2q ln q + (1 + 2q)(1 − q) +
(Γq)2 (1 − q)

2 (1 + Γq)

]

, (47)8; Γ = 4ε(Ee/mc
2)/mc2, q = E1/Γ (1 − E1) , E1 = Eγ/Ee u 1/4(Ee/mc

2) < q < 1 �
2.3.4 p-p 
�
�Nqv�m|'p;��℄v3�z�?�<Nz)Æ�/K p-p 
_ 4Ip��dye�� p-p 
_ 4|�Ip[ π+, π0, π−, µ, η u3�v�ndye��endye��℄Æ.= γ, e±, νe, ν̄e, νµ, ν̄µ zJ�ve��

p-p 
_ 4|�F���/K π0 Æ.Ip� SturnerzPX|� p-p 
_ 4IpvF�sC4m�=WMv�� [6]: Xz��jl< 3 GeV s�C4 Stecker �7[v isobar

model [25] �pz��ji< 7 GeV s�C4 Stephens T Badhwar 7[v1
�y (scaling

model) [26] �X 3∼7GeV �C4idv`~�V�e���>b<|��;e�m3� π0��vIp
j [20,27] � Kamae zP7[m p-p 
_ 4||�J�dye�/v#IvD
`<y [28] �wu*(N^|v
C|�r=�-� Kamae zPv p-p 
_ 4�y|<wm�
[�v�o~����g#\� Feynman 1
-a$u ∆(1232)(∆ >h) T
res(1600)(�jX 1600 MeV / v��>hm/)[29] �wu<yXYKv�j�<���4� Zhang T Fang [12] �3/4<Nqv�mNs�`�y|�wNsdye�/�`|



� 38 �������+�G�����℄������� 27 3��9��-#I�dye�v;#_g��#=��g (nondiffractive) ��g (diffractive)ui��>h�A#�X��gKU|�dye�v;#��D2z=
∆σND(Esec)

∆ ln(Esec)
= FND(x)FND,kl(x), (48)3| Esec }dye�v�j� x = Esec/GeV � FND(x) 2i��g_g��� FND,kl(x) = l�j�j�[�-YvP
�

FND(x) = a0 exp[−a1(x − a3 + a2(x − a3)
2)2] +

a4 exp[−a5(x − a8 + a6(x − a8)
2 + a7(x− a8)

3)2], (49)

FND,kl =
1

exp [WND,l(Lmin − x)] + 1
×

1

exp [WND,h(x− Lmax)] + 1
, (50)��9dye�� Lmin = −2.6, Lmax vq
2 1 �% 1 2qY:+~ Lmax /| (}�1R Tp -
b GeV)g� Lmax WND,l WND,h

γ 0.96lg(Tp) 15 44

e− 0.96lg(Tp) 20 45

e+ 0.94lg(Tp) 15 47

νe 0.98lg(Tp) 15 42

ν̄e 0.98lg(Tp) 15 40

νµ 0.94lg(Tp) 20 45

ν̄µ 0.98lg(Tp) 15 40�<�gKU�;#_g��D2z=
∆σdiff(Esec)

∆ ln(Esec)
= Fdiff(x)Fkl(x), (51)?��gKUY�� Fdiff(x) 2i�gKU|v�/��� Fkl(x) = l�j�j�[�-YvP
�

Fdiff(x) = b0 exp(−b1((x − b2)/(1 + b3(x− b2)))
2) +

b4 exp(−b5((x − b6)/(1 + b7(x− b6)))
2), (52)

Fkl(x) =
1

exp (Wdiff(x− Lmax)) + 1
. (53)3| Wdiff = 75, Lmax = lg(Tp/GeV).Xi5��>hp�m/KU| [∆(1232) u res(1600)] �;#��=

∆σres(Esec)

∆ ln(Esec)
= Fres(x)Fkl(x), (54)
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Fres(x) = c0 exp

[

(−c1((x − c2)/(1 + c3(x− c2) + c4(x− c2)
2))2

]

. (55)X-Ym>hm/℄�= l<y?���I�u�����>hgT
�5*�
r(Tp) �6dye� r(Tp) v|y?
<y|�7[vD

D<F℄ [28] |v/2�X|�Nqv�m| p-p 
_ 4Ipvdye�s�<wrMv2f�X�℄Ipyvg_
/T$*�L= 1.45 [6] �
3 ��{16
3.1 G347.3–0.5

G347.3–0.5(RX J1713.7–3946)=�AyNqv�m�< 1996!8 ROSAT XZ X g`;�
*�\ [36] �3��`�j
?�	#�QRo�X
Zr9D� ErT� RX J1713.7–

3946v099�4Gvn3�(g [32,37,38] �T� RX J1713.7–3946vn3�(gX 1998!'
CANGAROODEr [39] �8< 2000u 2001!� CANGAROO-II �3�q�}mDE�lumT�
�mv TeV (g [40] �X��T� RX J1713.7–3946vn3�(gKU|�MuraishizPS=3 TeV (gT�3���v ;.�_g [39] �� Enomoto zP&[ p-p 
_ 4|v π0 Æ.UJ}��r9D�viw [40] �� vn3��vDET�9=#Iv|�*F9J( HESS < 2004 !��}v E��j�<f 190GeV r 40TeV �Ri? X g`�vRir=�u�/Y3�;X3��*\
x|� [32] �X�� 1∼ 10GeV, AharonianzP7[m EGRET v�u
^ [32]4.9 × 10−11 ergs· cm−2· s−1 �

Slane zP< 1999! 3 O4 ASCA � RX J1713.7–3946�}m�> 50000 s vDE��IZzT� RX J1713.7–3946v X g`�(S\
x���MR#`�q [31] �T��m>1A#v X g`/r
z9H)�nj(��3 0.5 ∼10 keV ��v(g/r
L= 2.4 ��(ujL= 6.6×10−10 ergs· cm−2· s−1 �LazendiczPb4 Chandra X-ray ObservatoryT Australia

Telescope Compact Array (ATCA) urm RX J1713.7–3946v3#/y4i [30] �3|g�;�vDEX 1.4GHz T 2.5 GHz 1s�}�3Q#A#uj= (6.7 ± 2.0 )Jy, (5.6 ± 1.7 )Jy(1F�3T$*� 2 4$l2T�j5�mv(guj) ��Nqv�m RXJ1713.7–3946v!qu1\#�kKR{d [32] �Wang zP (1997) S=3r9D�} A.D. 393Nqv"�vIN�1\L= 1 kpc. KayamazP8/ ASCA X-ray�vDE6q[3!qL= 1000 a �1\= 1kpc [45] � Slane zPS=3?�#�Qu HΠD G347.6–0.2 Ro�u[1\ 6 kpc �!q 10000a [31] �J�� Aharonian zP8/� v
XMM u NANTEN vDE�7[3!qL= 1000 a [32] �)FE3!q= 1600 a �1\= 1

kpc �|��I?DE�*
4 1 �8< G347.3–0.5 =�>!<v�m�EY��v(g
*dy��`�q�g�t3 X g`;�v�M(g��TG<EY��v1�(g��DErv TeV ��vn3� γ g`��Ip<3�z�?3�<�zv p-p 
_ 4�
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5 1 G347.3−0.5 w�<
)h0 (�Qh� [30] � X ha [31] � EGRET d_vo4� γ ha [32])#r 1600 a �2℄ 1 kpc, α = 2.0, Mej = 2.0M⊙, Kep = 0.012, nISM = 12 cm−3, BISM = 13 µG 	Zzg�
(��A{�) wez e± �y+j$63|?vbw�b	
3.2 G266.2–1.2

G266.2–1.2(RX J0852.0–4622) }�>8 ROSAT 
*�\vAyNqv�m [46] �T�
RX J0852.0–4622v Sub-TeV (g�Y8 CANGAROO-II  Er [47] � HESS < 2004 ! 2 O}vmT� RX J0852.0–4622v TeV (g�(gI�#?? X g`�vDE�u [48] � TeV(g/X 500 GeV r 15 TeV �D8�
x/|�
�/r
 Γ = 2.1± 0.1stat ± 0.2sys �X�j 1 TeV `�3;#uj= (2.1± 0.2stat ± 0.6sys)×10−11 cm−2·s−1 ·TeV−1 � Enomoto zP!tm CANGAROO-III < 2005 ! 1 O 2 O�� RX J0852.0–4622 vDE [53] �lum HESSv�I�

Duncan T Green !tmT� RX J0852.0–4622 vg�DE�o [33] �qvg�DEX
1.40GHz `#/yhr 14′.9, X 1.0 GHz, 1.40 GHz, 2.42 GHz `v�u#4= (47 ± 12 )Jy,

(40 ± 10 )Jy, (33± 6)Jy � ROSAT 
*KU|� RX J0852.0–4622vDEZz�3 X g`D��= 1 kT ∼ 2.5keV vM/fd�/r
L= 2.6v
x/ [46] �Slane zP!tm ASCA� RX J0852.0–4622 vDE�I [54] �3 X g` (0.5 ∼ 10 keV) /|m��D8
x/2z�(g��t|<,ID�/r
L= 2.6 �(g�uL= 1 × 10−10 ergs· cm−2· s−1 �
Iyudin zP!tm XMM-Newton � RX J0852.0–4622vDE�L�ISm ASCA vDE�I [55] �
7� HESS < 2004 ! 12 Ot 2005 ! 5 O��Wd�1�m�}m�>L 33 lsvDE [35] ��qvDE�I�N9�uS�$4X3���f 300GeV∼20TeV �/r
= Γ = 2.24 ± 0.04stat ± 0.15syst � Aharonian zP�j5�m 2∼10keV ��v X g`/�m#P��M(g/X 2∼10keV ����$/r
= (2.7± 0.2) uj= 13.8× 10−11 ergs·
cm−2· s−1 v
x/TYRv�
 [34] RX J0852.0–4622=�>!<vNqv�m�n30(!qu1\�
>I��8/ X g`;�vDEu 44Ti vujDA|[!qT1\#4=
( 680± 100 )a � 200 pc �
^Dhr 1100 a, 500 pc [46,56] �Tsunemi zP8/ Ca`vDE�A|[3!qX 630∼970a o� [57] � Bamba zPC43#/v Chandra Dv��mQ#
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{Q��ZBzOrw n N)hOt�zwÆ,�05 41�,Iv3 X g`�.vDE�8/p;�`v$�<y�$u1�(gv�j�A�[3!qX 420∼1400a o��1\X 0.26∼0.50 kpc o� [58] �)F�E!q 1000 a �1\ 0.3 kpc T��T� RX J0852.0–4622 v�M(g�g�
[33] � X g` [34] T γ g` [35] �vDEu�y|��I
4 2 ��!<vNqv�m
G266.2−1.2���3Yye�v(g
*dye�UJ`�q�DErvg�u X g`�v(g6T�Yy��v1�(g�� VHE γ g`��Ip<3�z�?�<�zv p-p
_ 4�099�4G�

5 2 G266.2−1.2 w�<
)h0 (�Qh� [33] � X ha [34] � VHE γ ha (H.E.S.S.) [35])#r 1000 a, 2℄ 0.3 kpc, α = 2.1, Mej = 2.0M⊙, Kep = 0.002, nISM = 7 cm−3, BISM = 30 µG 	Zzg�
(��A{�) wez e± �y+j$63|?vbw�b	
3.3 G23.3–0.3

HESS J1834-087} HESS �+$�A
*�\v�5�_v TeV G�
GI�Cv
?
SNR G23.3-0.3 (W41)�u�il= 12Æ#�200 GeV��$
 γ g`uj= Crab Nebulav
8%�3/r
= 2.45± 0.16 [42] �Albert et al. 4MAGIC� HESS J1834-087�}mDEu[ γg`;#uj2hy�dN/dAdtdE = (3.7±0.6)×10−12(E/TeV)−2.5±0.2 cm−2 ·s−1 ·TeV−1 [43].

G23.3–0.3}>�QvAyNqv�m�X 1 GHz`v/r
= 0.5�uj= 70Jy [49] �
TianzPb4 VLAT XMM-NEWTON� J1834-087 mqvDE���v
+Zz G23.3-

0.3}�5XvNqv�m�1\iL= (4±0.2) kpc�!qiL= 105a [41] �XMM-NewtonvDE�zme5G|v�_v X g`�e X g`Gr9D�T VHE γ g`GRo�
2∼10 keV o�v X g`/'S=99R�v
x/�uj= 7.0× 10−13 ergs ·s−1 ·cm−2 �/r
= 2.0+0.7

−0.8
[41] ���L��E1\ 4.2 kpc �!q 80000 a T��Nqv�m G23.3–0.3 v�;�(g�1�mDEu�y|��I
4 3 � G23.3–0.3s}�>X!vNqv�m�Yy��X�m�`℄1��[H�;�9qe��Y (
<y (11)) ��dye�HD$/K p-p
_ 4>�|Ip�Bdyk-��v(g�X�n;�
*Yy���`�q�|��IZzdy��v(gX 0.1 eV∼0.5 keV ;�v(g�#NKmYy��v�DE



� 42 �������+�G�����℄������� 27 3�rvg�(gT�Yy��v1�(g�� VHEγ g`83�z�?�<Nz)Æ/K
p-p 
_ 4Ip�

5 3 G23.3–0.3 w�<
)h0 (�Qh�� X ha [41] � VHE γ ha [42,43])F α = 2.0, Mej = 1.5 M⊙, nISM = 10 cm−3, BISM = 7 µG � Kep = 0.2 �2℄ 4.2 kpc �#r 8× 104 a 	Zzg� (��A{�) wez e± �y+j$63|?vbw�b	
3.4 G8.7–0.1

HESS J1804-216 } HESS X�+$�A
*|�\v 14 5qv TeV G|�lv�5G�Fr
= 2.72 ± 0.12 �X 200GeV $
v���3uj= Crab vQv 25% �
G?Nqv�m G8.7–0.1 7AvQ�A#D�Ro [42] �Nqv�m G8.7–0.1 v1\L= 6 kpc ��)L 20 Æ#�X 1GHz vuj= 80Jy �
7� Cui T Konopelko [52] C4 Chandra X-ray

Observatory� TeV γ g`Gv�XDD�}m3#/v X g`DE�>9 11 5	dG'�\�3| CXOU J180351.4-213707��9D�} HESS J1804-216v X g`�/(�Fr
=
1.2+0.5

−0.4
[52] �)FS= CXOU J180351.4-213707T HESS J1804-216?Nqv�m G8.7–0.1 Ro�X(g
|Yy��vGgkr�8/K(g��[H�
sYy��v1�(gii	\�X X g`�v(g�>W��T�Yy��v1�(g�
sv/r
B9D�l< 2 �*
�Nqv�m G8.7–0.1 +�X(g
|$w|��I? X g`�DEv/r
 1.2+0.5

−0.4 �u�)FC4!q 18000 a T�
�m�}|��
s nISM = 6 cm−3 $w p-p 
_ 4Ipv TeV (g?DE�u�DEu�y|��I
4 4 �X 0.5 keV / `�dyk-��v(gNKmYy��v��X3�;��EY��X(g=℄i<dyk-���g�(gUJ��8EY��v1�(gIp�ChandraDErv X g`=en��"u(gv�I�
VHE γ g`F�|�jl< 1 TeV vA#T�Yy��v"u(gu3�z�v p-p 
_ 4���ji< 1 TeV vA#Z��T�3�z�v p-p 
_ 4�



� 1 T B7"
{Q��ZBzOrw n N)hOt�zwÆ,�05 43�

5 4 G8.7–0.1 w�<
)h0 (�Qh�EF [49,50,51] � X haEF [52] � VHE γ haEF [42,53])F α = 2.0, Mej = 1.5 M⊙, nISM = 6 cm−3, BISM = 6 µG � Kep = 0.15 �2℄ 6 kpc �#r 18 000 a 	Zzg� (��A{�) wez e± �y+j$63|?vbw�b	
4 ���_:Nqv�m�p�'S=}+WTB�`e�v��4G|��Nqv�mfg��pr
VHE γ g`v�M(gvDET^|
+9
<mYm�3�e�vIpiwTNqv�mv�`KU� Fang T Zhang (2008)X S97 �yvg_
2�vAyNqv�mv�`�y�D|�[Nqv�mX>1!q`'��ve�$u�M(gv�j#?$i��;wdy���M(gv|�9=�I�8/�8AyNqv�m�`^|ue�(giw�XNqv�m�Y(g
℄�8p;p���vYy�����[H�J�8< p-p 
_ 4v��s1YM�X
pMv��s��dyk-��
D$GG>�|Ip�e�����m!qv[M�dy��v(g/1.uMTM����T�Nqv�m�M(gv=℄+�NM8p;p���vEY���b4 Fang T Zhang (2008) v�y�>1Nqv�mEYTdy��v(g m|���IZz��Nqv�m!qv[M�dy����M(g/v=℄
*Yy�����`�q���y/4r 4 >Nqv�m��IZz�DErvT�e 4 >�mvg�(gT�Yy��v1�(g��3� (i< 1TeV) F�T�3�z�?�<Nzv p-p 
_ 4�099�4G��lumNqv�m}+WTB�`e�v4G|�X1�y|�|��yD
9p�V<DE
/�
XNqv�mv!q�1\��<bKu�z	
zD
�enD
v�I~p�2f|��I�\X|�*F3�9J(�J#DErT�Nqv�mv VHE γ g`�n8<T�Nqv�mv TeV (gD'��=3���v ;.�_gfd3�z�?�<Nz)Æ�uv p-p 
_ 4�*
�8�T�Nqv�mv TeV (g}<�4G
}9�4G
}M�7>�Iv%��e1����9���DE�x�3Yw4v GLAST I�*F9J(X�j�< 30MeV∼0.3TeV�09Y3vI�#/yus

��8<<�T9�4Gv(g�X 100MeV∼0.1TeV �/|gX
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�'Gdf�
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Study and Application of a Temporal Model on the Multiwavelength

Non-thermal Emission from Shell-type Supernova Remnants

WEI Bing-tao1, FANG Jun2

(1. National Astronomical Observatories,Yunnan Observatory, Chinese Academy of Sciences, Kunming 650011,

China; 2. Department of Physics, Yunnan University, Kunming 650091, China)

Abstract: Supernova remnants (SNRs) are usually thought to be the prime candidates of the

origin of cosmic rays in the Galaxy. Increasing observational evidences especially in X-rays and

γ-rays during the course of the last few years support the notion that SNRs are important cosmic-

ray sources in the Galaxy. Recently, more and more very high-energy (VHE) γ-rays from SNRs

have been detected with ground-based TeV γ-ray telescopes, such as HEGRA, HESS, CANGA-

ROO and MAGIC. Theoretically, those TeV γ-rays can be produced either via inverse Compton

scattering of soft photons by relativistic electrons or through proton-proton (p-p) interaction as

high-energy protons collide with the ambient matter in an SNR. Moreover, it is not clear whether

the TeV photons form SNRs have electronic origin or hadronic origin now.
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Particles (hadrons and leptons) are generally accelerated to extremely relativistic energies

through diffusive shock (also called first order Fermi) acceleration mechanism. The paper re-

viewed the time-dependent model describing multi-waveband emission from SNRs. In the model,

the non-thermal electron, proton spectra, and then multi-wavelength spectra produced by syn-

chrotron radiation, bremsstrahlung radiation, inverse Compton scattering for leptons( electrons

and positrons) and p-p interaction for protons � respectively can be calculated at different ages

of a supernova remnant.

The shell-type SNR G347.3−0.5 (RX J1713.7−3946) is a core collapse supernova exploded

in A.D. 393 at a distance of about 1 kpc. The SNR has been observed in radio, X-ray and γ-ray

band detailedly. The results show that the non-thermal emission from radio to hard X-ray band

is predominately produced via the synchrotron radiation of the electrons, whereas the observed

TeV γ-rays are mainly from the p-p collisions between the accelerated protons and the ambient

matter.

The SNR G266.2−1.2 (RX J0852.0-4622) was discovered based on the X-ray data from the

ROSAT All-sky survey. VHE γ-rays from the SNR have been detected by HESS and MAGIC.

The results for the SNR are consistent with the radio, X-ray and γ-ray observations and the TeV

photons predominately have hadronic origin.

Recently, a survey of the inner part of the Galactic Plane in VHE γ-rays detected with

HESS Cherekov telescope system has been reported, and fourteen previously unknown sources

were detected. The brightest source detected in the survey is HESS J1804−216, which can be

associated with the south-western part of the shell of the SNR G8.7−0.1. The results show that:

(1) the emission from the primary electrons dominates that from the secondary e± pairs in the

entire energy band besides the narrow soft X-ray band around 0.5 keV; (2) the detected radio

emission is mainly from the synchrotron radiation of the primary electrons whereas the X-rays

observed with Chandra are primarily produced via bremsstrahlung of these electrons; and (3)

the TeV photons with energies < 1 TeV are primarily from both bremsstrahlung of the primary

electrons and the p-p interaction of the primary protons, however, those with higher energies are

mainly from the p-p interactions.

Another extended TeV source recently discovered in the HESS survey of the inner Galaxy in

VHE γ-rays is HESS J1834−087. The observed radio and VHE γ-ray emissions can be reproduced

well by synchrotron of the primary electrons and the p-p interactions of the high-energy protons

respectively; the emission from secondary e± pairs dominates that from the primary electrons in

the energy band from about 0.1 eV to 0.5 keV.

The model is applied to explain the observed emission features of two young SNRs, G347.3−0.5

and G266.2−1.2, and two old ones, G8.7−0.1 and G23.3−0.3. The results show that the model

can explain the multi-waveband spectra of the four SNRs well.

Key words: acceleration of particles; supernova remnant; high energy cosmic-ray ; non-thermal

radiation


