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2 Y w = � 52 e3� Liso
γ ∝ (εobs

p )2[10−16], d#n Amati _���25�?.!R{*7=G
R(���5��&\uhJ[C�5�# Oob@RO�s_a?.+hJ��2��F�=ÆkQ�g'�D��N.�hC�5�# �Zdz3QX�JH)�5��&
��$ÆD�+D,�eY,laE+� RICS. �nG;(C��`R(��9G5��& [17]. 0
7=�+D,�i�oAi�R(��q?.6/%���q?.+��2�Fx�&(+D, - +D, (�+D, - |�) .{�l)��,KC��+D, -+D,.{?.+u{i�+D,�'l)��,KCkQ+I�hl)�+D,��i��J��cf��+D,laE��assi�l���$ÆD(ixtF� (�9v� [17]). �_n RICS �&�h#�2QT�S2Z:�a RICS N*�`R(����5�ch�lc}3�0
(� RICS 5�ch�C�-�3�E@a6-�JH�	�C θRICS ≈ 1/γ _0 (��$�3#\). �h#�Q&�Z γ − γ T<!aT<�N�� RICS C�� γ eD�l�-��-��u θRICS <
∼

0.1 ���%T<�-_tO�"6)��6D��Ea6-�i�JHe<��c=]|�!)t�� RICS eD��Rg+D,LSX}�Wd�% γ eDC�kl5���s�Zd��R(�@\+]Hty� “"43DR” � RICS �&+6�i��'o�=�&�5�# J[C�C��R(��5�F�JOob@�F
GjFG{�C�Æ�#�5�]�o6i�
“8�xR”; �F{�N* “Amati a)_�”. Z�R(�� RICS �&ItF\akcGR(��x���R(19�wR(��*T,���kT8��v=�+M$R(�+
�5�]�0NxR�O
z3=gpÆD RICS 5�]R ��U#X(�wXlaE+ch5�F]�l���$ÆD]k4#�W5�E�C���T RICS 5�]�6	N�U#�oOj�PP [18−20] ����v+}X��T RICS ]U#=ln6	��v+�z3\a=#cT)=��+D,4#&/�.��W5�E (��|T5�E�5�5�EO!}U"5�E) +�T RICS 5�]0�O%o�-�R(�b@]0�F�N��MjOJ%M$�
2 rXk�
2.1 a(�#�\ R

RICS

c _m
N�JHL�F�n γ ���$ÆD�L�l�n B �laE+C�� RICS 5�]R n [21]

dpRICS

dν
=

(

3πr0c

2νB

)

η(γ,B)f

(

ν

2γνB

)

(erg · s−1 · Hz−1) , (1)c+ r0 nY�ÆD�[� c ne<� νB ≡ eB
2πmec

= 2.8× 106B ( LandauW � 2γνB (F�n γ ���$ÆD�aE B +C��NC RICS 5�W (W ��K�), (1) #+� B !k�PaE Bcr. f(x) ≡ f( ν
2γνB

) (pÆD�aE B +C�� RICS 5��{�B]o4�aG*%pHÆD RICS 5��{�B]0�c+ x ≡ ν
2γνB

(ONC��



1 b �v3��ncG-�!&�F� V�Z�Lo\$Æ�_ 3W 2γνB npr�{�B���W �
f(x) =

{

2x3 − 2x2 + x (0 < x ≤ 1)

0 (x > 1)
. (2)

(1) #+ η(γ,B) t,n RICS 5� “# ”(9v� [21]). u+D,a�s+���$ÆDEaN�Ea���h����aEl�Ad�v<8!�B(r) = 1
2B∗R

3
∗
r−3
√

1 + 3 cos2 θ

≈ B∗R
3
∗
r−3

(

1− 3θ2/16
)

(u θ � 1)[22]. �"aEl� B �a6U�C θ �
�L~_���aEl� B U: Ad� r '	�U:n
B = B(r) =

(

B∗R
3
∗

)

r−3 , (3)c+ B∗ ! R∗ 2,(+D,a�\NlEl!+D,�[�DO?G}@�)=ÆD�12kQ+� RICS 5�\q�aEl� B Ad� r �'	�sfk��$ÆD�laE+� RICS 5�ch�C�# ���$ÆD12��d�_=chl92�F=	N RICS eDF�5�Xw (�9v� [17]). Zd�O
gw+�tU:�nÆD�12kQ+aE6'�unH4� B ' B∗ = Const..= (1) #�W �2�_}yF�n γ �pHvÆD� RICS 5�IR [21]

pRICS =

∫ 2γνB

0

dpRICS

dν
dν = (πr0c) ηγ (erg · s−1) , (4)c+

η = 2π

∫ π

0

I (νi (ψi)) (1− cosψi) sinψidψi ≈ 4πI (νB/γ) , (5)

(5) #(JH�2�tOa}o* RICS 5�� “# ”, c+ ψi n��eD-�oÆD<�-��0C��(Zn=�2�n�gJH-� ψi ����W hnX�W νB/γ �tO�X����{G��WeD (�b@�=q�+��"n4��� ψi ' 0 �!C����X�W νi (ψi) = νB
γ(1−β cosψi)

≈ νB
γ , GU:o��C ψi {_�]X�l�

I (νi (ψi)) ≈ I (νB/γ) tU:QX�2uh). �{�X�l� I (νB/γ) }C�*%tO�X����eD4A}&�RICS�# G{}C��dUV��z3� (5) #� η �HMP RICS 5�# �f (4) #}y�ÆDE@a6�Ua6-�pr�Q�F�B�n
dERICS

dr
=
pRICS

c
= πr0ηγ , (6)= (5) #o� (6) #�6DwX��$ÆD�F Ek = γm0c

2 Ad�'	�l2-Q#
(O
J�a'#AZD γ = Ek/(m0c

2) *%OÆDZFnpr���$ÆD{�B��F�)

−dγ

γ
=

4π2r0I (νB/γ)

m0c2
dr , (7)



4 Y w = � 52 e� (7) #�2�#}:'F�Ad�'	�*k# γ = γ(r). #+X�l� I (νB/γ) f�WE I (νi) �cT0#f��g (7) #tOh"lX���$ÆDF� γ Ad� r lT�(O�40#v<68��Zd�uÆDEa6�Ua6-�12J�6J�d���_lT�tWc�F�=dF�tW�d�MP��$ÆD RICS 5��O��Q�,n RRICS
c . O
2,_&/H9�W5�EM$��$ÆDF�Ad��'	_��.fd\= RRICS

c .

2.1.1 |T5�E�j+D,4#��W5�E(|T5�E��5�l�f Planck U# I(ν) =
2hν3

c2
1

ehν/(kT )
−1
LX�fd}yX�l�

I (νB/γ) =
2h (νB/γ)

3

c2
1

ehνB/(γkT ) − 1
, (8)c+ T n|T5�E�u��= (8) #o� (7) #.a)'� ξ oW γ. ξ ≡ hνB/(γkT ),�h

c2h2

2(kT )3
· e

ξ − 1

ξ4
dξ =

(

4π2r0
m0c2

)

dr . (9)2�W"ÆDF�n γi ≡ γ, .J�ÆDF�n γf , γi −→ γf kQ+ÆD12d�,n
Rbb, � ξi = hνB/(γikT ), ξf = hνB/(γfkT ), � (9) #�2

∫ ξf

ξi

c2h2

2(kT )3
· e

ξ − 1

ξ4
dξ =

∫ Rbb

0

(

4π2r0
m0c2

)

dr ,iNd�2_}y��$ÆDEa6 (�Ua6) �12d�
Rbb = Rbb(γ) =

c2h2

2(kT )3
·
(

m0c
2

4π2r0

)
∫ ξf

ξi

eξ − 1

ξ4
dξ . (10)�{�Gg (10) #N��X Rbb, �7G'
=zL��2� ξi w ξf . ξi = hνB/(γikT ) ≡

hνB/(γkT ), ξf = hνB/(γfkT ) �fÆD.F γf f��fk� RICS kQ+ÆDF�lT�Ad�O�40#><68�uÆDF�68y γf = e−1γ ≈ γ/2.7 ��_tOU:�n�FNlTtW��\�12d� Rbb
c (γ) #t�Vn��$ÆD RICS 5��O��Q�O
�)=J/�WE+�O��Q��J�u� γf = e−1γ ≈ γ/2.7. �|TE�\un ξf = hνB/(γfkT ) ≈ 2.7hνB/(γkT ) = 2.7ξi. =co� (10) #�_}yF�n γ �ÆD�O��Q Rbb

c (γ).� (10) #D%�6_F� γ �ÆD�O��Q Rbb
c (γ) 6_�s(�kl���$ÆD��{��@%\=+�aYi�O��QNYJ[��,U�2�fa�X����$ÆDh5�F]27�#

N (γ) dγ = N0γ
−ndγ

(

particles · s−1
)

(γ1 ≤ γ ≤ γ2) , (11)c+ N0 nH4� n nÆDF]�4�J�� 1.0 ∼ 5.0 �5��f (11) #}y��$ÆD�YiF�n γ ≈ γ1, γ o*5�F]+l&4ÆDDch�F����j= (10) #



1 b �v3��ncG-�!&�F� V�Z�Lo\$Æ�_ 5r}� Rbb
c (γ) +� γ ÆN γ ≈ γ1, _}yYiO��Q Rbb

c ' Rbb
c (γ1). =Yi� Rbb

c_o*ÆD�+�hl&4ÆD� RICS 5�+Ea6wUa6-�12�O�d���{��kF� γ > γ1 �CFÆD�f (10) #�}y Rbb
c (γ) > Rbb

c . s(Æ� (11)#�CFÆD4A���DOa Rbb
c (γ1) U:PncYi�6�[TIl��B�

2.1.2 5�]05�E	4#�WEn5�5�E��5�l�n I (ν) = I0ν
−α (ν1 < ν < ν2), c+ α n5�5�E�]�4� I0 nH4�]W νB/γ \�l�n

I (νB/γ) = I0 (νB/γ)
−α

= I0ν
−α
B γα (ν1 < νB/γ < ν2) . (12)= (12) #o� (7) #�}

−I−1
0 ναBγ

−(α+1)dγ =

(

4π2r0
m0c2

)

dr . (13)_F�2�W"ÆDF�n γi, .J�ÆDF�n γf = e−1γi, � γi −→ γf kQ+�ÆDO��Qn
Rpow

c (γ) =

(

m0c
2

4π2r0

) (

ναB
I0α

)

(

γ−αf − γ−αi

)

≈
(

m0c
2

4π2r0

) (

ναB
I0α

)

(2.7α − 1)γ−α . (14)_F�a (11) #LX� γ ≈ γ1 WÆ (14) #+� γ, _}y5�5�E+l���$ÆD�YiO��Q Rpow
c ' Rpow

c (γ1).

2.1.3 }U"5�Eu4#�WEn}U"5�E��5�l�U:n I (ν) = S0 exp
(

− hν
kTe

)

, c+ Ten��DT+ÆD��u�� S0 nH��k(X�l�n
I (νB/γ) = S0 exp

(

− hνB
γkTe

)

. (15)= (15) #o� (7) #�}
−S−1

0 exp

(

hνB
γkTe

)

1

γ
dγ =

(

4π2r0
m0c2

)

dr , (16)� ξ ≡ hνB/(γkTe), � (16) #t��n
S−1

0

eξ

ξ
dξ =

(

4π2r0
m0c2

)

dr . (17)� γi −→ γf kQ+ÆD12d� Rbrem tO�:r}�_F� ξi = hνB/(γkTe), ξf =

2.7hνB/(γkTe) = 2.7ξi, � (17) #�2� #}O��Q
Rbrem

c (γ) = S−1
0

(

m0c
2

4π2r0

)
∫ ξf

ξi

eξ

ξ
dξ . (18)�j� (18) #+��2�+� γ ÆN γ ≈ γ1, _}yYiO��Q Rbrem

c (γ1).
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2.2 a(�t� RICS �ocaNYrX�J/�WE+�O��Q Rc (γ), tO)=F�n γ �pÆDElaE�a�Ua6-��2�����W ν \C��p� RICS 5�IF� E (γ, ν). f
(1) #6D}y

E (γ, ν) =

(

3πr0
2νB∗

)

Rc(γ)η(γ,B∗)f

(

ν

2γνB∗

)

(

erg · Hz−1
)

, (19)c+ Rc (γ) nF�n γ �ÆD�O��Q�2,f (10) � (14) w (18) #LX�f (11) w (19) #t}�2;Efa�s�X�F�n γ �DhpFÆDW��W n ν �p� RICS 5�IF�
lRICS
ν (γ) = E (γ, ν)N (γ) dγ = E (γ, ν)N0γ

−ndγ
(

erg · s−1 · Hz−1
)

. (20)= (19) #o� (20) #�.iN�ÆDF� γ ��2�_}yÆD��T� RICS 5��W n ν \�p�e�
LRICS
ν = N0

(

3

2
πr0

)

ν−1
B∗

∫

γ

γ−nRc (γ) η (γ, νB∗
) f

(

ν

2γνB∗

)

dγ
(

erg · s−1 ·Hz−1
)

. (21)

(21) ##nDr�ÆD��T RICS 5�]e����U#�
(21)#+�ÆDF� γ ��2�7GC	2�c�2��;u�Æ�?p�U:�F�� (γ1 ≤ γ ≤ γ2) ,m�ÆD��El B ' B∗ \ RICS 5��9GW�\n 2γ1νB∗

≤
ν ≤ 2γ2νB∗

. W ν > νmax = 2γ2νB∗
� RICS5�6i��LRICS

ν = 0. '�k ν ≤ 2γ1νB∗��W��Na RICS ]0 (2) #�|��c+�J��W ν, F�� γ1 ≤ γ ≤ γ2 �5�DhÆD��=W �5�hW��]r�W� ν ≤ 2γ1νB∗
� RICS ]e��� (21)#+�F� γ ��2 ∫

γ
_u ∫ γ2

γ1
. s(�k9G5�W� 2γ1νB∗

≤ ν ≤ 2γ2νB∗
+�J��W ν,  hF� γ ≥ ν/(2νB∗

) �ÆD;�=W �5�hW��k( (21) #+�F��2�\?n ∫ γ2
ν/(2νB∗ )

. Zd�)=\u2W�T2�] (21) #\'N
LRICS
ν = N0

(

3

2
πr0

)

ν−1
B∗

×














0 (ν > 2γ2νB∗
)

∫ γ2
ν/(2νB∗ ) γ

−nRc (γ) η (γ, νB∗
) f

(

ν
2γνB∗

)

dγ (2γ1νB∗
≤ ν ≤ 2γ2νB∗

)
∫ γ2
γ1
γ−nRc (γ) η (γ, νB∗

) f
(

ν
2γνB∗

)

dγ (ν ≤ 2γ1νB∗
)

. (22)n�%k}yN6=�]0U# LRICS
ν , �� (22) #�2��HHU:�O��Q Rc (γ)VX�2uh�.aÆD��Yi�QoW�# Rc (γ) −→ Rc (γ1), k(

LRICS
ν ≈ N0

(

3

2
πr0

)

ν−1
B∗

Rc (γ1)×














0 (ν > 2γ2νB∗
)

∫ γ2
ν/(2νB∗ ) γ

−nη (γ, νB∗
) f

(

ν
2γνB∗

)

dγ (2γ1νB∗
≤ ν ≤ 2γ2νB∗

)
∫ γ2
γ1
γ−nη (γ, νB∗

) f
(

ν
2γνB∗

)

dγ (ν ≤ 2γ1νB∗
)

. (23)



1 b �v3��ncG-�!&�F� V�Z�Lo\$Æ�_ 7@{��k γ � γ1 �CFÆD��h Rc (γ) > Rc (γ1), s�92CFÆDn4�� (9
(11) #), 6�[fIl�B� (23) ##�T� RICS ]U# (22) #�6	0#���T]�cT)=+�h�a6	# (23) #oW (22) #���a (23) #�)=+D,4#&/�.5�E+� RICS �T5�] LRICS

ν .

2.2.1 |T5�EN�+D,*9i�|T5�E�GFn RICS kQQTJ[��eD�=|T5�E�u�n T ≈ 106 ∼ 107 K (kT ≈ 0.1 ∼ 1 keV). u��$ÆDE+D,a6�h12��G=6t"8�w|TEeD�5(� RICS kQ�|T5�E�l�f PlanckU#*%�]U:X�W νB∗
/γ \�l�tf (8) #LX� Zd�f (5) #}|T5�E+� “��# ”

η(γ, νB∗
) ' 4πI (νB∗

/γ) =
8πhν3

B∗

c2
· γ−3

exp(γc/γ)− 1
(γc ≡ hνB∗

/(kT )) . (24)= (24) #o� (23) #�iN�ÆDF� γ ��2�#}|T5�E+ÆD��T� RICS 5�]�)=�5�]0t� LRICS
ν − ν %kd 1. �?.)=+�z3u��$ÆDF]�4 n = 2.0, u�F�
� γ1 = 10, +D,*9aEl�w*9|T5�Eu�2,uO
&/M{
 (B∗, T ) = (1011 Gs, 107 K), (1011 Gs, 106 K), (1012 Gs, 107 K)w (1010 Gs, 106 K), �\�]02,fd 1 +�t� a (��) � b (8�) � c (	�) w

d (	��) *%�gd 1 6DlX RICS 5�]�J%X3
 (1) �T� RICS ]�(
��5�]�� 2γ1νB∗
≤ ν ≤ 2γ2νB∗

CW�+�n
A�5�]�]�4In Γ = n+1,c+ n n��$ÆD�F]�4���W� ν < 2γ1νB∗
, �nU:���5�]� (2) 
�]�^	 (#4�W �F�) �lT�rk εp = hνp ≈ 2γ1hνB∗

(9d 1).d 1 +�t� a w b 
%��_aEpx
6_|T5�Eu�� RICS 5�]�^��aE�_�]Æt��4�W εp �_�s4�<Ut� a =�Ckt� b, �(ZnCu|T5�EOl�F,J “ROZ:” γ · hνi ≈ γ1 · hνi ≈ hνB∗
(9v� [21]) �{GeD (#tO�X����eD) 4AO&�g' RICS 5�# OC�z3�X�g�-�+D,*9}�pxX(�tO� (23)#w (24)#TJ86	�}yO6p� RICS]�N�*k#�!d 1+�]t�a�r�U:N�U#*%X}��-b@LX�+D,*9|TEu���.�( T ≈ 106 ∼ 107 K (kT ≈ 0.1 ∼ 1 keV),�.aE B∗ ≈ 1011 ∼ 1012 Gs (hνB∗

≈ 1 ∼ 10 keV). ] (24) #+�=� γc ≡ hνB∗
/(kT )�tFu�,m|n 1 ∼ 100, c`+�|n 10. �J6l�O��h�k	6 (24) #�Zn G γ > γc, (24) #_t6p'N

η(γ, νB∗
) ≈

8πhν3
B∗

c2γc
γ−2 (γ > γc) , (25)fd_t}y5�]�6	N�U#�n8!T8�O
)=+z3@1M$ γ1 > γc px� γ1 (��$ÆDF]�F�
K� (!� γc �u{!Z: γ1 > γc ��R������+D,px
�	��$ÆDC�k[�KC+�+lD�T<��YiÆDF�

γ ≈ γ1 ≈ 20 > γc). � γ1 < γc px�z3�N�Ln6p5S7=�� γ1 > γc Z:
�
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e 1 K�`5~V7�G- V RICS 7�_ LRICS
ν

. CGSE rs(��+?-?I5 N0 vp 1

Fig. 1 The calculated collective RICS spectra L
RICS
ν

in an isotropic black body field. In CGSE unit

system, N0 = 1 is fixed in our calculationDhÆDF� γ �,J γ > γ1 > γc ≡ hνB∗
/(kT ), g',J6	U# (25) #�=6	U# (25) #o� (23) #�� γ ��2_��RiN�fd}y|TE+ÆD��T RICS5�]�6	U#


(1) �CW� 2γ1νB∗
≤ ν ≤ 2γ2νB∗

, ��$ÆD]k|T5�E�C�� RICS ]e�tf
#)=X ("wDhCJ!���):

LRICS
ν ≈ Cbb

0

(

2

n+ 4
− 2

n+ 3
+

1

n+ 2

)

y−(n+1) (2γ1νB∗
≤ ν ≤ 2γ2νB∗

) , (26)c+�4 Cbb
0 ≡ N0(3πr0)

4π
c2 νB∗

kTbRbb
c (γ1), y ≡ ν/(2νB∗

) n{�BW �F��Rbb
c (γ1)tÆ 2.1 L�M$f (10) #LX�g (26) #t9�|T5�E+�T RICS ]�CW�n
A5�]�]�4n n+ 1, =�L~k��$ÆDF]�4 n.

(2) ��W� ν ≤ 2γ1νB∗
, "�CJ!��|TE+�T RICS ]tf
#}X


LRICS
ν ≈ Cbb

0 γ
−(n+1)
1

(

2γ−3
1 y3

n+ 4
− 2γ−2

1 y2

n+ 3
+
γ−1
1 y

n+ 2

)

(γ2 � γ1, ν ≤ 2γ1νB∗
) . (27)DO���W� ν ≤ 2γ1νB∗

, |TE+ RICS ]e�n��]��ÆW��ÆH	#^	 εp ≈ 2γ1νB∗
\�Æ�t��r�
H�Jf�O,uW ����# y −→ 0 ��h

LRICS
ν ∝ ν �6p��5�]0#


LRICS
ν ' Cbb

0

1

n+ 2
γ
−(n+2)
1 y ∝ ν (ν � 2γ1νB∗

) . (28)



1 b �v3��ncG-�!&�F� V�Z�Lo\$Æ�_ 9�aO� RICS ]e�U#iN]0)=�&�od 1 t�ix1{��k γ1 < γcpx�_FtaU:-*}y6	U#�MjI��:��CW� 2γ1νB∗
≤ ν ≤ 2γ2νB∗

,(]�4n Γ = n+ 1 �
A5�]�c0#o (26) #�_���W� ν ≤ 2γ1νB∗
, _Fn�: (27) #���]�gwkQ"w�

2.2.2 5�]0�W5�E+D,�eY,4#ItF�ch5�]0�J�_30}5�E�m�c]0n
I(ν) = I0ν

−α (ν1 ≤ ν ≤ ν2) . z3<Uy��k5�E�fkK�W �i��O,(
K�W �i��!}�@%px
�6F,JROZ:�"!# ���RICS�&6�1G��7=�

�k5�]��{cYiW νi
>
∼
ν1, '�k5�F]�ÆD�cYiÆDF� γ >

∼
γ1. DO�k5�E�ROZ:U:'n γνi ≈ γ1ν1 ≈ νB∗

. �j
K� γ1 � ν1 IC�!} γ1ν1 � νB∗
, �#!�+D,*9a�\���z�ROZ:�'�z�+D,\�
aEss�Oh γ1ν1 ≈ γνi � νB(r), DO�/px
� RICS �&'}�
��61G�ZdO
 M$tFkyROZ:�px�# γ1ν1 ≈ νB∗

��
γ1ν1 � νB∗

�px��k���Wd+D,*9aE\6,JROZ:� RICS 5��
�saEl�Ad�v<8!��z\@O�r% r \��1),J γ1ν1 ≈ νB(r), !
RICS 5�j'}1G�
9SM$ γ1ν1 ≈ νB∗

�px��k�Jpx�M$�:� = νB∗
?n νB(r)#t�0
=X�W νi =

νB∗
γ (1− cosψi)

−1 o��95�]0U#}y I (νi(ψi)) =

I0ν
−α
B∗

γα (1− cosψi)
α
, �=Go� (1) #� (22) #+� “# ”η(γ,B). s��)= η���2���
�6F�u (0, π), '\=( (ψ1, ψ2). �(fk�-�5�]h��
K�W ν1 � ν2 �]�� νi < ν1 w νi > ν2 ���h I(νi) = 0, �=���C ψi LX�&� η(γ,B) ��2��
� (ψ1, ψ2) \f��
K�W (ν1, ν2) LX

1− cosψ1 =

νB∗

γν1
, 1− cosψ2 =

νB∗

γν2
, (29)g'rX# 

η (γ, νB∗
) = 2πI0ν

−α
B∗

γα
∫ ψ2

ψ1

(1− cosψi)
α+1

sinψidψi = 2πI0ν
−α
B∗

γα
∫ νB∗/(γν1)

νB∗/(γν2)

χα+1dχ

'
(

2πI0
α+ 2

)

ν
−(α+2)
1 ν2

B∗

γ−2 . (30)�#+� χ ≡ 1 − cosψi, oq�� ν2 � ν1, # ν
−(α+2)
2 � ν

−(α+2)
1 . = (30) #o� (22)#�t}5��W5�E+ÆD��T RICS ]0�

(1) �kCW� 2γ1νB∗
≤ ν ≤ 2γ2νB∗

, 5��WE+ÆD��T RICS ]06	n
(u γ2 � γ1)

LRICS
ν ≈ Cpow

0

(

2

n+ 4
− 2

n+ 3
+

1

n+ 2

)

y−(n+1) (2γ1νB∗
≤ ν ≤ 2γ2νB∗

) , (31)�4 Cpow
0 = (3πr0)N0

(

πI0
α+2

)

ν
−(α+2)
1 νB∗

Rpow
c (γ1), c+ Rpow

c (γ1) tÆi9 2.1 L�M$f (14) #LX�]CW�5�]n5�0#5�] ∝ ν−Γ, ]�4n Γ = n+ 1.
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(2) �k�W� ν ≤ 2γ1νB∗

, 5��WE�ÆD��T RICS ]0N.6	n
LRICS
ν ≈ Cpow

0 γ
−(n+1)
1

(

2(y/γ1)
3

n+ 4
− 2(y/γ1)

2

n+ 3
+
y/γ1

n+ 2

)

(ν ≤ 2γ1νB∗
) , (32)c+ y w Cpow

0 ��VT_i�f (32) #t9�5��WE+ÆD��T RICS ]0��W� ν ≤ 2γ1νB∗
n��5�]�u ν = 2γ1νB∗

, # y = γ1 ���W�oCW�]ixÆH�uW ����y −→ 0,h LRICS
ν ∝ ν �6p��0#�#

LRICS
ν ' Cpow

0

1

n+ 2
γ
−(n+2)
1 y ∝ ν (ν � 2γ1νB∗

) . (33)_F��a5��WE+ RICS ]e�U# (31)∼(32) #�t}y5�5�E+�ÆD��T RICS 5�]�]0�4�Mj%kd 2. �?.)=+�z3uÆDF]�4�.� n = 2.0, u���$ÆDF�K�
� γ1 = 10, 5�5�E�]�4 α =

1.0, +D,*9aEl�w5�5�E�
K�W 2,uO
&/M{
 (B∗, hν1) =

(1012 Gs, 1 keV), (1013 Gs, 10 keV), (1011 Gs, 0.1 keV), 2,�\kd 2 +�t� a (��) �b (8�) w c (	�). _d 1 +�t��:�gd 2 ItOlX5��WE+ RICS5�]�J%X_O��Dh RICS 5�]�(�:�
�5�]�CW��5�]n��5�]�]�4n n+ 1. �W��5�]n
.���5�]�
�5�]�^
	2,X�� hνp ≈ 2γ1hνB∗
≈ 2γ2

1hν1 ≈ 20 keV � 200 keV w 2 MeV (9d 2).

e 2 7�7�G- V RICS 7�_ LRICS
ν

. CGSE rs(��+?-? N0 y I0 vp 1

Fig. 2 The calculated collective RICS spectra LRICS
ν

in the field of power-law spectrum. In CGSE unit

system, N0 = 1 and I0 = 1 are fixed in our calculation

2.2.3 }U"5�E�@%px
�+D, (�eY,�a,) 4#tF�gC�q0}U"5�E�m
(b@Nh���9v� [23]), 5�E�[ R� R∗. ��-�+D,px
�fb@}U



1 b �v3��ncG-�!&�F� V�Z�Lo\$Æ�_ 11"]�X�ÆDu�Ck Te ≈ 107 ∼ 108 K. Cu
��DT�5�E(���`}U"5�E�cG5��&�9{ - %��Q>�(���W]�W���!�tO�"�DO��H5�W���cl�6p*%n [24]

I(ν) ≈ 7.6× 10−39n2
eT

−1/2
e R exp

(

− hν

kTe

)

≡ C1n
2
eT

−1/2
e R exp

(

− hν

kTe

)

, (34)c+ C1 ≡ 7.6× 10−39, �#N6p2��xEhq7<3��]�a� S ≡
∑

Z

Z2nZne =

1.4n2
e }y�# (Z n�D�Æv4� nZ n�D4�). ne w Te 2,(��DT+ÆD4�wu�� R (}U"5�E��[��#+NU:uGf - GfAOZD gff ≈ 1.Zd�f (5) #w (34) #�t}}U"5�E+ “��# ”

η (γ, νB∗
) ≈ 4πC1n

2
eT

−1/2
e R exp

(

−hνB∗

γkTe

)

. (35)�k�.+D,px�]Hh B∗ ≈ 1011 ∼ 1012 Gs, Te ≈ 107 ∼ 108 K,�\k hνB∗
≈ 1 ∼

10 keV, kTe ≈ 1 ∼ 10 keV. Zd�]Hpx
h 0.1 <
∼
hνB∗

/(kTe)
<
∼

10, '��$ÆD�
γ � 1. � hνB∗

/(γkTe)� 1 ��.px
�}y# η �JHr�U:*%n
η (γ, νB∗

) ≈ 4πC1n
2
eT

−1/2
e R

[

1−
(

hνB∗

kTe

)

1

γ

]

≈ 4πK(Te) , (36)c+ K(Te) = C1n
2
eT

−1/2
e R = 7.6× 10−39n2

eT
−1/2
e R. = (36) #o� (22) #�t}}U"5�E+ÆD��T� RICS 5�]0�

(1) �kCW� 2γ1νB∗
≤ ν ≤ 2γ2νB∗

, }U"�WE+ÆD��T RICS ]0
LRICS
ν ≈ Cbrem

0

(

2

n+ 2
− 2

n+ 1
+

1

n

)

y−(n−1) (2γ1νB∗
≤ ν ≤ 2γ2νB∗

) , (37)c+�4 Cbrem
0 ≡ 4πN0

(

3
2πr0

)

ν−1
B∗

K(Te)Rbrem
c (γ1), Rbrem

c (γ1) tf (18) #LX�f (37)#tOlX}U"5�E+CW���T RICS 5�n5�]0 ∝ ν−Γ, ]�4n n− 1.

(2) �k�W� ν ≤ 2γ1νB∗
, }U"�WE+ÆD��T RICS ]0Tf (22) #*%n

LRICS
ν ≈ Cbrem

0 γ
−(n−1)
1

(

2

n+ 2
γ−3
1 y3 − 2

n+ 1
γ−2
1 y2 +

1

n
γ−1
1 y

)

(γ2 � γ1) , (38)c+ Cbrem
0 w y ��V_i9JF�f (38) #t9���W� ν ≤ 2γ1νB∗

, 5�]0n��5�]�uW ����# y −→ 0, Th LRICS
ν ∝ ν �6p��0#��a (37)∼(38) #�)=�}U"5�E+ÆD��T RICS 5��]0�Mj%kd 3. �4�)=+�_FuÆDF]�4�.� n = 2.0, u���$ÆDF�K�
� γ1 = 10, +D,*9aEl�w}U"5�Eu�2,uO
&/M{
 (B∗, T ) =

(1012 Gs, 107 K), (1012 Gs, 108 K), (1013 Gs, 108 K) w (1011 Gs, 107 K), 2,�\kd 3+�t� a (��) � b (8�) � c (	�) w d (	��). d 3 +�Dht��(
��5�0#��CW�ch
A5�0#�]�4In Γ = n− 1, �W��5�]�ch
.���5�0#�
�5�]�^	Trk hνp ≈ 2γ1hνB∗
(9d 3). d 3 +� a w

b t�*%aE�_s}U"5�Eu�6_px
� RICS 5�]0�
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e 3 �W$7�G- V RICS 7�_ LRICS
ν

. CGSE rs(�� N0 � ne y R vp 1

Fig. 3 The calculated collective RICS spectra L
RICS
ν

in the thermal bremsstrahlung radiation field. In

CGSE unit system, N0 = 1, ne = 1 and R = 1 are fixed in our calculation

3 w}qÆ}fk��$ÆD�laE+� RICS 5�ch�C�5�# ���$ÆDE+D,a6�h12�O��Q RRICS
c 0H�� (�� RRICS

c ∼ 10 m), #vÆDEa6!Ua6-�]k����Q_=cl92�F=	N RICS eDF�'5�Xw�DO�h#5��Q RRICS
c +�tO�naE����k���laE B +F�n γ �pH��$ÆDC�� RICS 5�]R U#�z3}XlaE+ch5�F]�l���$ÆD]k4#�W5�E�C���T RICS 5�]�6	N�U#��a�T RICS 5�]�6	U#�)=�+D,4#&/�.��W5�E+

RICS�5�]0��{|T5�E�5�5�EO!}U"5�E��\k�%�WE�
RICS 5��h6p�]0oh6pN�U#�%kw�-b@]0�F�fd 1 ∼ 3 t9�6_�4#�WE+� RICS 5�]0hJ%X_	���
]0�U:PÆ�#5�]�'o�Æ�5�]�2P	�0HrU hνp ' 2γ1hνB∗

. �av� [21] +�?p�U:���R�37=�F�]O��Æ�?p�U:�pÆD�F� γ wG� RICS5��9GW 2γνB∗
�5hJHJJ�\�_� γ ←→ 2γνB∗

. Zd��j��$ÆDh5�F]� N(γ) ∝ γ−n (γ1 < γ < γ2), ��T RICS 5�] LRICS(ν) �9G5�1�+v`IU:n5�]�5�]���
K�W U:2,rk ∼ 2γ2νB∗
w ∼ 2γ1νB∗

,#9G� RICS 5�W�n 2γ1νB∗
≤ ν ≤ 2γ2νB∗

. {'�pÆD RICS 5��?p�U:



1 b �v3��ncG-�!&�F� V�Z�Lo\$Æ�_ 13(JHh?�U:�Z�44 2γ1νB∗
<U5�Nl�h��i�JH
��Wq�J�C�y ν ≈ 0. Zd�� γ1 < γ < γ2 EDh�ÆD����W1� ν ≤ 2γ1νB∗

�5�hW����W�0NJH��5�]�g'N.��T RICS 5�]U:n
��5�]0#�
	rk ν ≈ 2γ1νB∗
.

RICS �&� γ ��w_ X��Xv<+hk��\a�tF(R(���R(19�wR(��*T,� 3�CFXT�CF1�5��9G�&�b@*=�R(���R(19�wR(��*T,�R(��]HH(
��5�] [1−2,5,23,25−31], �(�
RICS 5��&�h��b@�R��kR(��Ai�2��q?.(l)�,FC�+D, -+D, (�|�) .{ [32−35]. ��Æ/?.+[�F9GO+lD0#*/�'+lDT<�C�l����$ÆD��+D, -+D,.{?.+�+D,]Hi�laN�E��l)��,FC?.+�_Fh��nl)��,0
FC0NKl)�+D,�G�v<G=�*�p�[�!}��\�/:�EFC [36]. sfkaN�5�LH�[�5�LH!}=�'. [37−39], kJ��5���f(�FC0N|��DO�d?.+Ii�laEl)�+D,���J��3;���$ÆDwlaE�i�h(C� RICS �S2Z:�����a RICS kQM$R(�5���-tF3 (���3). ��q?.w3E��3ah�1!c�A�_85��&NR�N*�e<! X ���m��s(��`F�bl�R(��5�fxyJ�(JH�/�DR�Nh�E�1!�A�_85�?.�DN*J��R(5�b@O�����n�0b@�R(]&4P
�#5�]0# [4]; n�0l�R(�F��J�_32�
�*�XR(��5�e�o
�]^	F��5�a)h� Liso

γ ∝
(

εobs
p

)2[10−16]; n�0��` X ��we<m�H�A�`R(��5�X� [40−42]. �_a?.+!R1h}yt+�N*�z3�k RICS �&FnNf�%M�QTJ/)�tFf[��O��PP+=TJ8�dT2$��.)��a RICS �&��.R(�F�T2?.)=wb@]�I{�Z�R(�� RICS ItF(C��R(19�wR(��*T,�CF5��5��&��R(19� (SGR)(�{+H X ��*T,) (Ai�}�@\� �GtF��@la+D,�����x SGR 1806-20,b@(�R:�5FJ�R(��*T��7=ola	+D,h_ [23,43−44], �n RICS �&��2QT�Z:
b@�(�G�R(��](
�#�5�]���%@ SGR 1806-20 �R(��5��htFfxk RICS �&��JH� (R(��*T,�R(��*T,��@la+D,�o�E�h5�s�h��$ÆDC��CFR(��]&(Æ�5�] [45−47]. Ai�R(��*T,@\+h%��y��D	
_a5��& (Ai<at 5��JmZ"���) # 6C��Dkytob@�F�5�e��5�W IDkyb@�R(1�
(Z0h�CF��$ÆDi�). j��R(*To�Æ*Tr�H6�_�Jb@'��}�NZ(�0 (r�6_��_tF�%Æ��5��&6_��n RICS �&�\a�
tF3), ����k RICS �&IFnNf�%DRQTJHt2�-*�$� �iN�v�kQ+�djpD1wz3T2�hW�M$.L��&r�<X�Od"(�
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Collective Spectra of the Resonant Inverse Compton
Scattering of the Assembly of Relativistic Electrons in

an Intense Magnetic Field

LIU Dang-bo1 HUANG Yong-feng2 DANZENG Luo-bu3 CHEN Tian-lu3

(1 Institute of Nuclear, Particle, Astronomy and Cosmology, Department of Physics, Shanghai Jiao Tong

University, Shanghai 200240)

(2 Department of Astronomy, Nanjing University, Nanjing 210093)

(3 Institute of Cosmic Ray, Department of Physics, College of Science, Tibet University, Lhasa 850000)

ABSTRACT The resonant inverse Compton scattering (RICS) of relativistic electrons in

an intense magnetic field of a neutron star is an efficient mechanism for producing the

high-energy γ-rays due to its high efficiency, high frequency, highly beaming behaviour and

comparatively good monochromaticity, concentrating most radiation in the high-frequency

band (hard X-ray and γ-ray). In our previous work, it is argued that the dominant radi-

ation mechanism responsible for the prompt γ-ray emission of gamma-ray bursts (GRBs)

in the early stage could be the RICS of relativistic electrons. By using this mechanism,

some puzzles in the study of GRBs could be clarified, e.g., the origin of the Amati relation,

the formation of the observed broken power-law spectra, the related deadline problem, the

polarization property, etc. The simplified analytical formulae of collective RICS spectra of

the assembly of relativistic electrons in an intense magnetic field are derived in this paper,

based on the simple RICS power spectra of a single fast electron given in our previous work.

By using these formulae, a series of collective RICS spectra for various typical ambient low-

frequency radiation fields around the central neutron star, e.g., the black body radiation,

the nonthermal field with a power-law spectrum and the thermal bremsstrahlung field, are

calculated. The collective RICS spectra are all in quite simple analytical expressions, which

are convenient for comparison with the observed spectra. Our calculations show that the

RICS process is really a very efficient radiation mechanism in the hard X-ray and γ-ray

bands if the “accommodation condition” (or the “matching condition”) is satisfied. Our

calculations show that despite what kind of ambient soft-photon field is related, various

collective RICS spectra have common broken power-law forms with different indexes in the

low- and high-frequency bands respectively. Finally, we discuss the potential applications

of RICS mechanism in high-energy astrophysics, i.e., in the explorations of the origins of

radiation from GRBs, soft gamma-ray repeaters (SGRs) and gamma-ray pulsars (GRPs),

etc.
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