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1 �� ��7��V�)t1&M� [1−2] �̀ �Y!��:(D~Vb/0<!N"�<�b/���,�be77��t1� dn/dγe ∝ γ−p
e (γe > γm ≈ (Γsh − 1)(mp/me)(p −

2)/(p− 1) + 1), �� Γsh q�:(V��,i/� mp (me) q�/ (b/) Ve�
�`n�b/5F��,i/ γm V��u0�� p > 2 [1] h7��� Huang Y [3] V{�&3�6��!�Ys GRB 030329 V��O<�V^k\9.Vb/<���UR�
p = 1.9 � q = p + 1 = 2.9 V~jb/<���~jRos}TGl�G�': [4-8] �_
R�9.b/< (= 1 < p < 2) V�j���UR9.b/<3eVt1��O<�P�X�)[�6 p > 2 Jy6
Uus�FdIb/5F��,i/ γm Rb/5L��,i/ γM Vv /�9.b/<hrn�+�	j:(���M�uUR γm ≈ {(2 − p)mpǫeΓshγp−2

M /[(p − 1)me]}
1/(p−1) [5]�t1��O<VY/Y [4]. `n� ǫe qb/0
q~i/��'�:(D~'b/V
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�g{Ue [9] 	
γM ≈ 108B−1/2 , (1)`n� B =

√

32πεBΓsh(Γsh − 1)numpc2 !:(NzVF4Di� ǫB qF40
q~i/�nu q`p?me�0r4�V�/{!i�c q�~�PanaitescuY [6] Fd9.b/<� γb C�Vl (=0
~*!~j"�<), � γb �`�dn/dγe ∝ γ−q
e ��� q > 2.���V���� γm Æ�s Γsh − 1, pv γM ,
���V%^Atq	 γm �b/^

1 HD�:($hoe�p γM o�b0
�g6q��>D~Nzhoe�iG γm v
γM ,
 1. 5aX�r9� GRB 060908 t1��O<q~j"�<V�j [8]. i+����
 �yVt1��O<VY/YI$UR��
7'
P5u�7
B�6�
2 }aP(x�L�
[?��
2.1 Guoz^M%� (1 < p < 2) I�l�N"�9.b/< (1 < p < 2) VJy6�b/D~'V~*! dn/dγe ∝ (γe −

1)−p(γm ≤ γe ≤ γM). (H'
Oh γm ≈ {(2 − p)mpǫeΓshγp−2
M /[(p − 1)me]}

1/(p−1) [5], +�
�)/n�i!#.Ys γm � γM q
�� γm ob/^ 1 HD�:($hoe�p γM %^o:(D~��b0
�g{oe 1. 	j': [6], +�Fd
γm ≈ (ǫe/f(p))(Γsh − 1)mp/me + 1 ,�� f(p) q p V�{�
℄VC~xn^M`p�/��q`F-~ R �D~�)V3�u0
f
x$e� (_iqX�(` f(p) �{lU R ≤ 1). 	j': [7], q

R ≈
2 − p

p − 1
ǫe(

ǫe
f(p)

)1−p(
mp

me
)2−p(Γsh − 1)2−pγp−2

M

∝ (Γsh − 1)2−pB1−p/2 . (2)
℄URVt1��O<v': [1-2] �V)��n�i/ R.�ÆD:($%8K~VJy6 (K~�g�C), udUR Γsh ∝ t0, B ∝ ΓshR−k/2 ∝

t−k/2 (nu ∝ R−k, ���LB\�,f6 k = 0, �L�,f6 k = 2), R ∝ t−k(2−p)/4.�ÆD:(
%8K~VJy6 (�K~�g�'), udUR Γsh ≈ Γ ∝ R(k−3)/2 ∝

t(k−3)/(8−2k), B ∝ ΓshR−k/2 ∝ R−3/2 ∝ t−3/(8−2k), R ∝ t
(2k−9)(2−p)

4(4−k) . 5��~uLh��~6�Gl)u)��r��~6�'� Γ ∝ t−1/2 [10], iG+�UR R ∝ t−3(2−p)/4, v
k ,
�! 1 mt1VY/��O<_Q��,�

1Panaitescu 2006, private communication
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Table 1 The temporal behavior of the afterglow lightcurves in the case of a flat

electron distribution (1 < p < 2)

Emission regime ISM Wind

Forward shock not got significantly decelerated

ν > max{νc, νm} t2 t0

νc < ν < νm t2 t(p−1)/2

νm < ν < νc t3 t−1/2

Forward shock got significantly decelerated

ν > max{νc, νm} t−(10+3p)/16 t−(6+p)/8

νc < ν < νm t−(22−9p)/16 t−(12−5p)/8

νm < ν < νc t−(6+3p)/16 t−(8+p)/8

Forward shock got significantly decelerated (jet effect)

ν > max{νc, νm} t−(p+6)/4 t−(p+6)/4

νc < ν < νm t(3p−10)/4 t(3p−10)/4

νm < ν < νc t−(p+6)/4 t−(p+6)/4

2.2 SQM%uo�I�l�
 Jy6�b/kq~jV"�<~* (LA' 1 < p < 2, q > 2):

dn

dγe
∝

{

(γe − 1)−p γm < γe < γb

(γe − 1)−q γb < γe < γM

, (3)
℄Vb/0
~*�`H7��t1�
��j [6,8]. ℄#?m�F���Y&3�℄0UR
℄V~jX� 2 . Zrake YX&3VJA�C�`�s2�℄r�F4os
Kelvin-HelmholtzJG)*eS�BrV%Æ��rb8�pURVzL<���: [11].PI$5�℄	��
 Jy6VY/��O<�� γe ≫ 1 VJy6� γm < γe < γb h�b/0
~*! dn/dγe ≈ A0(γe/γb)

−p;

γb < γe < γM h�b/0
~*! dn/dγe ≈ A0(γe/γb)
−q. 	j:(���MUR

∫ γM

γb

A0(γe/γb)
−qdγe +

∫ γb

γm

A0(γe/γb)
−pdγe ≈ 4RΓshnu , (4)

∫ γM

γb

A0(γe/γb)
−qγedγe +

∫ γb

γm

A0(γe/γb)
−pγedγe ≈ 4ǫeΓsh(Γsh − 1)nu(mp/me) . (5)	j (5) nudUR

A0γb ≈
4Γsh(Γsh − 1)ǫenu(mp/me)

γb{
1

q−2 + 1
2−p [1 − (γm

γb
)2−p]}

, (6)�	j (4) nudUR
R ≈

A0γb

4Γshnu
[

p − q

(q − 1)(p − 1)
+

1

p − 1
(
γb

γm
)p−1]

≈
(Γsh − 1)ǫe(mp/me)

γb{
1

q−2 + 1
2−p [1 − (γm

γb
)2−p]}

[
p − q

(q − 1)(p − 1)
+

1

p − 1
(
γb

γm
)p−1] . (7)

2http://www.astro.princeton.edu/∼anatoly/PCTS/ZrakePCTS.pdf
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R ≈ (Γsh − 1)ǫe(mp/me)γ

−1
b [(2 − p)/(p − 1)](γb/γm)p−1[(q − 2)/(q − p)]

≈
2 − p

p − 1

q − 2

q − p
ǫe(

ǫe
f(p)

)1−p(
mp

me
)2−p(Γsh − 1)2−pγp−2

b . (8)[�R;; γb → γM � q → ∞, `nudI+Rv 2.1 W�?�VOn�!�UR��O<�+�-V�Y γb � Γsh − 1 � B V
4�u3
�
4�^�qUGVe��
q+�Fd
γb ∝ (Γsh − 1)−δB−w,0{ δ � w ~�`udot1VÆ1{j{Ue�msÆD:($%8K~VJy�+�UR Γsh ∝ t0, B ∝ ΓshR−k/2 ∝ t−k/2, aMV�,�b8� νm ∝ t−k/2, }T8� νc ∝

t3k/2−2, Vl8� νb ∝ B1−2w ∝ t−k(1−2w)/2, “�6V” 5L�b�
 F̄ν,max ∝ t3−3k/2 d< R ∝ t−k(2−p)w/2.�ÆD:(
%8K~VJy6 ((gR Γ ≈ Γsh), Γsh ∝ R(k−3)/2 ∝ t(k−3)/(8−2k) �
B ∝ ΓshR−k/2 ∝ R−3/2 ∝ t−3/(8−2k) (γm ∝ Γsh), γb ∝ t[3w+(3−k)δ]/(8−2k), γc ∝ (ΓB2t)−1,

νm ∝ γ2
mΓB ∝ t−3/2, νc ∝ γ2

cΓB ∝ t(3k−4)/(8−2k), νb ∝ γ2
bΓB ∝ t[(k−3)(1−2δ)−3(1−2w)]/(8−2k),

F̄ν,max ∝ R3−kΓB ∝ t−k/(8−2k), R ∝ t
(2−p)[(k−3)(1+δ)−3w]

8−2k . �5��~uLh (= Γ ≤ 1/θjh��� θj q5�V=m��R), �~6�)0�)��Gh Γ ∝ t−1/2 [10], IpudUR B ∝ t−1/2, γb ∝ t(δ+w)/2, νm ∝ t−2, νc ∝ t0, νb ∝ tδ+w−1, F̄ν,max ∝ t−1,

R ∝ t(p−2)(δ+w+1)/2, v k ,
��ÆD:($%8K~VJy6�q
Fν ∝
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t3+
k
6 [−8+3(p−2)w] ν < νm < νb < νc; ν < νm < νc < νb

t
11
3 + k

2 [−4+(p−2)w] ν < νc < νm < νb

t
12−k(5+p)+2k(p−2)w

4 νm < ν < νb < νc; νm < ν < νc < νb

t
8+k[−3+2(p−2)w]

4 νc < ν < νm < νb

t
12−k(5+q)+2wk(q−2)

4 νm < νb < ν < νc

t
8−k(2+q)+2k(q−2)w

4 νm < νb < νc < ν; νm < νc < νb < ν; νc < νm < νb < ν

t
8−k(2+p)+2k(p−2)w

4 νc < νm < ν < νb; νm < νc < ν < νb

. (9)
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

t
2+δ(k−3)(p−2)+p(k−3−3w)+6w

2(k−4) ν < νm < νb < νc; ν < νm < νc < νb

t
3δ(k−3)(p−2)+3p(k−3−3w)+2(7+9w)

6(k−4) ν < νc < νm < νb

t
k+2δ(k−3)(p−2)+6p−kp−6(p−2)w

4(k−4) νm < ν < νb < νc; νm < ν < νc < νb

t
2δ(k−3)(p−2)+k(2p−5)−6p(1+w)+4(4+3w)

4(k−4) νc < ν < νm < νb

t
k+2δ(k−3)(q−2)+(6−k)q−6(q−2)w

4(k−4) νm < νb < ν < νc

t
4+2δ(k−3)(q−2)+6q−k(2+q)+12w−6qw

4(k−4) νm < νb < νc < ν; νm < νc < νb < ν; νc < νm < νb < ν

t
4+2δ(k−3)(p−2)+6p−k(2+p)+12w−6pw

4(k−4) νc < νm < ν < νb; νm < νc < ν < νb

.

(10)
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t−
1
3+

(p−2)(1+δ+w)
2 ν < νm < νb < νc; ν < νm < νc < νb

t−1+
(p−2)(1+δ+w)

2 ν < νc < νm < νb; νc < ν < νm < νb

t−p+
(p−2)(1+δ+w)

2 νm < ν < νb < νc; νm < ν < νc < νb; νc < νm < ν < νb;

νm < νc < ν < νb

t
δ(q−2)+q(w−1)−2(1+w)

2 νm < νb < ν < νc; νm < νb < νc < ν; νm < νc < νb < ν;

νc < νm < νb < ν

.

(11)

3 ViXD�i�"C�	jÆ1{judm p � q _QusV;��$�UeV0{q k � δ � w, ��udot1��O<{Ue�T6{+�d GRB 060908!�_Q0{;��� t > 2360 sh�&� - �Y<udoN`"�< Fν ∝ ν−0.33+0.25
−0.29 4 u0J�Ve�0r42v�

SMC E��
�VL4E� [8] '{3 �� X b<(j� Fν ∝ ν−1.17+0.25
−0.22 [8], +�uda}UR p ≈ 5/3 ([��Y(j8�Ls νm, PqFs min{νc, νb}) � q ≈ 7/3 (Xb<(j#qu0�s max{νm, νc, νb}). �Y(jVt1�
�hGÆ�s t−1.05 6Q� X b<�
�hGÆ�s t−1.12 6Q�	j (10) n�+�UR

k + 2δ(k − 3)(p − 2) + 6p − kp − 6(p − 2)w

4(k − 4)
≈ −1.05 ,

4 + 2δ(k − 3)(q − 2) + 6q − k(2 + q) + 12w − 6qw

4(k − 4)
≈ −1.12 ,uUR (−5k + 28)/[4(k − 4)] ≈ −2.17, = k ≈ 1.8, 
g%+�-u0qL�,f�[�

νb ∝ t−αb ��hGjVQ!
��+�i0;� δ � w, Pi!9�Sa{j�#.;� δ � w (9qV{j)0us℄;� νb � νc). 
q+�Fd δ = 0, UR
w ≈ [4.2(k − 4) + k + (6 − k)p]/6(p− 2) ≈ 0.2 .+�V^� GRB 060908 
!�5Vt1{j.0
�℄;�'�k\V-~0{�

4 �q7���)t1&MY!�:(^�Vb/��`U|�D~�:�D~RN`"�< dn/dγe ∝ γ−p
e (p > 2)[12]. �
 Jy6ud�T��vb/0
~*?
Vt1�b [1], 7���)t1&M�WnÆ1��j�PqX�_r9�`Hkq9.b/< (= 1 < p < 2) V7���v�)t1&M� p ≥ 2 )��ms9.b/<��^)0
Uus℄��b/D~'V5F��,i/�[�b/<!~j"�<��hJ�9.b/<��'T+V�6S!gFV"�<�� γe ≥ γb h� dn/dγe ∝ γ−q

e (q > 2), Jy3
!����'�5	��
|��t1VY/��O<�+�V&MFd γb v:
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Ho�V0{�`H�yVt1{judS!Zf℄3 �b/0<~j!9.b/<�S!gFVb/<V-~B}�^%)I��Vp
|�yVb/~*���Jy6_qu0>9��[5>Vb/[�q
℄V0
~*On	� γe < γb ≈ 103 ∼ 104 h�dn/dγe ∝ γ0
e ;� γe ≥ γb h�dn/dγe ∝ γ−q

e (q ≈ 2.6). +��x}TJy6�� γe < γb h�b/0<PTÆ! ∝ γ−1
e ,ms ν < νb ≈ 102 ∼ 103 keVV�,�b< Fν ∝ ν0, 
vLn{�� “g�V” [0m<) (=': [13] ��k'��&V[0<�8). �V+�VFdvd�qN"�PÆ�_QV&3�;+�V&M�5am0
� 0.1 ∼ 3 GeVv Vx#b<VÆ18ob/<{6m dn/dγe ∝ γ0

e
[14],
℄mV<<Æq+�V7��|h�b&M�V^V�P_qu0
�q`�E ��9qVx#b<E'~���`zb/[0m<3eV{iqu0q?�s
D�0Vb/�
Hb/�q�<~}T�6qi!j"4�H GeV b/��HD~�P)��℄��~�&M��(\Vb/V[0<^��0<
m��6^n9``��!

γ
1/2
e ∼ γe Vi/ [14]. �V9`
�i/'-q)0KR+�&MV^M (+�&M^MV[0b/<
m), P�ab/<
d)q{{VN"�<�v+�FdV~j"�<) � B k � �
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ABSTRACT In the standard afterglow model, the swept electrons have been accelerated to

a single power-law energy distribution dn/dγe ∝ γ−p
e (p ≈ 2.3), as expected in the first-order

Fermi acceleration process. However, in some events people find evidences for a flat electron

spectrum (i.e., p < 2). In this work the analytical afterglow lightcurves are presented in the

case of a flat electron spectrum. The possibilities that the injected electrons take a single

power-law or a broken power-law function are discussed. The results have been applied

to the specific burst GRB 060908. We also speculated a possible solution of the so-called

low-energy spectrum crisis of gamma-ray bursts.

Key words gamma-ray burst: general, ISM: jets and outflows, radiation mechanisms:

nonthermal


