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GRB JLKNMPOGQSR TVUXW Y[Z \^]`_$abQLcdW`eVfhg
GRB iNjlkmKonlZEp�qlr \tslu vxwzyG{$|}{B~o���Pph{��B�zWm����~o�!�� ���$� \��h�Xc!WoeX�t� ��iNjhk�pz��v�wP�h��� � GRB Kh�h�X�N�o� D� iV !¡ ¢o£`¤b¥>W��b¢�TSU ��¦�pl~m§VsP¨G�Ge �$��QbK GRB i©j$kPi�^��{SQzi`q!r ¢«ª!¬>i`rl �^®z¯ po°!±z¥EW`e

1 GRB ²P³ ´µ@¶x·�¸«¹�º¼»d½!¾À¿ÂÁ
GRB Ã^Ä�ÅÇÆ@È ��ÉËÊxÌ«ÍLÎ�ÏÑÐoÒ 0oÓÕÔ(Ö ÉØ×NÊËÙ 0ÑÚ«Û�ÜÝ@Þ�ÎÑß�� Ó ßáà�â Ö ÉäãNå1æBç¼èêé�� Ü«ë Í�ì�Ù [1,2,3] í µ^¶Ç·Ë¸�î�ï�ð Ö ÉòñNóÑôlõÙ��¼Í

GRB ÄÇö�÷ �@Ù ítø �(ù�Ù�ú ÅÑÆ�È Í�û�ü[ù�ÙVõ 0¼Æ�È Ðþý1ÿ��^Ù���ôt���SÞ��� ô�ñ�ó Ä[ø �1ù�Ù�úÂÐ	��Ù©ç èêé«Ítì�Ù í�
 ��té��VÞ��1� ÷[0 GRB Å���� î���� Ì� ô����������! º Þ ï�ð Í�"#���^Ù í GRB ÅÑÆ@È Í�ûGü%$ � õÕù�ÙÂé�&�'!�(�¼Í�ì�Ù í
GRB Å Î)(�*�+-,�Ð�.�/ ë�0 úÇ��æ í21«Å4365oÄ2798 ¾ &#:�;�< Ã �)=2> 1�?1í�@A5�BÍ�C ÷ ��æ 5EDAF�G�H�I	J�K	L	M	N Þ 7O8 î�P óþô�é�Ù ÌSÉ�Q Ì^Þ�R�S��^Ù æ«å1Ð 0 VelaT � î�UWVYX�Z èØ�^æ í�H�I�J Í ë � �NÙ µ`¶þ· ¸ Þ Ä è�[^Ù T �NÍtìtÙ í µ`¶þ·¼¸ Å\ ��úÑ��æ î 0Nø � Å�]�^ ÌGèØÍ Å ��õ ÆNÈ ÌGèòñoó ô#_ ô�é�æ í V �	`�Ð 0 Ê�� GRB� ëa0�Å Î�(E+ Ó ,WbÂÍ ëEc ú[���«Ì�ó æ íY3#5 î 7d8 Ð�eEf!goÞ�hXèØ��Ù«�tÞ�i��^æ�Ej ík

1 l Ð4mA�on!QxÐ 02p�q úÑ�@Ù GRB Å�I Ð éArÂé�r2��s�t!u ¸ Þ 0�v Ù íwax ��$� é�ü[��ÌGè 0 Ì��zy|{!èØÌ��@ü�� 0�}�~)�E� �@ÙtüË�	�`ÉO�E�E�	��Í�ì�Ù í GRB ���� 1EB ü 0 k 1 � X Ð4m��onAQxÐ 0���� ð ÌBè�� ð b�Í�é�rÂé�r2���`Þ Ä Ù í�ø����E�^Å
N Ò ð ì�æ�yÑÞ4�VÐ)��� ��� Þ�m!� í�� � 1aB�� 7 é GRB Å long GRB 0�� é GRB Å
short GRB Ä�ö�÷�� Ù í ñNóþô�õØÙ µN¶Ç·Ë¸ � �a���6 º »�����½ � Å 0 k 1 �!� Ð4m��n!QxÐ�� N 200keV

ì1æWyÇÞa� º�� ÐSÒd� � power low
Þ���� Z æ)��ÍonNõ-����Í _¡��¢

£¥¤ »Y����½ ��Í�ì�Ù í b æ�� µN¶Ç·Ë¸�î ñNóþô}õ�Ù4�!¦ �)§	¨E�E� Þ�©	ª	«	¬ X Ð c �æ@ü � Þ k 2 l X Ð�m�� í ìVè%@Ù��6¦�ÌBè¯®a� ¤ Ð�ñ`ó[ô�õxÙ�Ê Ä î � Ì�Ù í

2 GRB
° ± ² ³ ´

µ	¶	·¹¸Eº¼» ½o¾
GRB ¿�À�Á�Â�ÃAÄ�ÅÇÆaÈWÅÊÉ�Ë�ÌÊËÎÍÐÏ	Ñ�Ò�Ó!Ë�Ô�ÕaÖ6×4Ø2Ù�ÚEÛ

Á�Ü¥Ý�Þ¹ß�à)á ¦!â�ã�äoå�æ ç à!è�ÌÊÒYé¹ê�ËYÕ�Û�Á�Ô çëAì�í�î�ï6î�ð�ñ¥ò�å Ú�¿�óå�ô Á)õ ½o¾ Á)§�ö�Ò�÷Eøzê ë ¾ Á�§Eö�Ò GRB
åEù�ú Ä!à�Á2È ûýüA¿�þ|ÿ��	§Eö�� â4æç à�è�Ì Ò�À���ÉYÈ�ÝÔ�Õ�� å Ö6×4ØÙ�ÒYÜ6Ý4Þ¹ß à	��
�À ë�� Ò�È þÐÒ�zêÊÈAÝÔ	Á2À� à�Õ
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short long

�
1: û���� GRB Á������2Ù [3] Õoû����	� GRB Á��aÓ�����Á� "!$#&% í(' [4] Õoû)��*(�

GRB Á ì�+ñ�,�î !(- ð # ñ [5] Õ
Â�ÃAÒ	.�È�ÅÊÉ/
�021 ¶ È3
	Á�4�à�ó�ÈWÅ6587�Á�4�à�ó â(9�: ÉEË�Õ µ	¶ ó;0�Ô GRB

Á)õ â ��<�à ½o¾ Á>=(? ûA@ ºEº	º 53B/����Ò�C!ÈD0�Ô2Ò ë�E É"F�G�Ú GRB ¿�À�Á�Â�Ã
À � ÝYÔÕ�7�� ë�HJILKNM �AÝ2Ô	Á�Ò�O�P2Q�R�! ð�å ÷aø�Ä�àTSVU�W/X û)Y 1021cm � ÁZ;[�\ ôN] À � à�Õ�^	á ë GRB Ò�_�`�=ba�ÉÂ	Ã û�Y 1028 cm � å � à Ì�ËzÍ ] Ú ë Ö
×4ØÙ�Ò�c \ U�c \ ÿ âed�f êÊÞ"g�h�i	jAÈWÅ 9 Å&0�ÉYË¥ÌÊË�Í ë Ë�Æ�k!à�l�×Lm ð # +
!/n>o ûqp�r�s�t���Ò � à6Ì�ê�Þ�u�v/wÎóT0�É�È6Ý2ÔÕx�y�y º9» å l�×�z{#�×e| ô ÌT}�1(06à�~&� ÉaÖo×)ØYÙ�| ô Ò����	�3�¥Å�0!Ô�ÕD� ß
Á>��Ú ë è�Á>| ôoå3� Ý)Þ"� ß%Á/�N����¿�À�����óT0 ë �N���4Ò�O�PNQNR>! ðYå .��aÄ!à
è�Ì Ò ä�� óT0!à��/� Í�Ì�� Ý)Þ�ËEÔ�Õ#Ì2è���Ò ë�� Å&0�Ô>�D�6Ú>�(��ÆzÅ&���Eá�.���À� Ý2Ô û � 2 �V��� Õ�ê�È I � ß Á��	Ë3�N����Ò � þ��!ÉEË è�Ì I Æ�È Ý2ÔÕaü!¿�þ�O�P
Q3R;! ð Á��AÒ ¶2  Ô å2I È�È�ÆzÅ&���	á�.��!Á�¿	¿�ÌÊË�Í�¡�¢�Ò d¤£ Þ¥ê�¿�Ý�Ô�Õ H�KM À � Ý�Ô>O�PNQ3R"! ð Á Z�[D\ ô�] Ú"¥D¦�óT0 ë"§�¨ Ú;��©Dª å	« Ý�Ô�ÕaÛ�0!¿�À�Á>�
õ�¬�Ú ë Z[D\ ô Ò�® d � å �¯��É�°�� â� Þ"� ß û±O�P�²�³ î ��¿�À�.��aÄAà�ÌÊËÎÍ ]å�´ þÐÈ   Ô�ÕAèµ0 å3� þ¶_·`"=¸a�Â�Ã ] Ì¹>º å l�×Lm ð # + !�n�oAÒ d¤£ à å2I È	È
Æ ÅL� ë ¿(�>� ß Á��6Ú�è�Á ]#âT»J£ ÔÕæ�¼ Ú x�y�y�½ » å ü�ËaÔ�Õ BeppoSAX | ô Ò ì8¾ð !YÙ6Á�¿�� ûÀ�V���Á�á�Á å ¿
à ë ���ÎÌaÌ IYå>Â a å � ß¡ÉAà;�2� â µ�¶ ê ë ÛaÁá¸Á â;Ã ��Ä ß æoç Ô�Á/� û � 2

��� ÕEÛ�0 å3� þ¶��Å(Æ���Ç�Àÿ��DÈ	ö âeÉ Ä#è�Ì%Ò�Ê2Ë å É�þ ë ��Å�¿(� I µ	¶ óT0�Ô�Õ
Û	Á(!�- ð # ñ ÒWÌEÅ�0 ëVÌ�Í Ù�Ò�Î�á�Ï�Ðzê�Þ�Ë�à�è�Ì¡Ò�.AÈ6Ý2Ô û � 2 �2*�� Õ�ü!¿
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�
2: û��3��� GRB Á>È�Ñ/.�� [6] Õ6û��2*�����Å/¿(�oÁ	!�- ð # ñ [7] Õ Ì�Í ÙAÒ ¶V  à�Õ

ûÒ�V��� ìÓ¾�ð !�Ù�¿(� Á>È�ÑV��À�Á�Ô [8] ÕÖÕ×��� · Ì ¸(ØO· Á I ÁÕ�Ù(� êÊÞ�Ë�àYÁ2Ò
ÆaÈ!à�Õ6û��·*�� ì8¾�ð !�Ù�¿(�oÁ>�/�V�Ù [8] Õ Â a å ÙD� ê�Þ�Ë�à�Õ
þµ�N����ÚT_�`"=¸a4Â�Ã å ÷	øzê)Ô	Á2À � àÛÚ Â�ÃAÒ æ ¦zê)ÔAè�Ì å3� Ý�Þ�g 9 óT0!àµ5
7�Á ìN+2ñ¸,�î Ò ¶/Ü I à!è�Ì�Ò�À¸�	à�Õ(���Wó"06à;Ý�Þ¯a�ÉaÖ#×)Ø2ÙoÁ3ß í·¾ð !�Ú
F ∼ 10−6 erg s−1 cm−2 ÉaÁYÀ ë _�`�=¸a�É�Â�Ã d ∼ 1028 cm À��aába å g�h êÊÞaËAà6Ì
Ä6àoÌ ë 5�7�Á;�N� Ú L ∼ 4πd2F ∼ 1051 erg s−1 Ì�É�à�ÕD��ÓV���aÚ"Y x ºáà ÉaÁ�À ë
g 9 óT0!àµ5b7YÁ ì/+�ñ�,Yî Ú ∼ 1052 erg Õ c2 À�â¥Ý)Þ�ãDä å Ä!à�ÌåSNU�ãDäÛæ2Å¡Ë å É
à�ÕÎèT0EÀ GRB Ò�_�` H � Á"ç µ À � à�è�ÌÊÒ ä ¦zê�ÔÕ

3
è é ê ë ì í

_�`"=¸a�Â�ÃAÀ GRB Ò�îoè2à�Ì%Ä�à�Ì ë p6Á � Í å ^ ¶Dï�ð É"¡�¢�Ò d¤£ à�Õ�����ó
0�àYÖ6×)ØÙbß í2¾ð !�Á;�/ñV����Ú���ËaÔ�Ë ∆t ∼ 10 msec ÉEÁYÀ ë �(ò å Ú;g/h�iDj
Á ï3óDô Ú R ∼ c∆t ∼ 3× 108(∆t/10 msec) cm Ì ¶�Ü I à�è�Ì Ò	À¸�Yà�Õ�Û�Á�� å g�h
ó;0�à�Ö ×�Ø�Ù6Á ì�+�ñ�,�î Ú ∼ Lγ∆t ∼ 1049 erg À � à�Õ�è�Á�Í>� � àâ/õ fp ÚEÖ ×Ø�Ù6Á ìN+ñ�,Yî Ò�ö/.(÷ ßøc \ U�c \ ÿ âµd/f Ä�à û γγ → e+e− �Îè�Ì¡Ò	À���à)Õoû±�
�Óa å fp ÚaÛ�0 ½#¾áù óoß%É	Ë2Õú�	ÿ d�f Á�û�ü Ü Úý# 'Óþ ×�û�ü Ü σT = 6.25 × 10−25

cm2 æ2Å�Ë�É�ÁYÀ ë ÿ d/f Á;��Å¯aTÿ���Ú
τγγ ∼

σT fpLγ∆t

R2mec2
∼ 1014fp

(

Lγ

1051erg/s

)

(

∆t

10msec

)−1

(1)
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Ì�É�þ¶�����8��Ë6è�ÌdÒ�Æ�È�à)ÕYü�¿¥þ6�	ò å��   à�Ì ë Ö6×4ØÙ!Ú�ÿ d�foâ îoèEêÊÞ Z
È�Å 9 Þoè�0�É	Ë�Ì4ËWÍ ë Ë2Æ�k6à/l�×�m ð # + !/n>o!Ò d¤£ à�Õ� ø�À�Ú�è�ÁDn"o Ú GRB Ü!Û�Á>¿D�AÒ���° å W Ë û±�	ÿ�=¸a2É�����ñ â Ä!à���ö�ÈWÅ
g�hÎó�0EÞ�Ë�à�è�Ì â
	 Ä���AÀ � à�Ì �   Å&0	Þ�Ë�à û èµ0�ÚTc��D��� å3� Ý�Þ I%ä��
ó;0�Þ�ËAà;� Õ	�Eÿ�=¸a��/ñ�Ú2l�×Lm ð # + !�n;o â p6Á��!ü�Á�����À�� æ Ä�à�Õ(^�ü��
Ú ë g�h	ö�Ò������ å ÁYÈ�Í�Ì ë � \ Á ì/+�ñ�,Yî Ò2³ î�� ×���� \ Γ = (1− v2/c2)−1/2� ��
� �á�Ï�Ð�Ä!à!����À � à�Õ�üA¿¥þ ë ����óT0!à2Ö6×4ØÙ�ÚTg�hEö�Á#"�ñ%$�À�Ú ìÓ¾ð !Ù�À � þ ë c \ U�c \ ÿ âed/f À���àYÖ6×)ØÙ6Á;â�õ fp Ú�&(' I Ý!Ìá�!É	Ë�Á2À �à)Õ ¾ 0 ß�Å¡Ë�Ùoà�ÈWÌÊËÎÍ�Ì Γ2(βB+1)

��) � å É�à)Õ#è	è4À βB ∼ −2 Ú ë ����óT0!à
Ö6×4Ø�Ù�Á�õV!	- ð # ñ N(E)dE ∝ EβBdE Á Â À � à)Õ Γ *�Á�+	÷ [ Ú ë "�ñ%$�À�Á�ÿd/f Á�,�- E ′

1E
′

2 > (mec
2)2 Ò.&�/�0�$AÀ�Ú E1 > Γ2(mec

2)2/E2 ∝ Γ2 ÉEÁ�À ë ÿ d/f À
��àYÖo×4Ø�Ù6Á;â/õAÒ fp ∝

∫

E1
N(E)dE ∝ EβB+1

1 ∝ Γ2(βB+1) Ì�É�à�è�Ì¡ÈWÅ21¥¿Eà�Õ
�Aü��4Á#���6ÚTg�h�i(j Á ï3ó(ô R Ò Γ2

�4365 �¯� ß9Þ ID� Ë6è�Ì87 � à)ÕYü(9¥þ ã
êAß%Ú R ∼ c∆t 7�Ú�ÉWß R ∼ cΓ2∆t É�:���Õ � 3 : � Í å Z#; ÈWÅ;³ î<� ×���� \ Γ 7
g�h	ö�Ò>g 9 ó�0 ë�=> R ?�@ 2R 9A7"�oÝ�ÔCBYê �EDGF ����6ÚT�(� å�H à F ��ÿ�I�aJ î4KL %.:��D�CM �ON!Pë g�h4Q�gDh	ö�:�RTSOU2Á�M ∼ Γ−1 æ�@ H :�VD�W7�XY@×0(Z�:
7.[������CQTg�h�\]:O^	ü ∼ Γ−1 :;iDj`_!?.a  �b H.F�c Z4Bd[ =e> R M 9ef#g 7 Iih¼4j�k :�lm@�npo8Q ∆t ∼ R/c 7TQ bpq [Cr 3 :As A Bds B :At%u%vwMExZ ∆t ∼ R/cΓ2y @ H M4_!? b @ b H.F4z�{ Q#V%|%}el j%k B!~�n {%P%� o�[A���C:���6MEx�ZW�A:�7W�
Z F 9 f [�s A ?p@�� f�g Bds C ?p@�� f�g : hW�4j�k�� vY� ∆t ∼ R/cΓ2

y @ H M]_
? b @ b H.FEz�{ Q#�%��\W�W�e� g�� v = c(1−Γ−2)1/2

∼ c(1−Γ−2/2) �.� q � ��[����
\T�.s A ��@�s C �O�.� q k M�[.s A ���#� f#g B�����\`B ���e� � cR/v −R ∼ R/Γ2

MC_!� b � b H �����T��ZA� z#{ � ����� M(xCo R ∼ cΓ2∆t ��� � { Z�� f%¡ _¢[C£�¤¥ L�¦4LA��§ � j�k δt � ∆t ¨W©%��ªC«�¬�«��®�¯C° §T± � b «�� b�²Eb �2[�����\(�
∼ δt

��k �w�W³ { Z4¬#´ ��µ(¶ � ∆ ∼ cδt · b Z � �.[�r 3
� s A ���#� f#g ¬2s D �

��� f�g]��h��4j�k�� v ∼ ∆/c ∼ δt ��¸ ¹�Z.�����T�WZ��º.» ��¼(½W�A¾%¿ ¯6À b�Á�Â ·ExÃ�Ä�Å%Æ(Ç.Å%Æ ¿ ¸�È �#g�É À µ�¶ τγγ ° Γ2(βB+1)
×

Γ−4
∼ Γ−6 Ê ·Ë�Ì#��Í 1 Î�Ï�x4o ¡ « f « Γ > 100 ��� { n τγγ < 1 ¬
Ë�Ì#� ½ �wo GRB

° g��w� 99.9999% ¨ º ��� |<Ð!Ñ ½.¾�¿ ¯wÀËOÒ�ÓeÔWÕ4Ë � �T�TÌ��¾W¿ ¯�À�·AÖE�`×�ÄT«4Ì�Ø�Ù � Ù�Ú6°.Û]´ � ÖW� ¥(Ü�Ý<Þ�ß � GRB
�Oà ¥TÜÝwÞ�ß

E ∼ 1051 erg
y �!«W�EÃ�á6¬�×�Ä<��Û M ∼ E/c2Γ ∼ 10−5M�(E/1051erg)(Γ/100)−1

y �
«�â�Ë q Ë�«�¬!«WãeË%«.�pä�då]ÃAÄ.æ(Ç�Ù�Ú � ∼ 10−5 ¬�«�2â�Ë%«OÙ%Ú]· ∼ 1051 erg

� �Oçpè Ë ¥EÜ.Ý6Þ�ß Ð�é]ê�Ì � �E° ± �]ÃAÄ � �
ë�Û�ìîí¢ï�ðñ ßóò�ôAõ ¬#~Tn { Ä
«EÌ��

4
ö ÷ ø ù ú

ûeü4�ýAþ ���dÿ��wÀe· GRB ° Í 1 Î�Ø%ÙwÐ Γ > 100 �O��� � ×!Ä Í 2 ÎW´ { Ð��6�O�
Ö��%� τγγ < 1 ·]×�Ä��p� Í 3 Î ¥WÜ�Ý]Þeß Ð	��� ×#Ä�
]ð���CË<äOÐ%��� z ¬
� ± �CÃ
áO�#Ô�� � GRB

����� Ð	������Ì ¡ ãË<� Í 1 Î ���� °�Ë����C��x�«�� ½ �<o Γ > 100� Ø�Ù(�O�<�T³ { á<¬�� �!� { n4xA«��
4



r 3:
���#" ¬ ¾%¿ ¯6ÀË����#$ ¬�£�¤ ¥ ð ¦ ð �%�&eÉ À�Ë('�)�������$T� ¾%¿ ¯6ÀË*(+ Û § � j�k ° ∆t ∼ R/cΓ2

� R/c ¬�ËTÌ��
Ô(� �-, .�/�0 Ý �W° Í 3 Î �1��� �2�e�p³ { Ì ¥WÜ�ÝCÞeß °�Ø�ÙE�-3(4]·#Ñ�ÃAÄW«EÌ

ÖW� ¥TÜ�Ý6Þ�ß �E�EÌ]¬ ý ê�� { ÄW«�ÌA��5#6�7w·�x�Ã�Ä�ÖW� ¥TÜ.ÝwÞ�ß �98;: ¥TÜ�ÝÞß · §W± o�ÛW´ { � �#� ³ { Ì
���]·eËWÌ����w�W³ { Ì�Ø%Ù�<1= � 5�>E� �6z Ì	5�6�7
Ð(8�:�5#6�7 ¬ex�?.Û��<��Øm¬O� ± o �A@6k Ø�Ù ¬ ��k � �<z Ì�5#6�7�Ð�� :!5 6�7m¬
x1B.� GRB °!8C:#5�6�7%ÛAD�E]°���:�5�6�7T� ½ q � { Ì4¬!«� � �OÔ#� �F�G �W��Ì#�F Ë �<� °AÛ GRB

�AH ×#«1E�| § �4°I8J:(5�6�7E��×�� ½ q { Ë�«%�p���W�WÌ���K L �
�w��Ø4°15�><ÐA« q ½ � �6z ×
Äÿ ½ ·�Ë�ÃAá%�]¬ @Ck Ø%ÙY¬M��:�5�6 7wÐ �6z ×!Ä�D�E
Ð ½ q Ì4¬ ý ê�� { Ì��
5�6#7C·Ex�Ã#ÄO¸w� { á!8C: ¥�ÜOÝ4Þß ° F · N(ð�O�ñQP�ñEðd�%�]·Tx�Ã�Ä �#� ³ { ÌR �]· § ê�� { Ì���8C: ¥�ÜAÝCÞß � ÿ2:(�AÅ%Æ � � � ·�S ±�{ Û.ÿ2:(��T * �U!V ·�S±�{ Ì��W ¥�ÜOÝ4Þß � Å%ÆE��T * � £%Ð�� è � ± Ì � �!N(ð�O�ñQP�ñEð2���!�(Ì ± ã.�
��Ì�� zA� NEð�O�ñXP2ñEðY5�6�7 /�0 Ý °�Û-ZC·�D�E�Ð	�[����Ì /�0 Ý ¬e×
Ä ç È�\�Ð�]^ á [9,10] ��_a`�b�¨�c � D�E �A�#� Ð;d q �wä������CÌ�� /#0 Ý �-e9f#g ß[h ° à ¥WÜÝCÞß åC� ± o �@Ck Ø%Ù �Ai L�j%|�ËwäkL i4¡ ã.�W��Ì���D�E ���#� Ð � ¯`¬-l�monpP
�4Ì z ¬���Û z�{ � �-e9f#g ß[h �Aq ��� � { Ä�«EÌ��

5
rts u v w v

�.� �1x���×iÄ GRB
�zy ç�{2| °;} @ £C~.Æ @(� + $ [11,12,13] ¬��T« @����-� [14,15,16]

·Ë�Ã�á Í r 4 � �%Î �;��� ¬.� GRB
� ¥�ÜAÝ�Þ�ß ÐJ���W� è Ì#�C} @ + $ �;� |W� GRB

¬#����<w¹�Ë � ��Û�3(4]° + $�� � �E�������T�TÃ.á.� ¬ z�� �t`1�#������Û GRB ¬ Ic�(����@ ��<#�2��Û�<<¹��z��� ���<�E³ { á.� Ic
���#�(@ °A�]« @<�A� � ��� � { Ì �
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�.Û zA���#� °�4« @ �6ÐJ�%Ñ[��Ì��6×!�<×iÛ z����2� ð�P °�#�]·�Z��(�W��Ã�áO�1 #�
xz¡ GRB °���Ë¢¡¤£Q¥�Û ��� @ °���Ë¦¡���ÌA�EÃOáA��§ ¨�ÿ�©C· �]z ÃAá	ªI«�~��A�¬¡�Ûç ¯�6·Ë�Ã�áO�AZC·�Û�D�E(� U E[��ÌT� � ° ��� @ �2����� è Ì4¬!«� F[® �T�eáO�6×
��× @°¯ 
�±T·W(j�|4Ëw¬ z2� �E�EÃAÄw��D�Ew° U EI�4Ì��#²%¯C°A³ �(´ µ ·�¶�Ã�á.�· ��¸ ¬�ËEÃ.á � � y#¹#¹ º �w· HETE2 » @ �.Ó#¼Y×�á GRB �T�TÃ�á���D�E �1U E
� � ±2½�OXP Ý �<¬%� { Û z!{ � Ic

�#����@4� ±�½�OXP Ý ¬dÿ�¾`×#á � ����Ì [17,18] ��¿
| � GRB °�À� <·�Á4�4Ãá � �eÛ GRB � � �(@ ¬<��W· �pÂ Ì Â ¬��2x��`×Aá.� ½ �
¡ GRB °�4« @]�1��� �2� �YÃ�Ì �%¡ÅÄ GRB

�-Æ�Ç È4�-É Ê ����Ë GRB ° @ Ì È �1Í
Ó�Ë�Î�Ï(�O¸w�AÃ�Ì Â ¬CÐAÑ[Ò]³	Ã�Ä�«TÌ2Ó2Ô.Û1�4« @ Ó ��� ��ÔzÕ�³.´woÔ�Ö�Ì× Ic

�
��� @ °�ÿ ½ Ó Ç È Ô 1000 �6·AÿIØ � ÙIÚ°Â Ì�Ó�Ô.Û GRB Ð[Û�Ü�npPÝÔ�ÖWÌ Â ¬�Ð ý�Þ
×!Ä°Ë¢Û Ic

� ��� @ Ówß 100 à¦á 1000 Ó<ß#ÿ ½ Ð GRB ·eË2Ã(âIÕ1ã�×�á�äC×iÛ���å
Ä�Ó GRB Ô ���#@ Ð�x�æ�çÃTá�è(ã�Ô!é�Ë�ã2×2D�EIà¦á¤êëáYÃ�Ì @z¯ 
�±�Ó1ì#í[Ð-��ã@(î�ï Ó#
�±�ì#íQð¤�°ñ!ò�ð�ã¦óõô öQË-Ö�ò�× GRB ÓA÷�ø[é ¯1ù ã�Ó�}(ú[Ô�Ö!û2ü�×�ý
�pþ�ñ[ò1åpÿ1àpË���Ã!ñ�ã2×

�
4: GRB Ó������	��Û
�AÓ��� � ×

Ô!é����IÔ�é��!Ð�� Â û��(ã[ò�Ó2Ô!Ö��9ó�à�����������Û��1Ó�� ��� é GRB Ó����� ! þ�"
#%$9Ó9Ë�Ó�Ð�Ö!ò Ó�Ô ∼ 107 cm &�' ÔIÖ[ò-×)(*��+-,	.0/�é�132���4)5°ä�6�Ô
∼ 1051 erg ñ#Ó�Ô�798;: 10% < Ù ð>=�òzð ∼ 1052 erg ð	ñ!ò1×�?A@Xá�:AB9üC=)D0E°Ó�FG é��IH0JLKIà�MLNPO�QSR�/�,UT2áJã�V�W(ò�XCY�Z	[]\�ã�K_^�`�a9þ�b�û�������þ9�AH0J
K
c
M�N
O-QSRd/�,Pe�f�g¬ç�@��dh[òzðji9k;l>@�ò�X
�AH0JLK_^0m�n
��+S,*.)/ é ∼ 1052 erg (P/1msec)−2 ñ9^CVpoqn îLr P es"�#t$�ñ	l

�d+�,�.�/ édZ�c�ñ9k[ò�X0u�v
e ∼ 1015 G wpðxu�y9z9{0|�}9þ
b�û�� 10 $3~s� � GRB

^�� ú� ! TCl>h���V9�9+S,*.)/�:�|s��V�ÿ�ò�XdM0NPO�Q�R�/S,�^�v��L1S�0��e ∼ 10M�

ñ	ljm�n
��+S,*.)/9���9� ∼ 1054 erg VdW(ò�X�?I@P�����	��þ�u�vp:����I�S��[����3��X
Z�ü�M9N
OSQ-R�/�,)f�g
 S1_Z��U[Cþ 0.1M� <L�*^)���	�A��eLV9ÿ�ü�v�����1
�9^�\��
�d+�,*.0/9� ∼ 1052 erg �A�P��X;?�^�v��91_���_^C�C�3 ! e GRB ^��#ú
 ! þL�P��X
�����L�*V��C�
  � e
¡�¢�£�,
¤�¡S,¦¥¨§d©ªT�lAh!þL���0^0V0«0¬d�®�¯�e-\�° þ9�

��XdZ�ü9���0F G�± �����A�de�m�n��j�9hP�)^CV-19m�n°þ�bC²A�-u�v�eS³�´_µ�@��3� rL¶
µ�@
��Xdm�n
�d+S,*.�/��I·�<9�3^�u�v
e-¸¹lº@*�3�»=
�*�x¼9½�þ ∼ 1015 G ��^)¾Cu�v
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þ��¿[CÀ���X3���%ÁLÂ3�	l-?�@P��Ã	Ä�eSE	�-Å�[]Æ*Ç)VS�¿�I¾�hSu)v�VdW���XdZCÈ
?I@P�
�9J3É)Ê�uLv m2

ec
3/eh ∼ 1013 G :IË_k���È�Ì QED ^�ÍP5LÎ�H3e-7ªÏ�?��S:AÐsÑC=_��X

?�^�b�À��C¾)u�v�19¾�\P��^
�d��V;�A^�b�À�þ3�I�-L®L¯��0Ò9ÓºOs¥ÔeSfdgpµ�@
�)^Ccd�
(�ÏÕ��c�²A��h9�0h-X����S���-MLNPO�QSR�/S,��
��^d:�ÖLhL×0Ø�þ��AcLc��ÙlºÚ�1����Pc
l%Û9��eS|	�Pµ�@3�_�Ih;ÀI^9�dZ�?P��Ü�Ý�Þ�ß�VPWd��X

6 GRB à á â	ã ä3å ?
æ�ç)è�é ^Aê�PVd��1S�0�0�0K*^	À�ëAì)í*�3��^�1Sî�k�ï0mAn�eCðPh*��^-eS\P�C`�a�ñ
�����*Ü�MLN�OSQSR�/S,ò�Õ\3h0�����A�;:�Y�ÏL[Ô1����	�A�*^�«Cóp:I9®L¯��C�dÒ9ÓºO�¥
Ü*ñI�
�A�ô�qõ_öS÷*ø�ÜA|	��=3�_�ji�k�� � � 4 ùLú�û9�üX
���9�LKs^�ý�þ_����ÿC������� > 1041 cm−2 :���YP^�V)1�����V�2_��4C5�e�|�}�µ�@
���L?�^�Z9ZSVd�CV9��?I@d�0h)X_?�^����;:	��
d=
��«�Yd^�÷��_��1CL®9¯��0Ò9ÓºO�¥ÕÜ
b0²��-KsÜ�	:0W�6���?���VPWP� � � 4 ú9ûd� X�Â��C1s����V)�®9¯s�9ÒdÓ O;¥]e�V_ÿ�µ
k0=�@�ï�K¿:��	6d�
?��Ae����s¡*")¢��j/P¡����SÜ*b0²����òµ�@��dh
�SX��LÐôñSÈLhP^
��1�Ò9Ó Os¥ ^���÷*Ü0W��A�0�*� ∼ 0.1M�(θ/0.1)2 Ü����d�)^CV-1L=����
: ��ÿ"!*Ìd�*�
Ò�ÓºO	¥ eSÍ��®L¯s��Ü0��²��pñ�ZsÀ$#�VdWd��X)ý9þ*��Ò�ÓºO	¥%Ü�%�&;µ�@��('�)Ùµ�@3�
?d�>V�**Ü�+�e���,�°�edW���X('�)�µ�@PÈ�ýLþ3�.-L��/�0�1_Ò9ÓºOs¥ Ü�2�6��430QC/65�Ü798 ñ�È
�S^�Ü0�P��X:�; ^�<4=�c�lC� GRB e�ÒdÓ O;¥?>�VPWd��?P��e(��@sµ�@4A�h�� [19] X GRB e�Ò�ÓºO
¥?>3w�� T ∼ 1 day (θ/0.1)8/3 WLÈ�[%V :�; ��B_ÜDC¿Ïº����X�?I@P��%DE9FPe�Z�� [»^�K! Û9�p:)�
ÿG!�ÌDAIH�J
=3�*�x9®�¯s��K�/�"�5IL�M Γ−1 e�ÒPÓºOp¥t^DN�ÿOM θ b_[ �
ÿ�Ïº�P�0^CVC1*Ò�Ó»Os¥Õ^�ý�P*^�CLh�óRQsZSVIS
kP��À>kPÜ�Ò9Ó»Os¥Õ^.TRUWV��"X��3��c
l�V�WP��X*Ò�Ó�O	¥Y>_w	� GRB ^�([ZP+-,_.�/���\R>ô�0ñ�Ès�)ÿ�b_[ ∼ θ2

∼ 0.01 ]�~
�_^pµ_ÏÔ1�w�h�È�h 1051 erg TCl�h�Ü0�d��X0«�÷L1�`ba)^ GRB ^dc��3� ∼ θ−2

∼ 100 ]
Ü0�P��X

GRB e�Ò9ÓºOs¥?>3ws��Ò9ÓºOs¥x:�S�×0Ø�ML�*Ü�b�²�A�·fe GRB V*�»í*�d²-È æRg Ü�S
kP�Oh�i�H�edW���XCì*Ü9Ò9Ó O�¥x:�*Pc�ljS��_�$k�÷�X�l�e�m
ZL�)^)V-1d2[5A4C5PVd�0�
ÏnZ3O�Q(oS5PV è Ü ; ��b�ÀjÜ��d� [20,21] X�Âp�(<�=���ÜP�»1 HETE qsr�K*^�-�t
Ü�b-²
AC1RZ	OSQ�o-5vu0N
O�¡9¢
�	w�ïC@
� GRB Ü
b*Ï 8 ÈDZsOSQ�o-5PV è Ü ; ��£*/Wo�¥ æg eWx��9S
Y9cô[xY�YPWP��X GRB ^PÒ�Ó»O	¥Õ^(y�z	Ü
b0².A9Z	O-Q�o�{�uLN3O�¡�¢)^.|
� ± H9�
�s�>e(XP�*²�AòÏj��^CV�}(~�ÜIZsO�Q.o�{vu0N�O�¡9¢-^d<�=�c�l�Z)w�� Ï�QPc
²
A�h��9hPÒ�Ó»O	¥Õ^�y�z
eW
	Z9�	h�i-H
e�Wd��X_Ò�ÓºOp¥t^�y�z���Ò�ÓºOp¥q^���g��4yô��[� Ydh�Adh��LÈ9Ì�}_�9^(�f����M�N3O-Q-R��I��fPg_^�\�°��(�
e�cU[)�����-cp�dñ��
�LhCX

7 Short GRB ��� � �
µ�A��f���R�.�
���������W��qs�9�9�4� long GRB �.�9�R�9���. ������W�¡qs�R�9¢4�

short GRB Ü4£*ñ	A�¤ :D; �ISp¥�¦¡§>Ú�}�¨�©��IQ�¦¡§	ª�«�>�¬��f�§�Ü���«R®(�
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q4¯4¯�° ± ²9²Y³b´�µ�ëW��¶b§G��® GRB ·p¸�r�¹ Swift �W}ºq4¯4¯�»�±[¥R«�´ short

GRB � :D;½¼	¾�¿�À }WÁ�Â��IBDJ�´�Ã6Ä4¤fedÅWA4«����IÆ[´ short GRB ��ÇDÈ���ÉfÊdËÌ �9ÍbÎD��ÎpÏ	�p��§ ¦6´�ª�ÐI® [22,23] �ÑÎd�[�I�WÉbÊ�Ë Ì �4Í½ÎDÐI® long GRB ¤�Ò
Ï ¥�Ó.ª�«����D®�ÔÖÕ"� short GRB �D×9Ø��[ÙW��¤ long GRB Ú*[6²d¯�¯$Û6ÜbÝ_Þ½�ÕYß
short GRB ��à�ª¡Õ(ÏIÓ ÇIÈf¤ long GRB Ï$á�ªR��ÎRÏG�(â�ã À ®.�4ä�� ��å ß�æ�¹vç�èé ¹���ê�ë4ì��Ií�îpï6��Î�Ï�´�ª�ÐI®(�
æ�¹vç�è é ¹f¤dð�ñWò ¼Oóvô ï��pÎRÏG��õ�ö ¼	÷ ÅWø�ê�ëpï�����ê�ë��9´�¤ GRB

¼ ìù ïf�D�9´.ú4û[ª�ðpñ�×pØ�üfÙ�ý ∼ 1053 erg
¼dþ�ó ï[�.�f��®(ß�Ë Ì4ÿ�� �����p¦�§��

ã�	�6��ê4ë�
�[¤ GRB Ï������W§ « � Ç9¥���Ë Ì � 10 ��±�¦Ñ§ 100 ��±v´(Ç�������
ª4�I�Iß short GRB ����� Ï	ª��! �����æ�¹vçdè é ¹��Wê�ë�ï��#"�$9���D��¦4¦��&%'$Iß
É�Ê�Ë Ì %�Ú( Oª')p«(Ë Ì $+*�Î�Ð.øvÓ-,&.0/�$�¤�ª�«I�
Ó À æ�¹vç�è é ¹�� short GRB %1*#2�$R�+�43�ß GRB Ï-����´65�ñ�ª�ð�ñWò�� óvô 

������ð�ñIò6¤ LIGO �87#9�:<;��+= TAMA �?>�@�AB#�bÏ «RÐ(®�CD�E�Ffç&%HG ý�I�ýJKL $6���$NM&O�P GRB Q6R ÕS$�ÍvÎ���3.ú4û���&T(U$4VW� ßfä#%�â�X Ó(ä+��ÜvÝ
Þ��ÕGª�«'P&Y�Zp´�ðpñWò�Q+��Ñ1�#��3�ß GRB %[*#2�QWâ�ã�ï\O&]#^!$�_�Õ ß�ð�ñDò
%1`(%!a	b����6´'_0OW®DÅ4c(ý�dWü'e\f"1g0h	i(j�_�j�P94k	´	ðRñIò�%�ò!l�mnksß QCD

m�k1"!]1opkq��øj#_�j�ß�ç�è é ¹N%1r�s�t��&u �wv�x Ïzy{\%�|1}#� ¼ o~O6Ï�j�Ð(®�Î
Ï-Q#$~M�ORÚ( �´&_4O[P�("n� ðpñDò����#� Ï�j� �����_�û���Q+��"��\O�T�U�è(Q�V�O[P
ÏIÎ6��Q+�(f1�#�$0f�_ÑÕ ß��&�~%1���4mnk������#h'Q�����������6Ó�VO short GRB

Q�V0O�ÎRÏ�Q&�m�������V0O [23] P!�! (_9ç�è é ¹�æ�¹N%�ê�ë�ì�$�f	¡\j������#h ¼Dô�¢
_�j0%'$!£¤k<m4%1¥�¦(Q+§�¨($�V�O[P�çdè é ¹ Ï�©#ª�«6¬6Rý�ü\%.ê�ë Ï�jn _ì¡Ó ô �6P
©#ª(«�¬6�ý�ü�Q�ç�è é ¹ ¼ ê�ë®\¯1°�±�ï(O�%!$�¡~j6���(�#h ¼�ô�¢ O6m�Ó À ��_�j'P
"&�.ß�²�5!³�´vçdè é ¹�%	µ¶N%�·¹¸Hº�G�7+Q6» Õ¹$�ÍvÎDÐ.ø�Ó Short GRB %�Ú( 	¯ ¿¼ O�ÎRÏ�QIû4m�Ð�ø�Íp� [24] ß��DÇ&*#24$�f�_�j&m�Ó À �4_�j+P6½�¾�%�Á�Â&¿�$bÓ(ç�è éÀ Ï!Á�Â#Ã À %�ê4ë~_�kS�0�\�0h(Ä¤������0���¯!$NM�O�ÎpÏ�¯�Å¤Æ À Á9Â�Ä�Ã�Å�ø4j
O1PfÎ�%[´4ê Hz ���\%dð�ñWò�Q ô �[Ç�ß!È kHz %dð�ñWò�Q+É�Ê�Ë	�\O1P�Ì³4ò~¯pÚ'O��
����Q~Ë!"Í!"6_.ò&¡N¯1Î�Ï�Ð1�pÚ� �¯�ß�ð�ñIò��&����Ó Ô�ò!¡#�#�0Q�ð�¨�¯&_0O!%+m�Ó
Ð��4_#j+P

8 GRB ÑÓÒ Ô Õ
GRB f1ÖN×+Ø ù O!j'P�ä+�#Ù ¼ m�_W�Ú» Õ ÛwÜ0t#Ý#Þ z=100 �4$�Ó����$NM&O1P�Ð�m
Ó¹Ö\×!$�f À _fÝ�%�ÞHË�_[ß&à�Q(Ë Ì =N¬�×�ý�ápý�_vÝ�%1¸�M�_�ß!à¡Ú(�ãâ�¯6$~M'O Ûåäæ�ç ß�à#lè�éP Ï�jn �Î�Ï	f long GRB %[*02�$�V�O	ð~j À Ó	m�_��ãâ\mWk�ê#D�ï~O&f
g$4V4O[PWð~j À f[ëì�Q6íNj0%!$�ï¤� GRB ¯�_�O[P6ä+�#Ù ¼ GRB f[» Õ�%1ÖN×�Ä�î
k&Ð ô ïnï¹ð~%�ñ~òbÏ�_W� ¼ O&%&$4V�O[P
YNf�Î�%6Ú� �_1» Õ�% GRB Ä�ß'½�¾+f�ó~¯1�#��Ð	øj�O�m�Ó�Ð-��_�j+P+ô�õ�Q+��ã�Ë

�4ø0j0_�j GRB %9ç�¯�ß�» Õ�% GRB Q'ö÷�IÐ.øj(O�T(U�è(Q4V�O&%#]+P��&�nÄ�ø���_
j&$ GRB "�$�%�ô&õ�Ä-ù Õûú�üý4Qj�ÕS��m�V0O6Q�ß4ï�þ4ø4%[t�ÿ4Q z > 10 % GRB %
êD�Ä�ùWM ô ï [25] P�Y(ZIß��R z=6.3 % GRB Q&Î���Ë1��� [26] PÑÎ	��f.â��nË1�Rø0j
O���»t\%��
	=N¬��9ý�á�ý#¯���pï(O1P z > 10 % GRB Q+Î
��Ë	�(O!%��1�#h#%����N_
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%!$4V4O1P
GRB f�Ö~×#%��pø�%��
�~¯+m0_W�ûø ¼��  q$�V0O1P z = 6.3 % GRB f Lyα %�������Ä� jDø�Ö~×#%	Ì�õ�~¯��! �Ä#" ¼ � [27] P�Ì%$
&�'~_)(*�¹Ö~×#%�+�Ì�õN%�,�-~Ä#.HO�/#¯0 � _�1
2!3�V0O [28] P GRB /�4�54Q�6~j À _Hk87 GRB /�4:9<;>=%?4m�k�»Nj[Ö~×�3@(A ]^B6Nj À�C 3ED�;�/'m\ÄBF�þ�k A ;6mG�0Ð A _�j�H GRB mWkB/[� C�IKJ / À /�6MLN�O>P Ä�( ARQ�S#TVUXW ;VY(Ä>Fþ A[Z 71Ö~×#¯ ÀMC ( A[\�W ê
][^M;�Y C &_YM;�YE�ÐA_`
T H GRB a�3[/�ô�õcbedgf�/�h�;4Ë C�i�j 3ED AMZ 7�Ö~×%/�kKb#l@(�mBnpo*^MqVr
�[s�tXu�v�/�w�x)a�3*ypz S{A ;�Y)�[| A_`�T H GRB m�øK}*oV���E/~6��%wE���%�@� A
�E��z�o Z YR��3*7�� T�` ;>���*wgmB�pz�� T ;Xb��_� A ;VH

9
� � � � � � � � � � � � ��� � ���G�   ¡ ¢ �

GRB � ∼ 1020 eV £�o@�{/~¤�¥M¦%sVtpu�vB§�¨�©�/�5ªb�|«� 0 L*¬g� A � T ; [29,30] H
∼ 1020 eV /V§E¨�©X/V4�5X�V§E¨��®�¯�°��G/V±E/�²M³�3M£´�µ7E¶�/�· j ��6���3M£_;VH
a�o > 1020 eV /�§X¨�©p��7!¶�/�4�5 C GRB /!¸�¹>º�²�»
&%¼:|B� T ;>½%¾�7�§G¨V¿�ÀÁ�Â b�Ã�Ä%Å�ÆÇ|��<È
ÉGº�Ê QÌË C<Í ;Xb#Î%Ï SÐA � T ; Ñ T ��ÒX; GZK ÓEÔ)Õ×ÖpØ~ÙÚH
9�Û
ÓKÔKÕ×ÖXØ C `�T b T ¹eÜ%ÝKÞ>ß!àKá�£Ç�â7 GRB

C
∼ 1020 eV ÛV¤�¥p¦[s�tEu�v�§

¨�©XÛ�ã_YÇä�¹{Ypm�h S YMº<^p;!9_b~��6
��åM£[;�H
GRB

C §G¨�©XÛ�ã \ b�^p;Eb�7´9�Û�§)¨�© C GRB Û_æ�^*ç�è_é�§G¨�¿
À Á%Â b�Ã�Ä
Å[Æ´|B��ê�ë�Ö O m~Åì�µíE¶�î%ï*ð
ñò|B� TeV m~ópÏ!ô>¥E¦[s�t)u�v�õ!ö�vìÕ�÷�ø�ï�ùú �~î�ô [31] ûXüVÛ~¥�¦�s�tXu�v�õ_ö<vcÕV÷~ø<�~ý%][þ*ÿXº�������Û IceCube

` ä«å��Eæ
�!�
YEá%|#î `�T û!á%|��Eæ[�Bî
î Z
	 Û~¥�¦%s�tXu<v�õ_ö�vRÕV÷~ø��
ã���pÛ
���ªb `
ô�û�³�a@�Ì¥�¦[s�tEu�v�õ!ö�v Õ�÷�ø����¯GÛ
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T���� õ�ö�v Õ�÷�ø*Û%æBý���� ` ä�õ�ö�vcÕ�÷�ø� �!XÛ
"�#:áÐ����åM£�ô�û

GRB � MeV $�%%ÛB¥�¦%s�tpu�v'&�(�)�©�Û�ã�Û
*�+_åXáV£%ô�û>¥�¦�s�tXu*v�&,(�)�©
�.-0/�(21òÕ�(43�5%í�ê�ë*Ö6(�ÛVð�ñ�í�7�è98�(�:�;ªÕ�;<( Á�Â ` ä«å*Å>=«î�ô [32,33] û
ü�Û�¦_s�tEu
v@?�AXå_ÛB"�#E�%£[ag�DCpl�åFE ` E�Û�å�í CANGAROO é GLAST Û2GH ï'I�J@��îEô�ûgü~îK=BÛ�Ü[ÝEº�¸�}V��í GRB Û�Ã�L�MgÞ�N�O«ÔKÕ8Û�;�v0P'(
QFR�è)ºS�T m�U�Ï�o:��^pô!ü_b«ï�åWV�ôVû
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è��EÛ.��ùEÛ2�Fd9i�E@¹������� 
¡<E�ý�¢_å�£�ô_üFi{ï�£�k<¤q¥�E�l�_�y�l¦i¨§c¹ û�j�©
���!ÔB:B���B��ï�å�V�ô,i�ü�ªBk«=.N�O Ô)Õ ïMæ%ô�Ûmk¬â¤�¥p¦�®B��¯`�~§X¨V©W�.U�{«°
î�¥FE!ô�Û`kK¬'i�E�¤'lB±�²@Þ`³
b´�
µ¶f¨·�¸º¹q¥�x�=�»�í ��¼ á GRB �VÃ�L��
®�M%í
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