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$VWURQRP\ LV RQH RI WKH ROGHVW VFLHQFH KXPDQV VWDUWHG VWXG\LQJ� :KHQ , ORRN

DW WKH MRXUQH\ RI KXPDQV REVHUYLQJ IURP WKH QDNHG H\H WR -DPHV:HEE 6SDFH 7HOH�

VFRSH� , IHHO H[FLWHG DQG RYHUZKHOPHG DERXW KXPDQV ZRUN WR XQGHUVWDQG WKHLU RUL�

JLQ DQG 8QLYHUVH� /HDUQLQJ DVWURQRP\ LV HYHU\ FKLOG¶V GUHDP� , DP WKDQNIXO WR

WKH ,QGLDQ ,QVWLWXWH RI 7HFKQRORJ\� ,QGRUH ZKLFK KDV SURYLGHG PH ZLWK WKLV RSSRU�

WXQLW\ WR KDYH D VSHFLDOL]DWLRQ LQ $VWURQRP\�

, ZRXOG OLNH WR WKDQN P\ WKHVLV VXSHUYLVRU 'U� $PLW 6KXNOD� $VVLVWDQW 3URIHVVRU�

,,7� ,QGRUH IRU JLYLQJ PH DQ RSSRUWXQLW\ WR OHDUQ XQGHU KLV VXSHUYLVLRQ� , DP DOVR

WKDQNIXO IRU KLV VXSSRUW WKURXJKRXW WKH SURMHFW� , ZRXOG OLNH WR JLYH VSHFLDO PHQWLRQ

DQG WKDQNV WR 'U� %LVZDMLW %DQHUMHH� *UDQ 6DVVR 6FLHQFH ,QVWLWXWH� ,WDO\ ZKR KDV

DOVR JXLGHG DQG KHOSHG PH WKURXJKRXW P\ WKHVLV SURMHFW� +LV WHFKQLFDO JXLGDQFH�

SUREOHP�VROYLQJ DWWLWXGH� DQG KLV ZRUN HWKLF LQVSLUHG PH WKURXJKRXW WKLV MRXUQH\�

, ZRXOG DOVR OLNH WR WKDQN 3URIHVVRU 0DULFD %UDQFKHVL� 'U� *RU 2JDQHV\DQ� DQG

$OHVVLR 0HL� *66,� ,WDO\ IRU WKHLU YDOXDEOH JXLGDQFH DQG VXJJHVWLRQ LQ WKLV SURMHFW�

, ZRXOG OLNH WR VSHFLDO WKDQN *XUVKDUDQMLW .DXU� WKH HYHQLQJ WHD SDUWQHU� ZKR KDV

PRWLYDWHG DQG KHOSHG PH LQ FRPSOHWLRQ RI WKLV SURMHFW� 6SHFLDO WKDQNV WR P\ IHO�

ORZ &KHUHQNRY 7HOHVFRSH $UUD\ ODE�PDWHV 3K�'� 6FKRODU 6XVKPLWD $JJUDZDO DQG

$QNLW 0HHQD� IRU PRWLYDWLQJ� SURYLGLQJ� DQG FUHDWLQJ D JRRG ZRUNLQJ DWPRVSKHUH�

, ZRXOG OLNH WR VSHFLDO PHQWLRQ 3K�'� 6FKRODU 6DUYHVK 0DQJOD DQG 'HHSWKL $\\D�

JDUL DOVR IRU WKHLU YDOXDEOH VXSSRUW DQG VXJJHVWLRQ� 0DQ\ SHRSOH DUH SDUW RI WKLV

WKHVLV GLUHFWO\ RU LQGLUHFWO\� , DP WKDQNIXO WR DOO RI WKHP�

, DP WKDQNIXO WR P\ SDUHQWV DQG HVSHFLDOO\ P\ JUDQGPRWKHU IRU WKHLU YDOXDEOH DQG

FRQWLQXRXV VXSSRUW LQ PDNLQJ WKLV MRXUQH\ VXFFHVVIXO�

�



:LWK JHQXLQH JUDWLWXGH DQG ZDUP UHJDUG� WKLV ZRUN LV GHGLFDWHG WR P\ ORYLQJ

JUDQGPRWKHU 0UV� &KDQGUDPXNKL 7LZDUL�����



$%675$&7

7KH PDLQ DLP RI WKH SURMHFW LV WR GR D MRLQW VWXG\ RI )HUPL�/$7 DQG 6ZLIW�;57

GHWHFWHG JDPPD�UD\ EXUVWV ZLWK H[WHQGHG DIWHUJORZ HPLVVLRQ� *DPPD�5D\ %XUVWV

DUH WKH PRVW HQHUJHWLF HOHFWURPDJQHWLF WUDQVLHQWV LQ 8QLYHUVH� VSHZLQJ RXW LQWHQVH

EXUVWV RI SKRWRQV IURP NH9 WR 7H9 HQHUJLHV ZLWK D GXUDWLRQ RI D IHZ PLOOLVHFRQGV

XS WR GD\V� 'HSHQGLQJ RQ WKH GXUDWLRQ� *5%V DUH FODVVLILHG LQWR LQ WZR W\SHV� VKRUW

*5%V �6*5%V� DQG ORQJ *5%V �/*5%V� ZLWK GXUDWLRQ OHVV WKDQ �V DQG PRUH WKDQ

�V� UHVSHFWLYHO\� ,Q WKH FDVH RI /*5%V� WKH FROODSVH RI D PDVVLYH VWDU SURGXFHV DQ

XOWUD�UHODWLYLVWLF MHW ZKLFK JLYHV ULVH WR D KLJKO\ YDULDEOH DQG OXPLQRXV JDPPD�UD\

HPLVVLRQ� 7KLV SURPSW HPLVVLRQ LV WKHQ IROORZHG E\ D PXOWL�ZDYHOHQJWK DIWHUJORZ

HPLVVLRQ GXH WR WKH H[WHUQDO GLVVLSDWLRQ RI WKH MHW LQ WKH FLUFXPEXUVW PHGLXP� ,Q

PRVW FDVHV� WKH )HUPL�/$7 *5%V ��������*H9� HPLVVLRQ IROORZV D UHJXODU GHFD\

SDWWHUQ DV H[SHFWHG IURP WKH VWDQGDUG DIWHUJORZ PRGHO� +RZHYHU� VRPH RI WKH

/$7�*5%V VKRZ VORZHU GHFD\� ,Q WKLV ZRUN� ZH VHOHFW VXFK *5%V IURP WKH ODWHVW

)HUPL�/$7 FDWDORJ DQG TXDQWLI\ WKH GLVDJUHHPHQW EHWZHHQ WKH REVHUYHG HPLVVLRQ

DQG WKH SUHGLFWLRQ RI WKH DIWHUJORZ HPLVVLRQ� ,Q DGGLWLRQ WR WKDW� ZH DOVR VWXGLHG WKH

;�UD\ OLJKW FXUYHV LQ RUGHU WR HYDOXDWH WKHVH FDVHV LQ PXOWL�ZDYHOHQJWK VFHQDULRV�

�



&RQWHQWV

/LVW RI )LJXUHV �

� *DPPD�5D\ %XUVWV �

��� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 'LVFRYHU\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� *5% 3KHQRPHQRORJ\ � � � � � � � � � � � � � � � � � � � � � � � � �

����� &ODVVLILFDWLRQ RI *DPPD�5D\ %XUVWV � � � � � � � � � � � � �

����� 3URGXFWLRQ RI *DPPD�UD\V LQ D *DPPD�5D\ %XUVW � � � � �

� ,QVWUXPHQWDWLRQ DQG 'DWD $QDO\VLV ��

��� )HUPL *DPPD 5D\ 7HOHVFRSH � � � � � � � � � � � � � � � � � � � � ��

����� *DPPD�5D\ %XUVW 0RQLWRU �*%0� � � � � � � � � � � � � ��

�



����� /DUJH $UHD 7HOHVFRSH �/$7� � � � � � � � � � � � � � � � � ��

��� 6ZLIW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� %XUVW $OHUW 7HOHVFRSH �%$7� � � � � � � � � � � � � � � � � ��

����� ;�UD\ 7HOHVFRSH �;57� � � � � � � � � � � � � � � � � � � � ��

����� 8OWUDYLROHW DQG 2SWLFDO 7HOHVFRSH �8927� � � � � � � � � ��

��� 'DWD +DQGOLQJ DQG $QDO\VLV � � � � � � � � � � � � � � � � � � � � ��

����� 'DWD 5HGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � ��

����� 'DWD $QDO\VLV � � � � � � � � � � � � � � � � � � � � � � � � ��

� 5HVXOWV DQG 'LVFXVVLRQ ��

��� *5% ������$ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� *5% ������$ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� *5% ������$ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� &RQFOXVLRQ ��

��� 6XPPDU\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� )XWXUH 'LUHFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

%LEOLRJUDSK\ ��

�



/LVW RI )LJXUHV

��� /LJKW FXUYH RI WKH YHU\ ILUVW *5% GHWHFWHG RQ � -XO\ ���� ZLWK WKH

9HOD VDWHOOLWH �.RXYHOLRWRX HW DO�� ����� � � � � � � � � � � � � � � � �

��� 3ORW EHWZHHQ QXPEHU RI EXUVWV DQG EXUVW GXUDWLRQ �VHFRQGV�� &UHG�

LWV� 6ZLQEXUQH 8QLYHUVLW\ RI 7HFKQRORJ\� � � � � � � � � � � � � � �

��� $Q H[DPSOH RI /LJKW�&XUYH RI /RQJ'XUDWLRQ*5% �*5%������&�

�[ D[LV� WLPH �VHFRQGV�� � � � � � � � � � � � � � � � � � � � � � � � �

��� $Q H[DPSOH RI /LJKW�&XUYH RI 6KRUW 'XUDWLRQ*5% �*5%��������[

D[LV� WLPH �VHFRQGV�� � � � � � � � � � � � � � � � � � � � � � � � � �

��� )LUHEDOO 0HFKDQLVP 0RGHO� &UHGLW� 1$6$�)HUPL � � � � � � � � � �

��� )HUPL*DPPD�5D\ 7HOHVFRSH �$UWLVWLF ,PSUHVVLRQ� &UHGLW� 1$6$�)HUPL

ZHEVLWH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� *DPPD�5D\ %XUVW 0RQLWRU� &UHGLW� 1$6$�)HUPL ZHEVLWH � � � � ��

��� /DUJH $UHD 7HOHVFRSH� &UHGLW� 1$6$�)HUPL ZHEVLWH � � � � � � � ��

�



��� 6ZLIW 6SDFH 2EVHUYDWRU\� &UHGLW� 1$6$�6ZLIW ZHEVLWH � � � � � � ��

��� %XUVW $OHUW 7HOHVFRSH�&UHGLW� 1$6$�6ZLIW ZHEVLWH � � � � � � � � ��

��� ;�UD\ 7HOHVFRSH� &UHGLW� 1$6$�6ZLIW ZHEVLWH � � � � � � � � � � � ��

��� 8OWUDYLROHW DQG 2SWLFDO 7HOHVFRSH� &UHGLW� 1$6$�6ZLIW ZHEVLWH � ��

��� /LJKW &XUYH DQG 6(' RI *5% ������$ � � � � � � � � � � � � � � ��

��� /LJKW &XUYH DQG 6(' RI *5% ������$ � � � � � � � � � � � � � � ��

��� /LJKW &XUYH DQG 6(' RI *5% ������$ � � � � � � � � � � � � � � ��

��� 3ORW EHWZHHQ ,QGH[ YV )OX[ IRU )HUPL�/$7 � � � � � � � � � � � � � ��

��� 3ORW EHWZHHQ ,QGH[ YV )OX[ IRU 6ZLIW�;57 � � � � � � � � � � � � � ��

��� 3ORW EHWZHHQ ,QGH[ �6ZLIW�;57� YV ,QGH[ �)HUPL�/$7� � � � � � � ��

��� 3ORW EHWZHHQ )OX[ �6ZLIW�;57� YV )OX[ �)HUPL�/$7� � � � � � � � ��

�



&KDSWHU �

*DPPD�5D\ %XUVWV

��� ,QWURGXFWLRQ

*DPPD�5D\ %XUVWV �*5%V� DUH WKH PRVW OXPLQRXV DQG KLJK HQHUJHWLF WUDQVLHQW

H[SORVLRQ WKDW KDV EHHQ GHWHFWHG LQ RXU YLVLEOH REVHUYDEOH 8QLYHUVH� $V WKH QDPH

VXJJHVWV� *5%V UHOHDVH JDPPD�UD\V WKDW ODVWV IURP D IHZ PLOOLVHFRQGV WR WKRX�

VDQGV RI VHFRQGV� *5%V DUH RI H[WUD�JDODFWLF RULJLQ DQG WKH W\SLFDO LVRWURSLF OX�

PLQRVLW\ LQ JDPPD�UD\ UDQJHV LQ ∼��51 − 1053 HUJ�V �1DNDU� ������

)URP WKH PXOWL�ZDYHOHQJWK REVHUYDWLRQV� LW LV EHOLHYHG WKDW *5%V PXVW KDYH DW

OHDVW WZR GLVWLQFW SK\VLFDO RULJLQV �3LUDQ HW DO�� ������ 2QH LV DVVRFLDWHG ZLWK WKH

GHDWK RI D VWDU DQG WKH RWKHU RULJLQ LV ZLWK WKH PHUJHU RI D FRPSDFW REMHFW OLNH

D EODFN KROH DQG D QHXWURQ VWDU �$EERWW HW DO�� ������ ,Q HLWKHU FDVH� WKHVH FDWDV�

WURSKLF HYHQWV DUH UHVSRQVLEOH IRU FDXVLQJ D JDPPD�UD\ EXUVW WKDW OHDYHV EHKLQG D

K\SHU�DFFUHWLQJ %ODFN +ROH WKDW VHUYHV DV D FHQWUDO HQJLQH WKDW HPLWV D FROOLPDWHG

�



MHW ZLWK UHODWLYLVWLF VSHHG�

,Q WKH SUHVHQW VFHQDULR� ZH REVHUYHG *5%V LQ WKH WHPSRUDO GRPDLQ VXFK DV� PLQ�

XWHV� KRXUV� DQG GD\V� ,Q WKH VSHFWUDO GRPDLQ� WKH REVHUYDWLRQ LV GRQH DFURVV WKH

HOHFWURPDJQHWLF VSHFWUXP IURP UDGLR WR JDPPD�UD\� *5%V DUH DOVR EHOLHYHG DV

VRXUFH RI QRQ�HOHFWURPDJQHWLF HPLVVLRQ VXFK DV QHXWULQRV� FRVPLF UD\V� DQG JUDY�

LWDWLRQDO ZDYHV� 7KH JURXQGEUHDNLQJ GLVFRYHU\ RI WKH DVVRFLDWLRQ EHWZHHQ WKH

16±16PHUJHU JUDYLWDWLRQDO ZDYH VRXUFH *:������ DQG WKH VKRUW *5% ������$

FRQILUPV WKLV �$EERWW HW DO�� ������

7KH REVHUYDWLRQV DQG WHFKQLFDO FKDOOHQJHV LQ REVHUYLQJ *5%V UHVWULFW WR FRQFOXGH

WKH XQGHUVWDQGLQJ RI WKHP� $V D UHVXOW� *DPPD�5D\ %XUVWV KDYH EHHQ DQG ZLOO EH

DQ H[FLWLQJ DQG FKDOOHQJLQJ VXEMHFW WR XQGHUVWDQG LQ FRQWHPSRUDU\ DVWURSK\VLFV

DQG DVWURQRP\�

��� 'LVFRYHU\

7KH GLVFRYHU\ RI WKH ILUVW JDPPD�UD\ EXUVW ZDV PDGH DFFLGHQWDOO\ LQ ���� E\ 9HOD

6DWHOOLWH ODXQFKHG E\ WKH 8QLWHG 6WDWHV LQ RUGHU WR PRQLWRU DQG FKHFN WKH 1XFOHDU

7HVW %DQ 7UHDW\ LQ WKH \HDU ����� 2Q -XO\ �� ����� 9HOD GHWHFWHG EXUVWV RI JDPPD�

UD\V IRU WKH ILUVW WLPH ZKLFK ZH QRZ QDPHG *DPPD�5D\ %XUVW� 2Q WKH GLVFRYHU\

RI *5%V� WKH ILUVW SDSHU ZDV SXEOLVKHG DOPRVW � \HDUV ODWHU �.OHEHVDGHO HW DO��

������ ,Q WKH SUHVHQW HUD� ZH KDYH 6ZLIW DQG )HUPL 6SDFH 7HOHVFRSHV GHGLFDWHG WR

VHDUFK DQG VWXG\ RI KLJK HQHUJ\ WUDQVLHQW HYHQWV OLNH JDPPD�UD\ EXUVWV�

�



)LJXUH ���� /LJKW FXUYH RI WKH YHU\ ILUVW *5% GHWHFWHG RQ � -XO\ ���� ZLWK WKH
9HOD VDWHOOLWH �.RXYHOLRWRX HW DO�� �����

��� *5% 3KHQRPHQRORJ\

����� &ODVVLILFDWLRQ RI *DPPD�5D\ %XUVWV

$VWURQRPHUV IRXQG WZR GLIIHUHQW FODVVHV RI *5%V DIWHU VWXG\LQJ WKH QXPEHU RI

EXUVWV YHUVXV WKH GXUDWLRQ RI EXUVWV� WKH ORQJ�GXUDWLRQ DQG WKH VKRUW�GXUDWLRQ JDPPD�

UD\ EXUVWV �VHH �=KDQJ HW DO�� ������/� HW DO�� ������ 7KHVH FODVVHV RI *5%V DUH

SUREDEO\ WR EH SURGXFHG E\ GLIIHUHQW SURFHVVHV� EXW LQ ERWK FDVHV� WKH SURGXFW DW

WKH HQG RI WKH HYHQW ZLOO EH DQ DFFUHWLQJ EODFN KROH WKDW VHUYHV DV D FHQWUDO HQJLQH

IRU WKH MHW�

�



)LJXUH ���� 3ORW EHWZHHQ QXPEHU RI EXUVWV DQG EXUVW GXUDWLRQ �VHFRQGV�� &UHGLWV�
6ZLQEXUQH 8QLYHUVLW\ RI 7HFKQRORJ\�

/RQJ�'XUDWLRQ *DPPD�UD\ %XUVWV

/RQJ�'XUDWLRQ JDPPD�UD\ EXUVWV� DEEUHYLDWHG DV /*5%V� SURGXFHV HPLVVLRQ IRU

� VHFRQGV WR D IHZ KXQGUHG VHFRQGV �*UHLQHU� ������ ,W PHDQV 7�� L�H��� SHUFHQW

RI SKRWRQ FRXQWV RI REVHUYDWLRQ GHWHFWHG LQ WKDW WLPH RI /*5% LV PRUH WKDQ �

VHFRQGV �VHH )LJXUH ����� $VWURQRPHUV EHOLHYH WKDW /*5% LV WKH SURGXFW RI WKH

H[SORVLRQ RI PDVVLYH URWDWLQJ VWDUV LQ WKH VXSHUQRYD� WKRXJK DOO /*5%V DUH QRW

DVVRFLDWHG ZLWK WKH VXSHUQRYD�

6KRUW�'XUDWLRQ *DPPD�5D\ %XUVWV

6KRUW�'XUDWLRQ *DPPD�5D\ %XUVWV DEEUHYLDWHG DV 6*5%V� ODVW QRW PRUH WKDQ �

VHFRQGV� 7KH 7�� RI 6*5%V DUH OHVV DQG HTXDO WR � VHFRQGV �0F*O\QQ HW DO��

������ 7KH WLPH GXUDWLRQ OLHV IURP D IHZ PLOOLVHFRQGV WR OHVV WKDQ RU HTXDO WR �
�https://astronomy.swin.edu.au/cosmos/G/gamma+ray+burst+types

�
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)LJXUH ���� $Q H[DPSOH RI /LJKW�&XUYH RI /RQJ 'XUDWLRQ *5% �*5% ������&�
�[ D[LV� WLPH �VHFRQGV��

VHFRQGV� ,W LV EHOLHYHG WKDW WKHVH 6*5%V DUH FUHDWHG E\ WKH PHUJHU RI D FRPSDFW

ELQDU\ V\VWHPV VXFK DV D ELQDU\ 1HXWURQ VWDU LQWR D %ODFN +ROH RU D QHXWURQ VWDU

ZLWK D EODFN KROH WR IRUP D ODUJHU QHZ EODFN KROH �VHH )LJXUH� ����� +RZHYHU�

UHFHQW GLVFRYHU\ RI WKH NLORQRYD ZLWK DQ H[WHQGHG HPLVVLRQ IURP *5% ������$

KDV SXW D TXHVWLRQ RQ WKH SRSXODWLRQ RI WKH 6*5%V DV WKH UHVXOW RI WKH %16 PHUJHU

�*DR HW DO�� ������5DVWLQHMDG HW DO�� ������0HL HW DO�� ������

����� 3URGXFWLRQ RI *DPPD�UD\V LQ D *DPPD�5D\ %XUVW

)URP WKH REVHUYDWLRQ RI *5%V� LW LV EHOLHYHG WKDW *5%V KDYH WZR PDLQ SKDVHV�

SURPSW HPLVVLRQ SKDVH DQG DIWHUJORZ �3DQDLWHVFX 	 .XPDU� ������ 3URPSW HPLV�

VLRQ ZLWK PDQ\ VSLNHV LV JHQHUDOO\ REVHUYHG LQ JDPPD�UD\ ZDYHOHQJWK ZKLOH DI�

�



)LJXUH ���� $Q H[DPSOH RI /LJKW�&XUYH RI 6KRUW 'XUDWLRQ *5% �*5% ��������[
D[LV� WLPH �VHFRQGV��

WHUJORZ LV REVHUYHG LQ KLJKHU ZDYHOHQJWKV VXFK DV ;�UD\� RSWLFDO� DQG UDGLR� 7KH

IRUPDWLRQ RI *DPPD�5D\ %XUVWV �*5%V� FRXOG EHJLQ HLWKHU ZLWK WKH GHDWK RI D

PDVVLYH VWDU LQ WKH FDVH RI /*5% RU ZLWK WKH FRPSDFW ELQDU\ FRDOHVFHQFH �&%&�

LQ WKH FDVH RI 6*5%� %RWK HYHQWV SURGXFH D EODFN KROH DW WKH HQG ZLWK D GLVN RI

PDWHULDO URWDWLQJ DURXQG WKH EODFN KROH� 7KLV V\VWHP HMHFWV RXW D MHW RI PDWHULDO DW

UHODWLYLVWLF VSHHG� 7KH UDGLDWLRQ LQ JDPPD�UD\V LV WKH UHVXOW RI WKH LQWHUQDO VKRFN

ZLWKLQ WKH EORE� *5% OLJKW FXUYH GRHV QRW VKRZ DQ\ SUHIHUUHG SDWWHUQ RU VLJQDWXUH

L�H� WZR OLJKW FXUYHV RI GLIIHUHQW *5%V VKRZ YDULDELOLW\ DQG KDYH D GLIIHUHQW SDW�

WHUQ� +HQFH� XQGHUVWDQGLQJ WKH PHFKDQLVP RI *5% LV UHDOO\ FKDOOHQJLQJ� +HUH�

LQ WKLV WKHVLV� , DP FRQVLGHULQJ WKH PRVW IDYRUDEOH ´&ODVVLFDO )LUHEDOO PRGHO´ WR

XQGHUVWDQG WKH PHFKDQLVPV RI *5%V DQG KRZ WKH\ DUH SURGXFHG DQG SURSDJDWH LQ

VSDFH �3LUDQ� ������

�



)LJXUH ���� )LUHEDOO 0HFKDQLVP 0RGHO� &UHGLW� 1$6$�)HUPL

&ODVVLFDO )LUHEDOO 0RGHO

$VWURQRPHUV EHOLHYHG WKDW *5% LV SURGXFHG ZKHQ WKH NLQHWLF HQHUJ\ RI DQ XOWUD�

UHODWLYLVWLF IORZ IURP D &%& RU GXULQJ WKH GHDWK RI D PDVVLYH VWDU LV GLVVLSDWHG�

,Q VKRUW� D FRPSDFW VRXUFH OLNH D QHXWURQ VRXUFH RU EODFN KROH SURGXFHV D ILUHEDOO

RU VKHOO PRYLQJ DW UHODWLYLVWLF VSHHG LQ VSDFH� $ VKHOO FRQVLVWV RI SODVPD RI SKR�

WRQV� HOHFWURQ DQG SRVLWURQ SDLUV� DQG EDU\RQV LQ D YHU\ VPDOO DPRXQW� 7KH ILUHEDOO

PRYHV DQG H[SDQGV WR WKH VWDJH ZKHUH LW EHFRPHV VR PXFK RSWLFDOO\ WKLQ WKDW SKR�

WRQV FDQ HVFDSH DQG LW JHWV GHFHOHUDWHG� :KHQ WKH IDVWHU EORE ZKLFK LV HPLWWHG

ODWHU FROOLGHG ZLWK WKH VORZHU EORE HPLWWHG HDUOLHU� DQ LQWHUQDO VKRFN SKHQRPHQRQ

KDSSHQV WR UHVXOW LQ WKH HPLVVLRQ RI JDPPD�UD\ UDGLDWLRQ E\ WKH FRQYHUVLRQ RI WKH

EXON NLQHWLF HQHUJ\� 7KLV HPLVVLRQ LV FDOOHG WKH SURPSW HPLVVLRQ� $IWHU WKH SURPSW

HPLVVLRQ� WKH MHW PRYHV LQ VSDFH DQG LQWHUDFW ZLWK WKH DPELHQW PHGLXP LQ VSDFH

SURGXFLQJ DIWHUJORZ HPLVVLRQ ZKLFK LV REVHUYHG LQ YDULRXV ZDYHOHQJWKV VXFK DV

YHU\ KLJK HQHUJ\ JDPPD�UD\V� KLJK HQHUJ\ JDPPD�UD\V� ;�UD\V� RSWLFDO 89� DQG

�



UDGLR�

$ FRPSDFW VRXUFH UHOHDVHV D KXJH DPRXQW RI HQHUJ\ LQ D IRUP RI D MHW WKDW FRQVLVWV

RI SKRWRQV� HOHFWURQ�SRVLWURQ SDLUV� DQG IHZHU DPRXQWV RI EDU\RQV LQ D YHU\ VKRUW

WLPH GRPDLQ �3LUDQ� ������ 7KH TXDQWLW\ RI EDU\RQ LV WDNHQ YHU\ VPDOO DV WKH VKHOO

PRYHV ZLWK UHODWLYLVWLF YHORFLW\� $W WKH VWDUW� WKH ILUHEDOO LV DW KLJK WHPSHUDWXUH

�IHZ PLOOLRQV .HOYLQ�� $W WKDW WHPSHUDWXUH SDLUV SURGXFWLRQ GRPLQDWHV� $V WKH

ILUHEDOO RU VKHOO PRYHV DQG H[SDQGV� GXH WR H[SDQVLRQ FRROLQJ KDSSHQV ZKLFK UH�

VXOWV LQ WKH DQQLKLODWLRQ RI WKH SDLUV� (YHQWXDOO\� WKH SKRWRQV HVFDSH DV WKH RSDFLW\

GHFUHDVHV� 7KH DERYH SURFHVV UHVXOWV LQ D TXDVL�WKHUPDO VSHFWUD EXW WKH REVHUYD�

WLRQ IROORZV SRZHU ODZ ZKLFK LV WKH RSSRVLWH LQ QDWXUH� +HQFH� WKHUH VKRXOG EH

DQRWKHU GRPLQDWLQJ SURFHVV LQYROYHG LQ SURGXFLQJ WKH SURPSW HPLVVLRQ� ,Q RUGHU

WR H[SODLQ WKH SURPSW HPLVVLRQ REVHUYDWLRQ� WKH ILUHEDOO QHHGV WR EH H[SDQGHG WR

WKH UDGLXV DW ZKLFK LW EHFRPHV RSWLFDOO\ WKLQ� $W WKLV SRLQW� SKRWRQV FDQ HVFDSH

IURP WKH ILUHEDOO DQG WKHVH SKRWRQV UHVXOW LQ SURPSW HPLVVLRQ RI WKH *5%�

7KHUH DUH WZRPHFKDQLVPV WKDW FRXOG EH SRVVLEOH WR SURGXFH DQG H[SODLQ WKH SURPSW

HPLVVLRQ RI *5%� H[WHUQDO VKRFNV DQG LQWHUQDO VKRFNV� ,Q WKH FDVH RI H[WHUQDO

VKRFNV� ZKHQ WKH ILUHEDOO LQWHUDFWV ZLWK WKH DPELHQW PHGLXP LQ VSDFH� WKHQ WKH

UDGLDWLRQ LV SURGXFHG� 7R H[SODLQ REVHUYHG YDULDELOLW\� LW LV EHOLHYHG WKDW LW PD\

EH SURGXFHG E\ WKH QRQ�KRPRJHQHRXV QDWXUH RI WKH H[WHUQDO PHGLXP EXW LW LV YHU\

GLIILFXOW WR SURYH� DQG KHQFH WKLV WKHRU\ LV GLVFDUGHG IRU H[SODLQLQJ WKH PHFKDQLVP

RI SURPSW HPLVVLRQ� ,Q WKH FDVH RI LQWHUQDO VKRFNV� WKH UDGLDWLRQ LV SURGXFHG LQ

VKRFNV ZKHQ D IDVWHU EORE HPLWWHG DW D ODWHU WLPH FROOLGHV ZLWK WKH VORZHU RQH WKDW

LV SURGXFHG HDUOLHU� ,QWHUQDO VKRFN FOHDUO\ FDQ H[SODLQ WKH PHFKDQLVP RI SURPSW

HPLVVLRQ� WKH YDULDELOLW\ LQ OLJKW FXUYHV RI EXUVWV LV DVVRFLDWHG ZLWK WKH HPLVVLRQ RI

D QHZ VKHOO IURP WKH VRXUFH RU EXUVWV LQ WKH *5% FDVH� 7KHUHIRUH� IRU FRQYHUWLQJ

�



WKH EXON NLQHWLF HQHUJ\ RI WKH EORE LQWR UDGLDWLRQ RU WKH SURPSW HPLVVLRQ� LQWHUQDO

VKRFN LV UHVSRQVLEOH�

+RZHYHU� WKH SUREOHP LV VWLOO QRW VROYHG ZLWK SHUIHFWLRQ� DQG ZRUN RQ LW VWLOO JR�

LQJ GXH WR OLPLWHG REVHUYDWLRQ IRU SURPSW HPLVVLRQ DQG REVHUYDWLRQ ZKLFK GR QRW

DJUHH ZLWK RQH VKRFN PRGHO DQG ZLWK RQH SURJHQLWRU¶V PRGHO� 7KH PHFKDQLVP

UHVSRQVLEOH IRU WKH SURGXFWLRQ RI SURPSW HPLVVLRQ UDGLDWLRQ LV VWLOO WR EH FHUWDLQ�

2QH RI WKH PRVW FXUUHQWO\ IDYRUDEOH SURFHVVHV LV V\QFKURWURQ UDGLDWLRQ RI UHODWLYLV�

WLF VKRFN�DFFHOHUDWHG HOHFWURQV IRU WKH SURGXFWLRQ RI SKRWRQV RI SURPSW HPLVVLRQ

�*KLVHOOLQL HW DO�� ������ EXW WKH PHFKDQLVP VKRZV VRPH OLPLWDWLRQV� $FFRUGLQJ

WR QHZ REVHUYDWLRQ DQG XQGHUVWDQGLQJ� SRVVLEOH PRGLILFDWLRQV WR WKLV PRGHO DUH

LQFOXGHG EXW VWLOO PRUH REVHUYDWLRQV DQG PRGLILFDWLRQV DUH UHTXLUHG WR H[SODLQ WKH

PHFKDQLVP RI SURPSW HPLVVLRQ�

$VWURQRPHUV IURP WKH REVHUYDWLRQ RI EXUVW LQIHU WKH DIWHUJORZ HPLVVLRQ LV WKH HQG

VWDJH RI WKH *5% HYHQW� $IWHU WKH SURPSW HPLVVLRQ LV SURGXFHG� WKH ILUHEDOO FRQWLQ�

XHV WR H[SDQG� DQG HYHQWXDOO\ HQFRXQWHUV DPELHQW PHGLXP PDWHULDO LQ VSDFH� 7KH

DIWHUJORZ HPLVVLRQ LV EHOLHYHG WKDW H[WHUQDO VKRFNV EHWZHHQ WKH ILUHEDOO DQG WKH

DPELHQW PHGLXP PDWHULDO LQ VSDFH SURGXFH WKH SKRWRQV DW YDULRXV KLJKHU ZDYH�

OHQJWKV WKDQ SURPSW HPLVVLRQV VXFK DV LQ ;�UD\V� RSWLFDO� HWF� )URP WKH REVHU�

YDWLRQ� WKH DIWHUJORZ HPLVVLRQ IROORZV D SRZHU ODZ WKXV V\QFKURWURQ UDGLDWLRQ

WKRXJKW WR EH RQH RI WKH EHVW FDQGLGDWHV UHVSRQVLEOH IRU WKH DIWHUJORZ HPLVVLRQ�

9DULRXV WKHRUHWLFDO PRGHOV DQG VLPXODWLRQV DUH PDGH DQG XVHG IRU H[SODLQLQJ WKH

PHFKDQLVP RI *5% DIWHUJORZ DQG IHZ RI WKHP KDYH EHHQ YHU\ VXFFHVVIXO LQ UH�

SURGXFLQJ OLJKW FXUYHV RI DIWHUJORZ ZLWK OLPLWV�

�



&KDSWHU �

,QVWUXPHQWDWLRQ DQG 'DWD $QDO\VLV

��� )HUPL *DPPD 5D\ 7HOHVFRSH

7KH )HUPL *DPPD�UD\ 6SDFH 7HOHVFRSH �HDUOLHU NQRZQ DV */$67� LV D PXOWL�

DJHQF\ LQWHUQDWLRQDO VSDFH REVHUYDWRU\� ODXQFKHG RQ -XQH ��� ����� E\8�6� 1$6$�

,W LV GHVLJQHG WR VWXG\ WKH DVWURQRPLFDO HYHQWV LQ WKH HQHUJ\ UDQJHV IURP � NH9 WR

PRUH WKDQ ��� *H9 �6DGUR]LQVNL� ������

)HUPL *DPPD�UD\ 7HOHVFRSH FRQVLVW RI WZR PDLQ VFLHQFH LQVWUXPHQWV�

�� /DUJH $UHD 7HOHVFRSH �/$7�

�� *DPPD�UD\ %XUVW 0RQLWRU �*%0�

��



)LJXUH ���� )HUPL *DPPD�5D\ 7HOHVFRSH �$UWLVWLF ,PSUHVVLRQ� &UHGLW�
1$6$�)HUPL ZHEVLWH �

����� *DPPD�5D\ %XUVW 0RQLWRU �*%0�

*DPPD�UD\ %XUVW 0RQLWRU KDV D VHQVLWLYLW\ WR SKRWRQV RI HQHUJ\ IURP �NH9 WR

�� 0H9� *%0 FRQVLVWV RI �� ORZ�HQHUJ\ *%0 GHWHFWRUV IRU GHWHFWLQJ KDUG ;�

UD\V DQG ORZ�HQHUJ\ JDPPD UD\V� DQG KLJK�HQHUJ\ *%0 GHWHFWRUV IRU GHWHFWLRQ RI

JDPPD UD\V KDYLQJ KLJK HQHUJ\ �� 7KH*%0DQG WKH /$7ZRUN WRJHWKHU WR SURYLGH

D SRZHUIXO WRRO IRU GHWHFWLQJ DQG VWXG\LQJ *5%V DW YHU\ KLJK HQHUJ\ UDQJH� *%0

KDV WKUHH PDLQ FRPSRQHQWV�

�https://www.nasa.gov/content/goddard/fermi-spacecraft-and-instruments
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)LJXUH ���� *DPPD�5D\ %XUVW 0RQLWRU� &UHGLW� 1$6$�)HUPL ZHEVLWH �

/RZ�HQHUJ\ *%0 'HWHFWRUV

/RZ�HQHUJ\ *%0 GHWHFWRUV DUH PDGH XS RI 1D, WKDW GHWHFWV ; UD\V LQ WKH HQHUJ\

UDQJH RI � NH9 WR � 0H9� 7KH\ JLYH WKH SRVLWLRQ RI JDPPD�UD\ EXUVWV WR ZLWKLQ D

IHZ GHJUHHV� 7KH ORZ�HQHUJ\ *%0 GHWHFWRUV DUH SRVLWLRQHG LQ IRXU URZV FRQVLVW�

LQJ RI WKUHH GHWHFWRUV HDFK� 7KH RULHQWDWLRQ RI WKHVH �� GHWHFWRUV LV LQ GLUHFWLRQV

VR WKDW WKH\ VHH YDULRXV SDUWV RI WKH VN\� 7KH *%0 XVHV WKH LQIRUPDWLRQ IURP WKH

ORZ�HQHUJ\ *%0 GHWHFWRUV WR GHWHFW WKH ORFDWLRQ RI EXUVW�

+LJK�HQHUJ\ *%0 'HWHFWRUV

+LJK�HQHUJ\ *%0 GHWHFWRUV RI )HUPL�*%0 DUH VHQVLWLYH WR WKH UDQJH RI HQHUJ\

IURP DERXW ��� NH9 WR ������ NH9� 7KH\ DUH PDGH XS RI ELVPXWK JHUPDQDWH

�%*2�� ,WV HQHUJ\ UDQJH LV EULGJHG EHWZHHQ WKH ORZ HQHUJ\ GHWHFWRU RI *%0 DQG
�https://www.nasa.gov/content/goddard/fermi-spacecraft-and-instruments
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WKH /$7� 7KH SURSHUW\ RI %*2 LV VXFK WKDW JLYHV JRRG VHQVLWLYLW\ DW YHU\ KLJK

JDPPD�UD\ HQHUJLHV� 7KH SRVLWLRQ RI WKH KLJK�HQHUJ\ *%0 GHWHFWRU LV LQ VXFK D

ZD\ WKDW LW FRYHUV D ZKROH VN\� 7KH\ DUH SODFHG RQ WKH RSSRVLWH VLGH RI )HUPL�

'DWD 3URFHVVLQJ 8QLW

7KH PDLQ ZRUN RI WKH 'DWD 3URFHVVLQJ 8QLW RI *%0 LV WR GHWHFW WKH EXUVWV� GHWHU�

PLQH WKH HQHUJ\ RI WKH VLJQDO DQG WKHLU DUULYDO GLUHFWLRQ� DQG VHQG LQIRUPDWLRQ WR

)HUPL 7HOHVFRSH WR (DUWK IRU VFLHQWLILF XVH� ,W FRQVLVWV RI WKH HOHFWURQLFV DQG PL�

FURSURFHVVRUV WKDW UHFHLYH DQG DQDO\]H WKH LQIRUPDWLRQ IURP WKH ORZ�HQHUJ\ *%0

GHWHFWRUV DQG KLJK�HQHUJ\ *%0 GHWHFWRUV�

����� /DUJH $UHD 7HOHVFRSH �/$7�

/DUJH $UHD 7HOHVFRSH RU VLPSO\ )HUPL�/$7 GHWHFWV SKRWRQV RI HQHUJ\ UDQJLQJ

IURP �� 0H9 WR ��� *H9 �� )HUPL�/$7 KDV IRXU PDLQ FRPSRQHQWV ZRUNLQJ WR�

JHWKHU WR GHWHFW JDPPD UD\V DQG WKHLU VRXUFH� ORFDOL]H WKH SRVLWLRQ RI WKH VRXUFH

IURP ZKHUH WKHVH JDPPD UD\ VLJQDO DUH FRPLQJ� DQG DOVR PHDVXUHV WKH HQHUJ\ RI

WKH VDPH� /$7 DOVR KDV FRPSRQHQWV WKDW UHMHFW FRVPLF UD\ VLJQDOV WRR WR DYRLG

FRQWDPLQDWLRQ LQ WKH JDPPD�UD\ VLJQDOV�

7KH IRXU PDLQ FRPSRQHQWV RI /$7 DUH�

�D� 7UDFNHU

�E� &DORULPHWHU
�https://www.nasa.gov/content/goddard/fermi-spacecraft-and-instruments
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�F� $QWLFRLQFLGHQFH 'HWHFWRU

�G� 'DWD $FTXLVLWLRQ 6\VWHP�

)LJXUH ���� /DUJH $UHD 7HOHVFRSH� &UHGLW� 1$6$�)HUPL ZHEVLWH �

7UDFNHU

7KH7UDFNHU FRPSRQHQW RI)HUPL�/$7 GHWHFWV DQG ORFDOL]HV WKH SRVLWLRQ RI JDPPD�

UD\ DQG LWV VRXUFH UHVSHFWLYHO\� ,W LV LQ WKH IRUP RI VWULSV ZKLFK LV PDGH XS RI VLOLFRQ

DQG LQWHUFRQQHFWHG ZLWK 7XQJVWHQ�6Q� OD\HUV� *DPPD�5D\ ZKHQ LQWHUDFWLQJ ZLWK

WKLV GHWHFWRU HPLWV DQ HOHFWURQ DQG SRVLWURQ� 7KH SDWK RI WKHVH HOHFWURQ DQG SRVLWURQ

JHQHUDWHG DUH GHWHFWHG E\ )HUPL�/$7 WUDFNHU DQG KHOSV LQ ORFDOL]LQJ WKH SRVLWLRQ

RI EXUVWV�
�https://www.nasa.gov/content/goddard/fermi-spacecraft-and-instruments
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&DORULPHWHU

&DORULPHWHU DV WKH QDPH VXJJHVWV WKDW LW PHDVXUHV WKH HQHUJ\ RI DQ LQWHUDFWHG SDU�

WLFOH DIWHU EHLQJ DEVRUEHG LQ LW� &HVLXP ,RGLGH LV XVHG IRU PDNLQJ WKH )HUPL�/$7

&DORULPHWHU� ZKLFK SURGXFHV OLJKW IODVKHV ZKHQ DQ\ FRVPLF UD\ VWULNHV LW� 7KH LQ�

WHQVLW\ RI WKRVH IODVKHV LV GLUHFWO\ SURSRUWLRQDO WR FRVPLF�UD\ SDUWLFOH HQHUJLHV� ,W

KHOSV LQ H[FOXGLQJ FKDUJHG FRVPLF UD\V ZKLFK JHW HQWHUHG DV WKH VLJQDWXUH RI GH�

SRVLWLRQ RI HQHUJ\ RI FRVPLF UD\V LV WRWDOO\ GLIIHUHQW IURP WKH VLJQDWXUH RI HQHUJ\

GHSRVLWLRQ RI JDPPD UD\V�

$QWLFRLQFLGHQFH 'HWHFWRU �$&'�

7KH $QWLFRLQFLGHQFH 'HWHFWRU �$&'� LV WKH PDLQ FRPSRQHQW RI )HUPL�/$7 ZKLFK

GHWHFWV FRVPLF UD\V� ,W LV PDGH XS RI VSHFLDOO\ IRUPXODWHG SODVWLF� ,W ZRUNV LQ D

PDQQHU ZKHQ DQ\ FKDUJHG�SDUWLFOH FRVPLF UD\V KLW LWV VXUIDFH� D IODVK RI OLJKW LV

SURGXFHG EXW LW GRHV QRW LQWHUDFW ZLWK QHXWUDO JDPPD UD\V DQG DOORZV JDPPD VLJQDO

WR HQWHU WKH /$7� 7KH $&' LV OLNH D FDS WKDW FRYHUV )HUPL�/$7 WUDFNHU�

'DWD $FTXLVLWLRQ 6\VWHP �'$4�

'DWD $FTXLVLWLRQ 6\VWHP �'$4� LV WKH PRVW LPSRUWDQW FRPSRQHQW RI )HUPL�/$7

ZKLFK FROOHFWV LQIRUPDWLRQ IURP WKH &DORULPHWHU� WKH $QWLFRLQFLGHQFH 'HWHFWRU�

DQG WKH 7UDFNHU DQG H[FOXGHV WKH QRLVH VXFK DV FRVPLF UD\V IURP WKH JDPPD�UD\

VLJQDOV� 7KH VLJQDO UHOD\HG E\ )HUPL�/$7 RQ WKH JURXQG LV GHFLGHG E\ '$4�

��



6HDUFK IRU EXUVWV LV DOVR SHUIRUPHG E\ WKH '$4� 7KH 'DWD $FTXLVLWLRQ 6\VWHP

LQVWUXPHQW FRQVLVWV RI VSHFLDOL]HG HOHFWURQLFV DQG PLFURSURFHVVRUV�

��� 6ZLIW

6ZLIW ZDV ODXQFKHG RQ 1RYHPEHU ��� ����� 6ZLIW LV GHVLJQHG HVSHFLDOO\ IRU GH�

WHFWLQJ DQG XQGHUVWDQGLQJ WKH WUDQVLHQW VRXUFH OLNH JDPPD�UD\ EXUVWV� 6ZLIW LV D

IOH[LEOH VDWHOOLWH ZLWK WKUHH PDLQ VFLHQWLILF LQVWUXPHQWV RQ ERDUG� WKH %XUVW $UHD

7HOHVFRSH ZLWK D ZLGH ILHOG RI YLHZ� ;�5D\� DQG 8OWUDYLROHW DQG RSWLFDO WHOHVFRSH

IRU REVHUYLQJ EXUVWV LQ ;�UD\ DQG RSWLFDO ZDYHOHQJWK UHVSHFWLYHO\ KDYLQJ D QDUURZ

ILHOG RI YLHZ� 6ZLIW GHWHFWV EXUVWV DQG FRYHUV D ZLGH HQHUJ\ UDQJH RI ���������

NH9 DQG DOVR FDOFXODWHV WKH SRVLWLRQ RI WKH *DPPD�5D\ %XUVWV SUHFLVHO\�*HKUHOV

HW DO�� ������

)LJXUH ���� 6ZLIW 6SDFH 2EVHUYDWRU\� &UHGLW� 1$6$�6ZLIW ZHEVLWH �

��



����� %XUVW $OHUW 7HOHVFRSH �%$7�

%XUVW $OHUW 7HOHVFRSH �%$7� LV VHQVLWLYH LQ WKH UDQJH RI �� WR ��� NH9 HQHUJ\�%DUWKHOP\

HW DO�� ������ ,W GHWHFWV WKH JDPPD UD\V� ,W KDV KLJK VHQVLWLYLW\ DQG FRGHG�DSHUWXUH

LQVWUXPHQW� ZLWK D ODUJH ILHOG RI YLHZ �� VWHUDGLDQV�� 7KH %XUVW $OHUW 7HOHVFRSH

GHWHFWV WKH LQLWLDO SRVLWLRQ RI WKH EXUVW ZLWK WKH DFFXUDF\ RI DERXW ��DUFPLQ DQG

SDVVHV WKLV LQIRUPDWLRQ WR ;57 DQG 8927 VR WKDW WKH REVHUYDWLRQ VKRXOG DOVR EH

PDGH LQ ;�UD\V DQG RSWLFDO ZDYHOHQJWKV WRR�

)LJXUH ���� %XUVW $OHUW 7HOHVFRSH�&UHGLW� 1$6$�6ZLIW ZHEVLWH �

�

����� ;�UD\ 7HOHVFRSH �;57�

;�UD\ 7HOHVFRSH �;57� ZRUNV LQ D UDQJH RI HQHUJ\ IURP ������ NH9� 6ZLIW�;57 LV

D QDUURZ�ILHOG WHOHVFRSH �%XUURZV HW DO�� ������ XQOLNH %$7� ,W LV DOLJQHGZLWK %XUVW

$OHUW 7HOHVFRSH� :KHQ WKH 6ZLIW�%$7 GHWHFWV WKH EXUVW RU D *5%� 6ZLIW VOHZHG WR
�https://www.nasa.gov/content/goddard/fermi-spacecraft-and-instruments
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WKH ORFDOL]HG SRVLWLRQ DOORZLQJ WKH ;�5D\ 7HOHVFRSH WR LPSURYH WKH SRVLWLRQ GH�

WHFWHG E\ WKH %$7� ZLWKLQ D IHZ VHFRQGV� ORFDOL]LQJ EXUVWV WR � DUFVHF RU HYHQ OHVV�

7KH DFWXDO ILHOG RI YLHZ RI WKH ;�5D\ 7HOHVFRSH LV ���� DUFPLQ VTXDUH� 'HSHQG�

LQJ RQ WKH IOX[ RI WKH *5% DIWHUJORZ� ;�5D\ 7HOHVFRSH RSHUDWHV LQ � PRGHV� ;57

DGMXVWV WKHVH PRGHV WRWDOO\ RQ WKH EDVLV RI WKH EULJKWQHVV RI DIWHUJORZ HPLVVLRQ RI

EXUVWV GHWHFWHG E\ %$7�

)LJXUH ���� ;�UD\ 7HOHVFRSH� &UHGLW� 1$6$�6ZLIW ZHEVLWH �

�

����� 8OWUDYLROHW DQG 2SWLFDO 7HOHVFRSH �8927�

8OWUDYLROHW DQG 2SWLFDO 7HOHVFRSH �8927� ZRUNV LQ RSWLFDO UDQJH IURP �������

QP ZDYHOHQJWK� ,W LV DOVR QDUURZ ILHOG LQVWUXPHQW OLNH ;57 DOLJQHG ZLWK %$7� ,W

LV PDLQO\ GHVLJQHG IRU GHWHFWLQJ RSWLFDO FRXQWHUSDUW RI DIWHUJORZ NQRZQ DV RSWLFDO
�https://www.nasa.gov/content/goddard/fermi-spacecraft-and-instruments

��

https://www.nasa.gov/content/goddard/fermi-spacecraft-and-instruments


DIWHUJORZ IRU D *5% �5RPLQJ HW DO�� ������

)LJXUH ���� 8OWUDYLROHW DQG 2SWLFDO 7HOHVFRSH� &UHGLW� 1$6$�6ZLIW ZHEVLWH ��

�

��� 'DWD +DQGOLQJ DQG $QDO\VLV

����� 'DWD 5HGXFWLRQ

6ZLIW �;57 GDWD�

7KH 6ZLIW�;57 GDWD IRU OLJKW FXUYH DQG VSHFWUDO DQDO\VLV DUH REWDLQHG IURP WKH

6ZLIW�;57 UHSRVLWRU\ ��� 7KH OLJKW FXUYH GDWD REWDLQHG LV DOUHDG\ UHGXFHG DQG FDQ

EH XVHG IRU WKH UHVXOW� 7KH 6ZLIW�;57 UHSRVLWRU\ SURYLGHV DQ DGYDQWDJH RI FUHDWLQJ
��https://www.nasa.gov/content/goddard/fermi-spacecraft-and-instruments
��https://www.swift.ac.uk/xrt_products/

��

https://www.nasa.gov/content/goddard/fermi-spacecraft-and-instruments
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WLPH�DYHUDJH VSHFWUD IRU D JLYHQ *5% LQ D JLYHQ VOLFHG WLPH ZLQGRZ� $FFRUGLQJ WR

RXU VWXGLHV� ZH KDYH FUHDWHG RXU WLPH VOLFH IRU HDFK *5% DQG DQDO\]HG IRU SORWWLQJ

VSHFWUD� :H KDYH VHOHFWHG RQO\ WKRVH *5%V ZKLFK KDYH VLPXOWDQHRXV GDWD ZLWK

)HUPL�/$7�

)HUPL �/$7 GDWD�

7KH /$7GDWD RI )HUPL IRU DQDO\VLV DQGPDNLQJ OLJKW FXUYHV DQG VSHFWUD LV H[WUDFWHG

IURP JW%XUVW��� 7KH JWEXUVW LV D WRRO GLVWULEXWHG DV SDUW RI )HUPL7RROV �)HUPL

6FLHQFH 6XSSRUW 'HYHORSPHQW 7HDP� �����ZKLFK KHOSV WR GR SDUWLFXODUO\� DQDO\VLV

RI )HUPL�/$7 7HOHVFRSH GHWHFWHG *DPPD�5D\ %XUVWV� 7KH )HUPL�/$7 GDWD ZDV

H[WUDFWHG IRU HDFK *5% D ������ V DIWHU WULJJHU WLPH ZLWKLQ D WHPSRUDO ZLQGRZ DQG

SKRWRQV�ILOWHUHG� ZLWK HQHUJLHV LQ WKH UDQJH RI ���0H9±���*H9 UDQJH� $ IXUWKHU

VHOHFWLRQ RI SKRWRQV ZDV GRQH RQ WKH EDVLV RI ]HQLWK DQJOH ZKRVH YDOXH LV WDNHQ

OHVV WKDQ 100◦ IURP WKH VSDFHFUDIW D[LV XVLQJ QDYLJDWLRQ SORWV WRROV ZKLFK LV SDUW RI

JW%XUVW WR ORZHU WKH LPSXULWLHV RI SKRWRQV DGGHG IURP WKH SODQHW HGJH� 6HOHFWLRQ

RI *5%V RQ ZKLFK DQDO\VLV LV SHUIRUPHG LV GRQH RQ WKH EDVLV RI VLPXOWDQHRXV GDWD

ZLWK 6ZLIW�;57�
��https://fermi.gsfc.nasa.gov/ssc/data/analysis

��

https://fermi.gsfc.nasa.gov/ssc/data/analysis


����� 'DWD $QDO\VLV

6ZLIW �;57 GDWD�

$V 6ZLIW�;57 GDWD IRU OLJKW�FXUYH LV DOUHDG\ UHGXFHG� VR ZH VLPSO\ REWDLQHG WKH

GDWD DQG SORWWHG LW XVLQJPDWSORWOLE� 7KH VSHFWUDO GDWD H[WUDFWHG DIWHU WKH WLPH VOLFH

PHWKRG LV DQDO\]HG XVLQJ WRRO ;63(& �$UQDXG� ������ WKH WRRO VSHFLDOO\ GHVLJQHG

WR DQDO\]H ;�UD\ GDWD� 7KH GDWD IRU HQHUJ\ ELQV JUHDWHU WKDQ ��� NH9 DQG OHVV WKDQ

�� NH9 LV QRW FRQVLGHUHG IRU DQDO\VLV� 7KH UHVXOW REWDLQHG IURP WKH DQDO\VLV LV

IXUWKHU XVHG WR SORW WKH VSHFWUD�

)HUPL �/$7 GDWD�

,Q FROODERUDWLRQ ZLWK WKH JURXSV RI ,,7 ,QGRUH DQG *66, ,WDO\� ZH KDYH GHYHORSHG

DQDO\VLV SLSHOLQH IRU DQDO\]LQJ )HUPL�/$7 GDWD� 7KH GHYHORSHG SLSHOLQH LV EDVHG

RQ JW%XUVW EXW LV PRUH WLPH HFRQRPLFDO DQG HDV\ WR XVH� 3UHUHTXLVLWHV IRU DQD�

O\]LQJ D SDUWLFXODU *5% ZLWK WKH SLSHOLQH DUH *5% GDWD ZKLFK LQFOXGHV SKRWRQ

HYHQWV ILOH� VSDFHFUDIW ILOH� UVS DQG SKS ILOH DORQJ ZLWK 5$� 'HF� DQG WULJJHU�WLPH

RI WKDW *5%� 3LSHOLQH DOVR JLYHV XVHU DQ DGYDQWDJH RI VHOHFWLQJ WLPH LQWHUYDO PDQ�

XDOO\� 7KH SLSHOLQH IRU DQDO\VLV XVHV D UHJLRQ RI LQWHUHVW �52,� RI 12◦ E\ GHIDXOW

EXW LV VXEMHFW WR FKDQJH� 7KH ´SRZHUODZ�´� ´LVRWU WHPSODWH´ DQG ´WHPSODWH �IL[HG

QRUP��´ DUH FRQVLGHUHG DV WKH VSHFWUDO PRGHO� SDUWLFOH EDFNJURXQG DQG WKH *DODFWLF

FRPSRQHQW UHVSHFWLYHO\� 7KH HVWLPDWLRQ RI IOX[ LQ WKH HQHUJ\ EHWZHHQ ���0H9 WR

�� *H9 LV SHUIRUPHG ZLWK WKH ´XQELQQHG OLNHOLKRRG DQDO\VLV´� 7KH WLPH�ELQV IRU

WKH MRLQW VSHFWUDO DQDO\VLV ZHUH FKRVHQ UHTXLULQJ VLJQLILFDQW )HUPL�/$7 GHWHFWLRQV

��



�PLQLPXP WHVW VWDWLVWLFV 76 ! ���� 7KH UHVXOW DIWHU DQDO\]LQJ WKH *5% LV XVHG IRU

SORWWLQJ WKHLU UHVSHFWLYH OLJKW FXUYH DQG DOVR SKRWRQ LQGH[ YV WLPH ZLWK WKH KHOS RI

PDWSORWOLE�

��



&KDSWHU �

5HVXOWV DQG 'LVFXVVLRQ

7KHUH DUH ��� *5%V SXEOLVKHG LQ )HUPL 6HFRQG &DWDORJ 3DSHU SXEOLVKHG LQ ����

UDQJLQJ IURP WKH \HDU ���� WR ���� �$MHOOR HW DO�� ������ ,Q WRWDO �� *5%V LQ WKDW

DUH IRXQG ZKLFK DUH DOVR GHWHFWHG E\ WKH 6ZLIW�;57 7HOHVFRSH EXW LQ WKRVH RQO\

�� *5%V DUH IRXQG ZKLFK KDYH VLPXOWDQHRXV GDWD DW WKH VDPH WLPH RU KDYH OLWWOH RU

FRPSOHWH RYHUODS LQ WKDW WLPH GRPDLQ� $QDO\VLV RI DOO �� *5%V )HUPL�/$7 GDWD

LV SHUIRUPHG XVLQJ GHYHORSHG *5%B DQDO\VLV SLSHOLQH DQG IRU 6ZLIW�;57 GDWD� WKH

UHVXOWV DUH REWDLQHG GLUHFWO\ IURP WKH 6ZLIW�;57 UHSRVLWRU\� ,Q WKRVH �� *5%V�

ILYH *5%V DUH IRXQG WKDW VKRZ H[WHQGHG DIWHUJORZ HPLVVLRQ� 6SHFWUDO HQHUJ\ GLV�

WULEXWLRQ �6('� IRU WKHVH ILYH *5%V KDV EHHQ SORWWHG� 7KH UHVXOW RI � *5%V DUH

OLVWHG EHORZ�

��



��� *5% ������$

*5% ������$ LV GHWHFWHG RQ -XQH ��� ����� DW �������� 87 LV FODVVLILHG DV ORQJ�

GXUDWLRQ JDPPD�UD\ EXUVWV� 5$ DQG 'HF RI WKLV *5% DUH 286.38◦ DQG 6.4◦ UH�

VSHFWLYHO\� *5% ������$ LV DQ LQWHUHVWLQJ *5%� ,WV OLJKW FXUYH DQG 6(' IRU ERWK

6ZLIW�;57 DQG )HUPL�/$7 VKRZV WKLV FKDUDFWHU �VHH )LJXUH ����� 6SHFWUDO (QHUJ\

'LVWULEXWLRQ �6('� IRU WKH IRXU�WLPH LQWHUYDOV LV SORWWHG DQG WKHVH WLPH LQWHUYDOV

DUH FKRVHQ RQ WKH EDVLV RI WKH RYHUODS RI VLPXOWDQHRXV GDWD IRU ERWK WHOHVFRSHV DQG

WKH IOX[ YDOXH KDYLQJ QR XSSHU OLPLW� 7KH VLPXOWDQHRXV WLPH EDQGV IRU VSHFWUD DUH

���V����V� ���V����V� ���V����V� DQG ���V�����V �VHH )LJXUH� �����

)LJXUH ���� /LJKW &XUYH DQG 6(' RI *5% ������$

��



��� *5% ������$

*5% ������$ LV GHWHFWHG RQ 6HSWHPEHU ��� ����� DW �������� 87� *5% ������$

LV FDWHJRUL]HG DV /*5%� 5$ DQG 'HF RI WKLV *5% DUH 203.94◦ DQG −47.12◦ UH�

VSHFWLYHO\� *5% ������$ LV DQ LQWHUHVWLQJ *5% DV LW LV QRW IROORZLQJ VWDQGDUG

DIWHUJORZ PRGHO� 7KH OLJKW FXUYH FOHDU VKRZV D SODWHDX SDUW LQ ERWK 6ZLIW�;57

DQG)HUPL�/$7 �)LJXUH �����KH VLPXOWDQHRXV WLPH EDQGV IRU VSHFWUD DUH ���V����V�

���V����V� ���V����V� DQG ���V�����V� 7KH 6(' SORW DOVR VKRZV WKLV EHKDYLRU E\

WKH VORSH ZKLFK LV GLIIHUHQW LQ WKH WLPH LQWHUYDO RI WKH SODWHDX SDUW DQG LQ WKH WLPH

LQWHUYDO� OLJKW FXUYH IROORZLQJ WKH VWDQGDUG DIWHUJORZ PRGHO� 7KH FXUYH VKRZV D

FKDQJH LQ EHKDYLRXU IURP ���V WR ���V WR RWKHU WLPH LQWHUYDO� 7KLV ��� WR ���V

LQWHUYDO VSHFWUD IROORZV D V\QFKURWURQ VSHFWUD LQ ;�UD\ EDQG ZKLFK LV UDUHO\ VHHQ�

6\QFKURWURQ HPLVVLRQ DUH REVHUYHG JHQHUDOO\ LQ ORZ HQHUJ\ L�H� UDGLR RQHV� 6KRFNV

PD\ EH WKH UHDVRQ IRU WKLV EHKDYLRXU RI WKLV *5% ������$� )XUWKHU WKHRUHWLFDO

PRGHOOLQJ LV VWLOO QHHGHG WR FRQFOXGH�

��� *5% ������$

*5% ������$ LV GHWHFWHG RQ 1RYHPEHU ��� ����� DW �������� 87� 5$ DQG 'HF

RI *5% ������$ DUH 163.82◦ DQG 22.41◦ UHVSHFWLYHO\� *5% ������$ LV ORQJ�

GXUDWLRQ *5%�7KH OLJKW FXUYH RI *5% ������$ LQ 6ZLIW�;57 VKRZV D SHDN DQG

IROORZV D SDWWHUQ OLNH)HUPL�/$7 �)LJXUH �����7KH VLPXOWDQHRXV WLPH ELQV IRU VSHF�

WUD DUH ���V����V� ���V����V� DQG ���V����V� )URP WKH OLJKW FXUYH DQG WKH 6('

��



)LJXUH ���� /LJKW &XUYH DQG 6(' RI *5% ������$

SORWWHG IRU WLPH�LQWHUYDO RYHUODS IRU ERWK WHOHVFRSH GDWD� WKHUH LV SRVVLEOH SODWHDX

UHJLRQ LQ /$7 JDPPD�UD\ HQHUJ\ EDQG�

)LJXUH ���� /LJKW &XUYH DQG 6(' RI *5% ������$

��



&KDSWHU �

&RQFOXVLRQ

��� 6XPPDU\

*DPPD�5D\ %XUVW �*5%� LV WKH ELJJHVW DVWURSK\VLFDO FKDOOHQJLQJ HYHQW WR XQGHU�

VWDQG DW SUHVHQW� DV WKH VWXG\ RI WKHLU OLJKW FXUYH VKRZV WKDW WKHUH LV QR VLPLODULW\

LQ DQ\ WZR RI WKHP� ,Q WKLV WKHVLV� , KDYH WULHG WR VWXG\ WKH )HUPL�/$7 GHWHFWHG

*5%V ZKLFK DUH VLPXOWDQHRXVO\ GHWHFWHG E\ 6ZLIW 2EVHUYDWRU\� 7KH ILUVW SUREOHP

ZKLFK , DGGUHVVHG DQG ZRUNHG LV WR GHYHORS DQ DQDO\VLV SLSHOLQH IRU )HUPL�/$7

GHWHFWHG *5% GDWD� 1H[W� , KDYH GRQH D VXUYH\ RI )HUPL¶V 6HFRQG &DWDORJ SXE�

OLVKHG LQ ���� �$MHOOR HW DO�� ������ )URP WKHUH ZH KDYH FKRVHQ WKRVH *5%V ZKLFK

DUH DOVR GHWHFWHG E\ 6ZLIW DORQJ ZLWK WKH\ KDYH GDWD RYHUODSSLQJ ZLWK /$7 GDWD

LQ WKH WLPH GRPDLQ� $IWHU DQDO\]LQJ WKRVH� ZH IRXQG D WRWDO RI � *5%V WKDW GR QRW

IROORZ WKH VWDQGDUG DIWHUJORZ PRGHO� 7KH\ KDYH VORZHU GHFD\ LQ WKHLU DIWHUJORZ

SDUW DQG QRWLFHG DQ DQRPDO\ VXFK DV SODWHDX DQG ;�UD\ IODUHV LQ WKHLU OLJKW FXUYH�

��



7KH 6('V RI WKHVH *5%V DUH H[SORUHG WR XQGHUVWDQG SKHQRPHQRQ DQG SK\VLFV IRU

WKH SODWHDX HPLVVLRQ LQ DIWHUJORZ SKDVH�

��� )XWXUH 'LUHFWLRQ

,Q WKH SUHVHQW DVWURSK\VLFDO HUD� *DPPD�5D\ %XUVWV DUH RQH RI WKH KRW VXEMHFWV�

/RWV RI UHVHDUFK DUH JRLQJ RQ WR XQGHUVWDQG WKHP� ,Q WKLV ZRUN� ZH WULHG WR PDNH

D IRUPDOLVP WR VHW XS DQ DQDO\VLV SDFNDJH ZKLFK FDQ EH XVHG WR PDNH WKH DQDO\VLV

IDVWHU DQG LQ DQ XVHU IULHQGO\ ZD\� 1R VXFK SDFNDJH H[LVWV LQ WKH SXEOLF GRPDLQ DV

IDU DV ZH DUH DZDUH RI� <HW D ORW RI VFRSH RI IXWXUH ZRUN LV WKHUH WR EH FDUULHG RXW�

,Q WKH IXWXUH� ZH DUH SODQQLQJ WR GR PRGHO ILWWLQJ DQG WU\ WR LQWHUSUHW WKH 6(' ZLWK

WKHRUHWLFDO PRGHOV�

��



$33(1',;

&RPSDUDWLYH VWXG\ RI )HUPL�/$7 DQG 6ZLIW;57 GHWHFWHG �� *5%V

7KHVH �� *5EV DUH VHOHFWHG IURP )HUPL 6HFRQG &DWDORJ 3DSHU SXEOLVKHG LQ ����

UDQJLQJ IURP WKH \HDU ���� WR ���� �$MHOOR HW DO�� ����� RQ WKH EDVLV RI VLPXOWD�

QHRXV RYHUODS GDWD IRU ERWK WKH WHOHVFRSH� )LJXUH ��� DQG )LJXUH ��� VKRZV D SORW

EHWZHHQ 3KRWRQ ,QGH[ YV (QHUJ\ )OX[ IRU )HUPL�/$7 DQG 6ZLIW�;57 UHVSHFWLYHO\�

)LJXUH ��� LV SORW EHWZHHQ 3KRWRQ ,QGH[ RI *5%V IRU �6ZLIW�;57� YV �)HUPL�/$7�

GDWD� )LJXUH ��� LV SORW EHWZHHQ (QHUJ\ IOX[ RI*5%V IRU �6ZLIW�;57� YV �)HUPL�/$7�

GDWD� )URP WKHVH SORWV� ZH FDQ LQIHUUHG KRZ *5%V IOX[ DQG LQGH[ DUH GLVWULEXWHG

IRU ERWK WKH WHOHVFRSH�

��



)LJXUH ���� 3ORW EHWZHHQ ,QGH[ YV )OX[ IRU )HUPL�/$7

��



)LJXUH ���� 3ORW EHWZHHQ ,QGH[ YV )OX[ IRU 6ZLIW�;57

��



)LJXUH ���� 3ORW EHWZHHQ ,QGH[ �6ZLIW�;57� YV ,QGH[ �)HUPL�/$7�

��



)LJXUH ���� 3ORW EHWZHHQ )OX[ �6ZLIW�;57� YV )OX[ �)HUPL�/$7�

��
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��

)HUPL 6FLHQFH 6XSSRUW 'HYHORSPHQW 7HDP ����� )HUPLWRROV� )HUPL 6FLHQFH
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