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Îáîçíà÷åíèÿ

� Ïåðâè÷íûé ñïåêòð (intrinsic spectrum) - ñïåêòð äî ïîãëîùåíèÿ íà EBL

� Ïåðâè÷íàÿ ôàçà (prompt phase) - íà÷àëüíàÿ ôàçà ãàììà-âñïëåñêà

� EPWL - ñòåïåííîé çàêîí ñ ýêñïîíåíöèàëüíûì îáðåçàíèåì

� PWL - ñòåïåííîé çàêîí

� EBL - âíåãàëàêòè÷åñêèé ôîíîâûé ñâåò

� SED (E 2 dN/dE ) - ñïåêòðàëüíîå ðàñïðåäåëåíèå ýíåðãèè

� SSC - ñèíõðîòðîííàÿ ñàìîêîìïòîíèçàöèÿ
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GRB 221009A � ÿð÷àéøèé èç êîãäà-ëèáî

çàðåãèñòðèðîâàííûõ ãàììà-âñïëåñêîâ

Ãàììà-êâàíòîâ
çàðåãèñòðèðîâàíî

>64 000

Äèàïàçîí ýíåðãèé

0.1�13 ÒýÂ

Êðàñíîå ñìåùåíèå
èñòî÷íèêà

z = 0.151

� Ãàììà-âñïëåñê áûë çàðåãèñòðèðîâàí â îêòÿáðå 2022

� Äëèííûé ãàììà-âñïëåñê

� Ïåðâûé ãàììà-âñïëåñê, îò êîòîðîãî
çàðåãèñòðèðîâàëè ãàììà-êâàíò ñ ýíåðãèåé áîëåå
10ÒýÂ

� Èñêëþ÷èòåëüíî ÿðêèé ãàììà-âñïëåñê,
PeakFlux ≈ 0.031 ýðã c−1−2 çà âðåìåííîé èíòåðâàë
1.024 ñ

� Äåòåêòîðû WCDA è KM2A îáñåðâàòîðèè LHAASO
íàáëþäàëè ïåðâûå 3000 ñ ïîñëå òðèããåðà Fermi-GBM
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Ìîòèâàöèÿ âûáîðà ìîäåëåé

1 Ñïàä â ïåðâè÷íîì ñïåêòðå

Íàáëþäåíèÿ ãàììà-êâàíòîâ â îáëàñòè íåñêîëüêèõ ÒýÂ ïîòðåáîâàëà ïîíÿòü,

ÿâëÿåòñÿ ëè ñïàä ñâîéñòâîì èñòî÷íèêà èëè ðàñïðîñòðàíåíèÿ. Ìû ïðîâåðÿåì

âîçìîæíîñòü â êîòîðîé ïåðâè÷íûé ñïåêòð èìååò âíóòðåííèé ñïàä, à ïðè

ðàñïðîñòðàíåíèè ó÷èòûâàåòñÿ òîëüêî ïîãëîùåíèå íà EBL.

2 Íåéòðîííûé ïó÷îê � ýõî ïåðâè÷íîé ôàçû

Åñëè ãàììà-êâàíòû ïåðâè÷íîé ôàçû ýôôåêòèâíî ïîãëîùàþòñÿ âíóòðè îáëàñòè

èçëó÷åíèÿ, íåéòðîíû ìîãóò ïîêèíóòü å¼ áåç îòêëîíåíèÿ. Èõ ïîñëåäóþùèå

âçàèìîäåéñòâèÿ ñ îêðóæàþùèì âåùåñòâîì äàþò çàïàçäûâàþùóþ ãàììà-êîìïîíåíòó

� ýõî ïåðâè÷íîé ôàçû.

3 Ìåæãàëàêòè÷åñêèå àäðîííûå êàñêàäû

Óëüòðàâûñîêîýíåðãè÷íûå ïðîòîíû ìîãóò ðîæäàòü ýëåêòðîìàãíèòíûå êàñêàäû óæå íà

ïóòè ê íàáëþäàòåëþ. Ïîýòîìó íóæíî ïðîâåðèòü, ìîæåò ëè ÷àñòü ÒýÂ-ñèãíàëà áûòü

íå èçëó÷åíèåì èñòî÷íèêà, à ñëåäñòâèåì ìåæãàëàêòè÷åñêîãî ðàñïðîñòðàíåíèÿ.
4



Âîññòàíîâëåíèå ïåðâè÷íîãî ñïåêòðà

Fobs(E ) = Fins(E ) · exp
(
−τ(E , z)

)
τ(E , z) � îïòè÷åñêàÿ òîëùèíà

EPWL
dN

dE
∝ E−γ exp

(
− E

Ec

)
PWL
dN

dE
∝ E−γ

Ìîäåëè EBL

Gilmore et al. 2012 (G12)

Saldana-Lopez et al. 2021 (S21)

Êðèòåðèé âûáîðà

χ2-ôèò → p-value è çíà÷èìîñòü Z
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Ðåçóëüòàòû: ôîðìà ïåðâè÷íîãî ñïåêòðà

Èíòåðâàë, ñ EBL Ìîäåëü p-value Z , σ

230�300

G12 EPWL 0.633 0.34
G12 PWL 1.1×10−23 9.96
S21 EPWL 0.120 1.18
S21 PWL 2.6×10−5 4.05

300�900

G12 EPWL 0.282 0.58
G12 PWL 3.1×10−73 18.1
S21 EPWL 0.749 0.67
S21 PWL 5.3×10−20 9.08

Ïåðâè÷íûé ñïåêòð èìååò ñïàä ïðè Ec ≈ 2�3ÒýÂ.
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Íåéòðîííûé ïó÷îê

� Ïðîòîíû óñêîðÿþòñÿ â áëîáå äî ∼1ÏýÂ
� p + γ→n + π+ - ôîòîàäðîííûå âçàèìîäåéñòâèÿ, îò 1/3 äî 1/2 äîëÿ
ôîòîàäðîííûõ âçàèìîäåéñòâèé ñ âûõîäîì íåéòðîíîâ, êîòîðûå óíîñÿò ≈
0.87 ýíåðãèè ïðîòîíà
[S. R. Kelner and F. A. Aharonian, Phys. Rev. D, 78, 034013 (2008)]
Îãðàíè÷åíèå íà ïîòîê íåéòðîíîâ ìîæíî ïîñòàâèòü èç íåíàáëþäåíèÿ
íåéòðèíî â IceCube

� Íåéòðîíû ñâîáîäíî ïîêèäàþò áëîá è âçàèìîäåéñòâóþò ñ âåùåñòâîì
îáëàñòè çâåçäîîáðàçîâàíèÿ. Òèïè÷íûå çíà÷åíèÿ òîëùèíû âåùåñòâà â
îáëàñòè çâåçäîîáðàçîâàíèÿ 1 ã/ñì2(KM08), çíà÷åíèÿ ìàãíèòíîãî ïîëÿ
BSFR ∼ 1 ìÃñ(C99)

� Îáðàçóþòñÿ ýëåêòðîíû 100 - 200 ÏýÂ èçëó÷àþùèå ∼ 1 ÒýÂ
ñèíõðîòðîííûå ãàììà-êâàíòû [Crutcher, ApJ, 520, 706 (1999)]
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Èçáûòîê íàä SSC

� SSC-ìîäåëü L23b

� Íåéòðîííàÿ êîìïîíåíòà
[S. Razzaque, O. Mena,
and C. D. Dermer,ApJ
691, L37 (2009)]
dN/dE ∝ E−γe−E/Ec

γ = 1.12, Ec = 1.53ÒýÂ

� Ñóììà SSC+ íåéòðîííàÿ
êîìïîíåíòà
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Íåéòðîííûé ïó÷îê

� Ïðîòîíû óñêîðÿþòñÿ â áëîáå äî ∼1ÏýÂ
� p + γ→n + π+ - ôîòîàäðîííûå âçàèìîäåéñòâèÿ, îò 1/3 äî 1/2 äîëÿ
ôîòîàäðîííûõ âçàèìîäåéñòâèé ñ âûõîäîì íåéòðîíîâ, êîòîðûå óíîñÿò ≈
0.87 ýíåðãèè ïðîòîíà
[S. R. Kelner and F. A. Aharonian, Phys. Rev. D, 78, 034013 (2008)]
Îãðàíè÷åíèå íà ïîòîê íåéòðîíîâ ìîæíî ïîñòàâèòü èç íåíàáëþäåíèÿ
íåéòðèíî â IceCube

� Íåéòðîíû ñâîáîäíî ïîêèäàþò áëîá è âçàèìîäåéñòâóþò ñ âåùåñòâîì
îáëàñòè çâåçäîîáðàçîâàíèÿ. Òèïè÷íûå çíà÷åíèÿ òîëùèíû âåùåñòâà â
îáëàñòè çâåçäîîáðàçîâàíèÿ 1 ã/ñì2(KM08), çíà÷åíèÿ ìàãíèòíîãî ïîëÿ
BSFR ∼ 1 ìÃñ(C99)

� Îáðàçóþòñÿ ýëåêòðîíû 100 - 200 ÏýÂ èçëó÷àþùèå ∼ 1 ÒýÂ
ñèíõðîòðîííûå ãàììà-êâàíòû [Crutcher, ApJ, 520, 706 (1999)]
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Ìåæãàëàêòè÷åñêèå êàñêàäû

∆t =
d2
c

c ∆d�l

δ2

12
[Alcock & Hatchett, ApJ 222, 456 (1978)]

Ïðîòîíû (E > 10ÝýÂ) îòêëîíÿþòñÿ â ìàãíèòíûõ ïîëÿõ ìåæãàëàêòè÷åñêèõ
ôèëàìåíòîâ. Ïðè B�l ∼ 10 íÃ (C25) è d�l = 1Ìïê ïðîòîíû îòêëîíÿþòñÿ íà
îäíîì ôèëàìåíòå íà δ = 3.1 ∗ 10−2 ðàä., ∆dfil = 15− 25 Ìïê (T24),
dc = 647.1 Ìïê

∆t ≈ 5.7× 10
6 ëåò

òèïè÷íàÿ çàäåðæêà êàñêàäíûõ ãàììà-êâàíòîâ îò UHE ïðîòîíîâ

↑ íà 11 ïîðÿäêîâ âåëè÷èíû ïðåâûøàåò äëèòåëüíîñòü íàáëþäåíèé

LHAASO (∼3000 ñ)
Âêëàä òàêèõ êàñêàäîâ â íàáëþäàåìûé ñèãíàë íà ðàííåé ñòàäèè

ïîñëåñâå÷åíèÿ êðàéíå îãðàíè÷åí
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Âûâîäû

� Îïèñàíèå ïåðâè÷íîãî ñïåêòðà ñ ïîìîùüþ PWL èñêëþ÷åíî ñî
çíà÷èìîñòüþ > 5σ äëÿ âñåõ êëþ÷åâûõ âðåìåííûõ èíòåðâàëîâ â ìîäåëè
G12

� Ãàììà-êâàíòû, ïîðîæä¼ííûå óáåãàþùèìè íåéòðîíàìè, ìîãóò âíîñèòü
çíà÷èòåëüíûé âêëàä â ñïåêòð GRB 221009A âáëèçè 1 ÒýÂ

� Âêëàä ãàììà-êâàíòîâ îò ìåæãàëàêòè÷åñêèõ êàñêàäîâ, èíèöèèðîâàííûõ
ñâåðõâûñîêîýíåðãåòè÷åñêèìè ïðîòîíàìè, ïîäàâëåí èç-çà çàäåðæêè
ïåðâè÷íûõ ïðîòîíîâ/ÿäåð â ôèëàìåíòàõ âíåãàëàêòè÷åñêîãî ìàãíèòíîãî
ïîëÿ

� Äàííûå LHAASO ìîæíî îáúÿñíèòü â ðàìêàõ Ñòàíäàðòíîé ìîäåëè áåç
ïðèâëå÷åíèÿ ýêçîòè÷åñêîé ôèçèêè



Áýêàï



Êðèâàÿ áëåñêà è ñêîðîñòü ñ÷åòà
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Ðåçóëüòàòû: SED ïî âðåìåííûì èíòåðâàëàì
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Ðåçóëüòàòû: ñòàòèñòèêà ôèòîâ

Èíòåðâàë, ñ EBL Ìîäåëü χ2/dof p-value Z , σ

230�300 G12 EPWL 0.78 0.633 0.34
230�300 G12 PWL 13.3 1.1×10−23 9.96
230�300 S21 EPWL 1.6 0.120 1.18
230�300 S21 PWL 3.9 2.6×10−5 4.05

300�900 G12 EPWL 1.2 0.282 0.58
300�900 G12 PWL 33.9 3.1×10−73 18.1
300�900 S21 EPWL 0.7 0.749 0.67
300�900 S21 PWL 10.7 5.3×10−20 9.08
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Íàáëþäàåìûå ñïåêòðû ýëåêòðîìàãíèòíûõ êàñêàäîâ

Íàáëþäàåìûå ñïåêòðû

ýëåêòðîìàãíèòíûõ êàñêàäîâ,

èíèöèèðîâàííûõ íà êðàñíîì

ñìåùåíèè z = 0.005 (÷¼ðíûé),

0.01 (êðàñíûé), 0.02 (çåë¼íûé),

0.05 (ñèíèé), 0.10 (æ¼ëòûé),

0.15 (ôèîëåòîâûé).
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Ñîâìåñòíûé SED LHAASO-WCDA è LHAASO-KM2A â

äèàïàçîíå âðåì¼í 300�900 ñ.
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Îöåíêà õàðàêòåðèñòè÷åñêîé ýíåðãèè Ec

Îöåíèâàåì Ec ÷åðåç ïðîñòîå ïðèáëèæåíèå äëÿ ýíåðãèè ñèíõðîòðîííîãî
ôîòîíà [D. Khangulyan, M. Arakawa, and F. Aharonian, MNRAS 491, 3217
(2019).]:

Ecm =
6× 107 ýÂ

1+ z

(
Ee

1ÏýÂ

)2(
BSFR

1ìÃñ

)
, (3)

ãäå ýíåðãèÿ ýëåêòðîíà:

Ee ∼
(1− fpγ)E

′
p-maxD

20
= 174ÏýÂ, (4)

äëÿ ïðîòîíîâ, óñêîðåííûõ â ñèñòåìå ïîêîÿ áëîáà äî E ′
p-max = 4ÏýÂ.

Ïîëó÷àåì Ecm = 1.58ÒýÂ - áëèçêî ê çíà÷åíèþ èç ôèòà Ec = 1.53ÒýÂ.
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