A bright electron-positron annihilation line
in the BOAT GRB221009A
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.l Discovery of y-ray lines

1 by GECAM Group: the highest-energy y-ray line detected in the universe!
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.- Brightest-of-all-time (BOAT) GRB 221009A

J GECAM-C/HXMT/Fermi-GBM:
main burst (keV-MeV-sub GeV)

* this burst is so bright that the Fermi-GBM detector
suffered significant data loss and pile-up effect during the
bright part of the burst, making reliable data analysis very
difficult. (HXMT & GECAM 2024)

* Fortunately, GECAM-C did not experience such problems
thanks to its dedicated design of the instrument; thus, the
GECAM-C data was used to correct the Fermi/GBM data.

(Y.-Q. Zhang et al. 2024)
d LAHHSO: TeV afterglow

1 MeV lines: the biggest surprise in the
prompt GRB spectra in at least a decade
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the “BOAT” GRB 221009A
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M_Over 60,000 gamma-ray photons collected

: - M Enhancement of the photon flux by.more
. -than 100 times in less than 2 seconds

B The brightest and narrowest
gamina-ray burst jet ever detected
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.l The global picture of y-bursts (GRBs)

Jet structure:

Break time I': jet's bulk Lorentz factor
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.l Creation, annihilation, and decouping of e* pairs

no assumptions on e pairs' particle physics origin

ek e s s o e s e s s «  Decoupling of e-pairs from pair plasma
. Yy +y & et 4 e | (Ruffini et al. 1999, 2000, 2001)
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.- Model and Assumption

An expanding sphere (i.e. a jet with opening angle 6;¢;) that -
moves at § = %~1 and produce line emission from r tor + Ar o, , 4

o Equal arrival time surface (EATS):

A
12 (t—1t,) = (1 —Bcosb) E

o High-latitude curvature effect:

>

r ﬁC engine r 1+Ar Earth

ZZ et al. (2024)
- Eline ~ 5D El’ine X (t — L )_1

-------------

o Line flux evolvesas: ¥ = fl" —p 0C (1 — 19) T

L 6



.- Observations (zzetal. (2024)]

o Line central energy:

- Eline ~ 5D El’ine X (t — & )_1

o Line flux Fyjne evolves as:
€ oc 6261
-3+
= Fline o« (f — 1)

- a~0.9

o Line width: o/Ejjpe~ 0.1

= non-relativistic
(NR, comoving frame)
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.-Jet’s half-opening angle

o Line central energy:

- Eline ~ 5D El’ine X (t — Lo )_1

The power-law decay lasts for = 135 s. Thus,
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consistent with TeV afterglow observation

~ 0.8° ZZ et al. (2024)

Insight-HXMT and GECAM-C observations of the A tera-electronvolt afterglow from a narrow jet in an
brightest-of-all-time GRB 221009A
Our direct, independent

extremely bright gamma-ray burst 221009A

Insight-HXMT& GECAM collaboration
measurement!

LHAASO Collaboration*"
GRB 221009A is the brightest gamma-ray burst ever detected since the discovery of this kind

Some gamma-ray bursts (GRBs) have an afterglow in the tera-electronvolt
of energetic explosions. However, an accurate measurement of the prompt emission proper-

(TeV) band, but the early onset of this afterglow has not been observed. We
ties of this burst is very challenging due to its exceptional brightness. With joint observations
Science 380 (2023) 6652

of Insight-HXMT and GECAM-C, we made an unprecedentedly accurate measurement of

report observations with the Large High Altitude Air Shower Observatory of
the emission during the first ~1800 s of GRB 221009A, including its precursor, main emis- the bright GRB 221009A, which serendipitously occurred within the instru-
sion (ME, which dominates the burst in flux), flaring emission and early afterglow, in the ment field of view. More than 64,000 photons (above 0.2 TeV) were detected
NSR 2 3 03 O 1 2 03 hard X-ray to soft gamma-ray band from ~ 10 keV to ~ 6 MeV. Based on the GECAM-C
) cee ey .

unsaturated data of the ME, we measure a record-breaking isotropic equivalent energy (Fis,)
of ~ 1.5 x 10%° erg, which is about eight times the total rest-mass energy of the Sun. The

early afterglow data require a significant jet break between 650 s and 1100 s, most likely at
~ 950 s from the afterglow starting time 7'y, which corr

within the first 3000 seconds. The TeV photon flux began several minutes after
the GRB trigger, then rose to a flux peak about 10 seconds later. This was fol-
lowed by a decay phase, which became more rapid at ~ 650 s after the peak.

o . . The emission can be explained with a relativistic jet model with half-opening
p to a jet of g angle of
~ 0.7° (n,n)"/%, where n is the ambient medium density in units of cm~* and 1, is the ra-

tio between ~-ray energy and afterglow kinetic energy. The beaming-corrected total y-ray

angle ~ 0.8°, consistent with the core of a structured jet. This interpretation
could explain the high isotropic energy of this GRB.




.-Why the MeV line is so bright ?

* GRB spectra Z.Li 2010; ZZ et al. (2024)
?
| | 2
€b | | €p=0p/€p
B hv | ; : I
T | M@ ael N -
) | |
@ |
N\
= 0 o
O @ >
NZA o & : N, (&) o« g=(@+D)
= B 2
g S g
® !
E (Li 2010) |} &, ~ 1-100 Gev ?
. | I . 1 > Log [E]
. - Line luminosity:
. L i e=o3/e. y:
[ | [
g, | ? Liine ~ 10°° — 10°" erg/s




M Pair production optical depth Tyy = &
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.. Line > 10°! erg/s is required!

= 0N,: photon number above the spectral peak;
* §E, = 6N, 6p me c?

f o N, (&) o g=(@+D)

ZZ et al. (2024)
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€ ~ r9 Lline ~ Ly-

i >T, Ly = 7.9 X 10°%erg s~ 5 > 1()°2
. €c s | &line — /- g 1()54erg g1 < 10 erg/s
When T = €|, -, we have r =19 l" —(2a-1) 5E)/ > 1051 erg/S
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.- Why the MeV line is so narrow ?
Constraint on thermal motion

o line width: ¢/Ejj e~ 0.1 — e velocity: B, < 0.1

L 2
o Background magnetic field: = \/8” (4m,zyrzc) (Z) = \/8” (4,”,21;%)

1

16X 10°G [—cr® ( ’ )_l C)
' 10°4 ergs~1/ \10!6 cm 500

Synchrotron radiation: Ué = LB/47Tr2F26

o Cooling mechanisms:

—

Inverse Compton (IC) scattering: Ufy = L7/47TI’2F2C

==




.- Fast cooling mechanisms

o Cooling equation — Energy-lose rate: U' = Uz + U,

d’)/é 4,)//2 /20_ cl’ ,}/22 72

dt, 3 m, C2 2T [see ZZ et al. (2024)]

o Timescale for Cooling of e T pairs: T = 3nr’T?m,c? /201 Lom

-2
12 —t' /T —t' /T
B, =4e (2 + e )
U cooling of e® pairs to NR

Bo = 0.1 - ¢ =£, =467




.. Why the MeV line is so narrow?
Constraint on bulk motion AN P

Sp = .

o Variations over EATS:
A(l = BcosO)r + (1 —Bcos@)Ar =0

o Narrow line width of ~ 10%

Ar YY) D . .
_— = S O . 1 engine r T+ Ar Earth
r 0 D |

>

i ZZ et al. (2024)

b

o Fast cooling & annihilation timescales: typ & thnn < 0.1t
NR ann dyn

v’ The line central energy evolvingast ™! = | t},, = — =A/m,c®=1.64%x103s
dyn = . e

— further constraints on e* pair’s creation, cooling, and annihilation




.- Further constraints

o tyr =4.6 TS 0.1t4,, => fast cooling mechanism: ?

-3
I L
3 3 16 T cm

fast cooling of eT pairs to NR

O tinn S 0.1tg,, => fast annihilation of e* pairs :

e L[] ] 4 3 -
* Cross section of annihilation: g,+,- = s 0T Be
1

: : s 8 1 ,
* Timescale for pair annihilation: t,, = = —— < 0.1t
A nlo,+,-Bec 3 oqnk dyn

How to estimate the number density n’ of et pairs ?




.. Number density of NR e¢* pairs n/, = ?

If the spatial distribution of NR pairs is clumpy with volume filling factor
f, < 1,then ~
’ = £

» Here, f, < 1 may arise from magnetic connection,
shocks, baryonic interaction, and NP mechanisms?

o Balance between formation and annihilation of e* pairs:

formation rate density = annihilation rate density

Ny|>e(./47Tr2CFtéyn S(Ec/ep)—a y/4ﬂr3meC2€p et <n’i>/tz,mn >~ (3/8)(”;)”;076‘

(spatially averaged) (spatially averaged)

observation

= n) = £, ?[(8/3)e./€,) L, J4nr’m.Pore,]
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n, = f ' P18/3)(€/€) Ly [Anr3mecPorre,]

I &~ max(ele,., o)

/ ~ 2 I .

—(a+2)
r < 10" cm X min [0.065 £, Rk B b o
¥\ 500 10°* erg s~

~Qa+2)/3 1/3 1/3
0.80 £71/3 = o b :
Y 500 10°% erg 10°% erg s~




.- Optical depth problem

o Generally, the Thompson optical depth of a GRB jet for a photon:

8 . t4 80
Tes = <n5£> or r/T =§fv,_yn N?fv

tann

o Trditionally, f, =1 > Tos > 1 (a[wgys). If so, any spectral line should appear as
blackbody emission, inconsistent with observations. [That’s why we introduce £, < 1]

ft.s =1, f,= % = 0.038 = highly clumpy?

o As fast pair annihilation occurs, it reduces the time that a photon can interact
with pairs to 0.1 téyn. Thus, the Thompson optical depth e line emission

: 8 . tiyn 8
Tes=0-1<ni>O-Tr/F=§fv 7 "’gfv

tann

fT.c =1, f, < % = the presence of a slightly clumpy region;
 The MeV line is able to freely escape from the pair plasma. m




— directly restrict the
L physics of GRB jets with
observations, leaving a large

—— pair cooling parameter space available.
— pair annihilation

line luminosity
— line energy

1) r=10%cm, T =130;
/ 2) Lineenergy o« t~1
line = 1051 3) — high-latitude effect;
€ro/s 4) Line flux < t =21 - angle
dependence of line emission;
5) IfI' = 400, a magnetic-
energy dominated jet is
required;
6) tur tann S 0.1tgy,=164s;
7) ...
8) Tes =1 — aslightly clumpy
region with f,, < 3/8;

I — The MeV line can be
% naturally attributed to the

K% High-latitude emission from
— \ — annihilation of e® pairs!

10° 10*

- (Pe’er & Zhang 2024 Z&E35|FH) m




.- Dynamic mechanism / TeV afterglow origin !?

Jet’s bulk Lorentz factor: " oc (f — to)_k Medium density: 1 oc 7~ °

Ifs€f0,3), k=3-15)/(8=2s) <3/8
If s = 3, n will decrease steeply with 7 and the shock even speeds up with r

v k ~ 1"5 density bumps in the medium i~ front of the shock

v" I" decreases to 20 within tg, ~ 100s, in contradiction with the TeV afterglow data
(T~440)
At the deceleration radius (LHAASO 2024),

raee ~ 1077 cm(Ey/10% erg)‘/3él“0/440§_2/3(n/1 cm?®) >/

v' — The born pairs are unable to reach a NR state because the luminosity Lty of
the external shock emission is too low m




.- Atomic line / Nuclear line !?

o keV-scale atomic line of heavy element

Ravasio et al.(2024) Wei et al.(2024)

° _ _ 3
Eli‘;ihangil(m})o MeV—>F ______ ? 00 =10 (T ~ 440 2 700: 2404.03229)

If Ejjpe ~ 37 MeV,: F > 103 in contradlctlon with the TeV afterglow data

o nuclear decay line
* line central energy: E; ~ 0.1 — 3 MeV
* mean lifetime (74): gy ~ 135 s, i.e., 74 = Dty = 10° — 10%s

* total mass of radioisotope (Mjso):

Lijne = lﬂzdedjwiso/(TdAisoWlb) ~ 1051€fg S_l d EMiso 2 Aisofd_lMO

branchlng ratio of nuclear Ilne: fd < 1 :llllllllllllllllllllllllllllllllllllllllllll:

A traditional core collapse supernova: < 0.1M “°Ni with 7, ~ 10%s




.- Summary and Conclusions

* Restricted the jet physics with observation, leaving a large parameter space available
for the origin and mechanism of e pair annihilation

* Solved problems on ~ 37 MeV, the high brightness, narrow width, and timing evolution

balance between pair creation and annihilation, Thompson optical depth, the presence

of clumpy regions with 7. = 1 and f, < 3/8, and relevant physical processes [mostly
ignored in the literature]

1) r=10%cm, T = 130;
2) Ljine ¢ t~%! — angle dependence of line as high-latitude emission (Ejjpe & t™1);

3) I' 2 400 — a magnetic-energy dominated jet is required;
* Excluded other origins and mechanisms, such as the atomic line, nuclear line

Corollary. = The MeV line is indeed a bright e* pair annihilation line ! E




line luminosity
— |ine energy
— pair cooling
—— pair annihilation
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