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.l Discoveries of y-ray lines in GRB 221009A
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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 LHAASO: TeV afterglow

L MeV lines: the biggest surprise in the
prompt GRB spectra in at least a decade
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] LHAASO &

the “BOAT” GRB 221009A

- LHAASO me: 1surcd the ﬁlSl 1flelg10\\ onset of high-energy photons-

‘GRB 221009A = $
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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GECAM

Gravitational wave high-energy Electromagnetic Counterpart All-sky Monitor
L GECAMAC
B e L — }$ (SATech01/HEBS)
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GECAM

Gravitational wave high-energy Electromagnetic Counterpart All-sky Monitor

® GECAM twins > GECAM series

« GECAM-A: Dec. 10, 2020 Few observation
« GECAM-B: Dec. 10, 2020 Operation
« HEBS (GECAM-Q): Jul. 27,2022  Operation

« DRO/GTM (GECAM-D): Mar. 13, 2024 Operation

® GECAM detected many transients E A e

« GRBs, SGRs, especially those associated with FRBs GECAM-A/B launched from the Xichang

. Solar Flares, Terrestrial Gamma-ray Flashes & new type of Satellite Launch Center (XSLC)

events
® Characteristics of GECAM series
« FOV: ~ 100% all-sky
- Energy band : 6 keV -5 MeV GECAM-C
. Sensitivity : ~ 1E-8 erg/cm?/s Q—,g}f: " <% HEBS)
* Localization :  ~2 deg (1-o stat, 1E-5 erg/cm?) GECAM-C onboard SATech-01 launched from

the Jiuquan Satellite Launch Center 4
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.l The global picture of y-bursts (GRBs)

Jet structure:

Break time I': jet's bulk Lorentz factor

— imprints on main burst
Relativistic ~ y

Jet opening effects
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Synchrotron radiation (SR) Inverse Compton (IC) scattering

relativistic jet = e.g., internal shocks — main burst externalﬁocks - TeV‘aftergIow
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.l Creation, annihilation, and decouping of e* pairs

no assumptions on e pairs' particle physics origin

ny (n.)

e Super-QED interactions in ultra-strong magnetic fields
(Kostenko & Thompson 2018, 2019)

* Pair annihilation lines @ E)j, .~ m,c?~ 0.511 MeV « 37 MeV

1

Ultra-relativitistic effect > Ejj e ~ 6p Ejine, Op= Fpees ) 10273

decoupling of e® pairs from jet plasma
(Ruffini et al. 1999, 2000, 2001)

Yi et al. (2024): storyline & multi-band signals

\ + go(nls (T) — nl).

Boltzman equations:

O(nexy(r)) 1o . ‘,
T = _ﬁa(’l'%zciy(/’.)vr)

thermal

thermalized Yi et al. (2024)

photons

non-thermal

b3

—
=

2 ft i B i 5 S F R H




.- Q1: Line energy power-law decay index -1 1

An expanding sphere (i.e. a jet with opening angle 6;¢;) that High-Latitude Emission (HLE)

v . « e
moves at § = ZNl and produce line emission from r to r + Ar

o Equal arrival time surface (EATS): .

A
12 (t—1t,) = (1 —Bcosb) E

o HLE effect:

—_— e e— ) — t—t -1
D T ,BC 0 x ( 0)
- Eline ~ 5D Elline X (t o tO )_1 engine r r+ Ar Earth
k=1
fO)=A@—1)™* _______________‘l_’ ________ > 1

SR o r oo
Observation: :‘tdyn == A/Ejipe { = I ~rcons.

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




.- Q2: Line Flux evolution

o Line flux Fjjpe evolves as:

de r

1" e .
New.. o 83 | mmmmoRERR.
D i :

7'- = | % dEjine |

Data Fitting — a ~ 0.9
IES  EEMURREER
o Two key problems: Q3 & Q4

o Q4 is a big chanllenge !

ignored in the literature
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.- Q3: Why the MeV line is so bright ?

* GRB spectra

yead ASiaua

Z.Li 2010; ZZ et al. (2024)

(Li 2010) |} & ~ 1-100 Gev ?

> Log [€]
Line luminosity:

I | &,=85 /€.

3 ? 50—51
e £ Lijpe = 10 erg/s




M Pair production optical depth Tyy = &

dN, "( ) dQ/ J a’Ny p
- O, €
) 2 d :

dt'dN.(e1) Videy, 77 dN,/de x L /€ g—(etl)

dN, axpl2=~ln,/2=11/180
N = (1,2) cop (1e]) ——
GVdey e,=1/e] (2) >5 le ™~ (512)/6)_(15Ny

N (’7(1/2) Or 7 dN}, SN, : photon number above the sg)ectral peak;
= (0p/€;) (3) 5E, = 8N, 8, m, c?;

471'R2 dt/dez ) Y
2=0p/el r2[ 4nrremec* 1
(1) ElTWZI - ——

dN. (77(1/2) OT dNy €p (a/na/z)O-TdEy
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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)

& N, ~ L, /(e;mec?)

b

€ ~ 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
r = 028 x 10em (%)/2( lo‘if;g)m ( 1016 Cm) (ﬁ) ( 10°%erg ) m




.- Q4: Why the MeV line is so narrow ?

** Narrow line width: - -

A. Plasma’s thermal SR R R
0 /Ejine~ 0.1 — eT velocity: B, < 0.1 - motion - BEBMTY
mostly ignored in the literature 5 B. Jet’s bulk motion BRI
a). Constraint on thermal motion:
Synchrotron radiation: U]'_,g = LB/47rr2F26

o Cooling mechanisms: -

Inverse Compton (IC) scattering: U; — Ly/47Tr2F26

==

o Background magnetic field: Bz\/gﬂ( Ly )(E_B)z\/gﬂ( Lg )
4ar:T2c) \ e, 4rriT2c

LB é— T -1 I’ -
~1.6x10°G ( ) o
( 10°4 erg s~! ) 10'® cm (500) m




.- Fast cooling mechanisms

o Cooling equation — Energy-lose rate: U' = Uz + U,
New!! ’2 /2 / 12 12
dy, 4 yEBrorcU e
d[, 3 mecz 2T [see ZZ et al. (2024)]
o Timescale for Cooling of e* pairs: T = 3nr’T?m,c? /201 Len,

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

Bo = 0.1 - ¢ =£, =467




.- Q4: Why the MeV line is so narrow? |
b). Constraint on bulk motion ) d

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

o Narrow line width of ~ 10%

Ay A 5D Independent of line’s origins! 5 >
— = —— < 0.1 = The HLE approximation engine o B Earth
r D ! flso see Vi
| .hﬂ.ldS v.vell. (als:o see Yi etal. 2024) , , , i ZZ et al. (2024)
o Fast cooling & annihilation timescales: tyr & thnn < 0.1¢
NR ann dyn b

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: ?

fast cooling of e* pairs to NR

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

- ] ] o 3 -
* Cross section of annihilation: g,+,- = s 0T Be
1

: : Qe 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 ~
’ o= £ )

* 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,]




s BT

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

< Q3: large Ljjne — highniT — large 7,5 T— blackbody # Q4: narrow Gaussian line

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

8 . t4 80
Tes = (n’i>GT r/r=§fvt/_yn N?fv

ann

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

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 ofyine emission

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




ine luminosit — directly restrict the

!ne uminosity physics of GRB jets with

I'n_e energy observations, leaving a large

—— pair cooling parameter space available.
—— pair annihilation

1) FEEZ(Q1):

line = 1052 Eline & 1

€ro/s =
2) &A% ~ 37 MeV
3) fBEREFZ(Q3):
Lline,O 2 10°17°2 erg/s
4) £I(EE)%(Q3<Q4):
Teg = 17
§  Cines 1054, .
%, "9/s 5) £R(ER)Z(Q4):
Od\d‘ U/ElineN 0.1
A
-3
1 \5‘\ — High-latitude emission from
—_ S a bright e* annihilation line!
103 104

--- partially confirmed by
Pe’er & Zhang; Yi et al. 2024




.- Atomic line / Nuclear line !?

o keV-scale atomic line of heavy element

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

¢ Ejipe ~ 8 — 10 MeV — I' ~ 800-1700

Y.Q. Zhang et al. (2024)  peemesssssssssneees

If Ejjpe ~ 37 MeV, F > 700 in contradlctlon with TeV afterglow data

B (T ~ 440 » 700)
o nuclear decay line

Hadronic Processes
* line central energy: E; ~ 0.1 — 3 MeV How to cool baryons to NR?

* mean lifetime (t4): tgue ~ 135 s, ie., T4 = [tger = 10° — 10%s

* total mass of radioisotope (Mjso):

Lijne = 1ﬂzdedjwiso/(TdAiSO’nb) ~ 1051€fg S_1 d EMiso 2 Aisofd_lMQ

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

A traditional core collapse supernova: < 0.1M “°Ni with 7, ~ 10%s
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r 51)

o Narrow line width of ~ 10% —

= The HLE approximation holds well!
also see Yi et al. (2024);
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o Line central energy: no HLE-like assumption

-1
- Eline ~ 5D El,ine X (t — Lo )

135s

EATS

.- ZZ et al. (2024)

The power-law decay lasts for =

_1/2 JUSEEEEEEEEEEEEEESE Ollgillo

>0.017 rad | —
S oot YT

TeV afterglow — (.8°

Elline
0.511 MeV

= Ejj. <0.511MeV -

= Qjet

Insight-HXMT and GECAM-C observations of the
brightest-of-all-time GRB 221009A

Direct, independent
measurement
* New method !!

Science 380 (2023) 6652
NSR, ... ..., 2303.01203

Insight-HXMT& GECAM collaboration

GRB 221009A is the brightest gamma-ray burst ever detected since the discovery of this kind
of energetic explosions. However, an accurate measurement of the prompt emission proper-
ties of this burst is very challenging due to its exceptional brightness. With joint observations
of Insight-HXMT and GECAM-C, we made an unprecedentedly accurate measurement of
the emission during the first ~1800 s of GRB 221009A, including its precursor, main emis-
sion (ME, which dominates the burst in flux), flaring emission and early afterglow, in the
hard X-ray to soft gamma-ray band from ~ 10 keV to ~ 6 MeV. Based on the GECAM-C
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 7'4.;, which corresponds to a jet opening angle of
~ 0.7° (,n)/*, where n is the ambient medium density in units of cm~? and 7, is the ra-
tio between ~-ray energy and afterglow Kinetic energy. The beaming-corrected total ~-ray

r r+ Ar

A tera-electronvolt afterglow from a narrow jet in an
extremely bright gamma-ray burst 221009A

LHAASO Collaboration*’

Some gamma-ray bursts (GRBs) have an afterglow in the tera-electronvolt
(TeV) band, but the early onset of this afterglow has not been observed. We
report observations with the Large High Altitude Air Shower Observatory of
the bright GRB 221009A, which serendipitously occurred within the instru-
ment field of view. More than 64,000 photons (above 0.2 TeV) were detected
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.

The epfiissiongan be explained with a relativistic jet model with half-opening

angle
could Shplaidf the high isotropic energy of this GRB.

0.8°, konsistent with the core of a structured jet. This interpretation

>

Earth

excluded neutron capture line @ 2.223MeV




.- Summary and Conclusions

+* Global Picture [see Yi et al. 2024 for details] :

large amount of prompt photons -> formation of et pairs -> two-photon annihilation -> balance before decoupling ->
fast cooling -> annihilation line -> broadening factors -> escaping emission line from jet plasma

o Restricted the jet physics & emission mechanisms with observations, leaving a large
parameter space available for the origin and mechanism of eT annihilation line

1) B¢t = 0.8° [new method; direct measurement]

2) r=10%cm & T (~r const.) = 120 [also see Yi et al. 2024]

3) Lijne ¢ t~%1 - angle dependence of line, as high-latitude emission (Ejje < t~1)
4) T' 2 400 (TeV afterglow) — a magnetic-energy dominated jet

» The y-ray line can be naturally attributed to the high-latitude emission from the
electron-positron annihilation line, basically excluding other origins such as atomic
and nuclear lines, in consideration of conditions within GRB jets.




line luminosity
— |ine energy
—— pair cooling
— pair annihilation
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State Key Laboratory of Particle Astrophysics

.- A 7 #ithsEn !

0.3-300 MeV
MeV Gamma-Ray Observatory (MeVGRO) B Fifd 10 £1{Z
IR : ERBEFERE. PR, &R i
LR T R HO RS R 1S 2 |
7 . — BEERES

Orbit 550km in 2.5° inclination angle -

Total Mass 3300kg o

Total power consumption 3.5 kW BN

Overall size 2.52.5m*2m

Observing mode Scanning Survey (~7times/day),

Pointing, TOO
Data downlink <40GB/day(after data compression)
Lifetime Syrs

Launch vehicle Cz-7
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MNelVGRO expected performarnce by simulation
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FOV 3.6 sr (+65°), Imagi — .
+ o
o — e ::I(;I 1 ) Mm\jg::I?IHM 56-4  7.9E-6  253E-6  12E-6
<2.5°
ngtiac kasouon S @IMCRIDON VA ) 808" 1c4 17066 158E-6 MG
~3000cm?@1MeV, 100MeV (30) |
:: 10 . \“/SPI
<1%@662keV % /</wm,,.‘..;.,
~1.0E-12erglcm?s@1MeV,100MeV . -
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.- 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 r and the shock even speeds up with r

Vikx=1- ‘Icér°go°e density bumps in the medium i front of shocks = modify THs of GRBs

d dJd
9%¢9/¢d¢

v" I" decreases to ~10 within t4, ~ 100s, in contradiction with TeV afterglow data

(I'~440 » 700)
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




