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1. Pair production in internal shocks

2. Coupled photons-leptons evolution

3. Identifying spectral components associated to pair production

4. The MeV line in GRB 221009A



Pair production in internal shocks 1s it important 2

Prompt emission model| :
® Internal shocks dissipate energy above the photosphere
® Accelerate electrons + magnetic field

® Radiation : Synchrotron, Inverse Compton scattering

® Pair production Collisions He d,ff verse l Fo
o |

Rees & Mészaros 1994 = 10" cm
Mészaros 2019 = vl




Pair Pl’OdUC"’IOn in internal shocks Is it |mpor1‘amL ?

® GRB spectra = Band/BPL peaking at ~1 MeV, +
High energy components ?
® Tail or second component prone to pair

production : y+y =¢ +e¢

® Cutoff energy : constraint on y or lower limit.

What is the effect of the pairs beyond this ?

€cut

2

® Secondary emission ? Additional components ?

— relativistic

e Pairs carry energy ~

® Pair annihilation line (BOAT GRB221009A) ?

vF, (erg/cm?/s)

Yassme et al. 201 /

Ravasio et al. 2024
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COUPled PhOfOns-lepfOns evolution Modelling the emission region

® One zone : uniform + isotropic ® Processes : Parameters:
® Parameters (comoving frame) : > Radiation (syn. & IC), adiabatic cooling |fgy, = 1000s

> Injected electrons : 1y, Ymins P > Pair production : y+y —> e~ +e™ B = 51%%(} .

s : cen oy _ Ny = cim—
> Magnetic field : B > Pair annihilation: e~ +eT > y+y },O, — 5000
. . min
> Dynamical timescale : 7;,, p=25
— =0.00e+00
dyn
o) Relativistic leptons
103 -
i 100

— total

prim. syn. o o|= 1072-
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COUPled PhOfOns-lepfOns evolution Modelling the emission region

® One zone : uniform + isotropic
® Parameters (comoving frame) :

> Injected electrons : 1y, Ymins P
> Magnetic field : B
> Dynamical fimescale : f;,,

— total
prim. syn.

== prim. IC
sec. syn.

- sec. IC
e —eTtline

® Processes :

> Radiation (syn. & IC), adiabatic cooling

> Pair production : y+y —> e~ +e™
> Pair annihilation: e~ +eT > y+y

Parameters:
Layn = 1000s
B = 500G

ny = 10°%cm-3
Ymin = 2000
p=25

o) Relativistic leptons
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COUPled phofons—lepfons evolution Modelling the emission region

® One zone : uniform + isotropic
® Parameters (comoving frame) :

> Injected electrons : 1y, Ymins P
> Magnetic field : B

» Dynamical tfimescale : Layn

— total
prim. syn.

== prim. IC
sec. syn.

- sec. IC
e —eTtline

t

® Processes :
> Radiation (syn. & IC), adiabatic cooling
> Pair production : y+y —> e~ +e™

= 7.85e-03

tq yn
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> Pair annihilation: e~ +eT > y+y

o) Relativistic leptons

\-’\

Parameters:
fayn = 1000s
B = 500G
ny = 10°%cm-3
Ymin = 2000
p=25
m—OriMAary
- = gecondary

By



— total

COUPled PhOfOns-lepfOns evolution Modelling the emission region

® One zone : uniform + isotropic ® Processes : Parameters:
® Parameters (comoving frame) : > Radiation (syn. & IC), adiabatic cooling |f3,, = 1000s
> Injected electrons : 1y, Ymins P > Pair production : y+y —> e~ +e™ B = 51%%(} .
" . Qe g _ Ny = cm-~
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COUPled phofons—lep‘l'ons eVOIUﬁOn Modelling the emission region

Parameter space :
e Well model the GRB population

e Optically thin for primary leptons : 7, < 0.1

Parameter Min Max Steps

tayn (S) 10~2 103 10
B (G) 1 104 10
ne (em™3) 10* 101 10
Yo 10  10% 10
D 2.0 3.0 O

Question : What are the spectral components associated to pair production ?
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3. Identifying spectral components associated to pair production
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Identifying the spectral components associated to pair production

Synchrotron dominated cases (i3 > 1) : — total Parameters:
prim. syn. fayn = 2.8 X 107 s
== prim. IC B=36x10°G

® Primary synchrotron dominates + Abundant sec. syn e =22% 105 cm=3
. syn. 0 =2.

pair production +ee sec.IC Fmin = 10°
e~ —eTtline p = )

= Secondary synchrotron dominates at

lower energy (pairs ¥ < 7,,) ‘oo ttan=1.00e+00 , =100

= Break and softening of the low energy ; T
photon index - _

¢ Is a unique signature of abundant pair
production

SVOM ECLAIRs
Fermi GBM
Fermi LAT

® Not observed => constraints on pair
production

e Observable ? Could explain some optically
bright GRBs ?




Identifying the spectral components associated to pair production

IC dominated cases (ug < 1) :

If primary Inverse Compton is important at High

Energy and is strongly absorbed :
® Secondary IC dominates at high energy

e Synchrotron may still dominate at lower
energy

— coupled low and high energy components
(BPL + PWL fit ? GRB 0909028,...)
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prim. syn. tdyn = 1.65s
—= prim. IC B=13x10°G
+e+ sec. syn, ny=2.2x10%cm™
. sec. IC Yinin = 4.6 X 10°
e~ —e*line p =
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Identifying the spectral components associated to pair production

Pair annihilation line : —— total Parameters:
prim. syn. fayn = 2.8 X 10°s
In sufficiently compact cases : == prim. IC B=36x10"G
. . sec. syn. ny=10x10"cm™
¢ Very abundant pair production e secIC y = 1.0 % 10°
e Annihilation of positrons and electrons close to e -eine p=

threshold 4 t/tyyn =1.00e + 00 , =300
107 5

— Narrow emission line at 0.511 MeV

Pairs must cool down before annihilating 10° -
= Line always accompanied by secondary o 2
. . C
emission o 10% 2 ..t
W : z
3.

SVOM VT
Fermi LAT

101 :
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The MeV line in GRB221009A Ak.A. the brightest of all time

3 time intfervals :

® No line

® Bad Time Interval
® ~10 MeV residuals

Ravasio et al. 2024
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The MeV line In GRB221009A Ax.A. the brightest of all time

104

3 time intervals : | — Eine = (£-2265) 710" .
. - 4 Zhang+ 2024 (All use Fermi GBM data,
® No line - 4 Ravasio+ 2024 Zhang+2024 also use GECAM)

Axelsson+ 2024

® Bad Time Interval
® ~10 MeV residuals

Line properties : |
® Evolve with hme1 \/ *‘S\M\ HLE schematic drawing
¢ Elme x (7 — t()) | | CAt

o Lbalometrlcpc,(t - tO) -3

Ejine (MeV)

line
— High Latitude
EmiSSion ? \ 240' B '2(]50' - '22'30' - l3(;0' - '3210' - '34;0' - '36lOl - '380
Time (s) since 2022-10-09T13:17:00.000
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The MeV line in GRB221009A Ak.A. the brightest of all time

But producing a visible line is not

easy :

e Pair production & annihilation _—
reprocess high energy photons el
into the line ~L

® Theres often less energy than

the continuum \Lo/rv .
€ €

We define the Contrast : Contrast ———-........

e vF (line)/vF (continuum)
® > few from data

cut 8ann 8cut

Can we reproduce the high
contrast with our one zone
emission model ? Murase & loka 2008
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The MeV line in GRB221009A

Looking for high contrast Maximum contrast

4.0

® No pairs in most cases : Expected
BOAT = Unique = Extreme conditions ?

e Diagonals : 7, = COpl4ynty constant (Without

PairS) S

- 3.5

- 3.0

® High contrast when opacity with pairs > 1

19



The MeV line in GRB221009A

Looking for high contrast Maximum contrast 7 — 02
1010 S \ 4.0
® No pairs in most cases : Expected
10° - 3.5
BOAT = Unique = Extreme conditions ?
e Diagonals : 7, = COpl4ynty constant (Without o >0
Pdil"S) S 107 2.5
® High contrast when opacity with pairs > 1
10° 2.0
10° 1.5
10* 1.0

102 1071 10° 10t 107 D3
tdyn

Example shown before

~ 0.5 with pai
(z, with pairs) .,



The MeV line in GRB221009A

: : . 7, = 0.2
Looking for high contrast . Maximum contrast
10 . * 4.0
® No pairs in most cases : Expected
- 3.5
BOAT
. ] - 3.0
® Dic 10° :
pai 2.5
® Hic & -
T e 2.0
G 107 R
: 1.5
' " . 1.0
1 ! , 101 10°  10% 102 D3
10 - . . . ,
10~ 107 10~ 102 10° 102 10% ayn
=_V_ Example shown before
meaC

(z, ~ 0.5 with pairs)
21



Summary

® Pair production is not expected to happen in all GRBs but can be a clue for the emission
processes that drive prompt emission

® Abundant pair production could be detected as :
- a low energy break (softening). It could explain some optically bright bursts
- An excess below and above the main peak, not unlike GRB 090902B, GRBO90926A
- A narrow emission line in the most extreme cases (GRB221009A ?)

® The emission line in GRB221009A could be associated to pair annihilation, but the
observed spectrum (line+continuum) is unlikely to be produced in a single region.

- Solution (?) : Temporal decoupling of pair radiation and annihilation (photon escape ? Pair
production region different from annihilation region ? See scenario by Salafia+ 2026)

Perspectives

e Further analysis to check model compatibility for specific bursts/population, parametrised
in X, optical, and high energy = need for a well characterised sample !

® Parametrise emission region using dynamics to identify most realistic scenarii.



