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Dr Ravasio’s discovery

Fermi/GBM data of GRB 221009A
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Spectral evolution
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Line property evolution

0 50 100 150 200 250 300 350 400
Time since Fermi/GBM trigger [s]

103 103

105 105

co
un
t/
s (a) Fermi/GBM NaI4 count rate

1050 1050

1052 1052

er
g/
s

(b) Lline

101 101

102 102

M
eV

(c) h line

[Salafia et al., 2026, arXiv:2601.14257]

3 Om S. Salafia – MeV line in BOAT GRB Swift 20



Line property evolution

0 50 100 150 200 250 300 350 400
Time since Fermi/GBM trigger [s]

103 103

105 105

co
un
t/
s (a) Fermi/GBM NaI4 count rate

1050 1050

1052 1052

er
g/
s

(b) Lline

101 101

102 102

M
eV

(c) h line

Ravasio+24

[Salafia et al., 2026, arXiv:2601.14257]

3 Om S. Salafia – MeV line in BOAT GRB Swift 20



Line property evolution

0 50 100 150 200 250 300 350 400
Time since Fermi/GBM trigger [s]

103 103

105 105

co
un
t/
s (a) Fermi/GBM NaI4 count rate

1050 1050

1052 1052

er
g/
s

(b) Lline

101 101

102 102

M
eV

(c) h line

Axelsson+24

Ravasio+24

[Salafia et al., 2026, arXiv:2601.14257]

3 Om S. Salafia – MeV line in BOAT GRB Swift 20



Line property evolution
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Origin of the line?

How do you produce a narrow feature with L ∼ 1050

erg/s luminosity at hν ∼ 10 MeV?

e+e− annihilation line

[Prantzos et al. 2011]

Doppler blueshift

−→ �

Doppler factor
δ = 1

Γ(1−β cos θ) ∼ 20
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High-latitude emission (HLE)

If

tem ≪ r/c

then
HLE dominates time evolution,

and

L(tobs) = 2E/tang

(1 + tobs/tang)3

hνobs(tobs) = 2Γhν′

(1 + tobs/tang)

where

tang ∼ r

Γ2c

[e.g. Kumar & Panaitescu 2000; Oganesyan et al. 2020; Salafia et al., 2026]
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High-latitude emission (HLE)
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e+e− annihilation line HLE
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e+e− annihilation line HLE → parameter constraints

t-t0tang0

h𝜈obs

Lline

E/tang

𝛤 h𝜈'

Assuming e+e− annihilation

hν ′ = mec
2

E = 2ΓN±mec
2

tang ∼ (1 + z) r

Γ2c

Results

N± ≈ 2 × 1057r16 (1)

Γ ≈ 200 r16 (2)

r16 ∈ [0.1, 4] (3)

t0 ∼ tonset,LHAASO (4)
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e+e− annihilation line HLE → parameter constraints
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The scenario
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Pair enrichment and acceleration: the basic block

tt2t1ts

𝜀

𝜀

𝜀sc

𝜀

𝜇

𝜇

e+ e-

e- or e+

e+ e-

[Thompson & Madau 2000; Beloborodov 2002]
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Radiative cooling

Electrons in blastwave initially relativistic.
Pairs also mildly relativistic when produced (γ± ∼ 10).

BUT

t′
cool,IC ≪ ∆t′

illumination

→ leptons can be assumed cold (phew!)
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Technical note
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w/
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)
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B02 numerical
This work
This work, B02 formulae

Evolution equations in Beloborodov 2002 contain typos. Correct equations
in our appendix.

[Salafia et al. 2026]
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Example blastwave evolution during illumination
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IC emission from pairs
• Pairs born with γ± ∼ 10.

• External inverse Compton, 2Γ(γ± − 1)mec
2 emitted per pair.

• Emission in HLE regime: LEIC ∼ N±×2Γ(γ±−1)mec2

tang
∼ 1051 erg s−1.

• hνEIC ∼ γ2
±Epeak ∼ few × 100 MeV → LAT band

[Axelsson+2025]
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Precursor radiative efficiency

Epre ∼ 1054 erg vs Eγ,pre ∼ 1051 erg

very low efficiency?

CSM as ‘Thomson screen’:
optical depth dominated by low r (wind case)

If rγ ∼ 1014 cm, then e−τT,CSM ∼ 10−2
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Feedback on prompt emission spectrum
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Absorption radius

[Beloborodov 2005]

Absorption from maximally pair-enriched, but
not-yet-accelerated material. Assuming wind

density profile:

Rabs(Eγ) ∼ Racc ∼ 8 × 1015E
1/2
γ,53 cm

τγγ,max ∼ σTZ±,accn(Rabs)Rabs

τγγ,max ≳ 1 if A⋆ ≳ 530E
1/2
γ,53

[Oganesyan, Salafia, et al. 2026, arXiv:2601.14393]
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Case study: GRB 190114C
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[Oganesyan, Salafia, et al. 2026, arXiv:2601.14393]
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Afterglow emergence?

Konus Wind + AGILE data

[Ursi et al. 2020]

19 Om S. Salafia – MeV line in BOAT GRB Swift 20



CSM comparison

Ib/c Ibn/cn IIbIIP/L SLSN

GRB 190114C

GRB 221009A

[Adapted from Brethauer et al. 2022]
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Where does the CSM come from?

Pre-collapse eruptive mass ejection?

η Carinae
[NASA, ESA, Hubble; Processing & License: Judy Schmidt]

Binary interaction?

[Chevalier 2012]
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Effect on the afterglow?

n

r (cm)

(c
m
-3
)

1016 1018

109

}104
MCSM~0.1M⊙
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Effect on the afterglow?

n

r (cm)

(c
m
-3
)

1016 1018

109
precursor
blastwave
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Effect on the afterglow?

n

r (cm)

(c
m
-3
)

1016 1018

109
preaccelerated
pair-enriched
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Effect on the afterglow?
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Thank you!
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NS-NS merger outcomes on M1, M2 plane
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NS-NS merger outcomes on M1, M2 plane

proto-magnetar

proto-magnetar

[see e.g. Piro+17; Salafia+2022. DNS data: Farrow+19; GW data:
Abbott+19,20]
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Jet structure

← Salafia & Ghirlanda 2022

[Jet propagation and breakout: see
e.g. Matzner 03, Bromberg+11,
Salafia+19, Lazzati & Perna 19,
Hamidani+20,21,
Gottlieb+18,20,21,22,23 ...]

1 Om S. Salafia – SGRB pop studies YITP – Kyoto 2026



A quasi-universal jet?
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• If GRB170817A were
on-axis, its afterglow
would resemble that of a
typical SGRB

• Allowing for a factor of 3
spread in energy and
ISM densities
n ∈ [10−4, 1] explains
most of the diversity

• Kilonovae much less
diverse than associated
SGRBs → extrinsic
source of diversity such
as viewing angle?

[Salafia+19, see also
Beniamini+19, Ioka+19,
Fong+19, Ascenzi+19,
Rossi+20, Lamb+22]
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A quasi-universal jet?

∆Mej/Mej ∼ 10
∆Eγ,iso/Eγ,iso ∼ 600

[Rastinejad+25, see Andrew Levan’s talk]

• If GRB170817A were
on-axis, its afterglow
would resemble that of a
typical SGRB

• Allowing for a factor of 3
spread in energy and
ISM densities
n ∈ [10−4, 1] explains
most of the diversity

• Kilonovae much less
diverse than associated
SGRBs → extrinsic
source of diversity such
as viewing angle?

[Salafia+19, see also
Beniamini+19, Ioka+19,
Fong+19, Ascenzi+19,
Rossi+20, Lamb+22]
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Population study

“The short gamma-ray burst population in a quasi-universal jet scenario”
Salafia et al. 2023, A&A, 680, A45

• Focus on Fermi/GBM SGRBs
(T90 < 2 s)

• 3 carefully constructed samples:

◦ 367 SGRBs with spectral info in
GBM catalog

◦ 18 GBM SGRBs seen also by
Swift/BAT, high flux cut
(S-BAT4-ext ∩ GBM → 90% with
measured z)

◦ 1 GBM SGRB + GW (GW170817)

¡ Careful modelling of selection effects !
(we did our best, but still space for improvement!)
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GBM SGRB detection efficiency
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The population model: quasi-universal jet
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The population model: quasi-universal jet
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Model compared to GBM sample
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Model compared to GBM+BAT sample
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‘Apparent’ structure
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Rate density
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Rate density evolution
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Delay time distribution
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[Pracchia & Salafia 2026, arXiv:2601.03861]
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Viewing angles of SGRBs with measured z
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Selection effects shape apparent Yonetoku correlation
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Selection effects modelling in transient population
inference
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Selection effects

Transient population
• Event rate per

unit redshift:

dṄ

dz
= ρ̇(z)

1 + z

∂Vc
∂z

• Luminosity
function:

dp

d ln L
= L

dp

dL
= 1

Ṅ

dṄ

d ln L

(simple
z-independent
case)
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Selection effects

Transient population
• density in

(z, ln L) space:

d2Ṅ

dz d ln L

16 Om S. Salafia – SGRB pop studies YITP – Kyoto 2026



Selection effects

Observed population,
(e.g. by our favourite

satellite)

Most transients in the
Universe are missed
(typical situation).
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Selection effects

Naive selection effect
modelling:

limiting flux → limiting
luminosity

Llim(z) = 4πd2
LFlim

Detection efficiency:
step function.
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Selection effects

Actual detection
efficiency typically
rises to 100% over
∼ 1 dex in F .
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Selection effects

Observed distributions
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Selection effects

Observed distributions
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Selection effects

Gedankenexperiment:
• Naive Flim model
• Data (grey

histograms): true
population +
actual selection
effects

• Can we still fit
the data
assuming the
naive model?
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Selection effects
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Selection effects

Yes, but with
large biases!
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