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Information about, e.g.,
explosion energy
(isotropic energy E,),
surrounding environment
(density n, Lorentz factor
I', composition),
magnetic field strength,
and jet properties (angle,
velocity).

Afterglow observations
assist in understanding
the physics of GRBs,
their progenitors, and the
extreme conditions
involved.



MVL%W&VO&MO”" “‘bwﬂl‘w observations O  GRB 221009A (Huang et al., 2022)

T - . . T,, =600s, 106, z=0.151, E,~10*erg.
: % Up to E~13 TeV reported by LHAASO.

4 LAT (q.1-1GeV) = 1

S B T O  GRB 190114C (Acciari et al., 2019)

a
9 GHz (VLAATCA x10%)

Ty, = 116's, 500, z = 0.4245, Ek~1053 erg.
) Detected at 300 GeV <E <1 TeV by
1”'% pon | E MAGIC. Prompt emission.
>3 m"m’ i
‘ ] . . : : Q GRB 180720B (Abdalla et al., 2019)
1 ’ T,, =48.9s, 50,z =0.653, £, ~10%erg.
P — Up to E~440 GeV detected by H.E.S.S.,
AT 100 e 110 oot ’ ' 10 hrs after initial burst.

Formi-GBM (8 keV - 10 MoV) = Power Law + EBL
Swift-BAT+XRT(0.3 keV - 10 keV): 4 Forward Folded Data
Optical (r - band)

(MeerKAT,GMRT x10
v v

13GHz

Flux [erg/cm?/s]
Flux [erglcm?/s]

Q GRB 190829A (Abdalla et al., 2021)
T,, =63 s, 200, z = 0.0785, E,~10°%erg.
Up to E~3.3 TeV detected by H.E.S.S.,
5 hrs and 30 hrs after initial burst.
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T ' e . 8 Ml S O  GRB 201015A (Blanch et al., 2020)
7 z=0.426, >30
o L E?Ezﬁ"j‘ii\\: 45:5 ev) ERa 3 i " GRB 190829A Observed at 50 GeV < E <50 TeV by MAGIC.

Energy flux

Swift-XRT (0.3 keV - 10 kevi

Q GRB 201216C (Abe et al., 2024)
z=11, >5¢
E > 70 GeV detected by MAGIC.

=1.09+/-0.05
a 7107+/ 0.09
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- : A o\ O  GRB 160821B (Acciari et al., 2021)
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H(E) = exp (_ E ) { A(E/Ey)~— o Bt g

E. A(Ey/Eg)**>~*(E/Ey)~** :E > E,
e 7.: the fraction of energy available as non-thermal electrons

® FEycar: energy of the break in the electron distribution

e «: the power law index above the break in the electron distribution
o F..:: cut-off energy of the electron distribution

e B: the intensity of the magnetic field

Blandford & Mckee (1976); Meszaros & Rees (1997)

Motivation for study:
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Similarity between the
VHE detected GRBs

Establish a correlation
with other GRBs

GRB physics in NAIMA
Zabalza (2015)
https://naima.readthedocs.io/en/

0

Compute non-thermal
radiation from relativistic
particle populations:
electrons.

Particle distribution:
Exponential Cutoff
Broken Power Law.

Blastwave evolution in
two environments:
wind / ISM.

Radiative models to
explain afterglow:
Synchrotron / Inverse
Compton (IC) scattering
/SSC.

Because of the
synchrotron cutoff limit,
explosion detected in
the VHE regime is
expected to be IC origin.


https://naima.readthedocs.io/en/

Madc-lti:nﬁ a.b'twsbw emission

Free . .
emc';:s.B'on -coasting Declaration of izllf'f.m":;
Issiol - phase of the - the blastwave - utl GRB physics in NAIMA
from the jet blastwave blastwave Zabalza (2015)

https://naima.readthedocs.io/en/

a Compute non-thermal
radiation from relativistic
particle populations:
electrons.

Calculation of the Lorentz factor of the forward shock

Particle distribution:
Exponential Cutoff
Broken Power Law.

Radius of the shock front can be calculated using both evolution scenarios

8 for ISM
4 for wind,

Expected for NS-NS or BH-NS binaries far from the galactic plane

Blastwave evolution in
two environments:
wind / ISM

Radiative models to
explain afterglow:
Synchrotron / Inverse
Compton (IC) scattering
/SSC

e 3E 1/8
Lorentz factor for ISM 1 BB
4drnm,c?(cAt)3

=]

Lorentz factor for wind

Expected for massive stars with substantial mass loss in stellar wind
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GRB physics in NAIMA Zabalza
(2015)
https://naima.readthedocs.io/en/

a Compute non-thermal
radiation from relativistic
particle populations:
electrons.

o Blastwave evolution in two
environments:
wind / ISM.

| Particle distribution:
Exponential Cutoff Broken
Power Law.

a Radiative models to explain
afterglow: Synchrotron /
Inverse Compton (IC)
scattering / SSC.

a Wang et al. (2019),
Joshi & Razzaque (2021),
Derishev & Piran (2021),
Klinger et al. (2023)

a Because of the synchrotron
cutoff limit, explosion
detected in the VHE regime
is expected to be IC origin
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GRB physics in NAIMA
Zabalza (2015)
https://naima.readthedocs.io/en/

a Implementations:

d External
Compton (EC) -
seed photon
field (CMB / far-
and
near-infrared

| EBL attenuation
- method taken
from Barnard et
al. (2024)

O  EC dominance:
energy density of
external photons
greater than magnetic
field!!

MCMC

Energy spectra vs time


https://naima.readthedocs.io/en/

Time evolwtion a mui%im,vdanﬂm Seds
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68-110 s (x100) 8.8 x 103 s (x1073) :
110-180 s (x10) 1.4x10%s (x10-4) Q  Evolution of energy
180-360 s 2.4%10% s (x10-5) spectra over several
360-625 s (x0.1) 1x10°s (x10-9) epochs.
625-2400 s (x0.01) 2.7 % 105 5 (x10-7)

: : : : - a Energies from optical to

VHE gamma-rays.
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0 MCMC method for
epoch 110-180 s.
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| Data collected from
Acciari et al. (2019) and
https://www.swift.ac.uk/.
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combined.
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Energy [eV]
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5-10 s (x1010)
10-22 s (x109)
22-100 s (x109%)
100-700 s (x107)
700-1700 s (x105)
0.05d (x10%)
0.25d (x102)
0.44d (x10?)
1.8d (x10°)

3.6d (x1072)
5.9d (x1073)
24d (x1077)

41d (x1079)

Evolution of energy
spectra over several
epochs.

Energies from optical to
VHE gamma-rays.

MCMC method for
epoch 700-1700 s.

Data collected from Ren
et al. (2024), Banerjee
et al. (2024).

SSC and EC emission
combined.

EC component was
omitted for figure clarity.
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a Evolution of energy
spectra over several
epochs.

—— 70-120 s (5% 103) 200-500 s

—— 120-200 s (x10?) — 10.1 hrs Q  Energies from optical to

VHE gamma-rays.

-2
L0 optical XRT BAT/GBM LAT  HESS

10-4 a MCMC method for
epoch 10.1 hrs.

| Data collected from:
Abdalla et al. (2021),
10-8 4 Ronchi et al. (2020).
Fraija et al. 2019),
https://www.swift.ac.uk/.
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Evolution of energy
spectra over several
epochs.

Energies from optical to
VHE gamma-rays.

MCMC method for

epoch 0.21 d (a.k.a
night 1 HESS
detection).

Data collected from:
Abdalla et al. (2021),
Hu et al. (2020),

Salafia et al. (2021),

https://www.swift.ac.uk/.

The EC emission was
omitted for figure clarity.
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Conedwngions

We found that that the SSC adequately explains the GRB afterglow emission from GRB 190114C, GRB 221009A, GRB
180720B amd GRB 190829A in the sub-GeV to TeV band, even though we accounted for EC emission. For both GRBs the
SSC flux contributes majority of the combined (SSC and EC) flux to the total flux, since the EC flux was significantly lower
than the SSC by two orders of magnitude. Thus the EC is negligible in these GRBs regardless of the scenario chosen.

GRB 190114C: wind scenario produces a slightly better fit to the data at later times, with the best-fit parameter values being
comparable for both scenarios.

GRB 221009A: wind scenario fits the data slightly better, however no clear distinction can be made which one is preferred.
The model, irrespective of the environment chosen, overpredicts the radio afterglow, thus suggesting that the component
powering the low-frequency radio emission is not contributing to the optical and x-ray flux. The best-fit parameter values are
comparable for both scenarios.

GRB 180720B: wind scenario is the only preferred scenario. Some epochs can be fitted well. Our previous work (Barnard et
al. 2024) we fit the VHE with EC, although not the case in this model. Degeneracy between models.

GRB 190829A: ISM scenario is the only preferred scenario.

Future prospects: Consider incorporating a wing like configuration (including the reverse shock) in the structured jet (see
[16]), since low-energy multiwavelength afterglow is mainly governed by the synchrotron radiation from the forward and
reverse shocks of the wing component. Also, a distinctive transition between the burst environments, from uniform to wind-like
as done by Ren et al., (2024) is worth exploring to fit the higher frequency data better for some epochs.
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GRB 221009A - ISM GRB 221009A - wind
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GRB 190829A - ISM GRB 180720B - wind
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