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Gamma-ray Bursts (GRBs)

or magnetic reconnection

circumburst
   medium

Credit: NASA/Goddard Space Flight Center/ICRAR

Credit: Mark Garlick 

Credit: Southern Methodist University

Binary systems 

Massive stars
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Observations of GRBs from keV to TeV

keV GeV TeV

Credit: ESA Credit: NASA

Credit: NASA

Space telescopes Ground-based observatories
Credit: LHAASO

Credit: Giovanni Ceribella
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Observations of GRBs at TeV energies
• We need to know where to look (space telescopes trigger and send alert 

with position uncertainty of arcmins)
• We need to be fast (follow-up starting at order of min or even sec)

Long story short:

Credit: NASA
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Imaging Atmospheric Cherenkov Telescopes (IACTs)

H.E.S.S.

VERITAS LST

Credit: Klepser, DESY, H.E.S.S. collaboration 

Credit: VERITAS Credit: Tomohiro Inada, CTAO

4 x 12 m + 1  x 28 m
FoV: 3 - 5°  
Follow-up 100-200°/min  

4 x 12 m 
FoV: 3 - 5°  

1 x 23 m 
FoV: 4.3°
Follow-up: repoint in 20 s  
  

2 x 17 m
FoV: 3.5°
Follow-up 7°/s (30 s)  

Credit: Giovanni Ceribella

MAGIC
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Credit: MAGIC Collaboration
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CTAO for GRBs: an upcoming revolution

CTAO revolution:

• x10 sensitivity to gamma-ray signal

• x104 sensitivity to short-term (< 104 s) 
emission below 250 GeV with respect 
to Fermi-LAT

• GRB detection rates (Inoue et al. 
2013): > 1-4 GRBs/year/site (but to be 
updated with new VHE GRB 
discovery!)

• A strong MWL (SVOM) and MM (LVK, 
ET) synergy

https://www.cta-observatory.org/science/ctao-performance/
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GRBs at VHE: the current status

221009A   289    1.0 x 1055 0.151         0-3000       0.3-13       LHAASO (250σ)    
Adapted from DM & Nava, 2022

5 GRBs detected at > 5σ
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GRBs at VHE: the current status

221009A   289    1.0 x 1055 0.151         0-3000       0.3-13       LHAASO (250σ)    
Adapted from DM & Nava, 2022

2 GRBs detected at ~ 3σ
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GRBs at VHE: the current status

221009A   289    1.0 x 1055 0.151         0-3000       0.3-13       LHAASO (250σ)    
Adapted from DM & Nava, 2022

Detections of GRBs also above 1 TeV and at late-time (t > 104 s)
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Theoretical expectations from GRBs in the VHE domain
Synchrotron self-Compton (SSC) emission has been predicted for GRB afterglows: 
nature candidate for VHE domain (Meszaros et al. 1994; Zhang et al. 2001; Sari et al. 2001; Meszaros et al. 2004; 

Fan et al. 2008; Galli et al. 2008; Nakar et al. 2009; Xue et al. 2009; Piran et al. 2010)

Sync SSC
Thompson regime

Klein-Nishina 
corrections

DM & Nava, 2022
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Theoretical expectations from GRBs in the VHE domain

No ɣɣ absorption

ɣɣ absorption 
included

DM & Nava, 2022
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Population of GRBs in VHE domain

• Broadband intrinsic properties:
• span more than 3 orders of magnitude in Eγ,iso
• Span 2 orders of magnitude in terms of LVHE
• ranging in redshift between 0.079–1.1

DM & Nava, 2022, adapted from D’Avanzo et al. 2014
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Population of GRBs in VHE domain

• Broadband intrinsic properties:
• span more than 3 orders of magnitude in Eγ,iso
• Span 2 orders of magnitude in terms of LVHE
• ranging in redshift between 0.079–1.1

• X-ray – TeV connection:
• similar fluxes and decay slopes
• similar amount of radiated power (LVHE 15-60% 

LX-ray)

Is the VHE component universal in GRBs?
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The MAGIC GRBs catalog (2013 – 2019) 

Goal: 
• Deliver a catalog of the non-detected GRBs with MAGIC 

• Discuss the implications of non-detections

Criteria:
• Non-detected GRBs followed up by MAGIC from 2013 (post 

automatic procedure update catalog) to 2019 (change of 
follow-up strategy)

• GRBs observed in good conditions (stereo, good weather, 
no strong moonlight)

Analysis workflow:
● MAGIC: MAGIC std data analysis + Upper Limit (UL) 

calculation (Zanin et al. 2013, Aleksic et al. 2016, Rolke et al. 
2005)

● MWL: Swift-XRT and Fermi-LAT simultaneous observations

https://inspirehep.net/literature/1412925
https://www.sciencedirect.com/science/article/pii/S0927650515000316
https://www.sciencedirect.com/science/article/pii/S016890020501291X
https://www.sciencedirect.com/science/article/pii/S016890020501291X


MAGIC ULs lies very close (or below) the average XRT flux: can VHE be constrained? 

XRT

XRT

MAGIC ULs
MAGIC ULsBAT BAT
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The MAGIC GRBs catalog (2013 – 2019) 

MAGIC Collaboration, A&A, 700, A96 (2025)



Spectral MAGIC and XRT analysis in simultaneous time intervals

MAGIC differential ULs well above XRT flux
 

XRT

MAGIC ULs

XRT

MAGIC ULs
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The MAGIC GRBs catalog (2013 – 2019) 

MAGIC Collaboration, A&A, 700, A96 (2025)
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Future challenges for VHE: catching X-ray flares

Signatures of X-ray flares can be found in the GeV-TeV domain?

1/3 of GRBs display X-ray flare episodes (Chincarini 
et al. 2010, Margutti et al. 2011) 

DM, Nava 2022
Adapted from Fioretti et al. 2019

Putative 100s GeV flare:
- Tpk 102 s, ⍵ ~ 20 s 
- Tpk 103 s, ⍵ ~ 200 s 

Wang et al. 2006
He et al. 2012
Wang et al. 2013
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Future challenges for VHE: poorly-localized GRBs

Macera et al., pre-print, 2025 Macera et al., pre-print, 2025

Localization error of GBM detected GRBs
ASTRI

CTAO-N

Latency

Latency

Ex
po

su
re

Ex
po

su
re
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Future challenges for VHE: poorly localized GRBs

Mohnani et al. 2026

Mohnani et al. 2026

GRB230812B: a bright poorly localized GRB

MWL LCs

MWL SED
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Magnetic field seeds origin

Cosmological

Astrophysical

Dynamo amplification

Amplification process
Modern μG 

magnetic fields in 
galaxy and galaxy 

clusters 

Current B-fields 
detected

GRBs at VHE: impact on fundamental physics

Intergalactic Magnetic Field (IGMF) studies
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Intergalactic Magnetic field (IGMF) studies

Results on IGMF studies with ɣ-rays are 
typically given considering two regimes:

• Long correlation length     (λB >> λIC )
(motion in homogeneous B, ballistic e±)

• Short correlation length    (λB << λIC )
(diffusion in angle, diffusive e±)

λB < λIC 

λB > λIC 

𝜆B

IG
M

F 
St

re
ng

th
 

Correlation Length  Alves Batista et al. 2022

IGMF studies investigate a 2D parameter space: Correlation Length (𝜆B) – IGMF Strength (B) 
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Intergalactic Magnetic field (IGMF) studies

• No IGMF detection so far

• Upper limits (ULs) on strength B 
(cosmology, CMB, primordial GW) 

à B < 10-10 – 10-11 G for 𝜆B > Mpc

• Lower limits (LLs) on strength B (ɣ-ray 
exclusive!)  

à B > 10-15 – 10-19 G for 𝜆B > Mpc

𝜆B

IG
M

F 
St

re
ng

th
 

Correlation Length  Alves Batista et al. 2022



TeV ‘primary’ 
gamma-rays 

ƔEBL

ƔCMB

GeV ‘secondary’ 
gamma-rays 

e+

e-

IGMF
100s Mpc kpc Gpc

An extended (pair-halo) 
and time-delayed (pair-
echo) component due to 
IGMF deflection + CMB 
reprocessing
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GRBs at VHE: impact on fundamental physics

Intergalactic Magnetic Field (IGMF) studiesRazzaque et al. (2004) 
Ichiki et al. (2008) 
Takahashi et al. (2008) 
Murase et al. (2009)



How can ɣ-rays probe IGMF properties (strength B and correlation length 𝜆B)?
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Extended emission
𝚹ext ∝ B Eɣ-1 λB >> λIC 
𝚹ext ∝ B Eɣ-3/4 λB

1/2 λB << λIC 

Time-delayed ’’pair-echo’’ emission
Tdelay ∝ B2 Eɣ-5/2          λB >> λIC 
Tdelay ∝ B2 Eɣ-2 λB

            λB << λIC 

SED signatures

Alves Batista et al. 2022 Da Vela, TeVPa 2022
Alves Batista & Saveliev, 2021

𝐸!"#	~	0.32
!"

#$	&'(
! TeV    (10 TeV à 80 GeV)
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GRB190114C (z = 0.42)

[6 - 2454] s

GRB[3000 - 138000] s

Simulated
cascade

MAGIC

CTAO-North

DM, Da Vela, Prandini (2025), E. A&A, 688, A57, 8.

GRBs observations can probe IGMF strengths in the 10-17 – 10-19 G à competitive with most 
stringent AGN results

GRB221009A (z = 0.151)

[231 - 2000] s

GRBSimulated
cascade [3000 - 138000] s

MAGIC

CTAO-North

Pair-echo with TeV-detected GRBs
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Conclusions

• GRBs detected > 1 TeV à GRB science does not stop at 100s GeV: 
• intrinsic properties: KN cut-off, pp
• GRB as probes of fundamental physics (IGMF, EBL, LIV)

• Results have shown that VHE emission is compatible with: (i) broadband intrinsic properties of GRBs (Eiso, L, 
z); (ii) broad observational requirements (time, Erange) à universality of TeV component?

• The presence of a universal VHE component in GRBs followed-up by MAGIC (2013 – 2019) with LVHE ~ LX-ray is 
still open and cannot be excluded

• Observations of GRBs in the VHE domain may include unexpected challenges: X-ray flares in the VHE domain? 
Enlarge GRB follow-up population to poorly-localized GRBs? (IACT FoV will become larger; tiling follow-up 
strategies)

• GRB emission in the VHE domain can produce non-negligible IGMF signatures (pair-echo emission) detectable 
by current and future gamma-ray telescopes

• GRBs for IGMF studies à See Paolo Da Vela talk
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BACKUP SLIDES
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Theoretical expectations from GRBs in the VHE domain

VHE emission
Possible radiation processes

• Synchrotron emission from e- Limited by burnoff limit, microphysics conditions, 
                           particle acceleration assumptions     

                                             
• Synchrotron emission from p                              Requires high radiative efficiency  

• Synchrotron Self Compton (SSC) emission    Natural candidate (Sari & Esin, 2001;        

               Nakar et al. 2009)      
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Hunting GRBs in the VHE domain: a non-homogeneous story
From Berti & Carosi 2022

• 1989: first detection of VHE source (Crab Nebula) by IACT (Whipple telescope)
• 1991-2000 BATSE, EGRET operations
• 1994-95: first follow-ups by IACT (Whipple, 9 GRBs) à delays from T0 ~ 2-56 minutes
• 1996: launch of Beppo-Sax
• 1994-00: several EAS searches for TeV/PeV emission from GRBs (including hint of 

Milagrito on 970417A)
• 2004 launch of Swift à fundamental for alerts and successfully rapid repointing
• 2004: MAGIC-I, H.E.S.S. phase-I (4x12m) and ARGO-YBJ started operations and GRB 

follow-up
• 2007: VERITAS started operations and GRB follow-up
• 2007-08 AGILE (07) and Fermi (08) were launched
• 2009: MAGIC-II started operations à big sensitivity improvement
• 2012 HESS phase-II: add 28 m telescope à transient dedicated telescope
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GRBs at VHE: what we thought vs what we discovered

‘‘Mandatory’’ requirements:
• low zenith angles (energy threshold below ~ 100 GeV)
• dark nights
• small delays from T0
• low z
• highly energetic events

GRB190114C: zenith >55°, Moon conditions
GRB160821B: Moon conditions
GRB180720B, GRB190829A:  Tdelay ~ hrs/days
GRB201216C: z = 1.1
GRB190829A, GRB201015A, GRB160821B: Eɣ,iso ~ 1049 - 1050 erg
GRB190829A, GRB221009A: detected above 1 TeV
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Population of GRBs in VHE domain

• Broadband intrinsic properties:
• span more than 3 orders of magnitude in Eγ,iso

• Span 2 orders of magnitude in terms of LVHE

• ranging in redshift between 0.079–1.1

• X-ray – TeV connection:
• similar fluxes and decay slopes
• similar amount of radiated power

• Data modeling:
• SSC suggested (not conclusive)
• no preferences on constant/wind-like medium
• εe ∼ 0.1, εB ∼ 10-5–10-3, ξ<1

MAGIC Coll. et al., 2023
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Population of GRBs in VHE domain: the role of redshift

short GRBslong GRBs

adapted from Nava, 2021

221009A
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Population of GRBs in VHE domain: the role of redshift

Dominguez et al., 2011
(similar for other EBL models)

z ≲ 0.1 − 0.2
• Fatt relevant above 300 GeV
• Fatt~ 90% at 1 TeV

z = 0.4 
• Fatt~ 50% at 0.2 TeV
• Fatt~ 99.5% at 1 TeV

z = 1.1
• Fatt~ 95% at 0.2 TeV



IGMF constraints with AGNs 
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Acciari et al. 2023

Features:

• Sources of persistent TeV emission
• Blazars have hard (𝝘 ≲ 2) photon spectrum 

extending to TeV domain
• Population of ~ 90 sources known as VHE 

emitters

Limitations for IGMF studies:

• Affected by largely unknown temporal (min-
yrs) and/or spectral variability

• Unknown duty cycle (10 – 108 yrs)
• Pollution by primary source GeV emission à 

disentangle source+IGMF-induced emission

AGNs open IGMF studies with ɣ-rays but limitations highlight the need to search for alternative sources



IGMF constraints with GRBs 
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Recently TeV-detected bright GRBs exploited for first IGMF studies

Advantages:

• Cosmological (long GRBs average z ~ 3) and bright (L ~ 1049 – 1053 erg s-1) sources à increase redshift horizon
• GRBs timescales of emission (hours, days in gamma-ray domain) –> reduced pollution from primary source
• GRB duty cycle à relaxed assumption

Drawbacks:

• Transient nature à smaller amount of pair-echo emission à less stringent bounds than AGNsin similar conditions
• Limited number of TeV-detected events (5 detections)
• Spectral and temporal variability 

So far only episodic studies with Fermi-LAT data on TeV-detected GRBs 
(General population of GRBs? IACTs and VHE?)



Search for the time-delayed ’pair-echo’ cascade emission

38

𝐸#$%	~	0.32
&'

()	+,-
! TeV

Fdelay ~ F0
&

&"#$%&'&

Tdelay ∝ B2 Eɣ
-5/2          λB >> λIC 

Tdelay ∝ B2 Eɣ
-2 λB

            λB << λIC 

Neronov et al. 2009
Batista et al. 2021



Search for the time-delayed ’pair-echo’ cascade emission
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Tdelay ∝ B2 Eɣ
-5/2          λB >> λIC 

Tdelay ∝ B2 Eɣ
-2 λB

            λB << λIC 

• 100s GeV photons experience shorter delays (~
hrs/days) than GeV photons  (~weeks/yrs) 

• Weak B field (10-17 – 10-21 G) are compatible short 
delays 

• Stronger B are compatible with longer delays (and 
a more diluted cascade) 

Neronov et al. 2009
Batista et al. 2021
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What impact IGMF studies with ɣ-rays?

Intrinsic source 
properties 

Gamma-ray propagation 
(EBL, pair scatter, IC) and 

magnetic field models

Instrument
sensitivity

GRB intrinsic source spectrum (spectral and temporal evolution) à input for gamma-ray 
propagation



Pair-echo with TeV-detected GRBs
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TeV source emission

GeV source emission 
+ 

pair echo cascade emission with non-negligible IGMF 

Flux

Time

Time

Plaga 1995
Murase et al. 2008
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TeV source emission

GeV source emission 
+ 

pair echo cascade emission with non-negligible IGMF 

Flux

Time

Time

Plaga 1995
Murase et al. 2008

Pair-echo with TeV-detected GRBs

• Select observational time 
intervals

• Compute pair-echo SEDs
• Compare with instrument 

sensitivities
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Observations of GRBs at TeV energies

• Imaging Atmospheric Cherenkov Telescopes (IACTs) [ 30-50 GeV – 10s TeV]
• Narrow field of view (FoV) (3-5 ° ) à need external alert + automatic alert system + fast repointing 
• Small duty cycle (10%)
• Low energy threshold: 30-50 GeV
• Best sensitivity up to a few TeV 

• Shower front arrays [100s GeV – >100s TeV]:
• Wide field of view à no repointing needed
• Large duty cycle (10o%)
• High energy threshold: 100s GeV – TeV à extragalactic background light (EBL) absorption
• Large collection area à can reach 100s TeV and above 
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Decades of searches for the VHE emission

Berti et al., ICRC 2021

Historical GRB follow-up by MAGIC

52022-08-11 TeVPA 2022 @ Queen's University

The MAGIC telescopes are particularly suited for GRB follow-ups:
○ low energy threshold (~50 GeV)
○ good sensitivity and large effective area
○ observations during moon time and high zenith angles
○ light-weight (~70 ton each telescope)
○ automatic reation to alerts and fast slewing (~7deg/s in fast mode)

GRB detection at VHE as primary scientific goal
○ ~140 GRBs observed since 2005
○ 2 detections: GRB 190114C and GRB 201216C
○ late time observations for specific GRBs (e.g. with LAT detection)

○ change of strategy after GRB detections, not limited to 4h 
after the trigger time → trying to catch also late afterglow 
emission

Huge effort in GRB follow-up, finally paying off in 2019

GRB 190114C

GRB 160821B

GRB 201015A

GRB 201216C
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Gamma-ray bursts with SWGO

La Mura et al. 2021



Search for the time-delayed ’pair-echo’ cascade emission
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Neronov et al. 2009
Batista et al. 2021
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GRB 190114C -- Timeline

MAGIC Coll. et al., 2019

• Eɣ,iso ~ 2.5 x 1053 erg
• z = 0.42

MAGIC detection info:
• Tdelay ~ 57 s
• > 50σ in 20 minutes 
• detection up to 40 min
• 0.3 - 1 TeV energy range
• moon conditions and 

Zd>50

DAQ stabilization at T0 + 62 s 
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GRB 190114C – Light curve

MAGIC Coll. et al., 2019

VHE light curve:

• No evidences for breaks, cut-
offs or irregular variability à 
afterglow emission

• Similar decay and radiated 
power in soft X-ray – GeV 
and TeV domain
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GRB 190114C – VHE SED

MAGIC Coll. et al., 2019
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GRB 190114C -- interpretation

MAGIC Coll. et al., 2019
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Galaxies 2022, 10, 66 27 of 65

3.4. Variation of Micro-Physical Parameters with Time
Thanks to the increasing number of available observations on a wide range of fre-

quencies (from radio to TeV) and times (from seconds to weeks), the basic assumption that
micro-physical parameters (such as ee, ee, p and xe) are constant over the whole afterglow
evolution can be tested. We comment on the hints (inferred from afterglow modeling) for
temporal evolution of these parameters.

In case of well-sampled multi-wavelength light-curves, the modeling with synchrotron
spectra is able not only to identify the location of the spectral breaks at a certain time but also
evaluate their evolution in time. As a result, hints that micro-physical parameters ee and eB
may vary with time have been found in some events with well-detailed multi-wavelength
follow-up campaigns.

In [115], broad-band (from near infrared up to X-ray) afterglow data from GRB 091127
were interpreted in the standard external forward shock scenario assuming a constant-
density medium. The good quality of the data allows one to identify the breaks in the
light-curves and associate them with the synchrotron spectral breaks. As a result, the time
evolution of the synchrotron breaks was estimated. In particular, it was calculated that
the cooling break frequency ncool evolves as ncool µ t�1.2, which is in contrast with syn-
chrotron predictions for which a less steeper decay ncool µ t�0.5 is expected. As a result,
some assumptions of the standard model must be relaxed to remove the tension between
observations and theoretical predictions. The most likely option able to explain the cooling
break observational behavior without affecting the general interpretation of the data is to
let the eB parameter variate with time. Assuming that eB µ t0.49 the time evolution of ncool
can be explained successfully.

In [116] for GRB 130427A modeling, in order to explain the observed fast evolution
of the injection frequency nm µ t�1.9, a temporal evolution of ee is claimed. Considering
that nm µ e2

e , a modest evolution of ee following the trend ee µ t�0.2 is able to satisfactorily
describe the observed light-curves.

A time-dependent evolution of the micro-physical parameters has also been proposed
in order to explain the features observed in the early afterglow phase, which are not pre-
dicted by the external forward shock scenario such as X-ray afterglow plateaus, chromatic
breaks, and afterglow rebrightenings [117–120].

Information from TeV observations can be certainly exploited in order to reduce
the uncertainty on the values of the micro-physical parameters. The expansion of the
broad band afterglow observations to a new spectral window will be a further test and
a challenge for the multi-wavelength modeling based on the standard external forward
shock scenario. In particular, the time evolution of the different energetic components,
also including TeV emission, will give new insights useful to investigating the evolution
of the micro-physical parameters. A first proof is provided by the well-sampled multi-
wavelength emission observed for GRB 190114C, one of the few GRBs detected so far at
TeV energies. The broadband emission can be explained only by invoking the evolution of
the micro-physical parameters with time [121], as will be discussed in the next section.

3.5. Maximum Synchrotron Photon Energy
One of the expectations from Fermi-LAT observations of GRB afterglows was the

identification of a spectral cutoff in the afterglow synchrotron spectrum marking the
maximum energy of synchrotron photons [122,123]. Such a cutoff has not been firmly
identified. Its location is directly connected with the shock micro-physics conditions and
the maximum energy at which electrons can be accelerated. This maximum energy is
typically estimated equating the timescale for synchrotron cooling and the acceleration
timescale, where acceleration is assumed to proceed at the Bohm level, considered as the
fastest rate. This estimate returns, hence the maximum energy of the accelerated particles.
Assuming that the accelerated particles are electrons:

t0L =
rL
c

=
gmec
eB0 (53)

3.4. The Afterglow radiation 83

FIGURE 3.14: Synchrotron spectrum emitted by a single relativistic
electron. From [173]

Extending these conclusions to a population of electrons Ne(g), a convolution of the
single particle power spectrum is needed:

P0
n =

Z
P0

n(g, a)
dNe(g)

dg
dg (3.49)

assuming a power law electron distribution dNe(g)
dg µ g�d with gi < g < g f and

g f � gi, after some algebra from equation 3.49 the following relation is obtained
(Figure 3.15):

P0
n µ n0� d�1

2 for n0
i < n0 < n0

f (3.50)

where n0
i ⌘ n0(g = gi) and n0

f ⌘ n0(g = g f ). Therefore, the spectral shape is linked
with the shape of the electron energy spectrum d.
When a relativistic particle radiates, it loses part of its energy. As a result, when the
energy lost becomes significant the particle starts to cool. It is possible to derive a
characteristic cooling time scale t0

cool from the ratio between the particle energy and
its emitting power. Thus, the synchrotron cooling time scale of an electron with
energy E0 = gmc2 and loss rate P0 = dE0/dt0 is:

t0
cool =

E0

|dE0/dt0| =
6pmec
gsTB02 (3.51)

valid in the relativistic case, therefore b ⇠ 1.
Since tcool µ g�1 more energetic particles have shorter cooling time scales. With
the same assumptions it is also possible to derive the cooling Lorentz factor gc of
particles which lose most of their energy in a timescale t0 as:

gcool =
6pmec
sTB02t0

(3.52)

Acceleration timescale (Bohm level)

e-Synchrotron cooling timescale

ISM

Wind-like

t’cool

𝛆sync,max ~ 100 ( 𝝘)
&'''

) GeV

MAGIC events

Synchrotron burnoff limit



GRB 190114C -- interpretation

MAGIC Coll. et al., 2019
51
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GRB 190114C -- modeling

MAGIC Coll. et al., 2019

Synchrotron + Synchrotron Self-Compton (SSC) from external forward shock

Observed
No ɣ-ɣ opacity
EBL-deabsorbed

MAGIC soft spectrum:
• Klein-Nishina
• ɣ-ɣ internal absorption

GRB afterglow parameters:
Ek ≳ 3 x 1053 erg
𝛆e ~ 0.05 – 0.15
𝛆b ~ 0.05 – 1 x 10-3

n ~  0.5-5 cm-3

p  ~ 2.4 – 2.6
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GRB 190829A

• Eɣ,iso ~ 2.0 x 1050 erg
• z = 0.079

H.E.S.S. detection info:
• Tobs ~ 4.3 - 55.9 hrs
• 21.7σ, 5.5σ, 2.4σ, 
• 0.18 – 3.3 TeV energy 

range

HESS Coll., 2021

XRT

H.E.S.S.

LAT
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GRB 190829A

HESS Coll., 2021

Salafia et al., 2021

Sync SSC
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GRB 201216C

• Eɣ,iso ~ 4.7 x 1053 erg
• z = 1.1

MAGIC detection info:
• Tdelay ~ 56 s
• 6σ in 20 minutes 
• 0.07 – 0.2 TeV energy 

range

MAGIC Coll. et al., 2023
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GRB 201216C

MAGIC Coll. et al., 2023

Strong indication in favour 
of a wind-like medium
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GRB 221009A

• Eɣ,iso 1 x 1055 erg
• z = 0.15

LHAASO detection info:
• > 250σ in 230 – 3000 s
• 0.3 – 13 TeV energy 

range

LHAASO Coll. et al., 2023
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GRB 221009A

LHAASO Coll. et al., 2023

LAT

XRT

LHAASO
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GRB 180720B

HESS Coll., 2019

• Long GRB
• Eɣ,iso ~ 6.0 x 1053 erg
• z = 0.654

H.E.S.S. detection info:
• Tdelay ~ 10 hrs
• > 5.3σ in 2 hrs 
• 0.1 – 0.44 TeV energy 

range
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GRB 160821B

MAGIC Coll., 2021

• short GRB
• Eɣ,iso ~ 1.2 x 1049 erg
• z = 0.162

MAGIC info:
• Tdelay ~ 24 s
• 3σ in 4 hrs 
• 0.5 - 5 TeV energy range
• moon conditions, 

dedicated analysis
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GRB 190114C
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GRB 190114C
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GRB 190114C
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Theoretical expectations from GRBs in the VHE domain

HE emission (< 100 GeV)
• Almost consistent with synchrotron radiation (synchrotron burnoff limit)
• No spectral cut-off identified (shock microphysics uncertainties, non-uniform magnetic fields)

Nava, 2018
Kumar et al., 2010
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Afterglow modeling: external forward shock scenario

Decelerating blastwave interacting with the circumburst external medium

𝝘(R)

E, 𝚹

Jet structure and dynamics

p, ξ, 𝛆e, 𝛆B, 𝛆p

Relativistic shock 
acceleration

n(R) ∝ R-s

External 
circumburst 

medium
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Afterglow modeling: external forward shock scenario

Jet dynamics

See Blandford & Mckee, 1976; Nava et al., 2014
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Afterglow modeling: external forward shock scenario

Relativistic shocks in GRB afterglow
See

Sari et al. 
1998,

Panaitescu 
et al. 2000

Granot et al. 
2002
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GRBs at VHE: impact on fundamental physics

Lorentz Invariance Violation (LIV) studies

D’Amico, ICRC2021


