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Gamma-ray burst Racusin+(Nature 455)Prompt

short GRBs 

long GRBs
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Gamma-ray burst

Credit: NASA

Racusin+(Nature 455)

Afterglow
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Gamma-ray burst

Credit: NASA

•GRBs at HE and VHE: 
   ~12 GRBs per year Fermi-LAT 

•GRB130427A: Extended HE emission, 
94 GeV max energy photon. 

VHE emission was a decades-long 
mystery 

Now 3 detections in ~1.5 
years!!! 

GRB180720B
GRB190114C
GRB190829A
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H.E.S.S. telescopes 
•Site: Namibia, Africa 
•Five (Atmospheric) Cherenkov 
telescopes  

•Small telescopes CT1-4 + CT5 
(HESSII) (GeV-TeV range) 



Edna Ruiz-Velasco (MPIK) H.E.S.S. Collaboration. The detection of VHE emission in the deep afterglow of GRB 180720B. TeVPA 2019

 6

H.E.S.S. telescopes 
•Site: Namibia, Africa 
•Five (Atmospheric) Cherenkov 
telescopes  

•Small telescopes CT1-4 + CT5 
(HESSII) (GeV-TeV range) 

•105 m2 Effective area vs 1m2 LAT 

HESS Collaboration(ICRC2015)

~104
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C. Hoischen et. al., ICRC 2017

C. Hoischen+ (ICRC 2017)

H.E.S.S. GRB follow-up observations from 2012 to 2017

Swift-BAT/XRT
Fermi-LAT/GBM
GW, Neutrinos

VoEvent H.E.S.S.
(t,  z, ++Criteria) (~10 GRBs per year)

Swift-BAT/XRT
Fermi-LAT/GBM
GW, Neutrinos

CT5  
•28 m telescope 
•Ethr. ~50 GeV  
•60 s slewing speed 

CT5  
•28 m telescope 
•Ethr. ~50 GeV  
•60 s slewing speed 
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■ Triggered Fermi-GBM and Swift-BAT (5 s 
later). 

■ Fermi-LAT detection from T0 to T0+700 s 
(max. energy photon 5 GeV). 

■ Extremely bright burst: 
▪ 2nd brightest afterglow measured by Swift-XRT. 
▪ 7th brightest prompt emission detected by Fermi-

GBM. 

■ Very similar x-ray light curve to 
GRB130427A and GRB190114C.

z = 0.653
R.-V.+(1st CTA symposium)
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Swift-XRT GRBs  
energy flux distribution at 11 hours

R.-V.+(1st CTA symposium)

G
R

B
18

07
20

B

G
R

B
13

04
27

A

■ Triggered Fermi-GBM and Swift-BAT (5 s 
later). 

■ Fermi-LAT detection from T0 to T0+700 s 
(max. energy photon 5 GeV). 

■ Extremely bright burst: 
▪ 2nd brightest afterglow measured by Swift-XRT. 
▪ 7th brightest prompt emission detected by Fermi-

GBM. 

■ Very similar x-ray light curve to 
GRB130427A and GRB190114C.
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■ Triggered Fermi-GBM and Swift-BAT (5 s 
later). 

■ Fermi-LAT detection from T0 to T0+700 s 
(max. energy photon 5 GeV). 

■ Extremely bright burst: 
▪ 2nd brightest afterglow measured by Swift-XRT. 
▪ 7th brightest prompt emission detected by Fermi-

GBM. 

■ Very similar x-ray light curve to 
GRB130427A and GRB190114C.Adapted from Hinton+(TAUP2019)

T90 ~ 48.9 seconds 
z = 0.653
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GRB 180720B H.E.S.S. detection
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■ Gone in re-observation 18 
days after T0. 

■ Cross-check analysis (totally 
independent calibration and 
analysis chain), influence 
weather conditions and other 
systematics

■ Observation started ~10 hours after the burst. 
■ Follow-up performed for ~2 consecutive hours (zenith 40º to 25º) 

H.E.S.S. detection: ~5.3σ pre-trial, 5.0σ post-trial (5 similar searches).
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HESS Collaboration Nature 575, 464–467 (2019) 
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Steep spectrum from 100 GeV to 440 GeV dN
dE

= Φ0 ( E
E0 )

−γint

× exp(−τ(E, z))

HESS Collaboration Nature 575, 464–467 (2019) 

GRB 180720B H.E.S.S. detection
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Very hard intrinsic spectrum (EBL de-absorbed),  
redshift 0.65 (most distant GRB from the 3 detected at VHE) 
 

dN
dE

= Φ0 ( E
E0 )

−γint

× exp(−τ(E, z))

GRB 180720B H.E.S.S. detection

98% absorption at ~500 GeV due to EBL HESS Collaboration Nature 575, 464–467 (2019) 
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GRB 180720B Multi-wavelength 
light curve

■ Multi-peaked and very bright prompt 
emission.  

■ Fermi-LAT detection up to 700 s 
after trigger. Photon index -2.0.  

■ H.E.S.S. flux (100 - 440 GeV). 
Photon index consistent with -2.0.    

■ Gamma-ray energy flux at same 
level as X-Ray. 

■ Afterglow falling at same rate in all 
wave-lengths.  

Nature 575, 464–467 (2019) 

HESS Collaboration Nature 575, 464–467 (2019) 
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Plausible emission mechanisms
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■ Higher efficiency favours leptonic 
mechanism. 

■ Lack of MWL coverage to rule out one or 
the other scenario (SYN, SSC).  

■ NO evidence of second bump in SED. Nature 575, 448-449 (2019)

Emax
sync = 100Γ MeV

Γ>1000 at 10hrs! 
while Γ~O(10) expected

Achieved with small scale magnetic 
turbulence OR Ee~O(PeV)

Synchrotron

Inverse Compton

E21

-

γ′�γ

-EEe

Et min Et ( Ee

mec2 ) , ΓEe

i.e. Requires Et~1keV for  
Ee~10GeV boosted with Γ~20

Synchrotron self-compton
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Plausible emission mechanisms
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■ Higher efficiency favours leptonic 
mechanism. 

■ Lack of MWL coverage to rule out one or 
the other scenario (SYN, SSC).  

■ NO evidence of second bump in SED. Nature 575, 448-449 (2019)
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A very-high-energy component deep in the 
γ-ray burst afterglow

Gamma-ray bursts (GRBs) are brief !ashes of γ-rays and are considered to be the most 
energetic explosive phenomena in the Universe1. The emission from GRBs comprises 
a short (typically tens of seconds) and bright prompt emission, followed by a much 
longer afterglow phase. During the afterglow phase, the shocked out!ow—produced 
by the interaction between the ejected matter and the circumburst medium—slows 
down, and a gradual decrease in brightness is observed2. GRBs typically emit most of 
their energy via γ-rays with energies in the kiloelectronvolt-to-megaelectronvolt 
range, but a few photons with energies of tens of gigaelectronvolts have been 
detected by space-based instruments3. However, the origins of such high-energy 
(above one gigaelectronvolt) photons and the presence of very-high-energy (more 
than 100 gigaelectronvolts) emission have remained elusive4. Here we report 
observations of very-high-energy emission in the bright GRB 180720B deep in the GRB 
afterglow—ten hours after the end of the prompt emission phase, when the X-ray !ux 
had already decayed by four orders of magnitude. Two possible explanations exist for 
the observed radiation: inverse Compton emission and synchrotron emission of 
ultrarelativistic electrons. Our observations show that the energy !uxes in the X-ray 
and γ-ray range and their photon indices remain comparable to each other 
throughout the afterglow. This discovery places distinct constraints on the GRB 
environment for both emission mechanisms, with the inverse Compton explanation 
alleviating the particle energy requirements for the emission observed at late times. 
The late timing of this detection has consequences for the future observations of 
GRBs at the highest energies.

On 20 July 2018, GRB 180720B triggered the Fermi Gamma-ray Burst 
Monitor (GBM) at 14:21:39.65 universal time (UT)5 (T0) and the Swift Burst 
Alert Telescope (BAT) 5 s later6. Multi-wavelength follow-up observa-
tions were performed up to T0 + 3 × 105 s by the European Southern 
Observatory’s Very Large Telescope, which measured a redshift of 
z = 0.653 (ref. 7). In the high-energy γ-ray band (100 MeV–100 GeV) 
this GRB was also detected by the Fermi Large Area Telescope (LAT) 
between T0 and T0 + 700 s with a maximum photon energy of 5 GeV 
at T0 + 142.4 s (ref. 8). No further high-energy emission was detected 
in the successive observation windows after 700 s. The prompt emis-
sion phase of GRB 180720B is extremely bright, ranking seventh in 
brightness among the over 2,650 GRBs detected by Fermi-GBM so far 
(see Methods). With a T90 (the time in which 90% of the flux is detected) 
of 48.9 ± 0.4 s, GRB 180720B is categorised as a long GRB (typically 
associated with the death of massive stars9), with an isotropic energy 
release of Eiso = (6.0 ± 0.1) × 1053 erg (50–300 keV; 1 erg = 10–7 J). Obser-
vations of this GRB took place using the Swift X-ray Telescope (XRT), 
identifying a bright afterglow that remained detectable until almost 
30 days after T0 (refs.10,11; Fig. 1). In terms of energy flux of the X-ray 
afterglow (0.3–10 keV, at T0 + 11 h), this GRB ranks second after the 
exceptional GRB 130427A3.

Observations with the High Energy Stereoscopic System (H.E.S.S.) 
array began at T0  +  10.1  h and lasted for two hours. The data  
were analysed using methods optimized for the detection of the  
lowest-energy events, revealing a new γ-ray source (Fig. 2a) with  
an excess of 119 γ-ray events and a statistical significance of 5.3σ  

(5.0σ post-trial; see Methods). The γ-ray excess is well fitted by a point-like 
source model centred at a right ascension of 00h 02 min 7.6 s and a dec-
lination of −02°56′06″ ( J2000) with a statistical uncertainty of 1.31′, con-
sistent with the measurements at other wavelengths6,8,12. To rule out the  
association of this source with an unknown steady γ-ray emitter (such 
as an active galactic nucleus) or persistent systematic effects, the GRB 
region was re-observed under similar conditions 18 days after these 
observations. In total, 6.75 h of data were analysed, resulting in a sky 
map consistent with background events (Fig. 2b).

The flux spectrum detected by H.E.S.S. (100–440 GeV) was fitted with 
a function of the form Fobs(E) = Fint(E) × e−τ(E,z), where the exponential term 
accounts for the absorption of photons by the extragalactic background 
light13, τ is the optical depth and F E F E E( ) = ( / ) γ

int 0,int 0,int
− int is a power law 

describing the intrinsic source emission . The analysis resulted in a pho-
ton index of γint = 1.6 ± 1.2 (statistical) ± 0.4 (systematic) and a flux nor-
malization of F = (7.52 ± 2.03 (statistical) (systematic)) × 100,int −3.84

+4.53 −10  
TeV–1 cm–2 s–1, evaluated at an energy of E0,int = 0.154 TeV(see Methods).

The very-high-energy (VHE) flux, together with measurements at 
other wavelengths, is shown in Fig. 1. Apart from the exceptionally high 
flux level, the light curves show a typical power-law behaviour in the 
X-ray and optical afterglow with a temporal flux decay of the form 
F(t) ∝ t−α with αXRT = 1.29 ± 0.01 and αoptical = 1.24 ± 0.02. The spectrum 
measured by Fermi-LAT (100 MeV–10 GeV) from T0 + 55 s to T0 + 700 s 
is well fitted by a power-law model with photon index γLAT = 2.10 ± 0.10. 
The light curve in the same time window is fitted by a power law  
with a temporal decay index of αLAT = 1.83 ± 0.25. It is worth noting that 

https://doi.org/10.1038/s41586-019-1743-9
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■ Higher efficiency favours leptonic 
mechanism. 

■ Lack of MWL coverage to rule out one or 
the other scenario (SYN, SSC).  

■ NO evidence of second bump in SED. Nature 575, 448-449 (2019)
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GRB 180720B Strong input on follow-up strategy ——
——> GRB190829A detection (see ATel #13052 +GCNs)
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Summary GRB 180720B at VHE
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■ First detection of a GRB at VHE. 
■ +Recent detections have solved the 

decades long mystery of VHE emission 
from GRBs. 

■ GRB 180720B is detected up to 440 GeV at 
very-late times (redshift 0.653).  

■ Most distant/late from the 3 detected at 
VHE 

■ Great achievement for IACTs - extremely 
high sensitivities and aggressive GRB 
follow-up programmes. 

■ Requires either extreme synchrotron or 
SSC.

HESS Collaboration Nature 575, 464–467 (2019) 
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C. Hoischen et. al., ICRC 2017

C. Hoischen+ (ICRC 2017)

H.E.S.S. GRB follow-up observations from 2012 to 2017

Swift-BAT/XRT
Fermi-LAT/GBM
GW, Neutrinos

VOEvent H.E.S.S.
(t,  z, ++Criteria) (~10 GRBs per year)

Swift-BAT/XRT
Fermi-LAT/GBM
GW, Neutrinos

Will we ever catch prompt?
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T90 ~ 60 seconds
z = 0.078

The detection of VHE emission in the deep afterglow of GRB 180720B.

Paper in preparation

Bonus…
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Prospects for future 
observatories
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■ Have ~10 times better sensitivity 
than H.E.S.S. 

■ Be able to detect flux over many 
decades in time with detailed 
spectra information. 

■ Boost the detection of GRBs at 
VHE.  
▪ ~ 3 GRBs per year at 11 hours after 

burst. 
▪ ~ 11 GRBs per year at 5 hours after 

burst

~2.5 days 

CTA

Ruiz-Velasco+(1st CTA symposium)

GRB 180720B 
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Swift-XRT GRBs energy flux distribution
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■ Have ~10 times better sensitivity 
than H.E.S.S. 

■ Be able to detect flux over many 
decades in time with detailed 
spectra information. 

■ Boost the detection of GRBs at 
VHE.  
▪ ~ 3 GRBs per year at 11 hours after 

burst. 
▪ ~ 11 GRBs per year at 5 hours after 

burst
Ruiz-Velasco+(1st CTA symposium)
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Article
of the magnetic-field strength, Bem > 102Bac, particle acceleration to 
operate in the non-ideal magnetohydrodynamic regime, or a combina-
tion of these factors. Proton synchrotron emission alleviates these 
requirements, but at the expense of a significantly lower radiation 
efficiency. Whereas proton synchrotron emission dominates over other 
hadronic radiation processes in terms of efficiency18, its efficiency is 
still considerably smaller than that of electrons. Thus proton synchro-
tron emission is expected to give rise only to a subdominant emission 
component within the VHE band.

Energy of particles emitting in the VHE regime
The energy of particles emitting in the VHE regime depends on the 
dominant radiation mechanism and the properties of the ejecta. In the 
case of a synchrotron origin scenario, the particle energy is determined 
by three important factors: the shock Lorentz factor, the strength of 
the magnetic field and the turbulence scale. The first factor, Γ ≈ 20, is 
relatively well defined by the epoch of the H.E.S.S. observation, but the 
magnetic-field strength and the possibility of small-scale turbulence 
remain highly uncertain. The internal energy density, ~0.1(Γ/20)2n0 J m−3, 
suggests that a Gauss-strength magnetic field is expected for the case 
of energy equipartition between the magnetic field and particles. We 
note, however, that substantially smaller plasma magnetization is 
reported in the literature62, corresponding to weaker magnetic fields 
by several orders of magnitude. Assuming that synchrotron emission 
beyond the 100 MeV energy limit in the co-moving frame can be 
achieved, the energy of the emitting electrons can be estimated  
as E E Γ B η≈ 4[ /(100 keV)] ( /20) [ /(0.1 G)] TeVe

1/2 −1/2 −1/2
turb
−1/2 . The produc-

tion of 100-GeV γ-rays through a synchrotron scenario therefore 
requires electrons of ultrahigh-energy, Ee ≈ 4 PeV, unless a configuration 
with a very-small-scale turbulence is present. The energy of particles 
that provide the dominant contribution to the inverse Compton emis-
sion depends strongly on the spectrum of the target photons and the 
bulk Lorentz factor. An electron with energy Ee up-scatters a target 
photon with energy Et to an energy of min{Et[Ee/(mec2)]2, ΓEe}. For target 
photons detected in the X-ray energy band, Et ≈ 1 keV, electrons with 
energy of Ee ≈ 10 GeV, which in the laboratory frame have an energy of 
hundreds of gigaelectectronvolts, can produce γ-rays that are detected 
in the VHE band.

Target photons
Target photons of very different energies can be up-scattered to γ-rays 
of the same energy. This can be of particular relevance for VHE γ-rays 
detected from GRBs, where both the target photons and non-thermal 
electrons probably have broad energy distributions. Assuming a power-
law distribution for the target photon flux, n E Ed /d ∝ γ

t t
− , and for elec-

trons, n E Ed /d ∝ γ
e e e

− e , one finds that the relative contribution to the 
γ-ray emission depends on the electron energy as E E Γ E∝{1 − [ /( )]} γ γ

e e
2 − e.  

For simplicity, just a single high-energy term in the cross-section was 
accounted for (resulting in the factor 1 − [E/(EeΓ)]), which is sufficient 
for a qualitative study. However, the obtained dependence shows that 
for a reasonable range of photon and electron indices, 1.5 < γ, γe < 3, the 
highest-available-energy electrons may provide an important contri-
bution to the γ-ray energy band by up-scattering photons with energies 
within the infrared-to-ultraviolet range.

Klein–Nishina cutoff
The Klein–Nishina cutoff is a substantial reduction of the Compton 
cross-section that occurs when E E Γ m c≳e t e

2 4 , where Ee and Et are the 
electron and target photon energies in the co-moving frame and the 
laboratory system, respectively. This results in a softening of the γ-ray 
spectrum that occurs for E ≳ 50(Γ/20)2[Et/(1 keV)]−1 GeV. Because typi-
cally the GRB synchrotron spectral-energy distribution peaks in the 
kiloelectronvolt band, the inverse Compton component detected at 
late afterglow phases may be affected by the Klein–Nishina cutoff, 
resulting in reduced fluxes and steeper spectra. This may appear to 

contradict the relatively hard intrinsic spectral index of γint ≈ 1.6 inferred 
from the H.E.S.S. measurement. There are, however, two effects that 
can result in spectral hardening at energies around the cutoff: (i) the 
up-scattering of low-energy infrared-to-ultraviolet photons, which 
give an intrinsic VHE component with the same slope as that seen in 
the hard-X-ray band and (ii) the hardness of the electron spectrum at 
gigaelectronvolt energies, where adiabatic losses probably render the 
electron spectrum hard. The search for consistency within this frame-
work of the hard VHE spectrum with the SSC scenario, however, requires 
detailed dedicated simulations, which are beyond the scope of this 
observational paper.

Data and code availability
The raw H.E.S.S. data and the code used in this study are not public, 
but belong to the H.E.S.S. collaboration. All derived higher-level data 
that are shown in the plots will be made available on the H.E.S.S. col-
laboration’s website upon publication of this study. Data and analysis 
code from the Fermi-GBM and LAT instruments are publicly available. 
Links to the data and software are provided in the Methods section. 
This work also made use of data supplied by the UK Swift Science Data 
Centre at the University of Leicester (http://www.swift.ac.uk/archive/).
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The H.E.S.S. GRB programme: 
Trigger criteria
■ GRBs followed up automatically if in FoV 

at time of alert 
■ Monthly shift of GRB expert decides in a 

case by case for afterglows/extend 
observations. 

■ Redshift-delay dependant trigger: 
▪ 24h after trigger if z < 0.1 
▪ 12h after trigger if z < 0.3 
▪ 6h after trigger if z < 1.0 
▪ 4h after trigger if z unknown.

H.E.S.S. GRB follow-up observations from 2012 to 2017

C. Hoischen+ (ICRC 2017)
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Fermi-LAT analysis 
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H.E.S.S. observations
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put navigation 
 plot here

■ Observation started ~10 hours after 
the burst. 

■ Follow-up performed for ~2 
consecutive hours (zenith 40º to 25º) 

■ Moderate presence of clouds at the 
beginning not affecting the 
observations. 
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Trials / FAR

10 well localised GRBs year < 2018 

σpost (σ, Nt) = 2 erfcinv 1 − 1 − erfc ( σ

2 )
Nt

σpost(4.6,10) = 4.1


