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τaccel∝ γe B-1, τsyn∝ γe
-1B-2

τaccel=τsyn -> γe,max∝ B-1/2

νsyn,max∝ Bγe,max
2

Esyn,max~23/2[27/(16παf)]mec2

                x Γ(t)(1+z)-1
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maximum synchrotron photon
energy for electrons dominated
by synchrotron cooling
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- 186 detections (169 long, 17 short) during Aug 2008 - Aug 2018
- extended emission -> afterglow
- sometimes hard spectrum, separate from Band component
- Eγ,max~<100 GeV
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Figure 2. Upper panel shows the 0.1–100 GeV light curve for GRB 130427A as measured by the LAT. The dashed line is a power-law fit to the light curve. The lower
panel shows the LAT-measured photon index. These data have been shown previously in Ackermann et al. (2014). The vertical dotted lines indicate the times of the
three VERITAS observations given in Table 1. The inset details these observations.
(A color version of this figure is available in the online journal.)

4. DISCUSSION AND CONCLUSIONS

The VERITAS upper limit and the last significant detection
of high-energy emission by the LAT are not simultaneous.
However, the late-time emission (>200 s) measured by the LAT
shows no deviation from a well-defined power-law behavior in
both time and energy (see Figure 2), so we extrapolate the LAT
data to the first VERITAS observing interval using the photon
flux relation dN/dt ∝ t−1.35±0.08 measured by the LAT to create
the joint VERITAS-LAT spectral energy distribution (SED)
shown in Figure 3. While compatible with the extrapolation
of the LAT measurement, the VERITAS upper limits disfavor a
scenario in which there is an enhanced VHE component. Both
synchrotron (e.g., Kouveliotou et al. 2013) and inverse Compton
(e.g., Liu et al. 2013) scenarios have been proposed to explain
the late-time, high-energy emission from GRB 130427A and we
briefly examine these models in the context of the VERITAS
upper limit.

Ackermann et al. (2014) noted that the synchrotron interpre-
tation is problematic for this burst due to the observed late-
time, high-energy photons, which contradict the robust limits
obtained from a simple interpretation of the radiation produced
in shocked plasma. However, Kouveliotou et al. (2013) find that
both spectral and temporal extrapolations, from optical to multi-
GeV energies, are consistent with the synchrotron mechanism,
though such an interpretation requires significant modifications
to current models of particle acceleration in GRB afterglow
shocks. In the context of the synchrotron model, we interpret
the VERITAS upper limit in a scenario where the uniform mag-
netic field assumption in the shocked interstellar medium (ISM)
is relaxed (Kumar et al. 2012), and the magnetic field decays

Figure 3. Joint VERITAS-LAT spectral energy distribution. The VERITAS
upper limits are calculated assuming an SSC model (Sari & Esin 2001)
with an electron spectrum (dN/dE) ∝ E−2.45 and breaks at 100, 140, and
180 GeV (solid, dot-dashed, and dashed lines). The electron energy distribution
is determined from the LAT-measured spectrum, as described in the text. This
SED is then absorbed using the EBL model of Gilmore et al. (2009). The LAT
data are best fitted with a power law with an index of 2.2 ± 0.2. The gray
shaded region (the “bowtie”) shows the one-sigma range of power-law models
compatible with the LAT data after extrapolating from the last LAT time bin
(10 ks to 70 ks) into the VERITAS observing time (71 ks to 75 ks) using the
photon flux relation (dN/dt) ∝ t−1.35±0.08, which was obtained from fitting
the late-time LAT data (Ackermann et al. 2014). The electron spectral index of
the SSC models is determined from the error-weighted mean of the late-time
spectral and temporal indices measured by the LAT.
(A color version of this figure is available in the online journal.)
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Figure 2. SSC modelled emission during the afterglow of GRB 090102.
Blue triangles are 95 per cent CL ULs derived by MAGIC for low-energy
(LE) analysis. The relatively more constraining UL in the 50–80 GeV is due
to a negative significance energy bin. For comparison, the regular energy
range MAGIC ULs (Gaug et al. 2009a) are also reported in light grey. The red
triangles report the Fermi-LAT 95 per cent CL ULs. The purple and black
curves depict the expected energy flux according to the GRB afterglow
model described in Sections 6 and 5. Physical parameters are ϵe = 0.1,
ϵB = 0.01, E52 = 4.5 and T = T0 + 4 ks at a redshift z = 1.547. The
shaded region shows the uncertainty in the EBL absorption, as prescribed
in Domı́nguez et al. (2011a).

[0.1–1 GeV], [1–10 GeV], [10–100 GeV] energy ranges, respec-
tively: 2.73 × 10−10, 4.58 × 10−10, 3.45 × 10−9 erg cm−2 s−1 and
are depicted in Fig. 2. These ULs are more constraining than the
ones reported in Inoue et al. (2013). The reason for that is the usage
of P7V6 ‘Source’ instead of P6V3 ‘Diffuse’, and also the usage of
a different procedure to parametrize the diffuse background in the
three differential energy bins. Even if observed with a consider-
able time delay, the achieved energy threshold of MAGIC permits
a better overlap with LAT in the GeV range when compared with
previous results on GRB by MAGIC and other IACTs. Thus, it has
been possible to derive simultaneous ULs with a complete cov-
erage of the energy range from 0.1 GeV up to TeV using MAGIC
and Fermi-LAT. Furthermore, it is worth stressing that, in the energy
range where the two instruments overlap (range [25–100 GeV]), the
ULs derived by MAGIC are about one order of magnitude lower
than those from Fermi-LAT.

5 TH E L OW-E N E R G Y S C E NA R I O

In a commonly accepted scenario (see e.g. Mésźaros 2006, for a
review), GRB dynamics during the prompt phase are governed by
relativistic collisions between shells of plasma emitted by a central
engine (internal shocks). Similarly, the emission during the after-
glow is thought to be connected to the shocks between these ejecta
with the external medium (external shocks). Several non-thermal
mechanisms, indeed, have been suggested as possible sources of
HE and VHE5 photons. They include both leptonic and hadronic
processes (see e.g. for a review Zhang & Mésźaros 2001; Gupta
& Zhang 2007; Fan & Piran 2008; Ghisellini 2010). In the most

5 GRBs show their phenomenology mainly in the X-ray and soft γ -ray
energy band (1 keV–1 MeV). To avoid confusion with the Fermi-LAT and
IACT operational energy range (>20 MeV and >25 GeV, respectively), we
will refer to the former as a ‘low-energy’ range.

plausible scenario, electron synchrotron radiation is the dominant
process in the low-energy regime. Within this scenario, the GRBs
spectra are usually approximated by a broken power law in which
the relevant break energies are the minimum injection νm and the
cooling νc. The first one refers to emission frequency of the bulk
of the electron population (where most of the synchrotron emission
occurs), while the cooling frequency identifies where electrons ef-
fectively cool. Both are strongly dependent on the microphysical
parameters used to describe the GRB environment and, for a con-
stant density n of the circumburst diffuse interstellar medium, they
are given by (Zhang & Mésźaros 2001)

νm = 8.6 × 1017
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where ϵe and ϵB are the energy equipartition parameter for electrons
and magnetic field, E52 is the energy per unit solid angle, th is the
observer’s time in hours, ζ e is fraction of the electrons that enter in
the acceleration loop and Ye is the ratio between synchrotron and
Inverse Compton (IC) cooling time, known as Compton factor (see
e.g. Panaitescu & Kumar 2000; Sari & Esin 2001). As a matter of
fact, we have explicitly assumed that the contribution of the Comp-
ton scattering is not negligible in the afterglow at the considered
time and, as a consequence, the cooling break is reduced by a factor
(1+Ye). It is important to remark that the change in slope of the
optical decay observed in GRB 090102 suggests that the standard
model cannot adequately describe the dynamics of this event. The
steep-to-shallow behaviour could be interpreted as due to a termina-
tion shock, locating the end of the free-wind bubble generated by a
massive progenitor at the position of the optical break. However, it
is also possible to hypothesize that the early steeper decay is simply
due to the superposition of the regular afterglow and a reverse shock
present only at early times. It is not our purpose to analyse and dis-
cuss the several physical scenarios that are proposed to describe the
afterglow, so we continue to model the burst emission assuming the
afterglow could be described in the standard context of a relativistic
shock model.

6 MO D E L I N G T H E V H E E M I S S I O N

Any attempt to a meaningful modelling of the possible VHE emis-
sion component, both during the prompt emission and the after-
glow, must rely on information coming from the low energies (see
e.g. Aleksič et al. 2010). At the same time, the modelling of the
low-energy afterglow can furthermore help in limiting the intrinsic
degeneracy or even, to some extent, arbitrariness in the choice of
the various possible HE and VHE afterglow parameters. Following
Gendre et al. (2010), we assume that the cooling frequency at the
time of MAGIC observation is located between optical and X-ray
bands. Thus, we can estimate the slope of the energy particles dis-
tributions which is correlated with the optical decay index. With
the observed optical spectral index of 0.97 ± 0.03 (Gendre et al.
2010), we obtain a value for p from the relation 4

3 (p − 1) = 0.97
of p = 2.29 ± 0.04 in good agreement with numerical simula-
tions which suggest a value of p ranging between 2.2 and 2.3
(Achterberg et al. 2001; Vietri 2003). We will assume that at the
time of the MAGIC observation, the outflow expands into a dif-
fuse medium with a constant density of the order of n ∼ 1 cm−3,
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Table 1. Results of the search for excess photons.

Non No↵ ↵ Nexcess Significance
Total 46 427 0.118 �4+8

�7 �0.6
First 300 s 8 39 0.125 3+3

�3 1.2
1st observation 26 197 0.125 1+6

�5 0.3
2nd observation 20 230 0.111 �6+5

�5 �1.1

Notes. Non is the number of gamma-ray candidates in the signal re-
gion around the GRB position and No↵ the background estimate. When
scaled by the normalisation factor ↵ they yield the number of excess
events Nexcess = Non � ↵No↵ .

Table 2. Integral flux upper limits.

Above Eth
a Di↵erentialb at

Eth 1 TeV
Total 4.2 ⇥ 10�12 6.1 ⇥ 10�11 1.0 ⇥ 10�13

1st observation 6.4 ⇥ 10�12 9.4 ⇥ 10�11 1.5 ⇥ 10�13

2nd observation 3.8 ⇥ 10�12 5.3 ⇥ 10�11 1.6 ⇥ 10�13

Notes. Upper limits correspond to a confidence level of 95% as de-
rived from the H.E.S.S. spectral analysis, assuming the EBL absorbed
simple Band function extension model. For the first observation and
the total data set the energy threshold is Eth = 383 GeV and for the
second observation Eth = 422 GeV. The integral upper limits are also
expressed as a di↵erential flux at certain energies. (a) Units cm�2 s�1.
(b) Units cm�2 s�1 TeV�1.

because it reduces systematic uncertainties in the estimation of
the e↵ective area. H.E.S.S. can still detect gamma rays with en-
ergies below this value and all events are used when estimating
the significance. However, the spectral analysis is restricted to
events with reconstructed energies above the energy threshold.

5. Results

The results of the analysis of the H.E.S.S. data taken for
GRB 100621A are shown in Table 1. No excess is observed us-
ing the total data set. In order to search for emission on shorter
time scales and closer to t0 a further analysis was done on each
observation separately and on the events corresponding to the
first 300 s of the first observation. Shorter time scales are not
possible because the number of events in the on-region would
become too low to estimate the significance. No significant ex-
cess is found here either. The result for the total dataset has also
been crosschecked with an independent calibration and analysis
of the data (Becherini et al. 2011).

Upper limits on the number of excess events are calculated
using the method of Rolke et al. (2005). These upper limits are
converted to integral flux upper limits using the H.E.S.S. ef-
fective area. The spectral shape is assumed to follow the Band
function extension model plus EBL absorption (a temporal com-
ponent plays no roll in the calculation). The integral limit can
be presented as a di↵erential flux on the assumed spectrum
of 1.0 ⇥ 10�13 cm�2 s�1 TeV�1 at 1 TeV at 95% confidence level
(see Table 2).

Figure 1 shows a graphical representation of the upper limit
and compares it to the spectral-temporal model. It can also
be seen that the spectral shape in the H.E.S.S. energy range
is mostly dominated by the EBL absorption. Thus, changing
the spectral model from the Band function extension model to
e.g. an E

�2 spectrum would change the limits only marginally.
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Fig. 1. Solid line: spectral-temporal model matching the H.E.S.S. ob-
servation window, dashed line: same spectrum without applying the
EBL model by Franceschini et al. (2008). It can be seen that the spectral
shape is dominated by the EBL absorption in the H.E.S.S. energy range.
The red dashed-dotted line shows the spectrum that corresponds to the
limits given in Table 2 as obtained by the analysis of the total data set,
where the red dots are the two given di↵erential representations. The
shaded area shows the e↵ect of varying the Konus-WIND high-energy
photon index � within its one-sigma error.

Time since BAT trigger (s)
210 310 410 510 610

-1
 s

-2
H

.E
.S

.S
. F

lu
x 

in
 (0

.3
8 

- 1
00

 T
eV

) e
rg

 c
m

-1210

-1110

-1010

-910

-810

-710

-610

-1
 s

-2
XR

T 
Fl

ux
 in

 (0
.3

 - 
10

 k
eV

) e
rg

 c
m

-1210

-1110

-1010

-910

-810

-710

-610

Fig. 2. Comparison of the VHE upper limits (95% confidence level)
on the energy output above the energy threshold (in lighter colour) us-
ing the Band function extension model (no EBL correction applied)
with the XRT energy flux (in darker colour, de-absorbed, from the Swift
Burst Analyser, Evans et al. 2009, 2007). Horizontal arrows indicate the
start and end time of the observations from which the corresponding up-
per limit is derived.

Changing the decay factor � in the temporal decay e.g. to 1.0
would move the model up by a factor of ⇠5, which is small com-
pared to the other uncertainties of the extrapolation. This decay
index has been observed by Fermi-LAT, however the character-
istic time scale is the time of the LAT peak emission (Fermi-LAT
Collaboration 2013) and its relation to the T90 at lower energies
remains unclear.

In Fig. 2 the energy output after correcting for absorption
e↵ects in the H.E.S.S. (0.38–100 TeV) and XRT energy range
(0.3–10 keV) is compared. As can be seen, GRB 100621A ex-
hibited an extremely bright X-ray afterglow at earlier times. The
H.E.S.S. observations were obtained during the shallow X-ray
phase and do not cover the steep increase in brightness in the
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GRB 100621A

GRB 130427A

t-t0=71ks
     ~20hr �

HAWC upper limits to the LAT spectrum as was done for GRB
170206A.

The previous estimate of the GRB detection rate in HAWC
used only triggers by Fermi-GBM, while in the current paper
those GRBs as well as GRBs triggering Swift were analyzed.
Swift added about 15% uniquely identified bursts, so the GRB
detection rate of HAWC should also be slightly higher.
However, in Taboada & Gilmore (2014), a trigger threshold of
30 PMTs was used, which is significantly lower than the
threshold of the current analysis (6.7% of PMTs participating
in the event). Thus, the non-detection of a GRB within one and
a half years of operations is not in conflict with previous
estimates.

This paper has presented upper limits for VHE emission
from GRBs observed during the first one and a half years of the
HAWC Gamma-Ray Observatory. None of the bursts were

significantly detected. If an SSC component is present in
GRB170206A, the HAWC upper limits constrain the expected
cutoff to be less than 100 GeV for reasonable assumptions
about the energetics and redshift of the burst. With the current
statistics, the limits on the GRB detection rate in HAWC still
do not allow strong conclusions about the distribution of the
high-energy photon index, high-energy cutoffs, or the fraction
of GRBs with additional power-law components to be drawn.
In order for the limits to become constraining to physical
models, more years of operation or a more sensitive analysis is
needed. For bursts at high redshift, it is essential to expand the
analysis to trigger threshold, ideally with a set of reliable GH
separation cuts. It will lower the energy reach of HAWC and
thereby improve HAWC’s sensitivity to GRBs. The current
search is most sensitive to emission that starts close to the
trigger time on the timescales searched. Searches on other
timescales and/or start times or a more model-dependent
search, e.g., assuming a certain light-curve shape, are possible
future avenues to explore. Another possible improvement to the
analysis of GBM burst is to search the error ellipse with a
higher containment probability and to take systematic uncer-
tainties into account.
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Figure 4. Comparison between the Fermi-GBM fluence and the fluence implied by the HAWC upper limits obtained during the same time period for all GRBs
completely inside the HAWC field of view for the two different redshifts (left panel: z=0.3, right panel: z=1.0). The circles (red) show short GRBs, the asterisks
(blue) long GRBs, and the green square GRB170206A. The black line shows an equal fluence in the Fermi-GBM and HAWC energy range.

Figure 5. Solid line (red) shows the spectrum fitted to the prompt Fermi-GBM
data of GRB170206, while dotted lines (black) show the “quasi-differential”
limits assuming -E 2 obtained from the HAWC data taken during the same time
period. Dashed line (blue) shows the best-fit spectrum obtained from the
Fermi-LAT data in the early afterglow and the shaded area the uncertainty
taking into account the correlations and non-linearity of fit parameters. The
green dashed−dotted lines show the HAWC limits for two different assumed
redshifts.
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Figure 2. Upper panel shows the 0.1–100 GeV light curve for GRB 130427A as measured by the LAT. The dashed line is a power-law fit to the light curve. The lower
panel shows the LAT-measured photon index. These data have been shown previously in Ackermann et al. (2014). The vertical dotted lines indicate the times of the
three VERITAS observations given in Table 1. The inset details these observations.
(A color version of this figure is available in the online journal.)

4. DISCUSSION AND CONCLUSIONS

The VERITAS upper limit and the last significant detection
of high-energy emission by the LAT are not simultaneous.
However, the late-time emission (>200 s) measured by the LAT
shows no deviation from a well-defined power-law behavior in
both time and energy (see Figure 2), so we extrapolate the LAT
data to the first VERITAS observing interval using the photon
flux relation dN/dt ∝ t−1.35±0.08 measured by the LAT to create
the joint VERITAS-LAT spectral energy distribution (SED)
shown in Figure 3. While compatible with the extrapolation
of the LAT measurement, the VERITAS upper limits disfavor a
scenario in which there is an enhanced VHE component. Both
synchrotron (e.g., Kouveliotou et al. 2013) and inverse Compton
(e.g., Liu et al. 2013) scenarios have been proposed to explain
the late-time, high-energy emission from GRB 130427A and we
briefly examine these models in the context of the VERITAS
upper limit.

Ackermann et al. (2014) noted that the synchrotron interpre-
tation is problematic for this burst due to the observed late-
time, high-energy photons, which contradict the robust limits
obtained from a simple interpretation of the radiation produced
in shocked plasma. However, Kouveliotou et al. (2013) find that
both spectral and temporal extrapolations, from optical to multi-
GeV energies, are consistent with the synchrotron mechanism,
though such an interpretation requires significant modifications
to current models of particle acceleration in GRB afterglow
shocks. In the context of the synchrotron model, we interpret
the VERITAS upper limit in a scenario where the uniform mag-
netic field assumption in the shocked interstellar medium (ISM)
is relaxed (Kumar et al. 2012), and the magnetic field decays

Figure 3. Joint VERITAS-LAT spectral energy distribution. The VERITAS
upper limits are calculated assuming an SSC model (Sari & Esin 2001)
with an electron spectrum (dN/dE) ∝ E−2.45 and breaks at 100, 140, and
180 GeV (solid, dot-dashed, and dashed lines). The electron energy distribution
is determined from the LAT-measured spectrum, as described in the text. This
SED is then absorbed using the EBL model of Gilmore et al. (2009). The LAT
data are best fitted with a power law with an index of 2.2 ± 0.2. The gray
shaded region (the “bowtie”) shows the one-sigma range of power-law models
compatible with the LAT data after extrapolating from the last LAT time bin
(10 ks to 70 ks) into the VERITAS observing time (71 ks to 75 ks) using the
photon flux relation (dN/dt) ∝ t−1.35±0.08, which was obtained from fitting
the late-time LAT data (Ackermann et al. 2014). The electron spectral index of
the SSC models is determined from the error-weighted mean of the late-time
spectral and temporal indices measured by the LAT.
(A color version of this figure is available in the online journal.)
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Figure 2. SSC modelled emission during the afterglow of GRB 090102.
Blue triangles are 95 per cent CL ULs derived by MAGIC for low-energy
(LE) analysis. The relatively more constraining UL in the 50–80 GeV is due
to a negative significance energy bin. For comparison, the regular energy
range MAGIC ULs (Gaug et al. 2009a) are also reported in light grey. The red
triangles report the Fermi-LAT 95 per cent CL ULs. The purple and black
curves depict the expected energy flux according to the GRB afterglow
model described in Sections 6 and 5. Physical parameters are ϵe = 0.1,
ϵB = 0.01, E52 = 4.5 and T = T0 + 4 ks at a redshift z = 1.547. The
shaded region shows the uncertainty in the EBL absorption, as prescribed
in Domı́nguez et al. (2011a).

[0.1–1 GeV], [1–10 GeV], [10–100 GeV] energy ranges, respec-
tively: 2.73 × 10−10, 4.58 × 10−10, 3.45 × 10−9 erg cm−2 s−1 and
are depicted in Fig. 2. These ULs are more constraining than the
ones reported in Inoue et al. (2013). The reason for that is the usage
of P7V6 ‘Source’ instead of P6V3 ‘Diffuse’, and also the usage of
a different procedure to parametrize the diffuse background in the
three differential energy bins. Even if observed with a consider-
able time delay, the achieved energy threshold of MAGIC permits
a better overlap with LAT in the GeV range when compared with
previous results on GRB by MAGIC and other IACTs. Thus, it has
been possible to derive simultaneous ULs with a complete cov-
erage of the energy range from 0.1 GeV up to TeV using MAGIC
and Fermi-LAT. Furthermore, it is worth stressing that, in the energy
range where the two instruments overlap (range [25–100 GeV]), the
ULs derived by MAGIC are about one order of magnitude lower
than those from Fermi-LAT.

5 TH E L OW-E N E R G Y S C E NA R I O

In a commonly accepted scenario (see e.g. Mésźaros 2006, for a
review), GRB dynamics during the prompt phase are governed by
relativistic collisions between shells of plasma emitted by a central
engine (internal shocks). Similarly, the emission during the after-
glow is thought to be connected to the shocks between these ejecta
with the external medium (external shocks). Several non-thermal
mechanisms, indeed, have been suggested as possible sources of
HE and VHE5 photons. They include both leptonic and hadronic
processes (see e.g. for a review Zhang & Mésźaros 2001; Gupta
& Zhang 2007; Fan & Piran 2008; Ghisellini 2010). In the most

5 GRBs show their phenomenology mainly in the X-ray and soft γ -ray
energy band (1 keV–1 MeV). To avoid confusion with the Fermi-LAT and
IACT operational energy range (>20 MeV and >25 GeV, respectively), we
will refer to the former as a ‘low-energy’ range.

plausible scenario, electron synchrotron radiation is the dominant
process in the low-energy regime. Within this scenario, the GRBs
spectra are usually approximated by a broken power law in which
the relevant break energies are the minimum injection νm and the
cooling νc. The first one refers to emission frequency of the bulk
of the electron population (where most of the synchrotron emission
occurs), while the cooling frequency identifies where electrons ef-
fectively cool. Both are strongly dependent on the microphysical
parameters used to describe the GRB environment and, for a con-
stant density n of the circumburst diffuse interstellar medium, they
are given by (Zhang & Mésźaros 2001)

νm = 8.6 × 1017
(

p − 2
p − 1

)2 (
ϵe

ζe

)2

t
−3/2
h E

1/2
52 ϵ

1/2
B (1 + z)1/2 [Hz]

(1)

νc = 3.1 × 1013 (1 + Ye)−2 ϵ
−3/2
B E

−1/2
52 n−1t

−1/2
h (1 + z)1/2 [Hz],

(2)

where ϵe and ϵB are the energy equipartition parameter for electrons
and magnetic field, E52 is the energy per unit solid angle, th is the
observer’s time in hours, ζ e is fraction of the electrons that enter in
the acceleration loop and Ye is the ratio between synchrotron and
Inverse Compton (IC) cooling time, known as Compton factor (see
e.g. Panaitescu & Kumar 2000; Sari & Esin 2001). As a matter of
fact, we have explicitly assumed that the contribution of the Comp-
ton scattering is not negligible in the afterglow at the considered
time and, as a consequence, the cooling break is reduced by a factor
(1+Ye). It is important to remark that the change in slope of the
optical decay observed in GRB 090102 suggests that the standard
model cannot adequately describe the dynamics of this event. The
steep-to-shallow behaviour could be interpreted as due to a termina-
tion shock, locating the end of the free-wind bubble generated by a
massive progenitor at the position of the optical break. However, it
is also possible to hypothesize that the early steeper decay is simply
due to the superposition of the regular afterglow and a reverse shock
present only at early times. It is not our purpose to analyse and dis-
cuss the several physical scenarios that are proposed to describe the
afterglow, so we continue to model the burst emission assuming the
afterglow could be described in the standard context of a relativistic
shock model.

6 MO D E L I N G T H E V H E E M I S S I O N

Any attempt to a meaningful modelling of the possible VHE emis-
sion component, both during the prompt emission and the after-
glow, must rely on information coming from the low energies (see
e.g. Aleksič et al. 2010). At the same time, the modelling of the
low-energy afterglow can furthermore help in limiting the intrinsic
degeneracy or even, to some extent, arbitrariness in the choice of
the various possible HE and VHE afterglow parameters. Following
Gendre et al. (2010), we assume that the cooling frequency at the
time of MAGIC observation is located between optical and X-ray
bands. Thus, we can estimate the slope of the energy particles dis-
tributions which is correlated with the optical decay index. With
the observed optical spectral index of 0.97 ± 0.03 (Gendre et al.
2010), we obtain a value for p from the relation 4

3 (p − 1) = 0.97
of p = 2.29 ± 0.04 in good agreement with numerical simula-
tions which suggest a value of p ranging between 2.2 and 2.3
(Achterberg et al. 2001; Vietri 2003). We will assume that at the
time of the MAGIC observation, the outflow expands into a dif-
fuse medium with a constant density of the order of n ∼ 1 cm−3,
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Table 1. Results of the search for excess photons.

Non No↵ ↵ Nexcess Significance
Total 46 427 0.118 �4+8

�7 �0.6
First 300 s 8 39 0.125 3+3

�3 1.2
1st observation 26 197 0.125 1+6

�5 0.3
2nd observation 20 230 0.111 �6+5

�5 �1.1

Notes. Non is the number of gamma-ray candidates in the signal re-
gion around the GRB position and No↵ the background estimate. When
scaled by the normalisation factor ↵ they yield the number of excess
events Nexcess = Non � ↵No↵ .

Table 2. Integral flux upper limits.

Above Eth
a Di↵erentialb at

Eth 1 TeV
Total 4.2 ⇥ 10�12 6.1 ⇥ 10�11 1.0 ⇥ 10�13

1st observation 6.4 ⇥ 10�12 9.4 ⇥ 10�11 1.5 ⇥ 10�13

2nd observation 3.8 ⇥ 10�12 5.3 ⇥ 10�11 1.6 ⇥ 10�13

Notes. Upper limits correspond to a confidence level of 95% as de-
rived from the H.E.S.S. spectral analysis, assuming the EBL absorbed
simple Band function extension model. For the first observation and
the total data set the energy threshold is Eth = 383 GeV and for the
second observation Eth = 422 GeV. The integral upper limits are also
expressed as a di↵erential flux at certain energies. (a) Units cm�2 s�1.
(b) Units cm�2 s�1 TeV�1.

because it reduces systematic uncertainties in the estimation of
the e↵ective area. H.E.S.S. can still detect gamma rays with en-
ergies below this value and all events are used when estimating
the significance. However, the spectral analysis is restricted to
events with reconstructed energies above the energy threshold.

5. Results

The results of the analysis of the H.E.S.S. data taken for
GRB 100621A are shown in Table 1. No excess is observed us-
ing the total data set. In order to search for emission on shorter
time scales and closer to t0 a further analysis was done on each
observation separately and on the events corresponding to the
first 300 s of the first observation. Shorter time scales are not
possible because the number of events in the on-region would
become too low to estimate the significance. No significant ex-
cess is found here either. The result for the total dataset has also
been crosschecked with an independent calibration and analysis
of the data (Becherini et al. 2011).

Upper limits on the number of excess events are calculated
using the method of Rolke et al. (2005). These upper limits are
converted to integral flux upper limits using the H.E.S.S. ef-
fective area. The spectral shape is assumed to follow the Band
function extension model plus EBL absorption (a temporal com-
ponent plays no roll in the calculation). The integral limit can
be presented as a di↵erential flux on the assumed spectrum
of 1.0 ⇥ 10�13 cm�2 s�1 TeV�1 at 1 TeV at 95% confidence level
(see Table 2).

Figure 1 shows a graphical representation of the upper limit
and compares it to the spectral-temporal model. It can also
be seen that the spectral shape in the H.E.S.S. energy range
is mostly dominated by the EBL absorption. Thus, changing
the spectral model from the Band function extension model to
e.g. an E

�2 spectrum would change the limits only marginally.
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Fig. 1. Solid line: spectral-temporal model matching the H.E.S.S. ob-
servation window, dashed line: same spectrum without applying the
EBL model by Franceschini et al. (2008). It can be seen that the spectral
shape is dominated by the EBL absorption in the H.E.S.S. energy range.
The red dashed-dotted line shows the spectrum that corresponds to the
limits given in Table 2 as obtained by the analysis of the total data set,
where the red dots are the two given di↵erential representations. The
shaded area shows the e↵ect of varying the Konus-WIND high-energy
photon index � within its one-sigma error.
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Fig. 2. Comparison of the VHE upper limits (95% confidence level)
on the energy output above the energy threshold (in lighter colour) us-
ing the Band function extension model (no EBL correction applied)
with the XRT energy flux (in darker colour, de-absorbed, from the Swift
Burst Analyser, Evans et al. 2009, 2007). Horizontal arrows indicate the
start and end time of the observations from which the corresponding up-
per limit is derived.

Changing the decay factor � in the temporal decay e.g. to 1.0
would move the model up by a factor of ⇠5, which is small com-
pared to the other uncertainties of the extrapolation. This decay
index has been observed by Fermi-LAT, however the character-
istic time scale is the time of the LAT peak emission (Fermi-LAT
Collaboration 2013) and its relation to the T90 at lower energies
remains unclear.

In Fig. 2 the energy output after correcting for absorption
e↵ects in the H.E.S.S. (0.38–100 TeV) and XRT energy range
(0.3–10 keV) is compared. As can be seen, GRB 100621A ex-
hibited an extremely bright X-ray afterglow at earlier times. The
H.E.S.S. observations were obtained during the shallow X-ray
phase and do not cover the steep increase in brightness in the
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GRB 100621A

GRB 130427A

t-t0=71ks
     ~20hr �

HAWC upper limits to the LAT spectrum as was done for GRB
170206A.

The previous estimate of the GRB detection rate in HAWC
used only triggers by Fermi-GBM, while in the current paper
those GRBs as well as GRBs triggering Swift were analyzed.
Swift added about 15% uniquely identified bursts, so the GRB
detection rate of HAWC should also be slightly higher.
However, in Taboada & Gilmore (2014), a trigger threshold of
30 PMTs was used, which is significantly lower than the
threshold of the current analysis (6.7% of PMTs participating
in the event). Thus, the non-detection of a GRB within one and
a half years of operations is not in conflict with previous
estimates.

This paper has presented upper limits for VHE emission
from GRBs observed during the first one and a half years of the
HAWC Gamma-Ray Observatory. None of the bursts were

significantly detected. If an SSC component is present in
GRB170206A, the HAWC upper limits constrain the expected
cutoff to be less than 100 GeV for reasonable assumptions
about the energetics and redshift of the burst. With the current
statistics, the limits on the GRB detection rate in HAWC still
do not allow strong conclusions about the distribution of the
high-energy photon index, high-energy cutoffs, or the fraction
of GRBs with additional power-law components to be drawn.
In order for the limits to become constraining to physical
models, more years of operation or a more sensitive analysis is
needed. For bursts at high redshift, it is essential to expand the
analysis to trigger threshold, ideally with a set of reliable GH
separation cuts. It will lower the energy reach of HAWC and
thereby improve HAWC’s sensitivity to GRBs. The current
search is most sensitive to emission that starts close to the
trigger time on the timescales searched. Searches on other
timescales and/or start times or a more model-dependent
search, e.g., assuming a certain light-curve shape, are possible
future avenues to explore. Another possible improvement to the
analysis of GBM burst is to search the error ellipse with a
higher containment probability and to take systematic uncer-
tainties into account.

We acknowledge the support from: the US National Science
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Figure 4. Comparison between the Fermi-GBM fluence and the fluence implied by the HAWC upper limits obtained during the same time period for all GRBs
completely inside the HAWC field of view for the two different redshifts (left panel: z=0.3, right panel: z=1.0). The circles (red) show short GRBs, the asterisks
(blue) long GRBs, and the green square GRB170206A. The black line shows an equal fluence in the Fermi-GBM and HAWC energy range.

Figure 5. Solid line (red) shows the spectrum fitted to the prompt Fermi-GBM
data of GRB170206, while dotted lines (black) show the “quasi-differential”
limits assuming -E 2 obtained from the HAWC data taken during the same time
period. Dashed line (blue) shows the best-fit spectrum obtained from the
Fermi-LAT data in the early afterglow and the shaded area the uncertainty
taking into account the correlations and non-linearity of fit parameters. The
green dashed−dotted lines show the HAWC limits for two different assumed
redshifts.
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Despite numerous searches,
no clear detections... �



GRB 190114C: keV-MeV vs TeV
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Extended Data Figure 1: Light curves in the TeV and keV bands for GRB 190114C. Light curve

above 0.3TeV in photon flux measured by MAGIC (red, from T

0

+ 62 s to T

0

+ 210 s), compared

with that between 15 keV and 50 keV measured by Swift/BAT71 (grey, from T

0

to T

0

+ 210 s) and

the photon flux above 0.3TeV of the Crab Nebula (blue dashed line). The errors on the MAGIC

photon fluxes correspond to 1 standard deviation. Vertical lines indicate the times for MAGIC

when the alert was received (T
0

+ 22 s), when the tracking of the GRB by the telescopes started

(T
0

+ 50 s), when the data acquisition started (T
0

+ 57 s), and when the data acquisition system

became stable (T
0

+ 62 s, dotted line).

38

flux of
Crab
Nebula�

5	

- significance > 50σ in first 20 min
- ~0.1 kiloCrab > 0.3 TeV in first 30 s, brightest TeV source to date
                -> Liso ~3x1049 erg/s, most luminous TeV source to date

early TeV vs keV-MeV light curve�

- T90 ~116 s (GBM), ~362 s (BAT)
- z=0.425 (afterglow abs. + host galaxy emi. )
- Eiso~3x1053 erg, Liso~1x1053 erg/s (1-104 keV)

MAGIC Coll. 2019
Nature 575, 455
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Figure 2: Spectrum above 0.2 TeV averaged over the period between T

0

+62 s and T

0

+2454 s

for GRB 190114C. Spectral energy distributions for the spectrum observed by MAGIC (grey open

circles) and the intrinsic spectrum corrected for EBL attenuation23 (blue filled circles). The errors

on the flux correspond to 1 standard deviation. The upper limits at 95% confidence level are

shown for the first non-significant bin at high energies. Also shown is the best fit model for

the intrinsic spectrum (black curve), when assuming a power-law function. The grey solid curve

for the observed spectrum is obtained by convolving this curve with the effect of EBL attenuation.

The grey dashed curve is the forward-folding fit to the observed spectrum with a power-law

function (Methods).

models leads to only small differences in ↵

int

, compatible within the uncertainties (Methods).168

Consistency with ↵

int

⇠ �2 implies roughly equal power radiated over 0.2 � 1TeV and possibly169

10

GRB 190114C: time-integrated TeV spectrum

- consistent with E-2.22 after correcting for attenuation by EBL
  (factor ~300 at 1 TeV, from E-5.43 observed)
- no clear evidence for cutoff above 1 TeV

T0+62-2454s �

6	

MAGIC Coll.
2019
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GRB 190114C: �
TeV vs �
keV-GeV �
light curves,�
time-dep.�
TeV spectra

TeV light curve:
- consistent with t-1.6 -> likely predominantly afterglow
- radiated power comparable to X-ray and GeV
- good correlation with X-ray -> close relation with electron sync.
TeV spectra: consistent with ~-2, some evidence for softening � 7	

MAGIC Coll.
2019
Nature 575, 455



beyond, strengthening the inference that there is significant energy output at TeV energies.170
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Figure 3: Distribution of TeV-band gamma rays in energy versus time for GRB 190114C.

The number of events in each bin of energy and time are color-coded (Methods). The vertical

line indicates the beginning of data acquisition. Curves show the expected maximum photon en-

ergy "

syn,max

of electron synchrotron radiation in the standard afterglow theory, for two extreme

cases giving high values of "
syn,max

. Dotted curve: isotropic-equivalent blast wave kinetic energy

E

k,aft = 3 ⇥ 1055 erg and homogeneous external medium with density n = 0.01 cm�3; dashed

curve: E
k,aft = 3⇥1055 erg and external medium describing a progenitor stellar wind with density

profile n(R) = AR

�2 as function of radius R, where A = 3⇥ 1033 cm�1 (Methods).

Much of the observed emission up to GeV energies for GRB 190114C is likely afterglow171

synchrotron emission from electrons, similar to many previous GRBs2, 26. The TeV emission ob-172

served here is also plausibly associated with the afterglow. However, it cannot be a simple spectral173

11

GRB 190114C: photon energies vs afterglow sync. limit

observed energies well above even extreme assumptions for Esyn,max
-> unambiguous evidence for separate emission component �

Ek=3x1055 erg
n=0.01 cm-3 �

Ek=3x1055 erg
n(R)=3x1033 (R/cm)-2 cm-3 �

8	
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Figure 1: Multi-wavelength light curves of GRB 190114C. Energy flux at different wavelengths,

from radio to gamma-rays, versus time since the BAT trigger time T0 = 20:57:03.19 UT on 14

January 2019. The light curve for the energy range 0.3-1 TeV (green circles) is compared with

light curves at lower frequencies. Those for VLA (yellow square), ATCA (yellow stars), ALMA
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emission phase, identified with the end of the last flaring episode. For the data points, vertical bars

show the 1-� errors on the flux, while horizontal bars represent the duration of the observation.
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GRB 190114C: multiwavelength light curves

- extensive MWL coverage from GHz to TeV 9	

end of
prompt
phase�

MAGIC Coll.
et al 2019
Nature 575, 459
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- direct evidence for spectral component distinct from synchrotron
  with comparable power
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11	

- reasonable SSC
  interpretation with
  plausible parameters:
  s=0, n0=0.5 cm-3

  εe=0.07, εB=8x10-5

  Ek=8x1053 erg, p=2.6

- steep TeV spectra ->
  KN+internal γγ abs
 (otherwise low εe,
  high B required,
  implying weak SSC) Observed

EBL-cor., no int. γγ
EBL-cor., inc. int. γγ

- supports inference
  that TeV emission
  may be common

MAGIC Coll.
et al 2019
Nature 575, 459



GRB 180720B: late time TeV observations
z=0.653, T90~49s, Eiso~6x1053 erg, Liso~1.8x1053 erg/s

- detected at 5.0σ (post-trial), t~10-12 h, 100-440 GeV
- EBL-corrected photon index Γint=1.6+-1.2 (stat)+-0.4 (sys)
- SSC most plausible 12	

announced in
     May 2019 �

HESS Coll. 2019
Nature 575, 464
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αLAT is at about 1σ from the mean value of the distribution of the  
decay indices of long GRBs detected by Fermi-LAT14 (α = 0.99 ± 0.04LAT , 
σ = 0.80 + 0.07α ) and such deviation could largely depend on the time 
range in which αLAT is fitted, potentially in agreement with αXRT  
and αoptical.

The detection of VHE γ-ray emission indicates the presence of very 
energetic particles in the GRB afterglow. This discovery is consistent 
with efficient γ-ray emission seen in other astrophysical sources with 
relativistic plasma outflow, for example, pulsar wind nebulae or jets 
emerging from the nuclei of active galaxies. In the case of a GRB after-
glow, the particle acceleration probably occurs at the forward shock15 
(the compression shock wave propagating through the circumburst 
material), which should be capable of efficient electron and proton 
acceleration. As proton radiation processes are characterized by 
long energy-loss timescales relative to the dynamical timescale, the 
detected γ-ray emission is probably produced by accelerated elec-
trons (see Methods). Therefore, two radiation processes are the most 

plausible dominant contributions to the VHE spectrum: synchrotron 
emission of an electron population in the local magnetic field16 and 
synchrotron self-Compton (SSC) scattering17,18. In the latter case, the 
synchrotron photons, which are thought to dominate the target radia-
tion19, are inverse-Compton-scattered to higher energies by the same 
electron population.

The SSC and synchrotron emission origin scenarios2 place distinctly 
different demands on the source acceleration efficiency. Whereas an 
SSC origin requires electrons with only multi-gigaelectronvolt ener-
gies, a synchrotron origin requires an extreme accelerator potentially 
accelerating beyond petaelectronvolt energies20 (see Methods). Fur-
thermore, for GRBs to operate as 1020 eV cosmic-ray sources, they must 
achieve extreme acceleration21. One key distinguishing characteristic 
between these two emission origins is that SSC predicts the presence 
of two bumps in the spectral-energy distribution with their height 
ratio depending on the energy densities of both the electrons and the 
magnetic field, whereas a synchrotron model implies only a broad 
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- Dedicated analyses, including new Crab data under Moon
- ~3 sigma excess (>600-800 GeV) at GRB position,
   for whole exposure, as well as 2nd half only (t~1.5-4 h)  
- Excess confirmed by 3 analyzers via independent analyses
- Some offset of hot spot from nominal GRB position,
   but within statistical uncertainties
- Possible evidence of γ signal, but not firm (>5σ) detection 9�

see arXiv:1704.00906 for
MAGIC performance in Moon �

short GRB 160821B: TeV observations

-  3.1 sigma (post-trial) at >600-800 GeV at GRB position
  -> hint of gamma-ray signal, but not firm detection

- short GRB (T90~0.5s), nearby (z=0.16) -> Eiso~1.2x1050 erg/s
- MAGIC follow up t~24 s - 4 hr, zenith angle~34-55°
   bright moon (3-9 x dark), poor weather at t<1.5 hr

13	

- no other VHE source in FoV, steady source excluded by later obs.
- no GeV detection by Fermi-LAT



short GRB 160821B: TeV vs MWL observations

IF real signal:
- energy flux >500 GeV ~ 2 × energy flux in X-rays at t~104 s
- first SGRB seen >500 GeV,  first SGRB seen >GeV to t~104s
  only second SGRB with known z seen >GeV
  -> advances our knowledge of high-energy properties of SGRBs
  -> implication for gamma-ray follow-up of NS mergers

TeV: IF real signal
observed energy flux >500 GeV
 ~2 × that in X-rays at t~104 s
(EBL-corrected ~10×)
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A candidate kilonova in GRB160821B 9

Figure 4. Multi-color lightcurves of GRB160821B compared to the standard FS (dashed line) + RS (dot-dashed line) scenario. The FS
model is the best fit to the broadband dataset, whereas the RS is described as a fast fading power-law of slope ≈2 (Kobayashi 2000).
The jet-break time tjet is shown by the thick vertical line. The shaded areas show the 68% unceertainty in the model. Excess emission
at optical and nIR wavelengths is compared with the template kilonova light curves of AT2017gfo (solid line). The redshifted optical
light curve of SN1998bw (dotted line; Galama et al. 1998) is also shown for comparison. Errors are 1σ, downward triangles are 3σ upper
limits. For plotting purposes, optical r and z data were rescaled using the observed colors (Fig. 2) in order to match the F606W and
F110W filters, respectively.

Our analysis also finds evidence for an early blue excess,
although with larger uncertainties. It is suggestive that the
luminosity and timescale of this blue component are consis-
tent with the early optical emission in AT2017gfo (Figure 4,
top right panel). The blue color and early onset require a
larger mass (Mej ≈0.01 M⊙) of lanthanide-poor material,
produced, for example, by the merger remnant.

4.2 Effects of a long-lived NS

The merger of two NSs can lead either to a stellar-
mass BH or to a hypermassive highly magnetized NS
(Giacomazzo & Perna 2013). The latter is thought to sig-
nificantly affect both the kilonova colors and the after-
glow evolution through its continuous energy injection and
strong neutrino irradiation (Kasen et al. 2015; Gao et al.
2015; Lippuner et al. 2017; Radice et al. 2018). Indeed, the
red colors of GW170817/AT2017gfo and its smooth after-
glow light curve, mostly consistent with a standard FS emis-

MNRAS 000, 1–13 (2019)
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low-luminosity GRB 190829A: TeV observations

z=0.0785
T90~63s (GBM)
     ~58.2s (BAT)
Eiso~2.0x1050 erg
Liso~1.9x1049 erg/s
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 Future prospects for VHE (>20 GeV) GRB observations

What did we learn?
- TeV emission likely to be predominantly afterglow
- Clear evidence of new component beyond synchrotron,
   energetically significant
- Hadronic processes such as proton synchrotron strongly disfavored
- Most likely origin? -> stay tuned for second paper in Nature
- Event does not seem special; GRB TeV emission may be common

1. More VHE afterglows – new window on IC and other components
    (analogous to 90’s discovery of GeV/TeV emission from blazars)
  - Deeper understanding of afterglow dynamics, GRB environment
  - New insight into plasma microphysics of relativistic shocks:
    particle acceleration, B field amplification...
  - Probe of EBL (IGMF) at high z

16	



Further, qualitative leaps:
2. Reverse shock VHE emission
  - New insight into GRB jet properties (poorly understood)
3. Prompt VHE emission
    “Holy Grail”
  - New insight into origin
     of prompt emission
    (big mystery)
  - Better tests of Lorentz
    invariance violation

 Future prospects for VHE (>20 GeV) GRB observations

What did we learn?
- TeV emission likely to be predominantly afterglow
- Clear evidence of new component beyond synchrotron,
   energetically significant
- Hadronic processes such as proton synchrotron strongly disfavored
- Most likely origin? -> stay tuned for second paper in Nature
- Event does not seem special; GRB TeV emission may be common

1. More VHE afterglows – new window on IC and other components
    (analogous to 90’s discovery of GeV/TeV emission from blazars)
  - Deeper understanding of afterglow dynamics, GRB environment
  - New insight into plasma microphysics of relativistic shocks:
    particle acceleration, B field amplification...
  - Probe of EBL (IGMF) at high z
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CTA vs current Cherenkov telescopes for GRBs

- real-time analysis with automated issuing of alerts (in ~30 sec)

Divergent pointing with CTA Lucie Gérard
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Figure 4: Gamma-ray acceptance after direction and energy reconstruction cuts. The total number of events
passing those cuts are 469051 for the normal mode and 447918 for the divergent mode.
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Figure 5: Integrated sensitivities at different distances to the center of the field of view. Left: 8 hours of
observations with the divergent mode. Right: 2 hours of observations with the normal mode.

3.2 Comparison with the normal pointing mode

In the center of the field of view, the normal pointing mode is bound to perform better than
the divergent pointing mode which has a lower pointing multiplicity of the telescopes. For larger
offset, the performance of the normal pointing degrades as the events are detected at the camera
edge, whereas the performance of the divergent pointing remains of the same order up to offsets of
⇠ 7�. To compare both modes, an effective field of view is defined as the part of the field of view
within which the ratio of sensitivities between different offsets is no more than ⇠ 1.5. The effective
field of view radius is 3.5� and 7� for the normal and divergent pointing modes respectively.

The angular resolution, energy resolution, and the effective area within the effective field of
view are presented in Figure 6 for both modes. As each event is observed with fewer telescopes,
the divergent pointing does not reach event reconstruction performance of the normal pointing.
Between 125 GeV and 10 TeV the angular resolution of the divergent pointing mode is on average
30% worse than that of the normal pointing. The energy resolution degrades by ⇠ 20% up to
3TeV, and by 30�40% between 3 and 10TeV. The difference in effective area between the two
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3.2 Comparison with the normal pointing mode

In the center of the field of view, the normal pointing mode is bound to perform better than
the divergent pointing mode which has a lower pointing multiplicity of the telescopes. For larger
offset, the performance of the normal pointing degrades as the events are detected at the camera
edge, whereas the performance of the divergent pointing remains of the same order up to offsets of
⇠ 7�. To compare both modes, an effective field of view is defined as the part of the field of view
within which the ratio of sensitivities between different offsets is no more than ⇠ 1.5. The effective
field of view radius is 3.5� and 7� for the normal and divergent pointing modes respectively.

The angular resolution, energy resolution, and the effective area within the effective field of
view are presented in Figure 6 for both modes. As each event is observed with fewer telescopes,
the divergent pointing does not reach event reconstruction performance of the normal pointing.
Between 125 GeV and 10 TeV the angular resolution of the divergent pointing mode is on average
30% worse than that of the normal pointing. The energy resolution degrades by ⇠ 20% up to
3TeV, and by 30�40% between 3 and 10TeV. The difference in effective area between the two
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H.E.S.S. telescope system [9–11], over a dozen new sources were
detected [12].

For CTA, an improved Galactic plane survey should be a major
objective and it will also be capable of performing an all-sky survey
in unprecedentedly short time at high sensitivity; the scientific
rationale and feasibility of both survey types are thoroughly dis-
cussed in [13]. As also discussed in [13], such surveys can be per-
formed in various modes of observation, in particular, large
number of high-performance IACTs allows for using non-parallel
modes with an enlarged FOV. The proper adaptation of such a
mode for a specific telescope array can be a non-trivial task. The
optimization of the pointing strategy, taking into account numer-
ous characteristics of an array, e.g. distance between telescopes,
FOV, energy threshold etc, can significantly reduce the observation
time needed to achieve a given sensitivity.

In this work we consider the array of Middle Sized Telescopes
(MST) working in various, parallel and non-parallel, modes. By per-
forming high-statistics Monte Carlo (MC) simulations of the sky-
survey observations, we derive for each mode the basic perfor-
mance parameters at both trigger and analysis levels, which then
allow us to compare efficiencies of the modes. Our study is a part
of an intensive work within the CTA Monte Carlo Work Package
aimed at optimizing the CTA observation scheme. Whereas we
consider in detail different modes with the MST array, independent
investigations are currently performed for the divergent mode of
Large Sized Telescopes (LST) sub-array and the full CTA array work-
ing in divergent modes.

2. Sky survey modes

Fig. 1 illustrates possible modes for a large telescope array used
for sky surveys. The parallel and divergent configurations were
considered before in [13]; below we introduce also a novel, conver-
gent mode (note the difference between our terminology and that
of [13], were the parallel mode is referred to as convergent).

The performance of a telescope system operating in the sky sur-
vey mode depends on the FOV of the system and the time of obser-
vation needed to achieve a given significance level, i.e. its
sensitivity.

In the simplest approach, sky surveys may be performed with
telescopes pointed parallely into the same direction of the sky
(Fig. 1a), however, in such a case the FOV of the telescope system
is highly limited by the FOVs of individual telescopes. The FOV of
a telescope array can be significantly enlarged by slightly deviating
the pointing direction of each telescope. In the divergent mode,
telescopes are inclined into the outward direction, see Fig. 1b, by
an angle increasing with the telescope distance from the array cen-
ter. As explained below, a performance improvement for such a
configuration can be expected primarily at high energies of pri-
mary photons.

For the divergent configuration, images of gamma rays imping-
ing close the array center are shifted toward the camera edge,
which leads to a leakage1 or complete loss of an event. While the
larger loss of events is mostly pronounced for the lower-energy
gamma rays, the leakage effect concerns mainly events with higher
energies. As a result even if an event is registered it is poorly recon-
structed. On the other hand, orientation of telescopes in the diver-
gent mode is suitable for efficient detection of events with large
impact parameter and/or arriving from directions further from the
FOV center (in both cases mainly with high energies).

Qualitatively, one can expect that those negative effects can be
reduced for the opposite orientation, i.e. with outer telescopes
inclined toward the array center, see Fig. 1c. A quantitative com-

parison of the performance of the three modes and a related issue,
i.e. an optimal value of the offset angle (giving the amount of the
difference of the pointing directions, as defined below), appears
crucial for planning the most efficient survey strategy.

3. MC simulations

For all three modes, we simulate the response of the telescope
array to the Extensive Air Showers (EAS) induced by gamma rays
and proton background. To simulate the development of EAS we
use CORSIKA 6.99 code [14,15], used as a standard in CTA. We sim-
ulated 2:1! 107 gamma rays and 3:8! 108 proton events2 – both
with energies between 30 GeV and 10 TeV generated from differen-
tial spectra with the spectral index C ¼ #2:0. However, in our anal-
ysis, we use event weights corresponding to spectra with C ¼ #2:57
for gamma rays and C ¼ #2:73 for protons. Gamma rays are simu-
lated from a point-like test source with the direction defined by
the Zenith angle Za = 20$ and the Azimuth Az = 180$ measured with
respect to the magnetic North. The background proton showers are
simulated isotropically with directions within a 10$ half-angle cone
(larger than the FOV of all considered modes) centered on the direc-
tion of the gamma-ray source. We set the maximum impact param-
eter for gamma rays to 1000 m and for protons to 1500 m. The
detector array is assumed to be located at the Namibian (H.E.S.S.)
site at the altitude of 1800 m a.s.l.

The response of the telescope array is simulated with the CTA
sim_telarray code [15,16]. We use the MST subarray of the CTA
array E from the so-called production-1; the subarray includes 23
telescopes with positions shown in Fig. 2. The direction of the cen-
tral telescope No. 5 is always approximately in the center of the
FOV of the array (a slight displacement may occur due to the pres-
ence of telescopes No. 12 and 15, which break the symmetry);
then, this direction is used to define various configurations and

Fig. 1. Three modes of configuration of the telescope system used in the sky-survey
scans: (a) normal (parallel) mode; (b) divergent mode; (c) convergent mode.

1 The effect of cutting off an image at the camera edge. 2 including the number of re-used showers.

34 M. Szanecki et al. / Astroparticle Physics 67 (2015) 33–46

Szanecki+ 2015	

divergent pointing 
for MSTs/SSTs	

FoV ~20 deg dia.	

wider FoV at expense of angular/energy resolution 
- fast scanning of large regions, e.g. GW follow-up 
- transient survey? 
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- lower Eth, higher sensitivity, all sky coverage
   -> higher detection rate (~1/yr/site)
   -> better spectra/light curves over broader energy range

- divergent pointing -> coverage from t=0

-> D. Hadasch �



Summary: GRBs at very high energies
- After decades of frustrating non-detections, VHE gamma-ray
  astronomy of GRBs has suddenly and fully blossomed.
  Various different types of GRBs are involved.
- Long GRB 190114C:
  Very clear detection, brightest/most luminous TeV source.
  Clear evidence for non-sync. afterglow component, likely SSC.
  First step towards deeper understanding of afterglows, rel. shocks.
- Short GRB 160821B:
  Possible signal. Potential implications for GW follow-up at TeV,
  potential new insight into NS mergers.
- Long GRB 180720B: Late time detection. SSC favored.
- Low-luminosity GRB 190829A: Clear detection. More details TBC.
- Great prospects for further progress with CTA, etc
  More TeV afterglows, reverse shock/prompt TeV emission...

18	
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GRB 190114C: prompt vs afterglow
T90 ~116 s (GBM)
      ~362 s (BAT)

A&A 626, A12 (2019)

Fig. 1. Spectral evolution of
GRB 190114C. Two spectral com-
ponents are shown: smoothly broken
power law (SBPL, red symbols) and
power law (PL, blue circles). 1� errors
are shown. Panel A: count rate light
curve (black solid line for GBM NaI
detector 3 and purple solid line for GBM
BGO detector 0). Panel B: flux (inte-
grated in the 10 keV–40 MeV energy
range) of the two spectral components.
The green line is a power law with slope
�2.8 up to 15 s, with slope �1 when the
decay of the flux is shallower. Panel C:
temporal evolution of the spectral pho-
ton index of the SBPL (red and black
symbols) and of the PL (blue symbols).
Panel D: evolution of the peak energy
(Epeak) of the SBPL model.

Fig. 2. X–ray to GeV SED of
GRB 190114C at three specific times: at
6�6.3 s, when the power-law component
peaks in the GBM data (see panel B of
Fig. 1, blue symbols), at 11–14 s, and at
66–92 s (as labeled). We show the GBM,
BAT, and XRT data (the latter deab-
sorbed, as described in the text). Errors
and upper limits on the data points rep-
resent 1�. The LAT butterflies represent
the range of fluxes and indices of the
power law reported in the analysis of
Wang et al. (2019).

spectrum of GRB 190114C by fitting the high-energy data with a
power-law model. Figure 2 also shows the LAT flux and spectral
index with butterflies (including the corresponding uncertainties)
for the same time intervals, to be compared with our results.

The GBM and BAT data appear to be connect to the LAT
emission, as analyzed by Wang et al. (2019). In the two time
intervals 6–6.3 s and 11–14 s, the photon indices of the LAT
spectrum are �PL = �2.06 ± 0.30 and �PL = �2.10 ± 0.31,
respectively, which are consistent with the values we obtained

from our analysis. The LAT emission is slightly higher than the
GBM extrapolation (by less than 60%: less than 2�). Moreover,
we analyzed XRT+BAT+GBM data from 66 s to 92 s to check
again for consistency with the LAT flux given in Wang et al.
(2019) and also to track the power-law evolution at later times.
As shown in Fig. 2, the LAT flux is still consistent with extrap-
olation of the joint XRT+BAT+GBM data fit. From our anal-
ysis, the fit of XRT+BAT+GBM data from 66 s to 92 s with
a PL function results in a spectral slope �PL = �2.01 ± 0.05,
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Figure 7. Fluence in the energy range of 0.1–100 GeV versus 10 keV–1 MeV for GRB190114C (star) compared with the sample
of 186 LAT-detected GRBs from the 2FLGC. Red points are for short GRBs while blue points are for long GRBs.

erg, (6.9 ± 0.7) ⇥1052 erg, and (3.5 ± 0.1) ⇥1053 erg, respectively. We also estimate a 1-second isotropic equivalent
luminosity of L�,iso = (1.07± 0.01)⇥ 1053 erg s�1 in the 1-10000 keV energy range.
Figure 8 shows Eiso estimated in the 100 MeV–10 GeV rest frame along with the sample of the 34 LAT-detected

GRBs with known redshift in the 2FLGC. We note that GRB190114C is among the most luminous LAT-detected
GRBs below z < 1, with an Eiso just below GRB130427A, which also exhibited the highest-energy photons detected
by the LAT from a GRB, including a 95 GeV photon emitted at 128 GeV in the rest frame of the burst.

5.4. Bulk Lorentz Factor

GRBs are intense sources of gamma rays. If the emission originated in a non-relativistic source it would render
gamma-ray photons with energies at the ⌫F⌫-peak energy and above susceptible to e±-pair production (�� ! e±)
due to high optical depths (⌧��(�bulk, E) � 1) for ��-annihilation. This is the so-called ‘compactness problem’ which
can be resolved if the emission region is moving ultrarelativistically, with �bulk & 100, toward the observer (Baring &
Harding 1997; Lithwick & Sari 2001; Granot et al. 2008; Hascoët et al. 2012). In this case, the attenuation of flux, which
either appears as an exponential cuto↵ or a smoothly broken power law (Granot et al. 2008, hereafter G08), due to ��-
annihilation occurs at much higher photon energies above the peak of the ⌫F⌫ spectrum where ⌧��(�bulk, E > Ecut) > 1.
Such spectral cuto↵s have now been observed in several GRBs, e.g., GRB 090926A (Ackermann et al. 2011a); GRBs
100724B and 160509A (Vianello et al. 2018); also see Tang et al. (2015) for additional sources. Under the assumption
that these cuto↵s indeed result from ��-annihilation, they have been used to obtain a direct estimate of the bulk
Lorentz factor of the emission region. When no spectral cuto↵ is observed, the highest energy observed photon is
often used to obtain a lower limit on �bulk instead. In many cases, a simple one-zone estimate of ⌧�� was employed,
which makes the assumption that both the test photon, with energy E, and the annihilating photon, with energy
& �2

bulk(mec
2)2/E(1+z)2, were produced in the same region of the flow (e.g., Lithwick & Sari 2001; Abdo et al. 2009a).

Such models yield estimates of �bulk that are typically larger by a factor ⇠ 2 than that obtained from more detailed
models of ⌧�� . The latter either feature two distinct emission regions (a two-zone model; Zou et al. 2011) or account
for the spatial, directional, and temporal dependence of the interacting photons (G08; Hascoët et al. 2012). Here we
use the analytic model of G08 which assumes an expanding ultrarelativistic spherical thin shell and calculates ⌧��
along the trajectory of each test photon that reaches the observer. The results of this model have been independently
confirmed with numerical simulations (Gill & Granot 2018), which show that it yields an accurate estimate of �bulk

GRB 190114C: comparison with other GRBs

-> low z and large Eiso, but not peculiar �
Eiso~7x1052 erg (0.1-100 GeV) 

18

Figure 8. Scatter plot of E
iso

(100 MeV – 10 GeV) versus redshift for various GRBs including GRB 190114C (star). Colors
indicate the energy of the highest-energy photon for each GRB with an association probability >90%.

from observations of spectral cuto↵s if the emission region remains optically thin to Thomson scattering due to the
produced e±-pairs. In this case, the initial bulk Lorentz factor of the outflow �bulk,0 is estimated using

�bulk,0 = 100

"
396.9

C2(1 + z)�ph

✓
L0

1052 erg s�1

◆✓
5.11GeV

Ecut

◆1+�ph
✓
��ph

2

◆�5/3 33.4ms

tv

#1/(2�2�ph)

. (1)

Here tv is the variability timescale, �ph is the photon index of the power-law component, and L0 = 4⇡d2L(1+z)��ph�2F0,
where dL is the luminosity distance of the burst, F0 is the (unabsorbed) energy flux (⌫F⌫) obtained at 511 keV from
the power-law component of the spectrum. The parameter C2 ⇡ 1 is constrained from observations of spectral cuto↵s
in other GRBs (Vianello et al. 2018). The estimate of the bulk Lorentz factor in Eq.(1) should be compared with
�bulk,max = (1+z)Ecut/mec

2, which corresponds to the maximum bulk Lorentz factor for a given observed cuto↵ energy
and for which the cuto↵ energy in the comoving frame is at the self-annihilation threshold, E0

cut = (1+ z)Ecut/�bulk =
mec

2 (however, see, e.g., Gill & Granot 2018, where it was shown that the comoving cuto↵ energy can be lower than
mec

2 due to Compton scattering by e±-pairs). The true bulk Lorentz factor is then the minimum of the two estimates.
In GRB 190114C, the additional power-law component detected by the LAT exhibits a significant spectral cuto↵ at

Ecut ⇠ 140MeV (where Ecut = Epk/(2 + �ph)) in the time period from T0 + 3.8 s to T0 + 4.8 s. Using the variability
timescale in the GBM band of tv ⇠ 6 ms, where we assume that the GBM and LAT emissions are co-spatial, we obtain
the bulk Lorentz factor �bulk,0 ⇠ 210 from Eq.(1), which is lower than �bulk,max ⇡ 400 and is therefore adopted as the
initial bulk Lorentz factor of the outflow.

5.5. Forward Shock Parameters

The timescale on which the forward shock sweeps up enough material to begin to decelerate and convert its internal
energy into observable radiation depends on the density of the material into which it is propagating A, the total kinetic
energy of the outflow (Eiso/⌘ ⇠ 1.8⇥1054 erg, where Eiso = 3.5⇥1053 erg ⇠ 1053.5 erg and ⌘ = 0.2 is the conversion
e�ciency of total shock energy into the observed gamma-ray emission), and its initial bulk Lorentz factor �bulk,0.
Here, in a wind environment, we define a timescale t� on which the accumulated wind mass is 1/�bulk,0 of the ejecta
mass as

t� =
Eiso(1 + z)

16⇡Ampc3⌘�4
bulk,0

⇠ 2 s A�1
?

✓
Eiso

1053.5 ergs

◆⇣ ⌘

0.2

⌘�1
✓
�bulk,0

200

◆�4

, (2)
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z=0.425, Eiso~3x1053 erg, Liso~1x1053 erg/s (1-104 keV)
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Comparison with past MAGIC GRB observations

Event redshift T

delay

(s) Zenith angle (deg)

GRB 061217 0.83 786.0 59.9

GRB 100816A 0.80 1439.0 26.0

GRB 160821B 0.16 24.0 34.0

GRB 190114C 0.42 58.0 55.8

Extended Data Table 4: List of GRBs observed under good technical and weather conditions

by MAGIC with z < 1 and T

delay

< 1 h. The zenith angle at the beginning of the observa-

tions is reported in the last column. All except GRB 061217 were observed in stereoscopic mode.

GRB 061217, GRB 100816A and GRB 160821B are short GRBs, while GRB 190114C is a long

GRB. Observations for a few other long GRBs with the same criteria were also conducted but are

not listed here, as they were affected by technical problems or adverse observing conditions.

43

GRBs observed under adequate technical and weather
conditions with z<1 and Tdelay<1 hr:	

No GRB observed with criteria better than 190114C except 
160821B, where a 3σ hint is seen (MAGIC Coll., in prep.)
-> Suggests detection of 190114C is due to low z and fair 
observing conditions, rather than any intrinsic peculiarity

class    Eiso (erg) 
 
short    8x1049     
 
short    6x1051 

 
short    2x1050 

 
long     3x1053	

Was 190114C a peculiar GRB? Probably not.�


