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D. Hadasch21, A. Hahn14, J. Herrera1, J. Hoang9, D. Hrupec6, M. Hütten14, T. Inada21, S. Inoue21,14
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Looking at the high end of the flux distribution (middle panel
of Figure 13), the fraction of GRBs not seen by the LAT is
higher. This shows that the flux might not be such a good
indicator for high-energy emission. While the fluence is a
measure of the total energy output, the flux simply shows the
“strength” of the peak. The light curves also show clear
differences, and peaks at low energies are not necessarily
mirrored at high energies. An example of this is GRB
180728A, where the GBM peak flux was about 230
photons cm−2 s−1 (Veres et al. 2018), but no detection was
made at high energy even though the burst was inside the LAT
FOV (θ∼ 35o). This is likely due to the low value of Epeak,
80 keV; indeed, the flux was dominated by energies below
50 keV.

However, the LAT has also detected GRBs that have
relatively low fluence in the GBM. These outliers are
predominantly short GRBs, where the low fluence is naturally
explained by the short duration. The fluence distribution of
sGRBs in the GBM is also shifted to lower values overall. Also
for sGRBs there is a tendency for the LAT to sample the higher
fluence end of the GBM population, but this is much less
marked than for the lGRBs.

The result that the LAT detections are biased toward the
brighter GRBs was clear already in the 1FLGC. However, with
the larger sample, the picture presented here becomes more
nuanced. The sGRBs show that high-energy emission can be
produced even at lower fluence, raising the question of why not
more lGRBs are detected. There may be differences in the
emission mechanisms or environments between the classes that
explain why low-fluence sGRBs are more likely to be detected
in high-energy emission than lGRBs of similar fluence. For
instance, lGRBs are expected to have a denser circumburst
medium, as they are coupled to massive stars that have strong
stellar winds.

The possibility of GeV emission from sGRBs is particularly
interesting in the light of GW170817 and the associated sGRB
170817A (Abbott et al. 2017a, 2017b; Goldstein et al. 2017).
This event was outside the LAT FOV and had a fairly low

fluence of 2.8×10−7 erg cm−2. However, Figure 13 shows
that the LAT has detected GRBs with a similar fluence. This is
very promising in view of the upcoming observation period
scheduled to start in spring 2019, showing a strong potential for
LAT detections of similar events (see also Ajello et al. 2018).

5.4. Origin of Emission below 100 MeV

In our sample almost twice as many GRBs are detected
above 100MeV (169) as in the 30–100MeV LLE range (91).
Several studies have found evidence for a separate spectral
component behind the emission above 100MeV, and high-
energy cutoffs between the LLE and LAT energy ranges have
also been seen (e.g., Vianello et al. 2018). The behavior of the
emission below 100MeV further shows more similar temporal
behavior to the GBM range than do the data above 100MeV
(see Figures 7 and 12). The LLE-only GRBs in our sample
would then be the result of the low-energy emission being
strong enough (and/or Epeak at high enough energy) to extend
into the LLE range. As the burst evolves, Epeak moves to lower
energies, and the emission in the LLE range will therefore
appear to fade before that at lower energies. This explains the
fact that the duration at 30–100MeV is almost always shorter
than the one measured by the GBM. This picture also explains
the fact that the LLE emission appears to start earlier than the
GBM emission in a few cases (left panel in Figure 12). As the
duration is shorter in the LLE range, this will naturally make
the value of TLLE,05 shorter as well. Again, it is just a sign that
the emission in the GBM range lasts much longer than the one
in the LLE range.
For GRBs detected in both LAT and LLE energy ranges, the

duration is generally shorter in the 30–100MeV band. While
direct comparison of the TLLE,90 and TLAT,100 should be done
with caution, the large differences in duration here clearly point
to an intrinsic origin rather than observational bias. For
example, in the LLE range the effective area is up to a factor
of 2–3 lower than that above 1 GeV; however, the TLAT,100 can
be more than an order of magnitude longer than the TLLE,90.

Figure 25. Energy vs. arrival time for the highest-energy photon of each GRB. In the right panel, the arrival time is normalized to the duration (T90) calculated in the
50–300 keV energy range (indicated by the dashed vertical line). Blue and red circles represent long and short GRBs, respectively.
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- 186 detections (169 long, 17 short) during Aug 2008 - Aug 2018
- delayed onset, variable during prompt phase
- extended emission -> afterglow
- sometimes hard spectrum, separate from Band component
- Eg,max~<100 GeV

5.2. Onset and Duration of the High-energy Emission

As in the 1FLGC, we can firmly establish the general trend
that high-energy emission from GRBs tends to have delayed
onset and longer duration as compared to emission at lower
energies. However, Figure 7(c) also shows that when high-
energy emission is detected, it starts during the prompt phase in
>60%of the cases. The majority of the other GRBs were
outside the LAT FOV at trigger time, meaning that the fraction
is likely even higher. This is an interesting result that provides
valuable input to models of the emission mechanisms and will
be discussed further in Section 6.

Figure 7 shows how varied the difference between TGBM,05
(calculated in the 50–300 keV range) and TLAT,0 (100MeV–
10 GeV) can be. In some cases, the LAT emission is
completely contemporaneous with the GBM. In other cases,
the LAT emission starts hundreds or even thousands of seconds
later. Considering only bursts that were in the LAT FOV at the
time of trigger, there are a number of cases where the high-
energy emission came much later than the one at lower
energies. For example, GRB 160503A shown in the right panel
of Figure 6 was at θ=25.1° at TLAT,0, and it remained in the
FOV for over 2 ks without any high-energy emission being
seen. The first detection instead came much later, at 5 ks. These
extreme delays are much longer than the ones seen in the
1FLGC and represent a new result in the 2FLGC.
In addition to greater delays, we now report much longer

durations. In the 1FLGC, the longest duration reported was
>800 s for GRB 090902B. In the 2FLGC, many GRBs have
durations of order 103 s, with the longest duration being 35 ks
(GRB 160623A). In general, the durations have increased also
for most bursts contained in the 1FLGC, likely due to better
sensitivity as a result of Pass 8 (we note, however, that the
duration estimates were made using a different technique as
described in Section 3.6.2, so the numbers are not directly
comparable).

5.3. Comparison with GBM Flux and Fluence Distribution

As already presented in Section 4, the LAT-detected GRBs
tend to sample the upper range of the GBM flux and fluence
distribution (Figure 13). At the high end of the GBM fluence
distribution, the LAT detects a high fraction of the GRBs;
above ∼10−4 erg cm−2 the two distributions practically overlap
(left panel). The few additional bursts seen by the GBM could
be explained by some GRBs being outside the LAT FOV or at
high zenith angles. The effect of the θ angle is further
investigated in Ajello et al. (2018), who show that this is the
main factor determining LAT detectability. The bias toward
high GBM flux and fluence for LAT-detected bursts is
therefore not related to a difference in sensitivity between the
instruments.

Figure 23. Isotropic luminosity Liso calculated in the 100 MeV–100 GeV rest-frame energy range for the 34 GRBs in our sample with measured redshift. The left
panel shows Liso vs. the time elapsed since the trigger. GRB090510 is the only short GRB with known redshift, and it is marked with black stars. In the middle panel
Liso is plotted against the time elapsed since the trigger in the rest frame. In the right panel, we show Liso divided by the isotropic energy (calculated in the 1 keV–
10 MeV rest-frame energy range) vs. the time elapsed since the trigger in the rest frame. We mark GRB 160623A, which represents an outlier of the distribution (see
text for explanation), with orange crosses. The solid line shows a linear fit, giving a decay index of 1.25±0.03. For comparison, we also show a dashed line with
decay index 10/7.

Figure 24. Fraction of GRBs with the highest-energy photon detected above
selected threshold energies (250 MeV, 500 MeV, 1 GeV, 5 GeV, 10 GeV,
50 GeV; green solid line). The distribution of the source-frame-corrected
energies for the redshift sample is indicated with the dashed green line. The
dashed black line denotes a linear fit to the values corresponding to the center
of each bin.
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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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MAGIC observation of GRB 090102 afterglow 3107

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 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
Foundation (NSF); the US Department of Energy Office of
High-Energy Physics; the Laboratory Directed Research and
Development (LDRD) program of Los Alamos National
Laboratory; NASA Fermi GI (grant 81206); Consejo Nacional
de Ciencia y Tecnología (CONACyT), México (grants 271051,
232656, 260378, 179588, 239762, 254964, 271737, 258865,
243290, 132197), Laboratorio Nacional HAWC de rayos
gamma; L’OREAL Fellowship for Women in Science 2014;
Red HAWC, México; DGAPA-UNAM (grants IG100317,
IN111315, IN111716-3, IA102715, 109916, IA102917);
VIEP-BUAP; PIFI 2012, 2013, PROFOCIE 2014, 2015; the
University of Wisconsin Alumni Research Foundation; the
Institute of Geophysics, Planetary Physics, and Signatures
at Los Alamos National Laboratory; Polish Science Centre
grant DEC-2014/13/B/ST9/945; Coordinación de la Investi-
gación Científica de la Universidad Michoacana. Thanks to
Luciano Díaz and Eduardo Murrieta for technical support.

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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MAGIC observation of GRB 090102 afterglow 3107

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.
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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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Table A.7

Differential sensitivity of the MAGIC telescopes obtained with the low zenith angle observations of Crab Nebula data sample. The definitions of the sensitivities are as in Table A.5.

The γ -rate and bkg-rate columns show the rate of γ events from Crab Nebula and residual background respectively in the differential estimated energy bins.

Emin Emax γ -rate bkg-rate S
Nex/

√
Nbkg

SLi&Ma,1Off SLi&Ma,3Off SLi&Ma,5Off S
Nex/

√
Nbkg

[GeV] [GeV] [min−1] [min−1] [%C.U.] [%C.U.] [%C.U.] [%C.U.] [10−12 cm−2 s−1 TeV−1]

63 100 3.01 ± 0.13 4.06 ± 0.08 6.7 ± 0.2 8.8 ± 0.4 7.1 ± 0.3 6.8 ± 0.3 730 ± 30

100 158 4.29 ± 0.12 2.41 ± 0.06 3.31 ± 0.12 4.77 ± 0.14 3.87 ± 0.11 3.67 ± 0.10 137 ± 5

158 251 3.37 ± 0.08 0.54 ± 0.03 2.00 ± 0.08 2.95 ± 0.10 2.38 ± 0.08 2.25 ± 0.08 30.5 ± 1.3

251 398 1.36 ± 0.05 0.066 ± 0.010 1.72 ± 0.15 2.8 ± 0.2 2.16 ± 0.16 2.03 ± 0.15 9.3 ± 0.8

398 631 1.22 ± 0.04 0.027 ± 0.006 1.23 ± 0.16 2.10 ± 0.18 1.61 ± 0.18 1.51 ± 0.15 2.3 ± 0.3

631 1000 0.88 ± 0.04 0.0133 ± 0.0018 1.19 ± 0.10 2.18 ± 0.12 1.64 ± 0.09 1.53 ± 0.11 0.72 ± 0.06

1000 1585 0.58 ± 0.03 0.0059 ± 0.0007 1.21 ± 0.10 2.48 ± 0.11 1.80 ± 0.09 1.66 ± 0.09 0.230 ± 0.018

1585 2512 0.30 ± 0.02 0.0027 ± 0.0005 1.58 ± 0.18 3.8 ± 0.2 2.60 ± 0.19 2.36 ± 0.18 0.090 ± 0.010

2512 3981 0.166 ± 0.016 0.0020 ± 0.0005 2.5 ± 0.4 6.2 ± 0.5 4.3 ± 0.4 3.8 ± 0.4 0.041 ± 0.007

3981 6310 0.093 ± 0.012 0.0014 ± 0.0003 3.7 ± 0.7 10.2 ± 1.0 6.8 ± 0.7 6.1 ± 0.7 0.017 ± 0.003

6310 10000 0.060 ± 0.010 0.0046 ± 0.0015 10 ± 3 22 ± 3 16 ± 3 15 ± 2 0.013 ± 0.003

Table A.8

Differential sensitivity of the MAGIC telescopes obtained with the medium zenith angle (30°–45°) Crab Nebula data sample. Columns as in Table A.7.

Emin Emax γ -rate bkg-rate S
Nex/

√
Nbkg

SLi&Ma,1Off SLi&Ma,3Off SLi&Ma,5Off S
Nex/

√
Nbkg

[GeV] [GeV] [min−1] [min−1] [%C.U.] [%C.U.] [%C.U.] [%C.U.] [10−12 cm−2 s−1 TeV−1]

63 100 0.40 ± 0.12 2.92 ± 0.11 39 ± 16 56 ± 16 45 ± 12 43 ± 11 4200 ± 1700

100 158 3.18 ± 0.16 2.89 ± 0.05 4.9 ± 0.4 7.0 ± 0.4 5.7 ± 0.3 5.4 ± 0.3 202 ± 15

158 251 2.67 ± 0.19 0.54 ± 0.04 2.52 ± 0.19 3.7 ± 0.3 3.0 ± 0.3 2.8 ± 0.2 38 ± 3

251 398 2.86 ± 0.13 0.305 ± 0.019 1.76 ± 0.14 2.64 ± 0.14 2.11 ± 0.11 2.00 ± 0.10 9.5 ± 0.8

398 631 1.76 ± 0.12 0.088 ± 0.006 1.5 ± 0.2 2.41 ± 0.16 1.90 ± 0.14 1.79 ± 0.13 2.8 ± 0.4

631 1000 1.44 ± 0.09 0.038 ± 0.002 1.23 ± 0.13 2.04 ± 0.12 1.58 ± 0.09 1.48 ± 0.10 0.74 ± 0.08

1000 1585 0.94 ± 0.08 0.0197 ± 0.0016 1.36 ± 0.12 2.38 ± 0.16 1.81 ± 0.13 1.69 ± 0.13 0.26 ± 0.02

1585 2512 0.67 ± 0.06 0.0111 ± 0.0015 1.43 ± 0.16 2.7 ± 0.2 2.00 ± 0.19 1.85 ± 0.18 0.082 ± 0.009

2512 3981 0.32 ± 0.05 0.0093 ± 0.0012 2.8 ± 0.4 5.3 ± 0.7 3.9 ± 0.6 3.7 ± 0.5 0.046 ± 0.007

3981 6310 0.20 ± 0.04 0.0042 ± 0.0017 2.9 ± 0.6 6.4 ± 1.2 4.6 ± 0.9 4.2 ± 0.9 0.014 ± 0.003

6310 10000 0.10 ± 0.03 0.0052 ± 0.0002 6.7 ± 1.9 14 ± 3 10 ± 3 9 ± 2 0.008 ± 0.002

Fig. 19. Dependence of the integral sensitivity of the MAGIC telescopes (computed ac-

cording to SLi&Ma,3Off prescription, see text for details) on the observation time, obtained

with the low zenith angle Crab Nebula sample. Different line styles show different en-

ergy thresholds: > 105 GeV (solid), > 290 GeV (dotted), > 1250 GeV (dashed).

the acceptance for background and γ events. We also compute a sen-
sitivity “degradation factor”, defined as the square root of the back-
ground acceptance divided by the γ acceptance and normalized to 1
for a point like source. As an example, let us assume a source with a
radius of 0.5°. The optimal cut θs = 0.51 computed according to Eq.
(2) results in 26 times larger background than with cut θ0 = 0.1. This
would correspond to ≈ 5 times worse sensitivity, however the cut
contains ≈ 90% of γ events, significantly larger than ≈ 70% efficiency

for a point like cut. Therefore the sensitivity is degraded by a smaller
factor, ≈ 4.

A second effect which can degrade the sensitivity for extended
sources is the loss of collection area for higher offsets from the cam-
era center. For a source radius of e.g. 0.5°, the γ -rays can be ob-
served up to an offset of 0.9° from the camera center. For such
large offsets, the collection area is nearly a factor of 3 smaller than
in the camera center. Using the γ -rates, which are proportional to
the collection area, shown in Fig. 20 we can compute the aver-
age rate of γ rays for an arbitrary source profile. For this exam-
ple of a source with constant surface density and a radius of 0.5°
it turns out that the total average collection area is lower only by
≈ 20% than for a point like source at the usual wobble offset of
0.4°. However, since a similar drop happens also for the background
events, the net degradation of the sensitivity due to this effect is only
∼ 10%.

Finally, we compute the radius # of the MAGIC effective field of
view. It is defined such that observations of an isotropic gamma-
ray flux with a hypothetical instrument with a flat-top acceptance
R′(ξ) = R(0) for ξ < #, and R′(ξ) = 0 for ξ > #, would yield the
same number of detected gamma rays as with MAGIC, when no
cuts on the arrival direction are applied. We can therefore obtain #

from the condition
∫ #

0 2π ξ R(0)dξ =
∫ 1.8°

0 2π ξ R(ξ)dξ , where R(ξ)
is shown in bottom panel of Fig. 20, yielding # = 1°. We note, how-
ever, that standard observations of sources with an extension larger
than 0.4° are technically difficult, as in that case the edge of the
source would fall into the background estimation region. Neverthe-
less, the effective field of view is a useful quantity for non-standard
observations of diffuse signals like, e.g. the cosmic electron flux
[26,8].

MAGIC telescopes Roque de los Muchachos Observatory

- 2 × 17m IACTs
La Palma, Canary Is.
altitude 2200m

- Field of view: ~3.5°
- Angular resolution: ~0.1°
- Sensitivity:

~ 10% Crab in 1 h  >100 GeV
- Threshold energy:

~50 GeV at zenith angle <20°
- Repointing speed:

~30 s for 180°

Integral sensitivity [% Crab units]
vs Observation time [h]

Aleksic+ 16
- Key observing program

dedicated to GRB follow-up
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mono from Apr. 2005
stereo from July 2009
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(1-104 keV)

z=0.425
(afterglow abs. +
host galaxy emi. )

GCN Circular
on TeV detection
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GRB 190114C: early TeV vs keV-MeV light curve
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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 T0 + 62 s to T0 + 210 s), compared

with that between 15 keV and 50 keV measured by Swift/BAT71 (grey, from T0 to T0 + 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 (T0 + 22 s), when the tracking of the GRB by the telescopes started

(T0 + 50 s), when the data acquisition started (T0 + 57 s), and when the data acquisition system

became stable (T0 + 62 s, dotted line).

38

flux of
Crab
Nebula
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- significance > 50s 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



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,

A12, page 4 of 6

BUT light curve
+spectra indicate
prompt ends <25 s,
afterglow starts
at t~6 sRavasio+ 19
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Fermi and Swift Observations of GRB 190114C 17

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 Eiso (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�2
F0,

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⇡Ampc
3⌘�4

bulk,0

⇠ 2 s A�1

?

✓
Eiso

1053.5 ergs

◆⇣
⌘

0.2

⌘�1
✓
�bulk,0

200

◆�4

, (2)

Fermi+Swift 1909.10605

z=0.425, Eiso~3x1053 erg, Liso~1x1053 erg/s (1-104 keV)

-> D. Kocevski
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Figure 2: Spectrum above 0.2 TeV averaged over the period between T0+62 s and T0+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

EMBARGO

MAGIC Coll.
2019
Nature 575, 455
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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

MAGIC Coll.
2019
Nature 575, 455

13



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

Ek,aft = 3 ⇥ 10
55
erg and homogeneous external medium with density n = 0.01 cm�3; dashed

curve: Ek,aft = 3⇥10
55
erg and external medium describing a progenitor stellar wind with density

profile n(R) = AR�2 as function of radius R, where A = 3⇥ 10
33
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

MAGIC Coll. 2019
Nature 575, 455
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GRB 190114C: origin of new component beyond sync.
- hadronic processes:

proton synchrotron
photohadronic cascade
proton-proton p0 decay
-> highly unlikely due to

low radiative efficiency

No. 1, 2010 LEPTONIC–HADRONIC MODEL FOR GRB 090510 AFTERGLOW L111
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Figure 1. Modeling of GRB 090510 light curves with proton-synchrotron (solid
lines) and electron-synchrotron (dashed lines) radiation from an adiabatic blast
wave decelerating in a uniform density medium. The model light curves are
computed at 100 MeV (black), 15 keV (green), 1 keV (red), and 3 eV (magenta)
to be compared with the LAT, BAT, XRT, and UVOT data points, respectively.
The onset of the model light curves is at !T0 + 0.3 s for Γ0 " 2400 for a
surrounding medium density of n = 3 cm−3. The other model parameters are
Ek,iso = 2 × 1055 erg, εe ≈ 10−4, εp ≈ 0.5, and εB = 0.3. See the main text
for more details.
(A color version of this figure is available in the online journal.)

changes to the slow-cooling regime later. The maximum ion-
synchrotron flux is

F max
ν,A $ k1 − 1

k1−1
k2−1 + ηk1−1

A − 1

ξA

ξe

Z3

A2

me

mp

F max
ν,e , (17)

for k1 %= 1 and k2 > 2.

3. MODELING GRB 090510 AFTERGLOW DATA

Figure 1 shows light curves at different energies from the
combined leptonic–hadronic model of a decelerating adiabatic
blast wave in constant density medium. With an initial Γ0 !
2400, the blast wave decelerates at "0.3 s (Equation (1)) for the
parameters used here: E55 ≈ 2, n ≈ 3 cm−3.

We model LAT emission in the ≈100 MeV–4 GeV range
in Figure 1 from p-synchrotron radiation (A = 1) for which
νm,p < νp < νc,p. In order to reproduce the flux decay index
αγ = 1.38±0.07 in this range for a slow-cooling spectrum, one
requires k2 = (4/3)αγ + 1 = 2.84 ± 0.09. The corresponding
spectral index is βγ = (k2 − 1)/2 = (2/3)αγ = 0.92 ± 0.05.
For νp < νm,p < νc,p, the p-synchrotron flux scales as
Fν ∝ t1/2ν1/3. A constraint on hνm,p " 100 MeV as early
as ≈T0 + 0.4 s requires that ηp " 5 × 103 (Equation (15))
with εB ≈ 0.3. These requirements together with the flux level
(Equation (17)) needed to reproduce LAT data constrain the
p-synchrotron radiation component. The fraction of jet energy
needed in shock-accelerated protons (Equation (6)) is εp ≈ 0.5
for k1 " 0 and ξp ≈ 10−4. The rise of the !100 MeV LAT flux
at T " T0 + 0.4 s could be consistent with the t2 rise before
the blast wave enters the self-similar regime (Sari 1997). The
p-synchrotron flux in the optical to X-ray is much below the
XRT and UVOT data.

We reproduce the XRT light curve, averaged over 0.3–10 keV
range, with decay index αX,1 = 0.74 ± 0.03 before the EO
at T ≈ T0 + 1.43 ks as from e-synchrotron radiation. The
required electron index is k = (4/3)αX,1 + 2/3 = 1.65 ± 0.04
for νe > νm,e > νc,e in the fast-cooling case, which is valid

for a time T " T0 + 2 × 106 s (Equation (13)). Note that the
spectral index, βX,1 = k/2 = (2αX,1 + 1)/3 = 0.83 ± 0.02,
is close to that of βγ from p-synchrotron radiation. In order to
produce hνm,e " 1 keV at the beginning of XRT observation at
T ≈ T0 + 100 s, we require ηe " 20(me/mp) (Equation (12)).
Together with parameter ξe ≈ 5 × 10−4 required to produce
the XRT flux level, we calculate the fraction of jet energy in
electrons to be εe ≈ 10−4 (Equation (5)) with φe = 1.

Electron-synchrotron flux in the UVOT range is in the
frequency range νc,e < νe < νm,e and scales as Fν ∝ t−1/4ν−1/2.
Although the observed flux fitted with αO,1 = −0.50+0.11

−0.13 (De
Pasquale et al. 2010) is different, we note that the expected
value of α = 1/4 is consistent with UVOT data in the
T − T0 ≈ 600 s–1.43 ks interval, and with the upper limit
at T ≈ T0 + 90 s.

It is clear that the observed X-ray and UVOT flux decay
indices αX,2 = 2.18 ± 0.1 and αO,2 = 1.13+0.11

−0.10, respectively,
after the EO at T ! T0 + 5.1 ks (De Pasquale et al. 2010) are
softer than the e-synchrotron emission. If the jet break takes
place in between T − T0 ≈ 1.4 ks–5.1 ks, then the expected
decay index for νe > νm,e > νc,e is ∝ t−k which is intermediate
between αO,2 and αX,2 since k = 1.65. Because of the idealized
nature of the afterglow model and evolution of the blast wave
during and after the jet break (e.g., Sari et al. 1999), the observed
flux steepening after the EO could still be due to a jet break.
For 1.4 ks " tjet − T0 " 5.1 ks, the jet opening angle is
0.16 " θ−1 " 0.26 (Equation (4)). If the jet break takes place
at T ! T0 + 100 ks, then θ−1 ! 0.8.

As shown in Figure 1, the BAT flux is quite noisy and cannot
be reproduced by either e- or p-synchrotron emission. A sim-
ilar conclusion was drawn by De Pasquale et al. (2010) based
solely on e-synchrotron afterglow model. Sporadic emission in
the BAT range could be due to central engine activity, working
intermittently at a much reduced emission level than the initial
outburst.

During the early deceleration phase, the soft photon density in
the GRB blast wave may be large enough to induce γ γ → e+e−

pair production and photohadronic (pγ ) interactions by protons,
and subsequent cascade formation. The target photon density
can be calculated as n′

γ (ε′) = 2d2
L(1 + z)Fν/(R2cΓε′) from the

synchrotron flux, where ε′ ≡ hν ′ = hν(1 + z)/Γ.
We calculate the γ γ pair production and pγ pion production

opacities from their respective cooling timescales and the dy-
namic timescale for the decelerating blast wave model of GRB
090510. The opacities for the γ -rays with saturation energies,
both from the e- and p-synchrotron emission, and for the protons
with saturation energies are shown in Figure 2. The top panel
shows the time dependence (from right to left) of the opaci-
ties at the saturation energy reached at that time. The bottom
panel shows the opacities versus the saturation energies reached
within the same time interval. Thus, the whole time interval of
the top panel is squeezed to fit into each of the curves in the
bottom panel.

The saturation energies for the e-synchrotron γ -rays scale
with time as hνsat,e ≈ 115φ−1

e t
−3/8
s GeV (Equation (12)) for the

same model parameters used in Figure 1. For the p-synchrotron,
the saturation γ -ray energy is hνsat,p ≈ 4.2φ−2

p t−1/4 TeV
(Equation (16)) for T − T0 " td,p ≈ 3.7 × 1013φ8

p s
(Equation (11)). Thus, the γ -ray saturation energies decrease
with time while the opacities increase due to a flux increase of
the target photons. However, the opacities are small to initiate a
substantial e+e− pair cascade and accompanying radiation. The
same is true for photopion cascade (see, however, Asano et al.

Razzaque 10

p sync. model
GRB 090510 GeV

- leptonic processes:
inverse Compton
-> supported by TeV-X correlation
synchrotron-self Compton (SSC)
-> most natural, discussed in next slides

FYI: several papers on SSC interpretation already published/posted, 
even without any MAGIC data

Derishev & Piran 1905.08285, Wang+ 1905.11312,
Fraija+ 1904.06976, 1907.06675... 15

- prompt contribution: ~<20% at t>50 s



Comparison with past MAGIC GRB observations

Event redshift Tdelay (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 Tdelay < 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 3s 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.

16
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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

(orange circles), GMRT (purple filled triangle), and MeerKAT (purple empty triangles) have been

multiplied by 109 for clarity. The vertical dashed line marks approximately the end of the prompt

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

EMBARGO

- extensive MWL coverage from GHz to TeV

end of
prompt
phase

MAGIC Coll.
et al 2019
Nature 575, 
459
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GRB 190114C: time-resolved broadband spectra

EMBARGO

- direct evidence for spectral component distinct from synchrotron
with comparable power

MAGIC Coll.
et al 2019
Nature 575, 
459
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multi-wavelength afterglow modeling
- basic description of external shock hydrodynamical evolution
including onset (coasting) phase

- synchrotron+SSC emission with self-consistent evolution of
electron distribution including KN regime

- internal gg absorption, emission from secondary pairs

- main parameters:
initial kinetic energy Ek
external medium density n=n0R-s

fraction of shock-dissipated energy channeled into electrons ee
into magnetic field eB

electron injection spectral index p
(other parameters: fe, h...)

- fast, systematic search of parameter space

e.g. Granot & Sari 2002, Sari & Esin 2001, Nakar+ 2009

by Lara Nava

initial bulk Lorentz factor G
19

n0=const.              (s=0: ISM)
n0=3x1035A* cm-1 (s=2: wind)
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- reasonable SSC
interpretation with
plausible parameters:
s=0, n0=0.5 cm-3

ee=0.07, eB=8x10-5

Ek=8x1053 erg, p=2.6

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

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

- supports inference
that TeV emission
may be common

MAGIC Coll.
et al 2019
Nature 575, 
459



GRB 190114C: MWL light curves vs SSC models

21

- TeV (smooth decay to t~103 s): s=0 slightly better, but s=2 also OK
- late X-ray (break at t~4x104 s): s=2 better, as nc crossing
- note: optical at t<103 s, radio at t<105 s likely from reverse shock

solid - ISM
(dashed SSC only)
s=0, n0=0.5 cm-3

ee=0.07, eB=8x10-5

Ek=8x1053 erg
p=2.6

dotted - wind
s=2, A*=0.1
ee=0.6, eB=10-4

Ek=4x1053 erg
p=2.4

-

Laskar+ 19
-> T. Laskar



3. GRB 160821B



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

22

- 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
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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opticalnear-IR radio

MWL: broadband forward shock
+ X-ray extended emission
+ optical/IR kilonova
+ radio reverse shock

X-ray

GeV

TeV
Troja+ 1905.01290
Lamb+ 1905.02159

preliminary

“extended
emission”

kilonova kilonova reverse
shock



GRB observations by MAGIC

Event redshift Tdelay (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 Tdelay < 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.
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GRBs observed under adequate technical and weather
conditions with z<1 and Tdelay<1 hr:

160821B:
only GRB observed with criteria better than 190114C

class    Eiso (erg)

short    8x1049

short    6x1051

short    2x1050

long     3x1053

24



4. Future prospects:
Towards LHAASO



4. Future prospects:
Towards LHAASO

- wide field of view
- high duty cycle
- high energy threshold



Future prospects for VHE (>20 GeV) GRB observations
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

25
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More frequent detections



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
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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

GRB
GeV

photosphere?

B reconnection?
?

VHEVHE?VHE?
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ultrarel. jet

nn->e±?
MHD?
BZ?

More frequent detections
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ultrarel. jet

nn->e±?
MHD?
BZ?

Observations at earlier times
(more challenging for IACTs)

More frequent detections



!Rossi et al., 2004". Within the structured jet model the
polarization arises due to the gradient in the emissivity.
This gradient has a clear orientation. The emissivity is
maximal at the center of the jet and decreases mono-
tonically outwards. The polarization will be maximal
when the variation in the emissivity within the emitting
beam is maximal. This happens around the jet break
when !obs#"−1 and the observed beam just reaches the
center. The polarization expected in this case is around
20% !Rossi et al., 2004" and it is slightly larger than the
maximal polarization from a uniform jet. As the direc-
tion of the gradient is always the same !relative to a
given observer" there should be no jumps in the direc-
tion of polarization.

According to the patchy shell model !Kumar and Pi-
ran, 2002a" the jet can include variable emitting hot
spots. This could lead to a fluctuation in the light curve
!as hot spots enter the observed beam" and also to cor-
responding fluctuations in the polarization !Granot,
2003; Nakar and Oren, 2003". There is a clear prediction
!Nakar and Oren, 2003; Nakar, Piran, and Granot, 2003"
that if the fluctuations are angular and have a typical
angular scale !f then the first bump in the light curve
should appear when "−1#!f !the whole hot spot will be
within the observed beam". The later bumps in the light
curve should decrease in amplitude !due to statistical
fluctuations". Nakar and Oren !2004" show analytically
and numerically that the jumps in the polarization direc-
tion should be random, sharp, and accompanied by
jumps in the amount of polarization.

K. Orphan afterglows

Orphan afterglows were predicted as a natural prod-
uct of GRB jets. The realization that GRB’s are colli-
mated with rather narrow opening angles, while the fol-
lowing afterglow could be observed over a wider angular
range, led immediately to the search for orphan after-
glows, that is, afterglows not associated with observed
prompt GRB emission. While the GRB and the early
afterglow are collimated to within the original opening
angle !j, the afterglow can be observed after the jet
break, from a viewing angle of "−1. The Lorentz factor "
is a rapidly decreasing function of time. This means that
an observer at !obs#!j could not see the burst but could
detect an afterglow once "−1=!obs. As the typical emis-
sion frequency and the flux decrease with time, while the
jet opening angle ! increases, this implies that observers
at larger viewing angles would detect weaker and softer
afterglows. X-ray orphan afterglows can be observed
several hours or at most a few days after a x-ray burst
!depending of course on the sensitivity of the detector".
Optical afterglows !brighter than 25th mag" can be de-
tected in the R band for a week from small !#10° "
angles away from the GRB jet axis. On the other hand,
at very late times, after the Newtonian break, radio af-
terglows could be detected by observers at all viewing
angles.

The search for orphan afterglows is an observational
challenge. One has to search for a 10−12 ergs/sec/cm2

signal in the x-ray region of the spectrum, a 23rd or
higher magnitude signal in the optical, or a mJy signal in
the radio !at GHz" transients. Unlike afterglow searches
that are triggered by a well-located GRB, there is no
information on where to search for an orphan afterglow
and confusion with other transients is rather easy. So far
there have been no detections of any orphan afterglows
at any wavelength.

Rhoads !1997" was the first to suggest that observa-
tions of orphan afterglows would enable us to estimate
the opening angles and the true rate of GRB’s. Dalal et
al. !2002" pointed out that as the post-jet-break after-
glow light curves decay quickly, most orphan afterglows
will be dim and hence undetectable. They commented
that if the maximal observing angle, !max, of an orphan
afterglow were a constant factor times !j, the ratio of
observed orphan afterglows Rorph

obs to that of GRB’s RGRB
obs

would not tell us much about the opening angles of
GRB’s or their true rate, RGRB

true $ fbRGRB
obs . However, as

we shall see below, this assumption is inconsistent with
the constant energy of GRB’s, which suggests that all
GRB’s would be detected up to a fixed angle indepen-
dent of their jet opening angle.

1. Optical orphan afterglow

An optical orphan afterglow is emitted at a stage
when the outflow is still relativistic. The observation that
GRB’s have a roughly constant total energy !Frail et al.,
2001; Panaitescu and Kumar, 2001; Piran et al., 2001" and
that the observed variability in the apparent luminosity
arises mostly from variation in the jet opening angles
leads to a remarkable result: The post-jet-break after-
glow light curve is universal !Granot et al., 2002". Figure
31 depicts this universal light curve. This implies that for
a given redshift z and a given limiting magnitude m

FIG. 31. !Color in online edition" Schematic afterglow light
curve. While the bursts differ before the jet break !due to dif-
ferent opening angles, the light curves coincide after the break
when the energy per unit solid angle is a constant.

1191Tsvi Piran: The physics of gamma-ray bursts

Rev. Mod. Phys., Vol. 76, No. 4, October 2004

E. Nakar, T. Piran / New Astronomy 8 (2003) 141–153 143

orphan afterglows (see Fig. 2) are the ‘traditional’ observations. Second, there are numerous back-
orphan afterglows (Rhoads, 1997; Perna and Loeb, ground transients and we have to identify specific
1998; Dalal et al., 2002; Granot et al., 2002; Nakar et transients as afterglows. We show in Section 3 that
al., 2002; Totani and Panaitescu, 2002) that are this problem may not be severe for the X-ray band.
observed outside the initial jet. Off-axis orphan Even assuming that all observed transients (after
afterglows can be seen only after the jet break when some basic filtering) are afterglows we find a tight
the jet expands sideway. Their light curve rises constraint on the ratio of X-ray to g-ray beaming.
initially reaching a maximal flux (that depends on Optical background transients (e.g. AGNs, stellar
the observing angle) and then decays following the flares, etc.) are more numerous. Here, we should use
post-jet-break light curves of a standard GRB after- the temporal and spectral observations of the after-
glow. To study the initial opening angles of the glows, observed so far, as templates for identifica-
relativistic jets we must consider the on-axis orphan tion.
afterglows. A third problem that is unique to afterglows is the

1A direct way to determine the beaming ratios is to possible confusion between the optical and radio
compare the rates of detection of transients in on-axis and off-axis orphan afterglows. The overall
different energy bands. However, several confusing light curves of on-axis and off-axis orphan after-
factors should be taken into account in such a glows are significantly different (see Fig. 3). How-
comparison. First, detectors in different energy bands

1have different relative thresholds. These should be The current X-ray observations are before the jet break, when
calibrated using the current GRB and afterglow only on-axis afterglows can be seen.

Fig. 2. Off axis orphan afterglow is seen by observers that are not within the initial relativistic jet. This emission is seen only after the jet
break and the sideways expansion of the relativistic material. The schematic figure depicts three observers. Observer A detects both the GRB
and the afterglow. Observer B does not detect the GRB but detects afterglow that is similar to the one observed by A. Observer C detects
off-axis orphan afterglow that rises and fall and differs from the afterglow detected by observers A and B.

GRBs off-beam: orphan afterglows or GW counterparts

Nakar & Piran 03

Piran 04

IACTs? for R >~R /10~ 0.2/yrpotentially promising in optical, X-rays, Lazzati+ 16, Nakar & Piran 16

SGRB: GW170817 radio-X-ray afterglow, implies structured jet
-> search for TeV counterparts of NS mergers

LGRB: no clear candidates so far in radio, optical, X-ray
-> SKA, LSST, Lobster...
-> searches in GeV-TeV?
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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, LHAASO
More TeV afterglows, reverse shock/prompt TeV emission...
Orphan TeV afterglows, GW TeV counterparts...
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Dawn of a new era in GRB physics!
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gamma-ray absorption due to
extragalactic background light (EBL)
g + g→ e+ + e-

threshold condition: E e (1-cos q )>2 me
2c4

E e

e.g. TeV + 1eV (IR)
100 GeV + 10 eV (UV)

s peak                                 ,,         =4 me
2c4

EBL attenuation effect in
TeV blazar spectra

Costamante+ 03

e+

e-

gEBLgVHE

IACT

Extragalactic Background Light
blazar

from D. Mazin



gamma-ray horizon E(tgg=1) vs z due to EBL

Y. Inoue, SI+ 13
LGRB
mean

SGRB
mean
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Extended Data Figure 2: Significance of the gamma-ray signal between T0+62 seconds and

T0+1227 seconds for GRB 190114C. Distribution of the squared angular distance ✓2 for the

MAGIC data (points) and background events (grey shaded area). ✓2 is defined as the squared

angular distance between the nominal position of the source and the reconstructed arrival direction

of the events. The dashed vertical line represents the value of the cut on ✓2. This defines the sig-

nal region, where the number of events coming from the source (NON) and from the background

(NOFF) are computed. The errors for ON events are derived from the Poissonian statistics.
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GRB 190114C: theta-squared plot

Preliminary

EMBARGO



12

evidence for
spectral cutoff
@40 MeV 
t~few sec,
evolves to
higher E with t
-> internal gg?

GRB 190114C: prompt vs afterglow Fermi+Swift
1909.10605

also Chand+
1905.11844



Extended Data Figure 6: Radio to X-rays SED at different epochs. The synchrotron frequency

⌫m crosses the optical band, moving from higher to lower frequencies. The break between 108 and

1010 Hz is caused by the self-absorption synchrotron frequency ⌫sa. Optical (X-ray) data have been

corrected for extinction (absorption).
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GRB 190114C: time-resolved spectra vs SSC model

Preliminary

EMBARGO

solid – ISM
s=0, n0=0.5 cm-3

ee=0.07, eB=8x10-5

Ek=8x1053 erg
p=2.6



afterglow theory: basics

tdec

G∝tobs
-3/8

(ISM n=const.)

G∝tobs
-1/4

(wind n=A*R-2)

G~constG(tobs)

tobs

N(ge)

ge

ge
-p

ge
-p-1ge

-p-1

ge
-2

slow
cool.

fast
cool.

gm gcgc

injected

gm: minimum/injection
characteristic energy

gc: cooling energy
gx: maximum energy

gx

adiabatic case

main parameters
Ek: initial kinetic energy
n or A*: external medium density
qj: jet opening angle
ϵB: fraction of shock-dissipated

energy in magnetic fields 
ϵe: ibid. in accelerated electrons
p: electron injection spec. index
xe: no. fraction of accel. electrons

reviews: Meszaros 02, Piran 05, Kumar+ 15
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Fig. 1.—Synchrotron spectrum of a relativistic shock with a power-law
electron distribution. (a) Fast cooling, which is expected at early times (t !

). The spectrum consists of four segments, identified as A, B, C, and D. Self-t0
absorption is important below . The frequencies, , , and , decrease withn n n na m c a

time as indicated; the scalings above the arrows correspond to an adiabatic
evolution, and the scalings below, in square brackets, correspond to a fully
radiative evolution. (b) Slow cooling, which is expected at late times ( ).t 1 t0
The evolution is always adiabatic. The four segments are identified as E, F,
G, and H.

, where ; and an exponential cutoff for!1/2n(g ) P ∼ n n 1e n

. The maximum emissivity occurs at and is given byn(g ) ne c

.Pn,max
To calculate the net spectrum from a power-law distribution

of electrons, we need to integrate over . There are now twoge
different cases, depending on whether or .g 1 g g ! gm c m c

Let the total number of swept-up electrons in the postshock
fluid be . When , all the electrons cool3N " 4pR n/3 g 1 ge m c

down to roughly , and the spectral power at is approxi-g nc c

mately . We call this the case of fast cooling. The fluxN Pe n,max
at the observer, , is given byFn

1/3(n/n ) F , n 1 n,c n,max c
!1/2F " (n/n ) F , n 1 n 1 n , (7)n c n,max m c{ !1/2 !p/2(n /n ) (n/n ) F , n 1 n ,m c m n,max m

where and is the observed2n { n(g ) F { N P /4pDm m n,max e n,max
peak flux at distance D from the source.
When , only those electrons with can cool.g 1 g g 1 gc m e c

We call this slow cooling, because the electrons with ,g ∼ ge m

which form the bulk of the population, do not cool within a
time t, and we have

1/3(n/n ) F , n 1 n,m n,max m
!(p!1)/2F " (n/n ) F , n 1 n 1 n , (8)n m n,max c m{ !(p!1)/2 !p/2( ) ( )n /n n/n F , n 1 n .c m c n,max c

The typical spectra corresponding to fast and slow cooling
are shown in Figures 1a and 1b. The low-energy part of these
spectra has empirical support even within the GRB itself (Co-
hen et al. 1997). In addition to the various power-law regimes
described above, self-absorption causes a steep cutoff of the
spectrum at low frequencies (Katz 1994; Waxman 1997b; Katz
& Piran 1997a). For completeness, we show this regime in
Figure 1, but we shall ignore it for the rest of this Letter since
it does not affect either the optical or the X-ray radiation in
which we are interested.

3. HYDRODYNAMIC EVOLUTION AND LIGHT CURVES

The instantaneous spectra do not depend on the hydrody-
namic evolution of the shock. The light curves at a given fre-
quency, however, depend on the temporal evolution of various
quantities, such as the break frequencies and and the peakn nm c

flux . These depend, in turn, on how g and scale as aF Nn,max e

function of t.
We limit the discussion here to a spherical shock of radius
propagating into a constant surrounding density n. WeR(t)

consider two extreme limits for the hydrodynamic evolution
of the shock: either fully radiative or fully adiabatic. In a ra-
diative evolution, all the internal energy generated in the shock
is radiated. This requires two conditions to be satisfied: (1) the
fraction of the energy going into the electrons must be large,
i.e., , and (2) we must be in the regime of fast cooling,e r 1e

.g ! gc m

In the adiabatic case, the energy E of the spherical shock is
constant and is given by (Blandford &2 3 2E " 16pg R nm c /17p

McKee 1976; Sari 1997). In the radiative case, the energy varies
as , where . Here!3 1/3E ∝ g g ! (R/L) L " [17M/(16pm n)]p

(Blandford & McKee 1976; Vietri 1996; Katz & Piran 1997a)
is the radius at which the mass swept up from the external
medium equals the initial mass M of the ejecta (we used

instead of in order to be compatible with the adiabatic17/16 3/4
expression and to enable a smooth transition between the two);

we write M in terms of the initial energy of the explosion via
, where is the initial Lorentz factor of the ejecta.2M " E/g c g0 0

In both the adiabatic and radiative cases, there is a simple
relation connecting R, g, and t: , where the nu-2t " R/cg ct

merical value of varies between ∼3 and ∼7 depending onct
the details of the hydrodynamic evolution and the spectrum
(Sari 1997, 1998; Waxman 1997c; Panaitescu & Mészáros
1997). For simplicity, we use for all cases. We then2t ! R/4g c
have the following hydrodynamic evolution equations,

1/4(17Et/4pm nc) , adiabatic,pR(t) ! (9)1/7{(4ct/L) L, radiative,

5 3 1/8(17E/1024pnm c t ) , adiabatic,pg(t) ! (10)!3/7{(4ct/L) , radiative.

Using these scalings and the results of the previous section,
we can calculate the variation with time of all the relevant
quantities. For an adiabatic evolution,

12 !3/2 !1/2 !1 !1/2n " 2.7# 10 e E n t Hz,c B 52 1 d

14 1/2 2 1/2 !3/2n " 5.7# 10 e e E t Hz,m B e 52 d

5 1/2 1/2 !2F " 1.1# 10 e E n D mJy, (11)n,max B 52 1 28

where is the time in days, ergs, is n in units52t E " E/10 nd 52 1
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Fig. 1.—Synchrotron spectrum of a relativistic shock with a power-law
electron distribution. (a) Fast cooling, which is expected at early times (t !

). The spectrum consists of four segments, identified as A, B, C, and D. Self-t0
absorption is important below . The frequencies, , , and , decrease withn n n na m c a

time as indicated; the scalings above the arrows correspond to an adiabatic
evolution, and the scalings below, in square brackets, correspond to a fully
radiative evolution. (b) Slow cooling, which is expected at late times ( ).t 1 t0
The evolution is always adiabatic. The four segments are identified as E, F,
G, and H.

, where ; and an exponential cutoff for!1/2n(g ) P ∼ n n 1e n

. The maximum emissivity occurs at and is given byn(g ) ne c

.Pn,max
To calculate the net spectrum from a power-law distribution

of electrons, we need to integrate over . There are now twoge
different cases, depending on whether or .g 1 g g ! gm c m c

Let the total number of swept-up electrons in the postshock
fluid be . When , all the electrons cool3N " 4pR n/3 g 1 ge m c

down to roughly , and the spectral power at is approxi-g nc c

mately . We call this the case of fast cooling. The fluxN Pe n,max
at the observer, , is given byFn

1/3(n/n ) F , n 1 n,c n,max c
!1/2F " (n/n ) F , n 1 n 1 n , (7)n c n,max m c{ !1/2 !p/2(n /n ) (n/n ) F , n 1 n ,m c m n,max m

where and is the observed2n { n(g ) F { N P /4pDm m n,max e n,max
peak flux at distance D from the source.
When , only those electrons with can cool.g 1 g g 1 gc m e c

We call this slow cooling, because the electrons with ,g ∼ ge m

which form the bulk of the population, do not cool within a
time t, and we have

1/3(n/n ) F , n 1 n,m n,max m
!(p!1)/2F " (n/n ) F , n 1 n 1 n , (8)n m n,max c m{ !(p!1)/2 !p/2( ) ( )n /n n/n F , n 1 n .c m c n,max c

The typical spectra corresponding to fast and slow cooling
are shown in Figures 1a and 1b. The low-energy part of these
spectra has empirical support even within the GRB itself (Co-
hen et al. 1997). In addition to the various power-law regimes
described above, self-absorption causes a steep cutoff of the
spectrum at low frequencies (Katz 1994; Waxman 1997b; Katz
& Piran 1997a). For completeness, we show this regime in
Figure 1, but we shall ignore it for the rest of this Letter since
it does not affect either the optical or the X-ray radiation in
which we are interested.

3. HYDRODYNAMIC EVOLUTION AND LIGHT CURVES

The instantaneous spectra do not depend on the hydrody-
namic evolution of the shock. The light curves at a given fre-
quency, however, depend on the temporal evolution of various
quantities, such as the break frequencies and and the peakn nm c

flux . These depend, in turn, on how g and scale as aF Nn,max e

function of t.
We limit the discussion here to a spherical shock of radius
propagating into a constant surrounding density n. WeR(t)

consider two extreme limits for the hydrodynamic evolution
of the shock: either fully radiative or fully adiabatic. In a ra-
diative evolution, all the internal energy generated in the shock
is radiated. This requires two conditions to be satisfied: (1) the
fraction of the energy going into the electrons must be large,
i.e., , and (2) we must be in the regime of fast cooling,e r 1e

.g ! gc m

In the adiabatic case, the energy E of the spherical shock is
constant and is given by (Blandford &2 3 2E " 16pg R nm c /17p

McKee 1976; Sari 1997). In the radiative case, the energy varies
as , where . Here!3 1/3E ∝ g g ! (R/L) L " [17M/(16pm n)]p

(Blandford & McKee 1976; Vietri 1996; Katz & Piran 1997a)
is the radius at which the mass swept up from the external
medium equals the initial mass M of the ejecta (we used

instead of in order to be compatible with the adiabatic17/16 3/4
expression and to enable a smooth transition between the two);

we write M in terms of the initial energy of the explosion via
, where is the initial Lorentz factor of the ejecta.2M " E/g c g0 0

In both the adiabatic and radiative cases, there is a simple
relation connecting R, g, and t: , where the nu-2t " R/cg ct

merical value of varies between ∼3 and ∼7 depending onct
the details of the hydrodynamic evolution and the spectrum
(Sari 1997, 1998; Waxman 1997c; Panaitescu & Mészáros
1997). For simplicity, we use for all cases. We then2t ! R/4g c
have the following hydrodynamic evolution equations,

1/4(17Et/4pm nc) , adiabatic,pR(t) ! (9)1/7{(4ct/L) L, radiative,

5 3 1/8(17E/1024pnm c t ) , adiabatic,pg(t) ! (10)!3/7{(4ct/L) , radiative.

Using these scalings and the results of the previous section,
we can calculate the variation with time of all the relevant
quantities. For an adiabatic evolution,

12 !3/2 !1/2 !1 !1/2n " 2.7# 10 e E n t Hz,c B 52 1 d

14 1/2 2 1/2 !3/2n " 5.7# 10 e e E t Hz,m B e 52 d

5 1/2 1/2 !2F " 1.1# 10 e E n D mJy, (11)n,max B 52 1 28

where is the time in days, ergs, is n in units52t E " E/10 nd 52 1
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Fig. 2.—Synchrotron light curve (ignoring self-absorption). (a) High-
frequency case ( ). The four segments that are separated by the criticaln 1 n0
times, , , and , correspond to the spectral segments in Fig. 1 with thet t tc m 0

same labels (B, C, D, and H). The observed flux varies with time as indicated;
the scalings within square brackets are for radiative evolution (which is re-
stricted to ), and the other scalings are for adiabatic evolution. (b) Low-t ! t0
frequency case ( ).n ! n0

of , and cm. For a fully radiative evolution,!3 28cm D " D/1028
the results are

13 !3/2 !4/7 4/7 !13/14 !2/7n " 1.3# 10 e E g n t Hz,c B 52 2 1 d

14 1/2 2 4/7 !4/7 !1/14 !12/7n " 1.2# 10 e e E g n t Hz,m B e 52 2 1 d

3 1/2 8/7 !8/7 5/14 !2 !3/7F " 4.5# 10 e E g n D t mJy, (12)n,max B 52 2 1 28 d

where we have scaled by a factor of 100: .g g { g /1000 2 0
The spectra presented in Figure 1 show and for typicaln nc m

parameters. In both the adiabatic and radiative cases, de-nc
creases with time slower than . Therefore, at sufficiently earlynm
times, , i.e., fast cooling, while at later times, , i.e.,n ! n n 1 nc m c m

slow cooling. The transition between the two occurs when
at :n " n tc m 0

2 2210e e E n days, adiabatic,B e 52 1t " (13)0 7/5 7/5 4/5 !4/5 3/5{4.6e e E g n days, radiative.B e 52 2 1

At , the spectrum changes from fast cooling (Fig. 1a) tot " t0
slow cooling (Fig. 1b). In addition, if , the hydrodynamice r 1e

evolution changes at this stage from radiative to adiabatic (see
also Mészáros, Rees, & Wijers 1997). If , the evolutione K 1e

would have been adiabatic throughout. If during the fast-cool-
ing phase ( ) is somewhat less than unity, then only at ! t e0 e

fraction of the shock energy is lost to radiation. The scalings
will be intermediate between the two limits of fully radiative
and fully adiabatic discussed here.
During radiative evolution, the shock’s energy decreases

with time. When a radiative shock switches to adiabatic evo-
lution at time , it is necessary to use the reduced energy,t " t0

, to calculate the subsequent adiabatic evolution. The finalEf,52
energy, , is related to the initial energy, , of the fireballE Ef,52 i,52
by

!3/5 !3/5 4/5 !4/5 !2/5E " 0.022e e E g n . (14)f,52 B e i,52 2 1

Once we know how the break frequencies, and , and then nc m

peak flux, , vary with time, we can calculate the lightFn,max
curve. Consider a fixed frequency . It follows from15n " 10 n15
equations (11) and (12) that there are two critical times, andtc
, when the break frequencies, and , cross the observedt n nm c m

frequency n:

!6 !3 !1 !2 !27.3# 10 e E n n days, adiabatic,B 52 1 15t "c !7 !21/4 !2 2 !13/4 !7/2{2.7# 10 e E g n n days, radiative,B 52 2 1 15

(15)

1/3 4/3 1/3 !2/30.69e e E n days, adiabatic,B e 52 15t "m 7/24 7/6 1/3 !1/3 !7/12 !1/24{0.29e e E g n n days, radiative.B e 52 2 15 1

(16)

There are only two possible orderings of , , and , namely,t t tc m 0
and . We define the critical frequency,t 1 t 1 t t ! t ! t0 m c 0 m c

:n " n (t ) " n (t )0 c 0 m 0

11 !5/2 !1 !1 !3/21.8# 10 e e E n Hz, adiabatic,B e 52 1n "0 12 !19/10 !2/5 !4/5 4/5 !11/10{8.5# 10 e e E g n Hz, radiative.B e 52 2 1

(17)

When , the ordering applies, and we refer ton 1 n t 1 t 1 t0 0 m c

the corresponding light curve as the high-frequency light curve.
Similarly, when , we have , and we obtain then ! n t ! t ! t0 0 m c

low-frequency light curve.
Figure 2a depicts a typical high-frequency light curve. At

early times, the electrons cool fast and . Ignoringn ! n ! nc m

self-absorption, the situation corresponds to segment B in Fig-
ure 1, and the flux varies as . If the evolution1/3F ∼ F (n/n )n n,max c

is adiabatic, is constant and . In the radiative case,1/6F F ∼ tn,max n

and . Figure 2a also depicts the scalings!3/7 !1/3F ∼ t F ∼ tn,max n

in the other segments, which correspond to C, D, and H in
Figure 1, and can be derived in a similar fashion. Figure 2b
shows the low-frequency light curve, corresponding to .n ! n0
Here there are four phases in the light curve, corresponding to
segments B, F, G, and H. The time dependences of the flux
are also shown.

4. DISCUSSION

The main results of this Letter are summarized in Figures 1
and 2, along with the scalings given in equations (11)–(17).
It is well known that the flux at the peak of the synchrotron

spectrum is independent of time in the slow-cooling limit for
adiabatic hydrodynamic evolution (Katz 1994; Mészáros &
Rees 1997). We have shown in this Letter that the peak flux
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Fig. 2.—Synchrotron light curve (ignoring self-absorption). (a) High-
frequency case ( ). The four segments that are separated by the criticaln 1 n0
times, , , and , correspond to the spectral segments in Fig. 1 with thet t tc m 0

same labels (B, C, D, and H). The observed flux varies with time as indicated;
the scalings within square brackets are for radiative evolution (which is re-
stricted to ), and the other scalings are for adiabatic evolution. (b) Low-t ! t0
frequency case ( ).n ! n0

of , and cm. For a fully radiative evolution,!3 28cm D " D/1028
the results are

13 !3/2 !4/7 4/7 !13/14 !2/7n " 1.3# 10 e E g n t Hz,c B 52 2 1 d
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where we have scaled by a factor of 100: .g g { g /1000 2 0
The spectra presented in Figure 1 show and for typicaln nc m

parameters. In both the adiabatic and radiative cases, de-nc
creases with time slower than . Therefore, at sufficiently earlynm
times, , i.e., fast cooling, while at later times, , i.e.,n ! n n 1 nc m c m

slow cooling. The transition between the two occurs when
at :n " n tc m 0

2 2210e e E n days, adiabatic,B e 52 1t " (13)0 7/5 7/5 4/5 !4/5 3/5{4.6e e E g n days, radiative.B e 52 2 1

At , the spectrum changes from fast cooling (Fig. 1a) tot " t0
slow cooling (Fig. 1b). In addition, if , the hydrodynamice r 1e

evolution changes at this stage from radiative to adiabatic (see
also Mészáros, Rees, & Wijers 1997). If , the evolutione K 1e

would have been adiabatic throughout. If during the fast-cool-
ing phase ( ) is somewhat less than unity, then only at ! t e0 e

fraction of the shock energy is lost to radiation. The scalings
will be intermediate between the two limits of fully radiative
and fully adiabatic discussed here.
During radiative evolution, the shock’s energy decreases

with time. When a radiative shock switches to adiabatic evo-
lution at time , it is necessary to use the reduced energy,t " t0

, to calculate the subsequent adiabatic evolution. The finalEf,52
energy, , is related to the initial energy, , of the fireballE Ef,52 i,52
by

!3/5 !3/5 4/5 !4/5 !2/5E " 0.022e e E g n . (14)f,52 B e i,52 2 1

Once we know how the break frequencies, and , and then nc m

peak flux, , vary with time, we can calculate the lightFn,max
curve. Consider a fixed frequency . It follows from15n " 10 n15
equations (11) and (12) that there are two critical times, andtc
, when the break frequencies, and , cross the observedt n nm c m
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When , the ordering applies, and we refer ton 1 n t 1 t 1 t0 0 m c

the corresponding light curve as the high-frequency light curve.
Similarly, when , we have , and we obtain then ! n t ! t ! t0 0 m c

low-frequency light curve.
Figure 2a depicts a typical high-frequency light curve. At

early times, the electrons cool fast and . Ignoringn ! n ! nc m

self-absorption, the situation corresponds to segment B in Fig-
ure 1, and the flux varies as . If the evolution1/3F ∼ F (n/n )n n,max c

is adiabatic, is constant and . In the radiative case,1/6F F ∼ tn,max n

and . Figure 2a also depicts the scalings!3/7 !1/3F ∼ t F ∼ tn,max n

in the other segments, which correspond to C, D, and H in
Figure 1, and can be derived in a similar fashion. Figure 2b
shows the low-frequency light curve, corresponding to .n ! n0
Here there are four phases in the light curve, corresponding to
segments B, F, G, and H. The time dependences of the flux
are also shown.

4. DISCUSSION

The main results of this Letter are summarized in Figures 1
and 2, along with the scalings given in equations (11)–(17).
It is well known that the flux at the peak of the synchrotron

spectrum is independent of time in the slow-cooling limit for
adiabatic hydrodynamic evolution (Katz 1994; Mészáros &
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GRB 190114C: reverse shock component in radio-optical

also attributable to KN corrections (Laskar et al. 2018a). We
leave a detailed exploration of KN corrections to further work.
In summary, the optical and X-ray light curves until 0.3days
are consistent with FS emission in wind-like environment with
p≈2.36 and 2t 0.3jet days.

3.2. Radio and Millimeter: RS

The radio SED at 0.2days comprising the VLA cm-band
and ALMA mm-band data (Figure 5) can be fit with a broken
power-law model, transitioning from β=2 (fixed) to
β=0.3±0.2 at νbreak=24±4 GHz. In addition, the mean
Stokes I intra-band spectral index between the two ALMA
basebands at 91.5 and 103.5GHz is ≈−0.4, implying that the
mm-band emission is optically thin at this time. The optical to
mm-band spectral index of βmm-opt=−0.24±0.01 between
the GROND K-band observation and the ALMA detection at
0.16days is inconsistent with a single power-law extrapolation
from the optical.12 This shallow slope cannot be caused by the
location of Om,f between the radio and optical bands13 because
all light curves at O O O� �a,f m,f should be flat in the wind
model (or rising in the interstellar medium (ISM) model), while
the ALMA light curve is declining over this period. Thus, the
radio and mm-band emission arises from a separate component
than that responsible for the X-ray and optical emission. We

note that a similar radio-to-X-ray spectral index of
βradio,opt≈−0.25 in the case of GRB130427A indicated the
presence of an RS in that system (Laskar et al. 2013). The early
optical r′-band light curve declines as αopt=−1.4±0.1
between the MASTER observation at ≈6×10−4 days14 and
the NOT observation at ≈2×10−2 days, flattening to
B � o0.69 0.02 between the NOT observation and the
GROND observation at 0.16days (Figure 5). The steep optical
light curve at 2×10−2 days can also not be explained as FS
emission.
We find that propagating the excess emission component

dominating the radio and mm-band data at ≈0.2 days earlier,
using the RS light curve evolution from Zou et al. (2005) and
the SED shape from Laskar et al. (2013), can explain the
optical observations at �0.2 days, provided rO

�F t,m
0.9 and

O r �tm
1.4 for this component (Figure 5). This matches a

Newtonian RS with15 _g 3, which is higher than expected for
the wind environment but not unprecedented (Laskar et al.
2013, 2016, 2018a; Perley et al. 2014). The parameters for the
FS that match the X-ray and optical light curves at 0.3 days
are p≈2.36, � x 0.9e , � x q �6 10B

3, * x q �A 1.5 10 2,
x qE 7 10K,iso

52 erg, and AV≈2.2 mag. For these para-
meters, the FS is fast cooling until ≈0.2 days, with the spectral
ordering O O O O O O� � x � �a,f radio c,f opt m,f X for the FS at
10−2 days. However, we note that we do not locate Oa,f and thus
the model parameters are subject to some degeneracies
(possibly explaining the high value of �e). We defer a more

Table 2
ALMA Band 3 (97.5 GHz) Polarization Measurements of GRB190114C

Time Q σQ U σU P σP χ σχ Π σΠ
(days) (μJy) (μJy) (μJy) (μJy) (μJy) (μJy) (deg) (deg) (%) (%)

0.114 89.5 14.6 32.0 15.3 96.3 14.6 9.8 4.6 0.87 0.13
0.154 55.9 14.5 −33.4 14.8 66.7 14.4 −15.4 6.6 0.76 0.16
0.202 1.84 14.5 −41.1 14.6 43.7 14.0 −43.7 11.7 0.60 0.19

Figure 5. Left panel:SEDs at 6×10−4 days (MASTER; Tyurina et al. 2019), 6×10−3 days (Swift/UVOT), 2×10−2 days (NOT; Selsing et al. 2019) and 0.2days
(VLA, ALMA, and GROND; Bolmer & Schady 2019) after the burst, with an afterglow model (lines) decomposed at 0.2days into forward shock (dashed) and
reverse shock (dotted) components. The RS model employs O x 40 GHza,r , O x 70 GHzm,r , O x q4 10c,r

15 Hz, and xOF 14,m,r mJy at 0.2days. The red shaded
region indicates the expected variability due to scintillation in the radio. The model explains the radio to X-ray SED, the X-ray light curve, and the optical light curve
before 0.2days. The Compton Y≈20 for this model is high, and the discrepancy in the X-rays above ≈1018 Hz may arise from the KN correction. Right panel:X-ray
(1 keV), optical r′/R/Rc-band, and ALMA 97.5GHz light curves of GRB190114C from the first MASTER detection at ≈6×10−4 days to ≈0.3 days, together with
the same afterglow model as the left panel, with the RS contribution indicated (dotted lines).

12 We note that extinction correction at optical K-band is expected to be
modest. Explaining the declining mm-near-infrared (NIR) SED as due to
extincted FS emission would require AK≈4.5 mag (or AV≈35 mag for a
Small Magellanic Cloud extinction curve), which would completely extinguish
the ultraviolet (UV)/optical emission.
13 The subscript “f” refers to the FS.

14 While the MASTER observation is calibrated to R-band, the difference
between r′- and R-bands is negligible for this argument.
15 The Lorentz factor of the RS ejecta, ( r �R g

ej .
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also attributable to KN corrections (Laskar et al. 2018a). We
leave a detailed exploration of KN corrections to further work.
In summary, the optical and X-ray light curves until 0.3days
are consistent with FS emission in wind-like environment with
p≈2.36 and 2t 0.3jet days.

3.2. Radio and Millimeter: RS

The radio SED at 0.2days comprising the VLA cm-band
and ALMA mm-band data (Figure 5) can be fit with a broken
power-law model, transitioning from β=2 (fixed) to
β=0.3±0.2 at νbreak=24±4 GHz. In addition, the mean
Stokes I intra-band spectral index between the two ALMA
basebands at 91.5 and 103.5GHz is ≈−0.4, implying that the
mm-band emission is optically thin at this time. The optical to
mm-band spectral index of βmm-opt=−0.24±0.01 between
the GROND K-band observation and the ALMA detection at
0.16days is inconsistent with a single power-law extrapolation
from the optical.12 This shallow slope cannot be caused by the
location of Om,f between the radio and optical bands13 because
all light curves at O O O� �a,f m,f should be flat in the wind
model (or rising in the interstellar medium (ISM) model), while
the ALMA light curve is declining over this period. Thus, the
radio and mm-band emission arises from a separate component
than that responsible for the X-ray and optical emission. We

note that a similar radio-to-X-ray spectral index of
βradio,opt≈−0.25 in the case of GRB130427A indicated the
presence of an RS in that system (Laskar et al. 2013). The early
optical r′-band light curve declines as αopt=−1.4±0.1
between the MASTER observation at ≈6×10−4 days14 and
the NOT observation at ≈2×10−2 days, flattening to
B � o0.69 0.02 between the NOT observation and the
GROND observation at 0.16days (Figure 5). The steep optical
light curve at 2×10−2 days can also not be explained as FS
emission.
We find that propagating the excess emission component

dominating the radio and mm-band data at ≈0.2 days earlier,
using the RS light curve evolution from Zou et al. (2005) and
the SED shape from Laskar et al. (2013), can explain the
optical observations at �0.2 days, provided rO

�F t,m
0.9 and

O r �tm
1.4 for this component (Figure 5). This matches a

Newtonian RS with15 _g 3, which is higher than expected for
the wind environment but not unprecedented (Laskar et al.
2013, 2016, 2018a; Perley et al. 2014). The parameters for the
FS that match the X-ray and optical light curves at 0.3 days
are p≈2.36, � x 0.9e , � x q �6 10B

3, * x q �A 1.5 10 2,
x qE 7 10K,iso

52 erg, and AV≈2.2 mag. For these para-
meters, the FS is fast cooling until ≈0.2 days, with the spectral
ordering O O O O O O� � x � �a,f radio c,f opt m,f X for the FS at
10−2 days. However, we note that we do not locate Oa,f and thus
the model parameters are subject to some degeneracies
(possibly explaining the high value of �e). We defer a more

Table 2
ALMA Band 3 (97.5 GHz) Polarization Measurements of GRB190114C

Time Q σQ U σU P σP χ σχ Π σΠ
(days) (μJy) (μJy) (μJy) (μJy) (μJy) (μJy) (deg) (deg) (%) (%)

0.114 89.5 14.6 32.0 15.3 96.3 14.6 9.8 4.6 0.87 0.13
0.154 55.9 14.5 −33.4 14.8 66.7 14.4 −15.4 6.6 0.76 0.16
0.202 1.84 14.5 −41.1 14.6 43.7 14.0 −43.7 11.7 0.60 0.19

Figure 5. Left panel:SEDs at 6×10−4 days (MASTER; Tyurina et al. 2019), 6×10−3 days (Swift/UVOT), 2×10−2 days (NOT; Selsing et al. 2019) and 0.2days
(VLA, ALMA, and GROND; Bolmer & Schady 2019) after the burst, with an afterglow model (lines) decomposed at 0.2days into forward shock (dashed) and
reverse shock (dotted) components. The RS model employs O x 40 GHza,r , O x 70 GHzm,r , O x q4 10c,r

15 Hz, and xOF 14,m,r mJy at 0.2days. The red shaded
region indicates the expected variability due to scintillation in the radio. The model explains the radio to X-ray SED, the X-ray light curve, and the optical light curve
before 0.2days. The Compton Y≈20 for this model is high, and the discrepancy in the X-rays above ≈1018 Hz may arise from the KN correction. Right panel:X-ray
(1 keV), optical r′/R/Rc-band, and ALMA 97.5GHz light curves of GRB190114C from the first MASTER detection at ≈6×10−4 days to ≈0.3 days, together with
the same afterglow model as the left panel, with the RS contribution indicated (dotted lines).

12 We note that extinction correction at optical K-band is expected to be
modest. Explaining the declining mm-near-infrared (NIR) SED as due to
extincted FS emission would require AK≈4.5 mag (or AV≈35 mag for a
Small Magellanic Cloud extinction curve), which would completely extinguish
the ultraviolet (UV)/optical emission.
13 The subscript “f” refers to the FS.

14 While the MASTER observation is calibrated to R-band, the difference
between r′- and R-bands is negligible for this argument.
15 The Lorentz factor of the RS ejecta, ( r �R g

ej .
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Fig. 1.— Upper panel: Modeling of the broad-band
light curves of GRB 180720B. The LAT, HESS and opti-
cal data are taken from Ruiz-Velasco (2019), and the XRT
data is retrieved from Swift-XRT GRB light-curve repository
(http://www.swift.ac.uk/xrt curves). The dotted curves and
dashed curves represent the synchrotron component and SSC com-
ponent respectively. For visibility, the data and theoretical flux in
the LAT band and in HESS band are multiplied by 100 and 10 re-
spectively. Bottom panel: Modeling of the SED of GRB 180720B
at t = 10hr. The green and blue boxes represents the X-ray data
and HESS data respectively. The upper limit is from the non-
detection of Fermi/LAT. The gray dashed curves represents the
SSC emission before considering the γγ absorption in the source.
Note that the extinction correction of the optical data has not
been taken into account. The parameters used in the fit are:
E = 1054erg, n = 0.1cm−3, εe = 0.1, εB = 10−4 and p = 2.4.

shock emission (Laskar et al. 2019). The X-ray flux at
t ! 100s also exceeds the model flux and the excess flux
could be attributed to the reverse shock emission as well
(Laskar et al. 2019). The X-ray flux at t " 1 day is
below the model flux, which is likely due to the pres-
ence of a jet break, as has been commonly seen in bright
GRBs. The late-time excess of the optical emission is not
well-understood, and we speculate that density-jump en-
countered by the shock might cause such a brightening.
In the LAT band, the model flux can explain the flux af-
ter 50 s, and the early GeV emission should be attributed
to the prompt emission or reverse shock emission (Fraija
et al. 2019). The plot of the SED around t = 100 s
shows the transition from the synchrotron component to
the SSC component. Interestingly, the SSC component
already contributes dominantly to the flux at energies
above GeV. There is a signature of a hard spectrum for

Fig. 2.— Upper panel: Modeling of the broad-band light curves
of GRB 190114C. The optical data are taken from Laskar et al.
(2019), the X-ray data are retrieved from Swift-XRT GRB light-
curve repository and the LAT data are obtained by ourself. The
dotted curves and dashed curves represent the synchrotron com-
ponent and SSC component respectively. The model flux for the
optical r band has been corrected to account for the extinction by
the host galaxy (assuming AV = 1.9mag). For visibility, the data
and model theoretical flux in the LAT band and in VHE band are
multiplied by 100 and 10 respectively. Bottom panel: Modeling
of the SED of GRB 190114C around t = 100s. The green box
represents the X-ray data. The red circles and upper limit rep-
resents the GeV data of Fermi/LAT. The blue hatched region is
the energy range of the Magic telescope. The gray dashed curves
represents the SSC emission before considering the γγ absorption
in the source. The parameters used in the fit are: E = 6×1053erg,
n = 2cm−3, εe = 0.07, εB = 8× 10−6 and p = 2.4.

the GeV emission with a photon index of −1.76± 0.21,
which is consistent with the SSC origin. The sub-TeV
flux expected from this SED fitting is comparable to
the GeV flux, which can explain the " 20σ detection
by MAGIC (Mirzoyan 2019).

5. DISCUSSIONS AND CONCLUSIONS

It is useful to obtain the transition energy from the
synchrotron component to the SSC component, as this
transition energy could be identified if observation en-
ergy coverage is sufficiently wide. This is also the critical
frequency above which spectrum hardens. Assuming the
transition energy is above νICm , the transition frequency
νt can be obtained by

Fm(
νc
νm

)−(p−1)/2(
νt
νc

)−p/2 = F IC
m (

νt
νICm

)−(p−1)/2. (7)
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In the LAT band, the model flux can explain the flux af-
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(2019), the X-ray data are retrieved from Swift-XRT GRB light-
curve repository and the LAT data are obtained by ourself. The
dotted curves and dashed curves represent the synchrotron com-
ponent and SSC component respectively. The model flux for the
optical r band has been corrected to account for the extinction by
the host galaxy (assuming AV = 1.9mag). For visibility, the data
and model theoretical flux in the LAT band and in VHE band are
multiplied by 100 and 10 respectively. Bottom panel: Modeling
of the SED of GRB 190114C around t = 100s. The green box
represents the X-ray data. The red circles and upper limit rep-
resents the GeV data of Fermi/LAT. The blue hatched region is
the energy range of the Magic telescope. The gray dashed curves
represents the SSC emission before considering the γγ absorption
in the source. The parameters used in the fit are: E = 6×1053erg,
n = 2cm−3, εe = 0.07, εB = 8× 10−6 and p = 2.4.

the GeV emission with a photon index of −1.76± 0.21,
which is consistent with the SSC origin. The sub-TeV
flux expected from this SED fitting is comparable to
the GeV flux, which can explain the " 20σ detection
by MAGIC (Mirzoyan 2019).

5. DISCUSSIONS AND CONCLUSIONS

It is useful to obtain the transition energy from the
synchrotron component to the SSC component, as this
transition energy could be identified if observation en-
ergy coverage is sufficiently wide. This is also the critical
frequency above which spectrum hardens. Assuming the
transition energy is above νICm , the transition frequency
νt can be obtained by
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sion arising in the external shock (Kumar & Barniol Duran
2009, 2010; Ghisellini, et al. 2010; Nava, et al. 2014). Re-
cently, ground-based atmospheric Cherenkov telescopes, the
Major Atmospheric Gamma Imaging Cherenkov (MAGIC)
telescopes and the High Energy Stereoscopic System
(H.E.S.S.), detected very-high-energy (VHE) gamma-rays
from GRB 180720B (Roberts & Meegan 2018; Ruiz-Velasco
2019), GRB 190114C (Ajello et al. 2019b; Mirzoyan
2019) and GRB 190829A (Fermi GBM collaboration 2019;
de Naurois 2019). The VHE gamma-rays are most likely
synchrotron self-Compton emission (Wang, et al. 2019;
Derishev & Piran 2019; Fraija et al. 2019). It is expected
that in near future the number of such VHE events rapidly
increases when Cherenkov Telescope Array (CTA) starts ob-
servations of GRBs (Kakuwa, et al. 2012; Inoue, et al. 2013;
Gilmore, et al. 2013). VHE gamma-ray observations with
CTA may even provide a clue to the origin of shallow de-
cay phase in the X-ray afterglow (e.g., Murase, et al. 2010,
2011).

At present, a link between the X-ray shallow de-
cay phase and (very-)high-energy gamma-ray emission is
unclear. It is known that the LAT-detected GRBs are
among the most energetic GRBs (Ackermann, et al. 2013;
Atteia, et al. 2017; Nava, et al. 2014; Ajello et al. 2019a), so
that their kinetic energy of the GRB jet is larger than usual
events without high-energy gamma-ray detection. There
is also an observational implication that the initial bulk
Lorentz factor of the jet is larger for LAT-detected GRBs
(Ghirlanda, et al. 2012). Furthermore, emission region of the
high-energy gamma-rays might have smaller magnetic field
energy density (Tak, et al. 2019). Hence one can expect that
their outflow has different characteristics, so that the X-ray
afterglow behaves differently. Therefore, studies of the X-
ray afterglow of such extreme GRBs may provide us hints
for unveiling the nature of the shallow decay phase.

In this paper, as a first step of investigating connec-
tion between the shallow decay phase and the high-energy
(and VHE) gamma-ray emission, we analyze early X-ray
afterglows of GRBs with detected high-energy and VHE
gamma-rays. We find that their decay slopes of the shal-
low decay phase tends to be steeper than GRBs with-
out high-energy/VHE gamma-ray detection, so that the X-
ray shallow decay phase looks less noticeable. This fact
has been already noted in previous literature very briefly
(Kumar & Zhang 2015). Present work provides analysis re-
sult more quantitatively with better statistics due to larger
sample size.

2 SAMPLE SELECTION

In this paper, we analyze early X-ray afterglows of GRBs
which are listed in the second catalog of LAT-detected GRBs
(Ajello et al. 2019a). The catalog includes 186 events cover-
ing from 2008 to 2018 August 4. There are 24 events in
the catalog which were triggered by Burst Alert Telescope
(BAT) onboard Swift and subsequently observed by X-ray
Telescope (XRT) typically ∼ 100 s after the burst onset.
Among them, XRT data of GRB 170813A consists of only
4 data points after the initial steep decay phase, so that
we remove this event from our sample in order to consider
well-sampled early X-ray afterglow light curves.
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Figure 1. X-ray afterglow light curves of 26 events in our sample,
which consists of 23 events which is listed in the second catalog of
LAT-detected GRBs (red curves) and 3 VHE events (blue lines).

So far VHE gamma-rays from 3 GRBs (GRB 180720B,
190114C, and 190829A) are detected by MAGIC and
H.E.S.S. (Ruiz-Velasco 2019; Mirzoyan 2019; de Naurois
2019). Fortunately all are triggered by Swift/BAT, so that
early X-ray afterglows are observed by XRT. Hence we an-
alyze XRT data of these events.

All events of our sample are listed in Table 1, and their
X-ray light curves are shown in Fig. 1. It contains 26 GRBs
(23 LAT GRBs + 3 VHE events) in total. Tang et al. (2019)
and Zhao et al. (2019) collected 174 and 201 GRBs with
clear shallow decay phase, respectively. Within our present
sample, only 4 events (GRB 090510, 110213A, 150403A and
180720B) overlaps with the list of the former, and 3 events
(GRB 090102, 090510 and 140323A) overlaps with the lat-
ter. This fact already shows that there are less events hosting
typical shallow decay phase in our present sample.

Finally we note that our sample contains a short
GRB 090510. The other events are long GRBs.

3 DATA ANALYSIS

The Swift/XRT data were downloaded from the Swift team
website1 (Evans et al. 2007, 2009). First the X-ray light
curves in the time interval [t1, t2] is fitted with single power-
law (SPL) function,

fS(t) = f0t
−α1 , (1)

where f0 and α1 are a normalization constant and a decay
slope, respectively. We choose the time interval [t1, t2] ex-
cluding the steep decay phase and X-ray flares if they exist.
Subsequently, we also fit the light curves with double power-
law (DPL) function,

fD(t) = f0 [(t/tb)
wα1 + (t/tb)

wα2 ]−1/w , (2)

with α1 and α2 describing the decay slopes of pre-

1 https://www.swift.ac.uk/xrt curves/
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Figure 2. Blue and red histograms show the distributions of
the decay slope α1 for 5 SPL and 18 DPL events, respectively.
Dashed and dotted lines are those for long GRBs with typical
shallow decay phase taken from Tang et al. (2019) and Zhao et al.
(2019), respectively. Also shown are allows describing the values
of α1 for 3 VHE events.

According to these results, we schematically draw in Fig. 4
the typical behavior of GRBs in our sample.

5 DISCUSSION

In the α1–α2 plane for DPL events, there are two data
points (GRB 120729 and 160917A) whose best-fit values
α1 > 1 and α2 > 2. Although the break time tb ∼ 104 s
for these bursts, the measured break should be taken as
a jet break rather than the shallow-to-normal break. Ac-
cording to the theory of the jet break, if the X-ray after-
glow is in the slow cooling regime with the X-ray band fre-
quency larger than the cooling frequency νc, then the decay
indices are given by (3p − 2)/4 and p for pre- and post-
jet break, respectively, where p is an index of the power-
law electron distribution (Sari, Piran & Halpern 1999). For
GRB 160917A, if the measured value of α1 = 1.22 ± 0.03
corresponds to the pre-jet break decay index, then we have
p = (2+4α1)/3 = 2.29± 0.04, so that the observed value of
α2 = 2.33± 0.72 is consistent with the post-jet break decay
index within 1σ error. On the other hand, GRB 120729A
may not follow the jet break theory. Similar calculation for
GRB 120729A leads to p = (2+4α1)/3 = 2.15±0.03, which
is somewhat smaller than the measured post-break index
α2 = 2.82 ± 0.38 but still consistent within 2σ error. Nev-
ertheless, the post-break decay index α2 is too steep for the
normal decay phase of the X-ray afterglow. Therefore, these
bursts should be treated as events without shallow decay
phase.

Taking into account the correction described in the pre-
vious paragraph, we calculate the fraction of events with-
out shallow decay phase as 5 SPL as well as 2 DPL events
(GRB 120729 and 160917A) for 23 events, so that 7/23 ≈

30%. This fraction is significantly larger than the value of

19/400 ≈ 5% for all long GRBs with XRT detection from
2005 January to 2009 July (Liang, et al. 2009). Furthermore,
two (GRB 190114C and 190829A) out of 3 VHE events have
no shallow decay phase. Even if X-ray light curve has a
break at tb, eight events (GRB 100728A, 110731A, 130427A,
130907A, 140102A, 150314A, 160325A and a VHE event
GRB 180720B) have the pre-break decay index α1 larger
than 0.7. For the sample of Zhao et al. (2019), the distribu-
tion of the pre-break decay index has a mean of 0.43 and
a dispersion of 0.22 (see dotted line in Fig. 2), hence the 8
events with α1 > 0.7 deviate from the mean value for ordi-
nary GRBs more than 1σ. Hence one can say that a large
fraction (17 out of 26 events) of GRBs detected in high-
energy and VHE gamma-ray bands has no shallow decay
phase, or they have less noticeable shallow decay phase in
the early X-ray afterglow.

Our present result may constrain models of the shallow
decay phase of the X-ray afterglow. In the context of the
energy injection model (Nousek, et al. 2006; Zhang, et al.
2006; Granot & Kumar 2006; Kobayashi & Zhang 2007),
initial outflow energy is small, so that the X-ray afterglow
arising from the external shock is initially dim. If the ad-
ditional energy is injected to the flow, then the X-ray af-
terglow becomes brighter than that in the case of no en-
ergy injection, resulting in the shallow decay phase. For
high-energy gamma-ray events, isotropic gamma-ray energy
of the prompt emission is larger (Ackermann, et al. 2013;
Atteia, et al. 2017; Nava, et al. 2014; Ajello et al. 2019a),
hence it is expected that the initial outflow energy is also
large. In this case, the X-ray afterglow is already bright from
the beginning, and it shows no shallow decay phase. There-
fore, this model naturally explains the present result that a
large fraction of events of our sample have no clear shallow
decay phase. Some other models will be challenged if more
data are accumulated in future.

We also search for any correlation between X-ray light
curve parameters like α1 and tb and GeV properties listed
in the second catalog of LAT-detected GRBs (Ajello et al.
2019a), such as the temporal decay index αGeV, spectral
index β, and isotropic energy of the gamma-ray emission
in the LAT energy band Eiso. Among 2 (α1 and tb) ×

3 (αGeV, β and Eiso) = 6 combinations, we find no statis-
tically significant correlation because of small sample size.
More events are necessary to have larger sample, and further
analysis with better statistics is left for future work.
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