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Gamma-ray bursts (GRBs) are the most electromagnetically luminous
cosmic explosions. They are powered by collimated streams of plasma (jets)
ejected by anewborn stellar-mass black hole or neutron star at relativistic
velocities. Their short-lived (typically tens of seconds) prompt y-ray
emission from within the ejectais followed by long-lived multi-wavelength
afterglow emission from the ultra-relativistic forward shock. This shock
isdriveninto the circumburst medium by the GRB ejecta. whicharein

turn decelerated by a mildly relativistic reverse shock. Forward-shock
emission was recently detected as teraelectronvolt-energy y-rays. Such
very-high-energy emission was also predicted from the reverse shock.
Here we report the detection of optical and gigaelectronvolt-energy y-ray
emission from GRB 180720B during the first few hundred seconds, whichiis
explained by synchrotron and inverse-Compton emission from the reverse
shock propagating into the ejecta, implying alow-magnetization ejecta. Our
optical measurements show a clear transition from the reverse shock to the
forward shock driveninto the circumburst medium, accompanied by a90°
change inthe mean polarization angle and fluctuations in the polarization
degree and angle. This indicates turbulence with large-scale toroidal and
radially stretched magnetic-field structures in the reverse and forward
shocks, respectively, which tightly couple to the physics of relativistic
shocks and GRB jets, namely launching, composition, dissipation and
particle acceleration.

On 20 July 2018, the Fermi Gamma-ray Burst Monitor and Swift Burst
Alert Telescope (Swift-BAT) were triggered by and localized the y-ray
burst (GRB) GRB 180720B at a redshift of z= 0.654 (ref. 1; aluminos-
ity distance of 4.0 Gpc), with a time-integrated isotropic equivalent
energy of £, = 5x 10> erg (1-10* keV) and a duration of -60 s (Sup-
plementary Information). These observations were followed by
multi-wavelength observations fromradio to teraelectronvolt energies:
radio, optical, X-ray, gigaelectronvolt and teraelectronvolt®. The Fermi

Large Area Telescope (Fermi-LAT) covered the gigaelectronvolt band
(Methods). The light curves observed in different energy bands are
showninFig. 1.

Following the alert of the GRB position by Swift, the Kanatal.5m
telescope performed follow-up observations’. Equipped with optical
polarimetry instruments (HOWPol and HONIR), it detected bright
optical emissions ~100 s after the burst trigger (GRB trigger time rep-
resented as T,). Fermi-LAT also detected bright gigaelectronvolt
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Fig.1|Light curves from the radio to teraelectronvolt bands of GRB180720B.
a, Unabsorbed light curves of GRB180720B from Fermi-LAT (0.1-1 GeV), Swift-
BAT (15-150 keV), Swift-XRT (0.3-10 keV), Kanata and other telescopes, namely
General Coordinates Network (GCN; approximately electronvolts), Arcminute
Microkelvin Imager Large Array (15.5 GHz) and High Energy Stereoscopic System
(HESS; 0.1-0.4 TeV). The black dashed lines represent the best-fitting power-law
functions with breaks and the vertical dashed lines represent the corresponding
break times. b, The observed photon indices observed by Swift-BAT (dark green)
and Fermi-LAT (blue). ¢, The observed photon indices observed by Swift-XRT
(green). All error bars correspond to the 1o confidence region.

emissions peaking at T, +~100 s. In the early phase (T, +100 s to
T, +1,000 ), the optical (F,, o t*r) and gigaelectronvolt (Fgey o £%eY)
fluxes declined with temporal indices of a,, =-1.94 + 0.08 and
agey =191+ 0.31, respectively, showing a similar trend. Both values
aremuch steeper than the typical temporal index of GRB afterglows*?,
indicating rapidly fading emission originating from a reverse shock.
During the subsequent time, the optical temporal index became
@, =~1.10 £ 0.02 (Methods), which is a typical index for emissions
coming from the forward shock. Our optical polarization measure-
ments by HOWPol and HONIR during T, + 70 s to T, + 20,000 s cover
both the reverse and forward shock dominated phases (Fig. 2). They
reveal that the polarization degree (PD) and polarization angle (PA)
were changing gradually (PD < 1% to 8% and PA ~ 50° to ~150°) during
the initial 1,000 s interval after the burst. In the late phase
(t,ns> To+5,000 s), almost constant PD and PA (-1% with ~160°) were
detected (Supplementary Information for the analysis details). The
detection of optical polarization from thereverse and forward shocks
inasingle GRB is unprecedented® and may be a powerful probe of the
structure and origin of magnetic fields in the shocked regions.

First, to better understand the rapid fading in the early phase,
we extracted wideband (optical to gigaelectronvolt) spectral energy
distributions (SEDs) from T, + 80 s to T, + 300 s (Fig. 3). Specifically
inthetimeinterval T, +160 s to T, + 300 s (interval II), the optical and
gigaelectronvolt components are distinctly higher than the extrapola-
tions from the X-ray component, which probably originated from the
forward shock (see Supplementary Information for the significance of
the gigaelectronvolt excess). Thus, to explain the optical and gigaelec-
tronvolt excesses, an additional component, such as areverse-shock
component, is needed. Note that in the time interval T, + 80 s to
To +130 s (interval I), the flux contribution from a bright X-ray flare

at T, +~100 s is substantial and the X-ray flare probably comes from a
different emission site, asindicated by the short variability timescales
(see Methods for adiscussion of the X-ray flare).

The gigaelectronvolt onset timescale of ~100 s roughly corre-
sponds to the time required for the reverse shock to cross the ejecta
shell, and since the prompt emission lasts ~60 s, this implies that the
reverse shock is mildly relativistic’. The bright optical emission can
be explained by synchrotron emission from the reverse shock in the
slow-cooling regime®. However, after the reverse shock crosses the
ejecta shell, there is no injection of freshly accelerated power-law
electrons into the shocked shell. As a result, synchrotron emission
above the synchrotron cooling frequency sharply drops, so that the
typical cooling frequency reaches the X-ray band at most®. Thus, the
observed y-rays cannot be powered by synchrotron emission and are
potentially produced by synchrotron self-Compton (SSC) emission
in the reverse shock’™, with seed optical photons inverse-Compton
scattered to gigaelectronvolt energies by the same shock-accelerated
electrons emitting the optical photons. The theoretical temporalindex
of the SSC emission from the reverse shock is almost the same as that
of the synchrotron emission (Methods). Several works have already
reported possible SSC emission from the reverse shock> ', although
these works relied on only a few simultaneous optical observations
to characterize both the reverse and forward shocks distinctly for the
first few thousand seconds.

Because the intensity of the SSC emission depends on the frac-
tion of the internal energy held by the electrons (e.,) and the mag-
netic field (e;,) in the reverse shock®, the observed y-ray emission
can constrain these two microphysical parameters. To reproduce the
observed SSC-to-synchrotron fluxratio (Y~ 6) of the SED inintervalll,
asmallvalue of ¢, is required (¢;, ~10™-107%; Methods and Extended
DataTable1). The theoretical models fit well the observed optical and
gigaelectronvolt fluxes, as shown in Fig. 3 and Extended Data Figs. 1
and 2.Dueto the soft spectruminthe gigaelectronvolt band observed
by Fermi-LAT, our modelling suggests a low value of the maximum
electron energy inthe reverse-shock region. The particle acceleration
efficiency would be suppressed inthe reverse-shock region compared
to thatin the forward shock (Methods). However, because the uncer-
tainty of the Fermi-LAT spectrumis relatively large, future simultane-
ous observations by teraelectronvolt Cherenkov telescopes, such as
MAGIC and the Cherenkov Telescope Array”, during the early phase of
the GRB afterglow will give a stringent limit on this process.

In the late phase (¢,,, = T, + 5,000 s), emission from the reverse
shock does not contribute to the observed fluxes due to its steep
temporal decline, and forward-shock emission is dominant. Our ana-
lyticalmodel with synchrotronand SSC emissionin the forward shock
matchesthe observed spectrum fromthe optical to very-high-energy
bandinintervallll, as shownin Extended DataFig. 3. (For more details
ofthe synchrotron and SSC emission and its modelling, see Methods.)
Thus, our resultsindicate that GRB180720B is the very first GRB event
showing the apparent SSC components observed from the reverse
shock in the early phase and the forward shock in the late phase. In
either case, the required magnetic parameter is low, €, ~107*-107
(Methods and Extended Data Table 1). Although some previous works
predicted alarger magnetization of the reverse shock compared with
the forward shock due to the injection of a magnetized ejecta from
the fireball'®, to be able to explain the strong SSC emission, our model
requires the estimated magnetization of the forward and reverse
shocks tobe withinthe same order of magnitude. Thus, the high-energy
y-ray emission provides interesting constraints on the magnetization
of the ejecta. The polarization measurement reveals the magnetic
structure and its origin in the shocked regions.

The scenario with the reverse-shock emissionis supported by the
measured optical polarization. At ¢,,, ~ T, + 80 s to T, + 300 s when
emission from the reverse shock dominates the flux, the PD changes
gradually from ~-5% to <1% whereas the PA remains roughly constant
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Fig.2|Optical lights curve, PDs and PAs of GRB 180720B and nearby stars.

a, Optical light curves of GRB180720B and the nearby stars (C1and C2) observed
by HOWPol and HONIR implemented on the Kanata telescope. b, PDs of GRB
180720B and the average of the nearby stars (C1and C2). The inset shows a
zoomed plot of the observed PD points of this GRB, C1and C2. ¢, PAs of GRB

180720B and the average of the nearby stars (C1and C2). An asterisk indicates
intrinsic GRB polarization after subtraction of the interstellar polarization
(ISP). HOWPol and HONIR covered T, + 70 s to T, + 2,000 sand T, + 5,000 s to
T,+20,000 s, respectively. The hatched areas represent the time intervals
(land Il) shown in Fig. 1. All error bars correspond to the 1o confidence region.
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Fig.3|SEDsfrom T, + 80 sto T, + 300 sand theoretical modelling for time
intervalll. a,b, Thered and blue areas correspond to the 1o confidence regions
fromthe best-fitting functions (that is, a broken power-law function and a simple
power-law function, respectively) for the Swift-XRT, Swift-BAT and Fermi-LAT
ranges, respectively. The red points represent the optical flux observed by the
Kanatatelescope. a, The pale red shaded regions correspond to the 1o region
extrapolated from the Swift-XRT and Swift-BAT range. b, The solid yellow green
line represents the synchrotron component from the reverse shock. The solid
magenta and the dashed navy lines represent the SSC components from models
land 2, respectively (see Methods for more details). The dashed light blue and the
solid orange lines represent the synchrotron and SSC components of the forward
shock, respectively. The green vertical dotted line corresponds to the highest
energy photon of 5 GeV (Supplementary Information). FS, forward shock; RS,
reverse shock; sync., synchrotron emission.

at amean value of -70°. During ¢t,,s ~ T, + 300 s to T, + 2,000 s when
the light curve undergoes a transition from being reverse shock to
forward shock dominated, the PD varies between ~2% and ~8% and the
PA changes gradually and continuously. At late times (¢, 2 T, + 5,000 s)
when the forward shock dominates the total flux (by a factor of 210 at
t.ps > T +10*s, due to the steep temporal index of the reverse shock) as
wellasthe polarized flux, the PD varies between ~0.5% and 2% and the PA
shows small fluctuations around its mean value of ~-160°. This PA is dif-
ferent fromthat of the early reverse shock dominated emission by ~90°.

The early (¢,,, S Tp + 300 s) ejecta-dominated emission with a
relatively high PD and roughly constant PA may originate froma com-
bination of a large-scale, transverse, ordered magnetic field and a
random field (for example, from shock microphysical instabilities or
turbulence), in which the former dominates the polarized flux and
the latter dominates the total flux’. The late (¢, = T, + 5,000 s) emis-
sion is afterglow-dominated not only in terms of the total flux but
also inits polarized flux. This is the first measurement of a ~90° dif-
ference in PA between the early-time ejecta dominated emission and
the late-time shocked external medium emission. It is of great signifi-
cance as it relates between the magnetic field structures in these two
regions and reveals their differences. For example, for the commonly
invoked large-scale toroidal magnetic field in the ejecta, whichis sym-
metric around the jet symmetry axis, the early PA would be along the
direction from our line of sight (LOS) to the jet axis (Fig. 4). For an
afterglow shock-produced magnetic field, the polarization would
be in the same direction if it were primarily random in the plane of
the shock, as is usually assumed based on theoretical considerations
of plasma instabilities®*. However, it may be exactly 90° different
fromthis direction if it is more isotropic just after the shock and then
becomes predominantly parallel to the shock normal due to larger
stretching along this direction, where the latter dominates the total
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Fig.4|Our polarization model. a, The early (¢,,, < Ty + 300 s) and late

(tops 2 Ty + 5,000 s) flux and polarization are dominated by emission from the
reverse- and forward-shock regions, respectively (green and yellow shaded
regions). In our model for the measured optical polarization, the reverse-shock
region has a large-scale toroidal magnetic field originating from the central source
and centred on the jet’s symmetry axis (circular blue lines with arrows inaandb),
leading to arelatively large PD of -1-5%, with the PA along the direction from the
LOS (red +) to the jet axis (black +) at early times (b). The forward-shock region

has a shock-generated magnetic field that is somewhat smaller along the shock
normal (B,) than perpendicular toit (B,). Just behind the shock, {= B,/B, <1, but
this ratio becomes larger along the shock normal (that s, the radial direction; blue
straightlinesinaand in projectioninc), so that £ >1in most of this region. This
occurssince fincreases with the distance behind the forward shock because of the
larger radial stretching of the shocked plasma'®** (insetin a). This resultsin aPA
perpendicular to the direction from the LOS (red +) to the jet axis (black +),
witharelatively small PD ~ 0.5% to 2% (c). b, Colour map showing the brighter

emission closer to the jet axis, and polarization map for the toroidal magnetic
fieldin the ejecta. The short red lines show the local polarization direction and

the double-sided black arrows indicate the local polarized intensity. The red circle
around the LOS has angular size 1/, with /'being the bulk Lorentz factor, and it
contains the region dominating the observed flux and polarization. The shaded
white double-sided arrow represents the direction and relative strength of the

net polarization after averaging over the unresolved GRB image. In addition to

the toroidal magnetic field, thereis evidence for randomly oriented, small scale,
coherent magnetic-field patches (possibly from turbulence or instabilities). These
cause large variations in the PD and PA at intermediate times (¢, ~ T, + 300 s to
To+2,000 s) and reduce the otherwise larger degree of polarization at early times.
¢, Polarization map for the radially stretched out, shock-generated, magnetic field
(blue field lines in the yellow shaded region in (a) that are shownin projection

with blue tick marks) behind the forward shock. All else is the same as in (b). obs,
observed, tor, toroidal.

volume-averaged polarization by asmall margin'®?%. An observation like
the one presented hereis crucial for distinguishing between these two
shock-generated field configurations (shock-normal or shock-plane
dominated). Atintermediate times (¢, ~ T, +300sto T, + 2,000 s), the
above-described polarizations from the two emission regions nearly
cancel each other out, allowing an additional stochastic component
to dominate the polarized flux, leading to continuous short-timescale
variations of the PA and PD. This stochastic component may arise
from turbulent magnetic fields that are coherent on hydrodynamic
scales and which can be produced, for example, in shocks?, by the

Richtmyer-Meshkov instability due to density fluctuations**

the Rayleigh-Taylor instability at the contact discontinuity?.
Themulti-wavelength observations with polarization measurements
of GRB180720B detected emissions from internal and external forward
andreverse shocks, which are major candidates for y-ray emission regions
in GRBs (see Supplementary Information for details for the internal
shock). Ourresults strongly suggest that the early gigaelectronvolt emis-
sion is the first robust detection of SSC emission from a reverse shock,
which s directly correlated with the optical emission with polarization
information, whereas the later teraelectronvolt emissionis SSC emission

or by
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fromthe forward shock. An SSC origin of early gigaelectronvolt to terae-
lectronvolt emission may help to resolve the difficulties with asynchro-
tron origin, namely the violation of the maximum allowed synchrotron
photonenergy” . Furthermore, our optical polarization measurements
may help to elucidate the origin and structure of GRB magnetic fields,
which are tightly coupled to the particle acceleration mechanism.

Methods
Gigaelectronvolt and teraelectronvolt y-ray observations
Fermi-LAT*° datawere processed with Fermitools1.2.23, and the event
class PSR3_TRANSIENTO20E_V2 was used to calculate the y-ray flux
with a power-law function. Here, the radius of the region of interest is
15°and the maximum zenith angleis 100°. The Fermi-LAT observations
indicate that the gigaelectronvolt y-ray emission of this burst lasted
for~1,000s. The gigaelectronvolt onset time was at 7, + ~100 sand the
gigaelectronvolt flux declined with a temporal index of -1.91 + 0.31.
After T, + 900 s, the GRB position was out of the field of view of the
LAT with a source off-axis angle of 70°.

The HESS flux area was derived from their observation paper?,
and the effect of the extra-galactic background light was corrected.

X-ray observations

X-ray datafrom the Swift X-ray Telescope (Swift-XRT) presented in the
light curves and spectrain this paper were processed by an automatic
analysis procedure®. The BAT light curve declined with a temporal
index of -1.79 + 0.02 for T, + 20 s to T, + 270 s and after that a tempo-
ralindex of —-0.91+ 0.17. For T, + 30 s to T, + 270 s, the BAT light curve
shows a short variability timescale with At < t,,, and strong spectral
evolution, whichindicates that the BAT light curve probably originated
froman internal shock®.

Theinitial bright X-ray flare observed inthe XRT dataat 7, + 100 s has
rise and decay temporal indices of +4.85+ 0.44 and —8.18 + 0.3, respec-
tively, and a hard photon index /,,=-1.5 £ 0.1 (Fig. 1c). Such a short var-
iability timescale indicates that the X-ray flare did not originate from
the afterglow emission site, that is the external shock. Most probably
the X-ray flare originated from a different site, for example, an internal
shock. The underlying power-law component has temporal indices of
-1.22+0.02(7T,+80sto T, +3805s),-0.75+ 0.01(T, +380sto T, +2,780s),
-1.28+0.02(T,+2,780sto T, +1.5x10°s)and-1.58 £ 0.03 (T, +1.5x10° s
to T, +4.0 x10°s).For T, + 380 sto T, +2,780 s, thetemporal indexismuch
shallower than a typical one (for example, -1.2), which is called a shal-
low decay. One of the possible origins is energy injection from a central
engine®**, which makes the forward-shock emission decay more slowly.
Such energy injection may be due to either along-lived central engine
producingarelativisticwind foralong time orashort-lived central engine
that produces an outflow with a wide range of Lorentz factors such that
slower and more energetic matter resides behind faster-moving matter
that eventually catches up with the slower matter and energizes it>* .

Inthe timeinterval from T, +2,780 sto T, + 1.5 x 10° s, the observed
temporal index of —1.28 + 0.02 can be interpreted as an normal decay
phase in the standard forward-shock afterglow theory*. There is a tem-
poralbreakat T, +1.5 x10°s (+0.2 x 10° s), and the difference between the
temporalindicesis~0.3.One of the possible break candidatesisa cooling
break in which the synchrotron cooling frequency passes through the
observed frequency. Such a scenario predicts that the photon index
becomessofterby 0.5 (ref. 4). However, after T, + 1.5 x 10° s, the observed
photonindex (/,;, ~-1.7) isalmost constant as afunction of time (Fig. 1b).
Thus, the temporal break at T, + 1.5 x 10° swas not caused by the cooling
break butanother jeteffect (forexample, ajet breakin which therelativ-
isticjet decelerated and the side expansion became important).

Optical photometric observations

We used optical flux data points obtained by the Kanataand other ground
telescopes, as reported in the GCN circulars®>~**, The Kanata observa-
tions were performed with the imaging polarimetry mode onthefirst day

(Supplementary Information for Optical polarimetric observations) and
with theimaging mode on the second and the third days. All the Kanata
photometric data have been calibrated by the relative photometry to
nearby stars using the APASS catalogue*‘. Phenomenologically, the
optical light curve is represented as a simple power-law component
for the reverse shock plus a power-law component with two temporal
breaks for the forward shock. For the former power-law component, the
best-fitting temporalindex is—1.95 + 0.02. For the latter, the power-law
component consists of —0.31 + 0.01 (before T, + 8,300 s), -1.10 £ 0.02
(T, +8,300st01.3x10°s) and —1.94 + 0.08 (after T, + 1.3 x10°s). For
the time interval before T, + 8,300 s, the shallow temporal index may
indicate that the optical emissions have the same origin as the X-ray
emissions in the shallow decay phase described in X-ray observations,
but the sparse data points limit any further detailed discussion of this.
For 7, + 8,300 sto1.3 x 10°s, the observed temporal index of -1.10 + 0.02
is almost the same as the observed X-ray temporal index (-1.28 + 0.02)
in the same time interval. For the time interval after T, +1.3 x10°s, the
temporalindexis steeper thanfor the X-rays. The optical temporal break
at T, + (1.3 £ 0.2) x10° s occurred simultaneously with the X-ray tempo-
ral break at T, + (1.5 + 0.2) x 10° s, which suggests that the achromatic
temporal break at T, +-1.3 x 10° s originated from the relativistic effect
ofthe side expansion, whichis called ajet break.

SEDsinintervalslandIl

For the SEDs from T, + 80 sto T, +130 s (interval I) and 7, + 160 s to
To+300 s (intervalIl) inwhich the bright and temporally steep optical
and gigaelectronvolt emission was observed, the joint fitting of the
Swift-XRT and Swift-BAT data show significantly that the best-fitting
functioniseither the broken power-law function or the Band function
rather than the simple power-law function, as shown in Supplementary
Table 1. Note that thereis no significant difference between the broken
power-law function and the Band function. Ininterval II, the broken
power-law function is marginally favoured, so we adopted the broken
power-law function to represent the X-ray componentin the main text.
We also found that using either function does not significantly affect
the extrapolation to gigaelectronvolt energies.

For the optical data analysis, we set the extinction of the host galaxy
toA,=0.5 magasatypical case®. The SEDs obtained from the opticalband
tothegigaelectronvoltbandare showninFig.3.Intimeinterval 1(7,+80s
to T, +130 s) in which the X-ray flare occurred, the optical component is
distinctly higher thanthe extrapolationfromthe X-ray component, which
iswellfitted by the broken power-law function. The excess of the gigaelec-
tronvolt component over the X-ray extrapolationis notsignificant dueto
anadditional contribution from the X-ray flare probably originating from
aninternalshock.Intimeintervalll (7, +160sto T, + 300 s), after the occur-
rence ofthe X-rayflare, the SED shows that the optical and gigaelectronvolt
fluxes are significantly larger than the extrapolations from the best-fitting
broken power-law function in the X-ray band (>50 and ~40 confidence
levels in the optical and gigaelectronvolt bands, respectively). For more
details of the gigaelectronvolt excess, see Supplementary Information for
Statistical significance of the gigaelectronvolt excess. This indicates that
boththe optical and gigaelectronvolt components have different origins
fromthe X-ray component. Furthermore, theinitial steep temporalindex
of @ope = ey ~ —1.9 suggests that the optical and the gigaelectronvolt
components have the same origin, so that the steep temporal index can
beinterpreted as having a reverse-shock origin®.

Theoretical modelling of the forward shock in the late
afterglow phase (analytical model)

The emission from the forward shock, which is a different emission
component from the reverse-shock emission, is not the main topic of
this paper. For reference, however, we describe the analytical model for
the forward-shock emission. The X-ray light curve, whichis dominated
by the forward-shock emission, shows complex behaviour, so thatitis,
unfortunately, hardtoreconcile the observed data with asimple model.
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To constrain the shock evolution, we first focus on time interval
I (T, + 4.5 x10*s),inwhich the very-high-energy y-ray data was taken
with the HESS. In this phase, the emission is dominated by the
forward-shock emission. By extracting the SED in time interval IV (Sup-
plementary Fig. 1), we found that the X-ray and optical components
are on the same power-law segment with a photon index /,,=-1.8.To
explain the observed temporal and spectral indices (ay ~-1.3 and
I ~-1.8),a circumburst medium with a wind profile (n(R) = R isin
tension with the fast- or slow-cooling synchrotron scenario. Assuming
aconstantinterstellar medium (ISM; nigy(R) < R°), the optical and X-ray
temporal decay indices of & ~ 1.3 and the photon spectral index of
I,n~-1.8 suggest that the power-law index of the electron injection
spectrum is p ~2.7. Note that a=3(1 - p)/4 and I',, = -(1+ p)/2 for
Vi < Vous < Vo, Where v, is the typical synchrotron frequency and v, is the
synchrotron cooling frequency. The radio flux point suggests that the
spectralbreak at v, should exist between the radio and optical bands.
The number density of the ISM should be as small as g, ~ 102 cm™,
because the synchrotron cooling frequency (v, « "3\4553/2) should be
above the XRT band (approximately a few kiloelectronvolts). In addi-
tion, €;is roughly constrained as vy, (o n9, €% is between the radio and
the optical bands (and also for compatibility with the radio flux) and
to obtain the correctratio of the SSC emission to synchrotron emission
(Y). Thus, this GRB needs to have an atypically low n,s of ~102 cm™.
Such alow nysy value is not so unlikely and even lower values of -10 to
1072 cm have been reported for some GRBs with multi-wavelength
observations**¥.

The SSC characteristic frequencies and flux can be derived from
the synchrotron ones multiplied by y? and the Compton Y parameter,
respectively. When the Klein-Nishina effect is neglected*,
Y=(€./€5)"*(yc/Vm)? P2, where y,,and y. are the Lorentz factors of mini-
mal energy electrons and those that are cooling at the dynamical time.
Following the analytical formulation*>*°, we model the synchrotron
and inverse-Compton components at this time interval. Given a snap-
shot of the spectrum at a certain observation time ¢, there are five
fitting parameters: the electron spectralindex p, the electron minimum
Lorentz factor y,,, the ratio of the energy fractions of non-thermal
electrons to the magnetic field €./¢;, the magnetic field B and the bulk
Lorentz factor I,,,. As summarized in Extended Data Table 1
for t,p,= Ty +4.5x10*s, we adopted €./, =1,330. Taking into account
the Klein-Nishina effect, the electron Lorentz factor at the cooling
break y. (>¥.,, slow-cooling case) and the Compton Y parameter at y,
(Y.) are obtained from

6mmec(1+ 2)
01B2 Nyuitops”

(1 + yc)yc = (1)

Yo+ V)= E(ﬁ)z_pc’c , @)

(3-p)/2
€8 \Vm V_c)

where the electron mass m,, the speed of light ¢, the Thomson
cross section oy and the Lorentz factor y, = 0.2}, mec?/((1 + 2)hv,)
(h is the Planck constant), above which the Klein-Nishina
effect prevents electrons from upscattering synchrotron photons
at the spectral peak v, = I,y y2eB/(2nm.c(1+ 2)) . Our model para-
meters yield y.=1.7x10°% Y.=2.1 and j.=230. Since
Ve < Vm < Ve < Pm = 02T, Mm% /(1 + 2)hvy,) = 2 x 10/electronsbetween
Ymand 9, canscatter photons with afrequency of v,, <v<v..Theelec-
tron spectrum below y.is N(y) = y*so that the synchrotron spectrum
between vy, = IpuVeB/(2nmec(1 + 2)) and v, is F, < v P2 Let us con-
sider that electrons with y >y, cool through SSC emission mainly by
scattering target photons with v, ~ 0.2I;,,,m.c’/((1+ 2)hy), as the SSC
andsynchrotron cooling rates are comparable aty > y..Inthis case, the
energy lossrate canbeapproximated as y « y2v,f,, o« p®+92, Thisleads
to the electron spectrum above y_ as N(y) x y=*1/y « y=3r~1/2 which
yields the synchrotron spectrumabove v, as F, = v>** The Compton

Y parameter decreases with energy as ¥ « v,F,, « y®~32and « y™* for
Y < Pmandy > p, respectively. The synchrotron spectrum should show
astructureatv=1v,,asthatisthetypical synchrotronfrequency emitted
by electrons with y = y,=2.6 x 107 at which ¥'=1. We omit a detailed
discussion about such structures for v = 9, 0r v,.

The peak of the SSC spectrum is at v = vic = 2y J.v., Which corre-
sponds to 0.4y.m.c? in the shocked-fluid rest frame. The typical fre-
quency of scattered photons is v~ y?v, = y. Then, the SSC spectrum,
F, < YNO)PPViFy /v With v < v, leads to F,< v P2 and e v?*! for
2y v, < v < vicand v >y forinverse-Compton emission, respectively.
Our parameter set gives v, =2.5x10%Hz, v.=2.1 x10"® Hgz,
2)2Vy = 1.7 x 10% Hz and v, = 1.7 x 10”7 Hz.

The electron energy density obtained from the total energy
(p - DN,y,.m.c*/(p - 2) and the volume of the shocked ISM, TR/ (31, 1),
where the radius R = 4ctos I, /(1 + 2), is equivalent to (€./€5)B/(8T1),
fromwhichthetotal electron number N, canbe writtenin terms of our
five model parameters. The synchrotron flux at v=v,, in this
slow-cooling case can be written without anapparent dependence on
either the total energy or the ISM density:

F = 1+z UrmeCZBN _ p-2e 20000, BTy,
Vm = Fbulk e = - 7 >
p-1 €y In(1+2) deyn

4nd?  3e &)

where d, is the luminosity distance and e is the electron charge. Our
choice of the parameters gives v, f,, = 3.0 x 1072 erg cm=2s~:Normal-
ized with this value, we plot the model spectrum in Extended Data
Fig. 3. The peak ratio of the SSC component to the synchrotron com-
ponentinthe vF, plotisgivenasY.,.

From the parameter set, we obtain €./f.=(p - 1)y.m./
((p = 2)Mpumy,) = 0.24 and egnisy = B2/(32mmy 212, ) =11x 10~ cm=3,
wheref, is the number fraction of non-thermal electrons and m,, is the
proton mass. The implied value f.n,q = 6.0 X 10 cm™ suggests a rela-
tively low ISM density. Assuming e, = 0.2, we obtaine, = 1.5 x10™, £, = 0.82
and ng, =7.3 107 cm ™. These values can well reproduce the observed
SED in time interval I, as shown in Extended Data Fig. 3. The adopted
parameters of the synchrotron shock model (see row ‘analytical’ in
Extended Data Table1) are mostly consistent withthosein previous works
for GRB180720B (ref. 51). The modelled light curves of the forward shock
atdifferent frequencies are shown in Extended Data Fig. 1.

Theoretical modelling of the early afterglow with the
reverse-shocked component (model 1/2)

Intimeintervalll, the X-ray light curve behaves like that in the typical
shallow decay phase, whereas the optical and the gigaelectronvolt
y-ray components decay steeply. First, we model the X-ray component
with the forward-shock emission as shown in Fig. 3 (¢, = T, + 200 s).
The model is partially constrained by the spectral model for the time
interval Ill. With the one-zone approximation®, the flux constrained
by equation (3) gives a constant ratio

N 4 S8
F=fo - ¥™CThwd  _23%10% erg cm?, 4)
Mism 3(1+2) obs

where £, is the total kinetic energy. If we assume a constant n,gy, then
M ~240att,, = T, +200 s. However, if we maintain the microscopic
parameters adopted for the timeinterval Il (¢,,, = T, +4.5 X 10*s) then
the X-ray flux fromthe forward shockisnot reproduced evenatt,,, = T,
+200 s.Inthis period, the X-ray light curveisin the shallow decay phase,
butthe energy injection model, whichimplies internal collisions from
behind, is not preferable for the steeply decaying reverse-shock emis-
sion. The internal collisions should inject energy into the
reverse-shocked region too. In addition, the X-ray spectrum shows a
break at -3 keV. If the microscopic parameters are constant, v, is still
lower than 3 keV, and we obtain y,, ~ y,,,, which heavily suppresses the
inverse-Compton cooling of electrons above y,,.
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We need a temporal evolution of the microscopic parameters of
the forward shock to make a cooling break at -3 keV. One example of
suchmodelsisshowninFig.3, where the two components, the forward-
and reverse-shock components, are shown. Hereafter, we denote the
model parameters for the forward (reverse) shock with subscript f (r).
For the forward-shock component, we adopt I, =240, p=2.2,
€.i/€5:=1.33, Y= 6,700 and B;= 0.622 G. The same calculations asthose
forthelateafterglowyield ¢ = 4,700 < y.¢ = 5.5 x 10* < ¢ = 3.2 x 10}
Vi =11x10"Hz, vt =7.6 X107 HZ, 2y e Ve = 3.9 x 1026 Hz, ¥, ;= 0.26
and vpF,, = 8.9 x 10710 erg cm=2s7%, This parameter set implies that
€ei/fer=0.09 and €55y = 4.4 x10°cm™>. The implied value
Setisy=6.5x10"* cm™ with ng, =7.3 x 107 cm™ suggests a lower
£.(-0.09) compared to the valueinintervallland €.;~ €5, ~ 1072

Next, we move on to the emission from the shocked ejecta. After
the reverse shock crosses the shell, the Blanford—-McKee solution® is
not applicable to the shocked ejecta. A general power-law scaling of
o < R (ref. 54) isuseful for characterizing the evolution of the physi-
cal parameters of a reverse shock, where gis a constant in the range
3/2 <g<7/2forthelSM.Inthis case, the temporalindex at the observed
band for v, < Vs < V. is given as ap; = —[(15g + 24)p + 7]/(28g + 14).
Adopting p=2.35andg =5/2, we obtain ap' ~ —1.9, whichis consistent
with the observed temporal index of the optical emission. Note that
the observed temporalindex does not strongly depend onthe gindex.
Thetemporalindex of the SSC emission of the reverse shockis expected
tobe o3¢ = [-3g + 26 — p(19g + 36)]/[14(2g + 1)] ~ —2.1(ref. 15), and this
valueisalso consistent with the observed temporalindex of the gigae-
lectronvolt y-ray emission.

Here, we also check whether the temporal index of the LAT emis-
sionis compatible with the other model, for example, the SSC compo-
nent from the forward-shock emission. For v <v < v3i¢(or vy>¢ ) in
the slow-cooling regime, the theoretical SSC temporal indices of the
forwardshockare (11-9p)/8 ~-1.27 and -p =-2.35in the ISM and wind
profiles, respectively, for p =2.35 (refs. 55,56). Since the ISM profile is
favoured (Theoretical modelling of the forward shock at the late after-
glow phase), the temporal index of the theoretical SSC light curve is
inconsistent with the observed temporal index of the LAT light curve
(-1.9 £ 0.3). Thus, the scenario that the LAT light curve arises from the
forward shock may be rejected. Note that, more conservatively, if we
do not determine or constrain the electron index (p) or the external
mediumdensity profile, we cannot strongly constrain whether the LAT
emission originates from the forward or reverse shock. Thus, temporal
information in the gigaelectronvolt band cannot alone put a strong
constraint on the emission site. Temporal information from the
multi-wavelength observations in the early-to-late phase is crucial.

The optical and y-ray light curves suggest that the onset of the
reverse-shock emissionsis earlier thant¢,,, = T, +100 s, when I, ~ 310
from equation (4). This is consistent with the deceleration time*

)1/3 N 100( £

2.3x1056 erg cm?®

1/3

Plats o

310

1+z ( 3

tiee = 2
dec = 5 32mm,cS I

wherel,istheinitial Lorentzfactor of the ejecta. If the shocked ejecta
starts decelerating (I, « R™52 o« £3/1%) at t,,, = T, + 100 s, we obtain
Toui, =233 at £y, = Ty + 200 s. The model parameters constrain the
volume of the emission region. Theimplied width of the shocked region
should be comparable to or larger than the typical shell width, R/
(126, ) However, amodel with Iy, . =~ 200 requires an extremely thin
shell. We assume that the optical and y-ray components are emitted
fromaslower ejecta, which may correspond to a fraction of the shocked
ejecta decelerated by the rarefaction wave. Thus, we adopt Iy, = 90
att,,,=T,+200s.

The observed gigaelectronvolt spectrum has a photon index
I';n=-2.2+0.2,whichissofter than the theoretical SSC component that
hasl,, =—(1+p)/2=-1.7, where p ~ 2.35 as discussed above. This sug-
gests that the SSC component may have a spectral cutoff in the

gigaelectronvolt band. Thus, we introduce an additional parameter,
the maximum electron Lorentz factor .., Whichmay be substantially
lower than the values in the forward-shock region. In Fig. 3, we show
two models for the reverse-shock emission, which yield the same syn-
chrotron spectrum. Model 1 has a similar €./€; to the forward-shock
regioninintervallll, whereas we adopt amore extreme value of €./€; in
model 2 to maximize the emission volume. The common parameters
are p=2.35and the maximum Lorentz factor yy,y, = 10y, Here, the
maximum electron energy in the mildly relativistic reverse shock may
be different from that in the ultra-relativistic forward shock in GRBs.
Recent particle-in-cell simulations® produce very soft spectra for
electrons accelerated by mildly relativistic shocks, and the spectral
softness strongly depends on the magnetic structure. Thus, the effi-
ciency of theinjectioninto the acceleration processin mildly relativistic
shocks may be low. Alternatively, the turbulence acceleration rather
than the shock acceleration may be the dominant process in the
reverse-shock region. Several simulations®®* show that the contact
discontinuity between the forward and reverse shocks is probably
unstable. The turbulence behind the forward shock may destroy the
sharpreverse-shock structure.

The other parametersaree, /€5, =1,000 (3,300), y,, . = 380 (565),
B,=1.1G(0.52 G) for model1(model 2). The cooling Lorentz factor due
tosynchrotronradiationis muchlarger than yp,,,  asy.,=5.5x10*and
2.7 x10° for the models with y,,, . = 380 and 565, respectively. In these
cases, theKlein-Nishinaeffect is negligible. As the synchrotron cooling
timeis proportional to y™, we can approximate the Compton Y param-
eterasy ~ \/m(ymax,r/ym,,)(z"’)/zm . We have adjusted the
parameter €, /€, to the common value Y = 5.6 for the two models. The
parameter set yields v, =2.5x 102 Hz, vy, =25x105 Hz,
2§ ax.rVimaxr = 7.2 x 102 Hz (1.6 x 10* Hz) for model 1 (model 2), where
Vimax 1S the maximum synchrotron frequency. The spectrum above v,
iswrittenas F, « v-?=D/2 exp(—/v/vnay) Note that on takinginto account
the gradual cutoff shape above v, . of the SSC emission, the modelled
SSCemission fromthereverse shock reaches afew gigaelectronvolts,
asshowninFig. 3.

The number of non-thermal electrons N, , = f; £,/ (F'om,c?), where
Eistheinitial total energy of the ejectabefore transferring its energy
to the forward shock, is constant during the emission. The flux is nor-
malized as

22 2
1 Ner0reBrVme Dy,

VineF =7.2x10710 erg cm~2s7L. (6)

Vmr ™ 4nd? 6n

Then,weobtain£,;=4.0 (8.7) x10® x (I,/310) f;! erg for model1(model 2).
From V,(e. /€5, )B2/(8T) = (p — DNe  Vm.rMeC?/(p — 2) , the volume of the
emission region is estimated as V. =2.0 x 10* cm? (9.4 x 10cm?®) for
Vm.r =380 (565). Since the emission radius is estimated as
R= 4szulk,rCt°b5/(1 +2)=12x10Y cm, the shell width in model 1
(model2)isestimatedas1.1x 10" cm (5.4 x 10" cm), whichis closeto (larger
than) the typical width R/(121,;,) ~ 1.1 x10* cm. The adopted physical
parameters used for modelling the reverse-shock afterglow are summa-
rized in Extended Data Table 1 (see row ‘model 1/2’). The modelled light
curvesforthereverseshockat different frequencies are shownin Extended
DataFig.1. Note that the results of models1and 2 are almost identical.
For the maximum SSC photon energy, if inverse-Compton scat-
tering occursinthe Thomsonregime, the SSC spectrum extendsup to
¥2:Ve,- A typical synchrotron cooling energy for a seed photon
isv,,~1keVintheobserver frame®. Correspondingly, the seed photon
energy in the rest frame of the electronis v, ~ (1 + 2)yc,Ver/ Thuikr & 1
MeV (-m.c?), where v, , ~1keV, y,, ~10°and I, . ~ 90 are derived from
the above model. This GRB has a 5 GeV photon event observed at
T, +142's, which was also reported in an earlier work®®. Although this
event is slightly out of the time interval I, the SSC spectrum may be
extended to above a few gigaelectronvolt energies, in which case model
2 withthe higher-energy emission may be favoured over model 1. The
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high-energy cutoff of the SSC emission from the reverse shock vao(
is determined by yy.x,. Thus, if we slightly modify y,.. ., the cutoff
energy canbe extended to higher energies (vgﬁfofﬂr & V2 ax)- TheKlein-
Nishinaeffect can strongly affect SSC photons onthe high-energy side,
and the highest photon energy of the SSC component could be limited
to Fouy,(1+2) "y m.c* =~ 10(1 + 2) ' TeV, which is larger than the LAT
energy range. Note that the seed photon energy for the second-order
inverse-Compton emission in the rest frame of the electron is
Vieeassc & A+ 2DWmVsscist/ Thuikr & 700 MeV, which is larger than the
electronrest mass energy m.c>. At these energies, the scattering cross
sectionis highly suppressed, and therefore, we ignore the second-order
inverse-Compton emission for this GRB. To realize the maximum SSC
photonor spectral cutoff at gigaelectronvolt energies, the maximum
accelerated electron energy (ynax,) Of the reverse-shock synchrotron
component should be lower than y., (for example, ypuxr =
5x10%~3m,/m,).

Thus, for GRB 180720B, we see possible evidence for a spectral
cutoff, but this cutoff depends sensitively on the acceleration mecha-
nism for the reverse shock, which originates from GRB ejecta and is
characterized by the nature of the GRB central engine, for example,
theinitial strong magnetic field around the black hole®"“*,

Previous works investigated the low synchrotron optical flux from
thereverse shockin GRBs while assuminga high magnetizationinthe GRB
ejecta®. Asseen for this GRB, ahigh Yvalue cansuppress the synchrotron
optical flux fromthe reverse shock without assuming a high magnetiza-
tion. Thus, few previous works constrained the Yvalue directly due to a
lack of simultaneous observations of the synchrotron and SSC compo-
nents fromthe reverse shock. Our findings have importantimplications
for understanding the physical mechanism of areverse shock.

Theoretical modelling of the afterglow with the
time-independent parameters (EATS model)

We alsotested the theoretical model with the time-independent shock
microphysical parameters to reproduce the afterglow emission in
the early and late phases (intervals Il and IlI). This model®* calcu-
lates the observed flux at any given observer’s time T, by integrat-
ing over the equal arrival time surface (EATS) of the GRB jet, which
includes contributions from the emission arising from shocked gas
within the beaming cone (of angular size 1/I,; Fig. 4a) centred at the
observer’s LOS. An EATS integration then properly accounts for the
simultaneous arrival time of photons that were emitted at an earlier
central-engine-frame time by material at asmall angular distance away
from the LOS and those emitted by the shocked gas along the LOS but
at a later central-engine-frame time. Thus, this model describes the
realistic flux and spectral evolution of the afterglow emission.

By adopting the parameters in Extended Data Table 1 (see row
‘EATS’), the model can reproduce the observed multi-wavelength
dataat timeintervalsIland Il with the time-independent parameters
(Extended Data Fig. 2). Note that y,,,and y. are not shown in Extended
Data Table 1 because those values are continuous for the EATS model
and asingle value cannot easily be defined.

By reproducing the LAT light curve, this model clearly demon-
strates that the origin of the LAT gigaelectronvolt flux is SSC emission
from the reverse shock. A jet break is not added to the EATS model
to reproduce the X-ray light curve in the late phase. This model devi-
ates from the radio data. A similar difficulty in reproducing the radio
observations was reported ina multi-wavelength study from the radio
to the teraelectronvolt band”. One of the important features of the
EATS model is that the synchrotron emission from the reverse shock
extends wellinto the X-ray band, which s different from the analytical
model, whichincludes only photons emitted alongthe LOS. At the time
ofintervalll, the X-ray band is above the cutoff frequency (above which
the shocked plasma cannot radiate after the reverse-shock crossing)
for radiation emitted along the LOS. Therefore, the flux contribution
tothe X-ray band comes only from radiation emitted from small angles

away from the LOS and at earlier laboratory-frame times when the
cutoff frequency was still above the X-ray band. For this reason, the
detailed spectral modelling with EATS integration isimportant. Earlier
analytical works may not have considered this effect.

This model gives a very low value of € (-107*) in the early phase,
whichinduces the strong SSC componentinthe teraelectronvolt band
and may cause secondary cascade emissionand contribute to the gigae-
lectronvolt band. To check whether the teraelectronvolt emission
induces the secondary cascade emission, we calculated the opacity of
the teraelectronvolt emission. First, the teraelectronvolt photons with
Ery ~ 102 eV mainly interact with target photons with energy
E = (mecz)zrgu]kf;gv(l +272 210 keV  (Ihu/300(Erey/1TeV)™ . The
target photon fluxat £, ~10 keVisroughly F, ~ 5 x10° erg cm™s™, that
is, the target photon luminosity L, = 4nd?F, ~ 10¥ergs™, whered, isthe
luminosity distance of 4.0 Gpc. Thus, the target photon density n, can
beobtained as L /4TR*, ,.cE,, where Ris the radius of the GRB ejectaand
R~ 4cT?, tobs(1 + 2)”" ~ 10 cm, where cis the speed of light. Then, we
calculate the opacity of the teraelectronvolt emission in the GRB emis-
sionsiteas=n.0,,R/l,u ~107, whereo,,is the cross section of the y-y
annihilationandisroughly ~-0.10;, where o, is the Thomson cross section.
Thisresultindicatesthat theteraelectronvolt emissionis optically thin
andthatthe secondary cascade emission doesnot occur fromthestrong
SSCphotons. When calculating the model spectrum, only synchrotron
photons from the forward-shock region were considered as target
photons for inverse-Compton scattering. However, if photons below
100 eV originating from the reverse-shock region also contributed as
inverse-Comptonseed photons, thentheinverse-Compton component
should have a low-energy tail, whose flux can potentially exceed the
observedgigaelectronvolt fluxinintervalll. (Thisrequires further more
detailed investigation that is outside the scope of this work.) We note
this weakness in such a high Compton Ymodelin the early phase.

Do the early optical and gigaelectronvolt emissions arise from
the tail of the prompt emission?
Figure 1shows that thelight curves atall frequencies appear to be decay-
ingataconsistent rate for the first few hundred seconds. They may have
the same origin, such as the tail of the prompt emission®. One of the
strong pieces of evidence for the tail of the prompt emissionis the spectral
softening with time, which has been observed for Swift GRBs** and can be
interpreted as the curvature effect of a spherical, relativistic jet®” %, For
the XRT and BAT data for this GRB, the significant spectral softening was
observed, as seen in the photon index evolution of Fig. 1, which implies
that the early emission may arise from the tail of the prompt emission.
For some previous LAT GRBs, spectral softening was observed®’, which
canbealsointerpreted asthetail of the prompt emission. However, inthe
LAT light curve of this GRB, no such spectral softening was seeninthe first
few hundred seconds. Instead, the photon index remained almost flat.
Forthe optical data, the spectral evolution cannotbe observed due
to photometry inasingle band. Here, if the early optical and gigaelec-
tronvoltemissions originated from the tail of the prompt emission, they
should dominate the other component. That s, the observed SED could
berepresented by asingle component such as asynchrotron model™.
However, the observed SED indicates that there are several compo-
nents in interval Il. Note that although the prompt optical emission
for several GRBs has a different spectral component from the X-ray and
gamma-ray emission”’?, the observed temporal indices of the prompt
opticalemission (forexample, approximately -7 and approximately -14
for GRBs 080319B and 160625B, respectively) are much steeper than
that of this GRB. Thus, the observed spectral and temporal properties
inthe optical and gigaelectronvolt bands disfavour the scenario of the
tail of the prompt emission for this GRB.

Data availability
The Fermi-LAT data are publicly available at the Fermi Science Support
Center website: https://fermi.gsfc.nasa.gov/ssc/. Swift-XRT and BAT
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products are available from the online GRB repository https://www.
swift.ac.uk/xrt_products. All the raw data from HOWPol and HONIR
can be downloaded from the SMOKA data archiving site within the
website of the National Astronomical Observatory of Japan: https://
smoka.nao.ac.jp/index.jsp. The processed data are available from the
corresponding author upon request.

Code availability

The details of the code are fully described in Methods. Code that can
reproduce eachfigureinthe paperisavailable fromthe corresponding
author uponrequest.
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Extended Data Fig. 1| Lightcurves of the afterglow with the analytical model. (dotted), forward-shock (dashed) and combined reverse-shock plus

The observed flux density lightcurves at different frequencies (Fermi-LAT at forward-shock (solid) components. Note that the reverse-shock emission in the
300 MeV, HESS at 300 GeV, optical at 4.6 x 10" Hz, Swift-XRT at 2keV, Swift-BATat ~ XRT band is suppressed because the maximum synchrotron frequency is much
30 keV, and radio at 15.5 GHz) are shown along with the theoretical reverse-shock lower than the X-ray band. Errors correspond to the 1-o confidence region.
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Extended Data Fig. 2| Theoretical model with time-independent parameters
attimeintervalsIlandIll. (a) Spectral energy distribution at time interval Il
with the EATS model. The reverse- (RS) and forward-shock (FS) components are
shown with the synchrotron and SSC emission. (b) Spectral energy distribution
attimeinterval lll with the EATS model. The legend shows the adopted model
parameters. Here I’y is the bulk Lorentz factor of the coasting flow before

itis decelerated by the ISM, E;,;is the amount of energy injected during the
shallow plateau phase, and subscripts ‘f and ‘r’ refer to FS and RS parameters,
respectively. (c) Multi-waveband lightcurve and model comparison. The vertical
line shows the duration of the prompt GRB. See the caption of Extended Data
Fig.1for details. Errors correspond to the 1-o confidence region.
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Extended DataFig. 3 | Spectral energy distribution at time intervalIIl. The before and after the interval (this interpolation is reasonable because the photon
solid lines in the low-energy and high-energy bands represent the synchrotron index is almost constant from T, +10*s to 10° s, as shown in the bottom panel
and SSC components from the forward shock with the “analytical” model, of Fig. 1. The blue arrow represents the 90% upper limit in the Fermi-LAT range.
respectively. The red area corresponds to the 1-o confidence region from the Thered point represents the optical flux observed by the optical telescope. The
best-fit power-law function for the Swift-XRT. Note that the XRT observation was purple area represents the 1-o confidence region from the best-fit power-law
notactually performed in the time interval and we used the interpolated flux function for the HESS.
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Extended Data Table 1| Model parameters used for reverse and forward shocks afterglow modeling and output parameters

tobs [5] Thulk P B [G] €e €B Ym Ye fe nisMm [cm™°]  Eiot [erg]
FS 200 240 2.2 0.622 8 x 1073 6 x 1073 6.7 x 105 5.5 x 10*  0.088 7.3 x 1073 1.6 x 10°%
“model 1/2”
FS 4.5%10% 32 2.7 0.013 0.2 1.5 x 100% 5.9 x 10° 1.7 x 105  0.82 7.3 x 1073 1.6 x 10°%
“analytical”
FS 4.5x10% 20 2.65 — 0.18 7 x 10~° — — 1 2.5 x 1072 0.7 x 10°%
“EATSH
RS 200 90 2.35  1.139 0.2 2 x 1077 380 — 0.52 — 1.6 x 10°%
“model 1”
RS 200 90 2.35 0518 0.2 6 x 10°° 565 — 0.53 - 1.6 x 10°%
“model 2”
RS 200 100 2.35 - 0.56 4 x 1073 — — 1 2.5 x 1072 0.7 x 10°%
LLEATS”

Note: 'k for the EATS model is that of photons emitted along the line-of-sight.
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