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ABSTRACT

The gamma-ray burst (GRB) 180720B is one of the brightest events detected by the Fermi satellite and the first GRB detected by
the H.E.S.S. telescope above 100 GeV, at around ten hours after the trigger time. We analysed the Fermi (GBM and LAT) and Swift
(XRT and BAT) data and describe the evolution of the burst spectral energy distribution in the 0.5 keV-10 GeV energy range over the
first 500 s of emission. We reveal a smooth transition from the prompt phase, dominated by synchrotron emission in a moderately fast
cooling regime, to the afterglow phase whose emission has been observed from the radio to the gigaelectronvolts energy range. The
LAT (0.1-100 GeV) light curve initially rises (F_sr o £>#), peaks at ~78 s, and falls steeply (Fpar o« ~>?) afterwards. The peak, which
we interpret as the onset of the fireball deceleration, allows us to estimate the bulk Lorentz factor Iy ~ 150 (300) under the assumption
of a circum-burst medium with a wind-like (homogeneous) density profile. We derive a flux upper limit in the LAT energy range at
the time of H.E.S.S. detection, but this does not allow us to unveil the nature of the high-energy component observed by H.E.S.S.
We fit the prompt spectrum with a physical model of synchrotron emission from a non-thermal population of electrons. The 0-35s
spectrum after its EF(E) peak (at 1-2 MeV) is a steep power law extending to hundreds of megaelectronvolts. We derive a steep slope
of the injected electron energy distribution N(y) o y~>. Our fit parameters point towards a very low magnetic field (B’ ~ 1 G) in the

emission region.
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1. Introduction

Despite having been discovered more than 50 years ago, from
a theoretical point of view gamma-ray bursts (GRBs) still repre-
sent one of the most challenging transient sources of high-energy
photons in the Universe. Even if some of the observational fea-
tures can be explained within the context of the standard fire-
ball model developed by Rees & Meszaros (1992, 1994) and
Meszaros & Rees (1993), there are still many important missing
pieces of the GRB complex puzzle (see Meszaros 2019; Zhang
2019; Kumar & Zhang 2015; Piran 1999, 2004). The physi-
cal origin of the prompt emission, for example, is still under
debate. Although the synchrotron process has been proposed as
the emission mechanism responsible for the observed radiation
(Rees & Meszaros 1994; Sari & Piran 1997; Kobayashi et al.
1997; Daigne & Mochkovitch 1998), for a long time the pre-
dictions of the spectral shape from a population of accelerated
electrons cooling via the synchrotron process have been thought
to be inconsistent with the shape of the typical observed GRB
prompt emission spectra (Preece et al. 1998; Ghisellini et al.
2000; Kaneko et al. 2006; Ghirlanda et al. 2009; Nava et al.
2011; Gruber et al. 2014). For many years, this inconsistency has
been the major argument against the synchrotron interpretation
of the GRB prompt emission spectra. Only recently, new obser-
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vational evidences were found in support of the synchrotron
interpretation (Oganesyan et al. 2017, 2018, 2019; Ravasio et al.
2018, 2019a). Extending the investigations down to the X-ray
and optical bands, a remarkable consistency of the observed
GRB prompt spectra and synchrotron predictions has been dis-
covered when electron cooling is taken into account. Burgess
et al. (2020) also show that most of the time-resolved spectra of
single-pulse Fermi GRBs can be successfully fitted by the syn-
chrotron model.

The extension of the energy range towards higher energies
(>100MeV) played a fundamental role in the understanding of
the nature of the high-energy component produced by these pow-
erful transient sources. The Large Area Telescope (LAT; Atwood
et al. 2009) on board the Fermi satellite detected and charac-
terised the high-energy emission of several GRBs (Ajello et al.
2019). The long lasting high-energy (100 MeV-100 GeV) emis-
sion has been interpreted (see Nava 2018 for a review) as due
to the external shock afterglow of the burst (Kumar & Barniol
Duran 2009, 2010; Ghisellini et al. 2010; Beniamini et al. 2015).
However, the characterisation of the transition from the prompt
to the afterglow dominance is hampered by evidence of a super-
position of these two emission components in the early phases
of the LAT emission. Indeed there is some evidence for short
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timescale variability above 100 MeV in some LAT bursts during
the GBM emission (Ackermann et al. 2013; Ajello et al. 2019),
which is a strong argument in favor of a component of internal
origin.

GRB 190114C, the first GRB detected by the MAGIC tele-
scopes (Mirzoyan 2019) with high significance, opened a new
window on the interpretation of the high- and very-high-energy
emission (VHE; above 100 GeV). The analysis of the spectrum
at lower energies showed a clear example of the mixture of the
prompt and the afterglow components in the same energy band.
Using Fermi GRB monitor (GBM) + LAT and the Neil Gehrels
Swift Observatory (hereafter Swiff) X-Ray telescope (XRT) +
Burst Alert Telescope (BAT) data, Ravasio et al. (2019b) show
the rise of an additional non-thermal component in the keV-
MeV energy range in the very early phases (~5s after trigger
time) of the prompt emission. This component, fitted by a power
law dN/dE o« E"™ with slope I'p. ~ —2, was interpreted as the
synchrotron emission from the afterglow of the burst. The dif-
ficulties in interpreting the VHE emission of GRB 190114C as
synchrotron from relativistic electrons (Guilbert et al. 1983), led
to ascribe its origin to synchrotron self-Compton (SSC; Derishev
& Piran 2019; Fraija et al. 2019; Ravasio et al. 2019b; Wang et al.
2019).

Recently, GRB 180720B was claimed to be detected at VHE
by the H.E.S.S. telescope (Ruiz-Velasco 2019; Abdalla et al.
2019) at around ten hours after the trigger time. This makes
this burst a good candidate to study the origin of the VHE
emission of GRBs. Even if this is not the main subject of this
work, we briefly discuss the consistency of our results with the
H.E.S.S. results (Sect. 5). GRB 180720B is also one of the bright-
est bursts ever detected by the Fermi satellite, with a fluence f =
2.99 x 10~* ergcm™? in the energy range 10-1000keV (Roberts
& Meegan 2018). Its keV-MeV prompt emission spectrum was
analysed, together with another nine long bright GRBs, in
Ravasio et al. (2019a) who showed the consistency of the spec-
tral shape with synchrotron emission. It has also been detected
by LAT and reported in the LAT GRB catalogue of Ajello et al.
(2019). Therefore, GRB 180720B is another interesting event
for studying its spectral energy distribution (SED) extending
from kiloelectronvolts to gigaelectronvolts energies and possibly
unveiling the transition from the prompt to the afterglow domi-
nance and constraining the physical parameters of the emission
process.

This paper is based on the study of the evolution of the spec-
trum of GRB 180720B during the first 500 s after trigger time,
from the analysis of the data of Fermi (LAT+GBM) and Swift
(BAT+XRT) satellite. In particular, we extract the light curves
and analyse the spectra in order to study the temporal evolution
of the SED and the consistency with the synchrotron emission,
shown in Sect. 3. Interpreting the peak of the LAT light curve
as due to the onset of the deceleration of the jet, we derive an
estimate of the bulk Lorentz factor Iy in the cases of a uniform
density profile and a stellar wind density profile for the circum-
burst medium (Sect. 4). We discuss the theoretical implications
of our results and summarise the conclusions in Sects. 5 and 6.

2. Data reduction and analysis

On 20 July 2018 at 14:21:39UT, Fermi/GBM detected
GRB 180720B (Roberts & Meegan 2018), which was also
detected by Swift/BAT (Siegel et al. 2018) and Fermi/LAT
(Bissaldi & Racusin 2018). The observed burst duration Tg is
49 s in the energy range 50-300 keV (Roberts & Meegan 2018).
The burst was also detected by Konus-Wind (Frederiks et al.
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Fig. 1. Time intervals and corresponding instruments providing the
spectra used for the spectral analysis of GRB 180720B. The colour code
corresponding to the sequence of time intervals is used for all the fol-
lowing figures except for Figs. 5 and 6.

2018), by the CALET GRB monitor (Cherry et al. 2018) and in
the X-ray band by MAXI/GSC (Negoro et al. 2018) and by NuS-
TAR (Bellm & Cenko 2018). GRB 180720B was observed by an
intensive follow-up campaign. Swift/XRT began observing the
source 86.5 s after the BAT trigger. Sasada et al. (2018) detected
a bright optical counterpart, 73 s after the trigger using the 1.5 m
Kanata telescope. They measured an R-band apparent magnitude
of m ~ 9.4, which corresponds to an optical flux EF(E) ~
1.4keVem™2s™! at a central frequency of about 4 x 10'“ Hz.
Several other optical ground telescopes observed this burst
(Reva et al. 2018; Itoh et al. 2018; Kann et al. 2018; Crouzet
& Malesani 2018; Horiuchi et al. 2018; Watson et al. 2018;
Schmalz et al. 2018; Covino & Fugazza 2018; Lipunov et al.
2018; Jelinek et al. 2018; Zheng & Filippenko 2018; 1zzo et al.
2018). The redshift was measured with the instrument X-shooter
on VLT UT?2 telescope (Vreeswijk et al. 2018) and has a value
of z = 0.654. In the radio band, both the Arcminute Microkelvin
Imager Large Array (AMI-LA) at 15.5 GHz (Sfaradi et al. 2018)
and the Giant Metrewave radio Telescope at 1.4 GHz (Chandra
et al. 2018) observed the field and detected the source.

In order to study the transition from the prompt to the after-
glow emission in GRB 180720B, we considered five time inter-
vals of 0-35s, 35-705s, 70-120s, 120-200s, and 200-500 s (see
Fig. 1). These time intervals were identified in red, yellow, green,
blue, and purple, respectively, and this colour-code was also used
in Figs. 2 and 3. The choice of these large time intervals for the
spectral analysis is determined by three requirements: (1) We
need sufficient signal in the energy range of the LAT low-energy
(LLE) data (>30 MeV) because we are interested in studying the
spectral transition from the prompt to the afterglow, which is
best highlighted in the high-energy regime (i.e. above few mega-
electronvolts). (2) To perform a multi-band analysis, we have to
consider the different starting times of the observations in dif-
ferent spectral bands (i.e. the start of the Swift/XRT and optical
observations). (3) We take into account the rise, peak, and initial
decay of the Fermi/LAT light curve and the spectral evolution
in the LAT energy range. In particular, as Fig. 2 shows, the first
time interval (0-35s) includes the main emission event of the
GRB. Furthermore, up to 35s the high-energy LAT spectrum
presents different behaviour with respect to the rest of the burst
(see bottom panel in Fig. 3). This aspect is discussed in Sect. 3
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Fig. 2. Background-subtracted light curves of GRB 180720B, detected
by Nal#6 (8-900keV, top), BGO#1 (0.3-40 MeV, middle), and LAT-
LLE (30-100MeV, bottom). Different time intervals are highlighted
with different colours, according to the colour code used in Fig. 1.

in more detail. The second time interval (35-705s) includes a
second emission event visible in the GBM light curves (Fig. 2).
The third time interval (70—120s) encompasses the peak of the
LAT light curve (top panel in Fig. 3) and the last two intervals
(120-200's and 200-500s) follow its decay. In Fig. 1, for each
time interval we denote the instruments we use for the analysis.
In the following sections we describe the main data source and
the standard procedures adopted for the data extraction.

2.1. Fermi/LAT

The LAT instrument on board Fermi is composed of a tracker
and a calorimeter sensitive to gamma-ray photons in the energy
range between 30 MeV and 300 GeV (Ackermann et al. 2013).
Data extraction and analysis were performed with gtburst,
which is distributed as part of the official Fermitools soft-
ware!. The LAT data were extracted within a temporal win-
dow extending 900 s after the trigger time and filtered selecting
photons with energies in the 100 MeV-100 GeV range, within a
region of interest (ROI) of 12° centred on the burst position pro-
vided by Swift/BAT (Barthelmy et al. 2018). A further selection
of photons with a zenith angle from the spacecraft axis <100°
was applied to reduce the contamination of photons coming from
the Earth limb. The highest photon energy is 4.9 GeV and the
corresponding photon was detected by LAT 137 s after the GBM
trigger. These values are consistent with those reported by the
Fermi/LAT Collaboration (Bissaldi & Racusin 2018).

2.2. Fermi/GBM

The GBM detector on board Fermi is composed of 12 sodium
iodide (Nal, 8 keV-1 MeV) and 2 bismuth germanate (BGO;
200keV—40MeV) scintillation detectors (Meegan et al. 2009).

! https://fermi.gsfc.nasa.gov/ssc/data/
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Fig. 3. Top panel: LAT light curve. The energy flux is integrated over the
100 MeV-100 GeV energy range. Coloured square symbols correspond
to the time intervals defined in 1; grey circles show the results of the
analysis with a higher time resolution. Bottom panel: photon indices
of the power-law model used for the LAT data analysis. Same colour
coding and symbols as the top panel.

We analysed the data from the two Nal detectors and the BGO
detector with the highest count rates, namely Nal#6, Nal#8 and
BGO#1. For each detector, we retrieved the data and the most
updated response matrix files from the Fermi website!.

Spectra were extracted with gtburst: we selected energy
channels in the range 8-900keV for Nal detectors, and
0.3—40 MeV for the BGO detector, and excluded channels in the
30-40keV range owing to the presence of the iodine K-edge at
33.17keV?>. The background was modelled over pre- and post-
burst time intervals with a polynomial whose order is selected
automatically by gtburst.

We also fitted the first two time intervals by combining the
GBM with the LAT LLE data (Pelassa et al. 2010). The LAT-
LLE data were retrieved from the Fermi LLE Catalog® and
reduced with a similar procedure as for the GBM data through
gtburst. The LLE spectra analysed cover the energy range
30-100 MeV (e.g. Ajello et al. 2019).

2.3. Swift

The BAT on board Swift (Gehrels et al. 2004) is a coded
aperture mask which triggers GRBs by imaging photons in
the energy range 15-350keV. We downloaded BAT event files
from the Swift archive*. The BAT spectra were extracted with
the batbinevt task of HEASOFT package (v6.25) and cor-
rected for systematic errors (with the batupdatephakw and
batphasyserr tasks). The response matrices were computed

2 https://fermi.gsfc.nasa.gov/ssc/data/analysis/GBM_
caveats.html

3 https://heasarc.gsfc.nasa.gov/W3Browse/fermi/
fermille.html

4 http://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/
swift.pl
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by the batdrmgen tool for the time intervals before, during, and
after the Swift slew.

The XRT focusses photons in the 0.3—-10keV energy range
(Wells et al. 2004). We downloaded the XRT event files from
Swift/XRT archive®. The source and background XRT spectra
were extracted with xselect and standard procedures (Romano
et al. 2006) were adopted to correct for the pile-up of X-ray pho-
tons. We generated the corresponding ancillary response files by
the xrtmkarf task. The energy channels of XRT below 0.5 keV
and above 10keV were excluded. To include the XRT spectra to
the joint broad-band spectral modelling, we grouped the energy
channels by the grppha tool to have at least 20 counts per bin.

2.4. Spectral analysis

Throughout the paper we refer to the GBM trigger time.
The LAT data were extracted and analysed for all the five
time intervals defined in Fig. 1. We used gtburst perform-
ing an unbinned likelihood analysis and assuming a power-
law model for the source photon spectrum®. We included the
P8R3_TRANSIENTO20E_2 instrument response function, a
Galactic model template, and an isotropic template for particle
background to take into account the background emission from
the Milky Way, extra-galactic diffuse gamma-rays, unresolved
extragalactic sources, residual (misclassified) cosmic-ray emis-
sion, and other extragalactic sources’.

For the other instruments we used XSPEC (v12.10.0c) to
perform a joint spectral analysis which combined any of the
data sets of BAT, XRT, GBM, or LLE in all the time intervals.
In order to account for inter-calibration uncertainties between
the different instruments, we introduced multiplicative factors
in the fitting models. We left these factors free to vary except
for the detector with the highest count rates, i.e. Nal#6, whose
factor has been frozen to 1.

The first three time intervals are fitted with a physical model
for the synchrotron emission from relativistic electrons. We con-
sidered relativistic electrons injected with an energy distribution
dN(y)/dy o« y7P between ymin and ymax and solved the conti-
nuity equation accounting for synchrotron losses. The spectral
shape at any time ¢ is determined by the ratio of yy;, to the
electron cooling energy ., and by the value of p. In addition
to the spectral shape, the model spectrum is specified by two
other parameters that determine the energy E,, of the photons
emitted by electrons of energy yn;, and the normalisation F', of
the F(E) spectrum evaluated at Ey,, respectively. Such a model
is not present in the XSPEC library and this approach towards
parametrising the model is appropriate for the implementation
in XSPEC. Therefore we built table model spectra for different
combination of the free parameters and implemented these in
XSPEC.

From the value of E, and the ratio ym;, /. we can also derive
the cooling energy E. of the photons emitted by the electrons
cooled down to vy, using the relation E, = Ey, (Y. /ymin)z. So the
four free parameters can be redefined to be E., En, p, and the
normalisation F,.

Confidence ranges on these parameters were then derived
within XSPEC, through the built-in Markov chain Monte Carlo
algorithm (chain command). The results of the spectral analysis
of all the data used in this work are reported in Table 1.

5 http://www.swift.ac.uk/archive/

% https://fermi.gsfc.nasa.gov/ssc/data/analysis/
scitools/gtburst.html

7 https://fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/Cicerone/Cicerone.pdf
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The four free parameters defined above are also associated
with the five physical quantities describing the emitting region,
namely the co-moving magnetic field B’, the total number of
emitting electrons N, the bulk Lorentz factor I', and the values
of y. and ynin. We derive the value of the bulk Lorentz factor
I" from the onset of the afterglow (see Sect. 4). The other four
physical quantities can be constrained using this value of I" and
the results of the spectral fitting (Sect. 5).

3. Results
3.1. Light curves

Figure 2 shows the light curves (countss™') of GRB 180720B
detected by three different instruments sensitive to increasing
photon energies from top to bottom: Nal (8-900keV), BGO
(0.3-40 MeV), and LLE (30-100 MeV). These light curves show
a main event lasting ~35s with numerous overlapping pulses
and a very bright peak at t ~ 155, followed by another peak at
t ~ 50 s. The pulses show the typical fast rise exponential decay
(FRED) shape. In principle, a possible signature of the transi-
tion between the prompt and the afterglow could be a change
in the variability of the light curve of the LLE data. However,
given the low statistics of the LLE data from 35 s onwards, it is
difficult to evaluate quantitatively the variability when the after-
glow starts to dominate. Figure 3 shows the light curve (top panel)
and the photon index evolution (bottom panel) obtained from the
analysis of the LAT data in the energy range 100 MeV-100 GeV.
The colour-coded symbols correspond to the five time intervals
defined in Fig. 1, while the grey points show the results of the
analysis of the LAT data on a finer temporal binning using equally
spaced logarithmic temporal bins, except for the first and last
time bins, which are longer to have higher photon statistics. The
delay between the first photon detected by LAT in the 100 MeV—
100 GeV range and the GBM trigger is approximately 5 s.

To fit the LAT spectrum in each time interval we use a power-
law model. The results are resumed in Table 1. The bottom panel
of Fig. 3 shows the evolution of the power-law photon spectral
index. The spectrum of the emission detected by LAT up to 35s
is characterised by a soft spectrum with spectral index I'p. < —3.
From 35 s onwards, the LAT photon index sets on the constant
value ~—2. This spectral change is confirmed also by a finer
time-resolved analysis. The softer spectrum I'pp, ~ —4 of the first
time interval suggests that up to ~35s the emission detected by
LAT is the spectral tail of the prompt emission spectrum extend-
ing into the LAT energy range. On the other hand, the harder
spectral slope ~—2 of the long-lived LAT emission after 35s is a
common feature of LAT GRBs (Ajello et al. 2019; Nava 2018)
and we interpret this as the emission produced by the external
forward shock. As shown in Fig. 3, the spectral index of ~—2
remains constant until 900 s, i.e. long after the prompt emission
has ceased. This can be an indication that in the LAT data we are
observing the transition from the prompt to the afterglow emis-
sion phases.

The LAT light curve (top panel of Fig. 3) is derived by inte-
grating the spectrum over the energy range 100 MeV-100 GeV in
each temporal bin. The light curve peaks at #,c.x ~ 78 s (observed
frame): we interpret this as the onset time of the afterglow emis-
sion and infer the bulk Lorentz factor of the outflow in Sect. 4.

From the spectral analysis we can infer that the LAT light
curve, in the 0-35 s time interval, is possibly the superposition
of a dominant prompt emission soft tail and a rising harder after-
glow components. To characterise the time profile of only the
afterglow component, we thus consider the light curve beyond
35s (i.e. excluding the first two grey data points in Fig. 3) and
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Table 1. Best-fit parameters for each different model used in the five SEDs reported in Fig. 4 of GRB 180720B.

Time interval Data Model Flux E. E. p(B) I'p )(fe  (d.of)
[107ergs™' cm?] [keV] [keV]
0-35s GBM Sync 142+7 753 2380f§‘2‘4 > 3.95(< -2.98) @ 30 - 1.56 (293)
[10keV-40 MeV]
“ I?)]Z)E PL 173707 - - - —3.44+03¢ 0.39 (11)
[30-100MeV]
GBM+LLE Sync 142+ 79*2 1898f§é4 4.77f8:‘1‘2 (—3.39f812§ - 1.52 (305)
[10keV-100 MeV]
100 LA"]FO0 . PL O.34f3::8 - - - —3.87f8}: -
[ MeV- eV]
35-70s GBM+LLE Sync 13.0fg:g4 25’:33 519%37, 3.26fg:é2 (—2.63’:8:?2) - 0.97(286)
[10keV-100 MeV]
LAT PL 1.41%049 - - - -2.3%021 -
[100 MeV-100 GeV]
70-120s XRT+BAT+GBM+LLE Sync 7.26f8:§1 - 43.55+1048 2.08f8j(1)2 (—2.04f8:(1)2) - 0.91 (465)
[0.5keV-100 MeV]
LAT PL 1.64f8:§2 - - - -2. 17f8;{; -
[100 MeV-100 GeV]
120-200s XRT+BAT+GBM PL 1.38f3:f(5) - - - —-1.91 £0.05 0.86 (490)
[0.5keV-40MeV]
LAT PL 0.96%03 - - - —2.06f8;{g -
[100 MeV-100 GeV]
200-500s XRT+BAT PL 0.06 £ 0.01 - - - -1.86 £0.03 1.03 (276)
[0.5-150keV]
LAT PL 0.21f8:8§ - - - —2.08’:8:}; -

[100 MeV-100 GeV]

Notes. The first column reports the time interval over which the spectrum has been integrated, the second column the detector whose data have
been used to build the SED along with the energy range, and the third column represents the different models used to fit that data. From the fourth
column onwards: energy flux computed in the energy range reported in the second column, photon energy corresponding to the electron cooling
Lorentz factor E., photon energy corresponding to the electron injection Lorentz factor E,,, electron energy distribution slope p (corresponding
high-energy photon index 8 = —p/2 — 1 in parentheses), power-law photon index of the LLE/LAT data, and the reduced y? of the fit with the

degrees of freedom in parentheses.

we fit with a smooth-joint double power law (see e.g. Ghirlanda
et al. 2010) as follows:

A(t/1,)"
1+ (¢/tp)eB’

where the free parameters are the rise and decay slopes o and
B respectively, characteristic time #,, and normalisation factor A.
The best-fit parameters are A = (3.8 + 0.4) x 1077 ergs™! cm~2,
a=24+0.7,8=22+0.2,and #, = 76.5 + 8.0s. The peak of
the light curve is given by fpeax = to(a/B)/ @ =78 + 8. This
fit is shown by the dashed line in the top panel of Fig. 3.

The LAT flux rises consistently with ~12, that is the expected
behaviour in case of synchrotron emission (in the fast cooling
regime) from the external shock prior to the deceleration radius
in a constant ambient medium (e.g. Sari & Piran 1999). The flux
decay follows a ~t~2 trend, which is somewhat unusual® but con-
sistent with that derived by Ajello et al. (2019) (—1.88 + 0.15).

After 78 s, the LAT flux is a significant fraction of the total
emission and characterised by a nearly flat spectrum in EF(E).
This implies that at this time the LAT flux can be considered
a proxy of the bolometric flux. Ghisellini et al. (2010) and
Ackermann et al. (2013) studied the theoretical temporal evolu-
tion of the observed bolometric flux emitted by a fireball expand-
ing in a homogeneous interstellar medium. These authors found
that the flux decays as ~~! in the adiabatic regime and as ~¢~1%/7

R(1) = ey

8 Ackermann et al. (2013) and Ajello et al. (2019) reported an average
temporal decay index around —1 for LAT GRB light curves.

in the radiative regime. The decay slope we find is steeper than
both these theoretical predictions.

This unusual behaviour has been investigated by Panaitescu
(2017), who found that the LAT light curves of bright bursts
(with >10™*phs™') tend to show a steeper temporal decay at
early stages.

3.2. Spectral evolution

Figure 4 shows the evolution of the SED up to 500s. This plot
shows the SED obtained from the combined analysis of the
XRT, GBM, and LAT/LLE data when available (first three SED)
together with the independent analysis of the LAT data (for all
the five time intervals). Since the photon with the highest energy
detected by LAT is ~5 GeV, we represent the LAT SEDs limited
over the 0.1-10 GeV energy range.

The shaded regions corresponding to each SED show the
68% confidence interval on the model fits. These are obtained
by combining the errors on the best-fit parameters and account-
ing for their covariance through a Monte Carlo sampling of the
parameter space. In the following sections, we describe the evo-
lution of the SEDs of GRB 180720B.

3.2.1. SED | (0-35s): Evidence of synchrotron prompt
spectrum

The first SED, corresponding to the time interval 0-35s, is rep-
resented in red in Fig. 4 and shows a spectrum which extends
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Fig. 4. Evolution of the SED of GRB 180720B. Each curve corresponds
to a specific time interval and has been rescaled for presentation pur-
poses by the scaling factor reported in the figure. For reference, the
top labels denote the instruments providing data in the corresponding
energy ranges.

from 10 keV all through the LAT energy range with a single emis-
sion component. The independent analysis of the LAT data (as
discussed above) with a power law results in a soft emission
component with slope I'pp. = —3.87 = 0.71. A similar spectral
slope value is obtained from the analysis of the LLE data in the
30-100 MeV range. These spectral results are reported in Table 1.

We fitted the GBM (Nal+BGO) and LLE data together with
the synchrotron model we implemented in XSPEC. The spec-
tral parameters are reported in Table 1. The best-fit model is
shown in Fig. 5 by the solid black line and the shaded yellow
region represents the 68% confidence interval. The corner plot
of the posterior distributions of the parameters of the fit is shown
in Fig. 6, where no strong residual correlation between the free
parameters is evident. The best fit, corresponding to the lowest
x?2, lies in the region characterised by the larger probability. We
note that the posterior values of p correspond to 8 = —3.39*09%,
which is consistent with the value obtained by the fit of a power
law to the LLE data alone (i.e. I'pp, = —3.44f8§8). The residuals
of the fit (bottom panel of Fig. 5) show that the model prop-
erly fits the data over almost the entire spectral range. System-
atic residuals are present below ~30keV over a narrow energy
range. The nature of such residuals could be due to poorly cali-
brated response and/or to the break evolution within the consid-
ered time bin (Ravasio et al. 2019a).

The energy spectrum (F(E) = EN(E)) shows a slope F(E) «
E'73 before the energy break E, ~ E. and a slope F(E) «
E~'/2 between the break and the peak energy E, ~ Ey. These
results, similar to those recently found in other GRBs detected
by Swift and Fermi with either empirical (e.g. Zheng et al. 2012;
Oganesyan et al. 2017, 2018; Ravasio et al. 2018, 2019a) or
physically motivated synchrotron models (Zhang et al. 2016;
Burgess et al. 2020; Oganesyan et al. 2019), suggest that the
emission is in the fast cooling regime (Kumar & McMahon
2008; Daigne et al. 2011; Beniamini & Piran 2013), even if the
cooling is not complete.

The best-fit model returns a steep slope p ~ 4.8 of the
injected electron distribution. In empirical models (e.g. Band
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model) this corresponds to a spectral photon index 8 = —p/2 —
1 ~ =3.4, which is consistent with the value obtained from the
independent fit of the LLE data alone. The implication of the
relatively steep p value found is discussed in Sect. 5.

As already mentioned, SED I includes the main event of this
GRB, which is characterised by several overlapping pulses. A
spectral analysis over such a large temporal interval could be
affected by spectral evolution, with the result of producing a time
averaged spectrum with a broader shape around the energy break
and the energy peak. In order to explore this issue and find out if
this could alter our results we performed a spectral analysis on a
finer temporal resolution, by subdividing the first time interval in
three bins. These time bins were chosen to have enough signal in
the LLE energy range to be able to constrain the high-energy part
of the spectra. The best-fit parameters for the synchrotron model
are shown in Table 2. We note that the spectral break and peak
tend to evolve towards lower energies as also found in Ravasio
et al. (2019a). This introduces a broadening of the spectral shape
as suspected. The high-energy part of the spectra is still charac-
terised by a very steep slope, which translates into a very steep
energy distribution of the electrons, as also found in the spec-
trum integrated over 35 s. This differs from the results of Ravasio
et al. (2019a), presumably because they do not consider the LLE
data.

3.2.2. SED Il (35-70s): Transition between prompt and
afterglow emission

The second SED, represented in yellow in Fig. 4, shows the
presence of two emission components. The spectrum below
100 MeV (obtained combining GBM and LLE data up to
100 MeV) is still fitted by the synchrotron model albeit with a
harder slope of the electron energy distribution p ~ 3.4. The val-
ues of the peak and break energies are a factor ~2 smaller than
those of SED I. The LAT data show a harder spectrum than in
the previous SED (I'pp, = —2.3 +£0.2). We note that in the follow-
ing time intervals the photon index of the LAT spectrum is even
harder, settling around I'p;, ~ —2 (as reported in Fig. 3). This
suggests that we are observing the rise of the afterglow emission
component at VHEs, which is characterised by a typical photon
index I'pp. ~ —2. The superposition of this harder emission com-
ponent with the peaked prompt emission spectrum as seen by the
GBM can account for the harder p value obtained from the fit of
the GBM+LLE data with the synchrotron model.

In conclusion, the SED in the time interval 35-70s shows
the coexistence of two different components. The prompt syn-
chrotron emission dominates in the GBM+LLE energy range
and above 100MeV the LAT spectrum flux is inconsistent
with the low-energy spectrum flux and this could indicate that
the afterglow component is rising and contributing at higher
energies.

3.2.3. SED IIl, 1V, V: Evidence of afterglow emission

The time interval of the green SED from 70s to 120 s contains
the peak of the LAT light curve (fpeax ~ 78s, Fig. 3) and rep-
resents the moment when the afterglow begins to dominate the
observed emission. This fact is also supported by the weak sig-
nal in the BAT and GBM energy range and by the absence of
bumps in the GBM light curves (see Fig. 2). At this epoch,
X-ray data from Swift/XRT ranging from 0.5keV to 10keV
are also available, allowing us to extend the analysis to lower
energies. We used the synchrotron model to fit the combined
data of XRT+BAT+GBM+LLE. The best fit is a synchrotron
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Fig. 5. Spectrum corresponding to the 0-35 s time interval. The GBM and LLE data are fitted jointly with the model (shown by the solid line)
of synchrotron emission from relativistic electrons. The shaded yellow region represents the 68% confidence region of the best-fit model. Bottom
panel: data-to-model residuals. The best-fit spectral parameters are reported in Table 1.
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Fig. 6. Posterior distribution corner plot for the free parameters of the
synchrotron model used to fit SED I. The 1D marginalised posterior
distributions are shown on the diagonal, while the 2D marginalised dis-
tributions are shown below the diagonal. Contours in the 2D plots are at
1 and 2. Outside the 20~ contour, individual samples from our MCMC
are shown as black dots.

spectrum in fast cooling, with E. constrained to be below
0.5keV, E,, ~ 44keV and a high-energy slope which is con-
sistent with the LAT spectrum (see also Table 1). The spec-
trum shows no evidence of a break down to the XRT energy
range. Therefore, under the assumption that the emission is still

in the fast cooling regime, at this epoch we expect that the cool-
ing energy E. is very low, less than 0.5 keV. Furthermore, if we
extrapolate the spectrum down to the optical range with a power
law N(E) oc E-3/? (dashed green line in Fig. 4), it is marginally
consistent with the optical detection reported by Sasada et al.
2018.

In the remaining two SEDs from 120 s up to 500 s the after-
glow emission is dominant. Indeed data from X-rays up to gig-
electronvolt are well fitted by a single power-law function with
I'p. ~ —2, which is the expected value of the synchrotron after-
glow spectral photon index (Burrows et al. 2005; Zhang et al.
2006).

4. Estimate of the bulk Lorentz factor I'

The light curve of the LAT flux (Fig. 3 top panel) shows a peak
at ~80s from the trigger. After 35-40s, the prompt emission
is already too weak to contribute substantially to the observed
emission in the LAT energy range. Indeed, the spectral slope
of the LAT emission changes from soft to hard (Fig. 3 bottom
panel).

If the long-lasting LAT emission is synchrotron radiation
from the external shock, we can derive the bulk Lorentz fac-
tor just prior the deceleration phase, conventionally I'y, from the
interpretation of the peak of the LAT light curves as the decelera-
tion time. The different derivation of I'y proposed in the literature
have been summarised and compared recently in Ghirlanda et al.
(2018), where it has been shown that the different methods dif-
fer at most by a factor of 2. We therefore chose the following
equation derived by Nava et al. (2013):

1/8-25)
I
p:z
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Table 2. Best-fit parameters for the synchrotron model obtained in the three time intervals in which the first SED has been split.

Time interval Flux E. En p(B) sze 4(d.o.f)
[10~7 erg slem?]  [keV] [keV]

0-14s l70jj 156f§0 2278’:‘3‘;8 4.98f8:g(5)2(—3.49f81221) 1.11(341)

14-21s 228%¢ 99%F  1283*8)  3.97*097(-2.99*0%%)  1.17(341)

27-35s 47+} 41 f; 913225 5.06’:8:23(—3.531’8%;) 1.12(341)

Notes. For these time intervals, we used GBM and LLE data together, modelling the spectrum from 10 keV up to 100 MeV. The first column reports
the time interval over which the spectrum has been integrated. The second column onwards list the following fit parameters: energy flux computed
in the energy range 10 keV-100 MeV, photon energy E. corresponding to the electron cooling Lorentz factor ., photon energy E, corresponding to
the electron injection Lorentz factor y,,, electron energy distribution slope p (corresponding high-energy photon index 8 = —p/2—1 in parentheses),

and the reduced y? of the fit with the degrees of freedom in parentheses.

In this equation, #, is the rest-frame onset time, ie. fp,; =
1,/(1 + z) and m,, is the proton mass. The kinetic energy of the
fireball is inferred as Ey = Eiso(1 — 17)/7, i.e. the leftovers of the
prompt emission, where 7 is the efficiency of conversion of the
initial energy into radiation during the prompt phase, typically
assumed to be of few tens percent. The radial density profile is
parametrised as n = noR™*, where R is the distance from the cen-
tral engine. We consider the uniform density (s = 0) case and
the scenario of a stellar wind density profile (s = 2). In the wind
case ng = My, /(4mvym,), where My, is the rate of mass loss and
vy 1s the wind speed.

Assuming a redshift z = 0.654 as reported in Vreeswijk
et al. (2018), an isotropic equivalent energy Ei, = 6 x 10°3 erg
(Frederiks et al. 2018), n = 0.2, t, = 80s, we estimate I'y =
294(220) for ny = 1 (10) cm™ in the case of a constant external
medium density (s = 0 in Eq. (2)). For a wind medium (s = 2 in
Eq. (2)), assuming a wind mass—loss rate M,, = 107 M, yr!,
we obtain Ty = 142(80) for v, = 10° (10®)kms~'. Such val-
ues are consistent with the distributions of I'y in both scenarios
obtained from the analysis of a large sample of bursts with mea-
sured onset time (Ghirlanda et al. 2018).

5. Discussion
5.1. Prompt emission

The synchrotron model presented in this work provides an
acceptable fit of the prompt emission spectra of GRB 180720B
in the energy range between 10keV and 100 MeV. Under the
assumption of one-shot electron acceleration, we can derive the
physical parameters of the emission region in the co-moving
frame of the outflow, i.e. the magnetic field B’, the minimum
energy of the injected non—thermal distribution of relativistic
electrons ymin and the total number of electrons N, contributing
to the observed emission, from the spectral properties obtained
from the fit, in particular the cooling energy E., injection energy
E., and flux density at the cooling energy F..

Following Kumar & McMahon (2008) (see also Beniamini
& Piran 2013) we used the following set of equations from
Oganesyan et al. (2019):

27mehmec(1 +z)
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where dp, is the luminosity distance of the GRB, 7. is the
observer-frame cooling time, I is the bulk Lorentz factor, and F',
is the flux at E.. The cooling time is defined as the timescale for
which the electrons lose half of their energy (¢- = y/7, in the co-
moving frame). Considering only synchrotron cooling, we can
find the unknowns B’, ymin, and N, in terms of the observables,

B - (277rehmec(1 + Z))]/3

0'2T E. 22T
=10 E,7 7P 1+ G (6)
_(4mmecEy(1+2) 12
Ymin ( 3heBT )
~63x10° E\3 BT, (1+2)'2 )

B 47rdi me 2 F,
VS BT (1+2)
10 Feppy B7' 15 a5 (1+2)7), ®)

1R

where E. is expressed in units of 102 keV, E,, in units of 10° keV,
T in units of 100, and F. in mJy and di in units of 102 cm.
The fit of the spectrum corresponding to SED I (see Fig. 5)
returns a cooling energy E. ~ 79keV and an injection energy
E., ~ 1898keV. We also derive the flux at the cooling energy
F. ~ 6 mJy. The integration time of 35 s of SED I corresponds to
the time (in the observer frame) needed by the injected electrons
to cool down to y.. The emission of these electrons produces
a spectral break at an observed energy similar to the cooling
energy ~E.. We remark that the relative positions of the cooling
energy E. and of the injection energy Ey, in SED I lead to a value
of the Lorentz factor . of the cooled electrons, which is only a
factor of 5 lower than the injection Lorentz factor yyy,;,. This indi-
cates that the electrons are in a moderately fast cooling regime.
Therefore, in Eq. (5) we use E. = 79keV and ¢, = 35 s. Consid-
ering the maximum range of possible values of I', i.e. 294 (80) in
the homogeneous (wind) medium case, we find B” ~ 0.8 (1.3) G,
Ymin ~ 0.9 (1.3) x 10 and N, ~ 1.2 (2.9) x 10°'. The uncertain-
ties on the measured quantities E., Ey,, F. give an uncertainty
of 20% on the physical parameters. Also the values of B’, Yuin,
and N, inferred from a finer time resolved analysis are consis-
tent with the values inferred from the spectrum integrated over
the first 35 s. This is an indication that the physical properties of
the outflow do not change significantly during the prompt emis-
sion. These values are also consistent with the ranges estimated
by Oganesyan et al. (2019) for a sample of 21 Swift GRBs.

As found above, the low-energy break in the spectrum, iden-
tified as a radiative cooling break, inevitably implies a low value
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of the magnetic field. The emitting region, on the other hand,
should lie at a large distance from the central power house,
as indicated by the derived large bulk Lorentz factor and by
assuming that the cooling timescale is of the same order of the
dynamical time. This in turn implies a reduced radiation energy
density and therefore a reduced SSC luminosity. Furthermore the
large values of y,, and 7y, ensure that the self-Compton emis-
sion occurs in the Klein—Nishina regime further limiting the SSC
component (Oganesyan et al. 2019) and most of it would be
produced at very large frequencies. More quantitatively, with a
magnetic field of 1 G, I' = 300 and ¢, ~ 35s we can infer a
distance of R ~ 10! cm. This implies that the SSC luminosity
would exceed the synchrotron one by a factor 100 if the scat-
terings occur in the Thomson regime. Taking into account the
reduction by a factor 10* because of the Klein-Nishina regime
(Ghisellini et al. 2020), eventually the bolometric SSC prompt
luminosity is expected to be a factor of 100 lower than the syn-
chrotron luminosity, and most of it would be produced at around
100 TeV, well above the Fermi/LLAT energy range. Therefore the
SSC contribution in the LAT energy range and below could be
safely neglected. However the Klein—Nishina regime could also
modify the spectral shape of the synchrotron spectrum at lower
energies. Following the work by Daigne et al. (2011) we ver-
ified that for the estimated values of B’, ¥min, ¥, Ne, and I,
the Klein—Nishina regime does not lead to significant deviations
from a pure synchrotron spectrum as assumed in performing the
analysis.

The best-fit value from SED I for the electron spectral index
is p = 4.8 (Fig. 5). This in turn produces a soft photon spectrum
(8 ~ —3.4) at high energies as confirmed by the independent fit
of the high-energy spectrum with a single power law. Mildly rel-
ativistic shocks, produced for example by the dissipation of the
kinetic energy of different colliding shells (internal shock sce-
nario Rees & Meszaros 1994), can hardly produce large values
of p and ypin. An efficient shock, as expected in low magnetised’
plasma (e.g. Sironi & Spitkovsky 2011; Sironi et al. 2015a), can
accelerate particles to large ymin, but typically converts a fraction
(around 10%) of the kinetic energy into a hard (p ~ 2—2.4) non-
thermal electron energy distribution (Heavens & Drury 1988;
Rees & Meszaros 1994; Kennel & Coroniti 1984).

Magnetic reconnection (Spruit et al. 2001; Drenkhahn &
Spruit 2002), as also recently shown by particle in cell sim-
ulations (Sironi & Spitkovsky 2014; Sironi et al. 2015b;
Petropoulou et al. 2019), can produce a steep electron energy
distributions (i.e. p ~ 4-5) if the burst outflow has a high pair-
proton number ratio (x ~ 200) and a moderate magnetisation
parameter o ~ 1. However, with such parameter values, the elec-
trons can only attain a moderately large y. ~ 10>~103. Different
combinations of the leading parameters, however, could recon-
cile these values with those estimated in our analysis.

If we compare the first SED I (0-35s) with the second
SED 1II (35-705s), we find that the value of p decreases from
p ~ 48 to p ~ 3.4, thus corresponding to a harder elec-
tron energy distribution producing the synchrotron spectrum of
SED II. However, we cannot exclude that also in SED II the
value of p is uncommonly large because of the contamination
of the high-energy part of the spectrum by the harder spectral
component arising in the LAT energy range.

In conclusion, the acceleration mechanism responsible for
the injection of non-thermal electrons must be really efficient in

®  The magnetisation o is defined as the ratio of the energy densities

in magnetic field to particles, respectively, evaluated in the co-moving
frame of the emission region.

accelerating electrons to VHEs, but it also should give rise to
a steep electron energy distribution. According to the standard
theory and simulations, shocks or magnetic reconnection seem
unable to easily produce injected electron distributions with such
properties.

5.2. Connections between LAT and H.E.S.S. emissions

The H.E.S.S. telescope detected high-energy photons
(~300GeV) from GRB 180720B at ~10.5h after the trig-
ger time. Wang et al. (2019) and Abdalla et al. (2019) report
a HE.S.S. EF(E) flux of 5 x 107" ergcm™2s7! in the energy
range 100-440 GeV.

By analysing the LAT data from 8 to 12 hours after the trig-
ger, we obtain'” a 1o~ upper limit of 8.5x 1070 erg cm=2 s~! (inte-
grated in the 0.1-100 GeV energy range). This value agrees with
the LAT upper limit estimated by Wang et al. (2019). By extrap-
olating the LAT light curve of Fig. 3 at # ~ 10.5 h, we predict a
0.1-100 GeV EF(E) flux of ~5 x 1073 ergcm=2 57! if the flux
decays o 122 (as found in the first 500 s). Instead, if after ~500's
the flux temporal decay becomes shallower (e.g. o ™!, consis-
tently with the X-ray data''), the flux at 10.5 hours would be
~8x 107" ergem=2 57!,

Therefore, the true LAT flux at around 10h should be
between ~5 x 1073 ergem™2s™! and the upper limit 8.5 x
1071%erg cm=2 s~!. We note that if the flux decays o 7!, its value
at 10.5h is similar to that reported by Wang et al. (2019) and
Abdalla et al. (2019) for the H.E.S.S. detection at higher ener-
gies. The similarity in the EF (E) flux values leads to the possible
interpretation that the afterglow spectrum above 100 MeV could
extend up to energies around 300 GeV as a single component.
However the VHE emission is unlikely to be synchrotron emis-
sion because of the limiting maximum synchrotron frequency
(Guilbert et al. 1983). This VHE emission can be more easily
explained as a SSC component (Meszaros et al. 1994; Waxman
1997; Wei & Lu 1998) as also suggested by Wang et al. (2019)
and Abdalla et al. (2019).

6. Summary and conclusions

In this paper we have studied both the prompt and the very early
afterglow emission of GRB 180720B. The spectral evolution of
the burst up to 500 s after the trigger time is shown in Fig. 4. The
SED evolution (Fig. 4) shows the emergence of the afterglow
component in the LAT energy range and the progressive turning
off of the prompt emission (which dominates up to 70s — SED I
and II — in the 0.01-1 MeV energy range).

The LAT light curve shows a peak which we interpret as due
to the deceleration of the outflow (Fig. 3). The peak time pro-
vides an estimate of the bulk Lorentz factor Iy ~ 300 (150) for
a homogeneous (wind-like) circum-burst medium.

The SED of the first three time intervals were fitted (through
XSPEC) with a physical model of synchrotron emission from a
relativistic population of injected electrons. From the SED accu-
mulated over the first 35s, we find that the emitting electrons
should be injected with a steep power-law energy distribution
with p ~ 4.8.

From the spectral features of the first 35s SED, we were
able to estimate the intrinsic physical parameters of the emis-
sion region during the prompt phase. In particular, the co-moving

10 We assume that the spectral index of the LAT emission component is
—2 as observed before.
I https://www.swift.ac.uk/xrt_curves/00848890/
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magnetic field B’ ~ 1 G, the minimum electron Lorentz factor
Ymin ~ 10°, and the total number of electrons N, ~ 10°'. Large
values of ynin and p require an efficient acceleration mecha-
nism and a “soft” energy distribution of accelerated particles,
which challenge the current understanding of particle accelera-
tion through mildly relativistic shocks or magnetic reconnection.

We also find that Fermi/LAT did not detect any emission
at the epoch (10.5h) of the claimed H.E.S.S. detection and
derive an upper limit on the LAT flux (0.1-100 GeV), which is
above the flux reported by H.E.S.S. (in the 100-440 GeV energy
range). The extrapolation of the LAT light curve at 10.5h gives
a 0.1-100 GeV flux consistent with the flux level detected by
H.E.S.S. A single component synchrotron spectrum extending
beyond 100 GeV energies is unlikely, therefore a high-energy
SSC component seems to be a viable scenario to explain the late
time H.E.S.S. detection at VHE.
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