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ABSTRACT

Information on the spectral shape of prompt emission in gamma-ray bursts (GRB) is mostly available only at energies >10keV, where
the main instruments for GRB detection are sensitive. The origin of this emission is still very uncertain because of the apparent
inconsistency with synchrotron radiation, which is the most obvious candidate, and the resulting need for considering less straight-
forward scenarios. The inclusion of data down to soft X-rays (~0.5keV), which are available only in a small fraction of GRBs, has
firmly established the common presence of a spectral break in the low-energy part of prompt spectra, and even more importantly,
the consistency of the overall spectral shape with synchrotron radiation in the moderately fast-cooling regime, the low-energy break
being identified with the cooling frequency. In this work we further extend the range of investigation down to the optical band. In
particular, we test the synchrotron interpretation by directly fitting a theoretically derived synchrotron spectrum and making use of
optical to gamma-ray data. Secondly, we test an alternative model that considers the presence of a black-body component at ~keV
energies, in addition to a non-thermal component that is responsible for the emission at the spectral peak (100 keV-1 MeV). We find
that synchrotron radiation provides a good description of the broadband data, while models composed of a thermal and a non-thermal
component require the introduction of a low-energy break in the non-thermal component in order to be consistent with optical obser-
vations. Motivated by the good quality of the synchrotron fits, we explore the physical parameter space of the emitting region. In a
basic prompt emission scenario we find quite contrived solutions for the magnetic field strength (5 G < B’ < 40 G) and for the location
of the region where the radiation is produced (R, > 10'® cm). We discuss which assumptions of the basic model would need to be

relaxed in order to achieve a more natural parameter space.

Key words. gamma-ray burst: general — radiation mechanisms: general — radiation mechanisms: non-thermal

1. Introduction

Among the many unsolved questions that still limit our compre-
hension of the physics involved in the gamma-ray burst (GRB)
phenomenon, the origin of the prompt radiation is one of the
most fundamental. The difficulty of understanding the prompt
emission phase encompasses the whole process, from the nature
of the energy that powers the emission to the specific radia-
tive process that is responsible for the radiation. The standard
approach that is adopted to investigate the origin of prompt
emission involves fitting empirical functions to prompt spec-
tra and comparing the values of the best-fit parameters with
expectations from different radiative processes and in particu-
lar from synchrotron radiation, the most natural candidate. Two
smoothly connected power laws (PLs) usually provide reason-
able fits. This type of studies has revealed a significant incon-
sistency between observations and the synchrotron mechanism,
the low-energy photon index being on average harder ({(@) ~ —1)
than the fast-cooling synchrotron value ({(a@®™") = —3/2) (Preece
et al. 1998; Ghisellini et al. 2000; Frontera et al. 2000; Ghirlanda
et al. 2002; Kaneko et al. 2006; Nava et al. 2011a).

A recent breakthrough discovery came from the investiga-
tion of prompt emission spectra in the soft X-ray band in cases
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where the X-ray Telescope (XRT, 0.3-10keV) on board the
Neil Gehrels Swift Observatory (Swift hereafter) was able to
observe the prompt emission phase, thus extending the spectral
information well below 10keV. By performing a time-resolved
joint spectral analysis of simultaneous Swift/XRT+BAT data on
14 long GRBs, Oganesyan et al. (2017) showed that more than
60% of the spectra require a fitting function with an additional
harder PL segment to describe the spectrum below 2—-20keV. In
other words, a good description of the data requires a spectral
break at energies <20keV. These results have later been con-
firmed by a similar investigation conducted on a larger sample of
34 XRT+BAT events (Oganesyan et al. 2018). The same shape
was also found in GRB 160625B, one of the brightest Fermi-
GBM GRBs (Ravasio et al. 2018). Moreover, a recent investi-
gation has pointed out that these types of spectral breaks are a
recurring feature in bright GBM bursts and can extend to ener-
gies around ~100keV (Ravasio et al. 2019). All these studies
point to similar results, with most of the spectra requiring a fit-
ting function featuring three PL segments: (i) a hard PL at low
energies (up to a few keV or tens of keV) with an average photon
index (@) ~ —2/3, (ii) a second softer PL. segment with an aver-
age photon index (a,) ~ —3/2 describing the spectrum at inter-
mediate energies, and (iii) a third PL with a photon index 8 < -2
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at higher energies. These three PLs identify two break energies:
Evreax, typically located between 1-20keV but also extending to
100keV in bright GBM bursts, and Epex, which corresponds to
the peak of the vF, spectrum, and is usually located between 0.1
and 1 MeV. Remarkably, the typical values of all photon indices
are in good agreement with the values that are predicted when
the dominant emission mechanism is synchrotron radiation.

A comparison based only on photon indices, however, is not
sufficient to claim a synchrotron origin. In particular, two main
critiques that are usually raised against the synchrotron interpre-
tation must be addressed: the first concerns the spectral width
that might be too narrow in the observed spectra as compared to
synchrotron spectra (Beloborodov 2013; Axelsson & Borgonovo
2015; Yu et al. 2015; Vurm & Beloborodov 2016, see however
Burgess 2017), and the second concern is based on the observa-
tion that in a small but sizable fraction of GRBs the low-energy
photon index is harder than the limiting synchrotron value —2/3
(the so-called line of death, Preece et al. 1998; Kaneko et al.
2006). Moreover, an alternative interpretation to the low-energy
spectral break has been proposed, and invokes the presence of a
sub-dominant black-body (BB) component (in addition to a non-
thermal component) that peaks at ~10-50keV (Guiriec et al.
2011, 2013; Ghirlanda et al. 2013; Axelsson et al. 2012; Iyyani
et al. 2013; Peng et al. 2014). While it is now clear that a simple
double PL is not sufficient to capture the shape of prompt spec-
tra, it is less clear which of the two different proposed models is
correct: the model that at low energies adds a third PL segment
(and then describes the whole spectrum with one single compo-
nent), or the model that invokes an additional (thermal) spectral
component. The question is of paramount importance because
the two different interpretations of the spectral shape imply two
very different theoretical scenarios, with different implications
on the nature of the jet energy, and possibly on the location of
the dissipation region and nature of the dissipation mechanism.

Observations extending to lower frequencies (<0.1keV)
would allow us to address all these questions by determin-
ing in a more robust way (i) the low-energy spectral index
(testing if its value crosses the line of death), (ii) the spec-
tral width (through the use of a synchrotron fitting function in
place of empirical functions), and (iii) distinguishing among
the two competing spectral models (that predict very differ-
ent optical fluxes when they are extrapolated to the optical
band). An important tool for testing prompt emission spec-
tral models is then the inclusion of optical observations simul-
taneous to X/y-ray observations. Prompt optical observations
were successfully performed for a limited number of GRBs
with the Ultra-Violet/Optical Telescope (UVOT, Roming et al.
2005) on board Swift and with ground-based robotic telescopes
such as Robotic Optical Transient Search Experiment (ROTSE-
III, Akerlof et al. 2003), Rapid Action Telescope for Transient
Objects (TAROT, Klotz et al. 2009), the Mobile Astronomical
System of Telescope-Robots (MASTER, Lipunov et al. 2004), Pi
of the Sky (Burd et al. 2005), and Telescopio Ottimizzato per la
Ricerca dei Transienti Ottici RApidi (TORTORA, Beskin et al.
2017).

One caveat for the use of optical observations as a test for
prompt emission models is, however, a possible contamination
from emission of a different origin, for example, forward and/or
reverse shock radiation generated by the deceleration of the GRB
outflow by the external medium. A first indication of the inter-
nal or external origin of the early-time optical emission comes
from its temporal behaviour, which is expected to track the vari-
ability that is detected in the hard X-ray band when the two
share a common internal origin. These different behaviours have
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indeed been pointed out in the study of prompt optical emission,
and have shown that its origin is not always the same and can
vary for each case (see Kopac et al. 2013 for a recent systematic
investigation).

In this paper we address the problem of the consistency of
prompt spectra with synchrotron radiation and of the validity of
the synchrotron versus BB+non-thermal modelling by means of
(i) the inclusion of optical data and (ii) the use of a synchrotron
model (in place of empirical functions) for spectral fitting. We
use a sample of 21 GRBs that are characterised by simultane-
ous optical, X-ray (0.3-10keV), and y-ray (15-150 keV) prompt
observations. Among these cases, we focus on those for which
the optical emission most likely has an internal origin, that is, the
variability in the optical band tracks the variability in the soft and
hard X-ray bands. We also analyse those cases where the tempo-
ral behaviour of the optical emission suggests a different origin
for this emission, and cases where no temporal information is
available (i.e. only a single-epoch optical observation is avail-
able during the prompt emission). Interesting conclusions can
also be deduced from the analysis of these cases. Finally, moti-
vated by the success in fitting a synchrotron spectrum to the data,
we calculate the values of the Lorentz factor, magnetic field, dis-
tance of the emitting region, and typical electron Lorentz fac-
tor required in the emitting region to explain the observations,
assuming a standard scenario. We show that the inferred values
are quite contrived and most likely demand a reconsideration of
the standard model.

2. Sample and data extraction

We started from the sample collected by Oganesyan et al. (2018),
composed of 34 GRBs with XRT observations of the prompt
emission phase. For each burst we collected from the literature
all available optical observations (detections and upper limits)
that lay within the same temporal window as defined by simul-
taneous XRT+BAT observations. When available, we collected
published calibrated magnitudes, otherwise we considered the
information reported in the GRB Circular Network (GCNs).
We corrected the observed magnitudes for Galactic extinction
(according to Schlafly & Finkbeiner 2011) and for extinction in
the host galaxy (if known). Lastly, we converted the de-reddened
magnitudes into flux densities. The requirement of having at
least one optical observation during the prompt emission phase
limits the final sample to 21 GRBs. Table A.1 lists for each GRB
the time intervals of optical observations, flux density, filter, the
information whether the correction for extinction was estimated
only for our Galaxy (G) or also for the host galaxy (HG), and the
reference.

For each time interval defined by the epochs of optical obser-
vations, we analysed the X-ray and y-ray spectra following the
same procedure as was adopted in Oganesyan et al. (2017). Here
we summarise the main steps of the procedure we followed to
extract the data from the different instruments.

BAT event files were downloaded from the Swift data
archive!. We extracted BAT spectra and light curves with
the latest version of the HEAsOFT package (v6.17). We used
the FTOOLS batmaskwtevt and batbinevt to extract the
background-subtracted mask-weighted BAT light curves in the
energy range 15-150keV. BAT spectral files were generated
using the batbinevt task. The spectral files were corrected with
batupdatephakw and batphasyserr to include systematic

! http://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/
swift.pl
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errors. We generated response matrices for time intervals before,
during, and after the satellite slew using the batdrmgen tool.
The latest calibration files (CALDB release 2017-05-20) were
adopted.

XRT light curves were downloaded from the Swift Science
Data Center, provided by the University of Leicester’ (Evans
et al. 2009). XRT event files were retrieved from the Swift/XRT
archive®. We extracted source and background spectra in each
time-bin using the xselect tool. To avoid pile-up effects, we
removed the central region of the XRT images, following the
procedure suggested in Romano et al. (2006). Ancillary response
files were generated using the task xrtmkarf. For the spectral
analysis, we excluded all channels below 0.5keV. To use x?
statistics, energy channels were grouped using the grppha tool
and requiring at least 20 counts per bin.

Fermi/GBM observations are available only for four GRBs
and were included in the analysis. We considered the data from
the two most illuminated Nal (in the range 8-1000keV) and
from one BGO detector (300 keV-40MeV). We excluded chan-
nels in the range 30-40keV due to the presence of the iodine
K-edge at 33.17 keV. We extracted the spectra using the GTBURST
tool*. To use y? statistics, energy channels were grouped using
the grppha tool and requiring at least 20 counts per bin.

3. Spectral analysis

We performed a joint spectral analysis of XRT+BAT (or
XRT+BAT+GBM) data with two different models: a syn-
chrotron model, and a two-component model (more specifi-
cally, a BB plus a PL with a high-energy cutoff, called hereafter
BB+CPL model). Spectral analysis (performed with XSPEC
v12.9.1) was limited to temporal bins where optical observations
are available (see Table A.1). Optical data were not included in
the spectral fitting. Their consistency with the spectral shape
defined by spectral data at energies >0.5keV was tested by
extrapolating the best-fit models down to the optical band. The
results of this analysis are presented in Sect. 4.

We took into account both Galactic and intrinsic absorption
of X-ray spectra by neutral hydrogen using the multiplicative
XSPEC models tbabs and ztbabs (Wilms et al. 2000). The
Galactic column density of neutral hydrogen in the direction
of a GRB is estimated from Kalberla et al. (2005). The intrin-
sic column densities were taken from Oganesyan et al. (2018),
where the values have been derived from the analysis of the late-
time X-ray spectrum during the afterglow phase. The procedure
is described in detail in Oganesyan et al. (2017).

In order to account for the uncertainty in the inter-calibration
between the XRT and BAT, we allowed for a 10% discrepancy in
the normalisation factor of one of the two instruments. Because
we aim to extrapolate the best-fit model down to the optical band
and compare it with the measured optical flux, slightly differ-
ent results might be derived depending on whether we decide
to fix the XRT normalisation and allow for uncertainties in the
BAT normalisation. We then fixed first the normalisation of XRT
and allowed for a 10% variation in the normalisation of BAT,
and then repeated the spectral analysis by fixing BAT and allow-
ing for a 10% variation in XRT. When GBM observations were
also available, we included them in the joint spectral fitting,
considering a possible 10% uncertainty in the calibration of the
GBM as compared to Swift instruments.

2 http://www.swift.ac.uk/xrt_curves/
3 http://www.swift.ac.uk/archive/
4 http://fermi.gsfc.nasa.gov/

3.1. Synchrotron fits

No synchrotron model is available in XSPEC, therefore we
added the possibility to fit synchrotron spectra as a table model.
We considered a population of electrons accelerated into a PL
energy distribution dV,/dy o« y~? for Lorentz factors y between
a minimum value y,, and a maximum value yy,ax > vm. We con-
sidered electron cooling through synchrotron and inverse Comp-
ton radiation in the Thomson regime. In case of the fast-cooling
regime (i.e. for y. < yn), after a time ¢ the average distribution is
dN./dy < y72 for y. <y < ym and dN,/dy o y P~ for y > y,
where 7y, is the cooling Lorentz factor. In the slow-cooling
regime, the distribution is approximated by dN./dy o« y~7 for
Ym <7y <y and AN, /dy < y P! fory > ..

The photon spectrum was calculated by integrating the
single-electron spectrum over the electron distribution. The over-
all shape of the photon spectrum depends only on two quantities:
the ratio yy,/v., and p. We generated synchrotron spectra for val-
ues of yn, /7y, ranging from 0.1 to 100 (embracing both the slow-
and fast-cooling regimes), and for values of p between 2 and 5.
The synchrotron model was implemented in XSPEC in the form
of a tabulated additive model. The final model has then four free
parameters: ym/¥e, P, Ec, and normalisation. Here E. = hv, is
the energy corresponding to the cooling frequency v., that is, the
synchrotron frequency of electrons with Lorentz factor ..

We find that the high-energy part of the spectrum is almost
never constrained because GBM data are missing in most cases.
The value of p is constrained only in one GRB (for which GBM
data are indeed available). For all the other cases, we fixed the
value of p to 2.6, motivated by the typical value of the high-
energy photon index S ~ —2.3 found from spectral analysis of
large samples with empirical models (e.g. Kaneko et al. 2006;
Gruber et al. 2014; Goldstein et al. 2012; Nava et al. 2011b).
Within a synchrotron interpretation, the values of p and 8 are
indeed related by 5 = —”TJrz.

The results of synchrotron fits are reported in Table B.1 and
shown in Figs. 4-6 for three peculiar cases (see below) and in
Appendices C.1 and C.2 for the rest of the sample. For each
GRB and for each time bin, Table B.1 reports the synchrotron
cooling energy E., the ratio between the characteristic electron
Lorentz factors ym/ve, the flux density F. at E., the y?, and
the degrees of freedom (d.o.f.). The synchrotron model provides
acceptable fits, with y2 < 1.2 (with the exception of 5 cases
where 1.2 < y? < 1.4), and associated null hypothesis probabil-
ities higher than 1072 for 51 spectra out of 52. The distribution
of the reduced y? is shown in Fig. 1 (green histogram). No issue
is found with the spectral width around the peak energy, which
is well described by the synchrotron spectral model.

The distributions of the model parameters yy,/y. and E. are
shown in Fig. 2. The ratio yy/y. (left panel) is in the range
0.3-30, with a few cases corresponding to the slow-cooling
regime (i.e. Yy < 7., grey shaded area). Assuming a log-normal
distribution, the mean value is (Log(ym/¥.)) = 0.56 (and the dis-
persion o = 0.36), corresponding to a typical value yy,/y. ~ 4.
The E. distribution (right panel) is described by a log-normal
function with a mean value (Log(E./keV)) = 0.53 (o = 0.37),
corresponding to E. ~ 3keV. The value of p is constrained only
for one spectrum (GRB 100906A), and its best-fit value is very
steep: p = 4.4%07.

An actual synchrotron spectrum has rarely been used to
fit prompt emission spectra. Few BATSE GRB spectra have
been modelled with a synchrotron spectrum in the slow-cooling
regime (Tavani 1996) and for high self-absorption frequen-
cies (Lloyd & Petrosian 2000). More recently, the synchrotron
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radiation spectrum has been found to successfully fit the time-
resolved spectra of GRB 130606B (Zhang et al. 2016) and
GRB 160625B (Zhang et al. 2018). A recent investigation of
19 bright single-pulse Fermi GRBs revealed that most of the
time-resolved spectra can be successfully fitted by the syn-
chrotron model when cooling of the electrons is taken into
account (Burgess et al. 2018). Our analysis is in agreement with
the findings described above: in the considered sample, the syn-
chrotron model can account for the prompt emission spectra if
the electron cooling is not complete.

3.2. BB+CPL fits

The results of CPL+BB fits are reported in Table B.l1 and
shown in Figs. 4-6 for three peculiar cases (see below) and in
Appendices C.1 and C.2 for the rest of the sample. For each
GRB and for each time bin, Table B.1 reports the low-energy
photon index @ and the peak energy E, of the CPL, the tem-
perature of the BB component kT, the y?, and the degrees
of freedom (d.o.f.). Exactly as for the synchrotron model, the
BB+CPL model also provides acceptable fits with reduced chi-
square y2 < 1.2 with the exception of five cases. The associated
null hypothesis probabilities are higher than 10~2 for all 52 spec-
tra. The distribution of the reduced x?2 is shown in Fig. 1 (red
hatched histogram).

The low-energy photon index @ of the CPL component is
in the range between —0.80 and —1.80 with a mean value of
(@) = —1.25 and dispersion o = 0.24 (a normal distribution has
been assumed). The log-normal distribution of the peak energy
returns a mean value (Log(Ep/keV)) = 1.86 (o = 0.36), which
corresponds to a typical value E, ~ 72keV. The temperature of
the BB component is described by a log-normal distribution with
a mean value (Log(kT /keV)) = 0.18 (o = 0.27), corresponding
to a typical kT ~ 1.50keV. In two spectra no BB component is
required by the data.

The results for the spectral fits that were obtained with
the two different models outline the difficulty of distinguish-
ing between the two scenarios based on data in the 10-10° keV
energy range alone. In the next section we introduce optical
observations.

4. Testing models with prompt optical observations

The full sample of 21 GRBs contains 3 cases with multi-epoch
optical observations during the prompt emission and optical vari-
ability that tracks the XRT and BAT variability. Three additional
cases offer multi-epoch observations, but their smooth temporal
behaviour is more suggestive of an external origin. In the remain-
ing 15 cases, only a single-epoch optical observation is available
and no hint on the origin of the optical emission can be inferred
from the temporal properties.

For each analysed spectrum we extrapolated the best-
fit model we obtained from the spectral analysis of XRT+
BAT(+GBM) data (see the previous section) to the optical band
and compared the predicted optical flux with observations. We
repeated this exercise both for synchrotron and BB+CPL fits.
The aim of our investigation was twofold. Firstly, we added
optical data to test the consistency of the low-energy spectral
index with the synchrotron value —2/3. While such a consistency
would be a strong argument in favour of the synchrotron radia-
tion, the need for a harder value would pose a severe problem
for the synchrotron interpretation. Secondly, we tested whether
optical observations might be used to distinguish between the
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Fig. 1. Distribution of the reduced chi-square x? for synchrotron (green
histogram) and BB+CPL (red hatched histogram) fits. All 52 time-
resolved spectra (from 21 GRBs) are included.

synchrotron model and a model invoking the presence of two
different spectral components, that is, a non-thermal component
(CPL) plus a BB.

In order for optical observations to be a valid tool for the
scopes outlined above, the radiation in the optical band has to
have the same origin as the prompt radiation that is detected in
the X/y-ray band. We applied the test to all the 21 GRBs, but we
first focus on the three cases where the optical and the X-ray light
curves are correlated. These are GRB 061121, GRB 080928, and
GRB 110205A (see Figs. 4-6). At the end of this section we dis-
cuss the results we obtained for the rest of the sample. For these
cases the optical emission cannot be firmly associated with the
prompt X-ray emission, therefore they cannot be directly used to
test prompt spectral models. However, they still allow us to infer
some firm conclusions. Their spectral fits and comparison with
optical data are shown in Appendices C.1 and C.2.

For GRBs whose optical variability is consistent with X-ray
variability, the results are shown in Figs. 4-6. In each figure the
upper panel shows the light curve of the emission detected by
BAT (green) and XRT (red). Optical points are shown with black
symbols. The bottom panels collect all the time-resolved spectral
energy distributions (SEDs): the synchrotron fits are shown in
the left panel, and the BB+CPL fits in right panel.

In GRB 061121, UVOT observations are available in nine
epochs, corresponding to the second (and brightest) emission
episode of the prompt phase. In GRB 080928 the brightest emis-
sion episode begins at ~170s and is also observed by XRT.
The UVOT began observing (in white filter) immediately after,
starting at 199s, close to the main peak of the prompt emis-
sion. In GRB 110205A, the brightest emission episodes in the
prompt emission have been observed simultaneously by BAT,
XRT, and UVOT (white filter). We note that at least two of
these GRBs show a temporal lag between the optical and the
X-ray light curves. Time lag is commonly measured in prompt
light curves of long GRBs that are observed in different energy
bands (e.g. Cheng et al. 1995; Norris et al. 1996; Band 1997).
Under the assumption that optical and X-ray emissions share the
same origin, the time lag can be accounted for by the temporal
evolution of the spectrum. From the inspection of the figures we
draw the following conclusions that are valid for all three GRBs:
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Fig. 3. Best-fit values for the parameters of the synchrotron model for
the full sample of 52 time-resolved spectra (21 GRBs). The ratio yn, /7y,
is shown as a function of the cooling energy E.. The grey shaded area
highlights the region corresponding to the slow-cooling regime (y, <
v.). Leftwards-pointing arrows correspond to cases where the E. value
is an upper limit. Upwards-pointing arrows correspond to cases where
only a lower limit can be placed on the ratio y,, /..

— in all time-resolved spectra the optical point lies on the
extrapolation of the synchrotron model;

— the cooling energy E. ranges between 1 and 30keV; this
implies that from the optical to the soft X-ray band, the data
are fully consistent with a photon index —2/3;

— the BB+CPL model systematically overpredicts the optical
flux by even one or two orders of magnitude. A low-energy
break in the non-thermal component would then be manda-
tory to make the modelling consistent with optical observa-
tions. The result on the need of a spectral break between 1
and 30 keV is then common to both models and is robust.

We note that the broadband optical-to-hard X-ray emission of
GRB 110205A was previously studied by Guiriec et al. (2016),

who proposed a different spectral modelling. The joint XRT,
BAT, and Suzaku/WAM spectra in their work were fitted by a
three-component model, composed of two CPLs and a BB. The
optical data are consistent with the extrapolation of this model.
Three-component models are not considered in this work, as we
limit our investigation to the comparison between a synchrotron
model and a BB+CPL model.

To summarise, we found that the broadband data from
optical to hard X-rays are consistent with the synchrotron
radiation spectrum. On the one hand, this consistency further
supports the presence of a spectral break at keV energies: a
simple fitting of BAT/GBM data with a Band function (Band
et al. 1993), a CPL, or a smoothly broken PL. model would
overpredict the optical flux when it is extrapolated to the opti-
cal band. The spectral break identified in XRT data is necessary
in order to match the optical data. A BB+CPL model, on the
other hand, overestimates the optical flux. To be consistent with
optical observations, this model would require a spectral break
in the low-energy part of the non-thermal component. However,
it is very likely that if such a feature is added, the BB component
would no longer be needed: as demonstrated in Oganesyan et al.
(2017) and Ravasio et al. (2018), the inclusion of a BB compo-
nent is an alternative way of modelling the spectral break at low
energies.

4.1. Cases with optical emission dominated by afterglow
radiation

Three additional GRBs (GRB 070616, GRB 081008, and
GRB 121217A) have more than one optical optical detection in
the time interval of the prompt emission, allowing us to build an
optical light curve and compare its temporal properties with the
X-ray light curve. In these GRBs, the optical does not show any
clear correlation with the X-ray flux. In contrast, the temporal
behaviour is suggestive of an external origin.

Their light curves and vF, spectra fitted with synchrotron
and BB+CPL models can be found in Appendix C.1. Best-fit
models are extrapolated to the optical band and compared to the
optical point. The results for these three GRBs are quite similar
and can be summarised as follows:
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Fig. 4. Results of the time-resolved
spectral analysis of the prompt emis-
sion of GRB 061121. Upper panel: XRT
(red), BAT (green), and optical (black)
light curves. Bottom panels: synchrotron
(left) and BB+CPL (right) fits to XRT
(red) and BAT (green) spectral data cor-
responding to the time interval high-
lighted in grey in the upper panel. Black
filled circles show the optical flux. XRT
spectra are de-absorbed. The best-fit
confidence regions are shown in orange:
light orange for contours derived when
the normalisation of BAT data is kept

1617 10llﬁ 1619 10201615 1616 1617

v [Hz|

1615 1616

in all time-resolved spectra, consistently with the afterglow
interpretation suggested by the optical light curve, the low-
energy extrapolation of the synchrotron spectrum lies below
the optical flux (on average one order of magnitude below);
in contrast, the extrapolation of the BB+CPL fit overpredicts
the optical flux (requiring a break in the non-thermal compo-
nent) in seven spectra and is consistent with the optical flux
in the remaining four spectra.

A prominent prompt emission episode at times preceding the
optical observations allows for the formation of the external
shock that leads to the afterglow radiation. We note that this is
indeed the case for all three GRBs: a relevant emission episode
in X-ray is visible at times preceding the optical observations by
at least 100 s. An afterglow forward-shock interpretation is par-
ticularly convincing for GRB 081008 (C.1). An afterglow light
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curve in log-scale and on a more extended temporal window can
be found in Yuan et al. (2010; see their Fig. 1). The optical light
curve rises from 100 to 180 seconds and then decays as a PL
in time, up to 10° s. The small variability around 130s can be
interpreted as contribution from prompt radiation. This is con-
sistent with synchrotron modelling, which predicts a 10% con-
tribution from prompt emission around that time. The extrapo-
lation of the BB+CPL fit is instead consistent with the optical
flux, which is at odds with the afterglow nature of the emis-
sion. We speculate that because the BB+CPL model usually
overpredicts the prompt emission in the optical, it might be by
chance consistent with optical flux when the optical band is
dominated by an afterglow component. However, in most of
the spectra, the BB+CPL model still overpredicts the optical
flux.
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4.2. Cases with single-epoch optical observations
The majority of GRBs in our sample (15/21 events) have a single

optical exposure during the prompt emission. For these cases the
information on the temporal evolution of the optical emission is

1618 1619 1020

Fig. 4. continued.

the inconsistency. These results are similar to the results
obtained when the optical variability tracks the X-ray vari-
ability. This suggests that in these cases the optical emission
has the same origin as the prompt X-ray emission, and the
broadband spectrum is consistent with synchrotron radiation.

missing and we have no indication from which we might guess - For 6 GRBs the synchrotron model underpredicts the amount

the origin of the detected optical flux. We also built the SED
from optical to hard X-ray, however, and compared them with
the best-fit models, both for synchrotron and BB+CPL fits. All
light curves and vF, spectra can be found in Appendix C.2.
The results can be summarised as follows:
— Optical fluxes are consistent with the low-energy extrapo-
lation of the synchrotron model for 6 GRBs out of 15. For

of the optical flux. In these cases the optical might be
dominated by external shock radiation. Consistently with
this interpretation, in all 6 cases the optical observation
is preceded by a bright event in the X-ray that may be
responsible for the detected optical afterglow emission. For
the same 6 GRBs, the BB+CPL model either overpredicts,
underpredicts, or is consistent with the optical flux.

the very same 6 GRBs, the BB+CPL model overpredicts — The remaining three cases (GRB 090715B, GRB 111103B,

the optical flux and requires a low-energy break to remove

and GRB111123A) show inconsistency with both the
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synchrotron and BB+CPL models: their extrapolation over-
predicts the optical flux. For the synchrotron model the
discrepancy is a factor of <10 and might be explained
with intrinsic absorption that is unaccounted for. For the
BB+CPL model the discrepancy is much larger (>10? for
GRB 090715B, >10 for GRB 111103B and GRB 111123A).

5. Discussion

We have shown that synchrotron spectra provide an accept-
able fit to prompt emission spectra from 0.5keV up to 150keV
or higher. When simultaneous prompt optical observations are
available and can be used to further test the spectral shape of
the prompt emission, the synchrotron model continues to return
acceptable fits, thus providing a good description of the radiation
over four or more orders of magnitude. For 35 of 52 analysed
spectra, spectral fits with a synchrotron function return well-

AS59, page 8 of 25

1616 1617 1618 10‘19 10%°
v [Hz|
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the opposite situation.

constrained cooling energy E., yn/7v. (or, equivalently, a peak
energy Epcak = (Ym /ve)*E.), and normalisation, which has been
expressed as flux F. at the energy E. (see Table B.1). In this
section, we use these best-fit values and infer the properties of
the source that are expected to give rise to synchrotron emission
spectra with the observed characteristics.

Following similar calculations performed by Kumar &
McMahon (2008) and Beniamini & Piran (2013), we assume
that (i) the emitting region is located at distance R, from the
central engine and (ii) it moves with bulk Lorentz factor I, (iii)
electrons are accelerated only once on a timescale that is negli-
gible compared to the pulse timescale, and (iv) it radiates syn-
chrotron photons in presence of (v) a constant and homogeneous
magnetic field of comoving strength B’. In this simple scenario,
the emission output can be fully determined by five parameters:
B, ym, I', R,, and N,, the latter being the number of radiating
electrons. Constraints on the physical parameters describing the
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emitting region are provided by the observables derived from E. . = 3g.hByym T (1
spectral fits: E;, Epeax, and F¢. A fourth observable, the pulse peak damec 1+7
decay timescale t,, is introduced. T(? S}lmmarise, we have ﬁve 271 ge hmec(l +72)
unknowns and four observables. This implies that all physical c=—5 s 2)
.. . . o2 B3 2 ra+ Y)2
quantities can be expressed as a function of one parameter, which T Y
we chgose to be the bulk.Lorentz factor I'. . o ~ V343 B N.T(1 +2)
With respect to previous works performing a similar anal- c= 2 2 3
. . . . dd: mec
ysis, we have the advantage of the clear identification of the Rl L
cooling frequency, which we found to lie quite close to the , _ y(1+2) )
peak energy. A similar regime (called marginally-fast cool- 2c1?

ing) was investigated both by Kumar & McMahon (2008) and
Beniamini & Piran (2013) by imposing v, ~ vy,. The interest in
the marginally-fast cooling regime was motivated by its poten-
tial of solving the problem of the hard low-energy photon index
that is commonly observed in GRB spectra (Daigne et al. 2011).

The four observables can be expressed as a function of the
five unknowns by the following equations:

where z and d|, are redshift and luminosity distance?, qe and m,
are electron charge and mass, and Y is the Compton parameter.
For an extensive discussion of the relation between the typical
timescale and radius (Eq. (4)), see Kumar & McMahon (2008).

5

We adopted a standard cosmology with Hy = 69.7kms™! Mpc™!,

Qp =0.7,Q, =03.
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We solved these equations and derived the model parame-
ters as a function of I'. We limited the search to I' < 2000.
Moreover, we required that the amount of SSC radiation radi-
ation is (conservatively) less than ten times the energy output
in synchrotron radiation, that is, we imposed Y < 10, where Y
is the Compton parameter and is estimated as ¥ ~ §T<72>§KN,

with 7 = NSO'T/47rR$. The factor &gy is introduced to apply
a rough correction to the Compton parameter because of the

1/2
Klein-Nishina (KN) regime. We approximate égn = (VK—N) / ,
when ygn < Y, and &gy = 1 otherwise (Ando et al. 2008), with

VKN = mec?T'/ Egyn(1 + 2). The average electron Lorentz factor is
computed as

I=p _ >

2-p  Ym
Ye 1=p
Ym P

Y
0 =yi=

5
Ym 1+
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Fig. 6. continued.

Solving all equations and imposing ¥ < 10 and 7 < 1, we
infer the allowed range of values for each free model parameter
as a function of I'. Solutions are shown in Fig. 7 for ¢, = 15,
for 35 time-resolved spectra for which both E. and 7y, /y. are
constrained. For GRBs without measured redshift, we assumed
z = 2. The lack of solutions for low values of T is determined
by the requirement ¥ < 10. The allowed range of values for the
physical quantities isthe following: 5G < B’ < 40G, 2 x 10% <
Ne < 10,2 x10* < yy < 10°, 10" cm < R, < 10'7 cm, and
I' > 450.

These constraints are in good agreement with those derived
for a regime of marginally-fast cooling by Kumar & McMahon
(2008) and Beniamini & Piran (2013) using similar calculations
and by Daigne et al. (2011) by means of numerical calcula-
tions. This is expected because the average ratio vy, /v, ~ 10-30
inferred from our spectral fits does not introduce any major
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difference as compared to the case vy, /v. ~ 1 that was inves-
tigated in those previous analyses.

As compared to the standard values that are generally
invoked for the prompt emitting region, the values we have
inferred point to much larger radii, a much weaker magnetic
field, quite large I" (e.g. Ghirlanda et al. 2018), and relatively

low values of N.. The inferred location of the emitting region
is very similar to the typical deceleration radius Rge.. To quan-
tify a possible inconsistency between the inferred radii for the
production of prompt emission and the onset of the afterglow,
we estimated for each GRB the deceleration radius, assuming
both a homogeneous and a wind-like density profile of the cir-
cumburst medium. To estimate the blastwave energy, we used
the prompt energy and assumed a 20% efficiency for the prompt
mechanism. The only free parameter for the estimate of the
deceleration radius is then the density n. For each GRB, we
imposed that the minimum value of R, allowed by the inferred
parameter space is lower than the deceleration radius and derived
the upper limits on the ambient density. For a homogeneous
medium we derived the upper limits of the densities in the range
1-103 cm™3. For a wind-shaped medium described by a density
profile n(R) = 3 x 10¥ cm™' A, R72, the limits are more strin-
gent, with values of A, in the range 1073-1.

This parameter space was derived assuming ¢, = 1ls. A
shorter timescale (f, = 0.1s) would imply a smaller prompt
emission radius (105 cm < R, < 2x 10'°cm). As a conse-
quence, the solutions in this case would point to larger bulk
Lorentz factors (I' > 600) to avoid the inverse Compton scat-
tering, larger magnetic field strengths 20G< B’ < 200G),
allowed by the shorter timescale, a smaller number of emitting
electrons (3 x 104 < N, < 3 x 10*) and of their energies
(8 X 10? < i < 10°). Longer timescales (¢, = 105), conversely,
imply larger radii (2 x 10" cm < R, < 10'8 cm), smaller bulk
Lorentz factors (I' > 330) and magnetic fields (1 G < B’ < 10G),
a larger number of emitting electrons (8 X 10*® < N, < 9 x 10°%)
and of their energies (4 x 10* < y, < 7 x 109).

These constraints are derived under very basic assumptions.
Modifications to the allowed parameter space can be intro-
duced by considering less standard scenarios. Relaxing the main
underlying assumption that the observed radiation is synchrotron
emission and allowing for SSC solutions implies a much more
reasonable parameter space (Kumar & McMahon 2008), but
would also imply a prompt optical flux that is higher than
observed. In the context of synchrotron scenarios, proposed solu-
tions include a decaying magnetic field (Pe’er & Zhang 2006;
Derishev 2007; Zhao et al. 2014; Uhm & Zhang 2014; Geng
et al. 2018). However, this solution requires invoking efficient
dissipation of the jet magnetic field. Other scenarios invoke
modifications to particle acceleration, as in slow particle heat-
ing (Asano & Terasawa 2009), adiabatic stochastic acceleration
(Xu et al. 2018), or particle re-acceleration (Kumar & McMahon
2008).

6. Conclusions

Previous investigations of a sample of 34 GRBs with XRT
prompt observations showed that a spectral break is commonly
present at energies between 1 and 20keV (Oganesyan et al.
2018). Below the break energy the spectrum is described by a
PL with a photon index that on average is consistent with —2/3,
which is reminiscent of synchrotron radiation. To further test
and investigate the consistency of the observed spectra with syn-
chrotron emission, in this work we have extended the analysis to
even lower frequencies by including simultaneous optical obser-
vations that are available for a subsample of 21 GRBs. We have
modelled the joint XRT+BAT (and GBM data when available)
time-resolved spectra of all 21 GRBs and extrapolated the best-
fit model to the optical band, where it was compared with the
optical flux. We performed this analysis using two competing
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models: synchrotron and BB+CPL. The synchrotron model was
built adopting the synchrotron kernel and assuming that the elec-
tron distribution is the result of a PL injection spectrum modified
by synchrotron and inverse Compton cooling. The results can be
summarised as follows:
— The synchrotron model provides a good description of all
prompt emission spectra (see the y? distribution in Fig. 1).
In almost all cases, the best fit is obtained for synchrotron
radiation in the marginally-fast cooling regime, that is, the
cooling frequency is located at keV energies (see Fig. 2, right
panel). The distribution of the cooling energy peaks at E. ~
3 keV. The ratio between the minimum Lorentz factor of the
injected electron population and the cooling Lorentz factor
is on average ym/y. ~ 4 (Fig. 2, left panel).
— Similarly good fits are obtained with a BB+CPL model
(Fig. 1). The BB component peaks at ~5keV, and its pres-
ence is required in all but two spectra.
These results show that as long as only X-ray spectral data are
considered, both models are acceptable. Optical observations are
fundamental to distinguishing among the two. From the analysis
of optical observations we conclude that the synchrotron model
is strongly favoured. To summarise our findings, we divided the
sample into three subsamples, according tho the temporal prop-
erties of the optical flux.

The results for the comparison of optical observations and
synchrotron fits can be summarised as follows:
— In three GRBs the optical and X-ray light curves show tem-
porally correlated variability. These cases offer a test bench
for prompt spectral models because the correlated variability
strongly suggests that optical and X/y-ray radiation share the
same origin. In all these GRBs (and all their time-resolved
spectra), the optical flux lies on the extrapolation of the syn-
chrotron fits. The spectrum is thus consistent with having
photon index —2/3 from optical to soft X-rays.
— In three GRBs the multi-epoch optical observations show a
temporal behaviour that is suggestive of an external origin.
Consistently, the optical flux is well in excess of the flux pre-
dicted by extrapolating the synchrotron best-fit model of the
prompt emission.
— For the remaining 15 GRBs, only a single-epoch optical
observation is available. We find that in 6 cases the opti-
cal flux lies on the extrapolation of the synchrotron model,
pointing to an internal origin and to a synchrotron interpre-
tation of the broadband emission. In an additional 6 cases
the optical flux lies well above the synchrotron extrapolation,
supporting an interpretation of the optical in terms of exter-
nal shock radiation. This latter interpretation is consistent
with the presence of a major emission episode in X-rays at
times preceding the optical observation (Nappo et al. 2014).
In the remaining 3 GRBs the synchrotron model overpredicts
the optical flux by a factor of <10. The probable solution of
this discrepancy is an unaccounted-for intrinsic absorption in
the host galaxy.
Although GRBs with single-epoch observations and GRBs with
a smooth optical light curve do not provide a strong test for the
synchrotron model (but only a consistency check), they allow us
to draw robust conclusions for the BB+CPL fits.

The results on the BB+CPL fits can be summarised as fol-
lows:

— The BB+CPL model overpredicts the amount of optical flux
for most of the analysed prompt emission spectra. In par-
ticular, in spite of the large errors in the extrapolation of
the model (much larger than in the case of the synchrotron
model), the BB+CPL fits (i) overpredict (at more than 30)
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the optical flux in 34 of 52 spectra (65%), (ii) give marginally

consistent (between 1 and 307) values in 7 cases, and (iii) are

consistent within 1o in 10 cases.

— In particular, for the three GRBs where the optical and X-ray
light curves show temporally correlated variability, we note
that the BB+CPL model overpredicts the optical flux by a
large factor (on average between 10 and 10%);

Most BB+CPL fits, even though they provide a good fit to
soft/hard X-ray data, are then inconsistent with (i.e. overpredict)
the optical flux. To remove this inconsistency, a spectral break
between the optical and the X-ray band needs to be introduced.
However, as demonstrated by Oganesyan et al. (2017, 2018), the
inclusion of a low-energy break in the empirical fitting functions
for this sample of GRBs would remove the need for a BB com-
ponent. In principle, the CPL+BB model can be reconciled with
optical observations if the optical flux is strongly attenuated by
unaccounted-for intrinsic absorption in their host galaxy. How-
ever, this would require visual extinctions of Ay > 1, which is
observed for less than 10% of the GRB population (Covino et al.
2013).

Motivated by the encouraging results we obtained from the
synchrotron fits, we have assumed that the dominant radiative
process is synchrotron radiation, and we investigated which con-
straints can be set on the physical parameters of the source. A
regime of marginally-fast cooling, such as is supported by our
results, has previously been considered by a few authors (Kumar
& McMahon 2008; Daigne et al. 2011; Beniamini & Piran 2013)
to relax the inconsistency between the predictions from fast-
cooling synchrotron radiation and the somewhat harder spectra
observed in GRBs. As pointed out in these studies, the condition
Ve ~ vy implies non-standard values of the physical parameters.
According to our analysis, the inferred values for the comoving
magnetic field, the number of emitting electrons, the electron
Lorentz factor, the emitting radius, and the bulk Lorentz factor
are 5G< B’ <45G,2x 10" < N, < 10,2 x 10* < y,, < 10°,
R, >5x 105 cm, and T > 450, respectively.

The results presented in this work are very encouraging for
the identification of the dominant radiative mechanism in the
prompt emission of GRBs. On the other hand, this step for-
ward immediately faces great difficulty when it is used to infer
the properties of the emitting region. A synchrotron emission in
marginally-fast cooling does not easily fit in a standard scenario
for prompt emission. Several proposals have been put forward
in the past to save a marginally-fast cooling regime and derive
more reasonable values for the physical parameters describing
the region where the emission is produced. No obvious solution
has been identified. The investigation of advantages and draw-
backs of these models will be the focus of a paper in preparation.
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Appendix A: Optical observations

Table A.1. Optical observations: time interval (observer frame, since the trigger time), flux (F,y), and optical filter.

Time interval Fopt Filter Ext. Ref.

S mly
GRB 060510B

180.00-210.00 0.03952 + 0.01591 R G Melandri et al. (2008)
GRB 060814

123.00-213.00 <0.4297 r G Klotz et al. (2006)
GRB 061121

63.99-68.83 0.2797 £0.0361  White G+HG Page et al. (2007)

68.83-71.89 0.5547 + 0.0707

71.89-74.89 0.5748 + 0.0728

74.90-76.96 1.041 £ 0.1539

76.96—79.00 1.0370 £ 0.1547

79.00-81.54 0.7476 + 0.09889

81.54-84.68 0.5386 + 0.0675

84.68—89.68 0.2613 +0.03461

89.69-95.79 0.1961 + 0.02681
GRB 070616

250.30-385.30 0.3112 +£0.105 Vv G Starling et al. (2008)

385.40-448.00
448.20-509.60
509.70-572.10
572.30-631.50

1.4597 £ 0.154
1.7352 £ 0.155
1.5534 £ 0.155
2.3411 £ 0.160

GRB 080928
199.00-219.00 0.1488 + 0.0346 Rc G+HG Rossi et al. (2011)
219.00-239.00 0.2016 = 0.0392
239.00-259.00 0.2562 + 0.0403
259.00-278.70 0.1171 +£0.0339
GRB 081008
104.81-109.81 0.8832 r G+HG Yuan et al. (2010)
113.34-118.34 1.2598
120.96-125.96 1.7969
127.41-132.41 2.2769
GRB 090715B
53.10-200.10 0.0266 £ 0.0037  White G Vetere et al. (2009)

GRB 100906A

116.30-136.30

22.3 £2.057

R G+HG

GRB 110102A

Gorbovskoy et al. (2012)

156.00-303.00

0.1496 + 0.0083

White G

GRB 110119A

Oates & de Pasquale (2011)

67.00-214.00

0.6121 £ 0.0169

White G

Pritchard & Troja (2011)

Notes. The notation “G” or “G+HG” (fourth column) clarifies whether the correction for extinction has been applied considering only the Galactic
contribution or also the contributions from the host galaxy. The reference for the observations is provided in the last column.

AS9, page 14 of 25



G. Oganesyan et al.: Prompt optical emission as a signature of synchrotron radiation in gamma-ray bursts

Table A.1. continued.

Time interval
S

F opt
mly

Filter Ext.

Ref.

GRB 110205A

163.50-168.50
168.50-173.50
173.50-178.50
181.00-191.00
198.50-203.50
203.50-208.50
208.50-213.50
213.50-218.50
218.50-223.50
223.50-228.50
228.50-233.50
234.00-248.00
251.00-281.00

0.0686 + 0.0218 White G
0.0581 + 0.0208
0.0620 + 0.0221
0.0745 £ 0.0216
0.0692 + 0.0227
0.0794 £ 0.0230
0.2089 + 0.0329
0.1585 +£0.0279
0.1117 £ 0.0260
0.0824 + 0.0223
0.0847 + 0.0237
0.0745 £ 0.0223
0.0643 + 0.0217

GRB 111103B

Cucchiara et al. (2011)

68.00-215.00 <0.0204 White G Oates & Grupe (2011)
GRB 111123A

110.00-257.00 <0.007178 White G Holland & Stamatikos (2011)
GRB 121123A

131.00-278.00 0.0368 + 0.0051 White G Holland et al. (2012)

GRB 121217A

598.50-639.50

723.50-764.50

0.1823 £ 0.0151
0.1003 £ 0.0130
0.1985 £ 0.0238
0.1926 + 0.0107
0.1195 +£0.0110
0.2217 £0.0184

G

~“ART~XRT

GRB 130514A

Elliott et al. (2014)

106.20-166.20

0.2357 £ 0.0437 r G
GRB 130907A

Schmidl et al. (2013)

266.00-306.00 1.069 + 0.0394 u G+HG Veres et al. (2015)
GRB 140108A

78.00-225.00 0.1141 £0.0211 White G Breeveld & Racusin (2014)
GRB 140206A

52.00-199.00 1.178 £ 0.0217 White G Oates & Lien (2014)

GRB 140512A

126.00-146.00

24.49 £0.203 R
GRB 151021A

G+HG

Huang et al. (2016)

111.90-141.90

5.664 + 1.049 1 G

Trotter et al. (2015)
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Appendix B: Synchrotron and CPL+BB fits

Table B.1. Best-fit parameters of the synchrotron and BB+CPL models for the time-resolved spectra.

Synchrotron model CPL+BB model
Time interval E, Y/ Ve F,. x? (d.of) a E, kT x? (d.of)
s keV mly keV keV
GRB 060510B
180.00-210.00  2.5%03 4.8+18 0.33+£0.01  188(196)  —1.18*00° 56.4*53 L0143 189 (194)
GRB 060814
123.00-213.00 <0.2 29.3+42 >1.60 292(298)  —1.537207 11597176 0317007 252 (296)
GRB 061121
63.99-68.83 14.333 >20.8 242+0.10  11387)  -L11709% 2561737 2.55712) 92 (85)
68.83-71.89 10728 630 402£021  76(67) 09709 1186 265108 80 (65)
71.89-74.89 241734 >13.5 524 +0.13 83 (74) -0.997097 3385729 6.47%)3% 69 (72)
74.90-76.96 32.7439 >6.6 4.06 +0.11 69 (68) -1.09702 38397401 2.24*78) 51 (66)
76.96-79.00 3.6729 >9.1 2.90 +0.33 69 (61) —131%12 9937168 1.69*071 65 (59)
79.00-81.54 <1.6 12.1+388 >3.33 61 (68) -1.56"08  179.57715  5.05%0% 60 (66)
81.54-84.68 <1. 019 13.9j§f§5 >2.22 80 (79) —1.32t§;§ 78.0%‘;%1 0.50j§;§2 78 (77)
84.68—89.68 1.1%99 8.3792 1.16+0.12  74(80) -1.407031 76.073%4  1.05%)33 73 (79)
89.69-95.79 <1.6 31.8213 >4.13 102 (86)  —1.4270% 711790, 99 (86)
GRB 070616
250.30-385.30  3.5*37 9.6  056+0.01  304(301)  —1217097 1112797 1847037 296 (299)
385.40-448.00  2.7*24 6.8722  0.52+001  223(241)  -12470%  74.4%%7 1.38%03¢  212(239)
448.20-509.60 1.8%24 44719 0.60+0.02 150 (186)  —1.3770%  46.32¢ 1.24%036 140 (184)
509.70-572.10  0.9*33 37700 0.69+005  234(234)  -148709% 248736 0.84%03%  232(232)
572.30-631.50 <03 8.618 >1.74 260 (226)  —1.80701  132%192  2.83'738 246 (224)
GRB 080928
199.00-219.00  2.5*0¢ 3.9 1L15+£0.02  137(137)  -1.39%907 786726 1.56'03¢ 113 (135)
219.00-239.00 1.3%94 30720 0.83+0.03  127(143)  -1.38701 303774 0807021 129 (141)
239.00-259.00 <0.4 10971 >1.41 114 (108)  —1.697013  24.673%4  0.70*333 109 (106)
259.00-278.70 <0.2 10.1+47 >1.04 120 (122)  —1.65"1% 10.039 118 (122)
GRB 081008
104.81-109.81  11.6%%* 0978 0.58 +0.03 81(72) -0.99*0:13 35735 1.64*037 80 (70)
113.34-118.34 27729 7.61%5  0.79£0.05 57 (73) -1.18%02  78.072L6  1.18%32¢ 54 (71)
120.96-125.96  6.8*% 0.8*21  0.74+0.06 68 (74) -1.10%022  27.0%%3 1.03%)28 66 (72)
127.41-132.41 2.8434 L1753 0.74 £ 0.04 74 (92) 1717082 18.9t146 1124033 70 (90)
GRB 090715B
53.10-200.10 <0.2 18.7+32 >1.11 363(329)  -1.61*0% 66.7*7 0.587005  321(327)
GRB 100906A
116.30-13630  2.9%32 10705 553« 0.32GR32]1] 10 2);3) -1.5570% 9.7*33 1.06*017 193 (178)
156.00-303.00 1.9*91 >57.1 0.87+0.01  425(305)  —12770%  185.9%79 4.92:205 343 (303)
GRB 110119A
0.2 3 0.0: 4.6 0.08
67.00-214.00 1.8%02 6.6%3  029+0.00 421475  -1.24700 67.9%5  0.89*0%5 430 (473)

Notes. The table lists the time interval (since BAT trigger time), the best-fit parameters (cooling energy E., ¥m/7v., flux F. at the peak of the F,
spectrum, total chi-square y? and degrees of freedom (d.o.f.). For BB+CPL fits the table lists the CPL photon index a, the CPL peak energy Epea.
the BB temperature kT, x?, and the d.o.f.
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Table B.1. continued.

Synchrotron model

CPL+BB model

Time interval E. Y/ Ve F. ¥? (d.of) a E, kT ¥? (d.of)

S keV mly keV keV
GRB 110205A

163.50-168.50  4.973% 3378 0.89 +0.04 82 (78) -L11759 66.7°59 1.84%023 67 (76)

168.50-173.50  10.4*370  24*1$ 070 +0.03 76 (78) -0.98%032  66.77207 24609 74 (76)

173.50-178.50  6.2*2¢ 24713 090+£0.04  102(77)  -1.047016  53.8%%7 1.64*09¢ 92 (75)

181.00-191.00  5.6%}¢ 26705  086+003  120(106)  —1.00703  53.57¢% 1.29%032 104 (104)

198.50-203.50  4.7%}3 48728 0.95+0.04 83 (77) -1.10709 829743 2317043 77(75)

203.50-208.50  5.6*13 >5.8 1.03 +0.04 83 (79) -1.02%512 104.9t123  2.11%037 72(77)

208.50-213.50  9.9*2% >7.6 1.00+0.04  74(77) -0.9970% 1495765, 3.29%08 73 (75)

213.50-218.50  7.7+}0 52433 0.91 + 0.04 88 (75) —1.057005  103.14%  3.34%139 93 (73)

218.50-223.50  6.1*}3 4.9+28 1.02 +0.05 87 (76) -1.047002  78.3%26 1.61+088 80 (74)

223.50-228.50  4.57}% 547 081004 89 (75) -1.017013 747790 1.20%03¢ 78 (73)

228.50-233.50  6.0*)% 3.5+08 0.87 +0.03 85 (77) -1.04*0:12 61.5777 1.72+0.4 78 (75)

234.00-248.00  3.5719 35713 078+0.03  128(101)  —1.207092  60.8%q 1.35*017 119 (99)

251.00-281.00  2.0*2¢ 37712 084+003  143(117)  -1.347097  64.377] 1.18%033 133 (115)
GRB 111103B

68.00-215.00 0.4401 9.2*+1  055+0.02  194(167)  -1427000  46.677 0457007 174 (165)
GRB 111123A

110.00-257.00  2.3%02 6472 041+£001  283(310)  —1.1370%% 592726 0.85'312 291 (308)
GRB 121123A

131.00-278.00  28.8*3L7 10707 034+001  231(242)  —0.827005  76.3*H 2217 219(240)
GRB 121217A

598.50-639.50 1.9%0¢ 8.573%°  0.17+0.02  143(134)  -1387013  453%%3 126538 144 (132)

723.50-764.50  3.6*2¢ 8875  050+£0.01  204(180)  —1.26709%  141.01%¢  2.04*}9 214 (178)
GRB 130514A

106.20-166.20 1.5%03 4949 1.05+£0.03  188(179)  -1.3770% 47172 319707 175(177)
GRB 130907A

266.00-306.00  5.5"}4 0.4+ 364026  211(199)  -1.8070%%  56.1%192 1467043 186 (197)
GRB 140108A

78.00-225.00 10.3*0% 406709 0.16+£0.00 428 (436)  —1.11709° 58947332 0.67'01) 346 (434)
GRB 140206A

52.00-199.00 9.1*97 >23.9 055+0.01  87(101)  —1.077097  137.65)%5°  2.25%)% 72(99)
GRB 1405124

126.00-146.00  103*%9  16.1*18  0.80+0.02  268(233)  -1.117003  3238°113 39300 225(231)
GRB 151021A

111.90-141.90 1.0%9 1.9%1¢ 1.59£0.07 150 (164)  —1.60*)13 13374 0797015 145(162)
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Appendix C: Light curves and spectra emission. In particular, we collect in Appendix C.1 the three

cases whose optical temporal behaviour resembles afterglow
In this section, we report the light curves and time-resolved radiation. In Appendix C.2 we collect the 15 cases for which
spectra for the GRBs in the sample with prompt optical emis- only one optical observation is available during the prompt
sion that do not show temporal correlation with the X-ray phase.

C.1. Multi-epoch optical data with smooth temporal behaviour

GRB 070616

count s ' [XRT,10> x cm ™2 BAT)

0 200 400 600 800 1000

CPL +BB model

10°®
10»10 [
10'12 [

10-14 [

VF, ferg s ! cm 2|

10-18 [

X107

-20 ///
10 I // Te

10-22 [

102

1615 1615 1617 1613 10'19 10201615 1616 1617 1618 1619 1620
v [Hz] v [Hz]

Fig. C.1. Results of the time-resolved spectral analysis of three GRBs with multi-epoch optical observations and no evident correlation between
X-ray and optical variability. For each GRB the upper panel shows the XRT (red), BAT (green), GBM (blue, if available), and optical (black) light
curves. The shaded grey region corresponds to the time window where the joint XRT and BAT (and GBM) spectral analysis is performed. The
time-bins for the spectral analysis are defined by the optical exposure times. The synchrotron and BB+CPL fits are shown in the left and right
bottom panels, respectively. For clarity purposes, spectra are shifted along the vertical axis by multiplicative factors, as specified. The XRT flux
has been de-absorbed. The best-fit contour regions are shown in orange: light orange is used for the best-fit model derived when the calibration
constant was fixed to BAT data, and dark orange when it was fixed to XRT data. The optical fluxes for each time-bin (in black) are added to
compare with the low-energy extrapolation of the synchrotron and BB+CPL models.
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Fig. C.1. continued.
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Fig. C.1. continued.
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C.2. Single-epoch optical data
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Fig. C.2. Results of the spectral analysis of 15 GRBs with single-epoch optical observations. For each GRB the upper panel shows the XRT (red),
BAT (green), and GBM (blue, if available) light curves. The black symbol shows the optical observation. The shaded grey region corresponds to
the time-window of the optical exposure, where the joint XRT+BAT(+GBM) spectral analysis is performed. The synchrotron and BB+CPL fits
to XRT+BAT(+GBM) spectra are shown in the middle and bottom panels, respectively. The XRT flux has been de-absorbed. The best-fit contour
regions are shown in orange: light orange is used for model derived when the calibration constant in fixed on BAT data, and dark orange when it is
fixed on XRT data. The optical fluxes for each time-bin (in black) are added to compare with the low-energy extrapolation of the synchrotron and
BB+CPL models.
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Fig. C.2. continued.
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Fig. C.2. continued.
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