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ABSTRACT

Detection of prompt emission by Swift-XRT provides a unique tool to study how the prompt spectrum of gamma-ray bursts (GRBs)
extends down to the soft X-ray band. This energy band is particularly important for prompt emission studies, since it is towards
low energies that the observed spectral shape is in disagreement with the synchrotron predictions. Unfortunately, the number of
cases where XRT started observing the GRB location during the prompt phase is very limited. In this work, we collect a sam-
ple of 34 GRBs and perform joint XRT+BAT spectral analysis of prompt radiation, extending a previous study focused on the 14
brightest cases. Fermi-GBM observations are included in the analysis when available (11 cases), allowing the characterization of
prompt spectra from soft X-rays to MeV energies. In 62% of the spectra, the XRT data reveal a hardening of the spectrum, well
described by introducing an additional, low-energy power-law segment (with index ↵1) into the empirical fitting function. The break
energy below which the spectrum hardens has values between 3 keV and 22 keV. A second power-law (↵2) describes the spec-
trum between the break energy and the peak energy. The mean values of the photon indices are h↵1i = �0.51 (� = 0.24) and
h↵2i = �1.56 (� = 0.26). These are consistent, within one �, with the synchrotron values in fast cooling regime. As a test, if
we exclude XRT data from the fits we find typical results: the spectrum below the peak energy is described by a power law with
h↵i = �1.15. This shows the relevance of soft X-ray data in revealing prompt emission spectra consistent with synchrotron spectra.
Finally, we do not find any correlation between the presence of the X-ray break energy and the flux, fluence, or duration of the prompt
emission.
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1. Introduction

The origin of gamma-ray burst (GRB) prompt emission is far
from being fully understood. The mechanisms responsible for
powering and launching the jet, the processes entailing jet energy
dissipation, and the dominant radiative mechanisms responsible
for the observed hard X-ray/�-ray emission have not yet been
clearly identified. An improved characterization of prompt spec-
tra might be a good starting point for a reconsideration of the
problem, since spectra carry the imprints of the properties of the
emitting region (such as its location, bulk Lorentz factor, mag-
netic field strength and configuration, and particle acceleration
e�ciency). All this information hidden in the spectra may help
to discriminate among di↵erent theoretical scenarios of energy
dissipation and jet composition.

Synchrotron radiation from a non-thermal population of
ultra-relativistic electrons is expected to be a prime can-
didate for prompt radiation (Rees & Meszaros 1994; Katz
1994; Tavani 1996; Sari et al. 1996, 1998). However, the ob-
served GRB prompt spectra are found to have, on average,
a photon index h↵i ⇠�1 harder than the value ↵ = �1.5 expec-
ted from fast cooling synchrotron radiation (Preece et al. 1998;
Frontera et al. 2000; Ghirlanda et al. 2002; Kaneko et al. 2006;

Nava et al. 2011; Sakamoto et al. 2011; Goldstein et al. 2012;
Gruber et al. 2014; Lien et al. 2016).

This inconsistency does not directly exclude the synchrotron
mechanism as a viable radiation process for prompt radia-
tion. Synchrotron emission can still produce harder spectra in
some tuned configurations. One of the possibilities is that ei-
ther the cooling frequency ⌫c or the self-absorption frequency
⌫sa are close to the characteristic synchrotron frequency ⌫m
(Daigne et al. 2011). Moreover, if the low-energy part of the syn-
chrotron spectrum is modified by the energy-dependent inverse
Compton scattering in Klein-Nishina regime, a harder spec-
tral shape (up to ↵ = �2/3) can be observed (Derishev et al.
2001; Nakar et al. 2009; Daigne et al. 2011). While these mod-
els assume a constant magnetic field, a magnetic field with
a dependence on the radius and/or on the distance from the
shock front can also harden the shape of the synchrotron spect-
rum (Pe’er & Zhang 2006; Derishev 2007; Uhm & Zhang 2014).
Finally, synchrotron spectra can have photon indices much
harder than �1.5 if the pitch angles of the emitting electrons are
distributed anisotropically (Lloyd & Petrosian 2000; Medvedev
2000). Di↵erent scenarios require di↵erent conditions at the
source. It is then extremely important to explore whether these
proposed scenarios represent a viable solution and are supported
by observational evidence.
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In order to gain a better understanding of the spectral shape
below the ⌫F⌫ peak energy, Oganesyan et al. (2017, hereafter
O17) suggested to take advantage of those rare cases where
the prompt radiation can be studied down to 0.5 keV. This was
done by selecting GRBs from the Neil Gehrels Swift Obser-
vatory (hereafter Swift) for which part of the prompt emission
is observed also by the X-ray Telescope (XRT), in addition
to the Burst Alert Telescope (BAT). Time-resolved XRT-BAT
joint spectral analysis of prompt emission was performed for
14 GRBs. The inclusion of soft X-ray data revealed a harden-
ing of the spectral shape towards low energies, well described
by adding a break (typically located between 2 and 20 keV) and
an additional power-law segment to the fitting function below
such break energy. The average values of the photon indices be-
low and above the break energy were found to be very close (i.e.,
consistent within 1�) to the expectations from synchrotron radi-
ation (↵syn

1 = �0.67 and ↵syn
2 = �1.5) in a scenario where the

break energy corresponds to the cooling break. In this work, we
extend the work of O17 considering fainter GRBs, for which
time-resolved analysis cannot be performed. We selected 20
additional GRBs observed simultaneously by XRT and BAT,
having significant signal to perform at least time-integrated anal-
ysis (one spectrum for each GRB). We also address the ques-
tion of why, in the usual situation (i.e., when data below 10 keV
are not available), the typical low-energy photon index has a
value ↵⇠�1. We compare the sample of GRBs with low-energy
breaks with the sample showing no hint for X-ray hardening and
with the more general population of Swift GRBs, with the aim of
correlating the presence of the break to other observables. The
presence of the break seems independent from the fluence, flux,
and duration, or a combination of these quantities. The paper is
organized as follows.

In Sect. 2, we define the sample-selection criteria. The pro-
cedures for data extraction and analysis are presented in Sects. 3
and 4, respectively. In Sect. 5, we report the results of our analy-
sis and discuss our results in Sect. 6.

2. Sample selection

The full sample of GRBs with significant emission detected
simultaneously by XRT and BAT includes 77 GRBs (as of
January 2016, see O17 for details). Time-resolved spectral anal-
ysis in at least four time bins can be performed only in 14 GRBs
and the results of this analysis have been reported in O17. Spec-
tral breaks between ⇠2 and 20 keV were found in 67% of the 128
time-resolved spectra.

In this work, to further explore the occurrence of this spectral
feature in GRBs’ prompt emission spectra, we enlarge the sam-
ple by including fainter sources. We relax the requirement of per-
forming time-resolved analysis and select all cases with enough
signal for a joint XRT+BAT time-integrated spectral analysis.
More specifically, we consider all cases where the BAT signal-
to-noise ratio (S/N) is larger than 30 (in the time interval where
significant signal is detected simultaneously by XRT and BAT).
This requirement is satisfied by 20 additional GRBs that, to-
gether with the 14 GRBs included in the analysis of O17, form a
sample of 34 GRBs. In 11 cases (out of 34), Fermi Gamma-ray
Burst Monitor (GBM) data are also available and have been in-
cluded in the spectral analysis. For two additional GRBs, GBM
data are available but have not been included because of incon-
sistencies between di↵erent NaI detectors. For 17 GRBs, the red-
shift has been measured, and ranges from 0.73 to 5.91. The list
of GRBs and their redshift can be found in Table B.1.

3. Data extraction

For each GRB, we analyze the spectrum integrated over the time
where significant signal is detected both by BAT and XRT. When
GBM data are included, we re-define the edges of the time inter-
val to match the coarser temporal resolution of GBM CSPEC
data (see Sect. 3.3).

A detailed description of how data from the di↵erent instru-
ments have been extracted and processed can be found in O17.
We summarize here the main steps of the procedure.

3.1. Swift-BAT

We downloaded the BAT event files from the Swift data archive1.
BAT spectra and light curves have been extracted using the lat-
est version of the heasoft package (v6.17). The background-
subtracted mask-weighted BAT light curves have been ex-
tracted in the energy range 15–150 keV using the FTOOLS
batmaskwtevt and batbinevt tasks. BAT spectral files have
been produced using the batbinevt task and have been
corrected through the batupdatephakw and batphasyserr to
include systematic errors. We used batdrmgen to generate re-
sponse matrices for time intervals before, during, and after the
satellite slew. The latest calibration files (CALDB release 2017-
05-20) have been adopted.

3.2. Swift-XRT

The XRT light curves have been retrieved from the Swift Sci-
ence Data Center, provided by the University of Leicester2

(Evans et al. 2009). We downloaded the XRT event files from the
Swift-XRT archive3 and extracted source and background spec-
tra in each time-bin with the xselect tool. In order to avoid pos-
sible pile-up e↵ects, we removed the central region of the XRT
images (see O17 for details) following the procedure suggested
by Romano et al. (2006). Ancillary response files have been gen-
erated using the task xrtmkarf. All the channels below 0.5 keV
were excluded from the spectral analysis.

3.3. Fermi-GBM

The GBM is composed of 12 sodium iodide (NaI) and two
bismuth germanate (BGO) scintillation detectors (Meegan et al.
2009). Two NaI (in the range 8–1000 keV) and one BGO detec-
tor (300 keV–40 MeV) have been used for the spectral analysis.
We excluded channels in the range 30–40 keV due to the pres-
ence of the Iodine K-edge at 33.17 keV. The BGO is included
only if the detected signal is above the background noise dur-
ing the time of interest. The extraction of spectra has been per-
formed using the gtburst tool4. We selected pre- and post-burst
data to model the background, and fit it with a energy- and time-
dependent polynomial.

4. Spectral analysis

Spectral analysis has been performed with XSPEC (v12.9.1).
Di↵erent likelihoods have been used for di↵erent detectors:
CSTAT for XRT data, Gaussian for BAT, and PGSTAT for GBM

1
http://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/

swift.pl
2
http://www.swift.ac.uk/xrt_curves/

3
http://www.swift.ac.uk/archive/

4
http://fermi.gsfc.nasa.gov/
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Fig. 1. Spectral models (in ⌫F⌫ representation) tested in this work.
From top to bottom: a Band function with a high-energy exponential
cuto↵ (Bandcut, green), a Cuto↵ power-law model (CPL, orange), a
Band function (Band, blue) and a single power-law model (PL, red).
The Band model can describe two di↵erent cases: either both spectral
indices are larger than �2, or the second one is smaller than �2. In all
models, we use the letter ↵ for spectral segments where the ⌫F⌫ flux
increases with energy (and distinguish between ↵1 and ↵2 in case two
increasing segments, separated by a spectral break, are present), and �
to refer to a decreasing spectral segment. The number within brackets
next to the model name refers to the percentage of cases for which each
model provides the best fit to the data.

data. The list of tested models and the procedure applied to select
the best fit model are discussed in the following sections.

Following the same procedure adopted in O17, we have in-
troduced multiplicative factors between di↵erent instruments, in
order to account for uncertainties in their cross-calibration. For
cases with XRT and BAT data, we leave the calibration constant
free to vary between 0.9 and 1.1. When GBM data are also avail-
able, we freeze the calibration constant between XRT and BAT
and adopt a calibration constant for the GBM spectrum, free to
vary between 0.9 and 1.1. We do not find significant correlation
(Pearson correlation coe�cient R > 0.5 and p-value < 0.001) be-
tween the photon index below the break energy and the normal-
ization constant. In the following sections, we summarize how
metal absorption has been treated, which spectral models have
been tested, and how the best fit is chosen among all the spectral
models that provide a reasonable fit to the data.

4.1. Treatment of the absorption

We take into account Galactic and intrinsic absorption by apply-
ing the multiplicative tbabs and ztbabs models (Wilms et al.
2000) in XSPEC, respectively. Galactic absorption by neu-
tral hydrogen in the direction of the GRB is estimated from
Kalberla et al. (2005). To account for intrinsic absorption within
the host galaxy, we apply the method described in O17: we in-
fer the intrinsic column density of neutral hydrogen from a late
time X-ray spectrum taken during the power-law decay phase
of the afterglow emission, provided that no significant spectral
evolution is evident at that time (Butler & Kocevski 2007). The
inferred value is used as fixed input value for the intrinsic col-
umn density, NH, in the joint XRT and BAT (and eventually
GBM) spectral analysis. For GRBs without redshift, late-time
X-ray spectra are fitted by applying the tbabs model only. The
values of the intrinsic NH and the late time interval used to con-
strain NH are reported in Table B.1. For the 14 GRBs already

included in the sample studied in O17, some values of NH might
di↵er from those reported in O17. The reason is that we choose
CSTAT likelihood to fit the late-time X-ray spectra.

4.2. Spectral models

The standard models generally used to fit prompt spectra (PL,
CPL, Band and smoothly broken PL) have the possibility to de-
scribe at most one change of the spectral slope, typically corre-
sponding to a peak energy Epeak of the ⌫F⌫ spectrum. In order
to capture an additional change in the slope, we first need to in-
troduce an appropriate empirical fitting function. We consider
a Band function modified to include a high-energy exponential
cuto↵ (see the model named Bandcut in Fig. 1). This model was
introduced in Zheng et al. (2012). In this model, Epeak is located
around the high-energy exponential cuto↵, while the additional
break feature that we want to describe is located at the smooth
connection between the two low-energy PL segments.

The Bandcut model is defined as follows:

NBandcut
E /

8>>>>>>>><
>>>>>>>>:

E↵1 e�
E

E1 for E  Ebreak

h
E1E2

E2�E1
(↵1 � ↵2)

i↵1�↵2 e↵1�↵2 E↵2 e�
E

E2

for E > Ebreak

,

(1)

where Ebreak =
E1E2

E2�E1
(↵1 � ↵2). The peak energy is defined by

Epeak = E2(2 + ↵2). The introduction of this model represents a
di↵erence as compared to the analysis presented in O17, where
a broken power-law with an exponential cuto↵ was used. The
di↵erence is then in the description of the shape around the break
energy (sharp break in O17 and smooth break in this work).

We also modeled the spectra with functions including three
PL segments. However, we did not succeed in constraining the
photon index above Epeak for any of the spectra in our sample.
Therefore, the final set of tested models includes PL, CPL, Band,
and Bandcut. All these models are shown schematically in Fig. 1.
We note that a Band model is found to describe two di↵erent sit-
uations: standard cases where a peak energy is present, and cases
where the ⌫F⌫ flux increases with energy over the full spectral
range, but with a change in slope that identifies a break energy
Ebreak. According to the notation introduced in O17, we adopt
the following terminology when referring to photon indices:
1. The letter ↵ refers to the photon index of spectral segments

increasing in ⌫F⌫ (i.e., photon indices larger than �2). If
there are two consecutive segments (separated by a break)
with photon indices larger than �2, we call them ↵1 and ↵2
(below and above the break, respectively).

2. The letter � is used to refer to a part of the spectrum that is
decreasing in ⌫F⌫ (i.e., � < �2).

4.3. Selection of the best fit model

From the joint usage of di↵erent likelihoods (CSTAT for XRT
data, Gaussian for BAT and PGSTAT for GBM data) it is pos-
sible to derive an overall likelihood from the product of the sin-
gle likelihoods obtained separately for each instrument. For each
GRB, we then derive the overall likelihood for all tested mod-
els. In practice, we define the likelihood (L) as the sum of �2,
CSTAT, and PGSTAT given by the best fit in XSPEC. To iden-
tify the best model, we compare pairs of models and we asso-
ciate to a given improvement (i.e., a �L = LmodelB � LmodelA)
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Fig. 2. Best fit models (in ⌫F⌫ representation) for all cases where the
break energy is found (gray lines), i.e., all cases where the best fit model
is either a Band function continuously rising in ⌫F⌫ or a Bandcut (see
Fig. 1). A Band model with photon indices equal to those expected from
fast cooling synchrotron radiation (↵syn

1 = �2/3 and ↵syn
2 = �3/2) is

shown with a dashed, red curve.

For each GRB, we fit a simple model (e.g., PL) to the spec-
trum. Then, we simulate 103 fake spectra using as input this
model and its best-fit parameters obtained from the fit of the
real spectrum. We re-fit the fake spectra using both the input
model and using more complex models (e.g., BPL). As a result,
we have a distribution of �L = LPL � LBPL. An example of
�L distribution from spectra simulated with a PL model and re-
fitted with PL and i) CPL model and ii) BPL model is presented
in Appendix A (left- and right-hand panels in Fig. A.1, respec-
tively). The distribution allows to associate a chance probability
to a given �L: large improvements correspond to a small proba-
bility of being obtained by chance.

A more complex model is preferred over a simpler one when-
ever the improvement derived from the fit of real spectra corre-
sponds to a probability of less than 1% of being a chance im-
provement. In the example in Fig. A.1, the two panels show the
distributions of �LPL�CPL and �LPL�BPL for simulated spectra.
The �L obtained when the real GRB spectrum is fitted with PL
and CPL is 59, and is 162 when comparing fits with PL and
BPL models (as reported in the figure title). As can be seen from
the comparison with the red horizontal line (corresponding to
1% chance probability), the probability that such improvements
are obtained by chance are much smaller than 1%. Both CPL
and BPL models are in this example preferred over the PL. The
whole procedure is repeated replacing the PL model with more
complex models, until the best fit model is found.

5. Results

We fit the 34 time-integrated spectra (one for each GRB) with all
the models (PL, CPL, Band, and Bandcut, see Fig. 1) and define
the best-fit model according to the method explained in the pre-
vious section. The results are reported in Table B.2 and Fig. C.1.
For each GRB, the table reports the time interval used for the
spectral analysis, the best fit model, the best fit parameters, the
average energy flux (in the energy range 0.5 keV - 10 MeV), the
L and d.o.f., and the instruments included in the analysis. Fig-
ure C.1 shows, for each GRB, the XRT, BAT (and eventually
GBM) light curve (with the time interval used for spectral analy-

sis highlighted ) and the photon spectrum obtained with the best
fit model.

The best fit model is a PL in 4 cases (GRB 070721B, GRB
080906, GRB 100413A and GRB 130606A), a CPL in 5 cases,
a Band model with a ⌫F⌫ peak in 4 cases, a Band model with
both photon indices > �2 in 14 cases, and a Bandcut model in
the remaining 7 cases. This means that 62% of prompt emission
spectra in our sample (i.e., 21 out of 34 GRBs) display a low-
energy spectral break Ebreak separating two power-law segments
with photon indices > �2.

We first focus on these 21 cases and show the best-fit model
in ⌫F⌫ units (gray curves) in Fig. 2. For reference, we also plot a
Band model with photon indices ↵syn

1 = �0.67 and ↵syn
2 = �1.5

(dashed, red curve). As can be seen, the dashed red curve is on
average a good representation of the observed spectra.

Figure 3 shows the distribution of the photon indices ↵1 and
↵2 (upper left-hand panel) and the relation between them (cir-
cled symbols in the bottom left-hand panel). In both panels,
the dashed lines mark the values expected for ↵syn

1 and ↵syn
2 in

the case of the fast-cooling regime. A Gaussian fit to the dis-
tributions returns h↵1i = �0.51 (� = 0.24) and h↵2i = �1.56
(� = 0.26). These values are consistent within 1� with the val-
ues found in O17 and with the synchrotron values. The bottom
left-hand panel in Fig. 3 also reports ↵ versus � values for those
spectra best modeled by a peaked Band model (square symbols).

The right-hand panels in Fig. 3 summarize the results on
Epeak and Ebreak. A Gaussian fit to the Ebreak logarithmic distribu-
tion returns hlog(Ebreak)i = 0.74 (� = 0.20), in agreement within
1� with the results from O17. The Epeak distribution (blue his-
togram) is wide and flat, and values range from 5 to 915 keV.
The bottom right-hand panel of Fig. 3 shows Epeak versus Ebreak
for the subsample of spectra for which both features are con-
strained (i.e., for spectra best modeled by a Bandcut function).
Red circles refer to energies in the observer frame, while purple
stars refer to the rest frame values obtained after redshift correc-
tion (for GRBs with known redshift). No hint of a correlation
between Epeak and Ebreak is found.

5.1. Origin of the typically observed value ↵ = �1

The typical value ↵ ⇠ �1 describing the part of the spectrum
below Epeak was inferred from studies of prompt spectra down
to 8-25 keV, mainly from BATSE, Swift-BAT, and Fermi-GBM.
In O17 and in this work, we found that when soft X-ray data
are available and require a model including a low-energy spec-
tral break, the part of the spectrum immediately below the peak
energy is described by a value ↵2 ⇠ �1.5, softer than ↵ and
consistent with the synchrotron theory. These results, in appar-
ent contradiction, seem to suggest that fit results depend on the
extension of the energy range over which observations are avail-
able and/or on the shape of the function used to model the data.
Another explanation is that the subsample of events studied here
is somehow peculiar and not representative of the whole popula-
tion.

To test all these possibilities, we perform the following exer-
cise. We collect all the spectra (among those presented here and
in O17) displaying a low-energy break, and plot their ↵2 distri-
bution (green histogram) in Fig. 4. Subsequently, for all these
spectra, we re-do the spectral analysis by excluding XRT data.
The best-fit model, after excluding XRT, is either a PL or a CPL.
The distributions of the photon indices are shown in Fig. 4, sep-
arately for ↵PL (blue histogram) and ↵CPL (red histogram). We
find h↵PLi = �1.70 (� = 0.23) and h↵CPLi = �1.15 (� = 0.21).
A Kolmogorov-Smirnov (KS) test between the distributions of

Article number, page 4 of 21

Fig. 2. Best fit models (in ⌫F⌫ representation) for all cases where the
break energy is found (gray lines), i.e., all cases where the best fit model
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Fig. 1). A Band model with photon indices equal to those expected from
fast cooling synchrotron radiation (↵syn

1 = �2/3 and ↵syn
2 = �3/2) is

shown with a dashed, red curve.
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model and its best-fit parameters obtained from the fit of the real
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and using more complex models (e.g., BPL). As a result, we
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5. Results

We fit the 34 time-integrated spectra (one for each GRB) with all
the models (PL, CPL, Band, and Bandcut, see Fig. 1) and define
the best-fit model according to the method explained in the pre-
vious section. The results are reported in Table B.2 and Fig. C.1.
For each GRB, the table reports the time interval used for the
spectral analysis, the best fit model, the best fit parameters,

the average energy flux (in the energy range 0.5 keV–10 MeV),
the L and d.o.f., and the instruments included in the analysis.
Figure C.1 shows, for each GRB, the XRT, BAT (and eventu-
ally GBM) light curve (with the time interval used for spectral
analysis highlighted) and the photon spectrum obtained with the
best fit model.

The best fit model is a PL in 4 cases (GRB 070721B, GRB
080906, GRB 100413A and GRB 130606A), a CPL in 5 cases,
a Band model with a ⌫F⌫ peak in 4 cases, a Band model with
both photon indices > � 2 in 14 cases, and a Bandcut model in
the remaining 7 cases. This means that 62% of prompt emission
spectra in our sample (i.e., 21 out of 34 GRBs) display a low-
energy spectral break Ebreak separating two power-law segments
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in ⌫F⌫ units (gray curves) in Fig. 2. For reference, we also plot a
Band model with photon indices ↵syn

1 = �0.67 and ↵syn
2 = �1.5

(dashed, red curve). As can be seen, the dashed red curve is on
average a good representation of the observed spectra.

Figure 3 shows the distribution of the photon indices ↵1 and
↵2 (upper left-hand panel) and the relation between them (cir-
cled symbols in the bottom left-hand panel). In both panels,
the dashed lines mark the values expected for ↵syn

1 and ↵syn
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the case of the fast-cooling regime. A Gaussian fit to the dis-
tributions returns h↵1i = �0.51 (� = 0.24) and h↵2i = �1.56
(� = 0.26). These values are consistent within 1� with the val-
ues found in O17 and with the synchrotron values. The bottom
left-hand panel in Fig. 3 also reports ↵ versus � values for those
spectra best modeled by a peaked Band model (square symbols).

The right-hand panels in Fig. 3 summarize the results on
Epeak and Ebreak. A Gaussian fit to the Ebreak logarithmic distribu-
tion returns hlog(Ebreak)i = 0.74 (� = 0.20), in agreement within
1� with the results from O17. The Epeak distribution (blue his-
togram) is wide and flat, and values range from 5 to 915 keV.
The bottom right-hand panel of Fig. 3 shows Epeak versus Ebreak
for the subsample of spectra for which both features are con-
strained (i.e., for spectra best modeled by a Bandcut function).
Red circles refer to energies in the observer frame, while purple
stars refer to the rest frame values obtained after redshift correc-
tion (for GRBs with known redshift). No hint of a correlation
between Epeak and Ebreak is found.

5.1. Origin of the typically observed value ↵ = �1

The typical value ↵⇠�1 describing the part of the spectrum be-
low Epeak was inferred from studies of prompt spectra down to
8–25 keV, mainly from BATSE, Swift-BAT, and Fermi-GBM. In
O17 and in this work, we found that when soft X-ray data are
available and require a model including a low-energy spectral
break, the part of the spectrum immediately below the peak en-
ergy is described by a value ↵2 ⇠�1.5, softer than ↵ and con-
sistent with the synchrotron theory. These results, in apparent
contradiction, seem to suggest that fit results depend on the
extension of the energy range over which observations are avail-
able and/or on the shape of the function used to model the
data. Another explanation is that the subsample of events studied
here is somehow peculiar and not representative of the whole
population.

To test all these possibilities, we perform the following exer-
cise. We collect all the spectra (among those presented here and
in O17) displaying a low-energy break, and plot their ↵2 distri-
bution (green histogram) in Fig. 4. Subsequently, for all these
spectra, we re-do the spectral analysis by excluding XRT data.
The best-fit model, after excluding XRT, is either a PL or a CPL.
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Fig. 3. Best fit parameters resulting from the spectral analysis of the full sample. Left-hand panels: photon indices. Right-hand panels: peak and
break energies. Top left: distribution of ↵1 (red) and ↵2 (green), representing the indices below and above the break energy. Bottom left: ↵1 vs. ↵2
(circles) and ↵ vs. � for GRBs with a spectrum modeled by a Band function with second index < �2 (squares). In both left-hand panels, the values
for ↵1 and ↵2 predicted from fast cooling synchrotron emission are drawn as dashed lines. In the bottom panel they should be used as reference
lines for the circle symbols only. Top right: Epeak (blue) and Ebreak (red) distributions. Bottom right: Epeak vs. Ebreak for spectra where both features
can be constrained (Bandcut model). Circles refer to the observer frame, while stars are used for the rest frame, for those GRBs with measured
redshift. The positions before and after cosmological redshift correction are connected with a solid line.

The distributions of the photon indices are shown in Fig. 4, sep-
arately for ↵PL (blue histogram) and ↵CPL (red histogram). We
find h↵PLi = �1.70 (� = 0.23) and h↵CPLi = �1.15 (� = 0.21).
A Kolmogorov-Smirnov (KS) test between the distributions of
↵PL and ↵CPL has a probability of 3 ⇥ 10�9 that the two popula-
tions are drawn from the same parent distribution. A similar sep-
aration between ↵PL and ↵CPL and similar mean values are found
in the population of BAT (Lien et al. 2016), GBM (Gruber et al.
2014), and BATSE bursts (Kaneko et al. 2006). We conclude that
when XRT data are removed, the best fit model has a shape sim-
ilar to the typical shape of the general GRB population. The KS
tests for ↵PL � ↵2 and ↵CPL � ↵2 give probabilities of 3 ⇥ 10�3

and 9 ⇥ 10�5, respectively. This shows that this is not a peculiar
subsample of GRBs: when XRT data are excluded, the best-fit
parameters are in full agreement with the general population.

In Fig. 5, the values of ↵2 are shown versus the values of ↵
derived after excluding XRT data. Di↵erent colors and symbols
are used to distinguish between cases in which the best-fit model
after XRT exclusion is a PL (blue) or a CPL (red). First of all,
we note the separation between red and blue points, which was
already evident from Fig. 4. Most of the points are consistent
within 1� with the equality line (dashed gray line). However,

almost half of the CPL fits return a harder value of ↵. On the
contrary, PL fits tend to return softer spectra.

The extension of the energy range and the introduction
of a function with a low-energy break (necessary for a good
description of the overall spectral shape) have then a strong im-
pact on the inferred value of the photon index describing the
spectral shape at energies below the spectral peak energy. The
overall result is that when XRT data are available, the part of the
spectrum below Epeak is described by a theoretically motivated
value, but when XRT data are removed and the spectrum is mod-
eled with a CPL function, the best fit photon index describing the
part below Ebreak has a harder value, that if taken as face value
leads to the opposite conclusion: the inconsistency of observed
spectra with synchrotron radiation.

5.2. Comparison with the full BAT catalog

Figure 6 shows the average energy-flux versus T90 (upper panel),
and the fluence versus T90 (bottom panel) for our sample (blue
and red triangles) and for a large sample of Swift-BAT GRBs
(gray circles, from Lien et al. 2016). The values of fluences and
fluxes are integrated in the BAT energy range 15–150 keV. The
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Fig. 4. Distribution of photon indices describing the spectrum below the
peak energy, for the merged sample studied in O17 and this paper. The
green histogram shows the indices ↵2 describing the spectrum between
Ebreak and Epeak. The blue and red histograms show the distribution of ↵
for the same sample of spectra, obtained when the analysis is performed
without including XRT. The red histogram denotes cases where the best
model is a CPL, and the blue histogram cases where the best-fit model
is a single PL.

Fig. 5. Comparison between the photon index ↵2 and the photon index
↵ derived after removing XRT data from the spectral analysis. In this
last analysis, the best-fit model is either a PL (and the index is called
↵PL, blue points) or a CPL (↵CPL, red points). The identity line is drawn
as a dashed gray line.

sample of GRBs studied in this paper is clearly biased towards
long prompt emission durations. This reflects the slew time
required by the satellite to place the BAT source within the XRT
field of view: prompt emission can be observed with the XRT
only if it lasts longer than the typical slewing time. In some
cases however, the T90 does not reflect the duration of the main
emission episode, since the large T90 duration is caused by the
presence of a precursor, while the main emission (detected by
the XRT) has a more standard duration (the light curves of all
34 GRBs can be seen in Fig. C.1). Limiting the comparison to
GRBs with a similar duration, we note that the whole range of
fluxes of the full sample is spanned also by our sample. To look
for di↵erences within our sample, we mark GRBs with a low-
energy break (blue triangles) and GRBs with no evidence of a
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Fig. 4. Distribution of photon indices describing the spectrum below the
peak energy, for the merged sample studied in O17 and this paper. The
green histogram shows the indices ↵2 describing the spectrum between
Ebreak and Epeak. The blue and red histograms show the distribution of ↵
for the same sample of spectra, obtained when the analysis is performed
without including XRT. The red histogram denotes cases where the best
model is a CPL, and the blue histogram cases where the best-fit model
is a single PL.

Fig. 5. Comparison between the photon index ↵2 and the photon index
↵ derived after removing XRT data from the spectral analysis. In this
last analysis, the best-fit model is either a PL (and the index is called
↵PL, blue points) or a CPL (↵CPL, red points). The identity line is drawn
as a dashed gray line.

cases however, the T90 does not reflect the duration of the main
emission episode, since the large T90 duration is caused by the
presence of a precursor, while the main emission (detected by
the XRT) has a more standard duration (the light curves of all
34 GRBs can be seen in Fig. C.1). Limiting the comparison to
GRBs with a similar duration, we note that the whole range of
fluxes of the full sample is spanned also by our sample. To look
for di↵erences within our sample, we mark GRBs with a low-
energy break (blue triangles) and GRBs with no evidence of a
break (red upside-down triangles). The two di↵erent subsamples
do not display any relevant di↵erence in terms of flux, fluence,
duration, or a combination of these quantities. The question of
whether GRBs with spectral breaks in the soft X-ray band have

Fig. 6. Comparison in terms of flux, fluence, and T90 between the sam-
ple studied in this work (triangles) and the full catalog of BAT GRBs,
from Lien et al. (2016) (gray circles). Our sample is divided into two
classes: GRBs with a low-energy break (blue triangles) and GRBs with-
out a low-energy break (red upside-down triangles). Upper panel: aver-
age flux vs. T90. Lower panel: fluence vs. T90.

some characteristics that distinguish them from GRBs without
X-ray breaks remains therefore an open question.

6. Conclusions

We studied a sample of 34 GRBs for which the prompt emission
(or part of it) was detected simultaneously by XRT and BAT. We
performed time-integrated joint spectral analysis over the time
interval where signal above background is observed in both in-
struments. In particular, since the signal in BAT is, in general,
fainter, we required a BAT signal-to-noise ration (S/N) >30 to
guarantee a reliable spectral analysis.

Our results confirm the results obtained by Oganesyan et al.
(2017) on a smaller sample, and can be summarized as follows.

– 62% of the prompt spectra display a change in slope at low
energy, (between 3 and 22 keV, observer frame). In other
words, the data in the soft X-ray band do not lie on the
power-law extrapolation of the Band spectrum describing the
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Fig. 6. Comparison in terms of flux, fluence, and T90 between the sam-
ple studied in this work (triangles) and the full catalog of BAT GRBs,
from Lien et al. (2016; gray circles). Our sample is divided into two
classes: GRBs with a low-energy break (blue triangles) and GRBs with-
out a low-energy break (red upside-down triangles). Upper panel: aver-
age flux vs. T90. Lower panel: fluence vs. T90.

break (red upside-down triangles). The two di↵erent subsamples
do not display any relevant di↵erence in terms of flux, fluence,
duration, or a combination of these quantities. The question of
whether GRBs with spectral breaks in the soft X-ray band have
some characteristics that distinguish them from GRBs without
X-ray breaks remains therefore an open question.

6. Conclusions

We studied a sample of 34 GRBs for which the prompt emission
(or part of it) was detected simultaneously by XRT and BAT. We
performed time-integrated joint spectral analysis over the time
interval where signal above background is observed in both in-
struments. In particular, since the signal in BAT is, in general,
fainter, we required a BAT S/N >30 to guarantee a reliable spec-
tral analysis.

Our results confirm the results obtained by Oganesyan et al.
(2017) on a smaller sample, and can be summarized as follows.
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– 62% of the prompt spectra display a change in slope at low
energy, (between 3 and 22 keV, observer frame). In other
words, the data in the soft X-ray band do not lie on the
power-law extrapolation of the Band spectrum describing the
10 keV-MeV data. The change in slope can be well described
by adding a break into the fitting function and an additional
power-law segment below the break.

– The spectral indices ↵1 and ↵2 below and above the break
energy have a distribution centered around the values h↵1i =
�0.51 (� = 0.24) and h↵2i = �1.56 (� = 0.26), consistent
within 1� with the values predicted in case of fast cooling
synchrotron radiation.

– The value of the spectral index describing the part of the
spectrum below the peak energy is sensitive to the inclusion
of low-energy data and to the fitting function. If XRT data
are included in the analysis and if the break is modeled, the
average value is around �1.5, consistent with synchrotron ra-
diation. If XRT data are removed and a CPL model is used to
describe the spectrum, the photon index is harder, leading to
the opposite conclusion of an inconsistency with synchrotron
radiation.

– GRBs with low-energy breaks share similar observational
properties in terms of flux and fluence as compared to those
without a break in their soft X-ray band.

The average values of the photon indices allow us to spec-
ulate about a possible synchrotron origin of the observed
spectrum. In such a scenario, the break energy Ebreak would cor-
respond to the cooling frequency, and the peak energy Epeak to
the typical synchrotron frequency. The ratio between the two
characteristic energies ranges from ⇠5 to ⇠71, implying a ratio
�m/�c ⇠ 2–8, where �m is the typical energy of the particles in-
jected by the acceleration process, and �c is the cooling Lorentz
factor.

For these values of �m/�c, particle cooling is still very e�-
cient (Daigne et al. 2011). Such a regime has been extensively
discussed in the literature, and is often referred to as a mod-
erately fast cooling regime. Di↵erent scenarios have been pro-
posed to achieve such a situation. Adiabatic cooling e↵ects have
been widely discussed by Daigne et al. (2011), and can explain
the large cooling frequencies if the dissipation takes place at
large radii (>1015 cm) in a region characterized by a relatively
weak magnetic field (10–100 G in the comoving frame) and
moving with large bulk Lorentz factor (� > 400). A variation
of the magnetic field as a function of the distance from the
shock front (Pe’er & Zhang 2006; Derishev 2007) can also lead
to cooling timescales larger than the one inferred from typical
magnetic field values. Another possibility is to modify the stan-
dard assumption on particle acceleration, and invoke slow parti-
cle heating (Asano & Terasawa 2009) or particle reacceleration
(Kumar & McMahon 2008; Beniamini & Piran 2013).

The comparisons between the photon indices derived from
the empirical model and the predictions of the synchrotron
scenario represent a first consistency check, but they do not

prove the validity of the synchrotron interpretation. Several stud-
ies (Beloborodov 2013; Axelsson & Borgonovo 2015;Yu et al.
2015; Vurm & Beloborodov 2016) have argued that the observed
spectral width around the peak energy is narrower than the
one characterizing synchrotron spectra. A more detailed, theory-
driven analysis is now required in order to assess the validity of
the synchrotron interpretation.
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Appendix A: Simulations

We report an example of simulations performed to select the
best-fit model. The example refers to the joint XRT+BAT+GBM
spectrum of GRB 080928. For this spectrum, the di↵erence be-
tween the likelihoods obtained with PL and CPL models is 59,
and the di↵erence between PL and BPL likelihoods is 162.

The best fit parameters of the PL fit are used as input to sim-
ulate 103 fake spectra, which are then re-fitted with CPL and
BPL models. For these simulated spectra, the figure shows the
distributions of �LPL�CPL and �LPL�BPL. The horizontal red line
marks the 1% threshold used to define the best fit model.

Fig. A.1. Left panel: distribution of the improvement of the CPL fit with respect to the PL fit, for 1000 fake spectra. All fake spectra have been
simulated adopting the best fit model obtained fitting a PL model to the observed spectrum of GRB 080928. A �L > 11 corresponds to a probability
<1% to have a stochastic improvement (horizontal red line in the figure). The �L obtained when the real spectrum is fitted with a PL and a CPL
is �LPL�CPL = 59, corresponding to a chance probability much smaller than 1%. Right panel: as in the left panel, but the PL fits are compared to
BPL fits. Also in this case, the improvement �L = 162 exceeds the critical value of 12.
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Appendix B: Tables

Table B.1. List of the 34 GRBs analyzed in this work.

GRB Redshift NH LTI
1022 cm�2 104 s

060510B 4.940 0.00 0.05–62.41
060814 1.92 1.93 16.83–137.78
061121 1.314 0.82 3.46–9.25
070616 ... 0.49 0.46–37.11
070721B 3.626 0.00 0.02–13.95
080906 ... 0.34 0.54–73.69
080928 1.69 0.62 0.42–3.34
081008 1.969 0.69 0.06–1.77
090709A ... 0.27 0.41–6.27
090715B 3.000 2.02 0.02–164.88
100413A ... 0.25 0.63–17.46
100619A ... 0.45 5.34–100.59
100704A ... 0.37 1.26–131.81
100725B ... 0.59 2.18–80.35
100728A 1.567 3.43 0.50–68.29
100814A 1.440 0.25 21.20–671.30
100906A 1.727 0.94 1.06–46.86
110102A ... 0.19 1.04–24.32
110119A ... 0.16 0.49–26.09
110205A 2.22 0.70 0.14–38.29
111103B ... 0.35 4.55–30.06
111123A 3.152 4.81 0.42–4.06
121123A ... 0.05 1.66–13.91
121217A ... 0.63 2.87–547.65
130514A ... 0.36 1.15–38.81
130606A 5.913 9.12 0.53–1.26
130907A 1.238 1.05 0.76–238.41
140108A ... 1.70 1.05–43.16
140206A 2.73 2.03 2.12–8.71
140323A ... 0.39 2.82–9.84
140512A 0.725 0.44 2.79–32.94
141031A ... 0.30 4.57–84.70
150724A ... 0.55 0.13–13.26
151021A 2.330 2.40 0.49–67.93

Notes. The GRB’s name and redshift are reported in the first and second columns. The third column lists the values of the intrinsic NH, derived from
spectral analysis of late time XRT observations (see Sect. 4 for the method used to estimate NH for GRBs with and without measured redshift).
The late time interval (LTI, from the BAT trigger time) chosen for the estimate of NH can be found in the last column.
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Table B.2. Results of the spectral analysis.

GRB Time interval Model ↵1 Ebreak ↵/↵2 Epeak � Flux L (d.o.f.) Instr.
keV keV 10�7erg s�1 cm�2

060510B [127.00,325.00] Band �0.61+0.09
�0.06 6.15+1.21

�1.08 �1.75+0.07
�0.02 [0.22 � 0.79] 1052(1002) X+B

060814 [77.50,200.00] Band �0.15+0.09
�0.08 3.37+0.34

�0.37 �1.75+0.07
�0.01 [0.40 � 1.45] 848(1002) X+B

061121 [62.00,110.00] Band �0.23+0.09
�0.02 4.54+0.53

�0.40 �1.38+0.03
�0.02 [5.32 � 76.78] 794(1002) X+B

070616 [138.00,615.00] Bandcut �0.63+0.05
�0.03 6.12+0.48

�0.82 �1.43+0.07
�0.04 125.10+44.05

�31.35 0.64+0.10
�0.08 968(1001) X+B

070721B [311.00,361.00] PL �1.20+0.08
�0.05 [0.09 � 2.60] 721(1004) X+B

080906 [78.00,95.00] PL �1.72+0.09
�0.04 [0.11 � 0.43] 700(1004) X+B

080928 [197.93,256.30] Band �0.72+0.12
�0.11 4.79+0.87

�1.20 �1.83+0.06
�0.04 [0.66 � 1.13] 1054(1233) X+B+G

081008 [94.00,193.00] Band �0.75+0.08
�0.05 4.34+0.22

�0.63 �1.86+0.03
�0.02 [0.28 � 0.74] 900(1002) X+B

090709A [75.00,101.00] Band �0.85+0.07
�0.04 22.06+12.08

�4.19 �1.44+0.07
�0.08 [1.07 � 12.55] 897(1002) X+B

090715B [53.00,295.00] CPL �1.56+0.03
�0.03 27.81+3.10

�7.40 0.13+0.02
�0.00 909(1003) X+B

100413A [147.00,228.00] PL �1.48+0.01
�0.04 [0.25 � 2.38] 902(1004) X+B

100619A [80.68,100.13] Band �0.60+0.06
�0.04 6.95+0.71

�0.85 �1.86+0.04
�0.05 [3.30 � 5.40] 1147(1218) X+B+G

100704A [93.37,197.82] Band �0.38+0.12
�0.09 4.70+0.50

�0.56 �2.27+0.04
�0.05 0.50+0.38

�0.17 1476(1234) X+B+G
100725B [89.49,229.78] Band �0.65+0.08

�0.07 5.10+0.57
�0.70 �2.00+0.05

�0.05 1.10+0.44
�0.31 818(1002) X+B

100728A [81.53,158.33] Bandcut �0.69+0.06
�0.04 2.69+0.33

�0.57 �1.33+0.02
�0.02 174.41+22.86

�20.88 1.92+0.49
�0.29 1945(1352) X+B+G

100814A [94.70,180.71] Bandcut �0.68+0.07
�0.03 2.63+0.32

�0.38 �1.33+0.02
�0.03 80.98+24.92

�12.04 0.35+0.11
�0.05 1418(1349) X+B+G

100906A [85.72,125.65] Band �0.11+0.05
�0.07 6.48+0.70

�0.36 �2.38+0.04
�0.05 1.36+0.32

�0.43 1274(1234) X+B+G
110102A [195.17,290.40] Band �0.43+0.04

�0.05 5.49+0.54
�0.29 �1.54+0.01

�0.01 [1.29 � 9.90] 949(1002) X+B
110119A [162.56,214.79] Band �0.26+0.05

�0.06 5.42+0.70
�0.63 �1.57+0.05

�0.03 [0.90 � 2.52] 1238(1233) X+B+G
110205A [160.00,350.00] Band �0.50+0.07

�0.07 7.60+2.75
�1.05 �1.77+0.06

�0.03 [0.65 � 2.36] 926(1002) X+B
111103B [104.00,127.00] CPL �1.38+0.06

�0.08 64.22+47.80
�12.26 0.47+0.02

�0.08 756(1003) X+B
111123A [106.00,274.00] Bandcut �0.27+0.06

�0.03 3.09+0.27
�0.17 �1.27+0.03

�0.04 68.55+10.27
�11.81 0.31+0.08

�0.04 994(1001) X+B
121123A [193.15,299.65] CPL �0.89+0.02

�0.03 70.15+4.52
�5.26 1.11+0.08

�0.02 1029(1003) X+B
121217A [717.30,767.48] Band �0.78+0.04

�0.08 8.49+1.65
�1.61 �1.63+0.06

�0.05 [1.20 � 2.97] 1383(1233) X+B+G
130514A [96.00,158.00] Band �0.87+0.07

�0.05 8.86+3.21
�1.82 �1.99+0.10

�0.13 [0.53 � 1.07] 936(1002) X+B
130606A [117.00,166.00] PL �1.15+0.04

�0.02 [0.35 � 12.83] 878(1004) X+B
130907A [71.00,87.00] Band �0.52+0.15

�0.03 5.83+1.15
�1.26 �1.20+0.01

�0.04 [6.87 � 203.28] 919(1002) X+B
140108A [76.76,101.33] CPL �1.28+0.02

�0.02 915.40+405.32
�236.34 8.40+0.51

�0.50 1209(1234) X+B+G
140206A [50.25,100.00] Bandcut �0.60+0.07

�0.04 3.64+1.30
�0.64 �1.03+0.08

�0.07 101.49+16.82
�13.54 3.51+0.45

�0.79 844(1001) X+B
140323A [101.52,122.00] Bandcut �0.07+0.05

�0.14 5.50+2.21
�0.36 �1.82+0.05

�0.11 27.59+18.19
�8.44 0.74+0.09

�0.40 1210(1001) X+B+G
140512A [102.86,158.16] Bandcut �0.46+0.05

�0.04 8.09+0.95
�1.26 �1.25+0.03

�0.03 573.93+111.73
�100.43 6.07+1.31

�0.87 1475(1338) X+B+G
141031A [857.00,893.00] Band �0.08+0.14

�0.08 4.59+0.54
�0.82 �1.68+0.34

�0.51 [0.25 � 1.15] 934(1002) X+B
150724A [216.00,235.00] CPL �1.50+0.09

�0.11 21.13+9.78
�3.62 0.31+0.02

�0.06 732(1003) X+B
151021A [95.00,128.00] Band �0.56+0.08

�0.09 5.34+0.75
�0.61 �2.14+0.12

�0.03 1.05+0.27
�0.40 868(1002) X+B

Notes. The table lists the GRB name, the best fit model name (PL = power-law, CPL = cuto↵ power-law, Band = Band function, Bandcut = Band
function with a high energy cuto↵), the best fit parameters (cols. 4–8, for a definition see Fig. 1), the average flux, the overall likelihood L, and the
degrees of freedom (d.o.f.). The last column reports the instruments included in the spectral analysis: X = XRT, B = BAT, G = GBM.
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Appendix C: Light curves and spectra

Fig. C.1. Light curves (left-hand panel) and spectra (middle and right-hand panel) for each GRB in the sample. The light-blue shaded area in
the left-hand panels highlights the time interval chosen for the spectral analysis. Middle panels: ⌫F⌫ spectra and the best fit model. We note that
the data points in the ⌫F⌫ panels have been derived for a specific model, and should not be used to perform comparisons with a di↵erent model.
Right-hand panels: count spectra. In all panels, XRT data are shown in red, BAT in green, GBM-NaI in blue and light-blue, and GBM-BGO in
purple.
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Fig. C.1. continued.
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Fig. C.1. continued.
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Fig. C.1. continued.

A138, page 17 of 21

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201732172&pdf_id=14


A&A 616, A138 (2018)

Fig. C.1. continued.

A138, page 18 of 21

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201732172&pdf_id=15


G. Oganesyan et al.: Characterization of gamma-ray burst prompt emission spectra down to soft X-rays

Fig. C.1. continued.
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