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ABSTRACT

Context. Positive lags between the arrival time of different photon energies are commonly observed in the prompt phase of gamma-ray
bursts (GRBs), where soft photons lag behind harder ones. However, a fraction of GRBs display the opposite behavior. In particular,
Fermi Large Area Telescope (LAT) observations revealed that high-energy photons are often characterized by a delayed onset.

Aims. We explore the potential of spectral lags as a diagnostic tool to identify distinct emission components or processes. By analyzing
data from the Fermi Gamma-ray Burst Monitor (GBM) and the LAT Low Energy (LLE) technique, we explore the connection between
lag behavior and high-energy spectral properties.

Methods. We analyze a sample of 70 GRBs from the LLE catalog. Spectral lags are computed using the discrete correlation function
method, considering light curves extracted in four different energy bands, from 10keV to 100 MeV. Additionally, we compare LLE
time lags with properties of the prompt emission and with the spectral behavior at high energies.

Results. Time lags computed across different energy bands distributed between 10keV and 1 MeV are predominantly positive (76%)
as a possible consequence of a hard-to-soft spectral evolution of the prompt spectrum. Lags between the LLE (30-100 MeV) and the
GBM (10-100 keV) bands show a variety of behaviors: 40% are positive, while 37% are negative. Such negative lags may suggest the
delayed emergence of an additional emission component dominating at high energies. Indeed, the spectral analysis of LLE data for 56
GRBs shows that negative lags are associated with an LLE spectral index typically harder than the high-energy power law identified
in GBM data.

Conclusions. Spectral lags of LLE data can be exploited as a diagnostic tool to identify and characterize emission components in
GRBs, highlighting the importance of combining temporal and spectral analyses to advance our understanding of GRB emission

mechanisms.

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

1. Introduction

Gamma-ray bursts (GRBs) are observed as transient events of
short duration in the keV-MeV energy range probed from space.
They signpost cataclysmic phenomena such as the explosions of
massive stars or the mergers of compact objects in binary sys-
tems (e.g., Piran 2004). GRBs are categorized based on their
observed duration into two types: short GRBs (<2 sec), typically
linked to compact object mergers, and long GRBs (>2 sec), gen-
erally associated with the collapse of massive stars'. The nature
of the prompt emission of GRBs is still unclear. Over the keV—
MeV energy range, during the prompt phase, different emission
mechanisms may concur to produce the observed signal and its
temporal and spectral signatures.

* Corresponding author.

This apparent division has been recently put into question by the
discovery of long duration GRBs (e.g., 211211A — Zhong et al. 2023,
230307A — Bulla et al. 2023) with a compact binary progenitor and vice
versa (e.g., 200826A — Rossi et al. 2022).

1

One observable fundamental to understand the origin of
prompt emission is the spectral lag, that is, the time delay between
photons of different energies (Cheng et al. 1995). Spectral lags are
found to be a common feature of long GRBs (Norris et al. 2000;
Ukwatta et al. 2010; Norris & Bonnell 2006), despite with non-
universal features. By analyzing almost 2000 GRBs detected by
the Burst And Transient Source Experiment (BATSE) on board
the Compton Gamma Ray Observatory (CGRO), Hakkila et al.
(2007) found mostly positive lags, when the emission in the
soft energy bands (namely, 20-50keV, 50-100 keV) anticipates
that in hard energy bands (namely, 100-300keV and 300 keV—
2MeV). Only ~15% of the events showed negative lags, that
is, high-energy photons lagging behind low-energy ones. With
a sample of 56 GRBs detected by the Burst Alert Telescope
(BAT) on board the Neil Gehrels Swift satellite, Bernardini et al.
(2015) found that half of the long GRBs have a positive lag
and half a lag consistent with zero, based on spectral lag
measurements in the 100-150keV and 200-250keV rest-frame
energy bands. The latter feature is also typical of short GRBs
(Yietal. 2006; Norris & Bonnell 2006; Bernardini et al. 2015;
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Tsvetkova et al. 2017; Lysenko et al. 2024). Moreover, some
GRBs exhibit a transition from positive to negative spec-
tral lags within their prompt emission duration. For instance,
GRB 160625B (Wei et al. 2017; Gunapati et al. 2022) showed
a clear change in the lag behavior around ~8 MeV, where the lag
transitions from positive to negative when comparing soft and
hard energy bands, which was interpreted as a possible Quantum
Gravity effect. Liang et al. (2023) attributes such a transition to
spectral evolution effects arising from the emission dynamics.

Spectral lags have been typically computed by cross-
correlating GRB light curves over different energy bands, dis-
tributed in thekeV-MeV energy range, sampling the prompt
emission (Norris et al. 2000; Li & Ding 2004; Liet al. 2012;
Chen et al. 2005; Ukwatta et al. 2010; Band 1997). Typical val-
ues of the spectral lags range from ~milliseconds to several sec-
onds (Li et al. 2012). Spectral lags have been measured also in
GRBs with prominent X-ray flares. Chang et al. (2021) corre-
lated the light curves of X-ray flares (in the 0.3-1.5keV and
1.5-10keV energy bands), reporting that 89.8% of the flares
within a sample of 48 multiflare GRBs observed by the X-Ray
Telescope (XRT) onboard Swift displayed positive lags, while
9.5% exhibited negative lags. In the GeV energy range, sampled
by the Fermi Large Area Telescope (LAT), negative lags have
been measured in individual GRBs (Ackermann et al. 2013;
Ajello et al. 2019; Bissaldi 2019) or through a systematic anal-
ysis of bright GRBs detected by Fermi/LAT (Castignani et al.
2014).

In addition to a near-zero lag, short GRBs exhibit shorter
minimum variability timescales (~0.024 s on average) compared
to long GRBs (~0.25 s) as reported by MacLachlan et al. (2013).
Both temporal properties, namely spectral lags and variability,
underscore possible intrinsic differences in the emission mecha-
nism of short GRBs compared to long ones, as further supported
by distinctive prompt emission properties (Ghirlanda et al. 2004,
2009). However, while the variability timescale has been esti-
mated in different ways in the literature, spectral lags are always
determined in a consistent and standardized manner, namely
through the cross-correlation function (CCF). Therefore, they
provide a ‘relative’ measurement that can be reliably compared
across different bursts.

Spectral lags can provide insights into the nature of the
emission mechanism(s) of GRBs. For instance, positive spec-
tral lags (i.e., high energy photons preceding low energy ones,
by definition) may be the result of the spectral evolution towards
low energies (softening) of a single emission component dur-
ing the prompt phase of the burst (Ryde 2005). Analytical mod-
els further suggest that positive spectral lags in the framework
of the prompt emission are linked to the temporal evolution of
some parameters of GRBs such as their peak energy, hardness-
ratio, low and high-energy spectral indices, coupled to the burst
duration or the light curve shape (Daigne & Mochkovitch 1998;
Boci et al. 2010; Mochkovitch et al. 2016; Bosnjak & Daigne
2014). Alternatively, positive lags may also arise from curvature
effects in which photons emitted from higher latitudes of the jet
emitting surface reach the observer delayed and, owning to rela-
tivistic effects, shifted towards lower energies (Ryde & Petrosian
2002; Dermer 2004; Preece et al. 2014; Uhm & Zhang 2016).

Negative spectral lags (high energy photons lagging low
energy ones) remain more challenging to explain. Significantly
negative lags may reveal the presence of an additional emis-
sion component contributing or overlapping to the prompt emis-
sion. For example, in GRB 190114C, a negative lag of ~4 sec,
between 10keV and 40 MeV, signals the onset of the afterglow,
driven by external shocks, which dominates as the prompt emis-
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sion fades (Ravasio et al. 2019). Moreover, it has been proposed
that negative spectral lags may result from Inverse Compton
scattering of low-energy photons by an external medium, such as
a surrounding cloud near the GRB jet (Chakrabarti et al. 2018).
More recently, Vyas et al. (2021) demonstrated that positive lags
can naturally arise from the curvature of a backscattering pho-
tosphere in an expanding GRB jet. Moreover, the jet structure
may in principle produce positive and negative spectral lags
(Vyas et al. 2024).

However, spectral and temporal studies of GRBs often
revealed a more complex picture, with distinct emission com-
ponents contributing at different phases of the burst. Claims
regarding the presence of an additional emission component are
common, but there is limited consistency among the findings.
Certain GRBs exhibit spectral features that evolve over spe-
cific time intervals, which potentially originate from either ther-
mal processes (Ghirlanda et al. 2003; Ryde 2004; Zhang et al.
2011) or synchrotron-like mechanisms (Mészaros & Rees 1994;
Daigne & Mochkovitch 1998; Bosnjak et al. 2009). In some
cases, GRB spectra remain soft even after the apparent
end of the prompt emission, marking the transition to the
afterglow phase (Giblinetal. 1999; Tkachenko etal. 2000;
Ghirlanda et al. 2010; Kumar & Duran 2010).

So far, spectral lags in GRBs have primarily been mea-
sured by considering data from the same detector (e.g., the
GBM/Fermi, BATSE/CGRO, BAT/Swift, XRT/Swift) and by
cross-correlation analysis of the light curves in fairly close
energy ranges. Castignani et al. (2014) extended this methodol-
ogy by cross-correlating light curves from the two Fermi detec-
tors, LAT (100 MeV-300 GeV) and GBM (8 keV-1 MeV), for
five bright GRBs. In this work, we measure the spectral lags
of 70 GRBs detected by Fermi by cross-correlating (see Fig. 1)
the light curves in the 10-100keV bands of GBM-Nal detectors
with the light curves in two GBM-BGO bands (within 150keV
and 1 MeV) and with the light curve of the LAT Low Energy
(LLE) events (30-100MeV). This work is motivated by the
possibility of observing, in the high energy LLE data, the co-
presence of both the prompt and the early-afterglow emission
of external origin. Our goal is thus to explore the potential of
spectral lags as a diagnostic tool for identifying distinct spectral
components or emission processes in GRBs, emphasizing their
utility in probing the physical mechanisms driving GRB emis-
sion.

We present the selected sample in Section 2. The method
used to estimate the lags and the LLE spectral analysis procedure
are described in Sections 3 and 4, respectively. The results of our
analysis are presented in Section 5 and their comparison with the
GRB prompt emission properties in Section 6. In Section 7 we
compare spectral lags with the results of the spectral analysis of
the LLE data. We summarize the main findings in Section 8.

2. Sample selection and data reduction

Since its launch into orbit on June 11, 2008, the Fermi Gamma-
ray Space Telescope has enabled to study GRB properties across
a broad energy range. This capability is achieved through its
two scientific instruments, the GBM (Meegan et al. 2009) and
the LAT (Atwood et al. 2009). GBM consists of 12 sodium
iodide (Nal) detectors and two bismuth germanate (BGO) detec-
tors, which are sensitive to energy ranges of 8 keV-1 MeV and
150keV-40 MeV, respectively. The LAT is a pair production
telescope, detecting y-rays from ~10MeV to over 300 GeV. In
particular, the LLE technique is a specialized analysis method
designed to investigate bright transient events, such as GRBs and
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Fig. 1. Representation of the four energy ranges considered for the com-
putation of spectral lags (shaded filled regions). Blocks defined by long
and short dashed and dotted lines represent the full energy range of each
Fermi detector (as labeled). For each GRB in the sample, the light curve
extracted in Band 1 (10-100keV) is cross-correlated (blue arrows) with
those obtained in Band 2 (150-500keV), Band 3 (500 keV-1 MeV), and
Band 4 (30-100 MeV) in order to obtain the corresponding lags 71,, 713
and T 14.

solar flares, within the ~10MeV-100 MeV energy range (see
e.g., Pelassa et al. 2010).

At the time of writing, GBM has detected nearly 4000 GRBs.
However, only 78 bursts have corresponding LLE data avail-
able for analysis, as reported in the Fermi-LLE catalog (FER-
MILLE?). In our analysis, we considered all GRBs available in
both the LLE and GBM catalogs®. For 70 GRBs we inferred a
robust estimate of the spectral lags. Seven GRBs exhibit low-
statistics LLE data, thus preventing us from an accurate estimate
of their lags through the methods described in Section 3. The
bright GRB 130427A, despite having a LLE signal detection sig-
nificance of 1507, was excluded from the analysis as its GBM
light curve suffers from saturation effects. On average, a reliable
estimate of the spectral lags is obtained for 70 GRBs that have a
detection significance in the LLE energy range of >8¢ (Table 2
in Ajello et al. 2019).

2.1. Fermi-GBM data reduction

GBM data were acquired from the Fermi-GBM Burst catalog
and processed with the GBM Data Tools Python package*. For
each GRB in our sample, we considered data from the Nal
and BGO detectors that display the strongest signal, as iden-
tified from the quick-look light curves available in the cata-
log (Von Kienlin et al. 2020). Data covering the time window
between 50 seconds before and 300 seconds after the trigger time
were selected. Each Nal event list was filtered in order to include
only photons with energy between 10keV and 100keV (Band 1
— gray shaded region in Fig. 1). The event list of the correspond-
ing BGO detector was filtered to determine two distinct energy
ranges: the first energy range contains photons with energies
between 150keV and 500keV (Band 2 — blue region in Fig. 1);
the second energy range (Band 3 — green region in Fig. 1), con-
siders photons with energies between 500keV and 1 MeV. For
each GRB, light curves obtained in Bands 1, 2, and 3 are then
extracted by binning the filtered event lists in time bins of 0.1 s
for long GRBs and 0.01 s for short GRBs. As an example, the

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

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

4 https://fermi.gsfc.nasa.gov/ssc/data/analysis/gbm/
gbm_data_tools/gdt-docs/

Table 1. Energy bands adopted for the cross-correlation analysis.

Band Instrument  Energy (MeV)
Band1 GBM-Nal 0.01-0.1
Band2 GBM-BGO 0.15-0.5
Band3 GBM-BGO 0.5-1
Band4 LAT (LLE) 30-100

Notes. For each GRB, light curve extracted in Band 1, which considers
GBM-Nal events, is cross-correlated to those of Band 2, Band 3 (from
BGO detector) and Band 4 (LAT-LLE events).

light curves of GRB 160625B extracted in Band 1, 2, and 3 are
shown in the top three panels of Fig. 2.

2.2. Fermi-LLE data reduction

LLE data of each GRB were obtained from the FERMILLE
online catalog. Events were pre-selected using the method
described in Pelassa et al. (2010). Subsequently, we refined the
selection to include only events occurring from 500 seconds
prior to 1000 seconds after the LAT trigger time (available in
FERMILLE), and restricted to photons with energies between
30MeV and 100MeV (hereafter referred to as Band 4, the
orange region in Fig. 1). These events were grouped into time
bins of 0.1 s for long GRBs and 0.01 s for short GRBs to gener-
ate the corresponding light curves.

The list of selected energy bands adopted for the analysis is
reported in Table 1. The choice of these particular four bands
is driven by the need to have separate, non-overlapping ranges,
while also ensuring sufficient statistics. Additionally, multiple
energy ranges allow to study the evolution of time lags with
energy, as performed in Section 6.

2.3. Background subtraction

Both GBM (Band 1, 2, and 3) and LLE (Band 4) light curves
are processed in a consistent manner for background subtraction.
For each light curve, we subtracted the time-dependent back-
ground by selecting a time interval before and one after the burst
emission episode. We then fitted polynomials of degrees 0 to 4
to the union of these two intervals and determined the best-fit
polynomial by means of the least y*> method. We then interpo-
lated the best-fit polynomial over the time interval during which
the burst occurs in order to subtract the background.

3. Time lag calculation
3.1. Discrete correlation function method

In this work, we want to evaluate spectral lags between the
selected GBM-Nal energy range (Band 1 — 10-100keV) at the
lowest energies, and those of GBM-BGOs (150-500keV and
500 keV-1 MeV, i.e., Band 2 and 3) and LAT-LLE (Band 4 — 30—
100 MeV), respectively. We thus refer to the corresponding spec-
tral lags as 712,713, and 714 (as highlighted in Fig. 1). In order
to evaluate the temporal correlation between the background-
subtracted light curve in Band 1 and those of Band 2, Band 3,
and Band 4, we employed the discrete cross correlation function
(DCF) method. Unlike the traditional method, we also adopted
a non-mean-subtracted version of the DCF as proposed by Band
(1997), which is better suited for analyzing transient phenomena
similar to GRBs (as already adopted in Bernardini et al. 2015).
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GRB 160625B
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Fig. 2. Light curves of GRB 160625B. From top to bottom: Band 1 (10
—100keV), Band 2 (150keV — 500keV), Band 3 (500keV — 1 MeV),
and Band 4 (30 MeV - 100 MeV) background-subtracted light curves,
binned at 0.1s. The time interval adopted for the cross-correlation is
[185.0, 215.0] s, which accounts for the presence of a burst precursor,
with the main emission episode being delayed by ~185 sec with respect
to the trigger time.

The DCF can be expressed as:

Z?:lﬂ Xi Y(i+)
\ i X,'Z Ziyiz

where A6t represents the time lag, with 4 = (...,-1,0,1,...)
being an integer, and ¢ being the time bin of the DCF. N is
the total number of data points in the light curve, and x; and
y; refer to the count rates in Band 1, and that in Band 2, Band
3, or Band 4 i-th energy channels, respectively. For each GRB,
the time interval in which the DCF was evaluated corresponds
to the one that contains the primary emission episodes in all
four energy bands (see Table A.1). This selection allows avoid-
ing DCF linking of unrelated structures. For each pair of light
curves (i.e., those in Band 1 and Band 2, 3, or 4), we computed
the DCF across a range of A6t. The spectral lag 7 is then defined
as the time delay for which we have the global maximum of the
DCF:

DCF, ,(161) = (1

DCF,.,(t) = max | DCF,,(467) |, )

To identify 7, we fitted an asymmetric Gaussian model to the
DCEF as a function of the time delay, as already performed in, for
instance, Castignani et al. (2014) and Bernardini et al. (2015).

2
exp(—%), t<T,

hop(-52).

DCF,,(1) = K + 3)

>
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The fitting process was carried out using the least y*> method.
It is worth noting that fitting a continuous function to the DCF
enabled us to obtain values of 7 (corresponding to DCF maxima)
that can be smaller than the time resolution 67 of the light curves.

As already emphasized by Band (1997), DCFs are often
asymmetric as a direct result of the asymmetric nature of
GRB pulses, so that an asymmetric Gaussian model is an optimal
choice for fitting. In Fig. 3 (upper panel), we present the lag com-
putation of GRB 160625B as an example, for the three cases of
T2, T13, and T14. The red solid lines show the asymmetric Gaus-
sian fit around the peak of each DCF. Vertical blue-dashed lines
identify the position of the time lag (the maximum of the DCF),
while blue shaded regions represent the respective uncertainty of
each time lag at 1o~. Notably, the number of points of the peak
decreases when transitioning from the DCF obtained between
Band 1 and Band 2 and 3 to the DCF between Band 1 and 4,
as a consequence of the decreasing statistics at higher energies,
which lead to greater scattering in the DCF.

For highly complex light curves of some GRBs, which can
include multiple emission episodes, more or less distinct from
one another, the DCF may exhibit a combination of multiple
similar-height peaks, rather than a single well-defined one. In
such cases, determining a single global maximum is challeng-
ing. In our analysis, we considered two or more DCF peaks as
comparable if the difference between their heights is less than
10% of the value of the largest peak. In such cases, instead of
selecting a single time lag, we took into account all the time lags
corresponding to these comparable peaks.

3.2. Time lag error estimation

We computed the best value of 7 and its corresponding uncer-
tainty by applying a flux-randomization method, as prescribed
in Peterson et al. (1998); we generated N = 10000 realizations
for each light curve extracted in Band 1, 2, 3, and 4 based on
their count rate at each i-th time bin, &;, and its error Ax; (Pois-
sonian error). Then, for all cases, we subtracted the background
for each simulated light curve in the same manner described in
Section 2.3. We then computed the DCFs for each pair of simu-
lated light curves and fitted them with an asymmetric Gaussian,
thus obtaining N synthetic values of .

Given that N > 1, the central limit theorem suggests that
the distribution of synthetic 7 should approximate a Gaussian.
Accordingly, we fitted each distribution with a Gaussian func-
tion and took its mean and standard deviation as the best value of
7 and its 1o uncertainty, respectively. This approach yields time-
lag distributions of each GRB, allowing for an assessment of 7
and its uncertainty, which does not depend on the function used
for fitting the DCF peak (Ukwatta et al. 2010). In Fig. 3 (lower
panel), the spectral-lags distribution of the Monte Carlo simula-
tion described above is shown for the case of GRB 160625A, as
an example. As for the estimation of the best value of the spec-
tral lag, this methodology allowed us to obtain uncertainties that
can be smaller than the resolution 67 of the light curves.

The accuracy and precision of time-lag estimation are influ-
enced by the signal-to-noise ratio (S/N) of the light curves (Band
1997; Ukwatta et al. 2010). In cases of noisy light curves, the
DCF becomes more scattered, and the maximum of the function
decreases, resulting in a less accurate determination of 7. This
led to the exclusion of seven GRBs in our analysis due to their
low LLE signals. As previously emphasized, using a continuous
function to fit the DCF enables the estimation of spectral lags
that can be smaller than the time-bin size ¢6t, ensuring that no
significant bias is introduced by varying bin sizes. However, the
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Fig. 3. Lag computation for GRB 160625B. Upper panel: DCF as a function of the time delay (in seconds — bins of 0.1 s) between Band 1 (10—
100 keV) background-subtracted light curve and those of Band 2 (150-500keV) (left plot), Band 3 (500 keV-1 MeV) (central plot) and Band 4
(30-100 MeV) (right plot). In each plot the red line represents the best fit to the DCF with an asymmetric Gaussian model. Blue-dashed lines
mark the maximum of the asymmetric Gaussian model, while colored areas mark its 10~ uncertainty. The latter is estimated through Monte Carlo
simulations of GRB 160625B time lags (bottom panels). From left to right: distribution of 10 000 synthetic 75, 713 and 714 spectral lags obtained
through a flux-randomization method. The black lines show the best fit with a symmetric Gaussian. The mean value and the standard deviation of
each Gaussian represent the best value of the spectral lag and its corresponding 10~ uncertainty.

selection of the time bin was driven by the need for accurate
sampling of the DCF with at least five points and for having an
adequate signal-to-noise ratio across all time bins. Therefore, for
long GRBs, we selected a DCF time bin of 0.1 s, and for the four
short GRBs in our sample, we used a bin of 0.01 s, matching the
bin size of the extracted light curves.

4. LLE spectral analysis

For every GRB in our sample, we performed a time-integrated
spectral analysis using LLE data within the 30-100 MeV energy
band. LLE spectral data files, along with their response matrix
files (rsp2), are retrieved and produced with the public software
GTBURST. This software allowed us to extract the LLE spectrum
for each GRB over a specified time interval starting from its LLE
light curve. The background is subtracted by fitting a model to
two regions of the data outside the burst emission (one before
and one after the main emission, respectively). An automated
fitting algorithm then determines the optimal polynomial model
to represent the background. Spectral files were retrieved, and
the spectral analysis was conducted using the publicly available
XSPEC software (version 12.13.1). We fitted each time-integrated
spectrum with a power law model (pegpwriw model in XSPEC)
with pegged normalization in the 30-100 MeV (LLE) range. The
model is defined as:

A(E) = KE )

where a1 g is the photon index of the power law (defined as neg-
ative) and K is the normalization, representing the model flux in
units of 107!2 erg/cm? /s integrated over the 30-100 MeV energy
range. While it is known that some bursts may exhibit a high-
energy cutoff around a few hundred MeV (Ravasio et al. 2024),
our focus in this study is on assessing the consistency of the
LLE spectrum at lower energies with the prompt emission spec-
trum as measured by GBM, particularly by the BGO detectors.
Consequently, we did not account for potential spectral features
such as high-energy cutoffs or spectral break. For 7 GRBs in our
sample (namely GRBs 090227B, 120226A, 130504C, 131216A,
140102A, 150403A and 150523A), it was necessary to extend
the energy range down to 10MeV in order to obtain reliable
estimates of the spectral parameters. As reported in the Fermi
Caveats for LLE data’, the effect of energy dispersion can be
significant at low energies, and spectral analysis below 30 MeV
is generally discouraged due to poor event reconstruction. How-
ever, for these GRBs, we incorporated data between 10 and
30MeV to increase the statistical significance of the fit, which
would not have been achievable by limiting the analysis to the
30-100 MeV range. Moreover, we verified that extending the
spectral data down to 10 MeV allows us to reliably calculate the
errors on the spectral parameters, which were otherwise uncon-
strained when fitting the data only in the 30-100 MeV range.
We verified that the central values of the parameters obtained in

> https://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_
caveats_p8r2.html
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this extended range (10-100 MeV) were consistent with those
derived from the narrower range, confirming that the inclusion
of data down to 10 MeV did not introduce any systematic effect.

5. Results
5.1. Spectral lag behavior

Fig. 4 (upper panel) shows the spectral lags 7, (blue points), 713
(green points) and 714 (orange points), along with their corre-
sponding 1o uncertainties, for all the 70 GRBs in our sample (in
chronological order, from bottom to top). GRB names marked in
red correspond to the four short bursts in the sample (with their
spectral lags indicated by stars in the figure). All spectral lags
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and their uncertainties are also reported in Table A.1, for each
GRB.

Considering a significance threshold of >20, we find that
40% of 114 lags are significantly positive, while 37% are signif-
icantly negative. For 1), and 73, approximately 76% and 61%
of the delays are significantly positive, respectively, with no sig-
nificantly (at the >20 confidence level) negative values. Overall,
spectral lags are found to range from fractions of a second to a
few seconds. However, over our entire sample of GRBs, we can
observe different behaviors by considering both the distinction
between short and long GRBs and the different energy channels
in which the spectral lags are computed, suggesting that these
delays are related to GRB physics and not to purely instrumental
or statistical effects.



Maraventano, C., et al.: A&A, 697, A161 (2025)

080825C 081224 090323A
3<
[ ®
0.0 Lol
L _os] 2 )
- ~ 14° o 0.5
~1.0
, , 0 : , 0.0 , ,
103 104 103 104 103 104
E (keV) E (keV) E (keV)

Fig. 5. 7, (blue point) 7,3 (green point) and 714 (orange point) lags as a fu

nction of the mean energy of the respective channel. Each plot represents

an example of GRB which show one characteristic trend of the time lag versus energy. From left to right: transition from positive values of 7, and
713 to negative 114 values, increasing time lag with energy and an example of a more hybrid, scattered trend.

5.2. Spectral lags of long GRBs

For long GRBs, the vast majority of spectral lags 71, and 73
values are positive (98.6% and 94.3% for Band 2 and Band
3, respectively), meaning that soft photons systematically lag
behind hard ones. Moreover, the few instances of negative 7,
and 713 are not significantly different from O at the >20 confi-
dence level (see Table A.1), suggesting that the predominance
of positive delays is a robust feature in our sample. Values of
712 and 73 in the sample are on average on the order of frac-
tions of a second, with the largest spectral lags obtained for
GRBs 131231A (for which 715 ~ 2.4s and 713 ~ 2.7s), and
GRB 151006A (with 713 ~ 2.6 s). On the contrary, 714 values for
long GRBs are almost equally divided between positive (60%)
and negative (40%) and are significantly longer, reaching up to
several seconds (see Fig. 4). In this case, the largest time lags are
observed for GRBs 091031A (with 714 ~ 7.5s) and 130305A
(T14a ~ —4.759).

The differences in sign and magnitude we observe between
values of 715, 713, and 714 lead to two markedly distinct distribu-
tions of these lags, as shown in Fig. 4 (lower panel). Specifically,
the distributions of 7, and 73 spectral lags (blue and green-
shaded regions in the plot, respectively) are highly asymmetric
and concentrated at positive values. In contrast, the distribution
of 714 lags (orange-shaded region) is nearly symmetric around
zero and extends to larger absolute values.

Moreover, in GRBs 080916C, 090328A, and 150523A, a
second value of 74 is inferred from their DCF, specifically at
(-0.05 £ 0.02)s, (5.42 + 1.22) s, and (—5.34 + 2.58) s, respec-
tively (see Fig. 4). Their primary values of 74, on the other
hand, are listed in Table A.1, according to all other GRBs in
the sample. The presence of such secondary time lags occurs as
the corresponding DCFs display two distinct peaks with compa-
rable height, according to the criteria described in Sect. 3. Inter-
estingly, all DCFs computed between Band 1 and Bands 2 and
3 show a distinct single global maximum, so that only a single
value of 71, and 73 is given for all GRBs in the sample.

5.3. Spectral lags of short GRBs

The short GRBs 090227B, 110529A, and 190606A exhibit
lag values that are consistent with zero in all cases (at
the >20 confidence level; see Table A.1). This result aligns
with earlier findings for this class of bursts (Yietal. 2006;
Norris & Bonnell 2006; Guiriec et al. 2010; Bernardini et al.
2015; Tsvetkovaetal. 2017; Lysenko et al. 2024). However,
given the small number of short GRBs in our sample, we cannot
make an accurate comparison of the two populations of short-
and long-GRB spectral lag distributions.

GRB 090510A is the only short GRB in the sample to show
anon-negligible time lag value at the >20" confidence level, hav-
ing 714 = —0.25+0.08 s. This is consistent with the finding of an
extended and slightly delayed spectral component of afterglow
origin dominating the emission from this burst in the LAT data
(Ghirlanda et al. 2010).

6. Spectral lags and prompt emission properties

In this section, we investigate the possible relationship between
spectral lags and some characteristic properties of the prompt
emission. Given that time lags are calculated relative to the
GBM-Nal detector (10-100keV), it is appropriate to compare
them with other temporal and spectral properties of the prompt
emission, as well as their evolution with energy, if present.

6.1. Energy dependence

In Fig. 5, we show the spectral lags 7i,, 713, T14 for three repre-
sentative GRBs from our sample: GRB 080825C, 081224, and
09032A. These lags are plotted against the mean energy of the
respective channels (Band 2, Band 3, and Band 4), defined as
E = VEninEmax, where Epin and Ej,y are the lower and upper
energy bounds of each band. The corresponding plots for all
GRBs in our sample are provided in Appendix B.

We identify two distinct trends between the spectral lag
and the mean channel energy. The first trend, illustrated by
GRB 080825C in the left panel of Fig. 5, shows that the time
lag decreases as the energy of the band selected to compute it,
with respect to Band 1, increases. In this case, a transition occurs
from positive values of 71, and 73 to a negative value of 7,4. This
trend is observed in 28 GRBs (40%) in our sample, with their lag
versus energy plots shown in Fig. B.1. Notably, in some of these
GRBs, 715 > 713.

A second trend, exemplified by GRB081224 in the cen-
tral panel of Fig. 5, is characterized by positive values of the
three spectral lags, which increase with energy. This behavior is
observed in 25 out of 70 GRBs (~36% of the sample), and their
corresponding lag versus energy plots can be found in Fig. B.2.

The remaining 17 GRBs (i.e., ~24% of the sample) exhibit
more scattered 7 versus E trends, as seen in GRB 090323A (right
panel in Fig. 5). In these cases, shown in Fig. B.3, identifying a
clear trend is challenging.

6.2. T90 and fluence

Fig. B.4 (left panel) shows 75, 713, and 714 of each GRB in
our sample plotted against the duration of the bursts computed
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with the GBM data (i.e., the 790ggMm parameter reported in
Ajello et al. 2019 for all LAT-GRBs detected until August 2018).
A noteworthy behavior across all spectral lags is that the largest
absolute values of the lag are associated with intermediate values
of T790geMm ~ 10—-200 seconds. However, a more in-depth analy-
sis, which is outside the scope of the present work, is required to
determine if this relation is real or induced by the possible energy
dependence of the estimate of the burst duration (Zhang et al.
2007; Mochkovitch et al. 2016).

Additionally, we investigated (Fig. B.4, right panel) the rela-
tion between 71, 713, and 714 and the GBM fluence (as given
by Ajello et al. 2019, computed over the 10-1000keV energy
range). At lower values of the fluence, it becomes challenging
to estimate significant time lags due to the low statistics of their
light curves, which can result in noisier DCFs. Moreover, it can
be seen that larger values of the spectral lags (both positive and
negative) tend to appear at intermediate values of the fluence,
within the range considered in our sample.

7. Spectral lags and LLE spectra

Table A.2 shows the results of the time-integrated spectral anal-
ysis of the LLE data for the 70 GRBs in our sample, as described
in Section 4. The GRB name, the time interval used for extract-
ing the spectrum, the best fit parameters (the photon index, oy g,
and the normalization), and the value of the PG-Statistic over the
degrees of freedom are reported. Errors on the spectral parame-
ters represent the 90% confidence level. We could reliably fit the
spectra of 56 out of 70 GRBs in our sample. For 14 GRBs in our
sample, it was not possible to constrain the spectral parameters
due to insufficient statistics of their LLE spectra.

Spectral evolution of GRBs can be inherently linked to their
time lags evaluated in different energy bands. Therefore, lags
may serve as a powerful tool for distinguishing between dif-
ferent spectral components or emission phases. Regarding the
energy range 30-100MeV covered by LLE data, we can think
of GRB spectral evolution in the framework of a simple phe-
nomenological scenario, in which we can distinguish two main
cases:

— The LLE spectrum is the high-energy extension of the
prompt component, which evolves hard-to-soft over time. In
this context, hard photons will precede soft photons, so that
we have 714 > 0, by our definition;

— The LLE spectrum highlights the presence of an additional
and harder component with respect to the GBM one, while
the latter is fading (or has already faded). In this case, the
LLE component may reveal a long-lasting, delayed emis-
sion. Here, hard photons will lag behind soft ones, resulting
inTt 14 < 0.

In order to explore the link between the time lags and the spec-
tral properties in the LLE band, we investigate the possible cor-
relation between 714 and the spectral shape of the spectrum in
the LLE energy range. In fact, if we refer to the vF, representa-
tion of a simple power law spectrum, a flat spectral profile cor-
responds to a photon index @ ~ —2 according to the notation of
Eq. (4). For the purposes of our discussion, we define a “hard”
spectrum as one with @ > -2, whereas a spectrum is considered
“soft” if @ < —2. Under this framework, and based on the sce-
nario described above, considering that the typical high-energy
part of the prompt emission spectrum has a photon index <-2,
we should expect that GRBs in our sample with 714 > 0 exhibit
a soft LLE spectrum, characterized by a1 g < -2 (i.e., LLE is
consistent with the high-energy extension of the prompt phase).
Conversely, GRBs for which 714 < 0 are expected to have hard
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Fig. 6. LLE photon index as a function of the spectral lag between
Band 1 (GBM-Nal) and Band 4 (LAT-LLE) for 56 out of 70 GRBs in
our sample. Short GRBs are indicated by stars. Green points represent
GRBs that deviate from the expected trend, that is with 714 < 0 and
LLE photon index <-2 (considering the uncertainties on their values),
corresponding to GRBs 100724B and 170405A. The dashed-blue line
represent the arbitrary threshold between hard and soft spectra in the
framework of the phenomenological scenario, described in Section 7.
Spectral lags 7 are reported in symmetric-logarithmic scale for visual-
ization purpose.

LLE spectra, corresponding to values of ay g > —2 (suggesting
a possible additional component with respect to the extrapolation
of the prompt emission MeV spectrum). However, the threshold
of ar g ~ —2 should be considered as indicative because it is
not possible to define a specific value that allows us to separate
exactly the two cases.

In Fig. 6, we compare the LLE spectral indices listed in
Table A.2 with the corresponding values of 74 from Table A.1.
We observe that, for 714 < 0, the corresponding value of oy g
tends to be approximately €(—2, —2.5) or higher. Conversely, for
T14 > 0, a g becomes smaller than ~—2 in a larger fraction of
events, despite its associated uncertainty making it still consis-
tent with —2.0.

While for 54 out of the 56 analyzed GRBs there is an agree-
ment with the expectations of our simple scenario, there are two
notable exceptions that deviate from this tendency, shown in
green in Fig. 6, corresponding to GRBs 100724B and 170405A.
For these GRBs 714 < 0 (at the > 20 level), while ay g is signif-
icantly < —2.0 at 100 and 60, respectively.

To further test the reliability of the phenomenological sce-
nario we defined above, it is useful to search for differences
in the spectral behavior of the emission of the GRBs in our
sample between the GBM range (10-1000keV i.e., where most
of prompt emission occurs) and that in the LLE range (30—
100 MeV), which we previously analyzed for 56 GRBs in our
sample (see Table A.2).

In particular, to investigate the difference between the GBM
and LLE spectra and how does this comparison relate to the cor-
responding 74 values, we compute the difference between their
respective spectral indices Sggst and ap g as a function of 74,
as shown in Fig. 7. In this context, Bggst represents the photon
index that best fits the higher-energy segment of the GBM-BGO
spectrum. The fitting model employed is either a Band function
or a smoothly broken power law, depending on which provides
the optimal fit for the specific GRB involved. We obtain values
of Begst for 35 out of the 70 GRBs in our sample.

This comparison shows a quite distinct behavior, in agree-
ment with the one observable in Fig. 6. For negative time lags,
the difference between the two spectral indices (both defined
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Fig. 7. Difference between high-energy photon index of the GBM emis-
sion (Bpgst) and the LLE photon index (o g) as a function of the spec-
tral lag between Band 1 (GBM-Nal) and Band 4 (LAT-LLE) for 35 out
of 70 GRBs in our sample. Short GRBs are indicated by stars. Green
points represent GRBs that deviate from the expected trend, correspond-
ing to GRBs 100724B, 100826A and 131108A. The dashed-blue line
represent the arbitrary threshold between hard and soft spectra in the
framework of the phenomenological scenario described in Section 7.
Spectral lags 7 are reported in symmetric-logarithmic scale for visual-
ization purpose.

negative) tends to be greater than zero, indicating that ap g >
BeesT, thus suggesting that the spectrum becomes harder at
higher energies, such as those sampled by LLE data. However,
within the negative-lag region, there is substantial scatter among
the data points, and no conclusive statements can be made. For
positive lag values, the difference between Spgst and ap g tends
to fall below zero, meaning that ar1g < Bpgst. In this positive
lag region, the scatter among the data points diminishes, making
this clustering more pronounced.

We calculated the Spearman rank correlation coefficient
between the spectral lags, 714, and the difference Bgrst — @LLE
to search for linear correlation between the two datasets. The
resulting correlation coefficient is 0.37 and a p-value of 3.2% is
obtained, corresponding to a ~2.20" confidence level. This indi-
cates that the positive correlation between these two datasets,
although quite weak, suggests a non-random and modest asso-
ciation between the two variables. Similarly to Fig. 6, some
GRBs deviate from the expected trend of our proposed scenario,
even considering their respective uncertainties. This was the case
for GRBs 100724B (which was also an outsider in Fig. 6),
100826A and 131108A, which are reported in green in Fig. 7.
In this case, GRB 170405A, which was an outsider in Fig. 6,
behaves accordingly to what we expected from our simplified
model.

8. Discussion and conclusions

In this work we presented the first systematic analysis of
Fermi/LLE data to study spectral lags in GRBs. We analyzed
66 long and 4 short GRBs with LLE data available in the online
catalog, computing spectral lags across multiple energy bands.
Our reference band is defined by the GBM-Nal detector (10—
100keV) and we computed how the emission at higher energy
bands and in particular those sampled by the LLE data (30—
100 MeV) lagged with respect to this reference band (Fig. 1).
As emphasized by Hakkilaetal. (2008), being time-
integrated properties, spectral lags and their uncertainties are
mainly influenced by the light curve S/N and by the width of
the DCF peaks. Nevertheless, lags computed over the full dura-
tion of a burst (which potentially comprises multiple emission

episodes), are typically found to be dominated by the bright-
est and “spikiest” peak in the light curve (Mochkovitch et al.
2016). In fact, this is the case for 96% of the GRBs in our
sample, with their DCF revealing a dominant peak (at all ener-
gies), resulting in the estimation of one spectral lag value. In the
remaining cases, corresponding to GRBs 080916C, 090328A,
and 150523A, two values of 714 are found (as shown in Fig. 4).

As shown in Table A.1, long GRBs predominantly exhibit
positive lags in lower-energy bands (98.6% for 71, and 94.3%
for 73), consistent with previous studies interpreting pos-
itive lags as due to the hard-to-soft spectral evolution of
the prompt emission (Daigne & Mochkovitch 1998; Bogi et al.
2010; Mochkovitch et al. 2016; Bo$njak & Daigne 2014). In
contrast, 714 values are more evenly split between positive (60%)
and negative (40%) and are generally longer, averaging a few
seconds. This suggests that at LLE energies, a delayed com-
ponent distinct from the prompt emission may emerge when
Tig < 0.

Short GRBs in our sample, apart from the pecu-
liar GRB 090510A, exhibit spectral lags consistent with
zero, in agreement with findings by Yietal. (2006) and
Norris & Bonnell (2006), the latter reporting that 95% of
260 short bursts in a BATSE sample show negligible lags.
Similarly, Guiriec et al. (2010) observed minimal lags below
1 MeV in three bright short GRBs detected by Fermi, while
Bernardini et al. (2015) found near-zero time delays in six short
GRBs observed by Swift.

By comparing the three spectral lag values and their energy
dependence, two main trends are identified. Around 40% of
GRBs display a decreasing lag with energy, transitioning from
positive to negative at higher energies, indicative of a potential
spectral inversion around 10-100 MeV. Notably, what we find
for these GRBs is consistent with the results of BoSnjak et al.
(2022), who showed, through simulations of single-pulse GRBs,
that the time lag with respect to the mean energy of the cross-
correlation channel exhibits a specific trend: the light curves
initially peak earlier as the energy increases, but this trend
reverses above ~10-100MeV. Another 36% show increasing
lags with energy, while the remaining 24% exhibit irregular pat-
terns, likely due to low S/N or complex light-curve structures.

We also investigate the relationship between spectral lags
and key GRB prompt-emission features detected by GBM.
We find that larger absolute lags are primarily associated
with intermediate prompt-emission durations (790ggm ~ 10—
200 seconds) and intermediate values of the 10-1000keV flu-
ence. However, it is unclear whether these patterns arise from
observational biases, selection effects, or intrinsic GRB prop-
erties. Further detailed studies are needed to disentangle these
factors and better understand the underlying physics.

Lastly, we wanted to test if spectral lags evaluated across
different energy bands can serve as a tool for distinguish-
ing between different emission components. To do that, we
started by building a simple phenomenological scenario in
which the LLE emission (30-100MeV) can be either identi-
fied as (i) the high-energy extension of the prompt compo-
nent, evolving hard-to-soft over time (so that we should expect
T4 > 0), or (ii) a harder, delayed component that arises as
the prompt fades (implying 714 < 0). The harder spectral
component in GRBs may arise from several mechanisms: syn-
chrotron self-Compton processes in jets with strong magnetic
fields (Panaitescu & Mészaros 2000; Stern & Poutanen 2004);
high-energy photon production near the photosphere involv-
ing thermal, non-thermal, and magnetic reconnections (Ito et al.
2019; Song et al. 2022); forward shocks due to the interaction
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of the expanding jet with the interstellar medium, linked to
high-energy afterglows (Kumar & Duran 2010; Ghirlanda et al.
2010); or hadronic models, such as proton-synchrotron emission
and photohadronic cascades, which require substantial energy
budgets (Pe’er 2015; Bosnjak et al. 2022).

To assess the reliability of such scenario, we compared 74
values with the photon index @y g we obtained from the time-
integrated spectral analysis of LLE spectra, fitting them with a
simple power law model (see Fig. 6). Considering aj g ~ -2
as an indicative threshold between an hard and a soft spectrum,
GRBs with 714 > 0 are expected to have ar g < —2, while
T14 < 0 should correlate with cases in which a1 g > —2. Our
results support this framework (with the two clear exception of
GRBs 100724B and 170405A), with most GRBs hinting towards
a correlation between 74 and ey g. Values of 714 > 0 may
indeed be attributed to cases where the LLE emission is the
extension of the prompt phase, evolving in a hard-to-soft fash-
ion. This aligns with the observation that the vast majority of
values for 71, and 73 are positive (98.6% and 94.3%, respec-
tively). Transitions from positive to negative spectral lags can
occur at LLE energies (around 10 MeV or higher) when a new,
harder spectral component emerges. However, the large scatter
in the 714 < 0 region, highlights possible challenges in inter-
preting negative spectral lags, due to limited LLE spectral statis-
tics and the simplicity of the chosen fitting model. Estimating
ar g 18 difficult due to poor data quality, and fitting with a sim-
ple power law model may overlook complex spectral features,
requiring additional components. The proposed phenomenolog-
ical scenario is also a simplified representation that cannot fully
capture more complex cases.

Notably, some GRBs in our sample for which 714 < 0 and
arg > —2 exhibit an additional high-energy component. For
example, the delayed >100MeV emission in GRB 080916C
(with @ g ~ —2.05) is attributed to proton synchrotron radiation
during the prompt phase (Razzaque et al. 2010). In contrast, for
GRB 090510A, high-energy emission is linked to electron syn-
chrotron radiation in the early afterglow phase (Kumar & Duran
2010; Ghirlanda et al. 2010). Similarly, delayed GeV emission
in GRB 110731A likely corresponds to the high-energy tail
of the afterglow (Ackermann etal. 2013), and Ravasio et al.
(2019) interpreted the LAT emission in GRB 190114C as
originating from the same afterglow-related mechanism. How-
ever, for GRBs such as 090902B (Abdo et al. 2009) and
141207A (Arimoto et al. 2016), the origin of the high-energy
component remains unclear, posing challenges for current
models.

Taking Bpest as the representative photon index of the
higher-energy segment of the GBM spectrum, we also focused
on the difference between Bpgst and arpg, as a function of 74
(see Fig. 7), to further test our framework. Values of Sggst were
given for 35 GRBs, considering either a Band function or a
smoothly broken power law, depending on which was the best-
fitting model, as reported in the GBM catalog.

The analysis reveals a behavior consistent with that seen in
Fig. 6. Overall, for positive values of 74, the observed cluster
aligns well with the hard-to-soft evolution typical of the prompt.
As 114 transits to negative values, a greater scatter among the
data points occurs, making the interpretation less satisfactory
and the clustering of the data more modest. We also see devi-
ations from the expected trend for GRBs 100724B, 100826A,
and 131108A. The linear correlation coefficient between 74 and
Beest — aLLE 1s found to be 0.37 (with a p-value of 3.2%, corre-
sponding to a ~2.2¢0" confidence level), suggesting a modest cor-
relation between the two sets of data. However, it is important
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to note that the large scatter observed, particularly in the region
where 714 < 0, may be attributed to the limited quality of the
LLE spectra and the lag estimates for the GRBs in our sample,
or to more peculiar and complex features in their spectra, which
we fit with a simple power law model.

This work emphasizes the value of spectral lag studies,
especially across different energy ranges, as a tool for dis-
tinguishing between GRB emission components. Using LLE
data to calculate time lags between 30 and 100 MeV provides
insights into the onset of hard, time-delayed components and
their interaction with the prompt emission. While spectral lag
studies complement spectral analysis, further detailed models
are needed, as LLE data alone lack sufficient statistics for deeper
analysis.

In this work, we computed time lags by applying the
DCF method to the entire interval of the LLE light curve in
which emission is present, aiming to obtain a global mea-
sure of the time lag for each selected energy band. How-
ever, as noted by Hakkila & Giblin (2004), different emission
episodes within a single GRB can exhibit distinct lags, sug-
gesting that each episode may correspond to a different burst
component. Moreover, previous studies have also indicated that
GRBs can present both a slowly varying (“smooth”) compo-
nent and a rapidly varying (“spiky””) component that overlap in
the light curve (Cline et al. 1980; Mitrofanov 1989; Norris et al.
1996; Walker et al. 2000). Our present analysis, based on time-
integrated data, does not specifically address these individual
components or their spectral evolution. Given the encouraging
results presented in this work, a time-resolved study of lags in
GRBs with multiple emission episodes will be the focus of a
forthcoming paper.

These findings open avenues for deeper analysis, with spec-
tral lag studies serving as a critical complement to broader multi-
wavelength and multi-messenger efforts in understanding GRBs.
Given the encouraging results presented in this work, we aim
to carry out a more in-depth study in a forthcoming publica-
tion, consisting of both temporal and spectral analysis, for some
specific GRBs from this sample, which represent excellent case
studies to assess all these interesting issues.

Acknowledgements. We are thankful to M. G. Bernardini, F. Daigne and R.
Mochkovitch for valuable comments and discussion, which significantly con-
tributed to shaping this work. C.M. is grateful to the Observatory of Brera —
Merate for their warm hospitality during the course of this project. LN and GG
acknowledge the funding support from the European Union-Next Generation
EU, PRIN 2022 RFF M4C21.1 (202298J7KT — PEACE). AT acknowledges the
“HERMES Pathfinder-Operazioni 2022-25-HH.0” grant.

References

Abdo, A., Ackermann, M., Ajello, M., et al. 2009, ApJ, 706, L138

Ackermann, M., Ajello, M., Asano, K., et al. 2013, ApJ, 763, 71

Ajello, M., Arimoto, M., Axelsson, M., et al. 2019, ApJ, 878, 52

Arimoto, M., Asano, K., Ohno, M., et al. 2016, ApJ, 833, 139

Atwood, W., Abdo, A. A., Ackermann, M., et al. 2009, ApJ, 697, 1071

Band, D. L. 1997, ApJ, 486, 928

Bernardini, M. G., Ghirlanda, G., Campana, S., et al. 2015, MNRAS, 446,
1129

Bissaldi, E. 2019, ICRC, 36, 555

Bogi, S., Hafizi, M., & Mochkovitch, R. 2010, A&A, 519, A76

Bosnjak, 7., & Daigne, F. 2014, A&A, 568, A45

Bosnjak, Z. Daigne, F., & Dubus, G. 2009, A&A, 498, 677

Bosnjak, Z., Barniol Duran, R., & Pe’er, A. 2022, Galaxies, 10, 38

Bulla, M., Camisasca, A., Guidorzi, C., et al. 2023, GCN, 33578, 1

Castignani, G., Guetta, D., Pian, E., et al. 2014, A&A, 565, A60

Chakrabarti, A., Chaudhury, K., Sarkar, S. K., & Bhadra, A. 2018, JHEAP, 18,
15

Chang, X., Peng, Z., Chen, J., et al. 2021, ApJ, 922, 34


http://linker.aanda.org/10.1051/0004-6361/202554053/1
http://linker.aanda.org/10.1051/0004-6361/202554053/2
http://linker.aanda.org/10.1051/0004-6361/202554053/3
http://linker.aanda.org/10.1051/0004-6361/202554053/4
http://linker.aanda.org/10.1051/0004-6361/202554053/5
http://linker.aanda.org/10.1051/0004-6361/202554053/6
http://linker.aanda.org/10.1051/0004-6361/202554053/7
http://linker.aanda.org/10.1051/0004-6361/202554053/7
http://linker.aanda.org/10.1051/0004-6361/202554053/8
http://linker.aanda.org/10.1051/0004-6361/202554053/9
http://linker.aanda.org/10.1051/0004-6361/202554053/10
http://linker.aanda.org/10.1051/0004-6361/202554053/11
http://linker.aanda.org/10.1051/0004-6361/202554053/12
http://linker.aanda.org/10.1051/0004-6361/202554053/13
http://linker.aanda.org/10.1051/0004-6361/202554053/14
http://linker.aanda.org/10.1051/0004-6361/202554053/15
http://linker.aanda.org/10.1051/0004-6361/202554053/15
http://linker.aanda.org/10.1051/0004-6361/202554053/16

Maraventano, C., et al.: A&A, 697, A161 (2025)

Chen, L., Lou, Y.-Q., Wu, M., et al. 2005, ApJ, 619, 983

Cheng, L. X., Ma, Y. Q., Cheng, K. S., Lu, T., & Zhou, Y. Y. 1995, A&A, 300,
746

Cline, T., Desai, U., Pizzichini, G., et al. 1980, ApJ, 237, L1

Daigne, F., & Mochkovitch, R. 1998, MNRAS, 296, 275

Dermer, C. D. 2004, Apl, 614, 284

Ghirlanda, G., Celotti, A., & Ghisellini, G. 2003, A&A, 406, 879

Ghirlanda, G., Ghisellini, G., & Celotti, A. 2004, A&A, 422, L55

Ghirlanda, G., Nava, L., Ghisellini, G., Celotti, A., & Firmani, C. 2009, A&A,
496, 585

Ghirlanda, G., Ghisellini, G., & Nava, L. 2010, A&A, 510, L7

Giblin, T., van Paradijs, J., Kouveliotou, C., et al. 1999, ApJ, 524, L47

Guiriec, S., Briggs, M. S., Connaugthon, V., et al. 2010, ApJ, 725, 225

Gunapati, G., Jain, A., Srijith, P., & Desai, S. 2022, PASA, 39, e001

Hakkila, J., & Giblin, T. W. 2004, ApJ, 610, 361

Hakkila, J., Giblin, T. W., Young, K. C., et al. 2007, ApJSS, 169, 62

Hakkila, J., Giblin, T. W., Norris, J. P., Fragile, P. C., & Bonnell, J. T. 2008, ApJ,
677, L81

Ito, H., Matsumoto, J., Nagataki, S., et al. 2019, Nat. Commun., 10, 1504

Kumar, P., & Duran, R. B. 2010, MNRAS, 409, 226

Li, J., & Ding, M. 2004, ApJ, 606, 583

Li, Z., Chen, L., & Wang, D. 2012, PASP, 124, 297

Liang, W.-Q., Lu, R.-J, Peng, C.-F., & Chen, W.-H. 2023, ApJ, 942, 67

Lysenko, A. L., Svinkin, D. S., Frederiks, D. D., et al. 2024, PASA, accepted
[arXiv:2410.16896]

MacLachlan, G., Shenoy, A., Sonbas, E., et al. 2013, MNRAS, 432, 857

Meegan, C., Lichti, G., Bhat, P., et al. 2009, ApJ, 702, 791

Mészaros, P., & Rees, M. J. 1994, MNRAS, 269, L41

Mitrofanov, 1. 1989, Ap&SS, 155, 141

Mochkovitch, R., Heussaff, V., Atteia, J., Bogi, S., & Hafizi, M. 2016, A&A,
592, A95

Norris, J. P., & Bonnell, J. T. 2006, ApJ, 643, 266

Norris, J., Nemiroff, R., Bonnell, J., et al. 1996, ApJ, 459, 393

Norris, J., Marani, G., & Bonnell, J. 2000, ApJ, 534, 248

Panaitescu, A., & Mészdros, P. 2000, ApJ, 544, L17

Pelassa, V., Preece, R., Piron, F.,, Omodei, N., & Guiriec, S. 2010, ArXiv e-prints
[arXiv:1002.2617]

Peterson, B. M., Wanders, 1., Horne, K., et al. 1998, PASP, 110, 660

Pe’er, A. 2015, Adv. Astron., 2015, 907321P

Piran, T. 2004, Rev. Mod. Phys., 76, 1143

Preece, R., Burgess, J. M., Von Kienlin, A., et al. 2014, Science, 343, 51

Ravasio, M., Oganesyan, G., Salafia, O. S, et al. 2019, A&A, 626, A12

Ravasio, M., Ghirlanda, G., & Ghisellini, G. 2024, A&A, 685, A166

Razzaque, S., Dermer, C. D., & Finke, J. D. 2010, Open Astron. J., 3, 150

Rossi, A., Rothberg, B., Palazzi, E., et al. 2022, ApJ, 932, 1

Ryde, F. 2004, ApJ, 614, 827

Ryde, F. 2005, A&A, 429, 869

Ryde, F., & Petrosian, V. 2002, ApJ, 578, 290

Song, X.-Y., Zhang, S.-N., Ge, M.-Y., & Zhang, S. 2022, MNRAS, 517, 2088

Stern, B. E., & Poutanen, J. 2004, MNRAS, 352, L35

Tkachenko, A., Terekhov, O., Sunyaev, R, et al. 2000, A&A, 358, L41

Tsvetkova, A., Frederiks, D., Golenetskii, S., et al. 2017, AplJ, 850, 161

Uhm, Z. L., & Zhang, B. 2016, ApJ, 825, 97

Ukwatta, T., Stamatikos, M., Dhuga, K., et al. 2010, ApJ, 711, 1073

Von Kienlin, A., Meegan, C., Paciesas, W., et al. 2020, ApJ, 893, 46

Vyas, M. K., Pe’er, A., & Eichler, D. 2021, ApJ, 908, 9

Vyas, M. K., Pe’er, A., & Iyyani, S. 2024, ApJL, 975, L29

Walker, K. C., Schaefer, B. E., & Fenimore, E. 2000, ApJ, 537, 264

Wei, J.-J., Zhang, B.-B., Shao, L., Wu, X.-F., & Mésziros, P. 2017, ApJL, 834,
L13

Yi, T., Liang, E., Qin, Y., & Lu, R. 2006, MNRAS, 367, 1751

Zhang, B.-B., Zhang, B., Liang, E.-W., et al. 2011, ApJ, 730, 141

Zhang, F.-W., Qin, Y.-P., & Zhang, B.-B. 2007, PASJ, 59, 857

Zhong, S.-Q., Li, L., & Dai, Z.-G. 2023, ApJL, 947, L21

Al61, page 11 of 17


http://linker.aanda.org/10.1051/0004-6361/202554053/17
http://linker.aanda.org/10.1051/0004-6361/202554053/18
http://linker.aanda.org/10.1051/0004-6361/202554053/18
http://linker.aanda.org/10.1051/0004-6361/202554053/19
http://linker.aanda.org/10.1051/0004-6361/202554053/20
http://linker.aanda.org/10.1051/0004-6361/202554053/21
http://linker.aanda.org/10.1051/0004-6361/202554053/22
http://linker.aanda.org/10.1051/0004-6361/202554053/23
http://linker.aanda.org/10.1051/0004-6361/202554053/24
http://linker.aanda.org/10.1051/0004-6361/202554053/24
http://linker.aanda.org/10.1051/0004-6361/202554053/25
http://linker.aanda.org/10.1051/0004-6361/202554053/26
http://linker.aanda.org/10.1051/0004-6361/202554053/27
http://linker.aanda.org/10.1051/0004-6361/202554053/28
http://linker.aanda.org/10.1051/0004-6361/202554053/29
http://linker.aanda.org/10.1051/0004-6361/202554053/30
http://linker.aanda.org/10.1051/0004-6361/202554053/31
http://linker.aanda.org/10.1051/0004-6361/202554053/31
http://linker.aanda.org/10.1051/0004-6361/202554053/32
http://linker.aanda.org/10.1051/0004-6361/202554053/33
http://linker.aanda.org/10.1051/0004-6361/202554053/34
http://linker.aanda.org/10.1051/0004-6361/202554053/35
http://linker.aanda.org/10.1051/0004-6361/202554053/36
https://arxiv.org/abs/2410.16896
http://linker.aanda.org/10.1051/0004-6361/202554053/38
http://linker.aanda.org/10.1051/0004-6361/202554053/39
http://linker.aanda.org/10.1051/0004-6361/202554053/40
http://linker.aanda.org/10.1051/0004-6361/202554053/41
http://linker.aanda.org/10.1051/0004-6361/202554053/42
http://linker.aanda.org/10.1051/0004-6361/202554053/42
http://linker.aanda.org/10.1051/0004-6361/202554053/43
http://linker.aanda.org/10.1051/0004-6361/202554053/44
http://linker.aanda.org/10.1051/0004-6361/202554053/45
http://linker.aanda.org/10.1051/0004-6361/202554053/46
https://arxiv.org/abs/1002.2617
http://linker.aanda.org/10.1051/0004-6361/202554053/48
http://linker.aanda.org/10.1051/0004-6361/202554053/49
http://linker.aanda.org/10.1051/0004-6361/202554053/50
http://linker.aanda.org/10.1051/0004-6361/202554053/51
http://linker.aanda.org/10.1051/0004-6361/202554053/52
http://linker.aanda.org/10.1051/0004-6361/202554053/53
http://linker.aanda.org/10.1051/0004-6361/202554053/54
http://linker.aanda.org/10.1051/0004-6361/202554053/55
http://linker.aanda.org/10.1051/0004-6361/202554053/56
http://linker.aanda.org/10.1051/0004-6361/202554053/57
http://linker.aanda.org/10.1051/0004-6361/202554053/58
http://linker.aanda.org/10.1051/0004-6361/202554053/59
http://linker.aanda.org/10.1051/0004-6361/202554053/60
http://linker.aanda.org/10.1051/0004-6361/202554053/61
http://linker.aanda.org/10.1051/0004-6361/202554053/62
http://linker.aanda.org/10.1051/0004-6361/202554053/63
http://linker.aanda.org/10.1051/0004-6361/202554053/64
http://linker.aanda.org/10.1051/0004-6361/202554053/65
http://linker.aanda.org/10.1051/0004-6361/202554053/66
http://linker.aanda.org/10.1051/0004-6361/202554053/67
http://linker.aanda.org/10.1051/0004-6361/202554053/68
http://linker.aanda.org/10.1051/0004-6361/202554053/69
http://linker.aanda.org/10.1051/0004-6361/202554053/69
http://linker.aanda.org/10.1051/0004-6361/202554053/70
http://linker.aanda.org/10.1051/0004-6361/202554053/71
http://linker.aanda.org/10.1051/0004-6361/202554053/72
http://linker.aanda.org/10.1051/0004-6361/202554053/73

Maraventano, C., et al.: A&A, 697, A161 (2025)

Appendix A: Tables

Table A.1. Spectral lags of the 70 GRBs analyzed in this work.

GRB name  fyun () fop (S) 712 (8) o) Ti3(s) o) Tia(s) 014 (s)

080825C -2.0 40.0 0.08 0.04 0.08 0.06 -0.89 0.27
080916C -2.0 20.0 0.56 0.23 0.008 0.006 -2.85 0.42
081224 -2.0 15.0 1.24 0.12 1.97 0.17 2.57 0.34
090217A -5.0 22.0 0.07 0.04 0.14 0.07 -1.06 0.36
090323A -0.5 80.0 0.63 0.31 0.95 0.3 0.23 0.15
090328A -0.5 30.0 0.16 0.08 0.23 0.7 2.07 0.62
090902B -2.0 25.0 0.08 0.03 0.17 0.05 -0.12 0.06
090926A -1.0 15.0 0.16 0.05 0.17 0.05 -0.11 0.04
091031A -1.0 25.0 0.08 0.04 0.04 0.03 7.54 2.75
100116A 80.0 105.0 0.13 0.07 0.70 0.23 0.45 0.23
100225A -10.0 20.0 0.03 0.02 0.03 0.04 -0.68 0.25
100724B 5.0 35.0 0.11 0.05 0.15 0.09 -0.33 0.09
100826A 6.0 37.0 0.09 0.04 0.06 0.03 -0.59 0.25
110328B -0.5 20.0 0.15 0.07 0.22 0.15 1.06 0.70
110721A -1.0 6.0 0.48 0.15 0.65 0.24 2.46 0.59
110731A -1.0 12.0 0.04 0.02 -0.90 0.35 -2.05 0.47
120226A -1.0 40.8 0.10 0.05 0.07 0.06 0.38 0.14
120328B -5.0 225 0.83 0.15 1.37 0.13 1.68 0.45
120624B -1.0 20.0 0.17 0.08 0.07 0.04 -0.32 0.10
120709A -0.5 30.0 0.05 0.02 0.03 0.01 -0.40 0.15
121011A -9.5 15.0 0.99 0.29 2.54 1.10 0.74 0.22
130305A 1.0 15.0 0.07 0.04 0.13 0.05 -4.69 1.23
130310A 35 5.5 0.05 0.01 0.05 0.01 0.21 0.01
130504C 11.0 37.0 0.11 0.03 0.11 0.03 0.23 0.09
130518A 20.0 38.0 0.33 0.12 0.53 0.25 0.85 0.37
130821A 22.0 41.0 0.14 0.05 0.08 0.03 -1.05 0.45
131014A 0.0 6.0 0.09 0.03 0.10 0.04 0.07 0.03
131108A -0.5 24.0 0.06 0.02 0.09 0.03 0.06 0.02
131216A -5.0 15.2 0.38 0.10 0.68 0.15 0.74 0.22
131231A 12.0 30.5 2.35 0.40 2.73 0.52 -0.39 0.12
140102A -0.5 5.5 0.03 0.01 -0.04 0.02 -2.92 0.76
1402068 -2.0 30.0 0.81 0.30 1.63 0.28 3.84 0.87
140619B -1.0 4.5 -0.50 0.25 -0.53 0.26 -0.62 0.30
141028A 5.0 28.0 1.61 0.42 1.98 0.64 0.004 0.002
141207A -0.5 25.0 0.42 0.13 0.40 0.15 -1.96 0.57
141222A -1.0 2.0 0.04 0.01 0.04 0.02 0.20 0.09
150118B -2.0 38.5 0.02 0.01 0.009 0.007 -1.42 0.63
150202B 4.0 17.5 0.07 0.02 0.12 0.04 -0.10 0.04
150210A -1.0 5.0 0.09 0.02 0.12 0.03 -0.54 0.12
150403A 2.0 20.0 0.14 0.05 0.22 0.07 0.73 0.37
150510A -0.5 15.0 0.05 0.01 0.16 0.07 0.22 0.09
150514A -1.0 5.5 0.49 0.12 -0.19 0.10 0.10 0.04
150523A 0.0 40.0 0.08 0.03 0.03 0.02 -2.98 0.95
150902A 0.0 25.0 0.05 0.02 0.03 0.01 -0.17 0.09
151006A -2.0 13.5 1.53 0.33 2.55 0.41 3.92 0.80
160509A 75 23.0 0.11 0.04 0.17 0.06 0.59 0.23
160625B 185.0 215.0 0.08 0.05 0.13 0.04 0.63 0.12
160709A -0.5 25 0.11 0.03 0.10 0.03 0.07 0.04
160816A -2.0 15.0 0.07 0.01 0.07 0.02 0.011 0.008
160821A 115.0 155.0 0.06 0.01 0.09 0.02 0.63 0.15
160905A 5.0 20.5 0.18 0.03 0.15 0.08 0.72 0.23
160910A 5.5 15.0 0.74 0.20 1.10 0.29 0.17 0.07
160917A -10.0 23.0 0.11 0.07 0.02 0.01 0.13 0.07
160917B 10.5 30.5 0.05 0.03 0.16 0.07 0.22 0.09
170115B -1.0 15.0 0.04 0.01 0.04 0.01 0.03 0.01
170214A 35.0 80.0 0.06 0.02 0.08 0.04 0.16 0.06
170405A 10.0 60.0 0.10 0.04 0.03 0.01 -1.01 0.25
170424A 0.0 30.5 0.02 0.01 0.011 0.009 1.13 0.38
180720B 0.0 35.0 0.082 0.005 0.08 0.01 0.03 0.01
190114C -0.5 25.0 0.11 0.04 0.13 0.07 -2.29 0.46
190122A -5.0 20.0 0.79 0.15 0.80 0.47 0.96 0.28
190531B 5.0 40.0 0.10 0.04 0.19 0.09 -0.46 0.18
190727B 15.0 42.0 0.04 0.010 0.03 0.02 0.02 0.01
190731A 0.0 11.0 0.35 0.13 0.60 0.22 1.07 0.29
220101A 80.0 140.0 0.14 0.05 1.52 0.46 5.93 1.87
220209A 8.0 17.0 0.36 0.10 0.45 0.15 1.16 0.16
090227B -0.25 0.25 0.003 0.009 0.025 0.009 -0.04 0.02
090510A -0.25 1.25 0.027 0.015 0.02 0.01 -0.25 0.08
110529A -0.25 0.50 0.0012 0.0008 0.003 0.002 0.005 0.003
190606A -0.5 0.5 0.03 0.02 0.03 0.02 0.02 0.01

Notes. Name of the 66 long (upper part) and 4 short (lower part) GRBs in our sample are reported in the first column. Upper () and lower (op)
temporal boundaries adopted for applying the DCF method, spectral lags 712, 713, T14, and lags uncertainties (0712, 013, 0714).

Al161, page 12 of 17



Maraventano, C., et al.: A&A, 697, A161 (2025)

Table A.2. Spectral analysis results for the 70 GRBs analyzed in this work.

GRB name At (s) QLLE Norm (10‘86rgs/cm2 /s)  PG-Stat/DOF
080825C  (-3.0,37.0)  —2.1370% 3.55+0.12 20.04/6
080916C  (-3.2, 83.0) —2.05j§;§§ 20.51+167 2.45/6

081224 - - - -
090217A  (1.0,41.0)  —1.84*1% 3.04+133 9.17/4
090323A  (-15.0,350.0) —3.45*)4 4.35f§;§§ 6.69/4
000328A  (5.0,47.0)  —3.18°00! 18.127403 2.88/4
090902B  (-5.0, 54.0) —1.86t§f§§ 25.26{%}5 13.60/4
090926A  (0.0,72.0)  —1.93*02 33.8621 7.90/4
091031A  (-3.0,37.0) —2.23j3§3 6.76*1-14 6.19/4
100116A  (70.5, 155.0) —2.85j§;§§ 4.013;2? 8.63/4
1002254  (2.6,11.5)  -2.72*F 12414300 3.47/6
100724B (9.0, 92.0) —3.27ﬁ5;§g 19.86j?:§§ 4.27/4
100826A (0.0, 137.0) —2.40j3-4§ 14.57ﬂ-1§ 12.10/4
110328B  (-8.0,59.0) —2.99ﬁ§f3§ 4.37f}~387 6.73/4
110721A  (-0.8,24.0)  -2.31*023 19.733;% 2.13/4
110731A  (1.5,12.8) —1.90j§;§§ 7.46* 118 4.11/4
120226A  (4.8,13.7) —2.95j0;§g 6.54+2% 13.38/12
120328B  (4.8,13.7)  -2.63*1% 133.06°22%3 2.42/6
120624B  (-6.0,22.0)  -2.85*2% 10.50j‘1‘~0%jg 20.38/4
120709A = - - -
121011A = - - -
130305A = - - -
130310A @.1,44) 27717 527.37+2788 4.79/4
130504C  (30.9,32.1) —3.60ﬁ5§§ 2,931 19.58/10
130518A  (20.9,23.7) —2.01j?;§§ 2.04j§f§§ 1.36/4
130821A = - - -
131014A  (-4.0,20.0) -1.62*15¢ 16.09*8:42) 6.00/4
131108A  (-1.0,43.0)  -1.86%03 2.18+ 11 5.36/4
131216A  (-1.3,4.3) —3.05t?;gg 3.783% 8.80/12
131231A = - - -
140102A (1.5,84) —2.41f§;2§ 9.56*3% 15.86/10
140206B (-4.0,74.0)  -2.317037 14.99j};§f§ 12.62/4
140619B - - - -
141028A  (-0.2,58.0)  —2.15*08 7.1712 3.92/4
141207A  (-3.0,32.0) —1.84j§f§§ 10.583?83 8.71/4
141222A (-13,24) =330 3.38734 7.60/4
150118B - - - -
150202B - - - -
150210A  (-5.0,31.0)0  -2.07+!3 4.84+179 10.00/4
150403A  (-2.0,28.0) —4.08j5;%5 1.23j};;§ 12.39/10
150510A (0.2, 18.0) —2.82ﬁ§;§§ 7.15%3:48 2.03/8
150514A ~ - - -
150523A  (-3.0,45.0)  -2.58+0¢2 1.65+993 8.71/10
150902A  (-3.0,54.0) —1.70j§;§§ 3.41?‘{%1 13.82/6
151006A  (-1.0,45.0) —2.90j§;gl 4.54+138 2.39/6
160509A (76, 40.6) —2.58ﬁ8:}§ 56.48j§; 3.06/6
160625B  (184.0,220.0) —3.23t8;11 63.35%52 6.51/6
160709A  (-9.0,38.0) —3.13f?;%3 3.11+190 3.46/6
160816A  (-0.04, 15.1) —2.21j6;1% 4.05j§~8;g 15.31/6
160821A  (1.2,38.)  -3.27*%1 26.82+172 2.84/6

—1.71
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GRB name At (s) QrIE Norm (IO’Sergs/ cm’? /s)  PG-Stat/DOF
160905A  (-3.0, 46.0) —3.96fé;gg 1.54+110 3.74/6
160910A  (-3.0,32.0) —3.64f8;§‘; 13.76+4% 11.47/6
160917A  (0.9,82)  -2.8570%7 6.10+2% 2.61/8
160917B - - - -
170115B (0.0, 35.0) —2.51f<8’;§g 3.80%13 14.24/6
170214A  (6.5,86.5)  -2.77+023 11.40*14 8.68/6
170405A  (-7.0,116.0) -2.80*0% 4.85710> 6.10/6
170424A - - - -
180720B  (-9.0,45.0) -3.2170% 13.28+307 3.87/6
190114C  (1.2,38.1) —1.74f§§3 119.47+136.60 5.13/6
%ggg%ﬁ (-1.5,31.8) —3.16’:0:;‘3 10.033:22 2.64/6
190727B  (16.0, 29.0) —1.973;% 473282 2.41/6
190731A  (-13.0,29.0) —2.89fé;97 2.933;3% 6.01/6
220101A  (80.5, 115.0) —3.23j8;§§ 6.593})96 5.97/6
220209A  (4.0,32.0) -2.73703% 19.45+4%0 3.75/6

0.57 4.57
090227B  (0.2,40)  -2.31 fg;gg 60.62%;‘1’3 8.97/10
090510A  (-0.4,23.0) -1.82*0:% 26.27+23% 11.11/4
110529A - - - -
190606A (-0.6,0.9)  -2.01*128 2.04*19 2.62/6

Notes. Name of the 66 long GRBs (upper part) and 4 short GRBs (lower part) in our sample are reported in the first column. Time interval adopted
for the spectral analysis (with respect to the LAT trigger time), spectral index (ay1g), normalization, and corresponding PG-Stat and DOF values.
Errors are given at 90% level. The spectral analysis is conducted in the 30 — 100 MeV range. For GRBs 090227B, 120226A, 130504C, 131216A,
140102A, 150403A and 150523A, the lower energy bound is extended to 10 MeV.
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Appendix B: Figures
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Fig. B.1. 28 GRBs in our sample (names in red indicate short GRBs) which exhibit a transition from positive values of 7j, and 73 to a negative

value of 714. Band 1 — Band 2 (blue), Band 1 — Band 3 (green), and Band 1 — Band 4 (orange) spectral lags are compared with the mean energy £
of each channel, respectively.
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Fig. B.2. 25 GRBs in our sample (names in red indicate short GRBs), for which the spectral lags increase with higher values of E, remaining
always positive. Band 1 — Band 2 (blue), Band 1 — Band 3 (green), and Band 1 — Band 4 (orange) spectral lags are compared with the mean energy
E of each channel, respectively.
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Fig. B.3. 17 GRBs in our sample (names in red indicate short GRBs) which exhibit more complex and various behaviors. Band 1 — Band 2 (blue),
Band 1 — Band 3 (green), and Band 1 — Band 4 (orange) spectral lags are compared with the mean energy E of each channel, respectively.
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Fig. B.4. Spectral lags as a function of the duration of the burst as seen by the GBM detector (left panel) and of the respective fluence (right panel).
From top to bottom : Band 1 — Band 2 (blue points), Band 1 — Band 3 (green points), and Band 1 — Band 4 (orange points) spectral lags.
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