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ABSTRACT

Correlations between intrinsic properties of gamma-ray burst (GRB) light curves provide clues to the nature of the central
engine, the jet, and a possible means to standardize GRBs for cosmological use. Here, we report on the discovery of a correlation
between the intrinsic early-time luminosity, Lg 05, measured at rest frame 10s, and the average decay rate measured from
rest frame 10s onward, &G avg-10s, in a sample of 13 Fermi Large Area Telescope long GRB light curves. We note that our
selection criteria, in particular the requirement for a redshift to construct luminosity light curves, naturally limits our sample to
energetic GRBs. A Spearman’s rank correlation gives a coefficient of —0.74, corresponding to a confidence level of 99.6 per cent,
indicating that brighter afterglows decay faster than less luminous ones. Assuming a linear relation with log(Lg js), we find

AG,ave>105= —0.31+8:(1)3 log(Lg,10s) + 14.43;“5‘:32. The slope of —0.31 is consistent at 1o with previously identified correlations

in the optical/ultraviolet and X-ray light curves. We speculate that differences in the rate at which energy is released by the

central engine or differences in observer viewing angle may be responsible for the correlation.

Key words: (transients:) gamma-ray bursts.

1 INTRODUCTION

Gamma-ray bursts (GRBs) are collimated relativistic jets, launched
either by the core collapse in rapidly rotating massive stars (long
GRBs; LGRBs), or the mergers of compact object binaries (short
GRBs; SGRBs). Their observed emission comprises of two phases:
initial short-lived gamma-ray emission in the range keV-MeV,
known as the prompt emission, quickly followed by long-lived
emission, known as the afterglow, observed across the electromag-
netic spectrum from TeV to radio (Sari, Piran & Narayan 1998;
MAGIC Collaboration 2019; H. E. S. S. Collaboration 2021). In the
standard GRB fireball model, the prompt emission originates from
internal shocks that take place inside the relativistic jet between
shells of materials moving at different speeds, while the afterglow
emission is created via external shocks when the jet collides with
the surrounding circumstellar medium (e.g. Mészaros & Rees 1997;
Zhang & Mészaros 2004; Zhang et al. 2006).

Sample studies of GRBs have led to the discovery of correlations
linking the properties of prompt and afterglow emission, which
provide invaluable insight in to the mechanisms common to all
GRBs; see Dainotti, Del Vecchio & Tarnopolski (2018) for a review
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on various correlations. A correlation of particular interest is that
found between the luminosity and average decay rate discovered in
the optical/ultraviolet (UV) and X-ray afterglow light curves (Oates
et al. 2012; Racusin et al. 2016); see also earlier work (Boér &
Gendre 2000; Kouveliotou et al. 2004). The correlation, known as the
luminosity—decay correlation, indicates that the more luminous light
curves decay faster than their less luminous counterparts. In the case
of the optical/UV afterglows, the correlation was found in a sample of
48 LGRBs and for the X-ray afterglows, it was found in 237 LGRBs.!
A Spearman’s rank correlation was run for both studies, in the case of
the optical/UV light curves, the rank coefficient, Ry, was determined
to be —0.58 and the probability of the null hypothesis to be p <
1 x 1073 (Oates et al. 2012). For the X-ray light curves, Ry =-0.59
and p < 1 x 107® was found (Racusin et al. 2016). The correlation
in the optical/UV and X-ray indicates that the afterglow light curves
of GRBs can be described by one unifying model regardless of the
detailed and varied temporal behaviour of individual LGRBs (Oates
et al. 2015).

Observations by the Fermi Large Area Telescope (LAT) has
revealed GeV light curves to have a power-law decay that extends
beyond the end of the prompt emission (e.g. Nava 2018). These GeV

No evidence for a correlation was found in the sample of nine X-ray SGRB
light curves.

© The Author(s) 2023.

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.

£20Z JaqWIBAON g0 UO Jasn AlISIaAlun S8100\ uyor [00dJaAl Aq /101.82/2/001E/S/9ZS/3191e/Seluw/Wwod dno"olwapeoe//:sdiy Wwolj papeojumo(]


http://orcid.org/0000-0002-0129-806X
http://orcid.org/0000-0001-9309-7873
http://orcid.org/0000-0002-2555-3192
http://orcid.org/0000-0002-5826-0548
http://orcid.org/0000-0001-9068-7157
mailto:K.C.Hinds@2021.ljmu.ac.uk
mailto:s.oates2@lancaster.ac.uk
https://creativecommons.org/licenses/by/4.0/

light curves are likely a combination of the prompt emission and
afterglow emission, with the early light curve dominated by internal
shock processes (prompt emission) and the late-time light curves
dominated by external shock processes (afterglow; e.g Nava 2018).
Panaitescu (2017) examined the >100 MeV flux light curves from
the first Fermi-LAT GRB catalogue (Ackermann et al. 2013a) and an
additional 14 well monitored GRBs. They divided the sample into fast
decaying events (¢ < —1.2) and slow decaying events (o > —1.2),
finding that the light curves converged at late times and that the faster
decaying events were brighter, suggesting a correlation between
brightness and decay rate at high energies within the observer frame
light curves.

In this paper, we expand this analysis and test if the luminosity—
decay correlation found in optical/UV and X-ray, is also found at
GeV energies. We construct our sample using the GeV light curves
observed by the Fermi-LAT contained in the 2nd LAT GRB catalogue
(Ajello et al. 2019). In Section 2, we discuss the sample of GRBs, the
fitting procedures used to measure the luminosity and decay rate, and
the linear regression method performed to define the relationship.
The results of this analysis are presented in Section 3 with the
discussion and conclusions in Section 4 and Section 5, respectively.
All uncertainties throughout this paper are quoted at 1. Throughout,
we assume the Hubble parameter Hy = 70 kms~! Mpc~! and density
parameters 2, = 0.7 and 2, = 0.3.

2 DATA ANALYSIS

2.1 The sample

We obtained the Fermi-LAT 100 MeV-100GeV flux light curves
from the 2nd LAT GRB catalogue (Ajello et al. 2019). The catalogue
contains 219 light curves, comprising 21 SGRBs and 198 LGRBs;
SGRBs release 90 percent of the prompt energy within 2s (To
< 2s), and LGRBs release 90 percent of the prompt energy on
time-scales >2s (Tyy > 25s). Of these, we selected those that had
measured spectroscopic redshifts taken from the 2nd LAT GRB
catalogue (Ajello et al. 2019). This criteria results in a sample of
40 GRBs, one of which we further exclude as it is the only SGRB
with redshift — in addition the X-ray and optical studies found the
correlation exclusively in LGRBs — leaving us with a sample of
39 GRBs. In Section 4.3, we discuss how requiring spectroscopic
redshifts may introduce selection effects. However, this study relates
to the intrinsic luminosity in the rest frame, thus we require accurate
redshifts to move from the observer frame to the rest frame.

In the following, we measure the luminosity and decay rate of the
light curves using a simple power law (SPL). When fitting so that the
number of data points is greater than the free parameters, we impose
an additional criterion that the light curve must have at least three
data points included in the fit. This criterion reduces the final sample
to 14 LGRBs.

2.2 Luminosity light curves

We define the start time of our light curves, T, as the end time of the
Gamma-ray Burst Monitor (GBM) Ty, parameter, consistent with
the procedure of Qates et al. (2012) and Racusin et al. (2016).>We
then converted each of the GeV flux light curves into the rest frame.

2Note Oates et al. (2012) and Racusin et al. (2016) used Swift Burst Alert
Telescope (BAT) detected GRBs and therefore, use the end time of the Tog
parameter measured by Swift/BAT.

GRB GeV correlation 3401
Table 1. The sample parameters: GRB, redshift (provided in the 2nd LAT
GRB catalogue; Ajello et al. 2019), mean photon index (I'), and &G, avg>10s
and Lg 105, Which are the average decay rate from rest frame 10 s onward and
the intrinsic early-time luminosity calculated at rest frame 10s. Errors are
given at 1o confidence.

GRB z r AG,avg>10s Lg,i0s (erg s™h)
080916C 435 —2.60+0.54 —1.55T03¢ 3737007 x 1072
090323 357 2294111 —1.2175% 4057289 x 10!
090902B 182 —196+0.18 —1.49701%  9.16710° x 107
090926A 211 —2214£046 —1.097097  1.097013 x 107
91003 090 —1.88+026 —0.147031 1037193 x 10%
110731A 283 —2334£064 —1.2370% 1547078 5 10!
130427A 034 —202+024 —1.027503  3.107033 x 10%
131108A 240 264 £0.69 —1.457000 4127075 % 10%
141028A 233 —243+048 —1.0770%  1.847031 x 109!
160509A 117 -245+178 —121705% 1407033 x 10
170214A 253 —2474£058 —119701 172708 x 1092
170405A 351 —558+£285 —0.5170%  2.58723% x 107
1807208 0.65 —226+033 —0.77751%  9.627063  10%
190114C 042 2104060 —1.0775% 3497278  10%

All times were divided by a factor 1 + z and the luminosity defined
by

L(t) = F,(t) x 47 D}(1 4+ 2)?7!, (D)

where D is the luminosity distance, z is the redshift, and 8 is the
spectral index of the GRB. The temporal and spectral indices, o and
B, are given by the expression F(z, v) o *v#. A photon index, I, was
provided for each flux point in the LAT GRB catalogue, where I' =
B + 1. For this analysis, we take I' to be the average of the values
computed for each GRB — these are listed in Table 1.

2.3 Intrinsic early-time luminosity & power-law fits

We first define a time at which we measure the luminosity and from
this, we fit a power law to the rest of the light curve to measure the
average decay index. The luminosity—decay correlations from Oates
et al. (2012) and Racusin et al. (2016) were exclusively found in
the afterglow regime and not the prompt. For the GeV sample, we
therefore need to select a time that passes through as many GRB
light curves as possible, is early (to maximize the dynamic range
in luminosity), but not too early so as to avoid the very earliest
behaviour which exhibits prompt emission features (e.g. Ackermann
et al. 2011; Nava 2018); we chose this time to be 10s.

To measure the 100 MeV-100 GeV luminosity at 10s, Lg 105, We
fit a power law to the data within the time range log(T/s) =1+
30 per cent; corresponding to fitting data points within ~5-20s. A
second power law is fit to the data from 10s onward, to measure
the decay rate oG avg-10s- These fits are performed using the PYTHON
module LMFIT, see Fig. 1.

By fitting an SPL to the light curves from rest frame 10 s onwards,
we are probing the average rate that light-curves decay, rather than
the detailed underlying behaviour. It is well established that the
X-ray afterglow light curves display a canonical behaviour, a power-
law decay with one or more light-curve segments (e.g. Zhang et al.
2006). In Racusin et al. (2016), a correlation was found between the
X-ray luminosity at rest frame 200 s, Lx 2005, and the average decay
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Figure 1. Light curve of GRB 080916C. The green dashed line shows the
SPL fit to the data from 10s onward. The red data points in the range
log(T /s) = 1 £ 30 per cent were used in a separate fit to calculate Lg,10s-

index. They also tried correlating individual light-curve segments
with Lx 200 to test whether one segment was more significant than the
others. However, they found that the correlation was not significant
for any of the individual segments of the canonical light curve with
Lx 2005, indicating the importance of the average decay measure.

We also investigated the effect of measuring the correlation at
times later than rest frame 10 s, e.g measuring the luminosity at 20,
30, and 40s, and also the average decay index using data from the
same time the luminosity is measured and beyond. In each instance,
the range in measured luminosities at these times decreases making
it increasingly more difficult to recover a correlation. In addition,
the average number of data points per light curve decreases as we
consider time ranges that start later. At 10s onwards, the average
number of data points per GRB light curve for this sample is ~18
while from 40 s onwards the average number of data points is ~12
but the coverage is not consistent across the sample. Conversely,
using times earlier than 10 s increases the risk of sampling a larger
contribution from the prompt phase or the subsequent transition from
prompt to afterglow.

2.4 Determining a relationship

To determine if luminosity is correlated with the decay rate, we
perform a Spearman’s rank test, which is a non-parametric measure
of the strength and direction of any correlation. We also performed a
‘partial’ Spearman’s rank test, which takes into account the effect of
a third parameter; this was to determine if systematic effects due to
redshift could be responsible for the correlation. The results of both
the standard and ‘partial’ Spearman’s rank analysis are presented
in Table 2. Following on, linear regression was performed using
the ODR PYTHON module which defined the relationship between
the two parameters; the PYTHON ODR linear regression results
were compared with the IDL routine FITEXY, which was used
by Oates et al. (2012) and Racusin et al. (2016), and regression
parameters from both methods were found to be consistent within
lo. The errors on the Spearman’s rank and linear regression were
calculated using Monte Carlo methods. Curran (2014) discussed
whether a bootstrapping method or resampling each point within
its uncertainties is optimal for calculating errors; for this analysis,
we use both methods individually and also use a combination of
the two. In each case, we ran the Monte Carlo simulations for 10°
trials. In an attempt to be thorough with our error analysis, we
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favour the combination method which includes bootstrapping and
then resampling — these are the errors presented in Table 2.

3 RESULTS

Examining the distribution of light curves in Fig. 2, we see the light-
curves cluster. Note the greatest spread in luminosity is at early
times and the distribution appears to become narrower with time. In
addition to this, when colouring the luminosity light curves by their
average decay rate we see a colour gradient, which serves as visual
confirmation of the correlation (that the more luminous light curves
decay faster). There is one outlier, GRB 170405A, that appears to be
offset at a higher luminosity compared to the other GRBs.

We first perform a Spearman’s rank test on the entire sample
of 14 light curves. This results in a correlation coefficient of
—0.44 £ 0.31 and a p-value of 1.14 x 10~'. With the large error
on the Spearman’s rank coefficient, we cannot claim a correlation
between the two parameters. However, we note the exceptionally
flat light curve of GRB 170405A that stands out in Fig. 2, and
suggests this may have a different emission origin compared to the
rest of the sample or that the spectral index used in equation (1) is
inaccurate (see Section 4). We, therefore, performed the Spearman’s
rank test after removing this GRB from the sample. In this case,
we find a significant negative correlation, with a coefficient of
—0.74 4+ 0.19 and p-value of 4.11 x 1073. For the ‘partial’
Spearman’s rank, we found a coefficient of —0.44 and p-value
of 1.37 x 1071,

Fig. 3 shows the luminosity versus decay rate for the final 13 GeV
light curves. We also performed a linear regression which gives a
relationship @ ave-10s= (—0.317003) log (Lg,105) + 14.437235. This
line is overplotted in Fig. 3. Table 2 gives the results of the Spearman’s
rank and linear regression analyses.

4 DISCUSSION

Overall, we have shown that a correlation exists between the intrinsic
brightness of GeV light curves and their average decay rate. In the
following section, we discuss the origin of the GeV emission and
whether it is appropriate to exclude 170405A. We then compare
our results with the correlation found in the optical/UV and X-ray
samples.

4.1 GeV emission mechanisms

The GeV emission observed by Fermi-LAT is thought to be a
combination of emission processes from the internal and external
shocks that dominate at different times during the evolution of the
GeV emission (see Nava 2018, for a review). At early times, the GeV
light curves often correlate with the flux observed at MeV energies
(Tang, Wang & Liu 2017), while spectrally they can either be fit
with an extension of the power law from the MeV energy range or
have an additional power-law component (Maxham, Zhang & Zhang
2011; Panaitescu 2017; Ajello et al. 2019; Fraija et al. 2020), for
which the origin may be synchrotron self-Compton (SSC) emission
(Ackermann et al. 2011; Nava 2018).

The external shock emission thought to produce the afterglow is
unable to reproduce the GeV flux at very early times (Maxham et al.
2011). Instead, the early GeV emission is expected to be dominated
by synchrotron and SSC emission components, originating from the
internal shock that drives the prompt emission (Maxham et al. 2011;
Pe’eretal. 2012; Fraija et al. 2020). Following the prompt emission is
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Table 2. This table contents include the x- and y-axis parameters used in the Spearman’s rank tests, the Spearman’s rank coefficient and probability of null
hypothesis, ‘partial’ Spearman’s rank and the corresponding probability of null hypothesis, linear regression slope and intersect and the number of GRBs used

in each run.
Parameters Spearman’s rank Null hypothesis ~ Partial Spearman’s rank ~ Null hypothesis Linear regression No. GRBs

X-axis y-axis Slope Intercept

Lg,105° @G avg> 105 —044+033 114 x 107! -0.13 6.81 x 1071 —0.34108  16.427070 14
Lo, 105 G avg=10s —074£019 411 x 1073 —0.45 137 x 107" —0.3170%2  14.43745 13

Lg 10 G avg>10s —074£0.19 411 x 1073 —0.46 137 x 1070 —0317097  1.067003 13
Lo200s? Qoavg=200s  —0.58£0.11  1.90 x 107 -0.50 285 x 107%  —0.28%00r  7.72%13 48

Lx 2005 OXavg=200s ~ —059£009  8.03x 1078 -0.63 158 x 1070 —0.27%00:  6.997 % 237

“denotes the run that included 170405A,

bdenotes the run excluding 170405A,

¢denotes the results with luminosity values normalized by 10°!,
dfound in Oates et al. (2012), and

“found in Racusin et al. (2016).
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Figure 2. Final 14 LGRB light curves, colourmapped according to their
absolute values of oG, avg>10s. The GeV GRB afterglow light curves appear
to cluster more tightly in luminosity at later times. The colour mapping
suggests that the more luminous the GRB the faster its decay. The exception
is GRB 170405A, which is significantly brighter at late times compared to
the rest of the sample.
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Figure 3. The GeV average decay rate from rest frame 10 s onwards against
luminosity measured at rest frame 10s. The solid red line is the best-
fitting linear regression relationship and the blue dashed lines represent the
3 x RMS (root-mean-square) variation. The Spearman’s rank coefficient is
—0.74 £ 0.19 and the probability of the null hypothesis (no correlation)

is 4 x 1073. We measure a linear relationship @G avg>10s= (—0.311'8:(1)3)

log (Lg,105) + 14437353

aregime labelled the ‘GeV extended emission’ (e.g. Ackermann et al.
2014). From this point onward, the temporal behaviour in the GeV
band is a power-law decay similar to the canonical X-ray afterglow
light curve (Nousek et al. 2006; Zhang et al. 2006). This emission
is thought to be dominated by synchrotron radiation (e.g. Kumar &
Barniol Duran 2010; Ackermann et al. 2011; Feng & Dai 2011;
Maxham et al. 2011; Toma, Wu & Mészaros 2011; Beniamini et al.
2015; Ajello et al. 2018, 2019; Nava 2018; Tak et al. 2019). Though
for some GRBs, particularly those with photons >10GeV, SSC
emission can explain the observed emission (Fraija et al. 2022). In
the case of GRB 221009A, a narrow jet, ~0.8°, and SSC of electrons
in the external shock has been suggested to explain observations of
TeV photons from the afterglow (LHAASO Collaboration 2023).

By excluding GRB 170405A from our sample, the outlier in
our luminosity distribution in Fig. 2, we find a strong correlation
between the brightness of the GeV luminosity light curves and
their average rate of decay. This prompted us to investigate why
170405A is an outlier. We searched the literature to determine if GRB
170405A is produced by different emission processes compared to
the other GRBs. Tak et al. (2019) compared the temporal and spectral
behaviour of the GeV extended emission to the synchrotron external
shock model and showed that most GRBs could be explained by this
model. This analysis included GRBs 080916C, 090323A, 090926A,
091003A, 110731A, 130427A, 131108A, 141028A, 160509A,
170214A, 170405A, and 180720B from our sample. However, using
multiwavelength observations, Arimoto et al. (2020) found that the
GeV emission from 170405A could not be produced by the same
component as the optical/UV emission and that the GeV emission
must be produced by either a different external shock component
or more likely produced by internal processes. This suggests that it
is important to examine multiwavelength observations in order to
confirm the origin of the GeV emission.

Further exploring the literature, we find that the external forward
shock model is shown to reproduce the late GeV emission of the light
curves of all the other GRBs in our sample (Kumar & Barniol Duran
2010; Swenson et al. 2010; Ackermann et al. 2011, 2013b, 2014;
Barniol Duran & Kumar 2011; Feng & Dai 2011; Maxham et al.
2011; Piron, McEnery & Vasileiou 2011; Toma et al. 2011; Fan et al.
2013; Kouveliotou et al. 2013; Liu, Wang & Wu 2013; Wang, Liu &
Lemoine 2013; ; Maselli et al. 2014; Perley et al. 2014; Vestrand
et al. 2014; Beniamini et al. 2015; Fraija 2015; Burgess et al. 2016;
Lii et al. 2017; Panaitescu 2017; Tam et al. 2017; Nava 2018; Ajello
et al. 2019; Fraija et al. 2019, 2021; Ronchi et al. 2020; Joshi &
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Razzaque 2021). However, the picture is not completely clear cut,
as some authors invoke additional components to produce some or
all of the late-time LAT emission (Liu et al. 2013; Tam et al. 2017,
Wang et al. 2018; Duan & Wang 2019). For instance, SSC emission
may better explain the observed LAT emission (Fraija et al. 2022),
particularly for those GRBs with photons >10 GeV. Inverse Compton
(IC) could also explain the highest energy GeV photons in GRBs such
as GRB 130427A, 160509A, 180720B (Fan et al. 2013; Liu et al.
2013; Tam et al. 2013, 2017; Wang et al. 2013; Ackermann et al.
2014; Fraija et al. 2019). While late GeV light curves from LAT are
typically dominated by low-energy photons (e.g. Ackermann et al.
2011; Nava 2018), likely produced by the external forward shock
model, other emission components such as SSC may contribute,
particularly producing the highest energy photons.

Examining Table 1, we note that the photon index for 170405A,
—5.58 &+ 2.85, is especially large when compared to the mean of the
sample, —2.8 £ 0.57, which may account for why this GRB is an
outlier. In the LAT catalogue paper (Ajello et al. 2019), the photon
index for 170405A, determined between 18 and 868 s, is —2.8 + 0.3.
For our analysis, we have used the average photon index of the entire
LAT light curve of GRB 170405A, provided in the LAT catalogue
and we note that the earliest spectral bins, with times <18 s, have
values of the photon index «—2.8. Arimoto et al. (2020) also report
photon indices for the LAT data. In two time intervals 310-560
and 589-1000 s (observer frame), they report LAT photon indices of
—1.88 £ 0.33 and —2.36 £ 0.50, which are consistent within 1.400
and 0.580, respectively, of the average photon index of our sample.
Therefore, to test if this photon index of —5.58 & 2.85 is anomalous,
we assumed the mean of our sample as the photon index of 170405A,
recomputed its luminosity light curve and then reran the analysis. We
found that the light curve of 170405A decreased in luminosity by
approximately two orders of magnitude. It no longer appears as an
outlier and is consistent in luminosity with the other GRBs in the
sample. Rerunning the correlation gives a result consistent with that
found in the sample of 13 GRBs — the slope of the linear regression
being consistent within 1o of their respective errors. Since it is
unclear whether this GRB is an outlier due to physical differences in
the origin of this particular GRB or uncertainty in the photon index
measurement, we will continue to discuss the GeV luminosity—decay
correlation excluding GRB 170405A.

4.2 Comparison with previous correlations

Due to very few of the GeV, optical and X-ray light curves overlap-
ping at rest frame 10 or 200 s, we are unable to directly compare the
luminosity—decay correlation found at GeV energies using the same
time as that for the optical and X-ray. However, we can compare
the parameters and strength of the correlation derived using data
covering the different time ranges. In Table 2, we provide the results
of the optical/UV and X-ray correlation analyses presented in Oates
et al. (2012) and Racusin et al. (2016) — we also provide a more
physical interpretation of the GeV correlation with the luminosities
normalized by x103'. Comparing the results of our GeV sample
with the optical/UV results, we find the linear regression slope and
intercept are consistent within 0.27¢ and 1.27¢, respectively. For
the X-ray study, we find the linear regression slope and intercept are
consistent within 0.360 and 1.420, respectively. The consistency of
the correlation slopes across 10' orders of magnitude in energy (from
optical photons to GeV photons) indicates the processes producing
the emission are likely to be the same mechanism and provides
additional support for the GeV light to originate from an external
shock, at least after rest frame 10s.
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The GeV light curves are shorter in duration and cover an earlier
time range compared to the optical/X-ray with the GeV lasting ~10'—
103 s and the optical/X-ray lasting ~10?~107 s. This implies that GeV
light curves have the potential to be in the fast cooling phase while the
optical/X-ray is typically in the slow cooling regime (Zhang et al.
2006; Ghisellini et al. 2010; Ajello et al. 2019). Tak et al. (2019)
looked at the closure relations for the GeV extended emission of
13 out of 14 GRBs in our sample. They determined that seven of
the GRBs in our sample are consistent with the fast cooling regime
with v > v, v., where v, is the synchrotron cooling frequency
and v,, is the synchrotron peak frequency. Four are consistent with
being in the slow cooling regime with v,, < v < v, and two are
unclassified. We split the sample based on their cooling regime and
tested the correlation strength to determine whether the correlation
is driven by a certain cooling regime. The Spearman rank test for
fast cooling only and slow cooling only gives coefficients of —0.68
and —0.60, and p-values of 0.09 and 0.40, respectively. Although the
p-values are larger due to the smaller number of GRBs involved in
each correlation, the coefficients are a similar value to that found for
the full value. This suggests that the luminosity—decay correlation in
the GeV energy range is not affected or produced by differences in
cooling regime. This is also supported by fig. 1 of Tak et al. (2019),
which shows similar observed temporal indices for LAT light curves
consistent with either fast or slow cooling regimes.

Oates et al. (2015), simulate the relationships, expected between
log Lapos and a~200s and isotropic gamma-ray energy log Eiy, from
a basic afterglow model, for the optical and X-ray afterglows.
They conclude that the simulations do not agree with correlations
observed between log Lyys and a~200s, O log Eis, and or=200s. This
suggests that while a common underlying physical mechanism is
consistent with producing GRBs and their optical and X-ray after-
glows, regardless of their detailed afterglow light-curve behaviour,
a basic afterglow model has difficulty explaining all the observed
correlations. Instead, the luminosity—decay correlation could be a
result of different rates of energy deposition from the central engine
to the surroundings; faster decays occur when the energy is deposited
rapidly from the central engine, and hence produce initially more
luminous afterglows (Oates et al. 2012, 2015; Panaitescu 2017). An
alternative explanation may be that the jet is viewed off-axis and may
be structured (Oates et al. 2012, 2015). When a jet is viewed at large
angles away from the jet axis, a GRB can appear to be dimmer and
decay on a longer time-scale compared to GRBs that are observed
close to the jet axis (see also Granot et al. 2002; Rossi et al. 2004;
Ramirez-Ruiz et al. 2005; Panaitescu & Vestrand 2008; Ryan et al.
2020). Structured jets have been used to explain the brightest GRB
afterglows such as that of GRB 221009A (O’Connor et al. 2023).

4.3 Possible selection effects

Requiring a spectroscopic redshift notably reduces the number of
LAT light curves in our sample. However, it is necessary to construct
rest-frame light curves in order to directly compare the intrinsic
brightness of different GRBs. We also work in the rest frame
to be able to compare the results of this paper with previously
found correlations at other wavelengths by Oates et al. (2012) and
Racusin et al. (2016). This redshift requirement introduces some
selection biases. The gamma-ray emission of GRBs is in general
not well localized. Unlike Swift, Fermi does not have narrow field
instruments onboard and so follow-up of the GRB afterglow at longer
wavelengths, which provides better positional accuracy and enables
spectroscopic follow-up, occurs later than for Swift detected GRBs.
This implies that spectroscopic follow-up of Fermi-LAT detected

£20Z JaqWIBAON g0 UO Jasn AlISIaAlun S8100\ uyor [00dJaAl Aq /101.82/2/001E/S/9ZS/3191e/Seluw/Wwod dno"olwapeoe//:sdiy Wwolj papeojumo(]



251 EE3 GBM Detected
I AT Detected
B This Sample

20

50 52
log(Eiso) (erg)

Figure 4. Isotropic gamma-ray energy, Eiso, distribution of the GeV after-
glows in this sample (red), the 2nd LAT catalogue (blue), and the GBM
measured Ejs, (green; Poolakkil et al. 2021).

GRBs is only achievable for those that have afterglows bright enough
at late times to obtain a spectrum. We attempt to quantify this
selection bias, by comparing the distributions of isotropic gamma-
ray energy, Eiy, of this sample with the whole LAT catalogue,
using the GBM measured Ejs,; the isotropic energy is correlated
with afterglow brightness (e.g. D’ Avanzo et al. 2012; Margutti et al.
2013; Oates et al. 2015). These distributions are shown in Fig. 4,
together with the Ej,, values of the entire GBM sample. We ran
a two-sample Anderson—Darling test on our sample and the full
Fermi sample to address whether they are statistically different. A
bias towards brighter GRBs is apparent visually in Fig. 4. A two-
sample Anderson—Darling test, comparing our sample (red) to the
LAT sample (blue) and to the GBM sample (green), gives p = 0.07
and p = 0.01, respectively. The comparison to the LAT sample is only
marginally significant and likely due to the small size of our sample.
However, comparison with the GBM sample is more significant and
indicates we are biased towards energetic events.

5 CONCLUSIONS

We examined a sample of 13 LAT light curves to determine the
relationship between the intrinsic early-time luminosity, Lg jos, and
average decay index, oG avg>10s. From the Spearman’s rank test,
we found a coefficient of —0.74 & 0.19 and p-value 4.11 x 1073,
indicating a correlation is present such that the brightest GeV light
curves decay on average faster than fainter GeV light curves. A
linear regression between the two parameters gives oG ayg>10s=
—0.317055 log(Lg,105) + 14.437333, consistent with optical/UV and
X-ray measurements of a similar correlation to within 0.40 and 1.40
in the slope and intercept, respectively. This consistency suggests the
mechanism producing the GeV luminosity—decay correlation is the
same as that producing the correlation observed in the optical/lUV
and X-ray light curves. It suggests that they are all produced by
the same emission component, further supporting the forward shock
being the dominant emission mechanism of GRB GeV light curves

GRB GeV correlation 3405
from around rest frame 10s onward, at least for the GRBs in this
sample. Due to the sample size and requirement of redshifts, we
have discussed possible selection biases and how representative our
sample is compared to LAT detected and GBM detected GRBs;
statistical tests suggest our sample is biased towards energetic GRBs.
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rb.html and https://www-glast.stanford.edu/pub_data/1874/ (up-
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