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Abstract

In order to obtain an overview of gamma-ray bursts (GRBs), we need a full sample. In this paper, we collected
6289 GRBs (from GRB 910421 to GRB 160509A) from the literature, including their prompt emission, afterglow,
and host galaxy properties. We hope to use this large sample to reveal the intrinsic properties of GRBs. We have
listed all of the data in machine-readable tables, including the properties of the GRBs, correlation coefficients and
linear regression results of two arbitrary parameters, and linear regression results of any three parameters. These
machine-readable tables could be used as a data reservoir for further studies on the classifications or correlations.
One may find some intrinsic properties from these statistical results. With these comprehensive tables, it is possible
to find relations between different parameters and to classify the GRBs into different subgroups. Upon completion,
they may reveal the nature of GRBs and may be used as tools like pseudo-redshift indicators, standard candles, etc.
All of the machine-readable data and statistical results are available.
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1. Introduction

Gamma-ray bursts (GRBs) were first detected in 1967
(Klebesadel et al. 1973) by the Vela Satellite Network. They have
been intensively studied since the 1990s, especially after the Burst
and Transient Source Experiment (BATSE) on board the Compton
Gamma Ray Observatory (Meegan et al. 1992) began operations
For a single event, the fluence is between 10~ and 10 > erg cm 2,
and the isotropic energy is from about 10** to 10°° erg (Nakar
2007; Zhang et al. 2011; Gehrels & Razzaque 2013; Berger
2014; Kumar & Zhang 2015). Thus, GRBs are the most violent
and energetic stellar explosions in distant galaxies known to
humankind (Kumar & Zhang 2015). The nature of GRBs is still
undiscovered, even though there are many research works that
have been going on for many years. The fireball model is one
historical model that explains the mechanism of GRBs (Rees &
Meszaros 1992; Piran et al. 1993; Wijers et al. 1997; Mészéros
1998, 2006). It implies that GRBs are produced by highly
relativistic and collimated jets. The interaction of blobs in the jet is
believed to produce the prompt emission, and the interaction of
the jet with the ambient material produces the multiwavelength
afterglow (X-ray, optical, and sometimes also radio). For a clear
view of the current understanding of GRBs, some recent books
and reviews could be read, such as the books by Kouveliotou
et al. (2012) and Zhang (2018); Piran (1999, 2004), Zhang &
Meészaros (2004), Mészaros (2006), Zhang (2007), and Kumar &
Zhang (2015) for the general physics; Nakar (2007) and Berger
(2014) for short GRBs (SGRBs); Gehrels et al. (2009), who
concentrated on the observations; Woosley & Bloom (2006) and
Maeder & Meynet (2012) on the progenitors; Wang et al. (2015)
and Dainotti & Del Vecchio (2017) on the empirical correlations;
and Lee et al. (2000) on the central engines.
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methods: statistical — stars:

In order to explain the physics of GRBs, many attempts have
been made to describe the spectra in different physical
frameworks, and significant progress has been achieved. There
are two main frameworks. One is internal or external shocks, the
emissions of which are assumed to be nonthermal intrinsically
(Katz 1994; Rees & Meszaros 1994; Tavani 1996; Sari et al.
1998; Gao et al. 2015b). Another is photospheric emission,
which is predicted to occur in the “fireball” model (Mészaros &
Rees 2000; Rees & Mészaros 2005; Pe’er et al. 2007; Thompson
et al. 2007). Racz et al. (2017) found that synchrotron radiation
is significant in Fermi/Gamma-ray Burst Monitor (GBM)
spectra. Subphotospheric dissipation (Rees & Mészdros 2005;
Giannios 2006; Pe’er et al. 2006a; Chhotray & Lazzati 2015),
which can broaden the spectrum, has been suggested as the
emission mechanism in some bursts. Ahlgren et al. (2015) was
first to provide a full physical model, Dissipation with Radiative
Emission as A table Model, which is based on subphotospheric
dissipation, and gave acceptable fits to GRB 090618 and GRB
100724B for more details. If we take subphotospheric dissipa-
tion and/or high-latitude effects (Lundman et al. 2013), the
photospheric model can account for a large diversity of spectra.
Recent observations of GRB spectra have shown a mixture of
thermal and nonthermal spectra (Ryde 2005; Ryde & Pe’er 2009;
Guiriec et al. 2010; Nappo et al. 2017), which implies that there
is an interplay between different emission mechanisms. The
existence of GRB subgroups might be the consequence of
different emission mechanisms (Bégué & Burgess 2016).
Acuner & Ryde (2018) searched the full Fermi/GBM catalog
using Gaussian Mixture Models to cluster bursts according to the
low-energy photon index of the Band model (Band et al. 1993;
OBand)» the high-energy photon index of the Band model (8gana),
the spectral peak energy of the Band model (£, gana), the fluence
(Fy), and the duration of 5%-95% ~y-ray fluence (To) in order to
divide bursts into those with a photospheric origin and those
with a synchrotron origin. They thought both emission from
the photosphere and optically thin synchrotron radiation are
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operating, but different emissions dominate differently for
individual GRBs. They found that one-third of the bursts are
consistent with synchrotron radiation and that two-thirds of all
bursts are consistent with photospheric emission. Besides the
two main groups, they also found subgroups. This maybe due to
the dissipation pattern in the jet; alternatively, it maybe due to
whether the jet is dominated by thermal or magnetic energy, or
due to the viewing angle (Acuner & Ryde 2018). For the
afterglows of GRBs, we can also find thermal and nonthermal
components. To date, there have been a total of 16 GRBs
reported to have thermal components in the X-ray light curves
(LCs; Campana et al. 2006; Page et al. 2011; Starling et al. 2011;
Thone et al. 2011; Sparre & Starling 2012; Starling et al. 2012;
Friis & Watson 2013; Nappo et al. 2017). Valan et al. (2018)
reported six detections of additional thermal components in the
GRBs’ early X-ray afterglows. A cocoon breaking out from a
thick wind or late prompt emission may be the explanation for
the additional thermal components, which might be hidden by
bright afterglows in the majority of GRBs. This is why a small
fraction of afterglows are detected with additional thermal
components (Valan et al. 2018). Some other possible explana-
tions include shock breakout appearing for GRBs with
associated supernova (Campana et al. 2006), or the cocoon that
surrounds the jet (Mészaros & Rees 2001; Pe’er et al. 2006b;
Ghisellini et al. 2007; Starling et al. 2012), or the jet itself (Friis
& Watson 2013; Irwin & Chevalier 2016; Nappo et al. 2017).
Statistical study of accumulated data might be able to reveal
the underlying physics. This can be roughly split into
classification and correlation-seeking. Nowadays, the classifi-
cation of GRBs is still uncertain. Traditionally, they are
grouped into SGRBs and long GRBs (LGRBs), depending on
whether Ty, is smaller or greater than 2 s, where Ty is the time
difference between the 95th and Sth percentile of the total
counts, which is often taken as the typical duration of a GRB.
Kouveliotou et al. (1993) analyzed the log 75y distribution of
222 BATSE GRBs. They found that the distribution is
bimodal, and the dividing line is about 2 s. However, Tg, is a
function of the energy band. Consequently, this value is
detector-dependent (Bromberg et al. 2013; Resmi 2017).
Bromberg et al. (2013) calculated a useful threshold duration
that separates collapsars (long) from noncollapsars (short),
Tyo = 3.1 &+ 0.5 s in BATSE, Too = 1.770:¢ s in Fermi GBM,
and Toy = 0.8+ 0.3 s in Swift. LGRBs are rich in low-energy
photons. They are thought to have originated from the
gravitational collapse of massive stars, owing to observational
evidence of some LGRBs associated with Type Ic supernovae
(SNe; Galama et al. 1998; Hjorth et al. 2003; Stanek et al.
2003; Woosley & Bloom 2006; Hjorth & Bloom 2012; Xu
et al. 2013). The host galaxies of LGRBs have low metallicity,
sometimes interacting with other galaxies (Sahu et al. 1997;
Bloom et al. 1998, 2002; Chary et al. 2002; Christensen et al.
2004; Savaglio et al. 2009; Kriihler et al. 2015), high star-
forming rate, and small host galaxy offset (Bloom et al. 2002;
Fruchter et al. 2006; Blanchard et al. 2016). Compared to
LGRBs, the SGRBs are rich in higher energy photons. They are
thought to be the product of compact binary mergers with at
least one neutron star, such as a black hole and a neutron star
(BH-NS), or two neutron stars (NS-NS; Eichler et al. 1989;
Paczynski 1991; Narayan et al. 1992; Nakar 2007; Zhang et al.
2009). Some studies prefer other compact merger models, like
an ONeMg with a CO white dwarf (WD) merger model
(Lyutikov & Toonen 2017), however. The presence of kilonova
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emission (Berger et al. 2013; Tanvir et al. 2013) and the
locations of SGRBs (Berger et al. 2013) provide evidence for
the compact merger model. Therefore, SGRBs might be
candidate sources of gravitational waves (GWs; e.g., Eichler
et al. 1989; Nakar 2007; Piro & Thrane 2012; Berger 2014). To
date, the advanced Laser Interferometer Gravitational Wave
Observatory (LIGO) has detected some GWs, such as
GW150914 (Abbott et al. 2016a), GW151226 (Abbott et al.
2016b), GW170104 (Abbott et al. 2017a), and GW170817
(Abbott et al. 2017b). The observation of the association of
GW170817 and GRB 170817A confirms the NS-NS merger as
a progenitor of SGRBs (Abbott et al. 2017b, 2017c; Goldstein
et al. 2017; Granot et al. 2017; Pozanenko et al. 2017; Xiao
et al. 2017; Zou et al. 2018). The host galaxies of SGRBs
include late-type and early-type galaxies, and have a large
offset, which is about five times larger than LGRBs (Fong
et al. 2010a). Some SGRBs have been putatively associated
with r-process-powered “kilonovae/macronovae,” like GRB
130603B, GRB 060614, and probably GRB 080503 and GRB
050709 as well (Li & Paczyniski 1998; Metzger et al. 2010;
Berger et al. 2013; Tanvir et al. 2013; Gao et al. 2015a; Yang
et al. 2015; Jin et al. 2016).

With the increasing number of instruments used for detecting
GRBs, such as BeppoSAX/GRBM (40-700 keV; Boella et al.
1997), Konus-Wind (10keV-10 MeV; Aptekar et al. 1995),
HETE-2 (6-400keV; Ricker et al. 2003), INTEGRAL
(15-200 keV; Mereghetti et al. 2003), Swift/XRT (0.2-10keV;
Gehrels et al. 2004; Burrows et al. 2005), Swifi/BAT
(15-150 keV; Gehrels et al. 2004; Barthelmy et al. 2005), Polar
(10-500 keV; Produit et al. 2018), HXMT (10-500 keV; Zhang
et al. 2014b), Fermi/LAT (20 MeV-300 GeV; GLAST Facility
Science Team 1999; Ackermann et al. 2012), Fermi/GBM
(8 keV—40 MeV; GLAST Facility Science Team 1999; Meegan
et al. 2009), the Alpha Magnetic Spectrometer (AMS-02,
0.5GeV-2 TeV; Kounine 2012), the DArk Matter Particle
Explorer (DAMPE, called Wukong, 5 GeV-10 TeV; Chang
et al. 2017), we can have much better quality data to analyze.
Some researchers have argued that a third class of GRBs might
exist (e.g., de Ugarte Postigo et al. 2011). Tsutsui et al. (2013a)
identified subclasses of LGRBs using cumulative LCs of the
prompt emission. Different subclasses have different funda-
mental planes, which is a correlation among Ly, Epi, and Ty
(I = Ejso/Lyk; Tsutsui et al. 2011). Furthermore, Tsutsui &
Shigeyama (2014) confirmed that a third class of GRBs does
exist in addition to SGRBs and LGRBs. The classification
method is based on two properties, both quantified with the LC
shapes of the prompt emission: the absolute deviation of their
cumulative LCs from constant luminosity and the ratio of the
mean counts to the maximum counts (Tsutsui et al. 2013a;
Tsutsui & Shigeyama 2014). A new class of GRBs with
thousands of seconds of duration, known as ultra-long bursts,
has been discovered (Stratta et al. 2013; Levan et al. 2014,
Cucchiara et al. 2015; Horesh et al. 2015; Gompertz &
Fruchter 2017). Possible candidates for the origin of ultra-long
bursts are blue supergiant collapsars, magnetars, and WD tidal
disruption events caused by massive black holes (Stratta et al.
2013; Greiner et al. 2015; Ioka et al. 2016; Perets et al. 2016;
Gompertz & Fruchter 2017). However, Evans et al. (2014)
considered and rejected the possibility that the ultra-LGRB
130925A was a form of tidal disruption event, and instead
showed that if the circumburst density around the ultra-LGRB
130925A is low, the long duration of the burst and faint external
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shock emission are naturally explained. On the contrary,
Gompertz & Fruchter (2017) suggested a high-density circum-
burst environment for the ultra-LGRB 111209A, which was
powered by the spindown of a highly magnetized millisecond
pulsar. Norris & Bonnell (2006) found the existence of an
intermediate class (IC), or SGRBs with Extended Emission
(SGRBSEE), which show properties mixed between SGRBs
and LGRBs. Some models have been proposed to explain
SGRBsEE, like fallback accretion onto a newborn magnetar
(Rowlinson & O’Brien 2012; Rowlinson et al. 2014; Rea et al.
2015; Gibson et al. 2017; Stratta et al. 2018). Horvath (1998,
2002) investigated 797 and 1929 BASTE GRBs, respectively,
and found that a three-Gaussian (3-G) distribution is better than a
two-Gaussian (2-G) one statistically. Similar results can be
found in the analysis of BeppoSAX (Horvéth 2009), Swift /BAT
(Horvéth et al. 2008; Horvath & Téth 2016), Fermi/GBM
(Tarnopolski 2015), etc. The analysis method is x? fitting
(Horvath 1998; Tarnopolski 2015) or the Maximum Likelihood
method (Horvath 2002, 2009; Horvith et al. 2008), and the
rejection probability is less than 0.5%. Zitouni et al. (2015)
investigated 248 Swift/BAT GRBs and also prefer the 3-G
distribution, but they prefer the 2-G distribution for BATSE
bursts. It was suggested by Zitouni et al. (2015) that, because
the distribution of the envelope masses of the progenitors is
nonsymmetric, the duration distribution corresponding to the
collapsar scenario might not be symmetric. Chattopadhyay &
Maitra (2017) even found five kinds of GRBs in the BATSE
catalog using the Gaussian Mixture model. However, some
recent works still insisted on only two components (Tarnopolski
2015, 2016; Yang et al. 2016b; Zhang et al. 2016a; Bhave et al.
2017; Kulkarni & Desai 2017) and showed that the intermediate
GRB class is unlikely. A plausible explanation for the bimodal
distribution of the duration is that the two-class GRB duration
distributions are intrinsically nonsymmetric (Tarnopolski 2016).
This indicates that we need more GRB parameters to evaluate
the optimum number of components, and T, should not be the
unique criterion. Because we have found that some SGRBs have
properties of LGRBs, and LGRBs have properties of SGRBs,
the duration criterion is not enough to reveal the physical origin
of GRBs. For example, GRB 060505, GRB 060614, and GRB
111005A have Ty, greater than 2 s, but we have no detection of a
supernova associated with these three GRBs (Dong et al. 2018).
They are also called long-SGRBs or SN-less LGRBs (Wang
et al. 2017). GRB 060614 is also more like an SGRB based on
its temporal lag and peak luminosity (Gehrels et al. 2006).
Several models have been proposed to explain GRB 060614,
including the merger of an NS and a massive WD (King et al.
2007), the tidal disruption of a star by an intermediate-mass
black hole (Lu et al. 2008), and the merger of a stellar-mass
BH and a WD (Dong et al. 2018). A near-infrared bump
was discovered in the afterglow, which probably arose from a
Li—Paczyriski macronova (Li & Paczynski 1998; Dong et al.
2018), supporting the compact binary merger model for GRB
060614 (Yang et al. 2015). On the contrary, the 7oy of GRB
090426 is 1.24s, but it lies in a blue, star-forming, and
interacting host galaxy. The afterglow is located at a small offset
from the center of its host galaxy, and it is in the LGRB region
of the Ej e—Eiso plot (Antonelli et al. 2009; Levesque et al.
2010b), where Ej, ;. is the spectral peak energy in the rest frame
and Ej, is the isotropic 7-ray energy. All of these properties
indicate that its origin might be the collapse of a massive star.
Zhang et al. (2009) suggested that we need multiwavelength
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criteria to determine the physical origin of individual GRBs. Li
et al. (2016) gave a comparative overlapping study of the
properties of SGRBs and LGRBs, and found that the three best
parameters for classification purposes are Too, fer, and Fiighe
where f.¢ is the effective amplitude parameter (Lii et al. 2014) and
Fiigne is the surface brightness fraction. Ruffini et al. (2016)
divided LGRBs and SGRBs further into two subclasses,
depending on whether a BH is formed in the merger or in the
hypercritical accretion process exceeding the NS critical mass, and
they indicated two additional progenitor systems: WD-NS and
BH-NS. Therefore, given the complexity of GRBs, multi-
dimensional analyses based on more complete data are likely to
reveal the true classification, which needs a comprehensive data
collection.

The other method is to seek the underlying correlation between
different properties. The most quoted relations are the Amati
relation (Amati et al. 2002, 2009; Lamb et al. 2004; Sakamoto
et al. 2004; Amati 2006; Virgili et al. 2012; Demianski et al.
2017) and the Ghirlanda relation (Ghirlanda et al. 2004b). Amati
et al. (2002) found a correlation between Ei, in the rest-frame
1-10*keV energy band and the spectral peak energy (Epi) in 12
BeppoSAX GRBs. It might be due to the fact that GRBs with a
larger initial Lorentz factor Iy also have a larger peak energy
(Ghirlanda et al. 2012), or an optically thin synchrotron shock
model (Lloyd et al. 2000b). Amati et al. (2008) updated the
samples. They used 70 LGRBs and XRFs (X-ray flashes), and
analyzed the correlation between the rest-frame peak energy
(Epki) and Ej,. They also pointed out that the Epi—FEjg
correlation is not affected by significant selection effects.
However, this relation has been challenged by other works (Band
& Preece 2005; Nakar & Piran 2005). Ghirlanda et al. (2004b)
used 40 GRBs to derive a correlation between collimation-
corrected energy and E,. They gave a further test for this
correlation later (Ghirlanda et al. 2007). Yonetoku et al. (2004)
also gave a reliable correlation between Ep and peak luminosity
Ly (Yonetoku correlation) using the data of BeppoSAX and
BATSE. Then they estimated the redshifts and GRB formation
rate for some GRBs without known distances. Afterwards, a
growing number of samples was used to investigate the Yonetoku
correlation (Ghirlanda et al. 2004a, 2005; Lu et al. 2010;
Yonetoku et al. 2010; Tsutsui et al. 2013b). Yonetoku et al.
(2010) reanalyzed the Amati and Yonetoku relation with 101
GRBs, examined how the truncation of the detector sensitivity
affects the correlations, and concluded that they are surely intrinsic
properties of GRBs. Firmani et al. (2006) reported that adding
Tras (Reichart et al. 2001) can reduce the dispersion of the
Yonetoku correlation. As such, they discovered a correlation
among Ly, Ey, and Tgrys. However, the studies of Rossi et al.
(2008) and Collazzi & Schaefer (2008) did not confirm this
relation. Tsutsui et al. (2009) investigated the correlation between
the residuals of L and Ejg, from the best-fit function, and found
that the luminosity time (I. = Ejs, /Lpk) can improve the Amati
and Yonetoku relations. Later, Tsutsui et al. (2011) discovered a
new relation among 71, Ly, and E, when considering systematic
errors. Tsutsui et al. (2010) pointed out that the intrinsic dispersion
of the correlations among Ey, Ly, and Ej, depends on the quality
of the data set. Tsutsui et al. (2013b) analyzed the Amati and
Yonetoku relations for 13 SGRBs, and the correlations are
dimmer than those for LGRBs for the same E. Zhang & Wang
(2018) used the Eyy and Ly correlation with 16 SGRBs to study
the luminosity function and formation rate of SGRBs. Tu & Wang
(2018) studied the correlation between isotropic energy and
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duration of GRBs and found Ty oc E.\/*, which can be explained
by magnetic reconnection. Isotropic luminosity (L;s,) and Ej are
also found to have a good correlation (Schaefer 2003a; Frontera
et al. 2012; Nava et al. 2012). Schaefer et al. (2001) and Schaefer
(2003a) noted that the Ej and Lis correlation is due to their
dependence on I',. With this correlation, we can further study the
structure of ultrarelativistic outflow, shock acceleration, and
magnetic field generation (Lloyd-Ronning & Petrosian 2002).
Dichiara et al. (2016) found a highly significant anticorrelation in
123 LGRBs between E,; and the power density spectra (PDS)
slope «. They put forward a model based on magnetic
reconnection for this phenomenon. E ; and « are linked to the
ejecta magnetization at the dissipation site, so that more
magnetized outflows would produce more variable GRB LCs at
short timescales, shallower PDS, and higher values of Epy;.
Addition to the relations extracted from the spectra, some relations
are obtained from the GRB LCs. Norris et al. (2000) found an
anticorrelation between Ly and spectral lag in 174 BATSE
GRBs. Tsutsui et al. (2008) obtained a new spectral lag—L
relation using 565 BATSE GRBs, which is different from the
result of Norris et al. (2000). This anticorrelation might contain
indirect connections to I'y, and it has been confirmed by several
studies (Salmonson 2000; Schaefer et al. 2001; Daigne &
Mochkovitch 2003; Zhang et al. 2006b). The interpretation of
this relation might be kinematic effect (Salmonson 2000) or
energy formation affecting the development of the pulse much
more than dissipation (Norris et al. 2000). The correlation between
variability and Ly, can be used to estimate the GRB redshift and
luminosities (Fenimore & Ramirez-Ruiz 2000; Reichart et al.
2001). The origin of this correlation may be relativistically
shocked jets (Schaefer 2007). Mallozzi et al. (1995) found a
correlation between E, and the peak photon flux (Ppy) in the 256
ms time bin of 50-300 keV. Lloyd et al. (2000a) simulated 1000
GRBs in the 50-300 keV energy band and found a similar strong
correlation between E, and F,. Goldstein et al. (2010) used this
correlation to classify LGRBs and SGRBs, and confirmed the
presence of two GRB classes. There have been many similar
works to confirm this correlation (Borgonovo & Ryde 2001;
Ghirlanda et al. 2010, 2011; Guiriec et al. 2010; Lu et al. 2012a).
With the estimated I'y, some related correlations were also found,
such as [)—E;, (Liang et al. 2010), Iy—L;s, (Lii et al. 2012), and
Liow—Epi-1p (Liang et al. 2015). Willingale et al. (2007a)
showed that a source-frame characteristic photon energy to peak
luminosity ratio, K, can be constructed, and it is constant within a
factor of 2 for all bursts. The existence of K, indicates that the
mechanism responsible for the prompt emission from all GRBs is
probably predominantly thermal (Willingale et al. 2007a).
Willingale et al. (2010) analyzed the individual prompt pulses
of a GRB. They showed that the luminosity of the pulses is
correlated with the peak energy of the pulse spectrum and
anticorrelated with the time since ejection of the pulse.

Aside from the study of individual GRB prompt emission,
the statistics of afterglows are also helpful in understanding
their nature. A correlation was found between the early optical /
UV luminosity (measured at rest-frame 200s) and average
decay rate (measured from 200 s; Oates et al. 2009, 2012). The
luminosity—decay correlation also exists in the X-ray band, and
is consistent with the optical/UV (Oates et al. 2015, 2016;
Racusin et al. 2016). At the same time, the early optical/UV
luminosity (measured at rest-frame 200 s) is correlated with the
isotropic energy Ejs, and rest-frame peak spectral energy Epx
(D’ Avanzo et al. 2012; Margutti et al. 2013; Oates et al. 2015).
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Evans et al. (2007, 2009) provided the methods and results of
an automatic analysis of a complete sample of Swift—XRT
observations of GRBs. Liang et al. (2008a, 2008b) performed a
more detailed analysis of the jet breaks (Liang et al. 2008a) and
the early shallow decay to late jet-like decay phases (Liang
et al. 2008b). Yi et al. (2016) gave a comprehensive study of
the X-ray flares from GRBs observed by Swift. They analyzed
the 10 year X-ray flare data of Swift/XRT until the end of 2015
March and studied the distributions of energy, duration, waiting
time, rise time, decay time, peak time, and peak flux. After that,
Yi et al. (2017) statistically studied GRB optical flares from the
Swift/UVOT catalog. They found that optical flares and X-ray
flares may share a similar physical origin, and both of them are
possibly related to central engine activities. Jia et al. (2016)
statistically studied GRB X-ray flares to prove the ubiquitous
bulk acceleration in the emission region. With the recent
development of networks of robotic telescopes, we are able to
follow up the early optical emission of GRBs and to find a peak
in the optical afterglow LCs (#,xop0) 0f some GRBs. This is due
to the dynamics of the fireball deceleration. So, fyope Can
provide the I'y of the fireball before deceleration, and T
represents the maximum value attained by the outflow during
this dynamical evolution. The bulk Lorentz factor I'y of GRBs
is very important. We can use it to compute the GRBs’
comoving frame properties, shedding light on their physics
(Ghirlanda et al. 2018). We can use fyop to derive the
distribution of I'y (Rykoff et al. 2009; Ghirlanda et al. 2012,
2018), and also use other methods to estimate I'y (Sari &
Piran 1999; Molinari et al. 2007; Ghisellini et al. 2010; Zou &
Piran 2010; Zhang 2011; Lii et al. 2012; Nava et al. 2013;
Nappo et al. 2014; Zou et al. 2015). Geng & Huang (2016)
developed a numerical method to calculate the dynamics of a
system consisting of a forward shock and a reverse shock. They
found that the steep optical rebrightenings would be caused by
the fallback accretion of black holes, while the shallow optical
rebrightenings are the consequence of the injection of the
electron—positron-pair wind from the central magnetar. Dainotti
et al. (2008) examined the available X-ray decay curves of all
GRBs measured by Swift. They found a correlation between
log[T, /(1 + z)] (time at the end of the X-ray plateau in the rest
frame) and log[Lx (7;)] (X-ray luminosity at time T,), hereafter
also referred to as LT. The slope is —0.7470%,. This LT
anticorrelation shows that the shorter the plateau duration, the
more luminous the plateau. Dainotti et al. (2008) believed that
this LT anticorrelation is a further tool for the standardization
of GRBs as a distance indicator. This result is confirmed by
Ghisellini et al. (2009) and Yamazaki (2009). A physical
subsample of LGRBs with a significant LT anticorrelation in
the GRB rest frame has been discovered (Dainotti et al. 2010).
Dainotti et al. (2016) revealed that the subsample of LGRBs
associated with SNe presents a very high LT anticorrelation.
This analysis may open new perspectives in future theoretical
investigations of GRBs with a plateau emission and associated
with SNe (Dainotti & Del Vecchio 2017). Many researches
have been carried out on the LT relation, such as expanding the
sample (Dainotti et al. 2011a, 2015b; Mangano et al. 2012), or
investigating the influence of the selection biases on the slope
of the relation (Dainotti et al. 2013a, 2018; Dainotti &
Amati 2018). There are also many correlations between the
prompt and the afterglow. For the LT relation, Xu & Huang
(2012) added Ei, as a third parameter to get a tighter three-
parameter correlation. When adding the peak luminosity to the
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prompt emission Ly, Dainotti et al. (2016) also found a good
correlation. Similarly, Si et al. (2018) analyzed the optical LCs
of 50 GRBs. They calculated the break time of optical plateaus
and the break luminosity. When they added E,, a significantly
tighter correlation was found. Dainotti et al. (2015a) demon-
strated that Ly, (the peak luminosity in the prompt emission)
and Lyromp: (the average prompt luminosity) have intrinsic
correlations with Lx(7T,). Liang & Zhang (2005) derived a
three-parameter correlation, which is among E., j,, the spectral
peak energy in the rest frame, and the rest-frame break time of
the optical afterglow LCs. Zaninoni et al. (2016) gave a
comprehensive statistical analysis of Swift X-ray LCs of GRBs
collected from 2004 December to 2014 June, and found a
three-parameter correlation between Ej,, in the rest-frame
1-10* keV energy band, Ey ;, and Ex js, (X-ray energy emitted
in the rest frame 0.3-30 keV; Margutti et al. 2013).

There have also been some researches on GRB host galaxies.
The LGRB host galaxy offsets (the distance from the site of the
GRBs to the center of its host galaxies) are consistent with the
expected distribution of massive stars (Bloom et al. 2002), and
SGRB host galaxy offsets are in good agreement with NS binary
mergers (Fong et al. 2010a; Church et al. 2011). SGRBSEE seem
to be a subgroup of SGRBs, because SGRBSEE mostly have
smaller projected physical offsets (Troja et al. 2008) and occur
closer to their host galaxies in denser interstellar environments
(Malesani et al. 2007). SGRBs without extended emission are
the opposite. It also implies that SGRBs possibly have two
distinct populations. SGRBSEE are due to NS-BH mergers, and
SGRBs without extended emission are due to NS-NS mergers
(Troja et al. 2008). Furthermore, the correlation between X-ray
absorption column densities and SGRB host galaxy offsets gives
another evidence that SGRBs possibly have two distinct
populations (Kopac et al. 2012). Japelj et al. (2016) studied
the host galaxies of a complete sample of bright LGRBs to
investigate the impact of the environment on GRB formation.
Arabsalmani et al. (2018) studied the mass—metallicity (MZ)
relation of 33 GRB hosts spanning a redshift range between
~0.3 and ~3.4 and a mass range from 10*2 M_ to 10'""' M,
They found that GRB hosts track the MZ relation of the general
star-forming galaxy population with an average offset of
0.15 £ 0.15 dex below the MZ relation of the general
population, and metallicity measurements can influence the
relation result (Arabsalmani et al. 2018). The offset may be the
result of the different methods used to select their respective
galaxy populations (Kocevski & West 2011). There are also
some relations between the host galaxy and afterglow emission
(or prompt emission; Wang et al. 2018). Zhang et al. (2017)
carried out some statistical analysis and found possible
correlations between SGRB afterglow luminosities and their
host galaxy offset. This may be due to the number density of
circumburst medium decreasing with the distance to the host
galaxy center. However, there are some other uncertainties
related to this correlation, including the angle between the line of
sight, the host galaxy disk, and SGRBs occurring in a globular
cluster (Zhang et al. 2017). Selection effects usually occur when
the sample observed is not representative of the true population
itself (Dainotti & Del Vecchio 2017).

All previous statistical studies were based on original data or
data from catalogs. For each individual study, one needs to collect
the data from the beginning. Here we are trying to collect all of the
data and keep them in a reservoir for future studies. The data were
all manually collected from the literature, including almost all of
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the properties belonging to GRBs, i.e., prompt emission,
afterglows, and host galaxies. Compared with the automatic
gathering of data by machine, the manual collection is slow.
However, it is hard for the machine to recognize the variety of
symbols, and many of the data are expressed in different ways,
which makes the task even harder. Before advances in machine
algorithm, for precision in data gathering, we can only manually
collect them in the present stage. This paper is organized as
follows. In Section 2, we introduce the data preparation, including
the data gathering from published papers. The table is in machine-
readable format, while a sample of the table is shown in Table 1.
Error imputation for the data with central values but without error
bars is introduced in Section 3. In Section 4, we introduce our
statistical methods. We give the distributions for each parameter in
the observer frame and those for some parameters in the rest
frame. All histograms are shown in Figure Set 1. We show two
histograms in Figure 1. We give scatter plots between two
parameters with at least five samples. All plots are shown in
Figure Set 2, and two scatter plots are given in Figure 2. We
analyzed the linear coefficient and nonlinear correlation ratio
between two parameters that are available for at least five GRBs.
We excluded trivial results, like the 7oy and Top; correlation,
which is obvious but does not give extra information. A small
portion of all the results are shown in Table 3, and the
comprehensive results are shown in a machine-readable table.
We give all linear regression results between two and three
parameters that are available for at least five GRBs. A small
portion of all the results are shown in Tables 4 and 5, and all the
results are given in two machine-readable tables. Results are given
in Sections 5 and 6; we give a more detailed analysis for some
good results and give some reasonable explanation for these good
results. A discussion is given in Section 7, and we conclude in
Section 8. A concordance cosmology with parameters Hy =
67.8 £ 0.9 km s~ Mpc™! and Qy = 0.308 4 0.012 (Planck
Collaboration et al. 2016) is adopted in this work.

2. Samples

We collected all of the possible data for 6289 GRBs, from
GRB 910421 (1991 April 21) to GRB 160509A (2016 May 9).
There are 46 parameters in this catalog, including the basic
information, the prompt emission, the afterglow, and the host
galaxy.

For the basic information on each GRB, we recorded the
trigger time, instrument, trigger number, coordinate, and
position error. Most of the basic information are from the
Gamma-ray Coordinates Network (GCN) and published
papers, while most of the information on the BATSE GRBs
are from BATSE website.! The basic information is quite
important. It can help us make sure whether or not some GRBs
with the same names are different GRBs. Because some GRBs
detected by different instruments have the same GRB name, we
changed the names for a small number of GRBs. For example,
there is a Fermi GRB 100911, while there is also a MAXI GRB
100911. They have the same name in different papers;
however, the trigger time is different. Therefore, they must
be different GRBs. We call the Fermi GRB as GRB 100911A
and the MAXI GRB as GRB 100911B, following their trigger
times. Further, some GRBs have different names in different
papers. For all GRBs that have different names or whose names
were changed by us, we use the flag “A” to note this. Not all of

4 https: //gammaray.msfc.nasa.gov /batse/grb/catalog /current/
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Table 1 Table 1
Big Table Samples (Continued)
Label Units Description Label Units Description
GRB GRB identiﬁe:r r_variability3 Reference for variability3
f_GRB Flag on GRB* Fg 10-9 Jm~2 Fluence in the 20-2000 keV energy band
Th hr Trigger time in UTC (hour) E_Fg 10-9 Jm~2 Positive error on fluence in the 1o
T.m minute Trigger time in UTC (minutes) error bar
Ts s Trigger time in UTC (s) e_Fg 109 Jm™> Negative error on fluence in the lo
Det Detector used to obtain the data error bar
TrigNo Trigger number r_Fg Reference for fluence
RAh hr Hour of R.A. (J2000) f Fg Flag on fluence®
RAm minutes Minute of R.A. (J2000) HR Hardness ratio between 100-2000/
RAs S Second of R.A. (JZOOO) 20-100 keV
DE- Decl. sign (J2000) E_HR Positive error on HR in the 1o error bar
DEd deg Degree of decl. (J2000) e_HR Negative error on HR in the 10 error bar
DEm arcmin Arcminute of decl. (J2000) r HR Reference for HR
DEs arcsec Arcsecond of decl. (J2000) f HR Flag on HR®
ePos arcsec Position uncertainty Eiso 10 + 52 erg Isotropic energy in the rest-frame
z Red_s_hlﬁ ) 1-10 + 4 keV energy band
E z P osm\./e error on z the 1o error bar E_Eiso 10 + 52 erg Positive error on Eiso in the 1o error bar
ez Negative error on z in the 1o error bar e_FEiso 10 + 52 erg Negative error on Eiso in the 1o error bar
r_z Reference for redshift r_Eiso Reference for Eiso
DL 10 + 28 cm Luminosity distance f Fiso Flag on Eiso®
E DL 10 + 28 cm Positive error on DL Lpk 10 4+ 52 erg s Isotropic peak luminosity in the 1 s time
e_DL 10 4+ 28 cm Negative error on DL bin in the
r_DL Reference for luminosity distance rest-frame 1-10 + 4 keV energy band
f_DL Flag on lur?inosiFy distance® E_Lpk 10 + 52 ergs™'  Positive error on Lpk in the 1o error bar
T90 § Burst duration with 5%-95% of fluence e_Lpk 10 + 52ergs™'  Negative error on Lpk in the 1o error bar
E_T90 s Positive error on T90 in the 1o error bar r_Lpk Reference for Lpk
e_T90 s Negative error on T90 in the 1o error bar fink Flag on Lpk®
r_T90 Reference for T90 Fpkl 109Im 25" Peak flux in the 1 s time bin in the rest-
f_T90 Flag on T9p ' frame 1-10 + 4 keV energy band
T50 § Burst duration with 25 %_75% of fluence E_Fpkl 10-9 T m2s™! Positive error on Fpk1 in the 1o error bar
E_T50 S Positive error on T50 in the 1o error bar e_Fpkl 10-9 Tm 25! Negative error on Fpkl in the 1o
e_T50 S Negative error on T50 in the 1o error bar - error bar
r_T50 Reference foﬂr T50 r_Fpkl Reference for Fpkl
150 Flag on T50" , f_Fpkl Flag on Fpk1®
TR45 s Burst duration with 45% of brightest Fpk2 10-9 Tm 25! Peak flux in the 64 ms time bin in the
fluence a.c?:()rding . rest-frame 1-10 + 4 keV energy band
to d.lef definition of Relchart etal. 2001). E_Fpk2 10-9Jm s~ ! Positive error on Fpk2 in the 1o error bar
E_TR45 $ Positive error on TR45 in the 1o e_Fpk2 10-9 Tm2s7! Negative error on Fpk2 in the 1o
error bar . error bar
e_TR45 S Negative error on TR45 in the lo f_Fpk2 Flag on Fkaa
error bar Fpk3 10-9Jm 25" Peak flux in the 256 ms time bin in the
r_TR45 Reference for ;RA'S rest-frame 1-10 + 4 keV energy band
f*T.R4.5. Flag 01.1 .TR45 . E_Fpk3 10-9 T m2s~! Positive error on Fpk3 in the 1o error bar
variability 1 Variability, based on the Femrpore & ¢_Fpk3 10-9 T m—2 5! Negative error on Fpk3 in the 1o
Ramirez-Ruiz (2000) definition arror bar
E_variability 1 Positive error on variabilityl in the lo £ Fpk3 Flag for Fpk3*
error bar o Fpk4 10-9Tm™2s™!  Peak flux in the 1024 ms time bin in the
e_variability 1 Negative error on variabilityl in the 1o rest-frame 1-10 + 4 keV energy band
o error bar o E_Fpk4 10-9Tm2s7! Positive error on Fpk4 in the 1o error bar
r_variability Reference f'0r \'/e'matz‘lhty ! e_Fpk4 10-9Tm2s™! Negative error on Fpk4 in the 1o
f_variability 1 Flag on variability | ertor bar
variability2 Variability, based on the Reichart et al. f_Fpkd Flag for Fpk4*
(2001) definition i . Ppkl ph cm 257! Peak photon flux in the 64 ms time bin
E_variability2 Positive error on variability2 in the 1o of 10-1000 keV
erro.r bar L . E_Ppkl ph em2s7! Positive error on Ppk1 in the 1o error bar
e_variability2 Negative error on variability2 in the 1o ¢ Ppkl phem 2! Negative error on Ppkl in the 1o
error bar L error bar
r_variability2 Reference for variability2 r_Ppkl Reference for Ppkl
variability3 Variability, based on the Schaefer (2007) f_Ppkl Flag on Ppkl®
d.efinltlon L . Ppk2 ph cm 257! Peak photon flux in the 256 ms time bin
E_variability3 Positive error on variability3 in the 1o of 10-1000 keV
errqr bar L . E_Ppk2 ph cm2s7! Positive error on Ppk2 in the 1o error bar
e_variability3 Negative error on variability3 in the 1o ¢_Ppk2 phem 2!

error bar
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Table 1 Table 1
(Continued) (Continued)
Label Units Description Label Units Description
Negative error on Ppk2 in the 1o f_alphaspl Flag on alpha.spl”
error bar thetaj rad Jet-opening angle
r_Ppk2 Reference for Ppk2 E_thetaj rad Positive error on theta.j in the 1o
f_Ppk2 Flag on Ppk2* error bar
Ppk3 phem 25! Peak photon flux in the 1024 ms time bin e_thetaj rad Negative error on theta.j in the 1o
of 10-1000 keV error bar
E_Ppk3 phem 257! Positive error on Ppk3 in the 1o error bar r_thetaj Reference for theta.j
e_Ppk3 phem ™25~ Negative error on Ppk3 in the 1o f_thetaj Flag on theta.j"
error bar spectrallag ms MeV ™! Spectral time lag, for every GRB, we can
r_Ppk3 Reference for Ppk3 get the time lag, ¢,
f Ppk3 Flag on Ppk3* between the low-energy band E1-E2 and
Ppk4 phem 25! Peak photon flux in the 1 s time bin of the high-energy band E3-E4, then
10-1000 keV we use
E_Ppk4 phem 257! Positive error on Ppk4 in the 1o error bar the value of 7/[(E4-E3)/2—(E2-E1)/2],
e_Ppk4 phem 25! Negative error on Ppk4 in the 1o in order to avoid the influence of
error bar the different E1, E2, and E3, E4; thus, it
r_Ppk4 Reference for Ppk4 is in units of ms MeV ™",
f_Ppk4 Flag on Ppk4" E_spectrallag ms MeV ™! Positive error on spectral.lag in the 1o
alphaband Opposite value of the low-energy spec- error bar
trum index of the Band model e_spectrallag ms MeV ™! Negative error on spectral.lag in the 1o
E_alphaband Positive error on alpha.band in the 1o error bar
error bar r_spectrallag Reference for spectral.lag
e_alphaband Negative error on alpha.band in the 1o f_spectrallag Flag on spectral.lag”
error bar Gamma0 Initial Lorentz factor
r_alphaband Reference for alpha.band E_Gamma0 Positive error on GammaO0 in the 1o
f_alphaband Flag on alpha.band® error bar
betaband Opposite value of the high-energy spec- e_Gamma0 Negative error on Gamma0 in the 1o
trum index of the Band model error bar
E_betaband Positive error on beta.band in the 1o r_Gamma0 Reference for Gamma0
error bar f_Gamma0 Flag on Gamma0®
e_betaband Negative error on beta.band in the 1o [tburst] S Duration of the GRB central engine
error bar defined by both gamma-ray and
r__betaband Reference for beta.band X-ray light curves in logarithm; the
f__betaband Flag on beta.band® definition is from Zhang et al. (2014a)
Epband keV Spectral peak energy of the Band model E_[tburst] S Positive error on t_burst in the 1o
E_Epband keV Positive error on Ep.band in the 1o error bar
error bar e_[tburst] S Negative error on t_burst in the 1o
e_Epband keV Negative error on Ep.band in the lo error bar
error bar r_[tburst] Reference for t_burst
r_Epband Reference for Ep.band tpkX S Peak flux time in the X-ray band
f_Epband Flag on Ep.band” E_tpkX S Positive error on t.pkX in the 1o
alphacpl Opposite value of the spectrum index of error bar
the cutoff power-law (CPL) model e_tpkX S Negative error on t.pkX in the lo
E_alphacpl Positive error on alpha.cpl in the 1o error bar
error bar r_tpkX Reference for t.pkX
e_alphacpl Negative error on alpha.cpl in the 1o f_tpkX Flag on t.pkX*
error bar tpkOpt S Peak flux time in the optical band
r_alphacpl Reference for alpha.cpl E_tpkOpt S Positive error on t.pkOpt in the 1o
f_alphacpl Flag on alpha.cpl® error bar
Epcpl keV Spectral peak energy of the cutoff e_tpkOpt s Negative error on t.pkOpt in the lo
power-law (CPL) model error bar
E_Epcpl keV Positive error on Ep.cpl in the 1o r_tpkOpt Reference for t.pkOpt
error bar f_tpkOpt Flag on t.pkOpt*
e_Epcpl keV Negative error on Ep.cpl in the 1o FX11hr Jy Flux density in the X-ray band 11 hr
error bar after the trigger time of the burst
r_Epcpl Reference for Ep.cpl E_FXl1hr Iy Positive error on F.X11hr in the 1o
f_Epcpl Flag on Ep.cpl® error bar
alphaspl Opposite value of the spectrum index of e_FX11hr Jy Negative error on F.X11hr in the 1o
the simple power-law (SPL) model error bar
E_alphaspl Positive error on alpha.spl in the 1o r_FX1lhr Reference for F.X11hr
error bar f FX11hr Flag on F.X11hr*
e_alphaspl Negative error on alpha.spl in the lo betaX11hr Index in the X-ray band 11 hr after the
error bar trigger time of the burst
r_alphaspl Reference for alpha.spl E_betaX11hr
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Table 1 Table 1
(Continued) (Continued)
Label Units Description Label Units Description
Positive error on beta.X11hr in the lo E_SFR solMass yr ' Positive error on SFR in the 1o error bar

error bar e_SFR solMass yr~' Negative error on SFR in the 1o error bar
e_betaX11hr Negative error on beta.X11hr in the 1o r_SFR Reference for SFR

error bar f SFR Flag on SFR*
r_betaX11hr Reference for beta.X11hr [SSFR] [Gyr’l] Specific star formation rate in logarithm
FOptl 1hr Jy Flux density in the optical band 11 hr E_[SSFR] [Gyr’l] Positive error on [SSFR] in the 1o

after the trigger time of the burst error bar
E_FOptl1hr Jy Positive error on F.Optl1hr in the 1o e_[SSFR] [Gyr ' Negative error on [SSFR] in the 1o

error bar error bar
e_FOptl1hr Jy Negative error on F.Optllhr in the 1o r_[SSFR] Reference for [SSFR]

error bar f_[SSFR] Flag on [SSFR]*
r_FOptl 1hr Reference for F.Optl1hr Age Myr The age of the GRB host galaxy
f_FOptl 1hr Flag on F.Optl1hr* E_Age Myr Positive error on Age in the 1o error bar
tradiopk S Peak radio time in the afterglow e_Age Myr Negative error on Age in the 1o error bar
E_tradiopk S Positive error on t.radiopk in the lo r_Age Reference for Age

error bar f_Age Flag on Age”
e_tradiopk S Negative error on t.radiopk in the 1o [Mass] [solMass] Stellar mass in logarithm

error bar E_[Mass] [solMass] Positive error on [Mass] in the 1o
r_tradiopk Reference for t.radiopk error bar
f_tradiopk Flag on t.radiopk® e_[Mass] [solMass] Negative error on [Mass] in the 1o
Fradiopk Jy Peak flux density in the radio band at error bar

8.46 GHz r_[Mass] Reference for [Mass]
E_Fradiopk Iy Positive error on F.radiopk in the 1o f_[Mass] Flag on [Mass]*

error bar
e_Fradiopk Jy Negative error on F.radiopk in the 1o Note.

error bar a Flags include A: we changed the GRB name, or the name is a little different
r_Fradiopk Reference for F.radiopk in different papers and GCN, because some different GRBs have the same
f_Fradiopk Flag on F.radiopk® name in different instruments. For example, Fermi GRB 110916 and MAXI
offset kpc Distance from the burst location to the GRB 110916 are two different GRBs with different trigger times, but they have

center of the host galaxy the same GRB name, so we changed Fermi GRB 110916 to GRB 110916A,
E_offset kpc Positive error on the offset in the 1o and MAXI GRB 110916 to GRB 110916B. a: The errors are imputed by the

error bar MICE algorithm. b: The errors in the original papers are in the 90% confidence
e_offset kpc Negative error on the offset in the 1o level; we changed the errors to 1o confidence level by multiplying by 0.995/

error bar 1.645. c: The values are calculated using the spectral values in order to change
r_offset Reference for the offset the energy band. d: The unit is different from the original papers. e: The error is
f_offset Flag on the offset” estimated as the central value multiplied by 0.1. f: We use the BASTE « peak
metallicity Metallicity of the host; the value is 12 + value —1.1 as is common when « is not well constrained. g: We use the

log[O/H] BASTE (3 peak value —2.2 as is common when [ is not well constrained. h:
E_metallicity Positive error on the metallicity in the 1o The value in the original paper is in the rest frame; we divided the rest-frame

error bar value by (1 + z) to get the observer-frame value. i: We changed the values into
e_metallicity Negative error on the metallicity in the logarithm or from logarithm into the normal form. j: The values are calculated

1o error bar using other parameters. k: We convert the different metallicity calibrations into

Reference for the metallicity
Flag on the metallicity®

r_metallicity
f_metallicity

Mag mag Absolute magnitude in the 3.5 um rest
wavelength
E_Mag mag Positive error on Mag in the 1o error bar
e_Mag mag Negative error on Mag in the 1o
error bar
r_Mag Reference for Mag
f Mag Flag on Mag®
NH 10 4+ 21 cm™2 Column density of hydrogen
E_NH 10 4+ 21 cm™2 Positive error on N_H in the 1o error bar
e_NH 10 + 21 ecm™2 Negative error on N_H in the 1o
error bar
r_ NH Reference for N_H
f NH Flag on N_H*
AV Dust extinction
E_AV Positive error on A_V in the 1o error bar
e_AV Negative error on A_V in the lo
error bar
r_AV Reference for A_V
f AV Flag on A_V*

SFR solMass yr Star formation rate

the Kobulnicky & Kewley (2004) calibrator using the method in Kewley &
Ellison (2008). m: Dy, is calculated using z with cosmology parameters from
Planck Collaboration et al. (2016). The description of every parameter is in
Section 2.
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Chen (2013); (735) Zhang et al. (2009); (736) Krimm et al. (2009); (737)
Perley et al. (2013); (738) Lii et al. (2012); (739) Lien et al. (2016a); (740)
Dichiara et al. (2013b); (741) Nardini et al. (2011); (742) Li et al. (2012b);
(743) Golkhou et al. (2015); (744) Vianello et al. (2009); (745) Kann et al.
(2010); (746) Huja et al. (2009); (747) Thoene et al. (2008); (748) Bhat et al.
(2012); (749) Xiao & Schaefer (2011); (750) Schady et al. (2011); (751)
Kriihler et al. (2009); (752) Ukwatta et al. (2010b); (753) Ripa et al.
(2009); (754) Nava et al. (2008); (755) Perley et al. (2009); (756) Nardini
et al. (2010); (757) Zheng et al. (2009); (758) Cenko et al. (2009); (759)
Minaev et al. (2010); (760) Rossi et al. (2008); (761) Hjorth et al. (2012);
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(762) Gehrels et al. (2008); (763) Nysewander et al. (2009); (764) Foley et al.
(2008); (765) Xiao & Schaefer (2009b); (766) Graham & Fruchter (2013);
(767) Kasliwal et al. (2008); (768) Schady et al. (2010); (769) Butler et al.
(2007); (770) Perley et al. (2015); (771) Contini (2016); (772) Ghisellini et al.
(2009); (773) Covino & Gotz (2016); (774) Gao & Dai (2010); (775) Savaglio
et al. (2009); (776) Bellm et al. (2008); (777) Rizzuto et al. (2007); (778)
Campisi & Li (2008); (779) Mosquera Cuesta et al. (2008); (780) Willingale
et al. (2007b); (781) Schaefer (2007); (782) Rykoff et al. (2009); (783)
Melandri et al. (2008); (784) Fong et al. (2010b); (785) De Laurentis et al.
(2015); (786) Golenetskii et al. (2017); (787) Pélangeon et al. (2008); (788)
Leibler & Berger (2010); (789) Collazzi & Schaefer (2008); (790) Xiao &
Schaefer (2009a); (791) Levesque et al. (2010b); (792) Mannucci et al. (2011);
(793) Tsutsui et al. (2013a); (794) Zaninoni et al. (2013); (795) Ghirlanda et al.
(2007); (796) Guidorzi et al. (2016); (797) Tanvir et al. (2005); (798) Li et al.
(2015); (799) Sakamoto et al. (2008); (800) Rau et al. (2005); (801) Guidorzi
et al. (2005); (802) Friedman & Bloom (2005); (803) Sako et al. (2005); (804)
Sakamoto et al. (2005); (805) Li et al. (2008); (806) Mazets et al. (2002); (807)
Barraud et al. (2003); (808) Frontera (2004); (809) Frontera et al. (2009); (810)
de Pasquale et al. (2006); (811) Guidorzi et al. (2011); (812) Atteia (2003);
(813) Christensen et al. (2004); (814) https://gamma-ray.nsstc.nasa.gov/
batse/grb/catalog/current/index.html; (815) Shahmoradi & Nemiroff (2010);
(816) Goldstein et al. (2013); (817) Ashcraft & Schaefer (2007); (818)
Ghirlanda et al. (2009); (819) Bloom et al. (2002); (820) Jimenez et al. (2001);
(821) Kaneko et al. (2006); (822) Ramirez-Ruiz et al. (2002); (823) Smith et al.
(2002); (824) Reichart et al. (2001); (825) Frail et al. (2001); (826) Schaefer
(2003b); (827) Sokolov et al. (2001); (828) Simié¢ & C. Popovi¢ (2012); (829)
Fenimore & Ramirez-Ruiz (2000); (830) Svensson et al. (2010); (831) Bosnjak
et al. (2006); (832) Postnov (2000); (833) Bloom et al. (2001); (834) Berger
et al. (2003); (835) Fragile et al. (2004); (836) Amati et al. (2008); (837) Wei
(2010); (838) Paciesas et al. (1999); (839) Lloyd-Ronning & Ramirez-Ruiz
(2002); (840) Peng et al. (2012); (841) Preece et al. (2000); (842) Meegan et al.
(1996); (843) Sazonov et al. (1998); (844) Hakkila et al. (2007); (845) Fishman
et al. (1994); (846) Terekhov et al. (1994).

(This table is available in its entirety in machine-readable form.)

the basic information are available for every GRB. When we
did not find the information, we left the place empty.

The prompt emission properties include z (redshift), Dp
(luminosity distance, 10°%cm), Top, Tso, Tras (defined in
Reichart et al. 2001), variability,; (variability based on the
Fenimore & Ramirez-Ruiz 2000 definition), variability, (varia-
bility based on the Reichart et al. 2001 definition), variability;
(variability based on the Schaefer 2007 definition), F, (fluence in
the 20-2000keV energy band, in units of 10~°erg cm %), HR
(hardness ratio between 100-2000keV and 20-100 keV), FE;,
(isotropic 4-ray energy in the rest-frame 1-10* keV energy band,
in units of 10°% erg), Ly (peak luminosity in the 1s time bin in
the rest-frame 1-10* keV energy band, in units of 10°%ergs™"),
Foii (peak energy flux in the 1s time bin in the rest-frame
1-10*keV energy band, in units of 10 ®ergem 25, Foo
(peak energy flux in the 64 ms time bin in the rest-frame
1-10%keV energy band, in units of 10 ®ergem *s™ ), Foa
(peak energy flux in the 256 ms time bin in the rest-frame
1-10*keV energy band, in units of 10 ®ergem 2s™ ), Foa
(peak energy flux in the 1024 ms time bin in the rest-frame
1-10*keV energy band, in units of 10 ®ergem 2s™ 1), Ppoxi
(peak photon flux in the 64 ms time bin in 10-1000 keV, in units
of photons cm 2 sfl), Ppi» (peak photon flux in the 256 ms time
bin in 10-1000 keV, in units of photons cm 2sh, Py (peak
photon flux in the 1024 ms time bin in 10-1000 keV, in units of
photons cm 2 s_l), P14 (peak photon flux in the 1s time bin in
10-1000 keV, in units of photons em 257 Y, agana (low-energy
spectral index of the Band model), Bganq (high-energy spectral
index of the Band model), Ej, ganq (spectral peak energy of the
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Figure 1. Histograms for 1 4+ z as an example. The description of each
parameter is given in Section 2.

(The complete figure set (58 images) is available.)

Band model, keV), a.p (low-energy spectral index of the cutoff
power-law (CPL) model), E, .y (spectral peak energy of the
CPL model, in units ofkeV), gy (spectral index of simple
power-law (SPL) model), §; (jet-opening angle, in units of rad),
spectral time lag (in units of ms MeV "), and I, (initial Lorentz
factor). Py and Fpc have four time bins: 64ms, 256 ms,
1024 ms, and 1s. We use them as different parameters, because
the data are from different instruments and different instruments
have different energy bands and different sensitivities. In order
to avoid the influence of the different energy bands, we corrected
P, into the observer frame in the 10-1000 keV energy band and
Fy into the rest-frame 1-10* keV energy band using the method
of Schaefer (2007) of four time bins. At the same time, using the
same method, we changed all of the F into 20-2000keV, HR
into 100-2000/20-100keV, E, into the rest-frame 1-10% keV
energy band, and L into the rest-frame 1-10* keV energy band.
Further, we calculated a small part of Ej, also using the method
of Schaefer (2007) with F, and z. We provide different flags for
different data calculations and corrections.

The afterglow properties include log #,, (central engine active
duration in logarithm, in units of s; defined in Zhang et al. 2014a),
fox (peak time in the X-ray LC, in units of s), fyop (peak time in
the optical LC, s), Fxjine (flux density in the X-ray band 11 hr
after the trigger time, in units of Jy), Oxiine (index in the X-ray
band 11 hr after the trigger time), Fopune (flux density in the
optical band 11 hr after the trigger time, Jy), #agio,pk (P€ak time in
the radio band, in units of s), and Fr,gio pk (peak flux density in the
radio band at 8.46 GHz, in units of Jy).

The host galaxy properties include the host galaxy offset (the
distance from the GRB location to the center of its host galaxy,
in units of kpc), metallicity (12 + log [O/H]), Mag (absolute
magnitude in the AB system at the rest 3.6 ym wavelength), Ny
(column density of hydrogen, in units of 10*' cm™?), Ay (dust
extinction), SFR (star formation rate, in units of M yrfl),
log SSFR (specific star formation rate in logarithm, in units of
Gyr_l), Age (in units of Myr), and log Mass (stellar mass in
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Figure 2. Scatter plots for two arbitrary parameters. The description of every parameter is defined in Section 2.

(The complete figure set (1475 images) is available.)

logarithm, in units of M.). For metallicity, we converted
different metallicity calibrations into the Kobulnicky & Kewley
(2004) calibrator using the method given in Kewley &
Ellison (2008).

We also changed 10 parameters from the observer frame to
rest frame, including Too, Ts0, Tras, Ep Band> Ep.cpl> SPECtral time
lag, 10g turst, fokxs> tpkopts ANd fradgio pk- We use the label “i” to
denote the parameters in the rest frame. We put the 10 rest-
frame parameters as new parameters joining the statistics.
However, we did not show the results for the same parameter,
just in different frames, such as Ty and Ty ;. In the table, we
also did not include the 10 rest-frame parameters as they are
easily obtained. When we collected the data from the literature,
some data have different units for the same parameter. We
convert them into the same units. For example, the units for D,
(luminosity distance) include 10%8 cm, kpc, and others. In order
to easily convert to erg for the Ejy, calculation, we choose the
unit 10°® cm for Dy . The units of the parameters are all given in
Table 1.

All of the information given above on the 6289 GRBs are
collected in a machine-readable table. We put the first five
samples in Table 1 as examples. In the machine-readable table,
every GRB has the basic information and 46 parameter values. If
the basic information is not available, we left it blank. If a
parameter value is not available, we use “...” to denote this. For
every available parameter value, we also put the relevant reference
or flag (or both). For different situations, we use different flags.
We introduce every flag one by one in the following. “a” means
the errors are imputed by the MICE algorithm. The details of the
error imputation are shown in Section 3. “b” means the errors in
the original papers were in the 90% confidence level, and we
convert the errors to the 1o confidence level by multiplying by
0.995/1.645. “c” means the values are calculated using the
spectral values in order to change the energy band to a uniform
band, because for some parameters, the energy band is different
for different instruments. In order to avoid the influence of
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different energy bands, we use the spectral values to correct the
energy band of the four time bins of Py and Fj, Fy, HR, Ei,, and
L. “d” means the units are different from the original papers. For
example, the unit for Dy in Cano et al. (2014) is Mpc; we change
it to 10 cm. “e” means the error is estimated as the central value
multiplied by 0.1. One can see Section 3 for more details. When it
comes to spectral values, sometimes the spectral index cannot be
constrained very well. We denote the BASTE « peak value —1.1,
as is common, with flag “f,” and the BASTE g peak value —2.2,
as is common, with flag “g.” Some values are in the rest frame;
we change the values from the rest frame to the observer frame
and denote these with flag “h.” “i” means the values are converted
into logarithm or from logarithm into the normal form. *j” means
the values are calculated using other parameters. For example,
almost half of the HRs are calculated from F, and spectral values.
“k” means we converted different metallicity calibrations into the
Kobulnicky & Kewley (2004) calibrator using the method in
Kewley & Ellison (2008). We found that the metallicity is
different with different calibrators, so this step is necessary. “m”
means the Dy _is calculated using z with the cosmology parameters
in Planck Collaboration et al. (2016). There is also a description in
Table 1.

The data are from different works in the literature, the GCN,
websites,” and calculations if it is not directly available and can
be derived. The principle of data collection is as follows. We
collect as many variables as possible. We only take certain
values, which are mainly taken from the literature manually.
Every data should be able to bedirected back to the original
reference. The data should include error bars in 1. If the error
is in another confidence, we convert the error into 1o. If it is not
available, we use the imputation method, which is shown in
Section 3. For those data are shown in different literature, we
choose the values in the following order (highest to lowerst
priority): first, published papers (catalogs, data gatherings,

5> Such as http://www.mpe.mpg.de/~jcg/grbgen.html.
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other articles); second, GCNs; third, other websites; fourth,
self-calculation if they can be obtained. For those data shown in
ordinary published papers, the paper from the official team is in
higher priority. Otherwise, the newer paper is of higher priority.

We excluded Fermi GRBs 120222A, 110920A, 110517A,
and 101214A, because they have the same GRB names but two
different trigger numbers (Narayana Bhat et al. 2016). This
might be a mistake in the GRB names. For GRB 091024A, it
triggered Fermi/GBM twice and triggered Swift once (Ukwatta
et al. 2012f; Narayana Bhat et al. 2016). We set it as one GRB
for the analysis. During the statistical study, we deleted some
values with central values smaller than the error bars (which
means the values on the lower side are not physical), because
for some parameters, such as Toy, the lower limit must be
greater than 0. If the central value is smaller than the error bar
for Ty, the lower limit is smaller than 0. For example, in von
Kienlin et al. (2014), the 799 of GRB 080719A is
16.128 £ 17.887 s; therefore, we did not include this. Note
that we still put this kind of data in the table; we just did not
include them in the statistics.

For the spectral parameters, the spectra are mainly fitted by
three models: the Band model, CPL model, and SPL model (Li
et al. 2016). The Band model is a smoothly joint broken power
law with the definition (Band et al. 1993)

E \* _&
_— E
A(lOOkeV) e o,

Pra-/E 1P 5_q
) [ 100 keV ] 4 (l’ E 2 (a - /B)E()?
(D

where « is the low-energy photon index, (3 is the high-energy
photon index, A is the coefficient for normalization, E is the
energy of the photons, and E| is the break energy. We mostly
used E, instead of E,. E, is the peak energy in the spectrum
E°N, E, = (2 + a)E,. In the big table, we use agands Oand
and E}, gang as Band function spectral parameters, and o, and
Ep pi to mark CPL model spectrum parameters. The formula
for the SPL model is N (E) = AE%s.

Most of the data are taken from the following: (1) Swift
lookup website,’® with the number of selected data 1003; (2)
“How long does a burst burst?” (Zhang et al. 2014a), with the
number of selected data 354; (3) “Cosmic evolution of long
GRB luminosity” (Deng et al. 2016), with the number of
selected data 177; (4) “Effect of GRB spectra on the empirical
luminosity correlations and the GRB Hubble diagram” (Lin
et al. 2016), with the number of selected data 219; (5) “On the
classification of GRBs and their occurrence rates” (Ruffini et al.

2016), with the number of selected data 571; (6) “The third
Fermi GBM GRB catalog: the first six years” (Narayana Bhat
et al. 2016), with the number of selected data 3702; (7) “A
comparative study of long and short GRBs. 1. Overlapping
properties” (Li et al. 2016), with the number of selected data
786; (8) “GRB hosts through cosmic time. Very Large
Telescope/X-Shooter emission-line spectroscopy of 96 ~-ray-
burst-selected galaxies at 0.1 < z < 3.6” (Kriihler et al. 2015),
with the number of selected data 107; (9) “Uncovering the
intrinsic variability of GRBs” (Golkhou & Butler 2014), with
the number of selected data 323; (10) “The Epc—Eis, relation
revisited with Fermi GRBs. Resolving a long-standing debate”
(Heussaff et al. 2013), with the number of selected data 671;

E < (a — B)Ey,
N(E) =

( E
100 keV

6 https: / /swift.gsfc.nasa.gov /archive /grb_table /index.php
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(11) “The second Fermi GBM GRB catalog: The first four
years” (von Kienlin et al. 2014), with the number of selected
data 2019; (12) “The spectral catalog of INTEGRAL GRBs.
Results of the joint IBIS/SPI spectral analysis” (Bonjak et al.
2014), with the number of selected data 138; (13) “The Swift
GRB host galaxy legacy survey. II. Rest-frame near-IR
luminosity distribution and evidence for a near-solar metallicity
threshold” (Perley et al. 2016b), with the number of selected
data 132; (14) “The dark bursts population in a complete
sample of bright Swift long GRBs” (Melandri et al. 2012), with
the number of selected data 107; (15) “A radio-selected sample
of GRB afterglows” (Chandra & Frail 2012), with the number
of selected data 347; (16) “Statistical analysis of the observable
data of GRBs” (Ripa 2011), with the number of selected data
260; (17) “Spectral properties of 438 GRBs detected by Fermi/
GBM” (Nava et al. 2011), with the number of selected data
694; (18) “Possible origins of dispersion of the peak energy—
brightness correlations of GRBs” (Yonetoku et al. 2010), with
the number of selected data 254; (19) “The cosmic rate,
luminosity function and intrinsic correlations of long GRBs”
(Butler et al. 2010), with the number of selected data 874; (20)
“The updated spectral catalog of INTEGRAL GRBs” (Vianello
et al. 2009), with the number of selected data 121; (21)
“Redshift catalog for Swift long GRBs” (Xiao & Schae-
fer 2011), with the number of selected data 415; (22) “Search
for GRB classes with the RHESSI satellite” (Ripa et al. 2009),
with the number of selected data 323; (23) “Statistical studies
of optically dark GRBs in the Swift era” (Zheng et al. 2009),
with the number of selected data 271; (24) “Correlations of
prompt and afterglow emission in Swift long and short GRBs”
(Gehrels et al. 2008), with the number of selected data 209;
(25) “A complete catalog of Swift GRB spectra and durations:
Demise of a physical origin for pre-Swift high-energy
Correlations” (Butler et al. 2007), with the number of selected
data 1069; (26) “Intrinsic properties of a complete sample of
HETE-2 GRBs. A measure of the GRB rate in the local
universe” (Pélangeon et al. 2008), with the number of selected
data 272; (27) “Global characteristics of X-ray flashes and
X-ray rich GRBs observed by HETE-2” (Sakamoto et al.
2005), with the number of selected data 101; (28) “Konus
catalog of SGRBs” (Mazets et al. 2002), with the number of
selected data 128; (29) “The GRB catalog obtained with the
GRB monitor aboard BeppoSAX” (Frontera et al. 2009), with
the number of selected data 1619; (30) “Spectral catalog of
bright GRBs detected with the BeppoSAX/GRBM” (Guidorzi
et al. 2011), with the number of selected data 248; (31) BASTE
current GRB catalog,7 with the number of selected data 8983;
(32) “Hardness as a spectral peak estimator for GRBs”
(Shahmoradi & Nemiroff 2010), with the number of selected
data 2128; (33) “The BATSE 5B GRB spectral catalog”
(Goldstein et al. 2013), with the number of selected data 4764,
(34) “Are there any redshift >8 GRBs in the BATSE catalog?”
(Ashcraft & Schaefer 2007), with the number of selected data
110; (35) “Short versus long GRBs: spectra, energetics and
luminosities” (Ghirlanda et al. 2009), with the number of
selected data 139; (36) “The fourth BATSE GRB catalog
(Revised)” (Paciesas et al. 1999), with the number of selected
data 1049; (37) “On the spectral energy dependence of GRB
variability” (Lloyd-Ronning & Ramirez-Ruiz 2002), with the
number of selected data 159; and (38) “The third BATSE GRB

7 https: //gamma-ray.nsstc.nasa.gov /batse/grb/catalog/current/index.html
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catalog” (Meegan et al. 1996), with the number of selected data
1380. A full reference list is given following Table 1.

3. Error Imputation

In the table, there are many incomplete data. There are
especially many data just having central values without error bars.
However, when we perform the statistics, we need to consider the
uncertainty for each data. Therefore, we used the R package mice,
which treats incomplete multivariate data by multiple imputation
(Rubin 1987, 1996) by chained equations (MICE). Multiple
imputation is a method for dealing with the problems of
incomplete data. In the big table, many parameters have missing
errors. For the first step in generating multiple imputations, we
used the predictive mean matching (Little 1988) method. It is a
general purpose, semiparametric imputation method of numeric-
scale type. We did five times iterations for every missing error,
and we set a threshold 0.25 for imputation. This means that the
error of each parameter should have at least 25% information. If
there is not enough information, the imputation may not be
reliable. Then, we use three indicators to assess the imputation
results: relative increased variance (RIV), fraction of missing
information (FMI), and relative efficiency (RE; Rubin 1987, 1996).
One can see the results in Table 2. However, there are some
parameters for which we cannot impute the missing errors. For
these, we use the 10% of the absolute central value as the error
bars (Schaefer 2007). The errors of #x, Fopiin, Mag, log SSFR,
Age, and ,x; used the 10% of the absolute central value as the
error bars. We do not impute the errors of z and Dy, as the errors
are relatively very small.

1. Relative increase in variance due to missing data r,,
(RIV). It is the ratio of the between-imputation variance
to the within-imputation variance of the five data sets,
multiplied by the imputation time m. It stands for the
increase in variance fraction, because due to missing data,
the influence of the missing data is bigger when r,, is
bigger. When r,, is smaller, it indicates that the influence
of the change of m is smaller, that is to say, that missing
data have a smaller influence on the data parameters, the
imputation results are more stable, and the imputations
are better. r,, is defined as

1
(1 + -)op’
= — @
ow

where ow? = %Zlm:l 0> is the within-imputation var-
iance, op2 = ﬁz;"zl(gi — 6)? is the between-imputa-
tion variance, and 6; is the mean of every complete data
set, 0 = ﬁZE":] 0;. ow stands for the mean of the variance
of m data sets, and og stands for the variance of the mean

of m data sets.

2. Fraction of missing information ~, (FMI). It stands for
the influence of the missing data on the parameters (e.g.,
mean). If FMI is smaller, the imputation results are more
stable:

2
Tm +

Vi +3
Yin = —————, 3
T 1 ©

where v,, = (m — 1)(1 + %2) is the derees of freedom.

3. Relative efficiency (RE). RE is a comprehensive analysis
of RIV and FML. It stands for the imputation fraction of
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missing information by MICE. If RE is bigger, the results
are better:

—1
RE — (1 + 7—) : (4)
m

To analyze the imputed data and pooling analysis results, we
use the mean of every imputed error bar. Because we also need
to calculate some values and plot scatter plots with error bars,
we cannot use five values for one error bar—we must get the
best estimate for every imputed error bar, so we use the mean.

The imputation results are shown in Table 2. From the
results, we can see that RIV and FMI are very close to 0, which
means the imputation is stable. RE is very close to 1, which
means the imputation efficiency is very high. We imputed
almost all of the missing information. Therefore, the imputation
is reliable.

4. Statistical Methods
4.1. Distributions of Each Parameter

We plotted the histograms for every parameter in the
observer frame and for some parameters in the rest frame. Two
histograms are shown in Figure 1. We made a figure set
containing all figures—a total of 58 figures. Readers can see all
the figures in the figure set accompanying Figure 1.

4.2. Scatter Plots between Two Arbitrary Parameters

We plotted the scatter plots between two arbitrary parameters
when there are more than five points. We find that, with this
large sample, we can also retain the relationships previously
found. We removed the spectral lag value of GRB 060218,
because it is an outlier (Foley et al. 2008). The two results are
shown in Figure 2. We also made a figure set containing all the
scatter plots. There are a total of 1475 plots.

4.3. Correlation Coefficients

The correlation coefficient is to measure the correlation
between two parameters. There are four methods:

1. Pearson correlation coefficient (Pearson 1895). Suppose
the two variables are x, and y,, then

. SV G — DO — F)
VN = 022N 0 — )2

where ¥ is the mean of variable x, and ¥ is the mean of
variable y. The Pearson correlation coefficient is based on
a normal distribution, so when the data is normally
distributed, the Pearson correlation coefficient works
very well.

2. Spearman correlation coefficient (Spearman 1987). This
coefficient does not depend on the data distribution. It is a
kind of rank measure:

e n(CY xy) — O )Y )
Y wd) — (S ) S wd) — (L)

&)

i

(6)

3. Kendall 7 correlation coefficient (Kendall 1938). This
coefficient compares the order of two variables; it does
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Table 2
Imputation Results

Parameters RIV FMI RE Parameters RIV FMI RE
Too1 0.00000358 0.00000358 1 Tooz 0.000126 0.000126 1
Ts01 0.000143 0.000143 1 T502 0.0000796 0.0000796 1
Trasi 0.0122 0.0122 0.998 Tras2 0.00172 0.00172 1
variability,; 0.0137 0.0136 0.997 variability, , 0.00491 0.0049 0.999
Fy 0.0000144 0.0000144 1 Fy 0.000317 0.000317 1
HR1 0.000454 0.000454 1 HR2 0.000354 0.000354 1
E, iso1 0.00588 0.00587 0.999 E, o2 0.00071 0.00071 1
Fki 0.000259 0.000259 1 Fxi2 0.000901 0.000901 1
Fyo1 0.000324 0.000324 1 Fyo 0.000849 0.000849 1
B 0.000205 0.000205 1 B2 0.000274 0.000274 1

— QBandi 0.000911 0.000911 1 —Q'Band2 0.000289 0.000289 1
—BBandl 0.0017 0.0017 1 — BBand2 0.000599 0.000599 1
Ep Bandi 0.00176 0.00176 1 Ep Band2 0.000471 0.000471 1
—Qepll 0.00186 0.00185 1 —Qepl2 0.000343 0.000343 1
Ep cpll 0.00018 0.00018 1 Ep cpi2 0.000244 0.000244 1
051 0.00547 0.00546 0.999 0; 0.00924 0.0092 0.998
T 0.111 0.105 0.979 To2 0.0273 0.0269 0.995
Ipkoptl 0.044 0.043 0.991 Ipkopt2 0.0147 0.0146 0.997
Fxiinri 0.0131 0.0131 0.997 Fxiine 0.0388 0.038 0.992
Tradio, pk1 0.0197 0.0195 0.996 Tradio, pk2 0.0211 0.0209 0.996
Fadio,pk1 0.111 0.104 0.98 Fadio,pk2 0.0227 0.0224 0.996
offset1 0.0161 0.016 0.997 offset2 0.0119 0.0118 0.998
metallicity 1 0.0569 0.0552 0.989 metallicity2 0.013 0.0129 0.997
Nui 0.0016 0.0016 1 N 0.00767 0.00764 0.998
Ay 0.00734 0.00731 0.999 Ayy 0.0319 0.0313 0.994
SFR1 0.0231 0.0228 0.995 SFR2 0.0331 0.0325 0.994
log Mass1 0.0157 0.0156 0.997 log Mass2 0.0082 0.00816 0.998
To0,i1 0.00311 0.0031 0.999 To0,i2 0.0000847 0.0000847 1
T50,i1 0.00634 0.00632 0.999 T50,i2 0.000355 0.000355 1
Tras il 0.00296 0.00296 0.999 Tras,i2 0.00202 0.00202 1
E} Band,il 0.00547 0.00546 0.999 E} Band,i2 0.0104 0.0104 0.998
Ep cplit 0.0061 0.00608 0.999 Ep epliz 0.00463 0.00462 0.999
IpkOpt,il 0.0237 0.0234 0.995 LpkOpt,i2 0.0196 0.0194 0.996
Tradio,pk,il 0.0416 0.0407 0.992 Tradio,pk.i2 0.0183 0.0182 0.996

Note. See Section 3 for the definitions of RIV, FMI, and RE. The description of every parameter is in Section 2.
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Table 3
Correlation Coefficient and Correlation Ratio Results

log(1 + z) versus log(1 + z) versus

log(1 + z) versus log(1 + z) versus log(1 + z) versus

Parameters log Dy log Tyo log T3 log Tras variability,
Pearson coefficient 0.76 £+ 0.042 0.21 £+ 0.022 0.18 + 0.028 0.3 £ 0.019 0.0019 £ 0.05
Pearson p-value 1.7 x 1078 8.9 x 1077 7.6 x 10~ 9 x 107 9.8 x 107!
Spearman coefficient 0.91 £+ 0.012 0.2 £ 0.016 0.17 £ 0.015 0.24 + 0.013 0.066 + 0.059
Spearman p-value 4.8 x 107213 2.5 x 10°° 1.5 x 1073 3.9 x 10°¢ 4.1 x 107!
Kendall coefficient 0.83 £ 0.011 0.13 £ 0.011 0.11 £ 0.01 0.17 £ 0.0088 0.04 £ 0.04
Kendall p-value 3 x 10719 2.8 x 10°° 1.2 x 1073 3.7 x 10°¢ 4.5 x 107!
Correlation ratio 0.091 + 0.0067 0.66 £ 0.0041 0.51 £+ 0.006 0.29 £ 0.0039 0.71 + 0.044
Cosine similarity 0.88 £ 0.014 0.8 £+ 0.02 0.77 £ 0.019 0.75 £+ 0.007 0.3 £ 0.067

Note. Correlation coefficients and correlation ratio between two different parameters. The definitions are given in Section 4.3. We considered all the errors using MC
method (Zou et al. 2018). All errors are in the 1o confidence level. All the results are in a machine-readable table. The description of every parameter is given in

Section 2.

(This table is available in its entirety in machine-readable form.)

not compare the values. It is also a kind of rank measure:
ne—n
c d (7)

T=—,
1/2n(n — 1)

where n is the length of the two variables, n. is the
number of concordant pairs, and ngq is the number of
discordant pairs.

4. Cosine similarity (van Dongen & Enright 2012). Suppose
the two variables are x; and y,.. Then, the cosine similarity
definition is

N
Zz: Xeh

[N 2N 2
Zz:lxt Zt:lyt

When cosf, = 1, it means x, and y, are completely
similar. When cos 0,  is closer to 1, the two variables are
very similar.

cos Oy y =

®)

4.4. Correlation Ratio

Pearson correlation coefficients measure the linear correla-
tion between two variables. But when it comes to nonlinear
correlations, correlation coefficients do not work well. So, we
need to use the correlation ratio (Fisher 1970) to measure the
nonlinear correlation between different variables. The correla-
tion ratio is a ratio of the statistical dispersion within individual
categories to the dispersion across the entire population or
sample, which is defined as the ratio of the standard deviation
within individual categories to the standard deviation of the
entire population or sample.

Suppose the variables are y,;, where x means the category
and i means the ith value for category x, and the number of
categories X is ny, then

—X — Ziyxi , (9)
Ry
Ny Yy
5= 2k (10
2o x

where j, is the mean of category x and y is the mean of the
entire sample. The definition of the correlation ratio 7 is

2 _ anx(yx - )7)2

: 11
Eyiyi = 9 o
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it is the ratio of the weighted variance of the category means to
the variance of the whole sample. 7 is a value between 0 and 1;
when 7 is closer to 1, the nonlinear correlation is stronger.

When the two parameters are available for at least five
GRBs, we give the correlation coefficients and correlation
ratio, and we exclude some trivial results. It means we removed
the correlations between the rest frame and observer frame for
the same parameters, such as the correlation between Ty and
Too;- We have many results, so we just put the first five results
in Table 3. One can find all the results in the accompanying
machine-readable table. In Table 3, we give the results of the
Pearson, Spearman, and Kendall 7 coefficients, and the related
p-values. We also considered all the error bars using MC
method (Zou et al. 2018). The last two rows are the correlation
ratio and cosine similarity with error bars, also using MC
method. We analyzed the statistics between two arbitrary
parameters in order to find remarkable correlations. In
Section 5, we analyzed some interesting results and give some
reasonable physical explanations. In this paper, we just
analyzed the linear correlations. During the analyses, the
Pearson, Spearman, and Kendall 7 coefficients and the related
p-values were the most important references for the linear
correlations. When the hypothesis-testing p-value is smaller
than 0.1, it means the correlation has a very high probability of
being true. The sample selection biases are quite complicated
(see, for examples, of the related discussion, Lloyd &
Petrosian 1999; Lloyd et al. 2000a; Dainotti et al. 2013b,
2015a, 2015b). One should be cautious when considering the
results. When the absolute values of the Pearson, Spearman,
and Kendall 7 coefficients are bigger, the correlation is
stronger. For the cosine similarity, there is no hypothesis-
testing, so it is just used to confirm the linear correlations. For
the correlation ratio, we will analyze the nonlinear correlations
in the future using this value.

4.5. Linear Regression of Two Parameters and Three
Parameters

We performed the linear regression between two parameters
and three parameters arbitrarily when the sample number is
bigger than five. We also considered all the error bars using
MC method (Zou et al. 2018). We excluded some trivial
results. As an example, the first five linear regression results are
shown in Tables 4 and 5, respectively. The full linear
regression results are given in two machine-readable tables.
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Table 4
Linear Regression Results between Two Parameters

y x b a Adjusted R*
logl + z log Dy, 0.39 + 0.014 0.22 + 0.011 0.89

log Dy logl + z 1.5+ 0.19 —0.13 £ 0.083 0.89
logl +z log Tag 0.069 + 0.0066 0.31 £ 0.012 0.064
log Tog logl + z 0.61 =+ 0.098 1.2 + 0.042 0.064
logl + 7 log T3o 0.058 + 0.0069 0.36 + 0.0078 0.049

Note. y is a dependent variable, x is an independent variable, b is the intercept of the linear model, a is the linear coefficient of x. The adjusted R? is used to measure the
goodness of our regression model; it means the percentage of variance when considering the parameter freedom. All errors are in 1o error bars. All of the results are in

a machine -readable table. The description of every parameter is in Section 2.

(This table is available in its entirety in machine-readable form.)

Table 5§
Linear Regression Results between Three Parameters

y X Xa a a, b Adjusted R*
log HR —ag log Age —0.96 + 0.23 —0.028 + 0.096 23 +0.27 0.9997
— Qg log HR log Age —0.9 +0.23 0.0037 + 0.098 22404 0.9997
log Fyo log Fys 10g foix i 0.97 + 0.44 0.014 + 0.65 0.0071 + 0.59 0.9991
log Fys log Fya 108 foix i 0.98 + 0.44 0.077 £ 0.62 —0.13 + 0.55 0.9991
log Fya variability, log Fys 025 4+ 0.71 0.96 + 0.08 0.025 + 0.16 0.9989

Note. x; and x, are independent variables, and a, and a, are the linear coefficients of x; and x, respectively. y, b, and adjusted R* have the same meanings as in
Table 4. All errors are in 1o error bars. All of the results are in a machine-readable table. The description of every parameter is in Section 2.

(This table is available in its entirety in machine-readable form.)

In Table 4, y is a dependent variable, x is an independent
variable, b is the intercept of the linear model, and a is the
linear coefficient of x. The adjusted R? is used to measure the
goodness of the regression model. It means the percentage of
variance when considering the parameter freedom. We use the
adjusted R? calculated using the central values as a representa-
tive. Because every time of MC, the adjusted R*> does not
change by much. In Table 5, x; and x, are independent
variables, and a; and a, are the linear coefficients of x; and x,,
respectively. y, b, and adjusted R* have the same meanings as
in Table 4. Readers can see Hron et al. (2012) for more details
about the linear regression.

5. Remarkable Results between Two Parameters

In this section, we show some remarkable correlations
between two parameters. The strategy of choosing the results
are as follows. The correlation should have at least 10 GRBs.
The adjusted R* should be bigger than 0.2, except in
Section 5.1. The entire linear model and a have hypothesis-
testing p-values smaller than 0.05. The Pearson, Spearman, and
Kendall 7 coefficients have at least one hypothesis-testing p-
value smaller than 0.1. For the peak energy flux Fp and peak
photon flux Py, both of them have four different time bins. If
the Fy correlates with the other parameters in all four time
bins, we just showed the best time bin result. The best time bin
result has the biggest adjusted R”. Py is the same. The other
results are all in machine-readable tables. Because some
relations have been discovered before, we compared the
differences between current and previous analyses. Readers
can also refer to Table 6 for a clear comparison. We only show
a portion of the results of this paper in this table. We provide all
of the results in the figure sets and machine-readable tables,
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including our original data. If readers want to analyze them
using other statistical methods, they can use our original data
given in the machine-readable tables. One may notice that it is
not only the correlations but also the non-existence of
correlations among certain quantities that may reveal the
underlying physics of GRBs.

5.1. Some Interesting Breaks

Interestingly, we found that there is a break in the log F; and
—agp plots for all four time bins.
The correlation between log Fyx; and —avp is

log Fpxi = (—0.75 4= 0.046) x (—agp) + (1.1 = 0.083),
(12)

where Fp; is the peak energy flux in the 1s time bin in the rest-
frame 1-10* keV energy band and is in units of 10 ®ergem s ™",
The adjusted R is 0.3. The Pearson coefficient is —0.47 + 0.028
with p-value 4.2 x 10”%%. The Spearman coefficient is —0.49 +
0.024 with p-value 5.8 x 107>, The Kendall 7 coefficient is
—0.34 + 0.018 with p-value 7.3 x 1072*. The correlation ratio is
0.86 £ 0.0037. The cosine similarity is —0.37 4= 0.013. The
scatter plot is in Figure 3.® The number of GRBs in the sample
is 385.
The correlation between log Fy, and —oyp is

log Fyx = (—0.46 =+ 0.036) X (—ap) + (1.1 + 0.063),
(13)

where Fj, is the peak energy flux in the 64 ms time bin in the rest-

frame 1-10* keV energy band and is in units of 10 ®ergcm s "

8 Note that all figures in this section are also listed in Figure Set 2.
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Table 6
Differences between the Current and Previous Analyses

Wang et al.

Reference Correlations Sample Number
Our result log Epand = (0.24 £ 0.011) x log Ejs, + (1.9 £ 0.017) 180
Amati et al. (2002) Ep Bana E0:52%0.06 2
Our result log E, gana,i = (0.35 + 0.011) x log Ejs, + (2.3 £ 0.018) 178
Amati et al. (2008) Ep pand,i < E7+001 70
Yonetoku et al. (2010 - 1(5300+0.045 Ep.Bana,i |'-57£0099 101
( ) Eio =10 x [355kev]
ianski et Fiso . Ep,Bandi
Demianski et al. (2017) kgG;):Lﬁﬂﬁxb%%&&]+62ﬁi&&) 162
Our result log Lk = (1.2 £ 0.055) X log Ep pana,i + (—2.9 £ 0.14) 127
L Ep.Band.i 2402
Yonetoku et al. (2004) Ty = 23411 x 1075[711 Bang ] 11
Yonetoku et al. (2010 — 1052430037 Ep Bang,; |!-60+0.082 101
( ) Ly =10 x [355kev]
Our result log F; = (0.85 £ 0.057) x log Epang,i + (—1 £ 0.15) 179
Lloyd et al. (2000a) Fy o< EQgSal® 5
Our result log I = (0.35 & 0.014) x logEis + (1.9 = 0.018) 51
Liang et al. (2010) log Iy = (0.269 £ 0.002)log Eo 52 + (2.291 £+ 0.002) 19
Lii et al. (2012) log Ty = (0.29 + 0.002)log Ejso,52 + (1.96 & 0.002) 38
Our result log Ty = (—0.49 £ 0.011) x log fykopei + (3.2 & 0.026) 45
Liang et al. (2010) log I = (—0.63 £ 0.04) x log tykopt,i + (3.69 £ 0.09) 19

Note. Differences between the current and previous analyses of the four relations. Our sample number is obviously bigger than that in previous analyses.

The adjusted R* is 0.21. The Pearson coefficient is —0.37 + 0.03

with p-value 1.8 x 10", The Spearman coefficient is —0.55 +

0.023 with p-value 8.8 x 10°*'. The Kendall 7 coefficient is

—0.39 £ 0.018 with p-value 3.2 x 107°*. The correlation ratio is

0.81 £ 0.0045. The cosine similarity is 0.5 & 0.018. The scatter

plot is in Figure 4. The number of GRBs in the sample is 490.
The correlation between log Fixs and —oyp is

log Fys = (—0.37 = 0.032) x (—ag) + (0.84 £ 0.057),
(14)

where F3 is the peak energy flux in the 256 ms time bin in the
rest-frame 1-10*keV energy band and is in units of
10 ®ergem™2s™'. The adjusted R* is 0.17. The Pearson
coefficient is —0.33 £ 0.031 with p-value 4.1 x 10~'*. The
Spearman coefficient is —0.54 4+ 0.024 with p-value 1.6 x
1077, The Kendall 7 coefficient is —0.38 + 0.018 with
p-value 6.7 x 107°°. The correlation ratio is 0.85 + 0.0038.
The cosine similarity is 0.33 £ 0.021. The scatter plot is in
Figure 5. The number of GRBs in the sample is 487.
The correlation between log Fy4 and —ayp, is

log Fpra = (—0.18 &£ 0.033) x (—agp) + (0.22 £ 0.059),
s)

where Fp4 is the peak energy flux in the 1024 ms time bin in
the rest-frame 1-10*keV energy band and is in units of
10 ®ergem ?s~'. The adjusted R* is 0.055. The Pearson
coefficient is —0.16 + 0.032 with p-value 3.4 x 10~*. The
Spearman coefficient is —0.39 4+ 0.027 with p-value 3.3 x
10~'°. The Kendall 7 coefficient is —0.28 + 0.02 with p-value
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Figure 3. Scatter plot for log Fyx; and —ayp,. The red line is our fit result.
The formula for the red line is log Fy = (—0.75 £ 0.046) x (—agp) +
(1.1 £ 0.083). The description of every parameter is in Section 2.

1.3 x 10~"°. The correlation ratio is 0.89 + 0.004. The cosine
similarity is —0.19 £ 0.018. The scatter plot is in Figure 6. The
number of GRBs in the sample is 483.

We also found a break in the log HR—log Fyo—(—app) plot.
In the other three time bins of Fyy, there are also breaks. We
just show the best one.
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log Foke (10° ergs cm™s™)

— Olspl

Figure 4. Scatter plot for log Fyxo and —ap. The red line is our fit result.
The formula for the red line is log Fpxo = (—0.46 £ 0.036) X (—ap) +
(1.1 £ 0.063). The description of every parameter is in Section 2.

The log HR—log Fyo—(—cp) relation is

log HR = (0.17 & 0.036) x log Fyio
+(=0.9 £ 0.039) x (—ag) + (2.2 & 0.075),
(16)

where Fp, is the peak energy flux in the 64 ms time bin in
the rest-frame 1-10*keV energy band and is in units of
10 %ergem %5~ '. The adjusted R® is 0.57. One can see
Figure 85 for the scatter plot between these three parameters.
The number of GRBs in the sample is 490.

It is not clear what causes these breaks. There are also weak
signals in the By—agp plot. It might be a selection effect, as
there is no such effect in the Lpx—cp plot or in the Fy—ap plot.
All corresponding figures can be found in the figure set.

5.2. Amati Relation

The Amati relation (Amati et al. 2002, 2008) is a widely
known relation of GRBs.
The correlation between log £, pang and log Ej, is

log £, Bang = (0.24 £ 0.011) x log Ejs + (1.9 &£ 0.017),
a7

where Ej gang is in units of keV, Ejg, is in units of 10> erg and is
in the rest-frame 1-10*keV energy band. In the Amati et al.
(2002) initial data, the slope is 0.52 4 0.06 with 12 GRBs. Here
we have 180 GRBs. The adjusted R* is 0.26. The Pearson
coefficient is 0.5 & 0.021 with p-value 8.2 x 10~ ">, The Spear-
man coefficient is 0.56 £ 0.019 with p-value 5.2 x 10~ '°. The
Kendall 7 coefficient is 0.41 = 0.014 with p-value 2.1 x 10~"°.
The correlation ratio is 0.62 £ 0.0049. The cosine similarity is
0.75 £ 0.0055. It may be that GRBs with larger I'y also have
larger energy and peak energy (Ghirlanda et al. 2012), or an
optically thin synchrotron shock model (Lloyd et al. 2000b). As

19

Wang et al.

2.0

log Foks (10° ergscm™s™")

— Olspl

Figure 5. Scatter plot for log Fix3 and —oyp. The red line is our fit result.
The formula for the red line is log s = (—0.37 & 0.032) X (—agp) +
(0.84 £ 0.057). The description of every parameter is in Section 2.

log Foks (10° ergs cm™?s7")

—Ogpl

Figure 6. Scatter plot for log Fy4 and —oyp. The red line is our fit result.
The formula for the red line is log Fxs = (—0.18 £ 0.033) X (—agp) +
(0.22 +£ 0.059). The description of every parameter is in Section 2.

one can see in Section 5.6, the E;y, and peak energy both correlate

with I'y. The scatter plot is in Figure 7. The number of GRBs in

the sample is 180.

The correlation between log E}, pang,; and log Ejg, is
log Ep Bang,i = (0.35 £ 0.011) x log Ejs, + (2.3 & 0.018).

(18)

In Amati et al. (2008), the slope is 0.57 = 0.01 with 70 LGRBs

and X-ray flares. We have 178 GRBs, where E, gynq,i is in units
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Figure 7. Scatter plot for log £}, ana and log Ejs,. The red line is our fit result.
The formula for the red line is log Epgana = (0.24 £ 0.011) x log Ej, +
(1.9 £ 0.017). The description of every parameter is in Section 2.

ofkeV. E,, is in units of 10°2 erg and is in the rest-frame
1-10%keV energy band. The adjusted R* is 0.45. The Pearson
coefficient is 0.65 + 0.019 with p-value 7.2 x 107>, The
Spearman coefficient is 0.69 + 0.018 with p-value 4.9 x 1072,
The Kendall 7 coefficient is 0.51 + 0.015 with p-value 3.1 x
107**. The correlation ratio is 0.72 + 0.0038. The cosine
similarity is 0.78 £ 0.0052. The scatter plot is in Figure 8. The
number of GRBs in the sample is 178. The better correlation
between log £, pang,; and log Ejs, compared with log £, ang and
log Eis, suggests this correlation is intrinsic. With enough
data, one can investigate this relation within subgroups (Zhang
et al. 2009; Qin & Chen 2013; Zou et al. 2018). A previous

Eoo 1570099
— 1053000045 [m] with 101

study gave Ej, 355 keV

samples (Yonetoku et al. 2010), and log (li—r;) = 1.757018 x

300 keV
et al. 2017).

log[Ep_Band.i] + (52.53 + 0.02) with 162 samples (Demianski

5.3. Some Correlations with L
5.3.1. Yonetoku Relation

Yonetoku et al. (2004) found a correlation between the rest-
frame peak energy and peak luminosity. We also found the
log E}; Bang—10g Ly and log Ep gand,i—log Lpk correlations.

The correlation between log L and log E}, gang is

logLyk = (1 £0.061) X log Epgana + (—2 £ 0.13), (19)
where Ly is in units of 102 erg s~ ' and in the 1-10* keV energy
band. E,pang 18 in units of keV. The adjusted R* is 0.25. The
Pearson coefficient is 0.49 + 0.022 with p-value 3.2 x 107°.
The Spearman coefficient is 0.52 £ 0.025 with p-value 1.5 x
10"°. The Kendall 7 coefficient is 0.37 & 0.019 with p-value
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Figure 8. Scatter plot for log Ej, ang,; and log Ejg,. The red line is our fit result.
The formula for the red line is log Ep gana; = (0.35 £ 0.011) x log Ej, +
(2.3 £ 0.018). The description of every parameter is in Section 2.

4.9 x 107'° The correlation ratio is 0.8 & 0.004. The cosine
similarity is 0.33 &£ 0.014. The scatter plot is in Figure 9. The
number of GRBs in the sample is 130.

The correlation between log L and log E}, gang,; is

log Lok = (1.2 4 0.055) x 108 Ep panasi + (—2.9 % 0.14),
(20)

In Yonetoku et al. (2004), the slope is 1.94 4 0.19 with 11
samples, where Ly is in units of 10°? erg s7! and in the
1-10*keV energy band. E,painq; is in units ofkeV. The
adjusted R” is 0.42. The Pearson coefficient is 0.63 + 0.019
with p-value 4 x 10715, The Spearman coefficient is 0.64 +
0.025 with p-value 4.3 x 10~ '°. The Kendall 7 coefficient is
0.47 + 0.019 with p-value 7.5 x 10~'5. The correlation ratio
is 0.85 £ 0.0031. The cosine similarity is 0.34 + 0.013. The
scatter plot is in Figure 10. The number of GRBs in the sample
is 127. The rest-frame peak energy is also better correlated with
the luminosity. Yonetoku et al. (2010) reanalyzed 101 GRBs
and examined how the truncation of the detector sensitivity
affects the Amati and Yonetoku relations. They conclude
that these are surely intrinsic properties of GRBs. The
result of Yonetoku et al. (2010) is Ly = 109243+0037 x

Ep Band.i 1.6040.082
355 keV

with 101 samples.

5.3.2. Other Correlations with Ly
The correlation between log Ly and log offset is
log Ly = (—0.68 £ 0.24) x log offset 4 (—0.047 £ 0.15).
1)
where Ly is in units of 10°%ergs™ "' and in the 1-10*keV

energy band. Host galaxy offset is in units of kpc. The adjusted
R? is 0.22. The Pearson coefficient is —0.42 & 0.092 with
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Figure 9. Scatter plot for log Ly, and log E}, pang. The red line is our fit result.
The formula for the red line is logLp = (1 £ 0.061) x log Ep gana +
(—2 =+ 0.13). The description of every parameter is in Section 2. The outlier
with the lowest Ly is GRB 9804258, as in Figure 10.

p-value 3 x 1072, The Spearman coefficient is —0.44 & 0.041
with p-value 2.2 x 1072, The Kendall 7 coefficient is
—0.31 + 0.035 with p-value 2.3 x 1072 The correlation ratio
is 0.42 4 0.043. The cosine similarity is —0.5 4= 0.085. The
scatter plot is in Figure 11. The number of GRBs in the sample
is 27. As the SGRBs are located in the outer regions of the host
galaxies and they are less luminous, this may cause the
anticorrelation between Ly, and the offset.
The correlation between log Ly and log f,xop is

log Lyx = (—=0.74 & 0.04) x log tpkope + (1.9 £ 0.092),
(22)

where Ly is in units of 10%ergs™" and in the 1-10*keV
energy band. f,xop is in units of s. The adjusted R?is 0.26. The
Pearson coefficient is —0.51 & 0.023 with p-value 1.5 x 107,
The Spearman coefficient is —0.39 4+ 0.033 with p-value
3.5 x 10*. The Kendall 7 coefficient is —0.27 4+ 0.024 with
p-value 4 x 10~*. The correlation ratio is 0.84 + 0.0038. The
cosine similarity is —0.067 4 0.026. The scatter plot is in
Figure 12. The number of GRBs in the sample is 80.
The correlation between log Lk and log tpiop,i 1S

log Lyx = (—0.87 & 0.036) x log fpropui + (1.8 % 0.069),
(23)

where Ly is in units of 10%ergs ' and in the 1-10%keV
energy band. fpxopi is in units of s. The adjusted R?is 0.4. The
Pearson coefficient is —0.62 & 0.019 with p-value 1.1 x 10~°.
The Spearman coefficient is —0.48 £ 0.031 with p-value
5.6 x 107°. The Kendall 7 coefficient is —0.33 4 0.023 with
p-value 1.3 x 107>, The correlation ratio is 0.78 =+ 0.0049.
The cosine similarity is —0.13 £ 0.025. The scatter plot is in
Figure 13. The number of GRBs in the sample is 80. This
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Figure 10. Scatter plot for log Lk and log E, Bang,i- The red line is our fit result.
The formula for the red line is log Ly = (1.2 £ 0.055) x log Ep Bana,i +
(—2.9 £ 0.14). The description of every parameter is in Section 2. There is an
outlier in the plot with the lowest Lyy; this point is BATSE GRB 980425B,
which is a well-known low-luminosity GRB.
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Figure 11. Scatter plot for log Lk and log offset. The red line is our fit result.
The formula for the red line is log Ly = (—0.68 £ 0.24) x log offset +
(—0.047 £ 0.15). The description of every parameter is in Section 2.

anticorrelation is mainly caused by the Lorentz factor, wherein
a higher Lorentz factor corresponds to a shorter deceleration
time, and consequently smaller f,xopi- We can also see that the
rest-frame peak time is better correlated than the observational
peak time with the luminosity.
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Figure 12. Scatter plot for log Ly and log #xop. The red line is our fit result.
The formula for the red line is log Ly = (—0.74 £ 0.04) x logtpope +
(1.9 +£ 0.092). The description of every parameter is in Section 2. The outlier is
the low-luminosity GRB 060218A, which has the lowest Ly in the plot.

5.4. Some Correlations with the Host Galaxy

We found that there are some correlations between the host
galaxy parameters and redshift, and also with D;. Mag
especially has correlations with many parameters.

5.4.1. Some Correlations between Mag and the Other Parameters

The correlation between Mag and log Mass is

Mag = (—1.8 - 0.34) x log Mass + (—4 £ 3.3), (24)
where Mass is in units of M., and Mag is in units of magnitude.
The adjusted R* is 0.84. The Pearson coefficient is —0.48 =+
0.077 with p-value 4.2 x 10°. The Spearman coefficient is
—0.45 + 0.083 with p-value 1.8 x 107>, The Kendall 7
coefficient is —0.32 4 0.061 with p-value 2.5 x 107>, The
correlation ratio is 0.99 £ 0.00099. The cosine similarity is
—0.99 £ 0.00091. The scatter plot is in Figure 14. The number
of GRBs in the sample is 82. The luminosity of the host galaxy
is positively related with its mass. It might be worth
investigating the correlations for different types of galaxies,
such as host galaxies of GRBs and supernovae, radio-loud
galaxies, etc.
The correlation between Mag and log SFR is

Mag = (—1.8 + 0.41) x log SFR + (—19 £ 0.51), (25)

where SFR is in units of M.yr '. Mag is in units of
magnitude. The adjusted R* is 0.78. The Pearson coefficient is
—0.56 + 0.1 with p-value 7.1 x 10~*. The Spearman coeffi-
cient is —0.5 4 0.12 with p-value 3.1 x 10~>. The Kendall 7
coefficient is —0.36 + 0.091 with p-value 3.6 x 107>, The
correlation ratio is 0.98 £ 0.0032. The cosine similarity is
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Figure 13. Scatter plot for log Ly and log #,xopt,i- The red line is our fit result.
The formula for the red line is log Ly = (—0.87 £ 0.036) x logtpropti +
(1.8 £ 0.069). The description of every parameter is in Section 2. The outlier is
the low-luminosity GRB 060218A, which has the lowest Ly in the plot.
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Figure 14. Scatter plot for Mag and log Mass. The red line is our fit result. The
formula for the red line is Mag = (—1.8 £ 0.34) x log Mass + (—4 =+ 3.3).
The description of every parameter is in Section 2.

11 12

—0.78 4 0.027. The scatter plot is in Figure 15. The number of
GRBs in the sample is 33. It might be more interesting to get
the correlations for the specific SFR. However, those correla-
tions are not obvious enough.

The correlation between Mag and metallicity is

Mag = (—3.4 & 1.6) x metallicity + (8.4 £ 14),  (26)



THE ASTROPHYSICAL JOURNAL, 893:77 (90pp), 2020 April 10

-16k
(@)
< -20F o
T
—24t+
5 b 1' b

log SFR ( Mgyn yr"1 )

Figure 15. Scatter plot for Mag and log SFR. The red line is our fit result.
The formula for the red line is Mag = (—1.8 & 0.41) x log SFR +
(—19 % 0.51). The description of every parameter is in Section 2.

where Mag is in units of magnitude. The metallicity is the value of
12 + log O/H. The adjusted R* is 0.41. The Pearson coefficient
is —042 £ 0.15 with p-value 7.4 x 1072 The Spearman
coefficient is —0.41 + 0.17 with p-value 7.8 x 1072 The
Kendall 7 coefficient is —0.29 & 0.13 with p-value 7.4 x 1072,
The correlation ratio is 0.99 4 0.0025. The cosine similarity is
—0.99 + 0.0022. The scatter plot is in Figure 16. The number of
GRB:s in the sample is 19. Metallicity indicates the star formation
properties, and consequently, information on the progenitors of
GRBs. However, the sample is not big enough, and the correlation
is not very tight. One may not find much information from this
correlation right now.
The correlation between Mag and log Fopinr is

Mag = (0.73 £ 0.3) x log Fopuinr + (=17 £ 1.5), (27)
where Fopnr 18 in units of Jy. Mag is in units of magnitude.
The adjusted R” is 0.27. The Pearson coefficient is 0.27 + 0.1
with p-value 3.3 x 1072, The Spearman coefficient is
0.23 + 0.11 with p-value 7.3 x 1072 The Kendall 7 coeffi-
cient is 0.16 4 0.075 with p-value 6.9 x 10~2. The correlation
ratio is 0.97 £ 0.004. The cosine similarity is 0.98 £ 0.0028.
The scatter plot is in Figure 17. The number of GRBs in the
sample is 64. It is interesting that the magnitude of the host
galaxy is related to the observed flux density of the afterglow. It
is probably because the number density of the smaller galaxy is
higher, and the luminosity at 11 hr is brighter.

The correlation between Mag and log Dy is

Mag = (—1.9 £ 0.53) x logDy, + (—20 £ 0.37), (28)
where Dy _is in units of 10?® cm. Mag is in units of magnitude. The
adjusted R* is 0.26. The Pearson coefficient is —0.3 4 0.081 with
p-value 6.9 x 107>, The Spearman coefficient is —0.2 + 0.091
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Figure 16. Scatter plot for Mag and metallicity. The red line is our fit result.
The formula for the red line is Mag = (—3.4 £+ 1.6) x metallicity +
(8.4 £ 14). The description of every parameter is in Section 2.
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Figure 17. Scatter plot for Mag and log Fopi1n:. The red line is our fit result.
The formula for the red line is Mag = (0.73 & 0.3) x log Fopuinr +
(—17 £ 1.5). The description of every parameter is in Section 2.

with p-value 7.5 x 1072 The Kendall 7 coefficient is —0.14 +
0.064 with p-value 7.3 x 1072 The correlation ratio is 0.99 +
0.002. The cosine similarity is —0.82 =+ 0.0058. The scatter plot
is in Figure 18. The number of GRBs in the sample is 81.
This relation shows the observational selection effect on the data.
Because of the flux limit of the observations, only bright galaxies
can be observed in the far distance. The host galaxies observed are
correlated to the distance.
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Figure 18. Scatter plot for Mag and log Dy.. The red line is our fit result. The
formula for the red line is Mag = (—1.9 £ 0.53) x log Dy, + (—20 £ 0.37).
The description of every parameter is in Section 2. The outlier is the low-
luminosity GRB 060218A with the highest Mag and lowest Dy in the plot.

5.4.2. Some Other Correlations between Parameters Related to Host
Galaxies

The correlation between metallicity and log Mass is

metallicity = (0.19 & 0.025) x log Mass + (6.8 =+ 0.24),
(29)

where the metallicity is the value of 12 4+ log O/H. Mass is in
units of M. The adjusted R” is 0.3. The Pearson coefficient is
0.47 + 0.054 with p-value 9.3 x 107>, The Spearman coeffi-
cient is 0.49 4+ 0.057 with p-value 3.7 x 107>, The Kendall
T coefficient is 0.34 + 0.043 with p-value 6.7 x 107>, The
correlation ratio is 0.54 £ 0.022. The cosine similarity is
1 £ 0.00033. The scatter plot is in Figure 19. The number of
GRBs in the sample is 64. The metallicity is positively
correlated with the mass, which may indicate a history of
merging of the galaxies. Arabsalmani et al. (2018) studied the
mass—metallicity relation for GRB host galaxies and found that
GRB-selected galaxies appear to track the mass—metallicity
relation of star-forming galaxies but with an offset of 0.15
toward lower metallicities.
The correlation between log SFR and log(1 + z) is

log SFR = (4.1 £+ 0.19) x log(l + z) + (—0.59 + 0.051),
(30)

where SFR is in units of M., yr . The adjusted R* is 0.49. The
Pearson coefficient is 0.69 & 0.019 with p-value 1.3 x 107",
The Spearman coefficient is 0.69 £ 0.02 with p-value
4.8 x 107", The Kendall T coefficient is 0.49 & 0.018 with
p-value 1.6 x 10~ '2. The correlation ratio is 0.24 + 0.018. The
cosine similarity is 0.76 &= 0.016. The scatter plot is in
Figure 20. The number of GRBs in the sample is 96. This
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Figure 19. Scatter plot for metallicity and log Mass. The red line is our
fit result. The formula for the red line is metallicity = (0.19 % 0.025) x
log Mass + (6.8 + 0.24). The description of every parameter is in Section 2.
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relation may indicate the history of the star formation. However,
one should be cautious about the data selection effect.
The correlation between log SFR and log D is

log SFR = (1.2 & 0.047) x logD; + (0.43 %+ 0.025), (31)

where SFR is in units of M, yr~'. Dy is in units of 10°® cm. The
adjusted R? is 0.42. The Pearson coefficient is 0.64 + 0.018 with
p-value 3.2 x 102 The Spearman coefficient is 0.66 = 0.021
with p-value 2.1 x 10>, The Kendall 7 coefficient is 0.46 +
0.019 with p-value 2.1 x 10~'". The correlation ratio is 0.29 +
0.016. The cosine similarity is 0.69 4 0.014. The scatter plot is
in Figure 21. The number of GRBs in the sample is 96. This is
similar to the SFR and (1 + z) relation.
The correlation between log Mass and log SFR is

log Mass = (0.62 £ 0.041) x log SFR + (9.1 £ 0.046),
(32)

where mass is in units of M. SFR is in units of M. yr '. The
adjusted R* is 0.54. The Pearson coefficient is 0.69 + 0.034
with p-value 5.2 x 10~'". The Spearman coefficient is 0.71 =+
0.034 with p-value 9.6 x 10~ '2. The Kendall 7 coefficient is
0.52 + 0.032 with p-value 2 x 1079, The correlation ratio is
0.98 £ 0.0011. The cosine similarity is 0.57 £ 0.021. The
scatter plot is in Figure 22. The number of GRBs in the sample
is 69. It is natural that the more massive galaxy has a more
intense total star formation rate. Notice that the index is
0.62 £ 0.041, which means less massive galaxies are more
effective at forming stars per unit mass.
The correlation between log Fop11ne and log SFR is

log Fop1ne = (—0.44 + 0.073) x log SFR + (—4.6 & 0.074),
(33)
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Figure 20. Scatter plot for log SFR and log(1 + z). The red line is our fit
result. The formula for the red line is log SFR = (4.1 &+ 0.19) x log(1 + z) +
(—0.59 £ 0.051). The description of every parameter is in Section 2.

log D, (10?8 cm)

=9 0 1 )
log SFR ( Mgun yr™')

Figure 21. Scatter plot for log SFR and log Dy.. The red line is our fit result.
The formula for the red line is log SFR = (1.2 + 0.047) x logDy, +
(0.43 £ 0.025). The description of every parameter is in Section 2.

-2

where Fop 1nr is in units of Jy. SFR is in units of M, yr— ! The
adjusted R? is 0.24. The Pearson coefficient is —0.43 4 0.065
with p-value 1.7 x 10>, The Spearman coefficient is —0.43 =+
0.069 with p-value 1.6 x 107>. The Kendall 7 coefficient is
—0.29 =+ 0.051 with p-value 2.3 x 10>. The correlation ratio
is 0.94 £ 0.0042. The cosine similarity is —0.57 £ 0.03. The
scatter plot is in Figure 23. The number of GRBs in the sample
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Figure 22. Scatter plot for log Mass and log SFR. The red line is our fit result.
The formula for the red line is log Mass = (0.62 £ 0.041) x log SFR +
(9.1 £ 0.046). The description of every parameter is in Section 2.

is 51. This correlation is related to the correlations given in
Equations (32) and (27).
The correlation between log Age and log £, ¢py is

log Age = (—0.69 =+ 0.19) x log Epep + (4.3 + 0.47),
(34)

where E, . is in units ofkeV. Age is in units of Myr. The
adjusted R~ is 0.24. The Pearson coefficient is —0.39 £ 0.1 with
p-value 2.2 x 102, The Spearman coefficient is —0.39 + 0.11
with p-value 1.9 x 1072 The Kendall 7 coefficient is —0.27 +
0.077 with p-value 2.1 x 102 The correlation ratio is 0.24 +
0.049. The cosine similarity is 0.92 £ 0.0086. The scatter plot is
in Figure 24. The number of GRBs in the sample is 35.
The correlation between log Age and log E, p1; is

log Age = (—0.81 & 0.16) x log Ep cp1;i + (4.8 &= 0.43),
(35)

where Age is in units of Myr. E, ., is in units of keV. The
adjusted R* is 0.39. The Pearson coefficient is —0.5 + 0.087
with p-value 2.1 x 107>, The Spearman coefficient is
—0.51 4+ 0.094 with p-value 1.8 x 10~°. The Kendall 7
coefficient is —0.36 + 0.071 with p-value 2.3 x 107>, The
correlation ratio is 0.069 £ 0.042. The cosine similarity is
0.91 £ 0.0086. The scatter plot is in Figure 24. The number of
GRBs in the sample is 35. This interesting correlation might be
counterevidence for the two origins of GRBs. SGRBs are from
mergers of double compact objects, which need a longer time
for evolution, and consequently, are in older galaxies. SGRBs
are harder in spectrum, and the peak energy E; .p,; should be
higher. Therefore, the age should be positively correlated to the
peak energy, while Equation (35) shows the contrary.
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Figure 23. Scatter plot for log Fopiin, and log SFR. The red line is our fit
result. The formula for the red line is log Fopiin = (—0.44 £ 0.073) x
log SFR + (—4.6 £ 0.074). The description of every parameter is in
Section 2.

5.5. Correlations about HR
5.5.1. Correlations with HR

The correlation between —a,p,; and log HR is

(—agp) = (—=0.55 £ 0.021) x log HR + (2.1 £ 0.017),
(36)

and the adjusted R* is 0.69. The Pearson coefficient is
—0.73 £ 0.016 with p-value 1.6 x 107 '*®, The Spearman
coefficient is —0.78 + 0.011 with p-value 1.9 x 10~ '7°. The
Kendall 7 coefficient is —0.6 & 0.01 with p-value 8.4 x
10~"°%. The correlation ratio is 0.71 £ 0.0043. The cosine
similarity is 0.59 &£ 0.0093. The scatter plot is in Figure 36.
The number of GRBs in the sample is 874. This just shows the
consistency of the spectrum. The outliers and the width show
that the HR itself is not good enough to present information on
the spectrum. All correlations in this section show similar
information.
The correlation between log E, ¢, and log HR is

10g Epcpt = (0.54 £ 0.013) x log HR + (2.1 = 0.0084),
37

where E, ., is in units of keV. The adjusted R* is 0.65. The
Pearson coefficient is 0.69 + 0.014 with p-value 3.8 x 10~2'".
The Spearman coefficient is 0.78 £ 0.0094 with p-value
6.5 x 107°%. The Kendall 7 coefficient is 0.61 + 0.0083 with
p-value 1.1 x 107297, The correlation ratio is 0.86 + 0.0023.
The cosine similarity is 0.67 4 0.008. The scatter plot is in
Figure 27. The number of GRBs in the sample is 1469.
The correlation between log Ej, o1 ; and log HR is

10g Ep.cpri = (0.55 & 0.036) x log HR + (2.6 + 0.018),
(33)
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Figure 24. Scatter plot for log Age and log E}, cp1. The red line is our fit result.
The formula for the red line is log Age = (—=0.69 £ 0.19) x log Ep 1 +
(4.3 £ 0.47). The description of every parameter is in Section 2.
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Figure 25. Scatter plot for log Age and log E}, ¢p1i. The red line is our fit result.
The formula for the red line is log Age = (—0.81 £ 0.16) x log Ep cp1i +
(4.8 £ 0.43). The description of every parameter is in Section 2.
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where E,.p; is in units of keV. The adjusted R* is 0.6. The
Pearson coefficient is 0.63 4+ 0.03 with p-value 4.3 x 10727
The Spearman coefficient is 0.68 £ 0.028 with p-value
1.9 x 107°% The Kendall T coefficient is 0.49 =+ 0.023 with
p-value 2.2 x 10728, The correlation ratio is 0.93 %+ 0.0032.
The cosine similarity is 0.38 4 0.026. The scatter plot is in
Figure 28. The number of GRBs in the sample is 229.
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Figure 26. Scatter plot for —oy, and log HR. The red line is our fit result. The
formula for the red line is (—agp) = (—0.55 & 0.021) x log HR + (2.1 +
0.017). The description of every parameter is in Section 2.
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Figure 27. Scatter plot for log E, ;1 and log HR. The red line is our fit result.
The formula for the red line is log Epcp = (0.54 £ 0.013) x log HR +
(2.1 4 0.0084). The description of every parameter is in Section 2.

The correlation between log E, pang and log HR is
log Ep, gana = (0.47 = 0.017) x log HR + (2 & 0.01), (39)

where E, ganq is in units of keV. The adjusted R?is 0.51. The
Pearson coefficient is 0.63 £ 0.017 with p-value 5.2 x 10~
The Spearman coefficient is 0.72 £ 0.01 with p-value
2.3 x 107" The Kendall 7 coefficient is 0.56 + 0.0081 with
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Figure 28. Scatter plot for log E, p1.; and log HR. The red line is our fit result.
The formula for the red line is logEpcpi = (0.55 + 0.036) x log HR +
(2.6 £ 0.018). The description of every parameter is in Section 2.
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Figure 29. Scatter plot for log £}, ana and log HR. The red line is our fit result.
The formula for the red line is log E, gana = (0.47 £ 0.017) x log HR +
(2 & 0.01). The description of every parameter is in Section 2.

p-value 5.9 x 1072%". The correlation ratio is 0.9 & 0.0021.
The cosine similarity is 0.81 £ 0.0079. The scatter plot is in
Figure 29. The number of GRBs in the sample is 1332.

The correlation between log £, pang,; and log HR is

108 Ep panai = (0.58 + 0.066) x log HR + (2.4 =+ 0.041),
(40)
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Figure 30. Scatter plot for log £}, gang,i and log HR. The red line is our fit result.
The formula for the red line is log £y gana,i = (0.58 £ 0.066) x log HR +
(2.4 £ 0.041). The description of every parameter is in Section 2.

where Ej pana; is in units of keV. The adjusted R” is 0.3. The
Pearson coefficient is 0.48 + 0.045 with p-value 4.6 x 10°.
The Spearman coefficient is 0.6 & 0.035 with p-value
1.4 x 107", The Kendall 7 coefficient is 0.47 & 0.028 with
p-value 4 x 107'°, The correlation ratio is 0.94 4 0.0025. The
cosine similarity is 0.87 £ 0.013. The scatter plot is in
Figure 30. The number of GRBs in the sample is 136.

5.5.2. Correlations between Parameters Related with HR or Peak
Energies

The correlation between log Fyx; and log HR is

log Fy = (0.6 £ 0.017) x log HR + (—0.34 = 0.0094),
(41)

where Fpy is the peak energy flux in the 1s time bin in the
rest-frame 1-10*keV energy band and is in units of
10 %ergem 25~ '. The adjusted R* is 0.26. The Pearson
coefficient is 0.45 + 0.011 with p-value 3.9 x 1077, The
Spearman coefficient is 0.47 + 0.01 with p-value 7.9 x 10~%.
The Kendall 7 coefficient is 0.33 4+ 0.0073 with p-value
42 % 1077°. The correlation ratio is 0.37 & 0.0044. The
cosine similarity is 0.29 + 0.011. The scatter plot is in
Figure 31. The number of GRBs in the sample is 1494.
Although there is a correlation, one could say that it is just a
weak tendency.

Mallozzi et al. (1995) found a correlation between the mean
peak energies and the 256 ms peak photon flux Pp,. After
accumulating more data, we found that P, and the peak
energy, except for Py and Ej, gang, have no obvious correlation
with adjusted R* smaller than 0.1.
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Figure 31. Scatter plot for log Fyx; and log HR. The red line is our fit result.
The formula for the red line is log Ky = (0.6 & 0.017) x log HR +
(—0.34 £ 0.0094). The description of every parameter is in Section 2.

The correlation between log E, pang and log By is

log E, Bang = (0.28 £ 0.03) x log Bxs + (1.8 £ 0.033),
(42)

where P, is the peak photon flux in the 1s time bin in
10-1000 keV and is in units of photons cm 2s L. Ep Bang 18 in
units of keV. The adjusted R* is 0.19. The Pearson coefficient is
0.4 & 0.032 with p-value 1.9 x 1075 The Spearman coeffi-
cient is 0.46 £ 0.024 with p-value 4.5 x 10~'". The Kendall 7
coefficient is 0.31 + 0.017 with p-value 3.4 x 107'°. The
correlation ratio is 0.71 + 0.0087. The cosine similarity is
0.81 & 0.017. The scatter plot is in Figure 32. The number of
GRBs in the sample is 181. As one can see from the figure,
even this relation is not very tight. One would say there is not
much correlation between the peak energies in spectra and peak
photon fluxes in LCs.

Conversely, we found a tighter correlation between the peak
energy flux and peak energy. The peak energy flux can be
calculated from the peak photon flux, so this correlation is natural.

The correlation between log E}, ¢, and log Fyy; is

108 Epep = (0.31 + 0.012) x log Fyi + (2.3 + 0.0067),
43)

where Fpy; is the peak energy flux in the 1s time bin in
the rest-frame 1-10*keV energy band and is in units of
10 %ergem 25 Ep cp1 is in units of keV. The adjusted R? is
0.33. The Pearson coefficient is 0.48 + 0.018 with p-value
1.7 x 10~*. The Spearman coefficient is 0.47 + 0.018 with
p-value 1.6 x 10”*. The Kendall 7 coefficient is 0.33 &
0.013 with p-value 3.4 x 10~*%. The correlation ratio is
0.9 £ 0.0014. The cosine similarity is —0.22 4 0.0083. The
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Figure 32. Scatter plot for log E}, ana and log Bya. The red line is our fit result.
The formula for the red line is log Eppaa = (0.28 £ 0.03) x log Bya +
(1.8 £ 0.033). The description of every parameter is in Section 2.

scatter plot is in Figure 33. The number of GRBs in the sample
is 749.
The correlation between log £, pang and log o is

log £, Bang = (0.28 £ 0.012) x log Fyrz + (2.2 &= 0.0049),
(44)

where F is the peak energy flux in the 64 ms time bin in the
rest-frame 1-10*keV energy band and is in units of
10°° erg cm s L E, Bana 1s in units of keV. The adjusted R?
is 0.33. The Pearson coefficient is 0.5 + 0.015 with p-value
1.1 x 10773, The Spearman coefficient is 0.52 & 0.012 with
p-value 6.7 x 107%'. The Kendall 7 coefficient is 0.36 +
0.009 with p-value 1.5 x 1077°. The correlation ratio is
0.89 4+ 0.0024. The cosine similarity is 0.4 4 0.015. The
scatter plot is in Figure 34. The number of GRBs in the sample
is 1168. One can see from these two figures that the data are
still widely distributed. What’s more, as the flux is the energy
of the photons multiplied by the number of photons, the flux
contains information from the spectrum. Therefore, these two
correlations do not reveal more information.

5.6. Correlations with the Lorentz Factor I

The correlation between log Iy and log Ej, is

log I = (0.35 £ 0.014) x logEis + (1.9 & 0.018), (45)

where E, is in units of 10> erg and in the rest-frame 1-10* keV
energy band. The adjusted R* is 0.58. The Pearson coefficient is
0.75 + 0.016 with p-value 1.9 x 10 '°. The Spearman coeffi-
cient is 0.68 + 0.02 with p-value 4.4 x 107, The Kendall 7
coefficient is 0.52 + 0.019 with p-value 9.5 x 105 The
correlation ratio is 0.67 £ 0.0065. The cosine similarity is 0.79 +
0.013. The scatter plot is in Figure 35. The number of GRBs in
the sample is 51. Previous studies gave loglj = (0.269 £+

29

Wang et al.
W 2 j':,f-r +
c\‘IE +. t 'L_rﬂ—'?
3 Mg g * /
(@)
o i e
A — il
~ O :'—_
o 4 i
()]
o
I
T ]
21 4
1 2 3 4

log Ep cpi (keV)

Figure 33. Scatter plot for log E, 1 and log Fyx;. The red line is our fit result.
The formula for the red line is logEp cp1 = (0.31 £ 0.012) x log Fixy +
(2.3 £ 0.0067). The description of every parameter is in Section 2.
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Figure 34. Scatter plot for log £}, ana and log Fyxz. The red line is our fit result.
The formula for the red line is log £, pana = (0.28 £ 0.012) x log Fyo +
(2.2 £ 0.0049). The description of every parameter is in Section 2.

0.002)log Eiso. 52 + (2.291 £ 0.002) with 19 samples (Liang
et al. 2010) and logI = (0.29 £ 0.002)log Eis 52 + (1.96 £
0.002) with 38 samples (Lii et al. 2012), which are shown here for
comparison.” The positive correlation shows that stronger
burstsare likely to produce faster ejecta, which might reveal the
acceleration mechanism of the central engine.

® Note that the notation Q. = 0/10% is used throughout this paper, and it is in
cgs units by default if they are not defined explicitly.
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Figure 35. Scatter plot for log I and log Eis,. The red line is our fit result.
The formula for the red line is logly = (0.35 £ 0.014) X log Eis, +
(1.9 £ 0.018). The description of every parameter is in Section 2. The outlier
is GRB 060218A.

The correlation between log I and log Ly is

log Iy = (0.29 £ 0.011) x logLp + (2.2 £ 0.01), (46)
where Ly is in units of 10> ergs™ ' and is in the 1-10*keV
energy band. The adjusted R is 0.66. The Pearson coefficient is
0.81 + 0.015 with p-value 1.1 x 107'°. The Spearman
coefficient is 0.63 & 0.031 with p-value 7 x 107°. The
Kendall 7 coefficient is 0.47 & 0.027 with p-value 1 x 1073,
The correlation ratio is 0.77 £ 0.0061. The cosine similarity is
0.16 & 0.026. The scatter plot is in Figure 36. The number of
GRBs in the sample is 42. A previous study gave loglj =
(0.28 £ 0.002)log Liso.52 + (2.39 + 0.003) with 38 samples
(Lt et al. 2012). This correlation is related to Equation (45).
The correlation between log Iy and log fpopt; 1S

log Ty = (—0.49 + 0.011) x log fyropui + (3.2 & 0.026),
“47)

where #,0p; is in units of s. The adjusted R? is 0.66. The
Pearson coefficient is —0.81 + 0.011 with p-value 1.5 x 10~'",
The Spearman coefficient is —0.64 4+ 0.019 with p-value 2.6 x
107%. The Kendall 7 coefficient is —0.48 4 0.019 with p-value
3.5 x 107°. The correlation ratio is 0.019 + 0.0085. The cosine
similarity is 0.9 £ 0.0016. The scatter plot is in Figure 37. The
number of GRBs in the sample is 45. A previous study gave
log Iy = (—0.63 & 0.04) X log tykopii + (3.69 £ 0.09) with
19 samples (Liang et al. 2010; note that two of them are the peak
times in X-rays). The anticorrelation mainly reveals how the
GRB jets are decelerated by the circumburst environment.
Noticing that the deceleration time is also related to the profile of
the density of the environment, the correlation here might not be
very tight.
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Figure 36. Scatter plot for log I and log L. The red line is our fit result. The
formula for the red line is log Iy = (0.29 £ 0.011) x log Ly + (2.2 £ 0.01).
The description of every parameter is in Section 2. The outlier is GRB
060218A with lowest Ly and I'o.
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Figure 37. Scatter plot for log Iy and log f,xop,i- The red line is our fit result.
The formula for the red line is log Iy = (—0.49 £ 0.011) x logtpropei +
(3.2 £ 0.026). The description of every parameter is in Section 2. The outlier is
GRB 060218A.

The correlation between log Iy and log #pxop is
log Iy = (—0.48 £ 0.012) x log tpkopt + (3.4 £ 0.033),
(48)
where fycope i in units of s. The adjusted R? is 0.56. The

Pearson coefficient is —0.75 + 0.012 with p-value 3.4 x 10°.
The Spearman coefficient is —0.59 £ 0.022 with p-value
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Figure 38. Scatter plot for log Iy and log #,kop:. The red line is our fit result.
The formula for the red line is log Iy = (—0.48 & 0.012) x log f5xopt +
(3.4 £ 0.033). The description of every parameter is in Section 2. The outlier is
GRB 060218A.

2.4 x 107>, The Kendall 7 coefficient is —0.44 & 0.021 with
p-value 1.8 x 107>, The correlation ratio is 0.38 + 0.0084.
The cosine similarity is 0.93 £ 0.0012. The scatter plot is in
Figure 38. The number of GRBs in the sample is 45. This
correlation is clearly worse than the previous one shown in
Equation (47), which has the redshift correction. It implies that
the correlation between I'y and #,xop; i intrinsic, and the time
dilation due to redshift goes against the correlation.
The correlation between log Iy and log Dy is

log I = (0.58 £ 0.0095) x log Dy + (1.9 £ 0.0074), (49)

where Dy is in units of 10?® cm. The adjusted R* is 0.43. The
Pearson coefficient is 0.67 + 0.01 with p-value 2.6 x 1075
The Spearman coefficient is 0.5 £ 0.019 with p-value
9.6 x 107°. The Kendall 7 coefficient is 0.35 + 0.014 with
p-value 1.5 x 107*. The correlation ratio is 0.89 =+ 0.00096.
The cosine similarity is 0.78 £ 0.0014. The scatter plot is in
Figure 39. The number of GRBs in the sample is 55. The
dependence on distance indicates observational bias that the
low-I'y GRBs might not be observable at longer distance. The
other possibility is that the GRBs that exploded earlier do have
higher T.
The correlation between log Iy and 10g #radio,pk 1S

log Iy = (1.5 4= 0.14) x log tradio,pk + (—6.5 = 0.81), (50)

where tgiopk 1 in units of s. The adjusted R* is 0.39. The
Pearson coefficient is 0.64 + 0.05 with p-value 2.4 x 1072
The Spearman coefficient is 0.49 £ 0.086 with p-value 0.11.
The Kendall 7 coefficient is 0.37 £ 0.081 with p-value 0.1.
The correlation ratio is 0.96 £ 0.0013. The cosine similarity is
0.97 £ 0.0013. The scatter plot is in Figure 40. The number of
GRBs in the sample is 12. Interestingly, unlike Equation (47),
Ty here is positively correlated with #,4io pk- AS fradio,pk dOES NOL
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Figure 39. Scatter plot for log Iy and log Dy. The red line is our fit result.
The formula for the red line is log Iy = (0.58 £ 0.0095) x logDy, +
(1.9 £ 0.0074). The description of every parameter is in Section 2. The
outlier is GRB 060218A.
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Figure 40. Scatter plot for log Iy and log #1agio,pk- The red line is our fit result.
The formula for the red line is log Iy = (1.5 £ 0.14) x logtrdiopk +
(—6.5 £ 0.81). The description of every parameter is in Section 2.

represent the deceleration time, a higher I'y may correspond to
higher kinetic energy, and the radio emission lasts longer.
The correlation between log Iy and log E, p; is
log Iy = (0.52 £ 0.084) x logEp 1 + (0.71 £ 0.22),
(5D

where Ej, . is in units of keV. The adjusted R*is 0.31. The
Pearson coefficient is 0.53 + 0.061 with p-value 9.9 x 107°.
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Figure 41. Scatter plot for log Iy and log E}, ¢pi. The red line is our fit result.
The formula for the red line is log Iy = (0.52 & 0.084) x log E}, cpli +
(0.71 +£ 0.22). The description of every parameter is in Section 2.

The Spearman coefficient is 0.38 & 0.087 with p-value
7.7 x 102, The Kendall 7 coefficient is 0.27 4 0.07 with p-
value 6.8 x 1072 The correlation ratio is 0.52 & 0.031. The
cosine similarity is 0.98 + 0.0028. The scatter plot is in
Figure 41. The number of GRBs in the sample is 23. As I'y is
related to Ej, (as shown in Equation (45)), and Ejg, is related to
E,, (as shown in Equation (17)), it is not surprising that I’y is
related to E,,.
The correlation between log I and log(1 + z) is

log Iy = (1.3 £ 0.071) x log(l + z) + (1.7 £ 0.03), (52)

the adjusted R? is 0.25. The Pearson coefficient is 0.52 4+ 0.024
with p-value 9.8 x 107>, The Spearman coefficient is
0.42 4+ 0.026 with p-value 2.3 x 107°. The Kendall T
coefficient is 0.29 + 0.018 with p-value 2.9 x 10~>. The
correlation ratio is 0.94 + 0.0011. The cosine similarity is
0.95 £ 0.0026. The scatter plot is in Figure 42. The number of
GRBs in the sample is 51. This might be a selection effect, that
farther GRBs can be observed only if they are stronger and
have faster jets. Otherwise, this may indicate that the properties
of GRBs evolve with cosmic time. This relation is intrinsically
the same as that shown in Equation (49).
The correlation between log I and log Mass is

log I = (0.3 £ 0.052) x log Mass + (—0.71 & 0.49),
(53)

where Mass is in units of M. The adjusted R* is 0.25. The
Pearson coefficient is 0.52 + 0.058 with p-value 3.3 x 1072
The Spearman coefficient is 0.35 £ 0.1 with p-value 0.17. The
Kendall 7 coefficient is 0.26 £+ 0.078 with p-value 0.14. The
correlation ratio is 0.98 £ 0.0029. The cosine similarity is
0.98 £ 0.0017. The scatter plot is in Figure 43. The number of
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Figure 42. Scatter plot for log Iy and log(1 + z). The red line is our fit result.
The formula for the red line is log Iy = (1.3 £ 0.071) x log(1 + z) +

(1.7 £ 0.03). The description of every parameter is in Section 2. The outlier
is GRB 060218A.
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Figure 43. Scatter plot for log I and log Mass. The red line is our fit result.
The formula for the red line is log Iy = (0.3 £ 0.052) x log Mass +
(—0.71 £ 0.49). The description of every parameter is in Section 2. The
outlier is GRB 060218A.

GRBs in the sample is 17. This weak correlation may imply
that stronger GRBs are harbored in more massive host galaxies.

5.7. Some Correlations with tyix

tokx is the peak time in the X-ray LC. It is often taken as the
time of the ejecta deceleration by the circumburst medium. It
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Figure 44. Scatter plot for log Fopin and logfpix,i. The red line is our fit
result. The formula for the red line is log Fopii1ne = (1.1 &= 0.44) X log fpix,i +
(—6.3 £ 0.71). The description of every parameter is in Section 2.

mainly reveals information on the initial Lorentz factor and the
number density of the circumburst medium.
The correlation between log Fop1he and log fpix i is

10 Fopuine = (1.1 £ 0.44) x log fyixi + (—6.3 + 0.71),
(54)

where Fopiine 18 in units of Jy. f,x; is in units of s. The
adjusted R? is 0.36. The Pearson coefficient is 0.5 & 0.17 with
p-value 0.11. The Spearman coefficient is 0.54 4 0.18 with p-
value 8.9 x 1072 The Kendall 7 coefficient is 0.39 & 0.15
with p-value 0.1. The correlation ratio is 0.98 4 0.0049. The
cosine similarity is —0.94 £ 0.014. The scatter plot is in
Figure 44. The number of GRBs in the sample is 11. As the
afterglow fades after the deceleration time, and the deceleration
time is generally shorter than 11 hr, as shown in Figure 44, the
optical afterglow might be brighter if it is closer to the
deceleration time. Therefore, Fop1nr is roughly proportional to
IpkX -
The correlation between log 759 and log t,.x is

log Tso = (0.9 + 0.12) x log fpex + (—0.48 £ 0.17), (55)

where T is in units of s. fpkx is in units of s. The adjusted R*is
0.57. The Pearson coefficient is 0.74 £ 0.058 with p-value
2.4 x 107>, The Spearman coefficient is 0.6 + 0.076 with p-
value 2.2 x 1072, The Kendall 7 coefficient is 0.47 4 0.074
with p-value 1.9 x 1072 The correlation ratio is 0.52 + 0.023.
The cosine similarity is 0.93 £ 0.0085. The scatter plot is in
Figure 45. The number of GRBs in the sample is 14. The
duration is positively correlated with the deceleration time,
which may indicate that the luminosity of the GRBs remain
consistent, and that the longer duration sustains the ejecta
decelerated at a later time. However, as can be seen from the
figure, this relation far from being a tight correlation.
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Figure 45. Scatter plot for log 75o and log fpx. The red line is our fit result.

The formula for the red line is logTso = (0.9 & 0.12) x logtux +
(—0.48 £ 0.17). The description of every parameter is in Section 2.

5.8. Some Correlations with F,

The ~-ray fluence F, is related to several other parameters of
GRBs. However, F, is just an observational property, and it is
highly affected by the distance compared with the more
intrinsic quantities like the luminosity and the total energy.
Therefore, correlations with F, cannot directly reveal intrinsic
properties. One should try to seek correlations between intrinsic
properties. As F, is one of the easiest quantities to obtain, we
still list the correlations in the following. One might be able to
get clues from these correlations.

The correlation between log F; and log 75 is

log Fy = (0.48 &£ 0.0051) x log T50 + (0.13 &£ 0.0057),
(56)

where F is in units of 10 %ergcm 2 and in the 20-2000 keV
energy band. Tsg is in units of s. The adjusted R is 0.3. The
Pearson coefficient is 0.53 £ 0.0044 with p-value 6.2 X
1072"", The Spearman coefficient is 0.53 + 0.0032 with
p-value 6.3 x 1072'%. The Kendall 7 coefficient is 0.37 +
0.0023 with p-value 5.7 x 10~'%°. The correlation ratio is
0.15 4+ 0.0021. The cosine similarity is 0.69 £ 0.0039. The
scatter plot is in Figure 46. The number of GRBs in the sample
is 2916. One can find two subgroups in the figure, which are
defined as SGRBs and LGRBs.
The correlation between log F; and log Fx;p is

log F; = (0.47 & 0.018) x log Fxiine + (4.1 £ 0.14), (57)
where F, is in units of 10 ®ergem™ > and in the 20-2000 keV
energy band. Fxy, is in units of Jy. The adjusted R? is 0.29.
The Pearson coefficient is 0.52 £ 0.017 with p-value 6.7 x
10~'8, The Spearman coefficient is 0.57 & 0.016 with p-value
2.1 x 10*. The Kendall 7 coefficient is 0.4 + 0.013 with
p-value 2.2 x 107%°. The correlation ratio is 0.98 + 0.00041.
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Figure 46. Scatter plot for log F; and log 759. The red line is our fit result.
The formula for the red line is logF, = (0.48 & 0.0051) x logT59 +
(0.13 + 0.0057). The description of every parameter is in Section 2.
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Figure 47. Scatter plot for log F; and log Fxi .- The red line is our fit result.
The formula for the red line is logFy = (0.47 &+ 0.018) x log Fxiinr +
(4.1 £ 0.14). The description of every parameter is in Section 2. GRB
060804, GRB 050916, and GRB 060719A are outliers, having the highest

FXllhr-

The cosine similarity is —0.51 £ 0.012. The scatter plot is in
Figure 47. The number of GRBs in the sample is 239.
The correlation between log Fy and log Trss; is
log Fy = (0.69 4= 0.015) x log Tras,i + (0.45 4= 0.0097),
(58)
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Figure 48. Scatter plot for log Fy, and log Trss,i. The red line is our fit result.
The formula for the red line is logFy = (0.69 & 0.015) x log Trss; +
(0.45 £ 0.0097). The description of every parameter is in Section 2.

where Fy is in units of 10~%ergem ™2 and in the 20-2000 keV
energy band. Trys; is in units of s. The adjusted R?is 0.28. The
Pearson coefficient is 0.53 + 0.0089 with p-value 1.3 x 10~ .
The Spearman coefficient is 0.48 £ 0.0089 with p-value
5 x 1072, The Kendall 7 coefficient is 0.33 % 0.0068 with
p-value 5.6 x 107°°. The correlation ratio is 0.24 + 0.0053.
The cosine similarity is 0.64 + 0.0064. The scatter plot is in
Figure 48. The number of GRBs in the sample is 337.
Interestingly, the clustering effect in this figure is not obvious
compared with Figure 46.

Lloyd et al. (2000a) found a correlation between F, and
Ep, Band, and also mentioned a correlation between F, and
EpBana,i- They explained that this correlation is due to an
intrinsic relation between the burst rest-frame peak energy and
the total radiated energy. They also found that the internal
shock model is consistent with their interpretation of the
correlation, but not the external shock.

The correlation between log F; and log E}, gana,; is

log F = (0.85 + 0.057) x 108 Ep panai + (—1 % 0.15),
(59

where F is in units of 10 ®ergem 2 and in the 202000 keV
energy band. Ej, gang; is in units of keV. The adjusted R is 0.26.
The Pearson coefficient is 0.49 £ 0.027 with p-value 2.4 x
107 "% The Spearman coefficient is 0.51 + 0.022 with p-value
1.8 x 107", The Kendall 7 coefficient is 0.35 £ 0.016 with
p-value 1.9 x 107'% The correlation ratio is 0.71 % 0.0047.
The cosine similarity is 0.85 4= 0.0072. The scatter plot is in
Figure 49. The number of GRBs in the sample is 179.
The correlation between log F; and log Toy ; is

log F = (0.55 + 0.012) x log Too; + (0.11 + 0.016), (60)
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Figure 49. Scatter plot for log F; and log Ep gang,i- The red line is our fit result.
The formula for the red line is logF; = (0.85 £ 0.057) x log Ep Band,i +
(—1 £ 0.15). The description of every parameter is in Section 2.
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Figure 50. Scatter plot for log F; and log T ;. The red line is our fit result.
The formula for the red line is logF; = (0.55 & 0.012) x log Too; +
(0.11 + 0.016). The description of every parameter is in Section 2.

where F is in units of 10 ®erg cm ™2 and in the 20-2000 keV
energy band. Ty ; is in units of s. The adjusted R*is 0.24. The
Pearson coefficient is 0.48 + 0.009 with p-value 6.9 x 1072
The Spearman coefficient is 0.48 + 0.0081 with p-value
3.2 x 107", The Kendall 7 coefficient is 0.33 & 0.006 with
p-value 2.5 x 107%°. The correlation ratio is 0.21 £ 0.0043.
The cosine similarity is 0.72 £ 0.0063. The scatter plot is in
Figure 50. The number of GRBs in the sample is 526.
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Figure 51. Scatter plot for log F; and log To. The red line is our fit result.
The formula for the red line is logF, = (0.5 & 0.0049) x log Toy +
(—0.083 £ 0.0075). The description of every parameter is in Section 2.

The correlation between log F; and log Ty is

log Fy = (0.5 £ 0.0049) x logToo + (—0.083 £ 0.0075),
(61)

where Tog is in units of s. F is in units of 107 erg cm 2 and is
in the 20-2000 keV energy band. The adjusted R* is 0.32. The
Pearson coefficient is 0.55 4 0.004 with p-value 2.5 x 10~27°.
The Spearman coefficient is 0.55 + 0.0029 with p-value
8.2 x 107?"". The Kendall 7 coefficient is 0.38 & 0.0022 with
p-value 1.5 x 10~%7. The correlation ratio is 0.38 + 0.0018.
The cosine similarity is 0.72 £ 0.0036. The scatter plot is in
Figure 51. The number of GRBs in the sample is 3532.
Comparing with Figure 50, the clustering effect is much more
obvious in Figure 51. However, the rest-frame duration should
be more intrinsic. It could be a puzzle. Notice that the sample
number in Figure 50 is much lower, which might make the
clustering effect less obvious.
The correlation between log F; and log Fys is

log F, = (1 + 0.02) x 1og Pys + (—0.096 + 0.015), (62)

where F, is in units of 10 ®ergcm * and in the 20-2000 keV
energy band. Pp3 is the peak photon flux in the 1024 ms time
bin in 10-1000keV and is in units of photonscm™2s™'. The
adjusted R” is 0.48. The Pearson coefficient is 0.65 + 0.0073
with p-value 3.8 x 10°**. The Spearman coefficient is
0.64 4 0.0049 with p-value 3 x 1072%°. The Kendall 7
coefficient is 0.46 + 0.004 with p-value 7.7 x 1072%. The
correlation ratio is 0.064 + 0.0032. The cosine similarity is
0.77 £ 0.0052. The scatter plot is in Figure 52. The number of
GRBs in the sample is 2531. It is quite natural that the fluence
F, is proportional to peak photon numbers Ppy. There are
similar relations that are not shown here.
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Figure 52. Scatter plot for log F; and log By3. The red line is our fit result.
The formula for the red line is logh = (1 £ 0.02) x log B3 +
(—0.096 £ 0.015). The description of every parameter is in Section 2.

5.9. Some Correlations with Fxjp,

The correlation between log Fxn, and log By is

10g Fxiine = (1.4 + 0.086) x log Pyt 4 (—9.2 + 0.1), (63)

where Fx 1y is in units of Jy. Py is the peak photon flux in
the 64ms time bin in 10-1000keV and is in units of
photonscm ?s~'. The adjusted R® is 0.44. The Pearson
coefficient is 0.66 & 0.026 with p-value 1.8 x 10~* The
Spearman coefficient is 0.68 + 0.03 with p-value 1.1 x 10~*,
The Kendall 7 coefficient is 0.47 4+ 0.027 with p-value
5.8 x 107*. The correlation ratio is 0.98 + 0.0012. The cosine
similarity is —0.83 £ 0.0054. The scatter plot is in Figure 53.
The number of GRBs in the sample is 27.
The correlation between log Fxip,, and log Fy, is

log Fx11nr = (0.93 + 0.13) x log Fya + (—8.1 % 0.063),
(64)

where Fp is the peak energy flux in the 64 ms time bin in the
rest-frame 1-10*keV energy band and is in units of
107 erg em Zsh Fx11nr 18 in units of Jy. The adjusted R? is
0.33. The Pearson coefficient is 0.55 £ 0.063 with p-value
3.8 x 10°. The Spearman coefficient is 0.57 & 0.066 with
p-value 2.4 x 1073. The Kendall 7 coefficient is 0.39 + 0.054
with p-value 5.1 x 107>, The correlation ratio is 0.98 +
0.0016. The cosine similarity is —0.3 £ 0.068. The scatter plot
is in Figure 54. The number of GRBs in the sample is 26.

5.10. Some Correlations with Fop iy

log Fxiinr and log Fopi11ne have a remarkable linear correla-
tion, but it is not very strong. The hypothesis-testing p-values
of the entire formula, the linear coefficient a, and the Pearson,

36

Wang et al.
2.0r -
A
[}
Ry
§ 1.5¢
(2]
c
I
o
<
£
< 1.0r
o
Q
(@]
Re)
0.5
=1

log Fx11nr (Jy)

Figure 53. Scatter plot for log Fx11n and log Fyi. The red line is our fit result.
The formula for the red line is log Fxime = (1.4 & 0.086) x log By +
(—9.2 £ 0.1). The description of every parameter is in Section 2.
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Figure 54. Scatter plot for log Fx1n, and log Fyx>. The red line is our fit result.
The formula for the red line is log Fxjin = (0.93 & 0.13) X log Fyo +
(—8.1 £ 0.063). The description of every parameter is in Section 2.

Spearman, and Kendall 7 coefficients are all smaller than 0.05.
The Pearson coefficient is 0.25 + 0.033 with p-value
6.5 x 107, The Spearman coefficient is 0.27 + 0.036 with
p-value 1.3 x 10~°. The Kendall 7 coefficient is 0.18 + 0.025
with p-value 1.2 x 107°. The adjusted R* is 0.08. Because
log Fxiin is correlated with log By and log Foko, 10g Foptiine
should have similar results.
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Figure 55. Scatter plot for log Fop 1 and log Fyyo. The red line is our fit result.
The formula for the red line is log Fopiin = (0.76 & 0.14) X log Fyo +
(—5.4 £ 0.095). The description of every parameter is in Section 2.

The correlation between log Fopi1ne and log Fy, is

(0.76 £ 0.14) x log Fyio + (—5.4 £ 0.095),
(65)

log Foptithr =

where F, is the peak energy flux in the 64 ms time bin in the
rest-frame 1-10°keV energy band and is in units of
10 ®ergem s\ Fopiine 18 in units of Jy. The adjusted R’
is 0.36. The Pearson coefficient is 0.51 + 0.075 with p-value
2.5 x 10~*. The Spearman coefficient is 0.49 + 0.077 with p-
value 4.5 x 10™*. The Kendall 7 coefficient is 0.35 & 0.058
with p-value 5.3 x 10~*. The correlation ratio is 0.96 + 0.0038.
The cosine similarity is —0.46 + 0.043. The scatter plot is in
Figure 55. The number of GRBs in the sample is 48.

The correlation between log Fop1he and log By is

lOgFOptllhr = (088 + 014) X logPpkl + (—6 + 017),

(66)

where Fop1ne 18 in units of Jy. Py is the peak photon flux in
the 64ms time bin in 10-1000keV and is in units of
photonscm *s~'. The adjusted R* is 0.32. The Pearson
coefficient is 0.49 & 0.065 with p-value 2.8 x 10~* The
Spearman coefficient is 0.46 4 0.07 with p-value 8.2 x 10™*,
The Kendall 7 coefficient is 0.33 4+ 0.053 with p-value
8 x 107*. The correlation ratio is 0.97 4= 0.0029. The cosine
similarity is —0.85 4 0.008. The scatter plot is in Figure 56.
The number of GRBs in the sample is 50.

5.11. Some Correlations with g, pi

The correlation between 1og Fgio,pk and 10g Fopi1nr 1S

108 Fragiopk = (0.26 + 0.039)

X log FOptllhr + (—24 + 017), (67)
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Figure 56. Scatter plot for log Fopi11nr and log By The red line is our fit result.
The formula for the red line is log Fopin = (0.88 & 0.14) x log By +
(—6 = 0.17). The description of every parameter is in Section 2.

where Fop1hre 18 in units of Jy. Fragiopk 18 in units of Jy. The
adjusted R* is 0.32. The Pearson coefficient is 0.47 4+ 0.059
with p-value 1.3 x 10~*. The Spearman coefficient is 0.41 +
0.071 with p-value 1.3 x 107>, The Kendall 7 coefficient is
0.28 + 0.052 with p-value 1.4 x 107>. The correlation ratio is
0.56 + 0.028. The cosine similarity is 0.99 + 0.002. The
scatter plot is in Figure 57. The number of GRBs in the sample
is 60.
The correlation between log Fagio,pk and log SSFR is

log Fradio,pk = (0.44 £ 0.027)

x log SSFR + (—3.4 & 0.013), (68)

where Frudgiopk 18 in units of Jy. log SSFR is in units of Gyrfl.

The adjusted R? is 0.34. The Pearson coefficient is 0.6 + 0.018
with p-value 3.9 x 10~*. The Spearman coefficient is 0.74 +
0.021 with p-value 2.3 x 107°. The Kendall T coefficient is
0.54 & 0.019 with p-value 2 x 107, The correlation ratio is
0.94 £+ 0.0024. The cosine similarity is 0.023 £ 0.018. The
scatter plot is in Figure 58. The number of GRBs in the sample
is 31.

5.12. Some Correlations with o

The correlation between log Bz and —ayp is

log Py = (0.4 + 0.023) X (—arp) + (—0.37 = 0.036),
(69)

where Pp3 is the peak photon flux in the 1024 ms time bin in
10-1000 keV and is in units of photons cm 2 s~". The adjusted
R? is 0.29. The Pearson coefficient is 0.46 4 0.028 with p-
value 7.4 x 107%7. The Spearman coefficient is 0.49 + 0.021
with p-value 2.2 x 107!, The Kendall 7 coefficient is 0.35 =+
0.015 with p-value 6.5 x 107!, The correlation ratio is
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Figure 57. Scatter plot for log Fagio,px and log Fopi1ne. The red line is our fit
result. The formula for the red line is log Fagiopk = (0.26 £ 0.039) x
log Fopuiine + (—2.4 & 0.17). The description of every parameter is in
Section 2. The outlier is GRB 030329A, having the highest log Fagio,pk and
log Foptiihr-
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Figure 58. Scatter plot for log Fugiopk and log SSFR. The red line is our fit
result. The formula for the red line is log Fugiopk = (0.44 £ 0.027) x
log SSFR + (—3.4 4 0.013). The description of every parameter is in
Section 2. The outlier is GRB 030329A with highest log Fagio,pk-

0.87 4+ 0.0027. The cosine similarity is 0.7 4= 0.018. The
scatter plot is in Figure 59. The number of GRBs in the sample
is 488. This might be a selection effect, wherein those GRBs
with steep spectra (larger —cp,;) can only be observed if they
are strong, i.e., high peak photon flux.
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Figure 59. Scatter plot for log B3 and (—ap). The red line is our fit result.
The formula for the red line is log Ay = (0.4 £ 0.023) X (—ag) +
(—0.37 £ 0.036). The description of every parameter is in Section 2.

The correlation between (x;iny and —oyp, is

Bxiine = (0.72 £ 0.24) X (=) + (043 £ 0.42), (70)
and the adjusted R”> is 0.43. The Pearson coefficient is
0.53 & 0.14 with p-value 3.3 x 1072 The Spearman coeffi-
cient is 0.52 4+ 0.14 with p-value 3.7 x 1072 The Kendall 7
coefficient is 0.39 & 0.11 with p-value 3.1 x 102 The
correlation ratio is 0.12 &£ 0.081. The cosine similarity is
0.96 £ 0.015. The scatter plot is in Figure 60. The number of
GRBs in the sample is 16. It shows that those GRBs with
steeper spectra in the prompt emission stage also have steeper
spectra in the afterglow stage; even the main emitting energy
bands are different. It is likely that the emission in these two
stages share the same radiation mechanism, and with the
cooling of the ejecta, the radiation bands shift from ~-rays to
X-rays.
The correlation between log HR and —oyp is

log HR = (—0.97 4 0.023) x (—ag) + (2.3 &= 0.039),
(71)

and the adjusted R* is 0.69. The Pearson coefficient is
—0.73 £ 0.016 with p-value 1.6 x 10~ '*®. The Spearman
coefficient is —0.78 + 0.011 with p-value 1.9 x 10~'7°. The
Kendall 7 coefficient is —0.6 & 0.01 with p-value 8.4 x
1078, The correlation ratio is 0.71 4 0.0043. The cosine
similarity is 0.59 £ 0.0093. The scatter plot is in Figure 61.
The number of GRBs in the sample is 874. One can see a
double linear relation in the figure. This may indicate that
classification is important before correlation analysis.

Because (xiinr and Py are both correlated with ayp, and
P and Ppyy are also correlated, Bxinr and Ppyy are naturally
correlated.
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Figure 60. Scatter plot for Bx; i, and (—ayp). The red line is our fit result. The
formula for the red line is Bx;inr = (0.72 £ 0.24) X (—agp) + (0.43 £ 0.42).
The description of every parameter is in Section 2.
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Figure 61. Scatter plot for log HR and —ap,. The red line is our fit result.
The formula for the red line is log HR = (—=0.97 £ 0.023) X (—ap) +
(2.3 £ 0.039). The description of every parameter is in Section 2.

The correlation between log B4 and Bxj iy is

108 Bys = (—0.32 + 0.047) x Bxiine + (1.2 + 0.087),
(72)

where P4 is the peak photon flux in the Is time bin in
10-1000 keV and is in units of photons cm ™2 s™". The adjusted
R? is 0.29. The Pearson coefficient is —0.44 + 0.058 with p-
value 1.5 x 1075, The Spearman coefficient is —0.48 + 0.037
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Figure 62. Scatter plot for log B4 and Bxjn. The red line is our fit result.
The formula for the red line is log B4 = (—=0.32 & 0.047) X Bxiine +
(1.2 £ 0.087). The description of every parameter is in Section 2.

with p-value 4.4 x 107'°. The Kendall 7 coefficient is
—0.33 4 0.028 with p-value 2.9 x 10~°. The correlation ratio
is 0.72 £ 0.012. The cosine similarity is 0.6 £ 0.018. The
scatter plot is in Figure 62. The number of GRBs in the sample
is 151.

5.13. Correlations with Host Galaxy Offset

The correlation between log Fop1hy and log offset is

log Foptiinr = (—0.48 £ 0.21) x log offset + (=5 £ 0.16),
(73)

where Fop11hr 18 in units of Jy. The host galaxy offset is in units
of kpc. The adjusted R* is 0.28. The Pearson coefficient is
—0.39 4 0.13 with p-value 4.3 x 102 The Spearman coeffi-
cient is —0.46 + 0.12 with p-value 1.6 x 1072 The Kendall 7
coefficient is —0.32 + 0.085 with p-value 1.8 x 1072 The
correlation ratio is 0.96 £ 0.01. The cosine similarity is
—0.6 £ 0.12. The scatter plot is in Figure 63. The number of
GRBs in the sample is 27.
The correlation between log 750 ; and log offset is

log Ts,; = (—0.74 + 0.2) x log offset + (0.33 & 0.19),
(74)

where the host galaxy offset is in units of kpc. T’ ; is in units of
s. The adjusted R” is 0.4. The Pearson coefficient is —0.56 +
0.076 with p-value 2.6 x 10>. The Spearman coefficient is
—0.58 + 0.05 with p-value 1.4 x 107>, The Kendall
coefficient is —0.42 4 0.042 with p-value 2.2 x 107>, The
correlation ratio is 0.46 £ 0.05. The cosine similarity is
—0.54 £ 0.043. The scatter plot is in Figure 64. The number
of GRBs in the sample is 27. This is consistent with the
classification of LGRBs and SGRBs: as SGRBs are thought to
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Figure 63. Scatter plot for log Fopiin: and log offset. The red line is our fit
result. The formula for the red line is log Fopiim = (—0.48 + 0.21) x
log offset + (—5 £ 0.16). The description of every parameter is in Section 2.
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Figure 64. Scatter plot for log 750 ; and log offset. The red line is our fit result.
The formula for the red line is logT50; = (—0.74 &+ 0.2) x log offset +
(0.33 £ 0.19). The description of every parameter is in Section 2.

occur farther from the center of the host galaxies, T5o; and the
offset are therefore anticorrelated.
The correlation between spectral lag and log offset is

spectral lag = (—582 £ 289) x log offset + (735 £ 276),
(75)

where the spectral time lag is in units of ms MeV ', The host
galaxy offset is in units of kpc. The adjusted R* is 0.35. The
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Figure 65. Scatter plot for spectral lag and log offset. The red line is our fit
result. The formula for the red line is spectral lag = (—582 4 289) x
log offset + (735 £ 276). The description of every parameter is in Section 2.

Pearson coefficient is —0.53 + 0.19 with p-value 1.4 x 102
The Spearman coefficient is —0.41 + 0.15 with p-value
6.5 x 1072 The Kendall 7 coefficient is —0.3 & 0.11 with
p-value 6.1 x 1072 The correlation ratio is 0.28 + 0.051. The
cosine similarity is —0.17 £ 0.18. The scatter plot is in
Figure 65. The number of GRBs in the sample is 21.

The correlation between rest-frame spectral lag and
log offset is

rest-frame spectral lag = (—306 + 154)

x log offset 4+ (396 + 151), (76)

where rest-frame spectral lag is in units of ms MeV ", The host
galaxy offset is in units of kpc. The adjusted R* is 0.35. The
Pearson coefficient is —0.53 + 0.19 with p-value 1.6 x 107>
The Spearman coefficient is —0.35 + 0.15 with p-value 0.12.
The Kendall 7 coefficient is —0.25 4 0.11 with p-value 0.12.
The correlation ratio is 0.29 £ 0.05. The cosine similarity is
—0.17 £ 0.19. The scatter plot is in Figure 66. The number of
GRBs in the sample is 20. This may also come from the
difference between LGRBs and SGRBs. SGRBs are thought to
have smaller spectral lags. Given the large scatter, one may not
get much information from it.

5.14. Some Correlations with t,gio pi

The correlation between the rest-frame spectral lag and
IOg tradio,pk,i is
rest-frame spectral lag = (1998 £ 431)

X 10g tradiopk,i + (—10118 =& 2304), X))

where the rest-frame spectral lag is in units of ms MeV .
fradio,pk,i 18 in units of s. The adjusted R? is 0.34. The Pearson
coefficient is 0.53 & 0.072 with p-value 1.3 x 107>. The
Spearman coefficient is 0.38 4 0.076 with p-value 2.7 x 102,
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Figure 66. Scatter plot for rest-frame spectral lag and log offset. The red line is
our fit result. The formula for the red line is rest-frame spectral lag =
(—306 + 154) x log offset + (396 £ 151). The description of every para-
meter is in Section 2.

T
> 6000
=
[2]
E
()]
k]
£ 3000
@ +
3
8 —
0] —+
o e
s o ) 2 ’
0
[}
o
—3000' Il | Il

5 6 7
IOQ tradio,pk,i (S)

Figure 67. Scatter plot for the rest-frame spectral lag and 10g #raqio,pk,i- The red
line is our fit result. The formula for the red line is rest-frame spectral lag =
(1998 + 431) x log tragio,pk.i + (—10118 £ 2304). The description of every
parameter is in Section 2.

The Kendall 7 coefficient is 0.27 4+ 0.056 with p-value
2.6 x 1072 The correlation ratio is 0.33 + 0.061. The cosine
similarity is 0.48 % 0.075. The scatter plot is in Figure 67. The
number of GRBs in the sample is 33. This is an interesting
correlation. The spectral lag is a quantity of the prompt
emission, although its physical origin is still not clear. The peak
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Figure 68. Scatter plot for log Ry and 10g #r,qi0,pk- The red line is our fit result.
The formula for the red line is log By = (—0.8 £ 0.066) X 10og tragiopk +
(6.1 £ 0.38). The description of every parameter is in Section 2.

50 6.5

time of the radio emission fgiopk 1S @ quantity of the late
afterglow. The spectral lag might be related to the radiation
mechanism, while #,giopk is more likely related to the total
energy and the environment. They are not likely to be related to
each other. The reason for this correlation is not clear.

The correlation between log By and 10g fradio,pk 1S

10g Byt = (—0.8 = 0.066) X 10g fragiopk + (6.1 + 0.38),
(78)

where Py is the peak photon flux in the 64 ms time bin in
10-1000 keV and is in units of photons cm s L fradio,pk 1S i
units of s. The adjusted R* is 0.31. The Pearson coefficient is
—0.59 + 0.032 with p-value 1.3 x 1072 The Spearman
coefficient is —0.5 4 0.044 with p-value 4.2 x 102 The
Kendall 7 coefficient is —0.36 & 0.035 with p-value 4.8 x
1072, The correlation ratio is 0.98 & 0.0011. The cosine
similarity is 0.92 £ 0.0077. The scatter plot is in Figure 68.
The number of GRBs in the sample is 17.
The correlation between log Fyxo and 10g #p,dio,pk 1S

log Foio = (—=0.79 £ 0.11) X 108 tradio pk + (5.4 £ 0.63),
(79

where Fp,y is the peak energy flux in the 64 ms time bin in the
rest-frame 1-10*keV energy band and is in units of
10°° erg cem 2s L Tradio,pk 18 in units of s. The adjusted R* is
0.27. The Pearson coefficient is —0.54 + 0.049 with p-value
2.5 x 1072 The Spearman coefficient is —0.41 + 0.049 with
p-value 0.11. The Kendall 7 coefficient is —0.3 £ 0.043 with
p-value 9.9 x 1072 The correlation ratio is 0.98 + 0.002. The
cosine similarity is 0.77 & 0.044. The scatter plot is in
Figure 69. The number of GRBs in the sample is 17.
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Figure 69. Scatter plot for log Fix, and 10g tragio,pk- The red line is our fit result.
The formula for the red line is log Fyx = (—0.79 £ 0.11) x 10g fradio,pk +
(5.4 £ 0.63). The description of every parameter is in Section 2.

5.15. Correlations with Ny

The correlation between log Ny and log Age is

logNy = (—0.4 + 0.075) x log Age + (1.8 £ 0.21), (80)
where Ny is in units of 10*' cm ™2 Age is in units of Myr. The
adjusted R* is 0.25. The Pearson coefficient is —0.49 + 0.077
with p-value 1.2 x 1072 The Spearman coefficient is
—0.45 £ 0.083 with p-value 2.2 x 10 2. The Kendall 7
coefficient is —0.32 4 0.067 with p-value 2.1 x 10~2 The
correlation ratio is 0.78 £ 0.034. The cosine similarity is
0.53 + 0.055. The scatter plot is in Figure 70. The number of
GRBs in the sample is 26. This may reveal a property of the
evolution of host galaxies in that more material has been
formed into stars for the older galaxies.
The correlation between log Ny and log SFR is

log Nig = (0.33 £ 0.052) x log SFR + (0.47 £ 0.049),
(81)

where Ny is in units of 10> cm 2. The SFR is in units of
M. yr ', The adjusted R is 0.31. The Pearson coefficient is
0.55 + 0.056 with p-value 5.6 x 10~*. The Spearman coeffi-
cient is 0.52 4+ 0.056 with p-value 1.3 x 107>. The Kendall 7
coefficient is 0.37 + 0.046 with p-value 1.6 x 10~>. The
correlation ratio is 0.03 £ 0.022. The cosine similarity is
0.71 % 0.034. The scatter plot is in Figure 71. The number of
GRBs in the sample is 36. It is clear that in a star-forming
galaxy, the material must be rich. Consequently, the column
density of hydrogen is high.
The correlation between log Ny and log Fyyg is

log Ny = (—0.43 = 0.037) X log Fyu + (0.89 =+ 0.041),
(82)
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Figure 70. Scatter plot for log Ny and log Age. The red line is our fit result.
The formula for the red line is logNy = (—0.4 4+ 0.075) x log Age +
(1.8 £ 0.21). The description of every parameter is in Section 2.

log Ny (10%' cm™)

log SFR ( Mgyn yr™')

Figure 71. Scatter plot for log Ny and log SFR. The red line is our fit result.
The formula for the red line is logNy = (0.33 £ 0.052) x log SFR +
(0.47 £ 0.049). The description of every parameter is in Section 2.

where Fy4 is the peak energy flux in the 1024 ms time bin in
the rest-frame 1-10*keV energy band and is in units of
10 %ergem 25~ ', Ny is in units of 10*' cm ™2 The adjusted
R* is 0.35. The Pearson coefficient is —0.58 + 0.055 with
p-value 3.1 x 107>, The Spearman coefficient is —0.58 +
0.078 with p-value 3 x 1073, The Kendall 7 coefficient is
—0.43 £ 0.061 with p-value 3.4 x 10>. The correlation ratio
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Figure 72. Scatter plot for log My and log Fyr4. The red line is our fit result.
The formula for the red line is logNy = (—0.43 £ 0.037) X log Fya +
(0.89 + 0.041). The description of every parameter is in Section 2.

is 0.45 = 0.027. The cosine similarity is —0.16 = 0.05. The
scatter plot is in Figure 72. The number of GRBs in the sample
is 24.

The correlation between log Ny and log By is

log Ny = (—0.51 =+ 0.038) x log Pys + (1.3 + 0.065),
(83)

where Pp3 is the peak photon flux in the 1024 ms time bin in
10-1000 keV and is in units of photons cm™>s ™', Ny is in units
of 10°' cm 2. The adjusted R? is 0.36. The Pearson coefficient
is —0.59 + 0.049 with p-value 2.7 x 107>. The Spearman
coefficient is —0.61 4 0.058 with p-value 1.5 x 107>, The
Kendall 7 coefficient is —0.45 + 0.05 with p-value 2.1 x
1073, The correlation ratio is 0.1 & 0.031. The cosine
similarity is 0.49 + 0.026. The scatter plot is in Figure 73.
The number of GRBs in the sample is 24.

5.16. Correlations with the Age of the Host Galaxies

The correlation between log Age and 10g fiyys i 1S

log Age = (0.61 £ 0.12) X log tyusi + (1 £ 0.33), (84)
where the Age is in units of Myr. fy.; is in units of s. The
adjusted R* is 0.3. The Pearson coefficient is 0.54 + 0.093
with p-value 2 x 1072, The Spearman coefficient is
0.69 & 0.094 with p-value 1.6 x 107°. The Kendall 7
coefficient is 0.51 + 0.08 with p-value 3.5 x 107>. The
correlation ratio is 0.044 £ 0.032. The cosine similarity is
0.96 £ 0.0073. The scatter plot is in Figure 74. The number of
GRBs in the sample is 18. i, ; indicates the active timescale
of the GRB central engine. It is unclear why older host galaxies
contain GRBs with longer activity.
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log Pyks (photons cm™? s7")
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Figure 73. Scatter plot for log Ny and log Fys. The red line is our fit result.
The formula for the red line is logNg = (—0.51 & 0.038) x log A3 +
(1.3 £ 0.065). The description of every parameter is in Section 2.
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Figure 74. Scatter plot for log Age and 10g tyyrs.i- The red line is our fit result.
The formula for the red line is log Age = (0.61 £ 0.12) X log tyursti +
(1 £ 0.33). The description of every parameter is in Section 2.

The correlation between log Age and log SFR is

log Age = (—0.38 £ 0.059) x log SFR + (3.2 % 0.065),
(85)

where the SFR is in units of M. yr '. Age is in units of Myr.
The adjusted R* is 0.28. The Pearson coefficient is —0.5 + 0.067
with p-value 6.4 x 10>. The Spearman coefficient is —0.49 +
0.079 with p-value 7.6 x 107>. The Kendall 7 coefficient is
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Figure 75. Scatter plot for log Age and log SFR. The red line is our fit result.
The formula for the red line is log Age = (—0.38 £ 0.059) x log SFR +
(3.2 £ 0.065). The description of every parameter is in Section 2.

—0.35 = 0.062 with p-value 9.1 x 107>, The correlation ratio is

0.8 £ 0.014. The cosine similarity is 0.27 £ 0.035. The scatter

plot is in Figure 75. The number of GRBs in the sample is 28. It is

natural that star formation is more active in a younger galaxy. The

correlation between the age and the SFR is evidence of this.
The correlation between log Age and log Dy is

log Age = (—0.75 £ 0.078) x logDr + (2.7 + 0.036),
(86)

where Dy is in units of 10*® cm. Age is in units of Myr. The
adjusted R* is 0.26. The Pearson coefficient is —0.3 %+ 0.081
with p-value 6.9 x 10~>. The Spearman coefficient is —0.2 +
0.091 with p-value 7.5 x 1072 The Kendall 7 coefficient is
—0.14 + 0.064 with p-value 7.3 x 1072 The correlation ratio
i 0.99 +£ 0.002. The cosine similarity is —0.82 4 0.0058. The
scatter plot is in Figure 76. The number of GRBs in the sample

is 82.
The correlation between log Age and log(1 + z) is

log Age = (—2 + 0.38) x log(1 + 2) + (3.2 £ 0.11), (87)

where the age is in units of Myr. The adjusted R? is 0.22. The
Pearson coefficient is —0.39 + 0.059 with p-value 3 x 10~%.
The Spearman coefficient is —0.43 £ 0.049 with p-value
5.5 x 107>, The Kendall 7 coefficient is —0.29 + 0.035 with
p-value 9.9 x 107°. The correlation ratio is 0.91 + 0.011. The
cosine similarity is 0.76 & 0.03. The scatter plot is in
Figure 77. The number of GRBs in the sample is 82. It is
similar to that shown in Equation (86). It is quite reasonable
that the farther galaxy is younger. However, the relation
between the age of the host galaxies and the redshift is not
exact because of the cosmological evolution. Considering the
large scatter, it is hard to infer special information on the GRB
host galaxies from the general evolution of the universe.
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Figure 76. Scatter plot for log Age and log Dy.. The red line is our fit result.
The formula for the red line is log Age = (—0.75 4+ 0.078) x log Dy, +
(2.7 £ 0.036). The description of every parameter is in Section 2.
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Figure 77. Scatter plot for log Age and log(l + z). The red line is our fit
result. The formula for the red line is log Age = (—2 £ 0.38) x log(1 + z) +
(3.2 &£ 0.11). The description of every parameter is in Section 2.

Age also correlates with E, ., and E, .5 We have shown
the two correlations in Section 5.6.

5.17. Some Correlations with Lo pk

There might be quite a few derivative quantities that have a
stronger correlation with other properties. We show an example
of a derivative quantity in this section. We calculated the radio
luminosity Lygiopk in Test-frame 8.46 GHz. The formula is
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Figure 78. Scatter plot for log L .gio,pk and log Ejs,. The red line is our fit result.
The formula for the red line is log Liagiopx = (0.63 & 0.013) x log Ejo +
(1.2 £ 0.019). The description of every parameter is in Section 2.

Luagiopk = 4TD{ X Fagiopx X (1 + 2) x 8.46 GHz. The unit
of Ligiopk 18 107 ergs™ . We also found some interesting
results.

The correlation between 10g Liagio,pk and log Ejg, is

108 Liagiopk = (0.63 =+ 0.013) x log Ei, + (1.2 + 0.019),
(88)

where Liagiopk i in rest-frame 8.46 GHz and in units of
10% erg s~!. E, is in units of 10> erg and in the rest-frame
1-10*keV energy band. The adjusted R* is 0.41. The Pearson
coefficient is 0.64 + 0.0094 with p-value 2.2 x 1075, The
Spearman coefficient is 0.52 & 0.015 with p-value 1.5 x 107>,
The Kendall 7 coefficient is 0.37 = 0.013 with p-value
2.6 x 107°. The correlation ratio is 0.37 £ 0.0057. The cosine
similarity is 0.81 &+ 0.0067. The scatter plot is in Figure 78.
The number of GRBs in the sample is 61. The peak times of the
radio emission are often very late. The peak radio luminosity
mainly represents the total kinetic energy and environment,
while the isotropic equivalent ~-ray energy Ej, is also
positively correlated to the total kinetic energy, although it is
usually assumed that they are proportional by an efficiency
factor. Therefore, the correlation between Lyygiopk and Ejg, is
expected. As the data are largely scattered, the actual power-
law index between them is not clear. With the accumulated data
and classification, the indices might change.
The correlation between 10g Lagio pk and log Ly is

log Lagio.pk = (0.52 £ 0.025) x log Ly + (1.7 = 0.018),
(39)
where Lygiopk 18 in rest-frame 8.46 GHz and in units of
10¥ergs™". Ly is in units of 10 ergs " and in the 1-10*keV

energy band. The adjusted R is 0.45. The Pearson coefficient
is 0.67 + 0.023 with p-value 9.1 x 10°®. The Spearman
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Figure 79. Scatter plot for 10g L gio,pk and log L. The red line is our fit result.
The formula for the red line is 10g Lygiopk = (0.52 £ 0.025) x log Lk +
(1.7 £ 0.018). The description of every parameter is in Section 2.

coefficient is 0.45 + 0.029 with p-value 8.2 x 10™*. The
Kendall 7 coefficient is 0.32 4+ 0.021 with p-value 8.9 x
10°*. The correlation ratio is 0.57 £ 0.0055. The cosine
similarity is 0.4 &+ 0.027. The scatter plot is in Figure 79. The
number of GRBs in the sample is 51. This relation is similar to
Equation (88).

The correlation between 1og L ,gio,pk and log SFR is

log Lyagio,px = (0.63 & 0.092) x log SFR + (0.43 £ 0.073),
(90)

where Liagiopk 1S in rest-frame 8.46 GHz and in units of
10* ergs™'. SFR is in units of M, yr~'. The adjusted R* is
0.25. The Pearson coefficient is 0.53 £ 0.057 with p-value
4 x 1072, The Spearman coefficient is 0.37 + 0.06 with p-
value 0.17. The Kendall 7 coefficient is 0.25 4+ 0.052 with p-
value 0.18. The correlation ratio is 0.13 £ 0.03. The cosine
similarity is 0.64 4 0.054. The scatter plot is in Figure 80. The
number of GRBs in the sample is 15. This relation may reveal
the dependence of the radio afterglow and the environment of
the GRBs. A higher star formation rate region implies a higher
number density of the environment.
The correlation between log L agio,pk and log Age is

log Lyagiopxk = (—0.61 £ 0.16) x log Age + (2.9 & 0.48),
oD

where Lygiopk i in rest-frame 8.46 GHz and is in units of
10*°erg s~ '. Age is in units of Myr. The adjusted R* is 0.21. The
Pearson coefficient is —0.43 + 0.085 with p-value 3.4 x 1072
The Spearman coefficient is —0.44 £ 0.099 with p-value
3.1 x 1072 The Kendall 7 coefficient is —0.31 & 0.077 with
p-value 3.3 x 102 The correlation ratio is 0.66 + 0.038. The
cosine similarity is 0.64 £ 0.024. The scatter plot is in
Figure 81. The number of GRBs in the sample is 24. As shown
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Figure 80. Scatter plot for log Lyugio,px and log SFR. The red line is our fit
result. The formula for the red line is log L ugiopx = (0.63 £ 0.092) x
log SFR + (0.43 £ 0.073). The description of every parameter is in Section 2.

in Equation (90), higher radio luminosity corresponds to more
active star formation. In Equation (85), a higher star formation
rate corresponds to a younger host galaxy. These two relations
are derive from Equation (91).

The correlation between 1og L ,dio,pk and 10g E}, pand,i 1S

10g Lradio,pk = (0.86 £ 0.054)

x log Ep pana,i + (—0.48 £ 0.14), 92)
where Lygiopk 18 in rest-frame 8.46 GHz and is in units of
10% erg s L. Ep Bana,i 1s in units of keV. The adjusted R? is
0.32. The Pearson coefficient is 0.57 £ 0.027 with p-value
2.6 x 10~*. The Spearman coefficient is 0.5 + 0.037 with p-
value 1.8 x 10>, The Kendall 7 coefficient is 0.35 + 0.031
with p-value 2.5 x 10. The correlation ratio is 0.51 4 0.011.
The cosine similarity is 0.93 £ 0.0032. The scatter plot is in
Figure 82. The number of GRBs in the sample is 36. This
relation might be from the Amati relation. As a higher peak
energy corresponds to a higher total energy of the GRBs, it also
leads to brighter radio luminosity.
The correlation between 1og Liagio pk and log Ep cp1 i is

108 Liagiopk = (1.5 % 0.2) X 10g Ep cp1i 4+ (—2.2 % 0.55),
93)

where Lyygiopk 1S in rest-frame 8.46 GHz and is in units of
10% erg s L. E, cp1i 18 in units of keV. The adjusted R? is 0.42.
The Pearson coefficient is 0.65 £ 0.057 with p-value
2.1 x 107>, The Spearman coefficient is 0.57 + 0.077 with
p-value 8.7 x 1072, The Kendall 7 coefficient is 0.42 + 0.064
with p-value 9.4 x 10 . The correlation ratio is 0.31 4 0.018.
The cosine similarity is 0.88 £ 0.0075. The scatter plot is in
Figure 83. The number of GRBs in the sample is 20. It is
similar to Equation (92).

46

Wang et al.
2__‘_ _— j—r e——

~~
i —

(%] +

S

(0] pr— G
o
o —t—
N —

X

°:

s OF

<

-

o))

o

-2F _—
1 1 1 1
1 2 3 4

log Age (Myr)

Figure 81. Scatter plot for 10g Lyagio,px and log Age. The red line is our fit
result. The formula for the red line is log L agiopk = (—0.61 + 0.16) x
log Age + (2.9 £ 0.48). The description of every parameter is in Section 2.
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Figure 82. Scatter plot for 10g Lagio,px and 10g Ep ang,i- The red line is our fit
result. The formula for the red line is log L agiopx = (0.86 + 0.054) x
log Ej Bana,i + (—0.48 £ 0.14). The description of every parameter is in
Section 2.

The correlation between 10g Lyadio,pk and rest-frame spectral
lag is
10g L adio,pk = (—0.00023 £ 0.000048)
X rest-frame spectral lag + (2 £ 0.063),
(94)
where Lygiopk 1S in rest-frame 8.46 GHz and is in units of
10% erg s~ 1. Rest-frame spectral lag is in units of ms MeV L.
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Figure 83. Scatter plot for log L ugio,pk and log E}, ¢p1i. The red line is our fit
result. The formula for the red line is 10g Lyagiopk = (1.5 &= 0.2) X log E cpri +
(—2.2 £ 0.55). The description of every parameter is in Section 2.

The adjusted R* is 0.29. The Pearson coefficient is —0.49 =+
0.089 with p-value 4.2 x 107>, The Spearman coefficient is
—0.4 4+ 0.081 with p-value 22 x 1072 The Kendall 7
coefficient is —0.28 + 0.06 with p-value 2.3 x 1072 The
correlation ratio is 0.34 & 0.06. The cosine similarity is
0.2 + 0.078. The scatter plot is in Figure 84. The number of
GRBs in the sample is 32. It is also quite puzzling why the
radio luminosity is related to the spectral lag.

6. Remarkable Results for Three Parameters

In this section, we analyze some good correlations among
three parameters. First, the correlation should include at least
10 GRBs. The adjusted R? should also be bigger than 0.2. The
entire linear model, and a; and a, should have hypothesis-
testing p-values smaller than 0.05. The peak energy flux Fpy
and peak photon flux Py both have four different time bins. If
the Fy in four time bins correlates in another time bin with the
same parameter, we just showed the best time bin result. It is
the same for Pp. All results are in machine-readable tables. In
the following, we will show all of the remarkable results in
order of increasing sample numbers. We just show the figures
with the remarkable results; the total number is 361. We
provide all 361 figures in the figure set and show the first 6
figures in Figure 85.

The log Iy—(—aana)—0x11n: formula is

log Iy = (—0.39 £+ 0.09) X (—aBand)
+ (—0.59 £ 0.14) x Bxine + (34 £0.21), (95)

and the adjusted R? is 0.6552. The number of GRBs in the
sample is 10.
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Figure 84. Scatter plot for 10g L adio,pk and rest-frame spectral lag. The red line
is our fit result. The formula for the red line is logL ugiopk =
(—0.00023 £ 0.000048)x the rest-frame spectral lag + (2 £ 0.063). The
description of every parameter is in Section 2.

The log SSFR-log Mass—log f,x ; formula is

log SSFR = (—0.47 £+ 0.14) x log Mass
+ (—=0.76 £ 0.18) x logtux,; + (5.5 £1.3),
(96)

where log SSFR is in units of Gyr '. Mass is in units of M.
Ipkx.i 18 in units of s. The adjusted R? is 0.6759. The number of
GRBs in the sample is 10.
The log tpix i—-log SSFR—-log Ty ; formula is
log tpix,i = (—0.31 £ 0.13) x log SSFR
+ (0.84 £ 0.18) x log Top; + (0.53 £+ 0.22),
o7

where fx ; is in units of s. log SSFR is in units of Gyrfl. Too;
is in units of s. The adjusted R* is 0.7597. The number of GRBs
in the sample is 10.
The log Age—log Ny—10g tyysi formula is
log Age = (—0.87 £ 0.25) x logNyg + (1 = 0.2)

% log toursti + (0.78 £ 0.59), (98)

where Age is in units of Myr. Ny is in units of 10*' cm™2. Tourst.i
is in units of s. The adjusted R” is 0.681. The number of GRBs
in the sample is 10.

The (—/gang)-log offset—log Age formula is

(—BBana) = (0.65 + 0.61) x log offset
+ (—0.42 £ 0.49) x log Age + (3.5 + 1.3),
99)
where host galaxy offset is in units of kpc. Age is in units of

Myr. The adjusted R* is 0.5508. The number of GRBs in the
sample is 10.
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Figure 85. The scatter plots among three parameters. The gray plane in every plot is our fitted result. All results can be found in the machine-readable tables. The
description of every parameter is in Section 2.

(The complete figure set (388 images) is available.)

The log Ejs,—log tpop—log Age formula is where Ei, is in units of 10°? erg and in the rest-frame
1-10*keV energy band. fpkopt 18 in units of s. Age is in units of
log Eiso = (—1 £ 0.05) X log fykopt Myr. The adjusted R” is 0.9079. The number of GRBs in the

+(—0.48 £ 0.061) x log Age + (4.5 £ 0.22), (100) sample is 10.
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The log Iy-log L agio,pk—10g Tr4s formula is

log Ty = (0.33 =+ 0.012) x 10g Lragio.pk
+(—0.96 + 0.086) x log Tras + (2.6 + 0.11),
(101)

where Lpagiopk is in rest-frame 8.46 GHz, and the unit is
10% erg s~ ! Tras is in units of s. The adjusted R? is 0.6438.
The number of GRBs in the sample is 10.

The Bxi1m—(—0agp)-log Mass formula is

Bxiine = (0.68 + 0.16) x (—agy) + (0.24 + 0.068)

x log Mass + (—1.9 £ 0.76), (102)

where Mass is in units of M. The adjusted R* is 0.5919. The
number of GRBs in the sample is 11.
The log E;, .pi—log HR-log tx formula is

10g Epepr = (0.59 £ 0.1) x log HR + (0.15 = 0.11)

x logtpkx + (1.8 £ 0.19), (103)

where E, .
adjusted R
is 11.

The log Eis,—10g fourst,i—10g tradio,pk,i formula is

is in units of keV. #,x is in units of s. The

1
: is 0.9356. The number of GRBs in the sample

log Eio = (— 1.1 & 0.047) x 10g fpursii + (—1.6 £ 0.2)
X 108 tragiopki + (12 £+ 1.1),
(104)

where E,, is in units of 10°? erg and in the rest-frame
1-10* keV energy band. fyuee; i in units of s. fragiopk 1S in
units of s. The adjusted R* is 0.6305. The number of GRBs in
the sample is 11.

The log Fradio,pk_log Tourst,i—10g Tradio, pk,i formula is

108 Fagiopk = (0.24 % 0.026) X 108 fpursy.
+ (0.66 + 0.055) X 108 fragiopk.i

+ (=77 £ 031), (105)

where Flagio pk 18 in units of Jy. foyrg i 18 in units of' s. fragio pki 1
in units of s. The adjusted R* is 0.4834. The number of GRBs
in the sample is 11.

The Bxi1n—log Bko—log SSFR formula is

Bxiinr = (=0.57 £ 0.13) x log By
+ (—0.55 £ 0.12) x log SSFR + (2.1 £ 0.22),
(106)

where Py, is the peak photon flux in the 256 ms time bin in
101000 keV and is in units of photons cm s~ '. log SSFR is
in units of Gyr~'. The adjusted R* is 0.6811. The number of
GRBs in the sample is 11.

The log Ip-log fragio,pk—10g T50,; formula is

log Ty = (1.3 #+ 0.12) X 108 fragiopk + (—0.74 + 0.068)

X log TSO,i + (—45 + 073),
(107)

where fragio pk 18 in units of s. Tsq; is in units of s. The adjusted
R? is 0.6372. The number of GRBs in the sample is 11.
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The log Mass—log Ty0—log fpix formula is

log Mass = (—2.3 £ 0.36) x log Ty
+ (1.7 £ 0.37) x logtpx + (9.7 £ 0.88),
(108)

where Mass is in units of M. T is in units of s. fpkx is in units
of s. The adjusted R? is 0.7206. The number of GRBs in the
sample is 11.

The log Lyx—10g L agio,pk—10g thurse formula is

10g Lok = (0.91 + 0.07) x 108 Lyadio pk
+(—0.98 £ 0.24) x log thus + (0.68 £ 0.7),
(109)

where Ly is in units of 10%ergs ' and in the 1-10%keV
energy band. Lyygio pk 8 in rest-frame 8.46 GHz and is in units
of 10* erg s L tourse 1S in units of s. The adjusted R? is 0.8403.
The number of GRBs in the sample is 11.

The rest-frame spectral lag—log L agio,pk—10g E} cp1 formula is

rest-frame spectral lag = (—1263 £ 580) X 10g L adio,pk
+ (—2816 £ 951) x log Ep ¢pl
+ (10058 + 2111),
(110)

where the rest-frame spectral lag is in units of ms MeV ™.
Liagiopk 1 in rest-frame 8.46 GHz and in units of 10%° erg s L.
E, ¢p1 18 in units of keV. The adjusted R?is 0.7246. The number
of GRBs in the sample is 11.

The log Iy-log L agio,pk—10g fpkop: formula is

log Ty = (0.15 = 0.015) x 108 Lragiopk + (—0.57 & 0.023)
x log tyxopt + (34 =+ 0.093), (111)

where Lyygiopk i in rest-frame 8.46 GHz and in units of
10% erg s L. tokopt 18 in units of s. The adjusted R? is 0.9562.
The number of GRBs in the sample is 11.

The log Ejs,—log To—log Fagio,pk formula is

log Eiso = (1.2 £ 0.094) x log Ty + (—2.2 % 0.35)

x log Fagiopk + (—=9.7 £ 1.2), (112)

where E;, is in units of 10°2 erg and in the rest-frame
1-10*keV energy band. Fiagio pk 18 in units of Jy. The adjusted
R? is 0.8299. The number of GRBs in the sample is 12.

The log Fe—log Lo—log trdio,pk,i formula is

log F = (0.64 + 0.08) x log Ty + (1.8 =+ 0.24)

x log tradio,pk,i T (=99 £+ 1.2), (113)

where F, is in units of 10 ®ergcm ™ ? and in the 20-2000 keV
energy band. #,4i0,pk,i 1S in units of s. The adjusted R%is 0.7167.
The number of GRBs in the sample is 12.

The Mag-log Fopi11n—metallicity formula is

Mag = (1.1 & 0.64) x log Fop1nr

4+ (=24 + 1.8) x metallicity + (5.5 £ 15), (114)

where Mag is in units of magnitude. Fopin is in units of Jy.
The metallicity is the value of 12 + log O/H. The adjusted R*
is 0.5847. The number of GRBs in the sample is 13.
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The log Ly —log offset—log E, 1 ; formula is

log Lok = (—0.94 £ 0.26) x log offset 4 (1.1 £ 0.33)
x log Ep epi + (—3.2 £ 0.86),
(115)

where Ly is in units of 10°%ergs™"' and in the 1-10*keV
energy band. The host galaxy offset is in units of kpc. Ej, o5 1S
in units of keV. The adjusted R* is 0.4724. The number of
GRBs in the sample is 13.

The log tpx—log Tsp—log HR formula is

10g fpix = (0.59 + 0.057) x log Tyo + (0.44 + 0.11)

x log HR + (0.81 £ 0.083), (116)

where #,x 18 in units of s. T’sq is in units of s. The adjusted R%is
0.7483. The number of GRBs in the sample is 13.
The log Fy3—log Too—log Fxine formula is

10g Fys = (—1 # 0.15) x log Ty + (0.54 + 0.063)

x log Fxiime + (5.5 £ 0.41), (117)

where F3 is the peak energy flux in the 256 ms time bin in the
rest-frame 1-10*keV energy band and is in units of
10°° erg cm 2s L. Top is in units of s. Fxjipe 1S in units of
Jy. The adjusted R* is 0.7421. The number of GRBs in the
sample is 13.

The log Byx—log Too—log Fxinr formula is

log B = (—0.97 & 0.12) x log Tog
+ (0.46 £ 0.047) x log Fxiinr + (5.7 £ 0.31),
(118)

where Py, is the peak photon flux in the 256 ms time bin in
10-1000keV and is in units of photons cem 2s . Ty is in
units of s. Fxp, 1S in units of Jy. The adjusted R?is 0.65. The
number of GRBs in the sample is 13.
The (—ayp)—variability ;—log Fx11n, formula is
(—agp) = (0.48 £ 0.76) x variability,
+ (—0.23 £ 0.062) x log Fxiinr + (0.44 £+ 0.48),
(119)

where Fyxqqn, 18 in units of Jy. The adjusted R? is 0.4567. The
number of GRBs in the sample is 13.
The log Fyo—(—Bpand)—10g fradio,pk formula is
log Fpxo = (0.46 £ 0.1) x (—fBpand)
+ (—0.68 £ 0.13) x log Tradio, pk

+ (3.7 £ 0.67), (120)

where Fy, is the peak energy flux in the 64 ms time bin in the
rest-frame 1-10*keV energy band and is in units of
10°° erg cm Zs . Iradio,pk 18 in units of s. The adjusted R? is
0.499. The number of GRBs in the sample is 14.

The (—Bgana)-10g Fyk2—10g Fagio,px formula is

(—Bpana) = (0.64 £ 0.16) x log Fyea
+ (_083 + 02]) X ]Og Eadio,pk

+(=1%0.7), (121)

where Fp is the peak energy flux in the 64 ms time bin in the
rest-frame 1-10*keV energy band and is in units of
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10 %ergem s, Fagiopk 18 in units of Jy. The adjusted R?

is 0.6076. The number of GRBs in the sample is 14.
The log HR-log Fy3—log Age formula is

log HR = (0.39 & 0.035) x log Fpi3

+(—0.24 £ 0.065) x log Age + (1.2 & 0.19),
(122)

where Fp,3 is the peak energy flux in the 256 ms time bin in the
rest-frame 1-10*keV energy band and is in units of
10 ®ergem *s ', Age is in units of Myr. The adjusted R” is
0.5974. The number of GRBs in the sample is 14.

The log fpkopi—log Lpk—log SSFR formula is

log tpkope = (—0.47 & 0.014) x log Lk
+ (0.69 + 0.042) x log SSFR

+ (2.2 £ 0.025), (123)

where #,xop 1S in units of s. Lpy is in units of 10°? erg s ' and in
the 1-10* keV energy band. log SSFR is in units of Gyr~'. The
adjusted R* is 0.8097. The number of GRBs in the sample
is 14.

The log tpopt,i—Mag—log Ny formula is

10g fpxopei = (0.14 + 0.058) x Mag + (0.74 + 0.19)
x log Ny + (4.9 + 1.2),
(124)

where #,opi 18 in units of s. Mag is in units of magnitude. Ny
is in units of 10*' cm 2. The adjusted R? is 0.4411. The number
of GRBs in the sample is 14.

The (—BBana)-10g Fk1-10g Fadio pk formula is

(—Bpana) = (0.59 + 0.13) x log Py
+(—0.73 £ 0.2) x 108 Fagio pk

+(—=0.99 £ 0.61), (125)

where Py is the peak photon flux in the 64 ms time bin in
10-1000 keV and is in units of photons em s L Fragio,pk 18 in
units of Jy. The adjusted R is 0.5843. The number of GRBs in
the sample is 14.

The log HR-log Fy,—log Age formula is

log HR = (0.38 + 0.039) x log Py,
+ (=026 £ 0.077) x log Age + (1 £ 0.21),
(126)

where Py, is the peak photon flux in the 256 ms time bin in
10-1000 keV and is in units of photonscm 2s~'. Age is in
units of Myr. The adjusted R? is 0.3174. The number of GRBs
in the sample is 14.

The log Lyx—10g L agio,pk—10g tpkop: formula is

10g Lyk = (0.62 + 0.068) X 102 Lagio pk
+(—0.99 + 0.089) x log fpkopt

+(1.3 £ 0.28), (127)

where Ly is in units of 10%ergs ' and in the 1-10%keV
energy band. Lyygiopk 18 in rest-frame 8.46 GHz and is in units
of 10%° erg s L fpkopt 18 in units of s. The adjusted R*is 0.8128.
The number of GRBs in the sample is 14.
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The log Age—log 0i-log Ny formula is

log Age =(0.94 & 0.3) x log ¢; + (—0.82 £ 0.32)

x log Ny + (4.5 = 0.37), (128)

where Age is in units of Myr. §; is in units of rad. Ny is in units
of 10*! cm 2. The adjusted R” is 0.3373. The number of GRBs
in the sample is 15.

The log Fe—(—ovp)-log Ny formula is

logFy = (=12 £ 0.2) x (—ag) + (0.39 £ 0.089)

x log Ny + (2.3 £ 0.37), (129)

where F, is in units of 10 ®ergcm > and in the 20-2000 keV
energy band. Ny is in units of 10*' cm 2. The adjusted R” is
0.5037. The number of GRBs in the sample is 16.
The log Fyo—log Epy cpi—10g Fxi1ne formula is
log Fpo = (0.87 &£ 0.29) x log Ep cpi
+ (0.35 £ 0.099) x log Fxiin + (0.81 £ 0.7),
(130)

where F is the peak energy flux in the 64 ms time bin in the
rest-frame 1-10*keV energy band and is in units of
107° erg cm Zs . E; cp1 is in units of keV. Fxy, is in units
of Jy. The adjusted R* is 0.6483. The number of GRBs in the
sample is 16.

The log [;-log F;—log Mass formula is

log I = (0.57 £ 0.035) x log Fy

+ (0.25 + 0.038) x log Mass + (—1.1 £ 0.35),
(131)

where Fy is in units of 10 ®ergem ™2 and in the 20-2000 keV
energy band. Mass is in units of M.... The adjusted R* is 0.6784.
The number of GRBs in the sample is 16.
The (—apana)—variabilitys—log Fy4 formula is
(—oagand) = (=21 £ 12) X variability,
+(0.12 &£ 0.045) x log B4 + (1.2 £ 0.099),
(132)

where P4 is the peak photon flux in the Is time bin in
10-1000 keV and is in units of photons cm™~2s~". The adjusted
R? is 0.4653. The number of GRBs in the sample is 16.

The log E} cp1,i—10g Lradio,pk—Av formula is

long,Cpl,i = (028 + 0036) X IOgLradio,pk

+ (—0.42 £ 0.13) x Ay + (2.4 £ 0.091),
(133)

where E, .5 is in units ofkeV. Lpgiopk iS in rest-frame
8.46 GHz and in units of 10*°ergs '. The adjusted R* is
0.5624. The number of GRBs in the sample is 16.
The log Fe—(—avp)-log Fxqine formula is
logF, = (—=0.67 £ 0.16) X (—agp)
+ (0.43 £ 0.078) x log Fxiinr + (4.6 £ 0.57),
(134)

where F is in units of 10~®erg cm ™2 and in the 20-2000 keV
energy band. Fxqy, is in units of Jy. The adjusted R is 0.4784.
The number of GRBs in the sample is 17.
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The log Iy-log Fy—log Mass formula is

log Ty = (0.37 =+ 0.028) x log Fy
+(0.23 £+ 0.045) x log Mass + (—0.22 & 0.43),
(135)

where Fpy, is the peak energy flux in the 1s time bin in the
rest-frame  1-10* keV energy band and is in units of
10 %ergem 25! Mass is in units of M.. The adjusted R
is 0.4798. The number of GRBs in the sample is 17.

The log(1 + z)-log Fxo—log Fagio,px formula is

log(1 + 2) = (—0.13 £ 0.025) x log Fya + (—0.29 + 0.027)
% 10g Fugiopk + (—0.47 + 0.11), (136)

where Fy; is the peak energy flux in the 64 ms time bin in the
rest-frame 1-10*keV energy band and is in units of
107 erg em 2s L Fragiopk 18 in units of Jy. The adjusted R?
is 0.6147. The number of GRBs in the sample is 17.

The 10g tragio,pk—10g Fradio,pk—10g fpkopt,i formula is

log Tradio,pk = (—0.56 £+ 0.063) x log Fradio,pk
+ (=02 % 0.021) x log fyxopui + (4.2 £ 0.22)
(137)

where fagio,pk 18 i Units of 8. Fragio pk 18 in units of Jy. fpropy; 1S
in units of s. The adjusted R* is 0.3468. The number of GRBs
in the sample is 17.

The log Dy —log I)-log Mass formula is

log Dy, = (0.73 £ 0.05) x log I}
+ (0.2 + 0.041) x log Mass + (—3.1 £ 0.31),
(138)

where Dy is in units of 10?® cm. Mass is in units of M. The
adjusted R* is 0.7751. The number of GRBs in the sample
is 17.

The spectral 1ag—log tyurst,i—10g tpropt,i formula is

spectral lag = (3801 £ 940) X log fyursti + (4028 £ 1142)
x log tpopi + (—13854 £ 3488), (139)

where spectral time lag is in units of ms MeV L. Toursti 1S 1N
units of 8. #,xopi 18 in units of s. The adjusted R?is 0.4456. The
number of GRBs in the sample is 17.

The log Iy-log 6j-log E}, ¢p1i formula is

log Ty = (—0.64 + 0.11) x log 6 + (0.63 + 0.13)

% 10g Ep.epli + (—0.35 + 0.35), (140)

where ¢; is in units of rad. E,y; is in units of keV. The
adjusted R is 0.6444. The number of GRBs in the sample
is 17.

The 1og L adio,pk—10g Too—10g tyxopt,i formula is

10g Lradio,pk = (16 + 0.1 l) X IOg T;o
+ (=1 4 0.033) x 10g fpropi

+ (1.3 £ 0.2), (141)

where Lpgiopk 18 in rest-frame 8.46 GHz and in units of
10% erg s 1. Top is in units of s. tokopti 18 in units of s. The
adjusted R* is 0.5211. The number of GRBs in the sample
is 17.
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The log Eis,—10g Ladio,pk—10g tpkopt,i formula is

10g Eiso = (0.36 £ 0.019) x 108 Lyagiopk + (—0.51 + 0.03)
% 10 foropii + (1.3 = 0.097), (142)

where E, is in units of 10°? erg and in the rest-frame
1-10*keV energy band. Ly,giopk 18 in rest-frame 8.46 GHz and
is in units of 10*° erg s L tokopti 18 in units of s. The adjusted
R? is 0.6016. The number of GRBs in the sample is 17.

The log TR45—10g FX“hr—IOg Tradio, pk.i formula is

log Tras = (7041 + 0044) X IOgFX”hr
+ (—=0.75 £ 0.07) x log Tradio, pk,i

+(1.9 £0.3), (143)

where Trys is in units of s. Fxj, 18 in units of Jy. fagio pi i 1S in
units of s. The adjusted R” is 0.3888. The number of GRBs in
the sample is 18.

The (—fBpana)-log Fx1—log SSFR formula is

(—Bpana) = (0.12 + 0.27) x log Pyt + (—0.75 + 0.57)
x log SSFR + (2.4 =+ 0.63),
(144)

where Py is the peak photon flux in the 64 ms time bin in
101000 keV and is in units of photons cm s~ '. log SSFR is
in units of Gyr '. The adjusted R* is 0.4079. The number of
GRBs in the sample is 18.

The log tragio pk,i—10g Tsp—log SSFR formula is

log tradio,pk,i = (—0.44 £ 0.018) x log T5¢
+ (0.43 £ 0.025) x log SSFR

+ (6.3 £ 0.025), (145)

where fragio pk.i 1S in units of s. Ty is in units of s. log SSFR is
in units of Gyr'. The adjusted R” is 0.6841. The number of
GRBs in the sample is 18.

The log 0—variabilitys—log Ny formula is

log 0 = (24 £ 5.3) x variability; + (0.28 £ 0.057)

x log Ny + (—1.7 = 0.078), (146)

where 0; is in units of rad. Ny is in units of 10> cm 2. The
adjusted R® is 0.4522. The number of GRBs in the sample
is 18.

The metallicity—(— ccp1)—Bx11nr formula is

metallicity = (—0.13 £ 0.066) X (—cap1)
+ (0.1 £ 0.064) x Bxiine + (8.6 £ 0.13),
(147)

where metallicity is the value of 12 + log O/H. The adjusted
R? is 0.3058. The number of GRBs in the sample is 19.
The log E; cp1,i—log HR-10g #1agi0, pk,; formula is

10g Epepri = (0.64 + 0.099) x log HR
+ (=031 £ 0.12) X 10 frgio.pi; + (4.4 + 0.67),
(148)

where Ej, .15 is in units of keV. fagiopki 1S in units of s. The
adjusted R~ is 0.6582. The number of GRBs in the sample
is 19.
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The log Lx—log t,xop—Mag formula is
log Lok = (—1.3 £ 0.14) x log tkopt

+ (—0.22 £ 0.06) x Mag + (—1.1 £ 1.3),
(149)

where Ly is in units of 10%ergs ' and in the 1-10%keV
energy band. fpop iS in units of s. Mag is in units of
magnitude. The adjusted R? is 0.9072. The number of GRBs in
the sample is 19.
The Mag-log(l + z)-metallicity formula is
Mag =(—12 4+ 4.5) x log(1 + 2)
+ (—1.7 £ 1.6) x metallicity + (—2.5 £ 13),

(150)
where Mag is in units of magnitude. The metallicity is the value
of 12 + log O/H. The adjusted R* is 0.7636. The number of
GRBs in the sample is 19.

The 10g L adio,pk—10g Fopt1 1hr—10g Ep cp1,; formula is
logLradio,pk = (—075 + 019) X logFOptllhr
+ (1.4 £ 0.23) x log Ep ep1i + (—5.1 £ 0.95),

(151)
where Lygiopk i in rest-frame 8.46 GHz and is in units of
10 erg s . Fopii1ne 18 in units of Jy. E, ;15 18 in units of keV. The
adjusted R” is 0.6282. The number of GRBs in the sample is 19.

The log Fy3—Ay-log SSFR formula is
log Fpiz = (—0.57 £ 0.14) x Ay + (—0.48 £+ 0.076)
x log SSFR + (1.2 £+ 0.13),

(152)
where Fp,3 is the peak energy flux in the 256 ms time bin in the
rest-frame 1-10*keV energy band and is in units of
10 %ergcm 25~ '. log SSFR is in units of Gyr~'. The adjusted
R? is 0.363. The number of GRBs in the sample is 20.

The log Fop1 ine—(— tcp)-log Iy formula is
log FOptllhr = (034 + 024) X (—Oécpl)
+ (—0.56 £ 0.19) x log I
+ (—3.8 £ 0.49), (153)
where Fopi1hr 18 in units of Jy. The adjusted R? is 0.3106. The
number of GRBs in the sample is 20.
The log Ip—log Foptiin—log Ep i formula is
log Iy = (—0.23 £ 0.079) x log Fopti ihr
+ (0.61 £ 0.098) x logE, cpii + (—0.59 £ 0.43),

(154)
where Fop1ne 18 in units of Jy. Ep i s in units of keV. The
adjusted R” is 0.5677. The number of GRBs in the sample
is 20.

The log Dy —log Fadio,pk—10g Ep p1,i formula is
10g DL = (—072 + 0092) X 10g Fradio,pk
+ (0.6 £ 0.088) x log Ep cpii + (—3.7 £ 0.37),

(155)

where Dy is in units of 10*® cm. Fragio,pk 18 in units of Jy. E, .15

is in units of keV. The adjusted R* is 0.5231. The number of
GRBs in the sample is 20.
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The log SFR-log HR—(—cvp,) formula is

log SFR = (—0.17 + 0.98) x log HR
+(=0.59 £ 1) x (—ag) + (1.9 £ 2.3),
(156)

where SFR is in units of M, yr '. The adjusted R” is 0.2678.
The number of GRBs in the sample is 20.
The log SFR-Mag-log E,, .p,1;; formula is
log SFR = (—0.16 + 0.055) x Mag
+(0.78 £ 0.4) x logEp cpii + (—4.3 £ 1.1),
(157)

where SFR is in units of M. yr '. Mag is in units of

magnitude. E,.p; is in units of keV. The adjusted R* is 0.8205.
The number of GRBs in the sample is 20.
The log SFR-log(1 + z)—(—ayp) formula is

log SFR = (3.5 £ 0.4) x log(l + z)
+ (=049 + 0.13) X (—ag) + (0.49 + 0.23),
(158)

where SFR is in units of M, yr'. The adjusted R” is 0.4955.
The number of GRBs in the sample is 20.
The log Ejs—10g Lagio,pk—10g Ep cp1 formula is
log Eiso = (0.56 £ 0.03) x log Lagio,pk
+ (1 £ 0.17) x logEpcp1 + (—2.5 & 0.35),
(159)

where FEj, is in units of 10°? erg and in the rest-frame
1-10* keV energy band. Ly,gio pk 18 in rest-frame 8.46 GHz and
in units of 10* ergs . E, cp1 is in units of keV. The adjusted
R? is 0.7599. The number of GRBs in the sample is 20.

The log 150,i—10g L adio,pk—(— tcpr) formula is

1og Too; = (—0.18 = 0.046) X 108 Liagio pk
+(0.67 £ 0.25) X (—aep) + (0.83 £ 0.33),
(160)

where Toq; is in units of s. Lyygiopk is in rest-frame 8.46 GHz
and is in units of 10** erg s~ '. The adjusted R* is 0.3241. The
number of GRBs in the sample is 20.

The log tpkopi—10g Ep, Band—10g fpurs: formula is

108 fpkopt = (—0.58 £ 0.097) x 10g Ep pand

1 (0.5 £ 0.027) X 108 thurst + (2.4 £ 0.2),
(161)

where #,opt 18 in units of s. £, gang i in units of keV. fyyg is in
units of s. The adjusted R” is 0.2739. The number of GRBs in
the sample is 21.

The log By—log F;—metallicity formula is

10g Pyt = (0.44 + 0.027) x log Fy + (0.87 + 0.24)

x metallicity + (—6.6 £ 2.1), (162)

where Py is the peak photon flux in the 64 ms time bin in
10-1000 keV and is in units of photonscm s~ ', F ¢ 18 in units
of 10 ®ergem ™2 and in the 20-2000keV energy band. The
metallicity is the value of 12 4+ log O/H. The adjusted R? is
0.5787. The number of GRBs in the sample is 21.
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The spectral lag-log(1 + z)-log K3 formula is
spectral lag = (—28190 + 4027) x log(l + z)
+ (—8125 £ 1343) x log Fy3
+ (17758 + 2296), (163)

where spectral time lag is in units of ms MeV . Fois is the
peak energy flux in the 256 ms time bin in the rest-frame

1-10*keV energy band and is in units of 10 ®ergem s .

The adjusted R? is 0.4887. The number of GRBs in the sample
is 21.
The spectral lag-log(1 + z)-log By, formula is

spectral lag = (—26436 + 3596) x log(1l + 2)
+ (=7866 £ 1114) x log By

1 (22841 + 2772), (164)

where spectral time lag is in units of ms MeV ™. Py is the
peak photon flux in the 256 ms time bin in 10-1000 keV and is
in units of photonscm ?s~'. The adjusted R* is 0.3876. The
number of GRBs in the sample is 21.

The log Fadio,pk—(—Bana)-10g Mass formula is

log Eadio,pk =(0.58 £ 0.16) x (—aBand)
+ (—0.3 £ 0.077) x log Mass

+ (—1.1 £ 0.81), (165)

where Fiagiopk is in units of Jy. Mass is in units of M. The
adjusted R? is 0.434. The number of GRBs in the sample is 22.
The log Fyo—(— arep1)-log Foper 1ine formula is

10g Fya = (—0.48 =+ 0.17) X (—arep))
+(0.23 + 0.11) X log Fopuin + (1.9 + 0.59),
(166)

where Fy is the peak energy flux in the 64 ms time bin in the
rest-frame 1-10*keV energy band and is in units of
10°° erg em 2s L Fopiinr s in units of Jy. The adjusted R?
is 0.3327. The number of GRBs in the sample is 22.

The log SFR—metallicity—log Age formula is

log SFR = (1.3 #+ 0.38) x metallicity + (—0.64 & 0.12)
x log Age + (—9.1 £ 3.3),
(167)

where SFR is in units of M., yr~'. The metallicity is the value
of 12 + log O/H. Age is in units of Myr. The adjusted R? is
0.4076. The number of GRBs in the sample is 22.

The Mag-log Ng—log E}, ¢p1,; formula is

Mag = (—1.5 £ 0.89) x logNy + (—1.2 £ 0.96)

x log Ep cpli + (=17 £ 2.5), (168)

where Mag is in units of magnitude. Ny is in units of
10*! ecm ™% E, op; is in units of keV. The adjusted R* is 0.2554.
The number of GRBs in the sample is 22.

The log Ejs,—log offset—log E, .1 formula is

log Eiso = (—0.8 = 0.21) x log offset 4+ (1.3 = 0.3)

x 10g Ep epi + (—3.7 % 0.82), (169)

where E., is in units of 10°2 erg and in the rest-frame
1-10*keV energy band. The host galaxy offset is in units of
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kpc. Ep.cpi is in units of keV. The adjusted R is 0.5009. The
number of GRBs in the sample is 22.

The Mag-log SFR-log tyyi formula is

Mag = (—1.5 = 0.54) x log SFR + (0.68 £ 0.65)

X 10g tpursti + (—21 £ 2), (170)

where Mag is in units of magnitude. SFR is in units of
M, yrfl. tourst.i 18 1n units of s. The adjusted R? is 0.8763. The
number of GRBs in the sample is 22.
The log Fagio,px—10g(1 + z)—variability, formula is
log Fagiopk = (—0.74 £ 0.13) x log(1 + z)
+ (—0.75 £ 0.87) x variability,

+ (=32 + 0.053), a71)

where Flgiopk 18 in units of Jy. The adjusted R? is 0.286. The
number of GRBs in the sample is 22.
The log Tras i—10g Lagio,pk—10g SSFR formula is

IOg TR45’1 =(—0.19 £ 0.011) x IOgLradio,pk
+ (0.3 £ 0.026) x log SSFR

+ (0.61 £ 0.016), (172)

where Tras; iS in units of s. Ly,gio pk 18 in rest-frame 8.46 GHz
and in units of 10"’ erg s~'. log SSFR is in units of Gyr~'. The
adjusted R® is 0.2284. The number of GRBs in the sample
is 23.

The log Fx11n—10g Foxo—Bx 1 1ne formula is

IOgFX”hr = (065 + 013) X longk2
+ (—094 + 017) X ﬁXllhr

+ (—=6.5 £ 0.25), (173)

where Fxjyr is in units of Jy. Fp is the peak energy flux in
the 64 ms time bin in the rest-frame 1-10%keV energy band
and is in units of 10 ®ergcm s~ '. The adjusted R* is 0.6052.
The number of GRBs in the sample is 23.

The log Ejs,—log Ip—log Ep, o formula is

logEiyo = (1.3 £ 0.11) x log I}y
+ (0.83 £ 0.17) x logEp, cpii + (—4.3 £ 0.3),
(174)

where E,, is in units of 1072 erg and in the rest-frame
1-10* keV energy band. Ep cp1i is in units of keV. The adjusted
R? is 0.9021. The number of GRBs in the sample is 23.
The log E}; ang,i-10g HR-log SFR formula is
log Ep Bang,i = (1.1 £ 0.14) x log HR
+ (0.11 £ 0.026) x log SFR
+ (2 £ 0.081), 175)

where Ep gand,i is in units of keV. SFR is in units of M, yrfl.

The adjusted R* is 0.6949. The number of GRBs in the sample
is 23.
The Mag-log HR-log E, ganq,i formula is

Mag = (2.7 + 2.1) x logHR + (—2.4 + 1.4)

X log Ep gand,i + (—16 £ 3.4), (176)

where Mag is in units of magnitude. Ej, gana; iS in units of keV.
The adjusted R? is 0.3913. The number of GRBs in the sample
is 23.
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The log offset—log T5p—log B4 formula is

log offset = (—0.32 + 0.044) x log T5g
+(—=0.35 £ 0.19) x log B4 + (1.1 £ 0.17),

(177)

where the host galaxy offset is in units of kpc. Tsq is in units of
s. Pps is the peak photon flux in the 1s time bin in
10-1000 keV and is in units of photons cm2s~'. The adjusted
R? is 0.4552. The number of GRBs in the sample is 23.
The log Typ—variability,—log E}, ¢p1; formula is
log Too = (3.5 £ 0.93) X variability, + (0.36 £+ 0.13)
x log Ep cpi + (0.18 &= 0.38),
(178)

where Tog is in units of' s. E, ¢, is in units of keV. The adjusted
R? is 0.3912. The number of GRBs in the sample is 23.
The log Ejs,—10g Lagio pk—Variability; formula is
log Ejso = (0.33 & 0.037) X log Lagio,pk
+ (58 £ 7.7) x variability; + (0.1 & 0.094),
(179)

where Ei, is in units of 10°° erg and in the rest-frame
1-10* keV energy band. Lyugio pk 18 in rest-frame 8.46 GHz and
in units of 10** erg s~'. The adjusted R? is 0.3608. The number
of GRBs in the sample is 24.

The Mag—(—Bgana)-10g Fopti1nr formula is

Mag = (0.48 £ 0.85) x (—Bgand)
+ (054 + 047) X ]Og FOplllhr + (—20 + 34),
(180)

where Mag is in units of magnitude. Fopin 1S in units of Jy.
The adjusted R” is 0.3541. The number of GRBs in the sample
is 24.
The log By —log F;—log Ny formula is
log By = (0.44 £ 0.016) x logF;
+ (—0.28 £+ 0.043) x log Ny

+ (0.93 £ 0.042), (181)

where Py is the peak photon flux in the 64 ms time bin in
10-1000 keV and is in units of photons cm %5~ '. F ¢ 18 in units
of 10 ®ergem 2 and in the 20-2000 keV energy band. Ny is
in units of 10! cm 2. The adjusted R* is 0.6225. The number
of GRBs in the sample is 24.
The log tpopi—log Ny—10g fours; formula is
log tokope = (0.52 £ 0.08) x log Ny
+ (0.45 £ 0.028) X log tourst.i + (1.1 £ 0.092),
(182)

where f,xop 1S in units of s. Ny is in units of 10 cm 2. Tourst.i 18
in units of s. The adjusted R* is 0.3136. The number of GRBs
in the sample is 24.

The log Fopt11n—10g SFR-10g #iyyrs,i formula is

10g Fopu1nr = (—0.28 + 0.11) x log SFR
+ (0.56 £ 0.14) x 108 fyursii + (—6.1 & 0.41),
(183)



THE ASTROPHYSICAL JOURNAL, 893:77 (90pp), 2020 April 10

where Fopiine 1S in units of Jy. SFR is in units of M, yr_l.
tourst,i 1S 1n units of s. The adjusted R? is 0.4728. The number of
GRBs in the sample is 24.
The log Fys—log(1l + z)-log Ny formula is
log Fpiz = (—1.5 £ 0.24) x log(1 + 2)
+ (—0.5 £ 0.12) x logNy + (1.3 £ 0.078),
(184)

where Fp,; is the peak energy flux in the 256 ms time bin in the

rest-frame 1-10*keV energy band and is in units of

10 ®ergem 25~ '. Ny is in units of 10*' cm™2. The adjusted
R? is 0.4391. The number of GRBs in the sample is 24.

The log SFR-log Fop1 in—log Ny formula is
log SFR = (—047 + 012) X log FOptllhr

+ (1.2 £ 0.22) x logNyg + (—2.3 £ 0.55),

(185)

where SFR is in units of M, yrfl. Fopti1ne 18 in units of Jy. Ny
is in units of 10*' cm™2. The adjusted R? is 0.5387. The number
of GRBs in the sample is 25.
The Ay-log Fy—(—ap) formula is
Ay = (1 £ 0.16) x log Fy4 + (—0.72 £ 0.2)

X (—ag) + (1.7 + 0.23), (186)

where Fp4 is the peak energy flux in the 1024 ms time bin in
the rest-frame 1-10*keV energy band and is in units of
10 %ergem 25!, The adjusted R? is 0.2497. The number of
GRBs in the sample is 25.

The Mag-log L yx—(—Bgana) formula is

Mag = (—0.68 £ 0.79) x log Ly + (0.5 £ 0.77)
X (_BBand) + (_22 + 1'8);
where Mag is in units of magnitude. Ly is in units of
10%ergs™" and in the 1-10*keV energy band. The adjusted
R? is 0.227. The number of GRBs in the sample is 25.
The log Fopt1 in—log Mass—log t,xop,i formula is
log Fopiiine = (—0.27 & 0.092) x log Mass
+ (0.43 £ 0.11) x logtmopti + (—2.9 = 0.97),
(188)

(187)

where Fop 1nr 18 in units of Jy. Mass is in units of M. fpxopy,i i
in units of s. The adjusted R* is 0.3158. The number of GRBs
in the sample is 25.

The Ay-log By3—(—ap) formula is

Ay = (1.2 £ 0.19) x log B3

+(=0.75 £ 0.2) X (—ag) + (0.74 £ 0.25), (189)

where Py is the peak photon flux in the 1024 ms time bin in
101000 keV and is in units of photons cm ™2 s~ '. The adjusted
R? is 0.2262. The number of GRBs in the sample is 25.
The log Ny—log Ty0—log Fyx, formula is
log Ny = (0.45 £ 0.057) x log Ty
+ (—0.43 £ 0.055) x log Fyip + (0.23 £ 0.099),

(190)

where Ny is in units of 10*! cm 2. Ty is in units of s. Foio is
the peak energy flux in the 64 ms time bin in the rest-frame
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1-10*keV energy band and is in units of 10 ®ergcm *s .

The adjusted R” is 0.4444. The number of GRBs in the sample
is 25.
The rest-frame spectral lag—variability;—log ¢; formula is
rest-frame spectral lag = (—54909 & 24240) x variability,
+ (1590 £ 590) x log 6;

—+ (3315 £ 906), (191)

where rest-frame spectral lag is in units of ms MeV ™. f; is in
units of rad. The adjusted R is 0.4137. The number of GRBs in
the sample is 25.
The log SFR-Ay—log Age formula is
log SFR = (0.43 + 0.16) x Ay
+ (=0.77 £ 0.11) x log Age + (2.5 + 0.33),
(192)

where SFR is in units of M., yr~'. Age is in units of Myr. The
adjusted R is 0.4286. The number of GRBs in the sample
is 26.
The log Ny—log Age—log Tgp ; formula is
log Ng = (—0.41 £ 0.071) x log Age
+ (0.41 £ 0.054) x logToo; + (1.2 £ 0.22),
(193)

where Ny is in units of 10*! cm 2. Age is in units of Myr. Ty ;
is in units of s. The adjusted R? is 0.4491. The number of GRBs
in the sample is 26.
The log Age-log E;s,—log Ny formula is
log Age = (—0.21 £ 0.062) x log Ejs
+ (—0.51 £ 0.16) x logNyg + (3.1 = 0.094),
(194)

where Age is in units of Myr. Ej, is in units of 10°* erg and in

the rest-frame 1-10*keV energy band. Ny is in units of

10! cm 2. The adjusted R? is 0.3666. The number of GRBs in

the sample is 26.

The log Age—log(1 + z)-log Ny formula is
log Age =(—2.7 + 0.58) x log(1 + z)
+ (—0.41 £ 0.17) x logNy + (3.8 £ 0.11),

(195)

where Age is in units of Myr. Ny is in units of 10*' cm ™2 The
adjusted R* is 0.5434. The number of GRBs in the sample
is 26.

The log Ty i—Ox11n—1og offset formula is

log 790, = (0.6 £ 0.17) X Bxiine

+ (—0.55 £ 0.16) x log offset 4+ (1.6 &+ 0.31),
(196)

where Tq; is in units of s. The host galaxy offset is in units of
kpc. The adjusted R is 0.4588. The number of GRBs in the

sample is 27.
The log T50-log Fy—log offset formula is

log Tso = (0.56 & 0.067) x logF, + (—0.49 £ 0.15)
x log offset + (0.29 £ 0.14),
(197)
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where T is in units of s. Fy is in units of 10°° erg cm 2 and in
the 20-2000 keV energy band. The host galaxy offset is in
units of kpc. The adjusted R” is 0.5799. The number of GRBs
in the sample is 27.

The 10g Fopmhr—log I‘;)kz—AV formula is

IOgFOptllhr = (063 + 02) X IOgE;)kZ
+ (=04 £0.2) x Ay + (—4.9 £ 0.2),
(198)

where Fopi1py 18 in units of Jy. Fyy, is the peak energy flux in
the 64 ms time bin in the rest-frame 1-10*keV energy band
and is in units of 10 ®ergcm 2s~". The adjusted R? is 0.406.
The number of GRBs in the sample is 27.

The log Fy—log Fx1in—log Age formula is

log F = (0.72 =+ 0.073) X log Fx1ine
+(—0.43 £ 0.098) x log Age + (7.1 & 0.57),
(199)

where F, is in units of 10"®ergcm ™ and in the 20-2000 keV
energy band. Fxjy, is in units of Jy. Age is in units of Myr.
The adjusted R? is 0.6765. The number of GRBs in the sample
is 27.

The Mag-log L —log SFR formula is

Mag = (—0.54 £ 0.38) x log Lk
+ (—1.5 £ 0.56) x log SFR + (—20 £ 0.71),
(200)

where Mag is in units of magnitude. L, is in units of
107 erg s and in the 1-10* keV energy band. SFR is in units
of M, yr'. The adjusted R* is 0.837. The number of GRBs in
the sample is 27.

The log Fopti in—metallicity—log Age formula is

log Foptiinr = (—1.3 = 0.42) x metallicity
+ (0.55 £ 0.17) x log Age + (4.9 + 3.7),
(201)

where Fopi1ne 18 in units of Jy. The metallicity is the value of
12 + log O/H. Age is in units of Myr. The adjusted R is
0.471. The number of GRBs in the sample is 27.

The log Mass—log offset—log Age formula is

log Mass = (0.42 £ 0.15) x log offset
+ (0.69 £ 0.15) x log Age + (7.9 £ 0.37),
(202)

where Mass is in units of M. The host galaxy offset is in units
of kpc. Age is in units of Myr. The adjusted R* is 0.6363. The
number of GRBs in the sample is 27.

The log SFR-log Age-log Mass formula is

log SFR = (—0.49 + 0.092) x log Age
+ (0.8 £ 0.092) x log Mass + (—5.6 & 0.98),
(203)

where SFR is in units of M, yr~'. Age is in units of M. The
adjusted R* is 0.6711. The number of GRBs in the sample
is 28.
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The log Too—0x11n—log offset formula is

10g Tgo = (—062 + 018) X /BXllhr
+ (—0.62 £ 0.17) x log offset 4+ (2 £+ 0.32),
(204)

where Ty is in units of s. The host galaxy offset is in units of
kpc. The adjusted R? is 0.5046. The number of GRBs in the
sample is 28.

The log Mass—log E, pang—log SFR formula is

log Mass = (0.45 = 0.1) X log Ep pand
+ (0.61 £ 0.064) x log SFR + (8.2 + 0.21),
(205)

where Mass is in units of M. E;, ganq is in units of keV. SFR is
in units of M., yr~'. The adjusted R* is 0.5525. The number of
GRBs in the sample is 28.

The log Fopt1 1nr—10g Fyo—Bx11ne formula is

IOg FOptllhr = (067 + 018) X IOg Fbkz
+ (=041 £0.21) X Bxiinr + (=5 £ 0.3),
(206)

where Fopi1nr 1S in units of Jy. Fpy, is the peak energy flux in
the 64 ms time bin in the rest-frame 1-10*keV energy band
and is in units of 10 ®ergcm ?s~". The adjusted R? is 0.4429.
The number of GRBs in the sample is 28.

The log Fe—log In—log Fxine formula is

log F; = (0.51 & 0.05) x log Iy + (0.37 &= 0.056)

x log Fxiinr + (2.5 £ 0.43), (207)

where F, is in units of 10 ®ergem™ > and in the 20-2000 keV
energy band. Fxyp, i in units of Jy. The adjusted R*is 0.2285.
The number of GRBs in the sample is 28.

The log Mass—log B —log Age formula is

log Mass = (—0.55 &= 0.1) x log By

+ (0.52 £ 0.096) x log Age + (9.2 & 0.25),
(208)

where Mass is in units of M. Py, is the peak photon flux in
the 64ms time bin in 10-1000keV and is in units of
photonscm *s~'. Age is in units of Myr. The adjusted R” is
0.3665. The number of GRBs in the sample is 28.

The log HR—(—apana)-10g Fagio,pk formula is

log HR = (—0.51 £ 0.087) X (—aBand)

+(0.29 £ 0.07) x log Fagiopk + (2.1 £ 0.28),
(209)

where Fagio pk 1S in units of Jy. The adjusted R? is 0.4247. The
number of GRBs in the sample is 29.
The log Mass—(— ganq)—metallicity formula is

log Mass = (—0.24 £ 0.18) X (—Opand)

+ (0.89 + 0.26) x metallicity + (2.3 & 2.3),
(210)

where Mass is in units of M. The metallicity is the value of
12 + log O/H. The adjusted R* is 0.2659. The number of
GRBs in the sample is 29.
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The spectral lag—log Fyo—log Trys i formula is

spectral lag = (—4955 & 1139) x log Fy»
+ (4402 £ 716) x log Trasi + (4946 + 784),
(211)

where the spectral time lag is in units of ms MeV ™. F,, is the
peak energy flux in the 64 ms time bin in the rest-frame
1-10*keV energy band and is in units of 10 ®ergem *s™ .
TRras,; 18 in units of s. The adjusted R? is 0.2428. The number of
GRBs in the sample is 29.

The log Fop1 in—log Fya—log T5o; formula is

IOg FOplllhr = (069 + 014) X IOg Fpk3
+(0.49 &£ 0.15) x logTs0; + (—5.4 &£ 0.15),
(212)

where Fopiinr 1S in units of Jy. Fp; is the peak energy flux in
the 256 ms time bin in the rest-frame 1-10*keV energy band
and is in units of 107° erg em 2s L Tsp; is in units of s. The
adjusted R* is 0.3968. The number of GRBs in the sample
is 29.

The log Mass—metallicity—log E}, pang,; formula is

log Mass = (0.82 £ 0.22) x metallicity
+ (0.55 £ 0.1) x log Ep pana,i + (1.1 £ 1.9),
(213)

where Mass is in units of M. The metallicity is the value of
12 + log O/H. E, gana,i is in units of keV. The adjusted R* is
0.2796. The number of GRBs in the sample is 29.

The log Fopti in—log Fyo—log 150 ; formula is

logFOptllhr = (061 + 015) X logﬂ,kz
+ (0.5 £ 0.15) x log Ts;

+ (—=5.8 £ 0.23), (214)

where Fopin i in units of Jy. Py is the peak photon flux in
the 256 ms time bin in 10-1000keV and is in units of
photonscm 2 s~ . Tso; is in units of s. The adjusted R* is
0.2895. The number of GRBs in the sample is 29.

The Mag-log D1 —(—gang) formula is

Mag=(—1.4 £ 1.1) x logDr,
+(0.38 £ 0.69) X (—Ppana) + (—21 £ 1.9),
(215)

where Mag is in units of magnitude. Dy is in units of 10*® cm.
The adjusted R is 0.2703. The number of GRBs in the sample
is 30.

The log tpkopt,i—10g Ep,cpi—10g Fopti1nr formula is

lOg Ipkopt,i = (—0.66 & 0.15) x log Ep,cpl
+(0.32 £ 0.1) x log Fopuin + (4.9 £ 0.52),
(216)

where fpopei 18 in units of s. £, ¢, is in units of keV. Fopjinr is
in units of Jy. The adjusted R* is 0.3993. The number of GRBs

in the sample is 30.
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The Mag-log To0—(— Ggana) formula is

Mag = (—1.3 £ 0.95) x log Ty
+ (0.48 £ 0.67) X (—Ppana) + (=20 £ 2.4),
(217)

where Mag is in units of magnitude. Ty is in units of s. The
adjusted R is 0.3291. The number of GRBs in the sample
is 30.
The log Iy-log O-log Tsy; formula is
log Iy = (—0.45 £ 0.077) x log 0; 4+ (—0.35 £ 0.031)
X ]Og TSO,i + (2 + 0]2),
(218)

where 0; is in units of rad. Tsq; is in units of s. The adjusted R?
is 0.2545. The number of GRBs in the sample is 30.
The log Bys—log(1 + z)-log tyxop: formula is
log Py3 = (—2.6 & 0.047) x log(1 + z) + (=0.45 £ 0.017)
x log tpkope + (3.1 &= 0.039),
(219)

where Py 3 is the peak photon flux in the 1024 ms time bin in
10-1000 keV and is in units of photonscm s~ fpkopt 18 in
units of s. The adjusted R* is 0.5827. The number of GRBs in
the sample is 30.

The Mag-log(1 + z)—(—fpana) formula is

Mag = (—3.4 £+ 2.3) x log(l + z)
4+ (0.36 £ 0.69) x (—fBana) + (—20 *+ 2.1),
(220)

where Mag is in units of magnitude. The adjusted R? is 0.3315.
The number of GRBs in the sample is 30.
The log Lyx—10g Liagio,pk—10g Ep Band formula is
log Lk = (0.36 &= 0.048) x 10g Ladio,pk
+ (1.2 £ 0.13) x log Ep pana + (—2.9 £ 0.25),
(221)

where Ly is in units of 10°%ergs™ "' and in the 1-10*keV
energy band. Ly,giopk i in rest-frame 8.46 GHz and in units of
10¥ergs . Ep Bana 18 in units of keV. The adjusted R? is
0.5213. The number of GRBs in the sample is 30.

The log Mass—log L ,dio,pk—10g SSFR formula is

log Mass = (0.36 £ 0.07) X log L agio,pk
4+ (—0.52 £+ 0.18) x log SSFR

+ (9 £ 0.086), (222)

where Mass is in units of M. Lygiopk 1S in rest-frame
8.46 GHz and in units of 10**ergs™". log SSFR is in units of
Gyr~'. The adjusted R? is 0.3256. The number of GRBs in the
sample is 30.
The log(1 + z)-log I)-log Ny formula is
log(1 + z) = (0.25 £ 0.016) x log I
+ (0.13 £ 0.021) x log Ny + (—0.2 £ 0.036),
(223)

where Ny is in units of 10*' cm 2. The adjusted R? is 0.481.
The number of GRBs in the sample is 31.
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The Mag-log SSFR-log Mass formula is

Mag = (—0.95 + 0.76) x log SSFR + (—1.9 4+ 0.47)
x log Mass + (—2.2 £ 4.5),
(224)

where Mag is in units of magnitude. log SSFR is in units of
Gyr™'. Mass is in units of M,,. The adjusted R” is 0.8329. The
number of GRBs in the sample is 31.
The log tpopt,i—10g Fopti in—log N formula is
IOg Ipkopt,i = (0.51 £ 0.095) x IOg FOplllhr
+ (0.38 £ 0.11) x logNy + (4.2 £ 0.43),
(225)

where f5copi 18 in units of s. Fop 1h 1S in units of Jy. Ny is in
units of 10*' cm™2. The adjusted R” is 0.4855. The number of
GRBs in the sample is 32.
The log SFR-log Ny—log Mass formula is
log SFR = (0.58 4+ 0.16) x log Ny + (0.66 £+ 0.11)
x log Mass + (—5.9 £ 0.98), (226)

where SFR is in units of M., yr~'. Ny is in units of 10*' cm™2.

Mass is in units of M. The adjusted R* is 0.6262. The number
of GRBs in the sample is 32.
The log Ly —log Bys—log Fgio,px formula is
log Ly = (0.8 £ 0.089) x log B4 + (—1.3 £ 0.097)
x log Fradiopk + (—5.4 £ 0.38),
(227)

where Ly is in units of 10%ergs ' and in the 1-10%keV
energy band. Py, is the peak photon flux in the 1 s time bin in
10-1000 keV and is in units of photons cm s L Fragio,pk 18 in
units of Jy. The adjusted R* is 0.2764. The number of GRBs in
the sample is 32.

The (—apang)—Vvariabilitys—Ay formula is

(—Oang) = (—15 =+ 6.8) x variability; + (—0.13 % 0.068)
x Ay + (1.3 £ 0.097), (228)

and the adjusted R® is 0.2283. The number of GRBs in the
sample is 32.

The rest-frame spectral lag—log L agio,pk—10g fragio,pk formula
is

rest-frame spectral lag = (—1029 & 290) X log Liagio,pk

+ (1663 £ 355) x log fragiopk + (—7091 £ 1663),
(229)

where the rest-frame spectral lag is in units of ms MeV .
Liyagio pk 18 in rest-frame 8.46 GHz and in units of 10%° erg s L
Tradio,pk 18 in units of s. The adjusted R? is 0.4842. The number
of GRBs in the sample is 32.

The 10g L adio,pk—Av—10g Ep Bang,i formula is

log Lagiopk = (—0.31 £ 0.083) x Ay + (0.72 £ 0.056)
x log Ep pana,i + (0.11 £ 0.17),
(230)
where Lyagiopx 18 in rest-frame 8.46 GHz and in units of

10% erg s L Ey Bang,i 18 in units of keV. The adjusted R? is
0.4928. The number of GRBs in the sample is 32.
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The log HR-log E, .,;—log Age formula is
log HR = (0.79 & 0.18) X log Ep ¢pi

4+ (—0.15 £ 0.07) x log Age + (—1 £ 0.54),
(231)

where E, ., is in units of keV. Age is in units of Myr. The
adjusted R~ is 0.9192. The number of GRBs in the sample
is 33.
The 10g FOptllhr_log HR—IOg %kZ formula is
log Foptiine = (0.65 = 0.21) x log HR
+ (0.66 £ 0.15) x log Bk + (—5.9 £ 0.2),
(232)

where Fop1ne 18 in units of Jy. Py, is the peak photon flux in
the 256ms time bin in 10-1000keV and is in units of
photons cm s~ '. The adjusted R? is 0.2795. The number of
GRBs in the sample is 33.
The Mag—log SFR-log Mass formula is
Mag = (—0.85 + 0.66) x log SFR + (—1.3 + 0.73)
x log Mass + (—7.4 £ 6.5),

(233)
where Mag is in units of magnitude. SFR is in units of
M, yr~'. Mass is in units of M.. The adjusted R* is 0.8705.
The number of GRBs in the sample is 33.

The log L agio,pk—Av—log Mass formula is
log Lragio,pk = (—0.24 = 0.066) x Ay
+ (0.5 + 0.088) x log Mass + (—3.1 £+ 0.82)

(234)
where Lyagiopk 1S in rest-frame 8.46 GHz and in units of
10* erg s—'. Mass is in units of M. The adjusted R? is 0.2234.
The number of GRBs in the sample is 34.

The log Lyx—Bx 110108 fpropt,i formula is
log Lok = (—0.39 £ 0.1) X Bxiine + (—0.46 £ 0.05)
x log Ipkopt,i 1 (1.7 £ 0.13),

(235)
where Ly is in units of 10%ergs "' and in the 1-10%keV
energy band. #,copi 18 in units of s. The adjusted R?is 0.2613.
The number of GRBs in the sample is 34.

The log Age-log Ej,—(—arp) formula is
log Age = (—0.27 £ 0.047) x logEis,
+ (048 £ 0.18) X (—ap) + (2.1 £ 0.19),

(236)
where Age is in units of Myr. Ej, is in units of 10°* erg and in
the rest-frame 1-10*keV energy band. The adjusted R? is
0.4063. The number of GRBs in the sample is 34.

The log By i—log Lyx—log Fopi1ne formula is
log By1 = (0.22 £ 0.028) x log Ly + (0.21 £ 0.049)
X ]Og FOptllhr + (22 + 024),

(237)

where Py is the peak photon flux in the 64 ms time bin in

10-1000 keV and is in units of photonscm 2s™'. Ly is in
units of 10°%ergs™' and in the 1-10*keV energy band.
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Fopuine is in units of Jy. The adjusted R* is 0.4753. The
number of GRBs in the sample is 34.
The log Fe—variabilitys—log T59; formula is

log F = (59 = 13) x variability, 4 (0.45 + 0.053)

x log Ts0; + (0.16 £ 0.11), (238)

where F is in units of 10 %ergcm ™2 and in the 20-2000 keV
energy band. Tsp; is in units of s. The adjusted R?is 0.388. The
number of GRBs in the sample is 34.
The log Age-log Dy —log E;, ;) formula is
log Age =(—0.83 + 0.14) x log Dy,
+(=0.5 £ 0.18) x log Ep o1 + (3.9 £ 0.43),
(239)

where Age is in units of Myr. Dy is in units of 10%% cm. Epcp1is

in units ofkeV. The adjusted R* is 0.4641. The number of
GRBs in the sample is 35.
The rest-frame spectral lag—log D1 —log SFR formula is

rest-frame spectral lag = (—9353 + 1291) x log Dy,
+ (2618 + 725) x log SFR
+ (2406 + 525),
(240)

where rest-frame spectral lag is in units of ms MeV ™', Dy is in
units of 10?® cm. SFR is in units of M, yr~'. The adjusted R? is
0.384. The number of GRBs in the sample is 35.

The log SFR-log Eis,—log Ny formula is

log SFR = (0.35 £+ 0.052) x log Ejs

+ (0.83 £ 0.094) x log Ny + (—0.033 £ 0.088).
(241)

where SFR is in units of M. yr '. E, is in units of 10°*erg
and in the rest-frame 1-10" keV energy band. Ny is in units of
10*! cm 2. The adjusted R” is 0.4156. The number of GRBs in
the sample is 35.

The Mag-log Fopi11n—10g Ep cpl,; formula is
Mag = (089 + 041) X log FOptllhr
+ (=12 £ 0.83) x log Ep cpli + (—13 £ 2.7),
(242)

where Mag is in units of magnitude. Fopn 1S in units of Jy.
E,p; is in units ofkeV. The adjusted R* is 0.4763. The
number of GRBs in the sample is 35.
The (—acp)-log Too—log Age formula is
(—aep)) = (0.15 £ 0.045) x logToo
+ (0.2 + 0.083) x log Age + (0.35 + 0.2),
(243)

where Tq is in units of s. Age is in units of Myr. The adjusted
R? is 0.2569. The number of GRBs in the sample is 35.
The Mag-log i-log Mass formula is

Mag = (0.61 £ 0.76) x log 6,
4+ (—1.8 £ 0.5) x log Mass + (—2.7 £ 4.7),
(244)
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where Mag is in units of magnitude. 6; is in units of rad. Mass
is in units of M.. The adjusted R* is 0.878. The number of
GRBs in the sample is 35.
The log Age-log(1 + z)-log E}, ¢, formula is
log Age = (—2 + 0.63) x log(1l 4+ z) + (—0.6 £+ 0.19)
X log Ep cpt + (4.6 & 0.44),
(245)

where Age is in units of Myr. E, ., is in units ofkeV. The
adjusted R” is 0.4777. The number of GRBs in the sample
is 35.
The log Age-log(1 + z)«—ap) formula is
log Age = (—2.2 4+ 0.64) x log(1 + z) + (0.45 £+ 0.2)
X (—aep) + (2.8 £0.28),
(246)

where Age is in units of Myr. The adjusted R* is 0.4567. The
number of GRBs in the sample is 35.

The log SFR-log Dy —log Ny formula is

log SFR = (1.3 £ 0.12) x logDy + (0.7 &+ 0.083)

x log Ny + (—0.061 £ 0.081), (247)

where SFR is in units of M, yr—'. Dy_is in units of 10*® cm. Ny
is in units of 10*' cm 2. The adjusted R? is 0.6648. The number
of GRBs in the sample is 36.

The log Ip—log Fe—log Fopi1ne formula is

log Iy = (0.26 £ 0.028) x logF; + (—0.21 £ 0.06)

x log FOplllhr + (0.94 £ 0.27), (248)

where F is in units of 10 %ergcm 2 and in the 20-2000 keV
energy band. Fopipe is in units of Jy. The adjusted R? is
0.3764. The number of GRBs in the sample is 36.
The 10g Fo—log ﬁ,kl—log FOptl 1hr formula is
log Iy = (0.2 & 0.027) x log Fyx1 + (—0.2 £ 0.063)
X logFOptllhr + (13 + 029),
(249)

where Fpy, is the peak energy flux in the 1s time bin in the
rest-frame 1-10*keV energy band and is in units of
107 erg cem s L Fopinr s in units of Jy. The adjusted R?
is 0.3141. The number of GRBs in the sample is 36.

The log E}, Bang—Variabilitys—log Tog ; formula is

108 Ep pana = (23 & 5) X variability; + (0.2 + 0.046)

x log Too; + (1.7 + 0.085),
(250)

where Ep gang is in units ofkeV. Tog; is in units of s. The
adjusted R? is 0.287. The number of GRBs in the sample is 36.
The log SFR-log(1 + z)-log Ny formula is

log SFR = (4.1 & 0.42) x log(1 + z) + (0.73 % 0.082)
x log N + (—1.1 + 0.12),
251)

where SFR is in units of M., yr~'. Ny is in units of 10*' cm™2.

The adjusted R? is 0.6871. The number of GRBs in the sample
is 36.
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The log E, Band,i—10g L radio,pk—10g 159 formula is

long,Band,i = (032 + 0023) X 10g Lradio,pk
+ (0.37 £ 0.036) x logTyy + (1.4 £+ 0.072),
(252)

where Eppanai is in units ofkeV. Lygiopk is in rest-frame
8.46 GHz and in units of 10*° erg s 1. Top is in units of s. The
adjusted R* is 0.4479. The number of GRBs in the sample
is 36.
The log Ejs,—10g Liagio,pk—10g Ep Band formula is
log Eiso = (0.43 & 0.039) X log Lragiopk + (1.3 £ 0.11)
x log Ep gana + (—2.5 £ 0.21),
(253)

where FEj, is in units of 1072 erg and in the rest-frame
1-10*keV energy band. Ly,gio pk s in rest-frame 8.46 GHz and
in units of 10*° erg s L. E; Bana 18 in units of keV. The adjusted
R? is 0.6844. The number of GRBs in the sample is 36.
The Mag-Ay—log E i formula is
Mag = (—0.59 + 0.45) x Ay + (—1.1 £ 0.81)

x 10g Epepli + (—18 +2.2), (254)

where Mag is in units of magnitude. E, ., ; is in units of keV.
The adjusted R? is 0.2498. The number of GRBs in the sample
is 37.
The log Fg—log E}, ana—10g fragio,pk formula is
log Fy = (1.3 &£ 0.12) x log EpBana + (—0.54 £ 0.091)
X log tradio,pk + (1.7 £ 0.67),
(255)

where F is in units of 10 %ergcm 2 and in the 20-2000 keV
energy band. E, gang is in units of kKeV. #,4i0,pk 18 in units of s.
The adjusted R~ is 0.404. The number of GRBs in the sample
is 37.
The log Fopmhr—log Fradio,pk—log TR4571 formula is
log Foptiinr = (0.84 £ 0.14) X log Fagio,px + (0.48 £ 0.16)
x log Trasi + (—1.6 = 0.51), (256)

where Fopi1nr 18 in units of Jy. Fragiopk 18 in units of Jy. Tras ;
is in units of s. The adjusted R is 0.4266. The number of GRBs
in the sample is 37.
The log Fadio,pk—10g HR—log 759 ; formula is
log Fragio,pk = (0.34 £ 0.05) x log HR
+ (0.18 &£ 0.023) x log T50; + (—3.9 £ 0.029),
(257)
where Flagiopk 1 in units of Jy. Tso; is in units of s. The
adjusted R? is 0.255. The number of GRBs in the sample is 37.
The log Ly—variability—(—ogana) formula is
log Ly = (4.3 & 2.3) x variability, + (—=0.95 & 0.51)
X (—apag) + (1.1 £ 0.54),
(258)
where Ly is in units of 10%ergs™" and in the 1-10*keV

energy band. The adjusted R? is 0.2743. The number of GRBs
in the sample is 37.
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The log Fys—log E, ¢p—10g fyrg formula is

log Fyxs = (0.35 £ 0.12) x log Ep ey + (—0.25 £ 0.035)
X log tburst + (—023 + 027),
(259)

where Fp,3 is the peak energy flux in the 256 ms time bin in the
rest-frame 1-10*keV energy band and is in units of

10°° erg cem 2s L E,, cpi is in units of keV. fyyr 1S in units of

s. The adjusted R* is 0.2004. The number of GRBs in the
sample is 38.
The log Typ—log Fy—-log offset formula is
log Too = (0.65 £ 0.039) x log Fy + (—0.39 £ 0.094)
x log offset 4+ (0.47 £ 0.082),
(260)

where Ty is in units of s. Fy is in units of 10 ®ergcm 2 and in
the 20-2000 keV energy band. Host galaxy offset is in units of
kpc. The adjusted R” is 0.6172. The number of GRBs in the
sample is 38.
The log(1 + z)-log Fys—log Fagio pk formula is
log(1 + z) =(—=0.11 £ 0.019) x log P4 + (—0.24 £ 0.031)
x log Fagiopk + (—0.33 £ 0.12), (261)

where P4 is the peak photon flux in the 1s time bin in
10-1000 keV and is in units of photons em s L Fragiopk 18 in
units of Jy. The adjusted R is 0.3862. The number of GRBs in
the sample is 38.

The log By —variability ;—(—a.p) formula is

log By = (—1.7 & 0.91) x variability, + (0.57 £ 0.074)

X (—agp) + (0.54 £ 0.09),
(262)

where Py is the peak photon flux in the 64 ms time bin in
10-1000 keV and is in units of photons cm ™ %s~'. The adjusted
R? is 0.4813. The number of GRBs in the sample is 38.
The log L x—variability,~(—apana) formula is
log Lok = (4.9 £ 1.3) X variability, 4+ (—0.59 £ 0.38)
X (_aBand) + (019 + 048),

(263)
where Ly is in units of 10%ergs ' and in the 1-10%keV
energy band. The adjusted R” is 0.2358. The number of GRBs
in the sample is 38.

The log Ly —variabilitys—log ¢; formula is
log Ly = (47 £ 6.9) x variability; + (=0.97 £ 0.12)
x log 6 + (—1.3 £ 0.17),

(264)
where Ly is in units of 102ergs™ "' and in the 1-10%keV
energy band. 6, is in units of rad. The adjusted R is 0.3097.

The number of GRBs in the sample is 38.
The log L adio,pk—log T50—log Ly formula is

108 Liagiopk = (0.44 + 0.038) x log T
+(0.61 + 0.029) x log Ly + (1.2 + 0.052),
(265)
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where Lyagiopx 1 in rest-frame 8.46 GHz and in units of
10% erg s~!. Tso is in units of s. Ly is in units of 10°2 erg s !
and in the 1-10*keV energy band. The adjusted R* is 0.6609.
The number of GRBs in the sample is 38.

The log tpkop—log HR-log I formula is

10g fykopt = (—0.28 + 0.045) x log HR
+ (=12 £ 0.047) x log Iy + (5.3 £ 0.11),
(266)

where fpkop 18 in units of s. The adjusted R? is 0.4806. The
number of GRBs in the sample is 39.
The log Byu—log tyurs—10g tpiop: formula is

108 Bys = (—0.21 % 0.017) X 108 fpurt
+ (—0.34 £ 0.035) x log fpxopt + (2.1 £ 0.09),
(267)

where P4 is the peak photon flux in the Is time bin in
10-1000 keV and is in units of photons cem 2s L. tourst 1S 1N
units of s. #,xop 1S in units of s. The adjusted R?is 0.3097. The
number of GRBs in the sample is 39.

The log Fxin—Vvariability,—log Fop11p, formula is

log Fx1inr = (2.2 £ 0.58) x variability, + (0.3 4= 0.097)
x log Fopiine + (—6.3 £ 0.51),
(268)

where Fxjp, i in units of Jy. Fopipe i in units of Jy. The
adjusted R* is 0.3125. The number of GRBs in the sample
is 39.

The log F;—Bx11n—l0og Age formula is

logF; = (—0.54 £ 0.16) x Bxiin + (—0.53 £ 0.12)
x log Age + (2.7 £ 0.34),
(269)

where F, is in units of 10 ®ergcm™ > and in the 20-2000 keV
energy band. Age is in units of Myr. The adjusted R* is 0.4175.
The number of GRBs in the sample is 40.

The log Fopt1 in—10g Fyo—log Tog i formula is

log FOptllhr = (065 + 014) X 10g E;)kZ
+ (043 £ 0.11) x logTo; + (—5.6 + 0.13),
(270)

where Fopiinr 1S in units of Jy. Fp; is the peak energy flux in
the 64 ms time bin in the rest-frame 1-10%keV energy band
and is in units of 107° erg em Zs L Ty is in units of s. The
adjusted R* is 0.5628. The number of GRBs in the sample
is 40.

The log Age-log HR—(x1 11, formula is

log Age = (—0.63 + 0.14) x log HR + (0.25 + 0.11)
X Bxiine + (2.4 £0.2),
271)

where Age is in units of Myr. The adjusted R? is 0.231. The
number of GRBs in the sample is 40.
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The log Dy —log 0/-log Age formula is
log Dy = (—0.46 £ 0.074) x log 6; + (—0.31 £ 0.052)

x log Age + (0.44 £ 0.21),
(272)

where Dy is in units of 10%® cm. 0; is in units of rad. Age is in
units of Myr. The adjusted R” is 0.3565. The number of GRBs
in the sample is 40.

The log Fopi11n—log 9j—10g Iokope formula is

log Foptiihe = (0.45 £ 0.19) x log Hj + (0.32 £ 0.1)

X 10g tyxopt + (—4.8 £ 0.37), (273)

where Fop1p 18 in units of Jy. 6; is in units of rad. #,op is in
units of s. The adjusted R* is 0.2278. The number of GRBs in
the sample is 40.
The log E}, ¢p1,i—log F;-log SFR formula is
log Ep cp1i = (0.39 £ 0.043) x log Fy + (0.12 £ 0.032)
x log SFR + (2.1 + 0.052),
(274)

where Ej, . is in units of keV. Fy is in units of 10°° erg cm 2

and in the 20-2000keV energy band. SFR is in units of
M., yr~'. The adjusted R* is 0.4204. The number of GRBs in
the sample is 41.
The log Fe—log Fopiin—metallicity formula is
log F; = (0.27 & 0.066) x log Fopiiinr
+ (—0.64 £ 0.25) x metallicity + (7.4 £+ 1.9),
(275)

where F, is in units of 10 ®ergem™ > and in the 20-2000 keV
energy band. Fopuipe i in units of Jy. The metallicity is the
value of 12 + log O/H. The adjusted R” is 0.242. The number
of GRBs in the sample is 41.
The log Ip—log Bys—Ay formula is
log Iy = (0.29 & 0.03) x log B4 + (—0.26 & 0.13)
X Ay + (2.1 £ 0.042),

(276)
where P, is the peak photon flux in the 1s time bin in
10-1000 keV and is in units of photons cm 2 s~". The adjusted
R? is 0.2218. The number of GRBs in the sample is 41.

The log tpiopt,i—log Tras—log Ep, ¢pi formula is
log tpkopti = (0.67 £ 0.053) x log Tras + (—0.61 £ 0.12)
x log Ep cp1 + (2.7 £ 0.25),

(277)
where f,xopei 18 in units of s. Tgrys is in units of s. E, p is in
units of keV. The adjusted R? is 0.3051. The number of GRBs
in the sample is 41.

The log SFR-Ay—log tyuti formula is
log SFR = (0.26 + 0.079) x Ay + (—0.46 + 0.077)
x log tpursti + (1.7 £ 0.25),

(278)

where SFR is in units of M, yrfl. toursti 1S 1n units of s. The

adjusted R® is 0.2794. The number of GRBs in the sample
is 42.
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The log Ly —log F;—log Iy formula is

log Ly = (0.34 & 0.057) x logFy + (2 &= 0.07)

x log Iy + (—4.8 = 0.14), (279)

where L is in units of 10%ergs ' and in the 1-10%keV
energy band. F, is in units of 10 %ergem ™2 and in the
20-2000keV energy band. The adjusted R” is 0.6858. The
number of GRBs in the sample is 42.

The log E}, cp1,i—log Fy—log SFR formula is

108 Ep.cpii = (0.25 + 0.036) x log Fyyy + (0.13 + 0.032)
x log SFR + (2.4 & 0.038),
(280)

where E,, .1 18 in units of keV. Fp, is the peak energy flux in
the 1 s time bin in the rest-frame 1-10* keV energy band and is
in units of 10 %ergcm %5~ '. The SFR is in units of M yr '
The adjusted R? is 0.3181. The number of GRBs in the sample
is 42.

The log SFR—log Lyx—log Fopii1ne formula is
log SFR = (0.3 4 0.053) x log L

+ (—0.33 £ 0.08) x log Fopuinr + (—0.88 =+ 0.4),
281)

where the SFR is in units of M. yr '. Ly is in units of
10°? erg s~ ! and in the 1-10*keV energy band. Fopine i in
units of Jy. The adjusted R* is 0.3027. The number of GRBs in
the sample is 42.
The (—Bgana)-log F;—log Ny formula is
(—BBana) = (0.21 £ 0.087) x log Fy + (—0.22 & 0.15)
x logNg + (2.2 £ 0.2),
(282)

where Fj is in units of 10 ®ergcm ™2 and in the 20-2000 keV
energy band. Ny is in units of 10*' cm™2. The adjusted R? is
0.2912. The number of GRBs in the sample is 43.

The log Fopt1 1n—10g Fx11n—10g fpkopt,i formula is

10g Foptihr = (0.25 = 0.1) x log Fx1nr + (0.49 + 0.096)

x log fpkopti T (=3.9 £ 0.77),
(283)

where Fop 1hr 18 in units of Jy. Fx;jp, is in units of Jy. fpxopyi is
in units of s. The adjusted R* is 0.3049. The number of GRBs

in the sample is 43.
The Mag-log Ejs,—log Ny formula is

Mag = (—1.1 £ 0.34) x logEjo + (—1.5 & 0.61)

x logNyg + (=19 £ 0.6), (284)

where Mag is in units of magnitude. Eq, is in units of 10°* erg
and in the rest-frame 1-10* keV energy band. Ny is in units of
10" cm 2. The adjusted R? is 0.4373. The number of GRBs in

the sample is 44.
The Mag-log Fopi11h—10g fhurst,i formula is

Mag = (0.39 + 0.39) x log Fopuine + (1.4 + 0.57)

X log Tourst,i + (_22 + 29)’ (285)
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where Mag is in units of magnitude. Fopn is in units of Jy.
tourst,i 1S 1n units of s. The adjusted R? is 0.4612. The number of
GRBs in the sample is 44.
The Mag-log Mass—log E, .p,1; formula is
Mag = (—1.9 £ 0.45) x log Mass + (—0.37 £ 0.76)
X log Epcpli + (—2.1 £ 4.4),
(286)

where Mag is in units of magnitude. Mass is in units of M,
E, cp14is in units of keV. The adjusted R? is 0.8675. The number
of GRBs in the sample is 44.
The log E;, gana,i—log 6i—log Mass formula is
log Ep, Bana,i = (—0.55 £ 0.088) x log 6,
+ (0.19 £ 0.045) x log Mass + (0.06 £ 0.45),
(287)

where Ej ana,i 1S in units of keV. 6; is in units of rad. Mass is in
units of M. The adjusted R” is 0.2478. The number of GRBs
in the sample is 44.
The log Iy-log(1 + z)-log B4 formula is
log Iy = (1.7 £ 0.086) x log(1 + z) + (0.4 £ 0.022)
X IOgPpk4 + (12 + 004),
(288)

where P4 is the peak photon flux in the 1s time bin in
10-1000 keV and is in units of photons cm™~2s~". The adjusted
R? is 0.6095. The number of GRBs in the sample is 44.

The Mag—log(1 + z)-log Ny formula is

Mag = (—5.3 £ 1.9) x log(1 + 2) + (—1.2 + 0.6)

x logNg + (=18 £ 0.9), (289)

where Mag is in units of magnitude. Ny is in units of
10?! cm 2. The adjusted R? is 0.4667. The number of GRBs in
the sample is 44.
The log Ejso—log Ep ¢p1,i—10g tpkopt,i formula is
log Eiso = (0.9 £ 0.11) X log E}, cpi + (—0.44 £ 0.056)
x log tpkopt,i + (—0.66 + 0.37),
(290)

where E., is in units of 10°2 erg and in the rest-frame

1-10* keV energy band. E; . is in units of keV. 5 op; IS in

units of s. The adjusted R? is 0.6507. The number of GRBs in
the sample is 45.
The log tpopi—log Ba—log Ep, o formula is
10g fpkopt = (—0.63 + 0.046) x ]Og f})k4
+ (=043 £0.11) x logEp ¢ + (3.8 = 0.24),
(291)
where #,op; 1S in units of s. P4 is the peak photon flux in the
Is time bin in 10-1000keV and 1is in units of
photons cm s~ E, cp1 is in units of keV. The adjusted R? is
0.3112. The number of GRBs in the sample is 45.
The log Dy —log TSO,i_log Tradio, pk,i formula is
log Dy = (—0.27 £ 0.0097) x log Ts0; + (—0.51 &+ 0.02)
% 10g tradio,pk,i + (3.5 £ 0.11),
(292)
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where Dy is in units of 10?8 cm. T50 is in units of s. #radio pk.i 1S
in units of s. The adjusted R? is 0.205. The number of GRBs in
the sample is 45.

The log tpopt,i—log Too—log Iy formula is

10g fyxopti = (0.29 + 0.026) x log Tog
+ (=14 £ 0.028) x log Iy + (4.6 £ 0.067).
(293)

where fxopyi 18 in units of s. Ty is in units of s. The adjusted R?
is 0.7005. The number of GRBs in the sample is 45.
The log SFR-log Ejs,—1og Fop11n, formula is

log SFR = (0.38 + 0.049) x logEis, + (—0.34 £ 0.073)
x log Fopuiinr + (—1.1 & 0.35),
(294)

where SFR is in units of M. yr '. Ei, is in units of 10°* erg
and in the rest-frame 1-10*keV energy band. Fopiine IS in
units of Jy. The adjusted R* is 0.3405. The number of GRBs in
the sample is 46.

The log Mass—metallicity—log SFR formula is

log Mass = (0.8 & 0.18) x metallicity + (0.55 £ 0.054)
x log SFR + (2.2 £ 1.6),
(295)

where Mass is in units of M. The metallicity is the value of
12 + log O/H. SFR is in units of M., yr~'. The adjusted R is
0.6178. The number of GRBs in the sample is 46.

The log Ejs,—log 0i-10g tradio pk,i formula is

log Eiso = (—0.98 + 0.18) x log 6 + (—0.98 + 0.071)
X 108 fradiopk.i + (5.3 £ 0.53),
(296)

where E,, is in units of 1072 erg and in the rest-frame
1-10* keV energy band. 0, is in units of rad. f,gio pk.i 1S in units
of s. The adjusted R” is 0.2374. The number of GRBs in the
sample is 46.

The log Ejs,—10g Liadio,pk—log 0 formula is

IOg Eiso = (068 + 0022) X 10g Lradio,pk
+ (=078 £ 0.12) x log 6+ (—1.2 + 0.12),
(297)

where E, is in units of 10°? erg and in the rest-frame
1-10*keV energy band. Ly,giopk 18 in rest-frame 8.46 GHz and
is in units of 10*° ergs™". 0; is in units of rad. The adjusted R’
is 0.5004. The number of GRBs in the sample is 46.

The log Foptiin—log Age—log Trys; formula is

log Fopeiine = (0.3 £ 0.13) x log Age + (0.73 + 0.11)
x log Tras; + (—5.8 £ 0.34),
(298)

where Fop1hr 1S in units of Jy. Age is in units of Myr. Tr4s; is
in units of s. The adjusted R* is 0.3872. The number of GRBs
in the sample is 47.
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The log Bys—log E}, Bang—10g Fx11ne formula is

10g Pyg = (049 + 0.093) X log Eppana + (0.42 = 0.043)
X lOgFX]]hr + (28 + 028),
(299)

where P, is the peak photon flux in the 1s time bin in
10-1000 keV and is in units of photons cem 2s L E, Band 18 in
units of keV. Fxp, i in units of Jy. The adjusted R?is 0.6621.
The number of GRBs in the sample is 47.
The log D -log HR-log Ij) formula is
log Dy = (—0.24 £ 0.031) x log HR + (0.65 £+ 0.026)
x log Iy + (—0.8 &+ 0.053),
(300)

where Dy_is in units of 10°® cm. The adjusted R* is 0.3027. The
number of GRBs in the sample is 47.

The log Fg—log By —log Fopi 1 formula is

log Fy = (1.1 £ 0.11) x log By + (0.35 & 0.084)

X lOgFOplllhr + (15 + 052), (301)

where F, is in units of 10 ®ergcm ™ ? and in the 20-2000 keV
energy band. Py, is the peak photon flux in the 64 ms time bin
in 10-1000 keV and is in units of photons em 2s L Foptiinr 18
in units of Jy. The adjusted R* is 0.6153. The number of GRBs
in the sample is 48.
The log HR—variability;—(— (Gg.nq) formula is
log HR = (7.9 £ 3.2) x variability; + (—0.18 £ 0.099)
X (—fPpana) + (0.81 & 0.24),
(302)
The adjusted R? is 0.251. The number of GRBs in the sample
is 48.
The log Lagio,pk—10g Lp—Avy formula is
log L adio,pk = (0.5 £ 0.026) x log Ly + (—0.35 &+ 0.076)
x Ay + (1.9 = 0.053), (303)

where Lyygiopk 1 in rest-frame 8.46 GHz and in units of
10%ergs . Ly is in units of 10%ergs ' and in the
1-10* keV energy band. The adjusted R” is 0.49. The number
of GRBs in the sample is 48.

The log Lx—log Fy-log Fagio,pk formula is

log Lpk = (0.82 £ 0.054) x log Fy + (—0.85 £ 0.06)

x log Fadio,pk + (—3.8 £ 0.22),
(304)

where Ly is in units of 10°%ergs™' and in the 1-10*keV
energy band. F, is in units of 10 %ergem ™2 and in the
20-2000keV energy band. Figiopk is in units of Jy. The
adjusted R is 0.4055. The number of GRBs in the sample
is 49.

The log Lyx—log F;—10g tragio pk,i formula is

log Lok = (0.74 £ 0.055) x log Fy + (—0.66 £ 0.074)

x log tradio,pk,i (2.9 £+ 0.46),
(305)

where Ly is in units of 10%ergs "' and in the 1-10%keV
energy band. F, is in units of 10 %ergem 2 and in the
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20-2000keV energy band. fagiopki is in units of s. The
adjusted R? is 0.353. The number of GRBs in the sample is 49.
The log Fopti in—log Nu—log Mass formula is

log Fopiinr = (—0.43 £ 0.16) x log Ny + (—0.52 £ 0.11)
x log Mass + (0.074 £+ 1), (306)

where Fopiine i in units of Jy. Ny is in units of 102' em 2.

Mass is in units of M. The adjusted R is 0.3336. The number
of GRBs in the sample is 49.
The log Fg—variabilitys—log Too; formula is

log Fy = (43 £ 6.6) x variability; + (0.78 £ 0.039)

x log To; + (—0.12 £ 0.071), (307)

where F is in units of 10 %ergcm ™2 and in the 20-2000 keV
energy band. Tqg; is in units of s. The adjusted R is 0.4482.
The number of GRBs in the sample is 49.

The log Fy—variability3—log Tr4s; formula is

log Fy = (47 £ 6.9) x variability; + (0.78 & 0.054)

x log Tras; + (0.51 £ 0.06), (308)

where Fy is in units of 10 ®ergcm ™2 and in the 20-2000 keV
energy band. Try4s; is in units of s. The adjusted R? is 0.278.
The number of GRBs in the sample is 49.

The log F;—log(1 + z)—variability; formula is

logF; = (—1.9 £ 0.1) x log(l + z) + (35 £ 6.9)

x variability; + (1.7 £ 0.086), (309)

where Fy is in units of 10 ®erg cm ™2 and in the 20-2000 keV
energy band. The adjusted R” is 0.3132. The number of GRBs
in the sample is 49.

The log F;—log Dy —variabilitys formula is

log F = (—0.86 + 0.042) x logDy. + (37 + 6.9)

x variability; + (1.3 £ 0.069), (310)

where F, is in units of 10 ®ergcm™ > and in the 20-2000 keV
energy band. Dy is in units of 10°®cm. The adjusted R is
0.2954. The number of GRBs in the sample is 50.

The log HR-log Ejs,—10g Fagio,pk formula is

log HR = (0.24 £ 0.018) x log Eis, + (0.33 £ 0.049)

x log Fagiopk + (1.4 £ 0.17),
(311)

where FEj, is in units of 10°? erg and in the rest-frame
1-10*keV energy band. Fragio pk is in units of Jy. The adjusted
R? is 0.2991. The number of GRBs in the sample is 50.

The log Age—log Fop11n—log SSFR formula is

log Age = (0.29 £ 0.063) x log Fopti1hr
+ (—0.44 £ 0.069) x log SSFR + (4.1 £+ 0.31),
(312)

where Age is in units of Myr. Fopipe iS in units of Jy.
log SSFR is in units of Gyr '. The adjusted R is 0.3771. The
number of GRBs in the sample is 50.
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The log E, gana,i—log HR-log 6; formula is

10 Ep panai = (0.61 % 0.12) x log HR
+(—0.33 £ 0.087) x log 6; + (2 £ 0.11),
(313)

where Eppang,i 1S in units ofkeV. 6 is in units of rad. The
adjusted R is 0.4157. The number of GRBs in the sample
is 51.

The log SFR—log Tyo—log Fop1ne formula is

log SFR = (0.5 4 0.068) x log Toyg + (0.4 £ 0.072)
x log Fopuine + (—2.1 £ 0.36),
(314)

where SFR is in units of M, yrfl. Top is in units of s. Fop 1nr 1S
in units of Jy. The adjusted R* is 0.3356. The number of GRBs
in the sample is 51.

The 10g L adio,pk—10g Eiso—10g Fopi11ne formula is

108 Lragio.pk = (0.67 + 0.023) X log Eiso + (—0.23 + 0.074
x 10g Fopiine + (0.18 + 0.31), (315)

where Lyygiopx 1 in rest-frame 8.46 GHz and in units of
10% erg s 1. Ey, is in units of 10> erg and in the rest-frame
1-10* keV energy band. Fopnr is in units of Jy. The adjusted
R? is 0.4846. The number of GRBs in the sample is 52.

The log Fop11n—log Age—log Mass formula is

log Fopiiine = (0.42 £ 0.11) x log Age + (—0.45 £ 0.098)
x log Mass + (—1.8 + 1), (316)

where Foph 18 in units of Jy. Age is in units of Myr. Mass is
in units of M.. The adjusted R* is 0.3177. The number of
GRBs in the sample is 53.

The Bx11n—10g Ep Bana—10g Fx11nr formula is

Bxitnr = (—0.39 £ 0.12) X log E, gang + (—0.37 £ 0.091)
X ]OgFXllhr + (—027 + 08]), (317)

where Ej gang is in units of keV. Fxjp, is in units of Jy. The
adjusted R” is 0.3324. The number of GRBs in the sample
is 53.

The log E}, pana,i~log HR—-log Mass formula is

log E, Bang,;i = (0.83 = 0.1) x log HR + (0.12 £ 0.033)
x log Mass + (1.1 &+ 0.32),
(318)

where Ej, gang,i is in units of keV. Mass is in units of M. The
adjusted R is 0.6666. The number of GRBs in the sample
is 53.

The log Age-log HR-log SSFR formula is

log Age = (—0.41 + 0.13) x log HR + (—0.45 + 0.061)
x log SSFR + (2.8 + 0.083),
(319)

where Age is in units of Myr. log SSFR is in units of Gyr™".

The adjusted R? is 0.2396. The number of GRBs in the sample
is 53.
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The Mag-log L —log B4 formula is

Mag = (—1.1 + 0.28) x log Ly + (0.7 + 0.54)

x log Ba + (=21 £ 0.48), (320)

where Mag is in units of magnitude. Ly is in units of
10°%erg s~ and in the 1-10* keV energy band. Ppi4 18 the peak
photon flux in the 1 s time bin in 10-1000 keV and is in units of
photons cm 25~ ', The adjusted R* is 0.3453. The number of
GRBs in the sample is 53.

The log Mass—log Lyx—metallicity formula is

log Mass = (0.17 £ 0.038) x logLpx + (1.2 £ 0.2)

x metallicity + (—0.7 & 1.7), (321)

.. . .. . 2 1
where Mass is in units of M. Lpy is in units of 10%ergs™" and

in the 1-10*keV energy band. The metallicity is the value of
12 + log O/H. The adjusted R is 0.3348. The number of
GRBs in the sample is 53.

The log Fopti in—log Mass—log tyys,; formula is

log Foptiinr = (—0.29 £ 0.11) x log Mass + (0.63 & 0.12)
X 10g tyursti + (—3.8 £ 1.2), (322)

where Fop1n 18 in units of Jy. Mass is in units of M, fyuri 1S
in units of s. The adjusted R* is 0.2911. The number of GRBs
in the sample is 53.

The log Age—log(1 + z)-log Fopi1ne formula is

log Age = (—1.7 & 0.34) x log(1 + 2) + (0.17 £ 0.062)
x log Fopuiine + (3.9 & 0.3),
(323)

where Age is in units of Myr. Fopine is in units of Jy. The
adjusted R* is 0.2579. The number of GRBs in the sample
is 53.

The log L adio,pk—10g Eiso—Av formula is

log Lyagio,pk = (0.59 £ 0.015) x log Ejso + (—0.27 & 0.055
x Ay + (1.3 = 0.041), (324)

where Lyagiopk is in rest-frame 8.46 GHz and is in untis of
10¥ergs™'. Ei, is in units of 10°*erg and in the rest-frame
1-10*keV energy band. The adjusted R? is 0.5084. The
number of GRBs in the sample is 53.

The log Mass—(x1n—Mag formula is

log Mass = (0.12 & 0.081) x Bxiir + (—0.11 = 0.029)
x Mag + (7 + 0.62),
(325)

where Mass is in units of M.. Mag is in units of magnitude.
The adjusted R? is 0.8391. The number of GRBs in the sample
is 54.

The log Fe—Bx11n—log SSFR formula is

log Fy = (—0.49 =+ 0.11) X Sx11ne + (0.4 % 0.051)

x log SSFR + (1.5 £ 0.17), (326)

where F is in units of 10~®erg cm ™2 and in the 20-2000 keV
energy band. log SSFR is in units of Gyr~'. The adjusted R* is
0.3069. The number of GRBs in the sample is 54.
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The log 150 i—10og E}, ana—10g Fx11nr formula is

log 750 = (0.34 £ 0.054) x log Ep gang + (0.21 £ 0.026)
x log Fxiine + (1.9 £ 0.26),
(327)

where Ty ; is in units of s. Ej, gang is in units of keV. Fxp, is in
units of Jy. The adjusted R? is 0.2015. The number of GRBs in
the sample is 54.

The lOg Eadio,pk_log FOptl lhr_log tradio,pk,i formula is

lOg Eadio,pk = (027 + 004) X lOg Fop“ 1hr + (025 + 004)
x 108 tragiopki + (—3.7 £ 0.31), (328)

where Fragiopk 18 in units of Jy. Fopine iS in units of Jy.
fradio,pk,i 18 in units of s. The adjusted R~ is 0.4246. The number
of GRBs in the sample is 54.

The log Fop1 1hr—10g Fadio,pk—10g Too,; formula is

log Foptiihe = (0.89 4+ 0.12) x log Fadio,pk + (0.32 £0.11)
% log Too, + (— 1.6 + 0.46), (329)

where Fopi1hr 18 in units of Jy. Fragio pk 18 in units of Jy. Tog ; is
in units of s. The adjusted R* is 0.4369. The number of GRBs
in the sample is 54.

The log Dy —log Fagio,pk—Av formula is

log Dy = (—0.46 = 0.025) x 10g Fragio.pk + (—0.12 & 0.028)
x Ay + (—1.2 4 0.084),
(330)

where D;_ is in units of 10?8 cm. Fradio,pk 18 in units of Jy. The
adjusted R? is 0.237. The number of GRBs in the sample is 54.
The log Mass—log T5p—log SFR formula is

log Mass = (0.34 £ 0.077) x log T5p + (0.62 £ 0.047)
x log SFR + (8.7 £ 0.11),
(331)

where Mass is in units of M. Tsq is in units of s. SFR is in
units of M yr'. The adjusted R* is 0.6319. The number of
GRBs in the sample is 54.

The log Fopiin—log(1 + z)-log Fagio pk formula is

log Fopiinr = (—0.86 £ 0.37) x log(1 + z) + (0.79 + 0.15)
X ]Og Eadio;pk + (—13 + 045),
(332)

where Fopi1pe 18 in units of Jy. Fragiopk 1 in units of Jy. R? is
0.4305. The number of GRBs in the sample is 54.
The log tpkopi—log Fy—log Fop 1 formula is

108 forop = (—0.34 £ 0.03) x log F, + (0.27 % 0.061)

X logFOptllhr —+ (4 + 028),
(333)

where Fopi1ne 18 in units of Jy. fpkop is in units of s. F is in
units of 10 ®ergem ™2 and in the 20-2000 keV energy band.
The adjusted R? is 0.309. The number of GRBs in the sample
is 55.
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The log SFR—metallicity—Ay formula is

log SFR = (1.1 & 0.24) x metallicity + (0.24 & 0.07)
X Av + (—89 + 2),
(334)

where SFR is in units of M., yr~'. The metallicity is the value
of 12 + log O/H. The adjusted R” is 0.265. The number of
GRBs in the sample is 55.

The Mag-log Mass—log fyu,i formula is

Mag = (—1.7 = 0.46) x log Mass + (0.43 &+ 0.44)

X 108 foursti + (—5.4 & 4.9), (335)

where Mag is in units of magnitude. Mass is in units of M.
tourst,i 1S 1n units of s. The adjusted R? is 0.8658. The number of
GRBs in the sample is 57.

The Mag-log Typ—10g fpyrs,i formula is

Mag = (—1.1 £ 0.81) x logTyo + (1.1 & 0.4)

X 108 foursti + (—21 + 1.8), (336)

where Mag is in units of magnitude. Ty is in units of s. fyyg; 1S
in units of s. The adjusted R* is 0.2815. The number of GRBs
in the sample is 57.

The log HR-log 0i-log E, ¢, formula is

log HR = (0.18 + 0.064) x log §; + (0.73 + 0.098)

% 10g Ep epli + (—1.6 % 0.26),
(337)

where 6; is in units of rad. E,y; is in units ofkeV. The
adjusted R? is 0.605. The number of GRBs in the sample is 57.
The log Ly —log 0-log tyys i formula is

log Lpx = (—0.75 &£ 0.12) x log 6; + (—0.43 £ 0.047)
% 1og tyursti + (0.15 £ 0.21),
(338)

where Ly is in units of 10%ergs™ ' and in the 1-10*keV
energy band. ¢; is in units of rad. foye; iS in units of s. The
adjusted R* is 0.2276. The number of GRBs in the sample
is 57.

The log Fg—(*ﬁBand)—ﬂm 1he formula is

log Fy = (0.22 £ 0.13) X (—fBpana) + (—0.69 & 0.1)

X Bxiine + (1.5 £ 0.4),
(339)

where F, is in units of 10 ®ergcm™ > and in the 20-2000 keV
energy band. The adjusted R? is 0.4589. The number of GRBs
in the sample is 58.

The log SFR-log Ej;,—metallicity formula is

log SFR = (0.28 + 0.028) x logEis, + (0.97 £ 0.2)
x metallicity + (—7.8 £ 1.7),
(340)

where SFR is in units of M. yr '. E; is in units of 10°* erg
and in the rest-frame 1-10* keV energy band. The metallicity is
the value of 12 4+ log O/H. The adjusted R* is 0.3087. The
number of GRBs in the sample is 58.
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The log F;—log E, Bana—Bx11nr formula is

log Fy = (0.84 + 0.089) x log Ep pand + (—0.49 & 0.082)
X Bxiine + (0.1 &£ 0.28),
(341)

where F, is in units of 10 ®ergem™ > and in the 20-2000 keV
energy band. Ejpang is in units of keV. The adjusted R? is
0.6254. The number of GRBs in the sample is 58.
The log E}, pang—Vvariability;—log F; formula is
log £, Bang = (11 £ 2.1) X variability; + (0.22 & 0.023)
x log Fy + (1.8 &£ 0.051),
(342)

where E, gang 18 in units of keV. Fy is in units of 107 erg cm 2

and in the 20-2000keV energy band. The adjusted R is
0.3281. The number of GRBs in the sample is 58.
The log SFR-log Dy —metallicity formula is

log SFR = (1.2 + 0.066) x log Dy + (0.89 + 0.17)

x metallicity + (—7.1 £ 1.5), (343)

where SFR is in units of M yrfl. Dy is in units of 10%® cm.
The metallicity is the value of 12 + log O/H. The adjusted R*
is 0.584. The number of GRBs in the sample is 59.

The log Fy1—10g E, Band—Bx11nr formula is

log Fpxi = (0.98 & 0.091) x log Ep gana + (—0.33 &= 0.07)

X Bxiimne + (—1.5 £ 0.25),
(344)

where Fpy is the peak energy flux in the 1s time bin in the
rest-frame 1-10*keV energy band and is in units of
10°° erg cm 2s L Ep Bana 18 in units of keV. The adjusted R?
is 0.5634. The number of GRBs in the sample is 59.

The log L x—Mag-log Tsy; formula is

log Ly = (—0.13 £ 0.037) x Mag + (—0.6 & 0.086)

x log Tso; + (—2.1 £ 0.79),
(345)

where Ly is in units of 10°%ergs™ "' and in the 1-10*keV
energy band. Mag is in units of magnitude. Tso; is in units of s.
The adjusted R? is 0.3217. The number of GRBs in the sample
is 59.

The log SFR-log(1 + z)-metallicity formula is

log SFR = (4.6 £ 0.26) x log(1 + z) + (0.79 £ 0.17)
x metallicity 4+ (—7.3 £ 1.4),

(346)
where SFR is in units of M., yr~'. The metallicity is the value
of 12 + log O/H. The adjusted R* is 0.6034. The number of
GRBs in the sample is 59.

The log F—log Ly —metallicity formula is
log F; = (0.35 £ 0.018) x logLpk + (—0.61 £ 0.18)
x metallicity + (6.3 £ 1.5),
(347)

where F is in units of 10 %erg cm™2 and in the 20-2000 keV
energy band. Ly is in units of 10%ergs™' and in the
1-10*keV energy band. The metallicity is the value of
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12 + log O/H. The adjusted R is 0.2819. The number of
GRBs in the sample is 61.
The log Eiso_log Lradio,pk_log tradio,pk formula is
log Ejso = (0.71 £ 0.015) x log Liadiopk + (—0.76 £ 0.052)
x 10g tragiopk + (4.2 £ 0.31), (348)

where E, is in units of 10°? erg and in the rest-frame
1-10* keV energy band. Ly,giopk 18 in rest-frame 8.46 GHz and
in units of 10* erg s L. Liadio,pk 18 in units of s. The adjusted R?
is 0.4832. The number of GRBs in the sample is 61.
The 10g L agio,pk—10g Eiso—log 1o ; formula is
log Lyadio,pk = (0.66 £ 0.013) x log Ejso + (—0.44 £ 0.029)
x log Too; + (1.7 £ 0.039), (349)

where Liagiopx i in rest-frame 8.46 GHz and in units of
10% erg s~!. E is in units of 10> erg and in the rest-frame
1-10* keV energy band. Ty, is in units of s. The adjusted R is
0.4534. The number of GRBs in the sample is 61.

The log Mass—-Ay—log Ej, op1,; formula is

log Mass = (0.32 £ 0.093) x Ay + (0.48 £ 0.13)

X 10g Ep cpli + (8.2 & 0.36), (350)

where Mass is in units of M. Epcp; is in units of keV. The
adjusted R” is 0.2425. The number of GRBs in the sample
is 62.
The Mag-log Ei,—Ay formula is
Mag = (—0.84 + 0.31) x logEjso + (—0.49 + 0.36)
x Ay + (=20 £ 0.46),
(351)

where Mag is in units of magnitude. E is in units of 10°% erg
and in the rest-frame 1-10* keV energy band. The adjusted R*
is 0.291. The number of GRBs in the sample is 62.
The log Dy —log Fadio,pk—10g tradio,pk,i formula is
log Dy, = (—0.41 £ 0.026) x log Fagiopk + (—0.29 & 0.019)
X 10g tradio,pk,i + (0.58 & 0.17),
(352)

where D; is in units of 10?8 cm. Fragiopx 18 in units of Jy.
Iradio pk,i 18 in units of s. The adjusted R? is 0.242. The number
of GRBs in the sample is 62.
The log L x—Mag-log Ty ; formula is
log Lok = (—0.13 £ 0.036) x Mag + (—0.66 &= 0.094)
x log Ty + (—1.8 £ 0.74),
(353)

where Ly is in units of 10%ergs™ ! and in the 1-10*keV
energy band. Mag is in units of magnitude. To; is in units of s.
The adjusted R? is 0.3448. The number of GRBs in the sample
is 62.

The log SFR-log Ejs,—log Mass formula is

log SFR = (0.19 £ 0.035) x logEis, + (0.64 + 0.064)
x log Mass + (—5.5 + 0.6),
(354)

where SFR is in units of M. yr '. Ei is in units of 107 erg
and in the rest-frame 1-10* keV energy band. Mass is in units
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of M. The adjusted R” is 0.5535. The number of GRBs in the
sample is 63.
The log Mass—log Eji,—metallicity formula is
log Mass = (0.19 4+ 0.033) x logEjs, + (1.2 + 0.17)
x metallicity + (—=0.96 & 1.5),
(355)

where Mass is in units of M. Eis, is in units of 10°? erg and in
the rest-frame 1-10*keV energy band. The metallicity is the
value of 12 + log O/H. The adjusted R* is 0.3948. The
number of GRBs in the sample is 63.

The log SSFR-log F;—log Age formula is
log SSFR = (0.26 & 0.022) x logF, + (—0.41 £ 0.054)
x log Age + (0.88 £ 0.15),
(356)

where log SSFR is in units of Gyr '. F ¢ 1S in units of
10~®erg cm™2 and in the 20-2000 keV energy band. Age is in
units of Myr. The adjusted R” is 0.2893. The number of GRBs
in the sample is 63.

The log 0-log Top—10g tyurs,; formula is

log 0, = (—0.36 £ 0.022) x log Toy + (0.14 £ 0.019)

x log toursti + (—0.82 £ 0.06),
(357)

where 0; is in units of rad. Ty is in units of s. fyyy; iS in units of
s. The adjusted R* is 0.2592. The number of GRBs in the
sample is 63.
The log Dy -log O-log E;, ¢, formula is
log Dy, = (—0.47 & 0.048) x log 6; 4+ (0.33 £ 0.057)
x log Ep cpi + (—0.88 £ 0.14),
(358)

where Dy _is in units of 10%% cm. ¢ is in units of rad. £, ¢4 is in
units of keV. The adjusted R” is 0.299. The number of GRBs in
the sample is 63.
The log Dy —log 0-log tyu,i formula is
log Dy = (—0.38 £ 0.044) x log 6; + (—0.16 £ 0.011)
X log tyursti + (0.54 £ 0.073),
(359)

where Dy is in units of 10°® cm. 0; is in units of rad. fyyrs; is in
units of s. The adjusted R* is 0.2289. The number of GRBs in

the sample is 63.
The log Mass—log D —metallicity formula is

log Mass = (0.61 £ 0.09) x logDy + (1.1 £ 0.17)

x metallicity + (—0.21 £ 1.4), (360)

where Mass is in units of M. Dy is in units of 10?® cm. The
metallicity is the value of 12 + log O/H. The adjusted R? is
0.4144. The number of GRBs in the sample is 64.

The Mag-log Fopii1n—log Mass formula is

Mag = (0.29 £ 0.32) x log Foptiinr + (—1.7 £ 0.43)
x log Mass + (—3.2 £ 3.8),
(361)
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where Mag is in units of magnitude. Fopn 1S in units of Jy.
Mass is in units of M. The adjusted R” is 0.8621. The number
of GRBs in the sample is 64.
The log(1 + z)-log §i-log Ny formula is
log(1 + z) =(—=0.21 £ 0.021) x log ¢; + (0.14 £ 0.014)
x log Ny + (0.066 £ 0.026),
(362)

where 0; is in units of rad. Ny is in units of 10" cm 2. The
adjusted R* is 0.3328. The number of GRBs in the sample
is 64.
The log Dy —log #-log Ny formula is
log Dy = (—0.58 £ 0.052) x log #; + (0.32 & 0.035)
X log Ny + (—0.45 £ 0.064),
(363)

where Dy is in units of 10*® cm. 0; is in units of rad. Ny is in
units of 10*' cm 2. The adjusted R? is 0.3219. The number of
GRBs in the sample is 64.

The log Mass—log(1 + z)-metallicity formula is

log Mass = (2.3 + 0.46) x log(1l + z) + (1.1 £ 0.16)
x metallicity + (—0.52 £ 1.4),
(364)

where Mass is in units of M. The metallicity is the value of
12 + log O/H. The adjusted R is 0.4282. The number of
GRBs in the sample is 64.

The Mag-log(1 + z)-log Fopi1n formula is

Mag = (—3.3 & 1.6) x log(1 + z) + (0.54 4+ 0.31)

x log Fopuine + (=17 £ 1.5), (365)

where Mag is in units of magnitude. Fopn 18 in units of Jy.
The adjusted R? is 0.3878. The number of GRBs in the sample
is 64.

The log Fy—(—Bpana)-10g Fx1inr formula is

log Fy = (0.11 £ 0.15) X (—fBgana) + (0.64 & 0.046)

x log Fxiin + (5.2 & 0.59),
(366)

where Fy is in units of 10 ®ergcm ™2 and in the 20-2000 keV
energy band. Fxqy, is in units of Jy. The adjusted R? is 0.4304.
The number of GRBs in the sample is 65.

The log F—log Ep pang—1og Fx 11 formula is

log F = (1.1 £ 0.079) x log Ep pana + (0.47 £ 0.043)

X IOgFXHhr + (2 + 039),
(367)

where F is in units of 10 %ergcm ™2 and in the 20-2000 keV
energy band. E, gnq 18 in units of keV. Fxjp, is in units of Jy.
The adjusted R is 0.8306. The number of GRBs in the sample
is 65.

The log E,kl—log Ep,Band_log FX]lhr formula is

log i1 = (1.1 &= 0.088) x log £, Bang + (0.37 £ 0.045)

x log Fxiine + (0.37 £ 0.38),
(368)
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where Fpy is the peak energy flux in the 1s time bin in the
rest-frame 1-10*keV energy band and is in units of
10°° erg cem Zs L E, Band 1s in units of keV. Fxy, is in units
of Jy. The adjusted R* is 0.7179. The number of GRBs in the
sample is 66.

The log E;, gana,i—log Fy—log 0; formula is

log Ep, Bana,i = (0.22 & 0.019) x log Fy + (—0.29 & 0.066)

x log 6 + (2 = 0.085), (369)

where E,pangi is in units ofkeV. F, is in units of
10 %ergcm ™2 and in the 20-2000 keV energy band. f; is in
units of rad. The adjusted R is 0.223. The number of GRBs in
the sample is 66.

The 10g f;,k4—10g Ep,Band_log Fopﬂ 1hr formula is

108 P = (0.58 + 0.1) X 1og Eppana + (0.27 £ 0.055)
% 1og Fopune + (0.83 + 0.37),
(370)

where P4 is the peak photon flux in the 1s time bin in
10-1000 keV and is in units of photons cem 2s L E Band 18 in
units of keV. Fopine is in units of Jy. The adjusted R? is
0.4235. The number of GRBs in the sample is 67.
The log Age-log(1 + z)-log HR formula is
log Age = (—2.1 £ 0.45) x log(1 + z) + (—0.36 + 0.12)
x log HR + (3.4 + 0.13), (371)

where Age is in units of Myr. The adjusted R* is 0.3026. The
number of GRBs in the sample is 67.
The log SSFR-log Age—log Mass formula is
log SSFR = (—0.39 £ 0.059) x log Age + (—0.29 £ 0.061)
x log Mass + (3.8 £ 0.61), (372)

where log SSFR is in units of Gyr '. Age is in units of Myr.
Mass is in units of M. The adjusted R is 0.2948. The number
of GRBs in the sample is 68.
The log SSFR-log Eis,—log Age formula is
log SSFR = (0.15 £+ 0.013) x logEis, + (—0.33 £ 0.051)
x log Age + (0.88 £+ 0.14), (373)

where log SSFR is in units of Gyr . Ej, is in units of 103 erg
and in the rest-frame 1-10* keV energy band. Age is in units of
Myr. The adjusted R” is 0.2254. The number of GRBs in the
sample is 68.

The log E}, gang,i—10g F;—log Mass formula is

108 Ep pand.; = (0.19 & 0.023) x log Fy + (0.14 + 0.028)

X log Mass + (0.95 £ 0.28),
(374)

where E,ganai iS in units ofkeV. F, is in units of
10~ %erg cm ™2 and in the 202000 keV energy band. Mass is
in units of M.. The adjusted R* is 0.2071. The number of
GRBs in the sample is 68.

The log SFR-log D; —log Mass formula is

log SFR = (0.76 %+ 0.076) x log D1 + (0.53 £ 0.056)
x log Mass + (—4.5 £ 0.52),
(375)
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where the SFR is in units of M., yr~'. Dy_is in units of 10?® cm.
Mass is in units of M. The adjusted R? is 0.6629. The number
of GRBs in the sample is 69.
The log T90—log 0i-log E;, gang,i formula is
log Tyo = (—0.43 £ 0.057) x log 6; + (0.34 £ 0.036)
x 1og Ep Bana,i + (0.21 £ 0.082),
(376)

where Ty is in units of s. §; is in units of rad. E, pang,i is in units
of keV. The adjusted R* is 0.2107. The number of GRBs in the
sample is 69.

The log SFR-log(1 + z)-log Mass formula is

log SFR = (2.9 4+ 0.28) x log(1 + z) + (0.46 £ 0.058)
x log Mass + (—4.6 £ 0.5),
(377)

where SFR is in units of M., yr~'. Mass is in units of M. The
adjusted R is 0.687. The number of GRBs in the sample is 69.
The Mag-log(l + z)-Ay formula is

Mag = (—4.2 + 1.6) x log(1 + z) + (—0.52 + 0.32)

x Ay + (—19 £ 0.79),
(378)

where Mag is in units of magnitude. The adjusted R” is 0.408.
The number of GRBs in the sample is 69.
The log tpurst,i—10g L pk—log Fopiine formula is
log tyursi,i = (—0.18 &= 0.021) x log Ly + (0.21 £ 0.047)
X logFOptllhr + (34 + 024),
(379)

Where fiyr i 18 in units of s. Ly is in units of 10°? erg s 'andin
the 1-10*keV energy band. Fopipnr is in units of Jy. The
adjusted R? is 0.2132. The number of GRBs in the sample
is 70.

The log Fx|in—log Fe—log 6; formula is

log Fxiinr = (0.43 £ 0.039) X log F; + (0.51 & 0.061)
x log 6j + (—6.9 & 0.089),
(380)

where Fxjn is in units of Jy. F, is in units of 10°° erg cm 2

and in the 20-2000 keV energy band. 6, is in units of rad. The
adjusted R” is 0.3077. The number of GRBs in the sample
is 71.

The log Mass-log B 4—Mag formula is

log Mass = (—0.18 &= 0.09) x log B4 + (—0.14 £ 0.023)
x Mag + (6.8 + 0.5), (381)

where Mass is in units of M. Py is the peak photon flux in

the 1s time bin in 10-1000keV and is in units of

photons cm s~ '. Mag is in units of magnitude. The adjusted
R? is 0.8775. The number of GRBs in the sample is 72.

The log Fyo—(—Bana)10g £ Bang,i formula is
log Fyo = (0.46 £ 0.12) X (—fpana) + (0.38 £ 0.062)
x log Ep Band,i + (—1.5 £ 0.27),
(382)
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where F is the peak energy flux in the 64 ms time bin in the
rest-frame 1-10*keV energy band and is in units of

10°° erg cem Zs L E, Bang,i 18 in units of keV. The adjusted

R? is 0.2559. The number of GRBs in the sample is 73.
The log Mass—log HR—-Mag formula is
log Mass = (—0.33 £ 0.14) x log HR + (—0.12 4+ 0.025)
x Mag + (7.1 £ 0.54), (383)

where Mass is in units of M. Mag is in units of magnitude.
The adjusted R? is 0.8604. The number of GRBs in the sample
is 73.
The log Ejs,—log By i—log Ep ang,i formula is
log Eiso = (0.42 £ 0.051) x log By + (0.92 £ 0.065)
X long,Band,i + (—]9 + 016),
(384)

where E,, is in units of 10°2 erg and in the rest-frame
1-10*keV energy band. Py is the peak photon flux in the
64ms time bin in 10-1000keV and is in units of
photons em 25l E; Bana,i 18 in units ofkeV. The adjusted
R? is 0.2987. The number of GRBs in the sample is 73.

The log Fyo-log(1 + z)—(—Bpana) formula is

log Fyo = (—0.93 &£ 0.14) x log(1 + z) + (0.5 £ 0.13)

X (—Bgand) + (—0.18 £ 0.31),
(385)

where Fp is the peak energy flux in the 64 ms time bin in the
rest-frame 1-10*keV energy band and is in units of
107 %ergcm 25~ '. The adjusted R* is 0.2389. The number of
GRBs in the sample is 73.
The log Mass—(—Bpana)-10g Ep ang,i formula is
log Mass = (—0.16 £ 0.12) x (—Opand) + (0.65 £ 0.097)
x log Ep Bana,i + (8.2 &£ 0.36), (386)

where Mass is in units of M. E; gana;; 18 in units of keV. The
adjusted R” is 0.2063. The number of GRBs in the sample
is 74.
The log E}, pana,i—log D1 —log Mass formula is
log £} Bang,i = (0.35 £ 0.039) x log Dy + (0.13 £ 0.03)
x log Mass + (1.1 + 0.28),
(387)

where E,pang,i 18 in units ofkeV. Dy is in units of 10?8 cm.
Mass is in units of M. The adjusted R? is 0.2109. The number
of GRBs in the sample is 74.
The log 750 i—(— tcp1)—10g tpursi formula is
log T50,; = (0.22 £ 0.072) x (—ap) + (0.33 £ 0.02)
X log tyursti + (—0.16 £ 0.11),

(388)
where Tsq; is in units of s. f,y.; 1S in units of s. The adjusted
R? is 0.2056. The number of GRBs in the sample is 75.

The log Fy1—-log HR-log SFR formula is
log Fox1 = (0.93 £ 0.11) x log HR + (—0.17 £ 0.035)
x log SFR + (—0.059 + 0.041),
(389)
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where Fpy is the peak energy flux in the 1s time bin in the
rest-frame 1-10*keV energy band and is in units of
10 ®ergem2s~'. SFR is in units of M. yr~'. The adjusted
R? is 0.2425. The number of GRBs in the sample is 76.

The log Ly —log 0i-log Mass formula is

1og Ly = (—1.5 & 0.1) x log 6; + (0.32 + 0.06)

x log Mass + (—4.9 £ 0.56), (390)

where Ly is in units of 10%ergs™ ' and in the 1-10*keV
energy band. 6, is in units of rad. Mass is in units of M, The
adjusted R* is 0.2767. The number of GRBs in the sample
is 76.

The log f-log(1 + z)-log Fxine formula is

log 0; = (—0.84 £ 0.073) x log(1 + z) + (0.13 & 0.021)
x log Fxiine + (0.073 £ 0.14),
(391)

where 0; is in units of rad. Fx;n, is in units of Jy. The adjusted
R? is 0.2238. The number of GRBs in the sample is 76.
The log Dy —log F;—-log Age formula is

log Dy, = (0.12 £ 0.01) x log Fy + (—0.29 + 0.036)
x log Age + (0.77 £ 0.1),
(392)

where Dy_is in units of 10?® cm. F, is in units of 10~ ° erg cm >

and in the 20-2000 keV energy band. Age is in units of Myr.
The adjusted R? is 0.3209. The number of GRBs in the sample
is 77.

The log Fg—log B —Ay formula is

log Fy = (1.1 £ 0.04) x log Py + (—0.2 % 0.08)

x Ay + (—0.08 £ 0.083), (393)

where Fy is in units of 10 ®erg cm ™2 and in the 20-2000 keV
energy band. Py is the peak photon flux in the 64 ms time bin
in 10-1000keV and is in units of photonscm *s~'. The
adjusted R” is 0.4258. The number of GRBs in the sample
is 77.

The log Bys—log(1 + z)—(—Bgana) formula is

10g Pys = (—0.82 £ 0.067) x log(1 + z) + (0.33 =+ 0.14)
X (—Bpana) + (0.64 + 0.33), (394)

where Pp3 is the peak photon flux in the 1024 ms time bin in
101000 keV and is in units of photons cm s~ '. The adjusted
R? is 0.2232. The number of GRBs in the sample is 77.

The log Tras i—log Fy—log tpkope formula is

log Tras; = (0.35 £ 0.013) x log Fy + (0.38 + 0.014)
% 108 forop + (—0.76 + 0.043),
(395)

where Trys ; is in units of s. F is in units of 10°° erg cm 2 and
in the 20-2000 keV energy band. fpkop is in units of s. The
adjusted R® is 0.3476. The number of GRBs in the sample
is 78.
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The log Bs—log F;—log SFR formula is

log B4 = (0.45 £ 0.022) x log F; + (—0.14 & 0.021)
x log SFR + (0.45 £ 0.028),
(396)

where P4 is the peak photon flux in the 1s time bin in
10-1000 keV and is in units of photons cm %5~ '. F ¢ 18 in units
of 10 ®erg cm 2 and in the 20-2000 keV energy band. SFR is
in units of M., yr~'. The adjusted R* is 0.3386. The number of
GRBs in the sample is 79.

The log SFR-log E;s,—Av formula is

log SFR = (0.32 % 0.028) x logEi, + (0.29 % 0.073)
x Ay + (0.25 £ 0.069),
(397)

where SFR is in units of M, yrfl. Ei, is in units of 102 erg
and in the rest-frame 1-10* keV energy band. The adjusted R*
is 0.3195. The number of GRBs in the sample is 81.

The log Bys—log Lox—(—Bpana) formula is

log B4 = (0.28 &= 0.04) x log Ly + (0.18 £ 0.14)

X (—Brana) + (0.39 + 0.32), (398)

where P, is the peak photon flux in the 1s time bin in
10-1000 keV and is in units of photonscm 2s™'. Ly is in
units of 10°%ergs™' and in the 1-10*keV energy band. The
adjusted R* is 0.2003. The number of GRBs in the sample
is 81.

The log Dy -log 0/-log Mass formula is

log Dy = (—0.54 £ 0.034) x log 6; + (0.23 £ 0.028)

x log Mass + (—2.4 + 0.26),
(399)

where Dy is in units of 10%® cm. ¢; is in units of rad. Mass is in
units of M. The adjusted R* is 0.3388. The number of GRBs
in the sample is 81.

The log Fopi 1ne—Bx11m—1og Mass formula is

lOg FOpll lhr = (—03 + 0098) X ﬁXllhr + (—034 + 0074)
x log Mass + (—1.5 £ 0.7), (400)

where Fopiine 18 in units of Jy. Mass is in units of M. The
adjusted R? is 0.252. The number of GRBs in the sample is 82.
The log Mass—log Top—Mag formula is

log Mass = (0.49 £ 0.094) x log Tyo + (—0.12 £+ 0.022)

x Mag + (6.2 £ 0.45),
401

where Mass is in units of M. Ty, is in units of s. Mag is in
units of magnitude. The adjusted R* is 0.8661. The number of
GRBs in the sample is 82.
The 108 tpurst,i—10g Byxa—log Fopei e formula is
10g fourst,i = (—0.29 £ 0.055) x log Bys + (0.27 £ 0.043)
X IOg FOpt]lhr + (38 + 022),
(402)

where foyrei 18 in units of s. Ppyy is the peak photon flux in
the 1s time bin in 10-1000keV and is in units of
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photons cm 2 s~ Fopti1ne 18 in units of Jy. The adjusted R*is
0.2451. The number of GRBs in the sample is 83.
The log Bys—log Dy —log tpop: formula is
log Bys = (—0.6 £ 0.031) x log Dy, + (—0.48 £ 0.021)
x log tpropt + (2.2 £ 0.052),
(403)

where P4 is the peak photon flux in the 1s time bin in
10-1000 keV and is in units of photons cm ™ 2s~'. Dy is in units
of 10?8 cm. tpkopt 18 in units of s. The adjusted R?is 0.38. The
number of GRBs in the sample is 84.

The log Fopti in—10g Fx11n—log Mass formula is

log FOptllhr = (022 + 0079) X 10g FXllhr -+ (—038 + 0069)
x log Mass + (0.0033 + 0.84), 404)

where Fop1hr 18 in units of Jy. Fxjp, is in units of Jy. Mass is
in units of M.. The adjusted R* is 0.2405. The number of
GRBs in the sample is 88.
The log SFR-log D; —Ay formula is
log SFR = (1.1 £ 0.055) x logDy, + (0.24 £+ 0.061)
x Ay + (0.24 £ 0.057),
(405)

where the SFR is in units of M, yr~'. Dy is in units of 10%® cm.
The adjusted R? is 0.4998. The number of GRBs in the sample
is 90.
The log SFR-log(1 + z)-Ay formula is
log SFR = (3.8 £ 0.2) x log(1 + z) + (0.2 £ 0.056)
x Ay + (—0.66 £ 0.066),
(406)

where SFR is in units of M. yr—'. The adjusted R* is 0.5415.
The number of GRBs in the sample is 90.
The log HR-log T50—log Ep, pang,; formula is
log HR = (—0.11 £ 0.02) x logT59 + (0.33 £+ 0.032)
X long,Band,i + (—02 + 0097),
407)

where Tso is in units of s. E, gang,i 1S in units of keV. The
adjusted R? is 0.243. The number of GRBs in the sample is 96.
The log F;—Bx1in—log Mass formula is
logF, = (—=0.53 £ 0.077) x Bxiinr + (=0.19 £ 0.049)
x log Mass + (3.4 + 0.43),
(408)

where F is in units of 10 %ergcm ™2 and in the 20-2000 keV
energy band. Mass is in units of M. The adjusted R” is 0.2965.
The number of GRBs in the sample is 97.
The log Eis,—log Fx11n—10g E} cpii formula is
log Eiso = (0.55 4+ 0.05) x log Fxiine + (0.9 + 0.12)
x log Ep epii + (2.1 £ 0.52),
(409)

where FEj, is in units of 10°? erg and in the rest-frame
1-10*keV energy band. Fxjy is in units of Jy. E, .5 is in
units of keV. The adjusted R? is 0.386. The number of GRBs in
the sample is 97.
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The log Bs—log F;—log Ny formula is
log B4 = (0.47 £ 0.019) x logF; + (—0.18 & 0.037)

x log Ny + (0.39 + 0.033),
(410)

where P, is the peak photon flux in the 1s time bin in
10-1000 keV and is in units of photons cm s ™". Fg is in units
of 10 ®ergem 2 and in the 20-2000 keV energy band. Ny is
in units of 10! cm 2. The adjusted R* is 0.4773. The number
of GRBs in the sample is 104.

The log Mass—log Fop1 in—Av formula is

log Mass = (—0.31 & 0.049) x log Foptiine + (0.14 £ 0.047)

x Ay + (7.9 £ 0.25), (411)

where Mass is in units of M. Fopiine 18 in units of Jy. The
adjusted R* is 0.2312. The number of GRBs in the sample
is 104.
The log Fg—log Lyx—log Ny formula is
log Fy = (0.38 £ 0.017) x log Lpk + (—0.26 = 0.05)
x logNyg + (1.1 £ 0.04),
(412)

where F, is in units of 10"®ergcm > and in the 20-2000 keV
energy band. L, is in units of 10%ergs™ ' and in the
1-10*keV energy band. Ny is in units of 10*' cm % The
adjusted R is 0.2658. The number of GRBs in the sample
is 104.

The log Fop1 in—log Mass—log 75 ; formula is

log Foptiine = (—0.37 = 0.063) x log Mass + (0.42 & 0.077)

x log Ts0; + (—1.9 £ 0.61), (413)

where Fop1pe 18 in units of Jy. Mass is in units of M, Tsq; is
in units of s. The adjusted R* is 0.2729. The number of GRBs
in the sample is 105.

The log Fyi—(—aiepl)—Bx11n formula is

1og Fyp = (—0.37 & 0.11) X (—aep) + (—0.35 % 0.069)

X Bxiine + (0.89 £ 0.16),
(414)

where Fpy is the peak energy flux in the 1s time bin in the
rest-frame 1-10*keV energy band and is in units of
10 %ergem 25!, The adjusted R? is 0.2512. The number of
GRBs in the sample is 108.

The log F—log Ep pana—10g Fopi11ne formula is

log i, = (1.3 &£ 0.085) x log Ep gana + (0.21 & 0.041)

x log Fopiiine + (—0.71 &= 0.29),
(415)

where F, is in units of 10 ®ergem ™ and in the 20-2000 keV
energy band. E;, gang i in units of keV. Fop 1p 18 in units of Jy.
The adjusted R~ is 0.6036. The number of GRBs in the sample
is 108.

The log Fy1—1og Ep, cpi—Bx 11 formula is

log Fpx1 = (0.83 + 0.1) X log Ep et + (—0.36 £ 0.065)
X Bxiine + (—1.3 £ 0.26),
(416)
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where Fpy is the peak energy flux in the 1s time bin in the
rest-frame 1-10*keV energy band and is in units of

10 %ergem 25", E, o1 is in units of keV. The adjusted R?

is 0.4823. The number of GRBs in the sample is 108.
The log Mass—log Lx—Ay formula is
log Mass = (0.24 £ 0.031) x log Ly + (0.3 £ 0.068)
x Ay + (9.3 £ 0.065),
(417)

where Mass is in units of M, Ly is in units of 102 ergs™" and

in the 1-10*keV energy band. The adjusted R is 0.208. The
number of GRBs in the sample is 110.
The log Bys—log(1 + z)-log Fy formula is
log B3 = (—0.73 £ 0.057) x log(l + z) + (0.47 £ 0.011)
x log Fy + (0.74 £ 0.033),

(418)

where Pp;3 is the peak photon flux in the 1024 ms time bin in
10-1000 keV and is in units of photons cm™2s™'. F, ¢ 18 in units
of 10 ®ergem 2 and in the 20-2000 keV energy band. The
adjusted R* is 0.6368. The number of GRBs in the sample
is 112.
The log FOptl lhr_log Mass—log TR45,i formula is
log Fopiiine = (—0.38 4= 0.062) x log Mass + (0.42 £ 0.083)
X lOg TR45,i + (*16 + 059),
(419)

where Fop1n 18 in units of Jy. Mass is in units of M. Tras; is
in units of s. The adjusted R” is 0.2692. The number of GRBs
in the sample is 115.
The log Fy—(—Bpana)-10g Tr4s,; formula is
log F; = (0.19 & 0.11) X (—Bgana) + (0.89 £ 0.027)
x log Tras,i + (0.33 £ 0.25),
(420)

where F, is in units of 10 ®ergcm™ > and in the 20-2000 keV
energy band. Trys; is in units of s. The adjusted R* is 0.3425.
The number of GRBs in the sample is 117.
The log Fe—log E}, ana—1og Tras,; formula is
logF; = (1.1 &£ 0.056) x log Ep, gana + (0.69 % 0.035)
x log Trasi + (—1.4 £ 0.11),
(421)

where F, is in units of 10 ®ergcm ™ ? and in the 20-2000 keV
energy band. E2p Band 1S 1N units of keV. Trys; is in units of s.

The adjusted R is 0.6001. The number of GRBs in the sample
is 117.

The log E}, Bang—10g Trys—10g By formula is

108 Ep pana = (0.19 £ 0.028) x log Tras + (0.31 + 0.043)
X log Py + (1.6 £ 0.047),
(422)

where Ej gang 18 in units of keV. Trys is in units of s. Ppyy is the
peak photon flux in the 1 s time bin in 10-1000 keV and is in
units of photonscm 2s™'. The adjusted R* is 0.2789. The
number of GRBs in the sample is 118.
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The log Fop1 1nm—log F;—log Mass formula is

log Foptiine = (0.33 £ 0.055) x log Fy + (—0.34 &= 0.063)
X log Mass + (—2 + 0.6),
(423)

where Fopine 18 in units of Jy. F is in units of 10°° erg cm 2

and in the 20-2000 keV energy band. Mass is in units of M.
The adjusted R? is 0.2536. The number of GRBs in the sample
is 120.

The log Ejso—log Fx11n—0Bx11nr formula is

log Eiso = (0.55 £ 0.045) x log Fxiinr + (—0.3 £ 0.083)
X Bxitne + (5 £ 0.29),
(424)

where FE;, is in units of 10°2 erg and in the rest-frame
1-10*keV energy band. Fxp, is in units of Jy. The adjusted
R? is 0.2423. The number of GRBs in the sample is 121.

The Bx11n—10g Bia—log Tras i formula is

Bxiine = (—0.61 £ 0.095) x log Py + (—0.16 £ 0.067)
X lOg TR4531 + (21 + 0076),
(425)

where P4 is the peak photon flux in the 1s time bin in
10-1000 keV and is in units of photons em s L Tras; is in
units of s. The adjusted R* is 0.3002. The number of GRBs in
the sample is 123.

The log Typ—log Eis,—log Ny formula is

log Too = (0.31 =+ 0.012) x log Eio + (0.17 £ 0.032)

x log Ny + (1.3 & 0.024),
(426)

where Ty is in units of s. Ejy, is in units of 10°? erg and in the
rest-frame 1-10* keV energy band. Ny is in units of 10*' cm ™2,
The adjusted R? is 0.2526. The number of GRBs in the sample
is 125.

The log Mass—log Dy —log Fopi 1 formula is

log Mass = (0.48 £ 0.066) x logDy + (—0.22 £ 0.049)
x log Fopiiine + (8.3 = 0.24),
427

where Mass is in units of M. Dy is in units of 10*® cm.
Fopiiine is in units of Jy. The adjusted R? is 0.2064. The
number of GRBs in the sample is 126.
The log Dy —log 0-Ay formula is
log Dy = (—0.44 £ 0.036) x log 6; + (—0.13 £ 0.029)
x Ay + (0.034 £+ 0.049),
(428)

where Dy is in units of 10*®cm. 6; is in units of rad. The
adjusted R* is 0.2105. The number of GRBs in the sample
is 126.

The log Mass—log(1 + z)-log Fopi1 i formula is

log Mass = (1.2 & 0.21) x log(1 4 2) + (=0.22 & 0.048)
x log Fopuiine + (8 &= 0.23), (429)
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where Mass is in units of M. Fopine 18 in units of Jy. The
adjusted R* is 0.2156. The number of GRBs in the sample
is 126.

The log Fy—log Ly—(—Bpang) formula is

log Fy = (0.39 + 0.02) x log Ly + (0.19 = 0.1)

X (—BBana) + (0.67 £ 0.24), (430)

where Fy is in units of 10 ®ergcm ™2 and in the 20-2000 keV
energy band. Ly is in units of 10%ergs™" and in the
1-10*keV energy band. The adjusted R* is 0.2296. The
number of GRBs in the sample is 127.

The log E}, pand,i-log Top—log Ly formula is

log Ep, Band,i = (0.24 & 0.023) x log Ty + (0.29 £ 0.012)
x log Lpk + (2.1 £ 0.04),
(431)

where Ej, gang,i is in units of keV. Ty is in units of s. Ly is in
units of 10°%ergs™ ' and in the 1-10"keV energy band. The
adjusted R* is 0.4998. The number of GRBs in the sample
is 127.

The log Fxiin—0Bx11n—10g T50; formula is

log Fxi1nr = (—0.38 4 0.067) x Ox1ine + (0.36 £+ 0.038)
x logTso; + (=7 £ 0.11),
(432)

where Fxjp 15 in units of Jy. Ts¢; is in units of s. The adjusted
R? is 0.2084. The number of GRBs in the sample is 129.
The log Bys—log D1 —fBx1ny formula is

log Bys = (—0.26 + 0.035) x log Dy + (—0.32 £ 0.049)
X Bxiine + (1.2 £ 0.082),
(433)

where P4 is the peak photon flux in the 1s time bin in
10-1000 keV and is in units of photons cm™~2s~'. Dy is in units
of 10*® cm. The adjusted R* is 0.3358. The number of GRBs in
the sample is 130.

The log T5¢ i—log Eis,—log Mass formula is

log T50,; = (0.29 £ 0.0082) x log Eis, + (—0.15 £ 0.022)
x log Mass + (2.1 = 0.21),
434)

where Ts; is in units of s. Ejg, is in units of 10°? erg and in the
rest-frame 1-10* keV energy band. Mass is in units of M., The
adjusted R* is 0.2199. The number of GRBs in the sample
is 130.

The log Fe—log L—log Mass formula is

log Fy = (0.44 £ 0.017) x log Ly + (—0.26 + 0.035)
x log Mass + (3.5 & 0.33),
(435)

where Fy is in units of 10 ®ergem ™2 and in the 20-2000 keV
energy band. Ly is in units of 10%ergs™' and in the
1-10*keV energy band. Mass is in units of M. The adjusted
R? is 0.3385. The number of GRBs in the sample is 130.
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The log Fys—log(1 + 2)—Bx11ne formula is

10g Pys = (—0.63 & 0.11) x log(l + z) + (—0.31 % 0.048)
X ﬁXllhr + (14 + 0084),
(436)

where Pp4 is the peak photon flux in the 1s time bin in
10-1000 keV and is in units of photons cm %s~'. The adjusted
R? is 0.3504. The number of GRBs in the sample is 130.
The log Typ—variability;—log E;s, formula is
log Too = (0.42 £ 0.22) x variability, + (0.22 £ 0.0096)
x log Eio + (1.4 £ 0.017),
(437)

where Ty is in units of s. Ei, is in units of 10> erg and in the
rest-frame 1-10%keV energy band. The adjusted R* is 0.2188.
The number of GRBs in the sample is 132.

The log Fx1in—0Bx11n-10g To,; formula is

log Fxi1nr = (—0.33 & 0.064) x Bxiine + (0.41 £ 0.035)
x log Too; + (—7.3 £ 0.11),
(438)

where Fxj1n 1S in units of Jy. Tog; is in units of s. The adjusted
R? is 0.2234. The number of GRBs in the sample is 133.
The (—apana)-log HR-log Ty ; formula is
(—aBad) = (—0.41 £ 0.064) x log HR + (0.11 % 0.02)
x logTyo; + (1.1 £ 0.044),
(439)

where Tgp; is in units of s. The adjusted R* is 0.2783. The
number of GRBs in the sample is 135.
The log HR—(—agana)-10g Ep Bana,; formula is

log HR = (—0.33 £ 0.072) X (—agang) + (0.34 £ 0.04)

% 10 Eppanai + (—0.033 £ 0.14),
(440)

where E; gana;; is in units of keV. The adjusted R?is 0.442. The
number of GRBs in the sample is 136.
The log Lyx—log Fys—log Ep i formula is

log Ly = (0.87 & 0.054) x log B4 + (0.63 & 0.097)

x log Ep epii + (—2.3 £ 0.25),
(441)

where Ly is in units of 10°%ergs™ "' and in the 1-10*keV
energy band. P4 is the peak photon flux in the 1 s time bin in
10-1000 keV and is in units of photonscm ™ >s™ ', E, o is in
units of keV. The adjusted R? is 0.2905. The number of GRBs
in the sample is 136.

The log Fe—log Lpx—log Ep i formula is

log Fy = (0.16 £ 0.022) x log Lk + (0.45 £ 0.076)

X 102 Ep epli + (—0.63 % 0.2), (442)

where Fy is in units of 10 ®ergcm ™ ? and in the 20-2000 keV
energy band. Ly is in units of 10°%ergs™' and in the
1-10* keV energy band. E, cp1i 18 in units of keV. The adjusted
R? is 0.2238. The number of GRBs in the sample is 139.
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The log Lx—log Fy—log tyyrs,i formula is

log Lyx = (0.57 &= 0.025) x log Fy + (—0.46 £ 0.027)
X log toursti + (0.58 £ 0.062),
(443)

where Ly is in units of 10%ergs ' and in the 1-10%keV
energy band. F, is in units of 10 ®ergem ™2 and in the
20-2000 keV energy band. fyy; is in units of s. The adjusted
R? is 0.2877. The number of GRBs in the sample is 140.

The log Eiso—10g Tras—10g tyyrst,i formula is

log Eiso = (0.86 = 0.024) x log Tras + (—0.37 &+ 0.022)

X log tyursi + (0.66 £ 0.05),
(444)

where E, is in units of 10°? erg and in the rest-frame
1-10* keV energy band. Trys is in units of s. fyy ; 1S in units of
s. The adjusted R* is 0.2667. The number of GRBs in the
sample is 140.

The log Mass—log(1 + z)-Ay formula is

log Mass = (1.8 & 0.23) x log(l + z) + (0.19 & 0.045)
x Ay + (8.8 £ 0.099),
(445)

where Mass is in units of M. The adjusted R* is 0.2586. The
number of GRBs in the sample is 146.
The log E;so—log Too—0x11n formula is

log Eiso = (0.82 = 0.025) x log Tyg + (—0.39 % 0.052)
X Bxiine + (—0.028 % 0.098),
(446)

where E, is in units of 10°° erg and in the rest-frame
1-10* keV energy band. Ty is in units of s. The adjusted R” is
0.516. The number of GRBs in the sample is 149.

The log Bys—log E, cpi—log Fxine formula is

10g Py = (0.18 + 0.05) x log Epep + (0.22 + 0.013)
X IOgFX”hr + (17 + 014),
447)

where P4 is the peak photon flux in the Is time bin in
10-1000 keV and is in units of photons cm Zs . Epcp is in
units of keV. Fxp, is in units of Jy. The adjusted R?is 0.2295.
The number of GRBs in the sample is 152.

The log Fxiin—1og Eiso—10g Fopt11ne formula is
log Fxiine = (0.28 £ 0.016) X log Eiso + (0.19 £ 0.045)
X IOgFOptllhr + (*6.7 + 0.23),
(448)

where Fyjp, is in units of Jy. Ej, is in units of 10°? erg and in
the rest-frame 1-10* keV energy band. Fopine is in units of Jy.
The adjusted R? is 0.2229. The number of GRBs in the sample
is 153.

The log Ejs,—log T50-log Fxi1n formula is

log Eio = (0.63 £ 0.021) x log Tso + (0.45 & 0.028)
x log Fxiine + (3.1 &+ 0.22),
(449)
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where FE;,, is in units of 10°2 erg and in the rest-frame
1-10*keV energy band. T is in units of s. Fixqp, 1S in units of
Jy. The adjusted R* is 0.3408. The number of GRBs in the
sample is 153.

The log Fe—log(1 + z)—fBx1n formula is

log Fy = (0.71 + 0.15) x log(1 + z) + (—0.56 + 0.064)

X Bxiine + (1.3 £ 0.11),
(450)

where F, is in units of 10 ®ergem™ > and in the 20-2000 keV
energy band. The adjusted R? is 0.2953. The number of GRBs
in the sample is 153.

The log Fyx1—log HR-log Mass formula is

log Fpp = (1 £ 0.07) x log HR + (—=0.15 £ 0.03)

x log Mass + (1.1 £ 0.29), (451)

where Fpy is the peak energy flux in the 1s time bin in the
rest-frame 1-10*keV energy band and is in units of
10 ®ergem 25! Mass is in units of M.. The adjusted R
is 0.3515. The number of GRBs in the sample is 157.

The log Ejso—log Fyxi—log E}, Bang,i formula is

log Eigo = (0.26 + 0.025) x log Fyet + (1.2 + 0.048)
x 10g Ep pand,i + (—2.2 £ 0.12),
(452)

where E., is in units of 10°° erg and in the rest-frame
1-10*keV energy band. Fpy is the peak energy flux in the 1s
time bin in the rest-frame 1-10*keV energy band and is in
units of 107° erg cm 2s L E, Band;i 18 in units of keV. The
adjusted R* is 0.564. The number of GRBs in the sample
is 158.

The log Ejs,—log Top—log Fx1ny formula is

log Eiso = (0.77 £ 0.022) x log Too + (0.36 £ 0.028)

X IOgFX“hr + (2 + 0.23),
(453)

where FE;, is in units of 102 erg and in the rest-frame
1-10*keV energy band. Ty is in units of s. Fixqp, 1S in units of
Jy. The adjusted R? is 0.3803. The number of GRBs in the
sample is 159.

The log Fy—log Lpx—log Fopiine formula is

log Fy = (0.42 £ 0.018) x log Lk + (0.28 £ 0.034)

x log Foptiinr + (2.2 £ 0.16), (454)

where F, is in units of 10 ®ergem ™ and in the 20-2000 keV
energy band. Ly is in units of 10%ergs ' and in the
1-10* keV energy band. Fopnr is in units of Jy. The adjusted
R? is 0.3953. The number of GRBs in the sample is 171.

The log Typ—log Ejs,—log Mass formula is

log Too = (0.41 % 0.0082) x log Eis + (—0.17 £ 0.021)

x log Mass + (2.9 + 0.2),
(455)

where Ty is in units of s. Ej, is in units of 10°? erg and in the
rest-frame 1-10* keV energy band. Mass is in units of M. The
adjusted R® is 0.3543. The number of GRBs in the sample
is 172.
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The log Rys—log Fy—log tyyrs i formula is
log Bys = (0.43 £ 0.021) x logFy + (—0.12 & 0.02)

X 10g toursti + (0.45 £ 0.043),
(456)

where P4 is the peak photon flux in the 1s time bin in
10-1000 keV and is in units of photons cm ™ *s~'. F,, is in units
of 107 erg cm 2 and in the 20-2000 keV energy band. fyyes; 1S
in units of s. The adjusted R* is 0.3963. The number of GRBs
in the sample is 172.

The log Bs—log HR-log Fx;p, formula is

log B4 = (0.28 £ 0.047) x log HR + (0.23 & 0.016)

x log Fxiine + (2.2 £ 0.12),
(457)

where P4 is the peak photon flux in the Is time bin in
10-1000 keV and is in units of photons cm 2s . Fxiine 18 in
units of Jy. The adjusted R* is 0.2558. The number of GRBs in
the sample is 182.
The log Fg—log T5p i—log Ey, p1i formula is
log Fy = (0.48 £ 0.026) x log T50,; + (0.57 & 0.056)
x log Ep epii + (—1.3 £ 0.14),
(458)

where Fj is in units of 10 ®ergem ™2 and in the 20-2000 keV
energy band. Ts; is in units of s. E,, o, ; is in units of keV. The
adjusted R* is 0.4764. The number of GRBs in the sample
is 185.
The log Bys—log Too—log Fxi e formula is
log Bjxa = (—0.13 £ 0.013) x log Tyy + (0.29 £ 0.015)
X logFXllhr + (28 + 012),
(459)

where P4 is the peak photon flux in the 1s time bin in
10-1000keV and is in units of photons em s Ty is in
units of s. Fi e is in units of Jy. The adjusted R? is 0.2226.
The number of GRBs in the sample is 216.
The log Fy—log Ly —log Ts ; formula is
log F; = (0.39 £ 0.013) x log Ly + (0.55 £ 0.022)
x log T50; + (0.38 £ 0.019), (460)

where F, is in units of 10~ ®ergcm ™ * and in the 20-2000 keV
energy band. L, is in units of 10%ergs™' and in the
1-10*keV energy band. Tsq; is in units of s. The adjusted R?
is 0.4039. The number of GRBs in the sample is 218.

The log HR—variability ;—(—Bpanq) formula is
log HR = (—0.54 £ 0.49) x variability, + (—0.15 £ 0.054)

X (—Bpand) + (1 £ 0.14),
461)

and the adjusted R” is 0.2164. The number of GRBs in the
sample is 219.
The log L—log F;—Ay formula is

log Ly = (0.51 £ 0.021) x logF, + (—021 + 0.043)
x Ay + (—0.35 & 0.037),
(462)
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where Ly is in units of 10°%ergs™ "' and in the 1-10*keV
energy band. F, is in units of 10 %ergem ™2 and in the
20-2000keV energy band. The adjusted R” is 0.2064. The
number of GRBs in the sample is 220.

The log Fy—variability—log B formula is

log Fy = (—1.9 &£ 0.58) x variability; + (0.83 4 0.038)
x log By + (0.41 4 0.055),
(463)

where F is in units of 10 %ergcm 2 and in the 20-2000 keV
energy band. Py, is the peak photon flux in the 64 ms time bin
in 10-1000keV and is in units of photonscm *s~'. The
adjusted R is 0.4694. The number of GRBs in the sample
is 227.

The log Ejso~—acp)-10g Epp ¢p1i formula is

10g Eigo = (0.3 £ 0.071) X (—arep) + (0.85 + 0.08)

x 10g Epepii + (—2.2 + 0.23), (464)

where E,, is in units of 10°° erg and in the rest-frame
1-10* keV energy band. E, cp1i 18 in units of keV. The adjusted
R? is 0.2692. The number of GRBs in the sample is 228.

The log Fx11n—log Fe—log Fopi1ne formula is

log Fxiine = (0.52 4 0.023) x log Fy + (0.16 & 0.026)
x log Fopiine + (—7.1 £ 0.13),
(465)

where Fxjp, is in units of Jy. F is in units of 10°° erg cm 2

and in the 20-2000 keV energy band. Fopin is in units of Jy.
The adjusted R is 0.3134. The number of GRBs in the sample
is 232.

The log F;—log Dy —log E, ., formula is

log Fy = (0.27 £ 0.029) x log Dy + (0.63 = 0.059)

x log Epept + (—1.1 £ 0.13), (466)

where F, is in units of 10 ®ergcm™ > and in the 20-2000 keV
energy band. Dy is in units of 10°® cm. E, cp1 s in units of keV.
The adjusted R? is 0.2516. The number of GRBs in the sample
is 248.

The log Dy —log Too—log Ey, pi formula is

log D1, = (0.2 £ 0.0065) x log Ty + (0.29 £ 0.028)

x 10g Epepri + (—0.52 £ 0.071),
(467)

where Dy is in units of 10°® cm. T is in units of s. E, cpliisin
units of keV. The adjusted R? is 0.2192. The number of GRBs
in the sample is 257.

The log F—log Ly —log Tog ; formula is

log Fy = (0.37 £ 0.011) x log Ly + (0.63 &= 0.017)

% log Too; + (0.1 + 0.022), (468)

where Fy is in units of 10 ®ergcm ™ ? and in the 20-2000 keV
energy band. Ly is in units of 10°%ergs™' and in the
1-10* keV energy band. Top; is in units of s. The adjusted R’
is 0.4429. The number of GRBs in the sample is 312.
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The log F;—log Tras—log E, ¢ formula is

log Fy = (0.59 & 0.019) x log Tras + (0.55 & 0.045)
x log Epepl + (—1.2 + 0.098),
(469)

where F, is in units of 10 ®ergcm™ > and in the 20-2000 keV
energy band. Tgrys is in units of s. E, ., is in units of keV. The
adjusted R* is 0.5627. The number of GRBs in the sample
is 362.

The log Bys—log Dy —log F; formula is

10g Pys = (—0.25 & 0.013) x log Dy + (0.39 + 0.013)
x log Fy 4 (0.45 + 0.011),
(470)

where P4 is the peak photon flux in the Is time bin in
10-1000 keV and is in units of photons cm™2s~'. Dy_is in units
of 10**cm. Fy is in units of 10 ®ergem 2 and in the
20-2000keV energy band. The adjusted R is 0.3421. The
number of GRBs in the sample is 419.

The log HR-log Fyxo—(—csp;) formula is

log HR = (0.17 + 0.036) x log Fya + (—0.9 =+ 0.039)

X (—ag) + (2.2 £ 0.075),
(471)

where F is the peak energy flux in the 64 ms time bin in the
rest-frame 1-10*keV energy band and is in units of
10 ®ergem 25!, The adjusted R* is 0.5718. The number of
GRBs in the sample is 490.

The log HR-log T50—(—cavsp) formula is

log HR = (—0.11 £ 0.014) x log 159 + (—0.87 & 0.035)

X (—ap) + (2.2 + 0.056),
472)

where Ts is in units of s. The adjusted R? is 0.6123. The
number of GRBs in the sample is 497.
The log HR-log Fy—log E, o, formula is

log HR = (0.15 + 0.02) X log Fy + (0.92 + 0.045)
x 10g Epepl + (—1.8 £ 0.11),
(473)

where Fpy is the peak energy flux in the 1s time bin in the
rest-frame 1-10*keV energy band and is in units of
10 %ergem s E, . is in units of keV. The adjusted R>
is 0.8214. The number of GRBs in the sample is 713.

The log Bys—log Fo—(—avp) formula is

log B3 = (0.38 &= 0.015) x log Fy + (0.15 & 0.016)

X (—ae) + (0.21 £ 0.015),
(474)

where Pp;3 is the peak photon flux in the 1024 ms time bin in
10-1000 keV and is in units of photonscm s~ '. F ¢ 18 in units
of 10 ®ergem ™2 and in the 20-2000keV energy band. The
adjusted R® is 0.4674. The number of GRBs in the sample
is 913.
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The log HR—log Fyx4—(—aip1) formula is

log HR = (0.42 + 0.024) x log Fys + (—0.31 + 0.025)
X (—aepn) + (0.96 + 0.026),
(475)

where Fp4 is the peak energy flux in the 1024 ms time bin in
the rest-frame 1-10*keV energy band and is in units of
10 %ergem 25!, The adjusted R? is 0.3125. The number of
GRBs in the sample is 937.
The log HR-log By 1—(—Bgana) formula is
log HR = (0.15 & 0.018) x log By + (—0.18 &= 0.034)
X (—fPgand) + (0.83 £ 0.085),
(476)

where Py is the peak photon flux in the 64 ms time bin in
10-1000 keV and is in units of photons cm ™ 2s~'. The adjusted
R? is 0.2471. The number of GRBs in the sample is 1092.
The log Fy—log By —log £}, Bang formula is
log Fy = (0.58 £ 0.027) x log Py + (0.63 £ 0.025)
X long,Band + (—11 + 0053),
477)

where Fj is in units of 10 ®ergcm ™ and in the 20-2000 keV
energy band. Py, is the peak photon flux in the 64 ms time bin
in 10-1000 keV and is in units of photons cm s L E; Band 18
in units of keV. The adjusted R* is 0.4116. The number of
GRBs in the sample is 1121.

The log E}, ang—log HR-log F, formula is

log £, Bang = (0.42 £ 0.019) x log HR + (0.14 & 0.011)

x log Fpio + (2 £ 0.0099),
(478)

where Ej gang is in units of keV. Fy,, is the peak energy flux in
the 64 ms time bin in the rest-frame 1-10*keV energy band
and is in units of 10 ®ergcm s~ '. The adjusted R* is 0.6307.
The number of GRBs in the sample is 1130.
The log T50-log HR—(—cep1) formula is
log Tso = (—0.44 + 0.022) x log HR + (0.35 + 0.032)
X (—aep) + (0.53 £ 0.04),
(479)

where Tsq is in units of s. The adjusted R? is 0.2224. The
number of GRBs in the sample is 1140.

The log HR-log T50—(— Bgang) formula is
log HR = (—0.14 4+ 0.0073) x log 750 + (—0.11 £ 0.024)
X (—fBpand) + (0.97 £ 0.06), (480)
where Tsq is in units of s. The adjusted R?is 0.201. The number
of GRBs in the sample is 1183.
The log Fy4—(—apana)-10g Ep pand formula is
log Fyrs = (0.11 £ 0.025) X (—apang) + (0.81 £ 0.025)
X ]0g Ep,Band + (—18 + 0058),
(481)

where Fy4 is the peak energy flux in the 1024 ms time bin in
the rest-frame 1-10*keV energy band and is in units of
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10°° erg em 2s L E; Band 1s in units of keV. The adjusted R*is

0.3073. The number of GRBs in the sample is 1192.
The log Too—log Fy—(—ovepr) formula is

log Ty = (0.56 + 0.013) x log F, + (0.32 + 0.03)

X (—agp) + (0.6 £ 0.032), (482)
where Tog is in units of s. F, is in units of 107 erg cm 2 and in
the 20-2000 keV energy band. The adjusted R? is 0.3263. The
number of GRBs in the sample is 1347.

7. Discussions

There are many other interesting quantities that are not listed
in this data sample, mainly because the quantities are limited to
a few GRBs, or they are not quite well defined or not widely
accepted. Readers may want to use the data shown here as a
reservoir and add any other data they are interested in to
perform statistical studies. With the Fourier transformation of
the prompt LCs, the slope in the frequency domain can be
obtained. The properties of the precursors are not included
either, though they are thought to be not much different from
those of the prompt emission (Burlon et al. 2008, 2009).
Because of the universal behavior of the afterglow LCs (Zhang
et al. 2006a), there are quite a few parameters, including the
temporal decay index, the ending time, and spectral index, in
each phase (they are in X-rays and mainly contain only one
segment, i.e., there are no breaks in the spectra), while the
phases include the steep decay phase, the plateau phase, the
normal decay phase, and the jet break phase. There are also
X-ray flare parameters in the afterglow, such as the number of
flares, typical duration, rising temporal index, decay temporal
index, spectrum index, and luminosities. Aside from the
spectral indices, there are also plenty of detailed spectral lines
from the afterglows and from the host galaxies, which can be
used as characteristic quantities. One can use those data and the
data listed in this paper for a combined analysis. On the other
hand, the combination of parameters can also be taken as
independent parameters, such as the average luminosity
Liso = % and the spectral index difference of the Band

1S0 —

spectrum o 0. For a detailed study on special quantities, one
can obtain more data from the original data sets. For example,
Py and Fp, have four time bins, mainly because different
authors are interested in different time bins. It is not proper to
simply take them as equal, and four different values are
gathered in this work. In most cases, for each GRB, only a few
time bins are available. One could obtain the Py in the 1024
ms bin (for example) if the original LCs are available.
Therefore, digging into the original data from the satellites
will provide much more extra data than those shown in this
work. On the other hand, the LCs in different bands, the
corresponding quantities for which are not shown here, are also
interesting. One could expand the parameters by digging into
the raw data.

One should be careful when using these data because of the
variety of data sources. The energy band and sensitivity are
different for different instruments. For example, Ty is energy
dependent, therefore, the To, from different instruments should
not be taken as the same parameter if the energy bands for
different instruments differ a lot. A proper way to handle this
selection effect is to convert the LCs to the same energy band,
in which case spectrum models are needed. However, in many
cases, the spectrum model for each GRB is not the same, and
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for some GRBs, it is possible that two or more models have the
same goodness for the spectrum fitting. Therefore, it is model
dependent. Because of the complexity and the problem of
model dependence, we only include directly available data,
leaving these conversions for future work. The same problem
also applies to T, the spectral lag, HR, fluence F, photon flux
P, luminosity L, and isotropic equivalent energy Eis,. To avoid
these problems, we have converted them to the same band,
either to a commonly used energy band or to a full band (like
1-10,000 keV), by employing spectral fitting parameters.
However, these conversions are model dependent, as for
different bursts, the spectral fitting model might be different,
and the real model might not be the best fitting model. Even if
the data can be converted into values in the same band, there
are still cosmological effects. The same band is not the same
band in the rest frame. Because of cosmological redshift, in
order to compare within the same band, one should convert the
quantities to the same band in the rest frame. However, even in
the same band in the rest frame, the cosmological evolution
effect is not removable. It is still unclear how GRBs evolve
with the universe. On the other hand, with plenty of data at
different redshifts, it is possible to study the evolution.

To avoid the problems that arise because of selection effects,
we mainly concentrate on physical quantities (like luminosities
and energies) rather than observational values (like fluence and
photon flux), and we use the quantities in the rest frame rather
than in the observer frame. However, they both rely on redshift
detection, which is hard, and consequently, the sample size is
much smaller. To balance this, one can use as much data as
possible, while keeping in mind the reliability of GRBs without
an obtained redshift. On the other hand, the relations between
observational quantities may reveal the selection effect. If one
finds properties that only appear in brighter GRBs (more
photons observed), those are probably not intrinsic correlations.

Even with the selection effect considered, one can see from
the figures shown in the figure sets that the correlations are not
tight. Even though they are all consistent with previously found
correlations, such as the Amati relation (Amati et al. 2002), the
Ghirlanda relation (Ghirlanda et al. 2004b), the Yonetoku
relation (Yonetoku et al. 2004) relation, the Liang—Zhang
relation (Liang & Zhang 2005), etc., either they are able to be
classified into several subgroups (e.g., the Amati relation is
different for LGRBs and SGRBs), or the selected sample is still
not tight enough (e.g., the standard candle relation is not good
enough for precise cosmography; Xu et al. 2005; Wang et al.
2011). The probable reason might be the intrinsic variety of the
GRBs. From the morphological view, they can be divided into
different groups based on different properties. Based on the
duration, there are LGRBs, SGRBs, and some of them may be
classified as intermediate GRBs or ultra-LGRBs (Levan et al.
2014; Boér et al. 2015; Greiner et al. 2015). The physical
mechanism responsible for ultra-LGRBs is thus far unclear.
Greiner et al. (2015) provided an important clue for the ultra-
LGRB 111209A, which is driven by the spindown radiation
from a highly magnetized millisecond pulsar, known as a
magnetar. Gompertz & Fruchter (2017) tried to place
constraints on the magnetar model. Based on the spectrum
(or hardness ratio), there are soft GRBs and hard GRBs, and
some are very soft and thus classified as X-ray-rich GRBs or
even X-ray flashes. Based on the luminosity, there are high-
luminosity GRBs and low-luminosity GRBs. Based on
connection with other phenomena, there are SN Ic-connected
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GRBs, GRBs with no SN connection with a very dim flux,
kilonova-connected GRBs, and strong GeV-connected GRBs.
From the physical origin viewpoint, there are also different
subgroups. Based on their progenitors, they can arise from
massive stars, BH-NS binaries, NS-NS binaries, and even
BH-WD binaries and NS-WD binaries. Based on the central
engine, they can be BZ mechanism dominated, NDAF
dominated, or magentar dominated. Based on the radiation
mechanism, they can be synchrotron radiation dominated,
inverse Compton scattering dominated, or photosphere emis-
sion dominated.

Therefore, direct analysis might not reveal the underlying
pattern, mainly because of the selection effect and the
clustering effect. For the selection effect, one should try to
figure out each factor, if possible. For the clustering effect, one
should try to find the subgroups from the full sample. A widely
known clustering effect is that of long-soft GRBs and short-
hard GRBs. However, it is very likely that GRBs should be
classified into more subgroups. From the point of view of the
central engine, they might be powered by an BH accretion disk
system or neutron star. From the point of view of progenitors,
they might arise from massive star collapsars, BH-WD
mergers, BH—star mergers for LGRBs, and BH-NS mergers
and NS-NS mergers for SGRBs. Other possibilities, such as
NS-star mergers and NS—WD mergers, might also be hidden in
the sample. For the radiation mechanism, it might be photo-
sphere emission, synchrotron radiation, inverse Compton
scattering (depending on the origins of the seed photons and
the electrons/protons, many more subgroups could be needed),
etc. For the ejecta, it could be highly relativistic or mildly
relativistic. From the point of view of the environment, the
number density could be uniformly distributed or have a wind-
like distribution, and it could be either a dense environment or a
thin one. For the optical counterpart, it could be supernova
connected, kilonova connected, have no supernova connection,
or even have a dim optical counterpart. From the point of view
of the host galaxy, it might be a spiral galaxy, a field galaxy, or
another type. More detailed or other classification criteria can
be proposed. The different origins or mechanisms are
represented by the properties of the data, and should be
revealed by a detailed and comprehensive study of the data.

Clustering and correlation analyses actually affect each
other. With the proper classification, such as whether NS—-WD
merger GRBs are grouped together based on some properties,
the correlation between two or three parameters could be much
tighter, and the correlation might be more useful for a standard
candle relation or for a redshift indicator, etc. On the other
hand, the correlation can be used as an indicator for clustering.
For example, the E,—Ejq, relation is often used as one of the
indicators for certain GRBs being long or short. A GRB that
lies on the Amati relation is more likely a collapsar-originated
GRB, while an outlier is more likely a merger-originated GRB.
Therefore, with more detailed clustering, the correlation within
a certain group of GRBs is more reliable and reveals its deeper
nature, which needs more data accumulation. Once a pure
subset has been found, it could be used as a standard candle and
could be an ideal tool for the cosmology in the high-redshift
region.

For the clustering, an example is the classification of hard
SGRBs and soft LGRBs. There are also other independent
classifications, like ultralong GRBs and low-luminosity GRBs.
These are classified using one or two parameters of the GRBs.
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Machine learning is a set of promising methods, such as the
k-means, Support Vector Machine, and Principal Component
Analysis (Zhou 2016). They are able to operate in a much
higher dimension and in a highly nonlinear manner, similar to
what has been done in other areas of astrophysics (e.g.,
Elorrieta et al. 2016). However, machine-learning methods are
often like black boxes. It is easy to get the result of the
clustering, but it is difficult to find the criteria for the clustering.
One of the main aims is to figure out this black box, which
reveals the intrinsic properties, similar to the clustering process
shown in Zhang et al. (2009). Aside from clustering, machine
learning can also be used for parameter predicting, for example,
to predict the redshift, similar to what is being done with the
SDSS galaxies (Hoyle et al. 2015). Given the lack of massive
data used in general applications of machine learning, deep
learning may also be a promising approach.

High-energy radiation in the GeV band has been detected in
quite a few Fermi GRBs. From the binned LCs, they are likely
from the afterglow (Ghisellini et al. 2010). However, there are
many sources that can produce GeV photons. For example, the
synchrotron and synchrotron self-inverse Compton scattering
(SSC) emission from the long-lasting forward external shock
can contribute these photons. The continuously active GRB
central engines and the SSC emission of the continued internal
shocks give rise to GeV photons. In a relativistic reverse shock
formed, the prompt optical /X-ray/+-ray photons are inversely
Compton scattered by the accelerated electrons in the forward
shock region. Finally, the external inverse Compton scattering
(EIC) in the late-afterglow phase caused by X-ray flares may
also give rise to GeV emission (Zou et al. 2009). It is still not
clear which part dominates in the high-energy radiation. With
the database of information on the other aspects of GRBs, the
high-energy radiation may be used to compare with the
database, and it may reveal some connections. One can use
these connections to figure out the origin of the high-energy
GeV emission, even though the high-energy data may come
from several related instruments, including Fermi/LAT (Ack-
ermann et al. 2013), HAWC (Abeysekara et al. 2012), H.E.S.S.
(Aharonian et al. 2009), MAGIC (Albert et al. 2007), and
Wukong (DAMPE; Chang et al. 2017).

A GW burst is accompanied by SGRBs, as they are believed
to originate from a double compact object (NS-NS or NS-BH).
An NS-NS origin has been identified from the detection of
GW170817/GRB 170817A (Abbott et al. 2017¢c, 2017d).
However, the observed GRB 170817A was a weak SGRB,
which is much different from normal SGRBs. As the distance
to GRB 170817A is much closer than to the other SGRBs, the
birth rate is consequently much higher than the others, if we
consider that they belong to two different subgroups. It is
possible that NS-NS mergers may produce weak SGRBs,
whereas BH-NS mergers may produce strong SGRBs, which
are the SGRBs mostly observed. There are other GW bursts
that have been observed, such as GW150914 (Abbott et al.
2016c¢). The presence of a BH that is tens of solar masses has
been confirmed (for GW 150914, it was the merger of a 36 73M,,
BH and a 297{M., BH; Abbott et al. 2016c). Therefore,
compared with an NS-NS merger, which is the merger of a
several M, object and a several M, object, the BH-NS merger
is the merger of tens of M, object and a several M, object. The
BH-NS merger might be naturally stronger and consequently
produce strong SGRBs. If the hypothesis is correct, these two
different objects should have different properties in other
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aspects. In the hundreds of observed SGRBs, these two origins
should both have been included. Considering that LIGO had
only been operating for just a few months when an NS-NS
GRB (GRB 170817A) was observed indicates that there are
many more of this kind of GRB that has been observed and
archived when LIGO was not in operation. With the
comprehensive table of the different aspects of all GRBs, one
can try to figure out subgroups in the SGRBs. The NS—-NS and
NS-BH origin can be distinguished, and more subgroups of
other origins might be uncovered. Until now, the BH-NS
merger has not been confirmed by the GW detector. After it has
been in operation for a longer time and with the enhanced
instruments, the BH-NS merger should be identified in the
future.

8. Conclusion

In this work, we collected a large number of data for 6289
GRBs from different works in the literature, GCNs, website
databases, and calculations. The data include four parts: basic
information, prompt emission, afterglow, and host galaxy (a
total of 46 items for each GRB). With this complete table, we
performed a comprehensive statistical study. When we
performed the statistical analysis, we also changed some
parameters from the observer frame to rest frame; we use the
label “i” to denote this. For example, the duration of the 5%-—
95% ~-ray fluence (7o) is in the observer frame, and Tog; is
Too in the rest frame. This work includes the following six
items: (1) we imputed the missing errors through multiple
imputation (Rubin 1987, 1996) by chained equations (MICE).
(2) We calculated a small part of the peak energy flux (Fpx) in
the rest-frame 1-10%keV energy band, the peak photon flux
(Pp) in the observer-frame 10-1000keV energy band, the
fluence (Fy) in the observer-frame 20-2000 keV energy band,
the hardness ratio (HR) between the observer-frame 100-2000
and 20-100 keV energy bands, the isotropic 7-ray energy (Eis)
in the rest-frame 1-10* keV energy band, and the peak
luminosity (Lyy) in the rest-frame 1-10*keV energy band. (3)
We obtained all histograms for every parameter in the observer
frame and for some parameters in the rest frame. (4) We
obtained all scatter plots between two arbitrary parameters that
are available for at least five GRBs. (5) We calculated the linear
correlation coefficients and nonlinear correlation ratio between
two arbitrary parameters that are available for at least five
GRBs, and we excluded some correlations that are trivial, such
as that between Toy and Top;. We do not need to put such
correlations in the results. We also considered all errors using
the Monte Carlo (MC) method. (6) We performed linear
regression between two arbitrary parameters and three arbitrary
parameters that are available for at least five GRBs; we also
excluded some trivial results. We used the MC method to
include all of the errors. Then, we analyzed some interesting
results. Because there are many data and results, we created
figure sets and several machine-readable tables. Only a small
portion of the results are shown in this paper as examples. With
this complete catalog, we can find more important relations,
and we can reveal the intrinsic properties of GRBs.

We discussed the deficiencies of this comprehensive sample,
which are mainly from the uncertainties and inconsistencies of
the different instruments and the selection effect. To reveal
more physical principles, one should try to classify the GRBs
into more precise subgroups based on their physical origin, and
the classification itself is a process to reveal the intrinsic
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properties of GRBs. With the detailed classifications, the
correlations inside each group may be tighter and more
physical. The correlations can then be used to study the
radiation mechanism as well as the high-energy radiation, as
indicators like the standard candle or pseudo-redshift, and to
study the GWs of compact binary mergers.
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