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ABSTRACT

The potential existence of two separate classes of Long-duration Gamma-Ray Bursts (LGRBs) with and without radio afterglow
emission, corresponding to radio-bright/loud and radio-dark/quiet populations, has been recently argued and favoured in the
GRB literature. The radio-quiet LGRBs have been found to have, on average, lower total isotropic gamma-ray emissions (Eiso )
and shorter intrinsic prompt gamma-ray durations (e.g. T90z ). In addition, a redshift −T90z anticorrelation has been discovered
among the radio-loud LGRBs, which is reportedly missing in the radio-quiet class. Here, we discuss the significance of the
differences between the energetics and temporal properties of the two proposed classes of radio-loud and radio-quiet LGRBs.
We show that much of the proposed evidence in support of the two distinct radio populations of LGRBs can be explained away
in terms of selection effects and sample incompleteness. Our arguments are based on the recent discovery of the relatively
strong, highly significant positive correlation between the total isotropic emission (Eiso ) and the intrinsic prompt duration (T90z )
that is present in both populations of short-hard and long-soft GRBs, predicted, quantified, and reported for the first time by
Shahmoradi (2013a; 2013b) and Shahmoradi & Nemiroff (2015).
Key words: methods: analytical – methods: numerical – methods: statistical – gamma-ray burst: general.

1 I N T RO D U C T I O N
Gamma-ray bursts (GRBs) are extremely energetic explosions, the
long-duration class of which has been long hypothesized to be
due to the death supermassive stars, releasing energies on the
orders of 1048 –1052 erg (e.g. Frail et al. 2001; Cenko et al. 2010;
Shahmoradi & Nemiroff 2015) and occur at distances far from us on
the cosmological scale (Metzger et al. 1997). The current afterglow
model is that of an expanding fireball (Piran 1999; Meszaros 2002;
Woosley & Bloom 2006) where the high energy prompt gamma-ray
emission is first observed, followed by afterglow emission at lower
energy frequencies after a few hours or days from the initial gammaray prompt emission (Frail et al. 1997; Van Paradijs et al. 1997; Heng
et al. 2008).
The standard fireball model used today was proposed after the
first observation of both X-ray and optical afterglows in February of
1997 (Kumar & Zhang 2015). Not long after, the first GRB without
an optical afterglow counterpart was found (Groot et al. 1998). This
class of bursts without optical afterglows became known as the dark
GRBs (Fynbo et al. 2001). On 2000 October 9, however, the second
High-Energy Transient Explorer (HETE-2; Ricker et al. 2003) was
launched and in December of 2002 it viewed it’s first dark GRB
where the optical afterglow was seen, but disappeared and was no
longer visible after 2 h. This begged the question, is there ever truly
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such a phenomenon as a dark GRB or is it possible that with better
equipment and timing no such phenomena would ever appear?
More recently, studies have raised the possibility of the existence of a new population of Long-duration GRBs (LGRBs)
that are intrinsically dark in the radio-bandwidth afterglow. These
events, named ‘radio-dark’, ‘radio-quiet’, or ‘radio-faint’ LGRBs,
have been hypothesized to have progenitors that are different
from the progenitors of the mainstream ‘radio-bright’ or synonymously named ‘radio-loud’ LGRBs (e.g. Hancock, Gaensler
& Murphy 2013; Lloyd-Ronning & Fryer 2017; Lloyd-Ronning
et al. 2019).
Alternative hypotheses on the lack of detection of radio afterglows in some LGRBs have been also studied (e.g. Frail 2005;
Chandra & Frail 2012). In particular, Chandra & Frail (2012) used
a comprehensive sample of 304 afterglows, consisting of 2995 flux
density measurements at a wide range of frequencies between 0.6 and
660 GHz, to argue against the potential existence of radio-bright and
radio-dark LGRBs. The argument therein is based on the observation
that the 3σ upper limit for the non-detection of the radio afterglow
of radio-dark LGRBs closely traces the faint-tail of the radio-bright
LGRB sample, as illustrated in Fig. 1.
Responding to these observations, Hancock et al. (2013) employed
image stacking techniques to increase the overall signal in the combined data from all radio-quiet GRBs. Based on their own specific
classification, they conclude that radio-dark LGRBs are on average
2–3 orders of magnitude fainter than radio-bright LGRBs. Such
result is not surprising and is in fact, relatively consistent with the
observational sample of Chandra & Frail (2012), illustrated in Fig. 1.
Nevertheless, based on simulations of the radio afterglows of
LGRBs, Hancock et al. (2013) predict that the expected stacked
radio flux density of radio-dark LGRBs must be on average five times
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brighter in order to be consistent with the hypothesis of a common
continuous unimodal distribution for the radio afterglow properties of
all LGRBs together. However, they acknowledge several limitations
of their simulations, most importantly, the assumption that the
observed sample of radio-afterglows in their studies is representative
of the radio afterglow properties of the entire underlying population
of detected and undetected LGRBs.
Most recently, Lloyd-Ronning et al. (2019; hereafter L19) build
upon the existing sample of the GRB radio afterglows of Chandra
& Frail (2012) to further confirm and strengthen the findings of
their previously published study (Lloyd-Ronning & Fryer 2017) on
the fundamental spectral and temporal differences and similarities
of the radio-quiet and radio-loud GRBs in multiple observational
bandwidths including optical, x-ray, gamma-ray and GeV emission.
Specifically, they find that:
(i) The total isotropic gamma-ray emission (Eiso ) does not correlate with the radio luminosity in their observational samples of 78
radio-loud and 41 radio-quiet LGRBs.
(ii) Radio-quiet LGRBs have significantly lower total isotropic
gamma-ray emission (Eiso ), on average, five times lower than the
radio-loud LGRBs.
(iii) Radio-quiet LGRBs have significantly shorter intrinsic
prompt duration as measured by the quantity T90z (see for example,
Shahmoradi 2013b; Shahmoradi & Nemiroff 2015), than the radioloud LGRBs.
(iv) Radio-quiet LGRBs exhibit a weak positive Eiso −T90z correlation whereas this correlation is missing in the radio-loud LGRBs.
(v) Radio-quiet LGRBs exhibit a weak negative correlation between T90z and redshift (z) whereas the radio-loud LGRBs exhibit a
much stronger such correlation.
(vi) The very high energy (0.1–100 GeV) extended emission is
only present in the radio-loud sample.
(vii) Also, there is no significant difference in the the redshift
distribution, the presence of X-ray/optical plateaus, or the average
jet opening angles between the two radio-quiet and radio-loud GRB
samples.
Such observational evidence in favour of the two classes of radioloud and radio-quiet LGRBs can have profound implications for

the progenitors of LGRBs as highlighted and discussed by L19.
However, here we argue and show that much of the above evidence
in favour of the two fundamentally distinct radio-quiet and radioloud GRBs can be potentially explained in terms of the existing
correlation between Eiso and T90z of both long and short-duration
classes of GRBs. To the extent of our knowledge, this positive
Eiso −T90z correlation in both classes of LGRBs and short-duration
GRBs (SGRBs) was originally discovered, quantified, and reported
for the first time by Shahmoradi (2013b) and Shahmoradi & Nemiroff
(2015) via a careful analysis of the largest catalogue of GRBs
available at the time. Hints to the existence of such a correlation has
been also independently provided by Butler, Bloom & Poznanski
(2010). The relationship has been also rediscovered recently in an
independent study of a sample of Swift-detected GRBs (Tu & Wang
2018).
In the following sections, we consider the arguments in favour of
the existence of two separate populations of radio-loud and radioquiet GRBs and show that much of the evidence provided can be
likely explained in terms of strong selection effects (see Figure 2.) and
sample incompleteness of the radio afterglow data and the existing
correlations among the spectral and temporal properties of LGRBs as
discovered and quantified by Shahmoradi (2013b) and Shahmoradi
& Nemiroff (2015).
2 A N A LT E R N AT I V E I N T E R P R E TAT I O N F O R
THE EXISTENCE OF RADIO LOUD AND QUIET
LGRBS
To better quantify the differences between the two hypothesized
radio classes, we first apply the statistical bootstrapping (e.g. Efron
& Tibshirani 1994) technique to the 78 radio-loud and 41 radioquiet bursts completely identical to that of L19 to form confidence
bounds on the mean and standard deviations of the two populations
(Table 1. and panels (a)-(f) of Figure 3.), as well as the correlation
strengths between the three quantities: redshift (z), the total isotropic
gamma-ray emission (Eiso ), and the intrinsic duration (T90z ). These
distributions can then be used to verify whether we come to the same
conclusions as L19 or not, given the resampling of the L19 data set.
Bootstrapping is a statistical resampling method (with replacements)
that, in the absence of multiple independent sets of observational data,
can provide confidence bounds on the various statistical properties
of a data set.
In the following sections, we discuss and quantify the significance
of each of the differences and similarities of the two radio-loud and
radio-quiet LGRBs as quantified by the bootstrap confidence bounds
and provide further evidence from Monte Carlo simulations that shed
light on the classification of the radio emissions of LGRBs.
2.1 The redshift distributions of radio-loud and radio-quiet
LGRBs
Fig. 3 displays the bootstrapping results for some of the statistical
properties of the two radio classes of L19. The first and foremost
quantity in the studies of cosmological objects is redshift (z). Similar
to L19, we find the redshift distributions of the two classes of
radio-loud and radio-quiet LGRBs are consistent with hypothesis of
belonging to the same parent population distribution. A two-sample
Kolmogorov–Smirnov test on the two redshift distributions reveals
no significant difference between the two redshift distributions, that
is, we cannot reject the null hypothesis that the two redshift samples
originate from the same distribution with a KS-test probability of ρ
∼ 0.24.
MNRAS 502, 5622–5630 (2021)
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Figure 1. Histogram of the normalized count (probability density function)
of 66 radio-loud GRBs taken from Chandra & Frail (2012). The dash–dotted
red line represents the cumulative probability density function of the 3σ upper
limits for the non-detection of radio afterglows of 107 radio-quiet GRBs.
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We note, however, that this hypothetical parent distribution for the
redshifts of the two classes is likely severely affected by selection
effects due to the gamma-ray detection and the redshift measurement
thresholds. We find the average redshifts of the radio-quiet and radioloud samples to be zloud ∼ 2.21 < zquiet ∼ 2.6. This is contrary to
the reported value for zloud in table (1) of L19. Nevertheless, our
bootstrapping simulations indicate that the differences in the redshift
averages are insignificant as illustrated in Fig. 3(a). There is a 0.14
probability that the average redshift of the radio-loud sample could
be actually larger than the average redshift of the radio-quiet sample.
The dispersion in the redshift distributions of the two radio classes
also appear to be consistent with each other as depicted by the
bootstrapping results in Fig. 3(d).

MNRAS 502, 5622–5630 (2021)

2.2 The energetics of radio-loud and radio-quiet LGRBs
Similar to L19, the results of our bootstrapping simulations indicate
a strong evidence, at almost 100 per cent confidence level, that the
average and the standard deviation of the Eiso distribution of the radioloud LGRBs are larger than the average and the standard deviation
of the Eiso distribution of the radio-quiet sample (Figs 3 b and e).
However, unlike L19, here we hypothesize a different origin for the
observed differences in the Eiso distributions of the radio-loud and
radio-quiet LGRBs.
Our fundamental hypothesis in this work is that there is potentially
a significant (but not necessarily strong) positive correlation between
the radio-afterglow and the prompt gamma-ray energetics of LGRBs.
Such a correlation would not be unexpected considering previous
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Figure 3. The bootstrapping simulation results for the some of the population properties of the two classes of radio-loud and radio-quiet LGRBs. Plots (a), (b),
(c) display respectively, the bootstrapping distributions of the averages of the distributions of z + 1, Eiso , T90z distributions of the two radio classes. In the same
order, plots (d), (e), (f) display the corresponding bootstrapping distributions of the standard deviations of the three LGRB property distributions for the two
classes. The values in panels (a)–(f) are also reported in Table 2. Plots (g), (h), (i) display the bootstrapping distributions of the Spearman’s correlation strengths
between the three LGRB properties. The inset values represent the mean and the 1σ dispersions in the bootstrap distributions in each plot, with π (·) denoting
the probability and ρ denoting the Spearman’s correlation strength. For each distribution presented here, 100 000 samples were made that are identical in size
to the two radio classes being studied (78 radio-loud bursts and 41 radio-quiet bursts).
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correlations have been found between Eiso and the x-ray afterglow
emission as well as Eiso and the optical afterglow emission (e.g.
Kann et al. 2010; D’Avanzo et al. 2012; Margutti et al. 2013).
Considering that the afterglow spectra is continuous, it is likely that
such a correlation between radio-afterglow and Eiso will be found
as the sensitivity of radio telescopes improves in the future. Our
hypothesis is in contrast to that of L19 in which they interpret
their results as possibly being due to two different progenitors
resulting in two classes of LGRBs i.e. radio-quiet bursts are due
to collapsars and radio-loud bursts are due to the merger of stars
composed mainly of helium. Should our hypothesis prove to be true,
the two observed classes are not truly due to any physical process,
but rather a non-zero correlation between the radio-afterglow and
the prompt gamma-ray energetics previously mentioned combined
with sample incompleteness and selection effects. Such a hypothesis
may not be too far from reality as there has been already evidence
for the potential existence of a positive correlation between the
total isotropic gamma-ray emission (Eiso ) of GRBs with their peak
radio luminosity at 8.5 GHz (Lrad ). In Fig. 4, we have regenerated
the plot of fig. 20 in Chandra & Frail (2012). We find a positive
Spearman’s correlation strength of ρ ∼ 0.45 for the Eiso −Lrad
relationship.
The scatter in the underlying intrinsic Eiso −Lrad correlation of the
LGRBs population is likely different from what is seen in Fig. 4 since
the distributions of both quantities Eiso and Lrad are severely affected
by the corresponding gamma-ray and radio detector thresholds. We
defer a quantification of this relationship to a future work and suffice,
in this work, to only note the high plausibility of the validity such
hypothesis given the existing evidence. Hints to the existence of

Isotropic Gamma-Ray Emission: E iso [ erg ]

Figure 2. A depiction of the dynamics of different properties of the radio-loud and radio-quiet LGRBs as a function of the sample selection cutoff. The dashed
line represent the cutoff used in the study of L19 to generate a sample of bright LGRBs. As evidenced, some of the differing attributes of the two radio classes
appear to be highly sensitive to the arbitrarily chosen sample selection cutoff value used in L19, most importantly, the correlations between redshift (z), isotropic
emission (Eiso ), and intrinsic duration (T90z ).
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Figure 4. An illustration of the observational sample of Chandra & Frail
(2012) showing the relationship between Eiso and the peak radio luminosity.
The only X-Ray Flash (XRF) event in the sample of Chandra & Frail (2012)
is shown by the red point. Exclusion of the XRF from the plots results in a
minor decrease in the Spearman’s correlation strength from ρ = 0.45 ± 0.13
to ρ = 0.43 ± 0.13.

correlations between the prompt gamma-ray and afterglow emissions
in wavelengths other than radio have been also provided by other
independent studies (e.g. Margutti et al. 2013; Turpin et al. 2016;
Dainotti & Del Vecchio 2017).
MNRAS 502, 5622–5630 (2021)
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2.3 The duration distribution of radio-loud and radio-quiet
LGRBs
As soon as the origins of the energetics differences between the
radio-loud and radio-quiet LGRBs are understood and accepted as
explained in the previous section, the apparent differences between
the duration distributions of radio-loud and radio-quiet LGRBs can
be also readily explained. We do so by utilizing the recent discovery
of the potential existence of a strong positive correlation between
the gamma-ray energetics of LGRBs and their intrinsic durations,
Eiso −T90z , quantified for the first time in a series of works by
Shahmoradi (2013a,b), Shahmoradi & Nemiroff (2015, 2019), and
Osborne, Shahmoradi & Nemiroff (2020).
Plot (b) of Fig. 6 displays a reproduction of the LGRB world model
of Shahmoradi & Nemiroff (2019) and Osborne et al. (2020) who
find an underlying Pearson’s correlation coefficient of ρ ∼ 0.5−0.6
between the intrinsic cosmic distributions of Eiso and T90z in log–
log space. Interestingly, Shahmoradi & Nemiroff (2015) discover a
correlation of similar strength and significance to that of LGRBs in
the population of SGRBs.
Since the radio-loud sample of LGRBs has, on average, higher
Eiso than the radio-quiet LGRBs (by about 0.58 dex as illustrated in
MNRAS 502, 5622–5630 (2021)

Figure 5. A schematic illustration of the combined effects of the gammaray and radio detection thresholds as well as the potential existence of
an underlying correlation between the radio and gamma-ray emissions of
LGRBs on the observed LGRBs sample and how these factors can lead to
the appearance of two separate classes of radio-loud and radio-quiet LGRBs.
The red oval represents the positive underlying correlation between Eiso and
the radio emission. However, the gamma-ray detector threshold (and the
complex redshift selection effects) impose a severe cut on the y-axis, hiding
much of the cosmic population of LGRBs (represented by the pink colour)
from our view. Simultaneously, the radio detector threshold effects, place
another severe cut on the observed sample of LGRBs to create an impression
of two separate classes of radio-loud and radio-quiet LGRBs. Because of
the positive correlation of Eiso with the radio emission, any LGRB above a
certain Eiso threshold (i.e. the radio classification limit) will be automatically
always classified as a radio-loud event. This leads to an apparent increase in
the average Eiso of the radio-loud sample (represented by the yellow-colored
points) relative to the radio-quiet sampled (represented by the black-coloured
points), similar to what has been reported in the literature as the differing
characteristics of radio-quiet and radio-loud LGRBs.

Fig. 3b, the strong positive Eiso −T90z correlation depicted in plot (b)
of Fig. 6 also necessitates, on average, higher T90z values for radioloud LGRBs relative to the radio-quiet sample. Such difference has
been indeed reported by L19 (e.g. see the middle plots of figs 1 and
2 of L19 and Fig. 3c in this work).
This resolves the source of another apparent major difference
between the two radio classes. In the following sections, we present
the results from the Monte Carlo simulations of an LGRB world
model in which we attempt to synthetically reconstruct the gammaray emission properties of the radio-loud and radio-quiet samples of
L19. We show that the population-property differences between the
two classes as enumerated in Section 1 naturally emerge from the
combined effects of the gamma-ray detection threshold, the artificial
cuts on the observational data, and the intrinsic correlations between
the prompt gamma-ray properties of LGRBs.
3 THE LGRB WORLD MODEL
In the series of works mentioned in the beginning of Section 2.3,
evidence has been presented that supports the existence of a significant positive Eiso −T90z correlation of strength ρ ∼ 0.5−0.6 in both
populations LGRBs and SGRBs. Here, we build upon these works
to create a Monte Carlo universe of LGRBs which are subjected to
the detection thresholds of BATSE and Swift Burst-Alert-Telescope
(BAT) detector thresholds. Since the majority of the events in the
radio-loud and radio-quiet LGRB samples of L19 belong to the Swift
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The existence of such correlation between the radio and gammaray energy releases would readily explain the appearance of the two
classes of radio-quiet and radio-loud LGRBs: The more energetic
LGRBs in gamma-ray emission tend to be more luminous in radio
afterglows, and therefore, tend to be classified as radio-loud LGRBs
more frequently. Consequently, radio-loud LGRBs appear to be much
more energetic as measured by Eiso relative to radio-quiet LGRBs.
This phenomenon is well illustrated in the schematic plot of Fig. 5
where the effects of the radio and gamma-ray detector thresholds
create apparently two distinct classes of radio-loud and quiet LGRBs
with significantly different characteristics, similar in behaviour to the
findings of L19.
As illustrated in Fig. 5, when LGRBs reach a certain gamma-ray
emission as measured by Eiso , their radio-emission also surpasses
the radio-emission detection threshold. Therefore, LGRBs beyond
a certain Eiso threshold are automatically classified as radio-loud
LGRBs. This results in the apparent segregation of the LGRB
population into two distinct groups whose Eiso distributions are
different despite having the same redshift distributions. Indeed, L19
report such excess in the average energetics of their radio-loud
LGRB sample relative to radio-quiet LGRBs (e.g. see the middle
plots of figs 1 and 2 of L19 and Fig. 3b in this work). Meanwhile,
the presence of two strong and independent radio and gamma-ray
detection thresholds on the bivariate Eiso −Erad distribution severely
undercuts any traces of a significant Eiso −Erad correlation, where Erad
denotes the total radio emission.
The above alternative hypothesis for the origins of the two radio
classes automatically provides also a natural explanation for the
significantly smaller dispersion in the Eiso distribution of radio-quiet
LGRBs relative to the radio-loud sample, which is evident the middle
plots of figs 1 and 2 of L19 and Fig. 3(e) in this work. The Eiso
distribution of the radio-quiet sample is strongly affected by the
gamma-ray detection threshold and redshift-measurement selection
effects in its lower tail and, by the radio-loud classification limit
at its upper tail. However, in the case of radio-loud LGRBs, such
radio-classification upper limit on the Eiso distribution does not exist
and the lower limit on this distribution is also vaguely defined by a
classification limit whose sharpness depends on the strength of the
Eiso −Erad correlation. These effects are well-illustrated in Fig. 5.

Radio-loud and radio-quiet gamma-ray bursts
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catalogue, here, we only present the results for the case of the Swift
BAT.
Shahmoradi (2013b) and Shahmoradi & Nemiroff (2015) model
the joint population distributions of 1366 BATSE catalogue LGRBs
in the five-dimensional LGRB property space of the following:

(i) redshift (z),
(ii) the intrinsic bolometric 1-s isotropic peak energy luminosity
(Liso ) and its equivalent observable, the peak energy flux (Pbol ),
(iii) the intrinsic total isotropic bolometric emission (Eiso ) and its
equivalent observable, the bolometric fluence (Sbol ),
(iv) the intrinsic spectral peak energy (Epz ) and its equivalent
observable, the observed spectral peak energy (Ep ),

(v) the intrinsic prompt gamma-ray duration as measured by the
time interval during which 90 per cent of the total gamma-ray energy
of the LGRB is released (T90z ) and its equivalent observable, the
observed duration (T90 ),

while carefully taking into account the intrinsic correlations
between the LGRB prompt gamma-ray properties and the detection
threshold of BATSE Large Area Detectors (LADs).
To create our Monte Carlo universe of LGRBs, we use the inferred
posterior distribution of the parameters of their multivariate model
under the hypothesis of LGRBs following the LGRB rate density ζ̇
MNRAS 502, 5622–5630 (2021)
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Figure 6. (a) The distribution of the exponent of Liso −T90z and Eiso −T90z power-law relationships inferred from modelling the population distribution of 1336
BATSE LGRBs. (b) An illustration of the predicted underlying intrinsic distribution of LGRBs in the Eiso −T90z plane. Associated with each simulated LGRB
is also a probability of it being detectable by the Swift BAT, represented by the cyan-magenta colour-map. The overlaid yellow and black points represent the
sample of bright radio-loud and radio-quiet LGRBs in L19 collected such that Eiso  1052 [erg]. The effective detection threshold of Swift BAT is represented
by the colour gradient between the magenta and cyan colours and the classification limit that separates the two classes of radio-loud and radio-quiet LGRBs is
shown by the brown dashed line. These two limits together potentially shape the narrow distribution of radio-quiet sample (black dots on this plane). (c) An
illustration of the predicted underlying intrinsic distribution of LGRBs in the redshift (z + 1)−Eiso plane. The colour codings of the plot objects are the same
as those of plot (b). The two dashed lines represent the effective limits that are potentially shaping the distribution of radio-quiet sample of radio-quiet LGRBs
in this plot. (d) An illustration of the predicted underlying intrinsic distribution of LGRBs in the (z + 1)−T90z plane. The colour codings of the plot objects are
the same as those of plots (b) and (c).
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Table 1. Presented here are both the values of the mean (μ) distributions
reported in panels (a)–(c) of Fig. 3 and the values of the standard deviation
(σ ) distributions reported in panels (d)–(f) of Fig. 3 as calculated via the
bootstrapping method.
log10 (z + 1)

μ
σ

Radio-loud distributions
0.46 ± 0.02
53.29 ± 0.07
0.19 ± 0.01
0.63 ± 0.04

1.50 ± 0.05
0.48 ± 0.04

μ
σ

Radio-quiet distributions
0.51 ± 0.03
52.71 ± 0.07
0.20 ± 0.02
0.47 ± 0.04

1.12 ± 0.08
0.48 ± 0.05

log10 (Eiso )

log10 (T90z )

Table 2. Pearson’s correlation coefficients of the prompt gamma-ray emission properties of LGRBs inferred from the LGRBs cosmic rate estimates
of Shahmoradi & Nemiroff (2019) and Osborne et al. (2020), assuming the
LGRB rate density models of Hopkins & Beacom (2006) and B10. The
following reported redshift parameters are those relating to equation 1.
Parameter
z0
z1
γ0
γ1
γ2
ρLiso −Epz
ρLiso −Eiso
ρLiso −T90z
ρEpz −Eiso
ρEpz −T90z
ρEiso −T90z

H06

B10

Redshift parameters
0.97
4.5
3.4
− 0.3
− 7.8

0.97
4.00
3.14
1.36
− 2.92

Correlation coefficients
0.53 ± 0.07
0.93 ± 0.01
0.39 ± 0.09
0.62 ± 0.05
0.29 ± 0.04
0.54 ± 0.05

0.60 ± 0.05
0.95 ± 0.01
0.37 ± 0.07
0.69 ± 0.03
0.34 ± 0.05
0.50 ± 0.05

inferred by Butler et al. (2010)
⎧
(1 + z)γ0 z < z0
⎪
⎪
⎨
ζ̇ (z) ∝ (1 + z)γ1 z0 < z < z1
⎪
⎪
⎩
(1 + z)γ2 z > z1 ,

(1)

where the parameters, (z0 , z1 , γ 0 , γ 1 , γ 2 ) for this equation are (0.97,
4.00, 3.14, 1.36, −2.92). The rate density estimate of Butler et al.
(2010) is based on a careful multivariate modelling of Swift catalogue
of LGRBs. Previously, we have used five other rate density models in
Osborne et al. (2020), but found that the rate density estimate of B10
resulted in more accurate results than other models in predicting the
redshifts of the BATSE catalogue of LGRBs. Table 2 summarizes
the inferred Pearson’s correlation coefficients between the four main
prompt gamma-ray attributes of LGRBs considered in our LGRB
world model. We refer the interested reader to the series of works
cited in the first paragraph of Section 2.3 for a comprehensive
discussion of the modelling approach, and to Shahmoradi & Bagheri
(2020), Shahmoradi, Bagheri & Osborne (2020), and Kumbhare &
Shahmoradi (2020) for details of the MCMC sampling techniques
used to construct the parameters posterior distribution.
Once we have a constrained parametric model for the joint
distribution of the population distribution of LGRBs, we generate
a Monte Carlo universe of LGRBs by randomly selecting a set of
parameters for the LGRB world model from the posterior distribution
of parameters and then generating a set of LGRB attributes (Liso , Eiso ,
MNRAS 502, 5622–5630 (2021)

3.1 The Eiso −T90z correlation in radio-loud and radio-quiet
LGRBs
Similar to L19, we confirm the existence of a weaker Eiso −T90z
relationship in the population of radio-loud LGRBs (ρ ∼ 0.23 ± 0.11)
compared to the radio-quiet sample of LGRBs (ρ ∼ 0.45 ± 0.12).
However, bootstrapping results as depicted in plot (g) of Fig. 3
indicate that the difference in the correlation strengths between
the two radio classes is insignificant. Indeed, there is 10 per cent
probability that the underlying Eiso −T90z correlation in the radioloud sample could be stronger than the corresponding correlation in
the radio-quiet sample.
We have already shown in the previous sections of this manuscript
that there is likely a strong intrinsic Eiso −T90z correlation in
both LGRB and SGRB classes. This prediction readily explains
the existence of a positive Eiso −T90z correlation in both samples
of radio-loud and radio-quiet LGRBs. The strengths of the observed correlations are, however, much weaker than the predictions of our LGRB world model because of the strong effects of
sample-incompleteness on the radio-loud and radio-quiet LGRB
samples.
Furthermore, the slight increase in Eiso −T90z correlation strength
in the radio-quiet sample relative to the radio-loud sample of LGRBs
can be also potentially explained away in terms of the subtle effects
of radio classification and sample-incompleteness on the two LGRB
populations. There are two artificial fuzzy cuts on the radio-quiet
sample, one of which is the classification limit illustrated by the
brown dashed line in Fig. 6(b) and the detector threshold limit
represented by the cyan-magenta colour gradient in the same plot.
These cutoffs are considered fuzzy due to the influence of redshift
in detectability of the radio afterglow emission and in influencing
whether the bursts are observed by the detector, respectively. The
Eiso distribution of radio-quiet LGRBs is likely more affected by the
detection threshold of Swift because radio-quiet LGRBs are generally
less energetic.
However, unlike the radio-loud sample, the radio-quiet LGRBs
are also limited by an upper Eiso fuzzy threshold which is purely
due to the classification of LGRBs into two classes of radio-loud
and radio-quiet. If an LGRB is bright enough in gamma-ray, its
radio-emission will also become bright enough to be detectable.
Therefore, gamma-ray-bright LGRBs are automatically classified as
radio-loud LGRBs. The two aforementioned artificial cuts on the
radio-quiet sample create a narrow distribution of LGRBs in the
Eiso −T90z which artificially increases the observed Eiso −T90z correlation strength of radio-quiet LGRBs compared to the radio-loud
sample.
3.2 The z−Eiso correlation in radio-loud and radio-quiet
LGRBs
We confirm the existence of a weaker z−Eiso correlation in the
population of radio-loud LGRBs (ρ ∼ 0.08 ± 0.12) compared to
the radio-quiet sample of LGRBs (ρ ∼ 0.33 ± 0.13). However,
bootstrapping results as depicted in plot (h) of Fig. 3 indicate that
the difference in the correlation strengths between the two radio
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Distribution

Epz , T90z , z), given the randomly selected set of parameters for the
LGRB world model.
Plot (a) of Fig. 6 displays the distribution of the inferred exponent
α for the power-law relationship between the intrinsic duration (T90z )
and energetics of LGRBs as measured by Liso and Eiso . A realization
of the Eiso −T90z relation is also displayed in plot (b) of Fig. 6.

Radio-loud and radio-quiet gamma-ray bursts

5629

Table 3. Correlations from L19 and from this work.
Work used for correlations

Eiso −T90z correlation

(z + 1)−Eiso correlation

(z + 1)−T90z correlation

0.23
0.46
0.23
0.46

0.08
0.40
0.08
0.40

− 0.36
− 0.08
− 0.11
0.05

L19 radio-loud GRBs
L19 radio-quiet GRBs
This work (correlation corresponding to radio-loud GRBs)
This work (correlation corresponding to radio-quiet GRBs)

3.3 The z−T90z correlation in radio-loud and radio-quiet
LGRBs
Similar to L19, we confirm the existence of a stronger (z +
1)−T90z anticorrelation in the population of radio-loud LGRBs (ρ
∼ −0.35 ± 0.10) compared to the radio-quiet sample of LGRBs
(ρ ∼ −0.07 ± 0.18). However, bootstrapping results as depicted
in plot (i) of Fig. 3 indicate that the difference in the correlation
strengths between the two radio classes is insignificant. Indeed,
there is 9 per cent probability that the underlying z−T90z correlation
in the radio-loud sample could be weaker than the corresponding
correlation in the radio-quiet sample.
Furthermore, the slight increase in (z + 1)−T90z anti-correlation
strength in the radio-loud sample relative to the radio-quiet sample of
LGRBs can be also potentially explained away in terms of the subtle
effects of classification and sample-incompleteness on the two LGRB
populations combined with the effects of the correlation strengths of
Eiso −T90z and (z + 1)−Eiso relationships in the two LGRB radio
classes.
To illustrate the effects of Eiso −T90z and (z + 1)−Eiso correlations
on the (z + 1)−T90z correlation, we generate Monte Carlo realizations
of the radio-loud and radio-quiet LGRB samples, similar to the
two observational samples of L19. We do so by generating two
samples that have the same distributions of redshift and Eiso as
those of the observational radio-loud and radio-quiet samples, while
fixing their Eiso −T90z and (z + 1)−Eiso correlation strengths to their
corresponding values in the observational samples. We then leave
the T90z distribution of the two synthetic samples to be randomly
determined by our Monte Carlo simulations.
The above simulation scheme allows us to isolate the effects of
Eiso −T90z and (z + 1)−Eiso correlation strengths on the strength of
the z−T90z correlation. The results of the Monte Carlo simulations
are summarized in Table 3. As shown in the last column of the
table, although the average simulated correlation strength of the (z
+ 1)−T90z relationship for the sample of radio-loud LGRBs does
not fully match the corresponding observed value, the simulations
indicate that a similar trend in correlation strengths with comparable
differences to those of the observational samples can be reproduced
purely based on the correlation strengths of Eiso −T90z and (z +

1)−Eiso relationships. All of these Monte Carlo simulation results
have been obtained without any a prior assumptions on the type of
LGRBs, whether radio loud or radio quiet.
In other words, the observed (z + 1)−T90z correlation strength
difference between the two radio-loud and radio-quiet samples likely
has no physical origins but can be largely attributed to a complex
combination of multiple sample incompleteness and selection effects
in gamma-ray and radio detection, data collection, and redshift
measurement.
4 DISCUSSION
The existence of two classes of radio-loud and radio-quiet LGRBs
with potentially different progenitors has been recently argued in
the literature (e.g. Lloyd-Ronning & Fryer 2017; L19). Radio-loud
LGRBs have been shown to be on average more energetic, longerduration and exhibit weaker positive Eiso −T90z but stronger negative
(z + 1)−T90z correlations than the radio-quiet class of LGRBs
(Fig. 3).
In this work, we have shown that much of the evidence in favour of
such radio classification of LGRBs and their distinct progenitors can
be purely attributed to the complex effects of detection thresholds
of gamma-ray detectors (Shahmoradi & Nemiroff 2009, 2011) and
radio telescopes (Chandra & Frail 2012) on the observed sample of
bright LGRBs. Our arguments are built upon the recent discovery
of a significant positive Eiso −T90z correlation (ρ ∼ 0.5−0.6) in
both populations of LGRBs and SGRBs by Shahmoradi (2013b)
and Shahmoradi & Nemiroff (2015). We have shown that the
intrinsic Eiso −T90z correlation (Fig. 6b) along with a potential
positive correlation between the gamma-ray and radio luminosity
of LGRBs (Fig. 4) are sufficient conditions to generate much of
the differing characteristics of radio-loud and radio-quiet LGRBs,
without recourse to any radio classification of LGRBs.
Bootstrapping simulations indicate that some of the proposed
spectral and temporal differences between the two proposed radio
classes are not statistically significant (Fig. 3). Furthermore, Monte
Carlo simulations of the gamma-ray properties of the two radio
classes reveal that more than 50 per cent of the reported difference
between the (z + 1)−T90z correlation strengths of the proposed radio
classes can be readily and purely explained in terms of selection
effects, sample incompleteness, and the strong positive Eiso −T90z
correlation in LGRBs. It should also be noted that along with the
selection effects mentioned in earlier portions of this paper that there
is also an additional selection effect introduced by using only GRBs
which have measured redshift. This is discussed in the work of Turpin
et al. (2016) in which they find that selecting bursts with measured
redshifts leads to a population of GRBs which is biased towards both
GRBs with bright afterglows and GRBs with a slightly higher T90z .
This finding from Turpin et al. (2016) was also mentioned in L19 in
which they determine this slight bias towards higher T90z would not
significantly affect their results.
In the light of the above arguments, it would seem likely that the
presence of the very high-energy GeV extended emission in the class
MNRAS 502, 5622–5630 (2021)
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classes is insignificant. Indeed, there is 9 per cent probability that
the underlying Eiso −T90z correlation in the radio-loud sample could
be stronger than the corresponding correlation in the radio-quiet
sample.
Furthermore, we hypothesize that the slight increase in z−Eiso
correlation strength in the radio-quiet sample relative to the radioloud sample of LGRBs can be also again potentially explained
away in terms of the subtle effects of classification and sampleincompleteness on the two LGRB populations. These two artificial
fuzzy cuts on the radio-quiet sample are schematically illustrated by
the brown dashed lines in Plot (c) of Fig. 6. The Eiso distribution of
radio-quiet LGRBs is likely more affected by the detection threshold
of Swift because radio-quiet LGRBs are generally less energetic.
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of radio-loud LGRBs also results from the overall brighter lightcurves of such LGRBs across all energy wavelengths, from radio to
GeV.
The question of whether the radio telescopes have been sensitive
enough to detect the faint LGRB radio emissions has been raised
previously (e.g. Chandra & Frail 2012; Resmi 2017). Given the
proximity of the 3σ radio non-detection limits to the observed sample
(Fig. 1), it is conceivable that future radio telescopes with increased
sensitivities will be able to detect the radio afterglows of more LGRB
events (Chandra 2016). The numerical simulations of Burlon et al.
(2015) also appear to support this conclusion. The future projects
such as the Square Kilometer Array (Carilli & Rawlings 2004;
Johnston et al. 2008; whose operation is expected in 2027) and
the recent upgrades to the existing telescopes such as the Giant
Metrewave Radio Telescope (Swarup 1991; Ananthakrishnan 1995;
Gupta 2014) and many others (e.g. Gupta et al. 2017) will provide a
definite answer to the problem of radio-classification of LGRBs.

