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Abstract: In order to test the efficacy of gamma-ray bursts (GRBs) as cosmological probes, we
characterize the scatter in the correlations between six pairs of GRB observables. However, some of
these observables depend on the luminosity distance, for which one needs to assume an underlying
cosmological model. In order to circumvent this circularity problem, we use X-ray and UV fluxes
of quasars as distance anchors to calculate the luminosity distance in a model-independent manner,
which, in turn, is used to calculate the GRB-related quantities. We find that all six pairs of regression
relations show high intrinsic scatter for both low- and high-redshift samples. This implies that these
GRB observables cannot be used as model-independent high-precision cosmological probes.
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1. Introduction

Gamma-ray bursts (GRBs) are single-shot explosions located at cosmological distances,
which were first detected in the 1960s and have been observed across ten decades at energies
from the keV to the over 10 TeV range [1,2]. They are located at cosmological distances,
although a distinct time dilation signature in the light curves is yet to be demonstrated [3–5].
Because of their high energies and cosmological distances, they have also proven to be
very good probes of fundamental physics, such as for testing Lorentz invariance violations
and quantum gravity [6–10]. GRBs are traditionally divided into two categories based on
their durations, with long and short GRBs lasting more than and less than two seconds,
respectively [11]. Long GRBs are usually associated with core-collapse supernovae [12] and
short GRBs with neutron star mergers [13]. There are, however, many exceptions to this
conventional dichotomy [14–17], and many claims of additional GRB sub-classes have also
been discussed in literature [18–21].

GRBs have been proposed as distance indicators or standard candles for cosmological
purposes over the past two decades due to putative correlations between myriad GRB
observables in both the prompt and afterglow emission phases [22–27]. These correlations
have often been used to estimate cosmological parameters [28]. An up-to-date review of
all GRB correlations in the prompt and afterglow phases, along with the cosmological
applications of these relations, can be found in [29].

However, there is an inherent circularity problem in using GRB observables as cos-
mological probes since the calculation of these observables is based on an underlying
cosmological model. However, in any case, the correlations should be preserved. To evade
this circularity problem, two methodologies have been used in the literature. One way is to
simultaneously constrain the GRB correlations and the cosmological parameters [30,31].
Alternatively, a large number of ancillary probes have also been used to obtain cosmology-
independent estimates of distances corresponding to GRB redshifts, such as Type Ia SNs,
cosmic chronometers, BAO H(z) measurements, the X-ray and UV luminosities of quasars,
galaxy clusters, etc. [32] (and the references therein).
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Here, we focus on the correlations between six pairs of GRB observables—τlag − L,
V − L, Ep − L, Ep − Eγ, τRT − L, Ep − Eiso—that were proposed in [33] (see also [34]). 1 The
aforementioned work simultaneously fitted for the cosmology and the regression relations
between the above parameters [33]. Subsequently, these correlations were then studied by
obtaining model-independent distances to the GRBs using the Pantheon compilation [39]
of Type Ia SNs in [40] (referred to as T21 hereafter). Here, we carry out a variant of the
analysis conducted in T21 by using the X-ray and UV luminosities of quasars instead of
Type Ia SNs to probe the same correlations first considered in [33]. We note that quasars
were used previously to probe the efficacy of the Amati relation [41] for the GRB datasets
in [30,42,43].

The outline of this manuscript is as follows. We discuss the datasets used in this work
in Section 2. Our analysis and results can be found in Section 3. We conclude in Section 4.

2. Datasets

We used the same GRB datasets as those considered in T21, which were originally
obtained from [33]. This work considered a sample of 116 long GRBs with redshifts between
0.17 and 8.2. This sample consisted of GRBs observed by SWIFT until 2012 in conjunction with
69 additional GRBs from other detectors obtained before the launch of the SWIFT satellite [38].
The dataset in [38] consisted of long GRBs with well-measured and robust redshifts. For
the additional SWIFT GRBs considered in [33], any long GRB with more than 100% error
for any observable was discarded. The observables assembled for each GRB consist of the
bolometric peak flux (Pbolo), the bolometric fluence (Sbolo), the beaming factor (Fbeam), the time
lag between low- and high-energy photon light curves (τlag), the peak energy of the spectrum
(Ep), the minimum rise time of the peaks for which the light curve rises by half its peak flux
(τRT), and the variability in the light curve (V), along with their 1σ error bars. Among these
measurements, τRT, Ep, τlag, and V were obtained directly from spectral analysis, whereas
Pbolo and Sbolo could be obtained from the GRB spectrum observed, as outlined in [33]. In a
future work, we shall update this dataset using the entire SWIFT catalog. In order to test for
potential correlations, one needs to calculate the isotropic peak luminosity (L), the isotropic
equivalent energy (Eiso), and the collimation-corrected energy (Eγ), which, in turn, depend on
the luminosity distance (DL), for which one needs to posit an underlying cosmological model.
The relation between L and Pbolo is given by

L = 4πD2
LPbolo, (1)

Eiso is related to DL using
Eiso = 4πD2

LSbolo(1 + z)−1 (2)

Finally Eγ is given by
Eγ = 4πD2

LSboloFbeam(1 + z)−1, (3)

where Fbeam is the beaming factor, which was estimated using the empirical formula derived
in [44].

This dataset was used to study six different pairs of luminosity correlations, τlag − L,
V − L, Ep − L, Ep − Eγ, τRT − L, and Ep − Eiso, where some of the above variables were
scaled according to redshift, as explained in the next section. To circumvent this circularity
problem, a combined fit to linear regression between the above variables and the underlying
cosmology model was made [33]. The intrinsic scatter of the V − L correlation was found
to be very large, but the other variables had a tight correlation with a negligible redshift
evolution. This same set of correlations was considered before in T21 using a model-
agnostic approach without assuming an underlying cosmological model. For this purpose,
a model-independent estimate of DL at each GRB redshift was obtained using deep learning
and Gaussian-process-based regression using Type Ia supernova data, which overlap in
their redshifts with those of the GRBs. T21 also tested for a redshift evolution for the same
six regression relations (considered in [33]) by dividing the GRB dataset into low-redshift
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and high-redshift samples. Among these, only Ep − Eγ was found to have no redshift
evolution [40].

The Quasar Dataset

In order to calculate DL corresponding to a given GRB redshift, instead of Type Ia SNs,
we use quasars as the distance anchors. Quasars consist of active galactic nuclei, where the
energy release occurs due to the accretion onto a supermassive black hole. Quasars have
been detected up to a redshift of z = 7 and therefore span the same redshift range as GRBs.
Quasars have been observed throughout the electromagnetic spectrum [45]. A tight scaling
relation between the optical–UV flux at a rest frame wavelength of 2500 Å and the X-ray
flux at a rest frame energy of 2 keV of a quasar has been asserted, which is independent of
redshift [46].

The value of DL at a given redshift is obtained from a quasar’s X-ray and UV flux as
follows [46,47]:

log DL =
[log FX − β − γ(log FUV + 27.5)]

2(γ − 1)
− 0.5 log(4π) + 28.5, (4)

where FX and FUV are the flux densities (in erg/s/cm2/Hz) β ≈ 8.2 and γ = 0.6. This
relation was obtained assuming a Hubble constant value of H0 = 70 km/sec/Mpc. Lusso
et al. [47] constructed a clean sample of 2,421 optically selected quasars spanning a redshift
range of 0.006 ≤ z ≤ 7.52 (with a dispersion in the LX − LUV relation of 0.24 dex), where
the distance modulus (µ) and the associated errors were obtained using DL from the above
equation as below:

µ = 5 log(DL)− 5 log(10pc) (5)

Therefore, one can obtain the distance modulus for each quasar’s redshift from the quasar’s
X-ray and UV fluxes. We note, however, that concerns have been raised that this quasar
dataset [47] may be not be standardizable [48–50], which is probably caused by the dust
extinction in the LX − LUV relation [51]. Nevertheless, since the quasar dataset in [47] has
been used to test for GRB correlations [41], we use this QSO dataset to derive distance
anchors for direct comparison with the scatter obtained in T21 using Type Ia supernovae.
More detailed studies using a pure quasar sample will be deferred to a future work.

3. Analysis and Results

The first step in the analysis involves obtaining a model-independent estimate of DL
from the quasar dataset. As mentioned in the previous section, we start with the µ and z
values for 2421 quasars. With these data, we carry out a non-parametric reconstruction
of µ at any redshift z using Gaussian process regression (GPR). GPR is a generalization
of a Gaussian distribution, characterized by a mean and a covariance function (usually
called the kernel function) [52]. For the GPR implementation, we use the publicly available
Python package sklearn [53] to reconstruct the distance modules (µ) as a function of the
redshift (z) as follows: The kernel we have used for the regression is a sum of linear and
constant kernels. A linear kernel with an exponent captures the relations in the data, and a
constant kernel is used to scale the magnitude. The GPR reconstruction of µ along with
the associated 1σ error bars can be found in Figure 1. Once we have reconstructed µ at
any value of z, we can estimate DL by inverting Equation (5). The errors in DL can be
obtained using standard error propagation. We then obtain L and Eiso using Equation (1)
and Equation (2), respectively.
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Figure 1. Reconstruction of µ with GPR using X-ray and UV fluxes for 2421 quasars.

We then carry out linear regression between the six aforementioned GRB quantities in
log space as follows:

log
L

erg s−1 = a1 + b1 log
τlag,i

0.1 s
, (6)

log
L

erg s−1 = a2 + b2 log
Vi

0.02
, (7)

log
L

erg s−1 = a3 + b3 log
Ep,i

300 keV
(8)

log
Eγ

erg
= a4 + b4 log

Ep,i

300 keV
, (9)

log
L

erg s
= a5 + b5 log

τRT,i

0.1 s
, (10)

log
Eiso

erg
= a6 + b6 log

Ep,i

300 keV
(11)

where τRT,i = τRT/(1 + z), τlag,i = τlag/(1 + z), Vi = V(1 + z), and Ep,i = Ep(1 + z).
To obtain the best-fit parameters for each of the above equations, we apply D’Agostini’s

likelihood, which incorporates errors into both the ordinate and abscissa [54]:

L(σint, a, b) ∝ ∏
i

1√
σ2

int + σ2
yi + b2σ2

xi

× exp

− (yi − a − bxi)
2

2
(

σ2
int + σ2

yi + b2σ2
xi

)
, (12)

where x and y denote the abscissa and the ordinate, and σxi and σyi are the corresponding
errors; σint denotes the intrinsic scatter in each regression relation. To obtain the best-fit
values for each of the parameters, we apply Bayesian regression and sample the posterior
using the emcee MCMC sampler [55]. We use uniform priors on both a and b. Since we
have obtained dL using quasar UV and X-ray fluxes without an underlying cosmological
model, we do not need to impose any priors onto the cosmological parameters.
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In order to study the evolution of the aforementioned correlations with redshift, we
bifurcate the GRB datset into two subsamples corresponding to the same redshift intervals
as T21: the low-z sample (z ≤ 1.4) which consists of 50 GRBs, and the high-z sample
(z > 1.4), which consists of 66 GRBs. We investigate the redshift dependence of the luminosity
correlations for these two subsamples. We also show the results for the full GRB sample.

The best-fit intervals at 68%, 90%, and 99% credible intervals for all six regression
relations can be found in Figure 2 for the full GRB sample and also after splitting the sample
based on redshift. The scatter plots between the six pairs of variables along with the best
fits are shown in Figure 3. We find that our results for the slope, intercept, and intrinsic
scatter for almost all six scaling relations are consistent with those obtained in T21. The
only exception is the Ep − Eγ or Amati correlation, where we see an intrinsic scatter of
26–40%, whereas the intrinsic scatter was found to be < 23% in T21. We find that the
values for the slope and the intercept are consistent or at most 1 − 2σ discrepant between
the low-redshift and high-redshift samples, indicating negligible evolution of the scaling
relations. Furthermore, all six regression relations show a high intrinsic scatter of greater
than 30%. This includes the Amati relation, where we see a large scatter of 47% when we
consider the full data sample, similar to our results of using galaxy clusters as the distance
anchors [32]. Therefore, the regression relations between these observables using the quasar
dataset in [47] as the distance anchors, which have large dispersion, cannot be used as
model-independent probes of cosmological parameters. Another possible reason for this is
the GRB dataset we have analyzed is not standardizable, and one needs to check for this
before trying to calibrate it [48–50].
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Figure 2. The 68%,90%, and 99% credible intervals along with the marginalized PDFs for the
parameters for the regression relations between six pairs of GRB observables for low-redshift (z < 1.4)
and high-redshift (z > 1.4) samples, as well as the full GRB dataset.
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4. Conclusions

The recent work T21 studied the empirical correlations among six pairs of GRB ob-
servables for 116 long GRBs (first considered in [33]) in order to test their efficacy as
cosmological probes. However, one needs an estimate of the luminosity distance, which
depends on an underlying cosmological model, to calculate some of these GRB observables.
In order to avoid this circularity problem, luminosity distances from Type Ia supernovae
were used as distance anchors, and the corresponding distance at a given GRB redshift was
obtained using Artificial Neural Network-based regression.

In this work, we carried out the same exercise as in T21 but used the X-ray and UV
fluxes of quasars instead of Type Ia supernovae in order to obtain the luminosity distance
at a given GRB redshift. Interpolation was applied using Gaussian process regression.
Similar to T21, we tested the correlations for both low-redshift and high-redshift samples
after bifurcating the dataset at z = 1.4. Our results for the best-fit values for all the six
regression relations can be found in Table 1. The marginalized credible intervals are shown
in Figure 2, whereas the scatter plots for the six regression relations are shown in Figure 3.
Our conclusions are as follows:

• The slopes and intercepts agree with the corresponding results from T21 for both low
and high redshift, as well as the full sample.

• Our intrinsic scatter for almost all the scaling relations is comparable to that found in
T21. The only exception is the Amati relation, where we see a much higher intrinsic
scatter compared to in T21.

• Although there is negligible redshift evolution in the scaling relations, the high intrinsic
scatter implies that we cannot use these GRB observables for model-independent
estimates of cosmological parameters.

• We should note that another possible reason for the large scatter could be that the
quasar dataset in [47] cannot be used to obtain distance anchors [48–50] or that the GRB
dataset is not standardizable. One possibility would be to use the quasar reverberation-
mapped observations discussed in [56] as distance anchors up to a redshift of z = 3.4.

In the spirit of open science, we have made all of our analysis code and data publicly
available at https://github.com/saaarvesh/MTechThesis/tree/main/Final as of 22 October
2024. In a future work, we shall also update the analysis using the latest SWIFT data.

Table 1. The best-fit parameters for GRB luminosity correlations. N is the number of GRBs in each
subsample.

Correlation Sample N a b σint

τlag − L low-z 37 51.97 ± 0.09 −0.77 ± 0.14 0.44 ± 0.07
high-z 32 52.14 ± 0.07 −0.59 ± 0.12 0.35 ± 0.06

all z 69 52.04 ± 0.06 −0.69 ± 0.09 0.39 ± 0.04
V − L low-z 47 52.00 ± 0.24 0.63 ± 0.36 0.88 ± 0.13

high-z 57 52.41 ± 0.18 0.25 ± 0.17 0.63 ± 0.07
all z 104 52.19 ± 0.12 0.43 ± 0.13 0.73 ± 0.06

Ep − L low-z 50 51.75 ± 0.09 1.38 ± 0.18 0.58 ± 0.07
high-z 66 51.99 ± 0.06 1.08 ± 0.15 0.39 ± 0.04

all z 116 51.88 ± 0.05 1.29 ± 0.11 0.48 ± 0.04
Ep − Eγ low-z 12 50.55 ± 0.09 1.39 ± 0.20 0.26 ± 0.09

high-z 12 50.30 ± 0.14 1.37 ± 0.44 0.39 ± 0.16
all z 24 50.43 ± 0.07 1.39 ± 0.17 0.29 ± 0.07

τRT − L low-z 39 52.52 ± 0.12 −1.24 ± 0.18 0.46 ± 0.06
high-z 40 52.38 ± 0.08 −0.75 ± 0.17 0.42 ± 0.06

all z 79 52.42 ± 0.07 −1.02 ± 0.11 0.43 ± 0.041
Ep − Eiso low-z 40 52.43 ± 0.10 1.49 ± 0.20 0.59 ± 0.08

high-z 61 52.51 ± 0.06 1.22 ± 0.14 0.39 ± 0.04
all z 101 52.47 ± 0.05 1.38 ± 0.12 0.48 ± 0.04

https://github.com/saaarvesh/MTechThesis/tree/main/Final
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Note
1 We note that among the above correlations, the Ep − Eγ relation is often referred to as the Amati relation, such as in literature [35].

Also, the correlation between Ep and L is also known as the Yonetoku relation and has been widely studied in the literature
[36,37]. All the other correlations were first considered in [38].
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