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ABSTRACT

Analyses are given on four recent gravitational millilensing claims on gamma-ray bursts (GRBs): GRB 081122A, GRB 081126A,
GRB 110517B, and GRB 210812A. Two tests, a light curve similarity test and a hardness similarity test, compare different
temporal sections of a single GRB to see if they are statistically similar. The hardness similarity test shows that the ratio between
the second and the first emission episodes in each energy channel differed from the same ratio averaged over all energy channels
at above 90 per cent confidence level in GRB 081122A. Additionally, the light curve similarity test applied to GRB 081122A,
GRB 081126A, and GRB 110517B separately indicated a high likelihood that the two emission episodes in each GRB were not
from the same parent emission episode. This conclusion was reached with confidence levels of 4.80 for GRB 081122A, 3.08¢c
for GRB 081126A, and 8.45¢ for GRB 110517B. However, these tests did not detect a significant difference between the pulses
of GRB 210812A. Consequently, our results suggest that while GRB 210812A could not be conclusively ruled out, the other
three GRBs do not show clear evidence of millilensing.

Key words: gravitational lensing: micro—methods: statistical — gamma-ray burst: individual: (GRB 081122A, GRB 081126A,

GRB 110517B, and GRB 210812A).

1 INTRODUCTION

The detection of gravitational lensing signatures within the light
emitted from Gamma-Ray Bursts (GRBs) offers a unique and
promising approach to identifying Compact Objects (COs) scattered
throughout the universe, specifically within the mass range of 1
million to 1 billion solar masses. While other sources can be used
for detection, GRBs provide a distinct advantage in probing this
mass range. This paper aims to review recent claims of gravitational
lensing in four individual GRBs.

Press & Gunn (1973) first proposed searching for COs using grav-
itational lensing. Detecting gravitational lenses from any temporally-
resolved source can provide valuable information on the proportion
of the universe composed of COs in a specific mass range. Con-
versely, the lack of detection can constrain the cosmological density
and mass values of COs. Therefore, searching for gravitational
lensing signatures is crucial for understanding CO dark matter and
exploring the universe’s properties.

The concept of gravitational lensing in GRBs was first introduced
by Paczynski (1987), while Blaes & Webster (1992) proposed
using GRBs to detect COs. Earlier attempts to conduct millilensing
searches in the Burst and Transient Source Experiment (BATSE)
GRBs were made by Nemiroff et al. (2001) and Marani et al.
(1999). Ougolnikov (2001) and Li & Li (2014) also conducted similar
searches for millilensing in BATSE GRBs, with the former analysing
a large sample of 1512 BATSE GRBs. Despite these efforts to detect
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gravitational lensing signatures in individual GRBs, a clear detection
has yet to be made.

Several recent papers have suggested the existence of gravitational
millilensing imprints in individual GRBs. Specifically, five papers
published in 2021 and 2022 (Paynter, Webster & Thrane 2021,
Kalantari et al. 2021, Yang et al. 2021, Wang et al. 2021, and
Kalantari, Rahvar & Ibrahim 2022) claim that an early episode of
emission is followed by a second episode of emission where both
episodes correspond to separate gravitational lens created images of
the same parent emission episode.

However, preliminary analyses of GRBs 950830, 090717A, and
200716C by Mukherjee & Nemiroff (2021a), Mukherjee & Nemiroff
(2021b), and Mukherjee & Nemiroff (2022) have shown that these
GRBs should not be considered as conclusive evidence of gravita-
tional lensing and a more detailed analysis is given by Mukherjee &
Nemiroff (2023).

In addition to these three GRBs, four more GRBs have been
claimed to be good candidates for millilensing. A paper by Veres
etal. (2021) claims that GRB 210812A is gravitationally millilensed,
and a separate publication by Lin et al. (2022) suggests the existence
of four: GRB 081126A, GRB 090717A, GRB 081122A, and GRB
110517B with varying degrees of confidence.

Mukherjee & Nemiroff (2023) introduced two tests to identify
the presence of gravitational lensing: the light curve similarity test
and the hardness similarity test. In the simplest gravitational lensing
scenario, a compact lens between the observer and the source would
create similar images that arrive with different time delays. However,
each lens-induced image would be a copy of the same parent GRB,
preserving the same light-curve shape and colour-based hardness of

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,
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that parent GRB. However, the total fluence from each image could
differ significantly.

The light curve similarity test examines the statistical similarity
of light curve shapes between two candidate emission episodes in a
single GRB. First, a background level for each GRB is established
across individual energy channels using a polynomial fit. With the
background set, the process of pulse alignment begins. Here, both
tofiset AN Techo are determined simultaneously, aiming to optimize the
resultant x2 value. The employed y? formula, essential for gauging
light curve resemblance, is adapted from the established works of
Cochran (1952) and Press et al. (1992).

The alignment procedure begins by determining the start and end
times for each pulse based on the variations in the light curve. The
start of the first pulse is identified when the accumulated counts,
aggregated over specific time bins, exceed a certain o threshold
above the background fit. When these counts fall below the same o
level, the pulse’s end is defined. Based on the premise of gravitational
lensing, both pulses, potentially lensed images of the original GRB,
are assumed to have the same duration.

When aligning the pulses, it’s crucial to factor in shifts in the
order of a few microseconds. This granularity is vital for scenarios
when the second pulse materializes between two consecutive time
bins. Even the slightest misalignment can dramatically skew the x>
calculations if not adjusted at the microsecond scale. As such, the
recorded counts of the first pulse are modulated in intervals of a few
microseconds, iterating through different values of recho, to pinpoint
the optimal combination of fyf; and reeho that minimizes the 2
value.

The challenge in the light curve similarity analysis is that com-
paring the fainter, extended regions of pulses — often distant from
the peak — can suggest similarity through low x? values, even if
the core sections are markedly different. This is compounded by the
fact that the swift ascent and near-exponential decline characterizing
the pulse boundaries render them less unique attributes. With this
understanding, the light curve similarity test is designed to compare
bins situated close to the pulse apex primarily. We harness the full
width at half maximum (FWHM) technique (Jia & Qin 2005) to
accomplish this. In this strategy, the bin recording the peak count
for the first pulse is pinpointed. Directly after, we identify times
accounting for half this peak on either flank of the pulse. With the
insights from e and the span of the initial pulse, a matching
segment in the second pulse is determined.

The hardness similarity test is a technique utilized to analyse
the measured colour of each pulse. This test assumes that the
gravitational deflection of a photon does not affect its energy, and
therefore, the gravitational lensing magnification of a source should
be the same at every wavelength, and all gravitational-lens images
of the same GRB will have the same hardness.

The test procedure begins by determining the start and end times
of pulse 1, which are determined by a designated o above the
background, and the start and end times of pulse 2, which are
determined by adding fofse; to the start and end times of pulse 1.
The counts above the background for both pulses and in all energy
bands are calculated using the background fits, pulse start times, and
pulse duration. The hardness ratio for each energy channel is then
determined by taking the ratio of the summed counts in pulse 2 to
those in pulse 1. The errors in these ratios are based on the Poisson
noise inherent in the backgrounds and pulses. The formulae used for
both the light curve similarity test and the hardness similarity test are
detailed in the paper by Mukherjee & Nemiroft (2023).

The remainder of this paper is organized as follows. Section 2
provides a detailed description of the data used, while the results for
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each GRB are outlined in Section 3. Finally, Section 4 presents the
conclusion and summary of the study.

2 DETECTORS AND DATA

The GRBs examined in this study were detected by Fermi’s Gamma-
ray Burst Monitor (GBM), which comprises 14 detector modules,
12 of which are Sodium Iodide (Nal) detectors and 2 are Bismuth
Germanate (BGO) detectors. The Nal detectors cover an energy
range of 4 keV-2000 keV, while the BGO detectors cover an energy
range of 200 keV—40 MeV.

This study analysed the 2-microsecond Time-Tagged Event (TTE)
data, which provided individual counts with high time resolu-
tion, recorded over a short time-scale of approximately —30 to
300s. The TTE data was segmented into eight different energy
channels, each with a distinct energy range. These channels were
as follows: channel 1 (4.5-11.8keV), channel 2 (11.8-26.9keV),
channel 3 (26.9-50.4keV), channel 4 (50.4-101.6keV), channel
5 (101.6-293.8 keV), channel 6 (293.8-537.8 keV), channel 7
(537.8-983.3 keV), and channel 8 (983.3-2000 keV). Only energy
channels that detected a discernible signal above the background
were analysed in this study.

3 RESULTS

The detectors and the energy channels that detected signals well
above the background were selected for analysing each GRB. After
an exploratory analysis, to obtain optimal y 2 results, a particular time
resolution is chosen for all analyses. Table 1 provides information
on the detectors, energy channels, and the time resolution used for
each GRB.

Light curve similarity test: After the background was fit, optimized
values for fysse; and reeno Were determined, by minimizing x2. The
FWHM method was used to determine the regions for comparison.
It gave the start time (ST) of pulse 1; #,; and the FWHM duration,
trwnM. The start and end times of pulse 2 were obtained by adding
foffset to the start and end times of pulse 1. Table 2 provides the values
Of Zofisets Techo» tp1» IrwnM, and o difference for each GRB.

The compared regions are displayed in Figs 1, 2, 3, and 4.
According to the light curve similarity test, the probability that the
two pulses were drawn from the same parent pulse is ruled out at
greater than 30 confidence for all GRBs except GRB 210812A.

Lin et al. (2022) claimed that GRB 081122A is gravitationally
lensed. This GRB was detected by the Fermi GBM in 2008. From
visual inspection of Fig. 1, it can be argued that the two-peak structure
of the first pulse is much more clearly defined than the second pulse
in 0.256 s time resolution. The x? analysis found that the probability
that the two pulses were drawn from the same parent pulse shape
was less than approximately 0.00015 per cent, equivalent to above
4.80 . Considering the 1o error associated with the bin exhibiting the
highest number of counts, there was no variation in the results.

GRB 081126A was claimed to be lensed by Lin et al. (2022). This
GRB was also detected by the Fermi GBM in 2008. Fig. 2 shows
the two pulses in 0.512 s time resolution. A couple of differences are
evident from the visual inspection of these two pulses. Firstly, there
are many bins near the peak of the first pulse, whereas there seems to
be only one clearly defined peak bin for the second pulse. Secondly,
the decay of the second pulse is much slower than the decay of the
first pulse. According to the x 2 results, the two pulses differ in shape
at around 3.080 (or 99.793 per cent). No variation in the results was
found considering the 1o error associated with the bin exhibiting the
highest number of counts.
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Table 1. The detectors and energy channels used for each GRB.
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GRB Detectors Energy channels Time resolution
081122A n0, nl, n2, n3, n4, n5, n8, n9, and n10 2,3,4,5,and 6 0.256
081126A n0, nl, n3, and n9 2,3,4,5,and 6 0.512
110517B n6, n7, and n8 2,3,4,and 5 0.256
210812A nl, n6, n7,n8, n9, n10, and n11 3,4,5,and 6 1.024

Table 2. The parameters used for the light curve and hardness similarity tests for each GRB.

Light curve similarity

Hardness similarity

GRB Toffset Techo tp1 TEWHM o difference thp1 tdur o difference
081122A 13.816 0.372 0.512 2.56 4.81 —1.28 6.144 1.76
081126A 30.379 0.650 —2.048 4.096 3.08 —2.048 8.192 0.23
110517B 16.612 0.788 0.512 5.12 8.45 —3.328 11.264 0.09
210812A 33.126 0.252 0.0 2.048 0.89 —1.024 9.216 0.45
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Figure 1. The light curve of GRB 081122A is shown using 0.256 s time
bins. The ST and end time (ET) of the comparison regions of the two pulses
are shown by vertical dotted lines.
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Figure 2. The light curve of GRB 081126A in 1.024 s time bins. The ST and
ET of the comparison regions of the two pulses are shown by vertical dotted
lines.

The detection of GRB 110517B by Fermi GBM, posited by Lin
et al. (2022) to have an echo succeeding the main signal, reveals
intriguing distinctions within its pulse structures. An examination of
the light-curve plot (Fig. 3) with a 0.256s time resolution reveals
that while both pulses contain two peaks, the intensity of these peaks
varies. Specifically, the second peak is more prominent than the first
in the initial pulse. However, this order is reversed in the second

Time since trigger (seconds)

Figure 3. The light curve of GRB 110517B in 0.256 s time bins. The ST and
ET of the comparison regions of the two pulses are shown by vertical dotted
lines.
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Figure 4. The light curve of GRB 210812A in 1.024 s time bins. The ST and
ET of the comparison regions of the two pulses are shown by vertical dotted
lines.

pulse, where the first peak surpasses the second in brightness. This
marked contrast between the two pulses of GRB 110517B stands out
at around the 8.45 £ 0.035¢0 confidence level, considering 1o error
in the bin with the maximum counts.

In their study, Veres et al. (2021) proposed that GRB 210812A,
detected by Fermi GBM in 2021, contains an echo following the main
pulse. Inspecting the 1.024 s light curve (Fig. 4) doesn’t immediately

MNRASL 529, L83-L87 (2024)
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GRB 081122A
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Figure 5. Count ratios between the two main pulses as a function of energy
channel for GRB 081122A. The energy channels featured are, from left to
right, 2, 3, 4, 5, and 6.

reveal substantial differences between the two pulses. The analysis
revealed a divergence at approximately a 0.89¢ confidence level,
indicating that the test could not find a significant difference between
the two pulses. For finer time resolutions, a similar result was
obtained for this GRB. However, the second pulse seems broader
than the first pulse, so it is likely not millilensed. Still, this GRB
remains an intriguing case.

The o value obtained from x 2 comparisons between pulses can be
affected by binning measured photons at different time resolutions.
Higher time resolution, achieved with smaller bin sizes, results in
pulses closer to the background and lower comparative o values.
Conversely, lower time resolution, achieved with larger bin sizes,
tends to produce higher o values until the bin duration approaches
the duration of the time window being compared. At this point,
light-curve shape information is significantly lost. This trend has
been consistently observed in all analysed GRBs.

Hardness Similarity Test: The analysis of the start and end times of
pulse 1 involved examining the summed counts across all energies.
For this test, the ST was defined as when the summed counts in
the original time bins first rose above the background fit by over
1o, located closest to the pulse peak. The pulse was considered to
continue until the summed counts dropped below 1o . The designated
ST of Pulse 1 is expressed as #,p;. The start and end times of pulse 2
were determined by adding 7,z to the start and end time of pulse 1,
respectively. Table 2 provides the values of #,p1, f4ur, and o difference
for each GRB.

Figs 5, 6, 7, and 8 displays the r-values between the two pulses for
the individual energy channels for GRB 081122A, GRB 081126A,
GRB 110517B, and GRB 210812A, respectively. The horizontal line
represents the r,; value.

The plot for GRB 081122A, Fig. 5 shows the r-values for channels
2,3,4,5, and 6. From a x? test performed to check how different
all the r values were from r,, it was found that the r values differed
from ry, at about 1.760 (or 92.162 per cent). Moreover, the ratio r,
differs from ry, rs5, and r¢ by more than 3o, while the ratio r; differs
from r5 and r¢ at about the 20 level.

Fig. 6 shows the r-values for the energy channels 2, 3, 4, 5, and
6, from left to right for GRB 081126A. The results showed that
r3 differed from rs by 1.3450 and r; differed from rs by 1.7960,
indicating only a marginal difference for GRB 081126A. However,
no significant deviation was observed among the r-values from ry,
suggesting that both pulses had similar energy spectra.

Fig. 7 depicts the r-values for the energy channels 2, 3, 4, and 5,
from left to right for GRB 110517B. The analysis found no evidence
to reject the similarity of all the r-values from ry. All r values were

MNRASL 529, L83-L87 (2024)
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Figure 6. Countratios between the two pulses as a function of energy channel
for GRB 081126A. The energy channels featured are, from left to right, 2, 3,
4,5, and 6.
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Figure7. Countratios between the two pulses as a function of energy channel
for GRB 110517B. The energy channels featured are, from left to right, 2, 3,
4,and 5.
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Figure8. Countratios between the two pulses as a function of energy channel
for GRB 210812A. The energy channels featured are, from left to right, 3, 4,
5, and 6.

statistically consistent with ry;. Thus, it was concluded that the two
pulses have consistent spectra.

The plot for GRB 210812A, Fig. 8 depicts the r-values for the
energy channels 3, 4, 5, and 6, from left to right. The analysis found
no evidence to reject the similarity of all the r-values from r,;. The
results showed that the r, differed from rs by 1.768c, r; differed
from rs by 1.8750, and rs differed from r¢ by 1.3130. However,
it was found that all r values were statistically consistent with 7.
Thus, it was concluded that the two pulses have consistent spectra.
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4 CONCLUSION AND SUMMARY

The primary purpose of this study was to evaluate claims of
gravitational millilensing internal to four GRBs: 081122A, 081126A,
110517B, and 210812A. Each GRB had two episodes of emission,
here referred to as pulses, that were claimed to be gravitational lens
images of the same parent pulses. Two statistical comparison tests
were carried out to evaluate the accuracy of these claims: a light
curve test comparing the central shapes of each pulse’s light curve
and a hardness test comparing the overall spectra of the two pulses.

GRB 081122A failed both the light curve and hardness tests
because the two pulses in this GRB differed significantly in two
different ways. Specifically, for the shape test, it was found that the
probability that the two pulses were drawn from the same parent pulse
shape was less than approximately 0.00015 per cent, equivalent to
above 4.8c0. Furthermore, the hardness test showed that the chance
that the spectra of GRB 081122A’s two pulses were not measured
from the same spectra was about 1.76¢ (or 92.162 per cent).

Next, GRB 081126A passed the hardness similarity test but failed
the light-curve similarity test, with the light curves of the two pulses
differing in shape at above 3.080 (or 99.793 percent). While the
two pulses of GRB 110517B had statistically similar hardness, their
light curves differed from each other markedly — at above the 8.450
confidence level. Finally, the light curves of the two pulses of GRB
210812A were not found to vary significantly in both light curve and
hardness tests.

In conclusion, the analyses of both light curve and hardness tests
did not reveal significant variations between the two pulses of GRB
210812A. After thorough testing, this study found no substantial
evidence to support the presence of a gravitational lensing effect
in GRB 0801122A, GRB 081126A, and GRB 110517B. GRB
210812A, however, presents an intriguing exception.

We thank Michigan Technological University for their general
support and reviewer David Palmer for his insightful suggestions.

© The Author(s) 2023.
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5 DATA AVAILABILITY

The article’s data will be shared with the corresponding author at a
reasonable request.
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