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ABSTRACT

We observed the rapid radio brightening of GRB 210702A with the Australian Telescope Compact Array (ATCA) just 11 h
post-burst, tracking early-time radio variability over a 5 hr period on ∼ 15 min timescales at 9.0, 16.7, and 21.2 GHz. A broken
power law fit to the 9.0 GHz light curve showed that the 5 h flare peaked at a flux density of 0.4 ± 0.1 mJy at ∼ 13 h post-burst.
The observed temporal and spectral evolution is not expected in the standard internal-external shock model, where forward and
reverse shock radio emission evolves on much longer timescales. The early-time (< 1 d) optical and X-ray light curves from the
Neil Gehrels Swift Observatory demonstrated typical afterglow forward shock behaviour, allowing us to use blast wave physics
to determine a likely homogeneous circumburst medium and an emitting electron population power-law index of 𝑝 = 2.9 ± 0.1.
We suggest that the early-time radio flare is likely due to weak interstellar scintillation (ISS), which boosted the radio afterglow
emission above the ATCA sensitivity limit on minute timescales. Using relations for ISS in the weak regime, we were able
to place an upper limit on the size of the blast wave of ≲ 6 × 1016 cm in the plane of the sky, which is consistent with the
theoretical forward shock size prediction of 8 × 1016 cm for GRB 210702A at ∼ 13 h post-burst. This represents the earliest
ISS size constraint on a GRB blast wave to date, demonstrating the importance of rapid (< 1 d) radio follow-up of GRBs using
several-hour integrations to capture the early afterglow evolution and to track the scintillation over a broad frequency range.

Key words: gamma-ray burst: general – gamma-ray burst: individual: GRB 210702A – radio continuum: transients

1 INTRODUCTION

Gamma-ray bursts (GRBs) bridge several aspects of multi-messenger
astrophysics and even 50 years following their discovery they con-
tinue to push the boundaries of physics. A large fraction of the GRB
population show a dichotomy based on the duration and spectral
properties of the prompt gamma-ray emission (Kouveliotou et al.
1993): long and spectrally soft GRBs (LGRBs; > 2 s) likely result-
ing from the collapse of massive (≳ 10𝑀⊙) stars (Woosley 1993;
Kulkarni et al. 1998; Woosley & Bloom 2006; Woosley & Heger
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2006) and short and spectrally hard GRBs (SGRBs; < 2 s), which
are likely the merger of a binary neutron star or a neutron star and
black hole binary (Lattimer & Schramm 1976; Eichler et al. 1989;
Narayan et al. 1992; Mochkovitch et al. 1993; Abbott et al. 2017).
There are also events that seem to bridge this gap as demonstrated
by examples on either side of the 2 s divide (Zhang et al. 2009),
including SGRBs with extended emission (e.g. GRB 060614 with
∼ 102 s duration; Gehrels et al. 2006) and the recent discovery of the
shortest GRB from a collapse (GRB 200926A with 0.65 s duration;
Ahumada et al. 2021; Zhang et al. 2021).

The standard Fireball model for GRB emission includes the
internal-external shock scenario (Sari & Piran 1997; Piran 1999),
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2 G. E. Anderson et al.

where the the gamma-ray emission is generated by processes internal
to a relativistic jet, powered by rapid accretion onto a newly formed
black hole or rapidly spinning neutron star (Rees & Meszaros 1992;
Kobayashi et al. 1997; Sari & Piran 1999; Kobayashi & Sari 2000).
These jets interact with the circumburst medium (CBM) comprised
of material ejected by the progenitor during its lifetime, sweeping
up material that drive a blast wave that is observed as an afterglow
from radio up to very-high-energy (TeV) gamma-rays (Paczynski &
Rhoads 1993; Mészáros & Rees 1997; Wĳers et al. 1997; Frail et al.
1997; Waxman 1997; Abdalla et al. 2019; MAGIC Collaboration
et al. 2019; H. E. S. S. Collaboration et al. 2021). This afterglow
consists of a forward shock that propagates outwards into the CBM,
which then generates a short-lived reverse shock that propagates back
into the shocked environment. Both shocks have been observed as
two distinct synchrotron spectral components from multiple GRBs
(e.g. Laskar et al. 2013; Perley et al. 2014; van der Horst et al. 2014;
Laskar et al. 2016, 2019b) and so the broadband afterglow is usu-
ally modelled under the reverse-forward external shock framework
(Mészáros & Rees 1997).

The evolving synchrotron spectra from both the forward and re-
verse shock are approximated by power-law segments between three
characteristic frequencies: the synchrotron self-absorption frequency
𝜈𝑎 , the peak frequency 𝜈𝑚, and the cooling frequency 𝜈𝑐 (Sari et al.
1998; Wĳers & Galama 1999; Granot & Sari 2002). By identify-
ing these frequencies (of which 2 of the 3 can only be constrained
through radio observations) and the peak flux 𝑆𝜈,𝑚𝑎𝑥 , it is possible
to derive physical properties of the GRB outflow. The inclusion of
radio observations in forward shock modelling reveals details on the
total energy budget of the GRB, the outflow geometry, the CBM den-
sity structure, and the microphysics of the observed emission (e.g.
van der Horst et al. 2008, 2014; Alexander et al. 2017). Meanwhile,
the reverse shock is sensitive to the jet composition (baryon content),
the initial Lorentz factor and the magnetisation of the GRB jets (e.g.
Laskar et al. 2019b,a). While the forward shock dominates from op-
tical frequencies and upwards from a few minutes post-burst, this
component may take up to tens of days to peak in the radio band.
However, depending on the CBM density profile, reverse shock radio
emission can be detected peaking within 1-2 d post-burst (e.g. Kulka-
rni et al. 1999; Frail et al. 2000b; Berger et al. 2003b; Soderberg et al.
2006; Anderson et al. 2014; Laskar et al. 2019a; Lamb et al. 2019;
Troja et al. 2019).

While extremely rapid follow-up is possible in the gamma-ray,
X-ray and optical regimes due to facilities such as the Neil Gehrels
Swift Observatory (Swift), the early-time radio properties of GRBs
remain a poorly constrained regime. Rapid radio follow-up (< 1 day)
is particularly crucial for catching the rapidly evolving reverse shock
emission. Only a few radio telescopes are currently equipped with the
ability to rapidly and automatically respond to external GRB triggers
at GHz frequencies, including the Australia Telescope Compact Ar-
ray (ATCA; Anderson et al. 2021b) and the Arcminute Microkelvin
Imager (AMI; Staley et al. 2013; Anderson et al. 2014, 2018). There
are also only a few radio telescopes that are currently automatically
triggering in the MHz regime (e.g. the Murchison Widefield Ar-
ray and the Low-Frequency Array; Kaplan et al. 2015; Rowlinson
et al. 2019, 2021; Anderson et al. 2021a; Tian et al. 2022a,b), which
are targeting more exotic models that predict prompt, coherent ra-
dio emission from a rapidly rotating and highly magnetised neutron
star remnant that may be formed by both long and short GRBs (see
Rowlinson & Anderson 2019, for a review of some models).

The typical distance to GRBs combined with the physical size of
their jets makes them susceptible to interstellar scintillation (ISS)
caused by inhomogeneities in the ionised interstellar medium, which

distort the incoming wavefront causing temporal fluctuations in the
radio light curve (Rickett 1990; Narayan 1992; Goodman 1997;
Walker 1998). The type of scintillation depends on the observing
frequency and the compactness of the source compared to the ISS
characteristic angular scale. As the GRB jet expands with time, the
effect of ISS decreases until it is quenched.

The detection of ISS in GRB radio light curves allows for a direct
measure or upper limit on the size of the jetted outflow on the plane
of the sky, which can be directly compared to source size predictions
from afterglow modelling and is therefore a powerful test of the
physical assumptions underlying the Fireball model (e.g. Frail et al.
2000a; Alexander et al. 2019). ISS has been observed for a few
GRBs, which have resulted in size constraints of ≲ 1017 cm (Frail
et al. 1997, 2000a; Chandra et al. 2008; van der Horst et al. 2014;
Alexander et al. 2019; Rhodes et al. 2022), which are comparable
and possibly more constraining than what is possible using very long
baseline interferometry (VLBI; e.g. Taylor et al. 2004).

There are also a few GRBs with radio afterglow evolution that
deviates from the expected reverse-forward external shock frame-
work for which ISS may not be the only explanation. A detailed
radio analysis of GRB 160131A by Marongiu et al. (2022) detected
several spectral peaks (the most consistent at 8 GHz) in its radio
spectra between 0.8 and 25 days post-burst that could be due to ISS,
a two-component jet (e.g van der Horst et al. 2014), or a thermally
emitting population of electrons (Eichler & Waxman 2005). Such a
thermal population would be the fraction of electrons not acceler-
ated into a power law distribution by the shock and may result in an
early radio “pre-brightening” (Eichler & Waxman 2005; Giannios
& Spitkovsky 2009; Ressler & Laskar 2017). Another example in-
cludes GRB 130925A, which 2.2 days post-burst showed a radio peak
at 7 GHz and spectral cut-off at > 10 GHz, which could be attributed
to ISS or an unusual underlying electron population (mono-energetic
or an unusually steep power-law energy distribution, Horesh et al.
2015). Such results demonstrate that there may be unknown physics
occurring at early times, illustrating our need for rapid and compre-
hensive radio follow-up of GRBs.

The early onset of radio afterglows, the observed ∼ 1 − 2 day
evolution of the radio reverse shock, the detection of unusual early-
time radio spectral features, and the potential for using ISS for source
size estimates are all strong arguments for supporting rapid and even
automated/triggered radio follow-up of GRBs with several hours of
integration. GRB radio afterglows are shown to become detectable by
current instrumentation between 4 − 16 hr post-burst (e.g. Anderson
et al. 2018) so a ≤ 12 hr integration at early times could allow us to
track the rise in the radio afterglow components and ensure periods
of quasi-simultaneous X-ray, UV and optical follow-up provided by
standard GRB monitoring. As a result, our team has conceived a
rapid-response observing program with ATCA to perform triggered
follow-up of GRBs detected by Swift to probe the early-time physics
of these extremely energetic transients (see Anderson et al. 2021b,
for a description of the triggering strategies and software).

For this paper, we present the rapid radio brightening observed
from GRB 210702A by ATCA, which is not typical afterglow be-
haviour and likely stems from ISS. In Section 2, we describe the
ATCA and Swift datasets and reduction, which is followed by an
analysis of the radio variability and spectral properties in Section
3. In Section 4, we discuss the radio, optical and X-ray emission
in the context of the afterglow (internal-external shock) model and
ISS. We then compare our ISS-derived source size estimates to those
predicted for the forward shock. We summarise our conclusions in
Section 5 to promote how similar rapid early-time observations could
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Rapid radio brightening of GRB 210702A 3

be exploited in the future to constrain source size and thus test the
underlying assumptions of GRB afterglow modelling.

2 OBSERVATIONS AND PROCESSING

The Swift Burst Alert Telescope (BAT) detected GRB 210702A at
19:07:13 UT (trigger number 1058804) on 2021-07-02 (Lien et al.
2021), and it was localised at X-ray and optical wavelengths with the
Swift X-ray Telescope (XRT; Burrows et al. 2005) and the Ultra-
violet Optical Telescope (UVOT; Roming et al. 2005), with the
best final Swift-UVOT position at 𝛼(J2000.0) = 11h14m18s.70 and
𝛿(J2000.0) = −36◦44′50′′

.0 with a 90% confidence error circle of
0′′
.46 (Kuin et al. 2021). Spectra of the optical afterglow obtained

by the European Southern Observatory’s Very Large Telescope X-
Shooter spectrograph (Vernet et al. 2011) found a likely redshift of
𝑧 = 1.160 (Xu et al. 2021), which is broadly consistent with that
obtained rapidly by Swift-UVOT (Kuin & Swift/UVOT Team 2021).
The bright optical and gamma-ray counterpart was also monitored
by several other facilities.

Several radio detections were reported within the first few days
post-burst, including ∼ 0.1 mJy at 97.5 GHz with the Atacama Large
Millimeter/Submillimeter Array (ALMA; Wootten & Thompson
2009) at 26.0 h post-burst (Laskar & Perley 2021) and with ATCA
at 16.7, 21.1 and 34 GHz at 3.5 days post-burst (reporting ∼ 0.8 mJy
at 34 GHz; Laskar et al. 2021a). The radio afterglow significantly
faded over the first ∼ 10 days post-burst only to be shown to have
rebrightened contemporaneously at ∼ 18 days post-burst with ATCA
at 5.5, 9.0, 16.7, 21.2 and 34 GHz (Laskar & Bhandari 2021) and
with ALMA at 97.5 GHz (Laskar 2021). The MeerKAT Radio Tele-
scope (Jonas & MeerKAT Team 2016) also detected a brighten-
ing radio counterpart at 21.0 days post-burst with a flux density of
1.23 ± 0.12 mJy at 1.284 GHz (Laskar et al. 2021b).

The late-time radio rebrightening is an unusual light curve feature
for GRBs seen from few events. One such example includes GRB
050416a, which produced a bright radio flare at ∼ 40 days post-burst.
Possible explanations include a very sudden increase in CBM density
or energy injection from either a refreshed shock (caused by a slower
ejecta shell catching up with the afterglow shock) or an off-axis ejecta
(Soderberg et al. 2007). However, the focus of this paper is on another
unusual radio light curve feature at early times during which ATCA
detected minute timescale variability from GRB 210702A at 5.5, 9.0,
16.7 and 21.1 GHz between 9-14 hrs post-burst.

2.1 ATCA

The ATCA observations of GRB 210702A began at 2021-07-03
00:31:30 UT when the target rose above the horizon just 5.4 hrs post-
burst. The ATCA radio observations were conducted manually as
there was enough time to respond between the Swift trigger and the
target rising, which occurred during the observer’s daytime. However,
this observation demonstrates the potential of rapid-response systems
for ensuring we are on-target to detect early-time radio emission from
a large number of events without relying on human response. The
observations were centred on the initial Swift-UVOT position of
𝛼(J2000.0) = 11h14m18s.83 and 𝛿(J2000.0) = −36◦44′48′′

.8 with
a 90% confidence error circle of 0′′

.61 (Lien et al. 2021) and ATCA
observed until 11:29:20 UT, totalling 11 hr on source. Observations
were conducted in the 6B configuration (an extended 6 km configu-

ration)1 and alternated between the two dual ATCA receivers with
central frequencies at 5.5/9.0 GHz and 16.7/21.2 GHz, which all have
2 GHz bandwidths. During the first 3.7 h of observation, antenna 2
was unavailable, resulting in a loss of 5 of the usual 15 baselines, but
was back online for the remainder of the 11 hours.

The ATCA data were reduced using the radio reduction software
Common Astronomy Software Applications package (CASA; THE
CASA TEAM et al. 2022), version 5.1.2, using standard techniques.
Flux and bandpass calibration were performed using PKS 1934–
638, with phase calibration using interleaved observations of PKS
1144-379.

The radio afterglow was clearly detected in the 11 hr integration
at 9.0, 16.7 and 21.2 GHz, with the best position of 𝛼(J2000.0) =

11h14m18s.81 and 𝛿(J2000.0) = −36◦44′49′′
.3 with a 90% confi-

dence error circle of 0′′
.3, which is consistent within 3𝜎 of the best

Swift-UVOT position (Kuin et al. 2021). There was no detection at
5.5 GHz in the full 11 hr image with a 3𝜎 upper limit of 27𝜇Jy.
Given that there is likely radio afterglow variability at early times
sometime between 4−16 h post-burst (Anderson et al. 2018), we fur-
ther investigated for evidence of intra-observational variability (see
Section 3.1).

2.2 Swift observations

The Swift-XRT and -UVOT performed follow-up observations of
GRB 210702A. Swift-XRT observations began at 85 s post-burst and
were obtained up to 10 d post-burst. These data were automatically
processed and accessed via the online catalogue of XRT results
(Evans et al. 2007, 2009), which includes light curve and spectral
modelling of GRB 210702A that are summarised in the following.
Throughout this paper we assume the flux density is represented by
the power law 𝑆𝜈 ∝ 𝑡𝛼𝜈𝛽 for all wavelength bands.

The Swift-XRT light curve is best described by a broken power
law fit with temporal indices of 𝛼𝑋,1 = −0.979+0.014

−0.017 and 𝛼𝑋,2 =

−1.452+0.024
−0.029 on either side of a break at 4416+757

−487 s. No flares were
present in the X-ray light curve. At the time of our radio detection,
the X-ray light curve was in its steeper declining phase. We therefore
assume the X-ray spectrum was best described by an absorbed power
law fit that was performed using ∼ 3 h of data centred at 4.5 h post-
burst, reporting a Galactic and intrinsic absorption column of 𝑁𝐻 =

1.19×1021 cm−2 and 2.3+1.0
−0.9×1021 cm−2, respectively, and a photon

index of Γ = 1.95±0.06 (Evans et al. 2009). The X-ray spectral index
is related to the photon index by 𝛽𝑋 = 1 − Γ so at the time of our
radio observations 𝛽𝑋 = −0.95 ± 0.06.

The Swift-UVOT monitored GRB 210702A between 200 s and
12 days post-burst in the 𝑈𝑊2, 𝑈𝑊1, 𝑈, 𝐵, and 𝑉 filters. These
data were obtained from The Neil Gehrels Swift Observatory Data
Archive2. We processed the data using HEASoft (version 6.29,
Nasa High Energy Astrophysics Science Archive Research Cen-
ter (HEASARC) 2014), and extracted high-level UVOT products
through uvotproduct, performing photometry using a 5′′ source
extraction region, and a background annulus region (centered on the
source) with inner and outer radii of 12.5′′ and 25′′ (with 6′′ exclu-
sion regions for any sources detected within the background region).
We also checked for Small Scale Sensitivity issues following stan-

1 https://www.narrabri.atnf.csiro.au/operations/array_
configurations/configurations.html
2 https://www.swift.ac.uk/swift_portal/
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4 G. E. Anderson et al.

dard procedures 3 and disregard any affected data. A power law fit
to the UVOT light curves in each filter band resulted in a temporal
index of 𝛼𝑂 ∼ −1.4, which is similar to the XRT light curve decline
following the X-ray break.

3 VARIABILITY AND SPECTRAL ANALYSIS

3.1 Intra-observational radio variability

Having identified the radio counterpart, we searched for intra-
observational variability in the hope of tracking the rise of the af-
terglow at each observing frequency. Due to the elongated beam
produced by the ATCA East-West array configuration on short
timescales, we fitted for a point source in the visibility plane using
uvmultifit (Martí-Vidal et al. 2014). To best represent the observed
flux density variations, we explored different variability timescales at
each frequency band, with intervals between 5 minutes and 1-hour.
For all detections, the fitting position was left free and source flux
densities were measured by fitting for a point source in the uv-plane.
We chose to leave the fitting position free as for such short integra-
tions, the ATCA beam becomes very elongated, particularly at higher
frequencies. However, the scatter from the true position was always
within the beam. For the case when the GRB 210702A was not de-
tected (a signal-to-noise or SNR<3), we fixed the fitting position to
the best known source position from UVOT (see Section 2). This
resulted in a force-fitted flux density and error measurement rather
than just 3𝜎 upper limit, which has the advantage of accounting for
the presence of nearby sources and noise variations across the im-
age. The errors from uvmultifit are determined from the Jacobian
matrix and then scaled so that the reduced Chi-square equals unity.
These errors were found to be similar to the rms of an image over
the same integration time. As such, our 3𝜎 detection threshold was
treated as 3 times the uvmultifit error.

The light curves are shown in Figure 1 where the scans at each
frequency were binned on timescales of 60, 15, 12.5 and 12.5 minutes
at 5.5, 9.0, 16.7 and 21.2 GHz, respectively. The plotted flux density
measurements at each frequency are listed in Table A1. The 3𝜎
detection thresholds are shown as a dashed line in each panel. The
noise is noticeably higher at early times due to the absence of antenna
2. We therefore double the bin size at 9.0, 16.7 and 21.2 GHz (see
Figure 2) to demonstrate that the late-time detections are significant
compared to the less sensitive early-time data and therefore indicative
of a transient nature.

To quantify the variable nature of the radio counterpart we have
identified, we performed a 𝜒2 probability test that the flux density
light curve variations were consistent with a steady source following
the technique outlined in section 4 of Bell et al. (2015), who define
a source as variable if 𝑃 < 0.001. For the 9, 16.7 and 21.2 GHz light
curves in Figure 1, we calculated probabilities of 𝑃 = 2 × 10−19,
3 × 10−7, and 1 × 10−10, respectively, confirming they are variable
according to the above criterion.

At 9.0 GHz, all other sources in the field but one ‘check’ source
were uv-subtracted using the casa task uvsub. Here, the check source
was left in to test that the observed variability was not an instrumen-
tal artefact (e.g. Frail et al. 2000a). No significant variability was
detected in the check source, with the 𝜒2 returning a probability of
𝑃 = 0.6 of being a steady source (see Figure 1). We note the sud-
den increase in the noise in the 9.0 GHz light curve at 8.7 h (0.36 d)

3 https://swift.gsfc.nasa.gov/analysis/uvot_digest/sss_
check.html

post-burst, which is due to that particular scan being cut short to
4 min (from 15 min) when the observations were paused to reinte-
grate antenna 2 back into the array. This caused the flux density
measurement of the check source to increase, however, the corre-
sponding increase in error bars shows it was consistent within 2𝜎 of
the other measurements.

Due to the lack of multiple detections of GRB 210702A, we did
not do the same check test at 5.5 GHz. In our 16.7 and 21.2 GHz data,
there was no check source sufficiently bright to follow the same steps.
As such, to ensure that the variability at these frequencies was intrin-
sic to the source, we re-analysed these higher frequency ATCA data
treating every second phase calibrator scan as the ‘target’, and every
other phase calibrator scan as the calibrator. Doing this did not show
any significant changes in the ‘target’ phase calibrator scans. Hence,
we conclude that the observed flux variations of GRB 210702A are
intrinsic to the source.

The most prominent light curve feature is the flare at 9.0 GHz,
which becomes detectable at 11 h post-burst, peaks, and then fades
away to nearly below detectability towards the end of the observa-
tion at 15.6 h post-burst. Variability is also observed at 5.5, 16.7
and 21.2 GHz but with these frequencies showing less structured
behaviour (see Figure 1).

To better characterise the flaring behaviour at 9.0 GHz, we fit a
broken power-law to the light curve using the MCMC Python package
pymc3 (Salvatier et al. 2016a) according to the following model:

𝑆 =

{
𝐴(𝑡/𝑇)𝛼1 , 𝑡 ≤ 𝑡𝑏

𝐴(𝑡𝑏/𝑇) (𝛼1−𝛼2 ) (𝑡/𝑇)𝛼2 , 𝑡 > 𝑡𝑏
(1)

where 𝑇 is the mean time of the 9.0 GHz measurements. We assume
uniform priors when fitting for the break time 𝑡𝑏 , amplitude 𝐴, and the
temporal indices 𝛼1 and 𝛼2, constraining the latter to be positive and
negative, respectively. Rather than excluding the non-detections from
our modelling, we included all the 9 GHz force-fitted flux density
measurements for which the SNR< 3 in the broken power law fit as
we could assign a likelihood to a predicted model flux for a set of
model parameters (something that is not possible with an upper limit).
Examples of where radio force-fitted flux densities are reported and
used in afterglow modelling include Galama et al. (1998); Kulkarni
et al. (1999); van der Horst et al. (2011, 2015). The mean broken
power law fit and a sample of traces at 9.0 GHz are shown in the top
panel of Figure 3 (see the corresponding corner plots in Figure B1).
The resulting temporal indices show a steep rise of 𝛼1 = +7.3+1.7

−1.3
until 13.4±0.2 h (0.56±0.01 days) when the emission rapidly decays
with𝛼2 = −8.4±3.7 (1𝜎 errors). Such temporal indices are extremely
steep and not characteristic of observed GRB radio afterglows. We
explore this further in Section 4.1. The radio emission appeared to
become detectable progressively earlier with increasing frequency
as demonstrated by the 16.7 and 21.2 GHz light curves in Figure 1.
At both frequencies they also briefly dropped below detectability
at 13.4 h (0.56 d) and 11.8 h (0.49 d) post-burst, respectively, before
brightening again, which could be the rise of a second flare. The
more erratic variability meant that broken power law fits at these two
frequencies did not converge.

As a further test of the nature of the radio emission, we calculated
the brightness temperature (𝑇𝑏) that such rapid variability would
imply if it were intrinsic to the source. Using equation 1 in Anderson
et al. (2014), we took the first and second detections at 9.0 GHz
(where the non-fixed position fit returned a SNR> 3, see filled data
points in Figure 3) and calculated 𝑇𝑏 = 2.3 × 1017 K and a Lorentz
factor of Γ = 65. Meanwhile, the last two detections give 𝑇𝑏 =

6.2×1018 K and a Lorentz factor of Γ = 183. Such high values of 𝑇𝑏
and Γ are not typical of those derived from radio detections of GRBs
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within ∼ 1 day post-burst (𝑇𝑏 ∼ 1015 − 1016 K and Γ ∼ 10 − 20;
Anderson et al. 2018) but have been observed from GRB 161219B
and attributed to diffractive interstellar scintillation (Alexander et al.
2019).

3.2 Radio spectral analysis

In order to explore the spectral behaviour of the radio emission
during the observed flare, we used the broken power law fit of the
9.0 GHz light curve derived in Section 3.1 to interpolate the 9.0 GHz
flux density to the time of the 16.7 and 21.2 GHz measurements,
using the traces (red lines in Figure 3) to estimate the 1𝜎 error. We
also calculated the spectral index between the 16.7 and 21.2 GHz
measurements as they were simultaneously obtained with the 15 mm
receiver. The evolution of these three pairs of spectral indices are
shown in the bottom panel of Figure 3.

During the flare observed at 9.0 GHz, the spectral index of the
9.0 GHz frequency pairs evolved from 𝛽 ∼ +3 to ∼ 0 and back
up to ∼ +2, while the evolution between 16.7 and 21.2 GHz was
less extreme and remained closer to 𝛽 ∼ 0. While we expect the
spectral index to be 𝛽 ∼ +2 at early times from both the forward
and reverse shock emission in the radio band before the observing
frequency drops below the synchrotron self-absorption frequency, we
also expect it to remain steady on day(s) timescales (see Gao et al.
2013, for a summary of analytical synchrotron external shock GRB
models). This prediction is very different to the extreme spectral
variability we observe over a 5 hour period from GRB 210702A (see
discussion in Section 4.1).

3.3 Optical to X-ray spectral analysis

We used the Swift-UVOT and -XRT data to determine the optical-
to-X-ray spectral energy distribution (SED) of GRB 210702A and
accounted for extinction contributions from the Milky Way and host
galaxy, as well as intergalactic attenuation. We first performed a
linear interpolation of the log-log light curves of the Swift-UVOT𝑈,
𝑉 , 𝐵,𝑈𝑊1, and𝑈𝑊2 filters using scipy.interpolate.interp1D
(Virtanen et al. 2020), to estimate their flux at the common time of
𝑇0+ 14370 s (∼ 4 h post-burst; the logarithmic average of the closest
measurement times of each of the filters). The fluxes for each filter are
corrected for Milky Way extinction using 𝐴𝜆 values from Kataoka
et al. (2008). Similarly, we also interpolated the Swift-XRT data to
estimate the flux in the 0.3-10 keV band at 𝑇0 + 14370 s, which
was also corrected for Milky Way and host galaxy extinction using
the ratio of the unabsorbed and absorbed fluxes listed in the Swift-
XRT GRB light curve repository (Evans et al. 2007, 2009). We used
the measured Swift-XRT spectral index 𝛽𝑋 = −0.95 ± 0.06 (see
Section 2.2) to determine the spectral flux density at the logarithmic
average energy of the band, 1.73 keV (corresponding to 7.2Å). For
all the interpolated data points, we took the largest percentage error
on either of the surrounding points and applied that to the flux to
ensure we were including a sufficient margin of error.

Given that the light curve behavior demonstrates that the optical,
UV and X-ray bands were in the same afterglow spectral regime
(similar temporal indices, see Section 2.2), we assumed a single
power-law spectrum for the SED modelling. The fit included inter-
galactic attenuation, and a mix of photoelectric absorption and res-
onant scattering by hydrogen gas using a model by Meiksin (2006),
which provides updates and improvements to a previous model cre-
ated by Madau (1995); Madau et al. (1996). We also incorporated
host galaxy extinction by using the Small Magellanic Cloud (SMC)

Figure 1. Radio light curves of GRB 210702A at 5.5 (60 min bins), 9.0
(15 min), 16.7 (12.5 min) and 21.2 GHz (12.5 min). Filled data points are
considered detections (SNR≥ 3) whereas the hollow circles are force-fitted
flux density values (SNR< 3). The dashed line represents the detection thresh-
old (marked as an SNR of 3). At 9.0 GHz we also plot the flux density of a
check source in the field to demonstrate that the observed transient nature of
what we have identified as the radio afterglow to GRB 210702A was not an
instrumental artefact.

model from Pei (1992) for the Swift-UVOT bands only as the X-ray
data point already included a correction for host galaxy extinction.
Note that there is not enough of a spectral lever arm across the
UVOT filters to be able to place constraints on an optical spectral
index as well as the extinction. We therefore did not derive an opti-
cal spectral index. The final optical and X-ray spectral values were
fit using a Markov-Chain Monte-Carlo (MCMC) method using the
emcee package (Foreman-Mackey et al. 2013) to determine the best
fit parameters for the amplitude, spectral index, and host galaxy ex-
tinction. The final positions of the walkers are plotted in Figure 4.
The fitting method includes a Gaussian prior for the X-ray-to-optical
spectral index based on the measured X-ray spectral index value
𝛽𝑋 = −0.95 ± 0.06 (see Section 2.2). This methodology provides
posterior distributions for the parameters with peak posterior values
and 1𝜎 uncertainties of 𝛽𝑋,𝑂 = −0.96±0.06 for the X-ray to optical
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Figure 2. Lower cadence radio light curves of GRB 210702A at 9.0 (30 min),
16.7 (25 min) and 21.2 GHz (25 min) to demonstrate the late-time detections
are significant compared to the less sensitive early-time data and therefore
indicative of transient behaviour. Filled data points are considered detections
(SNR≥ 3) whereas the hollow circles are force-fitted flux density values
(SNR< 3). The dashed, dash-dotted and dotted lines represents the detection
threshold at each of the three plotted frequencies (marked as an SNR of 3).

spectral index and 𝐸𝐵−𝑉 = 0.069± 0.009 for the host galaxy extinc-
tion (see the corresponding corner plots in Figure B2). The posteriors
for both parameters exhibit a Gaussian distribution. Given that the
light curves had the same slopes in all the optical and X-ray bands
from 4 to 12 h post-burst, the SED did not change significantly over
the time frame of the observed variable radio emission described in
Section 3.1.

4 DISCUSSION

In the following we discuss the nature of the early-time radio flare. We
first inspect our radio detections in the context of the internal-external
shock scenario to explore the possibility of the observed variability
being intrinsic to the GRB afterglow. We then expand our investiga-
tion to include extrinsic phenomena and discuss the implications of
such early-time radio detections of GRBs in the future.

4.1 GRB afterglow

We first investigate whether the observed radio flare could be intrinsic
to the GRB afterglow. At ∼ 11 h post-burst, we expect the forward
shock characteristic frequencies to be ordered as 𝜈𝑎 < 𝜈𝑚 < 𝜈𝑐 ,
and that the optical and X-ray emission are dominated by this com-
ponent. Given that the X-ray and optical temporal and spectral in-
dices are similar, they are likely within the same power-law regime
of the synchrotron spectrum. At ∼ 1 d post-burst, we expect either
𝜈𝑎,𝑚 < 𝜈𝑋,𝑂 < 𝜈𝑐 or 𝜈𝑎,𝑚 < 𝜈𝑐 < 𝜈𝑋,𝑂 so using the temporal (𝛼)
and spectral (𝛽) indices in both the X-ray and optical bands (see Sec-
tion 2.2 and 3.3) we can use the closure relations derived by Starling
et al. (2008) to calculate the power law distribution of the emitting
electron population (𝑝) and the index of the density profile of the
CBM (𝑛 ∝ 𝑟−𝑠 , where 𝑟 is the distance from the progenitor).

At such early times, we are likely observing the GRB afterglow
emission before any jet break, and thus the break in the X-ray light
curve at 4416 s is due to the cessation of an energy injection process
(Zhang et al. 2006). If we first investigate the scenario where 𝜈𝑎,𝑚 <

Figure 3. Top: Broken power law fit to the 9.0 GHz light curve. Data points
are the same as for Figure 1. The red lines show a random selection of 200 out
of 5000 trace samples from the MCMC model fitting. See the corresponding
corner plots in Figure B1. Bottom: Radio spectral index temporal evolution
between frequency pairs 9.0/16.7 GHz, 9.0/21.2 GHz, and 16.7/21.2 GHz.
The broken powerlaw model traces of the 9.0 GHz light curve were used to
interpolate the 9.0 GHz flux to the time of the 16.7 and 21.2 GHz observa-
tions. Filled data points are spectral indices calculated using the detections
(SNR≥ 3) at 16.7 and 21.2 GHz whereas open circles show the spectral index
calculated using the force-fitted flux density values (SNR< 3).

𝜈𝑐 < 𝜈𝑋,𝑂 , then the closure relations using the spectral and temporal
indices give different values for 𝑝; 𝑝 = −2𝛽 = 1.90 ± 0.12 and
𝑝 = (−4𝛼 + 2)/3 = 2.60 ± 0.04, respectively. While there have been
some cases where 𝑝 < 2, the mismatch between the values of 𝑝

derived from the spectral and temporal indices suggest the X-ray and
optical bands were in a different spectral regime. When examining the
case where 𝜈𝑎,𝑚 < 𝜈𝑋,𝑂 < 𝜈𝑐 we derive 𝑝 = −2𝛽+1 = 2.90±0.12.
In this regime, the relationship between 𝛼 and 𝑝 is dependent on
the CBM density profile. If we assume the CBM is homogeneous
(𝑠 = 0) then we derive 𝑝 = (−4𝛼+3)/3 = 2.94±0.04, and for a wind
medium (𝑠 = 2) we derive 𝑝 = (−4𝛼 + 1)/3 = 2.27± 0.04. Based on
these considerations it is likely that the X-ray and optical bands at the
time of our radio detection were below the cooling break, the GRB
CBM is likely homogeneous (𝑠 = 0), and that 𝑝 = 2.9 ± 0.1. While
𝑝 = 2.9 is on the higher end of the known distribution (2 ≲ 𝑝 ≲ 3;
Starling et al. 2008; Ryan et al. 2015), it is in no way unprecedented
as Starling et al. (2008) derived a similar value for GRB 980519
(𝑝 = 2.96+0.06

−0.08) that was best modelled by a homogeneous medium
(𝑠 = 0.23+1.22

−3.05) at 22.3 h (0.93 d) post-burst when 𝜈𝑋 < 𝜈𝑐 .
We also investigate whether the break in the X-ray light curve could
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Figure 4. The optical-to-X-ray SED spectral fits for 𝐹𝜈 (mJy) as a function
of wavelength (Å) for the Swift-XRT and -UVOT data at 𝑇0 + 14370 s. This
log-log plot shows the final position of each of the 50 walkers for a Gaussian
spectral index prior as described in Section 3.3. See the corresponding corner
plots in Figure B2.

be due to a jet break. Post-jet break, the value for 𝑝 is independent of
the spectral regime and CBM density where 𝛼 = 𝑝 (Sari et al. 1999).
However, the shallow post-break temporal slope is too shallow: it
would imply 𝑝 = 1.4, which is physically unlikely (we would expect
𝑝 ∼ 2; Sari et al. 1999) and inconsistent with the values of 𝑝 derived
via closure relations using 𝛽 (Starling et al. 2008). Instead, this early
break likely signifies the end of a plateau or energy injection phase,
and the transition to a ‘normal’ afterglow, which is often seen in early
Swift X-ray light curves (Zhang et al. 2006).

At such early times, we may expect contributions from both the
forward and reverse shock at radio wavelengths. For example, one of
the closest known events GRB 030329 was detected at 14 h (∼ 0.6 d)
post-burst at 8.46 GHz (Berger et al. 2003a) where late-time radio
modelling demonstrated the radio afterglow was dominated by the
forward shock (van der Horst et al. 2008). Meanwhile, other early-
time (< 1 day post-burst) radio detections of GRBs are of the rapidly
evolving reverse shock emission (e.g. Kulkarni et al. 1998; Frail et al.
2000b; Soderberg et al. 2007; Anderson et al. 2014; van der Horst
et al. 2014; Laskar et al. 2016, 2019b,a; Lamb et al. 2019; Troja et al.
2019). We therefore consider both scenarios for the observed radio
emission from GRB 210702A by comparing our 9.0 GHz light curve
and spectral index evolution to the steepest temporal and spectral
index predictions for both the forward and reverse shock derived
from analytical synchrotron external shock models of GRBs (Gao
et al. 2013). Limiting this comparison to the 𝜈𝑎 < 𝜈𝑚 < 𝜈𝑐 spectral
regime for a homogeneous medium and 𝑝 > 2 (based on our X-
ray and optical results), we might expect the steepest rising power
law segments for a thin shell (Newtonian) forward shock model
of 𝑆𝜈 ∝ 𝑡2𝜈2 and 𝑆𝜈 ∝ 𝑡3𝜈2 for 𝜈 < 𝜈𝑎 and 𝜈𝑎 < 𝜈 < 𝜈𝑚,
respectively. The reverse shock (assuming the same environment and
properties as above) rises even more steeply, with a flux density
evolution of 𝑆𝜈 ∝ 𝑡5𝜈2 for 𝜈 < 𝜈𝑎 , which may eventually change to
𝑆𝜈 ∝ 𝑡1/3𝜈−1/2 as 𝜈𝑎 drops below the radio band.

The broken power law fit to the 9.0 GHz light curve and radio
spectral analysis shown in Figure 3 demonstrates the radio evolution
is initially described by a very steep brightening and initial spectral
index of 𝑆𝜈 ∝ 𝑡7𝜈3. This temporal index agrees within 2𝜎 and 4𝜎
of the thin shell reverse and forward shock solution, respectively,

for a homogeneous medium when 𝜈 < 𝜈𝑎 . However, the temporal
index quickly swaps to 𝑆𝜈 ∝ 𝑡−8 around ∼ 13 − 14 h (∼ 0.6 d) post-
burst, evolving to a spectral index of 0 and then back up to 𝛼 ∼ 2 at
∼ 17 h (∼ 0.7 d). The errors on the second temporal index are less
constraining so it agrees within 3𝜎 of the 𝜈𝑎 < 𝜈 < 𝜈𝑚 forward and
reverse shock temporal indices listed above. Regardless, the GRB
afterglow synthetic light curves do not show the afterglow to be
fading in this regime for nearly all the power law segments for any
reasonable CSM profile or jet model assumptions (Gao et al. 2013).

Overall, while the optical and X-ray light observations show very
typical forward shock behaviour at the time of our radio observations,
the observed radio flare is not typical radio afterglow behaviour. This
is also supported by the nonphysically high brightness temperature
derived from the 9.0 GHz light curve in Section 3.1. We therefore
conclude that the radio variability is unlikely to be intrinsic to the
reverse or forward shock emission.

4.2 Scintillation

We next explore whether the observed early-time radio variability
from GRB 210702A could be due to ISS. For a given line of sight,
inhomogeneities in the Milky Way are described by a scattering
measure (𝑆𝑀) calculated from a free electron density model de-
rived from pulsars (Taylor & Cordes 1993; Cordes & Lazio 2002) or
H-alpha maps (Hancock et al. 2019). The inhomogeneties are then
modelled as a thin phase screen with a distance 𝑑𝑠𝑐𝑟 in kpc, which in
conjunction with the 𝑆𝑀 is used to calculate a transition frequency
𝜈0 = 10.4(𝑆𝑀−3.5)6/17𝑑5/17

𝑠𝑐𝑟 GHz between the weak and strong scat-
tering regimes (where 𝑆𝑀−3.5 = 𝑆𝑀/(10−3.5kpc m−20/3); Good-
man 1997; Walker 1998). The size of the scattering disk responsible
for the modulations can then be expressed in terms of the Fresnel
scale 𝜃𝐹 =

√︁
(𝜆𝑑𝑠𝑟𝑐)/(2𝜋), 𝜈0, and the observing frequency 𝜈. For

𝜈 > 𝜈0, the observations are in the weak scattering regime where the
light curve modulations are broadband and caused by small phase
changes on the Fresnel scale due to density changes in the ISM. As the
weak regime is dominated by the Fresnel scale, the size of the scatter-
ing disk (𝜃𝑠𝑐𝑎𝑡𝑡 ) is the size of the Fresnel scale (Narayan 1992). For
𝜈 < 𝜈0, the observations are in the strong scattering regime where
the wave front can experience two kinds of variability on different
timescales. These include refractive scintillation, which is caused by
broadband focusing and defocusing of the wave front by large-scale
inhomogeneities in the scattering screen (Sieber 1982; Rickett et al.
1984). The other is diffractive scintillation, which is a narrow-band
effect due to the interference between rays that are diffracted by small-
scale inhomogeneities and thus operates over shorter timescales then
refractive scintillation (Scheuer 1968). For a scintillation review see
Rickett (1990); Narayan (1992).

At 9.0, 16.7 and 21.2 GHz, we use all flux density measurements
with a SNR≳ 3 to measure the modulation index (𝑚 = 𝜎/𝜇, where 𝜎
and 𝜇 are the standard deviation and mean) and roughly estimate the
scintillation timescale (𝑡𝑠𝑐𝑖𝑛𝑡 ). Note there were not enough detections
to constrain meaningful values at 5.5 GHz. Given the very clear
rise, peak and decline in the emission at 9.0 GHz, it is possible we
observed a single predominant scintillation cycle where we estimate
the timescale to be ∼ 5 h (the time between the first and last flux
density measurement with an SNR≳ 3, see Figure 3). It is more
difficult to identify a dominant timescale at both 16.7 and 21.2 GHz
due to the large error bars on the 12.5 min measurements. However,
the non-detections we see at 13.4 h (0.56 d) and 11.8 h (0.49 d) post-
burst at 16.7 and 21.2 GHz, respectively, do imply the presence of
short term variability. Given the 3𝜎 detection threshold (see the
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dashed line in Figure 1) indicates the observations were sensitive
enough to detect a source as bright as the significant neighbouring
(before and after) detections. We therefore estimate the scintillation
timescale at 16.7 and 21.2 GHz to be between the first detection
at 9.6 h (0.4 d) post-burst and the non-detection seen in both light
curves, which is ∼ 4 and ∼ 2 h, respectively. The measured values of
𝑚 and 𝑡𝑠𝑐𝑖𝑛𝑡 are listed in Table 1.

To explore the likelihood of the observed variability being caused
by scintillation we compared the measured timescale and modulation
index at each frequency to predictions based on relations presented
by Goodman (1997); Walker (1998) (which are summarised in table
1 of Granot & van der Horst 2014) in conjunction with a model of
the Galactic free electron distribution evaluated at the GRB position.
Hancock et al. (2019) have developed an all-sky model for refractive
interstellar scintillation (RISS19), which uses 𝐻𝛼 maps to evaluate
𝑆𝑀 , 𝜈0 and 𝜃𝐹 at a given observing frequency for a particularly sky
position. As the 𝐻𝛼 maps have a much broader sky coverage than
NE2001, which is dependent on known pulsars that cluster in the
Galactic Plane, RISS19 provides better information about the 𝑆𝑀 at
higher Galactic latitudes. Note that the location of GRB 210702A
is in a part of the sky for which there is minimal pulsar coverage in
NE2001 (see figure 4 of Cordes & Lazio 2002), thus our choice to
use RISS19 instead.

At the position of GRB 210702A, RISS19 returns 𝑆𝑀 = 1.06 ±
0.35×10−3 kpc m−20/3 and a transition frequency of 𝜈0 = 7.66 GHz.
This places 9.0 GHz near the transition frequency in the weak regime,
16.7 and 21.2 GHz in the weak scattering regime, with 5.5 GHz in the
strong scattering regime (either refractive or diffractive). RISS19 also
assumes that the intervening medium can be approximated as a thin
screen at distance 𝐷, which is located half way between Earth and
the edge of the Galaxy. This has been very simply modelled as a flat
disk of radius 16 kpc and height of 1 kpc to represent the Milky Way
with Earth located 8 kpc for the Galactic centre. For the line-of-sight
to GRB 210702A, RISS19 estimates a scattering screen distance of
𝐷 = 0.66 kpc and outputs 𝜃𝐹 at each frequency. Following the ISS
relations summarised in table 1 of Granot & van der Horst (2014), the
resulting RISS19 predicted scattering disk size (𝜃𝑠𝑐𝑎𝑡𝑡 ), modulation
index (𝑚𝑝) and scintillation timescale (𝑡𝑠𝑐𝑖𝑛𝑡 , 𝑝) for each frequency
for the relevant scattering regime are listed in Table 1. These include
predictions at 5.5 GHz for the refractive and diffractive scattering
regimes even though we were unable to measure the modulation
index or scintillation timescale from our data at this frequency.

For the sake of comparison, the python wrapper of the FORTRAN
implementation of the NE2001 model (pyne20014) returns 𝑆𝑀 =

5.5 × 10−4 kpc m−20/3 and a transition frequency of 𝜈0 = 14.4 GHz
for an extragalactic source beyond 30 kpc. Given we observe the
strongest variability at 9.0 GHz from GRB 210702A, which is closer
to the RISS19 transition frequency of 7.66 GHz, our results seem to
favour the RISS19 Galactic free electron model over NE2001.

The power of the ATCA observations of GRB 210702A is the
long integration time, allowing us to probe the full scintillation cycle
between 2 to 5 hours over a broad range of frequencies. From a quan-
titative perspective, the strongest modulation observed at 9.0 GHz
supports it being close to the transition frequency calculated us-
ing RISS19, with the modulation and timescale decreasing with in-
creasing frequency according to the weak scattering relations. Given
that the observed modulation index and timescales at 9.0, 16.7 and
21.2 GHz agree with the RISS19 derived predictions to within a fac-

4 https://pypi.org/project/pyne2001/

tor of ∼ 2, scintillation is the most likely explanation for the observed
radio variability at early times from GRB 210702A.

4.3 Source size estimates

If we assume that the source of variability is dominated by ISS, it
means the radio afterglow of GRB 210702A could not have had an
angular size much larger than the size of the scattering disk (𝜃𝑠𝑐𝑎𝑡𝑡
in Table 1). The measured redshift to GRB 210702A of 𝑧 = 1.160
(Xu et al. 2021) corresponds to an angular size distance of 𝐷𝐴 =

1750 Mpc (𝐻0 = 67.4,Ω𝑚 = 0.315; Planck Collaboration et al.
2020). The physical size of the scattering disk (diameter) is then
𝜃𝑠𝑐𝑎𝑡𝑡 ×𝐷𝐴, which corresponds to the maximum size of the jet front
image on the sky. We consider this a proxy for the size of the blast
wave in the plane of the sky (Granot et al. 2005), listing the resulting
values at each frequency in Table 1. At ∼ 13 h (∼ 0.56 d) post-burst,
we estimate the size of the blast wave on the plane of the sky was
≲ 6×1016 cm (note that for such an estimate we expect uncertainties
of ∼ 50%).

This ISS size upper-limit derived in the weak regime is consistent
with those similarly derived for other GRBs after recalculating the jet
front image size based on an angular size distance derived from the
event redshift using a consistent cosmology, which all lie between
∼ 1 × 1016 and ∼ 8 × 1016 cm (GRBs 970508, 070125, 130427A,
161219B, 201216C; Frail et al. 1997, 2000a; Waxman et al. 1998;
Chandra et al. 2008; van der Horst et al. 2014; Alexander et al. 2019;
Rhodes et al. 2022). However, all ISS size measurements for the above
listed events were derived from radio observations observed days to
weeks following the explosion, with the exception of GRB 161219B
at 1.5 d post-burst (Alexander et al. 2019). Our size measurement
of GRB 210702A at 13 h (0.56 d) post-burst is therefore the earliest
ISS size constraint on any GRB to date, which was only possible
due to the rapid multi-frequency radio follow-up over a long 11 h
integration.

This scintillation size limit of the afterglow can be compared to
model predictions of the forward shock. At such early times we are
observing the afterglow emission before any jet break so we can
assume the outflow is described by the Blandford & McKee (1976)
solution (closure relation discussions in Section 4.1 support this
assumption). Assuming a viewing angle along the jet axis, we can
calculate the radius of the GRB afterglow ‘image’ using equation 5
from Granot et al. (2005):

𝑅⊥ = 3.91 × 1016 (𝐸𝑖𝑠𝑜,52/𝑛0)1/8 [𝑡𝑑𝑎𝑦𝑠/(1 + 𝑧)]5/8cm (2)

for a homogeneous medium (assumption based on our analysis in
Section 4.1), where 𝐸𝑖𝑠𝑜,52 = 𝐸𝑖𝑠𝑜 ×1052 erg is the isotropic energy
of the blast wave and 𝑛0 is the CBM density (cm−3).

To properly estimate 𝐸𝑖𝑠𝑜 and 𝑛0, one needs to perform full broad-
band modelling. However, given the rather weak dependence of the
source size on these parameters, we can assume an average CBM
density of 𝑛0 = 1 cm−3, and estimate 𝐸𝑖𝑠𝑜 as follows. There is a well
defined relationship between the gamma-ray isotropic energy 𝐸𝑖𝑠𝑜,𝛾

and 𝐸𝑖𝑠𝑜 (Nava et al. 2014) with an efficiency factor of 𝜖𝛾 ∼ 0.14
(Beniamini et al. 2015) such that

𝜖𝛾 = 𝐸𝑖𝑠𝑜,𝛾/(𝐸𝑖𝑠𝑜,𝛾 + 𝐸𝑖𝑠𝑜). (3)

Using 𝐸𝑖𝑠𝑜,𝛾 ∼ 9.3 × 1053 erg derived by Frederiks et al. (2021),
Equation 3 gives 𝐸𝑖𝑠𝑜 ∼ 5.7 × 1054 erg for GRB 210702A. Sub-
stituting this value into Equation 2, and assuming a CBM density
of 𝑛0 = 1 cm−3, the predicted forward shock radius of the GRB
210702A is 4 × 1016 cm (diameter of 8 × 1016 cm) at 0.56 d post-
burst (the time of the 9.0 GHz light curve peak). If we assume that
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𝜈 Measured RISS19 Predictions
𝑚 𝑡𝑠𝑐𝑖𝑛𝑡 Regime 𝜃𝑠𝑐𝑎𝑡𝑡 𝑚𝑝 𝑡𝑠𝑐𝑖𝑛𝑡,𝑝 Size

(GHz) (hr) (𝜇as) (hr) (1016 cm)

5.5 – – SR 7.5 0.8 4.1 < 20
5.5 – – SD𝑎 2.4 1 1.3 < 6
9.0 0.4 5 W 3.3 0.8 1.8 < 9
16.7 0.3 4 W 2.4 0.3 1.4 < 6
21.2 0.2 2 W 2.2 0.2 1.2 < 6

Table 1. The modulation index (𝑚) and scintillation timescale (𝑡𝑠𝑐𝑖𝑛𝑡 ) measured from the light curves at each observing frequency except 5.5 GHz (Figure 1),
which are compared to scintillation predictions from RISS19. At the position of GRB 210702A, RISS19 derives a transition frequency of 𝜈0 = 7.66 GHz with a
scattering screen distance of 𝐷 = 0.66 kpc, a scattering measure of 𝑆𝑀 = 1.06 ± 0.35 × 10−3 kpc m−20/3, and first Frenzel zone sizes (𝜃𝐹 ) at each frequency.
Using these parameters, we list the size of the scattering disk 𝜃𝑠𝑐𝑎𝑡𝑡 , and the predicted modulation index (𝑚𝑝) and scattering timescale (𝑡𝑠𝑐𝑖𝑛𝑡,𝑝) assuming
GRB 210702A is a point source at 5.5, 9.0, 16.7 and 21.2 GHz, following scintillation relations summarised by Granot & van der Horst (2014) depending on the
regime (W = weak, SR = strong refractive and SD = strong diffractive). An estimate of the size of the blast wave in the plane of the sky is calculated assuming
an angular source size of 𝜃𝑠𝑐𝑎𝑡𝑡 for each frequency at the angular size distance 𝐷𝐴 derived from the redshift 1.160.
𝑎At 5.5 GHz, diffractive scintillation is active over a 1.8 GHz bandwidth using equation 15 from Walker (1998).

our value for 𝐸𝑖𝑠𝑜 is a reasonable estimate then changing 𝑛0 by an
order of magnitude only changes 𝑅⊥ by a factor ≲ 1/3. Changing
either or both 𝐸𝑖𝑠𝑜 and 𝑛0 by an order of magnitude changes 𝑅⊥ by
a factor of ≲ 2/3. As the whole ejecta layer has a thickness of 𝑅/Γ2,
where 𝑅 is the blast wave radius, and we are still in the relativisitic
regime such that Δ𝑅 << 𝑅, we can assume that the reverse shock
radius is comparable to the forward shock radius (Mészáros & Rees
1997; Wĳers & Galama 1999).

This predicted forward shock radius for GRB 210702A is therefore
consistent with our upper-limit of ≲ 6 × 1016 cm on the blast wave
image size we derived from ISS. While this may indicate that our
assumptions regarding the gamma-ray efficiency (𝜖𝛾 ∼ 0.14) and
therefore our calculation of 𝐸𝑖𝑠𝑜 are reasonable (see Equation 3),
this relation was derived by assuming a sample of GRBs had the
same micro-physical values for the fraction of thermal energy in
the electrons (𝜖𝑒 = 0.1) and magnetic fields (𝜖𝐵 = 10−2), and that
𝑝 = 2.5 (Beniamini et al. 2015). We already know that 𝑝 = 2.9± 0.1
is likely for GRB 210702A, and while 𝜖𝑒 = 0.1 is reasonably well
favoured to not vary much (e.g., Beniamini & van der Horst 2017;
Duncan et al. 2023), 𝜖𝐵 and the CBM density surrounding long GRBs
are known to vary over several orders of magnitude (e.g., Cenko et al.
2011; Granot & van der Horst 2014). It is therefore only through
modelling high cadence, multi-wavelength datasets from a few hours
to many months post-burst, that we can break the degeneracy between
these parameters and properly test the fireball scenario for GRB
afterglows using source size measurements derived from ISS.

5 CONCLUSIONS

The rapid radio follow-up observations of GRB 210702A with ATCA
at 5.5, 9.0, 16.7 and 21.2 GHz detected at least one radio flare between
11 and 16 h post-burst. The most prominent feature was detected at
9.0 GHz, which is inconsistent with the reverse and forward shock
afterglow characteristic timescales and is more likely the result of
interstellar scintillation. Our analysis of the ATCA data as well as
the Swift-XRT and -UVOT observations leads us to the following
conclusions regarding the GRB afterglow and source of the radio
variability:

(i) A broken power law fit to the 9.0 GHz light curve binned
on 15 min timescales shows an extremely rapid radio brightening
with temporal indices of 𝛼1 = +7.3+1.7

−1.3, which quickly swaps to
𝛼2 = −8.4 ± 3.7 at a break time of 13.4 ± 0.2 h (0.56 ± 0.01 d) post-
burst (see Figure 3). These temporal indices are> 2𝜎 away from even

the most extreme forward and reverse shock light curve predictions
(Gao et al. 2013) demonstrating the radio variability is likely caused
by an extrinsic source rather than being intrinsic afterglow variability
(𝑆𝜈 ∝ 𝑡𝛼𝜈𝛽).

(ii) Using the broken power law fit at 9.0 GHz to interpolate the
flux density values to the time of the 16.7 and 21.2 GHz observations
also demonstrated extreme spectral variability. The spectral index
varied between 𝛽 = +3 and 𝛽 = 0 between ∼ 10 − 14 h (∼ 0.4 to
0.6 d) post-burst only to rise back to 𝛽 = +2 by ∼ 17 h (∼ 0.7 d)
post-burst during the observed 5 h period of flaring (see Figure 3).

(iii) The X-ray and optical bands are dominated by the forward
shock component and are in the same afterglow power law regime
below the cooling break such that 𝜈𝑎,𝑚 < 𝜈𝑋,𝑂 < 𝜈𝑐 . Using the
closure relations we find the CBM is likely homogeneous (𝑠 = 0)
and that 𝑝 = 2.9 ± 0.1. Modelling the optical to X-ray SED with a
single power-law spectrum and accounting for extinction effects, we
derive a spectral index of 𝛽𝑋,𝑂 = −0.96 ± 0.06, and a host galaxy
extinction of 𝐸𝐵−𝑉 = 0.069 ± 0.009 (Figure 4).

(iv) Investigating interstellar scintillation as the source of the rapid
variability, we used RISS19 (Hancock et al. 2019) to calculate a tran-
sition frequency of 𝜈0 = 7.66 GHz at the Galactic coordinates of GRB
210702A. This places 9.0 GHz just in the weak scintillation regime
near the transition frequency where we would expect the largest mod-
ulation from ISS. The measured modulation and timescales of the
9.0, 16.7 and 21.2 GHz light curves are consistent with weak scin-
tillation predictions (Goodman 1997; Walker 1998) within a factor
of ∼ 2 (see Table 1), making ISS the most likely explanation for the
observed short timescale radio variability.

(v) Assuming the source of radio variability is dominated by ISS,
the radio afterglow is unlikely to have an angular size much bigger
than the scattering disk, allowing us to place an upper limit on the
size of the blast wave in the plane of the sky of ≲ 6 × 1016 cm at
∼ 0.56 d post-burst. This is consistent with forward shock source size
predictions for this GRB (diameter of 8 × 1016 cm) and also upper
limits on the source size derived using scintillation for other GRBs
(between ∼ 1 × 1016 and ∼ 8 × 1016 cm).

(vi) At 0.56 d post-burst, this is the earliest source size limit placed
on a GRB blast wave to date.

By obtaining an 11 h observation with ATCA swapping between
dual receivers, we were able to clearly track the temporal and spectral
structure of scintillation simultaneously between 4 and 22 GHz less
than 1 d post-burst. The clear flare structure of the light curve at
9.0 GHz could indicate that we have observed a full scintillation cycle
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at this frequency. These results argue the importance for not just rapid
(within a day) radio follow-up but the need for long integrations to
properly track the scintillation in time over a broad frequency range.

These results also demonstrate the power of scintillation as a direct
probe of the size of the blast wave, which can then be used to test
afterglow modelling assumptions and the resulting micro-physical
parameters (see discussion in Section 4.3). It is also possible that
the radio afterglow of GRB 210702A was only detected because of
ISS, which boosted the signal above the ATCA sensitivity limit on
short (∼ 15 min) timescales. Using these observations alone, it is not
possible to tell whether we are seeing the boosting of the radio reverse
or forward shock (or both) emission components. However, future
ATCA rapid-response triggers on GRBs that are combined with high
cadence, multi-frequency radio follow-up from a day to hundreds of
days post-burst, combined with broadband modelling will allow us
to disentangle the forward and reverse shock components, identify
the source of the boosted emission, and allow us to learn more about
the dynamics of the radio afterglow within a day post-burst.

In this paper, we have demonstrated the power of rapid-response
observations for detecting short-timescale radio variability very early
in the evolution of explosive transients for constraining assumptions
associated with relativistic blast wave physics. This strongly moti-
vates using the same technique for probing early-time radio variabil-
ity from many other classes of transients in order to test associated
emission and outflow models, and thus further supports the need for
rapid-response transient triggering systems on the upcoming Square
Kilometre Array.
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APPENDIX A: RADIO FLUX DENSITY MEASUREMENTS

Table A1 lists the flux density measurements of GRB 210702A at
5.5, 9.0, 16.7 and 21.2 GHz as measured by uvmultifit in the visi-
bility plane with integration times of 60, 15, 12.5, and 12.5 minutes,
respectively. The time post-burst corresponds to the mid-time be-
tween the start and end of the combined scans for each flux density
measurement, which may include overheads associated with cali-
brator scans and target scans at other frequencies. The bolded flux
density measurements have a 𝑆𝑁𝑅 > 3 where the source position
was not fixed during the fitting with uvmultifit whereas the non-
bolded measurements have a 𝑆𝑁𝑅 < 3 and were force-fitted to the
best known Swift-UVOT GRB position.

APPENDIX B: CORNER PLOTS FROM MCMC MODEL
FITTING ANALYSES TO THE 9.0 GHZ LIGHT CURVE
AND THE X-RAY TO OPTICAL SED

Figure B1 shows the corner plots of the broken power law fit to the
9.0 GHz light curve performed using the MCMC method as described
in Section 3.1. As demonstrated by these corner plots and the traces
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𝜈 Time post-burst Flux density 3𝜎 threshold
(GHz) (hr) (𝜇Jy/beam) (𝜇Jy/beam)

5.5 6.4 −44 ± 43 129
9.1 60 ± 29 87
11.9 74 ± 24 71
14.9 69 ± 27 80

9.0 5.5 4 ± 82 245
5.8 14 ± 73 220
7.0 −81 ± 61 183
7.3 −81 ± 58 173
8.5 28 ± 55 164
8.7 −60 ± 110 331
9.5 27 ± 45 135
9.8 −24 ± 42 126
10.9 135 ± 43 128
11.3 167 ± 43 130
12.6 316 ± 44 131
12.9 306 ± 44 133
14.0 381 ± 45 134
14.3 218 ± 45 135
15.5 128 ± 49 146
15.8 166 ± 50 150

16.7 6.3 87 ± 169 506
6.6 56 ± 164 492
7.8 5 ± 138 415
8.1 8 ± 134 401
10.2 427 ± 70 210
10.5 483 ± 70 210
11.8 468 ± 69 206
12.1 448 ± 68 204
13.3 19 ± 67 200
13.6 228 ± 67 201
14.8 257 ± 71 213
15.1 335 ± 73 219
16.3 300 ± 83 249

21.2 6.3 96 ± 168 504
6.6 −107 ± 163 488
7.8 49 ± 137 411
8.1 −45 ± 133 400
10.2 470 ± 70 210
10.5 556 ± 70 210
11.8 −59 ± 68 203
12.1 273 ± 68 204
13.3 414 ± 67 200
13.6 343 ± 67 201
14.8 285 ± 71 213
15.1 416 ± 73 219
16.3 387 ± 83 249

Table A1. The flux density measurements of GRB 210702A plotted in Fig-
ure 1 that were obtained by fitting for a point source in the visibility plane
using uvmultifit. The bolded flux densities indicate detections (𝑆𝑁𝑅 > 3)
and those not bolded are force-fitted flux density values (𝑆𝑁𝑅 < 3). The 3𝜎
threshold is the detection threshold and corresponds to 3 times the uvmul-
tifit error. The reported time post-burst corresponds to the midpoint of the
(combined) scans.

in the top panel of Figure 3, there is a local minimum suggesting the
possibility of an earlier power law break time.

Figure B2 shows the corner plots of the model fitted to the X-ray
to optical SED performed using the MCMC method as described
in Section 3.3. Note that there appears to be a correlation between
the amplitude and extinction, as well as an inverse correlation be-

tween spectral index and extinction, however, the extinction is well
constrained.
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Figure B1. Corner plot for the model posterior sample from the broken power law fitted to the 9.0 GHz light curve using the MCMC method with 10,000 step
production chains for all of the 20 walkers assuming uniform priors for all four parameters. The plotted parameter 𝐴 is the amplitude, 𝛼1 is spectral index 1,
𝛼2 is spectral index 2, and 𝑡𝑏 is the break time (see Equation 1 and Section 3.1). The three solid contour lines on the joint distribution panels correspond to 1,
2, and 3𝜎 highest density intervals. The dashed lines on the marginal distribution panels show the 0.16, 0.5, and 0.84 quantiles (median and borders of a 1𝜎
credible interval) for each parameter.
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Figure B2. Corner plot from the model fitted to the X-ray to optical SED using the MCMC method with 500 step production chains for all of the 50 walkers
assuming a Gaussian spectral index prior. The plotted parameter 𝐴 is the Milky Way extinction, 𝛽 is the X-ray to optical spectral index and 𝐸𝐵−𝑉 is the host
galaxy extinction (see Section 3.3). The three solid contour lines on the joint distribution panels correspond to 1, 2, and 3𝜎 highest density intervals. The dashed
lines on the marginal distribution panels show the 0.16, 0.5, and 0.84 quantiles (median and borders of a 1𝜎 credible interval) for each parameter.
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