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Abstract

We present the early radio detection and multiwavelength modeling of the short gamma-ray burst (GRB) 231117A
at redshift z = 0.257. The Australia Telescope Compact Array automatically triggered a 9 hr observation of
GRB 231117A at 5.5 and 9 GHz following its detection by the Neil Gehrels Swift Observatory just 1.3 hr post-burst.
Splitting this observation into 1 hr time bins, the early radio afterglow exhibited flaring, scintillating and plateau
phases. The scintillation allowed us to place the earliest upper limit (<10 hr) on the size of a GRB blast wave to
date, constraining it to <1 × 1016 cm. Multiwavelength modeling of the full afterglow required a period of
significant energy injection between ∼0.02 and 1 day. The energy injection was modeled as a violent collision of
two shells: a reverse shock passing through the injection shell explains the early radio plateau, while an X-ray flare is
consistent with a shock passing through the leading impulsive shell. Beyond 1 day, the blast wave evolves as a
classic decelerating forward shock with an electron distribution index of p= 1.66 ± 0.01. Our model also indicates a
jet break at ∼2 days, and a half-opening angle of = ° ± °16.6 1.1j . Following the period of injection, the total
energy is ζ ∼ 18 times the initial impulsive energy, with a final collimation-corrected energy of
EKf ∼ 5.7 × 1049 erg. The minimum Lorentz factors this model requires are consistent with constraints from the
early radio measurements of Γ > 35 to Γ > 5 between ∼0.1 and 1 day. These results demonstrate the importance of
rapid and sensitive radio follow-up of GRBs for exploring their central engines and outflow behaviour.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Radio transient sources (2008); Transient
sources (1851); X-ray transient sources (1852); Gamma-ray transient sources (1853)

1. Introduction

Short gamma-ray bursts (SGRBs) are extremely high-energy
transient events with durations of 2 s or less. They are thought to
be driven by the mergers of binary neutron star (BNS) systems,
a scenario that received significant support following
the first gravitational-wave (GW) and electromagnetic (EM)
multimessenger detection (B. P. Abbott et al. 2017a) of
GW 170817 (B. P. Abbott et al. 2017b) and GRB 170817A
(A. Goldstein et al. 2017; V. Savchenko et al. 2017).
Canonically, SGRBs are separated from long GRBs (LGRBs)
based on an observed bimodality in duration (measured as t90;
the time in which the middle 90% of the gamma-ray fluence is
emitted) and spectral hardness (C. Kouveliotou et al. 1993). The
divide of t90 � 2 s for SGRBs and t90 > 2 s for LGRBs
ostensibly maps to their disparate progenitors. For SGRBs, the
2 s limit roughly corresponds to the maximum time in which the
remnant black hole formed in the merger is expected to accrete
the residual torus, which powers the jet (e.g., M. Ruffert &
H. T. Janka 1999; S. Rosswog et al. 2003; K. Hotokezaka et al.
2011). Conversely, since LGRBs are driven by the core-collapse
of very massive stars (T. J. Galama et al. 1998; J. Hjorth et al.
2003; K. Z. Stanek et al. 2003), their accretion disks are much
more massive, allowing a far longer accretion timescale.

Several observational factors demonstrate that some BNS
mergers could have periods of energy injection and/or
prolonged central engine activity. When considering their
prompt gamma-ray emission, ∼25% of SGRBs display a
rebrightening in the gamma-rays following the initial emission
spike known as extended emission (D. Lazzati et al. 2001;
J. P. Norris & J. T. Bonnell 2006; J. P. Norris et al. 2010).
Explanations include magnetically driven winds from a long-
lived magnetar engine, r-process heating on fallback accretion,
and a two-jet model (B. D. Metzger et al. 2008, 2010;

M. V. Barkov & A. S. Pozanenko 2011; N. Bucciantini et al.
2012; B. P. Gompertz et al. 2013). Meanwhile, there have been
two GRBs with t90 > 2 s, where optical spectroscopy revealed
an associated kilonova, powered by the decay of radioactive
elements and likely created from compact binary mergers
(GRB 211211A and GRB 230307A; J. C. Rastinejad et al.
2022; E. Troja et al. 2022; J. Yang et al. 2022; A. J. Levan
et al. 2024; Y.-H. Yang et al. 2024). These results suggest that
such systems can drive longer-duration prompt emission.

Evidence for unusual or prolonged central engine activity
from SGRBs may also be imprinted on their afterglows.
Following the launch of a jet, the fireball model (M. J. Rees &
P. Meszaros 1992; S. Kobayashi et al. 1997; R. Sari &
T. Piran 1997; T. Piran 1999; S. Kobayashi & R. Sari 2000)
forecasts synchrotron emission components from a forward
and reverse shock generated by relativistic ejecta interacting
with the circumburst medium (CBM). However, often the
multiwavelength afterglows from both LGRBs and SGRBs are
observed to plateau between minutes to hours post-burst
(B. Zhang et al. 2006), with X-ray plateaus observed in ∼50%
of SGRB X-ray afterglows (A. Rowlinson et al. 2013) plus
numerous in the optical (e.g., P. W. A. Roming et al. 2006;
G. Stratta et al. 2007; Y.-Z. Fan et al. 2013; A. de Ugarte
Postigo et al. 2014; F. Knust et al. 2017; M. G. Dainotti et al.
2020; J. F. Agüí Fernández et al. 2023). Plateaus have also
been detected in LGRB radio lightcurves (D. Levine et al.
2022). Such plateaus suggest periods of energy injection
beyond what is expected from accretion onto a black hole.
Indeed, there exists an intrinsic correlation between the
plateau’s rest frame end time and its corresponding luminosity
(M. G. Dainotti et al. 2008), as shown in the X-ray, optical,
high-energy gamma-ray, and radio bands (M. G. Dainotti
et al. 2013, 2020, 2021; D. Levine et al. 2022). This correlation
holds irrespective of the GRB classification, which suggests
plateaus have a fixed energy reservoir (M. G. Dainotti
et al. 2020).

The origin of the plateau emission is typically explained as
the collision between slower shells in the jetted outflow

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
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catching a leading fast shell as it decelerates. The energy is
then injected in the form of mass, resulting in afterglow
emission that declines more slowly than expected or undergoes
a flaring episode (P. Mészáros & M. J. Rees 1997; M. J. Rees
& P. Mészáros 1998; P. Kumar & T. Piran 2000; B. Zhang &
P. Mészáros 2002). Alternatively, energy could be injected by
magnetically dominated outflows from a long-lived magnetar
central engine (B. Zhang & P. Mészáros 2002; B. Zhang et al.
2006; B. D. Metzger et al. 2011; B. P. Gompertz et al. 2013;
A. Rowlinson et al. 2013; A. Rowlinson et al. 2014)—in such
cases, the energy injection is always “mild” (i.e., no flares).
Where the sudden collision of massive shells causes injection,
a shock system can be established that results in flaring
(K. Ioka et al. 2005), which can also explain variability within
GRB afterglows. We therefore require extensive multiwave-
length investigations to understand the source of the plateau
and flaring emission, which will enable us to explore the
apparent diversity in SGRB central engine activity times and
outflow behaviors.

Radio observations are necessary for breaking the degen-
eracies between the blastwave energetics and the density of the
CBM that exists when only modeling the X-ray and optical
afterglow (e.g., J. C. Rastinejad et al. 2022). They also reveal
unexpected features in both long and short GRB radio
afterglows such as early (T. Laskar et al. 2018, 2019;
G. E. Anderson et al. 2023) and late-time flares (G. Schroeder
et al. 2024), or additional synchrotron emitting components
potentially from a cocoon or wider outflow (L. Rhodes et al.
2022, 2024; J. K. Leung et al. 2025). In particular, G. Schroeder
et al. (2024) detected a radio flare from short GRB 210726A
that began 11 days post-burst that indicated an increase in the
isotropic kinetic energy by a factor of 4. Such a flare might have
been caused by energy injection or from a reverse shock caused
by a shell collision that would have required extreme late-time
central engine activity. Very early-time radio follow-up of short
GRB 231117A also identified the addition of a reverse shock
that occurred <1 day post-burst, either from the GRB jet
interacting with the CBM or from an energy injection episode
(G. Schroeder et al. 2025). This demonstrates that radio
observations can provide vital insight into energy injection
and/or prolonged central engine activity.

Here we report an independent study of the GRB 231117A
afterglow using new radio and optical data, which has been
supplemented by the G. Schroeder et al. (2025) data set. The
new radio and optical observations are outlined in Section 2.
Section 3 describes the wavelength-dependent analysis of
GRB 231117A, while Section 4 focuses on the multiwave-
length modeling of the afterglow. In Section 5, we discuss how
the radio properties of GRB 231117A compare to the radio-
detected SGRB population. This is followed by a discussion on
energy injection, energetics, and the efficiency of
GRB 231117A and how it compares to other SGRBs. We
finish our discussions by interpreting the origin of the early
radio emission from GRB 231117A. Throughout this paper,
we have used the following power-law representation for flux
density, Sν ∝ t− αν− β, and assumed a cosmology of H0 = 67.4
and Ωm = 0.315 (Planck Collaboration et al. 2020)

2. Observations and Results

GRB 231117A was detected by the Swift Burst Alert
Telescope (BAT; S. D. Barthelmy et al. 2005) at 03:03:19
UT on 2023 November 17 with a peak count rate of

∼80,000 cts s−1 (S. Laha et al. 2023). It had a gamma-ray
fluence of 2.3 ± 0.1 × 10−6 erg cm−2 (15–150 keV band) and
a t90 (time range over which the GRB emits 5%–95% of its
counts) of 0.67 ± 0.07 s, placing it firmly within the SGRB
class (C. B. Markwardt et al. 2023). Detections of the prompt
emission were also reported by AstroSat, the Astro-Rivelatore
Gamma a Immagini Leggero (AGILE), Konus-Wind, Glow-
bug, GRBAlpha, the Gravitational Wave High-energy EM
Counterpart All-sky Monitor (GECAM) C telescope, and the
Calorimetric Electron Telescope (P. W. Cattaneo et al. 2023;
C. C. Cheung et al. 2023; M. Dafcikova et al. 2023;
P. K. Navaneeth et al. 2023; D. Svinkin et al. 2023; W.-C. Xue
et al. 2023; K. Yamaoka et al. 2023).

The GRB was quickly localized by the Swift X-ray
Telescope (XRT; D. N. Burrows et al. 2005) through the
detection of its X-ray afterglow (A. P. Beardmore et al. 2023;
A. Melandri et al. 2023). The candidate optical afterglow and
host galaxy were first reported by the 40 cm SLT telescope at
Lulin Observatory in an observation taken at 10:26 UT on
2023 November 17 (MJD = 60265.435), 7.39 hr post-burst
(S. Yang et al. 2023). The reported position was R.A. (J2000):
22 09 33.s37h m , decl. (J2000): + °13 31 20 .2, approximately 3″
away from the enhanced Swift-XRT location (2.0radius, 90%
confidence; A. P. Beardmore et al. 2023), which was
confirmed by observations with Keck (J. C. Rastinejad et al.
2023). The spectroscopic redshift of z = 0.257 was obtained
with Keck (T. Ahumada & Y. Sharma 2023) and confirmed by
M. Gonzalez-Bañuelos et al. (2023) via the advanced Public
ESO Spectroscopic Survey for Transient Objects (ePESSTO+;
S. J. Smartt et al. 2015). The radio afterglow was quickly
identified using the Australia Telescope Compact Array
(ATCA) by L. Rhodes et al. (2023) and confirmed with
observations from the Karl G. Jansky Very Large Array (VLA)
by G. Schroeder et al. (2023). The afterglow was comprehen-
sively observed in the radio, optical, and X-ray bands up to
nearly 50 days post-burst.

In the following sections, we present the observations and
results associated with the radio, optical, and X-ray data
analyzed for the modeling in this paper, providing a
comprehensive data set with dense sampling in all bands from
minutes to days post-burst.

2.1. Radio Observations

2.1.1. ATCA

ATCA is a six-element interferometer of 22 m diameter
dishes based near Narrabri, Australia. Following the Swift–
BAT notification of GRB 231117A, the ATCA rapid-response
mode (G. E. Anderson et al. 2021) automatically triggered
observations under program C3204 (PI: Anderson), resulting
in one of the earliest radio detections of a GRB afterglow
(L. Rhodes et al. 2023). The ATCA rapid-response observation
began at 04:20 UT, 1.3 hr post-burst as soon as the array had
finished maintenance. The array observed for 9 h using the
4 cm dual receiver (centered at 5.5 and 9 GHz, each with
2 GHz bandwidth). Further ATCA follow-up observations
were manually scheduled and conducted at 1.3, 3.1, 9.1 and
16.1 days post-burst, in each case using the 4 cm receiver and
with some dates also including the 15 mm receiver (central
frequencies of 16.7 and 21.2 GHz; note that poor weather
resulted in the 21.2 GHz observations being unusable). All
data was processed using MIRIAD (R. J. Sault et al. 1995)
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using PKS 1934−638 and PKS 2230+114 as the flux and
phase calibrator, respectively.

The full lightcurve of GRB 231117A at 5.5 and 9 GHz can be
found in the top panel of Figure 1, with the first observation split
into 1 hr time bins. All plotted flux densities for the GRB source
were calculated using the MIRIAD task UVFIT, which fits for a
point source near a defined position in the uv-plane. Before
running the UVFIT algorithm, all other sources in the field were
subtracted from the visibilities using the clean model. The same
technique was applied to measure the flux densities of a nearby
check source, which was used to characterize the variability of
the afterglow. The check source was detected at both 5.5 and
9 GHz and is located at R.A. (J2000): ±22 09 38.s23 2 .1h m ,
decl. (J2000): + ° ±13 30 36 .1 2 .1, 83″ from GRB 231117A.
In the case where UVFIT did not converge, the position of the
GRB or check source was fixed, forcing the algorithm to fit a
point source at the known source location. These force-fitted

flux densities are plotted as open data points rather than filled
data points in Figure 1. The reported flux density errors are the
output UVFIT statistical error and a 5% absolute flux density
calibration error added in quadrature. The measured and force-
fitted flux density measurements and 3σ upper limits are listed
in Table 1.

2.1.2. MeerKAT

The MeerKAT radio telescope is a 64 dish interferometer in
the Karoo Desert, South Africa. Each dish is 13.5 m in diameter
and with a maximum baseline of 8 km, MeerKAT can
achieve an angular resolution of ∼4″–5″ with the L-band
(856–1711 MHz) receiver. Four observations of GRB 231117A
were obtained through a Director’s Discretionary Time proposal
(PI: Rhodes, DDT-20231124-SA-01) at a central frequency of
1.3 GHz with a bandwidth of 0.86 GHz. Each data set was
processed using OXKAT (I. Heywood 2020). OXKAT is a series

Figure 1. Top panel: the radio lightcurve of GRB 231117A at 5–6 GHz (yellow) and 9–10 GHz (green) obtained with ATCA, e-MERLIN, and VLA (the latter data
points are taken from G. Schroeder et al. 2025). A nearby check source detected at both frequencies in the ATCA images is also plotted in gray to demonstrate the
observed variability of GRB 231117A is real. The solid data points show ATCA detections (>3σ). In contrast, the open data points are force-fitted flux densities at
the known position of the source in the ATCA images when there was no significant detection. e-MERLIN and VLA nondetections are plotted as 3σ upper limits.
Bottom panel: spectral index evolution (where the flux density is Sν ∝ ν− β) between the ATCA 5.5 and 9 GHz detections of the GRB (black) and check source
(gray). An open data point is plotted when at least one of the flux densities used to calculate the spectral index was force-fitted in the ATCA image. The spectral
evolution from the VLA 6 and 10 GHz detections are also plotted as black diamonds.
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of semiautomated python scripts that wrap around CASA,
TRICOLOUR, WSCLEAN, and CUBICAL commands to reduce the
data (J. P. McMullin et al. 2007; A. R. Offringa et al. 2014;
J. S. Kenyon et al. 2018; B. V. Hugo et al. 2022). A given data
set is averaged down to 1024 channels and 8 s integrations. The
calibrator scans are flagged, then bandpass, flux density, and
complex gain calibration are performed using PKS B1934-638
(the flux density, bandpass, and delay calibrator) and J2232
+1143 (gain calibrator). The calibration solutions were then
applied to the target field, which was subsequently flagged and

imaged. To further reduce the image rms noise, we performed a
single round of phase-only self-calibration.

We detected a counterpart to GRB 231117A in two of the
four observations. We measured the flux densities using imfit
within CASA (J. P. McMullin et al. 2007). The uncertainties
associated with the flux density measurements are a combina-
tion of the statistical uncertainty and a 10% absolute flux
density calibration error added in quadrature. We provide the
observation times, measured and force-fitted flux densities, and
3σ upper limits in Table 1. These MeerKAT observations were
also processed independently of G. Schroeder et al. (2025).

2.1.3. AMI–LA

The Arcminute Microkelvin Imager—Large Array (AMI–
LA) is a facility of eight 12.8 m dishes based at the Mullard
Radio Astronomy Observatory, Cambridge, UK. Observations
are made at a central frequency of 15.5 GHz with a bandwidth
of 5 GHz. The position of GRB 231117A was observed twice
with the AMI–LA at 0.6 and 9.6 days post-burst. The data
were reduced using REDUCE_DC, a custom software package
(Y. C. Perrott et al. 2013), which performs flux density and
complex gain calibration. The flagging, interactive cleaning,
and imaging were performed in CASA (J. P. McMullin et al.
2007). In neither observation do we find a counterpart to
GRB 231117A and report our 3σ upper limits in Table 1. We
used the CASA viewer tool (J. P. McMullin et al. 2007) to
measure the rms noise in each image from which the 3σ upper
limits were calculated.

2.1.4. e-MERLIN

The enhanced Multi-Element Radio-Linked Interferometer
Network (e-MERLIN) is a UK-based very long baseline
interferometry facility. With a maximum baseline of 217 km,
e-MERLIN can obtain an angular resolution of 0.05 at 5 GHz.
Observations of GRB 231117A were obtained through a
successful open-time Target of Opportunity proposal (PI:
Rhodes, CY16204). Of the five observations, the third, fourth,
and fifth epochs used the Lovell because of its new frequency
flexibility capabilities. e-MERLIN observations were reduced
with a custom CASA-based pipeline (J. Moldon 2021). The
pipeline performs flagging and flux density scaling (using
J1331+3030) followed by two iterations of bandpass and
complex gain calibration (using J1407+2827 and J2218
+1520, respectively). Images are made using iterative cleaning
and deconvolution.

We detected the radio counterpart to GRB 231117A in two
of the five observations (epochs 1 and 4). For our first
detection, which was in the first epoch, the high signal-to-noise
ratio (SNR) enabled us to split the observation in time to
search for intra-observation variability like that observed with
ATCA. The flux densities were measured using imfit within
CASA (J. Moldon 2021). Our e-MERLIN detections and upper
limits are plotted in Figure 1 and are listed in Table 1.

2.2. Optical Observations

2.2.1. SLT Optical Afterglow Discovery

We used the 40 cm SLT telescope at Lulin Observatory,
Taiwan, to obtain r-band images for the GRB 231117A field as
part of the Kinder collaboration (T.-W. Chen et al. 2025). The
afterglow discovery reported by S. Yang et al. (2023) coincides

Table 1
Radio Density Measurements of GRB 231117A

Telescope Time Post-burst ν Flux Density 3σ Threshold
(days) (GHz) (μJy beam−1) (μJy beam−1)

ATCA 0.07 5.5 375 ± 53 ⋯
ATCA 0.11 5.5 331 ± 42 ⋯
ATCA 0.16 5.5 449 ± 40 ⋯
ATCA 0.20 5.5 355 ± 36 ⋯
ATCA 0.24 5.5 367 ± 37 ⋯
ATCA 0.28 5.5 584 ± 44 ⋯
ATCA 0.33 5.5 500 ± 48 ⋯
ATCA 0.37 5.5 482 ± 51 ⋯
ATCA 0.41 5.5 337 ± 88 ⋯
ATCA 1.30 5.5 185 ± 45 144
ATCA 3.12 5.5 287 ± 25 84
ATCA 9.10 5.5 90 ± 31 144
ATCA 16.08 5.5 16 ± 19 66
ATCA 0.07 9.0 318 ± 41 ⋯
ATCA 0.11 9.0 388 ± 36 ⋯
ATCA 0.16 9.0 160 ± 27 ⋯
ATCA 0.20 9.0 139 ± 26 ⋯
ATCA 0.24 9.0 104 ± 26 ⋯
ATCA 0.28 9.0 171 ± 26 ⋯
ATCA 0.33 9.0 244 ± 33 ⋯
ATCA 0.37 9.0 463 ± 40 ⋯
ATCA 0.41 9.0 581 ± 68 ⋯
ATCA 1.30 9.0 212 ± 32 99
ATCA 3.12 9.0 235 ± 24 81
ATCA 9.10 9.0 70 ± 26 144
ATCA 1.30 16.7 171 ± 27 141
ATCA 9.10 16.7 24 ± 77 420

MeerKAT 9.45 1.3 121 ± 16 33
MeerKAT 15.42 1.3 71 ± 11 28
MeerKAT 25.41 1.3 22 ± 8 27
MeerKAT 40.39 1.3 17 ± 8 28

AMI–LA 0.60 15.5 128 ± 62 231
AMI–LA 9.65 15.5 ⋯ 295

e-MERLIN 0.49 5.0 134 ± 52 80
e-MERLIN 0.76 5.0 125 ± 10 98
e-MERLIN 2.51 5.0 ⋯ 120
e-MERLIN 6.09 5.0 ⋯ 60
e-MERLIN 12.11 5.0 61 ± 14 42
e-MERLIN 24.91 5.0 ⋯ 62

Note. The reported time post-burst corresponds to the logarithmic midpoint of
the data point. The bolded flux densities indicate detections (SNR > 3), and
those not bolded are force-fitted flux density values (SNR < 3). Note that
force-fits could not be obtained from the e-MERLIN data or the last AMI
observation. The error bars are 1σ, and the 3σ threshold corresponds to 3 times
the image rms. The first nine ATCA measurements at 5.5 and 9 GHz were
made in the uv-plane, so we do not have a corresponding image rms
measurement.

5

The Astrophysical Journal, 994:5 (25pp), 2025 November 20 Anderson et al.



with a faint (Petrosian magnitude of r = 21.32 ± 0.22 mag)
galaxy, SDSS J220933.34+133119.5. For the discovery image
of the optical afterglow, see Figure 2. We continuously
observed the afterglow with SLT and found a plateau within
the r-band lightcurve (T. W. Chen et al. 2023). We employed
the Kinder pipeline (S. Yang & J. Sollerman 2023) to conduct
point-spread function (PSF) photometry for the afterglow after
template subtraction using the Sloan Digital Sky Survey (SDSS)
images. The magnitudes and a 3σ detection limit in the AB
system are reported in Table 2. We registered the astronomical
transient name AT 2023yba (T. Chen 2023) when the object
was not yet confirmed as the afterglow in the early stages.

2.2.2. CAHA

The Calar Alto Faint Object Spectrograph mounted on the
2.2 m telescope at the Spanish Astronomical Center in
Andalusia (Almería, Spain) was used to observe
GRB 231117A starting at 17:47:16 UT on 2023 November
17 under the Centro Astronómico Hispano en Andalucía
(CAHA) program 23B-2.2-024 (PI: Ag\"u\'i Fern\'andez).
The observation was performed in the i band and consisted of
14 exposures with a total exposure time of 3390 s. Images
were reduced in a standard fashion, including bias, flat field,
and astrometric corrections using IRAF (D. Tody 1986) and
astrometry.net (D. Lang et al. 2010). Photometry of this
observation is provided in Table 2.

Figure 2. Discovery of the GRB 231117A optical afterglow. Top panels: 40
cm SLT r-band discovery image taken 7.39 hr after the Swift trigger (left),
subtracted from the SDSS template (middle), and afterglow identification
(right). Bottom panel: Lulin One-meter Telescope (LOT) gri-color combined
image of the afterglow and field.

Table 2
Optical Measurements of GRB 231117A

Telescope Time Post-burst Filter Magnitude
(days) (AB)

UVOT 0.002 white >20.77
UVOT 0.008 white >20.15
UVOT 0.011 u >21.10
UVOT 0.013 uvw2 >20.65
UVOT 0.013 uvw2 >20.79
UVOT 0.013 b >19.00
UVOT 0.013 v >18.88
UVOT 0.014 uvw1 >20.65
UVOT 0.015 white 20.23 ± 0.33
UVOT 0.019 white 20.44 ± 0.43
UVOT 0.060 uvw2 >19.74
UVOT 0.062 v >18.03
UVOT 0.064 uvm2 >19.80
UVOT 0.067 uvw1 >20.48
UVOT 0.140 u >20.50
UVOT 0.213 b >17.70
UVOT 0.789 white 22.42 ± 1.09
UVOT 2.511 white 23.44 ± 1.13
UVOT 3.700 white >22.17
UVOT 4.328 white >22.20
UVOT 5.750 white >22.62
UVOT 6.377 white >22.30
UVOT 7.162 white >20.92

SLT 0.308 r 20.78 ± 0.13
SLT 1.325 r 20.72 ± 0.11
SLT 1.425 i 20.80 ± 0.15
SLT 1.453 g 21.13 ± 0.12
SLT 1.490 z >19.94
SLT 2.291 i 21.50 ± 0.17

PS1 1.129 g 20.74 ± 0.16
PS1 1.131 r 20.56 ± 0.11
PS1 1.134 i 20.55 ± 0.09
PS1 1.136 z 20.40 ± 0.14
PS1 1.140 y 20.09 ± 0.21
PS1 2.146 g 22.15 ± 0.15
PS1 2.154 r 21.96 ± 0.14
PS1 2.161 i 21.75 ± 0.11
PS1 2.168 z 21.53 ± 0.16
PS1 2.176 y 21.35 ± 0.35

NTT 0.884 R 20.85 ± 0.08
NTT 6.916 R 23.54 ± 0.32
NTT 8.897 R 22.93 ± 0.31

LT 0.690 i 20.32 ± 0.03
LT 0.730 r 20.65 ± 0.03
LT 0.764 z 20.27 ± 0.12
LT 0.777 i 20.38 ± 0.10
LT 0.794 r 20.60 ± 0.06
LT 1.690 i 21.22 ± 0.08
LT 1.730 r 21.23 ± 0.21
LT 1.753 z 21.03 ± 0.20
LT 1.758 i 21.28 ± 0.171
LT 1.763 r >21.05
LT 1.769 g >21.09
LT 2.700 i 22.27 ± 0.17
LT 2.740 r >21.737

LOT 0.393 g 20.69 ± 0.1
LOT 0.396 r 20.70 ± 0.11
LOT 0.400 i 20.41 ± 0.11
LOT 0.404 z 19.98 ± 0.19
LOT 0.409 r 20.68 ± 0.07
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2.2.3. GOTO

The GW Optical Transient Observer (GOTO; D. Steeghs
et al. 2022; M. J. Dyer et al. 2024) responded autonomously to
the Swift–BAT trigger and began pointed observations from its
southern node in Siding Spring Observatory, Australia, at
10:00:02 UT on 2023 November 17, 7.0 hr after trigger.
Observations were performed in the GOTO L filter
(400–700 nm), roughly equivalent to the SDSS g + r filters.
A total of six epochs were obtained over the first three nights
from GOTO-North (La Palma, Spain) and GOTO-South
(Siding Spring Observatory, Australia). Images were pro-
cessed using the GOTO pipeline, including image alignment
and template subtraction using recent pointings of the same
field. Magnitudes are calibrated against ATLAS Refcat2
(J. L. Tonry et al. 2018) and are presented in Table 2.

2.2.4. GTC

The 10.4 m Gran Telescopio Canarias (GTC) observed the
field of GRB 231117A using EMIR (F. Garzón et al. 2022) in
the infrared and OSIRIS+ (J. Cepa et al. 2000) in the optical
under the GTC program GTCMULTIPLE4D-23B (PI:
Ag\"u\'i Fern\'andez). The EMIR observation started on
2023 November 19 at 20:01:31.63 UT with a total exposure
time of 1617 s in the KS-band. OSIRIS+ performed a z-band
observation of the field on 2023 November 25 at 20:32:39 UT
with a total exposure time of 600 s (note it was affected by the
full Moon). All data were reduced using standard techniques,
including bias subtraction, flat-field correction, fine alignment,
stacking, and astrometric calibration. These observations are
listed in Table 2.

2.2.5. Liverpool Telescope

We triggered target-of-opportunity observations with the 2 m
robotic Liverpool Telescope (LT; I. A. Steele et al. 2004) under
program No. PL 23B19 (PI: Gompertz). Observations were
performed using the r and i filters (M. Fukugita et al. 1996) over
three nights, starting at 20:05:45 UT on 2023 November 17,
0.69 day following Swift–BAT trigger. Photometry was
performed using Photometry Sans Frustration57(M. Nicholl
et al. 2023), including image alignment and stacking within
individual nights, and template subtraction using Panoramic
Survey Telescope and Rapid Response System (Pan-STARRS)
reference images (H. A. Flewelling et al. 2020) to remove host
galaxy light. Magnitudes are reported in Table 2.

2.2.6. LOT

We also conducted a follow-up campaign using the Lulin
One-meter Telescope (LOT) with multiband imaging in g, r, i,
and z during the first epoch (S. Yang et al. 2023), as part of the
Kinder collaboration (T.-W. Chen et al. 2025). The strategic
advantage of LOT being located at the same site as SLT,
coupled with its relatively larger diameter, contributed to the
multicolor information and late-time deep imaging of GRB
231117A. The data reduction process and photometric
measurements followed the same procedures as the SLT data,
and the template-subtracted magnitudes are detailed in
Table 2.

2.2.7. NTT

We observed the field of GRB 231117A with the European
Southern Observatory (ESO) Faint Object Spectrograph and
Camera (v.2, EFOSC2; B. Buzzoni et al. 1984) mounted on the
ESO New Technology Telescope (NTT) at La Silla Observa-
tory, Chile, under the ePESSTO+ program. Observations were
obtained in the R filter starting from 2023 November 18 at
00:22:34, i.e., 0.884 day after the trigger. Further observations
were performed at later epochs at 6.92 and 8.90 days. We
performed image subtraction using templates from Pan-
STARRS images (H. A. Flewelling et al. 2020) with the
HOTPANTS (High Order Transform of Psf ANd Template
Subtraction code; A. Becker 2015) package to remove the host
galaxy light. Aperture photometry was performed using
SExtractor (E. Bertin & S. Arnouts 1996), and the results
are reported in Table 2.

2.2.8. Pan-STARRS

Pan-STARRS consists of two 1.8 m telescope units located
at the summit of Haleakala on the Hawaiian island of Maui
(K. C. Chambers et al. 2016). We triggered Pan-STARRS1
(PS1) to observe in grizyps, and a total of 19 epochs were taken
across November 18 and 19, with observations starting at
approximately 06:08 and 06:35 UT, respectively. Photometry
was carried out on the difference images with the Pan-
STARRS1 3π sky survey data used as references, and to set
photometric zero-points on the target images. We used
200–300 s exposures and stacked the PSF flux measured on
the difference images for each filter, using daily weighted
averages to enhance the SNR. The magnitudes derived from
these flux stacks are listed in Table 2.

Table 2
(Continued)

Telescope Time Post-burst Filter Magnitude
(days) (AB)

LOT 3.330 i >21.14

VLT-FORS2 1.888 g 21.84 ± 0.09
VLT-FORS2 1.899 R 21.74 ± 0.09
VLT-FORS2 1.908 I 21.45 ± 0.21
VLT-FORS2 1.918 ZGUNN 21.97 ± 0.26
VLT-FORS2 3.932 R 22.66 ± 0.16
VLT-FORS2 8.955 ZGUNN >21.70

VLT-HAWK-I 1.908 Ks 20.92 ± 0.05
VLT-HAWK-I 4.891 Ks 21.89 ± 0.12
VLT-HAWK-I 6.925 Ks >23.83
VLT-HAWK-I 24.90 Ks >20.74

GTC 2.707 KAB 20.94 ± 0.09
GTC 8.726 z >22.41

GOTO 0.289 L >19.70
GOTO 0.684 L >19.37
GOTO 1.674 L >18.98
GOTO 1.694 L >19.37
GOTO 1.716 L >18.98
GOTO 2.702 L >18.99

CAHA 0.614 i 20.64 ± 0.07

Note. The time post-burst corresponds to the center of the integration time. All
errors are 1σ and all upper limits are 3σ.

57 https://github.com/mnicholl/photometry-sans-frustration
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2.2.9. VLT

We observed the afterglow using FORS2 and HAWK-I
mounted the Very Large Telescope (VLT), under the Stargate
program. FORS2 observations started on 2023 November 19,
1.9 days after the burst trigger, and were obtained in the gHIGH,
RSPECIAL, IBESS, ZGUNN broadband filters. We secured further
imaging 3.9 and 8.9 days after the trigger, respectively, using
the RSPECIAL- and ZGUNN- bands. HAWK-I observations also
started on 2023 November 19, 1.9 days after the burst trigger,
and were obtained in the J, H, and K broadband filters. We
secured further imaging 4.9 and 6.9 days after the trigger, as
well as approximately 1 month later on 2024 December 12 to
obtain a template image.

FORS2 and HAWK-I data were reduced using the ESO
Reflex environment (W. Freudling et al. 2013). To remove the
fringing in the FORS images, especially strong in the first
epoch (except in the g band) due to the use of the blue CCD,
we used fringing patterns obtained from the same dithered
images of the field. We applied aperture photometry with a
curve of growth to measure the flux of the combined host-
galaxy and afterglow. To remove the contribution of the host,
we applied image subtraction using a routine based on
HOTPANTS, and archival Pan-STARRS images as reference.
Afterwards, PSF photometry was used to measure the
magnitudes of the GRB afterglow. The FORS2 and HAWK-
I magnitudes are listed in Table 2.

2.2.10. Host Observations

To explore the host galaxy, we first retrieved science-ready
coadded images from the DESI Legacy Imaging Surveys
(Legacy Surveys, LS; A. Dey et al. 2019) data release (DR) 10
and the Panoramic Survey Telescope and Rapid Response
System (PS) DR1 (K. C. Chambers et al. 2016). We
augmented these data with K-band imaging from our
HAWK-I campaign (Section 2.2.9) and archival u-band
images obtained with MegaCAM at the 3.58 m Canada–
France–Hawaii Telescope (CFHT). We measured the bright-
ness of the host using LAMBDAR (Lambda Adaptive Multi-
Band Deblending Algorithm in R; A. H. Wright et al. 2016),
the methods described in S. Schulze et al. (2021) and the K-
band photometry with an aperture photometry tool from
S. Schulze et al. (2018, and references therein). The
instrumental magnitudes are calibrated against stars from the
Two Micron All Sky Survey, Legacy Survey, and Pan-
STARRS. Table 3 presents the measurements of the host
galaxy in the different bands.

2.3. Swift Observations

2.3.1. UVOT

The Swift Ultraviolet and Optical Telescope (UVOT;
P. W. A. Roming et al. 2004) began settled observations of
the field of GRB 231117A 106 s after the Swift–BAT trigger
(N. P. M. Kuin et al. 2023a). Due to issues with the gyroscopes
on board Swift at the time of observations (B. Cenko 2023),
the UVOT images were slightly blurred due to the degraded
attitude control of the spacecraft; this only affected the UVOT
image quality as UVOT has finer angular resolution than XRT
and BAT. Due to the blurring, source counts were extracted
using a source region of 7″ radius. To be consistent with the
UVOT calibration, these count rates were then corrected to a

5″ radius using the curve of growth contained in the calibration
files. Background counts were extracted using a circular region
with a 20″ radius located in a source-free region. The count
rates were obtained from the image lists using the Swift tool
UVOTSOURCE. At late times, the lightcurves were contami-
nated by the underlying host galaxy. To estimate the level of
contamination, for the white, u, uvw1, and uvw2 filters, we
combined the late-time exposures (N. P. M. Kuin et al. 2023b)
beyond 107s until the end of observations. We extracted the
count rate in the late combined exposures using the same 7″
radius aperture, which was then corrected to a 5″ radius using
the curve of growth contained in the calibration files. These
were subtracted from the source count rates derived with the
same size aperture to obtain the afterglow count rates. The
afterglow count rates were converted to magnitudes using the
UVOT photometric zero-points (T. S. Poole et al. 2008;
A. A. Breeveld et al. 2011).

2.3.2. XRT

Swift–XRT observations of GRB 231117A began 93 s follow-
ing the Swift detection and continued until 4 days post-burst
(A. P. Beardmore et al. 2023; S. Laha et al. 2023; A. Melandri
et al. 2023). The XRT observations were downloaded from the
UK Swift Science Data Centre (P. A. Evans et al. 2007, 2009). All
data that were flagged as “bad data points” were removed. Data
were rebinned to limit orbit gaps to 10 ks. To find the counts-to-
unabsorbed-flux conversion factors of the rebinned data, we fit
spectra in four phenomenologically identified regions: 93–300 s;
300–2000 s; 2000–104 s; and 104–2 × 106 s. The derived
conversion factors were (4.19 ± 0.21) × 10−11 erg cm−2 ct−1,
(3.95 ± 0.14) × 10−11 erg cm−2 ct−1, (4.47 ± 0.26) ×
10−11 erg cm−2 ct−1, and (3.39 ± 0.21) × 10−11 erg cm−2 ct−1,
respectively. Pile-up correction was also applied.

3. Wavelength-dependent Analysis

3.1. Radio Variability

The radio lightcurves and spectral evolution of
GRB 231117A as observed by ATCA (5.5 and 9 GHz),
e-MERLIN (5 GHz), and the VLA (6 and 10 GHz from
G. Schroeder et al. 2025) are plotted in Figure 1. The
lightcurves in the top panel are grouped into two frequency
bands: 5–6 GHz and 9–10 GHz. The first ATCA observation
was split into nine 1 hr time bins, and the first e-MERLIN

Table 3
Photometry of the Host Galaxy

Survey/Telescope Instrument Filter Brightness
(mag)

CFHT MegaCAM u 22.63 ± 0.14
PS1 MegaCAM g 21.72 ± 0.13
PS1 MegaCAM r 21.25 ± 0.09
PS1 MegaCAM i 21.23 ± 0.09
PS1 MegaCAM z 21.04 ± 0.16
PS1 MegaCAM y 20.84 ± 0.35
LS MegaCAM g 21.75 ± 0.04
LS MegaCAM r 21.14 ± 0.03
LS MegaCAM z 21.03 ± 0.06
VLT HAWK-I K 20.68 ± 0.10

Note. All measurements are reported in the AB system and not corrected for
reddening.
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observation was split into two 6 hr time bins before plotting.
The bottom panel of Figure 1 shows the evolution of the
spectral index between the simultaneous ATCA 5.5/9 GHz
and VLA 6/10 GHz observations. We also plot the lightcurves
and the spectral evolution of the check source as gray data
points in Figure 1 to test the observed variability of the radio
afterglow. We performed a χ2 test on the check source
following the method outlined by M. E. Bell et al. (2014),
confirming it to be nonvariable across all ATCA observations
with a probability of P > 0.99 at both frequencies.

We searched for short-term intra-observational variability of
the radio afterglow within the first and third ATCA
observations (<10 hr and 3.1 days post-burst) on 1 hr
timescales (the second ATCA observation at 1.3 days suffered
from poor observing conditions, which prevented a similar
analysis). We calculated the χ2 probability that the GRB
remained constant throughout the observation, defining a
source as variable if this probability was P < 1 × 10−3

(M. E. Bell et al. 2014). In the first ATCA observation, the
probability that the GRB was a steady source was
P = 1.7 × 10−4 and P = 1.4 × 10−24 at 5.5 and 9 GHz,
respectively, confirming it as variable. In comparison, the
check source was P = 0.9 and P = 0.4 within that same
observation. In the third ATCA observation, the probability
that the GRB and check source were steady sources were all
P > 0.4 at 5.5 and 9 GHz. We therefore conclude that the GRB
was variable on 1 hr timescales during the first ATCA
observation but not during the third ATCA observation
3.1 days post-burst.

We also search for intra-observational variability in the first
12 hr e-MERLIN observation, which was split into two 6 hr
observations centered at 0.49 and 0.76 day, with the resulting
flux densities being consistent between these times. We did a
similar analysis of the first MeerKAT observation at 9.5 days,
splitting the observation into four ∼30 minute time bins. No
variability was detected with a probability of P = 0.6 of being
steady during the 2 hr observation.

While the first ATCA observation shows short-term
variability, the overall lightcurve trend at both 5–6 and
9–10 GHz shows the afterglow evolution to be reasonably flat
until ∼3 days post-burst, at which time it began to decay. Such
behavior is indicative of a plateau.

3.2. Scintillation and Source Size Estimate

The observed variability in the first ATCA observation is
likely attributed to interstellar scintillation (ISS), as has been
observed from other GRB radio afterglows (e.g., D. A. Frail
et al. 1997, 2000; E. Waxman et al. 1998; P. Chandra et al.
2008; A. J. van der Horst et al. 2014; B. Gompertz &
A. Fruchter 2017; K. D. Alexander et al. 2019; L. Rhodes
et al. 2022; G. E. Anderson et al. 2023) but never at such early
times. The observed modulation index is calculated according
to ¯/=m Ss , where σs is the standard deviation in the flux
densities of the GRB, and S̄ is the mean flux density. We
estimated the variability timescales of GRB 231117A at both
frequencies during the first ATCA observation based on the
perceived modulation of the lightcurves. The 5.5 GHz flux
density measurements appear to modulate between adjacent
data points on hourly timescales. Meanwhile, the 9 GHz
measurements appear to modulate once over the full 9 hr
observation.

The observed modulation indices and timescales are listed in
Table 4 and are directly compared to the theoretical values
calculated following the relations in J. Goodman (1997) and
M. A. Walker (1998). We used the Python wrapper PYNE2001,58

which uses the NE2001 model of the Galactic distribution of
free electrons (J. M. Cordes & T. J. W. Lazio 2002) to derive a
transition frequency of ν0 = 10.1 GHz and a scattering
measure of SM = 2.1 × 10−4 kpc m−20/3. This places both the
5.5 and 9 GHz observing frequencies in the strong scintillation
regime. Using these parameters, we list the size of the
scattering disk θscatt, predicted modulation index (mp), and
scattering timescale (tscint,p) for both the strong refractive and
diffractive regimes in Table 4, assuming GRB 231117A is a
point source at 5.5 and 9.0 GHz ≲10 hr post-burst.

While lower than the theoretical values, our measured
modulation indices for GRB 231117A do support scintillation
being detected in the first ATCA observation at both
frequencies ≲10 hr post-burst. Given that 9 GHz is closer to
the transition frequency, we expect it to scintillate more than at
5.5 GHz. Meanwhile, our estimated timescales are different to
the predicted values. However, we note that the theoretical
estimates assume a certain scattering screen distance so
different distances can lead to different timescales and
modulation indices. As the radio afterglow expands, we expect
the scintillation effect to decrease, but more slowly at lower
frequencies, where the scattering scales are largest. While
scintillation affected the first ATCA observation ≲10 hr post-
burst, the afterglow had expanded above the scattering scale at
5.5 GHz by ∼3.1 days and 1.3 GHz by ∼9.5 days.

Assuming the first ATCA observation is experiencing
scintillation, we can use the theoretical scattering scale θscatt

predictions in Table 4 to place an upper limit on the size of the
blastwave at the angular size distanceDA derived from the redshift
z = 0.257 (M. Gonzalez-Bañuelos et al. 2023). We cannot
distinguish between strong refractive and diffractive regimes using
these data, so we assume the larger scattering scale of strong
refractive scintillation for this calculation. We predict a maximum
radial size of 1× 1016 cm (expected uncertainties likely ∼50%) at
9 GHz, consistent with the range derived from scintillation of
other GRBs (∼1 × 1016 to ∼ 8 × 1016 cm; D. A. Frail et al.
1997, 2000; E. Waxman et al. 1998; P. Chandra et al. 2008;
A. J. van der Horst et al. 2014; K. D. Alexander et al. 2019;
L. Rhodes et al. 2022; G. E. Anderson et al. 2023). This is the

Table 4
Modulation Index (m) and Scintillation Timescale (tscint) Measured from the
First ATCA Observation Where the 5.5 and 9 GHz Data Were Split into 1 hr

Time Bins

ν Measured NE2001 Model Predictions

m tscint Regime θscatt mp tscint,p Size
(GHz) (hr) (μas) (hr) (1016 cm)

5.5 0.2 1 R 3.1 0.7 7.6 ≲4
⋯ ⋯ D 0.4 1.0 1.0 ⋯

9.0 0.5 9 R 1.0 0.9 2.6 ≲1
⋯ ⋯ D 0.7 1.0 1.7 ⋯

Notes. These are compared to scintillation predictions from NE2001 according
to strong refractive (R) and diffractive (D) scintillation regime relations
(summarized in Table 1 of J. Granot & A. J. van der Horst 2014).

58 https://github.com/v-morello/pyne2001
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earliest (1.7 hr post-burst) source size estimate derived from
scintillation for any GRB to date.

3.3. Optical Extinction

To estimate extinction in the host galaxy, we extracted
optical and near-infrared (NIR) SEDs using the Pan-STARRS
grizy data centered at the two epochs of ∼1.1 and ∼2.1 days
after the GRB trigger (see Table 2). Fits were performed by
adapting the photometric redshift estimation software package
phozzy (H. M. Fausey et al. 2023). The code assumes a
single power law through the optical-NIR regime, accounts for
intergalactic attenuation by applying a k-correction to each
photometric point following the prescription of A. Meiksin
(2006), and for host galaxy extinction using models from
Y. C. Pei (1992). We used the Small Magellanic Cloud
extinction model for our fit because it best represents
observations of GRB host galaxies (P. Schady et al. 2012).
Pan-STARRS photometric band data were corrected for Milky
Way extinction using the NASA/IPAC Extragalactic Database
(NED) Extinction Calculator59 and E. F. Schlafly & D. P. Fin-
kbeiner (2011), and then fit for the normalization at ∼0.96μm
(A), the spectral index (β), and the host galaxy extinction
(EB−V), using a Markov Chain Monte Carlo implementation of
the emcee software package (D. Foreman-Mackey et al.
2013). The redshift was fixed to z = 0.257.

We used a broad Gaussian spectral index prior centered on
βO = 0.81 with a standard deviation of σ = 0.20, based on the
time-averaged photon index reported in the Swift-XRT
Spectrum Repository (P. A. Evans et al. 2007, 2009), and an

extinction prior based on the GRB host galaxy extinction
distribution from S. Covino et al. (2013). At ∼1.1 days, we
find a normalization of = +A 30.71 2.95

4.31 μJy, a spectral index
= +0.68O,1.1days 0.16

0.17, and a 1σ (3σ) host galaxy extinction
upper limit of EB−V < 0.06( < 0.25). At ∼2.1 days, we find a
normalization of = +A 11.02 1.53

2.46μJy, a spectral index
= +0.79O,2.1days 0.19

0.18, and a 1σ (3σ) host galaxy extinction
upper limit of EB−V < 0.12( < 0.34). We therefore conclude
that the contribution of the GRB 231117A host galaxy to
optical extinction is negligible.

4. GRB Afterglow Modeling

In the following section, we describe the modeling of the
GRB afterglow, with the full multiwavelength lightcurve of
GRB 231117A shown in Figure 3. At early times, ≲0.02 day
post-burst, Swift-XRT and -UVOT observations show a
declining profile. This early decline is followed by an apparent
plateau at optical and radio frequencies lasting up to
∼1–3 days post-burst. During this time, an X-ray flare is seen
at ∼0.07 day, and the (sparse) X-ray data are consistent with a
shallower lightcurve decline than the one established at very
early times. From ∼1 day, the multiwavelength afterglow
starts to decline again. We first compare the temporal and
spectral properties to standard closure relations to explore
initial constraints on the afterglow. This is followed by details
of the afterglow modeling.

4.1. Afterglow Behavior

We compare the afterglow observations with the standard
closure relations to determine consistency between the bands
and the various temporal indices (R. Sari et al. 1998;
J. Granot & R. Sari 2002). The spectral index between X-ray

Figure 3. Estimating afterglow emission characteristics using closure relations vs. the observed absorption/extinction corrected data. Our best reproduction requires
a forward shock afterglow with p < 2, and a period of significant energy injection, between ∼0.02 and 1.0 day post-burst. Temporal indices for the various
components are listed, as are the key timescales—the t− α labels correspond to the line immediately below the label. The solid gray lines are our lightcurve estimates
(labeled “lightcurve est.”), and the dashed blue lines give possible radio lightcurve behaviors for before the jet break (labeled “lightcurve pos.”) dependent on the
spectral regime at radio wavelengths, before or after the passage of the synchrotron self-absorption frequency.

59 The NASA/IPAC Extragalactic Database (NED) is funded by the National
Aeronautics and Space Administration and operated by the California Institute
of Technology.
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and optical data at ∼5 days is βX/O,5 days ∼ 0.8. This is
consistent with =<

+0.68X, 5 hours 0.25
0.34 derived from XRT

observations <5 hr post-burst (A. Melandri et al. 2023) and the
= +0.79O, 2.1 days 0.19

0.18 at 2.1 days post-burst derived in
Section 3.3, placing the X-ray and optical bands in the same
regime. The declining temporal lightcurve at this epoch
indicates that the X-ray and optical frequencies are above
the characteristic synchrotron peak frequency (ν > νm), and in
the same spectral regime, either ν < νc, where β = (p − 1)/2
or ν > νc, where β = p/2. Using our derived value for βX/O,
these two possible spectral regimes allow for two possible
values for p, the electron distribution index (such that
Ne e

p); p = p1 ∼ 2.7, if ν < νc; or p = p2 ∼ 1.7, if ν > νc.
The closure relations for these values of p1,2 and their spectral

regimes, assuming a uniform medium and slow cooling,60 are
α1 = 3(p1 − 1)/4 for ν < νc and p > 2, and α2 =
(3p2 + 10)/16 for ν > νc and p < 2 (see Tables 13 and 15,
respectively, in H. Gao et al. 2013). Using the values of p1,2

derived from the βX/O above, these give α1 ∼ 1.3 and
α2 ∼ 0.9. A linear regression power-law fit to the optical data,
at 2 − 5 days, results in αO,2−5days = 1.66 ± 0.10, which is not
immediately consistent with either α1 or α2. However, if we
invoke a geometric jet break (edge effect only) at the start of
this epoch at ≳2 days, the case for p2 ∼ 1.7 gives
α2 + 3/4 = 1.7, which is equivalent to αO,2−5days =
1.66 ± 0.10 (note the addition of 3/4 is a result of the edge
effect on the post break temporal evolution; see Table 18 in
H. Gao et al. 2013). For the two possible values for the
electron distribution p1 and p2, we therefore favor p = p2 = 1.7
and use this as our fiducial value going forward.

The observed temporal power-law decline at ≳1 day, but
before a jet break at 2 ≲ jet break ≲ 5 days, is consistent at
X-ray and optical wavelengths with αX/O,>1 day ∼ 0.9 ∼ α2

and would require the radio emission to be either rising with an
index α2,R = −(p2 + 2)/[8(p2 − 1)] ∼ − 0.7 (if ν < νm) or
following a shallow decline with α2,R = 3(p2 + 2)/16 ∼ 0.7 (if
ν > νm). When also considering the temporal decline observed
at radio frequencies from ∼1–3 days αR,1−3 days ∼ 0.7, which
steepens at ≳5 days to αR,>5 days ∼ 1.4, the multiwavelength
data are also indicative of a geometric jet break with
α2,R + 3/4 ∼ 1.4 ≡ αR,>5 days, where the relations are
consistent with our fiducial value for p = p2, and the index
α2,X/O ∼ 1.7 at optical and X-ray frequencies (see Figure 3,
where self-consistent closure relation temporal indices are
shown for illustrative purposes).

The pre-break (≲2 to 5 days) optical and X-ray declines are
consistent after 1 day with an αX/O, > 1 day ∼ 0.9. This is also
consistent with the observed X-ray decline at ≲0.02 day,
αX,<0.02 day ∼ 0.9, and indicates that the X-rays are always in
the same spectral regime above the cooling break, νX > νc.
However, the very early optical data at <0.02 day has a
decline index of αO,<0.02 day ∼ 0.65 (again calculated using a
linear regression power-law fit); this shallower decline points
to a different spectral regime for the optical emission at this
time. If, at these early times, the cooling break is between the
optical and the X-rays, νO < νc < νX, then the change in the
spectral index at νc is Δβ = 0.5, resulting in an early optical
decline such that αX − 1/4 = αO = 0.65 ≡ αO,<0.02 day,
reproducing the observed decline.

The temporal decline in the X-rays at <0.02 day and >1 day
(up until the jet break) are consistent. However, this <0.02 day
and >1 day decline rate is not continuous between these times,
where the optical and X-ray lightcurves show a significantly
shallower decline. To smoothly connect the early data at
t < 0.02 day, with that at t > 1 day, requires a period of energy
injection. By solving the closure relations for the case of
energy injection, a uniform medium, and p < 2 (see the right
columns of Table 15 H. Gao et al. 2013) for the interval
0.02 ≲ tinj ≲ 1 day, the required rate of energy injection is
given by E ∝ γ1− s, where we fix s = 2.84 for our estimated
lightcurve (M. J. Rees & P. Mészáros 1998). This is equivalent
to a luminosity of L ∝ t− q, with q = 0.44 (B. Zhang et al.
2006).61

The lightcurve estimates shown in Figure 3 provide a
phenomenological explanation for the observed afterglow,
where the uncertainty on the exact location of the various
break frequencies (e.g., cooling, synchrotron, and self-absorp-
tion) leads to a broad range of potential behavior, particularly
at radio frequencies and at ≲1 day (see the blue dashed lines in
Figure 3). The closure relation study demonstrates that the data
requires a period of energy injection into the afterglow
between ∼0.02 and ∼1 day post-burst.

4.2. Modeling

Using the REDBACK Bayesian inference package for EM
transients (N. Sarin et al. 2024a), we fit an afterglow model to
the data. Motivated by the closure relation estimates, we
used the tophat-redback-refreshed model (see

Table 5
Model Parameter Definitions

Parameter Prior Range Posterior Unit

Elog 0 48–54 +49.88 0.18
0.29 log erg

θj 0.02–0.45 +0.29 0.02
0.02 radian

γcollision 3–30 +18.5 1.9
2.8 ⋯

ζ 1–100 +17.7 1.3
1.4 Efinal/E0 = ζ

s 0–10 +6.55 1.74
2.15 E ∝ γ1− s

nlog 0 −6–3 +0.63 0.29
0.32 log cm−3

p 1.3–3.4 +1.66 0.01
0.01 Ne e

p

log e −6– −0.5 +0.76 0.29
0.18 ⋯

log B −6– −0.5 +1.33 0.31
0.23 ⋯

Γ0 30–500 +405 93
67 ⋯

ΞN 0.01–1.0 +0.07 0.03
0.03 ⋯

Note. E0: initial isotropic equivalent kinetic energy of the jet. θj: half-opening
angle of the jet. γcollision: Lorentz factor of the impulsive shell when energy
injection begins, the collision point for the two shells. ζ: the factor by which
energy has increased at the end of energy injection. s: power-law index for the
mass added to the impulsive shell due to the collision at a given Lorentz factor.
n0: particle number density in the surrounding, unshocked medium. p: shock-
accelerated electron power-law index. εe: the fraction of the energy in the
accelerated electrons. εB: the fraction of energy in the shock magnetic field.
Γ0: initial (pre-deceleration) bulk Lorentz factor of the impulsive shell. ΞN: the
fraction of shocked electrons that participate in synchrotron emission. All
priors are uniform within the range shown. The viewing angle is fixed at
θv = 0, and redshift is fixed at z = 0.257, the environment is assumed to be
uniform, and the jet break is given by geometric effects only. Posterior values
indicate the distribution median and the 16th and 84th percentiles.

60 This is expected for SGRBs. Similarly, a wind medium can be ruled out
with no viable combination of α and β, either fast or slow cooling, nor pre- or
post-jet break.

61 The injection closure relations in H. Gao et al. (2013) use q to define the
energy injection indices.
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G. P. Lamb et al. 2019; N. Sarin et al. 2024a), within a uniform
density environment and without lateral spread to ensure a
geometric jet break. We maintain broad prior ranges for the
model parameters, as shown in Table 5, and utilize NESSAI, a
nested sampling algorithm with artificial intelligence (see, e.g.,
M. J. Williams et al. 2021, 2023). The tophat-redback-
refreshed model includes a period of energy injection, with
the additional free parameters: the Lorentz factor of the
impulsive shell when energy injection begins (γcollison, a
collision Lorentz factor); the factor by which the energy of the
outflow increases at the end of the energy injection (ζ); and the

rate at which mass, or energy, is injected (s). These parameters
can be chosen so that no energy injection occurs (i.e., ζ = 1,
and s = 1).

The posterior distribution from this model fit is shown in
Figure 4. Some strong correlations are revealed, particularly
between parameters that contribute primarily to the synchro-
tron emission, including the fraction of energy in the shocked
accelerated electrons (εe) and the shock magnetic field (εB), the
fraction of shocked electrons (ΞN), the initial isotropic
equivalent kinetic energy (E0), and the density of the
unshocked CBM (n0). We also see a correlation between the

Figure 4. The model parameter posterior sample distribution found via NESSAI using a REDBACK refreshed shock afterglow model, and the absorption/extinction
corrected data shown in Figure 3. Top-right panel: spectral energy distribution for 200 randomly selected posterior sample outputs at given times vs. the data. Note
the radio excess at 0.07 day.
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collision Lorentz factor, γcollision, and the power-law index of
the energy injection, s. This can be expected as the energy
injection is E ∝ γ1− s, and the energy in the blastwave directly
influences the power of the synchrotron emission, so a more
rapid energy injection would require a lower collision Lorentz
factor (i.e., a later onset of energy injection). The parameters
that principally determine the impulsive blastwave dynamics,
(e.g., Γ0, n0, E0, ζ × E0) have no obvious correlated
degeneracies. Additionally, the parameters that determine the
spectral and temporal slopes of the synchrotron emission
(p and θj) do not exhibit a correlation given that they are
determined via the observed spectral energy distribution and
the observed temporal behavior (and similar to the blastwave
dynamics, have little ambiguity).

The top-right insert in Figure 4 displays a selection of
randomly drawn posterior sample spectral energy densities at
fixed times compared to the data. The spectral evolution is in
good agreement between the data and the model, except for the
radio band at GHz frequencies at 0.07 day (orange line versus
points), where the model underpredicts this early radio data.
The radio data is in better agreement with the model from
≳0.8 day, suggesting that the energy injection model fails to
recreate the radio emission at, and throughout, the nominal
energy injection period. However, following the energy
injection time frame, the resultant emission from this model
is largely consistent with the observations. Note that we do not
include scintillation effects within our model, which can add
additional uncertainty to the intrinsic flux density, especially at
early times. Nevertheless, even the predicted modulation index
of 0.7 at 9 GHz (see Table 4) cannot account for an order-of-
magnitude discrepancy between the observations and model,
supporting the existence of an additional emission component.

4.3. The Violent Collision

We now explore a potential source of the energy injection
and the additional emission component detected at radio
frequencies < 1 day post-burst. Energy injection due to the
collision of two relativistic shells generally follows one of two
scenarios: the shell collision is mild/radiative, or the collision
is violent/hot (P. Kumar & T. Piran 2000; B. Zhang &
P. Mészáros 2002). In the mild case, energy is deposited into
the leading, or impulsive shell, increasing the initial blastwave
energy without establishing any new shocks. This case is also
true if the jet is a Poynting-flux-dominated flow. In the violent
case, the shell collision results in strong supersonic shocks.
The condition for such shocks depends on the ratio of the
energy of the catching, or injection shell to that of the
impulsive shell, Ei/Ej, and the supersonic limit, given by
(γi/γj + γj/γi)/2 = γij > 1.22, where γi and γj are the Lorentz
factors of the impulsive and the injection shell at the collision,
respectively. A strong shock is established for a supersonic
collision where the energy ratio is above a threshold that
depends on the radius of the collision and the spreading radius
of the injection shell (see Figure 3 of B. Zhang & P. Mészáros
2002). The violent collision condition is therefore dependent
on the shell energy ratio, the “thickness” of the injection shell
(Δinj) compared to the collision radius ( /Ri

2
inj col, where

γ2Δ is ∼ the spreading radius), and the velocity of the
injection shell for an observer comoving with the impulsive
shell (γij).

Using the parameter sample from the posterior distribution
shown in Figure 4, we can determine if a strong shock is

generated and estimate any additional flux due to the violent
collision stage. The refreshed shock model fit indicates that the
total energy, once injection has ended, is ζ ∼ 18× the initial
impulsive shell energy. As we follow B. Zhang & P. Mészáros
(2002) for our collision model, our energy ratio being
significantly above unity requires us to carefully consider the
energy conservation equations during the violent collision
stage. Additionally, in our case, the Lorentz factor of the
injection shell is not constant. Our model for the dynamics and
EM emission from the violent collision is detailed in
Appendix A.

There are two additional shocks established while the
violent shock condition holds: The first is a reverse shock
traveling back into the injection shell, which is analogous to
the reverse shock at deceleration for the impulsive shell; the
second is a forward shock that crosses the impulsive shell. As
this is a shock within already hot (relativistic) material, we
must consider shock conditions that account for the additional
internal energy and pressure. The injection shell has more
energy than the impulsive shell. Whereas the thin shell
approximation describes the impulsive shell well, the injection
shell is thick. Note that shell thickness can be approximated
via a parameter, ( [ ] )/ /+t z t1dec 90

1 2, where tdec is the
deceleration time of the impulsive shell such that

/ / /t E ndec 0
1 3 1 3

0
8 3, and is on the order of seconds for our

model. Where ξ > 1, the shell is considered thin, and for ξ < 1,
the shell is thick. We find ξ ∼ 1.6 for the central parameters of
our model posterior distribution, indicating a thin impulsive
shell. For the injection shell, the thick condition is met if the
spreading radius is greater than the collision radius, Rs > Rcol,
where Rs collison

2
inj and ( )/ /R Rcol dec collison 0

2 3. Here
Δinj ∼ cδtinj, and =R t c2dec 0

2
dec is the deceleration radius.

Given the injection timescale of ∼1 day and a deceleration
timescale on the order of seconds, the spreading radius is at
least an order of magnitude larger than the collision radius, and
indicates a thick injection shell.

The Lorentz factor in our injection shell is not constant but
described as M( > Γ) ∝ Γ−s, where M is the corresponding
total mass of the shell faster than a given Lorentz factor. The
injection shell’s Lorentz factor62 at contact is then,
γ6 ∝ R−3/(1+ s). The leading zone of the impulsive shell, not
shocked by the collision, will continue to decelerate as,
γ3 ∝ R−3/2. To determine the instantaneous ratio of the energy
density e between the injection shocked impulsive shell
material and the unaffected impulsive shell, plus the Lorentz
factor of the injection shocked impulsive shell, we must solve

( )( )
( )( )

( )=
+

+
e

e

n

n

1 4 3

1 4 3
, 14

3

6

1

46 46

2 2

where e4 = e5, γ4 = γ5, then γ46 = (γ4/γ6 + γ6/γ4)/2, and the
term (4γ + 3) assumes an adiabatic index, ˆ /= 4 3. The
general solution is given by ( ˆ ) ( ˆ )/+ 1 1 . For the
solution to Equation (1), we need the Lorentz factor of the
shocked impulsive shell, γ4. Given the conditions, e4/e3 > 1,
and γ3 = γ2, in addition to knowing γ6, γ2, n1, and n6, we can

62 From here, we adopt the labeling index from B. Zhang & P. Mészáros
(2002; see their Figure 2) for the various shell zones: A subscript “1” indicates
the unshocked external medium, “2” is the shocked swept-up external medium
(forward shock), “3” is the hot impulsive shell, “4” is the collision shocked hot
impulsive shell, “5” is the shocked injection shell (reverse shock), and “6” is
the unshocked injection shell. See also Figure 10 for our setup.
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solve the equality

( )( ) ( )/ /

/
+ =

+ +e e e e

e e

1 3 3

4
, 24

3

3

4

2
4 3 4 3

4 3

for the unknown γ4. As the shock jump conditions impose
γ4 = γ5, we can determine the emission from the forward and
reverse shocks in the injection—impulsive shell collision.

The Lorentz factors, and shell masses with radius, as well as
the synchrotron flux from the forward-reverse-shock system
are shown in Figure 5. The masses for each zone ensure mass,
energy, and momentum conservation for the dynamical

system; note that we do not consider radiative losses in our
model. See Appendix A for details.

In Figure 6, we show how adding the flux from the forward
and reverse-shock system, given a violent collision at energy
injection, can account for the model’s underprediction of the
radio observations at < 0.5 day. Note that we do not fit the
violent collision parameters in the model, as this would result
in too many free parameters. Instead, we feed in the posterior
sample values (the distribution shown in Figure 4) to solve this
extra component—this can be seen in the large spread in
lightcurves for the violent collision emission versus the
refreshed shock model. For this figure, we have added a
magnetic amplification parameter ( )/ / =R 2B B B,5

1 2 (see
R. Harrison & S. Kobayashi 2013) to the model for the
reverse-shock emission. This ensures that the amplitude of the
model flux density is consistent with that of the observations
between 0.1 and 0.5 day.

From Figures 5 and 6, we can see that, because of the large
imbalance in energy and thickness between the impulsive and
the injection shells, the forward shock crosses the impulsive
shell before the end of the injection timescale. We find that
once this shock has crossed the impulsive shell, then the strong
shock conditions are no longer satisfied, and region “3” is
replaced by region “4.” At this time, the injection becomes
mild, and energy is gained by the impulsive shell without
inducing any new emission sites. No further energy is added to
the reverse shock in the injection shell, and this shocked mass
begins to relax. As injection continues, the newly added mass
is gained by region “4,” without a shock. Region “4” acts like
region “3” under mild energy injection, and the Lorentz factor
declines as γ4 ∝ R−3/2. These dynamical effects are seen in the
lightcurve as an early rise at collision, followed by a mildly
increasing flux density. As the collisional forward shock
crosses region “3,” we see a bright flare. Interestingly, this
flare coincides with that seen in the X-ray data. As we did not
fit the violent collision model, this coincidence was unex-
pected, but may well help explain the observed flare.

The general agreement between the early radio data and the
model reverse-shock emission demonstrates that this violent
collision phase, even without a detailed fit, can recreate the
observed phenomenology of the early radio afterglow.
Following the X-ray flare, the reverse-shocked matter begins
to relax and follows a mild decline. Energy injection to the
impulsive shell continues until ∼1 day, following the end of
energy injection, the blastwave evolves as a classic decelerat-
ing forward shock system, with a geometric jet break at
∼2 days.

As previously mentioned, we assume identical microphysi-
cal parameters ( )p, , ,e B N for the violent collision
reverse-shock system as the initial refreshed shock model fit
—except for εB,5, for which we include the new parameter RB.
Physically, there is no reason why the microphysical
parameters should be identical; however, for simplicity, we
have kept all but εB,5 the same to avoid excessive fine-tuning.
Additionally, if the collision Lorentz factor is reduced, the
afterglow model at X-ray wavelengths does not overpredict the
single data point at ∼0.09 day, and additionally lowers the
model optical flux density to be in better agreement at
0.1–0.5 day. For the forward shock in the impulsive shell, we
reduced the participation fraction by a factor ΞN,4 = 0.1ΞN,
which reduced the flare amplitude to be consistent with the
observed flux density levels.

Figure 5. The required dynamical parameters from the refreshed shock model
fit to the data indicate that the shell collision required by the model fit may
have been “violent.” Solving the shock jump conditions and the requirement
for a supersonic shock system, we can determine the duration of any violent
collision and estimate the additional afterglow emission due to a reverse and
forward shock system within the colliding shells. We adopt the labeling index
from B. Zhang & P. Mészáros (2002; see their Figure 2) for the various shell
zones: A subscript “1” indicates the unshocked external medium, “2” is the
shocked swept-up external medium (forward shock), “3” is the hot impulsive
shell, “4” is the collision shocked hot impulsive shell, “5” is the shocked
injection shell (reverse shock), and “6” is the unshocked injection shell. See
also Figure 10 for our setup and Equation (A17) for the definition od γb.
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5. Discussion

5.1. Radio SGRB Comparisons

The early-time (<1 day) radio sampling of the lightcurve of
GRB 231117A is unprecedented in GRB astrophysics. Due to
the proximity and brightness of the radio afterglow, we were
able to split the ATCA rapid-response observations into 1 hr
time bins, resulting in the first flux density measurement with a
logarithmic central time of 1.7 hr post-burst. This is the
second-earliest radio detection of a GRB in the published
literature, with GRB 230217A being the current record holder
at 1 hr post-burst (G. E. Anderson et al. 2024). Figure 7
compares the 5–8 GHz radio lightcurves of all radio-detected
SGRBs, highlighting the earliest detections (GRB 230217A
and GRB 231117A) and limits <0.1 day, a previously
unexplored parameter space only now accessible due to the
ATCA rapid-response mode (G. E. Anderson et al. 2021;
currently the only radio telescope operating this functionality
at GHz frequencies). Although optical and X-ray afterglow
detections of GRB 231117A were enough to infer energy
injection, dense, early-time radio sampling has allowed us to
establish the likely cause—a violent collision between two
shells launched simultaneously but with disparate Lorentz
factors (see Sections 4.3 and further discussion in Section 5.5).

Of the 17 confirmed radio-detected SGRBs in the literature,
multiwavelength modeling of six of these events attributes
radio emission to a reverse shock, including GRB 231117A.
Of these six, three are likely classic reverse shocks associated
with the jet interacting with the CBM (GRB 160821B, GRB
200522A, and GRB 230217A; G. P. Lamb et al. 2019;
W. Fong et al. 2021; G. E. Anderson et al. 2024). However, the
reverse shocks detected in GRB 231117A as well as GRB
051221A and GRB 210726A may be associated with a violent
shell collision (A. M. Soderberg et al. 2006; G. Schroeder
et al. 2024), all three of which show evidence of energy
injection into their afterglows (as does GRB 160821B;
G. P. Lamb et al. 2019). In five of these cases, early <1 day
radio observations were necessary to detect this emission
component, the exception being GRB 210726A, which was
undetected in the radio band until 11 days, after which it
underwent a radio flare (G. Schroeder et al. 2024).

We also compared the luminosity of GRB 231117A with the
larger radio-detected SGRB sample between 5 and 8 GHz in
Figure 8. We highlight GRB 160821B and GRB 210726A as
events that show evidence of energy injection (note that GRB
051221A is not plotted, as it was not detected in this frequency
range but has a similar luminosity to GRB 231117A between 8
and 10 GHz; A. M. Soderberg et al. 2006). We also draw

Figure 6. A randomly drawn sample of afterglow lightcurves from the NESSAI posterior samples, with the expected additional reverse/forward shock emission due
to the violent collision conditions—note that this extra emission component is not fit to the data, but provides early radio predictions that are more consistent with the
data than the refreshed shock model alone. Note that the 5–6 GHz radio observations at <0.5 day remain in excess of this model. However, parameters were fixed to
those derived via the refreshed shock-only fit and may not be representative of those associated with the violent shell collision. The additional emission component
demonstrates that this violent collision phase, even without a detailed fit, can recreate the observed phenomenology of the early radio afterglow. For clarity, the
model afterglow lightcurve at each “band” plotted within this figure assumes a single frequency for the emission, with the corresponding data covering the broader
range indicated by the legend. The fit was performed using discrete model frequencies consistent with the observing frequency for each individual observation.
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attention to the long-duration GRB 230307A, which has an
associated kilonova, indicating a BNS merger with a long-
lived central engine (A. J. Levan et al. 2024). The radio
luminosity of GRB 231117A is consistent with the majority of
the radio-detected SGRB population. Interestingly, events with
energy injection are at extremes, with GRB 210726A being the
clear standout, as it is an order-of-magnitude more luminous
than GRB 231117A. Meanwhile, GRB 160821B and GRB
230307A are at least an order-of-magnitude fainter. Although
GRB 231117A may not be unique in luminosity space, energy
injection and/or long-lived central engines may represent
some of the outliers.

5.2. Modeling Comparisons

Our preferred models can be compared to that of
G. Schroeder et al. (2025) and with the larger GRB population.
G. Schroeder et al. (2025) similarly identified a period of
energy injection (a refreshed shock) in the GRB 231117A
afterglow that ended at ∼1 day and also noted that the early
radio data appears in excess of their model. However, our
refreshed shock afterglow model provides a better fit to both
X-ray and optical data at <1 day—noting that we have more
data in our sample, which should improve the model fit. When
comparing the radio data fits to our refreshed shock model and
that used in G. Schroeder et al. (2025), both do a reasonable
job for data >0.5 day. However, when a reverse shock is
introduced, as Model 2 of G. Schroeder et al. (2025), the radio
data at 10 GHz is underpredicted. The 9–17 GHz refreshed
shock plus violent reverse shock of our model is in good
agreement with the data, although radio variability at

0.2–0.3 day is not reproduced—such variability indicates
additional complexity within the system that is not included
in our model.63 Our full model versus data at 5–6 GHz
underpredicts the 0.3–0.5 day lightcurve by a factor of ∼2–3.
However, the lightcurve drops by this amount at > 0.5 day and
is largely in agreement with the model from this point on.
Although a full fit of our violent collision component should
return better agreement between the model and data, over-
fitting becomes a significant risk when increasing the model
complexity, given the limited data. As such, we do not attempt
to fit the violent collision model in combination with the
refreshed shock model but instead demonstrate that the data
are consistent with such a scenario.

The refreshed shock model in G. Schroeder et al. (2025)
assumed a delayed launch for the injection shell, whereas the
assumption in our violent collision case was based on a
common launch time but a slower Lorentz factor for the
injection shell (as in B. Zhang & P. Mészáros 2002). In our
scenario, the injection shell caught the impulsive shell when
γ6 = 2γcollison, where the collision Lorentz factor for the
impulsive shell is given by the refreshed shock model fit to the
data. This value approximately agrees with the last X-ray data
point before the plateau used to infer injection at ∼0.02 day
(see Figures 3 and 6). We note that if the collision Lorentz
factor is reduced in our model to give better agreement
between the X-ray flux density at ∼0.1 day, then the shell
collision time is approximately coincident with that of the
X-ray flare and just before the earliest radio data.

Analytically, G. Schroeder et al. (2025) also found an
indication for p < 2, although their fit value to the late
afterglow gave p = 2.24 (their model invoked a uniform prior
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Figure 7. The lightcurves of SGRBs observed in the radio band between 5 and
8 GHz. GRB 231117A and GRB 230217A (G. E. Anderson et al. 2024) are
plotted as gold stars/triangles and magenta crosses/triangles, respectively, to
illustrate the power of the ATCA rapid-response mode to probe <0.1 day post-
burst. The upper limits of the other SGRBs observed as part of this ATCA
observing program are shown as white triangles (G. E. Anderson et al. 2021;
S. I. Chastain et al. 2024). The other radio-detected SGRBs in the literature are
plotted as black circles/triangles (W. Fong et al. 2014, 2015, 2021;
G. P. Lamb et al. 2019; E. Troja et al. 2019; T. Laskar et al. 2022;
A. J. Levan et al. 2024; G. Schroeder et al. 2024, 2025). Radio 3σ upper limits
on a population of SGRBs not detected in the radio band are plotted in gray
(W. Fong et al. 2015; G. Schroeder et al. 2025). All triangles represent 3σ
upper limits on nondetections. The timescales of < 0.1 and < 1.0 day post-
burst are shaded dark and light gray, respectively, to illustrate this
undersampled parameter space in the radio band that we can now reach using
ATCA rapid-response triggering.

10 2 10 1 100 101 102

Time [days post-burst] / (1+z)

1028

1029

1030

1031

Sp
ec

tra
l L

um
in

os
ity

 [e
rg

 s
1 H

z
1 ]

SGRB Radio Luminosities
GRB 231117A
GRB 230307A
GRB 210726A
GRB 160821B
Radio SGRBs

Figure 8. Luminosity comparisons of GRB 231117A (gold stars/triangles)
and the other radio-detected SGRBs (black circles/triangles) between 5 and
8 GHz (W. Fong et al. 2014, 2015, 2021; T. Laskar et al. 2022; M. Ferro
et al. 2023; G. E. Anderson et al. 2024; A. J. Levan et al. 2024; G. Schroeder
et al. 2025). The radio-detected short-duration GRB 210726A (blue squares/
triangles; G. Schroeder et al. 2024) and GRB 160821B (green large diamonds/
triangles; G. P. Lamb et al. 2019; E. Troja et al. 2019) that displayed energy
injection (see Section 5.3) are also illustrated (note that GRB 051221A was not
detected in this frequency range; A. M. Soderberg et al. 2006). We have also
highlighted the long-duration merger GRB 230307A (purple diamonds/
triangles; A. J. Levan et al. 2024) that had a long-lived central engine.

63 Scintillation affects the 5–6 GHz and 9–17 GHz frequency ranges at this
time. The observed chromatic variability between the radio bands could be due
to ISS, as explored in Section 3.2.
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for p from 2.01 < p < 2.99). With our increased data set, we
have successfully joined all epochs consistently via the closure
relations for, variously, a post-deceleration decline, a period of
energy injection, and a final decline including a jet break.
Furthermore, our analytical estimate via closure relations of
p = 1.7 (see Section 4.1) agrees with the model fit value of
p = 1.66 ± 0.01 (see Figure 4). Although a p < 2 is not
expected for shock-accelerated electrons in GRBs, there have
been several observational cases that indicate p < 2. For
example, see Figure 12 in X.-G. Wang et al. (2015), the model
fitting of M. D. Aksulu et al. (2022), and the spectroscopy of
GRB 221009A by A. J. Levan et al. (2023); however, note this
requires an early jet break, which was not observed in the long-
term radio follow-up by L. Rhodes et al. (2024). The simplified
single power-law assumption for shock-accelerated electrons
ignores the contributions of thermal electrons and multiplicity
within the shock zones. This may result in an apparent
mismatch between the expected index and the model fit. Thus,
we consider p ∼ 1.66 from our model fits to be indicative of
the average accelerated electron population distribution index
p for the afterglow to GRB 231117A.

In general, those parameters derived for GRB 231117A
from the refreshed forward shock modeling (see Section 4.2)
are consistent with the short and long GRB populations.
Specifically, our value of = +0.17e 0.08

0.09 is consistent with the
narrow distribution (centered at εe = 0.15 for a homogeneous
medium) derived by P. Beniamini & A. J. van der Horst (2017)
using GRB radio lightcurve peaks. It is also consistent with the
range 0.1 < εe < 1.0 derived from multiwavelength modeling
of a sample of 26 GRBs (four short and 22 long) that have well
sampled radio, optical, and X-ray afterglows (M. D. Aksulu
et al. 2022). Our derived value of εB is also consistent with the
large range derived by M. D. Aksulu et al. (2022). Meanwhile,
our derived value for = +n 4.30 2.1

4.6 cm−3 is among the highest
for SGRBs (G. Schroeder et al. 2025; see their Figure 9).
However, G. Schroeder et al. (2025) showed that the radio-
detected SGRB population was biased toward higher circum-
burst densities.

5.3. Energy Injection in SGRBs

Afterglow modeling that includes energy injection in the
form of refreshed shocks describe several GRB afterglows
(e.g., J. Granot et al. 2003), including radio-detected short-
duration events GRB 051221A, GRB 160821B, and GRB
210726A (A. M. Soderberg et al. 2006; G. P. Lamb et al. 2019;
G. Schroeder et al. 2024). The energy injection required for
both GRB 160821B (ζ ∼ 12.5; G. P. Lamb et al. 2019) and
GRB 231117A (ζ ∼ 18) is more than an order of magnitude
larger than the initial impulsive shell energy. These suggest
that longer-lived central engine activity is possible for SGRB-
like systems (see, e.g., B. P. Gompertz et al. 2015), which is
also demonstrated by the recent discovery of kilonova
signatures in the afterglows of long-duration GRB 211211A
and GRB 230307A (J. C. Rastinejad et al. 2022; E. Troja et al.
2022; J. Yang et al. 2022; A. J. Levan et al. 2024; Y.-H. Yang
et al. 2024) and the long-lasting extended emission of GRBs
050724, 060614, and 080503 (N. Gehrels et al. 2006;
J. Gorosabel et al. 2006; D. A. Perley et al. 2009), showing
that BNS mergers can successfully power prompt gamma-ray
jets lasting > 2 s (see also B. P. Gompertz et al. 2023). For
GRB 211211A, an analysis of the kilonova components (early
blue and late red) revealed an inconsistency between the

coexistence of both components within the observational
constraints of this system. However, H. Hamidani et al. (2024)
demonstrated this tension could be resolved by allowing for a
longer-lived jet that results in late jet-ejecta interaction that
produces the early blue emission misidentified as a blue
kilonova component. Such long-lasting jet activity may be
analogous to the late energy injection scenario of the short
GRBs 160821B and 231117A, where differences in system
properties could result in long-duration merger GRBs or late
energy injection in SGRBs—a study of the accretion properties
of merger GRBs, long and short, is given by O. Gottlieb
et al. (2023).

Long-lived central engines are also strongly supported by
short-duration GRB 210726A, which displayed a late-time
radio flare peaking at 19 days post-burst. G. Schroeder et al.
(2024) suggested the flare could be caused by energy injection,
whether from a stratified jet with a distribution of Lorentz
factors or via braking radiation from a magnetar remnant. This
flare can also be described by the reverse shock from a violent
shell collision similar to our scenario for GRB 231117A but
much more delayed, occurring at ≳11.2 days post-burst. All
scenarios require a long-lived central engine, with the X-ray
rebrightening suggesting a lifetime of ∼1.4 days.

5.4. Energetics and Efficiency

The initial impulsive shell in our model has an equivalent
isotropic kinetic energy of = ×+E 7.6 10Ki,iso 2.6

7.2 49 erg (equiva-
lent to E0 in our model; see Table 5) and a final, refreshed
energy = = ×+E E 1.35 10Kf,iso Ki,iso 0.47

1.28 51 erg. Using the
reported spectral fit results from Konus-Wind, we calculate,
using a cosmological k-correction factor (J. S. Bloom et al.
2001), a bolometric Eγ,iso ∼ 1.3 × 1051 erg. The isotropic
equivalent energetics of the final system are consistent with
those found for SGRBs (W. Fong et al. 2015; S. B. Pandey
et al. 2019). This indicates a γ-ray efficiency for the prompt
emission of η ∼ 0.95 if the GRB is entirely energy dissipated
within the impulsive shell, or η ∼ 0.49 if the GRB is a fraction
of the total jet energy. Given the model parameter uncertainties
from the posterior distribution for the total kinetic energy, the
latter of these is consistent with the expectation for SGRBs,
0.40 ≲ η ≲ 0.56 (W. Fong et al. 2015). This may indicate that
the GRB emission is dominated by dissipation within the slower
and radially stratified injection shell.

The posterior distribution for the jet’s opening angle is
= ± ° ± °0.29 0.02 rad 16.6 1.1j , where our model has

assumed a top-hat jet and an on-axis observer (viewing angle
θv = 0), which is larger than °10.4 derived by G. Schroeder
et al. (2025). This is consistent with the opening angles derived
for the radio emitting SGRB population (θj ≈ 3�–34�;
G. Schroeder et al. 2025), 70% of which have θj > 10�.
However, assuming a more realistic geometry,64 the true
opening angle for the jet would be °9.5j (the following
collimation-corrected energies within parentheses assume this
narrower jet). The collimation-corrected jet energy is then
EKi ∼ 3.2(0.9) × 1048 erg for the impulsive shell and
EKf ∼ 5.7(1.7) × 1049 erg for the total (final) kinetic energy.
This final collimation-corrected energy for the jet is consistent

64 As the typical line-of-sight angle, ι, for a GRB is not on the central axis, the
opening angle inferred via the jet break time that assumes ι = 0.0 is a factor
∼3/2 larger (G. Ryan et al. 2015).
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with that for the population of short-duration GRBs
( ×+E 1.6 10K 1.3

3.9 50 erg; W. Fong et al. 2015).
A direct comparison can be made with GRB 160821B in the

refreshed shock model (G. P. Lamb et al. 2019). The isotropic
equivalent energies for GRB 160821B were found to be,
EKi,iso ∼ 1.0 × 1050 erg, and EKf,iso = 1.3 × 1051 erg—a factor
∼12.5 increase. The jet opening angle for GRB 160821B is
much narrower than GRB 231117A, at °1.9j resulting in
collimation-corrected energies of EKi ∼ 5.5 × 1046 erg and
EKf ∼ 7.1 × 1047 erg, an order of magnitude lower in jet
energy than GRB 231117A. However, as the afterglow to
GRB 160821B indicates a very narrow jet, there could be
significant jet energy carried in a wider structured component
that is not apparent to an on-axis observer.

The energy injection for both GRB 160821B and 231117A
is of a similar order. For GRB 231117A, the injected energy is
marginally larger than GRB 160821B and the collision Lorentz
factor is higher (the injection shell for GRB 231117A had a
minimum leading Lorentz factor of approximately twice that in
GRB 160821B). These conditions result in a violent shock for
GRB 231117A. Both of these cases indicate that, at least in
some SGRBs, the majority of the jet energy can be carried by
slower components and result in variability within the early
afterglow.

5.5. The Origin of the Early Radio Emission

The bright plateau of radio emission at very early times
0.07–1 day, in excess of the extrapolation of the optical to
X-ray spectral energy density and lightcurve is consistent with
this radio emission being from a distinct component. The early
declining X-ray lightcurve is a good indicator that the jet
decelerated at <0.003 day, and in such a scenario, any reverse
shock due to the shells deceleration would cross and peak at
this time. No radio observations are available this early, and so
the presence of a classic reverse shock cannot be ruled out;
however, a classic reverse shock would rapidly fade following
deceleration and become unobservable at the time of the radio
excess seen in GRB 231117A. As the late afterglow indicates a
period of significant energy injection, it is safe to assume that
any injection shell may have had the required properties to
establish a shock system between the impulsive and the
injection shells. Our analysis shows that although the leading
shell is “thin,” the injection shell is best described as “thick.”
This creates a unique situation that has not been clearly
modeled in the literature—to approximate the behavior of the
shocks within such a system, we consider the mass and energy
conservation, with details given in Appendix A. The profile of
the injection shell, with a velocity stratification as
M( > Γ) ∝ Γ−s, provides information about potential mass
loading, jet acceleration, and/or shell stratification within
SGRB (and therefore likely neutron star merger) systems.

The early radio emission in GRB 231117A is likely
dominated by a reverse shock within the injection shell as a
result of a violent collision as demonstrated in Figure 6. Our
model predicts that the earlier radio emission would have
shown a step-like increase in flux density at the time of the
collision. Any initial reverse shock due to the impulsive shell
deceleration would have faded before the collision. Identifying
both features in the afterglow would require even more
sensitive and rapid follow-up observations within minutes of
the explosion at GHz frequencies for all nearby GRB
afterglows. Additionally, as the forward shock due to the

violent collision crosses the impulsive “thin” shell, there is a
distinctive flare in the model lightcurves. For GRB 231117A,
this predicted flare is coincident with an observed flare at
X-ray frequencies ∼0.07 day post-burst.

The radio detections between 0.07 and 1 day post-burst can
also be used to place a lower limit on the Lorentz factor ( min)
of the injection shell, which is equivalent to γ5γ56 defined in
the violent collision model in Section 4.3. Assuming the
emitting region has expanded to a maximum size of ct, then
the brightness temperature (Tb) for each flux density measure-
ment can be calculated following Equation (1) in G. E. Ander-
son et al. (2014). The minimum Lorentz factor ( min) can be
calculated according to Tb/TB ≲ Γ3 (T. J. Galama et al. 1999),
where TB ∼ 1012 K is the maximum brightness temperature
from the inverse Compton limit. The minimum Lorentz factor
for GRB 231117A as shown in Figure 9 is calculated using the
1σ lower limit on the 5.5 GHz flux density measurements in
Table 1.

We compare the minimum Lorentz factors to those of the
model by overlaying the range in model-predicted γ for the
dominant emission region: reverse shock, collision shocked
impulsive shell, forward shock—depending on the time after
burst. This is plotted as a function of time in Figure 9.65

During energy injection, a close match exists between the
Lorentz factor lower limits derived from the radio data and

Figure 9. Comparison between the minimum Lorentz factor derived from the
radio detections of GRB 231117A (gold triangles; see Section 5.5) and the
shell collision model outlined in Section 4.3 as a function of time. The deep
pink line shows the median model-derived Lorentz factor of the shocked
impulsive shell (γ4). The minimum Lorentz factor constraints from the radio
observations up to ∼1 day post-burst reflect the effective model-derived
Lorentz factor of the emitting region (Γ), which is a combination of Lorentz
factors including γ5γ56 dominating the reverse shock, γ4γB for the shocked
impulsive shell, and γ4 from the forward shock. This is shown by the blue
shaded region, where each gradient in the color indicates the σ uncertainty in
the model values—note γ4 = γ5. We also plot the short-duration GRB
230217A, which is the current radio-derived minimum Lorentz factor record
holder (magenta triangles; G. E. Anderson et al. 2024). All other SGRBs with
radio detections <1 day post-burst are plotted (white triangles; E. Berger
et al. 2005; W. Fong et al. 2015, 2021; G. Schroeder et al. 2025), with those
that (may have) exhibited energy injection in their afterglows indicated by
black triangles (A. M. Soderberg et al. 2006; W. Fong et al. 2014, 2021;
G. P. Lamb et al. 2019).

65 Note that as we assume both shells are ejected at the same time and that the
impulsive shell “clears the path” for the injection shell, our model estimates
are technically lower limits, and any delay in the injection shell launch or
energy spent sweeping a path would require a higher Lorentz factor at
collision for the injection shell.
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those of the dominant emission region within the energy
injection model, further supporting the violent collision
interpretation. Given the reverse shock dominates the radio
emission at early times, the inferred minimum Lorentz factor
should be equivalent to γ5γ56 in our model, with the exception
of the rapid flare, seen in X-rays but predicted by our model at
radio wavelengths at ≲0.1 day. The flare Lorentz factor is
uncertain, but the model predicts a rapid and hot shock that
crosses the impulsive shell with an effective emission Lorentz
factor on the order γ4γB ∼ 100. Energy injection continues
until ∼0.3 day, however, the violent shock condition is no
longer met ≳0.1 day, and the Lorentz factor declines as
γ ∝ t−3/8 (B. Zhang & P. Mészáros 2002). After the flare at
>0.1 day, the reverse shock stalls, and with no new shocked
electrons within the reverse shock, the hot electrons cool and
relax until emission from the forward shock becomes dominant
at ∼1 day.

6. Conclusions

In this paper we present an extensive multiwavelength
analysis of the short GRB 231117A, performing broadband
modeling of the afterglow from radio to X-ray wavelengths.
This high time and spectral resolution of the early-time
(<1 day) radio coverage is unprecedented for any GRB, long
or short, providing direct insight into the complex structure of
their relativistic outflows and therefore a window into the
activity of the central engine. Our analysis leads to the
following conclusions relating to the blastwave underlying the
afterglow of GRB 231117A.

1. The ATCA rapid-response observation of GRB 231117A
at 5.5 and 9 GHz, beginning 1.3 hr post-burst was split
into 1 hr time bins across the full 9 hr integration. These
measurements demonstrate that the afterglow had
significant variability within this observation, likely
caused by ISS. We used this scintillation to place the
earliest upper limit on a GRB source size to date of
<1 × 1016 cm (see Section 3.2 and Table 4).

2. When the ATCA data is combined with e-MERLIN and
published VLA data (G. Schroeder et al. 2025), the
lightcurve plateaus up to ∼1 day post-burst (see
Figure 1), which was also observed at optical and
X-ray wavelengths (see Figure 3). Such plateaus are
indicative of energy injection.

3. The multiwavelength modeling combined radio, optical,
and X-ray observations of GRB 231117A beginning
within minutes and up to 40 days post-burst. We employ
a refreshed forward shock model for GRB 231117A,
with a period of significant energy injection between
0.02 and 1 day post-burst. At >1 day, the blastwave
evolves as a classic forward shock and requires a low
value of the accelerated electron distribution index,
p = 1.66 ± 0.01. This afterglow model has a jet break at
∼2 days and gives a jet half-opening angle of

= ° ± °16.6 1.1j and a final collimation-corrected jet
energy of EKf ∼ 5.7 × 1049 erg (for an on-axis, θv = 0,
observer).

4. The refreshed forward shock model cannot account for
the flaring radio emission observed during the energy
injection phase (see Figure 4), indicating the need for an
additional emission component. We suggest the addi-
tional component is due to a violent collision between

two relativistic shells (B. Zhang & P. Mészáros 2002).
The impulsive (leading) shell in our model has a high
Lorentz factor, and its passage clears a channel or path
for the trailing injection shell. The injection shell has a
higher energy and a stratified distribution of slower
Lorentz factors (see Section 4.3). The energy injection
episode is the result of the injection shell catching the
decelerating impulsive shell. For our parameters, the
collision is above the supersonic limit (a violent
collision), and two additional shocks are established: a
reverse shock in the injection shell, and a forward shock
that crosses the impulsive shell (see Figure 5 and
Appendix A.)

5. Assuming identical microphysical parameters
( )p, , ,e B N for the entire system (except for εB,5

within the injection shell), we add the resulting flux from
the violent collision induced shock system into our
model in Figure 6. This additional flux component
qualitatively accounts for the radio emission observed
<0.5 day post-burst, providing a robust explanation for
this excess. This model also predicts a flare at X-ray that
is incidentally coincident with an observed X-ray flare.
This unintentional coincidence is additionally supportive
of the violent shell collision scenario.

6. Radio detections of reverse shocks probe the lower limit
on the minimum Lorentz factor of the blastwave (e.g.,
G. E. Anderson et al. 2014, 2018, 2024; J. S. Bright
et al. 2023). Figure 9 demonstrates that the minimum
Lorentz factors required by our model agree with the
early-time ATCA detections of GRB 231117A (see
Section 5.5), further supporting a violent shell collision
scenario.

Due to the ATCA rapid-response mode, our triggered
observation of GRB 231117A is the second-earliest published
radio detection of a GRB to date. We therefore continue to
demonstrate that such telescope functionalities allow us to
probe the previously unexplored parameter space of <0.01 day
post-burst in the radio band (see Figure 7). Without this rapid-
response radio detection of GRB 231117A, multiwavelength
modeling would not have been able to identify a violent shell
collision as the likely source of energy injection and, thus,
provide direct insight into the activity of the central engine.
Similar rapid follow-up observations of SGRBs will allow us
to study the diversity of their central engines, particularly those
events with extended or prolonged gamma-ray emission (e.g.,
J. C. Rastinejad et al. 2022; A. J. Levan et al. 2024). Indeed,
triggering functionalities are planned for both SKA tele-
scopes.66 Given that SKA-Mid is forecast to obtain a 3σ
sensitivity of ∼6 μJy beam−1 on 1 minute timescales in both
the 4.6–8.5 and 8.3–15.4 GHz bands (assuming an elevation of
45� and a Robust weighting of 0),67 such rapid-response
observations will provide detections of more and fainter
SGRBs, providing unprecedented detail of their early radio
afterglows on minute timescales.
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Appendix A
Violent Collision Model

The case where energy injection results in a violent collision
—i.e., new strong shocks are generated within both an
impulsive (caught) and injection (catching) shell of relativistic
and jetted outflow—is well derived analytically in P. Kumar &
T. Piran (2000) and B. Zhang & P. Mészáros (2002); see also,
Z. L. Uhm et al. 2012, for long-lived reverse shocks in a
stratified ejecta shell). Here we adopt the notation used in
B. Zhang & P. Mészáros (2002) for our shocked system (see
Figure 10 for zone, shell, and shock identifiers) shown as a
sketch of shell Lorentz factor with radius.

For our collision scenario, we assume that the shells were
launched at the same time, but, due to differences in the
Lorentz factor, they become radially separated. As the initial
and impulsive shell decelerates, the slower injection shell will
catch up when γ3 = γ6,0/2. For a thin shell, the deceleration
radius is /Rdec 0

2 3, and the timescale is then,
( )/t R c2dec dec 0

2 —here, Γ0 is the initial Lorentz factor of
the impulsive shell. The collision radius is then

( )/ /R Rcol dec collison 0
2 3, where γcollison is an input from

the refreshed shock model fit. The collision time is then
(B. Zhang & P. Mészáros 2002),

( )=
+

T R
c

1 1

2
, A136 col

3,0
2

6,0
2

3,0
2

where γ3,0 and γ6,0 are the Lorentz factors of the impulsive and
the catching front of the injection shell at collision.

The timescale over which energy injection occurs is found
from the final Lorentz factor of the injection shell on collision
is

( ) ( )( )/= +1 1 , A2s
6,end 6,0

1 1

where ζ is the factor by which energy increases due to
injection, and s is the index for the increase in mass. The radius
for the end of injection is then

( )
( )/

=
+

R R.end , A3
s

inj col
6,end

6,0

1 3

and the corresponding observer time,

( ) ( )
( )/

= +
+

t t T.end , A4
s

inj dec 36
6,end

6,0

7 3

and the injection timescale, Δtinj = tinj.end − ΔT36. The
injection shell thickness is then Δ6 ∼ Δtinjc.

The swept-up interstellar medium (ISM) mass, the shocked
ISM, is always M2 ∝ R3. The unshocked impulsive shell will
continue to decelerate as γ3 ∝ R−3/2, and the unshocked
injection shell Lorentz factor evolves as γ6 ∝ R−3/(1+ s), while
injection occurs (tcol < t < tinj.end). The mass of the reverse-
shocked injection shell, during the violent collision stage, is
given by M s

5 6 .
The Lorentz factors and the various regions of our violent

collision system are shown schematically in Figure 10. Here
the numbers refer to: the unshocked ISM (1); the shocked ISM
(2); the hot “unshocked” impulsive shell (3); the forward-

Figure 10. A schematic diagram of the colliding relativistic shells. The
numbers indicate the zones: 1—unshocked interstellar medium (ISM), 2—
shocked ISM, 3—hot impulsive shell, 4—shocked hot impulsive shell, 5—
shocked injection shell, 6—unshocked injection shell. The colored lines
indicate: impulsive shell—shocked ISM contact discontinuity (green); hot
impulsive shell shocked—hot contact discontinuity (orange); impulsive shell
—injection contact (red); reverse shock—unshocked injection shell contact
discontinuity (purple). “RS” and “FS” indicate the forward- and reverse-shock
systems, respectively, due to the violent collision, where the forward shock is
into hot material while the reverse shock is through a cold shell. The axes are
not to scale.

21

The Astrophysical Journal, 994:5 (25pp), 2025 November 20 Anderson et al.



shocked, hot impulsive shell (4); the reverse-shocked injection
shell (5); and the unshocked injection shell (6). The condition
for violent injection is e4/e3 > 1 and /> 3 2 1.22536 ,
the supersonic shock condition for a relativistic equation of
state (see Figure 2 in B. Zhang & P. Mészáros 2002)—during
energy injection, we find the masses and the Lorentz factors
for each shocked region while both of these conditions are met,
and assume “mild” energy injection when not.

The ratio of the energy densities of region 3 and 4 is found
by solving Equations (1) and 2 giving the instantaneous values
of e4/e3, γ4, and γ43 = (γ4/γ3 + γ3/γ4)/2 (the Lorentz factor
of the hot, forward-shocked shell (4) as seen comoving with
(3), the impulsive shell).

While e4/e3 > 1, then the mass in region 6 is given by
M6 = M6,0 − M5, and the shocked mass in region 4 is found by
considering the energy conservation of the entire system,

( )( ) ( )
( )

( )

=
+

M
M M M 1

1
,

A5

4
5 6,0 56 4 3,0 3,0 3 2 3

2

3 4

where the denominator γ4γ3 − γ3 accounts for the energy of
the shocked hot material within the impulsive shell and
ensures mass conservation throughout the violent collision
stage.

When M4 = M3,0, the forward shock has crossed the
impulsive shell, and region 3 is replaced with region 4. If the
crossing radius for the forward shock is Rx < Rinj.end, then
injection continues; however, the new shock conditions need
to be solved between regions 4 and 6. As γ56 ≲ 1.225 and
γ4 = γ5, then the supersonic condition is no longer met, and
energy injection follows the mild case. From this point, any
energy injected into the impulsive shell is added directly to
region 4; this increases the M4 as injection continues. The hot
impulsive shell will now decelerate as γ4 ∝ R−3/2; however, as
γ4 > γ3, the additional mass swept up by the external forward
shock, M2, will have a higher relativistic mass ≡γM2. This is
the same as the scenario modeled via a refreshed shock with
energy injection as E ∝ γ1− s.

The earlier reverse-shocked matter is no longer sustained,
and so the hot matter in region 5 remains constant,
M5 = M5(Rx), but the region cools as γ5 ∝ R− g, where
3/2 < g < 7/2, and emission from (5) will continue until the
shocked electrons are efficiently cooled (S. Kobayashi &
R. Sari 2000). The impulsive region continues to gain energy
as mass is added from the injection shell, until injection ends.
The external shock system is then governed by the decelera-
tion of a shell with mass =M6,0 + M3,0 and γ4 ∝ R−3/2. The
Lorentz factor of the earlier reverse shock will then evolve as
γ56 ∝ R−3/2.

A.1. Emission During the Violent Collision

There are two emission sites that we consider during the
violent collision episode: the nonthermal emission from the
reverse-shock region 5 and the hot forward shock region 4.

A.1.1. Reverse Shock

For the emission from the reverse shock, the total number of
shocked electrons (assuming charge neutrality) is Ne,5 = M5/mp,
where mp is the mass of a proton. The number density in the

injection shell is n6 ∼ M6/(4πR2Δ6γ6mp) and then, following the
shock jump conditions, n5 = n6(4γ56 + 3)—where we have
assumed an adiabatic index ˆ /= 4 3. When the violent collision
condition ends, then the ambient density of the reverse region
evolves as n5 ∝ R−3−g until the end of energy injection, when
n5 ∝ R−9/2.

The emission from the reverse shock is calculated using the
standard synchrotron emission relations for relativistic plasma
(e.g., R. Sari et al. 1998). We additionally use the reverse-
shock coefficients given by R. Harrison & S. Kobayashi
(2013); these rely on the dimensionless parameter,
ε = (l/Δ)1/2γ−4/3, where ( [ ])/ /=l E m nc3 4 ptotal

2 1 3 is the
Sedov length. The coefficients are:

( ) ( )/ /= +C 1 3 2 5 , A6f
1.3

( )= +C 0.005 , A7m
3

( )= +C 0.2 , A8t
2

where these are used to multiply the maximum flux, Cf, the
minimum synchrotron frequency, Cm, and the observer
timescale for the reverse shock, Ct.

The magnetic field for the reverse-shock region is

ˆ
ˆ

( ) ( )=
+

B m R n c8
1

1
1 . A9p B B5

2
5

2 56
56

The power per electron is

( )=P
f m c B

q3
, A10x e T

5

2
5

where fx is the dimensionless peak flux from R. A. M. J. Wijers
& T. J. Galama (1999), me is the mass of an electron, σT is the
Thomson cross section, and q is the charge of an electron. The
maximum synchrotron flux is then

( )=F
C N P

D
; A11N e

L
RS,max

,5 f ,5 5 5
2

2

here, DL is the luminosity distance. As we consider a broad
prior on the accelerated electron distribution index, 1.3 < p
< 3.4, then to calculate the characteristic frequency, we need
to consider the conditional factors (e.g., H. Gao et al. 2013)
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The synchrotron characteristic frequency is then

( )=
x C qB

m c

3

2
; A13m

p m

e
,5

m 5 5 ,5
2

here, xp is the dimensionless maximum of the spectrum
(R. A. M. J. Wijers & T. J. Galama 1999). Once the violent
collision conditions are no longer met, then νm,5 ∝ t−73/48

and /F tRS,max
47 48, where t is the laboratory time—t =

tobs/(1 + z). Emission at frequencies ν > νc are cut off, as the
electrons are efficiently cooled, and there is no new supply of
electrons within the shock. Before the shock ends, the cooling
frequency is

( ) ( )/= m c B t6 , A14c e T 56 5
2

( ) ( ) ( )/= qB m c3 0.286 2 , A15c c e
2

5 5

where we follow R. A. M. J. Wijers & T. J. Galama (1999) for
the derivation of the cooling frequency.

Synchrotron self-absorption is approximated by considering
the blackbody flux (G. P. Lamb & S. Kobayashi 2019),

[ ( ) ] ( )/ /=F m
R

D
, BB 4 max 1, , A16m e

L
mRS 5 ,5

2
2

2 ,5
1 2

where ν is the emission frequency. The flux density from the
reverse shock is then the minimum of FRS,BB(ν) and Fν at
each band.

A.1.2. Forward Shock

Within the impulsive shell, emission from the forward shock
only becomes significant some time after the collision. As the
impulsive shell is thin, once the forward shock is established, it
rapidly crosses the shell—after which the violent collision
conditions are no longer met for our parameters and the shock
system fails.

Within the impulsive shell, which is thin, the number density
is ( )/=n n t t43 1 3,0

2
F col

3, where tF is the laboratory time for the
forward shock emission (S. Kobayashi 2000). The shocked
particle density is ([ ( )] [ ])/ / / / /= + +n n e e e e e1 34 3 4 3 4 3 4 3

1 2,
and the emission is governed by the random Lorentz factor
defined as γB = e4/(n4mpc2) (B. Zhang & P. Mészáros 2002)
and given by

( ) ( ) ( )/M R n m1 4 , A17B s p3, 4 43
2

4
2

3 4

here, γ3,s is the impulsive shell Lorentz factor when the
forward shock emission is established (i.e., M4 ≫ 0, and
becomes significant). The magnetic field for the forward shock
is

ˆ
ˆ

( ) ( )=
+

B m n c8
1

1
1 . A18p B

B
B4

2
4

2

The synchrotron power per electron is P4 = fxmec
2σTB4/(3q)

and the maximum flux,

( )=F
N P

D
, max . A19N e

L
FS

,4 ,4 4
2

4
2

To ensure the forward shock emission is consistent with the
observed flux density levels, we force ΞN,4 = 0.1ΞN. The flux
density is then calculated using the same approximations as for
the reverse shock but replacing γ56 → γB. Similarly, for the

blackbody flux γm,5 → γm,4. For the forward shock, once the
forward shock has crossed the impulsive shell, the shock
system dies and the random Lorentz factor, γB ∼ γ4, and the
shell evolves adiabatically with the mild energy injection. The
forward shock in our scenario results in a flare as the shock
crosses the impulsive shell. Synchrotron self-absorption is
considered in the same way as for the reverse shock.
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