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Abstract

We present multiwavelength observations of the Swift short y-ray burst GRB 231117A, localized to an underlying
galaxy at redshift z =0.257 at a small projected offset (~2 kpc). We uncover long-lived X-ray Chandra X-ray
Observatory and radio/millimeter (VLA, MeerKAT, and ALMA) afterglow emission, detected to ~37 days and
~20 days (rest frame), respectively. We measure a wide jet (~10.4) and relatively high circumburst density
(~0.07 cm ) compared to the short GRB population. Our data cannot be easily fit with a standard forward shock
model, but they are generally well fit with the incorporation of a refreshed forward shock and a reverse shock at
<1 day. We incorporate GRB 231117A into a larger sample of 132 X-ray detected events, 71 of which were radio-
observed (17 cm-band detections), for a systematic study of the distributions of redshifts, jet and afterglow
properties, galactocentric offsets, and local environments of events with and without detected radio afterglows.
Compared to the entire short GRB population, the rnajorrty of radio-detected GRBs are at relatively low redshifts
(z < 0.6) and have high circumburst densities (>10 2cm ), consistent with their smaller (<8 kpc) projected
galactocentric offsets. We additionally find that 70% of short GRBs with opening angle measurements were radio-
detected, indicating the importance of radio afterglows in jet measurements, especially in the cases of wide (>10°)
jets where observational evidence of collimation may only be detectable at radio wavelengths. Owing to improved
observing strategies and the emergence of sensitive radio facilities, the number of radio-detected short GRBs has

quadrupled in the past decade.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Radio astronomy (1338); Time domain
astronomy (2109); Millimeter astronomy (1061); High energy astrophysics (739); Relativistic jets (1390)

1. Introduction

Short-duration (<2 s) gamma-ray bursts (GRBs) are energetic,
cosmological explosions that originate from compact object
mergers involving neutron stars (D. Eichler et al. 1989; R. Narayan
et al. 1992; E. Berger 2014; B. P. Abbott et al. 2017). As the
collimated jet produced in the explosion interacts with the
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surrounding medium, synchrotron emission known as the “after-
glow” is produced (e.g., R. Sari et al. 1998; R. A. M. J. Wijers &
T. J. Galama 1999; J. Granot & R. Sari 2002), which can be
detected across the electromagnetic spectrum (X-rays to radio). The
monitoring of these afterglows at multiple wavelengths not only
provides precise localizations, allowing for host-galaxy associations
and redshifts (e.g., W.-f. Fong et al. 2022; B. O’Connor et al.
2022), but also the determination of explosion properties such as
energetics and environment density (e.g., A. Panaitescu et al. 2001;
A. M. Soderberg et al. 2006; W. Fong et al. 2015; B. O’Connor
et al. 2020), as well as the collimation of the relativistic jets (e.g.,
W. Fong et al. 2015; Z.-P. Jin et al. 2018; S. Dichiara et al. 2020;
A. Rouco Escorial et al. 2023).


https://orcid.org/0000-0001-9915-8147
https://orcid.org/0000-0001-9915-8147
https://orcid.org/0000-0001-9915-8147
https://orcid.org/0000-0002-7374-935X
https://orcid.org/0000-0002-7374-935X
https://orcid.org/0000-0002-7374-935X
https://orcid.org/0000-0002-5740-7747
https://orcid.org/0000-0002-5740-7747
https://orcid.org/0000-0002-5740-7747
https://orcid.org/0000-0003-3937-0618
https://orcid.org/0000-0003-3937-0618
https://orcid.org/0000-0003-3937-0618
https://orcid.org/0000-0003-1792-2338
https://orcid.org/0000-0003-1792-2338
https://orcid.org/0000-0003-1792-2338
https://orcid.org/0000-0002-2028-9329
https://orcid.org/0000-0002-2028-9329
https://orcid.org/0000-0002-2028-9329
https://orcid.org/0000-0002-9267-6213
https://orcid.org/0000-0002-9267-6213
https://orcid.org/0000-0002-9267-6213
https://orcid.org/0000-0002-8297-2473
https://orcid.org/0000-0002-8297-2473
https://orcid.org/0000-0002-8297-2473
https://orcid.org/0000-0002-9392-9681
https://orcid.org/0000-0002-9392-9681
https://orcid.org/0000-0002-9392-9681
https://orcid.org/0000-0001-5955-2502
https://orcid.org/0000-0001-5955-2502
https://orcid.org/0000-0001-5955-2502
https://orcid.org/0000-0002-7706-5668
https://orcid.org/0000-0002-7706-5668
https://orcid.org/0000-0002-7706-5668
https://orcid.org/0000-0002-9363-8606
https://orcid.org/0000-0002-9363-8606
https://orcid.org/0000-0002-9363-8606
https://orcid.org/0000-0003-0307-9984
https://orcid.org/0000-0003-0307-9984
https://orcid.org/0000-0003-0307-9984
https://orcid.org/0000-0003-3460-0103
https://orcid.org/0000-0003-3460-0103
https://orcid.org/0000-0003-3460-0103
https://orcid.org/0009-0008-7505-5707
https://orcid.org/0009-0008-7505-5707
https://orcid.org/0009-0008-7505-5707
https://orcid.org/0000-0002-3934-2644
https://orcid.org/0000-0002-3934-2644
https://orcid.org/0000-0002-3934-2644
https://orcid.org/0000-0001-6919-1237
https://orcid.org/0000-0001-6919-1237
https://orcid.org/0000-0001-6919-1237
https://orcid.org/0000-0003-4768-7586
https://orcid.org/0000-0003-4768-7586
https://orcid.org/0000-0003-4768-7586
https://orcid.org/0000-0002-0744-0047
https://orcid.org/0000-0002-0744-0047
https://orcid.org/0000-0002-0744-0047
https://orcid.org/0000-0003-2705-4941
https://orcid.org/0000-0003-2705-4941
https://orcid.org/0000-0003-2705-4941
https://orcid.org/0000-0002-1206-1930
https://orcid.org/0000-0002-1206-1930
https://orcid.org/0000-0002-1206-1930
https://orcid.org/0000-0003-4102-380X
https://orcid.org/0000-0003-4102-380X
https://orcid.org/0000-0003-4102-380X
https://orcid.org/0000-0003-3402-6164
https://orcid.org/0000-0003-3402-6164
https://orcid.org/0000-0003-3402-6164
https://orcid.org/0000-0001-8023-4912
https://orcid.org/0000-0001-8023-4912
https://orcid.org/0000-0001-8023-4912
https://orcid.org/0000-0002-4022-1874
https://orcid.org/0000-0002-4022-1874
https://orcid.org/0000-0002-4022-1874
https://orcid.org/0000-0001-5510-2424
https://orcid.org/0000-0001-5510-2424
https://orcid.org/0000-0001-5510-2424
https://orcid.org/0000-0003-2449-1329
https://orcid.org/0000-0003-2449-1329
https://orcid.org/0000-0003-2449-1329
https://orcid.org/0000-0002-6535-8500
https://orcid.org/0000-0002-6535-8500
https://orcid.org/0000-0002-6535-8500
http://astrothesaurus.org/uat/629
http://astrothesaurus.org/uat/1338
http://astrothesaurus.org/uat/2109
http://astrothesaurus.org/uat/2109
http://astrothesaurus.org/uat/1061
http://astrothesaurus.org/uat/739
http://astrothesaurus.org/uat/1390
https://doi.org/10.3847/1538-4357/ada9e5
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ada9e5&domain=pdf&date_stamp=2025-03-17
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ada9e5&domain=pdf&date_stamp=2025-03-17
https://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 982:42 (24pp), 2025 March 20

In particular, radio observations uniquely enable us to constrain
the energetics and environments of short GRBs, in contrast to
optical and X-ray observations, which may be degenerate to these
properties (e.g., W. Fong et al. 2015). Given the importance of
these observations for understanding short GRBs, dedicated
campaigns have been conducted to search for the radio afterglow,
resulting in the first detection in 2005 (E. Berger et al. 2005). Radio
afterglow detections have also been instrumental in constraining the
jet collimation of short GRBs (W. Fong et al. 2014; E. Troja et al.
2016; T. Laskar et al. 2022; G. Schroeder et al. 2024). Additionally,
radio detections have uncovered afterglow behavior that deviates
from the standard forward shock (FS), including energy injection
and reverse shocks (RSs; A. M. Soderberg et al. 2006; W. Fong
et al. 2014; N. Lloyd-Ronning 2018; G. P. Lamb et al. 2019;
E. Troja et al. 2019; W. Fong et al. 2021; G. Schroeder et al. 2024).

While studies of radio observations of long (>25s) GRBs
indicate that ~30%—-60% should be detectable with current radio
facilities (P. Chandra & D. A. Frail 2012; G. E. Anderson et al.
2018), from 2005-2015 only five (~5%) short GRBs were radio-
detected, indicating that short GRBs typically have lower kinetic
energies and reside in lower-density environments than long
GRBs (A. Panaitescu et al. 2001; A. M. Soderberg et al. 2006;
W. Fong et al. 2015; B. O’Connor et al. 2020). The conclusion of
the Very Large Array (VLA) upgrade in 2012 increased the
sensitivity of the array by a factor of ~10 (R. A. Perley et al.
2011), revolutionizing the possibility for short GRB radio
afterglow discovery. Shortly thereafter, both the Atacama Large
Millimeter/submillimeter Array (ALMA) and MeerKAT were
completed (2014 and 2016, respectively), providing sensitive
radio and millimeter observatories across ~2 decades of
frequency. With access to these powerful observatories, in the
last decade we have quadrupled the number of short GRBs
detected at radio wavelengths (now 16 or ~10%; E. Berger et al.
2005; A. M. Soderberg et al. 2006; W. Fong et al
2014, 2015, 2017, 2021; G. P. Lamb et al. 2019; T. Laskar
et al. 2022; L. Rhodes et al. 2023a, G. Schroeder &
T. Laskar 2023; G. Schroeder et al. 2023a, 2024; this work).
This includes the first detections of short GRBs for both ALMA
(T. Laskar et al. 2022) and MeerKAT (G. Schroeder et al. 2024).
With this larger radio-detected sample, we are now able to search
for trends across redshift, afterglow properties, energetics, and
circumburst and host environments, in order to understand which
factors influence the radio detectability of short GRBs.

Here, we present the discovery and analysis of the multi-
wavelength (radio, millimeter, optical, and X-ray) afterglow
of GRB231117A, pinpointed to a host galaxy at redshift
z=0.257. In Section 2, we present the Swift burst discovery,
broadband observations including Keck afterglow spectroscopy,
and host association. We also introduce unpublished VLA
observations of 12 short GRBs to incorporate into a comparison
sample. In Section 3, we analyze the burst location and perform
host-galaxy modeling for inferred stellar-population properties.
We model the afterglow and derive properties on the burst
energetics, microphysics, and environment in Section 4. We find
that an energy injection episode combined with an RS better
explains the early-time (<1 day) afterglow compared to a standard
FS. In Section 5, we take advantage of the growing radio-detected
population to present the distributions of redshifts, jet and
afterglow properties, and locations for bursts with and without
detected radio afterglows. We conclude in Section 6. Throughout,
we employ the flat cold dark matter cosmological parameters of
Hy = 68kms 'Mpc™', Q) = 031, and Q, = 0.69 (Planck
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Collaboration et al. 2020). Also, all magnitudes are given in the
AB system (J. B. Oke & J. E. Gunn 1983) and are not corrected
for foreground extinction.

2. Observations
2.1. N-Ray

GRB 231117A was detected by the Burst Alert Telescope
(BAT; S. D. Barthelmy et al. 2005) on board the Neil Gehrels
Swift Observatory (Swift; N. Gehrels et al. 2004) at (UTC dates
are used throughout this paper) 03:03:19 on 2023 November 17
(S. Laha et al. 2023). The burst duration is Too(15-150keV) =
0.668 s with a fluence of f,(15-150keV) = 2.3 x 10 ®ergem 2.
The position of the burst was refined to a = 22"09™370 and
8 = +13°30'58"1 (J2000) with a positional uncertainty of 1.0
radius (90% containment; C. B. Markwardt et al. 2023). Given the
measured duration, GRB231117A is classified as a short
GRB. We further confirm this classification by calculating a
hardness ratio (HR) from the BAT observations of HR =
£,(50-100keV)/f-(25-50keV) ~ 1.4, placing GRB231117A in
line with other short GRBs in the hardness versus duration
plane (A. Lien et al. 2016). Furthermore, adopting z=0.257
(Section 2.3.1), we calculate an isotropic ~-ray energy of
E.(15-150keV) ~ 3.8 x 10 erg and intrinsic peak energy
of Ey; ~ 207keV (assuming an observed peak energy of
E, ~ 165keV;'® A. Lien et al. 2016), consistent with the
E,i~E;, distribution for short GRBs (e.g., L. Amati et al.
2002, 2008; P. Y. Minaev & A. S. Pozanenko 2020).

In addition to Swift, GRB 231117A also triggered myriad other
~-ray telescopes, including AstroSat CZTI (P. K. Navaneeth et al.
2023), AGILE (P. W. Cattaneo et al. 2023), Konus-Wind
(D. Svinkin et al. 2023), Glowbug (C. C. Cheung et al. 2023),
GRBAlIpha (W.-C. Xue et al. 2023), and CALET (K. Yamaoka
et al. 2023). The data from all of these telescopes confirmed the
short-duration nature of GRB 231117A.

2.2. X-Ray
2.2.1. Swift X-Ray Telescope

The Swift/X-ray Telescope (XRT; D. N. Burrows et al.
2005) started observations of GRB231117A at 6t = 85s
(where ot is the time after BAT trigger) and detected an
uncataloged X-ray source within the 90% BAT region,
considered to be the X-ray afterglow of GRB231117A
(S. Laha et al. 2023; A. Melandri et al. 2023). The XRT-
detected afterglow has a refined position of a = 22"09™33357
and 6 = +13°3121"1 (J2000), and a positional uncertainty of
2'0 radius (90% containment; P. A. Evans et al. 2009;
A. P. Beardmore et al. 2023). Swift continued to observe
and detect the X-ray afterglow of GRB231117A until
Ot ~ 11.9 days. To create a more sampled XRT afterglow than
the light curve available in the repository, we used the
rebinning tool in the Swift light-curve repository.'” We chose
the dynamic binning option, and set the rate factor and
minimum counts per bin to 5 in order to obtain more data
points in the light curve, particularly during the plateau phase
(see below). The XRT afterglow light curve of GRB 231117A
shows a complex structure in which an initial afterglow steep-
decay phase is followed by a short flare at 6r =~ 0.06 day. Right

18 https://gen.gsfe.nasa.gov /notices_s /1197027 /BA/
19 https: //www.swift.ac.uk/xrt_curves/01197027/
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after this event, the afterglow exhibits a plateau phase that
extends from 0r =~ 0.2-0.8 day, and is continued by the final
afterglow decay phase at 6t = 2.4 days.

2.2.2. Chandra X-Ray Observatory

We initiated observations of GRB231117A with the
Advanced CCD Imaging Spectrometer detector (ACIS;
G. P. Garmire et al. 2003) on board the Chandra X-ray
Observatory (CXO; M. C. Weisskopf et al. 2000) starting at
ot = 4.3 days, under Program 24400307 (PI W. Fong; ObsIDs
265[46-48], 291[13-14], and 291[58-61]), and divided across
three epochs. We reduced and analyzed the CXO observations
using the CTAO software package (v.4.12; A. Fruscione et al.
2006) with calibration files (caldb; v.4.9.0). New Level Il
event files were obtained after reprocessing the data utilizing
chandra repro, and filtered the data set against any high
background activity. The absolute astrometry was corrected
by running the corresponding CIAO task?® using the USBO-
B1.0 optical catalog. We then performed a blind search for
X-ray sources with CIAO/wavdetect on the first CXO
epoch (ObsID 26546, ~27ks effective exposure time) at
Ot ~ 4.3 days. The afterglow of GRB 231117A is detected at a
position of o = 22"09™33337, § = +13°3120"0 (J2000) with a
total positional uncertainty of 0.6 (1¢). We note that the CXO
afterglow region does not coincide with the 90% confidence
XRT region; indeed, the centers of these regions are located 31
from each other. Owing to CXO observing constraints, the
second and third epochs were taken with multiple exposures
(6t =~ 25.6 days, ObsIDs 26547, 29113, and 29114, effective
exposure time of ~36.5ks; 6t ~ 46.5 days, ObsIDs 26548 and
291[58-61], effective exposure time of ~53 ks). We therefore
combined the exposures using CIAO/merge obs to generate
a single observation per epoch and continued to detect the
X-ray afterglow through the final epoch. At z=0.257
(Section 2.3.1), GRB231117A is detected in the X-ray
band out to a rest-frame time of Ot = 37 days, and thus
constitutes the longest detected X-ray afterglow of a short GRB
to date (the previous record holder was GRB 150101B, at
Otrest = 35 days; W. Fong et al. 2016). A summary of our CXO
observations is presented in Table 1.

2.2.3. Spectral Analysis

We use the “create time-sliced spectra” option®' in the Swift
repository to generate the spectra (0.3—10keV) for each new
time bin of the XRT afterglow light curve of GRB 231117A. In
order to obtain the CXO spectra, we use a circular region with a
radius of 3.0 centered on the CXO afterglow position, and
obtain the background from a source-free annulus with inner
and outer radii of 15” and 307 respectively. We generate the
source and background spectra for the individual CXO
observations of the GRB 231117A afterglow, as well as the
necessary ancillary response file (arf) and redistribution
matrix file (rmf) utilizing the CIAO/specextract tool.

We use Xspec (v.12.9.0; K. A. Arnaud 1996) to perform
the spectral fitting within the 0.5-8keV energy band. We
choose a bin size with at least one count per bin, so that we avoid
any bin with negative net values after the background subtraction.
In addition, we set the abundances to WILM (J. Wilms et al. 2000),

20 hitps: //cxc.cfa.harvard.edu/ciao/threads /reproject_aspect/
2 https: //www.swift.ac.uk/xrt_spectra/01197027/
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the X-ray cross-sections to VERN (D. A. Verner et al. 1996), and
the statistics to W-statistics (statistics for background-subtracted
Poisson data; K. Wachter et al. 1979). No spectral evolution is
seen between observations at 6 2 3 days, so we jointly fit the
Swift and CXO spectra using a single-absorbed power-law model
([const x tbabs x ztbabs x pow]ag). We set the cross-
calibration constants between CXO/ACIS-S3 (High Resolution
Imaging mode) and Swift/XRT-PC to 1 and 0.872, respectively
(Table 5 in P. P. Plucinsky et al. 2017). For fitting our model, we
fix the Galactic contribution to Ngyw = 6.1 X 10%°cm 2
(R. Willingale et al. 2013) and the redshift to z=0.257 (see
Section 2.3.1). No evidence for intrinsic absorption (Ngin) is
found, so we fix Ny;,, = O for our analysis. We determine the
X-ray photon index (I'x) of the joint spectral fitting to be
I'x = 1.46 + 0.12 (10) for ét = 1 day, corresponding to an X-ragf
spectral index of Ox = —0.46 £ 0.12 (Bx =1 — I'x, F, < V"
uncertainties are 1o). Finally, we calculate unabsorbed fluxes
(0.3-10keV) using Xspec cflux. The unabsorbed fluxes with
1o uncertainties and flux density at 1 keV for subsequent analysis
are listed in Table 1.

2.3. Optical and Near-infrared

The optical afterglow of GRB 231117A was observed by
numerous telescopes on timescales of hours (first reported by
S. Yang et al. 2023 at 6t = 0.332 days) to weeks following the
initial GRB trigger. Here we describe our optical through near-
infrared (IR) spectroscopic and photometric follow-up observa-
tions, including data on the host galaxy. We list our optical
afterglow and host-galaxy photometry in Table 2.

2.3.1. Keck/LRIS

At 05:22:15.62 on 2023 November 17 (6t ~ 0.1 day), we
observed the location of GRB231117A with the Low
Resolution Imaging Spectrometer (LRIS; J. B. Oke et al.
1995) mounted on Keck I (Program U192; PI R. Margutti). We
obtained 6 x 150s of imaging in each of the G- and I-band
filters. The images were processed and coadded using a custom
POTPyRI Python package,”® which applies bias and flat-
fielding corrections using calibration frames obtained on the
same night and instrumental configuration, image alignment
and registration to the Gaia DR3 astrometric frame (Gaia
Collaboration et al. 2023), and image stacking using SWarp
(E. Bertin 2010). We noted the presence of an optical source
with G = 20.3 £ 0.1 mag and / = 19.8 £+ 0.1 mag (see also
J. C. Rastinejad et al. 2023), the counterpart of GRB 231117A,
that is deeply embedded in a moderately faint (rps; = 21.58 mag)
galaxy (“G1” in Figure 1), resulting in significant blending
between the optical counterpart and G1 in the first epoch of
imaging. Therefore, we reobserved the same field with Keck/
LRIS G+1 bands on 2024 January 4 (6t ~ 48.4 days) and detected
no signature of GRB231117A when compared with G1’s
cataloged brightness (Section 2.3.4). We therefore performed
image subtraction between the two epochs using hotpants
(A. Becker 2015) with default parameters for each frame.
The optical counterpart to GRB231117A is detected in both
bands, and aperture photometry is performed with DoPhot
(P. L. Schechter et al. 1993). We show our Keck/LRIS difference
imaging in Figure 1, highlighting the detection of GRB 231117A.

%2 hitps://github.com/CIERA-Transients/POTPyRI
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Table 1
X-Ray Observations of GRB 231117A

Schroeder et al.

&6 Bin Length Unabsorbed Flux (0.3-10 keV)" Flux Density at 1 keV®
(days) () (10" erg s~ cm™?) (1Iy)
Swift/XRT

14 x 1073 1.5 x 10 9.7 +£3.0) x 10° (1.0 £0.3) x 107°
1.6 x 1073 1.8 x 10! (74 £23) x 10° (7.7 £2.5) x 107
1.7 x 1073 1.0 x 10" (1.5 £ 0.4) x 10* 1.5+ 0.5) x 107°
19 x 1073 1.8 x 10 (8.2 +2.5) x 10° (8.6 £2.6) x 107°
2.1 %x 1073 1.3 x 10 (1.2 £ 0.4) x 10* (13 +£04) x 107°
22 x 1073 1.8 x 10! (7.8 £ 2.4) x 10° (82 £25) x 107°
2.6 % 1073 3.3 x 10! (5.3 £ 1.5) x 10° (5.5+1.5) x 10°°
29 x 1073 43 x 10" 4.0 £ 1.1) x 10° 42 +12)x107°
34 x 1073 3.0 x 10 (5.2 £+ 1.5) x 10° (5.4 +1.6) x 10°°
40 x 1073 8.5 x 10 (1.5 £ 0.5) x 10° (1.6 £ 0.5) x 107
5.0 x 1073 8.8 x 10! 6.4 +2.0) x 10° 6.6 £2.1) x 1077
59 x 1073 5.8 x 10 (1.0 + 0.3) x 10° (1.0 £ 0.3) x 107¢
6.7 x 1073 9.0 x 10! 6.3 £2.0) x 10° 6.6 +£2.1) x 1077
7.6 x 1073 4.5 x 10 (1.3 £ 0.4) x 10° (13 £04) x 107°
8.1 x 1073 5.3 x 10 1.1 £+ 0.3) x 10° (1.1 £ 0.4) x 107
8.8 x 1073 5.5 x 10! (1.0 + 0.3) x 10° (1.1 +£03) x 10°¢
93 x 1073 5.8 x 10! 1.1 £ 0.3) x 10° (1.1 £0.3) x 107
1.0 x 1072 6.0 x 10 9.6 + 3.0) x 10% (1.0 £0.3) x 107
1.1 x 1072 7.8 x 10! (7.0 £ 2.3) x 10° (73 £24) x 1077
1.2 x 1072 8.3 x 10 6.6 £2.1) x 10° 6.9 +22) x 1077
1.3 x 1072 1.0 x 107 52+ 1.7) x 10° 5.5+ 1.8) x 1077
14 x 1072 8.0 x 10 (7.1 £2.3) x 10° (7.4 £2.4) x 1077
1.5 x 1072 1.3 x 10? 4.1+ 1.3) x 10° 43+ 14) x 1077
1.6 x 1072 6.0 x 10 9.1 +2.9) x 10? 9.5+ 3.0) x 1077
1.7 x 1072 7.5 x 10! (7.2 £23) x 10° (7.5 £2.4) x 1077
1.8 x 1072 4.5 x 10! (1.2 +04) x 10° (13 +£04) x 107
1.9 x 1072 1.6 x 10? 4.5+ 1.3) x 10° 4.7 £ 13) x 1077
5.8 x 1072 8.5 x 10 6.3 +2.0) x 10? 6.6 £2.1) x 1077
5.9 x 1072 6.3 x 10 (8.7 £ 2.8) x 10° 9.1 £2.9) x 1077
6.0 x 1072 2.5 x 10! 22 +0.7) x 10° (23+07) x 10°°
6.1 x 1072 6.3 x 10 (8.7 £2.8) x 10° 9.0 £2.9) x 1077
6.2 x 1072 1.5 x 107 (3.7 +1.2) x 10? 39 +12) x 1077
6.4 x 1072 1.8 x 10? 2.9 £ 1.0) x 10° (3.0 £ 1.0) x 107
6.5 x 1072 3.8 x 10! 1.5 +0.5) x 10° (1.5 +05) x 10°°
6.6 x 1072 9.3 x 10! (5.8 £ 1.9) x 10° 6.1 £2.0) x 1077
6.7 x 1072 1.6 x 107 4.8 £ 1.3) x 10° (5.0 £ 1.4) x 1077
2.1 x 107! 9.4 x 10? 6.8 £+ 2.3) x 10! (7.1 £23) x 1078
7.9 x 107! 8.0 x 107 (7.2 £ 2.4) x 10! (7.6 +£2.5) x 1078
24 1.7 x 10° (3.5 + 1.1) x 10! (37 +12) x 1078
25 6.6 x 10° (2.9 £+ 1.0) x 10! (3.1+1.0) x 1078
26 12 x 10° (5.8 £+ 1.8) x 10! 6.1 +1.8) x 1078
3.7 2.5 x 10* (1.9 £+ 0.6) x 10 (2.0 £ 0.6) x 1078
4.1 7.6 x 10* (3.1 £ 0.8) x 10! (32 +£0.8) x 1078
5.7 1.3 x 10* (3.3 £ 0.8) x 10! (3.5+09) x 1078
7.4 22 x 10° 73 + 24 (7.6 £2.5) x 107°
10.3 1.8 x 10° 85 4+ 2.5 (8.9 £2.6) x 107°
CXO/ACIS-S

43 2.7 x 10* 197 + 1.2 21+0.1) x 1078
25.5° 3.6 x 10* 12504 (12 +04) x 107°
46.5¢ 5.3 x 10* 03 + 02 26+ 1.7 x 1071
Notes.

 Time is log-centered (observer frame).

® Uncertainties correspond to 1o confidence.

€ Second CXO epoch combining ObsIDs 26547, 291[13-14].
4 Third CXO epoch combining ObsIDs 26548, 291[58-61].

In order to measure the absolute position of GRB 231117A,
we first quantify the precision of our alignment between the
Gaia DR3 astrometric frame and our first epoch of Keck/LRIS

G-band imaging. There are 89 Gaia astrometric standards
within the roughly 5.7 x 8.1 arcmin? field of view of the Keck/
LRIS image. We calculate an astrometric solution for the LRIS
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Table 2
Optical Photometry of the Afterglow Counterpart and Host Galaxy of
GRB 231117A

Observatory or Exposure Band Magnitude®
(days) (s) (AB mag)
Afterglow Photometry
Keck 0.1 6 x 150 G 20.18 + 0.02
0.1 6 x 150 1 20.25 + 0.05
SOAR 0.91 1 x 200 r 20.93 + 0.03
1.92 1 x 900 r 21.76 + 0.03
3.93 3 x 200 r 23.07 + 0.19
3.93 3 x 200 i 23.55 + 0.31
4.92 6 x 200 g <23.8
591 3 x 200 r <23.6
5.92 3 x 200 i <2241
T80S 1.92 2 x 600 r 21.85 + 0.21
1.93 2 x 600 i <21.54
3.91 4 x 600 r <21.72
3.94 3 x 600 i <21.42
Host-galaxy Photometry
Pan-STARRS 17 x 43 g 22.17 + 0.08
17 x 40 r 21.74 + 0.07
37 x 45 i 21.35 + 0.06
21 x 30 b4 2122 + 0.13
MMIRS 17.01 42 x 60 J 20.98 + 0.06
16.02 10 x 65 K 20.89 + 0.17

Notes. Top: our optical photometry of the counterpart to GRB 231117A
derived using difference imaging and described in Section 2.3. Bottom: optical
and near-infrared photometry for the host of GRB 231117A, used in the
Prospector SED fitting in Section 3.2.
 Time since Swift/BAT trigger.

Magnitudes are not corrected for Galactic extinction.

image frame from these sources using the IRAF* task ccmap
to a tangent plane projection along with a fourth-order
polynomial distortion solution (D. Tody 1986). This results
in an absolute alignment uncertainty of 07074 in R.A. and
0052 in decl. After performing the subtraction procedure with
our template image, we use sextractor to derive a position
for the afterglow of a = 22"09™33%3554 4+ 0.0005 and
8 = 4+13°31'197809 4 0.004 (J2000). The resulting optical
afterglow location is consistent with our measured CXO
localization (Section 2.2.2), and is similarly offset from the
XRT localization. Given the spatial coincidence between the
afterglow and galaxy, and lack of any other clear host
candidates, we consider G1 to be the host of GRB 231117A.
At 05:03:50.4 on 2023 November 18 (6 =~ 1.1 days), we
obtained a spectrum with Keck/LRIS (exposure times of
2 x 600 s on both the blue and red sides; Program U127; PI M.
Malkan). The spectrum was obtained with the 1.0 slit and the
D560 dichroic with the 600/4000 grism on the blue side and
the 400/8500 grating on the red side, covering the wavelength
range ~3140-10200 A. We perform overscan subtraction, flat-
fielding, background subtraction, wavelength calibration, and
flux calibration using a custom series of IDL routines. At
this epoch, both light from the afterglow and host galaxy

2 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy
(AURA) under a cooperative agreement with the National Science Foundation.
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contribute. We coadd the 1D spectra and confirm the presence
of the [O 1] AN3726, 3729 doublet, H3A4861, [O 1IJA5007,
and HaA6563 in emission at z=0.257 (Figure 2). The
presence of multiple emission lines, coupled with lack of
strong 4000 A break or any absorption lines, indicates the host
of GRB 231117A is a star-forming galaxy.

Finally, at 13:35:33 on 2024 January 4 (&t ~ 48.4 days), we
obtained a spectrum of G1 with Keck/LRIS (3 x 1200s on the
blue side, and 2 x 1200s on the red side). The spectrum was
obtained with the 170 slit and the 560 dichroic with the 400,/3400
grism on the blue side and the 400/8500 grating on the red side,
covering the wavelength range ~3000-10100 A. We perform
overscan subtraction, flat-fielding, background subtraction, and
wavelength calibration using the HgNeArCdZnKrXe lamps with
the Python Spectroscopic Data Reduction Pipeline (Pypelt;
J. X. Prochaska et al. 2020). The 1D object and uncertainty
spectrum are extracted using the boxcar method with a 15
radius to encompass the full trace. We determine the flux
calibration using a spectrum of the standard star Feige 34 taken on
the same night.

2.3.2. SOAR/Goodman

We observed the location of GRB231117A using the
Goodman High-throughput Spectrograph (J. C. Clemens
et al. 2004) on the SOAR 4.1 m telescope at Cerro Pachén,
Chile, over 5 epochs in the range 2023 November 18-23
(6t = 0.9-5.9 days). We used the Goodman imaging mode in
2 x 2 binning (resulting in a scale of 03 per pixel), with the
Sloan Digital Sky Survey (SDSS)-gri filters as detailed in
Table 2. We processed all imaging using bias and dome-flat
frames using a custom-built photpipe pipeline (see A. Rest
et al. 2005; A. C. Gordon et al. 2023), including corrections for
bias and flat-fielding, astrometric correction using Gaia DR3
standards (Gaia Collaboration et al. 2023), masking, optimal
image stacking with SWarp (E. Bertin 2010), point-spread
function photometry with DoPhot (P. L. Schechter et al.
1993), and calibration using Pan-STARRS DR2 gri photo-
metric standard stars (H. A. Flewelling et al. 2020).

In order to perform difference imaging following the same
procedures as for the Keck/LRIS imaging in Section 2.3.1, we
obtained the deepest possible template image frames from
before the GRB using DES Legacy images in the gr bands
(A. Dey et al. 2019) and Pan-STARRS 37 images in the i band
(K. C. Chambers et al. 2016; E. A. Magnier et al. 2020), as we
could not obtain sufficiently deep SOAR templates before the
source set. We subtract these images from our SOAR/
Goodman imaging using hotpants (A. Becker 2015) and
performed forced photometry at the site of the optical
counterpart using a custom version of dophot. The resulting
photometry of the optical afterglow is presented in Table 2.

2.3.3. T80-South Telescope

We observed GRB 231117A with the T80-South telescope at
the Cerro Tololo Inter-American Observatory, Chile over 2
epochs between 2023 November 19 and 21 (6t ~ 1.9-3.9 days) in
the r and i bands. The observations were processed following
similar procedures to those described in Section 2.3.2 for the
SOAR/Goodman telescope and as described in detail by
A. Santos et al. (2024). We obtained template observations with
the same telescope system on 2023 December 1 in the i band for
3 x 300s and on 2023 December 2 in the r band for 4 x 300s.



THE ASTROPHYSICAL JOURNAL, 982:42 (24pp), 2025 March 20

Schroeder et al.

G-band G-band "
0.10d
il 'i Chandra
VLA

“e-aeALM

XRT

2" :
— E = !

i . 0.10-48.4d

.....

.....

Figure 1. Keck/LRIS G- and /-band imaging of GRB 231117A (left panels) obtained on 2023 November 17 and 2024 January 4, as described in Section 2.3.1. The
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template image highlights the location of the GRB 231117A host galaxy “G1” (middle panels). We also show our subtraction between the two epochs in both bands
(right panels), demonstrating that GRB 231117A is clearly detected at high significance in the first epoch. For comparison to these data, we highlight the positions of
the Swift/XRT and CXO X-ray counterpart localizations (blue circles), the Keck /LRIS optical localization derived from these difference images (green lines), the
ALMA millimeter counterpart localization (orange cross), and the VLA radio counterpart localization (red circle).

Finally, we subtract these template images from the science
observations using hotpants. We detect a residual in our first
epoch of r-band imaging at &t =~ 1.92days post-burst with
rrsos = 21.85 £ 0.21 mag, but we did not obtain a detection in
any other T80S image. We instead derive 3¢ upper limits for other
epochs, and report these in Table 2.

2.3.4. Archival Pan-STARRS Imaging

We further investigated the host galaxy of GRB 231117A
using archival grizY Pan-STARRS imaging (E. A. Magnier
et al. 2020; C. Z. Waters et al. 2020). We downloaded stacked
and calibrated cutouts of the field centered on the site of
GRB 231117A and estimate the brightness of the host galaxy
using photutils-based agerture photometry with a 4”radius
aperture centered at v = 22"09™33%326 and & = +13°3119747
(J2000) and a background annulus with inner and outer radii 8”
and 167, respectively. The host galaxy is clearly detected in
griz bands, but there is no detection in Y, so we do not use this
band in the host-galaxy analysis described below (Section 3.2).

2.3.5. MMT/MMIRS

We imaged the location of the host galaxy of GRB 231117A
with the MMT and Magellan Infrared Spectrograph (MMIRS;
B. McLeod et al. 2012) mounted on the MMT on 2023

December 3-4 (&t =~ 16.02-17.01 days). We obtained
42 x 60s in the J band (Program 2023B-UAO-G205-23B;
PI Rastinejad) and 10 x 65 s in the K band (Program 2023B-
UAO-S151-23B; PI Shrestha). These images were reduced
with the same procedure as was used for Keck/LRIS imaging
(Section 2.3.1). We do not expect contamination from the GRB
counterpart in our host photometry, given the event redshift as
well as the expected brightness of any afterglow or kilonova
emission at this epoch (as in, e.g., J. C. Rastinejad et al. 2021).
Thus, we perform aperture photometry with IRAF/phot on
the host galaxy (Table 2), calibrating to Two Micron All Sky
Survey stars in the field (M. F. Skrutskie et al. 2006).

2.3.6. Additional Optical Observations

For comparison, we gather afterglow observations from the
literature (T. W. Chen et al. 2023; M. D. Fulton et al. 2023;
R. Kumar et al. 2023; N. Pankov et al. 2023; B. Schneider et al.
2023; S. Yang et al. 2023) in g, r, ¥/, R, and i. Given the
location of GRB231117A in its host, we only consider
observations for which preliminary host subtraction has been
performed. We use these observations to compare to our
afterglow model in Section 4, but we do not include them in the
modeling owing to inhomogeneities in how host subtraction
was performed.
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Figure 2. Top: LRIS spectra of the location of GRB231117A taken at
6t ~ 1.1 days (“Host + Afterglow”) and 6t =~ 48 days (“Host Only”). We
identify the locations of the emission lines that we used to determine the
redshift of GRB 231117A at z = 0.257. Also displayed is the residual spectrum
from subtracting our LRIS Host Only spectrum from our Host + Afterglow
spectrum (see subtraction procedure in Section 3.3). The resulting “Afterglow
Only” spectrum is shown as a green curve with the uncertainty spectrum,
including uncertainty in both spectral extractions and the relative scaling
between the spectra, shown in gray. Bottom: the Afterglow Only spectrum
converted to flux density vs. frequency space, and corrected for Milky Way
extinction (J. A. Cardelli et al. 1989). We fit a power law to the afterglow
spectrum (black line) and determine 8o = —0.86 £+ 0.01 (F, l/d).

2.4. Radio and Millimeter Afterglow Discovery and Follow-up
Observations

2.4.1. Very Large Array

A radio source coincident with the XRT and optical
afterglow positions was detected with the Australia Telescope
Compact Array with a 9.0 GHz flux density of F,, ~ 210 pJy at
a midtime of 6t ~ 0.54 day (L. Rhodes et al. 2023a). Soon after,
we initiated X-band (7.98-12.02 GHz, central frequency of
10.0 GHz) observations of GRB 231117A with the Karl G.
Jansky VLA at a midtime of 6t = 0.87day (Program 23A-296;
PI Schroeder). We used 3C48 for flux and bandpass calibration
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and J2152+4-1734 for complex gain calibration. The data were
reduced using the Common Astronomy Software Applications
(CAsA; J. P. McMullin et al. 2007; I. M. van Bemmel et al.
2022) VLA Pipeline, and self-calibrated the data using the
CASA Automated Self-calibration Imaging Pipeline.** We used
CASA/tclean with custom parameters to image the data. We
detect a ~270 source, and use the pwkit/imtool program
(P. K. G. Williams et al. 2017) to measure the flux density
of the source, which we find to be F, = 194.0 + 7.2 uly
(first regorted by G. Schroeder et al. 2023b). A position of
a = 22"09™M33536 and 6§ = +13°3119"8 is measured, with an
uncertainty of 0'2 in each coordinate, which is coincident with
the CXO (Section 2.2.2) and optical (Section 2.3.1) positions of
the afterglow (Figure 1).

We initiated a second epoch of multifrequency observations
in the Sband (1.99-4.01 GHz, central frequency of 3.0 GHz),
the C band (3.98-8.02 GHz, central frequency of 6.0 GHz), the
X band, and the K, band (12.01-18.16 GHz, central frequency
of 15.1 GHz) at 6t ~ 3.9 days, using the same gain and flux
calibrators. Unfortunately, owing to severe radio-frequency
interference, the observations experienced extreme gain
compression, and those using 3-bit samplers (C, X, and K,
bands) are unrecoverable. To recover the S-band 8-bit
observations, we applied the gain compression fix in the CASA
pipeline, and proceeded with self-calibration and imaging.

We initiated four additional epochs (Programs 23A-296 and
23B-338; PI Schroeder) of multifrequency observations
including the S, C, X, and K,, bands out to ~39.7 days. 3C48
for 3C286 were used for flux and bandpass calibration and
J21524-1734 for complex gain calibration. We thoroughly flag
and rerun the pipeline, applying the gain compression fix when
applicable. The source faded beyond detection by the final
epoch of observations (8¢ = 39.7 days), confirming the source
as the radio afterglow of GRB 231117A. We summarize these
observations in Table 3, and the 10 GHz afterglow light curve
is plotted in Figure 3.

2.4.2. Atacama Large Millimeter/submillimeter Array

We observed GRB231117A with ALMA at a midtime of
0t ~ 1.82days (Program 2022.1.00624.T; PI W. Fong). We
utilized two 4 GHz wide basebands centered at 91.5 and
103.5GHz (central frequency of 97.5GHz), and employed
J2207+1652 as the phase and gain calibrator, J2203+1725 as
the check source, and J2232+41143 as the flux and bandpass
calibrator. The raw data downloaded from the ALMA archive
were calibrated using the ALMA automated pipeline (procedur-
e_hifa_cal.xml) in CASA, and imaged using standard techniques.
We detect a millimeter source with F,, = 111.7 &+ 10.2 pJy, at
a = 22"09™338359 + 0.001, § =13°31'19"77 + 0.02, coincident
with the CXO (Section 2.2.2), optical afterglow (Section 2.3.1),
and VLA (Section 2.4.1) afterglow. We obtained two additional
epochs at ~4.5 and 14.9 days. The millimeter counterpart is
detected in the second epoch but fades beyond detection in the
third, confirming it to be the millimeter afterglow. A summary of
these observations can be found in Table 3. With these ALMA
observations, GRB 231117A is the second short GRB to have a
millimeter afterglow detection (after GRB 211106A; T. Laskar
et al. 2022).

24 https: / /science.nrao.edu /facilities / vla/data-processing / pipeline/ VIPL
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Table 3
GRB 231117A Radio Observations

Observatory o P Flux Density®
(days) (GHz) (udy)
VLA 0.870 10.0 194.0 + 7.2
3.920 3.0 90.4 + 25.1
10.91 3.0 62.6 + 194
6.0 49.1 + 125
10.0 47.6 £79
15.1 51.8 +£7.3
19.91 3.0 <48.6
6.0 428 +54
10.0 18.0 £ 6.5
15.1 <17.1
2491 6.0 29.1 £ 6.6
10.0 209 + 7.8
39.68 6.0 <20.1
10.0 <16.8
MeerKAT 9.450 1.3 126.1 + 14.0
15.43 1.3 71.5 +£10.3
25.41 1.3 31.2 £ 10.6
40.40 1.3 <183
GMRT 31.40 0.55 <167.4
ALMA 1.820 97.5 116.0 + 12.0
4.470 97.5 803 £9.2
14.87 97.5 <315
Notes.

# Midtime of observation compared to Swift/XRT trigger.
® Central frequency.
¢ Uncertainties correspond to 1o confidence. Upper limits correspond to 3.

2.4.3. MeerKAT

We obtained L-band (0.856-1.711 GHz, mean frequency of
1.28 GHz) observations of GRB 231117A with the MeerKAT
radio telescope (in the Karoo desert, South Africa) at a midtime
of 6t ~ 9.4days through Director’s Discretionary time
(Program DDT-20231124-SA-01; PIs Rhodes, Schroeder).
We used J22324-1143 for phase calibration and J1939—-6342
for flux calibration. Using the pipeline Science Data Processor
images, we detect a ~9¢ source colocated with the broadband
afterglow of F,, = 126.1 & 14.0 pJy, and measure an afterglow
position of a = 22"09™33338 and § = +13°31'18"9 with a
positional uncertainty of 1.2 in each coordinate. We initiated
three additional epochs out to 6t ~ 40.4 days, at which time the
source faded beyond detection, confirming the source as the
afterglow of GRB 231117A. A summary of these observations
can be found in Table 3. With these data, GRB 231117A is the
second short GRB to have a MeerKAT afterglow detection
(after GRB 210726A; G. Schroeder et al. 2024) and the first to
have ALMA, VLA, and MeerKAT detections.

2.4.4. uGMRT

We obtained one epoch of Band 4 (mean frequency of
550 MHz, bandwidth of 400 MHz) observations of GRB 231117A
through Director’s Discretionary time with the upgraded Giant
Meterwave Radio Telescope (UGMRT) at a midtime of
Ot =~ 31.4days (Program ddtC318; PI G. Schroeder). 3C48 was
used for bandpass and flux density calibration, and J2250+143 for
complex gain calibration. We flagged and calibrated the data using
standard reduction techniques in CASA, including three rounds of
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Vobs = 5-10 GHz % GRB 231117A
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Figure 3. The 10 GHz VLA light curve of GRB 231117A (green stars). Also
shown are 5-10 GHz radio afterglows of the 15 other short GRBs with radio
detections (colored by redshift) and merger-driven GRB 230307A. Lines
connect observations of the same burst, and triangles represent 3¢ upper limits.
Gray triangles represent short GRBs that were observed but not detected at
radio wavelengths (also 30).

phase-only self-calibration. No source is detected at the afterglow
position to a limit of F,, < 167.4 uJy (30; Table 3).

2.5. Comparison Sample

As part of a comparison sample to GRB231117A, we
present all unpublished VLA observations> of short (or
possibly short) GRBs from our programs. This comprises 12
additional events, obtained between 2017 and 2023 under
programs 17A-218, 19B-217, 21B-198, 20B-057 (PI W. Fong),
and 23A-296 (PI G. Schroeder). We download the CASA
Pipeline Products and image the data using custom routines
with CASA/tclean. A summary of the observations is given
in Table 4. In addition to three previously known detections
(GRBs 170728B, 230205A, and 230217A; W. Fong et al.
2017; G. Schroeder & T. Laskar 2023; G. Schroeder et al.
2023a), there are low-significance possible radio afterglow
detections of GRBs 201006A and GRB 210323A, which are
detected at <50 confidence in one or more epochs, bringing the
total radio-detected short GRB sample to 16 bursts (Figure 3).
We also present new deep upper limits for six bursts, and
inconclusive radio observations for one burst, which was not
well localized. We briefly summarize events with interesting
results below.

GRB 170325A. GRB 170325A did not trigger Swift owing to
the spacecraft slewing at the time of the burst, and was instead
discovered through ground analysis of Swift/BAT data
(D. M. Palmer et al. 2017). As a result, there were no XRT
observations of GRB 170325A, but a candidate optical
counterpart that faded marginally was found within the BAT
localization (E. Mazaeva et al. 2017). We observed the position
of GRB 170325A at a mean frequency of 6.05 GHz for two
epochs (6t ~ 0.9, 3.9 days), and the VLA field of view covered
the entire BAT localization. In our first epoch of observations,
we detect three radio sources at >50. For one of the sources
(“Radio Source 1) we measure a constant flux density across

%5 We remove GRB 191031D owing to complications with the data on account
of the observations being taken during VLA configuration changes.
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Table 4
New VLA Observations of Short GRBs
GRB ot P Flux Density® « (error)? 8 (error)! Location Notes®
(days) (GHz) (1dy) (arcsec) (arcsec)
Afterglow Location
170127B 1.31 6.05 <18.0(6.0) XRT
170428A 2.07 9.77 <17.4(5.8) Optical (1)
170524A 0.65 9.77 <16.2(5.4) XRT
2.5 9.77 <17.1(5.7)
170728B 0.136 6.05 <18.6(6.2) Optical (2)
0.89 6.05 60.9 + 9.5(6.7) 15"51™555584 (2.48) +70°0721"16 (0.47)
0.89 9.77 126.8 + 12.4(8.7) 15"51™555395 (0.91) +70°07'21"33 (0.16)
2.12 6.05 92.9 + 8.2(5.8) 15"51™55%461 (0.68) +70°07'21"16 (0.31)
2.12 9.77 145.5 + 7.0(4.9) 15"51™55%472 (0.23) +70°07'21722 (0.11)
201006A 1.17 6.0 26.1 + 5.6(4.0) 04707345426 (0.74) +65°09'55709 (0.18) XRT
2.13 6.0 304 + 5.7(4.0) 04107343472 (0.72) +65°09'55700 (0.16)
5.66 6.0 <16.5(5.5)
210323A 0.6 6.0 35.9 + 8.7(6.2) 21"11™475240 (3.27) +25°22'09734 (2.24) Optical (3)
6.64 6.0 <8.1(2.7)
210919A 8.57 5.92 <14.7(4.9) Optical (4)
211023B 3.65 6.0 <12.0(4.0) Optical (5)
6.63 6.0 <16.2(5.4)
230205A 2.83 6.0 40.1 + 8.8(6.2) 13"28™165843 (0.50) +46°43'3285 (0.22) Radio (6)
17.19 6.0 128.0 + 6.3(4.4) 13"28™16°836 (0.07) +46°43'33"12 (0.05)
18.88 10.0 139.8 + 8.3(5.9) 13"28™165838 (0.05) +46°43'33"11 (0.03)
39.16 6.0 88.5 + 9.4(6.6) 13"28™16%831 (0.25) +46°43'33"17 (0.10)
66.08 6.0 42.5 + 5.4(3.8) 13"28™165830 (0.28) +46°43'33713 (0.11)
102.57 6.0 29.3 + 7.7(5.4) 13"28™165862 (0.55) +46°43'33"47 (0.21)
230217A 0.78 6.0 65.2 + 6.9(4.9) 18143™045947 (0.23) —28°50'16"56 (0.11) Optical (7)
21.74 6.0 <20.7(6.9)
230228A 1.79 6.0 <11.73.9) XRT
14.87 6.0 <11.7(3.9)
Other Radio Sources
170325A 0.94 6.05 46.3 + 7.1(5.0) 08"29™595997 (1.82) +20°32/06'55 (1.48) Radio Source 1
3.85 6.05 <23.2(7.0)
0.94 6.05 60.7 + 8.6(6.0) 08129545713 (1.69) +20°3127"68 (1.37) Radio Source 2
3.85 6.05 57.7 £ 11.2(7.9) 08"29™545697 (1.97) +20°3126"59 (1.76)
0.94 6.05 38.5 + 6.4(4.5) 08"29™545381 (2.01) +20°32'16793 (1.63) Radio Source 3
3.85 6.05 29.4 + 10.2(7.2) 08129545257 (3.52) +20°32'14749 (3.14)
0.94 6.05 <18.9(6.3) Optical? (8)
3.85 6.05 <16.8(5.6)
201006A 1.17 6.0 <17.1(5.7) Coherent Radio (9)
2.13 6.0 21.7 + 5.9(4.2) 04707365661 (1.04) +65°09'29"45 (0.23)
5.66 6.0 <19.5(6.5)
210919A 8.57 5.92 438.9 + 10.8(5.5) 05"21™013943 (0.42) +01°18'40"22 (0.41) Host Galaxy (10)
Notes.

# Midtime of entire observation compared to Swift/BAT trigger.
® Central frequency.
¢ Uncertainties correspond to 1o confidence. Upper limits correspond to 30. The rms of the image is in parentheses.
9 In the case where a radio source is detected, the R.A. () and decl. (9) of the source are listed, with the positional uncertainty in arcseconds listed in parentheses.
¢ Source position notes and references. All XRT positions are from P. A. Evans et al. (2009). (1) J. Bolmer et al. (2017), (2) P. D’Avanzo et al. (2017), (3)
D. B. Malesani et al. (2021), (4) D. A. Kann et al. (2021), (5) S. Dichiara et al. (2021), (6) G. Schroeder et al. (2023c¢), (7) P. D’Avanzo et al. (2023), (8) E. Mazaeva

et al. (2017), (9) A. Rowlinson et al. (2024), (10) W.-f. Fong et al. (2022).
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both epochs, and we therefore conclude that the radio source is
unrelated to the GRB.?® The other two sources (“Radio Source
2” and “Radio Source 3”) fade significantly by the second
epoch, and thus we cannot conclude whether either source is
related to the GRB. At the location of the candidate optical
counterpart, we do not detect any source. As we are unable to
confidently associate any of the radio sources with GRB 170325A,
we proceed without this burst in subsequent analysis. We provide
the flux-density measurements for the three radio sources and the
candidate optical counterpart in Table 4.

GRB 201006A. We observed the position of GRB 201006A for
three epochs (&t ~ 1.2, 2.1, 5.7days) at a mean frequency of
6.0 GHz. In the first two epochs, we detect a radio source (~50)
just outside the edge of the XRT localization region (~28 offset
from XRT center with 90% containment corresponding to a 2.1
radius; P. A. Evans et al. 2009). The radio source is not detected in
the third epoch despite similarly deep observations. We therefore
claim this source as the radio afterglow of GRB 201006A. We also
detect a radio source (~40) at o = 0407365661 + 1,04,
§ = +65°09'2945 £ 023, which is within the ~5” localization
of the coherent radio source detected by the Low-Frequency Array
(A. Rowlinson et al. 2024) in the second epoch. This source also
appears to fade by the third epoch. However, we note that the 30
rms in the third epoch is comparable to the peak flux we measure
in the second epoch, so there is only marginal evidence for fading
in our data. We present flux-density measurements and positions
of both sources in Table 4.

GRB 210323A. We observed the position of GRB 210323A
for two epochs (6t ~ 0.6, 6.6 days) at a mean frequency of
6.0 GHz. In the first epoch, we detect a radio source (~40)
coincident with the location of the optical and X-ray afterglow
(D. B. Malesani et al. 2021). We do not detect this source to
deep limits in the second epoch, whereas static sources of
similar brightness are detected in both epochs. We therefore
claim this source as the radio afterglow of GRB 210323A, and
present flux-density measurements and positions in Table 4.

GRB 210919A. We observed the position of GRB 210919A at
Ot ~ 8.6 days at a mean frequency of 5.92 GHz. We do not detect
any radio counterpart at the location of the optical afterglow
(D. A. Kann et al. 2021). However, we detect a radio source (~40)
coincident with the host galaxy of GRB 210919A (W .. Fon%
et al. 2022), finding a flux density of F, = 38.9 4 10.8 uly.”
Given the large offset (~13") from the optical afterglow
position (D. A. Kann et al. 2021), this source is unrelated to the
afterglow of GRB 210919A. If we assume the radio emission is
due to star formation within the host galaxy, this results in a
radio star formation rate (SFR; J. Greiner et al. 2016) of
11.0 & 3.4 M, yr ' (z=0.2415), ~40 times higher than the
optically derived SFR of 0.3 + 0.03 M. yr ' (A. E. Nugent
et al. 2022).

In addition to the GRBs mentioned above, we also consider
all published radio observations of short GRBs, which includes
radio detections of 16 short GRBs and one merger-driven GRB
(E. Berger et al. 2005; A. M. Soderberg et al. 2006; W. Fong
et al. 2014, 2015, 2017; G. P. Lamb et al. 2019; W. Fong et al.
2021; T. Laskar et al. 2022; G. Schroeder & T. Laskar 2023;
L. Rhodes et al. 2023a; G. Schroeder et al. 2023a, 2024;
this work).

26 This source is also coincident with point-source  SDSS J082954.54
+203133.1.

%7 This radio source appears moderately extended, and a Gaussian shape is
preferred by imtool.
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3. Host Galaxy
3.1. Galactocentric Offset

To characterize the precise location of GRB 231117A relative
to its host galaxy, we measure the projected offset between the
centroid of its host galaxy and optical afterglow within our Keck/
LRIS G-band imaging. Optical data provide the best constraint on
this quantity for several reasons: they can be aligned to a common
absolute astrometric frame (in this case, the Gaia DR3 frame; Gaia
Collaboration et al. 2023), our difference imaging allows us to
precisely centroid our optical detection of the afterglow, and our
final template image allows us to measure the position of the host
galaxy itself. We use our /-band template image, which we
assume has no afterglow flux, to centroid on the position of the
host galaxy using the methods detailed in Section 2.3.1. This
results in a host-galaxy position of ov = 22"09™33$3370 + 0.0016
and § = +13°31/19.469” + 0.015 (J2000). Thus, our combined
nominal offset of the afterglow from the host galaxy using optical
data is Aa = +0.268 + 0.013 and A§ = +0.340 =+ 0.015.

3.2. Host-galaxy Properties

We model the stellar population properties of the host galaxy
of GRB 231117A with the host-galaxy photometry (Table 2)
and the Keck/LRIS host spectrum (Section 2.3.1) as inputs,
using the stellar population inference code Prospector
(J. Leja et al. 2019; B. D. Johnson et al. 2021). We apply a
dynesty nested sampling fitting routine (J. S. Speagle 2020)
within Prospector to determine the posterior distributions
on the stellar population properties of interest. Internally,
Prospector employs FSPS and python-FSPS to generate
model spectral energy distributions (SEDs; C. Conroy et al.
2009; C. Conroy & J. E. Gunn 2010). We assume a Milky Way
extinction law (J. A. Cardelli et al. 1989), a Chabrier initial
mass function (G. Chabrier 2003), and a parametric delayed-7
star formation history. The spectral continuum is modeled with
a tenth-order Chebyshev polynomial, and the spectral line
strengths are constrained through a nebular emission model.
We refer the reader to A. E. Nugent et al. (2022) for further
details on the stellar population modeling methods. The
resulting SED fit is presented in Figure 4.

We determine median and 68% confidence intervals for the
host’s stellar mass (M.,,), stellar population age (z,,), SFR, stellar
(Z,) and gas-phase (Z,,s) metallicities, and dust extinction (reported
as a V-band magnitude, Ay). We find log(My/M.) = 9.1670:33,
tw = 1.62703% Gyr, SFR =0.39"53% M, yr", log(Z+/Z.) =
—0.97759, 7, and Ay = 0.8270% mag. Note that these are
consistent with the median and 68% confidence intervals for the
stellar population properties of the full short GRB population
(A. E. Nugent et al. 2022). Thus, the host galaxy of GRB 231117A
is a fairly typical short GRB host, and the Prospectoxr-derived
stellar population properties confirm the star-forming classification
of the galaxy (A. E. Nugent et al. 2022; S. Tacchella et al. 2022).

3.3. Afterglow Spectral Subtraction

We now use the second LRIS epoch at ~48.4 days,
dominated by host-galaxy light, to estimate and subtract the
host contribution from the first epoch at ~1.1 days and obtain
an “afterglow-only” spectrum over the range ~3000—-10000 A
at ~1.1 days. This requires that we properly scale the relative
host-galaxy flux between both spectra, whose overall flux
calibration can vary significantly owing to placement of the slit,
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Figure 4. The observed griz/K photometry (green data points), spectrum (green line), and error spectrum (gray line) of the host galaxy of GRB 231117A, compared to
the Prospector-produced model spectrum and photometry (purple line and squares, respectively).

slit losses due to seeing, and the extraction procedure used in
the reductions described in Section 2.3.1.

We scale the host-galaxy flux between the two epochs by
identifying nebular emission lines in both epochs and
calculating the flux for each line in both spectra, specifically
for [O1] AN3726, 3929, HB, Ha, and [O 1] AS007. At the
redshift of GRB 231117A, these lines cover ~4685-9119 A,
spanning most of the wavelength range of our spectra. Under
the assumption that they arise solely in the host galaxy and
should not vary across our two epochs, this enables us to
subtract off cleanly the host-galaxy emission-line and con-
tinuum flux in the first epoch. We further adopt a wavelength-
dependent scale factor that is fitted to the ratio between the
nebular emission-line fluxes as a function of wavelength using
a 1D polynomial. This polynomial accounts for small
differences in the flux calibration or sources of extinction such
as the slightly different airmasses during the two observations.
We correct the afterglow spectrum for Galactic dust (J. A. Car-
delli et al. 1989) using Ay = 0.196mag (E. F. Schlafly &
D. P. Finkbeiner 2011). The final, subtracted afterglow
spectrum is shown in Figure 2, where some of the strongest
emission lines are identified. The afterglow spectrum at
0t =~ 1.1 days can be fit with a single power law, resulting in
a spectral index of 5o = —0.86 £ 0.01. This slope is shown in
Figure 2, for comparison with the subtracted observations.

4. Afterglow Modeling

We interpret the radio through X-ray afterglow of
GRB 231117A in the context of synchrotron emission from a
relativistic FS produced by the GRB jet interacting with the
surrounding environment (e.g., R. Sari et al. 1998;
R. A. M. J. Wijers & T. J. Galama 1999; A. Panaitescu &
P. Kumar 2000; J. Granot & R. Sari 2002). The FS accelerates
the electrons into a nonthermal power-law distribution
(N (7,) o< 7, ", where p is the power-law index). The emission
can be described by the peak flux (F, ) as well as three break
frequencies: the self-absorption frequency (vg,), the peak
frequency (v,), and the cooling frequency (v..). The values of
these break frequencies and peak flux are set by the isotropic
equivalent kinetic energy of the burst (Ek js0), the circumburst
density of the GRB (p = Ar~ k; in this case, we assume a
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constant-density environment where k = 0 and A = m,ng), p,
and the microphysical parameters that describe the fraction of
energy imparted on the electrons (e.) and magnetic field (6}3).
Throughout this analysis, we use the convention F,, %P,

While the standard FS model described above assumes a
spherically symmetric blast wave, we additionally consider the
effects of collimation on the afterglow behavior. When a GRB
jet decelerates sufficiently such that the angular size of the
beaming angle (Oyeam = 1/T', where T is the bulk Lorentz factor
of the post-shock fluid) approaches the size of the true opening
angle of the jet (¢;), an achromatic break is observed in the
afterglow light curve. This “jet break” occurs at time #, and
given Ex i, no, and tje, we can calculate 6; (J. E. Rhoads 1999;
R. Sari et al. 1999). After the jet break, the light curves at
observing frequencies vu,s > vy, are expected to follow
F, « t P (assuming lateral spreading,”® here vup, is the
observing frequency). Typically, at the beginning of the
detected afterglow, we expect v, to be between the radio and
optical bands, evolving through the radio to lower frequencies
at later times.

4.1. Basic Considerations

The X-ray light curve exhibits a flare and a plateau stage
(6t ~ 0.05-0.8 days). This behavior is not consistent with a
standard FS afterglow, and could indicate an alternative
dominant emission mechanism at early times (e.g., B. Zhang
et al. 2006; R. Margutti et al. 2013; A. Rowlinson et al. 2013;
B. P. Gompertz et al. 2015). Therefore, for this analysis and our
initial afterglow fitting, we ignore all data at 6t < 1 day.

4.1.1. The Location of v,, and F,, ,,

We first explore the radio (R), millimeter (mm), and optical (O)
afterglows to determine the location of vy, If v, < vr < v, wWe
would expect the radio-to-optical spectral index to be Sro < —0.5
(Bro = (I — p)/2; here we assume p = 2; J. Granot &
R. Sari 2002), whereas if g < v, < Vo, we would expect
Oro = —0.5. In Figure 5 (left), we construct SEDs at common
observation times of 6f =~ 1.9 days and 6f ~ 3.9 days, and measure

28 1f there is no lateral spreading, F, o< £3P/% (H. Gao et al. 2013).
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Figure 5. Left: SEDs for nearly simultaneous (Az/t < 0.3) observations across our radio, optical, and X-ray data. The dashed line and shaded region represent the 1o
uncertainty in the measurement of Gx (Section 2.2.2). Solid lines show power-law fits between the radio (5g), radio-to-optical (Bro), and optical-to-X-ray (Gox) data.
Right: light curves of our millimeter, optical (r band), and X-ray afterglow at 67 2 1 days. Circles represent detections, squares are interpolated afterglow flux densities,
and triangles indicate nondetections (30). Solid lines represent power-law fits to the detected afterglow, while dashed lines provide an extrapolation past the last

detection.

Oro =~ —0.31 and Oro =~ —0.32, respectively. This indicates
R < Uy < Vo, and the observed radio and optical fluxes together
imply v, ~ 2 x 10"Hz with a peak flux density of
F,m ~ 310 (dy at &t ~ 1.9 days.

We can also constrain the evolution of v, to later times with
radio observations (at 6t ~ 10.9, 25.2 days). As v, evolves to
lower frequencies and through the radio band, [y is expected to
change from ~1/3 (vg < vp) to S—=0.5 (W < vg forp 2 2;
J. Granot & R. Sari 2002). Our radio SED at 6t &~ 10.9days,
spanning vy,s &~ 3—15 GHz, exhibits Og ~ —0.06. Similarly, at
Ot ~ 25.2 days (Vops = 1.3-10 GHz), we measure Oy ~ —0.15
(Figure 5, left). Thus, the change in Fr to lower values
indicates that 1, is evolving to lower frequencies and passing
through the radio band at 6t ~ 10.9 days. Additionally, the SED
at 0t ~ 10.9 days indicates F,, ,, ~ 50 pJy.

Extrapolating from F,,, (which remains constant in time
prior to a jet break; J. Granot & R. Sari 2002) and v, (ocf3/2),
the expected 10 GHz flux density at the time of our first VLA
detection (¢t 0.9days) is ~40uly (F, v'/3 , when
Vea < Vobs < Vms J. Granot & R. Sari 2002), ~5 times lower
than our measured value of ~190 uJy. Therefore, similar to the
X-rays, we do not expect the standard FS to be able to account
for the 10GHz afterglow at 6r < 1 days.

~
~

4.1.2. The Location of v. and p

We next utilize the X-ray (X) and optical afterglows to
constrain the location of v, and estimate p. In the regime v, < vy,
the measured Ox = —0.46 4+ 0.12 (Section 2.2.2) would indicate
p = 092 £ 024 (Bx = —p/2; J. Granot & R. Sari 2002),
inconsistent with our assumption of p 2 2. In the regime v < v,
p =192+ 024 (Bx = (1 — p)/2; J. Granot & R. Sari 2002),
consistent with p = 2, and typical for a GRB afterglow (J. Granot
& R. Sari 2002; W. Fong et al. 2015; A. Rouco Escorial et al.
2023). We further test this break frequency ordering by
investigating the X-ray light curve. The X-ray afterglow at
1 < ot < 4.5 days (see ti analysis in Section 4.1.3) can be fit with
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a single power law of ax = —1.03 4= 0.41 (Figure 5, right panel).
In the regime vx < v, p =~ 1.92 would result in a temporal index
of ax = 3(1 — p)/4 =~ —0.69 (J. Granot & R. Sari 2002),
consistent within 1o of the measured value. We discuss this
further below.

In the regime vx < v, this indicates that the optical and X-ray
afterglows are on the same spectral regime (vp < vx < V), and
therefore the optical-to-X-ray spectral index (Gox) should be the
same as Jx. To confirm this, we construct SEDs at &t =~ 1.9 days
and &t ~ 3.9days, the time of our optical detections, and
interpolate the X-ray data assuming ayx ~ —1.03. We calculate
Box for both epochs and find Gox ~ —0.83 at & ~ 1.9 days and
Box =~ —0.71 at 6t ~ 3.9 days (Figure 5, left panel), consistent
with Gx within 30. However, we note that similar to the ax
analysis above, the measured nominal values of Gox are different
from the expectation of ~—0.46. This can be reconciled if
p > 1.92, which would result in a steeper ax and Gox. Indeed, if
p ~ 2.4, this would result in ax = 3(1 — p)/4 ~ —1.05 and
Ox = Pox = (1 — p)/2 =~ —0.7 (J. Granot & R. Sari 2002),
similar to our measured values. Alternatively, v, ~ rx would
result in intermediate values of —p/2 < Ox < (1 — p)/2 and
31 — p)/4 S ax < (2 —3p)/4 J. Granot & R. Sari 2002), while
also resulting in a steeper Box, similar to the observed behavior.
From the observations, it is not possible to discern whether either
or both of these scenarios are causing the discrepancies we
observe in the nominal values of ax and Gox. As a result, we
conclude that v, < 1o < vx S 1. and 1.92 < p < 24,
Additionally, as previously mentioned, the standard FS model is
likely not the primary source of emission at early times, so it is
unsurprising that the optical slope at 1.1 days (G = —0.86 +
0.01; Section 2.3.1) is steeper than the expected value (~—0.46).
We return to this point in Section 4.3.

4.1.3. Evidence of a Jet Break

We next explore the millimeter, optical, and X-ray afterglow
to search for evidence of a jet break. Prior to a jet break, F, , is
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expected to remain constant (J. Granot & R. Sari 2002),
whereas afterward F, ,, 1 (R. Sari et al. 1999). Comparing
our estimated values of F,;,, at ~1.9days and ~ 10.9days
(~310 pJy and ~50 ply, respectively; Section 4.1.1), we find
F, m evolves with a temporal index of ~—1, and therefore we
expect to find evidence of a jet break in our afterglow light
curves at 6t = 1.9days. The expected temporal index for
Vga < Vops < Vm prior to a jet break is o = 0.5 (J. Granot &
R. Sari 2002), whereas after a jet break it is « = —1/3 (R. Sari
et al. 1999). We measure o, ~ —0.41 at & ~ 1.8-4.5 days
(Figure 5; right), similar to the expected value post jet break,
indicating #¢, S 4.5days. The millimeter data require a
steepening by the third observation at 6t ~ 14.7 days, indicat-
ing vy, < VUpm by Ot =~ 14.7days, consistent with our
expectations from the radio SEDs at 6 =~ 10.9, 25.1days
(Section 4.1.1). Using the constraint on tj, from the millimeter
afterglow, we would expect the X-ray afterglow after
ot 2 4.5days to follow o 1 7, where 1.92 < p < 2.4. Indeed,
we find that the X-ray afterglow at 6t = 4.5 days can be fit with
a single power law with an index of ax = —1.95 £ 0.38
(Figure 5, right panel). The optical band also exhibits a steep
decay with ap ~ —1.68 starting at 6 &~ 1.9 days, indicative of a
jet break, or transition to a jet break, around this time.

In summary, from our analysis of the radio, millimeter,
optical, and X-ray afterglows at 6t > 1days, we expect
VR < Vmm < Vm < Vo < vx < 1, at 6t < 4 days. Additionally,
we expect 1.92 < p < 2.4 and 1.9days S £ S 4.5 days.
Furthermore, given that the X-ray light curve exhibits a plateau,
and the 9.0-10.0 GHz observations are in excess of the
expected flux from the FS at 6t < ldays, we do not expect
the broadband afterglow at 6t < 1days to be well fit with a
standard FS model.

4.2. MCMC Modeling

We next fit the radio to X-ray afterglow of GRB 231117A
within the modeling framework described by T. Laskar et al.
(2014). This model samples the multidimensional parameter space
of p, Ex jso» 10s €c» €, and i using a Markov Chain Monte Carlo
(MCMC) sampling with emcee (D. Foreman-Mackey et al.
2013b). We require that €. + eg < 1, and assume that the fraction
of participating nonthermal (NT) electrons (fyt) is 1 (D. Eichler
& E. Waxman 2005). In addition to the standard FS framework,
our modeling incorporates the scattering effects of scintillation
(B. J. Rickett 1990; J. Goodman & R. Narayan 2006), as well
as the effects of inverse Compton (IC) cooling (R. Sari &
A. A. Esin 2001; T. Laskar et al. 2015) and Klein Nishina (KN)
corrections (E. Nakar et al. 2009; T. E. Jacovich et al. 2021,
G. A. McCarthy & T. Laskar 2024).

Since the data at 6r < 1day are not easily explained by a
standard FS model (Section 4.1), we exclude these from the
model fits. We account for Milky Way dust extinction
(Ay = 0.196 mag) and extinction along the line of sight
(Av.cre) assuming an SMC extinction law (Y. C. Pei 1992). In
addition to the X-ray, optical, millimeter, and radio data
presented in Section 2, we incorporate the initial Arcminute
Microkelvin Imager Large-Array nondetection reported by
L. Rhodes et al. (2023b) into our analysis. In the fit, we employ
a 10% uncertainty floor on our measurements to account for
any systematic offsets in flux calibrations across different
measurement bands, as well as to prevent high signal-to-noise
measurements from dominating the fit.
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We fit the X-ray to radio afterglow using 128 walkers and
10,000 steps, and we discard the first ~0.4% of steps as “burn-in,”
over which the likelihood has not reached a stable value. Our best-
fit model results in a x?/d.o.f. ~ 82/82 ~ 1.0 and a highest log-
likelihood value of £ = 160. We find p ~ 2.29, consistent with
our expectations (Section 4.1.2). The parameters of the best-fit
model are Ex;s, ~ 2.7 X IOSlerg, ng ~ 73 X 10 2cm™2,
€.~ 097, eg~ 7.2 x 1074, lie = 2.4 days, and Ay grp ~ 0 mag.
We present our best-fit FS model in Figure 6 and the best-fit
values and summary statistics in Table 5.

The ordering of the break frequencies is v, < 14, < v, for the
duration of our afterglow observations. As expected, v, =~ vx for
the duration of the detected X-ray afterglow (Section 4.1.2). At
Ot =~ 8.4 days, Vmm = Um, as expected from the steepening of the
millimeter light curve between &t ~ 4.5 and 14.7 days
(Section 4.1.3). The optical afterglow is well fit within a factor
of ~3 for the entirety of the afterglow, whereas the X-ray
afterglow at 6r < 1 days is overpredicted by a factor of ~10, as we
expected. The 9.0-10.0 GHz afterglow is underpredicted by a
factor of ~4-6 at 6r < 1 days; we return to this point in the next
Section. Furthermore, the 1.3 GHz afterglow is underpredicted by
a factor of ~2-3 at 6t < 15 days, which is unsurprising given the
observed flux density of ~130 pJy at ~9.5 days is well in excess
of our predicted F,,, at a similar time (~50 ;Jy at ~10.9 days;
Section 4.1.1).

The measured ny for GRB 231117A is ~14 times higher
than the median for short GRBs with ez ~ 1072
(~5 x 1073 cm73; W. Fong et al. 2015; see also Section 5).
We additionally find a best-fit value oof tiee = 2.4 days, as expected
(Section 4.1.3), resulting in 6; ~ 10.4, which is wider than the
median for short GRBs with measured 0 (~6.1; A. Rouco
Escorial et al. 2023). The resulting beaming corrected kinetic
energy is Ex ~ 4.4 x 10% erg, consistent with the short GRB
population (W. Fong et al. 2015; A. Rouco Escorial et al. 2023).

The derived value of ¢, is higher than the expected
equipartition value of 1/3; however, high values have been
found in several other afterglow studies (e.g., T. Laskar et al.
2016, 2018a, 2022; E. Troja et al. 2019; T. Kangas &
A. S. Fruchter 2021; G. Schroeder et al. 2022, 2024). This
tension can be alleviated by relaxing the assumption that
Snt = 1. Indeed, a study of GRB afterglows found that
0.01 <€ < 0.2and 0.1 < fyt < 1 (R. A. Duncan et al. 2023),
and all of our fitted afterglow parameters are degenerate with
St (see, e.g., D. Eichler & E. Waxman 2005; T. Laskar et al.
2022; G. Schroeder et al. 2024). If fyt < 1, the true value of
Ex iso (and as a result, Ex) and ng would be increased by the
same amount. This is not a concern, as our derived values for
Exiso and Ex are similar to the median for short GRBs
(W. Fong et al. 2015; A. Rouco Escorial et al. 2023), and
therefore fyr < 0.1 would be required for the energetic
properties of GRB 231117A to deviate >2¢ from the median of
short GRBs, lower than what has been inferred for GRBs
(R. A. Duncan et al. 2023). Similarly, though our derived ny is
higher than the median for short GRBs, it is still well within the
range expected for short GRBs, and thus an increase would not
shift the true value of ng outside of the distribution unless
Jar < 0.1. On the other hand, if fyT < 1, eg would be decreased
from ~10~*. This is not a concern as several studies have found a
broad range of values for eg, with median values reaching 1073
(e.g., M. Lemoine et al. 2013; R. Barniol Duran 2014; R. Santana
et al. 2014). Additionally, we note that several studies of radio
detected short GRBs have found eg < 1073 (W. Fong et al. 2015;
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Figure 6. FS afterglow fit of GRB 231117A. Circles indicate detections while
triangles show 3o upper limits. Open symbols represent data masked in the
afterglow fit (&t < 1 day). Gray points show comparison data from the literature
(see Section 2.3.6), which we do not fit for in our model. Shaded regions
represent the predicted variability of scintillation. It is clear that an FS model
alone cannot account for the afterglow at <1 day.

T. Kangas & A. S. Fruchter 2021; T. Laskar et al. 2022;
G. Schroeder et al. 2024), demonstrating that prior assumptions of
eg = 0.1 or 0.01 are likely not representative of the overall short
GRB population.

4.3. The Afterglow at <1 day: A Refreshed Forward Shock with
a Reverse Shock?

We now explore the afterglow behavior at 6t < 1 days. The
flare in the X-ray afterglow at 6r ~ 0.06 day may be attributed
to late-time central engine activity, and the subsequent plateau
in the X-ray afterglow is indicative of an energy injection
episode (B. Zhang et al. 2006; A. Rowlinson et al. 2013;
B. P. Gompertz et al. 2015). The leading physical explanations
for energy injection are the transfer of braking radiation to the
FS due to a millisecond magnetar central engine (Z. G. Dai &
T. Lu 1998; R. Sari & P. Mészdros 2000; B. Zhang &
P. Mészaros 2001), or a stratified jet with a distribution of
ejecta Lorentz factors (see Figure 7), leading to ejecta at lower
Lorentz factors possessing a significant amount of energy
catching up with the FS (M. J. Rees & P. Mészaros 1998;
R. Sari & P. Mészaros 2000). The relative velocity of these
shells is expected to only be mildly relativistic (M. J. Rees &
P. Mészaros 1998; P. Kumar & T. Piran 2000; R. Sari &
P. Mészaros 2000). Regardless of the physical scenario causing
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Table 5
Forward-shock Parameters

Parameter Best-fit Model MCMC Results

p 229 2.24+091

Ex iso(10°% erg) 2.7 x 107! 15553 x 107!

ng(cm™>) 73 x 1072 48418 x 1072

€ 9.7 x 107! 8.5719 x 107!

e 72 x 107 32150492 x 1074

fi(days) 2.4 2.6104

Bie(deg) 10.4 10.6703

Ex(10™ erg) 44 %1073 26418 x 1073

Ay gre(mag) 0 0
Break Frequencies and Peak Flux at 6r = 1 days

Vsa(HZ) 5.1 x 107

Vm(Hz) 43 x 10"

v.(Hz) 1.8 x 10"

Fum(idy) 350

Note. Top: the best-fit and summary statistics (median and 68% credible
intervals) parameters from the marginalized posterior density functions of the
FS afterglow parameters from our MCMC modeling. The parameters of the
best-fit model may differ from the summary statistics, as the former is the peak
of the likelihood distribution, and the latter is calculated from the full
marginalized posterior density functions of each parameter. Bottom: the break
frequencies and peak flux of the FS from the best-fit parameters at 6t = 1 days.

the energy injection, the result is a refreshed FS from a gradual
increase in kinetic energy, such that Ey ;s, o ¢, leading to an
achromatic break in the afterglow light curve at the start (¢,)
and end (#g) of the energy injection episode. We now explore
an energy injection model to explain the observed afterglow
behavior at 6r < 1day (excluding the X-ray flare, which is
likely not dominated by the afterglow).

During the energy injection event, the expected flux evolution
for e < Vgps is F,, ox #273PTm@+P)/4 (B 7hang et al. 2006). The
X-ray light curve from 6t ~ 0.004-0.8 day (ignoring the flaring
event at &t ~ 0.05-0.07 day) can be fit with a single power law
with a temporal index of ayx = —0.6 = 0.1, implying m = 0.5.
This value of m would lead to an optical decline of
a =03 —3p + m3 + p)/4 ~ —02 in the regime
Vm < Vobs < V. (B. Zhang et al. 2006), consistent with the
observed plateau in the optical afterglow (Figure 6).

While a refreshed FS can explain the X-ray and optical
behavior at 6t < 1day, the original FS model already
underpredicts the observed 9.0-10.0GHz afterglow at
ot ~ 0.5-0.9 day, and the inclusion of energy injection will
further reduce the predicted early radio flux, worsening the
agreement. This can be mitigated with the incorporation of an
RS to the model (see Figure 7). An RS is a natural expectation
from the interaction of the GRB jet with the surrounding
ambient medium, or from an energy injection episode in the
stratified jet model (P. Kumar & T. Piran 2000; R. Sari &
P. Mészéaros 2000; B. Zhang & P. Mészaros 2002; B. Zhang
et al. 2003; J. Granot & G. B. Taylor 2005; B. Zhang &
S. Kobayashi 2005). The broadband emission of several short
GRBs has been explained with the invocation of refreshed FSs
or RSs (A. M. Soderberg et al. 2006; Y.-Z. Fan & D. Xu 2006;
D. A. Perley et al. 2009; A. Rowlinson et al. 2010; R. Hascoét
et al. 2012; A. Rowlinson et al. 2013; S. Zhang et al. 2017;
R. L. Becerra et al. 2019; G. P. Lamb et al. 2019; E. Troja et al.
2019; W. Fong et al. 2021; A. Rouco Escorial et al. 2021;
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Figure 7. A schematic of the refreshed FS + RS model we use to describe the behavior observed in the afterglow of GRB 231117A. Top (a): a central engine launches
a jet of stratified ejecta. The fastest ejecta (blue) interact with the interstellar medium (ISM) and produce an FS (initial FS). Energetic ejecta (pink) are behind the
fastest ejecta; no observational signature from these ejecta is detected yet. The observed light-curve behavior in the X-rays is a simple power-law decline. The
observed spectrum is a triple broken power law, as expected for a synchrotron afterglow. Middle (b): the energetic ejecta have caught up to the fastest ejecta, and
deposit the energy into the FS (refreshed FS). The collision of these two ejecta shells shocks the ejecta (purple) and produces an RS that propagates backward. In the
X-rays, the refreshed FS results in an observed plateau. In the afterglow spectrum, the RS dominates at lower frequencies, in the radio through optical. Bottom (c): all
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power law, both with increased energy (final FS).
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G. Schroeder et al. 2024); however, the combination of a
refreshed FS with an RS has only been invoked to explain two
other short GRBs (A. M. Soderberg et al. 2006; G. P. Lamb
et al. 2019). In the refreshed FS scenario, the RS will propagate
during the injection period, and will naturally cross the ejecta at
the cessation of energy injection (M. J. Rees & P. Mészdros
1998; P. Kumar & T. Piran 2000), potentially producing
detectable synchrotron emission (R. Sari & P. Mészéros 2000;
Z. L. Uhm 2011).

The RS can be described by its own set of break frequencies
(VsarSs VmRs> Vers) and peak flux (F, ;, rs). At fg, the RS break
frequencies are expected to be related to the FS break
frequencies (VsyFs, VmFs, Vers) and peak flux (F, ., rs) such
that

Vm,RS

Vm,FS
Ve, RS
(D

LA

1:"lz,m,RS 'R
- B »

FI/,m,FS

where Rg = (eprs/€prs)'/? is the ejecta magnetization, and T
is the bulk Lorentz factor of the FS at tg (B. Zhang et al. 2003;
T. Laskar et al. 2018c). We assume rg,rs X s/ Ve FS
(T. Laskar et al. 2018c) and that the RS and FS have similar
values of p, €., and Compton Y parameters. The evolution of
the RS after 7 is dependent on whether the RS is relativistic or
Newtonian, where a relativistic RS requires no additional
parameters. For a Newtonian RS, the evolution of the RS break
frequencies after #g is dependent on the ejecta Lorentz factor
evolution, such that I" o« R™¢ (where R is the radius of the
ejecta shell; P. Mészaros & M. J. Rees 1999; S. Kobayashi &
R. Sari 2000). For an interstellar medium (ISM) environment,
numerical simulations indicate g ~ 2.2 (S. Kobayashi &
R. Sari 2000). In what follows, we assume the RS is Newtonian
and that g = 2.2, given the mildly relativistic nature of the shell
collision. However, we note that the evolution of a relativistic
RS is similar to a Newtonian RS when g = 2.2 (for the RS
spectral break frequency ordering we have assumed), and
therefore a relativistic RS can also explain the observed
behavior.

To test this model, we construct a refreshed FS + RS light-
curve model (see T. Laskar et al. 2018c). We set m = 0.5,
to = Odays,” and #z = 1.0days, at which time I' ~ 4.7. In
order to ensure consistency with the FS parameters, we scale
the RS break frequencies and peak flux according to the
prescription laid out above, and set g = 2.2. We find that
Rg = 0.3 provides a good fit** to the 9-97.5 GHz data at
ot < 2days (“Model 1,” Figure 8). While this model fits the
majority of the data, the refreshed FS overpredicts the X-ray
plateau at 6t ~ 0.2-0.8 day by a factor of ~3-5. Additionally,
given vy rs <K Vo, the RS does not contribute significantly to
the optical afterglow, and therefore we still are unable to
explain our measured (g at 6f ~ 1.1 days.

We therefore explore an alternative refreshed FS + RS
model to better fit the X-ray plateau. To match ax ~ 0 at

2% This model effectively starts at panel (b) in Figure 7.
30 The resulting RS parameters at 6t = 1.0 days are vy, grs = 6 X 10® Hz,
Vmrs & 6 x 10'"°Hz, v s ~ 7 x 10" Hz, and F, ,rs ~ 0.4 mly.
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Figure 8. Comparison of the FS afterglow model (dotted lines) of
GRB 231117A to the two suggested refreshed FS 4+ RS models (solid lines
and dashed lines), for selected wavelengths. Gray points represent data from
the literature, which are presented for comparison but not included in our
models (Section 2.3.6).

0t =~ 0.2-0.8 day, we require a higher value of m = 0.9, as well
as fo > Odays to fit the early (6r ~ 4 x 107°=2 x 10~ *day)
X-rays. Physically, this may indicate that the RS is a result of a
violent collision of a secondary ejecta shell, released after the
initial GRB ejecta (e.g., T. Laskar et al. 2018b; G. Schroeder et al.
2024). The X-ray flare at 6t &~ 0.06 day may indicate the release of
this shell, which must then catch up with the initial shell. However,
since the optical afterglow at &t < 1 day will be underpredicted by
a factor of ~2-9, we compensate for this by adjusting the RS
break frequencies and peak flux.”’ We find that a refreshed
FS + RS model with £, gs ~ 0.2 mly, vmrs ~ 10" Hz, 1,
rs 4 x 107 Hz, m = 0.9, 1, = 0.15 day, and #z = 1.7 days
provides the most adequate match to the X-ray plateau, within a
factor of ~1.3 (“Model 2,” Figure 8). We note that v, s is
unconstrained in this model, and we set it to ~10° Hz, similar
to Model 1.

In Model 2, v, rs & Vo at 6t S 1.7 days, and therefore, the
optical afterglow at 6t ~ 1.1 days is significantly affected by the
RS. As aresult, 8p at 6t < fg is steeper than the FS expectation
of ~—0.65, and we find 5y ~ —0.74 at ~1.1 days for Model 2,
though this value is still not as steep as our measured
Bo = —086 =+ 0.01 (Section 3.3). Additionally, the
combination of the later 7, and higher m (compared to Model

3L As to = 0, it is not required that the RS from a shell collision must be
consistent with the FS.
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1) results in an underestimate of the optical afterglow at
0t ~ 0.1 day by a factor of ~3-5. Owing to our given vy, rs, the
RS does not produce significant flux at 9.0-10.0 GHz, and
therefore, the radio afterglow at 6t < 1day remains under-
predicted in Model 2.

Both refreshed FS + RS models can each explain individual
components of the broadband emission, but it is ultimately
challenging to explain the X-ray plateau self-consistently with
the other bands. Model 1 moderately overpredicts the early
X-ray plateau, whereas Model 2 better predicts the plateau
within a factor of ~1.3. Conversely, Model 2 is unable to
explain the 9.0-10.0 GHz afterglow at <1 day, whereas
the RS in Model 1 naturally explains this emission.
Additionally, while Model 2 may alleviate some of the tension
between our measured and expected Jo at 6t ~ 1.1days, it
more significantly underpredicts the optical afterglow at
0t =~ 0.1 day, whereas Model 1 matches the optical afterglow
at 6t ~ 0.1 day within a factor of ~2. Given that Model 1 is
consistent with the FS in terms of RS parameters, we
moderately prefer this scenario over Model 2, which requires
more “fine-tuned” RS parameters. In both refreshed FS 4+ RS
scenarios presented above, Ex ;5o increases by a factor of ~10
over the time span of &t ~ 107%-1 days, indicating that a
significant amount of energy was released at later times and/or
in slower moving ejecta. If the energy injection is the result of a
millisecond magnetar central engine, both models would
require central engine activity out to =>1day, which is
much longer than the expected spin-down timescale (e.g.,
B. D. Metzger et al. 2011; B. D. Metzger & A. L. Piro 2014).
Therefore, we expect the energy injection to be the result of
stratified ejecta, which would not require central engine activity
at very late times.

5. The Properties of Radio-detected Short GRBs

GRB 231117A is the second short GRB to be detected with
MeerKAT (G. Schroeder et al. 2024) and ALMA (T. Laskar
et al. 2022), and the first short GRB to be detected by both
facilities. Our radio/millimeter afterglow detections span
nearly two decades in frequency (v = 1.3-97.5 GHz), essential
for constraining both the properties of the refreshed FS and the
RS (Section 4). These detections motivate us to explore the
properties of radio-detected short GRBs to understand which
properties contribute to our ability to detect these events at
radio bands (~1-20 GHz).

Broadening our discussion to all short or merger-driven GRBs,
we explore whether the radio-detected population differs from the
overall short GRB population in terms of their redshifts, X-ray
afterglows, circumburst densities, projected offsets from their host
galaxies, and opening angles. We also include GRBs that have
been classified, or tentatively classified, as short GRBs with
extended emission (A. Lien et al. 2016; W.-f. Fong et al. 2022)
and exclude short GRBs with likely single-star progenitors (e.g.,
GRBs 080913, 090423, 100724A, and 200826A; B. Zhang et al.
2009; T. N. Ukwatta et al. 2010; T. Ahumada et al. 2021;
L. Rhodes et al. 2021; B. B. Zhang et al. 2021). We finally
include three merger-driven long GRBs (GRB 060614A,
GRB 211211A, and GRB 230307A; M. Della Valle et al. 2006;
J. P. U. Fynbo et al. 2006; A. Gal-Yam et al. 2006; N. Gehrels
et al. 2006; B. Yang et al. 2015; 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). We further require an X-ray afterglow
detection, resulting in a sample of 132 short/merger driven GRBs.
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Of this total sample, 89 have redshifts, 57 have measured
circumburst densities, 84 have measured projected offsets from
their host galaxies, and 32 have measured ¢; or published lower
limits (athm).

Within our sample of 132 GRBs, 71 were observed at radio
wavelengths (~1-20 GHz) and 17 were detected in the radio
band, including the merger-driven GRB 230307A (E. Berger
et al. 2005; B. Zhang et al. 2006; W. Fong et al. 2014, 2015;
G. P. Lamb et al. 2019; E. Troja et al. 2019; W. Fong et al.
2021; T. Laskar et al. 2022; A. J. Levan et al. 2024; this work).
For the purposes of this discussion, we label short GRBs with
radio nondetections < 100 pJy as those with “deep” radio
limits, and those with nondetections 2100 pJy as “shallow”
radio limits.

With 17 (16 short +1 merger-driven) GRBs with radio
detections, ~13% of our sample has been detected at radio
wavelengths. Comparatively, only ~7% of the W. Fong et al.
(2015) X-ray-detected sample were detected in the radio. With
this larger and more statistically significant sample size, we finally
have the capability to look at the properties of radio-detected short
GRBs, compared to their undetected counterparts.

5.1. Redshift

We first explore the redshift distribution of the short GRB
population. The brightness of the afterglow of a GRB follows
the inverse-square law of distance; therefore, it is expected that
higher-redshift GRBs will have fainter radio afterglows,
potentially leading to a tendency for radio-detected GRBs to
be observed at lower redshifts (e.g., S. Zhang et al. 2017). In
total, there are 87 short GRBs with redshift determinations>?
(A. J. Levan et al. 2009; B. O’Connor et al. 2022; W.-f. Fong
et al. 2022; G. Schroeder et al. 2024; A. J. Levan et al. 2024,
A. E. Nugent et al. 2024), and 14 of those short GRBs have
radio afterglow detections®> (Figure 9, top left). At z = 0.257,
GRB 231117A is among the most nearby short GRBs, with
only 12/87 short GRBs at a lower redshift, whereas the total
short GRB population has a median redshift of (7)) = 0.6. In
general, the short GRBs that are detected in the radio reside at
slightly lower redshifts, with a median value of (zq;0) = 0.5.
However, the observational bias is more apparent from a
comparison at higher redshifts: only three (~18%) of the radio-
detected short GRBs have been found at z > 0.6, compared to
half of the total short GRB population. This apparent bias
toward low-redshift short GRBs confirms our expectation that
it is more difficult to detect the radio afterglow at high redshifts.
Importantly, deep radio limits of short GRBs exist across the
redshift range, indicating that we are not biasing our radio
observations toward low-redshift short GRBs.

5.2. The X-Ray Afterglow

We next explore trends with the X-ray afterglow fluxes and
luminosities. This comparison is rooted in long GRBs, as a
study of their radio properties (P. Chandra & D. A. Frail 2012)
found that their radio detectability is correlated to the X-ray
afterglow flux; we therefore would expect a similar pattern for
short GRBs. Thanks to the automatic slewing of Swift/XRT,
the majority (~70%) of short GRBs have been detected in the

32 For nine short GRBs, we use the photometrically derived redshifts from
A. E. Nugent et al. (2024), using the mass-radius relation.

3 GRB 201006A, GRB 230205A, and GRB 230217A do not have redshift
determinations.
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Figure 9. Distributions of the short GRB population for the following properties: redshift (z, top left), X-ray flux at 6t = 0.1 days (Fx, 0.1 days» middle left), X-ray
luminosity at dtreq = 0.1 days (Lx, 0.1 days> bottom left), circumburst density (710, middle right), and projected offset from host galaxy (R in kpc, bottom right). The
colored distribution represents short GRBs with radio detections. For each property, we indicate the location of GRB 231117A with a dashed line. The white,
unhatched distribution represents short GRBs that were not observed in the radio. The hatched distribution represent GRBs with radio limits.

X-rays (W. Fong et al. 2015; A. Rouco Escorial et al. 2023),
resulting in a large afterglow sample. We first download the
X-ray light curves from the Swift website, and supplement the
X-ray light curves with additional published data (D. B. Fox
et al. 2005; A. Rouco Escorial et al. 2023; A. J. Levan et al.
2024; Y.-H. Yang et al. 2024).

In order to compare the X-ray afterglows of short GRBs, we
determine the X-ray flux at a common time of 6r = 0.1days
(Fx,0.1 days)- We choose this time because typically the X-ray
afterglow has settled into its power-law decay on this timescale
(B. Zhang et al. 2006; D. N. Burrows et al. 2007; R. Margutti
et al. 2010) but is still observable and detected. Of the 132 short
GRBs in our sample, we discard 53 owing to insufficient X-ray
data: the X-ray afterglow is not detected beyond é¢ = 0.1 days,
and/or there is only one X-ray detection. Of the remaining
GRBs, five have X-ray observations starting at >0.1 day, and
we therefore determine Fx o1 gays Via extrapolation, assuming
the afterglow behaved like a single power law. For the
remaining bursts, we use the closest X-ray data point at
6t = 0.1 &+ 0.03 days for Fx g 1 qays- If there is not a data point
within that time range, we instead interpolate the X-ray light
curve to 0t = 0.1day using the X-ray detections surrounding
our time of interest. In total, we find Fx ¢ qays measurements
for 79 short GRBs, including all 17 short GRBs with radio
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detections (Figure 9, middle left). Similarly, for the 52 events
with redshifts and sufficiently sampled X-ray afterglows, we
determine their X-ray luminosities at a common rest-frame time
of Otresy = 0.1days (Lx 0.1 days)- This includes 14 short GRBs
with radio detections (Figure 9, bottom left).

The radio-detected population has a median X-ray flux of
(Fxo01 days) ~ 27 x 107 2ergs'em™,  ~3 times higher
than the overall short GRB population ((Fxoidays) =~
8.1 x 10 2 ergs™' cm?). The higher median for radio-detected
afterglows is expected, as both the radio and X-ray afterglows are
scaled by F,,,, and thus, a brighter X-ray afterglow implies a
higher F,,,, and therefore a brighter radio afterglow.

Despite the fact that the detection of a radio afterglow selects
for lower redshift and high Fxg i days» We find that radio-
detected short GRBs have similar X-ray luminosities to the
overall population ((Lx 0.1 days) =~ 1.5 X 10 ergs™" for the
radio-detected events compared to the population median of
(Lx0.1 days) ~ 1.1 X 10¥ ergs™'). The X-ray afterglow of
GRB231117A is in the lower one-third of the short
GRB population in terms of X-ray luminosity, with
Lx 0.1 days = 3.8 X 10* erg s~ !. Overall, radio-detected short
GRBs span ~4 orders of magnitude in X-ray afterglow
luminosity, indicating that there is no clear correlation between
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presence of radio afterglow and intrinsic afterglow luminosity,
consistent with the findings of S. Zhang et al. (2017).

5.3. Local Environment and Location within the Host

We next explore the distribution of circumburst densities for
short GRBs. At radio wavelengths, the afterglow brightness is
strongly dependent on ny (F, né/ 2 for vg < Vops < Vin
J. Granot & R. Sari 2002), and we therefore expect that the
radio-detected population should have higher circumburst
densities. In addition to that of GRB 231117A, we gather ny
measurements for 52 short GRBs and three merger-driven long
GRBs (D. Xu et al. 2009; W. Fong et al. 2015; J. C. Rastinejad
et al. 2022; A. Rouco Escorial et al. 2023; A. J. Levan et al.
2024). In the cases where multiple n, solutions are derived for a
GRB (e.g., W. Fong et al. 2015), we choose the ng
corresponding to the lower value of eg.** For two bursts,
GRB 210726A and GRB 211106A, we use values based on
updated redshifts (T. Laskar et al. 2022; M. Ferro et al. 2023;
G. Schroeder et al. 2024; A. E. Nugent et al. 2024). Overall,
our sample contains 57 GRBs™ with measured 7y, including 13
short GRBs with radio detections (Figure 9, middle right).

As expected, the difference between radio-detected short GRBs
and the total short GRB population is starkly apparent in n,. The
median ng for radio-detected short GRBs is over a magnitude
higher than for the total short GRB population ({10 radio) =
7.4 x 1072 cm > compared to (19 o) ~ 1.9 x 102 cm ).
The circumburst density of GRB 231117A is at the median for
radio-detected short GRBs, at ny, ~ 7.3 X 10 2cm ™.
Furthermore, we find that 9/16 (~56%) radio-observed short
GRBs with high ny 2 107 2cm > resulted in detection,
compared to only 4/23 (~17%) of the radio-observed short
GRBs with low ng < 102 cm 3. Overall, the radio-detected
population of short GRBs is clearly biased toward higher
circumburst densities.

As we find radio-detected short GRBs in higher ng
environments, we would naively expect that these GRBs trace
smaller projected offsets from their host galaxies. Thus, we
explore the distribution of projected offsets for short GRBs. We
gather the projected offsets in kiloparsecs for 84 short/merger-
driven GRBs with known redshifts (W.-f. Fong et al. 2022;
J. C. Rastinejad et al. 2022; G. Schroeder et al. 2024;
A.J. Levan et al. 2024, A. E. Nugent et al. 2024; this work), 14
of which are radio-detected afterglows (Figure 9, bottom right).
As expected, we find the radio-detected population, including
GRB 231117A, resides at a lower projected offset ({6Rugi0) ~
2.7kpc) compared to the total GRB population ((6Rowm) =~
7.8 kpc). Indeed, of the eight (~10%) short GRBs that reside at
<1 kpc, four have radio detections, and three of the remaining
four GRBs were not even observed at radio wavelengths. At
the high-offset end, only 4 of the 14 radio-detected short GRBs
(~24) reside at 6R 2, 8 kpc compared to half of the short GRB
population overall. This indicates that radio-detected short

34 While this results in higher measured n, values, we choose these values, as
eg < 0.1 is supported by broadband afterglow models of short and merger
driven GRBs (e.g., E. Troja et al. 2019; W. Fong et al. 2021; T. Laskar et al.
2022; J. C. Rastinejad et al. 2022; G. Schroeder et al. 2024; A. J. Levan et al.
2024).

33 This includes 12 GRBs with an unknown redshift, in which case the redshift
was either assumed to be 0.5 (W. Fong et al. 2015) or 0.64 (A. Rouco Escorial
et al. 2023).

36 We find this trend holds even when accounting for the changes in the
measured ny due to assumptions of eg.
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Figure 10. Circumburst density (1) vs. projected offset from the host galaxy
(6R) for short GRBs. Filled-in points represent short GRBs with radio
detections. GRB 231117A is represented as a star. Empty points represent short
GRBs that were not observed at radio wavelengths. Hatched points represent
GRBs with radio limits.

GRBs are more centrally concentrated, commensurate with
their higher densities.

If short GRBs trace the typical ISM density of their host
galaxies, we expect that ny would decrease as a function of
offset. Early studies based on smaller numbers of measure-
ments (22 events; W. Fong et al. 2015) found no obvious
correlation between the two parameters. Now with a sample of
45 GRBs, we indeed find some evidence that supports this
expectation, with GRBs at smaller projected offsets having
higher measured n values (Figure 10). Specifically, there is a
clear dearth of short GRBs at low ny < 10 %cm > at a
projected offset of <1 kpc. This dearth can be seen in Figure 9
of W. Fong et al. (2015); however, given our larger sample
size, the trend is more apparent. We note that this expected
trend is not observed at larger offsets ()R = 2kpc), with
measured ng values spanning ~5 orders of magnitude for a
given offset. Of the five short GRBs at R < 1kpc with high
measured 7 (>1072 cm ), two are radio-detected, whereas
two were not observed at radio wavelengths, and one
(GRB 060614A) was observed but not detected (Figure 10).
Based on the observed trend, the two unobserved events would
be strong candidates for radio detection, and we return to the
single undetected GRB in Section 5.5.

5.4. Opening Angles

We next explore the distribution of 6; for short GRBs.
Understanding the true @; distribution is important for
determining the true short GRB rate (W. Fong et al. 2015;
Z.-P. Jin et al. 2018; S. Dichiara et al. 2020; A. Rouco Escorial
et al. 2023), as well as comparing the rate to the neutron star
merger rate observed by gravitational-wave observatories such
as LIGO-Virgo-KAGRA (B. P. Abbott et al. 2020; R. Abbott
et al. 2023) to determine what fraction of mergers launch short
GRBs. Recent radio detections of short GRBs have revealed
wide (>10°) jets (T. Laskar et al. 2022; G. Schroeder et al.



THE ASTROPHYSICAL JOURNAL, 982:42 (24pp), 2025 March 20

12

=] i < B} 6; Constrained
1or —> i E > 6 Lower Limit
—> I [] Radio Detected
R = e
9] i
£ == &
£ 6 :>
> b
=2 A |:>,
2F % 2
0 & B >
0 5 10 15 20 25 30 35
6 (%)

Figure 11. Distribution of the jet opening angle (6;) or lower limit on the
opening angle (fjim). The green distribution represents radio detection short
GRBs. The hatched distribution represents short GRBs with a constrained 9j,
and the empty distribution with arrows represents short GRBs with a
measured &; jin.

2024), suggesting that without radio observations, we
may be biasing our ¢; distribution toward narrow (<10°) jets.
We use the 29 uniformly derived 6; values presented by
A. Rouco Escorial et al. (2023), which encompasses the largest
such study for short GRBs. When relevant, we use updated 0;
measurements for GRBs060614A, 210726A, 211106A,
211211A, and 230307A (D. Xu et al. 2009; T. Laskar et al.
2022; J. C. Rastinejad et al. 2022; G. Schroeder et al. 2024;
A.J. Levan et al. 2024), as well as GRB 231117A (this work).
Our sample includes 15 measurements (18 limits), 11 (2) of
which have radio-afterglow detections (Figure 11). While this
sample comprises the fewest bursts out of our subsamples,
it has the highest fraction of radio-detected short GRBs
(13/32 ~ 40%). This not only demonstrates the difficulty of
placing meaningful constraints on ¢;, but also indicates that
radio detections are important for measuring 6.

The radio-detected population spans the ma]orlty of the 6
distribution (6; ~ 3°-34°), indicating there is no obvious b1as
for a short GRB to be detected at radio wavelengths based on
the collimation of the jet. However, all of the short GRBs with
measured Qj > 10°, including GRB 231117A, are detected in
the radio, indicating that radio detections are important for
constraining ¢; for wider jets. In order to measure 0;, a jet break
must be detected in one or more bands. As wider jets (>10°)
correspond to later #je, (6 o ti{ 8. R. Sari et al. 1999), the X- -ray
and optical afterglow may fade beyond our detection limits
prior to fe. Therefore, radio observations are sometimes
the only reliable way to determine #, as radio afterglow is
expected to rise until 6t = £, (unless 14, < vr). Indeed, in the
cases of the wide jets of GRB 210726A and GRB 211106A, the
detection of a jet break was only uncovered by the radio
afterglow (T. Laskar et al. 2022; G. Schroeder et al. 2024), and
X-ray analysis alone would have only led to a lower limit on 6
(A. Rouco Escorial et al. 2023).

5.5. GRBs that Evade Radio Detection

We have demonstrated that the radio-detected population
tends to be found at low redshift (z < 0. 6) hl%h Fxo | days

(210 egss Yem™), high density (ng 2 10" “cm™ ) and
low projected offset (JR < 8kpc). These properties are

consistent with expectations from theoretical predictions of
afterglows (e.g., J. Granot & R. Sari 2002), as well studies of
radio-detected long GRBs (e.g., P. Chandra & D. A. Frail
2012), indicating that the standard FS model describes the
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afterglow behavior of most short GRBs. Here, we investigate
the short GRBs with radio limits to understand if there are
events that go against expectations set by the rest of the
population.

Among all of the subsamples defined by their measured
properties, we find that ny is the strongest indicator as to
whether a short GRB will have a detectable radio afterglow.
There exist five short GRBs and two merger-driven GRBs with
high ny > 10~% cm ™ that were observed but not detected in the
radio band: GRBs050709A, 060614A, 070714B, 090621B,
110112A, 111117A, and 211211A. For GRBs090621B,
110112A, and 111117A, each burst was only observed at ~5
or ~8 GHz in one epoch at 6t < 2 days (R. Margutti et al. 2012;
W. Fong et al. 2015). Similarly, GRB 070714B was only
observed at ~8 GHz in one epoch at 6t ~ 15.6 days (W. Fong
et al. 2015). As demonstrated in Figure 3, many radio
afterglows do not peak until 6 > 2days, and fade beyond
detection by ¢t < 15days. Therefore, the lack of radio
detections for these four GRBs may be attributed to insufficient
temporal spacing of radio observatlons Add1t10nallg/ all four
of these GRBs have Fx g1 gays S 10~ 12 egs s 'em™, and two
(GRBs070714B and 111117A) are at z > 0.6 (W.-f. Fong et al.
2022). We have demonstrated that we are less efficient at
detecting bursts with these properties.

The remaining three GRBs are GRB 050709A, 060614A,
and 211211A. The lack of radio detection for both
GRB 060614A and GRB211211A is easily explained by a
narrow jet (6; < 5°), resulting in an early f, < 1.3 days
(V. Mangano et al. 2007; D. Xu et al. 2009; J. C. Rastinejad
et al. 2022). Both of these bursts were only observed in the
radio at 26 days (D. Londish et al. 2006; J. C. Rastinejad et al.
2022), and therefore it is likely that we missed any detectable
radio emission owing to the timing of the observations.
However, the radio observations of GRB 050709A are well
spaced (four epochs spanning 6t ~ 1.6-7.5days) and
sufficiently deep (reaching F, < 40 uJy). Accordingly, the
lack of radio detections for GRB 050709A is difficult to explain
for many afterglow models (e.g., D. B. Fox et al. 2005;
A. Panaitescu 2006). Additionally, both W. Fong et al. (2015)
and A. Rouco Escorial et al. (2023) derive high measured
np ~ lem > though afterglow models with lower values of
ng S (1-5) x 102 cm ™ are still feasible (D. B. Fox et al.
2005; A. Panaitescu 2006; N. Ogino et al. 2024). Overall,
GRB 050709A is the only short GRB that does not seem to fit
the standard FS model assumptions given the lack of radio
detection.

5.6. Prospects for Future Radio Observations

We now explore if radio detectability of short GRB afterglows
can be improved by utilizing the learned trends between radio
afterglows and other observables. For instance, there is a relatively
high radio detection rate for short GRBs with higher X-ray fluxes
of Fxo1 days > 107 12 egs s “tem™ , detecting 11/23 radio-
observed short GRBs (~48%), compared to only 6/27 (~27%)
short GRBs with lower fluxes of Fx o 1days < 107 “egss “2em-
Furthermore, of the 71 short GRBs with radio observations, the
first observation commenced at &t > 0.5 days for ~74% of the
events, at which point Fx o gays Was known. We suggest that
one way to maximize the chance of radio detection is to
increase the depth of our observations for short GRBs with
Fx 0.1 days < 107! egss “tem™?
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Additionally, our findings may lend insight into future host
associations and observations. We have found that radio-
detected short GRBs are often found in high-density environ-
ments at low offsets from their host galaxies, including
GRB 231117A. An interesting case study is GRB 210726A,
which was initially associated with an galaxy at z = 0.35 &+
0.15 with an angular offset of ~371 (A. M. Watson et al. 2021),
resulting in a physical offset of ~15™2 kpc. However, deeper
observations revealed a faint underlying host galaxy at a
photometric redshift of z ~ 2.4 (G. Schroeder et al. 2024),
resulting in a much lower angular offset of ~0.04, or a physical
offset of ~0.4kpc (W.-f. Fong et al. 2022). Similar galaxy
associations resulted from radio detections of GRB 211106A
(T. Laskar et al. 2022) and GRB 230205A (G. Schroeder et al.
2023c). Therefore, similar to the X-ray and optical bands, the
detection of a radio afterglow can often be used to motivate
deeper host-galaxy searches in the absence of a coincident host
galaxy in shallower imaging.

Finally, we explore how our radio observations of short
GRBs have improved in the last two decades, and the outlook
for future observatories. Since the launch of Swift in 2004
(N. Gehrels et al. 2004), 71 short or merger-driven GRBs with
X-ray detected afterglows have been observed at radio
wavelengths, the majority (~80%) of which were observed
with the VLA. Prior to the conclusion of the VLA upgrade in
2012 (R. A. Perley et al. 2011), only two short GRBs were
detected at radio wavelengths (E. Berger et al. 2005;
A. M. Soderberg et al. 2006), despite 27 being observed
(~7% detection rate). However, since the conclusion of the
VLA upgrade, 15 of the 44 short/merger-driven GRBs that
have been observed at radio wavelengths were detected
(W. Fong et al. 2014, 2015, 2017; G. P. Lamb et al. 2019;
W. Fong et al. 2021; T. Laskar et al. 2022; L. Rhodes et al.
2023a; G. Schroeder & T. Laskar 2023; G. Schroeder et al.
2023a, 2024; this work), resulting in a ~34% detection rate. Of
those 15 radio-detected short GRBs, 13 were detected by the
VLA. Thus, it is clear how the VLA’s improved sensitivity has
played an integral role in radio afterglow detection of short
GRBs. Future planned radio facilities, such as the next-
generation VLA (ngVLA; C. L. Carilli et al. 2015), will
provide observations an order of magnitude®’ more sensitive
than the current VLA. These facilities will not only allow us to
detect the faintest short GRB afterglows, but also RS emission
(e.g., N. M. Lloyd-Ronning 2017; N. Lloyd-Ronning 2018).

6. Conclusions

We have presented observations of the afterglow of
GRB 231117A spanning 9 orders of magnitude in frequency
using Swift, CXO, Keck, SOAR, T80-South, MMT, ALMA,
VLA, MeerKAT, and uGMRT. With detections extending to
rest-frame times of 37 days, it is the longest-lived X-ray
afterglow of a short GRB detected to date. Additionally,
GRB 231117A is only the second short GRB to be detected
with ALMA and MeerKAT, and the first to be detected
by both. Motivated by the radio-afterglow detection of
GRB 231117A, as well as the growing sample of radio-
detected short GRBs, we explore the properties of these radio-
bright bursts compared to the short GRB population as a whole.
We come to the following conclusions:

3 https:/ /ngvla.nrao.edu/page/performance

21

Schroeder et al.

1. GRB231117A 1is located at a small projected offset
(~2kpc) from a star-forming host galaxy at z = 0.257,
with stellar population properties that are typical for short
GRB host galaxies.

2. A standard FS can describe the broadband afterglow
of GRB231117A at >1day. However, at <lday a
refreshed FS with an RS is required. While we present
two refreshed FS + RS scenarios to explain the observed
emission, it is difficult to account for the entire X-ray,
optical, millimeter, and radio afterglows with either
model.

3. We find that radio-detected short GRBs are found at
lower redshifts (z < 0.6) with moderately brighter X-ray
fluxes at 0.1 day compared to the overall short GRB
population. However, the X-ray luminosities of radio-
detected short GRBs are similar to the short GRB
population as a whole.

4. Consistent with expectations from synchrotron afterglow
theory, we find that the radio-detected short GRB
population tends to be found at higher circumburst
density environments (>10"2 cm™?), which is commen-
surate with their lower projected offsets (<8 kpc), than
the typical short GRB population. The afterglow proper-
ties of GRB231117A are consistent with the radio-
detected short GRB population.

5. Radio detections of short GRBs are crucial for the
determination of their jet collimation, especially in the
cases of wide (>10°) jets, where the afterglow may only
be detectable at radio wavelengths when the effects of
collimation manifest in the light curves.

6. In order to increase the likelihood of radio detection, we
suggest that the depth of radio-afterglow searches should
be increased for short GRBs with low X-ray fluxes
(< 10712 erg s7! cm_z).

7. Given the tendency for radio-detected short GRBs to
occur in high-density environments close to their host’s
nucleus, we encourage deep observations for underlying
host galaxies in the cases where a radio-bright short GRB
appears highly offset from a candidate host galaxy.

Our work demonstrates the power of radio and millimeter
observations spanning ~1-100 GHz in studies of short GRB
afterglows, and the impact that new or upgraded facilities (e.g.,
MeerKAT, ALMA, upgraded VLA) have had on their
detection rate and the revelation of additional emission
components. Future radio facilities, such as the ngVLA, should
be able to detect most short GRB afterglows, as well as capture
RS emission. This will lead to a more robust understanding of
these explosions and the environments in which they occur, as
well as better constrain the collimation of short GRB jets,
providing more accurate event rates.
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