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ABSTRACT

We present multi-wavelength analysis of ZTF23abelseb (AT 2023sva), an optically discovered fast-fading (4m, = 2.2 mag
in 4t = 0.74 days), luminous (M, ~ —30.0 mag) and red (g — r = 0.50 mag) transient at z = 2.28 with accompanying
luminous radio emission. AT 2023sva does not possess a y-ray burst (GRB) counterpart to an isotropic equivalent energy limit of
Ey iso < 1.6 X 1072 erg, determined through searching y-ray satellite archives between the last non-detection and first detection,
making it the sixth example of an optically-discovered afterglow with a redshift measurement and no detected GRB counterpart.
We analyze AT 2023sva’s optical, radio, and X-ray observations to characterize the source. From radio analyses, we find the
clear presence of strong interstellar scintillation (ISS) 72 days after the initial explosion, allowing us to place constraints on the
source’s angular size and bulk Lorentz factor. When comparing the source sizes derived from ISS of orphan events to those of the
classical GRB population, we find orphan events have statistically smaller source sizes. We also utilize Bayesian techniques to
model the multi-wavelength afterglow. Within this framework, we find evidence that AT 2023sva possesses a shallow power-law
structured jet viewed slightly off-axis (6, = 0.07 + 0.02) just outside of the jet’s core opening angle (6. = 0.06 + 0.02). We
determine this is likely the reason for the lack of a detected GRB counterpart, but also investigate other scenarios. AT 2023sva’s
evidence for possessing a structured jet stresses the importance of broadening orphan afterglow search strategies to a diverse

range of GRB jet angular energy profiles, to maximize the return of future optical surveys.

1 INTRODUCTION

A small subset of stripped-envelope core-collapse supernova (CCSN)
explosions are accompanied by Long Gamma-ray Bursts (LGRBs;
duration Ty > 2s; Cano et al. 2017). LGRBs are powered by accre-
tion onto a black hole remnant or the rotational spin-down of a neu-
tron star remnant, generating collimated (6 ~ 10°) ultra-relativistic
(I" > 100) jets (MacFadyen & Woosley 1999). Traditionally, emis-
sion from GRBs is divided into two phases — the prompt emission
in y-rays originates from within the jets and the afterglow emission
across the electromagnetic spectrum originates from the interaction
of these jets with the surrounding medium (van Paradijs et al. 2000;
Panaitescu & Kumar 2000).

There have been hundreds of optical afterglows detected through
follow-up observations of well-localized LGRB triggers, along with
over 50 of their associated supernovae (see, e.g., Galama et al. 1998;
Hjorth et al. 2003; Hjorth 2013; Cano et al. 2017; Melandri et al.
2019; Hu et al. 2021; Kumar et al. 2022a; Rossi et al. 2022; Blan-
chard et al. 2024; Srinivasaragavan et al. 2023, 2024; Finneran et al.
2024). The advent of state-of-the art time domain surveys including
the Zwicky Transient Facility (ZTF; Graham et al. 2019; Bellm et al.
2019; Dekany et al. 2020; Masci et al. 2019) have also enabled the
serendipitous discovery of optical afterglows without an associated
GRB trigger. Searches of GRB archives post-facto to several optical
afterglow discoveries have shown a number of events possess asso-
ciated GRBs not discovered by high-energy satellites (Cenko et al.
2015; Bhalerao et al. 2017; Stalder et al. 2017; Melandri et al. 2019;
Ho et al. 2022). Possible explanations for these optical discoveries
include GRBs producing y-ray emission that do not notify GRB
satellites to send out prompt alerts, or the lack of a robust afterglow
localization.

If post-facto searches through GRB archives do not find observed
associated y-ray emission, these afterglows are known as “orphan”
afterglows'. These orphan afterglows may arise from a few different
scenarios. The simplest explanation is that GRB satellites may have
missed the prompt y-ray emission due to limited coverage in certain
regions of the sky, or being turned off due to operational reasons.

! The term “apparently” orphan is a more precise term to describe these
events, as this is a purely observational definition. Physically, an associated
GRB to some isotropic energy limit usually cannot be ruled out for optically-
discovered afterglows, and it is possible that -y-ray emission may be present in
these systems, but was just not observed. For brevity, we refer to these events
purely as “orphan" for the rest of the text.

Another explanation is due to extremely off-axis classical GRBs.
Since GRBs are ultra-relativistic, emission from the jet at early times
is only observable within a viewing angle of 6 ~ 1/I". As the jet slows
down, the relativistic beaming cone widens (Rhoads 1997; Mészaros
et al. 1998) and by the time the afterglow generates emission at
optical wavelengths, the cone could include Earth’s line of sight. The
invocation of a “structured" jet is also a possible explanation, where
a GRB’s energy profile varies with respect to viewing angle (Gottlieb
et al. 2021, 2022; Granot & Ramirez-Ruiz 2010). For a structured
jet, even slightly off-axis observers viewing an event within the jet’s
viewing angle but outside the jet’s narrow high-I" core would see
an orphan afterglow (Nakar & Piran 2003; Rossi et al. 2008; Cenko
et al. 2013; Salafia et al. 2015; Lamb & Kobayashi 2017a; Lamb
et al. 2018a; Huang et al. 2020; Sarin et al. 2021; O’Connor et al.
2023; Freeburn et al. 2024), sometimes dubbed an “on-axis" orphan
(Nakar & Piran 2003).

Another possibility is that a GRB’s jet is extremely baryon-loaded,
reducing its Lorentz factor. The higher density of baryons can result
in pair production processes absorbing y-ray prompt emission, rera-
diating it at longer wavelengths. These baryon-loaded LGRBs have
been proposed as “dirty fireballs" (Dermer et al. 1999), though there
have been no observationally confirmed dirty fireballs discovered
thus far in the literature. The discovery of even one genuine dirty
fireball would change our picture of GRB phenomena, confirming
long-held theories that baryon-loaded jets can successfully break out
of their progenitor stars (Paczynski 1998; Dermer et al. 1999). Some
other proposed scenarios include stalled, choked jets forming a co-
coon of shocked material that produces little to no y-rays (Gottlieb
et al. 2018), with the interaction of the cocoon with the surrounding
medium producing an afterglow similar to classical GRB jets at a
lower luminosity (Nakar & Piran 2017), and low radiative efficiency
bursts (Sarin et al. 2022).

The study of optically-discovered afterglows started only around
14 years ago. The first ever discovery was in 2011, PTF11agg (Cenko
etal.2013). The event did not have a confirmed redshift, though it was
argued to be between z = 1 and z = 2. Follow-up observations using
the Jansky Very Large Array (VLA; Perley et al. 2011) showed that
there was a long-lived scintillating radio counterpart to the optical
transient. Two other optically-discovered afterglows (iPTF14yb and
ATLAS17aeu) were discovered in a similar manner to PTF11lagg
at extragalactic distances (Cenko et al. 2015; Bhalerao et al. 2017;
Stalder et al. 2017; Melandri et al. 2019). However, searches through
GRB archives after their discoveries showed that both events had
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associated observed y-ray emission that high-energy satellites did
not promptly send out notifications for regarding their discovery.

The discovery space for these events changed dramatically with
ZTF, as its rapid near-nightly cadence and wide field of view made ita
prime instrument for discovering optical afterglows serendipitously.
Through dedicated afterglow searches, 11 ZTF-discovered afterglows
have been published since ZTF’s inception in March 2018 (Ho et al.
2020, 2022; Andreoni et al. 2021, 2022; Perley et al. 2024; Li et al.
2024). Nine of these events have confirmed redshift measurements
through optical spectroscopy and five have no associated GRB found
post-facto, making them orphan events (AT 2019pim, AT 2020blt,
AT 2021any, AT 20211fa, and AT 2023lcr).

Because there have been so few orphan afterglow discoveries, stud-
ies probing the physical origins of newly discovered events are impor-
tant for understanding their nature. Though optical observations are
utilized for their discovery, understanding their full physical picture
necessitates follow-up observations in the X-ray and radio wave-
lengths, where jet physics and ejecta characteristics can be probed.
Indeed, modeling of AT 2021lany’s X-ray through radio emission
suggests a possible low-Lorentz factor origin (Xu et al. 2023) or a
classical GRB missed by high-energy satellites (Gupta et al. 2022;
Li et al. 2024), AT 2020blt and AT 2023lcr were best modeled as
classical GRBs missed by high-energy satellites (Ho et al. 2020; Li
et al. 2024), and AT 2019pim and AT 20211fa were best modeled as
originating from either low-Lorentz factor GRBs or slightly off-axis
structured jet GRBs (Perley et al. 2024; Li et al. 2024; Lipunov et al.
2022).

In this work, we present the optical, radio, and X-ray observations
of an orphan afterglow, ZTF23abelseb (AT 2023sva) at z = 2.28,
making it the sixth such event presented in the literature. We uti-
lize AT 2023sva’s multi-wavelength observations to physically char-
acterize the source. The paper is organized as follows: in §2 we
present optical, X-ray, and radio observations of AT 2023sva, in
§3 we analyze the multi-wavelength data set, in §4 we provide a
physical interpretation of the afterglow, and in §5 we summarize
our results and present conclusions. We note that throughout this
paper we utilize a flat ACDM cosmology with Q, = 0.315 and
Ho =67.4kms~! Mpc~! (Planck Collaboration et al. 2020) to con-
vert the redshift to a luminosity distance and correct for the Milky
Way extinction of E(B—V)pw = 0.24 (Schlafly & Finkbeiner 2011),
and host galaxy extinction of E (B — V)pos = 0.09 mag (see §3.2).

2 OBSERVATIONS
2.1 ZTF Discovery

AT2023sva was discovered by ZTF (Vail et al. 2023) at r = 17.71 +
0.05 mag (all magnitudes are in the AB system), on 2023-09-17
09:38:31.20 (all times are given in UTC), at a location a (J2000)=
00156™59320°, 5 (J2000) = +80°08’44"/13. ZTF is a survey on the
48-inch telescope at Palomar Observatory that covers around 10000
deg? every night (Bellm et al. 2019), enabling it to survey the entire
northern sky in the g and r bands every two nights, along with i
band for certain pre-selected fields. The survey’s observing system
is described in Dekany et al. (2020) and transient discovery utilizes
an image subtraction pipeline (Zackay et al. 2016) utilizing deep
reference images of fields (Masci et al. 2019). We use the ZTF Fritz
marshal to store the photometry (van der Walt et al. 2019; Coughlin
et al. 2023).

The line of sight MW extinction is E(B — V)yw = 0.24, corre-
sponding to Ay = 0.74 mag. Correcting for MW extinction and the
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host-galaxy extinction derived in §3.2, at a redshift of z = 2.28 (see
§2.2.2), this first detection corresponds to an absolute magnitude in
r band of M, ~ —30.0 mag, making AT 2023sva an extremely lu-
minous optical transient. The source was flagged by human scanners
after passing a filter in the ZTF alert stream (Patterson et al. 2019) that
searches for young and fast transients (described in Ho et al. 2020).
The source was not detected to a limiting magnitude of r > 20.36
mag two nights before on 2023-09-15 05:50:11.95, implying a rapid
rise rate of > 1.3 mag day~'. There was no host galaxy counterpart
detected in the ZTF reference images (the deepest upper limit was
g > 20.7 mag) nor in PanSTARRS images of the field. The source
also decayed rapidly, at a rate of 3 mag day~! in the r band after the
initial observations.

Optically-discovered afterglows are classified and differentiated
from false positives by their rapid rises and decays, red colors indica-
tive of a synchrotron spectrum, extragalactic redshifts, and extremely
high luminosities (a full description of how optical afterglows are dis-
covered in ZTF’s alert stream is presented in Ho et al. 2020). The
primary false positives in optically-discovered afterglow searches
are stellar flares in the Milky Way. These flares possess blackbody
temperatures of around 10,000 K (Kowalski et al. 2013), and in the
optical bands, their spectrum lies on the Rayleigh—Jeans tail. This
corresponds to a spectrum with f,, o v2, or an extinction-corrected
blue color of g — r = —0.17 mag. Afterglows, on the other hand,
have characteristic red colors due to their synchrotron spectrum,
with f,, o v™B where f, is the flux density and B is the spectral
index, the exponential factor that relates the flux density of a source
to its frequency. A g-band observation was obtained of AT 2023sva
shortly after the initial r-band detection, of g = 18.52 + 0.02, on
2023-09-17 10:41:57.034. Extrapolating this g-band detection to the
time of the first r-band detection assuming a simple power-law evo-
lution (detailed in §3.1), the extinction corrected g — r color at the
time of discovery is ~ 0.5 mag. The fast-rise, red colors, and lack of
a host galaxy counterpart made AT 2023sva an optically-discovered
afterglow candidate and motivated follow-up observations.

2.2 Follow-up Observations
2.2.1 Optical Photometry

We triggered a Target of Opportunity (ToO) program on the Spec-
tral Energy Distribution Machine (SEDM; Blagorodnova et al. 2018;
Rigault et al. 2019) on the automated 60-inch telescope at Palomar
Observatory, to obtain imaging of AT 2023sva in the g, r, and
bands. The images were processed utilizing a Python-based version
of the Fpipe (Fremling et al. 2016) pipeline. The pipeline includes
photometric calibrations and image subtraction utilizing reference
images from The Sloan Digital Sky Survey (SDSS; Abazajian et al.
2009). SEDM obtained four epochs of photometry, from 2023-09-18
03:56:16.080 to 2023-09-19 03:57:27.101. These follow-up obser-
vations showed AT 2023sva’s light curve (LC) rapidly decayed by
2.2 mag in r band, in just 0.74 days (see Figure 1).

We also triggered a ToO program on the 0.7-m GROWTH-India
Telescope (GIT; Kumar et al. 2022b) located at the Indian Astro-
nomical Observatory (IAO), Hanle-Ladakh, to obtain an additional
epoch of g and r band imaging of AT 2023sva. The observations
began on 2023-09-19 17:06:25.574. We utilized the ZOGY algorithm-
based Python pipeline to perform image subtraction on the images
using PS1 templates and to obtain the final photometry.

A single ToO observation in the g and r bands was also secured
with the 2.56-m Nordic Optical Telescope (NOT), located in the
Canary Islands (Spain) equipped with the ALFOSC imager, on 2023-
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4  G. P. Srinivasaragavan et al.

Table 1. Optical photometry of AT 2023sva. The photometry in this table is
not corrected for MW or host-galaxy extinction.

MID Filter =~ AB mag  Uncertainty  Facility
60204.40175 r 17.71 0.05 ZTF
60204.40175 r 17.71 0.05 ZTF
60204.40175 r 17.68 0.02 ZTF
60204.42189 r 17.71 0.05 ZTF
60204.42189 r 17.71 0.05 ZTF
60204.42189 r 17.70 0.01 ZTF
60204.44532 g 18.45 0.06 ZTF
60204.44532 g 18.39 0.02 ZTF
60204.4458 g 18.52 0.02 ZTF
60204.4458 g 18.49 0.06 ZTF
60205.16078 g 20.33 0.07 SEDM
60205.16243 r 19.89 0.07 SEDM
60205.16408 i 19.38 0.05 SEDM
60205.30556 g 20.41 0.08 SEDM
60205.30721 r 19.79 0.06 SEDM
60205.30887 i 19.59 0.09 SEDM
60205.48597 g 20.73 0.10 SEDM
60205.48761 r 20.22 0.07 SEDM
60205.48925 i 19.72 0.07 SEDM
60205.8439 r 20.61 0.07 NOT
60205.8477 g 21.18 0.09 NOT
60206.16083 g 21.20 0.12 SEDM
60206.1649 r 21.10 0.15 SEDM
60206.7128 r 21.89 0.07 GIT
60206.8192 g 22.68 0.11 GIT
60208.3729 r >22.12 - SEDM
60208.3666 g >22.13 - SEDM

09-1820:15:12.96. Data reduction was carried out following standard
techniques and photometric calibration was computed against the
Pan-STARRS catalog. The complete photometry obtained of AT
2023sva is presented in Table 1.

2.2.2 Optical Spectroscopy

We secured spectroscopy of AT2023sva using OSIRIS+ (Cepa et al.
2000) on the 10.4-m Gran Telescopio Canarias (GTC) on 2023-09-
19 03:55:51.011. The observation was carried out using the R1000B
grism, which covers the wavelength range 3600-7800 A, and con-
sisted of 3 exposures of 900 s each (de Ugarte Postigo et al. 2023).
The slit position angle was set to parallactic to minimize differential
slit losses.

The data were reduced using a self-developed pipeline based on
IRAF routines. Data reduction included bias and response correc-
tion and wavelength calibrations using HgAr and Ne lamps, which
were also used to do a 2D distortion correction. Cosmic rays were
removed using the lacos_spec routine (van Dokkum 2001). The
1D spectrum was obtained through optimal extraction (Horne 1986).

2.2.3 X-ray Observations

Observations of AT 2023sva with the Neil Gehrels Swift Observatory
(Gehrels et al. 2004) X-ray Telescope (XRT; Burrows et al. 2005)
began at 2023-09-21 18:00:00.000, through a ToO trigger submitted
by our team after the optical afterglow discovery. Observations lasted
for 7.5 ks after the initial trigger. The data were obtained in Photon
Counting (PC) mode. The transient was not detected in the observa-
tions, up to a 0.3 — 10 keV flux limit of < 1.2 X 10713 erg em~2s7L,
We convert this integrated flux limit to a maximum estimated flux
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Figure 1. Optical LC of AT 2023svain the g, r, and i bands and the earliest 3o
upper limits, along with a best fit power-law decay model. The photometry
is taken from Table 1, and then corrected for both MW and host-galaxy
extinction.

density limit at 5 keV (to use in §4.1 when we model the multi-
wavelength data), through assuming a photon index of I' = 1.75.
We use this value, which corresponds to the optical spectral index
of B = 0.75, because we determine that the X-ray and optical data
likely do not lie on the same spectral segment in §3.2. The true X-ray
spectral index must be steeper than g = 0.75, so we use S = 0.75
conservatively to extrapolate the 0.3 — 10 keV flux limit to the flux
density limit at 5 keV, in order for the upper limit derived to be the
maximum allowed. We derive a flux density upper limit at 5 keV of
<8.65x107Pergem 25~ kev!.

2.2.4 Radio Observations

The Arcminute Microkelvin Imager — Large Array (hereafter
AMI—LA) is a 8-dish interferometer based at the Mullard Radio
Astronomy Observatory outside Cambridge in the UK. It observes at
a central frequency of 15.5 GHz with a bandwidth of 5 GHz (Zwart
et al. 2008; Hickish et al. 2018). Observations of AT 2023sva com-
menced with AMI—LA on 2023-09-19 02:08:35UT (1.2 days after
the discovery). Each observation consisted of a series of 600 second
scans of the target interleaved with 100 second of the phase calibra-
tor JOO17+8135, adding up to a total of 4hours on target (except
on 2023-10-07 which was only 2 hours). Once per day AMI—LA
also observes a bandpass/flux calibrator 3C286. AT 2023sva was
observed over 12 epochs spanning 1 to 60 days post-discovery. Data
from AMI—LA is reduced using custom software REDUCE_Dc (Per-
rott et al. 2013) which performs flux scaling, bandpass and complex
gain calibration as well as flagging for radio frequency interference
and antenna shadowing. The calibrated data are then output in fits
format so they can be read into casa for imaging and any further flag-
ging that is required (McMullin et al. 2007). Imaging was performed
interactively using fclean within casa. The AMI observations are
presented in Table 2.

We also observed AT 2023sva with the Karl G. Jansky Very Large
Array (VLA) on six occasions between November 2023 and August
2024 (program ID 24A-130). The first observation used the S, C,
X, Ku, and Ka-band receivers (3, 6, 10, 15, and 33 GHz); subse-
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Figure 2. The IPN 3 o localization region for GRB 230917A (the thick solid
black line), compared to the point-source location of AT 2023sva (star). In
addition, we show the Swift-BAT field of view (FOV; the solid white line), the
Earth occulted regions for Swift, Fermi, and Astrosat-CZTI (dashed lines),
the ecliptic plane (the dashed black line), the Konus-Wind ecliptic latitude
constraint (the solid dark green lines indicates the 30 uncertainty and the
dashed dark green line indicates the most probable burst source ecliptic
latitude), the Konus-Wind — AstroSat-CZTI and Konus-Wind — Swift-BAT
30 triangulation annuli (solid blue and red lines), and the most probable
burst location utilizing the Konus-Wind — AstroSat-CZTI and Konus-Wind —
Swift-BAT triangulation (dashed blue and red lines). We conclude that GRB
230917A is not associated with AT 2023sva.

quent observations used only a subset of these receivers. Data were
calibrated and imaged using standard procedures in the Astronom-
ical Image Processing System (AIPS). Flux density measurements
were performed using imfit. The VLA observations are presented
in Table 3.

We also carried out Upgraded Giant Metrewave Radio Telescope
(uGMRT) observations of AT 2023sva at two epochs during 22-31
March and 17-20 May 2024. The data were recorded in standard
continuum observing mode with a time integration of 10 seconds
in bands-3 (250-500 MHz), 4 (550—-850 MHz), and 5 (1000—1460
MHz). We used a bandwidth of 200 MHz in bands 3 and 4 and 400
MHz in band-5 split into 2048 channels. 3C48 was the flux density
and bandpass calibrator and 2344+824 (bands-4 and 5) and 0229+777
(band-3) were the phase calibrators. We used Astronomical Image
Processing Software (AIPS; Greisen 2003) to reduce the data follow-
ing standard procedure (Nayana et al. 2017). The data were initially
inspected for non-working antennae and radio frequency interfer-
ence. The corrupted data were flagged using tasks UVFLG, TVFLG,
and SPFLG and then calibrated. The calibrated target data were im-
aged using task IMAGR in an interactive mode followed by a few
rounds of phase-only self-calibration.

2.3 Search for Associated GRB

The y-ray sky is monitored by the third Interplanetary Network
(IPN), whose most sensitive instruments are the Swift Burst Alert
Telescope (BAT), Fermi Gamma-ray Burst Monitor (GBM; Meegan
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etal. 2009), and the Konus-Wind (Barthelmy et al. 2005) instrument.
We searched the archives of these three instruments, as well as the As-
troSat Cadmium Zinc Telluride Imager (CZTI; Bhalerao et al. 2017)
instrument, to determine if there is an associated GRB temporally
and spatially coincident with AT 2023sva. We searched the time pe-
riods between the last ZTF non-detection and the first detection (see
§2.1). Though there were several GRBs in this time period, we found
no Fermi or Swift GRBs temporally and spatially coincident to AT
2023sva, through searching the Fermi GBM Burst Catalog, the Fermi
GBM Subthreshold Trigger list, and the Swift GRB Archive. There
were reports of a candidate GRB on the Gamma-Ray Coordinates
Network archives; however this counterpart was later classified as a
likely solar flare and deemed unrelated to AT 2023sva (Roberts et al.
2023). Due to the 2 day time period between the last non-detection
and first detection, there was a significant amount of time that both
Fermi and Swift were not viewing the field of AT 2023sva due to
being occulted by the Earth.

However, because of Konus-Wind’s 47 FOV and its interplanetary
orbit at the Earth-Sun L1 Lagrange point, AT 2023sva’s location was
always visible to the instrument. Konus-Wind detected two GRBs not
detected by Fermi during the time period of interest. The first, which
occurred on 2023-09-15 06:54:20, resulted in Konus-Wind’s eclip-
tic latitude response clearly being inconsistent with AT 2023sva’s
position. Both Konus-Wind and AstroSat-CZTTI detected the second
GRB, GRB 230917A on 2023-09-17 00:44:38.873 by Konus-Wind
and on 2023-09-17 00:44:43.5 by Astrosat-CZTI (Navaneeth et al.
2023). We utilized the propagation time delay between Konus-Wind
and AstroSat-CZTI and the Konus-Wind ecliptic latitude response
to calculate the 30 IPN localization region and determine if it is
consistent with the position of AT 2023sva.

We show the localization region in Figure 2, along with con-
tours showing various Earth-occulted regions for the different satel-
lites, along with the > 10% coded FOV of Swift. We see that GRB
230917A’s 30 localization region is clearly not consistent with AT
2023sva’s location. The lack of detections from Fermi and Swift are
also consistent with this localization, as GRB 230917A’s location was
occulted by the Earth for Fermi and was outside Swift’s coded FOV.
We also localized the burst through the AstroSat-CZTI localization
framework (Saraogi et al. 2024). Since the burst was not bright, the
localization was quite coarse, placing AT 2023sva within the 57%
contour. This also supports the possibility that the burst may not be
associated with the optical transient. Therefore, we determine that
AT 2023sva does not possess a detected GRB counterpart.

We calculate the AstroSat-CZTI upper limits in the time window
between the last non-detection and first detection (a window size of
21600 s; with a confidence of 97.44%), utilizing the methodology
in Sharma et al. (2021). We analyzed AstroSat-CZTI’s duty cycle
during the 50+ hour window (~ 19 AstroSat-CZTI orbits) between
the first non-detection and detection. With the source’s high declina-
tion, AstroSat had continuous visibility of the source, but ~ 29% of
the time was lost to South Atlantic Anomaly downtime and 3% to
slewing. AstroSat-CZTI detects a confident GRB approximately ev-
ery 120 hours. Our extended time window significantly increases the
false alarm rate, leading to the flux upper limits having a relatively
low confidence (~ 87%). Additionally, the method for estimating flux
limits requires 10 “witness” neighboring orbits, which is insufficient
to reliably estimate the background for our time window. As a result,
the upper limits we derived were not meaningful.

We then utilize the Konus-Wind non-detection to derive a peak flux
upper limit for AT 2023sva’s GRB counterpart. During the interval
of interest Konus-Wind was continuously observing the whole sky in
the waiting mode with temporal resolution 2.944 s. In this mode count
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Figure 3. Optical spectrum of AT 2023sva, obtained by the OSIRIS instrument (details in §3.2). We show the Lyman- a abosorption feature along with absorption
features characteristic to GRB afterglows at a redshift z = 2.280 + 0.002, and a best-fit spectral power-law model with additional host-galaxy extinction (details

in §3.2).

rates are recorded in the three energy bands: 19-80 keV (G1), 80—
325 keV (G2), and 325-1290 keV (G3). The instrument background
count rate varied slowly at timescale of a day at < 7%. There were
a number of minor data gaps of a size of about a few X 2.944 s,
accounting for 4 % of the time between the last non-detection and
first detection. After the trigger on GRB 230917A, there was an hour
long data gap in the waiting mode record due to instrument data
readout. During this interval, only the G2 count rate was available
with ~ 4 s resolution.

Using the waiting mode data free from GRBs detected in the
time period between the last non-detection and first detection of AT
2023sva and the response for AT 2023sva’s position, we estimate
an upper limit (90% confidence) on the 20-1500 keV peak flux
to 1.5 x 10~ 7 ergem™2s~! for a typical LGRB spectrum (a Band
function with @ = =1, 8 = =2.5, Epeax =300 keV) and a 2.944
s timescale. The lack of a detected GRB counterpart suggests that
AT 2023sva’s limiting fluence is comparable to that of the weakest
burst from Tsvetkova et al. (2021), who did a study on Konus-Wind
bursts simultaneously detected by Swift-BAT. This fluence is 4 X
10~7ergecm™2 and given the redshift z = 2.28, this corresponds to
an isotropic equivalent energy upper limit of £ 5, < 1.6 X 10°2 erg
for AT 2023sva’s GRB counterpart.

3 OPTICAL AND RADIO ANALYSIS
3.1 Optical LC

We show the optical LC in Figure 1 and the optical transient fades
very rapidly. There is a possible break in the LC that occurs between
one to two days after explosion; however, this break cannot be con-
strained because of the transient’s rapidly fading nature. This leads
to a lack of detections at later times to truly constrain the presence
of a break (or lack thereof). Therefore, we fit a simple power-law to

MNRAS 000, 000-000 (2024)

the early-time data in g, r, and i bands simultaneously with different
normalization factors, F) oc (t — 19)~ %, where « is the power-law
decay index, and ¢ is the estimated time of explosion. We set 7 equal
to the best-fit time of explosion derived in §4.1, of 7y = 60204.09
MJD, or 7.5 hours prior to the first detection. We refer to this 7y as
the time of explosion for the rest of this work. We note that we did
try to let ¢ be a free parameter in the fit as well. Through this fitting
procedure, we found that ¢ was constrained to the midpoint between
the last non-detection and the first detection, likely due to the small
number of data points. Before fitting a power-law, we first correct the
optical magnitudes for both the Milky Way (E(B — V)pyw = 0.24
mag), and host galaxy (E(B — V)post = 0.09; see §3.2) extinction.
We derive a power-law decay index @ = 1.64 + 0.02.

From our best-fit LC, we see that the single power-law decay model
does not fit the last epoch of observations well. This is due to the
possible break in the LC mentioned earlier, which is likely from the
synchrotron cooling frequency v, passing through the optical bands,
resulting in a change of the temporal power-law decay index of the LC
(Granot & Sari 2002; Ryan et al. 2020). We provide more evidence
for this in §4.1.

3.2 Optical SED and Spectroscopy

We fit the gri data from SEDM taken over three separate epochs
(detailed in Table 1) to a spectral power-law model F, o v~ after
correcting for the Milky Way extinction. We obtain a spectral index
of § = 0.95 + 0.15. When including the X-ray upper-limit in the
fitting extrapolated to the midpoint of the SEDM observations, we
constrain the optical to X-ray spectral index Sox > 1.1. Therefore,
we determine that the X-ray and optical data likely do not lie on the
same spectral segment.

In Figure 3, we show the OSIRIS spectrum of AT 2023sva (details
of observations in §2.2.2). The spectrum shows a clear Lyman-«
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Figure 4. The AMI (15.5 GHz) and VLA (15.5 GHz and other frequencies) radio LCs with respect to the observed time since explosion. The 15.5 GHz LC is
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peak synchrotron frequency passing through the radio bands and then a jet break at late times. The lower frequency radio LCs show high variability, due to the

presence of interstellar scintillation.

feature and various other absorption features, at aredshift z = 2.280+
0.002. We measure the equivalent widths (EWs) of the O I, CIV, and
Fe II absorption features. We find strengths of 1.9+ 1.1, 2.63 £ 0.70,
and 1.42 +0.56 . We then compare the line strengths of AT 2023sva
with other GRBs in the literature through calculating the line strength
parameter (LSP), described in de Ugarte Postigo et al. (2012). We
calculate a LSP of —1.70 + 0.58, which corresponds to the 1.03th
percentile of GRBs. Therefore, 99% of the GRBs in the literature
have line strengths greater than AT 2023sva, pointing towards an
extremely low-density sight line to the source.

Because only an X-ray upper limit was obtained, we could not
make any inferences about the presence of host-galaxy extinction
from the SED fitting. However, in Figure 3, we see that the Milky
Way extinction-corrected spectrum shows a distinct curvature that
is likely due to extra extinction from the host galaxy. Therefore, we
fit a power-law to the optical spectrum with the addition of host-
galaxy extinction as a free parameter, using the Cardelli et al. (1989)
extinction law, with R, = 3.1. We find a best-fit spectral index of
B =0.75+0.07 and E(B — V)post = 0.09 + 0.01 mag. We note that
there is no prominent 2175 A feature in the spectrum, which is a
characteristic feature of the Cardelli et al. (1989) model. It has also
been shown that GRB host galaxies in general rarely show strong
evidence for this feature, though in most cases it also cannot be ruled
out (Schady et al. 2012). Therefore, the uncertainties reported here
are statistical uncertainties and there are likely larger uncertainties
dominated by the use of a particular extinction model.

3.3 Closure Relations

There are characteristic closure relations between «, 8, and p (the
electron spectral index) that correspond to different astrophysical en-
vironments (a constant density ISM environment or a stellar wind
environment), as well as cooling regimes within the synchrotron
spectrum (Sari et al. 1998; Granot & Sari 2002). We test the val-
ues derived for @ and S within these regimes, assuming a standard,
tophat jet structure. First, we determine whether we are in the fast or
slow cooling regime. In the fast cooling regime, the synchrotron fre-
quency corresponding to the minimum Lorentz factor that electrons
are accelerated to in the shockwave in the context of a power-law
distribution (vm, also known as the peak frequency) is larger than
the synchrotron cooling frequency v¢, so most electrons are expected
to quickly cool to vc. In this regime, the optical bands can either
be below vy (Ve < v < vp) or above vy, (ve < vim < v). For the
case where v¢ < v < v, B = 0.5 (Sari et al. 1998; Granot & Sari
2002) for both the ISM and wind environment. For the case where
Ve < vm < v, 8 = p/2 for both environments (Sari et al. 1998;
Granot & Sari 2002). It is clear that the 8 we derive is not consistent
with the v. < v < vy case. Furthermore, if the optical bands were
above the peak frequency, then that would imply p = 1.5+0.14. This
is an abnormally small, non-physical value for p, which is generally
expected to be between 2 and 3 (Curran et al. 2010). Therefore, this
implies that we are not in a fast cooling environment.

For a slow cooling environment, vy, is less than v¢ and electron
cooling is not efficient. In this regime the optical bands can be either
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Figure 5. VLA Radio SEDs of AT 2023sva, with the observer frame time of the epochs with respect to the best-fit explosion time shown in the plots. The
spectrum at 72 days shows multiple sharp spectral breaks due to the presence of interstellar scintillation. The sharp breaks continue at lower frequencies until

the epoch at 131 days.

below or above v¢. If viy < v < v, then 8 = (p — 1)/2, for both an
ISM and wind environment. This would imply p = 2.50+0.14, which
is areasonable value. If vy, < v¢ < v, 8 = p/2 for both environments,
this implies p = 1.50 + 0.14, which again is an unreasonable value.
So from this analysis, we determine that assuming a tophat jet, we
are in a slow cooling environment where the optical bands are below
the cooling frequency. For a constant density ISM environment, & =
383/2 in this regime (Sari et al. 1999), which would imply a =
1.13 £ 0.15, which clearly does not match the derived value of «
1.64 + 0.02. For the wind environment, @ = (38 + 1)/2 in this
regime, which would imply @ = 1.63 £ 0.15. This is consistent with
our observed a. However, the jet’s structure may be more complex
than just a tophat and we revisit the closure relations within this
context in §4.1.

3.4 Radio LC and SED

The radio LC at select frequencies is shown in Figure 4. We see that
the 15.5 GHz LC shows a gradual rise %%y at early times, until
around ten days after the explosion. The LC then exhibits a shallow
decay (+79-3) and thereafter transitions to a steep decay (t72), seen at
lower frequencies as well. Lower frequency (< 11 GHz) observations
begin at around day 70 and there is significant short-term variability
in the first couple of epochs in the 4 and 5 GHz LCs, likely indicative
of strong interstellar scintillation (ISS). The initial rise in the 15.5
GHz LC until around 10 days and then shallow decay until around 70
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Table 2. AMI radio observations of AT 2023sva, obtained at 15.5 GHz.

MID Fy (udy) o (uly)
60206.11 220 41
60210.11 350 37
60216.01 522 106
60218.01 423 55
60221.01 455 52
60224.01 432 80
60232.91 348 33
60238.91 301 47
60240.61 392 90

days, can be attributed to the spectral break vy, passing through the
15.5 GHz band. The subsequent steepening across all frequencies is
most likely attributed to a jet break. We model the radio LC in §4.1.

In Figure 5, we show the coeval radio SEDs, at six different epochs
presented in the observer frame. We see that the SED at 72 days has
multiple sharp spectral breaks. This is due to ISS and the modulations
are a factor of ~ 2. We see this behavior continues to persist at lower
frequencies until the epoch at 131 days, though the strength of the
scintillation diminishes.

We expect vy, to pass through the radio bands over time, leading
to spectral breaks in the SEDs. Due to the variability caused by
ISS, we were not able to identify any clear breaks in the first two
epochs. However, starting from the epoch at 84 days, we see that



Table 3. VLA observations of AT 2023sva.

AT 2023sva

v (GHz) Fy (uJy) o (uly)
Epoch 1 (MID 60276.35)

4.53 25.2 14
5.49 49.3 13
6.43 95.6 12
7.51 108.3 11
8.49 147 14
9.51 134 13
10.48 146 14
11.49 109 18
12.5 63 20
13.5 79 14
14.5 92 14
15.6 85 15
16.6 67 16
17.6 115 18
Epoch 2 (MJD 60282.00)

8.5 139 11
9.5 112 11
10.5 100 12
11.5 66 15
12.5 99 14
13.5 72 11
14.5 84 11
15.5 72 12
16.5 86 11
17.5 82 17
31 63.8 13.9
35 51.7 16
Epoch 3 (MJD 60287.06)

4.5 157 13
5.5 229 12
6.5 216 11
7.5 153 10
8.5 132 12
9.5 143 12
10.5 119 13
11.5 90 16
Epoch 4 (MJD 60335.10)

2.25 127 45
2.75 145 20
3.25 210 15
3.75 141 15
4.5 119 11
5.5 110 11
6.5 111 10
7.5 68 9
8.5 100 13
9.5 50 11
10.5 67 12
11.5 41 13
13 36 13
15 24 8
Epoch 5 (MJD 60437.90)

2.7 40 18
3.24 110 15
3.75 136 15
4.5 64.2 9.6
5.5 39 9.4

7 214 6.2
9 184 5.1
11 17 5.5
Epoch 6 (MJD 60537.30)
35 475 6.6
5 357 62
7 21 5.1
9 173 4
300+ v v uGMRT Epoch 1 (188 - 197 days)
v UGMRT Epoch 2 (243 - 246 days)
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Figure 6. uGMRT observations of AT 2023sva, where the upside down
markers represent the 3o~ derived upper limits. Two power-law models cor-
responding to the low-frequency VLA observations at 131 and 234 days are
also shown and the upper limits are consistent with the VLA observations.

the spectrum shows a clear rise and peak at low frequencies and the
location of the peak moves lower in frequency space, until it is not
visible anymore in the 333 day spectrum, starting from ~ 10 GHz in
the 72 day epoch to ~ 3 GHz in the 234 day epoch. We likely are still
below the cooling frequency v, at the times the SEDs were taken,
as we do not see a steepening of the power-law at later times. We
fit a spectral power-law model (F, o v5) to every spectral epoch
except for the 72 day epoch, both to the regions below and above
vm. For frequencies below vy, we find an average value of 8 = 2.2,
with a range of 1.4 to 4.1, and for frequencies above vy, we find an
average value of 8 = —1.2, with a range of —0.5 to —2.1. We note
that the spectral indices derived below vy, have large error bars and
are poorly constrained, as there are only two points below the peak
frequency in the 84 day epoch and three points in the 131 day and
234 day epochs.

In Figure 6, we also show the low frequency uGMRT observations.
Radio emission was not detected at the source position in any of the
GMRT maps providing 3-sigma flux density limits of < 75 uJy at 1.4
GHz, < 180 pJy at 0.6 GHz, and < 300 uJy at 0.4 GHz at the source
position. The first observation took place between 188 and 197 days
after 7( and the second took place between 243 and 246 days after 7.
The upper limits derived are consistent with the power-laws derived
from fitting the 131 day and 235 day epochs.

3.5 Constraints from Radio Scintillation

The radio SED shows clear variations in frequency space in the
earliest epoch at 72 days, across all frequencies. The radio LC also
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Figure 8. Comparison of source size upper limits derived from ISS analyses
in seven classical GRBs (GRB 907508, GRB 030329, GRB 070125, GRB
130427A, GRB 161219B, GRB 210702A, and GRB 201216C), and five
orphan afterglows (AT 2019pim, AT 2021any, AT 20211fa, AT 2023Icr, and
AT 2023sva), with respect to their rest-frame times since explosion. We also
show AT 2023sva’s source size upper limit as a function of time, assuming a
constant density ISM environment.

shows clear modulations by a factor of ~ 2 at lower frequencies up to
100 days. We interpret these variations as being due to ISS, which is
the result of small-scale inhomogeneities in the ISM, which change
the phases of incoming wavefronts of radio sources. Because the line
of sight from Earth to the source changes as the Earth moves, this
causes a change in flux, due to scattering from electrons along the
line of sight through our Galaxy. There is a characteristic transition
frequency vgs where strong scattering transitions (v < vgs) to weak
scattering (v > vss). GRB radio observations are expected to be
affected by ISS (e.g., Granot & van der Horst 2014) and analyzing
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their ISS can provide insights towards their angular size and Lorentz
factors.

We utilize a similar method that Perley et al. (2024) used for
AT 2019pim, to derive AT 2023sva’s source size. From Figures 1-
2 of Walker (1998) (erratum Walker 2001), we determine that the
transition frequency vgs along the line of sight of AT 2023sva is ~
15 GHz and the Fresnel scale at that frequency is 6 g ~ 2 parcsec.
At the angular diameter distance of AT 2023sva, this corresponds
to a physical size of 5.2 X 101® ¢m. From the radio SED in Figure
5, we see that there is strong ISS at vgs during the earlierst epoch
at 72 days and it significantly decreases in later epochs. For strong
ISS to exist near vgg, the source size must be comparable or smaller
than the physical size corresponding to the Fresnel scale. Therefore,
we estimate AT 2023sva’s physical size to be at most 5.2 x 101 cm
at 72 days. Converting this to an average Lorentz factor in the rest-
frame, we get Iy 22,04 < 2.4. In the ISM, as the jet is decelerating,
the projected size increases over time as R o P18 or I' o 1738
(Galama et al. 2003). Extrapolating the ISS limit to the time of first
detection (7.5 hours after explosion in the observer frame, or 2.3
hours after in the rest-frame), we derive a Lorentz factor upper limit
of Iy 230 < 19.

However, I” at the time of first detection is different than the initial
Lorentz factor, I, as it is dependent on the time of explosion and
the initial deceleration timescale, 7ge.. If we assume that 7ge. ~ 20
s (Ghirlanda & Salvaterra 2022) from the explosion epoch (corre-
sponding to the typical rest-frame timescale for a GRB optical LC to
peak) and also assume that the Lorentz factor is constant from the be-
ginning of the explosion up to the beginning of deceleration (coasting
phase), we derive an initial Lorentz factor limit at the start of decel-
eration of Iy < 178. We note that this assumption has many caveats,
as it has been shown that 74, varies greatly for GRBs (Ghirlanda
et al. 2018). Therefore, in Figure 7 we show the parameter space
for allowed I, given our scintillation limit, for a range of #g4e. start-
ing from the last non-detection and ending with the first detection.
We see that if 74.. 2 94 s, that I’ < 100, which would indicate a
more moderately relativistic outflow than the known population of
cosmological GRBs. However, our observations are not constraining
enough to make this claim.

There have only been a handful of scintillation measurements for
GRBs confirmed in the literature, as they necessitate high-cadence,
multi-frequency radio observations of GRBs out to late times. There
have been seven classical GRBs whose source sizes were able to
be constrained by the presence of strong ISS (GRB 970508, Frail
et al. 2000; GRB 030329, Berger et al. 2003; Taylor et al. 2004,
2005; Pihlstrom et al. 2007; GRB 070125, Chandra et al. 2008;
GRB 130427A, van der Horst et al. 2014; GRB 161219B, Alexander
etal. 2019; GRB 210702A, Anderson et al. 2023; and GRB 201216C,
Rhodes et al. 2022), and four orphan afterglows (AT 2019pim, Perley
et al. 2014; AT 2021any, AT 20211fa, and AT 2023lcr; Li et al.
2024). We show the source size upper limits of these sources from
the literature in Figure 8, along with that of AT 2023sva, along with
its source size upper limit as a function of time, assuming a constant
density ISM environment. We see that AT 2023sva has the smallest
source size upper limit when compared to the entire population.

The source most similar to AT 2023sva in this parameter space
is AT 2019pim, which possesses a source size < 6.5 x 101° cm 30
days after explosion, which corresponds to ~ 13 days in the rest-
frame. Figure 8 suggests that the orphan afterglow population as a
whole seems to have smaller source sizes than those of classical
GRB afterglows for measurements taken around the same time, as
they seem to mark out a different parameter space in the plot. We
note that though GRB 210702A and GRB 130427A have smaller
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Figure 9. Left panel: The optical observations of AT 2023sva, along with the best-fit power-law structured jet, tophat jet, and Gaussian structured jet fit to the
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panel: The 15.5 GHz radio observations of AT 2023sva and the X-ray upper limit, along with the best-fit power-law structured jet, tophat jet, and Gaussian
structured jet fit to the observed LC. The X-ray limit has been multiplied by a constant factor for viewing purposes.

source sizes than the rest of the population, this is mainly due to
their early-time observations. When extrapolating their source sizes
to around the epoch the rest of the sample was observed (~ 20 days),
GRB 210702A and GRB 130427A have respective source size upper
limits of 10'® and 7 x 10'® cm.

We then utilize the Anderson-Darling test to determine if the
source limits for the classical GRB and orphan afterglow sample are
drawn from different statistical distributions. We derive a test-statistic
of 4.78, which is greater than the critical value at the 2.5% signifi-
cance level of 4.59, with a p-value of 0.004. This indicates that the
source size upper limits for the sample of classical GRBs and orphan
afterglows with ISS source size constraints are drawn from different
statistical distributions. We note that the classical GRB population
analyzed here is likely a biased population, as ISS analysis is usually
only performed for the brightest GRBs.

One possible explanation for this difference is orphan afterglows
have lower Lorentz factor origins when compared to classical GRBs,
either intrinsically or due to viewing angle effects. Modeling of AT
2020blt and AT 2023lcr showed that they were best modeled as
classical GRBs missed by high-energy satellites (Ho et al. 2020; Li
et al. 2024). However, Li et al. (2024) showed that the inclusion of
early-time data in modeling can lead to different conclusions and
neither event had early-time data to constrain the afterglow’s rise.
AT 2021any was also modeled well as a classical GRB (Gupta et al.
2022; Li et al. 2024), though a low-Lorentz factor solution was also
proposed (Xu et al. 2023). Modeling of AT 2019pim and AT 20211fa
showed that both low-Lorentz factor solutions and off-axis structured
jet solutions were viable (Perley et al. 2024; Li et al. 2024), and our
analysis of AT 2023sva was not able to place any constraints on the
actual nature of the initial outflow at early times, as we determined
it could range from highly relativistic to moderately relativistic (see
Figure 7).

Therefore, the small observed source sizes for the orphan after-
glow population may not be soley due to low-Lorentz factor jets.
Some other possibilities are variations in the circumstellar density
within the timescale of the observations, small-scale structure con-
taminating the afterglow images at later times, or stronger scintilla-
tion effects than the simple models used for this analysis (Alexander

et al. 2019). Further observations of ISS in both orphan afterglows
and classical GRBs are needed in order to understand if the trend
holds true for a broader population, and to what extent low-Lorentz
factor jets play a role.

4 PHYSICAL INTERPRETATION OF THE OUTFLOW
4.1 Multiwavelength Modeling

We next model AT 2023sva’s LC, utilizing the open-source electro-
magnetic transient Bayesian fitting software redback (Sarin et al.
2024), to fit different jet models from afterglowpy (Ryan et al.
2020). For the fitting, we utilize the gri optical data, the X-ray upper
limit, as well as the 15.5 GHz radio LC. We do not include the lower
frequency radio LCs in our fitting procedure as these frequencies
are all below vgs and are affected strongly by ISS. In order to derive
posteriors and perform the sampling, we utilize bilby (Ashton et al.
2019) and Dynesty (Speagle 2020).

We note that afterglowpy has limitations and address the
relevant ones individually within the context of AT 2023sva.
afterglowpy disables jet spreading effects when fixing a finite ini-
tial Lorentz factor for the explosion and assumes an infinite initial
Lorentz factor when accounting for jet spreading. Because we lack
early-time data (two days between the last non-detection and first
detection) it is unlikely we will be able to place any constraints on
the initial Lorentz factor through modeling. Furthermore, late-time
data is largely independent of the initial Lorentz factor, as the jet
would have already underwent significant deceleration, so we enable
jet spreading effects in our fitting. We note that the corner plots for
our modeling presented in the Appendix still show the initial Lorentz
factor as a fitting parameter even after enabling jet spreading effects;
however, this is just a randomly selected value and has no actual
impact on the fitting procedure.

afterglowpy does not account for synchrotron self-absorption
(SSA). SSA is a primarily low-frequency radio phenomenon, and
though there is a possibility that the early-time 15.5 GHz LC may
be affected by SSA, its high frequency and lack of a prominent LC
break at early times implies that SSA effects are negligible at that
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Figure 10. Multiwavelength data set of AT 2023sva, along with the 90% credible interval of the predicted LCs from our posterior samples for the power-law

structured jet model. Fluxes are multiplied by constant factors for visual purposes.

frequency. Finally, afterglowpy does not account for the possibility
of a stellar wind medium environment surrounding the blast and
assumes a constant density ISM environment. Though it is generally
expected that a massive star progenitor should have a stellar wind
medium, multiple previous works have shown that a constant density
ISM environment still fits well to many LGRBs (though there are
exceptions, e.g., Panaitescu & Kumar 2001) — Schulze et al. (2011)
found that out of 27 Swift events, two-thirds are compatible with a
constant density ISM and Gompertz et al. (2018) found that out of
56 Fermi events, half are compatible with a constant density ISM.
Furthermore, most GRBs are modeled utilizing a constant density
ISM in the literature, making it useful for future comparisons.

We test three different jet structure models from afterglowpy
implemented in redback: a tophat jet, a structured jet with a Gaus-
sian profile, and a structured jet with a power-law profile. Tophat
jets have a constant energy per unit solid angle, where the bulk of
relativistic ejecta is inside the solid angle of the jet. They can be
represented by:

E(@) _ {EK,ISO’ 0 < 0c (1)
0, 6> 6,
where E(6) is the energy with respect to viewing angle, Ex_iso
is the isotropic kinetic energy of the jet, 6 is the angle within the
jet, and 6. is the half-opening angle of the jet’s core. The tophat
jet has no structure and is the canonical model assumed for most
GRB afterglow analyses. However, observations of some GRBs show
significant evidence that their jets possess structure (more in §4.3),
with weaker emission farther from the jet axis (e.g., Troja et al.
2019; Cunningham et al. 2020; O’Connor et al. 2023; Gill & Granot
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2023). Therefore, we also test the Gaussian structured jet, which is
represented by

. —-62/26?
E(0) = {EK, iso(e ), 6 < Oy )

0, 6 > Oy

where 0,, is a “wing truncation angle" that represents the relativistic
ejecta spreading past the jet’s core into wing-like structures. The third
model we test is the power-law structured jet, which is represented
by

g2 \"b/2
Exiso (14 (1) )0 < 0w

0, 6 >0y

E(6) = 3)

where b is a power-law index that parameterizes the jet’s structure.
We list the priors used for our fitting procedure in Table 4 and note
that we allow for the time of explosion to also be a free parameter,
due to the lack of constraints mentioned in §2.1. We derive the
Bayesian evidences for each of the models and find log Zigphat =
15.37, 10g ZGaussian = 11.92, and log Zpower—1aw = 24.41. We also
calculate the Bayesian Information Criterion for every model, which
accounts for possible overfitting to the data due to the use of extra
parameters in the structured jet models and find BICpower—Law =
=77.63, BICGaussian = —68.12, and BICoppae = —75.23, where a
lower BIC corresponds to a better fit. Therefore, it is clear the power-
law structured jet model is favored, within the afterglowpy models.
Furthermore, in both the tophat and Gaussian jet corner plots
shown in the Appendix, the posterior for p is hitting the limit p < 3,
implying that the best-fit p is likely p > 3. This is not the case for
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Table 4. Table of priors for redback fits. 6y, is ignored by the tophat model and 3 is only used by the power law model.

Parameter Unit Description Prior (Uniform)
to [MID] estimated burst time from first detection [60202.24, 60204.40]
Oy [rad] viewing angle [0, 1.57]
log;o(Ek,iso/erg) isotropic equivalent kinetic energy of blast wave along jet axis [44, 54]
8 [rad] half-opening angle of jet core [0.01, 0.1]
Ow [rad] wing truncation angle of a structured jet [1,8] x 6,
log;o(no/ cm™?) number density of protons in circumburst medium [-5,2]
P power law index of relativistic electron energy distribution [2,3]
b power law index of jet angular energy distribution [0.5, 10]
log( € fraction of thermal energy in relativistic electrons [-5,0]
logyy €B fraction of thermal energy in magnetic field [-5,0]
EN fraction of accelerated electrons [0, 1]
1 — Table 5. Final best-fit and median + 1 o~ parameters for the power-law struc-
1094 - T = tured jet model, which is the most favored model for AT 2023sva. The best-fit
B I— parameters correspond to the model that possesses the maximum log likeli-
] hood and the corner plot corresponding to median parameters and their 1o
= ] . confidence intervals are presented in the Appendix.
E1lo14 ’ :
= B Parameter Best-fit Result  Median + 1o
o . s ¥ 1o [MJD] 60204.09 60204.099,03
b 1 6y [rad] 0.08 0.07 £ 0.02
L1024 7 log;o(Exiso/erg)  53.63 53.3370.2
1 o3 days ‘\\\ 6. [rad] 0.05 0.06 +0.02
] 1.1 days Oy [rad] 7.71 X 6, 6.817079 x 6,
o~ 2ldays(le-l) T logjo(no/em™3) 141 1.401%_%(}‘
10-3.  *Gdaysie2 £ P 2.84 2.85+0.09
10‘14 2% 10% 3x10% x 104 ' 6 x 104 b 1.02 099’:%?
v (Hz) logg € -0.77 —0.5318%
logy €B -3.32 —3.1870%
. . . . EN 0.42 0.70*0-17
Figure 11. Simulated optical SEDs from the best fit power-law structured jet -0.27

model and the optical observations. The fluxes are scaled for visual purposes.

the power-law structured jet — though the median p is a high value,
it is constrained strongly within the priors of p = 2.85 + 0.09. From
our closure relations in §3.3, we determined p = 2.50 + 0.14 in the
regime v < v < v¢ — therefore, the derived p for the tophat and
gaussian structured jet models is inconsistent with the p inferred
from the modeling. We note that though the relations we used in
that section assumed a tophat jet, the relations between 8 and p are
identical given a structured jet (Ryan et al. 2020). This gives further
evidence that a power-law structured jet is favored.

We present the 90% credible interval of the predicted LCs from the
posterior samples of the power-law structured jet model, along with
the full multi-wavelength set of observations, in Figure 10. We note
that this is the preferred model in the context of the afterglowpy
model and without considerations for any more complex physics
contributing to the LC and spectra. Therefore, we stress that though
AT 2023sva shows significant evidence for possessing a power-law
structured jet within this context, we cannot definitely claim that this
is the only possible scenario.

We then compute the angular size of the best-fit power-law after-
glow model’s image on the sky, as a function of frequency and time,
to compare it to the size derived from the ISS of the observed LC
described in §3.5. We find that at 73 days at 15.5 GHz, the source has
an angular size of § ~ 1.95 parcseconds. This is consistent with the
ISS analysis (§3.5), where we determined that AT 2023sva’s angular
size needed to be comparable or smaller than the Fresnel scale (2

parcsec). This gives us an independent confirmation that our model-
ing results match well with the radio observations. From the best-fit
parameters shown in Table 5, we see that we are viewing the power-
law structured jet slightly off-axis, where 6y 2> 6.. Furthermore, the
power-law index of the energy distribution as a function of viewing
angle is quite shallow, as we derive b = 1.02 for the best-fit model
and a median + 1o is 0.99t%'32§1. We discuss the implications of this
in §4.3.

In Figure 11, we show the simulated optical SEDs generated by
afterglowpy utilizing the best-fit power-law structured jet model,
along with the optical observations of AT 2023sva. We see that
generally the simulated SEDs match well with the observations across
all epochs. Furthermore, we see there is a clear break in the optical
SED in the 0.3 day epoch at around 4 x 1014 Hz and this break moves
further down in frequency over time. This is the cooling break v.
This implies that the optical bands lie just above the cooling break,
which is at odds with our analysis in §3.3, where we determined
that the optical bands should lie below the cooling break to imply
a physical p. This discrepancy between the two analyses can be
explained by the fact that spectral breaks are smooth over orders
of magnitude. Because the optical bands have barely passed v, at
the time the spectral index was derived (~ 2 days), the slope has
not fully steepened yet, leading to a fulfillment of the relation in
the vy, < v < v¢ regime. Furthermore, Figure 1 shows evidence
of a possible temporal break in the early-time LC, which would
correspond to v¢ fully passing through the optical bands.
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Given that the best-fit model and posteriors indicate that we are
viewing the jet slightly off-axis just outside the jet’s core, (6y = 6c),
we utilize the closure relations provided by Ryan et al. (2020) for
a structured jet for misaligned viewers, to check if the relationship
between «, p, and b hold true. We test the relations in two different
regimes: for vy, < v < v the relation is @ = (3 —6p +3g)/(8 + g)
and for viy < v¢ < v, therelationisa = (1-6p+2g)/(8+g). The g
parameter accounts for the angular structure of the jet in the relations
and is given by

— 2b(gobs - Heﬂ)geff

) “
bO2 + 02
where for a power-law structured jet, O is
Oefr = Oobs [1.8+2.15712°
+(0.49 - 0.865~ 1), /0. ] 7'/ . (5)

Utilizing the best-fit values from the modeling, we find O, =
0.044 and g = 0.72. Applying the closure relations, we find a ~ 1.4
for vip < v < ve and @ ~ 1.7 for viy < v¢ < v. In §3.1, we found
a = 1.64 + 0.02, which matches well with the v, < v¢ < v case
— and from the simulated spectra in Figure 11, we know that the
optical bands lie in this regime. This gives further evidence favoring
the power-law structured jet model.

4.2 Why the lack of y-rays?

The question arises as to why we did not detect any associated y-
ray emission for AT 2023sva, at least to an upper limit of £, j5o <

1.6 x 102 erg. Studies suggest that for structured jets, prompt y-
ray emission may only be efficiently produced in the core of the jet
(e.g., O’Connor et al. 2023; Beniamini & Nakar 2019; Beniamini
et al. 2020; Gill et al. 2020). Since the Lorentz factor of a structured
jet will also decrease with angle, this leads to an increase in the
opacity due to photon-pair production processes (Gill et al. 2020).
A lower Lorentz factor along the line of sight will also decrease the
dissipation radius of the prompt emission, so that at large viewing
angles, the photospheric radius is larger than the dissipation radius,
resulting in high optical depth regions (Lamb & Kobayashi 2016;
Beniamini et al. 2020). These effects are highly dependent on the
angular Lorentz factor profile and the initial core Lorentz factor.

Both of these effects suppress the y-ray emission (Gill et al. 2020)
and decrease the observed y-ray efficiency, which describes how
efficiently the jet converts its energy to radiation along the line of
sight. Therefore, structured jets need to be viewed extremely close
to on-axis to detect their associated y-ray prompt emission (e.g.,
O’Connor et al. 2024), even if the viewing angle is within the wing
truncation angle. Through our modeling analysis, the posteriors indi-
cate 6, = 0.07 £0.02 and 6, = 0.06 + 0.02. Therefore, we are likely
viewing AT 2023sva slightly off-axis, making this scenario a strong
possibility to explain the lack of y-rays, depending on the steepness
of the angular Lorentz factor profile and initial core Lorentz factor.

We then quantify the y-ray radiative efficiency of AT 2023sva.
The radiative efficency is calculated through

_ Ey,iso
EK,iso + Ey,iso

ny ©)

Using the upper limit for E, i, and the 1o range of Ek j5o from
the best-fit power-law structured jet model, we derive 17, < 4 —

11%. These efficiencies are on the lower end of the distribution

MNRAS 000, 000-000 (2024)

s e o3> 300 tyec = 200 s
10°4 >~ Mo <300 tgec = 2005
3 —— [0 300 tgec= 20s
7 —— T <300 tgec= 20s
i To>>300 tyec= 15
i Mo <300 tyec= 15
1024
—
101
l N 4
AT 2023sva_
100,

104 10° 108 107
Time Since Explosion (s)

Figure 12. Comparison of the Lorentz factor evolution of I" > 300 and
I' < 300 jet models (from Dermer et al. 1999) with respect to different
observed deceleration times. We also show the upper limit for AT 2023sva’s
Lorentz factor at the observed time of 72 days from the scintillation analysis
(v, 724 < 2.4).

observed from LGRBs (Wang et al. 2015), but are consistent with
the ~ 1% efficiency derived from the internal shock model used
to describe the prompt emission of bursts (Kumar 1999). Several
other orphan afterglows in the literature have demonstrated possible
low efficiencies — AT 2020blt (< 0.3 — 4.5%; Sarin et al. 2022,
< 0.2 - 17.9%; Li et al. 2024), AT 20201fa (< 0.01 — 0.05%; Ye
et al. 2024) and AT 2023lcr (< 1.3 — 3.4%; Li et al. 2024), which
provides evidence that the lack of associated y-ray emission for at
least some orphan afterglows may be attributed to their low radiative
efficiencies.

It is important to note that these efficiencies are calculated along
the line of sight, so if viewed off-axis, low efficiencies are a natural
consequence of structured jets. It is also possible that on-axis jets
may have intrinsic low efficiencies, as suggested for AT 2020blt in
Sarin et al. (2022). It is more likely that AT 2023sva’s low efficiency
is due to viewing the event slightly off-axis; however, an intrinsic low
efficiency cannot be ruled out, as the posteriors from the modeling
do not indicate an extremely off-axis viewing angle.

If the outflow is intrinsically moderately relativistic in its core,
a low Lorentz factor in comparison to classical LGRBs (I" > 100)
could be a possible reason for the lack of associated y-rays, as pair
production processes can reprocess y-rays to X-rays if the jet is
baryon-loaded, leading to a low Lorentz factor. It has been shown
that even jets with moderately high Lorentz factors (I” ~ 50) can have
their high-energy emission suppressed (Lamb & Kobayashi 2016;
Matsumoto et al. 2019). This cannot be ruled out for AT 2023sva, as
its small source size at late times (see §3.5) gives possible evidence
for this case.

Therefore, we try to measure the initial Lorentz factor Iy through
the relationship between I, fgec, EK,iso» and the circumburst
medium density ng, in the case of a constant density ISM envi-
ronment. This is given by

10s(1+2)\*/® (Es3\'/3
Is=|—"" —
Idec no
from Mészdros (2006), where n( is the number density of the circum-
burst medium in cm ™3, Es3 = Ems(,/lo53 erg, and I 5 = I/102.
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We first derive a lower limit, assuming that 74 is at the time of first
detection, or 7.5 hours after the explosion in the observer frame (see
Figure 7 for how different assumptions of #4.. impact /). Using the
full, weighted posterior distributions of Ex s, and ng from modeling
the power-law structured jet, we derive a lower limit on the initial
Lorentz factor of Iy > 16*;53. If we assume that 74 is 20 seconds
in the rest frame as we did in our radio ISS analysis (see §3.5), we
find Iy = 182t4297. This is consistent with the upper limit derived in
§3.5 assuming the same 74, Where Iy < 178. Again, we note that
the assumed 74 is a major caveat, as past GRBs have derived values
between 1 and 1000 seconds (Ghirlanda et al. 2018). If 74, = 94
seconds, that would imply Iy < 102*_'2175, meaning that AT 2023sva
possesses ejecta more moderately relativistic than the classical GRB
population. This is consistent to the limit derived in §3.5, where we
found if 74, 2 94 seconds, that would imply Iy < 100 as well.

We then test the physical models of Dermer et al. (1999) in Figure
12. Dermer et al. (1999) introduce functions that model the syn-
chrotron emission produced by relativistic blast waves driven from
GRB jets with Iy > 300 and 7 < 300, that track the Lorentz factor
evolution with time. Dermer et al. (1999) make the distinction be-
tween clean and dirty fireballs for these two different jets; however,
true dirty fireballs are now characterized by I < 10. Therefore, we
perform this analysis not to characterize AT 2023sva as a true dirty
fireball or not, but to provide another independent constraint of the
Lorentz factor. In order to do this, we utilize Equations 4, 6, 11,
27, and 30 from Dermer et al. (1999), which are sensitive to ng, €,
and €5, which we constrain to our best-fit values from §4.1. These
equations are also sensitive to the observed #4.. and we show a range
of values for ¢4 in Figure 12, along with the Lorentz factor upper
limit derived from the source size in §3.5.

This analysis indicates that AT 2023sva originates from a jet with
I' < 300, which is consistent with our previous analyses. This mod-
eling is very sensitive to the choice of ng, €., and €5, which is affected
by the caveats associated with our afterglow modeling in §4.1, so it
is difficult to make any more robust conclusions. Overall, through
all the independent methods used to constrain /¢, we cannot rule out
that AT 2023sva has a classical, high I" origin, and we find that the
lack of associated y-rays is most likely due to viewing a structured
jet slightly off-axis — though we also cannot rule out an on-axis, low
radiative efficiency burst, or a more moderately relativistic outflow
than classical GRBs. Further constraints on 74, would allow us to
place more robust constraints on /g, highlighting the importance of
high-cadence early-time observations in orphan afterglow observa-
tions.

4.3 Comparison to GRB Afterglows

In Figure 13, we show AT 2023sva in the context of other LGRBs
in the literature (Nysewander et al. 2009) that have measurements of
E, iso and an optical afterglow detection. We use the upper limit of
Ey iso < 1.6X% 102 erg derived in §2.3. The optical magnitudes are
all normalized to 11 hours after explosion in every GRB’s respective
rest frame, in the rest-frame r band. Extrapolating our first observed r
band measurement (corrected for galactic and host-galaxy extinction)
to 11 hours after explosion and utilizing 8 = 0.75 (see §3.2) to
transform to the rest-frame r band, we find Myps , ~ —30.4 mag,
making it the most luminous optical afterglow in the sample.

In Figure 14, we show AT 2023sva’s radio LC compared to other
GRB afterglows in the literature (plot modified from Chandra & Frail
2012; Perley et al. 2014). The LCs are plotted with respect to their
16 GHz rest-frame luminosity, which corresponds to a flux density
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Figure 13. E,, i, plotted against the absolute r-band optical magnitude at
11 hours for GRBs in the literature (from Nysewander et al. 2009) along with
AT 2023sva, shown in red.

at 5 GHz at z = 2.28. The flux densities were converted to luminosi-
ties through multiplying by the distance luminosity associated with
z = 2.28. The plot is also color-coded with respect to the GRBs’
associated E, iso- The large rise between the first two epochs is due
to ISS, as the redshift of AT 2023sva places it in a regime where the
rest-frame 16 GHz LC is affected heavily by ISS. We see that AT
2023sva is quite radio-loud and most GRBs that have a similar radio
luminosity have E,, 5o > 1032 erg. However, in §2.3 we ruled out a
GRB counterpart to an upper limit of £, j5o < 1.6 X 1052 erg. This
makes AT 2023sva a unique event in this parameter space.

Now, we visit AT 2023sva’s preference for a structured jet model
within the context of GRB afterglow jets from the literature. Struc-
tured jets have been proposed as possible models for GRB afterglows
for some time, as it is natural that a jet with structure should develop
due to breaking out of a dense stellar environment (e.g., Gottlieb et al.
2021, 2022). However, there have only been a few possible structured
jet models inferred through afterglow analyses in the literature. GRB
030329 showed two different jet breaks — one in the optical at around
0.55 days and another in the radio at around 9.8 days, leading to
an interpretation of its afterglow as a two-component structured jet
(Berger et al. 2003), though alternative models were not excluded.
GRB 130427A’s X-ray LC was suggested to arise from a power-law
structured jet (De Pasquale et al. 2016), though other models were
also discussed. GRB 160625B showed strong evidence for possessing
a Gaussian-structured jet, when compared to a tophat jet or power-
law structured jet (Cunningham et al. 2020). GRB 190828A was
also suggested to have a two-component jet model, to discriminate
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Figure 14. Comparison of AT 2023sva’s radio LC (stars) to other GRB
afterglow LCs from literature (Chandra & Frail 2012; Perley et al. 2014).
We show the rest-frame 16 GHz luminosity LC, which corresponds to an
observed flux density LC at 5 GHz at a redshift z = 2.28. Events are also
color-coded with respect to their E, 5o, except fot AT 2023sva.

between the early X-ray and optical emission and late-time X-ray and
radio emission (Sato et al. 2021).

Finally, the two most famous examples of structured jets are in
GRB 170817A and GRB 221009A. GRB 170817A was a short
GRB that also had associated gravitational waves (e.g., Abbott et al.
2017), making it one of the most extensively followed-up astrophysi-
cal sources in history. Through extensive modeling efforts across the
electromagnetic spectrum, it became clear that a structured jet was
the only model that could explain the multiwavelength observations
(both power-law and Gaussian structured jets are presented as vi-
able models in various works; e.g., Margutti et al. 2018; Troja et al.
2018; Lazzati et al. 2018; Ryan et al. 2023). GRB 221009A was the
brightest GRB ever detected with respect to its fluence (e.g., Lesage
et al. 2023; Frederiks et al. 2023) and it is one of the most energetic
GRBs ever detected (Burns et al. 2023). O’Connor et al. (2023), Gill
& Granot (2023), LHAASO Collaboration et al. (2023), and Rhodes
et al. (2024) suggest that it possesses a shallow structured jet best
modeled using a broken-power law energy distribution. As an alter-
native explanation a two-component jet model was also proposed by
Sato et al. (2023).

In this work, we show evidence that AT 2023sva should be added
to the above list and it is the third orphan event to show possible
evidence for possessing complex jet structure. The other two are AT
2019pim (Perley et al. 2024) and AT 20211fa (Li et al. 2024), as
both of these events are modeled well by both low-Lorentz factor
solutions or off-axis structured jet solutions. AT 2023sva’s shallow
power-law index for its structured jet’s energy distribution with re-
spect to viewing angle (b = 0.99’:%'323) is similar to the index derived
by O’Connor et al. (2023) for GRB 221009A, as they derived indices
of 0.75 and 1.15 for their broken-power law distribution, and Gill &
Granot (2023) who found an index of 0.8. However, the energetics of
GRB 221009A and AT 2023sva are quite different — GRB 221009A
possessed an Ey j5o % 105 erg (Lesage et al. 2023) and had strong
X-ray emission. This gives evidence that the simplified jet model as-
sumed for GRBs may need to be revised, as one of the most energetic,
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explosive GRBs ever detected along with an orphan event both show
evidence for possessing shallow structured jets.

5 SUMMARY AND CONCLUSION

In this work, we present the discovery of an orphan afterglow, AT
2023sva, at a redshift z = 2.28. We analyze the optical, X-ray, and
radio observations of AT 2023sva and place it in the context of GRBs
in the literature. Our main findings are:

e AT 2023sva does not possess an associated GRB counterpart,
based on a search of y-ray satellite archives between the last non-
detection and first detection of AT 2023sva (a two day window), to
an isotropic equivalent energy upper limit of £, j5o < 1.6 X 1032
erg.

o There is additional host-galaxy extinction present (Eg_vy_ host =
0.09+0.01), due to a characteristic curvature in the optical spectrum.
Only a few absorption features are present in the spectrum and their
line strengths are weaker than 99% of GRBs in the literature.

e The radio LC and SED shows clear presence of interstellar
scintillation 72 days after the explosion in the observer frame. We
use this to provide an upper limit constraint on the bulk Lorentz
factor in the rest frame of Iy 22 0days < 2.4 and extrapolating back
to the time of first detection, we derive a constraint of Iy 5 3 < 19.
A more stringent constraint on the initial Lorentz factor was not able
to be determined, due to a lack of earlier-time observations.

e AT 2023sva has a small source size upper limit (5.2 X 1016 cm)
derived from ISS constraints when compared to most classical GRBs
and shares scintillation properties in common with other orphan
afterglows. We determine that the orphan afterglow population has
statistically lower source-size upper limits than the classical GRB
population, for events whose limits were derived from ISS analyses.

e The model that can best reproduce the multi-wavelength obser-
vations is a slightly off-axis (6y 2 6.) shallow power-law structured
jet, which we determined through Bayesian multi-wavelength model-
ing of the afterglow. We only model the source in a constant density
ISM and cannot rule out the possibility of the source originating
from a wind medium. AT 2023sva’s shallow jet structure is remark-
ably similar to that of GRB 221009A (O’Connor et al. 2023; Gill
& Granot 2023; LHAASO Collaboration et al. 2023; Rhodes et al.
2024).

e The lack of a detected associated GRB counterpart is most
likely due to viewing the structured jet slightly off-axis, just outside
the opening angle of the jet’s core. However, this is not the only
possibility and we determine that it may be due to its lower radiative
efficiency, or possibly a more moderately relativistic outflow than
classical GRBs.

Because the early evolution of afterglow LCs depends strongly
on the jet’s structure, it is vital that orphan afterglow searches in the
future calibrate their observation strategies with more complex struc-
tured jet models (e.g., Lamb & Kobayashi 2017b; Lamb et al. 2018b;
Xie & MacFadyen 2019; Freeburn et al. 2024). This is incredibly im-
portant in the coming years, as new instruments like the Vera Rubin
Observatory (Ivezi¢ et al. 2019) will vastly increase the discovery
space of orphan afterglows, due to increased sensitivity. However,
this discovery space can only be utilized if observing strategies are
broadened to incorporate the diverse range of angular energy profiles
of GRB jets.

Furthermore, the recently launched Einstein Probe (EP; Yuan et al.
2022) and the Space-based multi-band astronomical Variable Objects



Monitor (SVOM; Wei et al. 2016) will increase the number of after-
glows detected without associated y-ray emission, through discov-
ering their X-ray “prompt" emission, providing another avenue for
characterizing these events. In fact, EP has already began detecting
GRB-related events in the soft X-rays. One such event, EP 2404 14a,
did not have significant associated y-ray emission (Bright et al. 2024)
and was followed by the detection of an associated broad-lined Type
Ic supernova (Sun et al. 2024; van Dalen et al. 2024; Srivastav et al.
2024), confirming its collapsar origin. Radio analyses constrained
the outflow to have at least a moderate I" (Bright et al. 2024), similar
to AT 2023sva.

EP and SVOM are opening the door to detecting the prompt emis-
sion of events that previously would have been orphan afterglows, en-
abling a full characterization of their prompt and afterglow emission
across the electromagnetic spectrum. Therefore, the coming years
hold the tantalizing prospect of breaking historical degeneracies be-
tween different GRB models and getting closer to deciphering the
landscape of relativistic jets originating from massive stellar deaths.

DATA AVAILABILITY

All of AT 2023sva’s optical photometry, radio flux densities, and
X-ray upper limits are available in this article. We will make the
spectrum available in the supplementary material available online.
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APPENDIX A: CORNER PLOTS

Here we show the corner plots for the modeling described in §9.
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Figure A1l. Corner plot for the power-law structured jet model, generated through redback.
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