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Abstract

Gamma-ray bursts produce afterglows that can be observed across the electromagnetic spectrum and can provide
insight into the nature of their progenitors. While most telescopes that observe afterglows are designed to rapidly
react to trigger information, the Transiting Exoplanet Survey Satellite (TESS) continuously monitors sections of
the sky at cadences between 30 minutes and 200 s. This provides TESS with the capability of serendipitously
observing the optical afterglow of GRBs. We conduct the first extensive search for afterglows of known GRBs in
archival TESS data reduced with the TESSreduce package, and detect 11 candidate signals that are temporally
coincident with reported burst times. We classify three of these as high-likelihood GRB afterglows previously
unknown to have been detected by TESS, one of which has no other afterglow detection reported on the Gamma-
ray Coordinates Network. We classify five candidates as tentative and the remainder as unlikely. Using the
afterglowpy package, we model each of the candidate light curves with a Gaussian and a top-hat model to
estimate burst parameters; we find that a mean time delay of 740± 690 s between the explosion and afterglow
onset is required to perform these fits. The high cadence and large field of view make TESS a powerful instrument
for localising GRBs, with the potential to observe afterglows in cases when no other backup photometry is
possible, and at timescales previously unreachable by optical telescopes.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); High energy astrophysics (739); Transient
sources (1851)

1. Introduction

Gamma-ray bursts (GRBs) are the most powerful explosions
we observe in the Universe, surpassing all other catastrophic
events in terms of electromagnetic luminosity (Gill &
Granot 2022). Peaking at gamma-ray wavelengths, these bursts
release rapid jets of radiation that can carry more energy in the
span of a few seconds than the Sun will in its entire 10 billion
year lifetime (Fishman & Hartmann 1997).

GRBs emit most of their radiation out in narrow conical-
shaped jets (Sari et al. 1999), which can be described using a
number of geometric parameters, most notably θobs, θc, and θw,
as shown in Figure 1. These represent the angles measured
from the burst axis to the observer, jet core, and outermost jet
boundary, respectively. The majority of the energy released by
GRBs is concentrated within the region defined by the jet core,
θc, whereas beyond the boundary, θw, the energy emission is
virtually negligible. Consequently, in general θobs< θw.

Beyond their geometric properties, GRBs are also described
by their durations and energies. The duration of a GRB is
quantified using the parameter T90, which is defined as the time
interval during which the cumulative number of detected
photons increases from 5% to 95% of the total recorded counts

(Kouveliotou et al. 1993). Based on this definition, GRBs are
classed into two subcategories: short (T90� 2 s) and long
(T90> 2 s). The former have generally been attributed to
merger events between extremely compact celestial bodies
(Eichler et al. 1989), such as neutron stars or black holes. There
has been significant evidence over the past decade to support
this hypothesis—most notably the detection of a short GRB
accompanying the gravitational-wave event GW170817
(Abbott et al. 2017) and kilonova AT 2017gfo.
Long GRBs constitute approximately 70% of all GRB

detections and have durations that can range up to several
minutes, with an average T90 of ∼20 s (Kouveliotou et al. 1993).
Because these events have a strong correlation with galaxies
exhibiting high rates of star formation, they are strongly
associated with hypernovae explosions, resulting from the core
collapse of supermassive stars (Woosley 1993). However, recent
studies have revealed a more significant overlap in progenitor
systems than previously expected, with a supernova accom-
panying the short GRB200826A (Ahumada et al. 2021; Zhang
et al. 2021; Rossi et al. 2022) and a kilonova accompanying the
long GRB211211A (Rastinejad et al. 2022; Troja et al. 2022).
The prompt GRB emission is followed by an afterglow at

longer wavelengths that persists on timescales ranging from
minutes to months in rare cases (Mészáros & Rees 1997).
These afterglows are generated during the interaction of the
relativistic outflow and the circumburst medium (CBM), where
external shocks decelerate the charged particles and release
synchrotron radiation (Piran 2004). Due to their dependency on
the CBM and inhomogeneous magnetic fields around the
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source, we can use detailed observations of afterglow light
curves to deduce the properties of the progenitor and
surrounding region (Wang et al. 2018). Open-source packages
such as afterglowpy can be used to model these properties
(Ryan et al. 2020).

The rapid nature of GRB emission makes observing them
challenging. GRBs are initially detected by “trigger” instru-
ments, primarily the Gamma-ray Burst Monitor on board the
Fermi Gamma-ray Space Telescope (hereafter Fermi; Meegan
et al. 2009) and the Burst Alert Telescope on board the Neil
Gehrels Swift Observatory (Barthelmy et al. 2005). These
instruments attempt to localize the burst during its prompt
emission, before communicating information through the
Gamma-ray Coordinates Network (GCN) for follow-up
imaging by ground-based telescopes. In cases where a burst
is poorly localized, largely a result of Fermi’s poor initial
estimate and lack of rapid follow-up X-ray detector, the GCN is
unable to mobilize adequately. This may prevent broadband
observations from being made (Berlato et al. 2019).

Telescopes with high-cadence observations over large areas can
provide unique data for studying GRBs through serendipitous
observations. The Transiting Exoplanet Survey Satellite (TESS;
Ricker et al. 2015) is one such telescope, with a 2160 deg2 field of
view (FOV) and near-continuous observation over each ∼27 day
“sector.” With cadences decreasing from 30minutes (2018–2020),
to 10minutes (2020–2022), to 200 s (2022–present), TESS is
becoming an increasingly ideal instrument for serendipitous
detection of GRB afterglows, particularly with respect to obtaining
observations during the rising phase. The capability of TESS to
capture these afterglows was shown in the analysis of
GRB191016A (Smith et al. 2021). While well-localized GRBs
such as GRB191016A could be readily identified and studied, the
large and challenging data volume has limited the extent to which
TESS observations could be utilized for GRB analysis.

In this paper, we build on the TESSreduce pipeline
(Ridden-Harper et al. 2021) to conduct the first systematic
search for afterglows originating from known GRBs that were
serendipitously observed by TESS. We also model the resulting
light curves using afterglowpy. Section 2 describes the
TESS data and the source catalogs we utilize in this project.
Section 3 describes the pipeline we implement to search for
afterglows, and presents the results. Section 4 discusses the
likelihood that the candidates are GRB afterglows. We also
discuss how these results support the use of TESS for detecting
and characterizing rapid extragalactic transients. Finally,
Section 5 provides a brief conclusive summary.

2. Data

2.1. Gamma-Ray Burst Coordinates Network

We use the GRBweb event list compiled from sources in the
GCN (Barthelmy et al. 2000; Hurley et al. 2013; Lien et al.
2016; Ajello et al. 2019; von Kienlin et al. 2020) as a catalog of
all known bursts over the lifetime of TESS operations.8 With
the detection time, coordinate, and associated one-dimensional
position error (1σ), we check for TESS observations that
overlap in time and with the 2σ error region. Due to TESSʼs
wide FOV, we have the capacity to search for afterglows with
large positional errors that were otherwise not observed.
From the total list of 1444 GRBs that have occurred since the

launch of TESS (as of 2023 February), we find that 69 have
coincidental observations. Of these 69 bursts, only
GRB191016A was known to have been detected by TESS
prior to this study. One other GRB, occurring in 2023 March,
has subsequently been detected and analyzed (Fausnaugh et al.
2023). Among our sample, 56 are long GRBs with T90> 2 s,
and four are short GRBs with T90< 2 s (GRB180727A,
GRB190507C, GRB221004A, and GRB221120A); the
remaining nine GRBs have no solid constraint on T90.

2.2. The Transiting Exoplanet Survey Satellite

TESS observes 24°× 96° sections of the sky continuously
for ∼27 days in a highly elongated orbit around Earth. During
its lifetime, TESS has recorded full-frame images (FFIs) at
three cadences: 30 minutes (2018 July 25–2020 July 4),
10 minutes (2020 July 5–2022 August 31), and 200 s (2022
August 31–present). It is fitted with a very broad bandpass,
ranging from the optical to near-IR (∼600–1050 nm), and has
a low angular resolution of 21″ pixel−1.
Each∼27 day observation period constitutes a TESS “sector.”

The time series of calibrated TESS FFIs for each sector are made
available through the MAST Archive (STScI 2022). The images
are released as 2078× 2136 pixel files, though only
2048× 2048 contain captured data. We process all TESS data
with TESSreduce to remove the scattered-light background
that affects cameras near the ecliptic, as described in Section 3 of
Ridden-Harper et al. (2021).

3. Analysis

3.1. Pipeline

For rapid transients like GRB afterglows, the high-cadence
TESS data can provide multiple data points during the event
light curve. In this search, we examine all available TESS data
that overlaps with the reported GRB 2σ positional error at the
time of the burst to identify any potential counterparts. Using
the following criteria, we search all available TESS data for
GRB afterglows. For a pixel to be considered as containing a
candidate GRB afterglow it must meet the following
conditions:

1. Have a local maximum within 1 hr of the burst trigger, as
we expect the brightness to decay exponentially follow-
ing the rapid rise.

2. Exceed a brightness threshold of median +4σ, set by the
median and standard deviation of the pixel’s light curve
12 hr before and after the trigger.

Figure 1. Simplified schematic of a GRB, displaying three key geometric
parameters. θw is the outer wing truncation angle, θobs is the angle from the jet
axis to the observer, and θc is the angle of the central jet core.

8 https://user-web.icecube.wisc.edu/~grbweb_public/index.html
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3. Remain above the brightness threshold for two con-
secutive exposures.

The localizations of the GRBs vary from arcminutes to
degrees. In all cases we determine which TESS cameras and
CCDs provide coverage of the GRBs and download the
corresponding time series of FFIs. We create data cubes, or
target pixel files (TPFs), from the FFIs using the astrocut
package for python (Brasseur et al. 2019).

After constructing the full-frame TPFs, we cut them
according to their error regions using astrocut. Due to the
computational limitations of TESSreduce, TPFs larger than
1.6× 106 pixels must be segmented into smaller TPFs. These
segments can have a maximum size of 1300× 1300 pixels and
share a buffer zone of 20 pixels. An example of a segmented
region can be seen in the left panel of Figure 2.

In all cases, we perform photometric reduction on the cutouts
using TESSreduce. Due to the size of the files, the more
rigorous steps normally applied by TESSreduce are omitted,
such as the secondary background correlation correction
method and flux calibration. These processes are not required
for the search procedures we implement, but are used when
extracting the final light curve once a candidate is identified.

Using the criteria outlined above for event detection, we can
search for transients in the reduced data. Pixels that meet the
detection criteria are flagged as candidates. Neighboring pixels
that trigger at the same time are gathered and considered the
same event. Comparing the light curves from each pixel in an
event provides a useful diagnostic for determining the validity
of the event.

All events in a GRB field are manually vetted for legitimacy.
An example field for GRB180807A with identified candidates

is shown in the left panel of Figure 2. The majority of these
detections are easily identifiable as asteroids, characterized by
neighboring pixels peaking in brightness at different times and
thus signifying a source moving across the frame (Figure 2, top
right), or as peculiarities in the data reduction due to their light-
curve shape and number of triggered pixels (Figure 2, middle
right). To pass the visual vetting stage, candidates must have a
light-curve shape consistent with a GRB afterglow—a rapid
rise followed by a power-law decay. Objects that pass visual
vetting are reduced with the full TESSreduce pipeline, which
reduces a 90× 90 pixel image cutout using TESScut. We
then localize the source with the photutils centroid_-
sources function on the frame with peak candidate flux
(Bradley et al. 2022).
As a final vetting stage, we check deep imaging of the

regions with the Pan-STARRS (PS1)9 and SkyMapper Data
Release 210 image cutout services for the northern and southern
targets, respectively. Candidates whose coordinates appear near
to visible sources are included in our findings, though we note
their limited reliability. In general, we only find at most one
candidate per GRB that satisfies our selection criteria for
follow-up vetting.

3.2. TESS Candidate Gamma-Ray Burst Afterglows

Table 1 presents a list of candidate afterglow signals that
were temporally coincident with known GRBs reported on the
GCN, alongside the known afterglow of GRB191016A. The
light curves of these candidates are displayed in Figures 3 and

Figure 2. Detection pipeline as performed on GRB180807A. Left: events detected by the pipeline on Camera 2 Chip 3 coincident with the time of GRB180807A. The
green curve displays the boundary of the 2σ error distance from the estimated location of the GRB as reported by the GCN, which is represented by the green plus in
the top left. The colored boxes display the regions of the cutouts we generate and operate upon individually. Each black point represents an “event” detected by the
pipeline; these are the signals of asteroids (e.g., top right, each light curve corresponds to a single pixel) or random noise (e.g., middle right). The red star displays the
location of the candidate GRB signal (bottom right). Note that the dashed line in each of the light curves on the right represents the reported detection time of
GRB180807A.

9 http://ps1images.stsci.edu/cgi-bin/ps1cutouts
10 https://skymapper.anu.edu.au/image-cutout/
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4, and are classed into three groups based on our confidence in
their legitimacy. Our reasoning for these classifications is
discussed in Section 4.1. The light curves are extracted with the
complete TESSreduce reduction process, where we use a
custom aperture for each GRB that maximizes the collected
flux while avoiding contamination from nearby sources due to
the large pixel size.

3.3. Modeling with Afterglowpy

Also displayed in Figure 3 are models generated with the
afterglowpy package for python. This package calculates
semi-analytic afterglow light curves for input wavelengths and
times since explosion. These light curves are produced by
modeling synchrotron emission caused by the forward shock,
incorporating the jet geometry and viewing angle. The models
are dependent on a range of physical parameters: the isotropic-

equivalent energy (Eiso, in ergs), the redshift in the cosmic
microwave background frame (zcmb), the jet angles for the
observer, core and wing (θobs, θc and θw, all in radians), and
four variables describing the density and energy distribution of
the simulated CBM (see Ryan et al. 2020 for details). All of our
models assume a spatially flat Lambda cold dark matter
(ΛCDM) cosmology with H0= 70.0 km s−1 Mpc−1 and
W = 0.3m0 . Finally, we include an additional parameter, t0,
which is the time (in seconds) from the GRB trigger to the
afterglow onset.
It should be noted that while afterglowpy provides an

easy way to model GRB afterglows, it has some shortcomings.
Our additional t0 parameter is required to account for its lack of
initial coasting phase, and it also does not incorporate reverse
shocks, which may make early light curves unreliable.
Furthermore, it assumes a constant density for the CBM, and

Table 1
GRB Optical Afterglow Candidates Detected by TESS

GRB Name Detection Time Estimated Position
Position
Error TESS Coverage Candidate Position

(MJD) R.A. (deg) Decl. (deg) (1σ, deg) Sector [Cam,CCD]b R.A. (deg) Decl. (deg)

GRB180807A 58337.096966 349.93 −47.84 6.643 1 [2,3], [1,2], [2,2] 348.786 ± 0.001 −45.328 ± 0.001
GRB181208A 58460.187968 104.11 −66.66 3.553 5 [4,4], [4,1] 113.363 ± 0.005 −70.090 ± 0.002
GRB190117B 58500.368548 105.27 −20.57 4.224 7 [2,1], [2,2], [2,4] 100.0913 ± 0.002 −22.231 ± 0.002
GRB190308A 58550.923458 171.94 −21.73 7.134 9 [1,1], [1,2],

[1,3], [1,4]
162.091 ± 0.001 −16.150 ± 0.002

GRB190723A 58687.308530 289.47 25.22 7.633 14 [1,2], [1,1],
[1,3], [1,4]

284.013 ± 0.002 33.983 ± 0.002

GRB191016Aa 58772.172917 30.2695 24.5099 ∼0 17 [1,4] L L
GRB200111A 58859.632731 107.87 32.55 4.300 20 [1,3], [1,4] 99.293 ± .002 37.079 ± 0.002
GRB200412B 58951.381019 277.48 61.78 0.500 23 [4,3] 278.313 ± 0.003 62.532 ± 0.001
GRB210114A 59228.894970 115.81 −23.40 7.972 34 [2,4], [2,1],

[2,2], [2,3]
118.792 ± 0.002 −12.431 ± 0.002

GRB210317A 59290.380891 154.22 −64.94 2.784 36 [3,4], [3,1] 149.747 ± 0.005 −64.10 ± 0.002
GRB220310A 59648.019410 168.61 23.45 0.183 49 [1,3] 168.260 ± 0.001 23.252 ± 0.001
GRB220514B 59713.975243 245.79 61.65 1.000 51 [4,1] 246.550 ± 0.003 61.042 ± 0.001

Notes.
a Previously known detections prior to this study.
b Bold indicates camera, CCD combination containing a candidate.

Table 2
The Parameters Used for Modeling Each GRB with a Top-hat Model in Afterglowpy

GRB Name Cadence ( )Elog10 iso zcmb θc θobs t0

(minutes) (erg) (deg) (deg) (s)

[45,57] [0,4] [0,90] [0,90] [−2000,3000]

GRB180807A 30 53.46 ± 0.05 1.79 ± 0.14 1.03 ± 0.06 0.458 ± 0.06 170.2 ± 0.2
GRB181208A 30 50.78 ± 0.96 0.06 ± 0.03 3.38 ± 4.01 2.69 ± 1.72 789.9 ± 41.0
GRB190117B 30 53.28 ± 0.15 3.02 ± 0.87 1.15 ± 0.06 0.06 ± 0.06 32.9 ± 0.1
GRB190308A 30 52.79 ± 0.06 1.58 ± 0.24 0.92 ± 0.06 0.00 ± 0.06 2399.1 ± 98.7
GRB190723A 30 53.25 ± 0.19 1.71 ± 0.45 0.69 ± 0.06 0.46 ± 0.06 1565.2 ± 5.6
GRB191016A 30 53.45 ± 0.26 2.29 ± 1.22 12.20 ± 0.06 11.75 ± 0.40 874.6 ± 0.6
GRB200111A 30 51.25 ± 0.33 0.13 ± 0.06 2.98 ± 0.69 0.00 ± 0.17 431.4 ± 1.4
GRB200412B 30 50.20 ± 0.38 0.01 ± 0.01 50.82 ± 7.45 40.22 ± 0.06 299.7 ± 104.5
GRB210114A 10 52.47 ± 0.43 0.96 ± 0.49 6.02 ± 0.46 5.04 ± 0.57 794.3 ± 0.7
GRB210317A 10 50.66 ± 0.30 0.13 ± 0.07 2.12 ± 0.06 0.63 ± 0.69 −46.1 ± 0.1
GRB220310A 10 51.82 ± 0.06 0.14 ± 0.01 3.04 ± 0.11 2.46 ± 0.06 898.3 ± 1.8
GRB220514B 10 49.94 ± 0.42 0.04 ± 0.02 5.50 ± 1.72 2.75 ± 0.06 683.4 ± 0.1

Note. Four parameters are held constant, namely n0 = 1, p = 2.2, εE = 0.1, and εB = 0.01.
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therefore is unable to accurately model afterglows that originate
in environments with wind, as expected in collapsars
(Chevalier & Li 2000; Granot & Sari 2002).

With only the TESS data, the models suffer from high levels
of degeneracy between parameters. This degeneracy is
particularly significant between the Eiso and zcmb parameters,
largely due to a lack of redshift constraint resulting from the
absence of spectroscopic or host-galaxy observations. While
one could impose constraints on zcmb by assuming a lower
bound based on the magnitude limits of PS1 and SkyMapper,
we chose not to do so due to the wide range of plausible host
magnitudes when considering faint dwarf galaxies
(Simon 2019). Consequently, broad and uniform distributions
were selected as parameter priors; these distributions are
displayed in the third row of Table 2.

Because of this degeneracy, both the emcee (Foreman-
Mackey et al. 2013) and nestle (Skilling 2004; Mukherjee
et al. 2006; Shaw et al. 2007; Feroz et al. 2009) packages failed
to converge for the full parameter fit with a Gaussian jet
geometry. Likewise, a simplified model, setting n0= 1,
p= 2.2, εE= 0.1, and εB= 0.01 within a top-hat jet geometry,
failed to converge. As an alternative, we used scipyʼs
curve_fit (CF) algorithm (Virtanen et al. 2020) alongside a
nonlinear least-squares optimization. In this process, we first fit
the parameters through CF and then used the output as the
initial parameters for the least-squares optimization. Through
trial fitting, we found that the simplified top-hat model
provided results that exhibited negligible differences to the
full parameter Gaussian jet model while requiring significantly
lower computational overhead, so we use the simplified model
for all fits. The light curves for these fits are shown in Figures 3
and 4, with the corresponding parameters shown in Table 2.

From this model fitting, it is clear that additional observations
at different wavelengths are required to break the degeneracies
we encounter.

3.4. Contamination Fraction

Contaminants are always present in transient searches,
manifesting from a myriad of sources, including instrumental
artefacts, asteroids, and flare stars. We can clearly identify
instrumental artefacts by checking for bad subtractions and
dubious pixel clustering; asteroids can also be clearly identified
by their on-sky motion. However, flare stars are more
challenging to rule out as they can evolve on similar timescales
to GRB afterglows and in some cases have a similar light
curve.
In this search, we limited ourselves to identifying signals that

occur within 1 hr of the GRB trigger and within the 2σ error
region. To estimate the contamination fraction of each
candidate GRB field, we carry out 30 trial searches using
evenly spaced times which are at least 2 hr from the GRB
trigger. In each trial, we record all transients that pass our
selection criteria and calculate the contamination fraction to be
the total number of transients detected divided by the number
of test searches. The contamination fraction for each GRB field
is summarized in Table 3.
For greater context detailing the relationship between

contamination rate and Galactic latitude, we repeat the test
for each nondetected field as outlined in Appendix B. Of the 57
fields, 21 contained at least one contaminant, with a total
number of 55 events. As shown by Figure 5, we find that the
contamination fraction correlates with Galactic latitude; this is
expected due to the higher concentration of flare stars in the
Galactic plane. It should be noted that the apparent dip in flare

Figure 3. Light curves and overlaid models of optical afterglows observed by TESS. GRB191016A (top right) is a confirmed detection; the remaining are high-
likelihood candidates discovered by our pipeline. Each red line represents the best-fit top-hat model generated with afterglowpy, with the orange shaded regions
representing the 1σ limits; see Section 3.3 for details. The time axis is presented with respect to the detection time (dashed line) of each GRB as reported by the GCN.
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detections around zero degrees latitude is not due to physical
influences; denser regions of the sky have brighter limiting
magnitudes in the reduction process, and thus flares must be
brighter to overcome the background.

3.5. Nondetections

For GRB fields where we find no candidate, we estimate the
limiting magnitude and coverage area of the 2σ error region.
These limits are presented in Appendix B. As our condition for

detection requires at least two consecutive frames 4σ brighter
than the background, our limiting magnitude is dependent on
the light-curve shape and decay time. This means that the true
limiting magnitude for a GRB afterglow is dependent on the
observation cadence. To estimate the true limiting magnitude,
we inject a template GRB afterglow light curve of our best-fit
model for GRB220310A, which is our best-constrained GRB
afterglow. We scale the flux until it is detected according to the
TESSreduce zero-point. For large error regions with multiple

Figure 4. Continued candidate light curves for detections we consider less likely to originate from their respective GRBs. Light curves with “∼” preceding their names
are tentative candidates, whereas those with “×” preceding their names are our least likely candidates; see Section 4.1 for details.
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cutouts, we find that the zero-point is variable across the field,
and thus take the median value for this estimated limit. This
issue is not applicable to small cutouts, which have a consistent
zero-point.

We combine all the pixels’ limiting magnitudes into a single
estimate through a weighted sum. We weight the contribution
of each pixel according to a normalized two-dimensional
Gaussian centered on the reported burst position and using the
1σ position errors as the standard deviation. This method
incorporates the large positional uncertainty into our estimated
magnitude limits. Due to field crowding and reduction quality,
we find that the limit can vary significantly between a
magnitude range of 13.5 and 18.4, where pixels containing
stars have brighter limits than sky pixels.

4. Discussion

4.1. Detection Confidence

From our sample of 11 new GRB afterglow candidates, we
identify three as high quality, five as tentative, and three as
unlikely, as summarized in Table 4. This classification is based
on four metrics:

1. We consider the amount of contamination in the
candidate’s field, as outlined in Section 3.4. We give a

passing grade (denoted by ✓) to fields with zero
contamination, a partial grade (denoted by ∼) to those
with contamination of up to 5%, and a failed grade
(denoted by ×) to fields with contamination above this.

2. We inspect the full light curve of the candidate’s
coordinates to check for any other apparent outbursts
across the entire TESS sector. Light curves with no other
visible signals earn a passing mark, while all other cases
earn a failing mark.

3. We consider candidates with Galactic latitude within
±30° to be near/inside the Galactic plane, and thus more
likely to be flare stars, as shown by Figure 5. These
candidates are given a failing grade; all others are given a
passing grade, other than GRB200412B, for which we
give a partial grade as it lies within 5° of the boundary.

4. We inspect the field crowding of the region surrounding
the candidate’s coordinates using PS1 and SkyMapper
imagery. Fields with no visible sources receive a passing
grade and fields containing sources very near the
coordinates receive a failing grade. Fields earn a partial
grade if there are sources nearby that may or may not
contaminate the pixels of the candidate; the large pixel
size of TESS makes this estimate uncertain.

Our classifications can be further supported by other
circulars on the GCN. Both GRB200412B and GRB220310A
have had other circulars reporting detections of optical
afterglows that agree with the locations we find (Belkin et al.
2020; Kumar et al. 2020; Lipunov et al. 2020; Ogawa et al.
2020; Stecklum et al. 2020; Xin et al. 2020; Fouad et al. 2022;
Hosokawa et al. 2022; Kumar et al. 2022; Lipunov et al. 2022;
Negoro et al. 2022; Svinkin et al. 2022), whereas
GRB180807A has no other circulars reported beyond the
Fermi-GBM catalog. GRB190723A, GRB200111A, and
GRB210317A each were observed by multiple gamma-ray
telescopes with general consistency in location estimates to
those reported by Fermi-GBM (Lipunov et al. 2019; Fermi-
GBM Team 2020; Gaikwad et al. 2020; Kozlova et al. 2020;
Palʼshin et al. 2020; Xiao et al. 2020; Fermi-GBM Team 2021;
Lipunov et al. 2021; Yi et al. 2021). One telescope observed an
X-ray afterglow for GRB220514B (Kawakubo et al. 2022),
though no further positional information is reported to aid in
localization. The remaining candidates were only observed by
the respective telescope that reported their bursts, and thus no

Table 3
Number of Astrophysical Contaminants Detected in the Fields of Each Candidate through 30 Trials Occurring at Random at Least 2 hr from the Trigger

GRB Name Galactic Latitude Search Area Flares Contamination Fraction
(deg) (px) (arcmin2) (%)

GRB180807A −63.58 11751270 188 0 0
GRB181208A −21.93 3055459 49 2 7
GRB190117B −12.25 6114157 98 3 10
GRB190308A 37.42 10086179 161 2 7
GRB190723A 13.89 11616207 186 1 3
GRB200111A 13.35 5217896 83 0 0
GRB200412B 25.92 117925 3 0 0
GRB210114A 8.063 14504152 232 2 7
GRB210317A −7.259 1511268 24 1 3
GRB220310A 67.44 37632 1 0 0
GRB220514B 40.85 387338 6 0 0

Note. Each of these flares would pass our detection criteria discussed in Section 3.1.

Figure 5. Distribution of detected stellar flares over Galactic latitude in random
trials across 69 field centers. Note that displayed in blue are the latitudes of the
centers of fields; as shown in the far-right bin, flares can be detected far from
these centers.
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comparison can be made beyond the coordinates utilized in this
search.

Upon reference to imaging catalogs, two candidates appear
to be located near known sources. According to SIMBAD
(Wenger et al. 2000), the presented coordinates for
GRB190117B’s candidate lie within 10″ of a potential flare
star progenitor, Gaia-DR3-2926429675703704448. Similarly,
our GRB200111A candidate lies approximately 14″ away from
the pulsating variable star ATO J099.2975+ 37.0822; this
star’s underlying variability appears to manifest in the long-
term light curve of the pixels included within our candidate.
The remaining candidates with partial or failed grades in the
Empty Visual Field category of our assessment metric appear
close to sources that are not named in any catalog. We also
investigate ATLAS photometry for candidate coordinates
where possible, and find that no outbursts have been captured
for the candidates of GRB190117B, GRB190308A,
GRB200111A, and GRB220514B.

From this analysis, we conclude that the candidate afterglows
for GRB180807A, GRB200412B, and GRB220310A originate
from their respective GRBs. The candidate afterglows of
GRB181208A, GRB200111A, GRB210114A, GRB210317A,
and GRB220514B each exhibit at least one feature that inspires
reasonable doubt in their legitimacy, and thus are tentative
candidates. The candidate afterglows for GRB190117B,
GRB190308A, and GRB190723A each exhibit a number of
compelling features against their legitimacy, and thus are
unlikely candidates.

4.2. TESS and Gamma-Ray Burst Afterglows

Our directed GRB afterglow survey shows promise for the
capacity for TESS to serendipitously detect rapid extragalactic
transients. Smith et al. (2021) predicted an observation rate of
approximately one GRB per year; this was based on the general
occurrence rate of GRBs, alongside the sky coverage and
seeing ability of TESS. Our study finds a rate consistent with
this, though upper estimates reach ∼two GRB afterglows per
year when including all candidates presented in this paper.
Additionally, we expect that, moving forward, the rate of
TESS’s detection of GRB afterglows will further rise due to its
increased cadence of observation, allowing for the resolution of
shorter signals.

The real value of these observations, however, are their
uniqueness. As highlighted above, only GRB200412B and
GRB220310A have had their optical counterparts detected by
other telescopes. As we are confident in our candidate for
GRB180807A, we believe that this means TESS may have
been the only telescope to observe its afterglow. It is likely that
this is due to their poor localization as reported by the detecting
telescope, displaying the benefit of TESS’s wide FOV. Such an
observation reveals the valuable role TESS can play in the
analysis of rapid transients with poor localization.

4.3. Modeling Optical Gamma-Ray Burst Afterglows

The high-cadence observations conducted by the TESS
mission give a unique sample for modeling GRB afterglows.
However, relying solely on the high-cadence observations
taken with only the single TESS red broadband filter is
insufficient in extracting the modeling degeneracies in
afterglowpy.
Despite the robustness of the five-parameter modeling

procedure in producing well-constrained parameter estimates,11

the inclusion of bootstrap sampling within these parameter
spaces can result in light curves exhibiting significant residuals
compared to the fitted model line.12 In order to obtain
parameter-bound estimates during the modeling process, curves
exhibiting a least-squares regression value higher than a
predetermined threshold (which depends on the least-squares
regression of the best fit) were excluded as potential candidates.
In particular, the key parameters zcmb and E0 exhibit a high

level of degeneracy, necessitating observations at different
wavelengths to disentangle them. In the event that the redshift
had tighter constraints, for example if the host galaxy was
resolved, a more optimized set of parameters could be modeled.
In an ideal scenario, simultaneous observations from a
broadband blue variant of TESS alongside the existing TESS
system would provide an extremely powerful data set for
understanding GRBs and other transient-like phenomena.

Table 4
Candidate GRB Afterglow Confidence Classification

GRB Name Confidence Metric Judgment
Low Contamination Single Outburst Galactic Latitude Empty Visual Field

GRB180807A ✓ ✓ ✓ ✓ ✓

GRB200412B ✓ ✓ ∼ ✓ ✓

GRB220310A ✓ ✓ ✓ ✓ ✓

GRB181208A × ✓ × ∼ ∼
GRB200111A ✓ ✓ × × ∼
GRB210114A × ✓ × ∼ ∼
GRB210317A ∼ ✓ × ∼ ∼
GRB220514B ✓ × ✓ ∼ ∼
GRB190117B × ✓ × × ×
GRB190308A × × ✓ × ×
GRB190723A ∼ × × × ×

Note. Confidence is measured on performance in four categories: low contamination fraction (see Section 3.4), solitary outburst occurrence across TESS sector,
Galactic latitude falling outside the Milky Way plane, and empty field in comparison with PS1 and SkyMapper imaging.

11 These constraints are well-constrained for the five-parameter case, but one
should be careful when extending these parameters to a more complex model.
12 In this case, the least-squares regression model was used to minimize the
residual and compare by, ( ˆ )= å -s y yi i

2, where yi is the model data and ŷi is
the real data.
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Because of the nonlinear nature of the model and the
degeneracies present, the parameters we report are simply those
that were found to have the lowest residual and parameter
uncertainty; therefore, they are not to be taken as idealized
constraints of the whole system. As some of the optimized
parameters provide unrealistically small errors, we implement a
floor uncertainty of 0.01 for zcmb, 0.1 s for t0, as well as 0.001
radians for both θc and θobs.

Crucially, we found that an additional “afterglow onset
delay” parameter, t0, was required to shift the afterglow onset
time from the prompt emission time (given by the time of
trigger). This parameter accounts for afterglowpyʼs lack of
initial coasting phase—the time taken for the relativistic
outflow to begin decelerating during its interaction with the
CBM and subsequently release broadband synchrotron radia-
tion. In our sample, we find a significant average onset delay of
740± 690 s; this is still present when considering only the
high-quality afterglows of GRB180807A, GRB191016A,
GRB200412B, and GRB220310A, giving an average delay
of 560± 320 s. While we restrict our general modeling to a
“top hat” geometry, the t0 parameter was also required for the
Gaussian jet geometry.

The necessity of such a parameter in afterglowpy is
clearly paramount for early afterglow light-curve analysis.
However, complications arise when trying to get a sense of the
accuracy of the modeled t0 values; the large spread in delay
times may be indicative of different underlying causes between
sources. A number of factors affect the observed onset of the
afterglows. Many values fall within a single exposure of the
reported detection time, including that of GRB210317A, which
has the only “negative” onset. In these cases, the light curve is
simply too undersampled to glean any conclusive result.
Furthermore, as afterglowpy does not consider the
sensitivity of the observing instrument, any input baseline flux
is considered “zero flux,” inherently linking the value of t0 to
the limiting magnitude of TESS.

Despite this, the delays are not just sampling defects;
GRB220310A provides a clear example of an afterglow
nondetection at least 300 s post prompt emission, and a number
of other candidate afterglows are also delayed beyond a single
exposure.

GRB afterglows are expected to arise some “short” time after
the prompt emission due to the coasting phase of the relativistic
outflow (Kobayashi & Zhang 2007). As a consequence of both
the historical lack of rapid follow-up capability and the
limitations outlined above, most studies consider the afterglow
peak time, tp, a more consistent probe for physical theories.
Surveys documenting values for tp (e.g., Oates et al. 2009;
Ghirlanda et al. 2018) have generally found a broad
distribution, with average measurements around 200 s.

Each of our candidates appear to peak at times within the
distributions reported by Ghirlanda et al. (2018), though several
lie close to the late end of the tail. For unlikely candidates such
as GRB190308A and GRB190723A, such late peaks may
provide further evidence against their legitimacy, though both
GRB191016A and GRB220310A peak at late times as well.

The explicit optical afterglow onset time itself—that is, the
time between prompt emission and the very first optical signal
—is a parameter which has not been empirically investigated in
depth, simply due to observational limitations. Consequently,
resources such as afterglowpy have not been required to

incorporate onset delays in order to be viable tools for analysis;
TESS now challenges this paradigm.

5. Conclusions

We present the findings of the first systematic search for
optical GRB afterglows in archival TESS data. Our pipeline
utilizes TESS’s wide FOV to survey the fields of poorly
localized afterglows; upon analysis of 69 potential fields, we
present 11 candidate signals alongside one previously docu-
mented afterglow. Of these 11, we have high confidence in the
legitimacy of three and some level of uncertainty in the
remainder. We attempt to model these light curves using the
afterglowpy package for python, fitted through a range of
sampling and least-squares regression techniques. We find that
high-cadence TESS broadband observations are not sufficient
in breaking the degeneracy of key parameters, leading to poorly
constrained fits and parameter estimates. However, we also find
that there is a measurable delay time between the initial GRB
burst and the afterglow onset that is not accounted for in
afterglowpy: 740± 690 s when considering all 12 events,
and 560± 320 s when only considering the four high-like-
lihood afterglows of GRB180807A, GRB191016A,
GRB200412B, and GRB220310A.
Only two of the 11 candidates have had other afterglow

detections reported on the GCN, likely due to the localization
uncertainty released by the respective alert telescopes. TESS
therefore was likely the only optical telescope to observe the
remaining events, including the probable afterglow of
GRB180807A. This displays the capability TESS has at filling
a valuable role in the transient community for detecting poorly
localized rapid transients as a direct result of its unique
combination of near-continuous observation and a large FOV.
Furthermore, with TESS now operating at a cadence of 200 s, it
will only improve at sampling the rise of optical afterglows;
this will better constrain the apparent time delay between
prompt emission and afterglow onset, a largely undocumented
timescale.
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Appendix A
Detection Images

Figure 6 presents the TESS difference imaging for each
candidate, both a few hours prior and at the time of maximum
flux during the event.
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Figure 6. Detection images for all GRB afterglow candidates analyzed in this study. For each GRB we show the difference images of the frame 10 cadences prior to
burst trigger (left) and the frame with the highest flux (right).
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Appendix B
Nondetection-limiting Magnitudes

Table 5 presents the TESS coverage and nondetection
information for each undetected GRB in our search.

Table 5
Average Limiting Magnitudes and Coverage for Coincident GRBs with Nondetections in TESS

GRB Name Detection Time

Estimated
Position

Position
Error TESS Coverage

2σ Area
Covered

Limiting
Magnitude

(MJD) R.A. Decl. (1σ , deg) Sector [Cam,CCD]
1st Obs—Trig-

ger (s)

GRB180727A 58326.594074 346.67 −63.05 ∼0 1 [2,1] 361.1 L 15.1
GRB180801B 58331.492149 3.38 −70.68 3.877 1 [3,2], [3,1] 85.1 92.9% 16.4
GRB180804D 58334.930960 109.36 −69.32 3.506 1 [4,3], [4,2] 1464.3 97.6% 16.1
GRB180821B 58351.653208 309.78 −38.12 4.966 1 [1,1], [1,4] 247.2 37.9% 17.3
GRB180906Aa 58367.597127 104.81 −67.02 3.619 L L L L L
GRB180922A 58383.461013 19.18 −0.13 4.462 3 [1,3], [1,4] 1184.2 44.9% 15.6
GRB180924A 58385.640532 49.20 −58.53 ∼0 3 [3,3] 78.7 L 16.1
GRB181022A 58413.729317 56.79 −29.38 ∼0 4 [2,2] 1253.1 L 15.9
GRB190102A 58485.257993 86.39 16.69 4.021 6 [1,4], [1,3] 723.1 44.3% 16.0
GRB190117A 58500.608877 113.86 6.52 3.367 7 [1,4], [1,3], [1,1] 1021.0 93.5% 16.6
GRB190129B 58512.510810 117.28 1.25 2.033 7 [1,1], [1,2],

[1,4], [1,3]
477.3 86.0% 16.1

GRB190407A 58580.575420 90.53 −64.14 3.894 10 [4,3], [4,4],
[4,2], [4,1]

1573.0 90.8% 16.1

GRB190422Ca 58595.670061 189.23 −54.95 6.281 L L L L L
GRB190507C 58610.712000 86.22 −61.88 13.394 11 [4,2], [4,1],

[4,3], [4,4]
568.5 51.7% 13.4

GRB190630C 58664.995127 293.88 −32.74 ∼0 13 [1,3] 45.5 L 14.6
GRB190726A 58690.642269 310.26 34.29 3.843 14 [1,1], [1,4] 1519.1 51.8% 15.9
GRB191028B 58784.588863 276.88 69.99 5.569 17 [4,2], [4,1],

[4,3], [4,4]
517.2 92.9% 16.7

GRB191117A 58804.005873 297.88 76.38 6.768 18 [3,3], [3,4],
[4,2], [4,1]

577.3 92.7% 15.8

GRB200110A 58858.518117 96.15 28.88 4.724 20 [1,3] 1498.6 23.2% 16.6
GRB200112A 58860.525359 150.13 64.41 2.831 20 [2,1] 872.8 45.1% 17.7
GRB200303A 58911.107211 212.72 51.36 ∼0 22 [3,2] 914.7 L 15.9
GRB200324A 58932.693831 222.67 35.94 ∼0 23 [2,1] 702.8 L 15.7
GRB200403B 58942.919392 239.90 73.24 3.370 23 [4,1] 1026.6 75.2% 17.1
GRB200530A 58999.030671 32.10 69.23 0.483 25 [4,3] 1574.0 100% 15.8

GRB200901A 59093.157957 61.78 −59.89 ∼0 29 [3,4] 18.0 L 16.4
GRB200909Aa 59101.167580 338.86 −16.26 4.410 L L L L L
GRB201104Aa 59157.000648 81.40 −71.10 0.233 L L L L L
GRB201120Ba 59173.441533 78.16 −57.70 13.110 L L L L L
GRB210126Aa 59240.416717 70.68 −67.94 5.770 L L L L L
GRB210207A 59252.602755 137.97 4.73 4.559 34 [1,3], [1,2] 322.7 38.2% 18.2
GRB210222Ba 59267.942662 154.61 −14.93 ∼0 L L L L L
GRB210315A 59288.715863 98.77 −54.76 6.552 36 [4,2], [4,1],

[3,3], [4,3]
323.4 43.3% 17.3

GRB210317A 59290.380891 154.22 −64.94 2.784 36 [3,4], [3,1] 463.3 63.6% 16.9
GRB210411B 59315.564248 115.68 −74.84 4.333 37 [4,1], [4,2], [3,4] 213.3 83.4% 17.4
GRB210419A 59323.287280 86.85 −65.50 ∼0 37 [4,3] 150.5 L 15.5
GRB210427A 59331.206389 177.79 −52.87 3.600 37 [2,2], [2,1] 545.3 90.8% 16.5
GRB210504A 59338.579780 222.39 −30.53 ∼0 38 [1,4] 511.9 L 15.9
GRB210520A 59354.796551 123.00 −69.40 0.733 38 [4,2] 369.1 91.2% 17.3
GRB210621A 59386.447257 248.31 −61.07 5.059 39 [2,4], [2,3], [1,1],

[2,1], [2,2]
459.6 90.7% 16.2

GRB210730A 59425.206586 149.59 69.69 ∼0 41 [4,3] 153.7 L 16.0
GRB210928Ba 59485.761173 43.86 22.66 5.969 L L L L L
GRB211225Aa 59573.014202 124.67 16.81 6.025 L L L L L
GRB220319A 59657.736493 218.22 61.30 ∼0 49 [3,4] 410.7 L 14.9
GRB220321A 59659.282187 170.76 28.94 7.707 49 [1,2], [1,1], [1,3] 61.0 36.8% 18.4
GRB220424A 59693.481125 235.23 47.86 4.703 51 [3,1], [3,4] 388.0 92.3% 17.8
GRB220617B 59747.672847 284.49 25.59 7.342 53 [1,1], [1,2], [2,4],

[1,4], [1,3]
70.2 43.8% 16.5
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Table 5
(Continued)

GRB Name Detection Time

Estimated
Position

Position
Error TESS Coverage

2σ Area
Covered

Limiting
Magnitude

(MJD) R.A. Decl. (1σ , deg) Sector [Cam,CCD]
1st Obs—Trig-

ger (s)

GRB220623A 59753.294532 145.40 75.82 ∼0 53 [4,4] 348.8 L 16.3
GRB220708A 59768.194086 103.13 72.14 ∼0 53 [4,4] 18.3 L 16.4
GRB220810A 59801.969222 309.35 2.66 2.808 55 [1,2], [1,3] 600.0 40.66% 17.1
GRB220823B 59814.618232 287.96 63.73 6.648 55 [4,2], [4,1], [4,3],

[3,3], [3,4]
336.9 86.0% 17.1

GRB220924A 59846.906123 321.48 33.84 4.617 56 [2,2], [2,3] 110.1 67.1% 14.3
GRB221004A 59856.622349 356.83 57.71 7.938 57 [2,1], [2,2], [2,3],

[2,4], [3,2]
27.3 75.7% 14.4

GRB221029Aa 59881.045455 53.25 44.88 4.455 L L L L L
GRB221120A 59903.895460 41.34 43.24 ∼0 58 [1,1] 164.9 L 13.5
GRB221221A 59934.944097 81.82 63.40 3.280 59 [2,4], [2,1] 111.1 98.0% 14.9
GRB230116D 59960.878275 98.62 49.87 ∼0 60 [1,2] 32.6 L 13.3
GRB230116E 59960.575175 303.60 76.00 2.747 60 [4,1], [3,4] 20.8 94.6% 15.4

Notes. The data are separated into three sections based on observation cadences of 30 m (ending with GRB200530A), 10 m (ending with GRB220823B), and 200 s,
respectively.
a Occurred during a TESS downlink.
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