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Abstract

Among the various classes of fast optical transients (FOTs), kilonovae (KNe), which can emerge as a result of
neutron star mergers, are extremely challenging to observe because of not only the rapid timescale on which they
fade (on the order of days), but also due to the relative scarcity of their occurrence. This scarcity is compo-
unded by the large number of other FOTs that may initially resemble the characteristic rise of a KNe. While these
objects can be ruled out as candidate KNe by taking spectroscopy, a method of confidently ruling out transients
based on photometric analysis alone would be incredibly valuable. We describe the compilation of various
“imposter” transients, including a plurality of IIb SNe, and investigate a number of comparative metrics by
which one might be able to remove transients from consideration without the use of spectroscopy. We
provide a list of these objects and their classifications as well as a glossary of the transient types included in the

sample.

Unified Astronomy Thesaurus concepts: Gravitational wave sources (677); Neutron stars (1108); Extragalactic
astronomy (506); Gamma-ray bursts (629); Gamma-ray transient sources (1853); Astronomy data analysis (1858);
Astronomy databases (83); Compact binary stars (283); Supernovae (1668)

1. Introduction

Kilonovae (KNe), which are powered by the thermal heating
caused by the radioactive decay of newly synthesized and
unstable r-elements (Li & Paczyriski 1998; Metzger 2019), can
provide smoking gun evidence of neutron star mergers. This
thermal emission peaks around a day after the initial merger in
the optical regime, followed by a rapid fade on the order of
less than a week (Metzger et al. 2010), with longer wavelength
emissions demonstrating a later peak and more gradual fade
(Villar et al. 2017; Tanaka & Hotokezaka 2013). In addition to
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the aforementioned electromagnetic (EM) signal, these
mergers can also produce a y-ray burst (GRB; Berger et al.
2013; Fong & Berger 2013; Tanvir et al. 2013; Yang et al.
2015) and are detectable via gravitational waves (GW)
generated from the compact binary coalescence (CBC)
(Rosswog 2015; Nakar 2020; Ascenzi et al. 2021). It was
through detections by the International Gravitational Wave
Network (IGWN) of the binary neutron star merger
GW170817 (Abbott et al. 2017a) that the first (and only) KN
associated with a GW signal, AT2017gfo, was localized and
subsequently observed in a spate of multi-wavelength
observations (Abbott et al. 2017a; Coulter et al. 2017; Smartt
et al. 2017) in addition to the associated GRB 170817A
(Abbott et al. 2017b; Goldstein et al. 2017; Savchenko
et al. 2017).
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Given the significant scientific value of KNe observations, a
great deal of work has been dedicated to optimizing the search
for these fast optical transients (FOTs). In particular, work is
being done to more effectively search for KNe in untargeted
surveys, such as the Zwicky Transient Facility (ZTF; Bellm
et al. 2019b, 2019a; Graham et al. 2019; Masci et al. 2019;
Dekany et al. 2020). These “serendipitous” observations are an
attractive prospect as they are not reliant on an associated GW
signal, but this approach presents its own challenges. Some of
these efforts are discussed in more detail in Section 2. Due to
the characteristic rapid fade of KNe, observation has proven to
be challenging (Ascenzi et al. 2019; Kasliwal et al. 2020;
Ahumada et al. 2024). Another difficulty faced by observers is
the sheer number of FOTs that can initially display
characteristics in line with what would be expected from a
serendipitous KN observation.

In order to determine whether or not these candidates are
“imposters,” spectroscopy has to be taken on a rapid timescale.
This is problematic due to the relatively limited rapid
spectroscopic resources available to astronomers in compar-
ison to photometric target of opportunity (ToO) resources. In
the future, this will become an even greater challenge; the Vera
C. Rubin Observatory’s Legacy Survey of Space and Time
(LSST) will produce a volume of data orders of magnitude
greater than prior surveys, observing far more transients than
can be reasonably followed up and classified using spectrosc-
opy (Ivezi€ et al. 2019).

In this paper, we compile a sample of transients observed
by ZTF over the course of 6 yr that were at one point
suspected to be KNe but were later determined to be
imposters. Section 2 describes some of the tools and
pipelines developed by astronomers to consolidate the
number of transients that need to be investigated as
candidate KNe. Section 3 describes the sample of transients
in greater detail, including the distribution of transient
types; this is followed by a description of how the
lightcurves of these objects are interpolated for more
consistent analysis in Section 4. We evaluate a number of
metrics derived from these lightcurves and compare them to
a KN model grid in Section 5. The results of these
evaluations and commentary on the potential for additional
metrics are discussed in Section 6.

2. Methods

The detection of GW170817 and AT2017gfo promptly
motivated developments in automating searches for KNe
(Andreoni et al. 2017), which led to the discovery of a number
of FOTs. A large number of the transients in our sample were
initially identified as potential KNe by the framework
described below in Section 2.1.
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2.1. ZTFReST

The ZTF Realtime Search and Triggering (ZTFReST)
framework was developed following the conclusion of the
O3 IGWN observing run (Andreoni et al. 2021). Rather than
searching for KNe by waiting for GRB or GW localizations,
ZTFReST uses ZTF to search for KNe and FOTs that might be
serendipitously observed in its wide-field survey. To accom-
plish this, it must employ a number of strategies to reduce the
data set, which consists of upwards of a million alerts per
night. By applying a requirement that objects fade at a rate of
at least 0.3 mag per day, ZTFReST identifies rapidly fading
objects,'” which reduces the number of nightly objects
considerably. There are several additional processing steps
made as part of the ZTFReST pipeline, which are summarized
in Figure 1 of Andreoni et al. (2021).

While ZTFReST has not yet detected a KN, it has been
successful in identifying a number of interesting FOTs,
including several GRB afterglows (Andreoni et al. 2021) and
a jetted tidal disruption event (TDE) (Andreoni et al. 2022).
Additionally, Andreoni et al. (2021) constrained the rate of
GW170817-like KNe to R < 900 Gpc > yr .

2.2. NMMA

The Nuclear Multi Messenger Astrophysics (NMMA)
Framework (NMMA) (Dietrich et al. 2020; Pang et al. 2023)
is a Bayesian inference tool for analyzing astrophysical
transients using EM and GW signals together with information
obtained from other EM observations or from nuclear-physics
theory and experiments (Koehn et al. 2025). While the correct
inference of the source properties, such as the component
masses of neutron star mergers or the extraction of information
to further sharpen our knowledge about the equation of state of
supranuclear-dense matter, e.g., (Dietrich et al. 2020; Koehn
et al. 2024; Pang et al. 2021, 2024), is among the main science
goals of NMMA, its usage to perform model selection and to
classify EM transients, e.g., (Kann et al. 2023; Kunert et al.
2024) is an ability that is of greatest interest for this paper.

For this purpose, NMMA allows the comparison of
numerous EM transient models, e.g., for the description of
different kinds of KNe caused by binary neutron star or black
hole - neutron star mergers (Kasen et al. 2017;
Bulla 2019, 2023), for the description of collapsars (Barnes
& Metzger 2022, 2023) and supernovae (Levan et al. 2005), or
for the modeling of GRB afterglows (Ryan et al. 2020). These
different models can be compared against the observational

17 Readers may notice that some of the objects in our sample do not exceed
the fade rate imposed by ZTFReST. This is due to multiple factors; the objects
in our sample are not exclusively sourced from the ZTFReST pipeline.
Additionally, the rate calculated by ZTFReST is based on the difference
between individual points of observation at the time they occur—while some
of the objects may have exceeded the ZTFReST rate based on two data points,
their average fade rate over the course of two days following the peak may be
lower.
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Figure 1. Timeline of observations in the transient sample as compared to the
most recent LIGO observing runs. The 04 observing run is set to conclude at
the end of 2025, with 05 beginning sometime in mid-2027.

data through a Bayesian Inference Analysis, and by comparing
the obtained Bayes factor, one can quantitatively predict the
relative changes that the observed FOT was better described
by the employed KN models compared to other scenarios.
Along these lines, Barna et al. (2024) discussed an online
framework that uses NMMA to analyze objects that meet the
criteria of ZTFReST, fitting objects to several different
transient models, quantifying the chances of a KN detection.

3. Candidates

The initial list of compiled objects was comprised of 192
transients observed between 2018 and 2024 by ZTF. Each of
these objects was initially flagged as being a fast transient by
ZTFReST and associated fast transient monitoring projects.
From these 192 transients, only 86 were investigated, formally
classified, and reported to the Transient Name Server,
generally based on spectroscopy. Since our study primarily
concentrates on identifying any trends in specific transient
classes with respect to the classification of KNe, we restrict
ourselves to the 86 as our final sample set. A subset of these
objects was observed during IGWN observing runs, which we
highlight in Figure 1.

An additional requirement of objects with known redshifts
lowers the number of transients to 70. This includes 12
different classes of transient, with the majority of the sample
being SNe IIb at 20 unique objects. There is an exception to
the redshift requirement for the galactic sources (cataclysmic
variables and novae). This is because many of these objects
have a reported redshift of O due to the difficulty of deriving
the redshift for galactic sources from spectroscopy. For these
objects, we assume a distance equal to the center of the galaxy,
8178 pc (GRAVITY Collaboration et al. 2019). This results in
absolute magnitudes for “zero redshift” sources roughly in line
with the handful of galactic sources with measured redshifts as
well as analyses in the literature (Kok 2010; Selvelli &
Gilmozzi 2019). As detailed in Section 4.1, an additional 4
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Figure 2. The distribution of object types included within the sample. The
largest transient class in the sample is SNe IIb.

objects are not suited to the Gaussian Process (GP) method, so
they are also excluded. This brings the total number of objects
in the data set to 66.

4. Data Processing

In the aggregate, all of the transient types in this study are
characterized by a rise followed by a fall. Due to the nature of
transient observation cadences, a smaller number of objects
were observed during their rise compared to the number
observed during their fade. Of the objects that passed the GP
quality requirement, there are 3 objects observed only during
their rise, 33 objects observed only during their fade, and 30
objects observed for both their rise and fade. The distribution
of object types in the sample is shown in Figure 2. A brief
description of each of these classes can be found in
Appendix A.

IIb SNe, which make up the plurality of the sample, are
core-collapse SNe characterized by a double peak separated by
several days (Claeys et al. 2011). The first peak occurs as a
result of shock breakout and demonstrates a rapid rise and fade
on the order of a few days. As this shock expands and becomes
optically thin, *°Ni produced during the collapse begins to
decay, heating the ejecta and giving rise to a second peak. The
second peak is followed by a much more gradual fall than the
first (Woosley et al. 1994).

This double peak is not observed in all of the IIb SNe in our
sample; rather, some IIb SNe in the sample were only observed
for the former or the latter. In cases where there are two peaks
present (or a clear fade prior to a second rise), the first peak is
used for the calculation of the rise and fade rates. This is
relevant to consider when analyzing some of the metrics
discussed in Section 5.

Observational data is cut to center around the rise, peak, and
fade. Of the 33 objects with an observed rise, 8 have a rise
duration that exceeds 10 days in any filter; of these, 5 are SNe
IIb and 3 are SNe Ia. For the purposes of this paper, we
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measure the fade as the difference in magnitude between the
peak luminosity and observations over the next 2 days. KNe,
as fast fading objects, would generally only be visible for a
few days following their peak. An object that is still observable
by ZTF for weeks following its peak is unlikely to be a KN and
can be excluded from consideration, but the longevity of a
transient cannot always be ascertained from a handful of early-
time observations.

4.1. Gaussian Process

Because this sample is made up of a mix of both untargeted
and ToO observations, the observation cadence is not
consistent. Limiting all objects to data collected within the
first 25 days of observation, objects were observed a median of
22 times at an average cadence of 1.38, 1.71, and 3.68 days in
the g-band, r-band, and i-band, respectively. As a result,
observations are not evenly distributed across the three filters.
g-band and r-band observations make up 47% and 46% of the
observed data points, respectively, whereas the i-band
accounts for only 7% of observations. Additionally, the rapid
nature of these transients in both their rise and fade means that
calculating rates purely based on the observed data points is
challenging.

In order to analyze the rise and fade of these transients, it is
necessary to interpolate them on a more uniform observing
cadence. Due to the irregular nature of observing cadences and
the limited time range in consideration for most of these
objects, linear interpolation proved insufficient for the
purposes of this study. Instead, we applied a GP method to
the objects.

In this paper, we use a pre-trained GP kernel, which was
trained on approximately 14,000 objects observed by ZTF.
This training set contains a number of objects, with 60.6% of
the sample being made up of Type I and Type II SNe. All
observations and their associated errors in the data set are
converted to flux

F = 1070.4(mA3723.9)’uJy, (1)
0y
op=|—2——|-F. 2
g (2.5/111(10)) @
where o, and o are the magnitude and flux errors,

respectively.

Using these flux values, a GP kernel is trained using
george (Ambikasaran et al. 2015). From this kernel, it is
possible to interpolate ZTF lightcurves to estimate high
cadence observations.

The GP is applied to the first 50 days of data for all objects
in our sample.'® This results in smooth light curves with high

18 We restrict our analysis to the first 50 days because this study largely
focuses on the rapid rise and fade of transients, making longer term data
unnecessary.
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Figure 3. The GP as applied to AT2017gfo observations from Pan-STARRS.
While the rise of the KN is not captured, the fade is well sampled and is
modeled well by the GP.

ZTF20abwysqy | Type: Afterglow
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Figure 4. An example of a long GRB that the GP was unable to meaningfully
fit. Observations are plotted as points with errors, with the line plot
representing the GP. ZTF was only able to observe this object for a single
night (Ahumada et al. 2021).

observing cadences, allowing for more precise analysis of
rapid changes in luminosity. From there, each of the objects
was reduced to only include observations at and around the
peak luminosity, and the flux values from the GP are converted
back to magnitude space by inverting Equations (1) and (2).
An example of the GP applied to AT 2017gfo is shown in
Figure 3.

After applying the GP to the 70 objects with classifications
and redshifts, 4 of the transients did not have sufficient data to
be modeled by the GP; an example of one such object can be
seen in Figure 4, which the GP models as essentially flat. This
is due to the relatively low number of observations, which take
place over a single night. The third data point in the g-band
suggests there may be an observed fade, but the error is too
large to say this definitively. Regardless, this shows that there
is a lower limit in terms of observations below which the GP
cannot effectively interpolate the data.
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Figure 5. The GP as applied to a IIb SN; again, observations are plotted as
points, with the lines showing the GP interpolation. This is a more plausible
interpolation compared to ZTF20abwysqy

Conversely, Figure 5 shows a IIb SN,ZTF20actqnhg, that
was well fit by the GP. While this is more observed than
ZTF20abwysqy, this is an unevenly sampled lightcurve with a
somewhat ambiguous peak in the g-band and a paucity of
observations immediately following the peak in the r-band.
These properties would make calculating several metrics,
including the color at peak and FWHM, less consistent based
solely on the observed data points. The GP creates a plausible
interpolation of the observed data, which enables more
consistent calculations of metrics like the fade rate
and FWHM.

Figure 6 shows ZTF19accjfgv, a SN IIb that was only
observed while it was fading. There is a gap of around 3 days
between the first and second observations in each filter. Recall
from Section 4 that we calculate the fade rate as the change in
luminosity over the course of 2 days following the peak
observation. Calculating the fade rate using only observed data
points would therefore result in this object not being usable for
this study. However, applying the GP results in a plausible
interpolation that fits all observed points and allows us to
evaluate the fade rate on a consistent time interval for all
objects.

As a result, the total number of objects included in the study
is 66, with 11 different transient types represented in the
sample. The distribution of types in the sample is shown in
Figure 2. A full list of objects can be found in Table 1.

The benefit of using the GP to interpolate the lightcurves is
most apparent in the i-band, which is generally less available
than g-band and r-band observations. The use of the GP results
in 30 objects having smooth rise, fade, or both values in the
i-band.

5. Evaluation Metrics

After applying the GP, we calculate a number of derived
observational metrics for the transients. These include the rise,
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Figure 6. The GP as applied to an object without an observed rise. The
cadence of observation would preclude the calculation of the fade rate of the
two days following the peak observation, but it is possible to calculate with the
GP interpolation.

the fade, the color at each filter’s peak, and the full width at
half maximum (FWHM). The specifics of these calculations
are described in further detail in their respective subsections
below.

We compare the sample of transients to a grid of kilonova
models computed with the 3D Monte Carlo radiative transfer
code POSSIS (Bulla 2019, 2023). POSSIS can handle
arbitrary 3D geometry for the ejecta and simulate KN flux
and polarization spectra for different observer viewing angles.
Thermal radiation is represented by Monte Carlo packets that
are assigned initial energies and frequencies and interact with
matter while traveling through the expanding and opaque
ejecta. In particular, we use the grid presented in Dietrich et al.
(2020)." The ejecta are assumed to be axially symmetric and
are divided into two main components: a disk-wind ejecta
component in the inner region (i.e., low velocities) and a
dynamical ejecta component in the outer regions (i.e., high
velocities) characterized by lanthanide-rich compositions close
to the merger plane and lanthanide-poor compositions at polar
angles. The masses of the two components, myina €
[0.01, 0.03, 0.05, 0.07, 0.09, 0.11, 0.13]M, and
mgyn € [0.001, 0.005, 0.01, 0.02] M, and the half-opening
angle of the lanthanide-rich component, ¢ € [0, 15, 30, 45,
60, 75, 90]°, are varied to create a grid of 196 models, with
observables extracted for 11 different viewing angles. All
models share the same velocity structure, with the wind ejecta
extending from 0.025 to 0.08¢ and the dynamical ejecta from
0.08 to 0.3c. The values for the model grid are generally
plotted as black points in all figures.

We also calculate these metrics for AT2017gfo and include
it under the “AT2017gfo” label. We note that, since ZTF was
not operating at the time of its detection, there are no ZTF

19 The grid is publicly available at https: //bit.ly /possis_models.


https://bit.ly/possis_models

Publications of the Astronomical Society of the Pacific, 137:084105 (20pp), 2025 August

observations of AT2017gfo. Instead, we use observations from
Pan-STARRS (Chambers et al. 2016), which captured the fade
in 3 bands similar to those of ZTF.** The same GP is applied to
these observations, which can be seen in Figure 3. Across all
the metrics evaluated, AT2017gfo generally falls within the
same range as the KN model grid.

In addition to the following sections, which consider a
combination of metrics, we evaluate the numerical separation
between transient classes and the model grid with respect to
each metric using a “distance” method that is described in
Section 5.4.

5.1. Rise and Fade Rates

The rise rate is calculated by comparing the change in
magnitude between an object’s initial observation and the peak
measured luminosity. While a handful of objects demonstrate
longer rise times, the median (average) rise time is 2.96
(6) days.

Figure 7 shows the peak magnitude in each filter versus the
rise rate. The black points represent the KN model grid. While
the transients in the cluster are somewhat clustered towards a
lower rise rate than most of the lightcurves in the model grid in
all filters, there are still a number of transients that have higher
rise rates. There also exists a population of “local” (z < 0.001)
objects with absolute magnitudes on the order of 5-15 mag
fainter than the model grid, with most of the remaining
transient classes having absolute magnitudes similar to the
model grid.

Figure 8 plots the fade rate versus the peak luminosity in
each filter; the fade rate takes into account the change in
magnitude between the time of peak luminosity and the
following 2 days of data. This figure also shows a feature of
the KN model grid. There are seemingly two populations of
KNe, with a smaller subpopulation exhibiting a more rapid
fade in the g-band and, to a lesser extent, -band. There are
several GRB afterglows that exceed the fade rate of the fast-
fading KN population, which is to be expected (Andreoni
et al. 2020). Most of the other transients are clustered towards
the slower-fading population in all filters

5.2. Color

Figure 9 shows the color at the peak as compared to the peak
luminosity in each filter. This metric seems to have a higher
discriminating power than the rise or fade based on visual
inspection, most notably with the KNe model grid being more
red in the g —r color at the g-band peak than our sample of

20 We chose to use Pan-STARRS data for AT2017gfo due to the number of
observations, from which the GP benefits. We elected to not include two other
prominent KNe asssociated with GRBs 211211A (Rastinejad et al. 2022) and
230307A (Levan et al. 2023; Yang et al. 2024) in our analysis. In the former
case, there are not enough Pan-STARRS observations to meaningfully fit with
the GP, and in the latter case, it was not observed by Pan-STARRS.
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transients. The g —i colors also show promise for both the g-
band and i-band peaks.

5.3. Full Width at Half Maximum

The FWHM represents the duration an object remains above
half of its maximum brightness while rising and fading. This

corresponds to a difference in luminosity of —2.5 log (%) ~

0.75 mag. Given that not all objects in the sample have both a
rise and fade, objects with only an observed fade have their
FWHM calculated as two times the duration they spend above
half the maximum brightness while fading. This can be
validated by comparing this same calculation for objects
observed during their rise and fade against their true FWHM.
Across all filters, this approximation overestimated the FWHM
by between 10% and 20%. However, a qualitative comparison
of the objects using this estimation shows that they are within a
similar range to the FWHM values that are not calculated with
this estimation. This calculation is made for each filter a given
object was observed in.

The FWHM is compared to the peak luminosity in
Figure 10. This is perhaps the most promising of the metrics
evaluated in this study. While there is still a population of
transients that have similar FWHM values to the KN model
grid, there are far more objects that lie outside the 0.5-7 day
maximum FWHM shown by the KN grid. For example, in the
g-band, 14 of the 21 IIb SNe, 5 of the 8 II SNe, 4 of the 5 Ia
SNe, and 3 of the 3 Ibn SNe had FWHM values that exceeded
the KN model grid. The prevalence of IIb SNe with large
FWHM values may be due to the observed peak being the
second peak in their lightcurves, which tends to fade on a
longer timescale in comparison to their first peak. We choose
to include these IIb SNe to represent cases of imposters where
the second peak is the only observed peak, which is not
necessarily discernible with only a handful of data points
following the peak.

That being said, this trend is not universal. In the same filter,
most of the cataclysmic variables, novae, and classical novae
have FWHM values in the same range as the KN model grid;
this is also true of several other transient classes, but this could
also be due to them only having 1-2 data points within this
sample.

Given that the color and FWHM show the most separation
of the metrics tested, it is natural to compare them against one
another. This is especially true given that. in the local universe,
these are both metrics that are not strongly dependent on
knowing the distance to an object a priori. Figure 11 shows
that there is a fair amount of separation between the model grid
and most transient types, though the various SNe types
referenced in Section 5.3 still demonstrate the most separation.
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Figure 7. Rise rate vs. peak luminosity in each filter. Each subplot corresponds to a different filter, and there is a legend for each subplot with a count of each

transient type present. Black points show the distribution of the KNe model grid.

5.4. Metric Distance model grid
In order to compare performance between different metrics, Z?ﬁﬁzijfﬂxi — Xj
it is necessary to identify a quantitative measure of the d= Miype X Mgrid ’ &
imposters’ proximity to the model grid. One method of
evaluating this is to calculate the average distance between the where nyp. is the number of objects contained within a given
metric values for each class of imposter and all points in the transient grouping, ngq is the number of simulated KNe in the
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model grid, x; is the metric value for a given transient, and x; is
the metric value for a KNe in the model grid.

A larger value would then indicate that metric discriminates
more between the KN model grid and a given class of
transient.

For visual clarity, we condense the imposters into 5 groups

1. GRB afterglows

2. IIb SNe

3. Misc SNe (Ia, Ib, Ibn, II, IIp)

4. Galactic transients (CVs, novae)
5. Other transients (FBOTSs, TDEs)

Additionally, we calculate the metric distance for
AT2017gfo and a subsample of 100 lightcurves from the KN
model grid. Calculating the metric distances for AT2017gfo
compares the performance of the model against a well-
observed KN, and the subsample from the model grid
effectively measures the baseline self-similarity of the grid.
This can be roughly interpreted as the baseline value of that
metric distance; values below this might not be significant
enough to meaningfully discriminate between an imposter and
a genuine candidate KN.

Figure 12 shows radar plots for all of the metrics discussed
in the preceding subsections. Take the first row, which
corresponds to the peak luminosity, as a test case. The KN

model has a fairly narrow range in terms of peak luminosity,
so the self similarity value is almost zero. Across all filters,
galactic sources show the highest value, which is logical given
that these transients are known to have much lower peak
absolute luminosities in comparison to KNe and other
extragalactic transients; however, they can be a contaminant
due to their relative proximity resulting in a high apparent
magnitude. One should also note that, while it is fairly small,
AT2017gfo has a value slightly above that of the KN model
baseline, which is most pronounced in the g-band.

5.4.1. Rise and Fade Rates

The second row of Figure 12 shows the rise rate across all
filters. As shown in Figure 7, there is a fairly large range of
plausible rise rates for the KN model grid, and, as a result, the
baseline value is fairly high. Though there is only one GRB
afterglow with an observed rise (only in the g-band and r-band,
however), it has a metric value slightly below that of the model
grid, indicating that rise rate may not be a strong filter for GRB
afterglows. Again, galactic sources are the strongest outliers.
The IIb SNe group and the general SNe group both exceed the
model grid baseline, with the former edging the latter out
slightly across all filters. However, it should be noted that,
under realistic observing conditions, it’s more likely that the
rise will not be able to be calculated with the same precision,
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Figure 10. Time spent above half the peak luminosity vs. the peak luminosity in each filter. There are a handful of transient classes that demonstrate FWHM values
similar to the KN model grid, but many of the SNe demonstrate a much longer FWHM than the fast transients, which is generally due to the more rapid fading

of KNe.
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Figure 12. A collection of radar plots that correspond to the average difference between the values of each metric for a given category of transient and the values
calculated for the KN model grid. If a metric cannot be computed for a specific category, the spoke for that category in that radar plot are shown as having a value of
zero. For example, there is not a computed value for the rise rate of AT2017gfo, as it was only observed during the fading period.
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80 it’s possible this metric may not be as performant in some
cases. It’s not possible to compare the model against
AT2017gfo because there is not observational data prior to
the peak for any filter.

The fade rate plots on the third row show this metric is most
suited to identifying GRB afterglows, which makes sense
given their characteristic fast fade. In addition to this,
AT2017gfo is the only other category that is notably above
the baseline model grid value. Referring back to Figure 8,
AT?2017gfo is noticeably outside the bounds of the model grid
in the g-band but falls within the upper boundary of the other
two filters. Despite this, the fade metric distance is still
somewhat high in all filters for AT2017gfo. The g-band being
the most pronounced of the three can be explained by the
aforementioned excess fade rate, but the other two filters could
be explained by the gap in populations between faster and
slower fading KNe in the grid, which would exaggerate the
metric distance somewhat

5.4.2. Full Width at Half Maximum

The fourth row shows the FWHM for each filter. As shown
in Figures 10 and 11, the range of FWHM values is fairly
narrow for the model grid; correspondingly, the baseline
metric distance value is relatively low. The transient classes
demonstrating the greatest distance from the baseline are both
categories of SNe, with IIb SNe being edged out by the other
collected SNe category. SNe occur on a longer timescale in
comparison to KNe, and this is reflected in Figure 10. The
galactic and miscellaneous sources are also slightly above the
baseline value, but much less so.

5.4.3. Color

Finally, the fifth and sixth rows in Figure 12 show the
various color metrics. The color values of the KN model grid
is fairly tight in its spread in Figure 9, which is largely
reflected in the baseline value in the radar plots being
somewhat low. With the exception of the r-band peak r —i
color, all classes of transient exceed the baseline. Generally,
the afterglow category is the closest to the baseline in each of
the metrics. Interestingly, AT2017gfo exceeds the baseline in
four of the six metrics, with the only exceptions being the -
band peak r — i color and the i-band peak r — i color. Referring
back to Figure 9, AT2017gfo is not necessarily outside the
bounds of the model grid distribution, but the spread of the
model grid is somewhat large. This suggests this approach may
not be as effective in cases where the metric space for the
baseline is fairly wide.

6. Conclusions

There is a subset of transients, specifically novae and
cataclysmic variables, that can be discriminated from the

Barna et al.

remaining population of transients based on their peak absolute
luminosity in all bands, whereas most of the other objects have
peak absolute luminosities within a couple of magnitudes of
the model grid. This subgroup of objects, novae, classical
novae, and cataclysmic variables, share the common feature of
their relative proximity (z < 0.001) compared to the rest of the
sample. Additionally, across all metrics besides their absolute
peak luminosity, these nearby objects have values similar to
those of the KN model grid.

Holistically, it is evident that different metrics filter out
certain transient types better than others - there is no one
“silver bullet” metric that definitively separates all transient
types from the KN model grid. One of the qualitatively better
metrics, the FWHM, has a significant trade-off; the FWHM
can only be measured after an object has faded to at least half
of its peak brightness. Given how quickly KNe fade beyond
detectable levels for most instruments, this limits ToO follow-
up to a fairly brief window of observation. Even measuring the
color at the peak is a metric that limits the ToO observation
window to the fade of a fast-fading transient.

While there is variance in the qualitative performance of
each metric, most of the metrics discussed in this paper show a
mild discriminatory utility; using these metrics in tandem with
some sort of weighting could be used to calculate a second
order metric, along the lines of the metric distance approach
discussed in Section 5.4, to indicate the likelihood of a
transient being a KN candidate. This would return results on a
timescale shorter than inference-based methods that use tools
like NMMA (Barna et al. 2024).

There is evidence that this strategy has merit. The Bright
Transient Survey (BTS) implemented a convolutional neural
network to identify objects of interest, and they found that this
automated tool triggered follow-up observations upwards of 7
hr earlier than manual inspection Rehemtulla et al. (2023).
Given the nature of ground-based observing, 7 hr can often be
the difference between a follow-up observation on the same
night and having to wait until the next evening.

The authors welcome additional work in this area and in
exploring additional evaluation metrics; of particular benefit
would be the identification of a metric that can discriminate
between imposters and candidate KNe during their rise. The
data used for this analysis are publicly available on the IIb or
not ITb GitHub repository.”'
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Appendix A
A Glossary of Transients

There are a number of classes of transient present in this
sample of KN imposters. Each of these classes have unique
mechanisms and properties with rich fields of study. Here, we
provide brief summaries of each of the classes included in our
refined sample.

A.1. GRB Afterglows

GRB afterglows (referred to as afterglows for much of this
paper) occur as a result of the shock originating from a GRB
interacting with the interstellar medium in the form of
synchrotron emission (Sari et al. 1998). Like KNe, afterglows
decline rapidly (Rhoads 1999).

CBCs give rise to both a KN and a short GRB (sGRB)
afterglow, as was observed with GW170817 and its counter-
parts (Abbott et al. 2017b). In these cases, it can be difficult to
disentangle the two signals from each other given the greater
brightness of afterglows (Zhu et al. 2022), though multi-
wavelength observations can mitigate this challenge (Wallace
& Sarin 2024).
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A.2. Cataclysmic Variables

Cataclysmic variables (CVs), labeled as “Cataclysmic” in
most of our figures, are binary star systems consisting of a
white dwarf (WD) that accretes matter from its companion.
This accretion can lead to outbursts in the form of classical
novae, recurrent novae, dwarf novae, and nova-like objects,
among other more exotic variants (Robinson 1976; Skillman
et al. 1999). Despite the“recurrent” subclass, all types of novae
are technically periodic in nature on varying timescales; even
classical novae are thought to be periodic, albeit on the
timescale of thousands of years (Bath & Shaviv 1978). Some
of the CVs in this sample could very well be novae. For
whatever reason, they were classified more generically;
additional photometric and spectroscopic observation could
clarify their subclass (Knigge et al. 2008).

A.3. Novae

As a subclass of CV, novae describe instances wherein the
white dwarf (WD) accreting mass leads to a outburst in the
form of thermonuclear runaway on the surface of the WD
(Starrfield et al. 1972). Depending on emission lines observed
in their spectroscopy, they can be divided into “He/N” and
“Fe II” novae (Williams 2012).

In addition to classical novae, there are a number of
subclasses, such as dwarf novae, which are driven by an
increase in luminosity in the accretion disk (Warner 1974;
Osaki 1996) rather than on the surface of the WD. Dwarf
novae tend to be dimmer than classical novae.

In general, novae are less luminous that many other classes
of transient (hence the distinction between novae and “super’-
novae (Baade & Zwicky 1934; Osterbrock 2001), but they
occur at a relatively higher rate within the galaxy
(Shafter 2017). With limited photometric observation and no
spectroscopy, it is possible for a faint galactic nova to initially
be mistaken for a brighter event occurring at a greater distance.

A.4. Fast Blue Optical Transients

Fast blue optical transients (FBOTs) are a somewhat new
class of transient characterized by a blue color and a rapid rise
and decay; there are a number of proposed models for their
progenitors (Andreoni et al. 2020; Leung et al. 2020, 2020;
Gottlieb et al. 2022; Soker 2022; Chrimes et al. 2023).

The most famous example of an FBOT is AT2018cow, also
referred to as “The Cow” (Leung et al. 2020). The Cow was an
extremely rapid transient that exceeded the peak luminosity of
a super-luminous supernovae (SLSN). The FBOT in our
sample, ZTF23aaeozpp/AT2023fhn, also known as “The
Finch,” was similar to AT2018cow, albeit with a significant
separation from its host galaxy (Chrimes et al. 2023).

FBOTs are rare events, with some estimates placing them at
around 0.1% of the local core-collapse supernova (CCSN) rate
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(Ho et al. 2023b). While there have been upper limit estimates
of the rate of KNe (Andreoni et al. 2020), the actual number of
FBOTs observed exceeds that of KNe; this, in tandem with
their rapid evolution, make them potential KNe imposters.

A.5. Tidal Disruption Events

Tidal disruption events (TDEs) occur when a star orbiting a
supermassive black hole (SMBH) is drawn so close to the
SMBH that it is pulled apart by tidal forces. This phenomenon
was first theorized in relation to quasi-stellar sources (QSOs;
Hills 1975). While the first observations of TDEs occurred in
the X-ray regime (Piro et al. 1988; Donley et al. 2002), TDEs
are observable across the EM spectrum depending on the
viewing angle (Dai et al. 2018). A number of TDEs have been
detected by ZTF (van Velzen et al. 2021), making them a
potential contaminant, but their presence could be mitigated
with galaxy correlation given their presence at the center of
galactic nuclei and their higher peak luminosity in comparison
to KNe (Lodato & Rossi 2011).

Some TDEs may however be found to be offset from their
host galaxy nucleus. Three such cases have been reported in
the literature (Lin et al. 2018; Jin et al. 2025; Yao et al. 2025),
two of which were observed primarily in the X-rays (Lin et al.
2018; Jin et al. 2025). In the case of the optically discovered
off-nuclear event AT2024tvd (Yao et al. 2025), the transient
reached maximum light (M, — 19 mag) in ~20 days in the rest
frame, then faded slowly. Its peak brightness and light curve
are therefore distinct from any plausible kilonova models.
Because of their rarity and light curve behavior, we expect
contamination from off-nuclear TDEs to be negligible.

A.6. Type la Supernovae

There are two primary methods of delineating the various
classes of SN, the first being by the presence of absorption
lines of specific elements in their spectra and the second being
their explosion mechanism. The former was initially described
in Minkowski (1941) and has been adopted as the primary
classification method and has been expanded in greater detail
(da Silva 1993). Broadly, Type I SNe are defined by the
presence of a hydrogen absorption line, whereas Type II SNe
do demonstrate a hydrogen absorption line.

Type la supernovae (SNe Ia) are differentiated by the
presence of a silicon line in their spectra (Filippenko 1997).
They are also the only class of SN that undergoes thermo-
nuclear runaway for its explosion mechanism. This occurs
when a WD in a binary system accretes enough mass to hit the
Chandrasekhar limit, which leads to the thermonuclear
runaway (Chandrasekhar 1931; Baym et al. 1971). Due to
this roughly similar explosion mass, SNe Ia are understood to
have standardizable peak luminosities (Phillips 1993), though
there are a subset of SNe Ia that are under-luminous, which are
referred to as SNe lax (Foley et al. 2013).
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The exact nature of the progenitor systems of SNe Ia is not
fully understood, with a number of different models in
contention (Maoz et al. 2014; Ruiter & Seitenzahl 2025).

A.7. Type Ib Supernovae

Like SNe Ia, SNe Ib are categorized as Type I SNe due to
the paucity of hydrogen in their spectra, but they demonstrate a
helium line that is not present in SNe Ia and generally lack a
strong silicon absorption line (Filippenko 1997). SNe Ib are
driven by core collapse (CC), which occurs when the core of
the star is no longer able to counter the gravitational forces of
its own mass (Clocchiatti & Wheeler 1997). CC SNe
progenitors are massive stars, generally of the order 8 M, at
minimum (Heger et al. 2003; Diaz-Rodriguez et al. 2021), with
some debate as to the upper mass limit (Smartt 2009, 2015;
Sukhbold et al. 2016; Kuncarayakti et al. 2018; Diaz-
Rodriguez et al. 2021).

Unlike SNe Ic, SNe Ib possess a helium envelope (Modjaz
et al. 2009). The early lightcurves of SNe Ib are driven by the
expansion of this stripped envelope (SE), later progressing into
the decay of *°Ni. While the lightcurves of SNe Ib may
initially evolve in a manner similar to SNe Ia, SNe Ib
demonstrate a longer fade time after their peak as well as a
redder color (Dessart et al. 2012).

A.8. Type Ibn Supernovae

As a class of SN, SNe Ibn are distinguished not by their
explosion mechanism but by the environment in which they
occur. SNe Ibn are SNe Ib that occur in the presence of a
circumstellar medium (CSM; Smith 2017). This CSM has a
shock interaction with the SN ejecta, which can result in
unexpected behavior such as reddening (Pastorello et al. 2015)
and demonstrating overlap with SNe IIb in some instances
(Prentice et al. 2020).

A.9. Type Il Supernovae

Like SNe Ib, SNe II occur as a result of the CC of massive
stars, but they differ in that their red supergiant progenitors
retain their hydrogen envelope and demonstrate a hydrogen
absorption line in their spectra (Chevalier & Fransson 1994;
Filippenko 1997). There are a number of subclasses of SNe I,
of which two are described below.

The two primary subclasses, IIP and IIL, are categorized
based on the photometric properties of their fade following
their peak, though recent studies have investigated the
prospects of distinguishing between SNe II subclasses based
on spectropolarimetry (Nagao et al. 2024). Objects may be
classified as a non-specific SN II depending on the extent of
their observation. In our sample, we have relied upon existing
formal classifications documented in the Transient Name
Server (TNS; Gal-Yam 2021), General Coordinates Network
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(Barthelmy et al. 2000; Singer & Racusin 2023), Lasair (Smith
et al. 2019), and other sources rather than evaluate the nature
of included objects as SNe IIP or SNe IIL.

A.10. Type IIP Supernovae

SNe IIP are a subclass of SNe II defined by the presence of an
extended plateau” in their photometric lightcurve following a
brief fade from the peak, hence the “P.” This plateau phase lasts
on the order of roughly 100 days (Poznanski et al. 2009; Arcavi
et al. 2012). This occurs because the outer hydrogen envelope is
ionized, creating an optically thick layer that obscures radiation
inside of this layer. As the ejecta expands, the ionized hydrogen
recombines and becomes optically thin, and this process repeats
throughout the expanding hydrogen envelope (Grassberg et al.
1971). This phenomenon results in a consistent release of energy
until the entirety of the hydrogen envelope is recombined, which
is observable as a characteristic plateau (Eastman et al. 1994).
SNe IIP can demonstrate a range in magnitudes at which they
plateau (Hamuy 2003; Kitaura et al. 2006).

A.1l. Type IIb Supernovae

SNe IIb are a unique class of CC SNe that initially
demonstrate spectra that appear similar to SNe II but later
evolve to more closely resemble SNe Ib (Filippenko 1997).
This occurs due to a milder stripping of the outer hydrogen
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layers at early times in comparison to other SE SNe, with the
associated hydrogen spectral features disappearing at later
times, coming to resemble the spectra of SNe Ib (Sravan et al.
2019). A unique observational trait of SNe IIb is their double-
peak feature (Crawford et al. 2025). The initial peak is
powered by shock-cooling emission (Kamble et al. 2016;
Armstrong et al. 2021), which later gives way to the secondary
peak that is driven by the decay of *°Ni produced during the
initial explosion (Arnett 1980; Pellegrino et al. 2023). The first
peak demonstrates a more rapid rise and fade than the second,
but both peaks fade faster than something like a SN IIP. SNe
IIb represent the largest subclass of observed SE SNe (Li et al.
2011a; Shivvers et al. 2017), though they are generally
overrepresented in our sample relative to SNe IIP, which are
the most observed subclass of SNe generally (Shivvers et al.
2017), suggesting they are a major contaminant in KNe
searches.

Appendix B
Transient List

Table 1 lists the imposter transients included in our sample.
For each object, we list their ZTF internal name, the date of
first observation, their classification, their estimated redshift,
and classification citation(s)

Table 1

Imposter Transients
Object First Observation Type Redshift Citation
ZTF18aakuewf 2018-04-18 Ibn 0.0636 Ho (2021)
ZTF18aalrxas 2018-04-19 1Ib 0.0582 Fremling et al. (2019b)
ZTF18abffyqp 2018-07-08 I 0.031 Bruch et al. (2021)
ZTF18abvkmgw 2018-09-12 Ib 0.03847 Gromadzki et al. (2018)
ZTF18abwkrbl 2018-09-15 IIb 0.00999 Gromadzki et al. (2018)
ZTF19aanbpus 2020-10-09 IIb 0.009969 Perley et al. (2020)
ZTF19aapfmki 2019-04-10 Ibn 0.05469 Prentice et al. (2019)
ZTF19aatesgp 2019-04-29 Ib 0.0043 Dimitriadis et al. (2019)
ZTF19abacxod 2019-06-19 II 0.01765 Fremling et al. (2019a)
ZTF19abxjrge 2019-09-06 IIb 0.021705 Fremling & Dahiwale (2019)
ZTF19abxtcio 2019-09-07 IIb 0.0155 Nordin et al. (2019)
ZTF19abyjzvd 2019-09-11 Ibn 0.1353 Ho et al. (2021b)

2 contrast, SNe IIL demonstrate a linear decay in luminosity following
their peak (Faran et al. 2014), though this subclass does not appear in our
sample, potentially owing to SNe IIL occurring at a lower rate than SNe IIP
(Li et al. 2011b).
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Table 1

(Continued)
Object First Observation Type Redshift Citation
ZTF19acbumks 2019-10-01 IIb 0.031 Dahiwale et al. (2019)
ZTF19accjfgv 2019-10-03 IIb 0.027 Dahiwale & Fremling (2019)
ZTF20aahfqgpm 2020-01-23 IIb 0.03113 Ho et al. (2021a)
ZTF20aajnksq 2020-01-28 Afterglow 29 Ho et al. (2020)
ZTF20aaxhzhc 2020-04-29 IIb 0.037 Angus (2020)
ZTF20aayrobw 2020-05-11 I 0.061 Dahiwale & Fremling (2020a)
ZTF20aazchcq 2020-05-10 I 0.03788 Ho et al. (2021c¢)
ZTF20abstsxb 2020-08-15 Ia 0.094 Jha & Dai (2020)
ZTF20aburywx 2020-08-19 IIb 0.0313 Forster et al. (2020)
ZTF20abwzqzo 2020-08-26 1Ib 0.023033 Dahiwale & Fremling (2020b)
ZTF20acgigfo 2020-10-02 Novae 0.00017 Dahiwale & Fremling (2020c)
ZTF20acgiglu 2020-10-02 b 0.026728 Dahiwale & Fremling (2020d)
ZTF20acigusw 2020-10-12 I 0.062 Siebert et al. (2020)
ZTF20aclfmwn 2020-10-19 IIb 0.038 Ho (2022)
ZTF20acozryr 2020-11-04 Afterglow 1.105 Andreoni et al. (2021)
ZTF20acqntkr 2020-11-14 Ia 0.015661 Atapin et al. (2020a)
ZTF20actqnhg 2020-11-25 IIb 0.031 Atapin et al. (2020b)
ZTF21laaabrpu 2021-01-01 IIb 0.027172 Dahiwale & Fremling (2021a)
ZTF21laaabwfu 2021-01-01 IIb 0.010929 Dahiwale & Fremling (2021b)
ZTF2laabxjqr 2021-01-07 IIb 0.03317803 Dahiwale & Fremling (2021c)
ZTF21aagwbjr 2021-02-05 Afterglow 0.876 Kool et al. (2021)
ZTF21aapkbav 2021-03-17 IIb 0.036 Fremling et al. (2024)
ZTF21laaqzrat 2021-03-30 Cataclysmic 0.0 Burke et al. (2021)
ZTF21abbvvmf 2021-05-18 1Ib 0.010945 Fremling (2021)
ZTF21abexegc 2021-06-08 Cataclysmic 0.0 Do (2021)
ZTF21labfmpwn 2021-06-11 Afterglow 1.1345 Perley et al. (2021)
ZTF21aciosfu 2021-10-22 Cataclysmic 0.0 Huber (2021)
ZTF22aaajecp 2022-02-12 TDE 1.1933 Andreoni et al. (2022)
ZTF22aabjpxh 2022-02-19 Afterglow 0.293 Ho et al. (2022)
ZTF22aahgvlx 2022-04-24 IIb 0.056 Fremling et al. (2022)
ZTF22aaibbvy 2022-04-28 Cataclysmic 0.0 Dennefeld et al. (2022)
ZTF22aajrrzz 2022-05-11 JE 0.034129 Johansson et al. (2022)
ZTF22aayluxo 2022-08-03 Cataclysmic 0.0 Andreoni et al. (2022)
ZTF22aazmooy 2022-08-09 Novae 0.00017 Perley et al. (2022)
ZTF22abfjnpj 2022-09-05 Cataclysmic 0.0 Balcon (2022a)
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Table 1
(Continued)
Object First Observation Type Redshift Citation
ZTF22abfxmpc 2022-09-17 Novae 0.0 Balcon (2022b)
ZTF22abijszk 2022-09-26 Novae 0.001 Hoogendam & Do (2022)
ZTF22abmsaxp 2022-10-12 11 0.013403 Sollerman et al. (2022)
ZTF22abuzpzz 2022-11-18 Cataclysmic 0.0 de Ugarte Postigo et al. (2022)
ZTF23aadhssd 2023-03-17 Cataclysmic 0.0 Fulton et al. (2023a)
ZTF23aaemgsd 2023-04-09 Ia 0.023 Wise et al. (2023)
ZTF23aaeozpp 2023-04-10 FBOT 0.24 Ho et al. (2023a)
ZTF23aaikakr 2023-04-29 Cataclysmic 0.0 Fulton et al. (2023b)
ZTF23aajadma 2023-05-09 Cataclysmic 0.0 Huber (2023)
ZTF23aaoohpy 2023-06-18 Afterglow 1.027 Martin-Carrillo et al. (2023)
ZTF23aarlxdf 2023-07-12 Novae 0.0 Zhao & Gao (2023)
ZTF23aaxeacr 2023-08-13 Afterglow 0.36 Agui Fernandez et al. (2023)
ZTF23aaxzvrr 2023-08-15 Novae 0.0 Perley et al. (2023)
ZTF23abgsmsg 2023-09-25 Novae 0.0 Zhao et al. (2023)
ZTF23abjwgre 2023-10-14 1P 0.0231 Stritzinger et al. (2023)
ZTF23abnpdod 2023-10-28 Cataclysmic 0.0 Balcon (2023)
ZTF23abobwsd 2023-11-01 IIb 0.024 Li et al. (2023)
ZTF23absbqun 2023-12-07 Ib 0.0101 Gillanders et al. (2023)
ZTF23abtycgb 2023-12-14 I 0.020127 Sollerman et al. (2024)
ZTF24aascytf 2024-06-15 I 0.038 Kuncarayakti et al. (2024)
ZTF24abvevzs 2024-12-02 IIb 0.035 Gillanders et al. (2024)
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