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ABSTRACT

The Systematic KMTNet Planetary Anomaly Search series was conducted using the KMTNet data
archived from 2016 to 2019. From this first phase of the series, we reported a total of 50 planetary
systems hidden in the data archive, which represent about 35% of the total microlensing planets
discovered from 2016 to 2019, demonstrating that this semi-machine-based search is a crucial channel
for building a complete microlensing planet sample. We continue this series for 2021 and beyond
to expand the microlensing planet sample. In this work for the 2021 KMTNet high-cadence fields
(Prime fields), we find seven hidden planetary systems and three planet candidates. These new planets
represent about 33% of the total microlensing planets discovered within the Prime fields observed


http://orcid.org/0000-0002-4355-9838
http://orcid.org/0000-0001-9481-7123
http://orcid.org/0000-0001-6000-3463
http://orcid.org/0000-0002-2641-9964
http://orcid.org/0000-0001-8317-2788
http://orcid.org/0000-0003-0043-3925
http://orcid.org/0000-0001-9823-2907
http://orcid.org/0000-0003-3316-4012
http://orcid.org/0000-0001-6285-4528
http://orcid.org/0000-0002-9241-4117
http://orcid.org/0000-0002-0314-6000
http://orcid.org/0000-0003-1525-5041
http://orcid.org/0000-0003-0626-8465
http://orcid.org/0000-0002-7511-2950
http://orcid.org/0000-0003-0562-5643
http://orcid.org/0009-0000-5737-0908
http://orcid.org/0000-0001-7594-8072
http://orcid.org/0000-0002-6982-7722
http://orcid.org/0000-0003-1435-3053
http://orcid.org/0000-0002-1228-4122
https://arxiv.org/abs/2605.17053v2

during the 2021 bulge season. While the by-eye search is the primary channel for detecting microlensing
planets (i.e., two-thirds of microlensing planet discoveries), this work clearly shows that a systematic
search series is still necessary for constructing a complete microlensing planet sample. Such a sample
is essential for conducting unbiased statistical studies of planet demographics in our Galaxy. Datasets
for all the events used for analyses in this work are publicly available: doi:10.5281/zenodo.21472225.

1. INTRODUCTION

The Systematic KMTNet Planetary Anomaly Search
series was conducted to provide a complete microlensing
planet sample by finding hidden microlensing planets in
the data archive obtained by the Korea Microlensing
Telescope Network (KMTNet; Kim et al. 2016). The
first phase of the search was conducted for the KMT-
Net data archive obtained from the 2016 to 2019 bulge
seasons (Gould et al. 2022; Gui et al. 2024; Hwang et al.
2022; Jung et al. 2022, 2023; Ryu et al. 2024; Shin et al.
2023b, 2024; Zanget al. 2021; Wang et al. 2022;
Zang et al. 2022b, 2023). Based on the findings of this
phase, the series can support the construction of the
largest microlensing planet sample to date. Zang et al.
(2025) made a statistical study based on the sample
covering the —5.2 < logy(¢) < —1.5 range, where ¢
is the planet-host mass ratio. They provide updated
mass-ratio distributions of microlensing planets, show-
ing bimodal characteristics (i.e., double Gaussian) in-
stead of the broken power laws found in the previ-
ous study (Suzuki et al. 2016). In addition, Zang et al.
(2025) infer that the total planet frequency is ~ 0.65 per
star, and the frequency for super-Earth-mass planets is
~ 0.35 per star.

While we built the largest microlensing planet sample
in the first phase of the series, we are continuing this
series to expand the sample for the 2021 bulge season
and beyond?. In this work, we conduct the systematic
planetary anomaly search for 2021 high-cadence fields
(I = 2.0 — 4.0hr=1), called Prime fields (see Figure
12 of Kim et al. 2018), of the KMTNet data archive.
The search using a semi-machine-based algorithm called
AnomalyFinder (AF; Zang et al. 2021, 2022b) identified
a total of 137 events caused by binary-lens systems. This
AF search recovered all the planetary events in the 2021
KMTNet Prime fields that were already found by eye,
which are either published or in preparation for pub-
lication. Among the 137 events, the KMTNet team
has already found that 70 events were caused by nor-
mal binary star systems (i.e., the mass ratios (q) are
much larger than 0.06), and 15 planetary events are al-
ready published or in preparation for publication (see

25 For the 2020 season, most KMTNet observations were tem-
porarily suspended due to the COVID-19 pandemic.

Table 17). For the remaining 52 events, we find that
these events require systematic modeling to determine
the nature of the lens systems, which are in the following
categories: (1) there is no inital model, (2) the existing
intial model is not robust, (3) the mass ratio is close to
the borderline of our mass-ratio criterion (i.e., ¢ ~ 0.06),
and/or (4) there is a possibility alternative models ex-
ist. We find that 22 of these events were caused by pos-
sible planetary-lens systems (i.e.,¢ < 0.06). For these
cases, we proceed with re-reductions for more detailed
modeling using the best-quality datasets. Consequently,
we thereby find seven planetary events and three planet
candidates. These events have ¢ < 0.03, which is the
mass-ratio definition of a planetary event in this work,
unless there exist degenerate non-planetary solutions, in
which case it is labeled a “planetary-event candidate”.

The methodology for this series is well-developed in
the previous works. Hence, we follow the methods de-
scribed in Shin et al. (2023b, 2024). To reduce unnec-
essary and repetitive descriptions of the methods, we
will exclude overly detailed descriptions that have al-
ready been covered in previous works. In this paper, we
present observational information in Section 2. Then,
we describe the light-curve analysis of each planetary
event and planet candidate in Section 3. We present
the source information of each event obtained from the
analysis of color-magnitude diagrams (CMDs) in Section
4. By combining the analysis results, we determine the
lens properties and present them in Section 5. Lastly,
in Section 6, we discuss the newly discovered planets
and their contributions to the microlensing planet sam-
ple. Additionally, in the Appendix, we briefly present
non-planetary events that we found during the detailed
analyses in this work to prevent future redundant efforts.

2. OBSERVATIONS

The AnomalyFinder is applied to the KMTNet
datasets alone to find anomalous events. Once we find
the anomalous events, we analyze the light curves for
each event by combining all available datasets, which
were independently obtained by other microlensing sur-
veys, such as the Optical Gravitational Lensing Experi-
ment (OGLE-IV; Udalski et al. 2015) or the Microlens-
ing Observations in Astrophysics (MOA; Bond et al.
2001; Sumi et al. 2003). However, in the 2021 bulge sea-
son, OGLE-IV observations are unavailable because the
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Table 1. Observations of 2021 Planets and Planet Candidates

Event Location obs. info.
KMTNet MOA | R.A. (J2000) Dec (J2000) (£,b) Ar T (hrfl)
0424 111 18"04™06°.44 —27°28'12"50 (+3°.32,—2°.78) | 1.33 4.0
0457 e 17"53m38%.88 —28°37'39”18 (+1°.17,—-1°.35) | 3.18 4.0
0690 161 17"59™38%.51 —29°00'39”31 (+1°.50,—2°.68) | 1.10 3.0
1063 e 17h49™38%.16 —29°32/47"94 (—=0°.07,—1°.07) | 4.87 2.0
1691 e 17"52™45°.67 —28°07'04"94 (+1°.51,—-0°.92) | 3.90 4.0
2213 e 17h57™31°.50 —28°50'54"'82 (+1°.41,—-2°.20) | 1.48 8.0
3290 e 17"54™21°.65 —31°46'18"01 (—1°.47,-3°.07) | 1.99 2.0
1385 e 17"56™11%.26  —30°17'30"98 (+0°.01, —2°.67) | 1.71 4.0
1751 e 17"57™m25% 54  —29°32'28"61 (+0°.79, —2°.52) | 1.64 4.0
1907 e 17"51™44°.66 —29°53'18"49 (—0°.13,—-1°.63) | 2.51 4.0

NOTE— The boldface indicates the “discovery” name of each event. The horizontal line
separates planetary events from planet candidates. The cadence (I') presented in this

table is the KMTNet cadence of each event.

observatory was shut down from 2020 to 2021 due to the
COVID-19 pandemic. Thus, we have only checked the
MOA datasets for the anomalous events. To the best of
our knowledge, there were no follow-up observations of
any of the 10 events that are analyzed here. In Table
1, we present a list of planetary events, including planet
candidates with their location, cadence, and extinction
in the I band?®. Following convention, we refer to these
events by the names designated by the surveys that first
alerted them, highlighted in boldface.

The Prime fields of the KMTNet are BLG01, BLG02,
BLGO03, BLG41, BLG42, and BLG43, which have a
nominal cadence of I' = 2hr~!. If an event is lo-
cated in an overlapping region of 2-4 fields, the ca-
dence would be increased to I' = 4-8hr~!. The KMT-
Net is designed for near-continuous observation using

26 por planetary events, the extinction in the I band (Ay) is a byprod-
uct of the CMD analysis (see Section 4), where it plays the role
of an intermediate result. That is, the fact that the photome-
try is not calibrated has no effect on the final measurement of
the source radii, 6.. In contrast, for planet candidates, we used
the relation, A; ~ 7TAg, which was derived by Y.S. by regres-
sion of A; (Nataf et al. 2013) on Ax (Gonzalez et al. 2012) over
the intersection of these two catalogs, which was restricted to
the relatively low extinction regions that were accessible to good
V-band photometry in the underlying OGLE-III optical catalog
(Szymaniski et al. 2011). See Figure 5 of Nataf et al. (2013). The
original purpose was to serve as a rough guide to optical and in-
frared extinctions, which were needed for rapid decision making
when choosing targets for Spitzer microlensing observations (e.g.,
Yee et al. 2015). They are useful when a precise measurement
is not required. For example, for the four planets analyzed in
this paper that have calibrated (i.e., OGLE-III) photometry avail-
able, the offset between this estimate and a proper measurement
is ((Ar,ys — A~ true)) = —0.11 £ 0.03.

three identical 1.6-meter telescopes, each equipped with
a wide field-of-view science camera that covers 4 square
degrees. These telescopes are located at distinct ob-
servatories in well-separated time zones: the Cerro
Tololo Inter-American Observatory in Chile (KMTC),
the South African Astronomical Observatory in South
Africa (KMTS), and the Siding Spring Observatory in
Australia (KMTA). Thus, we refer to the KMTNet
datasets using a combination of the observatory and
field number, e.g., KMTC02. The KMTNet images
are processed using a pipeline implemented by pySIS
(Albrow et al. 2009), which employs the difference im-
age analysis (DIA) method (Tomaney & Crotts 1996;
Alard & Lupton 1998). The final KMTNet datasets are
re-reduced using an optimized version of the pySIS pack-
age (Yang et al. 2023). We note that the KMTNet ob-
servations are primarily conducted in the I band. Ad-
ditionally, one V-band observation is taken for every
10th I-band observation. These V-band observations
are used to measure the source color.

As shown in Table 1, the MOA survey independently
observed three of these planetary events. These obser-
vations were conducted using the MOA-Red band (R-
band), which is comparable to a sum of the Cousins R
and I bands. The MOA observations were taken with a
1.8-meter telescope at the Mt. John University Observa-
tory in New Zealand. The MOA images were processed
using their DIA pipeline (Bond et al. 2001). The final
MOA datasets were subsequently re-reduced to achieve
the best quality, utilizing an optimized DIA technique.



3. LIGHT CURVE ANALYSIS

The methodology of this systematic search series is al-
ready well defined in the previous works. Hence, we omit
these redundant descriptions in this article. Rather than
presenting them directly, we offer specific references that
detail them thoroughly. We follow the methodologies de-
scribed in these references. Shin et al. (2023a) describe
the general 211527 modeling approach, strategies for in-
corporating higher-order effects, and techniques for ad-
dressing model degeneracies in Section 3. Especially for
the 1L2S modeling approaches, Shin et al. (2019) de-
scribe them in detail in the appendix. For the 3L1S
modeling, Gould et al. (2014) describe them in the sup-
plemental material. In addition, Kuang et al. (2022)
provide a detailed description of the 3L1S modeling ap-
proaches in the appendix. In this work, we follow the
identical procedures for light-curve analysis described
in Shin et al. (2023b). The acronyms and definitions of
the models and their parameters we used are provided
in Table 2 of Shin et al. (2024).

Here, we briefly present the light-curve analysis pro-
cedures. We conduct the full grid search over the ranges
of logy(s) € [—1.0,1.0] and log,4(q) € [—5.0,1.0] with
200 x 200 grids. For each grid point, the x? minimiza-
tion method searches for local minima, starting from
the 21 « seeds in o € [0.0, 2] radians. For each lo-
cal minimum, a denser grid search is performed around
that minimum. All locals are further refined with free-
varying parameters. In addition, we provide the result of
the heuristic analysis described in Hwang et al. (2022);
Ryu et al. (2022); Shin et al. (2023a). Lastly, we inves-
tigate the annual microlensing parallax (APRX; Gould
1992) effect exclusively for events whose timescales are
longer than 15 days?®, which is an empirical criterion.

We find a total of seven planetary events that were
hidden in the 2021 prime fields. We claim planet de-
tection when the event meets three specific criteria:
(a) the best-fit model(s) must have ¢ < 0.03; (b)
the planet/binary degeneracy should be resolved with
Ax? > 10; and (c) the 2L1S/1L2S degeneracy (Gaudi
1998) must be resolved with Ay? > 15, which were used
for the previous anomaly search series. If there exists de-
generacy in fiducial models, all fiducial solutions must

27 The abbreviation “nLimS” means “n” lenses and “m” sources.

28 Tndeed, the microlensing parallax can be measured using three
methods: annual microlensing parallax (APRX; Gould 1992),
space-based microlensing parallax (SPRX; Refsdal 1966), and
terrestrial microlensing parallax (TPRX; Gould 1997). How-
ever, in this work, we cannot adopt the methods for SPRX or
TPRX to measure the microlensing parallax, because we do not
have any space-based observations, nor are any of the events
extremely magnified.
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Figure 1. Light curve of KMT-2021-BLG-0424 (planetary
event) with 2L1S and 1L1S models.

comply with these conditions to claim a planet detec-
tion. We will provide details of the light-curve analysis
on each planetary event in the following sections 3.1 —
3.7.

In addition, we find three additional events for which
at least one model has a value of ¢ < 0.03. In these
events, we find that unresolvable degeneracies exist, such
as planet/binary or 2L1S/1L2S degeneracies. Thus,
these events are treated as planet candidates. We de-
scribe each planet candidate in the following sections
3.8 - 3.10.

3.1. KMT-2021-BLG-042/

In Figure 1, we present the light curve of KMT-2021-
BLG-0424. The light curve exhibits a clear bump-
shaped anomaly at HJD' ~ 9735.0. The rising and
declining parts of the anomaly are densely covered by
KMTC and MOA observations, respectively. Quan-
titatively, the anomaly yields Ax? = 5146 from the
single-lens/single-source (1L1S) model. We find that
the anomaly can be explained by a binary-lens/single-
source (2L1S) model indicating a planetary system (i.e.,
g~ 2x107% < 0.03). We find plausible models caused
by the inner/outer degeneracy from the grid search
(see geometry panels (C) and (D) in Figure 1). How-
ever, we can resolve the degeneracy due to two rea-
sons. First, the trajectory angle is not vertical in this
case. As pointed out by Zhang et al. (2022), the in-
trinsic symmetry of the lens equation is close to per-
fect only for vertical trajectories. This symmetry de-
teriorates as the trajectory angle moves farther away
from vertical. In this case, the shallow bump from the
off-axis cusp comes after the main bump anomaly in



Table 2. The parameters of 2L1S and 1L1S models for KMT-2021-BLG-0424 (planetary event)

2L1S (STD) 2L1S (APRX) 1L1S
Parameter Inner Outer Inner (up < 0) Inner (up > 0) Parameter
X2/Ndaca 18100.721/17679 18455.026/17679 17681.803/17679 17679.880/17679 )(z/Ndata 22825.902/17679
Ax? 420.841 775.146 1.923 (best-fit) | Ax? 5146.022
to [HID'] 9370.817 £ 0.004 9370.802 £ 0.003 9370.844 + 0.004 9370.844 4+ 0.004 | to [HID'] 9370.716 £+ 0.003
Uo 0.080 £ 0.001 0.079 £ 0.001 —0.082 £ 0.001 0.081 £0.001 | uo 0.074 £ 0.001
te [days] 54.747 £ 0.260 55.696 + 0.246 53.551 + 0.280 54.368 + 0.259 | ¢g [days] 58.699 4+ 0.272
s 1.095 £ 0.001 1.021 £ 0.001 1.097 £+ 0.001 1.096 + 0.001
q (x 1074) 1.580 £+ 0.063 1.278 £ 0.050 1.829 + 0.081 1.730 £ 0.079
(log1o q) —3.835 £0.019 —3.882 £0.016 —3.732 + 0.019 —3.746 + 0.019
a [rad] 0.808 £ 0.001 0.805 £ 0.001 —0.808 + 0.001 0.815 £ 0.001
P (X 1074) 10.749 £ 0.777 8.904 £0.975 13.102 £+ 0.836 12.561 £+ 0.830
TE,N —0.474 1+ 0.082 —0.288 + 0.070
TE,E —0.236 + 0.020 —0.235 + 0.027
|7E| 0.530 = 0.081 0.372 £0.070
Js,xkmTC 0.600 £ 0.003 0.587 £ 0.003 0.616 £ 0.004 0.611 £0.004 | fskmTC 0.547 £0.003
fB,KMTC 0.050 £ 0.003 0.061 £ 0.002 0.027 £ 0.003 0.030 £0.003 | fB kMTC 0.095 £ 0.002
NoTE— HJD’ = HJD — 2450000.0. The boldface indicates our fiducial solutions for this event.
the inner geometry and before it in the outer geometry. IR N A
. APRX inner APRX inner fa)
Hence, the inner/outer degeneracy can be resolved. Sec- OF (u > 0) A (< 0) .

ond, the anomaly was densely covered by KMTNet and
MOA observations. Thus, the models can be resolved
quantitatively by their Ax?(outer — inner) = 354 dif-
ference (see the zoom-in of Figure 1). Indeed, based
on the heuristic analysis, we find that ST+ = 1.057
for the major image perturbation, which is derived
from Tanom = (tanom — to)/te = 0.076 and Uanom =
(Tanom + u0)Y? = 0.111 where (fanom,to,ts,uo) =
(9375.0,9370.817, 54.747,0.080). This s} prediction is
consistent with st = \/SinnerSouter = 1.057.

We test the annual microlensing parallax (APRX)
effect because the standard/static-lens (STD) models
show that tg ~ 54 days, which is longer than our cri-
terion for attempting APRX modeling (i.e., tg > 15
days). We find that there exists a strong APRX effect,
which improves the fits by Ax? = 421 compared to the
STD inner case. In Figure 2, we present the g distri-
butions of APRX (up > 0) and (up < 0) cases, which
are well constrained. In addition, we present the model
parameters of 2L1S (STD and APRX cases) and 1L1S
interpretations in Table 2.

Note that we also test the orbital-lens (OBT) effect be-
cause it can affect the APRX measurement (Shin et al.
2012). We find that the OBT effect is minor. Although
the OBT effect improves the fits (by Ax? = 12), the |7g|
value is identical to well within 1o (i.e., |7g| = 0.37 £
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Figure 2. wg distributions of KMT-2021-BLG-0424 (plane-
tary event) for APRX inner (uo > 0; left panel) and (ug < 0;
right panel) cases. The colored dots represent Ax? < n? with
respect to the best-fit x? value of each case, where n = 1
(red), 2 (yellow), 3 (green), 4 (light blue), 5 (blue), and 6
(purple).

0.07 and 0.38 + 0.07 for APRX only and APRX+OBT
cases, respectively). In addition, the unusually large
OBT parameter (i.e., da/dt ~ —5.91radyr~!) would
imply that the system is not bound (i.e., the dynamical
constraint of the lens system (KE/PE > 1); Dong et al.
2009). Hence, we conclude that the 2L1S solutions with



Table 3. The parameters of 2L1S and 1L2S models for KMT-2021-BLG-0457 (planetary event)

2L.1S 1L2S 1L1S

Parameter Outer Inner Parameters Parameters

X% /Ndata 9958.847/9962 9983.682/9962 | x*/Ndata 10096.809/9962 | x*/Ndata 10426.240/9962
Ax? e 25.151 | Ax? 137.962 | Ax? 467.393
to [HID'] 9329.427 4+ 0.034 9329.470 4 0.032 | to,51 [HID’] 9329.307 £ 0.037 | to [HID'] 9329.574 4+ 0.028
Uo 0.796 + 0.059 0.820 £ 0.062 | wo,s1 1.074 £ 0.029 | uo 0.806 £ 0.055
tg [days] 9.507 + 0.456 9.421 £+ 0.453 | tg [days] 8.111 £ 0.123 | ¢g [days] 9.425 + 0.399
s 1.289 + 0.048 1.792 £ 0.051 | to,s2 [HID'] 9331.604 4+ 0.035

g (x10™%) 47.094 + 7.240 57.572 £ 7.746 | uo,s2 0.006 £ 0.022

(logyo q) —2.345 +0.071 —2.247 £ 0.060 | gaux 0.005 £ 0.001

a [rad] 1.289 + 0.011 1.299 £ 0.011 | p«,s1 0.723 £ 0.092

P, limit < 0.112 < 0.106 | p«,s2 0.084 £ 0.006

fs,xkmTC 0.854 +0.114 0.907 £0.129 | fsxmTC 1.185 £ 0.001 | fs,xkmTC 0.885 +£0.116
fB,KMTC 0.332+0.114 0.279 £ 0.129 | fixed fz = 0.0 - | fB,KMTC 0.301 +£0.116

NoTE— HJD’ = HJD — 2450000.0. The boldface indicates our fiducial solution for this event. We note that the inequality
sign of the p. parameters indicates the upper limit on p. (i.e., 30).

the APRX effect are the fiducial model for this planetary
event.

3.2. KMT-2021-BLG-0457

We present the observed light curve of KMT-2021-
BLG-0457 with 2L1S and 1L2S (single-lens/binary-
source) models in Figure 3. The light curve ex-
hibits a bump-shaped anomaly at HJD' ~ 9331.5,
which yields Ax? = 467 relative to the 1L1S model.
The anomaly can be explained by the 2L1S or 1L2S
models presented in Table 3. However, the 1L2S
model is disfavored by Ax? = 138, which is suffi-
cient to resolve the 2L.1S/1L2S degeneracy (i.e., Ax? >
15). The 2L1S models indicate that this event was
caused by a planetary system (i.e., ¢ = 47 x 107% <
0.03). Note that we find a possible inner/outer de-
generacy. Indeed, the heuristic analysis indicates that
si = 1.505 from (Tanom,Uanom;tanom,t0,tE,uo) =
(0.271,0.841,9332.000, 9329.427,9.507,0.796). The 51
prediction is similar to st = V/SinnerSouter = 1.520. How-
ever, the inner solution is disfavored by Ax? = 25. Sim-
ilar to the case of KMT-2021-BLG-0424, the trajectory
is not vertical (see geometries in Figure 3). However, in
this case, the angle is closer to vertical compared to those
of KMT-2021-BLG-0424. Thus, the degeneracy is much
stronger (i.e., Ax? = 25). Although this event shows
much greater inner/outer similarity, the Ax? value is
large enough to resolve the degeneracy considering our
x? thresholds. Hence, we conclude that the 2L1S-outer
model is the fiducial solution for this planetary event.
Note that we do not consider the APRX effect for this
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Figure 3. Light curve of KMT-2021-BLG-0457 (planetary
event) with 2L1S and 1L2S models.

event because tg is only 9.5 4+ 0.5 days, which is much
shorter than our criterion (tg > 15 days) to test the
APRX effect.

3.3. KMT-2021-BLG-0690

The observed light curve of KMT-2021-BLG-0690 ex-
hibits asymmetric deviations around the peak as shown
in Figure 4, which induces clear residuals from the 1L1S
model. Quantitatively, the residuals yield Ax? = 23070.
This kind of asymmetric anomaly can, in principle, be
explained by a 1L1S model with the APRX effect. How-
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Figure 4. Light curve of KMT-2021-BLG-0690 (planetary
event) with 2L1S and 1L1S models.

ever, for this event, the 1L1S APRX model cannot ex-
plain the anomaly. There are clear residuals similar to
those of the 1L1S STD model, which yield Ax? = 14261.

We find that the binary lens (2L) is essential for ex-
plaining the anomaly of this event, and both 2L.1S mod-
els, s+29, can well describe the asymmetric anomaly.
Indeed, the heuristic analysis indicates that st =0.989
and ST+ = 1.011 from (Tanom; Yanom, tanom; to, tE, o) =
(0.000, 0.022,9384.3,9384.314,123.362,0.022). This st
prediction is similar to st = V5—sy = 0.996. In Table
4, we present the parameters of the 2LL1S models with
those of the 1L1S model for comparison. Even though
both STD s cases seem to describe the light curve well,
we find that the s_ case shows much better fits com-
pared with the s, case by Ax? = 83. We find that this
x? difference comes from HID' ~ 9368 to 9388 continu-
ously. Thus, we choose the s_ case as our fiducial case
because of the sufficient Ax?2.

Based on the s_ STD case, we begin to investi-
gate higher-order effects by following the normal course.
First, we investigate the APRX effect because this event
shows a long timescale (i.e., tg ~ 120 days). We find
that the x? improves by only ~ 2 (see Table 4) when
the APRX effect is included. Although the x? improve-
ments are negligible, we find that the wg distributions
are well constrained, which can provide meaningful in-
formation to estimate the lens properties. In Figure 5,

29 The notations of s and s_ represent the conventional close
(s < 1) and wide (s > 1) solutions, respectively. In this work,
by following the notation in Shin et al. (2023b, 2024), we use
the s+ notation instead of the close/wide notation.
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we present the mg distributions of the APRX (ug > 0)
and (ug < 0) cases. We note that the best-fit value of
|7rg| cannot be used for conclusive determinations of the
lens properties because the improvement in Ay? is too
small to consider the best-fit g values as reliable. Sec-
ond, although the Ax? in the APRX models is minor,
we check the OBT effect because the effect can affect
the mrg distributions without y? improvements.

3.3.1. STD, APRX, and APRX+OBT Models Have
FExtremely Low Prior Probabilities

In our usual procedure, we find various light-curve
models in the “Light Curve Analysis” section (Section 3)
and then evaluate the prior probabilities of various such
models using a Galactic model in the “Planet Proper-
ties” section (Section 5). Then, it can happen that one
solution is so disfavored compared to another that it
strongly affects our assessment of the most likely inter-
pretation, even competing as a criterion with the light-
curve-based x? values of the different solutions.

However, as we now show, the STD solution and its
APRX and APRX+OBT variants have such extremely
low prior probabilities that we are forced to search
for competing solutions by somewhat unconventional
means.

There are two independent characteristics of this event
that have low prior probability, namely, low proper mo-
tion and low orbital motion. While only the first of these
applies the STD and APRX models, the other one arises
in the APRX+4+OBT not because the two additional de-
grees of model freedom (dof) lead to unreasonable fits
that could be dominated by systematics, but because
these dof are extremely constrained. Thus, we assess
both together.

In all three models, the light-curve measurement
yields p, = 0.013+ 0.001, and t, = p«tg = 1.61 £ 0.013
days, while from Section 4, we have 6, = 0.4740.03 pas.
These values yield piye) = 04/t = 0.11 4 0.0l masyr—!
and 0 = 36 + 3 pas.

There are two separate issues related to this mea-
surement. First, Gould (2022) showed that the oc-
currence rate (in nature) of such low-proper motion
events is p(prel) = (tre/0)3/6y/T — 5 x 107 where
0, = 3masyr~ . If this probability were fairly weighed
against the light-curve likelihood of the model, then it
would correspond, by itself, to Ax? = —2Inp = 25, and
would show that models that would otherwise be very
improbable need to be considered.

Before continuing, we note that Gould (2022) also
found that for 69 archival planetary events with mea-
sured proper motions, the p distribution was skewed
toward lower values, presumably because it is eas-
ier to detect the finite source effect in slower-moving
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events. According to his formula for planetary events
pprer) = (bre1/ou)?/4 — 3 x 1071 However, this
boosted probability for planetary detections does not
change the fact that the underlying microlensing event
is extremely rare, occurring only one time per 100 mi-
crolensing seasons. Moreover, the lowest such archival
proper motion that Gould (2022) actually found was
pirel = 0.6 & 0.1masyr—! (for OGLE-2018-BLG-1647),
i.e., with 162 times larger prior probability than this
event.

In addition, the same large p, measurement implies
the unusually small 8g = 36 pas, which is just above the
so-called “Einstein Desert” (Gould et al. 2022), imply-
ing that it is likely to be a very low-mass brown dwarf.
Such objects clearly exist, so this is not, by itself, a rea-
son to doubt the solution. However, it would be unusual
for reasons that are completely independent of the kine-
matics.

The second extreme characteristic is that the best fit
for the ratio of projected kinetic to potential energy
8 = KE/PE = 0.001, while at the 30 level 5 < 0.006.
It is straightforward to show that if a planet in a circu-
lar orbit is viewed at random angles, then p(8 < o) =~
Bo — 0.006. By itself, this would be notable, but it
would not disqualify the model. But added to the ex-
tremely low prior probability of fie1 = 0.11 masyr—1, it
concatenates the concern.

3.3.2. Searching for Alternative Models

Therefore, although the APRX models describe the
observed light curve quite well, we nevertheless consider
an alternative interpretation to explain the light curve,
which is the xallarap effect (XRP; Griest & Hu 1992;
Han & Gould 1997; Paczynski 1997; Dominik 1998;
Poindexter et al. 2005). Initially, we began our search
for XRP models by seeding them at the 1L1S model.
However, we found that the 1L1S XRP model cannot
explain the deviations at the peak, similar to the 1L1S
APRX model, which shows Ax? ~ 10713. Thus, for
the XRP model, the binary lenses are still essential to
describe the observations. For the 2L1S XRP interpre-
tation, we find an alternative model that produces a
nearly identical x? value to those of the APRX models.
In addition, in contrast to the 2L.1S STD and APRX
models, the finite source effect is not detected for the
XRP model. That is, we can only obtain an upper limit
on the angular source radius (see Table 4). We note that
this 2L1S XRP model only considers the effect caused by
the orbital motion of the binary source system without

the brightness contribution of the second source, by the
definition of the XRP effect, because we require a coun-
terpart to the 2LL1S APRX models that already describe
the light curve well.

Regardless of the lens properties from the XRP model
(we will discuss these in Section 5.3), the XRP model
parameters must obey basic physics to be reasonable.
Thus, we check whether or not the parameter values
are viable. First, we define the mass ratio of the bi-
nary sources (q.), and use the definitions of the p,
parameter and the amplitude of the xallarap vector
(e = (&g, N, &E,E)) as described in follow equations:

(1)

_ asi /
|£E| = HEDS = 5}%1]\[ +§]%7E7

where Mg, is the mass of the primary source involved
in the lensing event, Mgy is the mass of the secondary
source, 0, is the angular source radius, fg is the angular
Einstein ring radius, Dg is the distance to the sources,
and agp is the distance from the center of mass to the
primary source in the system. Then, we rewrite Kepler’s
third law and Newton’s third law using our definitions.

That is,
(i)3_ Mg+ Ms2\ (P 2_
au/ My yr)

qe
Mgi(1+q.)P? ; ag1 =a ,
s1(1+4qe) s1 (1+qc>

(2)

where a is the semi-major axis of the system and P is
the orbital period. The rewritten equation with respect
to the XRP parameters is

@i

| = L L
0+Ds (1 +q0)§

L o)

Pi (3)
We set Mg; = 1 Mg and Dg ~ 8 kpe, P ~ 0.95 years,
and 6, ~ 0.47 x 103 mas. In addition, we have the 3¢
upper limit: p, < 0.0013. Thus, Equation 3 beomces
that

l€e| = \/éa N +EBp < 0.3272 % [(MF‘JT)J L@

For the 2LL1S XRP model to be valid, the £g distribu-
tions must satisfy Equation 4 for a given ¢.. We find
that [€g| = 0.105 is equivalent to ¢. = 0.4, which is
identical to the best-fit value |€g| = 0.106 £ 0.039 as
shown in Figure 5 (see the red circle).



Table 4. The parameters of 2L1S and 1L1S models for KMT-2021-BLG-0690 (planetary event)

2L1S (STD) 2L1S (APRX) 2L1S (XRP) 1L1S (STD)

Parameter S Sy s_ (ug > 0) s_ (upg < 0) Parameter Parameter
X2/Ndata 9106.584/9109 9189.603/9109 9104.638/9109 9104.225/9109 X2/Ndata 9103.102/9109 X2/Ndata 35173.533/9109
Ax? 3.482 86.501 1.536 1.123 | Ax? (best-fit) | Ax? 26070.431
to [HJD’] 9384.314 £+ 0.005 9384.335+ 0.005 9384.310+ 0.007 9384.306 + 0.006 | tg [HJD’] 9384.196 + 0.013 | to [HJD,] 9384.806 £ 0.003
ug 0.022 + 0.001 0.022 + 0.001 0.022 + 0.001 —0.022 £ 0.001 | ug 0.023 + 0.001 | wuo 0.019 + 0.001
tg [days] 123.362 £ 1.184 127.876 £ 1.241 123.539 + 2.295 123.375 + 2.251 | tg [days] 122.240 + 2.104 | tg [days] 126.852 £ 1.000
s 0.487 + 0.002 2.037 4+ 0.009 0.488 + 0.002 0.487 +0.002 | s 0.555 + 0.003 cee
q (><1074) 230.767 + 3.860 231.008 + 4.043 230.068 £+ 5.289 233.154+5.432 | ¢ (><1074) 131.179 +2.913
(logig q) —1.636 + 0.007 —1.630 £ 0.007 —1.641+0.010 —1.637 £ 0.010 | (log,q q) —1.886 +0.010
a [rad] 5.353 +0.003  —0.909 %+ 0.003 5.351+0.008  —5.353+0.003 | o [rad] 3.147 £ 0.007
P 0.013 + 0.001 0.013 £ 0.001 0.013 + 0.001 0.013 + 0.001 | p. < 0.0013
TE,N —0.018 £ 0.019 —0.042+£0.025 | (g, N —0.105 £+ 0.043
TE,E 0.005 + 0.014 0.005+0.015 | £e.E —0.017 £ 0.026
|7g| 0.019 £ 0.012 0.042 £ 0.019 | |¢x] 0.106 £ 0.039

¥ [deg] 307.132 + 47.293

i [deg] —24.667 +19.648

cee e P [year] 0.948 + 0.019 e

fs,xkmTC 0.097 + 0.001 0.096 + 0.001 0.097 + 0.002 0.097 £ 0.002 | fs kMmTC 0.102 + 0.002 | fs,kMTC 0.094 + 0.001
fB,KMTC 0.027 + 0.001 0.028 + 0.001 0.028 + 0.002 0.027 £ 0.002 | fg xkmMmTC 0.022 + 0.002 | fg kmTC 0.031 + 0.001

Nore— HJD’ = HIJD — 2450000.0. The boldface indicates our fiducial solution(s) for this event.
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Figure 5. £g and 7g distributions of KMT-2021-BLG-0690
(planetary event) for XRP and APRX (ug > 0 and ug < 0)
cases. The color scheme is identical to Figure 2. In the XRP
panel, the red and blue circles represent |£g| values derived
from Equation 4 for ¢ = 0.4 and 0.65, respectively. The
star symbol indicates the best-fit £€g value, and red squares
indicate the 1o cases (Ax? < 1) relative to the best-fit XRP
model.

Indeed, ¢. = 0.4 implies that the secondary source’s
mass (Mg2) is about 0.35 M), derived from the primary
source’s visible color (see Section 4) and the dwarf stel-
lar properties presented in Pecaut & Mamajek (2013).
Hence, the absolute I-band magnitude of the secondary
source (M s2) is approximately 8.9, while for the pri-
mary source, it is Mrg; ~ 5.0. Consequently, the
flux ratio between the two sources (¢gaux = fs2/fs1),
is about 0.028. Therefore, the flux of the secondary
source (fsa) is calculated to be 0.0028, based on the
total flux (fs = (fs1 + fs2) = 0.102). This corre-
sponds to an I-band magnitude for the secondary of
Iso ~ 24.4 on the KMTNet magnitude scale. This
value is significantly fainter than the baseline magni-
tude, which is Iase = 20.3. Even at the maximum mag-
nification (Amax =~ 49), the secondary source’s magni-
tude (Is2 ~ 20.2) remains nearly unchanged relative to
its baseline magnitude. Therefore, the brightness of the
secondary source cannot produce a signal that would
affect the light curve for this event.

Furthermore, for nearly half of the 1o cases (Ax? < 1)
with &g < 0.106 (i.e., red squares are located inside the
red circle in Figure 5), the secondary source is much
fainter than the best-fit case. In addition, we also find
that the lo cases at g. ~ 0.65 (see the blue circle in
Figure 5) imply that the secondary could be a white
dwarf, which is several magnitudes fainter.

Although the XRP model is more likely than the
APRX models, it is difficult to conclude that the XRP
model is a fiducial solution of this event. Because we
cannot conclusively rule out the APRX models without
clear evidence, even if their lens properties are suspi-
cious. Thus, we compare the XRP and APRX models.
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Figure 6. XAx? plots of KMT-2021-BLG-0690 (plane-
tary event) comparing the APRX and XRP models with
their light curves and residuals. The top panel shows the
YAx?*(APRX — XPR) plot of the whole range of the light
curve. The middle panel shows a zoom-in plot around the
peak (HJD' = 9380 to 9390), where the biggest difference
between the APRX and XRP models is exhibited. The bot-
tom three panels show the light curve and residuals of the
APRX and XRP models.

In Figure 6, we present cumulative Ax? plots with the
light curve and residuals of both models. We find that
there exists a big difference around the peak (see zoom-
ins of Figure 6). This difference in both fits arises from
the finite source effect, although the source does not
cross the caustic. For the APRX cases, the finite source
effect is detected. In contrast, for the XRP case, the
effect is not detected (see geometries of Figure 4). In-
deed, it is not clear whether or not the p, measurements
of the APRX models are caused by the fits of systemat-
ics around the peak. However, the Ax? of the peak is
canceled out by the better fits of the other parts for the
XRP model. As a result, both models show almost the
same }2. From this investigation, we can understand the
reason for the different p, measurements in the APRX
and XRP models. However, there is no clear evidence
that could decisively resolve them at this moment. The
only fact we know is that the lens system has a planet,
considering the mass ratios of both models. Therefore,
we treat this event as a planetary event with APRX and
XRP solutions.

3.4. KMT-2021-BLG-1063

The light curve of KMT-2021-BLG-1063 has a small
bump-shaped anomaly at HJD' ~ 9359.5 on the



Table 5. The parameters of 2L1S, 1L2S, and 1L1S models for KMT-2021-BLG-1063 (planetary event)

2L1S 1L2S 1L1S

Parameter S_ Sy Parameter Parameter

x%/Ndata 5079.212/5080 5079.266/5080 | x?/Nata 5094.851/5080 | x*/Ndata 5189.318/5080
Ax? (best-fit) 0.054 | Ax? 15.639 | Ax? 110.106
to [HJD']  9366.938 +0.054 9366.892 +0.045 | to,51 [HID'] 9367.000 4 0.048 | to [HID'] 9366.822 4 0.045
Uo 0.182 £ 0.016 0.177 £ 0.015 | uo,s1 0.213 £ 0.028 | uo 0.213 £0.019
te [days] 19.741 £ 1.206 20.176 +1.219 | ¢g [days] 19.211 +1.328 | tg [days] 17.945 + 1.087
s 0.816 +0.012 1.332 +0.024 | to,52 [HID’] 9359.437 + 0.053

q (x10™%) 6.703 + 3.515 15.386 +4.876 | uo,s2 0.003 £+ 0.007

(log1o q) —3.103 +0.146 —2.782 +0.122 | gaux 0.006 £ 0.002

a [rad] 5.952 + 0.025 2.692 £ 0.013 | p. 51 < 0.341

P < 0.032 < 0.029 | ps 52 < 0.023

fs,xkmTC 0.063 + 0.007 0.061 +0.006 | fs kmTC 0.065 £+ 0.008 | fs,xMmTC 0.076 4+ 0.008
fB,KMTC 0.135 £+ 0.006 0.137 +£0.006 | fB,kMTC 0.134 +£0.007 | fB,KxMTC 0.123 +0.008
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NoTE— HJD' = HJD — 2450000.0. The boldface indicates our fiducial solutions for this event. We note that the inequality
sign of the p. parameters indicates the upper limit on p. (i.e., 30).
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Figure 7. Light curve of KMT-2021-BLG-1063 (planetary
event) with 2L1S, 1L2S, and 1L1S models. The residual
parts highlighted in yellow show the noticeable differences
in different models. Compared to the best-fit model, 2LL1S
(s=), both 1L2S and 1L1S models show worse fits at this
anomaly part.

1L1S-like light curve as shown in Figure 7. This
anomaly is buried in the data scatter, so it is diffi-
cult to notice by eye. However, the AnomalyFinder
can identify this anomaly (see the residuals to the
1L1S model in Figure 7). Quantitatively, the anomaly
yields Ax? = 110 between 2L1S (i.e., the best fit)
and 1L1S models. The best-fit 2L1S model (i.e., the
s_ case) indicates that the event was caused by a

planetary lens system (ie., ¢ ~ 7 x 107%)). In-
deed, the heuristic analysis indicate that st = 0.813

and ST+ = 1.229 from (Tanom; %anom, tanom; to, tE, Ug) =
(—0.375,0.416,9359.5,9397.0, 20.0, 0.180). This value of
s! is consistent with s_ ~ 0.816, which is the planetary-
caustic-crossing model (see Hwang et al. 2022). We also
find that there is a competing 2L1S model (i.e., the s
case) with Ax? = 0.05. The weak amorphous bump
can be produced by either a major-image perturbation
(s4 case; far from the caustic) or a minor-image per-
turbation (s_ case; hitting the planetary caustic). In
principle, we expect this degeneracy to be resolved be-
cause the trajectory angle is far from vertical. However,
in this case, the anomaly is faint (I ~ 19.3) and the er-
ror bars are too large to resolve the two cases. Although
this s_/s; degeneracy cannot be resolved, the s; case
also indicates that the lens is a planetary system (i.e.,
q~15x107%).

Because the anomaly is a bump-shaped, we check the
2L1S/1L2S degeneracy. We find that the 1L2S model
can describe the anomaly. However, the fits are worse
than 2L1S fits by Ax? = 16, which satisfies our x? cri-
terion for resolving the 2L1S/1L2S degeneracy. That
is, the 1L2S model is rejected. Indeed, the worse fit of
the 1L2S model is noticeable by eye over the anomaly
(9358.0 < HJD' < 9361.0) as shown in the residuals of
Figure 7. In Table 5, we present the two planetary mod-
els together with the 1L2S and 1L1S models, which are
shown for comparison.
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Table 6. The parameters of 2L1S and 1L1S models for KMT-2021-BLG-1691 (plan-

etary event)

2L.1S 1L1S
Parameter S Sy Parameter
X% /Ndata 9653.730/9569 9654.200/9569 | x*/Ndata 9882.585/9569
Ayx? 88.255 88.725 | Ax? 317.11
to [HID'] 9406.070 £ 0.019  9406.066 + 0.019 | to [HID'] 9406.055 £+ 0.019
U —0.029 £ 0.005 —0.028 £0.006 | wuo 0.024 £+ 0.005
tg [days] 31.865 + 6.339 32.979 £5.841 | tg [days] 40.627 £ 10.483
s 0.894 4+ 0.021 1.155 +£0.027 | ---
q (x10™%) 21.973 +6.494 21.450 +£6.979
(logy1 @) —2.638 £0.119 —2.610 £0.118
a [rad] 4.597 +0.021 4.602 +0.021
px (x107%) 2.523 £0.655 2.376 + 0.697
fs,xmTC 0.007 £+ 0.001 0.006 £ 0.001 | fs,xkmTC 0.005 £+ 0.001
fB,KMTC 0.099 £+ 0.001 0.099 +£0.001 | fB,xkMTC 0.100 £+ 0.001

NoTE— HJD’ = HJD — 2450000.0. The presented Ax? values are calculated com-
paring with the best-fit model (i.e., the 2L2S s case) presented in Table 7.
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Figure 8. Light curve of KMT-2021-BLG-1691 (planetary
event) with 2L1S, 2L2S, 3L1S, and 1L1S models.

Lastly, we test the APRX effect because the timescale
is about 20 days, which is longer than our criterion. We
find that the APRX model shows improvements in x2 by
13. However, we find that the APRX effect is not reliable
for three reasons. First, the amount of Ax? improve-
ments is marginal to robustly claim the APRX effect.
Second, we investigate the Ax? origin. We find incon-
sistencies in the y? improvements for different datasets.
Indeed, for the KMTS data, x? improves on the ris-
ing wing of the light curve. By contrast, the fits to
the falling wing are worse than those of the STD model.
Overall, the net Ax? becomes negligible for this dataset.

For the KMTA data, there is no improvement. These
inconsistencies imply that the Ay? derives from fits to
systematics in the KMTC data. Therefore, the APRX
signal is highly doubtful. Third, the g distributions are
not constrained, but rather exhibit a broad dispersion
toward the g g direction, reaching the boundary of the
values given in the code. These clues strongly support
that the APRX effect is unreliable. Hence, we conclude
that the 2L.1S STD models are fiducial solutions for this
event.

3.5. KMT-2021-BLG-1691

The light curve of KMT-2021-BLG-1691 exhibits clear
and complex features at the peak from HJD' = 9404.8
to 9406.2. As shown in Figure 8, the anomalies con-
sist of a half-covered bump and a well-covered caustic-
crossing feature, which were captured by different KMT-
Net observations. Quantitatively, these anomalies yield
Ax? = 317 relative to a 1L1S model. We find that no
2L.1S model can describe both features simultaneously.
As shown in Figure 8, the 2L.1S model cannot explain the
first bump-shaped anomaly. It can only describe the sec-
ond bump, which it does with a central caustic-crossing
geometry. In Table 6, we present the 2L1S s4 and 1L1S
models for comparison. Although the 2L1S models can-
not explain anomalies, we conduct the heuristic anal-
ysis for them. The result indicates that st = 0.985
and si = 1.016 from (Tanom; %anom, tanom; to, tE, Ug) =
(—0.012,0.031,9405.7,9406.07, 32.0,0.029). The 51 pre-
diction is consistent with st = V5—sy = 1.016.



Table 7. The parameters of 2L2S and 3L1S models for KMT-2021-BLG-1691 (planetary event)

21,28 3L1S
Parameter S— S+ Parameter S— - S— + S4,— S+
x?/Ndata 9565.543/9569  9565.475/9569 | x*/Ndata 9567.321/9569  9567.491/9569  9567.054/9569  9568.019/9569
Ax? 0.068 (best-fit) | Ax? 1.846 2.016 1.579 2.544
tos1 [HID']  9405.758 4+ 0.094 9405.763 + 0.103 | to [HJD']  9406.085 + 0.030 9406.081 & 0.027 9406.116 + 0.025 9406.101 + 0.026
uo,s1 0.026 + 0.006 0.028 4 0.006 | uo —0.024 +£0.006  —0.02540.005  —0.023 £0.005  —0.023 %+ 0.004
tr [days] 40.642 £5.660  39.051 + 6.366 | tr [days] 39.391 £8.441  38.057+6.235  37.880 +£5.060  38.093 + 5.678
s 0.635 4 0.058 1.688 4 0.161 | s1 0.810 + 0.041 0.815 4 0.041 1.192 + 0.037 1.190 + 0.036
q (x107%) 100.130 +41.957  122.221 £33.121 | ¢ (x107%) 14108 £7.736  14.725+7.490  26.384+9.071  25.803 = 8.004
(log,, q) —1.926 £0.148  —2.107 +0.169 | (log,, q1) —2.794+0.196  —2.816+0.203 —2.508 +0.120  —2.555 £ 0.119
a [rad] 2.125 £ 0.051 2.133 4 0.072 | « [rad] 3.860 =+ 0.030 3.857 & 0.031 4.627 4 0.029 4.640 4 0.036
to,se [HID']  9406.267 4 0.038  9406.254 & 0.043 | so 0.877 4 0.026 1.185 + 0.037 0.800 4 0.040 1.285 + 0.062
Uo,s2 0.013 + 0.003 0.013+£0.004 | g2 (x107%) 20989 £8.814  24.962+8.228  18.273 +7.414  17.841 £ 8.777
pe.S1 < 0.009 < 0.007 | (log,, q2) —2569+0.134  —255040.122  —2.812+£0.201  —2.807 +0.218
pes2 (x1073) 1.51373262 1.60075°59% | @ [rad] 0.754 + 0.045 0.768 4 0.043 5.496 + 0.042 5.492 + 0.049
Qriux 0.57610 030 0.51875:390 | pu (x107%) 2.0911 1414 2.21275-9%% 2.2227 3019 2.22273-996
fs,xnmre 0.005 + 0.001 0.005 4 0.001 | fs,kmTC 0.005 4 0.001 0.006 + 0.001 0.006 + 0.001 0.006 + 0.001
fB,KMTC 0.100 = 0.001 0.100 £+ 0.001 | fs,kmTC 0.100 =+ 0.001 0.100 =+ 0.001 0.100 =+ 0.001 0.100 = 0.001

NoTE— HJD' = HJD — 2450000.0. We note that the inequality sign of the p. s1 parameters indicates the upper limit on p. s1
(i.e., 30).
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Figure 9. Comparison for 2L2S and 3L1S models of
KMT-2021-BLG-1691 (planetary event).

Because the 2L.1S model cannot explain the anoma-
lies, we attempt 3L1S and 2L2S modeling. We find
that both interpretations can describe all features of the
anomalies as shown in Figure 8. We also find that there
are several competing 3L1S and 2L.2S models, which are
caused by the close/wide degeneracy. In Figure 9, we
present the geometries of these degenerate models with
the light curve and their residuals over the anomaly,
which demonstrate that these degeneracies cannot be
resolved. Among these models, the 2L2S s; model is
nominally the best-fit model. However, the Ax? values
of the other models are less than 3 compared with the
best-fit case, which is insufficient to resolve them. Al-
though these models cannot be resolved, the mass ratios
of all models are less than our criterion of planet detec-
tion, i.e., ¢ < 0.03. Thus, all the 2L2S or 3L1S models
indicate that at least one of the companions in their
lens system is a planet. Hence, we treat this event as a
planetary event, regardless of the number of planets in
the system. In Table 7, we present their model param-
eters. We note that the p, values related to the second
anomaly can be measured (i.e., px g2 in the 2L2S models
and p, in the 3L1S models). For the p. g1 values in the
2125 models, which are related to the first anomaly, we
only obtain upper limits because this anomaly was only
partially covered.

Lastly, these STD models show longer timescales (~
40 days) than our criterion for testing the APRX ef-
fect. We find that there are negligible x? improvements
(Ax? < 2) in all cases. However, in contrast to the
case of KMT-2021-BLG-0690, the g distributions are
not converged for all cases. Hence, we conclude that
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Figure 10. Light curve of KMT-2021-BLG-2213 (planetary
event) with 2L1S and 1L1S models.

2L.2S and 3L1S STD models are fiducial solutions for
this planetary event.

3.6. KMT-2021-BLG-2213

In Figure 10, we present the observed light curve of
KMT-2021-BLG-2213 with the 2L1S model curve and
caustic geometry. In addition, we present the 1LI1S
model curve for comparison, but it is disfavored by
Ax? = 3205. The light curve of KMT-2021-BLG-2213
shows two bump anomalies. The first bump appeared
at HJD' ~ 9443.7. After about 3 days, the second bump
appeared at HJD' ~ 9446.6. Between these anomalies,
the light curve exhibits a flat feature (so-called “flat-
trough” anomaly), which is caused the near annihila-
tion of the minor image when the planet lies very close
to the minor image of the unperturbed event. Although
this flat-trough part was not covered by reliable KMT-
Net observations (we excluded KMTA02, KMTAOQ3, and
KMTAA43 observations due to their extremely poor qual-
ities), the bump-shaped anomalies were optimally cov-
ered by KMTC observations. These observed bump
anomalies require a specific trajectory and angle that
approaches the outer part of the planetary caustics to
explain them (see the geometry in Figure 10).

As a result, the inner trajectory between the cen-
tral and planetary caustics cannot explain the ob-
served light curve of this event. Therefore, we
can uniquely determine the solution for this event,
which is presented in Table 8. Indeed, the inner
model cannot properly describe the second anomaly
at HJD' ~ 9446.6, which yields Ax? > 100.
This minor-image anomaly can be anticipated through
the heuristic analysis.  The analysis predicts that



Table 8.  The parameters of the best-fit model for
KMT-2021-BLG-2213 (planetary event)

Parameter 2L1S (outer) Parameter 1L1S

X% /Ndata 11723.541/11725 | x?/Ngata  14928.785/11725
Ax? -+ (best-fit) | Ax? 3205.244
to [HID'] 9445.807 4 0.037 | to [HID']  9445.041 £ 0.018
uo 0.419 +0.025 | ug 0.040 + 0.003
tg [days)] 15.403 + 0.586 | tg [days] 44.638 + 2.392
s 0.826 +0.012 | --- o
q (x10™%) 45.603 %+ 0.889

(log q) —2.343 4 0.009

a [rad] 4.817 + 0.006

pe (x107%) 20.713 + 2.151
fs,kMTC 0.096 + 0.008 | fs kMmTC 0.014 + 0.001
fB,KMTC 0.095 + 0.008 | fs xMTC 0.175 + 0.001

Nore— HJID’ = HID — 2450000.0.

SJL = 0.811 from (TanomauanomatanomathtE7u0) =

(0.052,0.422,9446.6,9445.8,15.4,0.419), which is simi-
lar to s = 0.826 & 0.012. Additionally, Atq;, >~ 3.5 day,
thus, the heuristic analysis predicts ¢ ~ 47 x 10~4, which
is consistent with the empirical result ¢ = (45.713 +
2.151) x 1074,

We note that the p, value can be robustly measured
because the bump anomalies produced by cusp-crossing
planetary caustics were optimally covered by KMTC.
Additionally, we examine the APRX effect, although the
timescale (tg ~ 15.4 days) is on the border of our cri-
terion for this test. As expected, the wg distributions
show broad dispersions without x2? improvement, which
cannot provide meaningful constraints. Hence, we con-
clude that the 2L1S STD outer model is a fiducial solu-
tion of this planetary event without any degeneracy.

3.7. KMT-2021-BLG-3290

As shown in Figure 11, the light curve of KMT-2021-
BLG-3290 exhibits the flat-trough anomaly similar to
KMT-2021-BLG-2213, which yields Ax? > 10° rela-
tive to the 1L1S model. We find that the 2L1S mod-
els can describe the anomaly on the light curve. This
anomaly was produced by a pair cusp crossings that
are separated by the broad demagnified region behind
the central caustic, as shown in the geometries of Fig-
ure 11. Although the coverage of the cusp crossings is
sparse, we can measure p, robustly because both cross-
ings (see the zoom-ins of Figure 11) are adequately cov-
ered. These 2LL1S models indicate that the event was
caused by a planetary lens system, i.e., ¢ ~ 3.3 x 1073.
In Table 9, we present the parameters of 2L1S mod-
els with the 1L1S model parameters for comparison.
We find that the best-fit model is the s_ case, which
cannot be reliably distinguished from the s, case (i.e.,
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Figure 11. Light curve of KMT-2021-BLG-3290 (planetary
event) with 2L1S and 1L1S models.

Ax? = 4.35). Indeed, the heuristic analysis indicates
that sT = 0.991 from (Tanom s Yanom, tanom, to, LB, Ug) =
(—0.008,0.019,9447.5,9447.7,24.0,0.17). The s pre-
diction is similar to st = V5—sy = 0.995. Addition-
ally, Atqip ~ 0.7 days, thus, the heuristic analysis pre-
dicts ¢ ~ 1.3 x 1073, which is qualitatively similar to
the empirical ¢ ~ 3.3 x 1073. The reason for the rela-
tively large difference between the prediction and empir-
ical result is easily explained by inspection of Figure 11.
The formula for ¢ (Hwang et al. 2022; Ryu et al. 2022;
Shin et al. 2023a) approximates that Atg;p is the time
required to travel between the two planetary caustics,
whereas the interval between the two cusps at the back
end of the central caustic is much shorter. We check
the APRX effect because of the relatively long timescale
(i.e., tg ~ 24 days). We find that the g distributions
show random scatters in the ranges set by the parameter
limits (i.e., =10 < wg < 10) without x? improvement,
which is meaningless and cannot be used for constraints.
Hence, we conclude that the 2L1S STD models (s ) are
fiducial solutions for this event.
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Table 9. The parameters of 2L1S and 1L1S models for KMT-2021-BLG-3290 (planetary

event)
2L.1S 1L1S
Parameter S Sy Parameter
X% /Ndata 2387.566/2394 2391.915/2394 | x?/Nyata 112927.460/2394
Ax? (best-fit) 4.349 | Ax? 110539.894
to [HJD']  9447.741 +0.010 9447.753 +0.009 | ¢, [HID']  9447.776 + 0.010
uo 0.017 £ 0.002 0.016 £ 0.002 | uo (><10_4) 1.148 4+ 16.585
tg [days] 23.595 + 1.850  24.691 + 2.317 | tp [days] 29.498 + 3.766
S 0.860 £+ 0.004 1.152 + 0.006 S
q (x107%) 32.770 +£2.458  32.693 +2.874
(log, q) —2.484+0.033  —2.483 +0.038
a [rad] 4.475 £+ 0.019 4.494 £+ 0.018
p. (x107%)  10.401 + 0.826 9.907 + 0.916
fs,xmTC 0.013 £ 0.001 0.013 +0.001 | fs xkmTC 0.010 £+ 0.001
fB,KMTC 0.238 +0.001 0.239 +0.001 | fB,xMTC 0.241 £+ 0.001
NoTE— HJD’ = HJD — 2450000.0. The boldface indicates our fiducial solutions for this
event.
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Figure 12. Light curve of KMT-2021-BLG-1385 (planet
candidate) with 2L1S, 1L2S, and 1L1S models.

3.8. KMT-2021-BLG-1585

Now, we move on planet candidate cases. The
light curve of KMT-2021-BLG-1385 shows a 1L1S-
like light curve with a bump-shaped anomaly on the
falling wing at HJD' ~ 9421.5. This anomaly is
noticeable by eye and quantitatively yields Ayx?
812 relative to a 1L1S model. As shown in Figure
12, we find that the anomaly can be described by
both 2L1S and 1L2S interpretations. In Table 10,

Figure 13. Light curve of KMT-2021-BLG-1751 (planet
candidate) with 2L1S, 1L2S, and 1L1S models.

terpretations. Indeed, the heuristic analysis indicates
that 51 = 2.258 from (Tanom, Yanom; tanoms t0, L&, o)
(1.803,1.815,9421.5,9393.2,15.7,0.216), which is con-
sistent with s; = 2.259. We find that the 2LL1S model
indicates that the lens system could have a planet com-
panion (i.e., ¢ ~ 0.008 £ 0.001). However, the 2L1S
model competes with the 1L2S model, which cannot be
reliably distinguished from it (Ax? = 7). Because the
2L1S/1L2S degeneracy cannot be resolved, we conclude
that this event should be treated as a planet candidate.



Table 10. The parameters of 2L1S, 1L2S, and 1L1S models for KMT-2021-BLG-1385 (planet

candidate)
Parameter 2L.1S Parameter 1L2S Parameter 1L1S
X% /Ndata 5406.439/5408 | x*/Ndata 5413.177/5408 | x?/Ndata 6218.363/5408
Ax? (best-fit) | Ax? 6.738 | Ax? 811.924
to [HID']  9393.169 + 0.025 | to,s1 [HIJD'] 9393.157 +0.025 | to [HID’]  9393.198 4 0.025
U 0.216 +0.008 | uo,s1 0.204 +0.016 | uo 0.165 £ 0.008
tg [days] 15.736 £ 0.404 | tg [days] 16.788 £ 0.560 | tg [days] 19.205 + 0.667
s 2.259 +0.038 | to,s2 [HID'] 9421.543 +0.046 | ---
q (x107%)  80.864 £12.915 | uo 52 0.027 £ 0.004
(logyg q) —2.084 £ 0.069 | gaux 0.015 + 0.001
a [rad] 0.155 +0.003 | p«,s1 < 0.273
P < 0.046 | p«,s2 < 0.049
fs,xkmTC 0.164 £ 0.007 | fs,xkmTC 0.150 +£0.009 | fskmTC 0.119 &+ 0.006
fB,KMTC 0.031 £0.007 | fB,xkMTC 0.045 +0.008 | fB,kMTC 0.077 &+ 0.006

NoTeE— HJD’ = HJD — 2450000.0. We note that the inequality sign of the p. parameters indicates
the upper limit on p. (i.e., 30).

Table 11. The parameters of 2L1S, 1L2S, and 1L1S models for KMT-2021-BLG-1751 (planet candidate)

2L1S 1L2S 1L1S
Parameter small p. large p« Parameter Parameter
x*/Ndata 8893.731/8896 8896.634/8896 | x*/Ndata 8886.077/8896 | x*/Ndata 9759.601,/8896
Ax? 7.654 10.557 | Ax? (best-fit) | Ax? 873.524
to [HID']  9406.782 £+ 0.031 9406.671 & 0.041 | to,s1 [HID'] 9391.900 4+ 0.166 | to [HID']  9406.922 + 0.024
U 0.156 +0.014 0.186 +0.013 | uo,s1 —0.087 £0.019 | wo 0.062 £ 0.006
te [days] 13.750 £ 1.050 12.743 + 0.607 | tg [days] 12.553 £ 0.980 | tg [days] 31.020 £+ 2.851
s 1.805 £ 0.068 1.754 4+ 0.051 | to,s2 [HID'] 9407.015 +0.025 | ---
q 0.027 £ 0.005 0.044 £ 0.008 | uo,s2 0.177 £ 0.020
(logyo q) —1.616 £+ 0.083 —1.340 £ 0.072 | gaux 5.208 £ 0.444
a [rad] 2.989 £ 0.007 3.028 £ 0.007 | p«,s1 < 0.178
P 0.012 £ 0.011* 0.097 £ 0.017 | p«,s2 < 0.230 e
fs,xkmTC 0.042 £ 0.004 0.050 £ 0.004 | fsxmMmTC 0.054 £ 0.007 | fs,xkMmTC 0.015 £ 0.002
fB,KMTC 0.157 £ 0.004 0.150 £+ 0.004 | fB,xMTC 0.145 +£0.007 | fBxMTC 0.183 + 0.001

NoTE— HJD’ = HJD — 2450000.0. We note that the inequality sign of the p. parameters indicates the upper limit
on p. (i.e., 30). *For the small p, case, the p. distributions concatenates to those of the large p. case within 3o
level (i.e., Ax? < 32). In addition, the small p. distributions reach zero value within 3o level. Hence, only the 1o

error for the small p. case is meaningful.
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Table 12. The parameters of 2L1S, 1L2S, and 1L1S models for KMT-2021-BLG-1907 (planet candidate)

2L18S 1L2S 1L1S
Parameter Binary s_ Binary sy Planet s_ Planet s Parameter Parameter
X% /Ndata 8732.139/8756 8735.275/8756 8733.909/8756 8734.275/8756 | x?/Ndata 8750.539/8756 | x*/Ndata 9017.892/8756
Ax? (best-fit) 3.136 1.770 2.136 | Ax? 18.400 | Ax? 285.751
to [HID'] 0422.933 £ 0.062  9422.480 & 0.042  9422.555 + 0.025  9422.539 + 0.024 | to,s1 [HIJD’] 9421.492 + 0.052 | to [HID’] 9422.556 + 0.032
uo 0.199 + 0.019 0.104 £ 0.019 0.180 £ 0.026 0.183 +0.024 | wo,s1 —0.084 £ 0.014 | ug 0.669 £ 0.116
tg [days] 6.856 £ 0.577 13.624 4 2.896 7.175 + 0.600 7.052 + 0.605 | tg [days] 9.268 £ 0.838 | tg [days] 3.463 + 0.378
s 0.534 + 0.036 3.319 + 0.332 0.690 £ 0.022 1.231 +0.042 | to,s2 [HID'] 9423.488 + 0.050 cee
q 0.417 £ 0.109 0.457 £ 0.194 0.025 £ 0.003 0.030 + 0.004 | wo,s2 0.116 £ 0.019
(logig ) —0.316 4+ 0.086 —0.372 £ 0.195 —1.616 + 0.065 —1.565 £ 0.062 | gfiux 1.542 £+ 0.410
o [rad] 4.233 £ 0.063 3.986 + 0.035 4.749 £ 0.023 4.740 £ 0.020 | ps« 51 < 0.135
P < 0.122 < 0.081 < 0.090 < 0.094 | ps«, s2 < 0.176
fs,xkmTC 0.047 £ 0.005 0.042 £ 0.004 0.044 £ 0.007 0.046 + 0.007 | fs,kMmTC 0.024 £ 0.003 | fs,kmTC 0.245 + 0.080
fB,.KMTC 0.148 + 0.005 0.154 £ 0.004 0.151 £ 0.007 0.150 + 0.007 | fB,kMTC 0.171 £ 0.003 | fB,xkMTC —0.049 + 0.080

Nore— HJD’ = HJD — 2450000.0. We note that the inequality sign of the p, parameters indicates the upper limit on p, (i.e., 30).
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3.9. KMT-2021-BLG-1751

As shown in Figure 13, the observed light curve
of KMT-2021-BLG-1751 exhibits a half-covered bump-
shaped anomaly at HJD' ~ 9392.0. We also present
the model light curves of 2L.1S, 1L.2S, and 1L1S mod-
els with their residuals for comparison. We find that
the anomaly can be explained by either 2L1S or 1L2S
interpretations. We also find that the 2L1S inter-
pretation can describe the anomaly by both small-
and large-p, cases because the bump was not fully
covered. We present their model parameters in Ta-
ble 11. Indeed, the heuristic analysis indicates that
st = 1.757 from (Tanom, Uanom, tanom, to, te, o) =
(—1.173,1.188,9391.8,9406.7,12.7,0.186), which is con-
sistent with sy = 1.754 of the large p. case.

The small p, case indicates that the lens system could
have a planet (i.e., ¢ ~ 0.027 < 0.03). In contrast, the
large p. case is unlikely to be a planetary event (i.e.,
g ~ 0.044 > 0.03). These cases (i.e., the planet/binary
degeneracy) cannot be resolved using x? (i.e., Ax? =
2.90).

Moreover, the best-fit model is the 1L2S case, which
cannot be distinguished from the 2L1S cases. Quantita-
tively, Ax? between them is less than 11, which does not
satisfy our criterion for resolving the 2L1S/1L2S degen-
eracy (i.e., Ax? > 15.0). Thus, we conclude that this
event should be treated as a planet candidate.

3.10. KMT-2021-BLG-1907

In Figure 14, we present the observed light curve
of KMT-2021-BLG-1907 with several 2L.1S models, in-
cluding 1L2S and 1L1S models for comparison. The
light curve shows two shallow bump-shaped anoma-
lies around the peak, which yield Ax? = 286 rela-
tive to the 1L1S model that exhibit noticeable resid-
uals (see 1L1S residuals in Figure 14). We find that
the anomalies can be well explained by both 2L1S
and 1L2S interpretations. In Table 12, we present
their model parameters, together with the 1L1S case
for comparison. Indeed, for the 2L1S planetary model
pair, the heuristic analysis indicates that st = 0914
and SL = 1.094 from (Tanom; Wanom, tanom; to, tE, o) =
(—0.014,0.181,9422.4,9422.5,7.1,0.18). The s pre-
diction is similar to st = /sy = 0922
While, for the 2L1S binary model pair, the heuris-

tic analysis indicates that st = 0.749 and
51 = 1.335 from (Tanom;Uanom;tanom7t07tE;UO) =

(—0.551,0.586,9419.1,9422.9,6.9,0.20). The SL predic-
tion is consistent with st = Vs—sy = 1.331.

Next, we check whether the bump anomaly can be
explained by a 1L2S model, but we find that the 1L2S
model has a worse fit compared to the best-fit 2L1S mod-
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Figure 14. Light curve of KMT-2021-BLG-1907 (planet
candidate) with 2L1S, 1L2S, and 1L1S models.

els by Ax? = 18. Thus, we can nominally resolve the
2L1S/1L2S degeneracy counsidering our criterion (i.e.,
Ax? > 15.0). Even though we can rule out the 1L2S
model, we also find that there exists the planet/binary
degeneracy in the 2L1S interpretation. There are four
possible solutions resulting from the close/wide degener-
acy in both binary and planetary cases. These solutions
cannot be resolved by Ay? values, which are less than
3. Therefore, because the nature of the lens system is
unclear, we should treat this event as a planet candidate.

4. CMD ANALYSIS

Among the seven planetary events, we obtained reli-
able V-band observations for four events: KMT-2021-
BLG-0424, KMT-2021-BLG-0690, KMT-2021-BLG-
2213, and KMT-2021-BLG-3290. Thus, we can deter-
mine the angular source radius (6.) of these based on
their V-band light curves and KMTNet color-magnitude
diagrams (CMD) using the conventional CMD analysis
method described in Yoo et al. (2004). In Table 13, we
present the results of the CMD analyses for these four
events with the Einstein angular radii (6g = 6./p«) and
lens-source relative proper motions (fe1) of each model
case. If we can only measure p, upper limits, we present
lower limits on 6, and p,e. In addition, we present the
KMTNet CMDs of these four events with the locations
of the source, blend, and centroid of the red giant clump
(RGC) in Figure 15.

In contrast, for KMT-2021-BLG-0457, KMT-2021-
BLG-1063, and KMT-2021-BLG-1691, the V-band im-
age qualities are too poor due to the heavy extinction.
As a result, we cannot use the conventional method
based on the KMTNet CMDs and the V-band light
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Figure 15.

Color-magnitude diagrams (CMDs) of planetary events.

(Ixu _va)

We use the abbreviation for event names, e.g.,

KMT-2021-BLG-0424 is abbreviated as KB210424. The HST CMD are presented for visual inspection of the faint sources
and are not used for the source-color measurements. For KB210457, KB211063, and KB211691, the CMDs are built by cross—

matching with VVV and KMTNet.

curves. Thus, we build cross-matched CMDs using
KMTNet and VVV (VISTA Variables and Via Lactea
Survey; Minniti et al. 2010) data. We determine the
RGC locations on the KMTNet-VVV CMDs. In Figure
15, we present the KMTNet-VVV CMDs with the RGC
locations. Using the I-band magnitudes of the RGC
and the source, we estimate the mean source color on the

HST CMD (Holtzman et al. 1998) using the method de-
scribed in Bennett et al. (2008). Then, we estimate the
angular source radius using the color/surface-brightness
relation (Kervella et al. 2004). In Table 14, we present
the estimated source colors, the angular source radii,
and angular Einstein ring radii (only for KMT-2021-
BLG-1691; see Section 5.5) for these events.



Table 13. CMD analyses of Planetary Events

Event
Case (V—=Dree (V —1I)orce (V-1I)s (V—=1I)os (V-Ds 0. Or Hrel
Ircc Io,rcc Is Ios Is (pas) (mas) (mas yrfl)
KB210424
APRX (uo > 0) 2.225 1.060 1.648 4+ 0.008 0.483 £0.051 1.718 £0.092 0.882 +£0.041 0.702 +£0.075 4.718 4+ 0.504
15.670 14.343 18.576 £0.002 17.249 £+ 0.002 20.255 4+ 0.014
APRX (uo < 0) 2.225 1.060 1.648 £+ 0.008 0.483 £0.051 1.720 £0.094 0.886 +0.041 0.676 +0.071 4.611 4 0.486
15.670 14.343 18.567 +0.002 17.240 £0.002 20.278 + 0.014
KB210690
APRX (uo > 0) 2.142 1.060 1.950 £0.010  0.868 £ 0.051 1.915 £ 0.010 0.469 +£0.027 0.036 +0.003 0.106 4+ 0.010
15.482 14.385 20.615 4+ 0.001 19.518 £0.001 18.145 +£ 0.001
APRX (uo < 0) 2.142 1.060 1.950 £0.010  0.868 £ 0.051 1.915£0.010 0.470 £0.027 0.036 +0.003 0.106 4+ 0.010
15.482 14.385 20.612 +£0.001 19.515 £ 0.001 18.146 + 0.001
XRP 2.142 1.060 1.948 4+ 0.010 0.866 £ 0.051 1.916 £ 0.010 0.481 £+ 0.028 > 0.370 > 1.105
15.482 14.385 20.560 £+ 0.001 19.462 + 0.001 18.153 + 0.001
KB212213
outer 2.197 1.060 1.847 £ 0.121 0.710 £0.131 2.576 £0.109 0.441 £0.064 0.213 £0.035 5.052 £ 0.837
15.867 14.387 20.760 4+ 0.020 19.280 £0.020 19.757 + 0.009
KB213290
S— 2.624 1.060  3.081 + 0.137 1.517£0.146  2.677 £0.003 0.457 £0.028 0.439 £0.054 6.801 £ 0.832
16.512 14.527 22.734 +0.013  20.749 £ 0.013 17.661 £ 0.001
S+ 2.624 1.060 3.083 +£0.137 1.519 4+ 0.146 2.677 £0.003 0.444 £0.027 0.448 £0.059 6.633 £ 0.870
16.512 14.527 22.797 £0.013 20.812 £0.013 17.661 £ 0.001

NoTE—We use the abbreviation for event names, e.g., KMT-2021-BLG-0424 is abbreviated as KB210424.

1¢



Table 14.

(0+) estimations for KMT-2021-BLG-0457, KMT-2021-BLG-1063, and KMT-2021-BLG-1691

Event

Case

KMT-2021-BLG-0457
2L1S (outer)

KMT-2021-BLG-1063

2L1S (s_)

2L1S (s4)

2128 (s_)

2L.2S (s4)

KMT-2021-BLG-1691

3L1S (s_,_)

3L1S (s_ 4+)

3L1S (s1,_)

3L1S (S+1+)

(I — K, I)RGC
(V —1I,T)o,rcc
(V—1I)s1

Is

(V= 1I)s2

Is2

((V = 1I)o,s1)
Io,s1

((V = 1I)o,s2)
Io,s2

(0x,51) (nas)
(0x,52) (nas)
(0g) (mas)

(4.155, 17.567)
(1.060, 14.392)

18.226 4+ 0.007

1.034 £0.151
15.051 4+ 0.007

4.468 £ 0.749

(2.544, 19.312)
(1.060, 14.447)

21.614 £+ 0.012

0.972 £ 0.095
16.749 + 0.012

1.896 £ 0.196

(2.544, 19.312)
(1.060, 14.447)

21.644 £ 0.012

0.943 + 0.091
16.779 4+ 0.012

1.813 £ 0.180

(2.264, 18.281)
(1.060, 14.384)

24.359 £ 0.196

24.958 £ 0.338
1.307 £0.271
20.463 £ 0.196
1.650 £ 0.358
21.061 £ 0.338
0.460 + 0.093
0.421 + 0.090
0.278 + 0.194

(2.264, 18.281)
(1.060, 14.384)

24.264 £ 0.390

24.978 £ 0.753
1.263 £ 0.268
20.368 £ 0.390
1.670 £+ 0.414
21.082 £0.753
0.468 £+ 0.123
0.421 £ 0.163
0.263 £+ 0.194

(2.264, 18.281)
(1.060, 14.384)

23.823 £ 0.023

1.024 £0.145
19.926 4+ 0.023

0.468 £ 0.077

0.224 +£0.114

(2.264, 18.281)
(1.060, 14.384)

23.773 £0.023

0.999 £+ 0.122
19.877 £ 0.023

0.464 £ 0.063

0.210 £+ 0.100

(2.264, 18.281)
(1.060, 14.384)

23.778 £0.023

1.011 £0.115
19.881 + 0.023

0.469 + 0.060

0.211 + 0.100

(2.264, 18.281)
(1.060, 14.384)

23.779 £ 0.023

1.009 £0.114
19.882 + 0.023

0.467 £ 0.059

0.210 £ 0.099

GG



5. PLANET PROPERTIES

The lens properties can be directly determined when
two observables are simultaneously measured. These ob-
servables are the angular Einstein ring radius (fg) and
the microlensing parallax (wg). By combining the ob-
servables and model parameters, we can determine the
lens properties such as the lens mass (Mj,), distance to
the lens (Dy,), projected separation between lenses (a ),
and lens-source relative proper motion (pre). These
quantities are determined as

0 au
My = = ; Dp=r————
IQ|7TE| |7TE|9E + 7T (5)
Or
ay = steDL ; pre = —,
tg

where k = 8.144 mas Mgl, wg is the parallax of the
source (mg = au/Dg), and Dg is distance to the source.

However, The two observables are not always mea-
sured simultaneously. Indeed, in this work, we cannot
measure 6, and 7rg simultaneously for six of the seven
planetary events, with the exception being KMT-2021-
BLG-0424. If we are unable to measure either one or
both of the observables, we estimate the lens proper-
ties using Bayesian analysis based on Galactic model
priors. The formalism and procedures of Bayesian anal-
ysis adopted in this work are described in Shin et al.
(2023a,b). Because each event has different constraints
for the Bayesian analysis, we denote the constraints that
we used following the notation and methodology that are
described in Shin et al. (2023a). In summary, the event
timescale (tg) serves as a fundamental constraint for
Bayesian analysis, constructed using Gaussian distribu-
tions of the tg model parameter. We refer to this ¢g con-
straint using the notation “tg”. The angular Einstein
ring radius (fg) serves as an additional constraint based
on the value of g (= 6./p.), which can be determined
when both p, and 6, are measured reliably. We denote
this O constraint with the notation of “Og”. If we have
an uncertain p, measurement, we construct a weight
function based on Ax? distributions of the p, parame-
ter. This weight function is then applied to the priors
as a constraint. We refer to this weight function derived
from the p, distribution with the notation of “p,”. If we
have a meaningful g distribution, we use the x? ellipse
of the mg distribution as an additional constraint. We
refer to this g distribution constraint with the notation
of “wg”. Lastly, if we have the source proper motion in-
formation for the source published in the GAIA DATA
release 3 (GAIA DR3; Gaia Collaboration et al. 2023),
we incorporate this proper motion into the Bayesian
analysis. We find the sources in the GAIA DR3 for
two planetary events (KMT-2021-BLG-0424 and KMT-
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2021-BLG-0457). However, for KMT-2021-BLG-0424,
there is no proper motion information. Perhaps this
information will be included in the GAIA final re-
lease. For KMT-2021-BLG-0457, the proper motion is
(fa s s)s = (—7.201 + 0.421, —5.905 & 0.249) mas yr—!
(RUWE = 1.008).

Among the seven planetary events, we can directly
determine the lens properties of KMT-2021-BLG-0424.
For the remaining six events, we estimate their lens
properties using Bayesian analyses. In Tables 15 and
16, we present their lens properties. In the following
sections, we describe the characteristics of each plane-
tary system.

5.1. KMT-2021-BLG-042/

As described in Section 3.1, the two essential observ-
ables, g and 7g, are measured for this event. Thus,
we can directly determine the lens properties. However,
from the light curve analysis, we cannot resolve the eclip-
tic degeneracy in the APRX models. The Ax? between
two models is only ~ 2.

We find that, for the APRX (ug > 0) model,
the lens system consists of a sub-Neptune-mass planet
(Mpianet = 0.779+ 0.169 My) and an M-dwarf host star
(Myost = 0.232 4+ 0.050 M). The planet orbits the host
with a projected separation of 1.962+0.303 au, which is
beyond the snow line (~ 0.58 au; Kennedy & Kenyon
2008). This system is located at 2.550 £+ 0.394 kpc
from us toward the Galactic bulge. For the APRX
(ug < 0) case, the planetary lens system shows a sim-
ilar analog, i.e., a sub-Neptune-mass planet orbiting
an M-dwarf host. While, because of the larger |mwg|
value, the masses are smaller than those of the APRX
(up > 0) case, i.e., Mplanet = 0.556 £ 0.103 My and
Mhost = 0.157 + 0.029 Mg with a; = 1.516 £ 0.216. In
addition, the lens system is closer to us than the APRX
(uo > 0) case, i.e., Dy, = 2.044 £ 0.291 kpc.

Although we cannot resolve the ecliptic degeneracy
in the APRX models using Ax? at this time, it would
be resolved by future adaptive-optics (AO) observations
because the APRX models predict different directions
of the heliocentric lens-source relative proper motions,
which would be distinguished by the AO observations.
The heliocentric proper motion vector (frel,@) is given
by Dong et al. (2009),

Trel
Hrel,® = Mrel,d + v@,J_aLZQ Trel = 9E|7TE|7 (6)

where pirel,@ consists of north (prel,o,n) and east
(frel,0,5) components and prel,g is the geocentric lens-
source relative proper motion vector, which also consists
of north (trel,g,n) and east (pirel, e, r) components. We
note that the magnitude of pyer,q is denoted as pie) in
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Mplanet
(Mj / Mx)

Dr,
(kpe)

ay

(au)

Mrel
(masyr—!)

0.7791 0108 Mx
0.8227017% Mx
0.5561 0103 Mx
0.82270:357 Mx

2.55010:354
2.620190 323
2.0447055;
2.78010:3%)

1.96210:303
2.071%5:508
151670318
2.03810:352

4.71819307
4.69975538
4.611%5735
4.53610:55

.473
11211673 My

1.035
6.87075 50a

0.628
1.91870 563

8.68272:5%°

11.644158%% My
11.16715:528 M;
10.41317-182 M

8.83911-129
8.7031 130
3.79173 437

0.15510:012
0.15419:018
177210822

0.10679:015
0.10715:913
2.73617358

0.29210:3%5 M;
0.70179:599 M,

6.70711°250
6.64911128

173610072
2.92471°0%

6.16613555
6.2821 2553

1.08915 837 My

6.96470-950

1.23370355

5.19219-522

Table 15.

Event Constraints Case Mhiost

(Mo)
KB210424 Direct APRX (uo > 0) 0.232%0:020
tg +0r + 7 APRX (up >0) 0.24475-02%
Direct APRX (uo < 0) 0.157+0:035
te+0g +m  APRX (uo <0) 0.23170073
KB210457 te + p« outer 0‘2274:81?21
KB210690 tg +60p +me APRX (uo <0) 0.476%0350
tg +0r + 7  APRX (uo >0) 0.46375:357
fe + e XRP 07577537
KB211063 te + pa 5 0.41610:353
5+ 04355325
KB212213  tm+0s 0.22870333
KB213290  tm+0m 5- 0.542103%
5+ 0.55010:393

1.86010 959 Mj
1.88510 021 M;y

6.48870-259
6.46479-273

2.357102%
3.19119-58%

6.718759%
6.57115952

NoTE—For the planet mass, we present the values in Jupiter (Mj) or Neptune (My) masses as appropriate.

Table 16. Lens Properties of KMT-2021-BLG-1691

Case 2L2S (s—) 2L2S (s4)

3L1S (s—,s-)

3L1S (s—,s+) 3L1S (s4+,s—) 3L1S (s4,s+)

Mhost (Modot)
Mplanet,l (M])
Mplanet,2 (M])

0.46915-315
4.9225:558

0.45510-317
5.827 14307

Dy, (kpc) 6.59071-918  6.62071:915
ar (au) 1.446104%5 375811314
a2 (au)

pret (masyr™') 3.503%775 3.657%7 553

0.35370 532
0.522+0-512
0.7770%33
6.88110-950
1.52210 357
1.64870:237
3.30411°399

0.33210 522
0.511+0:57%
0.86970 232
6.9557053¢
147070359
2.1381072%9
2.90615 805

0.33670 505
0.92975929
0.64419-592
6.95610913
2.167H0 754
1.45470:357
2.8147 055

0.33310-351
0.90170 24
0.62179:53¢
6.957705%
2.15310008
2.3251972
2.844% 5558

NoTE—TFor all cases, the constraints of the Bayesian analyses are tg and (0g).

this paper. In addition, vg, | is the projected velocity
of Earth relative to the Sun at the time of peak mag-
nification ty. For this event, vg, 1 = (ve.N,Ve.E) =
(0.795,28.125) kms~t.  And finally, 7, is the lens-
source relative parallax, which is inferred from 6 and
7g. The direction of prel, measured (north through

east) as
— Hrel,®,FE
¢ =tan"! <7) . 7
Hrel,©,N ( )

For the APRX (ug > 0) and (up < 0) models, pire1,0 =
(—3.63 £ 0.39,—1.45 £ 0.59) and (—4.06 £+ 0.34,0.03 £
0.54) mas yr—!, which yield ¢ = (20149)° and (17848)°,
respectively. Considering the predicted values piye) ~ 4.7
or ~ 4.6masyr—', by 2032, the lens and source will be
separated enough (more than 50 mas) for the Keck AO

to measure the direction, which could help resolve the
ecliptic degeneracy of this event.

5.2. KMT-2021-BLG-0457

For this event, we can find a unique solution by resolv-
ing the inner/outer degeneracy as described in Section
3.2. However, we can measure neither 0g (i.e., p, is not
measured) nor 7 for this event due to the non-caustic-
crossing feature and short timescale. Thus, we estimate
the lens properties based on the Bayesian analysis apply-
ing tg and p. constraints. In addition, we incorporate
the GAIA proper motion information for this source into
the analysis. We note that the p, constraint has a minor
effect because the p, distribution is broad (it is possi-
ble only to measure an upper limit), combined with the



large uncertainty of (6,) that is caused by the source
location on the HST CMD, which is Al = 0.66 below
RGC, where the lower red giant branch shows a some-
what broad dispersion. As a result, the Bayesian results
are almost identical to those applying the tg constraint
only. The Bayesian results indicate that the lens system
consists of a Jupiter-like planet (Mpianet ~ 1.12 My) and
an M-dwarf host (Myest ~ 0.23 M) with a projected
separation of ~ 1.92 au, which is beyond the snow line
(~ 0.61 au). This system is located at a distance of
~ 6.87 kpc. These lens properties are typical of mi-
crolensing planets.

5.3. KMT-2021-BLG-0690

As described in Section 3.3, we found two types of so-
lutions for this event, which are the APRX and XRP
models. For the APRX cases, we can measure the p,
values and the well-constrained wg distributions. Al-
though we have both p, and |7g| values (i.e., the best-fit
values), we cannot directly determine the lens proper-
ties because the x? improvements are minor and |7g|
values within 1o can yield the lens mass varying by
an order of magnitude (i.e., the lens mass (My,) deter-
mined |7rg| within 20 can be in 0.06 < My, /Mg < 1.39
range). Therefore, we estimate the lens properties for
the APRX cases using Bayesian analysis by applying tg
and O constraints. The Bayesian results based on the
APRX models indicate that the lens system consists of
a super-Jupiter-mass planet and an M-dwarf host star,
as shown in Table 15.

However, we find that the lens mass (M, ~ 0.5 Mg)
yields that |mwg| ~ 0.009 (see Equation 5). In addi-
tion, from Equation 5, me = au (Dg1 - Ds_l) and 9% =
KMy e, We can obtain me = KMy |mgl? ~ 0.33 pas,
which implies that Dy, = Ds — Dy, = aumye ¥ D, * Dg ~
0.33 pas x (8kpc)?/Mpc =~ 21 pc. Indeed, we find
Dg ~ 8.871 and 8.873 kpc for the APRX (ugp < 0) and
(up > 0) cases, respectively, using the Bayesian analy-
ses. That is, Drg ~ 32 and 31 pc for the APRX (ug < 0)
and (up > 0) cases, respectively. This small amount of
phase space is a priori unlikely, a fact that adds to the
much larger improbability of very low proper motion as
well as the low probability of such small orbital motion,
which were discussed in Section 3.3.1. Although the lens
system derived from the APRX cases seems unlikely, we
do not have any conclusive evidence to rule out these
models at this time. Hence, we present the lens proper-
ties of the APRX solutions.

In contrast, for the XRP case, we cannot measure the
p« value. Thus, we estimate the lens properties using
Bayesian analysis by employing the constraints of the
tg and p,. distributions. The Bayesian results indicate
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that the lens system consists of a super-Jupiter-mass
planet (Mplanet =2 10 Mjupiter) and a K-dwarf host star
(Myost = 0.76 Mg). This host is 1.6 times more mas-
sive than the host in the APRX cases. Moreover, the
lens system is located at a distance of ~ 3.8 kpc toward
the Galactic bulge, which is probably in the disk of our
galaxy. This system is much more likely than those of
the APRX cases. If the XRP solution is correct, the
binary sources could be confirmed by AO observations
within 15 years, considering the pie ~ 2.8 masyr—!.

However, at this moment, we cannot resolve the
APRX/XRP degeneracy. Despite the existence of de-
generate solutions for this event, we find that the lens
system has a super-Jupiter-mass planet (Mpianet = 10 —
12 Myupiter) orbiting an M or K dwarf host star within
its snow line (i.e., asnow =~ 1.3 and 2.0 au for the APRX
and XRP cases, respectively).

Lastly, we note that the STD cases cannot be a so-
lution. The Bayesian analysis of the STD cases with
0r constraint leads to the unreliably small lens mass
(i.e., My, ~ 0.015 Mg ~ 16 Myypiter) due to the 0 ~
0.036 mas. However, the lens mass cannot be smaller
than the minimum lens mass of 0.04 M, considering
the 30 range of |wg| distributions, which are reliably
constrained. Therefore, we ruled out the STD cases.

5.4. KMT-2021-BLG-1063

Recall that this event is subject to a relatively rare
degeneracy between minor-image and major-image per-
turbations, which we have labeled s_ and sy, respec-
tively. In contrast to the more generic “inner/outer” and
“close/wide” degeneracies, both cases of which share the
same image perturbation and therefore usually give rise
to very similar ¢ values, this rare degeneracy generally
has a much larger ¢ for the minor-image perturbation.
And from Table 5, this is indeed the case of KMT-2021-
BLG-1063.

For both si solutions of this event, we cannot robustly
measure either fg or wg. Thus, we estimate the lens
properties based on Bayesian analyses by applying the
constraints of the tg and p, distributions. The method-
ology of building the constraint of p, distributions is de-
scribed in Shin et al. (2023a). As shown in Table 15, the
Bayesian results indicate that the lens system consists of
a sub-Jupiter-mass planet (Mpianet ~ 0.3 or 0.7 Myupiter)
and an M-dwarf host star (Myest ~ 0.4 Mg). The pro-
jected separation between the planet and the host is
~ 1.7 au or ~ 2.9 au for the s_ and s; solutions, re-
spectively, which are both beyond the snow line (i.e.,
Gsnow ~ 1.1 au). This planetary system is located at a
distance of ~ 6.5 kpc toward the Galactic bulge, which
is a typical microlensing planetary system.
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5.5. KMT-2021-BLG-1691

For this event, we found six degenerate solutions based
on the 2LL2S and 3L1S interpretations, which cannot be
resolved. In all cases, we can measure the values of
p« and (6.), but we cannot measure the values of 7g.
Thus, we estimate the lens properties for all cases based
on Bayesian analysis with constraints of tg and (fg) =
(0.)/ps«. In Table 16, we present the lens properties of
each case.

We note that, for the 2L2S models, (fg) could, in
principle, be determined using either p, g1 or p. g2 (i.e.,
() = (Bxs1)/pxs1 or (g) = (fis2)/pxs2). However,
for our 2L2S cases, we can only measure p, so. Thus, we
determine the (fg) based on p, g2. For the 3L1S case,
the p, values are well measured for all cases. Thus, we
determine (fg) using the p,. values. In Table 14, we
present (fg) values for all 2L.2S and 3L1S cases.

For the 2L2S cases, the Bayesian results indicate
that a super-Jupiter-mass planet (Mplanet ~ 4.9 or
5.8 Myupiter for the s_ and sy cases, respectively) or-
biting an M-dwarf host star (Mpest ~ 0.47 or 0.46 Mg
for the s_ and s cases, respectively) with a projected
separation of a; ~ 1.4 or 3.8 au for the s_ and s cases,
respectively. The planetary lens system is located at a
distance of ~ 6.6 kpc toward the bulge from us.

Regarding the 3L1S models, although the lens proper-
ties are slightly different for the four cases, the Bayesian
results indicate that the planetary lens system consists
of sub-Jupiter-mass (Mpianet ~ 0.5 — 0.6 Myypiter and
Jupiter-class (Mpianet ~ 0.8 — 0.9 Mjypiter) planets and
an M-dwarf host star (Mpest ~ 0.3 — 0.4 Mg). For all
cases, the planets are located beyond the snow line (i.e.,
Gsnow ~ 0.9 — 1.0 au). The planetary system is also
located at a distance of ~ 7 kpc from us.

5.6. KMT-2021-BLG-2213

For this event, we can measure 6g. However, we
cannot either measure |wg| or place meaningful con-
straints on 7g. Hence, we estimate the lens properties
using Bayesian analysis with the tg and 0 constraints.
The Bayesian results indicate that a Jupiter-mass planet
(Mplanet ~ 1.09 Mjypiter) orbits an M-dwarf host star
(Mhost ~ 0.23 M) with a projected separation of ~ 1.23
au. The planetary system is located at a distance of
~ 6.96 kpc. This planet is also a typical microlensing
planet beyond the snow line (i.e., agnow ~ 0.62 au).

5.7. KMT-2021-BLG-3290

Similar to KMT-2021-BLG-2213, we cannot either
measure |wg| or place meaningful constraints on mg
for this event. Thus, we estimate the lens properties
of this event based on the Bayesian analysis by apply-

ing tg and fg constraints. As shown in Table 15, the
Bayesian results indicate that the lens system is a typ-
ical microlensing planetary system, which consists of a
super-Jupiter-mass planet (Mplanet ~ 1.9 Myupiter) and
an M-dwarf host star (Myest ~ 0.55 Mg) with a pro-
jected separation (a; ~ 2.4 or ~ 3.2 au), beyond the
snow line (i.e., agnow ~ 1.5 au). This system is located
at Dy, ~ 6.5 kpc from us.

6. SUMMARY AND DISCUSSION

In this work, we found seven planetary events and
three planet candidates hidden in the 2021 KMTNet
Prime fields. Most of these new planets are typical
microlensing planets that are orbiting M-dwarf hosts
beyond their snow lines (except KMT-2021-BLG-0690,
which has a tighter orbit). In addition, the planetary
systems are mostly located near our Galactic bulge (ex-
cept KMT-2021-BLG-0424, which is located in the disk).
In Table 17, we list microlensing planets discovered on
KMTNet Prime fields observed in 2021 through the
by-eye and systematic planetary anomaly search meth-
ods. This work contributes about 33% of the total mi-
crolensing planets in the 2021 Prime fields. Indeed, dur-
ing the first phase of the systematic planetary anomaly
search series, approximately 35% of the total microlens-
ing planet discoveries from 2016 to 2019 were made by
the systematic search method, which reflects a simi-
lar fraction of hidden planets discovered in this work.
Hence, although the conventional by-eye search is the
primary method for identifying planetary anomalies, we
expect that one-third of microlensing planets may still
be hidden in the data archive. This fact clearly demon-
strates the importance of continuing systematic anomaly
search work in building a complete microlensing planet
sample.

The complete sample is crucial for statistical studies,
as an incomplete or biased sample can lead to erroneous
interpretations. Indeed, several previous studies present
mass-ratio distributions and their characteristics, which
were conducted based on the latest samples at that time.
For example, Suzuki et al. (2016) claims a break of the
broken power law at ¢ ~ 1.7x10~% in the mass-ratio dis-
tributions. In addition, Udalski et al. (2018) presented
a broken power-law mass-ratio distribution including a
very low-mass sample (i.e., ¢ < 1 x 107%), which is
similar to the result of Suzuki et al. (2016). In con-
trast, Jung et al. (2019) claims that the break is located
at ¢ ~ 5.5 x 1074 Gui et al. (2024) and Yang et al.
(2020) claim a dip in the distributions at the range of
—3.6 < logyp(g) < —3.0. Zang et al. (2025) present
the latest mass-ratio distributions based on the sample
built by the first phase of the systematic search series.
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Event log4(q) S Method Degeneracy Reference
KMT-2021-BLG-0171 -4.320  0.798 eye c/w, i/o, ecliptic Yang et al. (2022)
KMT-2021-BLG-0712 -3.248  1.206 eye ecliptic Ryu et al. (2023)
KMT-2021-BLG-1253  -3.636 1.074 eye c/w, px/q Ryu et al. (2022)
KMT-2021-BLG-1391  -4.441 1.027  eye i/o, p./q Ryu et al. (2022)
KMT-2021-BLG-1689"  -3.680 1.157  eye /W, pe/q Yang et al. (2022)
KMT-2021-BLG-2478 -2.376  1.056 eye ecliptic Ryu et al. (2023)
KMT-2021-BLG-0736 -3.971  1.563 eye Yang et al. (2025)
KMT-2021-BLG-0424 -3.762  1.096 AF ecliptic This work
KMT-2021-BLG-0919 -3.604  1.141 eye ecliptic Shin et al. (in prep.)
KMT-2021-BLG-0320 -3.520  0.771 eye c/w Han et al. (2022a)
KMT-2021-BLG-0240 -3.444  0.958 eye ¢/w, 2L2S/3L1S Han et al. (2022b)
KMT-2021-BLG-0192 -3.428  0.761 eye c/w, ecliptic Shin et al. (2023a)
KMT-2021-BLG-2294 -3.253  1.062 eye c/w Shin et al. (2023a)
KMT-2021-BLG-1063 -3.174  0.816 AF c/w This work
KMT-2021-BLG-1150 -2.939  1.242 eye i/o Han et al. (2023b)
KMT-2021-BLG-1554 -2.850  0.888 eye c/w Han et al. (2022a)
KMT-2021-BLG-2010 -2.558  0.845 eye c/w Han et al. (2023a)
KMT-2021-BLG-3290 -2.485  0.860 AF c/w This work
KMT-2021-BLG-2213 -2.341  0.826 AF This work
KMT-2021-BLG-0457 -2.327  1.289 AF e This work
KMT-2021-BLG-1691 -1.923  1.688 AF 2L2S/3L1S This work
KMT-2021-BLG-0690 -1.882  0.555 eye APRX/XRP, ecliptic This work

NOTE—The “eye” and “AF” indicate the methods to detect anomalies in the light curves by eye or
AnomalyFinder, respectively. The acronyms in the “Degeneracy” column represent the degeneracy
types. That is, “c/w”: the close/wide degeneracy, “i/o”: the inner/outer degeneracy, “ecliptic”:
the ecliptic degeneracy in the APRX models, “p./q”: small/large p. degeneracy related to the
caustic size (i.e., large/small ¢ value), “2L2S/3L1S”: the 2L2S/3L1S degeneracy, “XRP/APRX":
the APRX/XRP degeneracy. *We note that, for KMT-2021-BLG-1689, the anomaly cannot be
identified on the KMTNet-only light curve. The planetary anomaly of this event was confirmed by
the follow-up observations (see details in Section 3.3 of Yang et al. 2022).

They claim the distributions can be better described by
a double Gaussian form than a broken power law by
—2AIn L =22.6 (~ 3.80).

In Figure 16, we present mass-ratio distributions built
by three types of microlensing planet samples. The first
sample is built by planets discovered by the first phase
of systematic search series and by-eye searches from the
2016 to 2019 seasons. This sample is similar to those
used for the studies of Gui et al. (2024) and Zang et al.
(2025). The second sample contains additional planets
discovered by this work and by-eye searches in 2021.
The third sample is built using all microlensing planets
to date. Note that, because sample selection is beyond
the scope of present work, we do not apply the selection
criteria used in the previous studies to these samples.
The left-hand panels show an almost identical shape to

those in Gui et al. (2024) and Zang et al. (2025) as ex-
pected. One noticeable feature is that neither break
(ie., ¢ = 1.7 x 107* or 5.5 x 107%) seems to exist. It is
clearer that the breaks have disappeared in the second
panel, which includes the 2021 planet samples (see cyan
lines in Figure 16). For both cases, the dip is clear, and
the distributions can be described by a double Gaussian.
However, for the third panel, which includes all planets,
even those from before the KMTNet survey and sys-
tematic searches, the dip feature is not clear. Moreover,
the breaks are also unclear. Perhaps the morphology
changes in the distributions may be attributed to the
contamination in the samples, such as the publication
bias. However, although these distributions are built
from uncontrolled samples, the discrepancy among them
clearly shows the importance of a complete sample for
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Figure 16. Mass-ratio distributions based on various microlensing planet samples. The first sample is from planets discovered
in 2016 — 2019 by eye and systematic search series (left-side panels). The second sample includes additional planets from this
work and those found by eye in 2021 (middle panels). The third sample includes planets found before the KMTNet survey
(2015) and after 2022 (right-side panels). Upper panels present the distribution in histograms. Lower panels present them in
cumulative fractions, where the fraction is normalized by the total number of planet detections of each sample. At the bottom,
we show the number of planets detected via the AnomalyFinder and the by-eye method by year for each of the three samples.

statistical studies. This is a major reason to continue
this series.
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Table 18. Summary of Non-Plnaetary Events’ Characteristics

Event Best-fit model s q te (days) P+ Lens System (expected)
KMT-2021-BLG-0148 1L2S (APRX) 63.1 < 0.406, < 0.228 Single star
KMT-2021-BLG-0338 2L1S (STD) 2.460 0.081 294.5 0.030 Binary w/ BD
KMT-2021-BLG-0341 2L1S (STD) 0.449 0.292 14.2 < 0.067 Binary star
KMT-2021-BLG-0567 2L1S (STD) 0.835 0.138 22.8 0.004 Binary star
KMT-2021-BLG-0657 2L1S (STD) 0.486 0.201 54.3 ~ 0.014 Binary star
KMT-2021-BLG-0876 2L1S (STD) 0.762 0.528 35.4 0..68 x 1072 Binary star
KMT-2021-BLG-2340 2L1S (STD) 3.221  0.308 16.7 0.056 Binary star
KMT-2021-BLG-2358 2L1S (STD) 4.428 0.050 32.7 < 0.011 Binary w/ BD
KMT-2021-BLG-2737 1L2S (STD) 34.2 < 0.022, < 0.326 Single star
KMT-2021-BLG-2745 1L2S (STD) e e 79 <0.274, < 0.240 Single star

9L1S (STD)  1.481 0.149 6.2 <0294 Binary w/ BD
KMT-2021-BLG-3112 2L1S (STD) 1.088 0.128 17.4 0.002 Binary star
KMT-2021-BLG-3140 2L1S (STD) 0.199 0.408 24.9 < 0.028 Binary star
1L2S (STD) 22.2 0.011, 0.074  Single star

NoOTE— The acronym “BD” refers to “Brown dwarf”. KMT-2021-BLG-2745 and KMT-2021-BLG-3140 exhibit severe
2L1S/1L2S degeneracy. Thus, we present both 2L1S and 1L2S cases. In the p, column, we present p. s1 and p«,s2,
respectively, if the best-fit model is the 1L2S case. In the last column, we present an “expected” component(s) of
each lens system, which is not a conclusive lens property.
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A. NON-PLANETARY EVENTS

From the preliminary analysis based on the pipeline
data sets, we found a total of 22 planet-like events in
the 2021 KMTNet Prime fields. These events can be
described by at least one model with ¢ < 0.06, which is
a loose mass-ratio criterion for selecting events caused by
potential planetary lens systems, given the quality of the
pipeline datasets. From the detailed analyses based on
the best quality re-reduced datasets (hereafter, referred
to as TLC (tender-loving-care) datasets), we found 7
planets and 3 planet candidates, as described in the
main article. However, we find that the remaining 12
events were caused by non-planetary lens systems, such
as 1L.2S or binary-lens systems (i.e., all fiducial solutions
have ¢ > 0.03). Although these are not planetary events,
we briefly describe them for the record. This documen-
tation can help prevent redundant efforts in searching
for planetary events in the 2021 KMTNet Prime fields.
In Table 18, we summarize the main characteristics of
these non-planetary events. In addition, non-planetary
events highlighted in boldface in Table 18 may have in-
teresting lens components, such as brown dwarfs. We
briefly discuss them in Section A.13.

Al. KMT-2021-BLG-0148

The light curve of KMT-2021-BLG-0148 exhibits a
bump-shaped anomaly at HJD' ~ 9410.0. We find
plausible 2L.1S models, which imply that this event
would be caused by a planetary system (i.e., ¢ < 0.03).
However, no 2L1S model can adequately describe the
observed light curve, even when including higher-order
effects such as APRX and/or OBT. The 2L1S+OBT
case is the most likely case among our tested mod-
els. However, there are still residuals in the fits.
Hence, we search for a 1L2S model, which we find
describes the full light curve, including the anomaly,
much better. The best-fit case is a 1L2S+APRX
model. Quantitatively, Ax? between 2L1S and 1L2S
models is 778, which conclusively distinguishes be-
Hence, we conclude that KMT-2021-
BLG-0148 was caused by a binary source with a single
lens rather than a planetary system. For the record,
we present the best-fit 1L2S+APRX model parameters:
(to,s1,t0,52, 0,51, 0,52, LB Qfluxs Px,S1, P,52; TEN » TE, B>
fs, fB) = (9307.604,9401.133,0.375,0.105,63.105, 0.048,
< 0.406, < 0.228,0.286,0.217,0.598,—0.032). The in-

tween them.
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equality in p, values indicate the upper limits (30) of
the p, distributions, i.e., p, values are not measured.

A2, KMT-2021-BLG-0338

The light curve of KMT-2021-BLG-0338 shows asym-
metric features relative to the 1L1S model. From the
initial analysis, we find that the asymmetric anomaly
could be explained by 2L1S models having ¢ < 0.06.
However, from the detailed analysis based on the TLC
datasets, we find that the best-fit model has g ~ 0.081
and there are no competing solutions having ¢ < 0.03.
Hence, we conclude that this event was caused by a
binary system. Note that the MOA light curve pro-
duced by their pipeline exhibits an additional planet-
like anomaly at HJD' = 9347.97. However, the re-
reduced MOA data confirm that this anomaly is not
a real feature. For the record, we present the best-fit
2L1S model parameters: (to,uo,tr, S, q, , px, fs, fB) =
(9342.798,0.029, 294.525, 2.460, 0.081, 4.754, 0.030, 0.261,
8.277). We note that parameter errors are omitted be-
cause we stopped the analysis during the grid search
stage when we could conclude that the event is a non-
planetary case. We also note that the value of p, we
presented cannot be considered conclusive for the same
reason.

A3. KMT-2021-BLG-0341

The light curve of KMT-2021-BLG-0341 exhibits shal-
low double bump anomalies at the peak. From the
initial analysis, we find that the anomalies can be ex-
plained by a binary-lens model (i.e., ¢ ~ 0.14), however,
it also can be well described by a planet-like model (i.e.,
q ~ 0.026). Thus, we investigate this event based on the
TLC data sets. We find that the best-fit model indi-
cates ¢ = 0.292 +0.074 and the lowest mass ratio model
suggests ¢ = 0.073 £ 0.014. In both cases, the mass
ratios imply that this event was caused by a binary-
lens system. For the record, we present the best-fit
2L1S model parameters: (to,ug,tr, s, q, @, px, fs, [B) =
(9320.858,0.218,14.173,0.449, 0.292, 2.484, < 0.067,
0.142,0.227). The inequality in the p, value indicates
the upper limit (30) of the p, distribution, i.e., p. is not
measured.

A4, KMT-2021-BLG-0567

The light curve of KMT-2021-BLG-0567 shows a
horn-shaped anomaly (partly covered) from HJD' ~
9334.5 to 9336.5, which is a typical anomaly caused
by a binary-lens system. However, from the initial
analysis, we find that the 2L1S model that can ex-
plain the anomaly has ¢ ~ 0.057, which satisfies our
criterion to conduct a more detailed analysis. (i.e.,

g < 0.06). Thus, we conduct the analysis using
TLC datasets. We find that the best-fit 2L1S STD
model shows ¢ = 0.138 + 0.006. Hence, we conclude
that KMT-2021-BLG-0567 was caused by a binary-
lens system. For the record, we present the best-fit
2L1S model parameters: (to,uo,tr, S, q, @, P, fs, fB) =
(9331.739,0.433,22.771,0.835,0.138, 5.429, 0.004, 0.184,
0.017).

A5, KMT-2021-BLG-0657

The light curve of KMT-2021-BLG-0657 exhibits weak
bump-shaped anomalies at the peak. These anomalies
can be well described by binary or planetary models.
However, we find that the best-fit model is a binary
case (¢ ~ 0.20). In contrast, the plausible planetary case
(g ~ 0.028) shows worse fits by Ax? ~ 126.5. Hence,
we conclude that this event was caused by a binary-
lens system. For the record, we present the best-fit
2L1S model parameters: (to, uo,tg, S, q, @, P«, fs, fB) =
(9369.089, 0.189, 54.322, 0.486, 0.201, 3.773,0.014, 0.130,
0.021). The p. value is uncertain.

A.6. KMT-2021-BLG-0876

KMT-2021-BLG-0876 exhibits a clear U-shaped
anomaly feature, which is caused by caustic crossing,
on its low-magnification 1L1S-like light curve. Based
on the pipeline data sets, we found that the anomaly
can be explained by a planetary model (i.e., ¢ ~
0.029). However, in the analysis based on the re-
reduced data sets, we find that the best-fit model in-
dicates that this event is caused by a binary-lens sys-
tem (i.e., ¢ ~ 0.087 £+ 0.007). Hence, we conclude
that KMT-2021-BLG-0876 was caused by a binary-
lens system. For the record, we present the best-fit
2L1S model parameters: (to,uo,tr, S, q, @, Px, fs, fB) =
(9330.225, 0.429, 35.425,0.762,0.528, 5.156, 0.00068,
0.043,0.329).

A7, KMT-2021-BLG-2340

The light curve of KMT-2021-BLG-2340 shows an
asymmetric pattern from the peak to the decreasing
side. This anomaly can be described by the 2L1S inter-
pretation. The best-fit model indicates that a binary-
lens system with a mass ratio, ¢ = 0.309 4+ 0.0104,
causes the asymmetric anomaly. We find that the al-
ternative model having the lowest mass ratio, ¢ =
0.052 =+ 0.006, can describe the bump-like anomaly at
HJD' ~ 9473.0. However, the mass ratio does not
satisfy our criterion of planet detection. Moreover,
this model shows worse fits by Ax2 = 21. Thus,
we can reject this solution considering our x? crite-
rion. Indeed, we find that this bump-like anomaly at



HJID' ~ 9473.0 is likely to be correlated with the ris-
ing pattern of background levels. Thus, this bump-like
anomaly is highly likely to be a false positive. Hence,
we conclude that this event was caused by a binary-
lens system. For the record, we present the best-fit
2L1S model parameters: (to,uo,tr, S, q, , px, fs, fB) =
(9461.216,0.191, 16.717, 3.221,0.308, 2.019, 0.056, 0.440,
—0.256).

A8. KMT-2021-BLG-2358

For KMT-2021-BLG-2358 event, the pipeline data ex-
hibit a bump-like anomaly at HJD' ~ 9468.6 on its
light curve with an asymmetric pattern at the peak.
However, the TLC datasets reveal that the bump-like
anomaly is a false positive. Although the bump-like
anomaly is fake, the light curve of the TLC datasets
still shows the asymmetric peak. We find that this light
curve can be explained by 2L1S models. The degener-
ate models (Ax? < 1) caused by the close/wide degen-
eracy show relatively low-mass ratios, ¢ = 0.050 £ 0.006
and 0.044 + 0.004. However, these do not satisfy our
planet detection criterion. Hence, we conclude that
this event was caused by a binary-lens system, which
would have a very low mass companion, such as a
brown dwarf. For the record, we present the best-fit
2L1S model parameters: (to,ug,tr, s, q, @, px, fs, [B) =
(9469.028,0.016, 32.689,4.428,0.050, 5.334, < 0.011,
0.190,0.031).

A9. KMT-2021-BLG-2737

The light curve of KMT-2021-BLG-2737 exhibits a
long-term bump-shaped anomaly from HJD’ ~ 9485.0
to 9505.0. We find that the 1L2S interpretation can
perfectly describe the anomaly rather than any 2L18S in-
terpretation. In fact, the most plausible 2L.1S model
shows a worse fit than the 1L2S best-fit model by
Ax? ~ 94. Hence, we conclude that this event
was caused by a binary-source system.  For the
record, we present the best-fit 1L.2S model parameters:
(to,s1, 0,52, U0,51, U0,52, LB, Gfluxs Px,S15 Px,525 fs, [B) =
(9474.659,9495.519,0.016, 0.168, 34.173,0.372,
< 0.022,< 0.326,0.067,0.112).

A10. KMT-2021-BLG-2745

The light curve of KMT-2021-BLG-2745 exhibits a
bump-shaped anomaly at HJD' ~ 9276.6. We find
that this anomaly can be explained by either a 2L1S or
1L2S interpretation. The best-fit case is a 1L2S model.
The 2L.1S model can also describe the anomaly, which
shows a slightly worse fit by Ax2 = 3. Although the
2L1S/1L2S degeneracy cannot be resolved, the 2L1S
model indicates that this event was caused by a binary-
lens system (i.e., ¢ = 0.149 £ 0.046) rather than a
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planetary lens system. Hence, we conclude that this
event occurred by either a binary-source or a binary-
lens system. For the record, we present both 2L1S and
1L2S model parameters: (to,uo,tr, S, q,, px, fs, fB) =
(9276.801,0.368,6.791,1.481,0.149, 6.225, < 0.294, 0.235,
—0.038) and (0,51, t0,52, %0,51, U0,52 LB Gfluxs Px,S15 Px,525
fs, /) = (9276.622,9282.963,0.142,0.268, 7.944, 8.088,
< 0.274,< 0.240,0.134,0.062). We note that, consid-
ering the short tg of the 2L1S case, the lens system
could have a very low-mass companion, such as a brown
dwarf.

A1l. KMT-2021-BLG-8112

The light curve of KMT-2021-BLG-3112 shows a long-
term caustic-crossing anomaly from HJD’ ~ 9483.5 to
9490.6. We find that the best-fit 2L1S model with
(s,q) = (1.088 &+ 0.022,0.128 £ 0.015) can perfectly
describe the anomaly, which indicates that the lens
is a binary system. There exists a competing binary
lens model with (s,q) = (0.999 &+ 0.015,0.126 + 0.016)
that is disfavored by Ax? = 5.06. We also find
a plausible planetary model with (s,q) = (1.060 +
0.014,0.010 + 0.002). However, this model shows a
worse fit than the best-fit model by Ay? = 13. We
reject this model considering our x? criterion. Hence,
we conclude that this event was caused by a binary-
lens system. For the record, we present the best-fit
2L1S model parameters: (to,uo,tr, S, q, @, P, fs, fB) =
(9489.886,0.041, 17.386, 1.088,0.128, 3.926, 0.002, 0.016,
0.415).

A12. KMT-2021-BLG-3140

The light curve of KMT-2021-BLG-3140 shows an
anomaly at the peak, which is poorly covered. We
find that both 2L1S and 1L2S models can describe the
anomaly. The y? difference between the 2L.1S and 1L2S
models is 11.8. Thus, the 2L1S/1L2S degeneracy can-
not be resolved because our criterion to resolve this de-
generacy is 15. The best-fit model is a 2L1S case with
(s,q) = (0.1994+0.020, 0.408+0.186), which indicates the
lens is a binary system. We also find a competing plane-
tary model with (s, q) = (1.078T0735. (15.870755%15°) x
10~*), which has poorer fits by Ax? = 11. Consid-
ering our x? criterion for resolving the planet/binary
degeneracy (i.e., Ax? > 10), this planetary model can
be nominally rejected. Indeed, although the Ax? value
is at the border line of the criterion, the Ax? mostly
comes from the fits of the peak region of the anomaly
(ie., from HJD' = 9488.0 to 9492.0), which is a cru-
cial part to determine the models. The Ax? consid-
ering only the peak part is 14. Hence, we conclude
that this event was caused by either a binary lens or
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a binary-source system rather than a planetary lens
system. For the record, we present both 2L1S and
1L2S model parameters: (g, uo, g, S, q, @, px, fs, [B) =
(9490.162, 0.032,24.901,0.199, 0.408, 1.153, < 0.028,
0.039,0.158) and (to,s1, to,s2, %0,51, %0,525 LE, Gflux, P51,
px.s2: fs, fB) = (9490.408, 9490.059, —0.001, 0.058,
22.246,24.946,0.011,0.074,0.047,0.151).

A.13. Potentially Interesting Low-mass, Non-planetary
Companions

Summarizing, three of these 12 events have compan-
ions that are plausibly brown dwarfs and therefore might
be the focus of future studies. Two of these have mass
ratios ¢ < 0.1, namely KMT-2021-BLG-0338 (¢ = 0.08)
and KMT-2021-BLG-2358 (¢ = 0.05).

For the third, KMT-2021-BLG-2745, the 2L1S solu-
tion has a substantially larger mass ratio (¢ = 0.15).
However, it has a very short timescale (tg = 6.8 days).
Hence, it is likely that the host is itself either a brown
dwarf or a very low-mass star, in which case the compan-
ion would likely be an extremely low-mass brown dwarf.
For a similar case, KMT-2019-BLG-0371, see Kim et al.
(2021). For a list of short events with low-¢g companions,
see Ryu et al. (2021). To confirm the 2L1S hypothe-
sis, one would have to rule out the 1L2S interpretation,
which might require, for example, spectroscopy using
next-generation extremely large telescopes. We do not
delve into these issues here but simply point out that
this event is of potential interest.
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