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ABSTRACT

We present the analysis of a microlensing event KMT-2022-BLG-0086 of which the overall light curve
is not described by a binary-lens single-source (2L.1S) model, which suggests the existence of an extra
lens or an extra source. We found that the event is best explained by the binary-lens binary-source
(2L2S) model, but the 2L.2S model is only favored over the triple-lens single-source (3L1S) model by
Ax? ~ 9. Although the event has noticeable anomalies around the peak of the light curve, they are not
enough covered to constrain the angular Einstein radius 6, thus we only measure the minimum angular
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Einstein radius 0g min. From the Bayesian analysis, it is found that that the binary lens system is a
binary star with masses of (m1,mg) = (0.46793% M, 0.757057 M) at a distance of Dy, = 5.87112%
kpc, while the triple lens system is a brown dwarf or a massive giant planet in a low-mass binary-star
system with masses of (m1,mg,m3) = (0437035 M, 0.05675-033 M), 20.84729-20 My) at a distance of
Dy, = 4.063}:32 kpc, indicating a disk lens system. The 2L2S model yields the relative lens-source
proper motion of pq > 4.6masyr~! that is consistent with the Bayesian result, whereas the 3L1S
model yields fire; > 18.9masyr—!, which is more than three times larger than that of a typical disk

object of ~ 6masyr—!

and thus is not consistent with the Bayesian result. This suggests that the

event is likely caused by the binary-lens binary-source model.

Keywords: gravitational lensing: micro

1. INTRODUCTION

Planets detected by microlensing are 4% of over 5800"
exoplanets discovered so far, but they are quite different
from those detected by transit and radial velocity that
detected 93% of all the exoplanets. All the microlensing
planets are cold or ice planets widely separated from
their host stars, while planets detected by the transit
and radial velocity are mostly located close to their host
stars. Microlensing is also an unique method capable of
probing the Galactic distribution of planets because it
does not depend on the brightness of objects, but their
mass. Moreover, microlensing is sensitive to free-floating
planets that are believed to have been ejected from
their planetary systems (Rasio & Ford 1996; Kaib et al.
2013; Malmberg et al. 2011). Due to such advantages of
microlensing, the space-based microlensing exoplanet
survey (Bennett & Rhie 2002) was adopted for the
Nancy Grace Roman Space Telescope (Roman) mission
(Spergel et al. 2015; Akeson et al. 2019). From the Ro-
man, it is expected that about 1400 bound planets with
masses of 0.1 — 10* Mg (Penny et al. 2019) and about
250 free-floating planets with masses of 0.1 — 103 Mg
(Johnson et al. 2020) would be discovered.

Planets are expected to be revealed in microlensing by
a short-duration perturbation in an otherwise normal
single-lens single-source (1L1S) event (Mao & Paczyniski
1991, Gould & Loeb 1992). This expectation has been
borne out in the great majority of over 200 planets
discovered by microlensing over two decades. How-
ever, planets can also occur as short perturbations
on binary-star microlensing events, where they can
remain hidden or submerged in more complex light
curves, until they are exhumed by careful analysis. For
example, OGLE-2007-BLG-349 (Bennett et al. 2016)
had two severely degenerate solutions between a star
hosting two planets and a planet in a binary star,
with Ax? = 0.39, but it turned out that it was

I https://exoplanetarchive.ipac.caltech.edu/index.html

caused by the planet in the binary star because the
binary star model is consistent with the flux limits
from HST. Including the planet of OGLE-2007-BLG-
349, nine planets orbiting binary stars, OGLE-2013-
BLG-0341 (Gould et al. 2014), OGLE-2008-BLG-092
(Poleski et al. 2014), OGLE-2016-BLG-0613 (Han et al.
2017), OGLE-2006-BLG-284 (Bennett et al. 2020),
OGLE-2018-BLG-1700 (Han et al. 2020), KMT-2020-
BLG-041 (Zang et al. 2021, Zhang et al. 2024), OGLE-
2023-BLG-0836 (Han et al. 2024), and KMT-2024-
BLG-0404 (Han et al. submitted), have been discovered
through microlensing so far.

However, the residuals from stellar-binary models
are not necessarily due to a planet. They could be
due to a second source, such as OGLE-2018-BLG-0584,
KMT-2018-BLG-2119 (Han et al. 2023), KMT-2021-
BLG-0284, KMT-2022-BLG-2480, or KMT-2024-BLG-
0412 (Han et al. 2024), or possibly other effects in-
cluding the microlens parallax and lens orbital motion
effects, such as MACHO-97-BLG-41 (Bennett et al.
1999, Albrow et al. 2000, Jung et al. 2013), OGLE-
2013-BLG-0723 (Udalski et al. 2015, Han et al. 2016),
KMT-2021-BLG-0322 (Han et al. 2021). Hence, careful
work is required to distinguish among the possibilities.
The event KMT-2022-BLG-0086 also has a severe de-
generacy between the binary-lens binary-source and the
triple lens interpretations. In this paper, we report the
results of careful analyses for the event.

2. OBSERVATIONS AND DATA

The microlensing event KMT-2022-BLG-0086 oc-
curred on a background source star at equatorial co-
ordinates (RA, decl.)=(17:33:57.68,-27:06:02.52), corre-
sponding to the Galactic coordinates (I,b) = (0°19, 3215).

The event was first discovered by the Korea Microlens-
ing Telescope Network (KMTNet; Kim et al. 2016),
which is an optimized system for detecting microlensing
exoplanets. KMTNet uses three identical 1.6 m tele-
scopes with 4 deg? field of view (FOV) cameras that are
globally distributed at the Cerro Tololo Inter-American



Observatory in Chile (KMTC), the South African As-
tronomical Observatory (KMTS), and the Siding Spring
Observatory in Australia (KMTA). The KMTNet obser-
vations were carried out in the I and V bands. The event
lies in the KMT subprime field BLG15 with a cadence
of '~ 1hr 1

The Microlensing Observations in Astrophysics (MOA;
Bond et al. 2001) also independently found this event
and it was designated as MOA-2022-BLG-130. MOA
uses a 1.8 m telescope with 2.2deg? FOV at Mt. John
Observatory in New Zealand. The MOA observations
were carried out in the MOA-Red band Ryoa that
corresponds to the sum of the Cousins R and I bands.

KMTNet data were reduced by the pySIS photom-
etry pipeline (Albrow et al. 2009) based on difference
image analysis (DIA; Alard & Lupton 1998). For light
curve modeling, the KMTNet data were re-reduced us-
ing tender-loving-care (TLC) PySIS pipeline that pro-
vides best quality data sets. From the TLC photom-
etry, we checked that one highly magnified data point
at HJD — 2450000 (HJD') ~ 9665.5 is real. (see Fig-
ure 1). In addition, KMTC I- and V-band images were
reduced using the pyDIA code (Albrow 2017) in order
to estimate the source color and construct the color-
magnitude diagram (CMD) of stars around the source.
MOA data were reduced with the MOA’s DIA photome-
try pipeline (Bond et al. 2001). According to the proce-
dures of Yee et al. (2012), the errors of the photometric
data obtained from each pipeline were rescaled to make
them x?/dof — 1, where dof represents the degrees of
freedom.

3. LIGHT-CURVE ANALYSIS

Figure 1 presents the observed light curve of KMT-
2022-BLG-0086, which has a U-shape feature in the
peak that appears to be caused by caustic-crossing.
We thus conduct a standard binary-lens single-source
(2L1S) modeling.

3.1. 2L1S model

The standard 2L1S modeling requires seven parame-
ters: three single lensing parameters (to, uo,tr), three
binary lensing parameters (s,q,«), and p. Here, g is
the time of the closest source approach to the lens, ug
is the lens-source separation at t = ¢y in units of Og
(impact parameter), tg is the Einstein radius crossing
time of the event, s is the projected separation of the
binary lens components in units of g, ¢ is the mass
ratio of the two lens components, « is the angle be-
tween the binary axis and the source trajectory, and p
is the normalized source radius 6,/0g, where 6, is the
angular radius of the source. In addition, there are two
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Figure 1. Light curve of the microlensing event KMT-2022-
BLG-0086. The black curve is the single-lens single-source
(1L1S) model fit.

flux parameters (fs., fp.i) for each observatory, which
are the source flux and blended flux of the ith observa-
tory, respectively. The two flux parameters are modeled
by F;(t) = fs,:Ai(t)+ fb,i, where A; is the magnification
as a function of time at the ith observatory (Rhie et al.
1999).

In order to find the binary lens solution, we first carry
out a grid search in the parameter space (s, ¢, a) to find
local x? minima using a downhill approach based on the
Markov Chain Monte Carlo (MCMC) algorithm. The
ranges of each parameter used in the grid search are
-1 <logs <1, =4 <logg <0, and 0 < a < 2m,
and they are uniformly divided with (50,50, 50), respec-
tively. In the grid search, s and ¢ are fixed, while the
other parameters are allowed to vary in the MCMC
chain. From the grid search, we find two local solutions
in the (s,q) plane due to a well-known close-wide de-
generacy (Griest & Safizadeh 1998), in which they have
similar (s, ¢) but different trajectories of o ~ 3.7 and 2.4.
We then refine the local solutions obtained from the grid
search by allowing all parameters to vary. From the pro-
cedures, it is found that the best 2L1S solution is the
close model with (s,q,«) = (0.47,0.36,2.4) (Model 1),
which approximately describes the anomalies, but there
are significant residuals from the model. This means
that the standard model cannot explain the lensing light
curve. We note that the x? of the wide model is much
larger than the best close model by 110. For the other
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Table 1. Best-fit lensing parameters of two 2L1S models

Parameter Standard Parallax+Orbital

Model 1 Model 2 Model 1 Model 2
X2 1676.65 1763.34 1600.29 1708.62
to (HID') 9666.8008 £+ 0.0385 9666.4049 + 0.0314 9667.0999 + 0.0732  9666.2740 + 0.0457
uo 0.0592 4+ 0.0025 0.0772 4+ 0.0045 0.0333 4+ 0.0058 0.0660 + 0.0065
te (days) 19.1909 4+ 0.8423 18.6452 + 0.8430 36.6228 + 4.1230 21.1662 + 1.3840
s 0.4684 4+ 0.0094 0.4967 + 0.0163 0.4335 4+ 0.0169 0.4100 + 0.0165
q 0.3569 + 0.0276 0.3827 + 0.0365 0.1384 +0.0377 1.6245 + 0.1737
a (radians) 2.4089 4+ 0.0175 3.7325 + 0.0164 2.5607 + 0.0352 3.6935 + 0.0197
p < 0.0005 < 0.003 < 0.002 < 0.001
TE,N 9.9419 4 2.4518 9.9873 + 0.5678
TE,BE —0.6201 4 0.4840 0.1050 + 0.5393

ds/dt (yr=')
da/dt (radians yr—1)

fs,kmt

0.0628 £ 0.0030

0.0773 £ 0.0046
0.1022 + 0.0042

3.3107 £ 1.0847
5.2053 £+ 2.1390
0.0323 £ 0.0069
0.1481 £+ 0.0070

—8.1957 £+ 0.8869
0.5964 + 3.3737
0.0620 + 0.0066
0.1183 + 0.0064

S kmt 0.1172 + 0.0026

NoTE— HJD’' = HJD - 2450000.

solution with a = 3.70 (Model 2), it fails to describe
the second anomaly around the peak, thus it is worse
than the best solution by Ax? = 97. Here we note
that Model 2 has a severe close-wide degeneracy and the
close model is favored over the wide model by A2 = 4.
Figure 2 shows the light curves of the two binary lens
models and residuals from the models. Model 1 has two
caustic-crossing features around the peak, while Model
2 has both caustic-crossing and cusp-approaching fea-
tures (see Figure 3). The lensing parameters of the two
standard models are presented in Table 2.

The anomalies of the event can be caused by the high-
order effects including the microlens parallax and lens
orbital motion, which are caused by the orbital motions
of the Earth and binary lens, respectively. We thus con-
duct the binary lens modeling including the microlens
parallax and lens orbital parameters that are described
by 7g = (meN, 7E,E) and (ds/dt,da/dt). In this mod-
eling, we restrict the lens systems to f < 1, where 3 is
a ratio of the projected kinetic to the potential energy,
(KE/PE),. The parallax+orbital modeling is carried
out based on the two 2L1S models. As a result, it is
found that the parallax+orbital model explains the light
curve better than the standard model by Ax? = 86, but
it also cannot describe the light curve. Figure 2 shows
that there are still remarkable residuals from the mod-
els. This indicates that it is highly likely that the event
would be caused by an extra source (2L2S) or an extra
lens (3L18S).

3.2. 2L2S model

For the 2L2S modeling, four lensing parameters
(toz, uo2, gr, p2) are added to those of the 2L1S model.
Here, tg2 and uge are the peak time and impact param-
eter of the secondary source star (Sz), ¢ is the flux
ratio between the secondary and primary source stars,
and po is the normalized angular radius of the S3. The
subscripts “1” and “2” represent the lensing parame-
ters related to the primary source (S;) and secondary
source, respectively.

2L2S modeling is generally conducted based on the
best 2L1S solution. For this event, there are two 2L1S
solutions with different source trajectories of @ = 2.4
and a = 3.7, although the Ayx? between the two models
is 86. Such a significant Ax? was due to the a = 3.7 so-
lution’s failure to describe the second anomaly around
the peak. Since the second anomaly could be caused
by the binary companion of the source, we carry out
2L.2S modeling for the two 2L1S models. In the 2L2S
modeling, we use the lensing parameters of the 2L1S
model to obtain initial values of the primary source,
ie., (to1,u01,tR, s, q, a, p1), while we set the initial val-
ues of the secondary source, (tg2,uo2,qr), by consider-
ing the peak time and second anomaly magnification.
We then refine the initial parameters by allowing all
parameters to vary. Here we consider four degenerate
solutions due to the unknown sign of (fug1, ug2), i.e.,
the well-known “ecliptic degeneracy” (Jiang et al. 2004;
Poindexter et al. 2005). We also consider the close and
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Figure 2. Light curves of two different 2L1S models with and without high-order effects.
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“Model 1”7 is the best-fit model

and “Model 2” is the alternative model with a different source trajectory. The black solid and dashed curves represent the
light curves of the “Model 17 with and without high-order effects, respectively, while the gray dotted and dash-dotted curves
represent the light curves for “Model 2” . The lower four panels present the residuals from the four models.
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Figure 3. Geometries of the two best-fit 2LL1S models. The
blue dots represent the lens components of each model and
the black closed curve represents the caustic. The straight
line with an arrow denotes the source trajectory.

wide solutions for each 2L.1S model. From the modeling,
we find that the best-fit 2L.2S solution is the wide model
based on “Model 2”7, and it describes all the anomalies
in the lensing light curve better than the best model
based on “Model 17 by Ax? = 22. The x? improvement
mainly appears around the peak with the remarkable
anomalies. Therefore, we dismiss the 2L.2S models based
on “Model 1”. The close and wide models for “Model
2” have Ax? < 2. Thus, they are severely degenerate.
Table 2 presents the best-fit 2L2S lensing parameters,
and their geometries are shown in Figure 7. As shown
in Figure 4, the 2L.2S model describes well the anomaly
range 9660 < HJD' < 9672 that could not be explained
by the 2L1S model. The Ax? improvement of the 2L2S
model relative to the standard model is 185.
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Table 2. Best-fit lensing parameters of 2L.2S models

Parameter Model 1 Model 2

Close Wide Close Wide
X2 1513.42 1517.248 1493.68 1491.74
to1 (HIJD') 9666.6661 + 0.0563 9667.5836 + 0.0698 9665.2832 £+ 0.0566  9665.5305 + 0.0599
toz (HID') 9665.5403 £+ 0.1298  9665.3797 + 0.1765 9668.0693 £+ 0.0712  9668.2471 + 0.0390
Uo1 0.0844 + 0.0032 0.0829 + 0.0051 0.0667 4+ 0.0109 —0.0340 + 0.0039
U02 0.2329 + 0.0135 —0.3788 +0.0355 —0.0964 4+ 0.0139 0.0499 + 0.0058
te (days) 12.7327 + 0.5302 12.6105 4 0.7420 15.9137 4 1.1454 24.2254 + 2.8416
qr 0.8718 + 0.1296 2.4190 + 0.5403 1.3410 + 0.0696 1.2420 4+ 0.0540
s 0.5416 + 0.0094 2.4874 + 0.0799 0.4047 4+ 0.0232 4.3619 + 0.2169
q 0.3673 + 0.0331 0.5819 +0.1398 0.4229 4+ 0.0703 1.9082 + 0.9697
a (radians) 2.3757 + 0.0291 2.6656 + 0.0337 3.0356 4+ 0.0523 —3.0565 + 0.0379
1 < 0.0013 < 0.0013 < 0.003 < 0.002
P2 < 0.010 - < 0.022 < 0.014
S, kmt 0.1189 + 0.0068 0.2347 +0.0373 0.0845 4+ 0.0108 0.0842 + 0.0096
fo kmt 0.0627 + 0.0065 —0.0541 4+ 0.0372 0.0962 4+ 0.0104 0.0963 + 0.0093

Table 3. Best-fit lensing parameters of 2L.1S model for AR1 or AR2 excluded

ARI1 excluded

AR2 excluded

s<1

s>1

Parameter s<1 s>1

to (HID') 9666.9960 + 0.0832 9667.1565 + 0.0464
Uo 0.2324 4+ 0.0332 0.1914 4+ 0.0345
te (days) 9.8812 4+ 0.6568 12.2625 4+ 1.1579
s 0.8113 4 0.0485 2.1347 +£0.1331

q 0.1043 4+ 0.0276 0.3319 + 0.0705
a (radians) 1.1654 + 0.0203 1.2254 + 0.0220
p < 0.02 < 0.015

9666.4533 £ 0.0502  9666.3440 £ 0.0464

0.2546 + 0.0303

9.9918 + 0.6317

0.9294 + 0.0325

0.0327 £ 0.0103

1.9435 £+ 0.0021
< 0.011

0.2654 + 0.0284

9.8712 £+ 0.6257

1.5721 £ 0.0484

0.0793 £ 0.0193

1.9238 £ 0.0243
< 0.006

NoTE—The anomaly regions AR1 and AR2 represent the ranges of 9664 < HJD’ < 9666.3 and 9666.5 <

HJD’ < 9670.0, respectively.

3.3. 3L1S model

The two major anomalies of KMT-2022-BLG-0086 ap-
pear around the peak, which means that they were
caused by the caustic close to the primary star. In
this case, the anomalies induced by the triple lens
systems can be approximated by the superposition of
those induced by two binary lens systems (Bozza 1999;
Han et al. 2001; Han 2005). We thus search for two
binary lens models that can explain the overall light
curve. The two anomalies are individually in the ranges
of 9664 < HJD' < 9666.3 (anomaly region 1, hereafter
AR1) and 9666.5 < HID' < 9670.0 (anomaly region 2,
hereafter AR2). After excluding each anomaly, we per-
form the same procedure as described in Section 3.1.

From this, we find that the best solution for the AR1
excluded is a binary star model with ¢ ~ 0.1 —0.3, while
for the AR2 excluded it is likely a planetary model with
q ~ 0.03 — 0.08. This implies that the tertiary lens
component would be a massive planet or a brown dwarf
(BD). The two best solutions each have a severely de-
generate model with Ax? < 1 (for AR1 excluded) or
Ax? < 7 (for AR2 excluded) due to the close-wide de-
generacy. Figure 5 shows the best-fit light curves for
each case, and the resulting lensing parameters are pre-
sented in Table 3.

For the triple lens modeling, three parameters related
to an extra lens component are added, and they are
(s3,q3,%), where s3 is the separation between the pri-
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Figure 4. Light curves of the best-fit 2L.2S and 3L1S models. The black solid and gray dashed curves represent the close and
wide solutions of the 2L.2S model, while the black dotted curve represents the light curve of the 3L1S model.

mary and the tertiary components, ¢s is the tertiary-
primary mass ratio (M3 /M), and ¢ is the angle between
the primary-secondary and the primary-tertiary axes.
In conformity with the notation of the subscript “3” for
the primary-tertiary parameters, we set the primary-
secondary parameters to the subscript “2”, that is,
(s2,G2). In order to find the 3L1S solution, we perform
a grid search in the parameter space (ss, gs3,v). The pa-
rameters (ss, g3, 1) have the ranges of —1 < logss < 1,
—4 < loggqs < 0, and 0 < ¢ < 27 and they are uni-
formly divided with (50,50,50). In this grid search,
(s2,q2,a) are fixed, while the other lensing parame-
ters are allowed to vary. The initial lensing parameters
are set to the close (s2 < 1) and wide (s2 > 1) solu-
tions for the AR1 excluded (i.e., binary star model), re-
spectively. Each grid search produces two locals that
represent the close and wide solutions. We then re-

fine the local solutions by allowing all parameters to
vary. As a result, we find that the best-fit 3L1S solu-
tion is (s2,q2, 83,¢3) = (1.72,0.13,0.90,0.05). Here we
note that the solution for s > 1 and s3 < 1 is de-
noted as the “Wide-Close” model, while for s; < 1 and
s3 < 1 it is denoted as the “Close-Close” model. The
“Close-Close” model is disfavored by Ax? = 14 rela-
tive to “Wide-Close” model. The lensing parameters of
the best-fit 3L1S model, “Wide-Close” model, is pre-
sented in Table 4 with the other three models, and its
light curve is shown in Figure 4 together with those of
the 2L2S models. Figure 4 shows that the triple lens
model also describes the light curve well. However, the
2L.2S model is preferred over the triple lens model by
Ax? = 8.6. Figure 6 is the cumulative Ay? distribution
between the 3L1S and 2L2S models and shows that the
x? improvement is due to dominant KMTC data sets of
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Table 4. Best-fit lensing parameters of 3L1S model
so <1 so > 1
Parameter Close-Close Close-Wide Wide-Close Wide-Wide
(83 < 1) (83 > 1) (83 < 1) (83 > 1)
X2 1514.17 1523.09 1500.30 1517.88
to (HJD') 9666.6985 4+ 0.0497  9666.6381 4+ 0.0649 9666.9538 £ 0.0414  9666.9663 £ 0.0470
Uo 0.2765 4+ 0.0241 0.2581 4 0.0300 0.2369 4+ 0.0203 0.1900 + 0.0273
te (days) 9.5319 4+ 0.5523 10.1363 + 0.6729 10.4896 + 0.5886 12.8868 4+ 1.0883
S2 0.9172 + 0.0323 0.8920 + 0.0383 1.7224 + 0.0635 1.8765 + 0.0890
q2 0.0221 + 0.0052 0.0239 + 0.0093 0.1320 + 0.0247 0.1825 + 0.0304
a (radians) 1.0202 + 0.0214 0.9445 4+ 0.0216 1.0566 + 0.0168 1.0268 + 0.0203
83 0.9410 + 0.0256 1.5220 £+ 0.0328 0.9031 + 0.0200 1.3983 + 0.0365
qs3 0.0381 + 0.0065 0.0635 + 0.0117 0.0465 + 0.0057 0.0556 + 0.0104
1 (radians) 0.9675 + 0.0367 1.0617 £ 0.0452 1.1104 £+ 0.0333 1.2017 £ 0.0365
p < 0.007 < 0.006 < 0.003 < 0.004
S kmt 0.2323 +0.0239 0.2208 + 0.0316 0.2211 +0.0199 0.1743 + 0.0326
fo kmt —0.0504 4+ 0.0236 —0.0393 +0.0313 —0.0397 4+ 0.0197 0.0061 + 0.0323
R S S S B L o]
175 | S 1
F LS (AR1 excluded) 18 u
18 [ L i
r £
fiss a Tef .
:" e e e e
195 BT 10 1= ]
175 | b
F 2L1S (AR2 excluded) 165 E El §
18 - E E ]
: 5
j 18.5 | é’
5 E
19 : 1.2 3 ol
19.5 —/g
!

9660 9665

HJD - 2450000

Figure 5. Light curves of the 2L1S solutions where the
anomaly regions 1 and 2 (AR1 and AR2) are individually
excluded. The AR1 and AR2 represent the ranges of 9664 <
HJD’ < 9666.3 and 9666.5 < HJD’ < 9670.0, respectively

the light curve that provide a better fit throughout the
light curve, including the anomaly regions. This implies
that KMT-2022-BLG-0086 is likely caused by the 2L2S
model.

9670
HJD-2450000

Figure 6. Cumulative Ayx? distribution between the 3L1S
and 2L2S models.

We also check the 3L1S models based on the two 2L1S
models, i.e., “Model 17 and “Model 2”. All the 3L1S
models based on the two models have still severe residu-
als from each model. The 3L1S models for the “Model 1”
and “Model 2”7 are worse than the best-fit 3L1S model
by Ax? = 79 and 106, respectively. Hence, they also
cannot explain the light curve of the event.
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Figure 7. Geometries of the best-fit 2L2S and 3L1S mod-
els. For the 2L.2S model, S1 and S2 denote the primary and
secondary sources. The dotted circle represents the Einstein
ring and the other notations are the same as Figure 3.

4. ANGULAR EINSTEIN RADIUS

The angular Einstein radius is one of two key param-
eters to measure the physical lens parameters includ-
ing the lens mass (My,) and distance to the lens (Dr,)
and is defined by g = 6,/p. For the event, the two
major anomalies around the peak were not well cov-
ered. Thus, we only measured the upper limit of p, i.e.,
Pmax,s1 =~ 0.002 within the 3o level (see Figure 8). We
thus can only obtain the lower limit of the 0.

The angular source radius is obtained from the de-
reddened color and magnitude of the source that are
determined from the offset between the source star and
the red giant clump positions on the CMD,

(V-ILDso=V—-I1ao+AV-11I), (1)
where A(V —I,I) = (V= I,I)s — (V — I,I)q repre-
sents the offset between the source and the centroid of
the red giant clump. This is based on the assump-
tion that the source and clump experience the same
amount of reddening and extinction (Yoo et al. 2004).
From the KMTC CMD constructed from stars around
the source star, we find that the centroid of the clump
is (V—-1I,I)g= (348 4+0.17,17.38 = 0.43). The mea-
sured magnitudes of the primary and secondary source
stars are I;; = 21.56 £ 0.13 and Iy = 21.33 £ 0.12,
which are obtained from the source fluxes of the best-

0.002

0.0015

0.001

0.0005

o
e

0.003
0.002

0.001

"
o

il .
. T
0 1 1 1 1 I 1 1 I 1 1 (T I 1 .Iﬂ. 151 I 1 1 1 1

0.1 0.15 0.2 0.25 0.3 0.35

Ug

Figure 8. x? distributions of ug and p for the best-fit 21.2S
and 3L1S models. The p of the 2L2S model represents the
value of the primary source.

fit 2L2S wide model. Due to only two low-magnified
KMTC V-band data points, the source color was not
securely measured. We thus combine the KMCT CMD
and the CMD constructed by Hubble Space Telescope
(HST) toward Baade’s window (Holtzman et al. 1998).
The combination of the two CMDs is conducted by cal-
ibrating the clump positions on the individual CMDs.
Figure 9 shows the combined CMD. The source color
is estimated from the mean value of the HST stars
with similar magnitudes to the source star. From the
combined CMD, we obtain the primary and secondary
source colors of (V —1I)g; = 3.182+0.066 and (V —1)s =
3.167 £ 0.061. The de-reddened color and magnitude
of the clump are adopted by (V — I)ao = 1.06 and
I,0 = 14.43 from Bensby et al. (2011) and Nataf et al.
(2013), respectively. As a result, it is found that the
de-reddened colors and magnitudes of the two sources
are (V —I,I)a,0 = (0.758 £ 0.066, 18.62 + 0.13) and
(V —I,I)s20 = (0.743 £ 0.061,18.38 + 0.12). This
means that both stars are late G dwarf stars. Using
the VIK color-color relation of Bessell & Brett (1988)
and color-surface brightness of Kervella et al. (2004),
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we obtain the angular radius of the primary source of
0,51 = 0.615 £ 0.056 pas. We then determine the lower
limit of Og,

GE,min = =
pmax,sl

Ois1 ] 0.209mas for close
0.308 mas for wide.

The lower limit of the relative lens-source proper motion
is obtained as

Hrel,min = -
tg

0, min 4.79masyr—! for close
4.64masyr—! for wide.

For the 3L1S model, by following the same procedure
as the binary source model, we find that the de-reddened
color and magnitude of the source are (V — I,I)y =
(0.81 £+ 0.16,16.69 £ 0.10), indicating that the source
is an early G-type subgiant or a turn-off star. The
color and magnitude derive the angular source radius of
0, = 1.63 4+ 0.31 pas. For this model, the upper limit of
the normalized source radius is ppax ~ 0.003. With the
upper limit, we estimate the lower limits of the angular
Einstein radius and relative lens-source proper motion,
08 min = 0.542mas and prelmin = 18.89 masyr_l, re-
spectively.

5. LENS PROPERTIES

The lens mass and distance to the lens are given by

(2)

My, = H—E; Dy, = o
KRTE
where £ = 4G/(c?au) ~ 8.14masMy ' and 75 =
au/Dg denotes the parallax of the source. Hence, we
can directly determine the physical lens parameters by
measuring fg and 7g, but it is generally hard to mea-
sure them. For this event, only the lower limit of O
was measured. We thus carry out a Bayesian analysis
to estimate the physical lens parameters with the mea-
sured two parameters (g, 05 min). The Bayesian analy-
sis is conducted by using the Galactic model proposed
by Jung et al. (2021).
We randomly create about 2 x 107 simulated mi-
crolensing events. Then, we weight each simulated
event, i, by

2 2
Xi tg,; —t
w; = €exXp <—7> ) X% = [u] ) (3)

o(tg)

where o(tg) is the uncertainty of the measured value.
We set w; = 0 if 6g; < Ogmin. Figure 10 shows the
Bayesian posteriors for the physical parameters of the
primary lens star for close and wide solutions. The es-
timated mass and distance of the primary star are

glg + 7’

Mo — 0.3570-35 M, for close
"7 0504936 Ay for wide,

——T T T T
@ Clump . .. .
14 - o Primary Source .(ZLZS). . : 1
Ty, : ety
[ @ Source (3E1S) I D
. A
18 |-
S8l
20
2 °

Figure 9. Instrumental color-magnitude diagram (CMD) of
stars in the observed field, which is constructed from com-
bining KMTC and HST observations. The KMTC and HST
CMDs are plotted as black and green dots, respectively. The
blue and cyan dots represent the positions of the primary
and secondary sources for the 2L.2S model, and the brown
dot represents the source position for the 3L1S model. The
red dot denotes the red giant clump centroid.
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Table 5. Physical lens parameters

Physical parameters

Relative weights

Models M, (Me) M (Mg) My, (Mj;) Dy (kpc) ai (au) ai3 (au) Gal. Mod. ¥
2L.2S
Close 0.35103  0.1570 05 6.241755 0537035 0.90 0.38
Wide 0.5079:35  0.96+83 575712 7S .00 1.00
Adopted  0.46703%  0.7570 5% 5871120 (bi-modal)
3L1S 043705, 0.0567007% 20.8413920  4.06735%  3.79757%  1.997)9 0.004  0.01
and two factors: the first is simply the total weight from
] 6.2471 55 kpe for close the Bayesian analysis and the second is exp(—Ax?/2),
L= { 575712 kpe for wide. where Ax? is the x? difference relative to the best so-

Then, the mass of the secondary component is

] 01570455 M for close
> 7] 0.967955 My, for wide.

The projected separation of the lens components is

0.531028 au for close
771 au for wide.

The results indicate that KMT-2022-BLG-0086L is
likely to be a binary star composed of M and G dwarfs
or two M dwarfs. However, the primary star could be
also a K dwarf and the secondary companion could be
also a BD, a K, or an A dwarf. Figure 10 shows that the
lens system for the close and wide solutions is located
in the disk and bulge with equal probability. This is
consistent with the relative lens-source proper motion
of el > 4.6 masyr—L.

We also carry out the Bayesian analysis for the 3L1S
model. From the Bayesian analysis, it is found that
the lens is a low-mass dwarf binary of (M, M) =
(0.4370-31 M, 0.05670:035 M) hosting a BD or a mas-
sive giant planet with a mass of Mz = 20.8477020 M.
The result is shown in Figure 10. The projected sepa-
rations of the individual components from the primary
star are a2 = 3.791“;’:15 auand a) 3 = 1.997]:9 au, re-
spectively. If the tertiary component is a giant planet, it
orbits beyond the snow line of the primary star. The lens
system is located at a distance of Dy, = 4.061332 kpc,
which indicates that the lens is located in the disk of
our Galaxy. The proper motion of the triple lens model
of el = 18.9masyr—! is more than three times larger
than a typical bulge-source disk-lens proper motion of
~ 6masyr—!, so it does not seem to be a valid solution.

In order to check the unlikeness of the 3L1S solution,
we estimate the relative weights of the 3L1S solution

(Gould et al. 2022). The weights are the product of the

lution. The two factors are presented at the right side
of each row in Table 5. For the 3L1S model, the rel-
ative weight is 0.00004, indicating that this solution is
extremely unlikely.

We also estimate the relative weights of the close and
wide solutions for the 2L.2S model. With the relative
weights, we combine the physical parameters of the close
and wide solutions and provide a single “adopted” value
for each parameter, which is simply the weighted aver-
age of the two solutions. For a,, we follow a similar
approach, provided that either the individual solutions
are strongly overlapping or one solution is strongly dom-
inant. If neither condition is met, we enter “bi-model”
instead. The “adopted” values are presented in Table 5.

6. SUMMARY

We analyzed the microlensing event KMT-2022-BLG-
0086 with remarkable anomalies around the peak.
From the analysis, it was found that the event was
best described by the 2L2S model, but the 3LI1S
model is only disfavored by Ax? ~ 9. Unfortu-
nately, the anomalies were not enough covered, we
thus could only measure the minimum angular Ein-
stein radius O min- From the Bayesian analysis
with the measured tg and 6g min, it was estimated
that the masses of the binary lens components are
(M, My) = (0.46703% M, 0.757057 M), while those
of the triple lens components are (M, Mo, M3) =
(0437531 M), 0.0670:98 M), 20.84729-20 My).  The rel-
ative lens-source proper motion of the 2L2S model of
Urel = 4.6 mas yr‘1 corresponds to the Bayesian result
with Dy, = 5.87712) kpc, whereas that of the 3L1S
model of fie1 > 18.9masyr~! does not correspond to
the Bayesian result with Dy, = 4.0673 32 kpc, because it
is > 3 times larger than the typical disk object value.
Therefore, it is likely that the event was caused by the
21.2S model.
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