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ABSTRACT

Aims. With the aim of finding microlensing binaries containing brown dwarf (BD) companions, we investigate the microlensing survey data
collected during the 20162018 seasons.

Methods. For this purpose, we first modeled lensing events with light curves exhibiting anomaly features that are likely to be produced by binary
lenses. We then sorted out BD companion binary-lens events by applying the criterion that the companion-to-primary mass ratio is ¢ < 0.1. With
this procedure, we identify six binaries with candidate BD companions: OGLE-2016-BLG-0890L, MOA-2017-BLG-477L, OGLE-2017-BLG-
0614L, KMT-2018-BLG-0357L, OGLE-2018-BLG-1489L, and OGLE-2018-BLG-0360L.

Results. We estimated the masses of the binary companions by conducting Bayesian analyses using the observables of the individual lensing
events. According to the Bayesian estimation of the lens masses, the probabilities for the lens companions of the events OGLE-2016-BLG-0890,
OGLE-2017-BLG-0614, OGLE-2018-BLG-1489, and OGLE-2018-BLG-0360 to be in the BD mass regime are very high with Pgp > 80%. For

MOA-2017-BLG-477 and KMT-2018-BLG-0357, the probabilities are relatively low with Pgp = 61% and 69%, respectively.

Key words. gravitational lensing: micro — brown dwarfs

1. Introduction

One important scientific feature of microlensing is its capability
of detecting faint or dark objects. For this reason, a microlensing
experiment was originally proposed to search for dark matter in
the form of massive compact halo objects lying in the Galac-
tic halo (Paczyrniski 1986). Since the completion of the first-
generation experiments conducted for this purpose, for example,
MACHO (Alcock et al. 1996), EROS (Aubourg et al. 1995), and
OGLE (Udalski et al. 1993), the application of microlensing
was expanded to looking for faint binary companions to stars
(Mao & Paczynski 1991), including planets and brown dwarfs
(BDs). At the time of writing this paper, 173 microlensing plan-
ets were reported according to the Extrasolar Planets Ency-
clopaedia'. The list of microlensing BDs is given in Table 1

! http://exoplanet.eu/

of Chung et al. (2019), which includes 18 BDs, in addition to
which, 9 BDs or candidates have been reported since that time
(Shvartzvald et al. 2019; Jung et al. 2018; Miyazaki et al. 2018;
Han et al. 2020a,b; Herald et al. 2022).

The microlensing signature of a planet, with a planet-to-host
mass ratio of about 1073 or lower, can in most cases be read-
ily identified from its characteristic signature of a short-term
anomaly to the lensing light curve produced by the host of the
planet (Gould & Loeb 1992). By contrast, an immediate identifi-
cation of a BD companion belonging to a binary lens is generally
much more difficult because the lensing light curve produced by
a binary containing a BD companion, with a mass ratio of the
BD companion to its primary of about 1072, is not much dif-
ferent from those produced by binaries composed of roughly
equal-mass components, and thus it does not usually exhibit a
characteristic pattern that would enable one to immediately
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Table 1. ID references, alert dates, and coordinates of lensing events.

KMTNet OGLE

MOA (RA, Dec)r000

(1,b)

KMT-2016-BLG-0793

OGLE-2016-BLG-0890 (0934)

(17:30:25.69, —29:50:48.98)

(postseason) (2016-05-18) (—2°540,2°308)
KMT-2017-BLG-1757 MOA-2017-BLG-477 (18:05:50.00, —27:04:38.50)
(postseason) (2017-09-15) (3°854,-2°918)
KMT-2017-BLG-2209 OGLE-2017-BLG-0614 (17:26:08.08, —30:17:46.14)
(postseason) (2017-04-23) (—3°430,2°833)

KMT-2018-BLG-0357
(2018-06-30)

(17:44:12.20, —33:36:23.18)
(—4°143,2°180),

KMT-2018-BLG-1534 OGLE-2018-BLG-1489

(17:45:46.60, —23:57:43.85)

(postseason) (2018-08-12) (4°267,2°559)
KMT-2018-BLG-2014 OGLE-2018-BLG-0360 MOA-2018-116 (17:52:01.26, —31:08:54.71)
(postseason) (2018-03-15) (2018-04-22) (1°183, —2°326)

identify the existence of a BD companion”. This implies that
identifying binaries with BD companions requires modeling all
the lensing light curves of more than a hundred binary lensing
events that are annually detected by the current lensing surveys.
As we discussed below, binary-lens modeling requires heavy
computations not only because of the large number of param-
eters required to be included in the modeling, but also because
of the need to employ numerical methods.

With the aim of finding binaries containing BD companions,
we investigated the microlensing survey data. In this paper, we
report six binaries with candidate BD companions found from
investigating the three years of microlensing data obtained dur-
ing the seasons from 2016 to 2018: OGLE-2016-BLG-0890L,
MOA-2017-BLG-477L, OGLE-2017-BLG-0614L, KMT-2018-
BLG-0357L, OGLE-2018-BLG-1489L, and OGLE-2018-BLG-
0360L.

For the presentation of the work, we arrange the paper
according to the following organization. In Sect. 2 we describe
the data used in the analysis, the instruments used for the acqui-
sition of the data, and the procedure of data reduction. In Sect. 3
we mention the procedure of modeling lensing light curves and
the criteria we applied to sort out BD companion binary-lens
events. In Sects. 3.1-3.6, we explain the details of the model-
ing we conducted for the individual lensing events, and present
the lensing parameters and configurations of the lens systems. In
Sect. 4 we specify the source stars, measure their angular radii,
and estimate the Einstein radii of the individual events. In Sect. 5
we estimate the physical parameters of the lenses, including the
masses of the binary components and distances to the lens sys-
tems. In Sect. 6 we summarize the results found from the analy-
ses and conclude.

2. Observations and data

For the searches of BD events, we first investigated the
data of the Korea Microlensing Telescope Network (KMTNet:
Kim et al. 2016) survey that were collected during the first three
years of its full operation from 2016 to 2018. During these sea-
sons, 2588, 2817, and 2781 lensing events were found by the

2 A lensing event produced by a giant planet lying at around the Ein-
stein ring of the host also results in a lensing light curve with a planet
signal that significantly deviates from a short-term anomaly (Han et al.
2021b).
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KMTNet survey in the 2016, 2017, and 2018 seasons, respec-
tively. Among these events, we conducted systematic analyses
of anomalous events, for which lensing light curves exhibited
deviations from the form of single-lens single-source (1L1S)
events (Paczynski 1986). Analyses conducted for the individ-
ual events vary depending on the nature of the anomalies, for
example, planetary (Han et al. 2020c), binary-lens (Han et al.
2019), binary-source (Jung etal. 2017), triple-lens (Han et al.
2022), and binary-lens binary-source (Han et al. 2021a) mod-
eling, and details of the analyses for different types of anoma-
lies are described in the cited references. For candidate BD
events found from this investigation, we conducted detailed anal-
yses using improved data processed from optimized photome-
try of the events. We then confirmed whether the events were
additionally observed by the two other working lensing sur-
veys of the Optical Gravitational Lensing Experiment (OGLE,;
Udalski et al. 2015) and the Microlensing Observations in Astro-
physics survey (MOA; Bond et al. 2001) in order to include
these additional data in the analyses.

From the investigation, we found six candidate BD binary
events: KMT-2016-BLG-0793/OGLE-2016-BLG-0934, KMT-
2017-BLG-1757/MOA-2017-BLG-477, KMT-2018-BLG-1534/
OGLE-2018-BLG-1489, KMT-2018-BLG-0357, KMT-2018-
BLG-1534/OGLE-2018-BLG-1489, and KMT-2018-BLG-20
14/OGLE-2018-BLG-0360/MOA-2018-BLG-116. Four of these
events were observed by two surveys, one was observed by all
the three surveys, and one was observed solely by the KMTNet
survey. In Table 1 we summarize the ID references of the events
assigned by the individual survey groups together with the alert
dates and coordinates. This paper is the first release of BD events
found from the systematic investigation of the KMTNet data col-
lected during 20162018 seasons, and we plan to search for more
BD events by investigating the data of the subsequent seasons.

For the events observed by multiple surveys, we hereafter
use the ID references of the first discovery surveys, marked
in bold font in Table 1, for the designation of the events. The
notation “postseason” for the KMTNet events indicates that the
events were found from the postseason investigation of the data
(Kim et al. 2018b). We note that OGLE and MOA lensing events
were found in real time with the progress of the events during
the 2016-2018 seasons, but the real-time alert by the KMTNet
survey, the AlertFinder algorithm (Kim et al. 2018a), has been
operated since the 2018 season. There are two ID references
for OGLE-2016-BLG-0890 (the other being OGLE-2016-BLG



C. Han et al.: Brown dwarf companions in microlensing binaries detected during the 2016-2018 seasons

-0934) because the source of the event was located in two OGLE
fields. In this case, we used both data sets.

Observations by the KMTNet survey were carried out by
employing three identical telescopes, each of which has a 1.6 m
aperture. The KMTNet telescopes are globally distributed in
three continents of the Southern Hemisphere, and the sites of
the individual telescopes are the Siding Spring Observatory in
Australia (KMTA), the Cerro Tololo Interamerican Observatory
in Chile (KMTC), and the South African Astronomical Observa-
tory in South Africa (KMTS). The telescopes used by the OGLE
and MOA surveys are located at the Las Campanas Observatory
in Chile and the Mt. John Observatory in New Zealand, respec-
tively, and the individual telescopes have 1.3 m and 1.8 m aper-
tures. The KMTNet, OGLE, and MOA telescopes are equipped
with cameras yielding 4 deg?, 1.4 deg?, and 2.2 deg? fields of
view, respectively. The main observations by the KMTNet and
OGLE surveys were made in the / band, while MOA observa-
tions were made in the customized MOA-R band. For all sur-
veys, a fraction of images were obtained in the V band for
the color measurements of source stars. The data were reduced
using the photometry pipelines of the individual survey groups:
Albrow et al. (2009) for KMTNet, Udalski (2003) for OGLE,
and Bond et al. (2001) for MOA. For each data set, the error bars
from the photometry pipelines were readjusted to make the data
consistent with the scatter of data and so that the y? per degree of
freedom becomes unity following the Yee et al. (2012) routine.

3. Procedures of event selection and modeling

We search for BDs belonging to binary lenses rather than single-
mass BDs for two main reasons. First, the lensing parameter of
the companion-to-primary mass ratio, ¢, can be securely mea-
sured for general binary-lens events, and thus it is possible to
pick out BD candidates from the measured mass ratios. Consid-
ering that typical Galactic lensing events are produced by low-
mass stars (Han & Gould 2003), companions of binary lenses
with mass ratios ¢ < 107! are very likely to be BDs. Second,
anomalies in binary-lens events often involve caustics, and thus
it is possible to measure an additional observable of the angu-
lar Einstein radius 6g, which is difficult to measure for general
single-lens events; but see Gould et al. (2022) for a systematic
study. While the event timescale, tg, which is the basic lens-
ing parameter measurable for both single and binary lens events,
is related to the three physical lens parameters of the mass, M,
and distance to the lens, Dy, and the relative lens-source proper
motion, y, the Einstein radius is related to the two parameters of
M and D. Therefore, the mass of the companion can be more
tightly constrained with the additional measurement of 6.

The binary-lens (2L1S) modeling of each lensing event is
conducted following the common procedure described below. In
the modeling, we search for a set of lensing parameters (solution)
describing the observed lensing light curve. Under the assump-
tion of a rectilinear lens-source relative motion (standard model),
a binary-lensing light curve is described by seven lensing param-
eters. The first three parameters (¢, uo, fg) depict the approach of
the source to the lens, and the individual parameters denote the
time of the closest lens-source approach, the separation at that
time (impact parameter), and the event timescale, respectively.
The impact parameter is scaled to 6g. Three other parameters
(s, g, @) describe the binarity of the lens, and they represent the
projected separation (normalized to fg) and mass ratio of the
lens components, and the angle between the relative lens-source
motion and the axis connecting the lens components (source tra-
jectory angle). The last parameter p (normalized source radius),

which is defined as the ratio of the angular source radius 6, to
g, is included in modeling because a binary-lensing light curve
usually exhibits anomalies resulting from caustic crossings or
approaches, during which the light curve is affected by finite-
source effects (Bennett & Rhie 1996).

Caustics represent source positions at which lensing magni-
fications of a point source become infinity. Binary caustics exist
in three types of topology, referred to as “close”, “intermediate”,
and “wide” binaries (Erdl & Schneider 1993; Dominik 1999). In
the regime of the wide binary (s > 1), two sets of caustics form
near the individual lens components. In the close-binary regime
(s < 1), three caustic sets exist, one of which lies near the pri-
mary, and the other two lie away from the binary axis on the
opposite side of the lens companion. In the intermediate regime,
multiple sets of caustics merge to form a single large caustic,
which is often referred to as a “resonant” caustic. See Fig. 1 of
Cassan (2008) for the caustic topologies in the three regimes of
binary lenses.

In addition to the basic parameters, binary-lens modeling
occasionally requires including additional parameters for the
description of higher-order effects in lensing light curves. One
such higher-order effect is caused by the deviation of the source
motion from a rectilinear one induced by the orbital motion
of Earth: the microlens-parallax effect (Gould 1992). Another
higher-order effect is caused by the variation in lens position that
is induced by the orbital motion of the binary lens: the lens-
orbital effect (Albrow et al. 2000). Considering these higher-
order effects in modeling requires including additional param-
eters, which are (ngy,ngg) for the microlens-parallax effect
and (ds/dt,da/dr) for the lens-orbital effects. The parameters
(mgn, g E) denote the components of the microlens-parallax
vector mg that are projected onto the sky along the north and
east directions, respectively, and the parameters (ds/dz, da/dr)
represent the change rates of the binary separation and source
trajectory angle, respectively. We note that the two-parameter
description of the lens orbital motion is a local approximation
of a more complete Keplerian model. The microlens-parallax
vector is related to the relative lens-source parallax me =
AU(DE1 - Dgl) and the relative lens-source proper motion g by
g = (el /Op) (W / 10).

The binary-lens modeling is carried out in two steps. In the
first step, we search for the binary parameters (s, ¢) using a grid
approach, while the other parameters are found using a down-
hill approach. We use the Markov chain Monte Carlo (MCMC)
algorithm for the downhill approach. This first-step procedure
yields a Ay? map on the s—q parameters plane, and we identify
local solutions on the map, including those resulting from vari-
ous types of degeneracy, if they exist. In the second step, we pol-
ish the individual local solutions by letting all parameters vary,
including s and g. We present multiple solutions if degeneracies
among different solutions are severe. We also check higher-order
effects for well-covered lensing events with long timescales. For
some anomalous events without obvious caustic-crossing fea-
tures, we additionally check whether the observed anomalies can
be explained by a binary-source interpretation (Gaudi 1998). In
the subsequent subsections, we present the analyses of the indi-
vidual events.

3.1. OGLE-2016-BLG-0890

The source of the lensing event OGLE-2016-BLG-0890 lies
toward the Galactic bulge field with the equatorial coordi-
nates (RA, Dec)jo00 = (17:30:25.69, —29:50:48.98), which cor-
respond to the Galactic coordinates (/,b) = (—2°540,2°308).

A64, page 3 of 11
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Fig. 1. Light curve and model of OGLE-2016-BLG-0890. Upper panel:
enlargement of the major anomaly region and the residual from the
model. The inset in the lower panel shows the lens-system configura-
tion, in which the line with an arrow represents the source trajectory,
and the red figure is the caustic.

7540

Table 2. Model of OGLE-2016-BLG-0890.

Parameter Value
y?/d.o.f. 723.97/717
to (HID’)  7525.298 +£0.012
Uo 0.0817 +0.0010
tg (days) 15.00 + 0.06
K 1.594 + 0.002
q 0.097 + 0.002
« (rad) 4.103 +0.005
p (107%) 40.79 + 0.82
The baseline magnitude of the source is lyse = 16.25. The

event was first found by the OGLE survey on 2016 May 18
(HJID’ = HID - 2450000 ~ 7516), at which the source became
brighter than the baseline by ~0.16 mag. The event was also in
the footprint of the KMTNet survey, and it was identified from
the post-season investigation (Kim et al. 2018b) and designated
as KMT-2016-BLG-0793.

The lensing light curve constructed from the combination of
the OGLE and KMTNet data is presented in Fig. 1. It shows clear
features of caustic crossings at HID’ = 7522.35 and 7527.00,
which correspond to the times of the caustic entrance and exit,
respectively. Both caustic crossings were resolved by the data
obtained from the combination of the KMTNet observations
conducted with a cadence of 2.5 h. The light curve in the region
between the two caustic-crossing features exhibits deviations
from a typical U-shape pattern, and this suggests that the source
passed along a fold of the caustic.

In Table 2 we list the lensing parameters found from the
modeling. We found a unique solution with binary lensing
parameters of (s,q) ~ (1.59,0.097). The inset in the lower
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panel of Fig. 1 shows the lens-system configuration, in which the
source trajectory (line with an arrow) with respect to the caus-
tic (closed red figure) is presented. For the coordinate center of
the configuration, we adopted the barycenter for a close binary
and the effective lens position, defined by Di Stefano & Mao
(1996) and An & Han (2002), for a wide binary. In the case
of OGLE-2016-BLG-0890, the coordinates are centered at the
effective position of the lower-mass component, M,, and thus
the primary, M, is located on the right side. The topology of
the binary lens corresponds to the intermediate regime forming
a single merged resonant caustic. The normalized source radius,
p = (40.79 + 0.82) x 1073, of the lensing parameters is sub-
stantially larger than the typical value of about 10~ for events
involved with main-sequence source stars, and thus the source
is likely to be a giant star. The source crossed the caustic lying
around the lower-mass lens component with a source trajectory
angle of @ ~ 55°. After the first caustic crossing, the source
swept one fold of the caustic, and this caused the deviation of the
light curve from a U-shape pattern in the region between the two
caustic bumps. The weak bump at HID” ~ 7535 was found to
be produced by the source approach to the primary of the binary
lens. The higher-order lensing parameters could not be securely
constrained due to the short timescale of the event, fg ~ 15 days.

3.2. MOA-2017-BLG-477

The source of the lensing event MOA-2017-BLG-477, with
a baseline magnitude of Iy, = 18.02, lies at the equatorial
coordinates (RA, Dec)jpo00 = (18 : 05 : 50.00,-27 : 04 :
38.50), which correspond to the Galactic coordinates (/,b) =
(39854, —22918). The MOA group first found the event on 2017
September 15 (HID’ ~ 8011), which was one day before the
event reached its peak. The event was also observed by the KMT-
Net group using its three telescopes, and it was designated as
KMT-2017-BLG-1757.

Figure 2 shows the light curve constructed with the com-
bined MOA and KMTNet data. The peak region of the light
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Table 3. Models of MOA-2017-BLG-477.

Parameter Close Wide
Y*d.of. 9264.6/9249 9231.2/9249

to (HID’) 8012.543 +0.003 8012.527 +0.003
Uo 0.0109 = 0.0002 0.0117 = 0.0002
tg (days) 25.10 £ 0.37 26.87 +£0.36

s 0.355 £ 0.006 3.204 + 0.066
q 0.097 + 0.005 0.115 +0.007
a (rad) 4.224 + 0.007 4.206 = 0.006
p (1073) 0.88 + 0.06 0.80 + 0.06

curve exhibits three bumps at #; ~ 8012.0, 1, ~ 8012.5, and
t3 ~ 8012.8. The last peak, covered by the MOA data, appears
to be a caustic-crossing bump from its shape. Considering that
caustic bumps appear in pairs, the bump at #, would correspond
to the U-shape region between a pair of caustic bumps arising
after an uncovered bump generated by the source star’s caus-
tic entrance. The light-curve profile of the bump at #; is rather
smooth, suggesting that this bump would be produced by a
source approach to a cusp of a caustic.

We found two sets of solutions in our modeling, one in the
close-binary regime and the other in the wide-binary regime. The
two solutions result from the well-known close—wide degener-
acy, which was first mentioned by Griest & Safizadeh (1998),
and later its origin was investigated by Dominik (1999) and
An (2005). The binary lensing parameters are (S, q)close
(0.36,0.10) for the close solution and (s, @)wige ~ (3.20,0.11)
for the wide solution. The full lensing parameters of the individ-
ual solutions are presented in Table 3. The wide solution yields
a better fit to the data than the close solution by A,\/Z = 334,
which corresponds to a difference of /Ay? = 5.80° assuming a
Gaussian error distribution.

The lens-system configuration corresponding to the wide
solution is shown in the inset of the lower panel in Fig. 2.
Because the lens is in the wide-binary regime, there are two
sets of caustics according to this solution, and we present the
region around the caustic through which the source passed. As
expected, the bump at 3 was produced by the caustic exit of the
source, and the bump at #; was generated by the cusp approach
of the source. According to the model, the source entered the
caustic at HID’ ~ 8012.42, which could have been covered by
the KMTS data if the sky had not been clouded out. Fortunately,
the caustic exit was resolved by the three data points acquired
from MOA observations, and this enables us to measure the nor-
malized source radius of p ~ 0.8 x 107>. The event timescale,
tg ~ 27 days, is not long enough for us to securely measure the
higher-order lensing parameters.

3.3. OGLE-2017-BLG-0614

The source star of the event OGLE-2017-BLG-0614,
lying at the equatorial coordinates of (RA,Dec)po0 =
(17:26:08.08, -30:17:46.14) and Galactic coordinates of
(1, b) = (—39430,2°833), is very faint, with a baseline magnitude
of Ipase = 20.04. The alert of the event was issued on 2017 April
23 (HID' ~ 7867.4) by the OGLE group at around the peak
time of the light curve. There appeared to be a single anomalous
point around the peak at HID” ~ 7863 in the OGLE data, but
it was difficult to determine its nature due to the lack of data
covering the anomaly. The KMTNet group also found the event,
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Fig. 3. Light curve and model of OGLE-2017-BLG-0614.

Table 4. Models of OGLE-2017-BLG-0614.

Parameter Close Wide
y*d.of. 732.1/724 730.4/724

to (HID)  7863.991 +£0.022 7863.991 + 0.023
Uo 0.028 = 0.004 0.029 +0.003
tg (days) 40.64 + 4.70 39.82 + 4.09

K 0.533 £ 0.016 1.842 +0.073
q 0.049 + 0.006 0.050 + 0.006
a (rad) 1.802 £ 0.020 1.788 £ 0.021
p (1073 - -

labeled KMT-2017-BLG-2209, from the postseason analysis,
and found that the peak region was well covered by the data
from the three KMTNet telescopes.

The light curve of OGLE-2017-BLG-0614 constructed by
combining the OGLE and KMTNet data sets is displayed in
Fig. 3. It shows three smooth bumps around the peak region:
a weak bump at #; ~ 7861.3, and two relatively strong bumps at
t; ~ 7863.5 and t3 ~ 7865.3. The single anomalous OGLE data
point corresponds to the peak of the second bump. In general, a
caustic crossing produces a sharp spike feature, but the feature
can be smooth if the source is substantially larger than the caus-
tic. For OGLE-2017-BLG-0614, however, the source is likely to
be a very faint star, meaning that the source is unlikely to be large
enough to make caustic-crossing features smooth. This implies
that all the three observed bumps are likely to be produced by the
successive approaches of the source to three cusps of a caustic.

Modeling the light curve yielded two sets of solutions result-
ing from the close—wide degeneracy, with binary parameters of
(S, @close ~ (0.53,0.05) and (s, @)wige ~ (1.84,0.05) for the close
and wide solutions, respectively. The full lensing parameters of
the two solutions are listed in Table 4. The degeneracy between
the two solutions is severe, and the wide model is preferred only
by Ay? = 1.7. The lens system configuration for the wide solu-
tion is presented in the inset of the lower panel of Fig. 3. We
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Fig. 4. Light curve and model of KMT-2018-BLG-0357.

Table 5. Models of KMT-2018-BLG-0357.

Parameter Close Wide
y*d.of. 1510.5/1483 1490.6/1483

to (HID’)  8313.012+0.079 8313.476 +0.069
Uo 0.131 +£0.0159 0.138 +0.013
tg (days) 28.25 +£2.27 26.70 £2.19

s 0.672 +£0.012 1.461 +£0.033
q 0.094 + 0.009 0.111 +0.009
« (rad) 2.472 +0.027 2.574 +£0.028
p (1073 1.57 £0.49 1.27 £0.46

note that the configuration of the close solution is similar to it.
According to the configuration, the bumps were produced by the
successive approaches of the source to the three cusps of the
caustic, as expected from the shapes of the bumps. These suc-
cessive approaches were possible because the three cusps of the
caustic lie on one side of the primary star due to the low mass
ratio, ¢ ~ 0.05, of the lens components. The strength of the
bump varies depending on the combination of the strength of
the cusp and the separation from the source. Because none of
the bumps was produced by a caustic crossing, the normalized
source radius could not be measured. Furthermore, the higher-
order lensing parameters were difficult to measure because the
precision of the photometric data is not high enough to detect
the subtle deviations induced by the higher-order effects.

3.4. KMT-2018-BLG-0357

The lensing event KMT-2018-BLG-0357 was observed solely by
the KMTNet survey. The alert on the detection of the event was
issued on 2018 July 30 (HID’ ~ 8330) with the operation of the
AlertFinder system of the KMTNet survey. The source, lying
at (RA, DEC)p000 = (17:44:12.20,-33:36:23.18) and (I,b) =
(—4°143,2°180), has a baseline magnitude of Iy, = 19.92.
Figure 4 shows the light curve of the event constructed with
the use of the three data sets from the KMTA, KMTC, and
KMTS telescopes. It exhibits a strong short-term anomaly near
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Fig. 5. Light curve and model of OGLE-2018-BLG-1489.
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the peak at around HJD’ ~ 8313.8. The central part of the
anomaly was covered by the KMTA data set, and the peripheral
parts on the rising and falling sides were covered by the KMTC
data set. The anomaly exhibits a typical pattern arising when a
source approaches or crosses the tip of a caustic cusp.

According to the models, the anomaly was produced by a
binary containing a low-mass companion. We find two solu-
tions with (s, ¢)close ~ (0.67,0.09) and (s, @)wige ~ (1.46,0.11),
between which the wide solution is preferred over the close solu-
tion by Ay? = 19.9. The full lensing parameters of the two solu-
tions are listed in Table 5.

Considering that a short-term anomaly can be produced by a
binary companion to the source (Gaudi 1998), we additionally
conducted a binary-source modeling. This modeling excludes
the binary-source interpretation of the anomaly with a strong sta-
tistical confidence of Ay? = 480.

In the inset of the lower panel in Fig. 4, we present the
lens-system configuration corresponding to the wide solution. It
shows that the binary lens is in the intermediate regime with a
single merged caustic, and the anomaly was produced by the
source crossing over the tip of the off-axis cusp that is closer
to the heavier lens component. The caustic crossing allows us to
measure the normalized source radius of p ~ 1.3 1073, although
its uncertainty is fairly large.

3.5. OGLE-2018-BLG-1489

The lensing magnification of the event OGLE-2018-BLG-
1489 occurred on a source lying at (RA, Dec)pon =
(17:45:46.60, —23:57:43.85), which corresponds to (/,b) =
(4°267,22559). The baseline magnitude of the source was Iyase =
18.55. The event was first found by the OGLE group on 2018
August 12 (HID’ ~ 8343.4) when the source flux was magnified
by about 2.5 mag. The event was found independently by the
KMTNet group, who labeled the event KMT-2018-BLG-1534,
from the postseason investigation of the data obtained during the
2018 season.

The light curve, shown in Fig. 5, exhibits a complex pattern
with four peaks: at HID” ~ 8354.1 (1), 8369.7 (,), 8378.7 (#3),
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Table 6. Models of OGLE-2018-BLG-1489.

Parameter Standard Higher order
x’/d.of. 2094.2/2111 2039.6/2108
to (HID") 8357.396 + 0.014  8359.221 + 0.047
U 0.139 + 0.001 0.132 + 0.001
tg (days) 25.99 +0.04 26.48 £ 0.17
s 1.414 +0.001 1.436 + 0.006
q 0.097 + 0.001 0.103 + 0.002
a (rad) 3.262 + 0.002 3.257 £ 0.004
p (1073) 3.93+0.14 3.86 +0.17
TEN - —-0.059 £ 0.51
TTE,E - —-0.023 + 0.06
ds/dt (yr ™) - -0.72 £ 0.16
da/dt (rad yr~!) - 0.07 £ 0.69

ds/dt

[ A IR PR R AR RO A B B [ B
-1 0 02 0 02 -1 -05 0.5 0 -05
Teg ds/dt g

Fig. 6. Scatter plot of points in the MCMC chain on the planes of higher-
order lensing parameters of the lensing event OGLE-2018-BLG-1489.
The plot on the ng p—7g vy parameter plane is separately presented in the
right panel. The colors are set to indicate points with <lo (red), <20
(yellow), < 30 (green), < 40 (cyan), and < 5o (blue).

and 8382.5 (#4). All the anomaly features were well delineated
by the data from the KMTNet observations conducted with a
one-hour cadence using its three telescopes. From the sharp rise
and fall of the light curve, it appears that the two peaks at #,
and 73 were produced by the caustic crossings of the source. On
the other hand, from the smooth rising and declining of the light
curve, it appears that the two peaks at #; and ¢4 were produced
by the cusp approaches. The rising part of the caustic entrance
at 1, was partially resolved by the KMTC data, thus allowing the
normalized source radius to be measured.

A 2L1S modeling of the light curve yielded a unique solu-
tion with binary parameters of (s,q) ~ (1.41,0.1). We list the
full lensing parameters in Table 6. In the inset of the lower panel
in Fig. 5, we present the configuration of the lens system. It
shows that the caustic is in the resonant regime, in which a sin-
gle merged caustic is elongated along the binary axis. The source
closely approached the upper left cusp at ¢, entered the caustic
at f,, exited the caustic at #3, and then passed by the right on-
axis cusp of the caustic. The measured value of the normalized
source radius is p = (3.93 + 0.14) x 1073,

Because the event was continuously covered with a relative
good photometric precision, we checked whether the higher-
order lensing parameters could be constrained. From an addi-
tional modeling, it was found that considering the higher-order
effects substantially improved the model fit by Ay?> = 54.6.
The lensing parameters obtained from this modeling are listed in
Table 6. However, the uncertainties of the measured microlens-
parallax parameters are large. In Fig. 6 we present the scatter
plots of MCMC points on the planes of higher-order parame-
ters. The g g—mg v plot, which is separately presented on the
right side, shows that the uncertainty of the north component of
the parallax vector is substantial. In the higher-order modeling,
we imposed the restriction that the projected kinetic-to-potential
energy ratio is lower than (KE/PE), <0.8. The ratio is computed
from the lensing parameters by

) - st 35 (5 1
PE),  872(M/My) (s dt dr ] | M

Here a, = Dy 6g is the projected semi-major axis, M and D,
denote the mass and distance to the lens, respectively, which are
related to the lensing parameters by

0 AU

M=—= D = ———, (2
KTTE mgbg + s

where g = (ﬂé,N + 72'123’5)1/2, k = 4G/(?AU), and g =

AU/Ds (Gould 2000). It is known that there exists a degeneracy
between the parallax and orbital effects, as discussed in detail by
Skowron et al. (2011). From the combined facts that the region
around (mg g, g y) = (0, 0) is within 20" region from the best-fit
model and that the orbital parameter |ds/d¢| ~ 0.8, the improve-
ment of the fit relative to the standard model is mostly ascribed
to the lens-orbital effect rather than the microlens-parallax effect.
Nevertheless, one component of the microlens parallax, that is,
mgE, 1s well constrained.

3.6. OGLE-2018-BLG-0360

The source star of the lensing event OGLE-2018-BLG-0360 lies
at the equatorial and Galactic coordinates of (RA, Dec)jo00 =
(17 : 52 : 01.26,-31 : 08 : 54.71) and (/, b) = (1°183, —22326),
respectively. The baseline magnitude of the source is lpye =
19.28. The event was observed by all of the three currently oper-
ating microlensing surveys. The OGLE group first detected the
event on 2018 March 15 (HID’ = 8193.4), the MOA group, who
labeled the event MOA-2018-BLG-116, found it on 2018-04-22
(HID’ = 8231.4), and the KMTNet group identified the event,
labeled KMT-2018-BLG-2014, from the postseason investiga-
tion of the data.

Figure 7 shows the light curve of the event constructed by
combining the data from the three survey experiments. It shows
the characteristic pattern of a binary-lens event with two caustic-
crossing spikes, for which the first spike at HID’ ~ 8230 was
covered by the combination of MOA, KMTA, and KMTS data
sets, and the second one at HID” ~ 8242 was resolved by the
MOA data set. In addition to these spikes, there is a weak bump
at HID’ ~ 8228.

Modeling the light curve yielded a unique solution with
binary parameters of (s,q) ~ (1.06,0.06), indicating that the
event was produced by a binary in an intermediate regime with
a low-mass companion. We list the full lensing parameters in
Table 7. The normalized source radius estimated from the anal-
ysis of the caustic-crossing parts is p = (2.18 + 0.04) x 1073
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Fig. 7. Light curve and model of OGLE-2018-BLG-0360.

Table 7. Model of OGLE-2018-BLG-0360.

Parameter Value
Y*d.of. 3576.3/3569

to (HID’)  8230.867 +0.048
Uo 0.122 + 0.002
tg (days) 47.63 £0.78

s 1.056 = 0.003
q 0.063 +0.002
a (rad) 2.732 £0.010
p (1073) 2.18 £ 0.04

According to the lens-system configuration, presented in the
inset of the lower panel, the spikes were produced by the source
crossings over the two folds of the six-sided resonant caustic that
are separated by consecutive off-axis cusps, and the weak bump
was produced by the approach of the source close to the on-axis
cusp near the host. From the modeling considering higher-order
effects, it was found that the microlens parallax was difficult to
measure securely because of the moderate photometric precision
of the data.

4. Source stars and angular Einstein radii

For five out of the six analyzed lensing events, the normalized
source radii were securely measured from the deviations of the
light curves affected by finite-source effects. In this section, we
estimate the angular Einstein radii for these events. The value of
O is estimated from the measured p value by
o = =,
P

where the angular source radius 6, is estimated from the color
and brightness of the source. Although the Einstein radius can-
not be measured for OGLE-2017-BLG-0614 because the p value
could not measured, we estimate 6, for the full characterization
of the event.

3
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Fig. 8. Locations of the source stars (filled blue dots) of the individual
events with respect to the centroids of the red giant clump (red dot)
in the instrumental CMDs constructed from the pyDIA photometry of
KMTNet data.

The angular source radius of each event was estimated from
the V — I color and /-band magnitude. To estimate the red-
dening and extinction-corrected (dereddened) color and mag-
nitude, (V — I,I)os, from instrumental values, we applied the
method of Yoo et al. (2004). In this method, the centroid of
the red giant clump (RGC), with known dereddened values of
(V—-1,I)rae, in the color-magnitude diagram (CMD) is used as
a reference to convert instrumental color and magnitude (V -1, 1)
into (V —1,1)gs, that is,

(V-LIs=VV-I1rcc +[(V-1,Ds—(V~-1IDDrccl (4

Here (V =1, )s and (V — I, I)rgc denote the instrumental colors
and magnitudes of the source and RGC, respectively, and thus
the term in the brackets on the right side of Eq. (4) indicates the
offsets in color and magnitude of the source from the RGC cen-
troid in the instrumental CMD. For this conversion, the dered-
dened color, (V — I)orgc = 1.06, and magnitude of the RGC
centroid were adopted from Bensby et al. (2013) and Nataf et al.
(2013), respectively.

Figure 8 shows the instrumental CMDs of stars lying near
the source stars of the individual events constructed with the
use of the photometry data processed using the pyDIA (Albrow
2017) reductions of the KMTC data. In each diagram, we mark
the locations of the source and RGC, indicated by filled red
and blue dots, respectively. The /- and V-band magnitudes of
each source were measured from the regression of the photom-
etry data in the individual passbands processed using the same
pyDIA code with the variation of the lensing magnification. In
Table 8 we summarize the values of (V — I, )s, (V — I, rge,
Irge, and (V =1, I)g s for the individual events. According to the
estimated values of (V — I,1)og, it is found that the source of
OGLE-2016-BLG-0890 is a K-type giant, and those of the other
events are main-sequence stars with spectral types ranging from
G to K. We then converted V — I into V — K using the color-color
relations of Bessell & Brett (1988) and then derived 6, from the
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Table 8. Properties of source stars.

Events (V-1,Ds (V =1, Drae lorae (V—-1,1)s 0. (nas)
OGLE-2016-BLG-0890  (3.45 £0.16,15.979 £ 0.001)  (3.09,16.725) 14.573 (1.42+£0.16,13.827 £0.001) 10.35+1.82
MOA-2017-BLG-477 (1.80 £0.01,19.800 + 0.005)  (2.28,15.448) 14.332 (0.58 £0.10,18.684 +0.005)  0.50 + 0.04
OGLE-2017-BLG-0614  (3.37 £0.12,22.242 £ 0.005)  (3.54,17.067) 14.596 (0.89 +0.12,19.771 £ 0.005)  0.43 + 0.06
KMT-2018-BLG-0357 (2.59 £0.12,21.040 £ 0.011)  (2.88,16.993) 14.372 (0.77 £0.12,18.423 +0.011)  0.69 + 0.09
OGLE-2018-BLG-1489  (2.14 £0.02,18.970 £ 0.003) (2.47,16.182) 14.322 (0.73 +£0.02,17.110 = 1.003) 1.36 £ 0.10
OGLE-2018-BLG-0360  (2.73 £9.13,20.319 £ 0.008)  (2.91,17.238) 14.512 (0.88 +£0.13,17.593 £ 0.008)  1.15+0.30
Notes. (V - I)O,RGC = 1.06.
Table 9. Einstein radius and proper motion. 2. é 3 OB 16—b890. 3
206 E E
1 Zo04b 3
Event Ok (mas) u (mas yr) SozE l ‘ ‘ ‘ l 3
O = — . : R
OGLE-2016-BLG-0890 0.26+0.05  6.30 + 1.12 o ety | | | 3
MOA-2017-BLG-477 0.67+0.06 9.33+0.83 £ o6k 4
OGLE-2017-BLG-0614 - - S st 3
KMT-2018-BLG-0357  0.57+0.08 7.52+1.05 T e S ==
OGLE-2018-BLG-1489 0.36 +0.03 4.89 +0.36 % 0.8 £ OB-17-0614 3
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ERyY3 E vidual events. In the cases of the events MOA-2017-BLG-477
2 U()0:01 s — ‘0:5 and KMT-2018-BLG-0357, for which two models were pre-

M2 (MG)

Fig. 9. Bayesian posterior for the companion masses of the binary
lenses. The solid vertical line in each panel represents the mass bound-
ary between a BD and a star. The blue and red curves represent the
contributions by the disk and bulge lens populations, respectively, and
the black curve is the sum of the contributions.

Kervella et al. (2004) relation between (V — K, V) and 6.. The
estimated source radii of the individual events are listed in the
last column of Table 8.

With the measured source radii, the angular Einstein radii of
the events were estimated using the relation in Eq. (3). With the
measured event timescale, the relative proper motion between

sented, we present dg and y values estimated from the wide mod-
els, which yield better fits over the corresponding close solu-
tions with significant confidence levels of Ay? = 33.4 and 19.9,
respectively. It was found that the Einstein radii of the events lie
in the range of [0.26—0.67] mas, and the proper motions are in
the range of [4.1-9.3] mas yr~'.

5. Physical lens properties

In addition to the basic observable of #g, unique determinations
of the lens mass and distance require the two additional observ-
ables of 6g and 7 to be measured by the relation given in Eq. (2).
For all events except OGLE-2018-BLG-1489, the microlens-
parallax could not be measured, and even for OGLE-2018-BLG-
1489, the uncertainty of the measured ng is very large, as shown

A64, page 9 of 11
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Table 10. Physical lens parameters.

Events M, M, Dy a; Pgp Py Pplanel Pyisk Pbulge
(Mo) (Mo) kpoy AU (D) () () (D) (%)
OGLE-2016-BLG-0890 040703 00387003 74108 3504 g6 5 9 1 9
MOA-2017-BLG-477 (wide) 074033 0085:00%0 50410 10520 61 37 2 6 38
OGLE2017-BLG-0614 (close)  0.647038 003170019 64116 g4 g1 | 18 53 47
(wide) S 00321000 T gorls o o
KMT-2018-BLG-0357 (wide) 068t8§i 0075t§§§§ 622% 5033 69 28 3 62 38
OGLE-2018-BLG-1489 048t8?§ OOSOtgggé 65t(1)g 35t8§ 89 9 2 39 61
OGLE-2018-BLG-0360 072i8§; 0.045f8:8£ 64t?é 36t88 90 2 8 49 51

in Fig. 6. As a result, it is difficult to uniquely determine M
and Dy, from the relations in Eq. (2). Although the mg constraint
is either unavailable or weak, the physical lens parameters can
still be constrained using the other observables with the use of
a Galactic model that defines the distributions of the mass den-
sity, motion, and mass function of Galactic objects. For these
constraints, we conducted Bayesian analyses of the individual
events.

The Bayesian analyses were conducted according to the fol-
lowing procedure. In the first step, we generated a large number
(6 x 10°) of artificial lensing events. For the individual events,
their physical parameters of the lens mass M, distances to the
lens Dy, and source Dg, and lens-source transverse velocity v,
were assigned from the Monte Carlo simulation conducted with
the use of a Galactic model. In the simulation, we adopted the
Jung et al. (2021) Galactic model. For the mass density distribu-
tion, the Galactic model uses the Robin et al. (2003) disk model
and the Han & Gould (2003) bulge model. For the kinematic dis-
tribution of disk objects, the model uses the modified version
of the Han & Gould (1995) model, in which the original ver-
sion based on the double-exponential disk model was modified
to reconcile it with the Robin et al. (2003) density distribution.
For the kinematic distribution of bulge objects, the model was
constructed based on the proper motions of stars in the Gaia
catalog (Gaia Collaboration 2016, 2018). For the mass func-
tions of bulge and disk populations, the Galactic model adopted
the initial mass function and the present-day mass function of
Chabrier (2003), respectively. See Jung et al. (2021) for details
of the Galactic model.

In the second step, we constructed the posterior distributions
of the physical lens parameters. For this, we first computed event
timescales and Einstein radii of the artificial events produced by
the simulation as tg; = Dy.0g;/v, and Og; = (kM) 2, respec-
tively. Then, the Bayesian posteriors of each lensing event were
constructed by assigning a weight for each artificial event as w; =
exp(—x?/2). Here x* = (tg,;—tg)*/[0(te)1* + (0, — 08)* /[0 (6) I,
where [tg, 0(tg)] and [6g, 0(6g)] are the measured values of g
and g and their uncertainties, respectively. We note that only
tg is measured for OGLE-2017-BLG-0614, while both observ-
ables of #g and 6 are measured for the other events. In the case
of OGLE-2018-BLG-1489, for which the model with higher-
order effects is better than the standard model with A/\(2 = 54.6,
we imposed an additional constraint of &g given by the covari-
ance matrix of the parallax ellipse presented in Fig. 6. In the
cases of the events MOA-2017-BLG-477 and KMT-2018-BLG-
0357, for which the wide solutions are favored over the close
solutions with significant statistical confidence, we conducted
Bayesian analyses for the wide solutions. In the case of OGLE-
2017-0614, for which the degeneracy is very severe, we carried
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out a Bayesian analysis for both the close and wide solutions.
The source star of OGLE-2016-BLG-0890 is bright, and thus
it is registered in the Gaia catalog. In this case, we used the
additional constraint of the source proper motion, (ug,uy) =
(=5.170 + 0.180,—11.385 + 0.123) mas yr~', in the Bayesian
analysis.

Figures 9 and 10 show the posterior distributions of the com-
panion lens mass and the distance to the lens systems for the
individual lensing events, respectively. For each distribution, the
blue and red curves represent the contributions by the disk and
bulge lens populations, respectively, and the black curve is sum
of the contributions from the two lens populations. In Table 10
we summarize the values of My, M,, Dy, and a,, for which
the median values are listed as representative values, the uncer-
tainties are estimated as the 16% and 84% of the posterior dis-
tributions, and a;, = sDy6g represents the projected separa-
tion between the binary lens components. The table also lists
the probabilities for the individual events that the lens com-
panions are BD (Ppp), star (Pgy), or planet (Ppiane) and disk
(Pgisk) or bulge (Ppuge) members. According to the posteriors
of M,, the probabilities for the lens companions of the events
OGLE-2016-BLG-0890, OGLE-2017-BLG-0614, OGLE-2018-
BLG-1489, and OGLE-2018-BLG-0360 to be in the BD mass
regime of [0.012 — 0.08] M, are very high with Pgp > 80%.
For MOA-2017-BLG-477 and KMT-2018-BLG-0357, the prob-
abilities are Pgp = 61% and 69%, respectively, and the possi-
bility that the companions of the lenses are very low-mass stars
cannot be completely ruled out. In our Bayesian analyses, we
assumed that the primary and companion follow the same mass
function. If the number of companions in the BD regime declines
compared to the mass function of the primary, that is, in the BD
desert, for example (Grether & Lineweaver 2006), the BD prob-
ability Pgp would be lower than the presented probabilities.

6. Summary and conclusion

We investigated the microlensing survey data collected dur-
ing the 2016-2018 seasons with the aim of finding microlens-
ing binaries containing BD companions. In order to sort
out BD-companion binary-lens events, we modeled all lens-
ing events that were detected during the seasons with lens-
ing light curves exhibiting anomaly features that were likely
to be produced by binary lenses, and then applied the cri-
terion that the companion-to-primary mass ratio was lower
than 0.1. With this procedure, we found six candidate BD
binary events: OGLE-2016-BLG-0890, MOA-2017-BLG-477,
OGLE-2017-BLG-0614, KMT-2018-BLG-0357, OGLE-2018-
BLG-1489, and OGLE-2018-BLG-0360, for which analyses had
not been presented before.
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For the identified candidate events, we conducted detailed
modeling using optimized photometry data and checked possi-
ble degenerate interpretations caused by various types of degen-
eracies. We also checked the feasibility of detecting higher-order
effects. We presented the solutions of the individual events and
the corresponding lens-system configurations.

According to the estimated masses of the binary compan-
ions, we found that the probabilities that the lens companions
of the events OGLE-2016-BLG-0890, OGLE-2017-BLG-0614,
OGLE-2018-BLG-1489, and OGLE-2018-BLG-0360 are in the
BD mass regime were very high. For the companions of the
events MOA-2017-BLG-477 and KMT-2018-BLG-0357, it was
found that the median masses were near the star-BD boundary,
and thus the possibilities that the companions of the lenses were
very low-mass stars could not be completely ruled out.
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