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Six binary brown dwarf candidates identified by microlensing
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ABSTRACT

Aims. In single-lens microlensing events, the event timescale (7g) is typically the only measurable parameter that constrains the lens mass. Since
tg scales with the square root of the lens mass (tg o« M 172 a short duration may suggest a low-mass lens, such as a brown dwarf (BD). However, a
short #; can also result from a high relative proper motion between the lens and the source, making it difficult to uniquely identify BD candidates
based on timescale alone. In contrast, binary-lens events often allow for the measurement of the angular Einstein radius (6g) in addition to 7.
When both #z and 6 are small, the likelihood that the lens is of low mass increases significantly. In this study, we analyze microlensing events
observed between 2023 and 2024 to identify cases likely caused by binary systems composed of BDs.

Methods. Applying the criteria of well-resolved caustics, short timescales (fz < 9 days), and small angular Einstein radii (g < 0.17 mas), we
identified six candidate binary BD events: MOA-2023-BLG-331, KMT-2023-BLG-2019, KMT-2024-BLG-1005, KMT-2024-BLG-1518, MOA-
2024-BLG-181, and KMT-2024-BLG-2486. Analysis of these events leads to models that provide precise estimates for both lensing observables,
53] and HE-

Results. We estimated the masses of the binary components through Bayesian analysis, utilizing the constraints from #z and 0. The results show
that for the events KMT-2024-BLG-1005, KMT-2024-BLG-1518, MOA-2024-BLG-181, and KMT-2024-BLG-2486, the probability that both
binary components lie within the BD mass range exceeds 50%, indicating a high likelihood that the lenses of these events are binary BDs. In
contrast, for MOA-2023-BLG-331L and KMT-2023-BLG-2019L, the probabilities that the lower-mass components of the binary lenses lie within
the BD mass range exceed 50%, while the probabilities for the heavier components are below 50%, suggesting that these systems are more likely
to consist of a low-mass M dwarf and a BD. The BD nature of the binary candidates can ultimately be confirmed by combining the measured
lens-source relative proper motions with high-resolution imaging taken at a later time.

Key words. gravitational lensing: micro

1. Introduction the distances to the lens source, respectively (Gould 2000a). For
Galactic lensing events, these observables scale with the lens
M, as they are related to the mass through the relations

mass as:
1/2
o ) @
= —; O = VKMl (H . . ,
H Thus, for events characterized by a short timescale with g <
Here x = 4G/(c>AU) ~ 8.14 mas/M, 4 represents the relative 6.3 days gnq a small angular Eiqstein radius with fg < 0.12 mas,
lens-source proper motion, 7t = AU(1/Dy. — 1/Ds) is the rela- the lens is likely to be a BD with a mass below the hydrogen-

tive parallax between the lens and source, and Dy, and Ds denote burmng. limit. . .
In single-lens events, the event timescale is usually the only

* Corresponding author: leecu@kasi.re.kr observable that can be derived from the light curve analysis. In

In microlensing, the event timescale (fg) and angular Einstein
radius (6g) are key observables for constraining the lens mass,
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such cases, a short timescale may be attributed to a high relative
proper motion between the lens and source, rather than indicat-
ing a low-mass lens. Consequently, it is difficult to conclusively
infer that the lens mass lies in the substellar regime based solely
on fg. Although microlensing is a powerful tool for detecting
BDs, it remains challenging to identify reliable BD candidates
from single-lens events'.

In binary-lens events involving two lens components, the
probability of measuring the additional observable 6 is high, as
a significant fraction these events exhibit caustic-crossing fea-
tures in their light curves. When both observables, fz and G,
are measured and found to be small, the likelihood that the lens
has a low mass increases significantly. The event timescale and
angular Einstein radius corresponding to each lens component
is related to the mass ratio, g, between the components by the
following relations:

1
g1 = 1 Ig; Igp = 4/ 1 I 3)
+q 1+g¢
for the event timescale and
Oot = | —— Gea= | —Lg 4)
B1 = 1+qE, B2 = 1+qE

for the angular Einstein radius. Here #g and g are the values
corresponding to the total mass of the binary lens system. If
the binary lens consists of roughly equal-mass components, then
events with 7z < 9days and g < 0.17 mas suggest that each
component is likely a BD with substellar mass.

An alternative approach to identifying BD events in binary-
lens systems focuses on microlensing events with low-mass
ratios between the lens components. This method is motivated
by the fact that typical Galactic microlensing events are primar-
ily caused by low-mass stars (Han & Gould 2003), and compan-
ions with low-mass ratios are likely to be BDs. By applying a
selection criterion of ¢ < 0.1 to binary-lens events identified in
microlensing survey data, dozens of BD candidates have been
reported in previous studies (Han et al. 2022, 2023a,b, 2024). In
these cases, only one component of the binary lens is inferred to
be a BD.

Brown dwarfs are often described as “failed stars”, because
they are too massive to be considered planets but not massive
enough to sustain hydrogen fusion in the same way as ordinary
stars. Because their physical properties place them in this in-
between regime, their formation pathways remain uncertain.

The identification of binary BDs is valuable because the fre-
quency, separation, and mass ratios of such systems provide
important clues regarding whether they form in a stellar-like
manner, through cloud fragmentation (Bate et al. 2002), or in
a planet-like manner, through disk instability or core accretion
(Whitworth & Goodwin 2005).

The microlensing method is particularly powerful in this
context because it can reveal systems that are extremely faint,
cold, and inaccessible to direct imaging. Moreover, microlensing

L' Under specific observational conditions, when a short timescale,

high-magnification event is observed simultaneously from two sites, the
lens mass can be uniquely determined by measuring the microlens par-
allax (7g) (Refsdal 1966; Gould 1994). This method was employed to
identify three isolated BDs, OGLE-2007-BLG-224 (Gould et al. 2009),
OGLE-2017-BLG-0896L (Shvartzvald et al. 2019), and OGLE-2017-
BLG-1186L (Li et al. 2019), through the measurement of 7.
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surveys detect hundreds of lensing events caused by binary sys-
tems annually, with a significant fraction arising from binaries
composed of BDs. The resulting datasets can provide valuable
constraints on how common such binaries are in our galaxy and
help in testing competing formation theories.

In this study, we examine microlensing data from the 2023
and 2024 observing seasons to search for events generated by
binary systems composed of BDs. Our selection criteria require
that both key lensing parameters, g and 6g, are securely mea-
sured and lie below defined threshold values. Based on these
criteria, we identified six candidate binary-lens events in which
both components are likely BDs.

2. Selection of candidate events and data

To identify binary BD candidates, we first examined binary-lens
events detected from the Korea Microlensing Telescope Net-
work (KMTNet; Kim et al. 2016) survey during the 2023 and
2024 seasons. The primary selection criterion was that the event
exhibits well-resolved caustic features, ensuring that the angu-
lar Einstein radius can be securely measured. Additionally, we
applied the criteria of fg < 9 days and 6g < 0.17 mas. Using these
criteria, we identified six candidate events: KMT-2023-BLG-
1819, KMT-2023-BLG-2019, KMT-2024-BLG-1005, KMT-
2024-BLG-1518, KMT-2024-BLG-2185, and KMT-2024-BLG-
24386.

All of these events, with the exception of KMT-2023-
BLG-2019, were also observed by other lensing surveys con-
ducted by the Optical Gravitational Lensing Experiment (OGLE;
Udalski et al. 2015) and the Microlensing Observations in Astro-
physics (MOA; Bond et al. 2001; Sumi et al. 2003) collabora-
tions. In Table 1, we provide a summary of the event correspon-
dences, along with the equatorial and Galactic coordinates for
each event, as well as the dates when alerts were issued by the
individual survey groups. Among the events, four (KMT-2023-
BLG-2019, KMT-2024-BLG-1005, KMT-2024-BLG-1518, and
KMT-2024-BLG-2486) were initially identified by the KMTNet
group, while two (MOA-2023-BLG-331 and MOA-2024-BLG-
181) were first detected by the MOA group. For events observed
by multiple surveys, we use the event ID assigned by the first
detecting group as the representative designation, following the
convention in the microlensing community.

Photometric data for the events were obtained from observa-
tions conducted by the individual surveys. The KMTNet survey
employs three identical telescopes, strategically located in the
Southern Hemisphere for continuous coverage of lensing events:
at Siding Spring Observatory in Australia (KMTA), Cerro Tololo
Interamerican Observatory in Chile (KMTC), and South African
Astronomical Observatory in South Africa (KMTS). Each KMT-
Net telescope has a 1.6 meter aperture and is equipped with a
camera that provides a four square degree field of view. The
MOA survey uses a 1.8 meter telescope situated at Mt. John Uni-
versity Observatory in New Zealand, with a camera that covers a
2.2 square degree field of view. The OGLE survey is conducted
using the 1.3 meter Warsaw Telescope, located at Las Campanas
Observatory in Chile. The camera mounted on the OGLE tele-
scope has a field of view of 1.4square degrees. Observations
from the KMTNet and OGLE surveys were primarily carried out
in the I band, whereas the MOA survey observations were made
in a customized MOA-R band, with a wavelength range of 609
to 1109 nm.

The data used in the analyses were obtained by perform-
ing photometry with the pipelines developed by the respective
survey groups: Albrow et al. (2009) for KMTNet, Bond et al.



Han, C., etal.: A&A, 704, A236 (2025)

Table 1. Event correspondence, alert dates, and coordinates.

Event (Alert date)

KMTNet OGLE

(RA, Dec)ao00 (1, b)

MOA

KMT-2023-BLG-1819

(2023-07-25) (2023-07-25)

OGLE-2023-BLG-0970 MOA-2023-BLG-331 (18:03:53.20, —27:39:08.10) (3°1400, —2°8218)
(2023-07-24)

KMT-2023-BLG-2019
(2023-08-17)

(17:50:49.86, —30:48:11.92) (1°0163, —1°9312)

KMT-2024-BLG-1005
(2024-05-16)

OGLE-2024-BLG-0628
(2024-06-02)

(17:59:13.34, —28:45:20.81) (126716, —2°4721)

KMT-2024-BLG-1518
(2024-06-25)

OGLE-2024-BLG-0825
(2024-06-29)

(18:01:37.17, =28:57:39.10) (197532, —3°0298)

KMT-2024-BLG-2185

(2024-08-12) (2024-08-16)

OGLE-2024-BLG-1086 MOA-2024-BLG-181 (17:58:11.33, —=29:14:42.90) (121341, —2°5198)
(2024-08-09)

KMT-2024-BLG-2486
(2024-09-09)

OGLE-2024-BLG-1199
(2024-09-12)

(17:56:37.05, —28:56:11.18) (122300, —2°0681)

(2001) for MOA, and Udalski (2003) for OGLE. To correct the
photometric uncertainties provided by the automated pipeline,
we applied a rescaling procedure. The goal was to bring the
reported error bars into agreement with the actual scatter in the
measurements, and to adjust them such that the reduced )(2 of the
model evaluation approached unity for each individual dataset.
This adjustment followed the approach described by Yee et al.
(2012).

In the case of KMTNet data, short-duration correlated noise
may arise from residual images of previous exposures. Although
microlensing light curves may exhibit diverse distortions, they
rarely reproduce noise patterns found in observational data. On
the rare occasions when a model reproduces very short-duration
features, we inspected the images at the corresponding epochs to
assess whether the signal is genuine. For the analyzed events, no
such cases were identified.

3. Modeling light curves

Given the caustic-crossing features in all the analyzed events,
we modeled the light curves using the binary-lens single-source
(2L1S) configuration. In this model, the light curve is described
by seven parameters. Three of these parameters (7, 1, fg) repre-
sent the lens-source approach, with 7y denoting the time of clos-
est approach, uy indicating the separation at that time, and g
representing the event timescale. Two additional parameters (s, )
characterize the binary lens, where s is the projected separation
between the lens components (M| and M) and ¢ is their mass
ratio. The parameters ug and s are scaled to the angular Einstein
radius corresponding to the total mass of the binary lens. The
parameter @ defines the direction of the source’s motion relative
to the M1—M, axis. The final parameter, p, represents the ratio of
the angular source radius (6,) to the angular Einstein radius, p =
0./0g. This parameter (normalized source radius) accounts for
finite-source effects, particularly in the caustic-crossing regions.
Since all the lensing events have short durations, we do not con-
sider long-term higher-order effects, such as the parallax effect
from Earth’s orbital motion around the Sun (Gould 1992, 2000a)
or the lens-orbital effect from the binary lens (Alcock et al. 2000;
Bennett et al. 1999; Albrow et al. 2000).

In the modeling process, we searched for the set of lensing
parameters (lensing solution) that best reproduces the observed
light curve. In the initial stage, we grouped the parameters into

two categories: (s, ¢) in one group and the remaining parameters
in the other. We performed a grid search over the (s, g) parame-
ter space, while the remaining parameters were optimized using
a downhill method based on the Markov chain Monte Carlo
(MCMC) technique. This first modeling stage yielded a y* map
across the grid space, from which we identified local solutions.
In the second stage, each of these local solutions was refined by
allowing all parameters to vary freely. In cases for which mul-
tiple solutions provided comparably good fits to the data, we
present all degenerate solutions. However, for all events ana-
lyzed in this study, a unique solution was found. In the following
subsections, we detail the analysis for each individual event.

3.1. MOA-2023-BLG-331

The lensing event MOA-2023-BLG-331 was first detected by the
MOA survey on July 24, 2023, corresponding to the abridged
Heliocentric Julian date HID’ = HID — 2460000 = 150, and was
later identified by the KMTNet and OGLE surveys the follow-
ing day. The source is located in the overlapping region between
the KMTNet prime fields BLG03 and BLG43, with observations
conducted at a 30 minute cadence for each field, and a 15 minute
cadence for combined observations. The baseline /-band magni-
tude of the source was Iy, = 20.03, and the extinction toward
the field was A; = 1.05.

The lensing light curve for MOA-2023-BLG-331 is shown in
Figure 1. Although the primary magnification occurred within a
span of less than 10 days, the light curve was well-covered by
dense data, revealing intricate anomaly features. The two spikes
at HID" ~ 149.4 and 151.8, along with the U-shaped region
between them, indicate that these features are due to caustic
crossings of the source. The bumps around HID’ ~ 148.3 and
153.5 appear to be caused by the source’s approach to the cusps
of a binary caustic.

From a 2L1S modeling, we found a unique solution that
explains all the anomalous features. The model curve is over-
laid on the data points in Figure 1, and the corresponding model
parameters are summarized in Table 2. The binary lens parame-
ters, (s,q) ~ (1.33,1.55), suggest that the lens is a binary system
with components of similar masses and a projected separation
slightly larger than the Einstein radius. We note that a mass ratio
greater than unity indicates that the source trajectory lay closer
to the lower-mass component of the binary lens system. The
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Table 2. Lensing solutions of MOA-2023-BLG-331, KMT-2023-BLG-2019, and KMT-2024-BLG-1005.

Parameter MOA-2023-BLG-331 KMT-2023-BLG-2019 KMT-2024-BLG-1005
1o (HID) 150.7384 + 0.0010 170.779 £ 0.011 447.513 +£0.010

U 0.08949 + 0.00092 -0.03 £0.20 0.1018 + 0.0042

tg (days) 6.418 + 0.050 6.328 + 0.088 3.593 £0.021

s 1.3308 + 0.0060 1.5312 + 0.0061 0.9494 + 0.0031

q 1.545 £ 0.0088 0.334 +£0.019 0.362 £ 0.011

a (rad) 1.52902 + 0.00039 3.612 £ 0.010 4.176 £ 0.013

p (107%) 5.894 +0.051 11.6 £0.22 9.32+0.17

Notes. HID" = HID — 2460000.
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Fig. 1. Light curve of the lensing event MOA-2023-BLG-331. The bot-
tom panel displays the full light curve, while the upper panels provide
a zoomed-in view around the anomaly features and the residuals from
the model. The curve overlaid on the data points represents the best-fit
model. The inset in the bottom panel illustrates the lens system configu-
ration, with the red cusped shape representing the caustic, the two blue
dots indicating the positions of the lens components (with the larger dot
representing the heavier lens component), and the arrowed line depict-
ing the source’s trajectory.

estimated event timescale, g = (6.418+0.050) days, is relatively
short. The timescales corresponding to the individual lens com-
ponents are fg; ~ 4.0days and g, ~ 5.0days, suggesting that
both components are of low mass. The normalized source radius,
p = (5.894 £0.051) x 1073, is measured with high precision due
to the dense coverage of the caustic crossings. As we discuss in
Section 4, the source is a main-sequence star. In lensing events
involving an M-dwarf lens and a main-sequence source, the nor-
malized source radius is typically p < 2 x 1073, Given that the
angular Einstein radius is determined by 6g = 6./p, where 6, is
the angular source radius, a measured p value significantly larger
than the typical range implies that the angular Einstein radius is
likely small.

The inset in the bottom panel of Figure 1 illustrates the con-
figuration of the lens system. The binary lens created a reso-
nant caustic structure featuring six cusps. The source star passed
through the left side of the caustic, near the lower component
of the lens, at an angle close to perpendicular. It first crossed
the tip of the lower-left cusp, producing the initial bump in the
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Fig. 2. Lensing light curve of KMT-2023-BLG-2019. The notations are
the same as those used in Fig. 1. In the bottom panel, the left inset
displays the full view of the caustic, while the right inset provides a
close-up of the region where the source enters the caustic.

light curve. It then entered and exited the left section of the caus-
tic, resulting in a pair of sharp caustic spikes. After exiting, the
source approached the upper-left cusp, giving rise to the final
bump.

3.2. KMT-2023-BLG-2019

The lensing event KMT-2023-BLG-2019 was observed exclu-
sively by the KMTNet survey. The source star lies in the overlap-
ping region of two KMTNet prime fields, BLGO1 and BLG41,
both monitored at a high cadence of 30 minutes, providing dense
temporal coverage of the light curve. The source had a baseline
I-band magnitude of Iy,s. = 20.4, with an extinction of A; = 2.65
toward the field. The event was first identified on August 17,
2023 (corresponding to HID’ = 173), after the light curve exhib-
ited clear anomalies caused by caustic crossings.

Figure 2 presents the lensing light curve of KMT-2023-BLG-
2019, which is marked by a pair of prominent caustic-crossing
spikes occurring at HID” ~ 170.4 and ~172.3. Both caustic
features were densely resolved, with each spike covered by the
KMTS observations. In addition to these features, the light curve
exhibits a weak bump around HID’ ~ 177. As with the previous
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Fig. 3. Lensing light curve and lens-system configuration of KMT-
2024-BLG-1005.

event, the overall duration of the event is short, with the primary
magnification phase concluding in under 10 days.

A 2L1S modeling provides a unique solution that accounts
for all the observed anomalous features. In Figure 2, we show
the model curve superimposed on the data points. The complete
set of lensing parameters is listed in Table 2. The derived binary
parameters, (s, q) ~ (1.53,0.33), indicate that the lens is a binary
system with components of comparable masses, separated by
slightly more than the angular Einstein radius. As expected from
the brief lensing magnification episode, the event timescale is
relatively short, with #g = (6.328 + 0.088) days. The individ-
ual timescales for the lens components are fg; ~ 5.4 days and
tgp ~ 3.1days. The well-resolved caustic features allowed for
a precise measurement of the normalized source radius, p =
(11.6 + 0.22) x 1073, Given that the source is a main-sequence
star, the unusually large value of p implies a small angular Ein-
stein radius. Together with the short event timescales, this sug-
gests that the lens has a low mass.

The configuration of the lens system is shown in the insets
of the bottom panel, revealing a six-sided resonant caustic elon-
gated along the binary axis. The source trajectory passed near
the more massive lens component, first crossing the upper-left
fold and then the lower fold of the caustic. These crossings
account for the observed caustic-crossing features in the light
curve. After exiting the caustic, the source passed near the lower-
left cusp, which produced the weak bump observed in the light
curve.

3.3. KMT-2024-BLG-1005

The lensing event KMT-2024-BLG-1005 involved a source with
a baseline magnitude of Iy, = 19.2. It was first detected by the
KMTNet group on May 16, 2024, and later confirmed by the
OGLE group. The source is located within the region covered
by the KMTNet prime fields BLG03 and BLG43, which were
observed with a combined cadence of 15 minutes. The extinction
in this field is A; = 1.24.

Figure 3 presents the light curve of the event, which, as with
previous cases, is characterized by a short duration, with the

main magnification phase lasting less than 10days. The light
curve features two distinct and well-defined caustic spikes occur-
ring at approximately HID” ~ 445.3 and HID" ~ 448.3. Notably,
the region between these two caustic spikes does not follow
the typical U-shaped pattern commonly seen in caustic-crossing
binary-lens events. Instead, it displays a relatively flat, plateau-
like structure, indicating a deviation from the standard morphol-
ogy. Both caustic features were clearly resolved, owing to the
dense and continuous observational coverage provided by the
combined data from the KMTA and KMTS observatories.

We modeled the light curve using a 2L1S configuration and
found a unique solution that explains the anomalous features.
The binary-lens parameters, (s, g) ~ (0.95,0.36), suggest that the
lens consists of two objects with comparable masses and a pro-
jected separation near the Einstein radius. The event timescale is
tg = (3.593£0.021) days, which is even shorter than those of the
previous two events. The timescales corresponding to the indi-
vidual lens components are fg; ~ 3.1days and g, ~ 1.8 days.
From the analysis of the resolved caustics, we determined the
normalized source radius to be p = (9.32 + 0.17) x 1073. Given
that the source is a main-sequence star, this relatively large p
value suggests a small angular Einstein radius. Combined with
the short event timescale, this implies that the lens is likely a
low-mass object. The complete set of lensing parameters is pro-
vided in Table 2, and the corresponding model curve is shown in
Figure 3.

The insets in the bottom panel of Figure 3 displays the lens-
system configuration. Because of the binary separation being
close to unity, the lens forms a resonant caustic with six cusps,
elongated in the direction perpendicular to the binary axis. The
source traversed the caustic diagonally, entering through the
upper fold and exiting through the lower-right fold. These fold
crossings generated the observed caustic spikes. The region
between the spikes deviates from a typical U-shaped profile
because, after entering the caustic, the source asymptotically
approached the upper-left fold.

3.4. KMT-2024-BLG-1518

The lensing event KMT-2024-BLG-1518, which occurred on a
source with a baseline magnitude of I,se = 18.0, was observed
by both the KMTNet and OGLE surveys. The KMTNet survey
initially detected the event on June 25, 2024 (HID' = 486),
shortly after the light curve exhibited a sharp brightening from
the first caustic crossing. The OGLE survey identified the event
four days later, on June 29, 2024 (HJID’ = 490), when the source
experienced a second sharp rise due to another caustic cross-
ing. The source is located in the KMTNet prime field BLGO03,
which mostly overlaps with BLG43, though the source lies in a
non-overlapping region. As a result, KMTNet observations were
conducted with a 30 minute cadence. The /-band extinction in
this field is A; = 1.29.

The lensing light curve of KMT-2024-BLG-1518 is shown
in Figure 4. It features two prominent caustic spikes at HID" =
484.5 and 486.6. The first caustic crossing was captured by the
KMTS dataset, while the second was resolved through combined
observations from OGLE, KMTC, and KMTS. Outside of these
spikes, the source flux shows a smooth rise and fall, with no addi-
tional features. However, the region between the caustic spikes
deviates from the typical U-shaped pattern, appearing asymmet-
ric with a central portion that exhibits an approximately linear
decline. The entire lensing magnification episode was completed
within a span of less than 10 days.
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Table 3. Lensing solutions of KMT-2024-BLG-1518, MOA-2024-BLG-

181, and KMT-2024-BLG-2486.

Parameter KMT-2024-BLG-1518 MOA-2024-BLG-181 KMT-2024-BLG-2486
to (HID') 485.255 +£0.019 531.8644 + 0.0041 561.3412 + 0.0015
Uy 0.1297 + 0.0020 5.974 + 0.056 2.581 +0.046
tg (days) 5.118 +£ 0.076 6.660 + 0.049 7.395 +0.047
S 0.8242 + 0.0056 2.185 +0.010 3.080 + 0.015
q 0.901 +0.029 1.722 + 0.052 1.021 + 0.064
a (rad) 2.235 +0.016 0.3593 + 0.0030 0.1091 + 0.0043
p(1073) 8.60 +0.11 6.16 £ 0.12 5.231 +£0.096
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Fig. 4. Lensing light curve
2024-BLG-1518.

and lens-system configuration of KMT-

Analysis of the light curve reveals that the event is well
described by a unique 2L1S model. The best-fit binary-lens
parameters are (s,g) ~ (0.82,0.90), indicating a binary lens
composed of two nearly equal-mass objects with a projected sep-
aration slightly smaller than the Einstein radius. The full set of
lensing parameters is provided in Table 3, and the correspond-
ing model curve is shown in Figure 4. The event timescale is
measured as fg = 5.118 £ 0.076 days, with individual timescales
of tg; ~ 3.7days and tg, ~ 3.5days for the primary and sec-
ondary components, respectively. A detailed examination of the
caustic-crossing features yields a normalized source radius of
p = (8.60 = 0.11) x 1073. Given that the source is identified
as a main-sequence star, this relatively large p value is unusual
for stellar-lens events with similar sources and suggests a small
angular Einstein radius. The combination of the small 8¢ and the
short event timescale indicates that the lens is likely composed
of low-mass objects.

The insets in the bottom panel of Figure 4 illustrate the
configuration of the lens system. The source traversed the cen-
tral region of the caustic, entering through the lower-left fold
located near the higher-mass lens component and exiting through
the upper-right fold. As the source traversed the caustic, its
trajectory closely followed the upper-left fold, resulting in an
intra-caustic light curve that deviates from the typical U-shaped
profile.
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Fig. 5. Lensing light curve and lens-system configuration of MOA-
2024-BLG-181.

3.5. MOA-2024-BLG-181

The lensing magnification of MOA-2024-BLG-181 was first
detected by the MOA group on August 9, 2024 (corresponding
to HID’ = 531), during the rising phase of the event. This detec-
tion was subsequently confirmed by the OGLE and KMTNet
surveys. The source star was very faint, with a baseline mag-
nitude of I,se = 20.1, and the line of sight toward the field
experienced an extinction of A; 1.26. The event occurred
in a region covered by both KMTNet prime fields BLG02 and
BLG42, enabling observations at a high cadence of one data
point every 15 minutes.

Figure 5 presents the lensing light curve of MOA-2024-
BLG-181, which exhibits three notable features: a caustic spike
at HID’ = 532.2, a prominent bump centered around HID’ =
532.8, and a weaker bump near HJD' 520.0. The spike
caused by the source exiting the caustic was well resolved in
the combined MOA and KMTA datasets, while the caustic entry
spike was not observed but is estimated to have occurred around
HJID’ = 531.3 based on an extrapolation of the U-shaped intra-
caustic feature. The two bumps are likely due to the source
passing near caustic cusps. The event was short, with the main
magnification episode lasting less than 10 days.

Modeling of the light curve yields a unique solution with
binary-lens parameters of (s,q) ~ (2.2, 1.7). The corresponding
model curve is shown in Figure 5, and the full set of lensing
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parameters is listed in Table 3. The event timescale is mea-
sured as g = 6.660 = 0.049 days, indicating a short-duration
event. The estimated Einstein timescales for the two lens com-
ponents are approximately fg; ~ 4.0days for M; (the compo-
nent closer to the source trajectory) and tg» ~ 5.3 days for M,
(the farther component). Analysis of the caustic-crossing fea-
tures yields a precise measurement of the normalized source
radius as p = (6.16 = 0.12) x 1073. As with the previous events,
this value is considerably larger than typical for main-sequence
sources, suggesting a small angular Einstein radius.

The configuration of the lens system is shown in the insets
of the bottom panel of Figure 5. Because the binary separation,
s ~ 2.2, is substantially larger than the Einstein radius, the caus-
tic is divided into two segments (composed of four folds) located
near each of the individual lens components. The source crossed
the caustic near the lower-mass lens component (M), produc-
ing the observed caustic spikes. After exiting the caustic, the
source approached the on-axis cusp on the left side, resulting
in the strong bump observed after the caustic spikes. The bump
before the spikes was generated as the source passed near the
heavier lens component (M>), but this bump is weak because the
source approached the caustic at a relatively large distance.

3.6. KMT-2024-BLG-2486

The lensing event KMT-2024-BLG-2486 was observed by both
the KMTNet and OGLE groups. The KMTNet group detected
the event at a very early stage on September 9, 2024 (HID' =
531), and the OGLE group confirmed the event three days later.
The source has a baseline magnitude of I,e = 19.6, and the
extinction toward the field is A; = 2.19. The source lay in the
KMTNet prime fields BLG02 and BLG42, and the event was
monitored with a 15 minute cadence.

The lensing light curve of the event is shown in Figure 6. It
exhibits features similar to those of MOA-2024-BLG-181, char-
acterized by a pair of caustic spikes at HID’ = 561.1 and 561.4,
with bumps appearing before and after the spikes. The pre-spike
bump is centered around HID" = 540.0, while the post-spike
bump, although only partially covered, is estimated to be cen-
tered around HID’ = 562.0. In addition to the similarity in their
anomaly features, both events also share the common trait of
having short timescales.

Motivated by the similarity of the anomaly pattern to that
of MOA-2024-BLG-181, we performed a 2L.1S modeling anal-
ysis, which yielded a unique solution with binary parameters
(s,q) ~ (3.0, 1.02). This indicates that the lens system comprises
two nearly equal-mass components separated by approximately
three times the Einstein radius in projection. The event timescale
was measured to be tfg = 7.395 + 0.047 days, which is relatively
short. The timescales corresponding to the individual lens com-
ponents are estimated to be tg; ~ 5.2days and tg ~ 5.3 days,
respectively. In addition, the normalized source radius was deter-
mined to be p = (5.231 + 0.096) x 1073, a value substantially
larger than what is typically found in events involving M-dwarf
lenses with main-sequence source stars. This suggests that the
Einstein ring of the lens system is relatively small. The model
curve corresponding to the solution is superposed on the data
points in Figure 6, and the full set of lensing parameters is listed
in Table 3.

The configuration of the lens system is depicted in the insets
of the bottom panel in Figure 6. Consistent with the similarity
in the anomaly pattern, the lens configuration closely resembles
that of MOA-2024-BLG-181. The binary lens creates two sets
of four-fold caustics near the individual lens components, and

— .
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Fig. 6. Lensing light curve and lens-system configuration of KMT-
2024-BLG-2486.

the source passes through one of these caustics. The source path
through the caustic is also similar: the source approach to M, at
a relatively large distance produced the weak post-spike bump,
while the source approach to the on-axis cusp of the caustic near
M, led to the stronger post-spike bump.

4. Source stars and angular Einstein radii

Since the angular Einstein radius is obtained from the normal-
ized source radius using the relation

&)

estimating 6g requires knowledge of the angular size of the
source star. This angular size was determined from the source’s
color and magnitude after correcting for extinction and redden-
ing. The source color and magnitude are also crucial for charac-
terizing the source star itself.

The first step in characterizing a source star involves estimat-
ing its instrumental color, (V — I)s, and magnitude, Is. To deter-
mine the source magnitudes in the / and V bands, we began by
generating light curves from the respective /- and V-band data,
which were analyzed using the pyDIA photometry code (Albrow
2017). The source flux was then estimated by fitting each light
curve with a model, A(?), according to the relation
Fons(1) = A(Fs + F, (6)
where Fops(?) is the observed flux at time #, and (Fy, F},) repre-
sent the fluxes from the source and blended stars, respectively.
Figure 7 displays the source positions on the instrumental color-
magnitude diagrams (CMDs) of stars located near the event
sources. The CMDs were constructed by performing photome-
try on neighboring stars in a consistent manner using the pyDIA
code.

In the second step, the source color and magnitude were
calibrated by correcting for extinction and reddening. This cal-
ibration was carried out using a reference with well-established
de-reddened color and magnitude values. Specifically, we adopted
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Table 4. Source color, magnitudes, and angular radius.

Event (V-Dg Is

(V =1, Drae

Irgco  (V—-Dyp Is o 6. (pas)

MOA-2023-BLG-331 2.305 +0.031
KMT-2023-BLG-2019 3.583 +£0.410

19.868 + 0.004 (2.183, 15.792)
20.284 +£0.004 (3.312, 17.181)

14.347
14.504

1.182 £ 0.050
1.331 +0.412

18.424 + 0.020
17.607 + 0.020

1.115 £ 0.096
1.798 + 0.752

KMT-2024-BLG-1005 2.166 + 0.238
KMT-2024-BLG-1518 1.753 +£0.012
MOA-2024-BLG-181 2.184 + 0.055
KMT-2024-BLG-2486 2.551 +0.032

19.250 + 0.017
19.209 + 0.004
20.177 = 0.007
20.852 + 0.008

(2.166, 15.670)
(2.168, 15.704)
(2.367, 15.919)
(2.934, 16.645)

14.339
14.379
14.393
14.391

1.060 + 0.241
0.645 + 0.042
0.877 + 0.068
0.677 £ 0.051

17.920 + 0.026
17.884 + 0.020
18.651 + 0.021
18.598 + 0.021

1.215 £ 0.305
0.775 £ 0.063
0.705 + 0.067
0.577 £ 0.050

Notes. (V - I)RGC,O = 1.06.

Table 5. Angular Einstein radii.

Event Ok (mas) u (mas/yr)
MOA-2023-BLG-331 0.192 £ 0.017 10.94 £ 0.95
KMT-2023-BLG-2019  0.154 + 0.064 8.895 + 3.722
KMT-2024-BLG-1005  0.130 = 0.033 13.257 +3.339
KMT-2024-BLG-1518 0.0901 £ 0.0074  6.430 = 0.531
MOA-2024-BLG-181 0.115 £ 0.011 6.28 +£0.62
KMT-2024-BLG-2486 0.1103 + 0.0098 5.45+0.48

the centroid of the red giant clump (RGC), whose de-reddened
color, (V — Irge,0, and magnitude, Irgc o, were previously deter-
mined by Bensby et al. (2013) and Nataf et al. (2013), respec-
tively. By measuring the offset, A(V — I, I), between the source
and the RGC centroid in the instrumental CMD, we determined
the de-reddened source color and magnitude as
(V—=1Ds0=(V-1Drcco+ AV —-11D. (N
Table 4 presents the instrumental color and magnitude of the
source, (V — I, ), and those of the RGC centroid, (V — I, rgc,
along with their corresponding de-reddened values, (V - 1,1)0
and (V — I, rgco- The resulting source properties indicate that
all sources are main-sequence dwarfs: the sources of KMT-2024-
BLG-1518 and KMT-2024-BLG-2486 are G-type dwarfs, while
the others are K-type dwarfs.

In the third step, we estimated the angular radius of the
source star using the de-reddened color and magnitude derived
earlier. Specifically, we applied the (V — K, I)-6, relation from
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Kervella et al. (2004). To use this relation, the measured V — I
color was first converted to V — K using the color—color transfor-
mation of Bessell & Brett (1988), and the angular source radius
was then inferred from the (V — K, I)-0, relation. The resulting
angular source radii are listed in Table 4.

In the final step, the angular Einstein radius was estimated
from the angular source radius using the relation given in Eq. (5).
By combining the estimated angular Einstein radius with the
event timescale, the relative lens-source proper motion was cal-
culated as y = 6g/tg. The resulting values of 6g and u for the
events are presented in Table 5. For all events, the estimated 6g
values are less than 0.2 mas. These small values, together with
the short timescales, suggest that the lens masses are likely to be
low.

5. Probability of BD pair

We estimated the masses of the lens components to assess the
likelihood that the lens is a binary composed of BDs. To accom-
plish this, we conducted a Bayesian analysis that incorporated
constraints from the measured lensing observables, 7z and G,
along with priors derived from a Galaxy model and the mass
function of lens objects. The mass function characterizes the
distribution of lens masses, while the Galaxy model defines the
physical and dynamical distributions of the lenses.

In the Bayesian analysis, we began by generating a large
number of artificial events using a Monte Carlo simulation.
For each simulated lensing event, the physical parameters
(M, Dy, Ds, 1); were assigned based on a model mass function
and Galaxy model. Specifically, we adopted the mass function
from Jung et al. (2022) and the Galaxy model from Jung et al.
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Table 6. Physical lens parameters.

Event My (Mo) My (Mo) Dy (kpe) a, (AU)
MOA-2023-BLG-331  0.088*13  0.1377029¢  6.72*90%  1.85*92¢
KMT-2023-BLG-2019  0.0990:132  0.033700°0  7.44+19%  1.74+023
KMT-2024-BLG-1005  0.055*0:  0.02070010  6.957 1)1 0.78*)12
KMT-2024-BLG-1518  0.04170977 0.037*30%  7.297023  0.60*5:98
X . .94 .
MOA-2024-BLG-181  0.04770082  0.080*00%5  7.607907  2.12%0:28
KMT-2024-BLG-2486  0.055709%0  0.056709%  7.61*050  2.80*93¢
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Fig. 8. Bayesian posteriors for the lens mass. The blue and red curves
represent the posterior distributions of M; and M,, respectively, where
M, denotes the lens component located closer to the source trajectory.

(2021). The mass function was constructed by adopting the ini-
tial mass function for the bulge population, and the present-
day mass function of Chabrier (2003) for the disk population.
We considered remnant lenses, such as white dwarfs, neutron
stars, and black holes, by adopting the Gould (2000b) model.
In the Galaxy model, the bulge mass distribution is constructed
by combining the Han & Gould (2003) model for the bulge, in
which the bulge is modeled as a triaxial bar-shaped bulge with
parameters derived from infrared star counts, and the modified
double-exponential model of Bennett et al. (2014) for the disk.
The velocity distribution of for bulge stars is constructed based
on stars in the Gaia catalog (Gaia Collaboration 2016, 2018),
while the distribution of disk stars follows a Gaussian form of
Han & Gould (1995), and modified to adjust the Bennett et al.
(2014) disk model.

Using these parameters obtained from the Monte Carlo sim-
ulation, we calculated the corresponding lensing observables
(tg, Og); using the relations given in Eq. (1). Finally, the posteri-
ors for the lens mass and distance were constructed by assigning
a weight to each artificial event of

2
w; = exp (—%) ;
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Fig. 9. Bayesian posteriors for the distance to the lens.

Here (tg, 6g) are the measured values of the lensing observables,
and o (tg) and o (6g) represent their respective uncertainties.

In lensing analyses, among the two observables, g is directly
determined through light curve modeling, whereas the estimate
of 6g is independently derived from the source’s physical prop-
erties, specifically the angular radius 6, inferred from its color
and brightness. Although 8 = 6./p, and a correlation between
tg and p may exist such that #g and 8 cannot be regarded as
completely uncorrelated, in the present analysis 6g is obtained
through a separate procedure. Therefore, in practice this correla-
tion is expected to be weak, since 6g relies on independent esti-
mates of the source’s angular radius.

Figures 8 and 9 show the posterior distributions for the mass
and distance of the lenses for each individual event, obtained
from the Bayesian analyses. The mass posterior distributions are
presented separately for the binary lens components M and M,
with M, referring to the lens component that is closer to the
source trajectory. Table 6 provides the estimated physical param-
eters of M, M,, Dy, and a,, where a, represents the projected
physical separation between the lens components. For each lens
parameter, the median of the posterior distribution is chosen as
the central value, and the 16% and 84% percentiles are used to
define the lower and upper bounds, respectively.

The values of pgp for M| and M, listed in Table 7 indicate
the probabilities that the lens components lie within the BD mass
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Table 7. Probabilities of being in the BD mass range, disk, and bulge.

Event PBD Pdisk  Pbulge
for M, for M,
MOA-2023-BLG-331 51% 33% 25% 75%
KMT-2023-BLG-2019 46% 73% 25% 5%
KMT-2024-BLG-1005 69% 71% 23% T7%
KMT-2024-BLG-1518 78% 81% 18% 82%
MOA-2024-BLG-181 75% 54% 30% 70%
KMT-2024-BLG-2486 70% 70% 17% 83%

range of 0.01 < M/M; < 0.08. For the events KMT-2024-BLG-
1005, KMT-2024-BLG-1518, MOA-2024-BLG-181, and KMT-
2024-BLG-2486, the probabilities that both components of the
binary lens fall within the BD mass range are greater than 50%,
suggesting that these lenses are very likely binary BDs. In con-
trast, for MOA-2023-BLG-331L and KMT-2023-BLG-2019L,
the probabilities that the lower-mass components of the binary
lenses fall within the BD mass range exceed 50%, whereas the
probabilities for the heavier components are below 50%. This
implies that these systems are more likely to consist of a low-
mass M dwarf and a BD.

It has been determined that the lenses for all events are
likely located in the Galactic bulge. The values pgisk and pyyige
in Table 7 represent the probabilities of the lenses being in the
disk and bulge, respectively. For all events, the probability of the
lens being in the bulge (ppuige) is significantly higher than that
of being in the disk (pgisk). This is also reflected in the posterior
distributions of Dy..

6. Summary and discussion

With the goal of identifying binary-lens microlensing events in
which both lens components have substellar masses, we exam-
ined binary-lens events detected in the 2023 and 2024 microlens-
ing survey seasons. To identify potential binary BD candidates,
we applied selection criteria that required short event timescales
(fg < 9days) and small angular Einstein radii (6g < 0.17 mas),
both of which are indicative of low-mass lenses. An additional
requirement was that the event display well-resolved caustic fea-
tures, which are crucial for accurately measuring the angular
Einstein radius. Through this selection process, we identified
six candidate events likely to involve binary BD systems: MOA-
2023-BLG-331, KMT-2023-BLG-2019, KMT-2024-BLG-1005,
KMT-2024-BLG-1518, MOA-2024-BLG-181, and KMT-2024-
BLG-2486.

Analysis of these events led to models that provided pre-
cise estimates for both lensing observables, fz and 6g. Utiliz-
ing the constraints provided by these observables, we estimated
the masses of the binary components through Bayesian analy-
sis. The analysis indicated that in the cases of KMT-2024-BLG-
1005, KMT-2024-BLG-1518, MOA-2024-BLG-181, and KMT-
2024-BLG-2486, there is a greater than 50% chance that both
components of the lens systems have substellar masses, strongly
pointing to their nature as binary BDs. In contrast, MOA-2023-
BLG-331L and KMT-2023-BLG-2019L suggest mixed-mass
systems, where the secondary components have a high proba-
bility of being BDs, but the primary components are more likely
low-mass M dwarfs, indicating these lenses are likely composed
of an M dwarf-BD pair.
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Table 8. Contrast ratio between the lens and source.

Event Ks o ) AK)
MOA-2023-BLG-331 16.88 24.1 7.2
KMT-2023-BLG-2019 1599 242 8.2
KMT-2024-BLG-1005 16.52 243 7.8
KMT-2024-BLG-1518 17.14 245 7.4
MOA-2024-BLG-181 17.59 244 6.8
KMT-2024-BLG-2486 17.82 245 6.7

The BD nature of the binary components can be confirmed
through future high-resolution imaging with instruments such
as the European Extremely Large Telescope. If the more mas-
sive component (M,) of a binary lens is a star, it will become
detectable once the source and lens are sufficiently separated.
Therefore, if we wait until this separation occurs and still do not
detect the lens, it would indicate that both components are BDs.
Conversely, if the brighter lens component is detected, its mass
can be measured, which in turn allows us to determine the mass
of the secondary component and assess whether it falls within
the BD regime.

To estimate the time required to resolve the lens and source,
we first compute the K-band contrast ratio between them as
AK = K1, — Ks = AKy — AAg = Ko — K50 — AAk, ©)
where AAx = Axs — Ak 1s the difference in extinction between
the source and lens. For all analyzed events, the lens distances
are 26 kpc, so we adopt AAx ~ 0. The K-band magnitude of
the source, Kg, is estimated using the (V — I,1)so color and
magnitude, together with the relation of Bessell & Brett (1988).
The K-band magnitude of the lens is estimated as

(10)

D

KL,() = MK,L + Slog(loll;c) s
where the absolute magnitude is set to Mk = 10, correspond-
ing to a star with the minimum stellar mass M, i, = 0.08 Mg
(Figure 22 of Benedictetal. 2016) which is the hydrogen-
burning limit at the boundary between stars and BDs. The dis-
tance to the lens is given by Dy, = AU/(me + 7s) kpc, where
Mol = 9123’ 4/(8.14 M, nin) is the lens-source relative parallax
(in mas), and rg = AU/(8.5kpc) = 0.117mas is the paral-
lax of the source, assuming Ds = 8.5kpc. The angular Ein-
stein radius corresponding to the primary mass My = M, nin
is 0.4 = [1/(1 + @)]'6g.

Table 8 lists the contrast ratios for the individual events, with
AKj values ranging from 6.7 to 8.2, corresponding to flux ratios
between 500 and 2000. Due to this high contrast, resolving the
lens from the source would require a separation of approximately
8—10times the FWHM, which translates to about 110—140 mas.
Assuming the lower limit of 110 mas, the lens and source could
be resolved after a wait time of approximately 8 years (in 2032)
for KMT-2024-BLG-1005, which has the highest proper motion
of u ~ 13.3 mas/yr. For KMT-2024-BLG-2486, which has the
lowest proper motion of u ~ 5.5 mas/yr, the required separation
would be reached in about 20 years (in 2044).

Given that six candidates were identified in just two years of
data, it is likely that additional BD binaries can be discovered in
the full microlensing survey dataset. Furthermore, more precise
mass measurements could, in principle, be obtained by measur-
ing microlens parallax in events observed by future space-based
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missions such as the Nancy Grace Roman Space Telescope and
the Chinese Space Station Telescope.
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